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FOREWORD 

yhe announcement that Stephen Brunauer was the recipient of the Kendall Award 
in Colloid Chemistry for 1961 was made at the meeting of the American 

Chemical Society in New York in September 1960. Donald Graham, who was 
then Chairman of the Division of Colloid and Surface Chemistry, asked Dr. 
Brunauer to choose someone to organize the symposium that is held traditionally 
to honor the recipient of the award, and he chose me. I considered it a great honor 
to be so chosen, but it was not without trepidation that I accepted the assignment. 
However, my worries soon proved to be baseless. Dr. Brunauers many friends 
responded enthusiastically, and in ever-increasing numbers. We soon saw that 
we could plan on three sessions, then four, and finally five full sessions. The 
symposium was held during the 139th National Meeting of the American Chemical 
Society in St. Louis on March 27 to 29, 1961. I held the chair during the first 
session, and the chairmen of the four subsequent sessions were A. C. Zettlemoyer, 
W. A. Zisman, R. A. Beebe, and Donald Graham. The quality of the papers and 
the excellence of the presentations made the symposium highly successful. 

W. A. Zisman suggested that the papers presented at the symposium be 
published as a volume in the ADVANCES IN CHEMISTRY SERIES. Robert Gould wel
comed the idea, and the contributors willingly consented. The chairmen of the 
five sessions assumed the responsibility of reviewing the papers presented at their 
sessions for technical content, and Gould and his staff performed the editorial re
viewing. 

The order of the papers in the book is the same as the order of their presenta
tion at the symposium. That order was chosen for the symposium partly on the 
basis of subject matter, and partly to prevent the presentation of too many theoreti
cal papers in any one session. An attempt to classify the papers in a more logical 
arrangement for the book proved fruitless, because so many of the papers could 
not logically be placed in any single class. 

With deep gratitude I acknowledge the wonderful cooperation of each con
tributor, and the invaluable aid and advice I received from the four chairmen and 
Mr. Gould. Without their help, the publication of this book would have been im
possible. 

L. E . C O P E L A N D 
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Honoring the Β in BET 

An Address in Presentation of 
Dr. Stephen Brunauer for the Kendall Award 

HUGH S. TAYLOR 

Woodrow Wilson National Fellowship Foundation, Princeton, N.J. 

A former recipient of the Kendall Award, Paul Hugh Emmett, is flanked on each 
side of the initial of his surname, E, by the initials of the surnames of two 

Hungarians, two of many who have enriched the scientific life and increased the 
stature of American science in the present century. The three initials, BET, have 
circumnavigated the globe in every research institute wherever it is neces
sary to define the surface area of solid bodies, whether they be fine but compact 
particles or porous solid structures. B E T has become a shorthand notation for 
a measurement which has been of inestimable benefit to a wide spectrum of sci
entific workers in the last 25 years. Their appreciation of this new tool for surface 
area measurement can never be as whole-hearted as that of those of us who, in the 
25 years preceding the B E T equation, had literally to "grope in outer darkness." 
Indeed, such people occasionally are given to admiration, at the quality of their 
own intuitions, their leaps of faith, in the absence of the equation to which these 
three initials were given. To give a personal illustration, how could one dare to 
talk about "active centers on catalyst surfaces" in 1925, when there was no avail
able definition of the totality of centers in the surfaces? 

von Neumann, Wigner, Szilard, Teller, and others came to the United States 
by a primrose path. With already established reputations in science, they were 
hospitably welcomed to these shores by one or another of the great universities. 
Their obvious talents guaranteed to the country of their adoption a rich and 
precious reward. 

This was not the case with the one we honor today. Born in Budapest, 
Hungary, on February 12, 1903, he graduated from the gymnasium in June 1921, 
a little over 18 years of age. Graduation in Hungary is labeled "matura," maturity. 
In his case, however, the designation was praeclarus maturus, outstandingly ma
ture, the nearest American equivalent of which would be "valedictorian" of his 
class in high school. 

By October of the same year he had emigrated to this country and the next 
seven years are a heroic illustration of trials and tribulations, and also the heart
warming achievement of a university education in spite of all the difficulties. Six 
days after arrival in New York he was at work in a factory by day, and attending 
evening school for immigrants to learn English by night. Eight months later, 
lis started to attend the City College of New York in the evenings and kept on 
working during the day. He passed through college in four years, because Co
lumbia University granted two years of college credit on the strength of the 
praeclarus maturus. He earned his living in these years in three factories, in a 
grocery store, in a laundry, in several restaurants as bus boy. He recalls, with 
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TAYLOR Honoring the Β in BET 3 

modest pride, that he never washed dishes. When he had saved enough money to 
pay for his tuition, he attended Columbia University as a day student and worked 
in the evening; when the money ran out, he worked during the day and attended 
City College at night. 

In June 1925, he received an A.B. from Columbia University, majoring in 
chemistry and English. He learned from the Spectator, the university newspaper, 
that he was one of seven elected to Phi Beta Kappa. He had no idea at the time 
what that meant and was equally certain that he had no money to join a Greek 
letter fraternity. So he went to the library and read up on Phi Beta Kappa. How 
many members of this honor society have put forth such effort to be admitted to 
the select circle? It must have been, at many times, a painful discipline, but the 
richest rewards are so often those that are purchased dearly in toil and effort. 

He preferred physics and chemistry to biology. But relatives wanted him to 
enter medical school. Fortunately for us, he had no money to pay his tuition fees 
at New York University, where he had been admitted. So he went back to City 
College and chemical engineering. In the last semester of his chemical engineer's 
training program he was offered a position as junior chemist in the Department of 
Agriculture, which he accepted. It was March 1928, the work was in the Fixed 
Nitrogen Research Laboratory. It was at this time that Β joined Ε to make the 
BE or Ε Β combination which adorns the pages of the Journal of the American 
Chemical Society from 1930 to 1937. 

Many of us can remember the years of the Great Depression. One conse
quence was that he remained a junior chemist for eight years, but rose three steps 
in the next six years, leaving as a chemist to join the Navy as a lieutenant in 
October 1942. He married Esther Caukin in 1931. There were two children, 
Kathryn in 1938 and Betty in 1942. There was an M.S. at George Washington 
University in 1929, and a Ph.D. degree at Johns Hopkins in 1933. A year's leave 
of absence from the department served to meet the residence and language re
quirements, the preliminary and oral examinations, a joint paper with Joseph and 
Maria Mayer, and election to Sigma Xi. The dissertation was performed, by per
mission, at the Fixed Nitrogen Research Laboratory. 

It has always seemed appropriate to this writer that the elbow in the adsorp
tion isotherms of nitrogen on finely divided materials at liquid air temperatures 
should have been called Point B, because it was the outcome of a brilliant series 
of experimental measurements of such isotherms by the man we honor today. It 
was correctly identified as the approximate position of the completion of a mono
layer of adsorption on the surface of the material and the beginning of multilayer 
adsorption. It is now common knowledge to students of even elementary physical 
chemistry that, in 1938, a theory of adsorption of gases in multimolecular layers 
was published. Point Β was merged into the B E T equation. The Washington 
Section of the American Chemical Society made him the Hillebrand prize winner 
in 1945 for this work. 

It is in the record that the application for a commission in the United States 
Navy soon after the war broke out was rejected, with the statement that there 
was no need for a man of his qualifications. Fortunately for them, the Navy 
changed its mind and the call to active duty came in October 1942. The delay 
permitted the completion of the manuscript on "Adsorption of Gases and Vapors." 
I am happy to relate that it was started, at my persuasion, 21 months previously; 
I was instrumental in having it published at Princeton University Press in this 
country and at Oxford University Press in England. The manuscript was sent to 
Princeton on the day that the commission in the Navy was received. For that 
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4 ADVANCES IN CHEMISTRY SERIES 

reason, we can be thankful that the commission was delayed, more thankful be
cause, though now nearly 20 years old, it has never been supplanted by a worthier 
successor. One casualty of the war was a second volume which was to deal with 
"Chemisorption" by the same author. His publication with Emmett in 1940 
displays the quality which such a volume would have revealed. 

High explosives research and development in which the next eight and a half 
years were spent, four in uniform and the remainder as a civilian, recall the Phi 
Beta Kappa episode. At the outset, the sum total of his background was that he 
knew the terms T N T and dynamite. By the end of the war, he was supervising 
the work of 45 persons and many more indirectly. Among his list of consultants, 
listed in alphabetical order, were Richard Courant, Albert Einstein, Henry Eyring, 
George Gamov, Jack Kirkwood, and John von Neumann. He rose from lieutenant 
to lieutenant commander, commander, then received the Commendation Ribbon 
of the Navy and, like myself, was made an Officer in the Order of the British 
Empire for services rendered to the United States, one of Britain's allies in World 
War II. 

We should perhaps draw a discreet veil over the years immediately preced
ing September 1951, or stand for a silent moment in tribute to one who not only 
served his country well and faithfully but was also persecuted by his country. 

Catalysis, adsorption, explosives, and like activities lost, simultaneously, a 
gifted scientist, but the Portland Cement Association was the gainer in its senior 
research chemist, its principal research chemist, and, since July 1958, its manager 
of the Basic Research Section. Esther Caukin, who shared the bitter years, died 
in June 1959, but we welcome his new wife and wish for them both long years of 
happiness together. 

We could continue indefinitely, comparing and contrasting the pre-1940 
and the post-1951 stages. We would come up always with the same answer. It 
would be of a man who could attain Phi Beta Kappa as an A.B. majoring in 
chemistry and English, one who might have enriched medical science but went 
through chemical engineering to illuminate physical chemical research in ways un
dreamed and unanticipated by him. This symposium by friends who have 
gathered to do him honor is vivid testimony to the quality of man who came to this 
country, unheralded and unsung, in the summer of 1921, and 40 years later 
receives from his peers in the science of chemistry one of their most distinguished 
awards. He has spoken to me often of the friendship and inspiration that has 
been his from his friends in the ups and downs of his life. I am proud that he 
asked me to be your spokesman in the conferring of the Kendall Award, expressing 
for you and, from the bottom of my heart also, our appreciation of the quality, yes, 
the nobility of the life of 

Stephen Brunauer 
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Solid Surfaces and the Solid-Gas Interface 

THE KENDALL AWARD ADDRESS 

STEPHEN BRUNAUER 

Basic Research Section, 
Portland Cement Association, Skokie, Ill. 

It is really heart-warming to see so many of my dear friends among you, and it is 
equally heart-warming to see so many unfamiliar faces, faces of those whom I 

have not had the privilege of meeting personally as yet. I never thought that the 
time would come when anyone would make a 20-minute address about me—let 
alone such an outstanding scientist and human being as Sir Hugh Taylor. I am 
profoundly grateful to him for honoring me with this wonderful address—it will 
always be one of the most treasured memories of my life—but I should like to assure 
him and assure you that I am keenly aware of my unworthiness of the honor be
stowed upon me, and that I know full well that I am honored here because of his 
generosity and your generosity and not because of my own merits. 

For all that, I confess that in spite of the knowledge of my inadequacy I am 
very happy to receive the Kendall Company Award for 1961. So I should like to 
express my sincere thanks to the Kendall Company for establishing the award and 
donating the funds for it, to the American Chemical Society for administering the 
award, to my friends who nominated me for the award, and finally to the Award 
Committee, whose members are unknown to me, but who selected me for this great 
honor. 

I should like to say at this point also that practically all the contributions I 
have ever made were made in collaboration with others. So I have only partial 
share in all these contributions—and part of the honor I am now receiving should 
go to those with whom I collaborated. Nothing would please me more than to 
make my acknowledgment to each of them individually, but I am afraid this process 
would not be very interesting to most of you. I will mention, therefore, only four 
names now. 

The first is the name of my first boss, the first chemist who befriended me, 
the first man with whom I collaborated, and the first man who made me interested 
in surface chemistry—Paul Emmett. I owe more to Paul Emmett than I can say 
here, and I wish to acknowledge it with deep appreciation. 

Equal in importance in my scientific growth was Sir Hugh Taylor. Among 
other things, it was he who persuaded me to write the book, "The Adsorption of 
Gases and Vapors'," and as I wrote each chapter I sent it to him for his com
ments. Hugh was a source of guidance for me through much of my scientific life, 
and a source of inspiration through all of it. For that and for his friendship I 
want to express my deep gratitude. 

The two other names I have picked from the list of my coworkers, one from 
the first decade and one from the last. The first is Edward Teller, whose name is 
known to hundreds of millions, and the second is Lew Copeland, to whom I owe 
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6 ADVANCES IN CHEMISTRY SERIES 

not only thanks for many things but also for organizing this wonderful symposium. 
To Edward Teller, to Lew Copeland, and to all my past and present coworkers I 
wish to express my profound gratitude. 

Please, forgive me for the.long introduction, but I would have felt bad if I had 
not had the opportunity to say these things. Coming to the subject of my talk, 
when Mr. Warren asked me last August for a title, I gave him, somewhat hastily, 
"Solid Surfaces and the Solid-Gas Interface." This may have created the impres
sion in some of you that I intend to give you a bird's-eye view of these two broad 
fields in a single short lecture, but I do not intend to do that. I doubt that anyone 
could do that to an audience like this—I certainly could not. The second possibility 
was to give a bird's-eye view of the contributions that my coworkers and myself 
have made to these two fields, and that was my original idea. However, on second 
thought I discarded that, too. If I talk on any given subject for a few minutes, 
what can anyone get out of that, who does not know the subject, anyhow? So I 
have ended up by selecting only two topics, one from the field of the solid-gas inter
face, the other from the field of solid surfaces, and I have decided to discuss these 
in some detail. The first topic is the B E T theory; the second is the surface of a 
particular solid. 

The BET Theory 

First, allow me to impart to you some of my present thoughts on the B E T 
theory (3, 4) for whatever they are worth. [Reference (3) is a continuation and 
extension of the B E T theory. Some authors refer to it as the B D D T theory; others 
call both papers together the B E T theory.] Probably there are very few among 
you who have never made a B E T plot, and many of you have made quite a few. I 
suppose, it will surprise no one among you if I say that I made the first B E T plot. 
I did not know at that time that it was a B E T plot, because that name did not exist 
yet. I tried to give a name to the theory that the three of us had developed, and I 
called it the multimolecular adsorption theory, which was probably not a very good 
name, but it was the best I could think of. Fortunately, somewhat later Professor 
Harkins invented the colorful name " B E T theory," and that name has stuck. 

The first B E T plot was a plot of an adsorption isotherm that Emmett and I ob
tained a few years before, and it was the adsorption of nitrogen on something at 
liquid oxygen temperature. I had to make both liquid oxygen and liquid nitrogen 
myself from liquid air by rather crude means, and since liquid oxygen was easier to 
make, most of our isotherms were made at liquid oxygen temperature. This iso
therm had eight points, ranging from 50- to 750-mm. pressure, a 15-fold range in 
pressure, and all of the points fell on a straight line—none of them deviated the 
breadth of a hair. I was astonished, and so was Paul Emmett when I showed him 
the plot. When I showed it to Edward Teller, he said that this cannot be true. 
No theory can fit that well. I plotted a lot more isotherms, and they all fitted just 
about as well. Figure 1 shows a groups of such isotherms. For example, see how 
accurately the line of curve 4 fits the eight points. Of course, this is because the 
data were obtained in the relative pressure range in which the B E T equation fits, 
but at that time we did not know this. On one occasion, one of the plots showed a 
considerable curvature, so I tested the straight-edge I used, and found that it was 
curved, and not the B E T plot. Occasionally, I found a point which fell off the line. 
Then I went back to the original data, recalculated the point, and found that my old 
calculation was in error—the point actually did fall on the line. 

The fitting of the data with a curve is a necessary condition of the correctness 
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BRUNAUER Solid Surfaces and Solid-Gas Interface 7 

0.05 0.15 0.25 

Figure 1. BET plots of nitrogen 
adsorption isotherms on six adsorb

ents at -183° C. 

of a theory, but not a sufficient condition. This is well known now, but at the time 
we worked on the B E T theory, it was not realized by surface chemists. In all 
prior theories of adsorption ( 1 ), with one exception, this single test of the theory 
was used to prove or disprove the theory. If the data fell on a straight line, the 
theory was proved. The one exception was the Polanyi theory, which also used a 
single criterion for its testing, but a different one. Since it offered no isotherm 
equation, the sole criterion was the correct prediction of the temperature de
pendence of the isotherm. We in the B E T paper offered not one but four 
criteria. The first was the fit of the curve, an example of which is shown in 
Figure 1. The second was the correctness of temperature dependence, the same 
criterion which was used by Polanyi. Figure 2 shows how well the temperature 
dependence was reproduced by the theory. The parameters here were evaluated 
from one isotherm of each pair, and the other isotherm was calculated. If the 
theory had been wrong, we could have gotten isotherms which fell to the right or 
left of the experimental isotherms, but they fell on the right spot. 

Parameter C . The two other criteria were the reasonableness of the two 
parameters evaluated from the straight lines, Vm and C. The C parameter in
cludes the heat of adsorption. By assuming that the entropy term is of the order 
of unity, we calculated an average heat of adsorption for the first layer from C, and 
found that it was right in the ball park. If the model had been seriously in error, 
we could have gotten an average heat of adsorption which was ten times as large 
or one tenth as large as the known average heats of adsorption. Actually, the 
values* were of the right order of magnitude, but they were always smaller than 
one would expect them to be, sometimes even smaller than 50% of the expected 
value. 
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8 ADVANCES IN CHEMISTRY SERIES 

One obvious explanation was pointed out by us at the start. The B E T equa
tion is always fitted in the region of monolayer coverage, let us say, in the range 
of θ — 0.5 to 1.5 monolayers. The points fall off the curve at low coverages, 
indicating more adsorption and higher heats of adsorption. Thus, the C constant 
does not evaluate the average heat of adsorption for the entire first layer, but the 
average heat of adsorption for a part of the first adsorbed layer—that part which 
takes place on the energetically less active sites of the surface. 

While this must certainly be a part of the explanation, examination of the 
heat of adsorption data in the literature indicates that this is not the whole 
explanation, nor even the most important part. However, a very interesting paper 
by Clampitt and German (10) goes a long way toward completing the explanation. 
These investigators have pointed out that the heats of vaporization of thin films of 
liquid are different from the heat of vaporization of the bulk liquid, and they have 
developed a theory for calculating the heats of vaporization of these thin films. 
Figure 3 shows their results for three liquids. The authors then proceeded to 
rederive the two-parameter B E T equation by discarding the assumption that the 
heat of adsorption was constant for the second and higher adsorbed layers and 
was equal to EL, the heat of vaporization of the bulk liquid. They assumed instead 
that the heat of adsorption for the second, third, etc., adsorbed layers was equal 
to the heat of vaporization of a film two, three, etc., layers in thickness. The 
beauty of their treatment was that this assumption did not add an extra parameter 
to the two, Vm and C; their final equation was formally identical with the two-
parameter B E T equation—only the meaning of C changed. The exponential term 
in C did not contain Ελ — EL only, but another term as well, which could be 
calculated from their theory. 

Clampitt and German illustrated their results with a reinterpretation of certain 
data of Harkins and Boyd (16) for the adsorption of benzene on T i 0 2 at 25° C. 
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BRUNAUER Solid Surfaces and Solid-Gas Interface 9 
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Figure 3. Total heat of vaporiza
tion vs. number of adsorbed layers 

above the first 

Harkins and Boyd found by heat of emersion experiments that the value of E x — EL 

was 5.2 kcal. per mole, whereas the C constant of the B E T plot gave a value of 
only 2.6 kcal. per mole. Clampitt and German calculated the third energy term 
in C, and showed that with their interpretation of C the value of E1 — EL obtained 
from the B E T plot was 4.3 kcal. per mole, which is much closer to the experi
mental value. If we combine the two explanations I have discussed, the dis
crepancies between experimental and theoretical values practically disappear. 

Parameter Vm. Next I should like to talk about the parameter V m . The test 
of the correctness of Vm is, naturally, whether it gives the correct surface area for a 
given adsorbent or not. When we wrote the B E T paper, the best that we could 
offer in support of the Vm values was their agreement with the Point Β values 
(13). In addition, we pointed out the internal consistency of the results—i.e., 
different adsorbates gave approximately the same specific surface area for a given 
adsorbent. For example, for a silica gel sent to us by Lloyd Beyers on we used 
six different gases (argon, nitrogen, oxygen, carbon monoxide, carbon dioxide, and 
butane), and none of the surface areas obtained from the Vm values differed from 
the average by more than 10%. However, internal consistency is only a necessary 
condition of the correctness of V w , but not a sufficient one. The question still 
remained whether the surface obtained from Vm was the true surface or not. By 
the time I wrote the book (1) a few years later, there was an imposing array of 
evidence that Vm gave the true surface. I shall recall to you the one I considered 
the most impressive proof at that time, and still do. For two carbon blacks, 
electron microscopic average particle size determinations were compared with 
average particle sizes calculated from B E T surfaces. For Micronex, the electron 
microscope (12) gave an average diameter of 28 μμ, nitrogen adsorption gave 
28 μμ, obtained by Smith, Thornhill, and Bray (25), and 31 μμ, obtained by 
Emmett and De Witt (14). For acetylene black, the electron microscope gave 
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10 ADVANCES IN CHEMISTRY SERIES 

51 μμ, nitrogen adsorption gave 52 μμ, obtained by Emmett and De Witt, and 
53 μμ, obtained by Smith, Thornhill, and Bray. This is not merely internal con
sistency, but true accuracy. In the subsequent two decades, the number of such 
examples has multiplied. 

Let us return now to Lloyd Reyerson's silica gel. Reyerson and Cameron 
(24), in 1935, published adsorption isotherms of bromine and iodine on silica 
gel, and obtained some beautiful and quaint isotherms of the kind that are now 
called Type III isotherms. The bromine isotherms are shown in Figure 4. Five 
years later, in the B D D T paper we showed that the simple, two-parameter B E T 
equation can describe Reyerson's Type III isotherms even better than it can de
scribe Type II isotherms. By making a single assumption that the value of the C 
parameter for bromine was 1, the four isotherms of Reyerson at four tempera
tures were accurately calculated. Thus, not only the course of the isotherms was 
described, but also their temperature dependence came out almost perfectly, as 
seen in Figure 4. The curves are theoretical; the points are experimental. I said 
that there was a single assumption, C = 1, but even this can hardly be called an 
assumption, because the isosteric heats of absorption calculated by Reyerson and 
Cameron strongly indicated that E1 was very close to EL. Now comes the thing 
that gave me one of the greatest thrills of my entire research career—and it still 
does quite a bit—the Vm value evaluated from the bromine data gave a specific 
surface for the silica gel that agreed within 5 or 6% with the surface obtained from 
Type II isotherms of the six other gases about which I talked before. As you see, 
these Type III isotherms do not have a Point B—there is nothing in the isotherm 
that indicates the completion of a monolayer. When C = 1, V is equal to Vm at 
the relative pressure of 0.5, but this point is an indiscriminate point on a continu
ously rising isotherm. 

Pressure, mm 

Figure 4. Adsorption isotherms of bromine on silica gel 

By assuming a value of C which was considerably less than 1, the four Type 
III iodine isotherms of Reyerson and Cameron were very well fitted. Because 
the value of C was 1 for bromine and only a fraction of 1 for iodine, it was easy to 
see that it should be well over 1 for chlorine; so we predicted that chlorine would 
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Figure 5. Adsorption isotherms of 
benzene on ferric oxide gel 

give Type II and not Type III isotherms on silica gel. Whereupon Reyerson and 
Bemmels (23) went ahead and investigated the adsorption of chlorine on this 
same silica gel and did obtain Type II isotherms—and the isotherms agreed well 
with the B E T theory. 

Type IV Isotherms. I wish to say a few words now about the Type IV 
isotherms for which we advanced a theoretical explanation in the B D D T paper (3). 
Edward Teller and I independently derived the isotherm equations for this case, 
and he dictated his equation to me into the phone. It was a long one, as some of 
you know, and I got a different one, which was even longer. Because I could not 
get together with him for some time, I showed my derivation to E d Deming, and 
he concluded that my derivation was correct. I am not saying this to boast that 
there was an occasion when I was right and Edward Teller was wrong, because I 
am quite sure that if one of us had been wrong, it would have been I. What 
happened was that we were both right. In the derivation, there is a parameter n, 
which represents the maximum number of layers that can fit into a capillary. 
Edward assumed that the η layers fitted the capillary exactly, whereas I assumed 
that the η layers did not fit the capillary exactly. In the paper you can find both 
equations. 

These are four-parameter equations, and Lola Deming spent weeks at her 
desk calculating machine to fit the curves that Lambert and Clark obtained for 
the adsorption of benzene on ferric oxide gel (21). These isotherms are shown 
in Figure 5. I do not blame anyone for not using these equations, and actually 
very few have used them to date. Joyner and Emmett (20) were among the 
hardy souls who did. Clampitt and German published another paper very re
cently (11), which is well worth reading for all those who deal with Type IV 
isotherms. 

Criticism of BET Theory 

I should like to tell you only one more thing about the B E T theory. Many 
years ago Cassie (9), and somewhat later Terrell Hill (18), derived the B E T 
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12 ADVANCES IN CHEMISTRY SERIES 
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Figure 6. Idealized variation 
of heat of adsorption, E, with 

coverage, θ 

Es. Surface condition 
Ea. Adsorbate interaction con
tribution 

equaticn by statistical mechanics. In these derivations, the assumptions were 
made that adsorption takes place on a uniform surface and that there is no 
lateral interaction between the adsorbate molecules. Ever since that time—or per
haps even before that time—practically all writers of books and papers have re
peated that the B E T theory assumes a uniform surface and no interactions between 
the adsorbate molecules. Back in 1952, there was a conference on solid surfaces, 
the proceedings of which appeared in a book, edited by Gomer and Smith (15). 
In this book, there is a paper by Hill (19), to which a discussion of mine is 
attached (2), in which I pointed out that neither the B E T theory nor the Langmuir 
theory, on which it is based, makes such assumptions. Not many people have 
read this discussion, so even last year at the Gordon Conference on Chemistry at 
Interfaces I had to argue with several of our leading surface chemists on this 
point, but I think I succeeded in convincing them. 

For simplicity, we will talk about the Langmuir theory. This theory 
assumes that the heat of adsorption is constant over the entire surface— 
and so does the B E T theory. Naturally, if one has a uniform surface and there 
is no interaction between the adsorbate molecules, one gets a constant heat of 
adsorption—this is a sufficient condition, but not a necessary one. One can get a 
constant heat of adsorption in other ways, as well. This is illustrated in Figure 6, 
taken from the Gomer-Smith book. Of course, this is an extremely idealized 
example, but it will make the point clear. Most adsorbents have nonuniform 
surfaces, and if you plot the differential heat of adsorption against fraction of 
the surface covered, you get a diminishing function like E s , because adsorption at 
low coverages takes place on the energetically more active sites. Let us consider 
next lateral interaction on a uniform surface. If you plot the energy of interaction 
against the fraction of the surface covered, you get an increasing function like Ea, 
because the more adsorbate you have on the surface, the more interaction energy 
you will have. So these two effects are in the opposite directions, and if and 
when they balance each other, you have a constant heat of adsorption. My good 
friend Prof. Shereshefsky asked me how frequently I would expect such a balanc
ing. My answer is that mathematically never or hardly ever, physicochemically 
possibly quite frequently. If the sum of the two effects is a slightly decreasing 
function, or a slightly increasing function, or if it goes up and down—but not too 
strongly—about a mean, you have an approximately constant heat of adsorption, 
and, physicochemically, that is all you need. 
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BRUNAUER Solid Surfaces and Solid-Gas Interface 13 

What I have been trying to do in this discussion is to show that the B E T 
theory, and its continuation, the B D D T theory, can do a good deal more than 
merely give the specific surface areas of finely divided solids. It can give a de
scription of the process of physical adsorption, and it can account for five different 
isotherm types—the account being, at worst, semiquantitative, at best, quantitative. 
I have also meant to imply not that all criticism of the theory is wrong, but that 
some of the criticism is wrong. I am well aware of the shortcomings of the theory 
and I not only hope but I am certain that the time will come when it will be super
seded by a more complete and more accurate theory of physical adsorption. Right 
now we have a number of theories which can describe some of the aspects of 
physical adsorption more accurately than the B E T theory. 

Surface of Tobermorite 

The second part of my talk deals with the surface of a particular solid, 
a calcium silicate hydrate, called tobermorite. The two main constituents of 
Portland cements are two calcium silicates, which make up about 75% or more 
of a portland cement by weight, and both of these silicates produce tobermorite 
in their reaction with water. This tobermorite is the most important constituent 
of hydrated portland cement, concrete, and mortar. That is not the reason, 
however, for my talking about it—the reason is that it is a fascinating substance 
for a colloid chemist. I will discuss only two properties of the tobermorite 
surface: the surface area and the surface energy. 

The tobermorite obtained in the hydration of tricalcium silicate (Ca 3 Si0 2 ) , 
β-dicalcium silicate (^-Ca 2Si0 4), portland cement, and concrete is a colloid, with 
a specific surface area of the order of 300 sq. meters per gram. To give an idea 
of how the elementary particles of tobermorite look, Figure 7 is an electron micro
graph of a few particles (obtained by L. E. Copeland and Edith G. Schulz at the 
Portland Cement Association Research and Development Laboratories). These 
particles look like fibers, but if you watch them closely, you see that they are very 
thin sheets, rolled up as one would roll up a sheet of paper. At the lower end 
the sheets are partly unrolled. When one prepares tobermorite by the reaction 
of lime and silica, one usually obtains crumpled sheets, which are not rolled up. 
The electron microscopists tell us that the sheets are very thin, of the order of a 
single unit cell in thickness. 

Tobermorite is a layer crystal, like many clay minerals—e.g., montmorillite 
and vermiculite. The unit cell of tobermorite is orthorhombic—i.e., a, b, and c are 
perpendicular to each other. The dimensions of the unit cell were determined 
by Heller and Taylor (17). Dimensions a and b lie within the layer, and c is per
pendicular to the layer—it is the distance between two layers. 

Let us calculate now the specific surface area of tobermorite, with the assump
tion that the sheets are one unit cell in thickness (5). Because the length and 
breadth of the sheet are very large compared to its thickness, just as for a piece 
of paper, it can be assumed that all the surface is on the two sides of the sheet, 
and the areas along the edges can be neglected. The surface contributed by a 
unit cell is 2 ab, and if there are Ν unit cells in the sheet, the surface area is 2 abN. 
If there are η molecules in the unit cell, and the weight of a molecule is m, the 
weight of a unit cell is nra, and the weight of the sheet is nmN. The specific 
surface area then is 2 ab/nm, and these are all known quantities. The result is 
755 sq. meters per gram. 

Let us assume next that the sheet is two unit cells thick. We can still neglect 
the edge areas, so the surface remains unchanged, but now the weight is doubled. 
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14 ADVANCES IN CHEMISTRY SERIES 

Figure 7. Electron micrograph of tobermorite obtained 
from hydration of β-dicalcium silicate 

So we have a specific surface of 377 sq. meters per gram. Finally, let us assume 
that the sheet is three unit cells thick. Then the specific surface is 252 sq. 
meters per gram. 

In a series of experiments (8), we determined the specific surface areas of 
14 tobermorite preparations, made from different starting materials (Ca 3 Si0 5 and 
/?-Ca 2Si0 4), with different water to solid ratios (0.7 and 9.0), and using different 
methods of preparation. The B E T method was used, with water vapor as the 
adsorbate. We use nitrogen, too, but it did not measure the total surface, as I will 
show. The largest specific surface we measured was 376 sq. meters per gram, 
the smallest was 245, and all the others fell between these limits. We concluded, 
therefore, that in one preparation practically all of the tobermorite sheets were two 
unit cells thick, in another practically all of them were three unit cells thick, and 
in all the rest the particles were either two or three unit cells thick. 

I believe that this is a fine confirmation of the correctness of the Vm values 
obtained by water vapor adsorption. On the other hand, nitrogen adsorption gave 
surface areas that ranged from 20 to 100% of the surface areas obtained by water 
vapor adsorption. I said that nitrogen did not measure the total surface, and I give 
one evidence for it now and one later. Dr. Copeland determined the specific 
surface of a hydrated portland cement by small-angle x-ray scattering. The value 
he obtained checked the water adsorption value within 2 or 3%. On the other 
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BRUNAUER Solid Surfaces and Solid-Gas Interface 15 

hand, nitrogen adsorption gave a surface about half as large. The other evidence 
will be given after I discuss the surface energy of tobermorite. 

Surface energy is an abbreviation for surface total energy, and it can be 
defined as the difference between the total energy of a molecule of a given sub
stance in the surface layer and the total energy of the same molecule inside the 
body of that substance. It is customary to express it in ergs per square centimeter. 
In the best determinations to date, the heat of solution method of Lipsett, Johnson, 
and Maass (22) has been used. A substance in different states of subdivision is 
dissolved in a suitable solvent, and the heat of solution is plotted as a function of 
the specific surface area. The slope of the curve is the surface energy. To be 
sure, what one obtains in this way is really the surface enthalpy, but the pv term 
in the surface region is small, so beginning with Gibbs and continuing with 
Harkins most investigators have made no distinction between surface total energies 
and surface enthalpies. 

Some years ago, Kantro, Weise, and I set out to determine the surface energy 
of tobermorite. We came to grief, because the practice is usually not as simple 
as the principle. We decided, therefore, to work on some simpler but closely 
related substances, and we determined the surface energies of calcium oxide, 
calcium hydroxide, amorphous silica, and hydrous amorphous silica. Even these 
determinations did not turn out to be simple. We published these in two papers 
in the Canadian Journal of Chemistry in 1956 (6, 7). After this work, we 
felt strong enough to tackle tobermorite, and we published the surface energy 
of tobermorite in the same journal three years later (8). 

I told you about the variability of the tobermorite specific surface, and in 
Figure 8 I show you the variation of the heat of solution with specific surface. The 
14 preparations I mentioned before are represented by the 14 points on this curve, 
and the points randomly scatter around the least squares straight line. They do 

ô ô ô ô 6 ό ό oo ο ο 
220 240 260 280 300 320 340 360 380 4 00 

Specific Surface Area of Ca3Si207 · 2H20 ( meters2/g. ) 

Figure 8. Variation of heat solution of Ca3Si207.2H20 with specific surface 
area for 1.0-gram samples 
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16 ADVANCES IN CHEMISTRY SERIES 

not fall beautifully on a straight line, but if you knew the difficulties encountered 
in this system, you would not be the least bit surprised. The slope of this line gives 
a surface energy of 386 ± 20 ergs per sq. cm. 

If I had been asked before we started to determine the surface energy of 
tobermorite, to make an educated guess of what the result would be, I would have 
argued this way. Speaking with some license, the surface of this calcium silicate 
hydrate is a sort of "chemical mixture" between the surface of calcium hydroxide 
and that of hydrous silica. Add to this the fact that the calcium hydroxide we 
used in the surface energy determination contained almost perfect crystals, the 
hydrous silica was amorphous, and the calcium silicate hydrate, tobermorite, was 
intermediate between these extremes, it was poorly crystallized. The surface 
energy of calcium hydroxide was 1180 ergs per sq. cm., that of hydrous silica 
129 ergs per sq. cm., so I would have guessed that the surface energy of tober
morite would be the geometric mean of these two. It has turned out to be almost 
exactly that. 

The surface areas of calcium hydroxide and hydrous amorphous silica were 
determined by means of nitrogen adsorption. The surface areas of tobermorite 
were determined by water vapor adsorption, and as you see, the three surface 
energies thus determined show a remarkable consistency. I said also that nitrogen 
adsorption did not give the entire surface area for tobermorite, and let me tell you 
now what I meant. Please look at the point D-28 in Figure 8. This preparation 
gave one of the smallest heats of solution, but it gave the largest area by nitrogen 
adsorption. On the other hand, preparation D-42, which gave a heat of solution 
more than 8 cal. per gram larger than D-28, had a nitrogen surface that was less 
than 40% of the nitrogen surface of D-28. If we would calculate the surface 
energy from these two preparations, we would get a large negative value, which is 
absurd. Actually, there was no correlation between heat of solution and nitrogen 
surface. 

The probable explanation, I believe, is the following. The sheets of tober
morite roll into fibers, as in the electron micrograph (Figure 7). This rolling of 
the sheets plus the aggregation of the fibers create spaces into which nitrogen 
cannot penetrate but water can. This is not merely because of the difference be
tween the sizes of the molecules, but also because the tobermorite surface is 
strongly hydrophylic. 

I will say only two more things about this slide, and that will conclude my 
talk. I mentioned that we used a variety of ways to prepare the samples of Figure 
8. The four points in the middle (C-17, 18, 23, and 24) were obtained by paste 
hydration. The calcium silicates were mixed with water for a few minutes, then 
the mixture was allowed to stand for about a year and a half. This type of hydra
tion is very slow. The four points at the left end (D-47, 52, 28, and 51) were 
obtained by hydration in a small steel ball mill. This produces a much faster 
hydration—complete hydration was obtained in 6 weeks. My knowledge of solid 
state physics is negligible within experimental error, but I would think that the 
preparations that were banged around by steel balls for 6 weeks or longer should 
have more defects than the preparations that were allowed to stand peacefully. 
This would lead to higher energies for the ball-mill preparations, and higher heats 
of solution, but, as you see, the reverse is true. I do not mean to imply that there 
are no defects in our tobermorites, but I believe that these defects do not play a 
decisive role in these experiments. 

The last remark is this. Please look at point D-49. This is the point that falls 
farthest away from the straight line—it is 2.6 cal. per gram too high. I am con-
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vinced that this is random error, but let us assume that it is not. Let us assume first 
that all of this difference is caused by some variation in the body structure, such as 
differences in defects, for example. The 2.6 cal. per gram amounts to only 0.58% 
of the heat of solution. Let us assume next that none of this difference is caused 
by variation in the body structure, but all is caused by variation in the surface 
structure. This amounts to only 7.6% of the surface energy of tobermorite. Please 
note that I am giving these figures for the preparation which showed the maximum 
deviation. If I made the same calculations for the average deviation, which is only 
1.1 cal. per gram, the results would be less than half of the values I gave before. 

The conclusion is that both the body structure and the surface structure of 
tobermorite are highly reproducible. Whether we use tricalcium silicate or β-
dicalcium silicate as starting solids, whether we use a water to solid ratio of 0.7 or 
9.0, whether we use paste hydration or ball-mill hydration or a third type which 
I have not discussed (which gave the six other points on the curve), we wind up 
with a tobermorite having very nearly the same body structure and surface 
structure. 
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Sintering of Refractory Materials at Room 
Temperature by High Pressures 

PETER W. MONTGOMERY, HAROLD STROMBERG, and GEORGE JURA 

Department of Chemistry and Lawrence Radiation Laboratory, 
University of California, Berkeley, Calif. 

The process of sintering refractory solids at room 
temperature by high pressures was studied, in
cluding the effect of purity, particle size, and cal
cining temperature. A possible mechanism for 
the sintering is discussed. Two applications are 
presented: first, the determination of spectra of 
solids which in general cannot be obtained be
cause they are available only as powders; and 
second, squeezing out the pores of a catalyst sup
port, which permitted determination of the rate of 
growth of platinum particles on an alumina sup
port as a function of temperature. 

y he primary objective of our high pressure program is the study of the electrical 
and magnetic properties of solids. With our present apparatus we can reach 

pressures as high as 500,000 atm. In pursuing the main objective we have 
stumbled on a phenomenon described in this paper—namely, the compaction of 
finely divided solids into transparent disks which must have densities very close to 
the theoretical density of the solid. For want of a better term we have called this 
pressure sintering. In the ordinary sintering process the material is subjected to a 
pressure of several hundred atmospheres at an elevated temperature. In the pres
ent process, a similar result is obtained at room temperature but at very high pres
sures, the pressure required being a function of the material. This process is only 
partially understood at the present time; however, a reasonable explanation can be 
given for the results obtained. 

The compression of a solid to transparency is really not new. A standard 
technique in infrared spectroscopy is the use of mulls made of the heavier alkali 
halides. These materials are squeezed transparent at relatively low pressures. 
However, when these low pressures are used, evacuation of the sample is essential. 
In our work, evacuation is not necessary. A reasonable review of the alkali halide 
work is given by Ford, Wilkinson, and Price (4). 

Our attention was first called to the possibility of sintering at room tempera
ture some five or six years ago, when we found that lithium aluminum hydride was 
as transparent as glass after having been subjected to a pressure of 100,000 atm. 

18 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

00
4

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



MONTGOMERY ET AL. Sintering of Refractory Materials 19 

With the passage of time we also have been able to squeeze many oxides to the 
transparent state. The disks remained transparent even after several years of aging. 
Some of the disks developed cracks, but this was not unexpected because of the 
strain that was introduced by subjecting the materials to stresses beyond their 
elastic limits. 

Optical Transparency 

The criterion that we use for the approach to theoretical density is that of 
optical transparency. This criterion limits the work at the present time to mate
rials that are transparent in the visible or have absorption bands that do not extend 
over the entire visible region. In general, and for mechanical reasons alone, the 
size of the sample is about 10 mg. We are not equipped to measure directly the 
densities of such small samples with high precision. However, if we start with 
particles that are as small as 100 A. on edge, and the final sample is transparent, it 
is reasonable to suppose that the number of scattering centers is very small. The 
very small number of scattering interfaces indicates that the particles have come 
into intimate contact with each other—i.e., the large number of solid-air interfaces 
have been replaced by solid-solid interfaces. On this basis we assume that the 
samples have approached theoretical density. For example, after application of 
60,000-atm. pressure, a sample of magnesium oxide 0.02 cm. thick showed 85% 
light transmittance. 

In order to understand the pressure-sintering process, first consider the 
behavior of a single crystal placed in a pressure chamber whose volume is greater 
than that of the crystal. In this case, the course of events as pressure is applied to 
and incurred on the sample can be easily predicted. At the lowest applied pres
sure, the crystal would deform elastically. At a pressure above the strength of the 
material, the crystal would flow until the pressure chamber is entirely filled by the 
crystal. Further application of pressure would merely compress the materials. 

In our studies, we start with finely divided powder. This complicates the 
analysis to the point where it is not possible to present more than a simple qualita
tive explanation of the pressure-sintering process. In general, the apparent 
density of a powder is about 50% of that of a single crystal. Furthermore, the 
particles are randomly oriented. When pressure is applied to this conglomeration, 
particles certainly can move with respect to each other to fill the space more com
pletely. Also, it appears reasonable that a certain number of particles are oriented 
so that they can undergo plastic flow. What is certain is that, at some pressure, 
the total force will be sufficiently great so that plastic flow will occur in all particles. 
When this pressure is reached, in the absence of any gases, the particles will flow 
until they come into contact and the flow will continue until no void space remains 
within the sample. 

Bridgman (I) has found in his studies of the compression of nitrogen and 
argon that these gases diffused through steel containers so rapidly at pressures 
above 30,000 atm. that equation of state work could not be extended above this 
pressure at room temperature. It is reasonable to assume that ordinary air would 
behave in a similar manner. Thus, one would expect that at a pressure of about 
30,000 atm. the air surrounding the powder particles would start diffusing out of 
the sample, and the flow of the material would not be restricted by the gas origi
nally present. In short, at pressures above 30,000 atm., one would not expect the 
atmosphere to impede the flow of the individual particles by the formation of an 
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20 ADVANCES IN CHEMISTRY SERIES 

air pocket. For this reason, if the compaction is done at the very high pressures 
we use, it is not necessary to evacuate the sample before sintering. 

One further condition is necessary that has not been discussed. In the fore
going discussion it was tacitly assumed that the deformation and flow of the con
tainer were small compared to those of the sample. If the material in the pressure 
cavity is harder or stronger than the apparatus, the flow will occur in the apparatus 
and not in the sample. However, when we attempted to pressure-sinter diamond 
dust, it was the apparatus that flowed and not the diamond particles. Besides the 
high pressure, it is essential that the sample be softer than the material of the 
apparatus. This last limitation precludes very few materials from study, since the 
parts of the apparatus in contact with the sample are compacted tungsten carbides, 
such as G. E. Carboloy 999, which is extremely hard. 

The pressure vessel used in these experiments was a set of anvils similar to 
that described by Bridgman (2). The necessary thrust was developed with a 
hydraulic press of 100-, 200-, or 500-ton capacity, depending on the total force 
needed. The total force required depends on the nature and diameter of the 
sample. 

Before the actual sintering, the powder was pelleted in a small die. The pel
lets varied from 7 / 1 6 to 3 / 1 6 inch in diameter and were about 0.006 inch thick. 
After pelletization, the sample was placed between the faces of the anvils. A ferric 
oxide-coated pyrophylite ring was used to contain the sample. Pressure was 
increased in 10,000-atm. increments. About 2 minutes were allowed for the dis
sipation of the heat generated by each compression. The sample was maintained 
at the maximum pressure for about 10 minutes, after which pressure was reduced 
continuously until the press rams opened, permitting withdrawal of anvils. 

Three general observations have been made which seem to influence the 
pressure at which transparency for a given solid was obtained. In general, higher 
pressure was required when the particle size increased, the purity of the sample 
lowered, and the calcining temperature of the solid before application of pressure 
was raised. The first two factors are in accord with temperature sintering. The 
latter seems to have no counterpart, and it seems difficult to account for this 
behavior. However, this behavior has been observed repeatedly. For example, 
eta-aluminum oxide calcined to 600° C. became transparent at a pressure of 
100,000 atm. If the same sample was calcined to 800° G. , a pressure of 400,000 
atm. was necessary before sintering was accomplished. This observation gives rise 
to a great deal of speculation, but no one argument leads to a reasonable explana
tion at the present time. 

Earlier it was stated that the transparency of the sample was maintained at 
room temperature for several years. If the sample of an oxide was annealed at a 
sufficiently low temperature, no change in transparency or structure of the sample 
was apparent to the human senses. However, as the annealing temperature was 
increased, opaqueness and mechanical weakness set in at a temperature charac
teristic of the solid. At about 100° to 200° C. after this degeneration set in, the 
sample crumbled and appeared to revert to its initial condition. 

A plausible explanation for this behavior is based on the existence of hydroxide 
on the surface of the individual particles. It is known that the surfaces of most 
oxides are hydroxide rather than oxide. In some oxides this is true of the surface 
alone, while for others, the complete sample can be converted to hydroxide on 
prolonged contact with the atmosphere. When the temperature is raised suffi
ciently, the hydroxide decomposes to water and oxide. Gaseous water is certainly 
formed at the grain boundary. At a sufficiently high temperature the pressure of 
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the water vapor probably becomes great enough to separate the particles from each 
other. 

X-Ray Study of Magnesium Oxide 

A partial x-ray study of magnesium oxide gave some insight into the details 
of the internal changes. The specific area as measured by nitrogen adsorption was 
such that if the particles were in the shape of cubes, the cubes would be 100 A. on 
edge. This sample showed transparency when pressed at 30,000 atm. or higher. 
Figure 1 exhibits the half width of the 200 line as a function of the pressure to 
which the oxide had been subjected. Because of the very large line width, this 
was the only line that could be studied. The half width increases by nearly two 
between 30,000 and 200,000 atm. 

PRESSURE, ATM. X 103 

Figure 1. Effect of pressure on the half width of the 
200 line of MgO 

Figure 2 shows the effect of annealing on the half width of the 200 line for 
a sample that had been originally compacted at 60,000 atm. The disk was heated 
to 350° C. for 15 minutes, and its half width measured. The same sample was 
then annealed for the same length of time, increasing the temperature at 50° 
intervals until the sample crumbled. For reference, the same treatment and meas
urement were made on the original powder. 

The initial anneal to 350° showed a very marked narrowing of the half width 
of the line. Further heat treatment to 550° C. showed a small decrease in half 
width. Above this temperature, where crystal growth sets in, the two became 
indistinguishable, indicating that crystal growth was the most important factor in 
the determination of the x-ray line width when heated above this temperature. 

The x-ray experiment is not conclusive, because only a single line could be 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

00
4

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



22 ADVANCES IN CHEMISTRY SERIES 

20 

15 

Ζ 
D . 
>· 
< 
01 
\— 
tn 
< X ·-Û 
£ 1 0 

< 
I 

• ORIGINAL 

Ο SINTERED 

0 500 
ANNEALING TEMP., °C. 

Figure 2. Ε feet of annealing on the half width of the 200 
line of MgO 

Original powder and sample sintered at 65,000 atm. 

studied. The increase in line width could have been due to a decrease in the 
particle size or to the introduction of strain. If the increase in line width was 
caused by the diminution of the size of the particles, then the half width could 
have been proportional to tan2 θ if the increase in width was due to the introduc
tion of strain in the sample. The rapid decrease in line width at temperatures 
below that at which crystal growth normally occurs indicates that a large part of 
the line width increase was due to strain. The remaining increase in line width 
indicated that there also has been a decrease in the size of the particles. Consider
ing the manner in which the compaction occurs, this appears to be a foregone 
conclusion without the x-ray evidence. 

Apart from the intrinsic interest in the process, there are a number of applica
tions of pressure sintering. We mention two. First, this compaction permits the 
determination of the spectra of solids which cannot be obtained when the sample 
is in its usual form. For example, Conway (3) has determined the adsorption 
spectrum of gadolinium oxide down to 2000 A. A similar study is being made on 
europium oxide by Nathans (5). 

The second application has a direct bearing on catalysis. Powell, Somerjai, 
and Montgomery (6) have used this pressure-sintering process to determine the 
rate of growth of platinum particles on a catalyst support. 

Growth of Platinum Particles 

The basic experimental problem was the determination of the rate of growth 
of platinum particles on an eta-alumina support. The method that these authors 
wished to use to detect the growth was low-angle x-ray scattering. The difficulty 
in this experiment is the scattering from the alumina-air interface, which is large. 
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When the metal is introduced, the scattering is changed, but the observed scatter
ing is now due to alumina-air, platinum-air, and alumina-platinum. There is no 
way in which the scattering can be correlated directly to the platinum size, since 
no way can be found to correct the background scattering. 

A possible solution is to fill the pores with a material that is volumetrically 
isoelectronic with alumina. These authors, however, found it more convenient to 
squeeze the pores out of the alumina. The scattering of the alumina could be 
reduced to the point where it was negligible. Figure 3 shows the low-angle x-ray 
scattering through pressed alumina as a function of the pressure to which the 
sample had been subjected. At 100,000 atm., the difference between air and 

• 0 KATS 

02 χ 106, RADIANS 

Figure 3. Effect of pressure on the low angle 
x-ray scattering of eta-alumina 

alumina scattering is negligibly small and measurable only at the lowest angles. 
At a pressure of 300,000 atm., the presence of the alumina in the beam is unde
tectable at any angle measured by these investigators. By using this technique, it 
thus becomes possible to look at the platinum scattering completely uncomplicated 
by any other scattering process. 

Figure 4 shows the effect of platinum concentration on the scattering. From 
data such as these the authors were able to study the growth rate of platinum as a 
function of temperature and atmosphere and to obtain sufficient data to formulate 
a theory for the growth rate. Their forthcoming paper should be consulted for 
the details of their experiments. Obviously this technique is not restricted to 
platinum and alumina, but should be applicable to the study of the growth of any 
metal on any support as long as the scattering from the metal is different from that 
of the support. 

Finally, Figure 5 exhibits some of the results obtained by Powell and co-
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10.0, 

5 ' 7 9 
02 χ 106, RADIANS 

Figure 4. Low-angle x-ray scattering of platinum 
particles on an alumina support 

13 

10 
TIME, HOURS 

Figure 5. Effect of time at temperature in a reducing atmos
phere on the mean radius of platinum particles 

Values obtained from data as shown in Figure 4 

workers on the change in the mean size of the platinum particles as a function of 
time at temperature. These results were obtained in a reducing atmosphere. 
The authors found that different results were obtained with a change in atmosphere. 

Conclusions 

Our experiments, which are truly only preliminary, indicate that much is yet to 
be learned concerning the manner in which the compaction occurs. Tt appears 
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that much information can be obtained from this approach that cannot be con
veniently obtained by more standard methods. 
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Calculation of the Distortion in the Surface Region of an 
Alkali Halide Crystal Bounded by a {100} Face 

G. C. BENSON, P. I. FREEMAN, and EDWARD DEMPSEY1 

Division of Pure Chemistry, National Research Council, Ottawa, Canada 

The model described allows the ions of the first n 
layers at the free {100} face of a hemicrystal 
with sodium chloride structure to relax in a 
direction normal to the face and to be polarized 
by the electric field in the surface region. The 
equilibrium configuration is determined by mini
mizing the energy of the system. Numerical 
results for sodium chloride are presented for the 
five cases 1 ≤ n ≤ 5. A value of —107.4 erg 
cm.-2 is estimated for the total correction to the 
surface energy of this material due to surface 
distortion. 

m knowledge of the structure in the boundary region of a crystal is of considerable 
^ importance to the understanding of surface phenomena in chemistry. It has 
been recognized for a long time that the relative configuration of the atoms or ions 
near the surface of a crystal will differ from that in the bulk of the material. Un
fortunately, there is as yet no reliable experimental method for determining in 
detail what perturbations of the regular lattice structure occur and recourse must 
be made to the predictions of reasonable theoretical models. 

With few exceptions most theoretical investigations of surface distortion have 
been limited to the consideration of the outer layer and leave unanswered the 
question of how far significant distortion extends into the crystal. Recently Alder, 
Vaisnys, and Jura ( 1 ) have given a careful analysis of the depth of penetration of 
surface effects in inert gas crystals. It was found that the expansion between 
adjacent layers falls off as the inverse cube of the distance from the surface and 
that the deeper lying perturbations make relatively small contributions to the 
surface energy. 

In the case of ionic crystals, the presence of different ionic species and the 
possibility of polarization effects inherently complicate the estimation of surface 
distortion. Previous considerations of the depth of penetration of surface effects 
in these materials (7, 10) have used oversimplified interaction potential functions 
or have imposed rather severe constraints on the form of relaxation permitted. A 
fairly detailed treatment of the distortion in the outermost layer of a free {100 } 

1 Present address, Union Carbide Corp. Research Institute, P. O. Box 278, Tarrytown, Ν. Y. 
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• ν } W θ Θ © Θ LAYER 
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Figure 1. Variables used to describe configuration in 
surface region of crystal with sodium chloride structure 

and bounded by {100} face 

face of a semi-infinite alkali halide crystal has been given by Benson, Balk, and 
White (2); the present paper is a preliminary report of the extension of these 
calculations to a consideration of the distortion in the first five layers at the surface 
of a sodium chloride crystal. Further details of the calculations will be presented 
later, when results have been obtained for other alkali halides. 

Model and Method of Computation 

A section normal to the j 100} face of a semi-infinite crystal having a sodium 
chloride type structure is shown schematically in Figure 1. The nearest neighbor 
separation in the regular lattice is denoted by a. Layers parallel to the j 100 } 
face are indicated by an index λ, which for increasing depth takes on values 0, 1, 2, 
. . ., etc. The distortion is restricted to a surface region for which 0 ^ λ < η — 1; 
in the present work 1 < η < 5. Positive and negative ions of layer λ are as
sumed to be displaced from the regular lattice sites, in the direction of the outward 
normal to the surface, by distances ζ I a and z^ a, respectively, and to have dipole 
moments ^ a n d μχίη this direction. Thus the values of four variables (z£, Ζχ, μ^ 
and μ, χ) are needed to specify the configuration of each layer in the surface region. 

The interaction energy of two ions, i and /, is taken to be 

"a = u°a - e i ( T H · M / K 3 + ej(Tij · μ ί ) τ ^ - 3(r i 7 · j»<)(r<y · M J > # 5 + (M< · 0 ) 

where e and μ denote charge and dipole moment and ry is the position vector of 
ion /' relative to ion i, 

u% = eiejrïi1 — c ^ 6 — d ^ 8 + exp (—ra/p) (2) 

is the usual Born-Mayer form of potential function and represents a sum of coulom-
bic, van der Waals, and repulsive contributions. The other terms in Equation 1 
are energies of charge-dipole and dipole-dipole interactions arising from the 
polarization of the ions. 
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For any configuration, the energy of the hemicrystal is obtained by summing 
the expression for over all pairs of ions and adding for each ion in the surface 
region a term corresponding to the quasielastic energy. The latter is given by 
(p2i/2cii)9 where at is the electronic polarizability of the ion. The distortion 
energy, Δ U[z +

0, ZQ, μ^ μ^ z{. . . . μ(- _ υ ] , is a function of 4n variables. It is 
defined as the amount by which the energy of the hemicrystal in a given configura
tion (z 0

+ . . . . D ) exceeds the energy in the undistorted state (for which all 
displacements and dipole moments are equal to zero) and is stated per ion pair in 
the surface. Since the area occupied by an ion pair is 2a2, the correction to the 
surface energy of the crystal is given by the equation 

Δσ{κο} = [AU]min/2a* (3) 

where [At/] m i n is the value of the distortion energy corresponding to the equi
librium configuration of the surface region. 

In calculating Δϋ it is convenient to group together terms from the interac
tions between ions located in two different layers (λ and μ) of the surface region 
and to denote these collectively by Αϋλ^. The remaining terms of Δϋ arise either 
from pairs of ions in the same layer λ of the surface region, or from the interactions 
of ions in layer λ with those in the undistorted part of the crystal; they may thus be 
written in groups Δ UX associated with each layer. The distortion energy then can 
be expressed in the form 

AU = ΣίΤ1* Δ ί Α + Σ^- 2 ) Σ fcl] Δ£/λμ (4) 
λ λ M 

Evaluation of Δ UX and Δ Uxv follows the same pattern as the previous single 
layer treatment (2) in which two simplifications are introduced to make the calcu
lation more tractable. 

1. Repulsive interactions between ions farther apart than the next nearest 
neighbor distance are neglected. This is the usual assumption in calculating the 
cohesive energies of alkali halide crystals (4, 5, 9) and is based on the fact that the 
exponential forms representing these interactions die away rapidly. 

2. All energy terms are expanded as Taylor series in the displacement vari
ables and terms of order higher than the fourth are discarded. Previous calcula
tions for the distortion of the outer layer (2) have shown that this is a reasonable 
approximation, if the displacements are not much larger than 10% of the normal 
interlayer separation. 

Adopting the above approximations, Δ£/ λ and Δ(7 λ / Α can be written formally as 

Δ ί Α = ZÎHiUi)* + Α£ρ(ζΌρ] + 2 W O I [ P K ) p - MÂ(*x>] 
Ρ Ρ 

+ Σ\ α(2ρ)(δχΥν + (μ{ + μχ) 2JJ * ( 2 ρ + ΐ ) ΐ ( δ λ ) 2 ρ + 1 

Ρ Ρ 

+ μ+μ~ ΣΙ α{2ρ)η(δλγΡ + + ( μ ^ Κ 0 2 (5) 
Ρ 

and 

Ρ 

+ ter»- - (μχ - M ï k i r X ) + M ^ i f i f i r * ' ] ^ ; ; ) ' 

+ [«,<*-» + (M; + μ ί Κ Γ λ > + ^ Χ ΐ ^ ' Κ ^ ) » ) (6) 
In these equations the difference between two position variables z" and z& is indi
cated by 
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where a and β are the signs of the charges of the ions. For the special case λ = μ. 

δ λ λ = Ζλ - ζ χ = δ λ (8) 

The various coefficients Α£, Αλ
ρ,. . . . α002, gp+, gpu- · . . U p U are constants and 

involve quantities of two types: parameters such as those in Equations 1 and 2, 
which are characteristic of the ionic species involved and a number of sums asso
ciated with the particular lattice structure. Numerical methods for evaluating the 
latter have been described (14, 15). Formulas for these coefficients are not given 
in detail here, but those; for the coefficients in Equation 5 are similar to expressions 
given by Benson, Balk, and White (2) for the single layer problem and the forms of 
the coefficients in Equation 6 follow an analogous pattern. 

The equilibrium configuration of the surface region comprising η layers is 
determined by solving simultaneously the 4n equations obtained by equating to 
zero the partial derivatives of AU with respect to each of the variables. The 
equations so obtained are nonlinear and are solved by an iterative Newton-Baphson 
procedure (12), which necessitates calculating the second partial derivatives of 
AU with respect to all possible pairs of variables. A Bendix G15D computer 
was used for all numerical computations—i.e., evaluation of the various lattice 
sums, calculation of the derivatives of AU, and solution of the linearized forms in 
the Newton-Raphson treatment. 

Table I. Equilibrium Configuration of the Surface Region 
at the {100} Face of Sodium Chloride 

(Displacements in units of a; dipole moments in debye units; energy in erg cm. 2) 
η 1 2 3 4 5 

*o -0.05176 -0.07518 -0.08543 - 0 .08712 -0.08708 
Zo 0.00051 0.01839 0.02526 0 .03158 0.03558 
Mo- -0.06219 -0.08088 -0.08943 - 0 .09379 -0.09605 
Mo 0.7967 1.2172 1.3874 1. .4669 1.5063 

z\ 0.07820 0.10556 0, .12102 0.12945 
z\ 0.01188 0.01443 0 .01865 0.02160 
Μί 0.04284 0.05883 0. .06661 0.07054 
MI -0.7169 -0.9861 - 1 . .1109 -1.1724 

* ί -0.03225 - 0 .04749 -0.05502 
^ 2 0.00260 0 .00745 0.01098 
μί -0.02422 - 0 .03604 -0.04243 

0.4111 0 .6306 0.7486 

0 .03565 0.05409 
0 .00291 0.00458 

M 3 0 .01937 0.02942 
Mi - 0 .3521 -0.5341 

*J -0.02011 
zi 0.00106 
Ml -0.01402 
ΜΪ 0.2434 

Δσ -52.70 -79.16 -92.53 - 9 9 .87 -104.07 

Before presenting the results which have been obtained for sodium chloride 
it is necessary to indicate the sources of the data used for this salt. Van der Waals 
coefficients were taken from a tabulation by Mayer (II) and electronic polariza-
bilities of the ions at zero frequency from the work of Tessman, Kahn, and 
Shockley (13). A value of 4.802 χ 10 1 0 e.s.u. was used for the charge of the 
electron and the repulsive parameters bi} and ρ were taken from recent publications 
by Cubicciotti (5, 6). A value of a — 2.794 A. was computed for the nearest 
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-0.10 

0 1 2 3 4 5 

NUMBER OF LAYERS CONSIDERED IN CALCULATION 
Figure 2. Variation of positive ion displacements (in 
units of a) with number of layers in model of surface 

region 
Positive values of Z\ correspond to displacements in direc

tion of outward normal to surface 

neighbor separation. This result corresponds to the minimum of the cohesive 
energy for the infinite crystal at 0° K. and is based on the data summarized above. 

Results and Discussion 

The equilibrium configurations of the surface region and the corresponding 
corrections to the surface energy are listed in Table I for the {100} face of sodium 
chloride. In interpreting these data it should be remembered that displacements 

and ζ χ are measured in units of the nearest neighbor distance (a = 2.794 Α. ) . 
The different columns in Table I pertain to models in which the number of layers 
in the surface region ranges from 1 to 5. In each case the second derivatives of AU 
were examined, to establish that the extremum of the energy located by the 
Newton-Raphson procedure was really a minimum. 

The results for η = 1 differ somewhat from those obtained by Benson, Balk, 
and White (2), because of the different repulsive parameters adopted in the pres
ent calculations. The compatibility of the two sets of computations was confirmed 
by rerunning the original single layer program with the new data inserted. Use 
of Cubicciotti's repulsive parameters appears to lead to more consistent results 
in the surface distortion calculations; in particular, it was impossible to find stable 
equilibrium configurations for models with η >̂ 2, using the data for sodium 
chloride employed by Benson, Balk, and White (2). 
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1 2 3 4 5 

NUMBER OF LAYERS CONSIDERED IN CALCULATION 

Figure 3. Dependence of dipole moments of negative ions 
(debye units) on η 

In Figure 2 the dependence of the displacements of the sodium ions on the 
number of layers comprising the surface region is illustrated. Similar plots for the 
dipole moments of the negative ions are given in Figure 3. It can be seen from 
these graphs and from Table I that the mutual effects of relaxation extend for 
about three layers in the crystal. Thus, allowing layer λ to relax makes only a 
relatively small change in the distortion of layer (λ — 3). 

Figure 4 is a plot of the surface energy correction Δσ(η) against n, the 
number of layers in the surface region. It is evident from this curve that the 
distortion of further layers—i.e., λ > 4—will alter the surface energy only slightly. 
This is similar to the conclusion of Alder, Vaisnys, and Jura ( I ) for inert gas 
crystals. The points for η ^ 5 in Figure 4 can be represented to within dz0.5 
erg cm. - 2 by the empirical equation 

Ασ(η) = -107.4[1 - exp(-0.67>z)] (9) 

extrapolation of which, for the case of an unlimited surface region, leads to 

[Δσ( ce )]{ioo} = — 107.4 erg cm. ~ 2 

for the asymptotic value of the distortion correction. This is about twice the 
value obtained from the relaxation of the outer layer alone. Since the surface 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

00
5

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



32 ADVANCES IN CHEMISTRY SERIES 

1 2 3 4 5 

NUMBER OF LAYERS CONSIDERED IN CALCULATION 

Figure 4. Contribution of distortion to surface energy 
plotted as a function of η 

energy of an undistorted {100} face of sodium chloride, based on the data used 
in the present work, is 

σ°{ιοο} = 210.9 erg cm." 2 

[cf. (15) for the method of calculation] the corrected surface energy value becomes 

σ{ιοο} = σ°{ιοο} + [Δσ( œ )] {100} = 103.5 erg cm. ~ 2 

The discrepancy between this result and the value obtained from calorimetric 
measurements (3) may indicate that the crystals studied experimentally did not 
have the ideal equilibrium forms considered in the present calculations. 

For the model with η = 5 the displacements of both positive and negative 
ions are plotted against the layer number λ in Figure 5. Also represented in the 
diagram are the directions and magnitudes of the dipole moments. In the case of 
the negative ions the length of the arrow, interpreted on the ordinate scale, is equal 
to one tenth of the dipole moment in debye units. Several interesting features 
appear in these plots. The negative ions are all displaced in the direction of the 
outward normal to the surface. Since the sodium ions of layer λ = 0 move inward, 
the chloride ions occupy relatively exposed positions in the { 100} face. It has 
been found experimentally that isotopic exchange between sodium chloride 
crystals and a gaseous halogen atmosphere occurs with surprising ease (8). The 
controlling factor for this process must of course lie in the detailed energetics of 
the situation, but the present calculations indicate that the geometrical location of 
the surface chloride ions is favorable for such a reaction. 

The displacements of the positive ions alternate in sign from layer to layer. 
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Figure 5. Equilibrium configuration of the first five layers 
(λ — Oto 4) for model with η = 5 

Displacements in units of a. Positive values indicate movements 
in direction of outward normal. Direction and magnitude of 
dipole moments (debye units) indicated by arrows. For nega
tive ions length of arrow corresponds to one tenth of dipole 

moment 

Thus there seems to be a tendency for the layers in the surface region to form 
pairs. This is even more apparent from an examination of the level of the mass 
center, £ λ , of each layer obtained by weighting the displacements according to 
the masses of the ions—i.e., 

ζ λ = - λ + 0.3934 4 + 0.6066 ^ (10) 

The separation between adjacent levels (in units of a) is 

Δζ λ = ζχ - ζ χ + 1 = 1 + 0.3934(4 - + + 0.6066 (ζ~χ - z^+1) (11) 

which yields values of 0.92, 1.08, 0.98, and 1.03 for λ = 0 to 3. The coupling 
between the displacements of the ions in adjacent layers can also be seen by 
plotting δ ( ^ + 1 ) λ against δ ^ " + 1 ) λ where (α, β) stands for (-|-, —) if λ is even and 
(—, -(-) if λ is odd. The curve obtained is nearly linear and can be represented 
approximately by the equation 
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The dipole moments of the positive and negative ions in each layer are op
posed and alternate in sign from layer to layer for ions of the same type. This 
behavior is to be expected from very elementary considerations of the electric 
field at the lattice sites of the surface region. The net dipole moment of layer λ 
(per ion pair), defined as 

μ χ = ae(z\ — ζχ) + μ+ + μ~χ (13) 

has values of —0.236, 0.345, -0.179, 0.160, and —0.055 debye for λ = 0 to 4. 
Verwey (16) has remarked that in the first layer of the crystal the dipole 
associated with the displacement of the ions overrides the effects of their 
polarization and results in a relatively small net moment in the opposite direction. 
The present calculations show that this is also the case for the other layers in the 
surface region. It is also evident that the moments of adjacent layers are opposed 
and that the total effective surface dipole is very small. 

Finally, the numerical results obtained with the present model are sensitive 
to the input data and since these are subject to rather large uncertainties only the 
over-all pattern of the results is probably of significance. The general applicability 
of the pattern to other alkali halides cannot be assessed on the basis of calculations 
for a single crystal. It is hoped that the investigation of other alkali halides will 
clarify this point. 
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Adsorptive Behavior of Fused Quartz Powders 

W. H. WADE, H. D. COLE, D. E. MEYER, and NORMAN HACKERMAN 

Department of Chemistry, The University of Texas, Austin, Tex. 

The integral heats and entropies of adsorption for 
water on fused quartz powder have been obtained 
as a function of particle size. In the light of pre
vious studies, this is indicative of identical surface 
structure for all samples studied. The results fur
ther indicate that many crystalline quartz powders 
are amorphous in their surface layers. 

Quring the past few years there has been a continued and probably intensified 
interest in the adsorptive properties of quartz and amorphous silica. This is 

in a large part attributable to a more detailed knowledge of the surface structure 
of SiOo as obtained from infrared measurements (17, 18, 20). By using these 
techniques it has been possible to show unequivocally for the first time the exist
ence of surface hydroxyl groups on silica and how their population density varies 
with outgassing pretreatment. On the basis of this information it has been pos
sible to clarify the variation of immersional heats (Δί^) of quartz and silica in 
water with outgassing temperature. 

A number of studies (8, 21, 22, 27) for a wide variety of quartz and silica 
gel samples with different modes of production show that the ΔΗ/s increase with 
increasing outgassing temperature, pass through a maximum at 200° to 300° C , 
and then decrease at higher outgassing temperatures. This is usually interpreted 
as an initial loss of reversibly adsorbed water, followed by gradual loss of surface 
hydroxyl groups. This leaves a rather stable siloxane ring structure and provides 
only a diminished opportunity for hydrogen bonding during the subsequent im
mersion process; consequently a diminished Δ//* is observed. 

Although the AHt vs. outgassing temperature behavior is fairly well under
stood, another aspect of the behavior of quartz and amorphous Si0 2 appears to 
be somewhat anomalous— the remarkable variation of AHi with particle size. A 
survey of the older literature (1, 2, 4, 14, 15, 19, 28) showed a disparity in ΔΗ/s 
obtained at various laboratories. The only apparent correlation (21) was that 
the AHi (per unit area) seemed to decrease with increasing area of the sample 
under investigation. Several studies initiated in this laboratory to check the 
validity of this observation (21, 22) show the effect to be real and that AH ι can 
vary from 100 to 900 ergs per sq. cm., depending on the sample and the outgassing 
temperature chosen. The variation of AH{ with specific area of the sample is not 
restricted to the S i 0 2 - H 2 0 system but is prominent in the A 1 2 0 3 - H 2 0 (23), T i 0 2 -
H 2 0 (24), and to a lesser extent A l 2 0 8 - M e O H (25) and TiOo-MeOH (25) sys-

35 
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terns. It thus appears to be a general phenomenon, except possibly for nonpolar 
absorbâtes as discussed later. 

For the S i 0 2 - H 2 0 system the possibility of impurity contents being the 
determining factor has been eliminated (21). It was also shown (11, 22) that the 
AHi variation with specific area can be generated from an initially coarse quartz 
powder by extensive grinding and subsequent fractionation into a series of particle 
size samples. The various AHa's obtained from AH^s (see Equation 1) for Si0 2 

samples outgassed at 160° C. and 10~6 mm. of Hg are listed in Table I. 

Table I. Integral Heats of Adsorption for Si0 2 Samples Outgassed at 160° C. 
Surface Area, AHa, 

Sample Sq. M./G. Ergs/Sq. Cm. 

Quartz 0.070 729 
0.138 546 

Gristobalite 0.541 531 
Quartz 0.910 388 

8.12 334 
Amorphous 162.0 —29 

188.0 43 

The adsorption isotherms for many of the samples in Table I have been 
measured (11), allowing the integral entropies of adsorption to be evaluated 
according to the prescription of Jura and Hill (16). It was found (11) that the 
entropy of the adsorbed species relative to that of liquid water decreases regularly 
with decreasing specific surface area. This would be expected for a gradual 
decrease in periodicity in the underlying structure and thus in the adsorbed H 2 0 . 

Recent independent measurements from two other laboratories (26, 27) 
also show the decrease of Δί^ with increasing specific area. This number of inde
pendent studies should confirm the validity of the effect, even in the field of 
surface chemistry. However, the explanation of this effect remains largely be
clouded by the complexities of the system. Our hypotheses are that there is a 
direct correlation between particle size and the crystalline-amorphous character 
of the substrate surface. Specifically, quartz powders of low area and large 
particle size present a crystalline array at the interface, whereas powders of high 
area and small particle size are amorphous in the surface region. This certainly 
holds for many quartz powders prepared by grinding processes, which are known 
to introduce amorphicity in the surface region, and several studies (5, 6, 7, 9, 10, 
12) show its existence. Moreover, S i0 2 samples of very high area showed low 
Δ Η / S (21, 22) and since these were prepared by flame hydrolysis they are thus, 
undoubtedly, amorphous. 

Once the correlation between AHi and the crystalline-amorphous surface 
character is accepted, there still remains the need to explain why the interaction 
energy of a water molecule with the surface Si+ 4 , O - 2 , and hydroxyl groups 
should depend on the crystalline character. As was discussed above, experi
mental results show that the AHi decreases with decreasing surface O H concen
tration for a given quartz or silica sample. The correlation between AHt and 
crystalline-amorphous character could be by a diminution of surface O H concen
tration for higher area samples. Unfortunately, there are no direct measurements 
of the extent of surface O H coverage as a function of particle size, since infrared 
measurements are restricted to samples of high specific area (>50 sq. meters per 
gram) which are probably completely amorphous. 

Surface O H concentration can be inferred from weight-loss measurements 
made on samples with surface areas as low as 1 sq. meter per gram. However, the 
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results are ambiguous, since the physical adsorption energies for low area powders 
( as mirrored in the ΔΗ/s ) as low coverages do not differ greatly from the hydroxyl 
group bond energies. Also, it is difficult to separate the weight loss vs. outgassing 
temperature curve into sections corresponding to the loss of physically adsorbed 
water and the loss of surface hydroxyl groups. This is illustrated by measure
ments on quartz samples with surface areas of 1.28 (22) and 7.5 sq. meters per 
gram (26), where the nominal O H surface concentrations were 20 and 9 OH's 
per 100 sq. Α., as calculated from the weight loss from 110° to 4 5 0 ° C. The 
theoretical upper limit is 8 OH's per 100 sq. A. (15). 

Though definite information on O H coverage for low area quartz samples is 
lacking, it is nevertheless a reasonable guess that any variation in O H coverage 
cannot explain the major portion of the variation of ΔΗ^ with particle size for two 
reasons: First, many high area gels with AHi < 200 ergs per sq. cm. are com
pletely covered with O H groups (15), and, second, the AHi at its maximum for a 
given sample is at most 150 ergs per sq. cm. higher than at 450° C. where the O H 
concentration is low (22). Thus, differences of as much of 800 ergs per sq. cm. 
between low area quartz and high area silica must be explained in another way. 

It has been suggested (22) that, qualitatively, the difference can be ex
plained by a detailed consideration of the difference in binding forces of a water 
molecule in the force field of two limiting types of ionic lattices: (1) The water 
dipole interacts (vertical to the surface) with alternating layers of O - 2 ions (OH 
groups in the outer layer) and Si+ 4 ions, and (2) the water dipole interacts with 
layers each of which consists of random Si+ 4 and O 2 ions with the only ordered 
structure being the S i O - 4 tetrahedra. The latter structure in its bulk is the usual 
model for fused quartz, whereas the former model is that for several crystal planes 
of crystalline quartz. The summation of all interaction energies of a water dipole 
with lattice ions in alternating positive and negative sheets is greater than the 
summation where positive and negative ions alternate within a given layer (3). 
In essence the amorphous structure more resembles a covalent structure such as 
graphite, for which the interaction energies with water are very low (28). 
Various aspects of the preceding proposal have recently been discussed (27). A 
pertinent analogy can be drawn to calculated electrostatic field strengths (3) at 
the surface of NaCl lattices. The field strength (which is a direct measure of 
interaction energy for polar molecules) over a Cl~ ion in a 110 plane surface is 
three times that over a Cl~ ion in a 100 plane surface. For the reason cited above 
for a dipole adsorbed on a Cl~ ion in the 110 plane, there is an excess of Cl~ ions 
in the immediate vicinity and thus less cancellation of ion-dipole contributions to 
the total interaction energy. 

To check on the dependence of AHi on crystallinity, a cristobalite sample was 
prepared at temperatures high enough to cause a phase transformation (22), and 
it was assumed that at this temperature any amorphous surface layer would also 
crystallize. As predicted, the ΔΗ/s increased (approximately 200 ergs per sq. cm.) 
above the original quartz values. Difficulties of interpretation were not completely 
obviated, since the surface areas differed by a factor of 2. Also, the ΔΗ/s 
were for two different crystalline modifications and thus would not be expected 
to display exactly the same interaction energies with water. 

The present study was initiated to eliminate the difficulties inherent in the 
previous experiments. It consists of measurements of the integral enthalpies (via 
immersional heat measurements) and entropies (via adsorption isotherms) for 
ground and fractionated powders of fused quartz with a wide spectrum of specific 
surface areas. 
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The commonly accepted structure of fused quartz is one of randomly bonded 
SiO~ 4 tetrahedra. Relying on the high bond strength within these tetrahedra, 
grinding of a coarse fused quartz should have little effect on its surface structure. 
Therefore, it is possible to predict that All(l and ASa for fused quartz should be 
independent of particle size. 

Experimental 

The fused quartz was obtained as a single billet from The General Electric 
Co., Willoughby Quartz Plant, and had a stated purity of 99.97%. The original 
billet was crushed to a particle size of approximately 100 microns in an iron jaw 
crusher, washed with HC1, and then ground under water in an agate mortar for 
approximately 5 days. The resulting material was fractionated by sedimentation 
in water to give the series of nine samples listed in Table II. The surface areas 
were obtained by the standard B E T analyses of Kr adsorption isotherms taken 
over a relative pressure range of 0.05 to 0.30 as previously described (22). The 
heats of immersion were measured at 25.0° C. by techniques already described 
(21, 22). Samples were run in duplicate, and these agreed to 2 to 3%. Pre-
treatment consisted of outgassing at 160° C. and 1 0 e mm. of Hg for 4 days. 

Table II. Adsorption Parameters for Fused Quartz Samples of Various Specific 
Surface Areas 

ASa, 
Surface Area, AHa, 7Γ, 

Ergs/Sq. Cm. 
Ergs/Sq. Cm.-

° C. 
ω, 

Sample Sq. M./G. Ergs/Sq. Cm. 
7Γ, 

Ergs/Sq. Cm. 
Ergs/Sq. Cm.-

° C. Sq. A. 

A 0.054 372 128 0.82 17.1 
Β 0.297 393 
G 0.562 362 143 0.74 19.9 
D 1.04 391 159 0.77 14.6 
Ε 1.92 378 126 0.84 19.5 
F 3.62 379 
G 7.47 345 163 0.62 14.7 
H 13.58 359 
I 25.55 347 

The adsorption isotherms for water with five of the samples were obtained 
at 25° C. by using a volumetric adsorption apparatus described previously 
Prior to adsorption measurements these samples were also outgassed at 160° 
and 1 0 6 mm. Hg. Each adsorption isotherm consisted of 20 to 40 experimental 
points covering the relative pressure range 0.01 to 0.95. 

Results and Discussion 

The integral heats of adsorption in Tables I and II were calculated from the 
heats of immersion by 

AHa = AHi - H8.5 (1) 

where 118.5 is the surface enthalpy of water. Both AHa and AHt are heats per 
unit surface area and are referred to the standard states as liquid water. The 
free energies of adsorption were obtained from the adsorption isotherms by 
graphical integration of the Gibbs equation 

χ = RT C Vd\n P/P° (2) 
J O 

where V is the volume of gas adsorbed per unit area, P/P° is the relative pressure, 
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and the other symbols have their usual significance. The integral entropies of 
adsorption per unit area were obtained from 

ASa = 
AHa -

(3) 

which is the Jura and Hill equation (16) modified to unit area for the problem 
at hand. Table II lists ΔΗη, ττ, AS f l, and ω , which is the area per water molecule 
obtained from BET analyses of the adsorption isotherms. As is common practice 
in surface studies, ΔΗα, ττ, and AS„ are opposite in sign when compared with 
standard thermodynamic conventions. The AHa's in Table II show no definite 
trend and have an average value of 370 ergs per sq. cm. with an average deviation 
of ± 1 4 ergs per sq. cm. or approximately ±4r/c This uncertainty would be ex
pected from a combination of uncertainties in measurements of Δί/j and of surface 
area. 

The adsorption isotherms are shown in Figure 1. There are some differences 
in shape, although they are all examples of the classic Type II adsorption isotherm. 
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Figure 1. Adsorption isotherm 
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The integrated free energies of adsorption are listed in Table II. There is no 
definite trend in these either. The average of all five π values is 140 ergs per 
sq. cm., with an average deviation of ± 1 4 ergs per sq. cm. or ± 1 0 % . The dis
agreement in ττ is somewhat greater than in ΔΗ { . The entropy values being ob
tained from both ΔΗα (or ΔΗ^) and ττ show their corresponding uncertainties. 

Considering the limitations of the experiment, the ΔΗ α , ττ, and ASa values are 
independent of particle size over a range in which both the surface areas and AH f l's 
of crystalline quartz samples varied by a factor of 2 (see Table I). 

In comparing Tables I and II, it is observed that the heats of adsorption of 
the fused quartz are about the same as for the 8 sq. meters per gram "crystalline" 
quartz and much higher than those for high area amorphous silicas. The entropies 
of adsorption for the fused quartz samples are between those for 1 and 8 sq. meters 
per gram crystalline quartz. This indicates that the surface structure of fused 
quartz and a crystalline quartz of moderate surface area (5 to 10 sq. meters per 
gram) are probably very similar. In addition, the surfaces of very high area 
amorphous gels and flame-hydrolyzed silicas must be basically different from 
fused quartz, since the ΔΗ/s differ so drastically. 

An additional bit of information obtained from the experiment indicated that 
the fused quartz surface is extensively populated with surface O H groups. Sample 
A (Table II) was inadvertently heated to 4 0 0 ° C. prior to adsorption measure
ments. The resulting ?r value was 69 ergs per sq. cm. On repeated soaking in 
boiling water (2 weeks total) ττ gradually rose to a final value of 128 ergs per 
sq. cm. This is consistent with the relatively irreversible loss of surface OH's at 
4 0 0 ° C. Also the extent of initial decrease of ?r indicates an abundant coverage 
prior to heating to 4 0 0 ° C. 

The average entropy decrease on adsorption of approximately 0.75 erg per 
sq. cm. when converted to a molar basis from the volume adsorbed at saturation 
vapor pressure is 1.8 ± 0.4 e.u. less than liquid water at 2 5 ° C. or about that of 
liquid water at 0 ° C. The large uncertainty is due to difficulty in extrapolating to 
P/P° = 1. Since the entropy of adsorbed water molecules in the outermost layer 
must approximate that of liquid water at 25° C , then the inner layers, to maintain 
the average of 1.8 e.u., must be icelike with loss of translational modes. 

This investigation has offered no firsthand information with regard to the 
exact mechanism of the crystalline to amorphous conversion in substrates, but it 
completely supports the previously advanced hypotheses. There yet remains a 
need for an explanation of the variation of ΔΗ^ with particle size of A1 2 0 3 and T i 0 2 

(23-25). These samples were exposed to no distortional forces of the type dis
cussed above following their crystallization at elevated temperatures. 

Conclusions 

The surface structure of fused quartz powders obtained by grinding is in
dependent of specific surface area. The surface structure is similar to a medium 
area crystalline quartz but differs from that of gels, nonporous silicas of very high 
area, and coarse crystalline quartz powders. 
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Adsorption of Cyclohexane and Methanol on Iron Oxide 

R. I. RAZOUK, R. SH. MIKHAIL, and B. S. GIRGIS 

Faculty of Science, Ain Shams University, Abbassia, 
National Research Centre, Dokki, 
Cairo, Egypt, U. A. R. 

The adsorption isotherms of cyclohexane and 
methanol vapors on synthetic lepidocrocite and 
goethite, and on their decomposition products 
prepared by heating at temperatures varying 
between 150° and 500°C. for different durations, 
have been determined. The isotherms are in 
general Type II (Brunauer classification) and not 
Type IV common to hydrous ferric oxide gels. 
The adsorption of cyclohexane is physical, whereas 
that of methanol is partly physical and partly 
chemical. The surface areas calculated from the 
total adsorption of methanol agree in most cases 
with those estimated from cyclohexane adsorp
tion. Surface area-time of heating curves show 
that at low temperatures the area increases with 
time, whereas at intermediate temperatures it 
increases to a maximum value and then decreases; 
and at higher temperatures the area decreases 
regularly. The final limiting surface area
-temperature of decomposition curve passes in both 
cases through a maximum at about 200°, above 
which temperature sintering is appreciable. 

^ he adsorption of gases and vapors on ferric oxide and the hydrous oxide gels of 
iron has been the subject of numerous investigations (6, 10, 11). The surface 

properties of active solids prepared by thermal decomposition depend to a great 
extent on the physical structure of the parent material and how closely the lattice 
of the latter is related to that of the product (9). Iron oxide provides an interesting 
case, for it may be prepared from amorphous hydrous gels of indefinite composition 
or from well-defined crystalline hydroxides—e.g., lepidocrocite and goethite. Al 
most all the work on the adsorptive properties of ferric oxide has been done on 
products prepared from hydrous gels containing an indefinite number of water 
molecules and liable to aging or recrystallization. Recently Goodman and Gregg 
(8) studied the surface properties of iron oxide prepared from crystalline lepido-

42 
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crocite, but even then their starting material contained a high amount of adsorbed 
water and only near 250° was there an inflection in their thermogravimetric analysis 
curve corresponding to the formula FeO.OH. Furthermore, these measurements 
were mainly confined to the study of the effect of the temperature of thermal treat
ment, and the decomposition was carried out in the presence of air. But it is now 
believed that both the temperature of heating and its duration contribute to the 
development of the surface area of active solids. Also, the presence of air during 
decomposition generally gives rise to products possessing lower surface areas (18), 
resulting from sintering processes operative in air at temperatures lower than is 
required by the Hiittig mechanism (12). 

The object of the present investigation was to study the adsorption of cyclo
hexane and methanol vapors on ferric hydroxide in the form of synthetic lepido
crocite and goethite, and on the oxides prepared in vacuo by their thermal decom
position at different temperatures and for varying lengths of time. 

Experimental 

Apparatus. The adsorption of cyclohexane and methanol vapors was meas
ured with the aid of a simple volumetric apparatus similar to that described earlier 
(19). 

Materials. Lepidocrocite was prepared by the method described by Baudisch 
and Hartung ( 1 ) by first forming tetrapyridinoferrous chloride and then oxidizing 
it and precipitating the yellow ferric oxide monohydrate. The latter was dried in 
an evacuated desiccator over calcium chloride and left in an electric oven at 105°C. 
to constant weight. The structure of lepidocrocite (y-Fe 20o.H 20) was ascertained 
from the x-ray diffraction patterns obtained with the aid of a Philips x-ray diffrac
tion unit Type PW 1010, using a cobalt target with iron filter. Loss on ignition of 
the hydroxide was 11.12% (theoretical value 10.14%), and the oxide formed was 
hematite a-Fe 2 0 H . 

Goethite was prepared according to Geith (7) by treating ferrous chloride 
solution with a solution of ammonium carbonate, oxidizing the ferrous carbonate 
with hydrogen peroxide, and leaving the gel to age for 12 months. The hydroxide 
was dried in the manner described above. X-ray diffraction patterns proved that 
the material was goethite ( a - F e 2 0 : v H 2 0 ) . Loss on ignition was 12.71%, and the 
oxide formed was also a-Fe 2 0 3 . 

The preparation of cyclohexane and methanol has been described (15, 16). 

Results and Discussion 

Adsorption of Cyclohexane. The adsorption of cyclohexane was determined 
on synthetic lepidocrocite and its decomposition products prepared by heating 
it in vacuo for varying intervals of time at 190° , 3 0 0 ° , 4 0 0 ° , and 5 0 0 ° , and also on 
synthetic goethite and its decomposition products obtained in a similar manner by 
heating at 150° , 180° , 2 5 0 ° , 300° , and 5 0 0 ° . The adsorption was found to be 
physical in nature, and the isotherms are Type II of the Brunauer classification (3) 
in all cases except on iron oxide prepared from goethite at 300° and 5 0 0 ° ; here the 
isotherms are Type III. This finding is in contrast to the Type IV isotherms com
mon to ferric oxide gels; the difference may be due to the crystalline nature of the 
parent material. 

Typical results are shown in Figures 1 and 2. Thus Figure 1 represents the 
isotherms of cyclohexane on the two parent materials lepidocrocite and goethite at 
3 5 ° , while Figure 2 represents the isotherms at the same temperature on iron oxide 
prepared from lepidocrocite by heating in vacuo at 300° for 0.5, 1, 3, 8, and 18 
hours. The results agree with the equation of Brunauer, Emmett, and Teller (4) : 
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Ρ = ± + (c ~ 1) £ 

as may be judged from the linear plots of p/s(p0 — p) against p/po shown in the 
insets of Figures 1 and 2. Here s is the amount adsorbed at equilibrium pressure, 
p, p 0 is the saturation vapor pressure, sm is the monolayer capacity, and c is a 
constant related to the heat of adsorption of the first layer. It was thus possible to 
calculate the specific surface area of the adsorbent from the slope and the intercept 
of the linear plot, taking the cross-sectional area of cyclohexane as 39 sq. A. (20). 

Figure 1. Adsorption isotherms of cyclohexane at 35° C. 

I. Lepidocrocite 
II. Goethite 

The relation between the specific surface area and time of heating at various 
temperatures is represented in Figures 3 and 4 in the case of goethite and lepido
crocite and their decomposition products, respectively. In general, the surface area 
of the product increases with the duration of heating at the lower temperatures of 
preparation as a result of further decomposition. At intermediate temperatures, 
the specific surface area rises with time of heating up to a maximum and then falls 
to lower values, while at higher temperatures of decomposition the surface area falls 
regularly with the duration of heating. 

Thus when goethite is decomposed at 150° , the product possesses a surface 
area very close to that of the parent material. Furthermore, this area does not 
vary with the duration of heating and subsequently with the amount of water loss; 
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0 0.2 0.4 0.6 0.8 

P/P 0 

Figure 2. Adsorption isotherms of cyclohexane on ferric oxide prepared 
from lepidocrocite by decomposition at 300° C. 

I, II, III, IV, V. Isotherms at 35° on products obtained by heating for 0.5, 1, 
3, 8, and 18 hours 

for decomposition at this temperature is slow, and even after heating for 7 hours 
only 41% of the water content is eliminated. X-ray measurements show that the 
diffraction patterns of goethite and its product of decomposition in vacuo at 150° 
are identical, so that the water is driven off from the crystal, leaving a pseudolattice 
and also a pseudomorph (5) possessing the same surface area. The remaining water 
may act as a stabilizer for the pseudomorph. Decomposition at 180° , however, 
produces a product possessing the patterns of hematite ( a-Fe2Os ) with broadened 
lines indicating the existence of strain in the lattice which results in the observed 
increase in the surface area. At 2 5 0 ° , the pattern of the normal lattice of a-Fe 203 
is obtained, and the surface area diminishes regularly as a result of sintering. 

The behavior of lepidocrocite on decomposition is slightly different. Heating 
in vacuo at 190° leads to an increase in surface area with time of heating during 
the first 2 hours when the water loss amounts to 3.3%, and then the area remains 
constant, although prolonged heat treatment produces further loss of water, attain
ing 7.7% after 60 hours and 10.5% after 400 hours. X-ray measurements show 
that on heating at this temperature, the pattern of lepidocrocite disappears and 
that of maghemite (y-Fe 20 3) makes its appearance, in agreement with the results 
of Bernai, Dasgupta, and MacKay (2), although the lines are broadened. The 
independence of the surface area upon the water content at this temperature may 
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0 5 10 15 

TIME, HOURS 

Figure 3. Effect of duration cf heating on specific surface 
area of products prepared from goethite at various tem
peratures 

I. Goethite 
II, III, IV, V, VI. Products obtained by heating at 151°, 180°, 

250°, 300°, and 500° C. 

be explained by assuming that the development of the surface area resulting from 
decomposition is just counterbalanced by sintering. When decomposition takes 
place at 3 0 0 ° , activation occurs only at the very early stages of heating, probably 
as a result of the transformation of maghemite into hematite about this temperature, 
as was found from x-ray diffraction patterns and also from earlier observations (2). 
Beyond this stage and above this temperature sintering becomes dominant. 

A limiting surface area is always obtained after a sufficiently long heat treat
ment, and this value is characteristic of each temperature, in agreement with the 
results obtained with magnesia (17). In Figure 5 the limiting specific surface 
areas are plotted as a function of the temperature of preparation. The same 
behavior is encountered in lepidocrocite and goethite. But the area is invariably 
greater in case of goethite and its products, unless decomposition is carried out at 
5 0 0 ° , when the two areas become very small and close to each other. Probably the 
higher water content in synthetic goethite (12.71%) than in lepidocrocite 
(11.12%) accounts for the greater activity of the former and its products of de
composition; for the excess of water over the stoichiometric value may be present 
on either the surface or as a solution in the lattice (21), and in the latter case its 
presence and removal will induce lattice strains which lead to an increase in the sur
face area. In both cases, the maximum limiting area is developed at about 2 0 0 ° , 
and above this temperature sintering becomes appreciable. This temperature 
is lower than would be expected for ordinary sintering to occur according to the 
theory of Hiittig (12), but agrees with the results of Goodman and Gregg (8). 

During the early stages of the sintering process, and particularly at lower tern-
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peratures where there is substantially very little lattice mobility, surface diffusion 
provides the major contribution to the sintering process. This effect increases 
rapidly with temperature, as does the depth of the layer over which it operates, and 
may still persist even at temperatures which permit volume diffusion of the material 
to take place. 

0 5 10 15 60„ 

TIME, HOURS 

Figure 4. Effect of duration of heating on specific surface area of products 
prepared from lepidocrocite at various temperatures 

I. Lepidocrocite 
Zi, III, IV, V. Products obtained by heating at 190% 300% 400°, and 500° C. 

Adsorption of Methanol. The adsorption isotherms of methanol on lepido
crocite and goethite and their decomposition products are also sigmoid-shaped 
Type II. However, with the exception of lepidocrocite itself, there is considerable 
hysteresis, and outgassing at room temperature does not completely remove the 
adsorbate. Subsequent isotherms obtained after thorough degassing of the pre-
exposed solid at room temperature were reversible and invariably lower than the 
initial isotherms. In the light of the criteria put forward by Kipling and Peakall 
(13), the adsorption is regarded as partly physical and partly chemical. The dif
ference between the two isotherms corresponds therefore to the amount of meth
anol chemisorbed. 

The results of typical experiments are shown in Figure 6. The isotherms of 
methanol also obey the Brunauer, Emmett, and Teller equation, as may be judged 
from the linear plots in the inset of Figure 6. 

The surface areas of the various specimens estimated by applying the Brun
auer, Emmett, and Teller equation (4) to the initial adsorption isotherms and 
using the value of 18 sq. A. (14) are compared with the surface areas calculated 
from the adsorption of cyclohexane in Table I. The surface areas calculated from 
the total adsorption of methanol on lepidocrocite as well as its products formed by 

American Chemical Society 
Library 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

00
7

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



48 ADVANCES IN CHEMISTRY SERIES 

100° 2 0 0 ° 3 0 0 ° 4 0 0 c 

TEMPERATURE 

Figure 5. Effect of temperature of preparation on limiting 
surface areas of products prepared from lepidocrocite (I) 

and goethite (II) 

thermal decomposition at temperatures below 4 0 0 ° are in fair agreement with the 
areas of the products calculated from the adsorption of cyclohexane. With prod
ucts formed at 4 0 0 ° and 5 0 0 ° , the surface areas calculated from the adsorption of 
methanol are appreciably greater than those estimated from the adsorption of 
cyclohexane. These differences may be attributed to the larger size of the cyclo
hexane molecule in comparison with that of methanol. At the higher temperatures 
where sintering is liable to take place readily, most of the pores will have sizes 
accessible to the molecules of methanol and not to those of cyclohexane. 

Table I. 

Material 
Lepidocrocite 

Goethite 

Surface Areas Calculated from the Adsorption of 
Cyclohexane and of Methanol 

Thermal Treatment Water Surface Area, Sq. M. /G. 
Temp., Duration, Content, Cyclo

°G. hours % hexane Methanol 
35 — 11.12 81 80 

190 60 3.4 110 117 
300 0.5 0 120 125 

3 0 81 76 
8 0 59 49 

400 0.5 0 20 34 
500 0.5 0 7 23 

1 0 7 17 
3 0 7 10 

35 — 12.7 122 71 
150 0.5 9.8 125 71 

7 7.5 125 71 
250 0.5 2.1 122 109 

5 1.4 85 70 
300 0.5 0.1 85 84 

2.5 0.1 63 69 
10 0.1 58 65 
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0 0.2 0.4 0.6 0.8 

P / P 0 

Figure 6. Adsorption-resorption isotherms of methanol at 35° C. 

I. Lepidocrocite 
II. Goethite, adsorption 
lia. Goethite, resorption 

However, in the case of goethite and its products of decomposition formed at 
150° , the surface area calculated from the total adsorption of methanol is appreci
ably less than that calculated from the adsorption of cyclohexane, whereas with 
products formed at the higher temperatures the two values are in fair agreement. 
It is not possible at present to give a satisfactory explanation for this peculiar be
havior of goethite and of the products of decomposition formed at 150° . Proba
bly the excess of water above the stoichiometric content for goethite (which is 
eventually greater by 1.6% than for lepidocrocite), as well as the high water con
tent of the partly decomposed products obtained at 150° accounts for the lower 
adsorption of methanol. The assumption is made that some water molecules 
already occupy sites which otherwise would be occupied by methanol molecules. 

In all cases, except with lepidocrocite where the adsorption is physical in 
nature, the fraction of the surface covered by physically adsorbed methanol is 
approximately 40 to 60% of the total surface, and both types of adsorption take 
place side by side, presumably on different sites. 
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Effect of Radiation on the Surfaces of Solids 

I. Analysis of Adsorption Isotherms to Obtain Site Energy Distributions 

ARTHUR W. ADAMSON and IRENE LING 

Department of Chemistry, University of Southern California, Los Angeles 7, Calif. 

A method is described whereby the site energy 
distribution function, f(Q), may be obtained from 
an experimental adsorption isotherm, θ (Ρ,Τ) and 
an arbitrarily assumed local isotherm function, θ 
(Q,P,T). As the method is graphical, it is not 
necessary to represent either θ or θ analytically, 
and successive approximations are used. The 
method is first applied to a synthetic isotherm 
calculated from an assumed site energy distribu
tion with θ taken to be the Langmuir function, to 
show that the original distribution is indeed re
generated. On treating various systems for which 
literature data are available, very similar site 
energy distributions result if θ is taken to be either 
the simple Langmuir equation or one with lateral 
inteaction included. The distributions are tem
perature-independent, and are consistent with iso-
steric and differential heats of adsorption. 

T h e treatment of adsorption on a heterogeneous surface has constituted a topic 
of perennial interest, and this paper provides an extension, to the point of 

practical usefulness, of an approach for which the groundwork has been in 
existence for some time. Our interest in this matter developed out of work in this 
laboratory on the effects of radiation on the surfaces of solids, where changes in 
the nature of surface heterogeneities were obviously taking place. The results of 
these studies are given by Adamson, Ling, and Datta (2). 

The problem of obtaining site energy distributions from adsorption isotherms 
may be defined as follows: 

Let θ(Ρ,Τ) be the observed adsorption function, usually obtained as Θ(Ρ) — 
i.e., as an adsorption isotherm. It is assumed that the adsorbent surface can be 
treated as consisting of noninteracting regions, each of which can be considered 
as homogeneous in nature and obeying a local adsorption isotherm, 0(P), or, in 
general, an adsorption function. 6(P,T,Q), where Q denotes the adsorbent 
adsorbate interaction energy. Also, let F(Q) denote the integral site energy 
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distribution—i.e., F is the fraction of surface whose site energy is equal to or 
greater than Q—and let f(Q) = dF/dQ be the distribution function itself. F(Q) 
will depend on the nature of both the adsorbent and the adsorbate, and hence is 
not purely a property of a given adsorbent. 

The above quantities are related by the integral equation: 

Various approaches to the solution of Equation 1 have been considered. An easy 
one assumes convenient analytical forms for f(Q) and 0(P,T,Q) which allow 
integration of Equation 1 to give an explicit expression for θ (containing various 
adjustable parameters). The usefulness of the function is then tested empirically 
(1, 18). Unfortunately, experimental adsorption isotherms generally can be fitted 
by a number of semiempirical equations, and agreement with some particular 
one provides no assurance that its basic assumptions are correct. 

The more desirable approach is to determine f(Q) from an assumed 
6(P,T,Q) and the experimental adsorption isotherm. Sips (16) showed that 
Equation 1 could be treated by a Stieltjes transform, so that in principle an ex
plicit function could be written for f(Q), provided the experimental isotherm 
function, Θ, could be expressed in analytical form. Subsequently, Honig and 
coworkers (10, 11, 12) investigated this approach further. The difficulty is that 
only for certain types of assumed functions θ and θ is the approach practical. As 
a consequence the procedure has been first to restrict the choice of θ to the 
Langmuir equation, and second to assume certain simple functions for θ such 
as the Freundlich and Temkin isotherm equations. The system is thus forced 
into an arbitrary mold and again it is not certain how much reliance should be 
placed on the site energy distributions obtained. 

No method has so far been advanced for taking the experimental isotherm 
itself, irrespective of the complexity of its analytical representation, and from it, 
obtaining the site energy distribution consistent with any arbitrarily chosen local 
isotherm function, Θ, no matter how complex. 

The present method meets the above requirement; it consists of a convenient 
way of making successive graphical approximations to F(Q), using both θ and θ 
in graphical form. Actually, the method is patterned after the procedure de
scribed by Berenyi (3) for obtaining characteristic curves according to the 
Polanyi potential treatment of adsorption. The procedure is described more 
specifically below, but may be summarized as follows: 

For each pressure, the assumed local adsorption isotherm function allows θ 
to be determined as a function Q, while from a simple correspondence principle, 
the experimental adsorption isotherm θ (Ρ) allows determination of a first 
approximation of F as a function of Q. From the plots of F vs. Q and θ vs. Q, a 
subsidiary plot is made for each pressure of θ vs. the corresponding F value. 
The area under this plot then gives a calculated θ for that pressure. The 
procedure is then repeated for other assumed pressures. The e c a l c d > values will in 
general differ from the experimental ones for the various pressures, and for each, a 
second approximation to F is made using the relationship: 

The procedure is then repeated, using the plot of F 2 vs. Q. In most cases two 
successive approximations are sufficient, the number increasing the more uniform 
the surface. 

(1) 

F 2 — F i 0 o b s d . / Q c a l c d . (2) 
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Langmuir Equation as Local Isotherm Function 

The procedure is first illustrated in terms of its application to the analysis 
of an isotherm calculated from an arbitrary assumed site energy distribution, 
f(Q). For reasons discussed in more detail later, the Langmuir equation—i.e., 
localized adsorption with no lateral interaction—appears very satisfactory as the 
form to use for 0(P,T,Q): 

• - r f r P 

The evaluation of constant b is according to the relationship (I): 

b = Na*TK2irMRT)-vWRT = b0eQ'RT (4) 

where σ ° denotes the actual area per molecule, and τ° is Frenkel's characteristic 
adsorption time (1, 5), here taken to be 10~13 second, so that its temperature 
dependence is neglected. The collection of constants b0 then becomes approxi
mately 8 Χ 10 - 3 T _ 1 / 2 for nitrogen as adsorb ate, and pressure in units of 
atmospheres. 

To provide a relatively severe test of the method, an assumed site energy 
distribution having two peaks was used, as shown in Figure 1. The calculated 
isotherm, θ ( Ρ ) , was obtained by summing the occupancy of each site over all 
sites, for each of a series of pressures to give the plot shown in Figure l,b. This 
calculated isotherm was then taken as the starting point for obtaining a site energy 
distribution. 

I. Assumed Site Energy 
Distribution 

t(Q) or 

F(Q): Fraction of Surface 
with Site Energy £ Q 

b. 

2. Integral Site Distribution 
F=/°f (Q)dQ 

Also: Q/RT 

/ f (Q)e (Q)dQ 

where θ = 

Figure 1. Test of site energy distribution method 

— Assumed distribution 
Points and dashed line. Calculated distribution 

— - Calcufoted isotherm (Θ vs. 1/P) 
— Final approximation to site energy distribution (F vs. b) 

It was first necessary to obtain some initial approximation to the F vs. Q, or, 
for convenience in this case, the F US. b plot. Examination of the form of the 
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I.-Plot Observed Isotherm as Θ vs. l/p 2 0(Q) = 
Then: Θ = F, l/p = b 

l/p (b) F 

Figure 2. Outline of procedure for obtaining site energy distributions 

a. Adsorption isotherm plotted as θ vs. 1 /P 
Successive approximations to F vs. b 

h. θ (Q) (in this case, the Langmuir equation) 
c. θ vs. F plots for two different pressures 

Langmuir isotherm (Figure 2,b) shows that 50% occupancy occurs at Ρ = lib, 
and a reasonable first approximation is therefore to consider the curve as a step 
function in which β jumps from zero to unity at Ρ = lib. This amounts to 
assuming that, for a given pressure, sites of b values greater than IIP are 
completely filled, and the rest are completely empty. In effect, then, a plot of 
the observed isotherm in the form of 9 vs. 1/P (as in Figures l,fo and 2,a) 
becomes the first approximation to the F vs. b function. 

The procedure so far is not new. Roginski, who proposed it, did not, how
ever, suggest how to refine the approximate site energy distribution so obtained 
(17). 

To obtain the second approximation to the F vs. b distribution, an auxiliary 
plot of Θ vs. F is now made for each of several pressures. This is done by obtaining 
the θ value corresponding to a given b value (at the chosen pressure) from the 
Langmuir isotherm (Figure 2,b), and the F value corresponding to the same b 
value, using the approximate F vs. b—i.e., the experimental isotherm plotted as θ 
vs. 1/P as in Figures l,b and 2,a. Two such auxiliary plots are shown in Figure 
2,c. The area under each gives a0caicd. f ° r t n a t pressure. On insertion into 
equation 2, a second approximation to F (for the b value corresponding to the 
pressure) is obtained. In the first round of approximation F1 — Gobsd. 

The second approximation to the F vs. b plot is shown in Figure 2,a as well 
as F 3 vs. b, obtained by repeating the above procedure. In the present example 
F ; { vs. b was taken to be in the terminal approximation (also shown in Figure l,b) 
and, by means of Equation 4, the integral site energy distribution F(Q) was 
obtained. The corresponding differential site energy distribution is shown in 
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Figure 1,0, by the dashed line; the agreement with the originally assumed distri
bution is reasonably good. The successive approximations converge rapidly, then, 
even for fairly complex distribution functions. 

Turning to actual adsorption data, Brunauer, Love, and Keenan (4) reported 
on the high temperature adsorption of nitrogen on a synthetic ammonia catalyst. 
Their isotherms, for two temperatures, are shown in Figure 3,0. In order to 
report their data in terms of v/vm—i.e., as θ—the vm value given by their low 
temperature nitrogen isotherm is used. An error merely modifies the F and 
dF/dQ scales in Figure 3,b and c, by some factor, so there is little effect on the 
general interpretation of the data. 

F Q Kcal. 

Figure 3. Adsorption of nitrogen on synthetic ammonia catalyst 

a. Adsorption isotherms 
b. Integral site energy distributions 

φ 449° C. 
Ο 396° C. 

c. Differential site energy distribution 

These data illustrate one of the requirements for obtaining site energy 
distributions—namely, that the range of pressure studied must be sufficient to 
cover either nearly the complete range of values, or at least four and preferably 
five powers of 10 in pressure. In the present case, neither condition is met, with 
the result that the data do not define any kind of site energy distribution. How
ever, as indicated by the dashed line extensions in Figure 3,0, if fairly long (but 
reasonable) empirical extrapolations of the experimental isotherms are made, an 
analysis becomes possible. The resulting integral and differential site energy 
distributions are shown in Figure 3,b and c; a rather wide spread of site energies 
is present. The distribution, in fact, approximates the completely uniform one, 
or horizontal line function, which Sips (16) showed to be implied by the Temkin 
equation (5) (which the data of Figure 3 fit) : 

θ = A log CP 

where A and C are constants (I, p. 536). 

(5) 
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However, had some more radically curved extensions of the experimental 
isotherm been assumed in Figure 3,a, a less uniform calculated site energy distri
bution would have resulted. In other words, the fit to the Temkin equation is in 
this case over too small a pressure range for the uniform site energy distribution 
implied by the equation to be considered more than a guess. 

The data for 376° and 4 4 9 ° C. give the same site energy distribution 
(Figure 3,b) — i.e., the calculated distribution is not temperature-dependent. This 
observation confirms the general consistency of the procedure and assumptions. 

A second aspect of our procedure is illustrated in the case of low tempera
ture isotherms, where P/P° values not negligibly small compared to unity are 
involved. In such cases, some degree of multilayer adsorption is to be expected, 
and must somehow be corrected for. Where the correction is small, it seems 
reasonable to make use of the B E T treatment (I), from which it may be con
cluded that the actual fraction of surface covered, Θ, is related to v/vm by: 

θ = (v/vm)(\ - P/P°) [= (»/»„)( 1 - x), where χ = P/P°] (6) 

Equation 6 will be valid for χ values not more than 0.05 to 0.1, if the BET 
constant, c, is large compared to unity. 

As a specific illustration, Honig and Reyerson (12) studied the low tempera
ture adsorption of nitrogen, oxygen, and butane on rutile. Their data are 
illustrated in Figures 4 and 5; while the important low pressure points are 

Adsorption on T 1 O 2 

n i 1 I 1 

I 10 I0 2 I0 3 I0 4 

l/p 

Figure 4. Adsorption of nitrogen on TiOz 

Final F vs. b plot for 90° Κ 

imprecise, qualitative site energy distributions can be constructed from the data. 
These are shown in Figure 6; similar distributions are obtained for the three 
vapors, but with maxima shifted towards lower energies in the sequence nitrogen, 
oxygen, and butane. A similar finding was made by Drain and Morrison (6), 
who determined site energy distributions from isosteric heats corrected to 0 ° Κ by 
heat capacity corrections. Site energy distributions thus indeed reflect adsorbate 
as well as adsorbent properties. As in the previous illustration, the distributions 
are essentially temperature-independent, allowing, in the case of the nitrogen 
data, for the obviously considerable experimental error in the low pressure region. 

A third illustration is provided by the data of Joyner and Emmett (13) for 
the absorption of nitrogen on Graphon at 78° K. The isotherm is plotted in 
Figure 7, along with the successive approximations to the F vs. b plot. The 
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Adsorption on T 1 O 2 
(Honig & Reyerson) 

0 ο ν/urn 
• (u/m) ( I- p/po) 

10 I 0 2 I 0 3 

!/p 

Figure 5. Adsorption of butane and of oxygen on TiOs 

Ο v/Vm data 
Φ (v/vm)(l - x) 

Final F vs. b plots for butane at 90° Κ and oxygen at 78° Κ 

corresponding integral site energy distribution is shown in Figure 8, and is seen 
to indicate a very nearly uniform surface, with sites of about 2.6-kcal. energy. 
By way of comparison, the isosteric and calorimetric heats of adsorption are 
indicated by the dashed line in Figure 8. Here, while the average values agree 
approximately with that found from the site energy analysis, a maximum and a 
minimum are present which presumably are real. The difficulty is that an 
anomalous variation in the entropy of adsorption occurs, whereas, of course, our 

Figure 6. Site energy distributions for nitrogen, oxygen, and 
butane on TiOz 

a. Integral site energy distributions at 78° and 90° Κ (solid symbols) 
Ο Nitrogen 
Δ Oxygen 
• Butane 

b. Differential site energy distributions 
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treatment assumed the simple entropy function for localized adsorption. Another 
point illustrated (in Figure 7) is that the more uniform the surface, the more 

ο 

(Joyner a Emmett ) 

ο 

1.0 

0.5 

ο υ/υ m 
• θ=υ/ι>πη(Ι - p/po ) 
Φ.Φ.Φ F va b plots 
χ calculated isotherm 

10 ΙΟ 4 ΙΟ2 ΙΟ 3 

l/p (atm.) 

Figure 7. Adsorption of nitrogen on Graphon at 78° Κ 

Ο V/Vm 

Φ (V/Vm)(l - x) 
Lines 1, 2, and 3 show successive approximations to F vs. b plot 

3.0, 

2.5 
VI 

N 2 on Graphon 

\ 
\ 
\ 
\ 

(J a E) 

trom site energy distribution 
\ 

\ 
\ 

\ 
from Q S T and Qd 

\ 
\ 

\ 

Ου 
1 ι ι ι ι I 1 1 1 

0 0.2 0.4 0.6 0.8 1.0 

F 

Figure 8. Site energy distribution for nitrogen adsorbed on 
Graphon 

Cahulated from isotherm 
From calorimetric and isosteric heats 
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successive approximations are needed to obtain a self-consistent F vs. b curve-
that is, this curve will deviate more from the θ vs. 1/P plot of the isotherm data. 

Returning to the matter of differential, isosteric, and site energy distribu
tions, it has been shown that if the local isotherm function is taken to be the 
Langmuir equation, the first two (integral) distributions are identical (9). This 
may not be true if some other local isotherm function is used. In either case, 
the site energy distribution will differ in the direction of the differential plot being 
more sharp, since both the differential and isosteric energy distributions involve 
an averaging over the range of sites being filled in a given region of the 
adsorption isotherm. Thus only in the extreme instances of an extremely wide 
and an extremely narrow site energy distribution is close agreement between all 
three distributions to be expected. On the other hand, the distinction involved 
is not a major one, and one does expect qualitative agreement between the various 
distributions. 

Non-Langmuirian Local Isotherm Functions 

Our proposed method of site energy distribution analysis can, of course, be 
applied using any function B(P,T,Q) for the local isotherm (or even graphical 
representations not amenable to analytical replication). Nor need the function be 
explicit in Θ. As an example of this last situation, it has been suggested (7) that 
lateral interaction be allowed for within the framework of the Langmuir approach 
by supposing Q to increase linearly with 0: 

and a is taken to be about one fourth of the energy of vaporization of the 
adsorbate (15). 

For the case of nitrogen at 77 .6° K, the plot of θ vs. bP now takes the 
form shown in Figure 9, in which filling occurs more sharply than with the simple 
Langmuir equation, and is centered at bP = 1 / 3 instead of at bP = unity. 

θ = b'P/(\ + b'P) (7) 
where 

b' = b0eQo/RT eao/RT = be<*e/RT 

100 
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Correspondingly, a plot of data in the form of θ vs. 1 / 3 P is now taken to pro
vide the first approximation to the F vs. b distribution. At 90° K, the relation is 
b = 0.4/P. 

For cases of nearly uniform site distributions, such as nitrogen on titanium 
dioxide, the calculated site energy distributions are nearly the same as for the simple 
Langmuir equation used as the local isotherm function. In the case of nitrogen 
absorbed on Graphon, however, the distinction between the site energy distributions 
obtained with Equations 7 and 3 is noticeable; Equation 3 (the simple Langmuir 
equation) agrees somewhat better with the differential and calorimetric heat data. 
Graphon is exceptional, however, in having a very uniform surface, and ordinarily 
the only significant difference to be expected between using Equations 7 and 3 as 
the local isotherm function is that with the former the entire distribution will be 
shifted on the energy scale by an amount corresponding to about half of the maxi
mum lateral interaction energy. In other words, the average Q value associated 
with a given type of site will be about that much greater than the Q0 value. 

It must not be assumed from the above that any local isotherm function will 
lead to physically acceptable site energy distributions—e.g., ones not involving 
negative Q values. Thus no isotherm function broader—e.g., whose range of 1/P 
values between say θ = 0.1 and θ = 0.9 is greater—than the experimental isotherm 
can be made to fit. For example, there is no physically acceptable site energy 
distribution whereby the Langmuir equation as the local isotherm function could be 
made to fit data showing a narrower range such as illustrated in Figure 9 Con
versely, the very wide range of pressure over which adsorption occurs with local 
isotherm functions of the Frenkel-Halsey type (I, 8, 14) makes it necessary that 
experimental data show at least as broad a nature if the equation is not to be ruled 
out immediately. [As indicated in the discussion on nitrogen adsorption on a 
synthetic ammonia catalyst, the terms "broad" and "narrow" refer to the range of 
pressure over which filling of sites takes place. Roughly, if θ or θ increases from 
0.1 to 0.9 over a hundredfold pressure range, the isotherm is considered narrow; if 
the range is a thousandfold or more, it is considered broad.] If this first criterion 
is met, it is further necessary that the experimental data cover a very wide range 
of pressure (104- or 105-fold) in order to determine even a qualitative site energy 
distribution. 

There seem to be no literature data potentially capable of showing definite 
consistency with Frenkel-Halsey type isotherms, with the exception of the results 
for nitrogen on titanium dioxide (2). Here we find that no site energy distribution 
can be constructed using such a local isotherm type which will lead to a fit over 
the entire range of data. The same appears to be true of local isotherm equations 
of the polarization theory type: 

In (RT In P0/P) = In € 0 + dS (8) 

Thus, it is concluded that local isotherm functions of a fairly narrow type such 
as the Langmuir and Langmuir-plus-lateral interaction types are the rule. Con
versely, isotherms of the Frenkel-Halsey and polarization types do not seem 
applicable in the submonolayer region. 
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Effect of Radiation on the Surfaces of Solids 

II. Changes in Specific Surface Areas and Site Energy Distributions 

ARTHUR W. ADAMSON, IRENE LING, and SUNIL K. DATTA 

Department of Chemistry, 
University of Southern California, Los Angeles 7, Calif. 

An investigation has been made of the effects of 
reactor neutrons, fuel rod and Co60 γ-rays and 
copper x-rays on the surface properties of such 
solids as titanium dioxide (rutile), silica sand, vari
ous carbon blacks, and asbestos. The surface 
properties involved consisted of specific surface 
area determinations by low temperature nitrogen 
adsorption, and site energy distributions obtained 
by low temperature and very low pressure nitro
gen adsorption. These solids are fairly insensitive 
to radiation, with the principal exception of x-irra-
diation of titanium dioxide which leads to con
siderable reduction in surface area. The site 
energy distribution obtained from adsorption in 
the submonolayer region of the isotherm before 
and after irradiation showed a considerable mi
gration of sites from high to lower energies. A 
possible explanation for the special sensitivity of 
titanium dioxide is discussed. 

y he present investigations were undertaken to determine how various types of 
high energy radiation affected such properties as the surface energy and the 

total surface area of solids, both as such and in relation to changes in bulk proper
ties. On this last point, somewhat opposing arguments can be made, a priori. 
On the one hand, particle radiation is much more effective than electromagnetic 
radiation in producing atomic displacements within a crystalline solid and surface 
effects might therefore be expected to appear more readily with the former type 
of radiation. Furthermore, since the activation energy for displacement of surface 
atoms is much less than that for internal atoms, it might be expected that surface 
properties would be more sensitive to radiation than are bulk properties. 

By the same token, however, surface changes might be more readily self-
annealing, and, moreover, thermal spikes (here, thermal patches) might well 
assist in reducing high energy and high area regions of a nonequilibrium surface. 

62 
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Furthermore, multiple ionization, which has been postulated as being able to 
bring about displacements of interior atoms (30), might be extremely effective 
in leading to surface migrations and thermal patches, in which case surface prop
erties could be more sensitive to electromagnetic radiation than to particle radia
tion, it was hoped that the present studies would shed some light on what 
actually happens. 

The literature provides only a general guide to the most profitable systems to 
study. Spalaris, Bupp, and Gilbert (27) have reported extensive changes in the 
surface area and heat of nitrogen adsorption on neutron irradiation of synthetic 
graphite, using nvt values up to 10 2 0. The interpretation of their results, how
ever, clearly depends upon and was complicated by the porous nature of the ma
terial. Thus the authors concluded that much of the observed effect on surface 
area was due to progressive blocking of pores as bulk expansion took place. The 
changes in the adsorption isotherms therefore may not have reflected changes in 
the intrinsic nature of the solid-gas interface. Leider (20) has reported some 
changes in the surface structure of sodium chloride crystals, on x-irradiation, as 
observed by diffraction patterns taken, at grazing angles. The changes were at
tributed to strain relieving and again appear to be more related to bulk effects 
than to changes in specific surface properties. The in situ irradiation of pentane 
adsorbed on various solids such as silica gels led to increased decomposition rates 
(7). These, however, were attributed to energy transfer from the bulk to the 
surface region rather than to permanent changes in the nature of the surface 
itself. Moreover, in the case of silica gel and alumina, irradiative changes in 
catalytic ability toward deuterium-hydrogen exchange are at least partly related 
to changes in the internal pore structure, as evidenced by extreme sensitivity to 
water content (19). Finally, occasional work has been reported on the effects 
of radiation on the activity of various catalysts (26, 28), such as copper hydro
génation catalysts. 

More pertinent to the present study are reports that irradiation of graphite 
dust (23) and charcoal (4) by neutrons and by electrons, respectively, did not 
produce any changes in low temperature adsorption isotherms. Unfortunately, 
detailed information on the nature of the solids and of the isotherms has not been 
obtained. 

In undertaking the present program, it was felt that: 

1. The solids selected should be known to be nonporous—i.e., should not show 
adsorption of hysteresis characteristic of capillary adsorption. In this way the in
fluence of bulk dimensional changes should be minimized. 

2. The solids should be refractory in nature, to reduce effects of heating during 
irradiation. 

3. The use of low temperature adsorption provided the best understood and 
most accurate means of investigating surface changes. 

4. The solids selected should be ones whose properties had been well studied 
by previous surface chemical investigations. 

In view of the above points, the first choice was titanium dioxide powder, and 
then the various partially graphitized carbon blacks. Titanium dioxide is a non-
porous material which can be obtained with a high specific surface area, and has 
been the object of considerable study (9, 14, 18, 29), so that not only is it known 
that reproducible and precise surface areas can be obtained by low temperature 
gas adsorption, but, in addition, the heats and entropies of adsorption by nitrogen 
and other gases are known. The same may be said of various carbon blacks (9, 11, 
17, 21, 25). These are prepared by various types of pyrolytic decomposition of 
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organic compounds or fuels, followed by varying degrees of heat treatment which 
induces partial graphitization (31). A particular feature of the heat-treated sam
ples is that they appear to have a very uniform surface. There was thus the possi
bility of looking for radiation effects not only for such uniform surfaces, but also 
as a function of degree of uniformity as determined by the the amount of heat 
treatment. Another nonporous, refractory solid selected for some initial study is 
silica sand; its surface chemistry has been reported by Zettlemoyer (31). 

Experimental 

Materials. The titanium dioxide powders were rutile in structure (obtained 
from the Titanium Division, National Lead Co., Amboy, N. J.), with nominal spe
cific surface areas of 10 and of 100 sq. meters per gram. Chemical analysis by the 
supplier showed negligible impurities except for 0.8% sodium oxide in the T i 0 2 -
100 and traces of iron in both the TiO 2 -10 and the TiO 2-100. The presence of 
iron was confirmed by the nature of the decay of the neutron irradiation—induced 
radioactivities. 

The carbon blacks consisted of Spheron 6 and Sterling F T (fine thermal) 
black, both non-heat-treated and 2700° C. heat-treated (obtained from the God
frey L. Cabot Co., Boston, Mass.). Published surface areas for the four carbon 
blacks are 114, 84.1, 15.5, and 12.5 sq. meters per gram, respectively (31). 
The silica sand was supplied by the New Jersey Silica Sand Co., Millville, N. J., 
with the manufacturer's designation of No. 325 flour. Screen analysis by the 
supplier showed a considerable range in particle size; about 60% was retained 
on a 90-mesh screen and 90% on a 200-mesh screen. Finally, a sample of asbestos 
was tested (obtained from the Canadian Johns-Manville Co., Port Credit, Toronto, 
with the designation 7R). Zettlemoyer (31 ) has studied this material. 

Irradiations. Samples were neutron-irradiated at the Oak Ridge and Chalk 
River facilities and in the M T R reactor at Arco, Idaho. In the first two cases, 
powder samples were submitted as such, while for the M T R irradiations both 
loose samples—i.e., in contact with air—and samples in evacuated quartz ampoules 
were submitted. Exposures are given as integrated nvt values. No special tem
perature control was attempted, but irradiation temperatures were probably not 
over 150° C. at Oak Ridge, and less at the other installations. 

A few gamma irradiations were made through the courtesy of Atomic Inter
national, using the C o 6 0 source, and the rest in the fuel rod assembly at the Ar-
gonne National Laboratory. In the last case, the samples were sealed in evacuated 
glass ampoules. 

X-irradiations were made in this laboratory, using first a crystallographic 
machine and, later, a custom-built unit provided by the H . J. Beets Co., Los 
Angeles, capable of providing about ten times higher intensities. In both cases 
a copper target x-ray tube was used. X-irradiations were made using small mica 
window cells, and the sample was stirred by a slowly turned wire extending into 
the cell. Since the cells were of about 1 sq. cm. cross section and contained only 
about 0.2 gram of sample, fairly uniform irradiation probably took place. 

Exposures, for both the gamma-irradiated samples at the Argonne facility 
and the x-irradiated samples, were based on the standard ferrous sulfate dosimeter 
solution (using a G value of 15.6) (12, 15). In the latter case, the mica window 
sample holder used for sample irradiations was filled with the dosimetric solution 
for dosage estimations. 

Surface Area Determinations. Nitrogen adsorption isotherms were obtained 
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using a standard-type vacuum line apparatus (1,5). The temperature was usually 
that of boiling liquid nitrogen (77 .6° K) , but was determined in each case by 
a nitrogen vapor pressure thermometer. Isotherms at 90° Κ were thermostated 
by a liquid oxygen bath. 

Nitrogen adsorption in the submonolayer region (and hence at very low7 

equilibrium pressures) was determined with the same apparatus but a transistor-
type thermal conductivity gage (24) was used for pressure determination. As 
with the higher pressure runs, equilibrium was checked by taking desorption 
points; at the very lowest pressures several hours were required to reach equilib
rium. Where important, the measured pressure was corrected for the thermal 
transpiration effect. 

Degassing is important in the case of titanium dioxide, and in our case samples 
pumped for 4 hours while maintained at 150° to 170° C. gave reproducible surface 
areas. Once degassed, there was little effect of exposure to air (for short periods) 
or of heating at higher temperatures or for longer periods. While it has been 
noted (10) that outgassing (with increasing decomposition) continues up to 
temperatures as high as 1000° C , and Honig and Reyerson (16) have used long 
pumping at 400° C. as their degassing procedure, we preferred not to subject our 
samples to more drastic treatment than absolutely necessary. The temperature 
and pumping time employed here should remove all physically adsorbed gases 
and actually all gases whose energy of adsorption is below about 6 kcal. The site 
energy distribution found for our titanium dioxide samples (for nitrogen at low 
temperatures) showed negligible sites of energy greater than about 3.5 kcal. Our 
degassing procedure thus should have removed all physically adsorbed impurities 
(mostly water). 

Powder Patterns. Powder patterns on titanium dioxide were obtained using 
a North American Philips x-ray machine and a standard powder camera. This 
work was done by A. Car on. 

Results and Discussion 

The adsorption isotherms were in all cases reversible, in that the desorption 
points fell on the same curve as the adsorption ones. Although capillary adsorp
tion was therefore presumably not important, some of the carbon samples were 
porous in the sense that the apparent particle size was much larger than that 
corresponding to the surface area. 

The high pressure isotherms (P/P0 0.01 to 0.95) could be fitted with normal 
success to any one of several isotherm equations, and, in fact four procedures were 
tested. The first was the standard B E T method (6), using 16.1 sq. meters per 
gram as the area of the nitrogen molecule at 77 .6°K (14). 

The second method, that described by Harkins and Jura (14), applies the 
semiempirical equation 

where P0 is the saturation pressure, ν is the amount adsorbed in cubic centimeters 
(STP) per gram at pressure P, and A and Β are empirical constants. The specific 
surface area, % was given by the recommended relationship (14) : 

in square meters per gram. 
The third procedure used an equation based on the Polanyi potential model, 

log P0/P = Β - A/v* (1) 

Σ = 4.06A1'2 (2) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

00
9

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



66 ADVANCES IN CHEMISTRY SERIES 

using an inverse cube potential law (1 ) [see (8, 13) for similar equations]: 

ν = - a + pw~W (3) 

Here a and β are empirical constants, and w denotes log P0/P. 
The fourth procedure was based on the observation (1 ) that it is not actually 

necessary to use an algebraic representation of the shape of the adsorption isotherm 
in the multilayer region to obtain relative surface area values. A plot of log ν vs. 
any convenient function of pressure, here taken to be to, has been found to give 
the identical shape in the multilayer region for a given adsorbate and temperature, 
and independent of the nature of the solid. Consequently, different isotherms— 
i.e., for different solids—differ only in vertical displacement and the relative dis
placements required for superposition in the multilayer region then give relative 
values of vm or of % Such plots are here abbreviated UI for universal isotherm. 
As with the Harkins-Jura (HJ) and potential (P) plots, numerical specific surface 
area values are obtained by using an empirical proportionality constant. A less 
precise approach consists of taking the value of ν at some convenient P/P0 value 
as a means of evaluating %: 

Σ = 3.00tf(at w = 0.5) (4) 

in square meters per gram—i.e., in terms of the ν value for w = 0.5 on the smoothed 
plot. 

The use of these various area-determining procedures allows some conclusions 
as to the best means of obtaining self-consistent relative area values. A few such 
comparisons are shown in Table I. The best agreement between any pair of 

Table I. Comparison of Methods of Surface Area Determination 

(T1O2-IOO samples only) 

Dosage Surface Area, Sq. M./G. 
Radiation not, E.V./G. BET HJ UI 

None 76.4 (76.7) (76.4) 
78.2 78.7 79 

Neutrons 7.3 Χ 10» 77.8 76.7 74.2 
X-rays 1.0 X 1021 70.0 76.7 70.3 X-rays 

3.4 X 10» 77.2 75.3 76.4 
9.2 X 10» 74.9 71.9 73.0 
1.6 X 102° 70.0 70.5 71.7 

Gammas 8.2 Χ 1022 75.6 71.0 75.5 

methods was between the B E T and UI methods, and where extensive data in the 
multilayer region permit, the latter is preferred, since it uses the adsorption iso
therm over a wider region than the B E T equation. Since the B E T method is the 
more familiar, however, most of the results are reported in terms of it. 

Tables II and III summarize the results of neutron and gamma irradiations 
(2). Thus, neutron irradiation of T i 0 2 produced only slight effects, if any, on the 
specific surface area. Neither was there any effect of oven heating in air. The 
x-ray powder patterns for the Arco-irradiated TiO 2-100 showed no detectable 
change from the a = 4.599 ± 0.002 values for the original powder, in agreement 
with a similar measurement by Primak (22). Some small changes in specific 
surface area were found in the various carbons; in the Sterling F T samples, the 
change is probably within the experimental error. The reduction in the case of 
the silica sand again is probably within the error of determination, and should be 
checked using xenon adsorption, which gives more precise low area determinations. 
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Table II. 

Material 

TiO2-100 

T1O2-1O 

Spheron 6 (not heat treated) 
Spheron 6 (heat treated) 

Sterling FT (not heat treated) 

Sterling FT (heat treated) 

S1O2 sand 

Asbestos 

Effect of Neutron Irradiation on 3 Values 
Integrated nvt, 

Facility Neutrons /Sq. Cm. 

None 
None ; heated in 

air at 90° G. 
for 3 weeks 

Arco 7.3 X 1019 

None 
Oak Ridge 5.6 Χ 101* 

None 
Oak Ridge 5.7 Χ 101* 
Arco 8.8 X 10» 

None 
Oak Ridge 1.4 X 10» 
Arco 8.9 X 10» 

None 
Oak Ridge 1.4 X 10» 

None 
Oak Ridge 1.4 X 10» 

None 
Chalk River 6.8 Χ 1018 

None 
Oak Ridge 7 Χ 101» 

BET Area, 
Sq. M./G. 

77.3 

78.8 
77.8« 

5.1 
5.1 

107 
106 
110» 
86 
87 
87« 
13.6 
12.1 
14.4 
13.4 
0.99 
0.86 

17.8 
16.8 

a Samples irradiated in vacuum. 

Table III. Effect of Gamma Irradiation on % Values 

Material 

T1O2-IOO 

Spheron 6 (not heat treated) 

Spheron 6 (heat treated) 

Sterling FT (heat treated) 

α Samples irradiated in vacuum. 

The effect of gamma radiation was again small and, in fact, it is only on x-irra-
diation of T i 0 2 that significant changes were found to occur. It is seen in Table 
IV that a 4.5 Χ 10 2 1 e.v. per gram irradiation led to a 13% reduction in surface 
area; this, moreover, was reproducible. By contrast, similar irradiation of the 
Si0 2 powder produced no change. 

Dosage, BET Area, 
Facility E.V./G. Sq. M./G. 

None 77.3 
Co 6 0 8.3 Χ 1021 79 
Argonne 8.2 Χ 1022 75a Argonne 

None 107 
Argonne 8.2 Χ 1022 107° Argonne 

None 86 
Argonne 4.1 Χ 1022 87* Argonne 

None 14.4 
Argonne 8.2 Χ 1022 14.6 

Table IV. Effect of Cu X-lrradiation on Σ Values 
BET Area, Sq. M./G. 

77.3 
77.2« 
74.9' 
70.0* 
70& 

Material Dosage, E.V./G* 

TiO2-100& None 
3.4 X 10» 
9.2 X 10» 
1 . 6 Χ 1 0 2 » 
2.0 Χ 1021 (10 days) 
None 97.1 
4.5 Χ 1021 (1 day) 84.5 
None 0.96 ± 0 . 0 4 
1.4 Χ 1022 (2 days) 0.92 ± 0.04 

a E.v. per gram of H 2 O as determined by ferrous sulfate radioactive solution. 
6 Here, as with neutron irradiations, T i 0 2 was not subjected to prior degassing. 
c Irradiated in vacuum. 

d Samples degassed under vacuum at 150-175° C. for 4 hours prior to use. Note difference 
in x-ray intensity between h and d . 

TiO2-100<* 

S1O2 
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Complete degassing of the TiO 2-100 increased the B E T area from 77.3 to 
97.1 sq. meters per gram (see Table IV), perhaps because of clearing of cracks 
or channels. The relative effect of x-irradiation was about the same, however, in 
that a 10 to 15% decrease occurred with both degassed and nondegassed material. 

Site Energy Distribution in T i 0 2 . The low pressure portions of the nitrogen 
isotherms for TiO 2-100 (using only degassed samples) are shown in Figure 1. 
Even at the limit of usefulness of the thermistor gage (about 10 microns) there 
was still about 20% of a monolayer, but even so the region from 20% to complete 
monolayer coverage is large enough to permit useful analyses of site energy 
distributions. 
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Figure 1. Adsorption of nitrogen on Ti02 (rutile) 

Upper. Unirradiated Ti02 

Lower. Irradiated at 4.5 χ 1021 e.v./g. with Cu x-rays 
Ο v/vm values (from slightly smoothed isotherms) 
φ (V/Vm)(l - x) 

F vs. b plots for two 90° Κ isotherms 

The procedure followed is that described by Adamson and Ling (8). In 
Figure 1 the solid circles represent the multilayer correction. The dashed lines 
indicate the final F vs. b distributions for two of the isotherms, where b is the 
constant in the Langmuir equation 

θ = bP/(\ + bP) 

b = b0eQiRT (1) 

and F denotes that fraction of surface having site energies greater than that 
corresponding to the given b value. The integral site energy distributions are 
shown in Figure 2; for both the irradiated (copper x-rays and total dose of 
4.5 X 10 2 1 e.v. per gram) and unirradiated material, the isotherms at 77 .6° and 
90°Κ gave substantially the same distribution. The isosteric heats were less 
precisely determinable because of their sensitivity to small experimental errors in 
the isotherms, but, by way of illustration, the values calculated for the irradiated 
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material are included in Figure 2. As discussed by Adamson and Ling (3) only 
qualitative correspondence between isosteric heats of adsorption and site energies 
is to be expected, although the two should be fairly close together in the case of 
a solid such as T i 0 2 which shows a very broad site energy distribution. 

The differential site energy distributions, obtained by taking slopes from the 
integral distributions, are shown in Figure 3. These are necessarily less accurate 
than the integral distributions, but show more clearly that the essential effect of 
the x-irradiation has been to decrease the number of sites of energy above 3 kcal., 
and correspondingly to increase the number with less than 3-kcal. energy. 
Roughly, 17% of the sites appear to have been decreased in energy and by an 
average of 1 to 1.5 kcal. 

ο s 

2.5 

2.θ! 

1 1 1 1 1 1 I I I 

• unirrcd.. • 7 7. 6 0 Κ 

ο 9 0 ° 

X i r rad. • 7 7.6° 
X Δ 9 0 ° 

X χ Q s t 

χ 

Χ 

1 1 1 I 1 I I I 

χ 

I 
0 0.5 1.0 

F 

Figure 2. Integral site energy distributions 

Ο Unirradiated TiOz 

Δ Irradiated TiOz 
Open symbols 77.6° Κ 
Solid symbols 90° Κ 

X Qst. for irradiated TiOz 

The B E T vm value was used in each case in determining θ , the apparent sur
face coverage, so that the distributions for the irradiated material refer to a surface 
having 13% less area than the nonirradiated titania. Thus the effect of the 
irradiation could be viewed as an elimination of about 15% of the surface, high 
energy sites being the ones removed. If the higher energy sites were located in 
pores or cracks, a surface annealing of these defects by irradiation should lead to 
just this dual result of a simultaneous reduction in area and in proportion of high 
energy sites. 

It is suggestive that T i 0 2 appears to be more sensitive to x-irradiation than 
to gamma radiation, and more sensitive to x-irradiation than is Si0 2 . A possible 
explanation, advanced earlier (2), is that the photoelectric ejection of K-electrons 
from titanium should be about ten times more efficient in the case of copper 
x-rays than the same process in silicon. X-electron ionization would be followed 
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Figure 8. Differential site energy distribution 

by internal conversion of the secondary x-rays, and the net Auger ionization 
should lead to multiply charged ions. This process is known to be much more 
effective in producing chemical consequences than is simple ionization of outer 
electrons (12, pp. 429f), and it is therefore to be expected that titanium atoms 
at or near the surface will receive much higher chemical activation from x-rays 
than from γ-rays, and that the difference will be much less noticeable in the case 
of lighter elements such as silicon. Neutralization back to its normal charge of a 
heavily ionized titanium atom could easily lead to an energy production of 50 to 
100 e.v. and a resulting "thermal patch" on the surface (in analogy to thermal 
spikes in the interior) might well permit annealing of surface cracks or potholes. 

Plans are to explore further the possible importance of the Auger effect by 
varying the energy of the incident x-irradiation and by going to solids, such as 
metals, containing still heavier atoms than titanium. Among dielectrics, transistor 
materials such as germanium should be of interest. 
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Effect of the Environment upon the Properties of Solids 

W. A. WEYL 

College of Mineral Industries, 
The Pennsylvania State University, University Park, Pa. 

The concept of Weyl and Marboe that the melting 
of most ionic crystals is the result of a dispropor-
tionation of all binding forces into stronger and 
weaker forces is applied to surfaces. Surfaces 
resemble lattice defects—e.g., vacancies—inasmuch 
as they represent centers of asymmetry. The de
gree of asymmetry introduced by a surface de
pends upon the environment. It is shown how the 
change of environment can affect rate phenomena 
even for macroscopic crystals and equilibrium 
properties of small particles. The thermal vibra
tions in surface layers are less harmonic than 
those in the interior of the crystal. The resulting 
difference in thermal expansivity between sur
face layer and bulk leads to stresses on cooling 
which produce dislocations in metals and Griffith 
flaws in brittle solids. 

T h e melting of a perfect crystal should consist of the overcoming of its binding 
forces by the thermal energy. Increasing temperature should change a per

fect crystal gradually into a viscous liquid. The melting temperature of a perfect 
crystal can be defined sharply only thermodynamically but not kinetically, because 
a perfect crystal can be overheated and its melt can be supercooled. 

Some substances such as quartz and feldspars melt as perfect crystals. The 
rigid coordination requirement of the Si+ 4 core does not permit these solids to 
develop a major concentration of vacant lattice sites. Albite melts at 1118° C , 
but such a crystal loses neither its shape nor its birefringence when held for several 
hours at a temperature 50° C. higher than it melting point (33). 

Most substances do not melt as perfect crystals but develop a major concen
tration of lattice vacancies as the temperature approaches their melting points. 
Weyl and Marboe (42) showed how a lattice vacancy in a sodium chloride 
crystal changes the distribution of all binding forces in its vicinity, thus producing 
ionic clusters in which the ions are bonded together strongly. The fluctuating 
fissures between these ionic clusters permit easy flow. Fused NaCl has a low 
viscosity even just above the melting point, so that the latter is sharply defined 
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both thermodynamically and kinetically. A sodium chloride crystal cannot be 
overheated and its melt cannot be supercooled to the extent that it will form a 
glass. Quartz crystals and albite crystals can be overheated and their very viscous 
melts solidify on cooling without crystallizing. 

The fact that most substances accumulate defects on heating, and that each 
defect causes a disproportionation of the binding forces into weaker and stronger 
ones which leads to a dynamic structure consisting of ionic clusters separated by 
fissures, makes it impossible to derive the melting temperature or the mechanical 
strength of crystals from the thermodynamic data such as the lattice energy. 

When Frenkel (16) discussed the relation between the solid and the liquid 
state of a substance, he commented on the difficulty of explaining the drastic dif
ference between the two states. The distance between the particles increases 
only 3 to 4% during melting, and the heat of fusion may amount to only a small 
fraction of the heat of vaporization. 

Using the Fajans (9) concept of chemical binding, one can demonstrate how, 
in spite of the small changes of the average distances and the average binding 
forces, most crystals change abruptly into a liquid of low viscosity when they are 
heated above their melting points. 

Substances, even those which resemble a perfect crystal because they develop 
only a low concentration of lattice vacancies on heating, must have surfaces and 
a surface is the seat of asymmetry because the coordination of surface ions is in
complete. For sodium chloride the change from sixfold coordination of its ions 
within the crystal to the single vapor molecules causes the Na-Cl distance to 
decrease from 2.81 to 2.51 A. 

Lennard-Jones and Dent (25) calculated that a slice one atom thick when 
cleaved from the cube face of an NaCl crystal would contract by 5%. This con
traction is the result of the increase of the electron density between the nuclei and 
is equivalent to a strengthening of the Na-Cl bonds. 

Surfaces act like lattice vacancies; they change the binding forces and the 
distances and lead to a condition which can be called stress if one wants to 
describe it macroscopically. This condition within a surface film or within the 
skin of a solid is the result of an asymmetry in the electron density distribution. 
Hence, everything which affects the symmetry of a surface, even physically ad
sorbed atoms of the inert gases, must be expected to affect the properties of the 
solid. 

Properties of Solids as Affected by Surfaces 

The bulk properties of macroscopic crystals cannot be affected drastically by 
the difference which exists between the structure of the interior and that of a 
surface film which is approximately 10,000 atoms deep. However, even for macro
scopic crystals, rate phenomena such as modification changes which are initiated 
within the surface are likely to be influenced by the environment, which would 
include molecules which are conventionally described as physically adsorbed. 
Apparently it is not generally understood that even the presence of a noble gas 
can affect the chemical reactivity of solids. Brunauer (3) explained that in prin
ciple physical adsorption of molecules should affect the solid in the same manner 
as chemisorption. As action and reaction are equal, chemisorption may have a 
stronger effect on both the solid and the adsorbed molecule. 

For small particles or porous systems the environment affects equilibria in 
addition to rate phenomena, because the disturbed surface film of a small particle 
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represents a substantial part of its volume. In such a case a measurable differ
ence in the lattice parameters of the crystal might be expected from the change 
in the binding forces. This difference should be a function of the surface volume 
ratio and of the environment. 

Rymer and Butler (32) found that the lattice parameter of a very thin gold 
foil parallel to its surface is less than that of macroscopic gold crystals. 

Hofmann and Wilm (20) found the same difference in the lattice parameter 
for graphite. 

Boswell (2) demonstrated that the lattice parameters of small particles of 
alkali halides and metals decrease with decreasing particle size. Nicolson (27) 
prepared some small crystals of MgO (500 A.) in vacuo and found their lattice 
parameter to be smaller than that of a macroscopic crystal. The electron density 
which represents the bond between the nuclei of M g and Ο must be greater in 
a small crystal than in large ones. The internuclear distances in a small crystal 
are smaller than in a large one, because the average coordination of its ions 
has become smaller than that value which characterizes the infinitely extending 
perfect crystal. The fact that the M g + 2 and O - 2 ions which participate in sur
faces, edges, and corners of an MgO crystal have incomplete coordinations (co
ordination No. < 6) has a noticeable effect upon the electron density distribu
tion within the lattice. Magnesium oxide crystals of the same small size prepared 
in air have the normal lattice parameter (27). Apparently some of the electron 
density must have been used for binding molecules of adsorbed gases, a process 
which might lead to the formation of O - and (0 2 )~ ions from the ambient 
oxygen. 

A small crystal of MgO prepared in vacuo behaves as if it were under a 
hydrostatic pressure generated by the changed internuclear distances of its sur
face film, which would decrease its lattice parameters. As the sum of all stresses 
in a solid must be zero, the skin must be in a state of tension. 

Formation of Dislocations and Griffith Flaws. Fajans (9) defined the 
chemical bond as follows: "The physical nature of binding forces acting in all 
states of aggregation of atoms or ions consists in the overcoming of the electrical 
repulsion between the atomic nuclei almost exclusively by the electrical attraction 
exerted on them by the électrons." This definition applies equally well to systems 
which conventionally are described as having ionic, covalent, and metallic bonds. 
The response of a macroscopic crystal to the change of binding forces and inter
nuclear distance induced by its surface depends upon its ductility. The structural 
difference can be described as a state of tension parallel to the surface of the crystal 
which brings the bulk of the crystal into a state of compression. A ductile crystal 
of a metal can relieve some of these stresses by gliding and formation of disloca
tions. The types of dislocations, their motion in the lattice, and their importance 
for crystal growth and the mechanical properties of solids are fairly well under
stood and much research is being carried out in these directions. The origin of 
dislocations is not so well understood and they are usually attributed to impurities 
and thermal stresses. Impurities can become centers of an asymmetry in a lattice 
and affect the distribution of binding forces. Weyl and Marboe (41) postulated 
that even under ideal conditions—i.e., in the absence of detrimental temperature 
gradients—a crystal or glass formed from the melt at high temperature develops 
stresses because of the change of the binding forces within the surface film and by 
the greater anharmonicity of thermal vibrations in this film. 

The volume of most solids increases with increasing temperature because the 
oscillations of the atoms around their equilibrium positions are anharmonic. The 
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degree of anharmonicity increases with increasing amplitude and depends upon 
the symmetry of the lattice. 

Alkali halides which contain ions whose sizes are not too different, can form 
solid solutions. McKinstry (26) prepared some of these solid solutions in the 
systems KBr-KCl, KBr-RbBr, RbBr-RbCl, and RbCl-KCl and derived the lattice 
parameters as functions of the temperature from their x-ray diffraction patterns. In 
all cases where he found substantial deviations from additivity the solid solutions 
had the higher expansivities. 

I attribute this deviation from additivity to the greater anharmonicity of the 
thermal vibrations resulting from the lower symmetry of solid solutions as com
pared with the end members. This phenomenon can be described by saying that 
in a solid solution the average bond strength has disproportionated into weaker 
and stronger bonds. The latter description is strongly supported by measure
ments of the thermal conductivity. Eucken (8) found that the low tempera
ture thermal conductivity of a solid solution of alkali halides is only one tenth of 
that of the end members. Surface atoms vibrating in a less symmetrical field 
than corresponding atoms in the interior of a crystal must have a greater anhar
monicity in their vibrations than the average atoms. All forms of silica consist of 
Si0 4 tetrahedra, but their thermal expansions are very different. The thermal 
expansivity of the anisotropic quartz is more than 20 times that of the isotropic 
silica glass. Hence, no matter how slowly one cools a crystal or a glass in order to 
avoid those stresses which result from the temperature gradient, their surface films 
because of their higher coefficients of expansion will tend to contract more than the 
bulk in which all thermal vibrations are more harmonic. 

Brittle solids—e.g., glasses—cannot lower their stress level by gliding and, 
consequently, they are likely to develop a crack system in their surfaces which is 
usually referred to as Griffith's flaws, after Griffith (17) who postulated their 
existence. These flaws are partly responsible for the drastic difference between 
the theoretical strength of a brittle solid and its much lower real strength. Some 
brittle substances can be plastically deformed under conditions which eliminate 
the formation of Griffith flaws in the surface. The classical experiment which 
proves that the surface is a seat of inherent weakness is that of Joffe (21). By 
constantly removing the surface film of a sodium chloride crystal, the crystal could 
be strengthened to such an extent that it could be plastically deformed by bending 
it under water. Experiments of the same nature have been performed with other 
materials and it is generally understood that the surface introduces a weakness. 

Phase Transformation. Ever since Mitscherlich's discovery of polymorphism 
(1822), the reversible change of the red mercuric iodide into its yellow high tem
perature form, stable above 127° C., has attracted the attention of physical 
chemists. 

Under the heading "Zur Chemie Fester Korper," Kohlschutter (24) pub
lished the extensive work of his father on the polymorphic changes of H g l 2 as 
affected by the size of the crystals and the ambient atmosphere. The propagation 
of the transition of the yellow into the red modification of H g l 2 on cooling is time-
consuming and was found to follow, as one would expect, some crystallographic 
directions within the crystal. 

This, however, was not true for very thin plates of the yellow H g l 2 and for 
the surface films of some thicker ones. Kohlschutter observed that in these cases 
the beginning of the phase transformation at a corner was followed by a radial 
spreading of the red form which ignored crystallographic directions. Corners, 
edges, and surfaces are the places where the phase transformation starts and con-
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sequently the rate of this process depends strongly upon the environment. The 
retarding or accelerating effects of gases were also studied by Kohlschutter. 
Weyl and Enright (40) investigated the influence of adsorbed foreign ions and 
the nature of the liquid dispersing agents. Embedding the H g l 2 crystals in paraf
fin, for example, delayed the phase transformation from yellow to red for several 
days and embedding them in rosin stabilized the high temperature form for years. 

The high-low inversion of quartz which takes place at 573° C. can be raised 
and lowered by introducing foreign atoms into the crystals, as could be demon
strated by Keith and Tuttle (22). The presence of foreign atoms—e.g., Al , Ge, or 
L i atoms—in quartz introduces local asymmetries and consequently changes the 
equilibrium temperature between the two modifications. According to Stahl(34), 
the inversion temperature of small quartz crystals can be changed by adsorbed 
gases. The equilibrium temperature between the high and the low quartz was 
found to depend upon both the nature and the quantity of the gas which had been 
adsorbed at these surfaces. 

Forestier and Maurer (15) determined the melting points of metals and salts 
in different atmospheres. In an atmosphere of helium, for example, the melting 
point of K N 0 3 was 333.8° C. The melting point of K N 0 3 in other gases was 
found to be lower and the degree to which it was lowered increased with the van 
der Waals forces of the gas. Potassium nitrate melted in hydrogen at 333.5° C., 
in argon at 331 .8° C., and in carbon dioxide at 331.0° C. 

According to the views of Weyl and Marboe on the kinetics of melting (42), 
potassium nitrate expands at its melting point because of the formation of ionic 
clusters separated by the fluctuating fissures. The large internal surface of such a 
melt, which is responsible for its fluidity, makes it also susceptible to the ambient 
atmosphere. 

Volume Changes of Solids in Different Atmospheres. The fact that small 
MgO crystals prepared in vacuo and in air have different lattice parameters means 
that a crystal prepared in vacuo expands when brought into air. 

The redistribution of electron densities in surface films can be described as 
follows: Cations of low polarizabilities will assume positions in which they are 
screened. The polarizable anions are shifted toward the exterior and all inter
nuclear distances are decreased because of the smaller average coordination num
ber in surface films as compared with the interior. Lowering the coordination leads 
to a redistribution of the electron density and decreases the internuclear distance 
from 2.81 A. in the NaCl crystal to 2.51 A. in the vapor molecule or from 1.31 A. 
in the (C0 3 ) ~2 group to 1.15 A. in the gaseous C 0 2 molecule. 

From this description it becomes obvious that a mechanical tension must de
velop in the surface film, because the atoms will tend to assume a closer packing. 
Hence any adsorbed molecule or atom which can improve the screening of the 
solid will decrease their state of tension and cause the surface film to expand and 
release some of the pressure which it exerted upon the subjacent layers. Adsorp
tion of screeners, even of inert gas atoms such as argon, causes many porous solids 
to expand. 

Volume changes which occur when solids are brought into different environ
ments were studied by Benedicks (1) when he examined the effect of wetting 
upon the tensile strength of metals. Even the length of a noble metal such as 
platinum wire depends upon the environment. 

Among nonmetallic solids the porous forms of carbon [Haines and Mcintosh 
(18)] and of silica [Yates (44)] have been studied. These solids have surfaces 
which are rather complex. In contact with air, carbon and silica surfaces contain 
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0~ and (02)~~ ions. The quantum state O - 2 in spite of its octet shell is not 
stable in the gaseous state. According to Fajans (9), an O - 2 ion is not stable 
and will dissociate to form O - ions. 

Yates (44) found that a porous silica glass (Vycor) expands its volume during 
the adsorption of oxygen, xenon, or argon. If these gases are admitted to the 
porous silica which has been thoroughly degassed in vacuo, its volume expands in 
a nearly linear function of the quantity of the adsorbed gas. 

For gases which cause a chemical change of the surface of silica—e.g., N H 3 , 
CO, and S02—the volume expansion was preceded by a contraction. Because of 
the instability of the O - 2 ion in surfaces, one finds that the highly degassed sur
face of S i0 2 contains O - ions as well as Si+ 2 ions. These quantum states are re
sponsible for some unusual chemical reactions of the fresh surface of silica (38). 

Electronic Properties of Solids in Different Environments. When discussing 
the effect of wetting upon the structures of surface films, the author (39) paid 
particular attention to the electronic properties of solids, partly because they are 
directly visible (color, fluorescence), partly because they are easily measured 
(electrical conductivity) with great accuracy, and partly because they are of con
siderable technical interest. 

The classical observation of Faraday (11) concerning the colors of gold and 
their reversible changes with changing environment has its modern counterpart in 
recent studies concerning the colors and conductivities of thin gold films and the 
effect which the "carrier" has upon these properties. Even if the electronic proper
ties are not of direct interest to chemists, they provide visible and convincing 
evidence of the profound electronic changes which a carrier can exert upon a 
catalytically active film. 

Barium titanate crystals rank high among those solids on which electronic 
research has been focused during the last two decades, because this compound and 
its derivatives belong to a promising group of ferroelectrics. The properties of 
single crystals of BaTi0 3 reveal that the crystals are not uniform; they respond to 
an electrical field as if they have a skin which covers the bulk of the crystal. 

In a recent publication on the performance of single crystals Pulvari (30) 
wrote: "It is essential, therefore, to distinguish between the skin and bulk proper
ties of a crystal." Thus he explained the discrepancies found by different authors 
with respect to the lattice parameters for BaTi0 3 . According to his findings, the 
lattice parameters change from the skin to the bulk, so that the x-ray diffraction 
method produces values which are functions of the particle size: The c-axis de
creases while the α-axis increases nearly linearly with crystal thickness. The skin 
thickness was found to be practically independent of the dimensions of the crystals. 

Here we are not interested in the details of his work, which was undertaken 
for a better understanding and control of the electronic properties of barium 
titanate single crystals. However, Pulvari was able to control barium titanate with 
respect to crystal growth and electrical properties by introducing suitable foreign 
atoms into the lattice. Even for crystals as simple as NaCl, a certain concentration 
of suitable foreign atoms can help toward restoring symmetry in the surface of the 
forming crystals. Summarizing his experimental work Pulvari wrote: "As a sig
nificant result of this work, however, it was found that a small amount of an im
purity can cause dramatic changes in skin and bulk properties." 

Chemical Reactivity of Solids. The description of the surface film of a solid 
as containing its ions in a lower than normal coordination and having internuclear 
distances smaller than those of the bulk of the crystal does not in itself supply the 
key to a better understanding of surface chemistry. One has to find the relation-
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ship between reaction rates and the structure of a surface film under stress. 
S T A T E OF POLARIZATION OF ANIONS AND R E A C T I O N R A T E S . Metallurgists were 

the first to realize that mechanical stresses can change the chemical property of a 
homogeneous metal to such an extent that it establishes galvanic potentials in the 
same fashion as if it were made of two pieces of different metals: stress-corrosion. 
This phenomenon, however, is not restricted to metals; in a rather general way it 
modifies the kinetics of solid-state reactions. Changes in density or volume indi
cate changes in some internuclear distances. Changes in the internuclear dis
tances, in turn, affect the state of polarization of all ions and with it their chemistry. 

At ordinary temperature and pressure quartz is the stable modification of sil
ica. Quartz does not noticeably react with water but is readily attacked by H F . 
A less dense metastable modification of Si0 2 called "silica W " [after Weiss and 
Weiss (35)] reacts readily with water and forms a yellow silver silicate in contact 
with an aqueous solution of A g N 0 3 . Another newly discovered but dense modi
fication of Si0 2 , called "silica C " [after Coes (6)], which is also metastable under 
ordinary conditions, is so unreactive that even the smallest crystals are not notice
ably attacked by H F . The rates of the reactions of Si0 2 are determined by the 
polarizability of the O - 2 ions. The O - 2 ions are most polarizable in the low 
density form (silica W) and least polarizable in the high density form (silica C) . 
The reactions of silica with water are initiated by the penetration of protons into 
the electron clouds of the O - 2 ions and the rate of proton penetration increases 
with increasing polarizability of the anions. The phenomena described are strictly 
rate phenomena, because neither quartz nor the two metastable forms of silica are 
in equilibrium with H F . 

A similar rate phenomenon is used by mineralogists to distinguish calcite from 
dolomite. The smaller and more polarizing M g + 2 ions lower the polarizability of 
the (C0 3 ) ~ 2 ions to such an extent that dolomite does not effervesce when brought 
in contact with dilute HC1. Calcite (CaC0 3 ) reacts readily with the dilute acid. 

The drastic effect of the state of polarization upon the rates of chemical 
reactions is well known to the analytical chemist. Some metal sulfides—e.g., NiS— 
cannot be precipitated from an acidified solution but once formed will resist acid 
attack because the penetration of protons into S~~2 ions which are polarized by 
cations such as N i + 2 ions is a reaction with a high energy barrier. 

The different states of polarization of a film of a given substance deposited 
upon different carriers cause these films to react very differently. Manganous 
sulfide, for example, dissolves readily in dilute acetic acid, but, according to 
Feigl (12), MnS is not soluble when precipitated on HgS. This interaction be
tween the surface film of MnS and the carrier HgS is a mutual one. HgS is readily 
soluble in alkali sulfides. However, HgS precipitated on MnS loses some of its 
solubility in alkali sulfides. 

We referred to the formation of Griffith flaws or of a crack system in the 
surface film of a solid which has formed at high temperature because of its para
mount importance for the mechanical strength of solids. This phenomenon, how
ever, has some aspects which are of more direct interest to the physical chemist. 

Pry or and Evans (29) found that the apparent solubility of ferric oxide in 
water depended upon the mass-solvent ratio. Apparently the surface film under 
tension has a higher solubility than the bulk of the crystal. Only after removal 
of the more reactive surface film does the solubility become normal—i.e., constant 
and independent of the mass-solvent ratio. Heating this normal oxide produces 
again a new dehydrated and stressed surface film which on cooling shows the 
anomalous high solubility. 
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Richardson and Waddams (31) found the same behavior for silica. Ground 
quartz particles agitated with water release some monosilicic acid molecules which 
form a true solution and, in addition, some very small quartz crystals which form 
a dispersion in water until a hydrated equilibrium surface is established. Analo
gous to the ferric oxide, heating the quartz to a temperature above 600° C. regen
erates the anomalous solubility behavior. 

Oblad, Milliken, and Mills (28) were among the first chemists to be fully 
aware of the chemical significance of surface stresses in catalysis. They explained 
the extremely high value for the heat of hydration of a thoroughly degassed alu
mina-silica catalyst on the basis of stresses. The author prefers to describe a 
system under tensile stress as acidic because of the incompletely screened cations. 
Using internuclear distances and the screening demands of cations to describe the 
difference in surface films carries the macroscopic description of a solid under 
tension into the atomic dimensions (36). 

It is this unpredictable and puzzling chemical reactivity which makes freshly 
formed silica dust a chemical poison that causes silicosis when it is inhaled. In 
many processes which deal with mineral products—e.g., the setting of cements, 
the milling of enamels and of pigments, the slaking of lime, etc.—solids with 
freshly formed surfaces are brought into contact with water. For understanding 
these phenomena the kinetics of hydration of incompletely screened surfaces has 
to be considered. 

S T A T E OF POLARIZATION OF ANIONS AND EQUILIBRIA. The mutual electronic 

interaction in the cupric halides increases from the fluoride (white) to the chloride 
(yellow) and reaches a maximum for the bromide (deep red). The nonexistence 
of the cupric iodide has been explained by Fajans (10) as the result of the change 
of the continuous polarization into a discontinuous quantum change of the elec
trons: 

2Cu + 2 I 2 - — 2 C u + I - + I 2 

Requantization processes of this type are characteristic of compounds which con
tain both highly polarizable and thermodynamically stable complex anions and 
highly polarizing cations. The detonation of A g N 3 , P b ( N 3 ) 2 , H g ( N 3 ) 2 , etc., as 
compared with the smooth decomposition of N a N 3 or Ba ( N 3 ) 2 has been explained 
by the author (37) on this basis. Thermodynamically there is little difference 
between H g + 2 ( N 3 ) 2 ~ and Ba+ 2 ( N 3 ) 2

_ because the energy of the two com
pounds is vested in the labile electronic structure of the (N3)~~ ions as compared 
with that of the N 2 molecule. This presents an interesting problem. If the state 
of mutual polarization is greater in a surface film than in the more symmetrical 
bulk of the crystal, one could think of a hypothetical solid which would exist if the 
crystal would not have an asymmetrical surface film. C u + 2 B r 2

_ is stable as a 
solid, but among the asymmetrical vapor molecules an equilibrium is established 
among CuBr 2 , CuBr, and Br 2. 

Crystals of mercuric azide can be obtained from an aqueous solution and 
remain metastable as long as their surfaces are screened by the water. Breaking 
such a crystal, however, produces an unscreened and less symmetrical surface film 
in which the mutual polarization is increased to such an extent that the crystal 
detonates. 

Cupric acetylide detonates on heating. However, if the symmetry of its sur
face film is increased by a partial oxidation of C u C 2 into CuO, the compound 
decomposes on heating without detonation (23). 

Solids are also known which are stable in an ordinary atmosphere only be-
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cause their surface films have structures which are sufficiently different from the 
metastable interior to be in equilibrium with the ambient gas. The first recorded 
observations go back to Faraday, but many chemists must have noticed that many 
salts can be obtained from aqueous solutions in a state of hydration which is not 
in equilibrium with the normal atmosphere. These crystals do not effloresce unless 
their surfaces are mechanically disturbed—e.g., scratched. Many high hydrates of 
sulfates, carbonates, and phosphates are metastable in a normal atmosphere at 
ordinary temperature because these systems can increase their entropies by forming 
mobile particles. These hydrates can cleave off some of their screening H 2 0 
molecules and change into lower hydrates. Their surface films, however, are in a 
state of lower symmetry and incomplete coordination which demands more screen-
ers than the interior and, consequently, the surface will not release the screening 
H 2 0 molecules. 

These examples show that the inherent difference which exists between the 
structure of the perfect crystal and that of its surface film is of chemical signifi
cance. A surface can trigger decompositions—e.g., in some azides—as well as 
stabilize solids—e.g., the decahydrate of sodium carbonate—which are not in 
equilibrium with the atmosphere. 

The effect which a surface or an interface has upon the stability of solids is 
of considerable practical significance. The change of one modification of a sub
stance into another one which has a different density can lead to the destruction of 
solids. The development of ceramic materials with improved electrical properties 
led to the group of steatite bodies. The calcination of talc and steatite produces 
a metastable phase called protoenstatite by Buessem, Schusterius, and Stuckardt 
(4). The change of this modification into the stable one, clinoenstatite, weakens 
the ceramic body and in extreme cases leads to "dusting," a process in which the 
solid completely disintegrates into fine powder which consists of small crystals of 
the stable modification. Any such change starts at the surface. Hence by choosing 
firing conditions which coat the individual crystals of the metastable form of 
magnesium silicate with a glassy phase, the symmetry of its surface is increased, 
the stress between surface and bulk is decreased, and the transformation into the 
stable phase is suppressed. It was difficult to discover the presence of protoensta
tite in steatite bodies because the normal methods of identifying crystal structures 
involve powdering the solid or grinding it into thin sections. During these proc
esses the metastable protoenstatite is converted into clinoenstatite. 

A very similar reaction was found to occur in certain portland cement clinkers 
which contain a high concentration of lime and in refractories which are based on 
calcined lime and dolomite. Here the unstable β-calcium orthosilicate undergoes 
a phase transformation into the α-form which is stable below 675° C. The volume 
increase of 10% during this phase change causes dusting. Le Chatelier about 
1890 diagnosed the dusting of portland cement clinker as a phase transformation. 
Ever since that time the phenomenon has been studied and methods were devel
oped for preventing it. 

One of the more recent studies by Zerfoss and Davis (46) reveals that the 
β-orthosilicate of calcium can be stabilized by some foreign atoms which form 
defective solid solutions and by others which physically protect the crystal 
boundary from initiating the reaction. 

E F F E C T OF INERT GASES UPON T H E REACTIVITY OF SOLIDS. Many examples of 

instability of a solid as the result of the asymmetry of its surface—e.g., the detona
tion of the metastable nitrogen iodide upon removal of its screening film of H 2 0 
and N H 3 in vacuo—can be described in the conventional way by referring to the 
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breakage of bonds. The screening concept, however, is not limited to chemical 
forces in the conventional sense. 

The high electron density which forms the double bond between two carbon 
cores in ethylene is a good screener. The screening of cations of the transition 
elements by the electron density of olefins is analogous to their screening by polariz
able anions and leads to those complexes which according to Douglas and Bailar 
(7) were discovered before the advent of Werner's theory and about which 
they write: . . but the problem of explaining how they are formed and why 
they are stable is still perplexing." 

Argon is a better screener than helium because it has more electrons. It has 
been pointed out previously that the melting temperature and the phase transi
tions of solids can be changed by molecules which are screeners and which cannot 
possibly form chemical bonds except by extending van der Waals forces. This 
poses the problem of whether even chemically inert gases can affect the reactivity 
of solids. 

Hedvall was probably the first chemist to call attention to the effect of the 
ambient atmosphere upon chemical reactivity. Hedvall and Runehagen (19) 
pretreated the different forms of silica with different gases and measured their 
reaction rates with CaO. Treatment of the silica with S 0 3 decreased its reac
tivity but pretreatment with 0 2 increased the reactivities of vitreous silica at 
900° C. by 20% and of quartz by 37%. 

Using the boiling points as a measure of the van der Waals forces which 
characterize inert molecules—e.g., N 2 , Ar, etc.—Forestier (14) was able to corre
late the rates of some solid state reactions with the van der Waals forces of the 
ambient atmosphere. He postulated that reactions such as the formation of the 
spinel M g F e 2 0 4 from the oxides MgO and F e 2 0 3 would not take place at a 
measurable rate at a given temperature if the reactants were placed in a perfect 
vacuum. The greater the van der Waals forces of the physically adsorbed mole
cules, the more will the surface film resemble the ideal crystal and the greater 
will be the chemical reactivity of the solid. In strongly asymmetrical surface 
structures, the binding forces not only may be stronger than in the interior but 
certain species of ions may not even appear unscreened in a surface. It is very 
unlikely, for example, that the Si+ 4 core can participate in the extreme outer 
surface of silica. 

Effect of Environment on Formation of Solids 

Monoatomic gases and those gases which like C H 4 can be treated as spherical 
particles crystallize as the result of van der Waals forces. Because of their short-
range action, the lattice energies and the surface energies of these solids can be 
calculated for the hexagonal and for the cubic close-packed structures. The lattice 
energies are nearly the same but the cubic structures have a lower surface energy. 
For macroscopic crystals the contribution of the surface energy to the free energy 
is negligible, but this is not the case for nuclei. Hence, all these gases form cubic 
structures at low temperature. 

This influence of the structure of a surface must be felt particularly when a 
solid crystallizes from a solution. Indeed, the experience of chemists over the 
centuries may be summarized by the motto of the ancient philosophers, "Natura 
facit non saltus," meaning that nature does not like abrupt changes. As Zerfoss 
(45) pointed out, if one wants to grow a large perfect crystal from an aqueous 
solution, one has to select a substance which reveals its affinity for water not only 
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by its high solubility but also by its ability to take H 2 0 molecules from the solution 
into its lattice. One of the alums or cupric sulfate should be used for experi
ments on crystal growth rather than sodium chloride. There seems to be no abrupt 
transition between a crystal of K 2 S 0 4 . A l 2 ( S 0 4 ) 3 .24 H 2 0 and its saturated solu
tion. Lowering the temperature of the system or withdrawing H 2 0 molecules by 
evaporation gradually increases the size of the alum crystal. The symmetry of 
the surface film of this solid must be very much the same as that of a similar layer 
in the interior. 

The crystallization of NaCl from its aqueous solution proceeds very differently. 
The crystal does not include any H 2 0 molecules when formed from a saturated 
solution at ordinary temperature. The absence of cushioning particles makes the 
transition from saturated solution to crystal surface one of those abrupt changes 
which nature dislikes. Anhydrous crystals such as NaCl or K 2 C r 0 4 are not good 
seeds and even their freshly formed surfaces may remain in contact with a super
saturated solution for measurable times without growing. Crystallization of these 
substances is not a smooth process; the growth of these crystals is pulsating (5). 
Layers about 20,000 atoms thick are deposited as a unit from a supersaturated 
solution at one given moment and the solution becomes saturated. The new 
surface, however, must have a structure which is sufficiently different from that 
of the crystal to permit the solution to become supersaturated again. Now the 
same cycle repeats itself. Experiments of this type are important for two reasons 
for the understanding of the surface structure of solids. First, a relationship exists 
between the similarity of a crystal and its ability to act as a seed for a substance to 
be precipitated from a supersaturated solution. The more the two substances re
semble one another, the greater is the efficiency of one acting as a seed for the 
other. Secondly, these experiments can be carried out so as to eliminate those 
impurities which only too often are blamed for obscuring surface phenomena which 
are not understood. There is considerable information accumulated in the litera
ture on crystal growth, so that only two special cases are discussed here. 

Nucleation Catalysts. The surface structure of a barium sulfate crystal is 
very different from that of its aqueous solution. Hence a considerable supersatura-
tion is required for precipitating BaS0 4 from an aqueous solution. If a polarizable 
cation of a size and charge similar to the Ba+ 2 ion—i.e., the Pb+ 2 ion—is used as a 
"cushion," it is possible to make the structural gap from solid to liquid less abrupt 
and, thus, to precipitate BaS0 4 from solutions which are less supersaturated. 
PbS0 4 is more soluble in water than BaS0 4 . Nevertheless, a suspension of BaS0 4 

in an aqueous solution of Pb(C10 4 ) 2 will exchange its surface cations for Pb+ 2 

ions. This process lowers the free energy of the system by decreasing the inter-
facial energy or by making the gap between solid and liquid less abrupt. Feigl 
(13) took advantage of this phenomenon for making the tests for Ba+ 2 ion ten 
times more sensitive. The Pb+ 2 ions because of their 18 + 2 shell exert a cushion
ing effect upon the surface and act as nucleation catalysts. 

The screening demand of the cations changes the cube face of crystals having 
NaCl structure from a checkerboard pattern of a positive and negative force field 
into one which contains predominantly the anions. This structural change repre
sents a barrier which prevents the crystal from growing smoothly and which per
mits an NaCl solution in contact with an NaCl crystal to develop a finite degree of 
supersaturation. With increasing degree of supersaturation the probability of 
new nuclei forming increases very rapidly. Hence, it is practically impossible to 
grow a single crystal of NaCl from an aqueous solution to a large size without the 
formation of numerous new crystals. 
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As a rule, increasing the temperature of the system improves the conditions 
of crystal growth, because at higher temperatures the surface approaches that of 
the ideal crystal structure. This effect is well known to mineralogists, who found 
that many crystals which at low temperatures are not suitable for oriented over
growth (epitaxy) will become suitable hosts when the temperature is raised. At 
higher temperatures the thermal energy which is available is sufficient to unscreen 
surface cations and to decrease the constraint in the surface film, so that the 
difference between bulk and surface structure decreases. 

The degree to which a solution can be supersaturated is inversely propor
tional to the polarizability of its ions. Substances such as C a F 2 require a high 
degree of supersaturation before nucleation starts, whereas the halides of mercury 
and lead cannot be kept in a supersaturated solution for any length of time. This 
difference may be attributed to the closer similarity of a PbBr 2 surface to a checker
board positive and negative force field than that of a C a F 2 surface. The presence 
of Pb+ 2 ions in the solution of NaCl has an effect upon the growth of an NaCl 
crystal similar to that produced by the participation of H 2 0 molecules in the 
lattice. From a consideration of polarizability alone the nucleation of calcium 
sulfate from solution would be expected to be much more difficult than that of the 
sulfate of the more polarizable barium. The opposite behavior has been found; 
the reason for this departure is no doubt the fact that calcium sulfate crystallizes 
as CaS0 4 .2 H 2 0 , forming surfaces which resemble the solution more than those 
of the anhydrous BaS0 4 . 

The work of Yamamoto (43) with growth-active impurities such as Pb+ 2 , 
Sn+ 2, and M n + 2 ions reveals that their presence in very small quantities decreases 
the probability of nucleation, thus extending the metastable region of aqueous 
solutions of the alkali halides. These ions of the transition elements because of 
their screening demands withdraw C l ~ ions from solution and form complexes 
such as (PbCl 6)~~ 4 and ( M n C l 6 ) - 4 . Without changing the over-all composi
tion of the solution, these ions lower the effective concentration of the C l ~ ions 
and thus decrease the nucleation rate of NaCl. 

According to Yamamoto (43) the addition of Pb+ 2 ions in a concentration 
which has the most beneficial effect upon growth (1 PbCl 2 : 5400 KC1) increases 
the supersolubility by 50%. 

Perfection of Crystals Grown from Aqueous Solution. Yamamoto (43) dis
covered that in the presence of non-noble gas-type ions such as M n + 2 or Pb+ 2 

ions, optically clear crystals are formed from aqueous solutions. These crystals are 
optically perfect but chemically impure and defective. The formula for NaCl, for 
example, 

Na+ 1_2,Pb a ;
2 +(Cat. V.)XC1~ 

indicates that a small concentration of Pb+ 2 ions are included in the structure of 
the NaCl, which in turn develops a corresponding small concentration of cation 
vacancies (Cat. V.) in order to balance the higher excess charge of the Pb+ 2 ion. 
This gives the crystal the flexibility which is necessary in order to form an equi
librium surface that resembles the interior more closely than that of a pure NaCl 
crystal. The pulsating growth now changes into a smooth growth and the crystal 
becomes a good seed, so that fewer nuclei form during its growth, because the 
solution cannot develop the degree of supersaturation in the presence of the crystal 
which contains Pb+ 2 ions and vacant lattice sites. 

When a chemist wants some very pure carbon he might think of using 
diamonds of gem stone quality. This, however, would be a mistake. The "per-
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feet crystals" which nature has produced, whether a diamond or one of the large 
beautiful quartz crystals from Minas Geraes, Brazil, owe their perfection to 
"growth-active" impurities. 

Summary 

The surface of a solid is the seat of an asymmetry which causes a change in 
the binding forces which affects the solid to a considerable depth. The differ
ence in the electron density distribution brings the interior of the crystal into a 
state of compression and the surface film into a state of tension. The degree of 
the disturbance of the solid depends upon the asymmetry which the surface in
troduces into the system. The latter in turn depends upon the environment of the 
solid and even physical adsorption of inert gases can influence equilibrium prop
erties of small crystals and their films, such as volume, melting point, phase trans
formation, color, fluorescence, and electronic conductivities. 

As far as macroscopic crystals are concerned, the equilibrium properties will 
not be noticeably affected by a change in the environment, but the interaction of 
adsorbed molecules with the surface may trigger a phase change which is initiated 
in the surface. Hence, even for macroscopic crystals, the environment may in
fluence rate phenomena such as solid-state reactions. 

In addition to this disturbance which a surface introduces through a change 
in the distribution of binding forces as a result of asymmetrical polarization, solids 
which have formed at high temperature may develop tensions in their surface 
films because the latter would have a greater thermal expansion than the bulk. 
The oscillations of all atoms in asymmetrical surface films must be less harmonic 
than those in the interior and it is the anharmonicity of the thermal vibrations which 
causes the volume to change on heating and cooling. Hence, we would expect the 
surface film to have a higher coefficient of expansion than that which is character
istic for the bulk of the crystal. On Cooling, the resulting stress leads to dis
locations in metals. In brittle glasses, the resulting stress leads to those surface 
cracks which are generally referred to as Griffith flaws. 

From a chemical viewpoint, the interior of a crystal and its surface can be 
looked upon as if they were different individuals, comparable to two modifications 
of a substance or to a metal which is under mechanical stresses. The phenomenon 
of stress corrosion reveals that the part under tension differs in its chemical 
reactivity from the part under compression. Different modifications of silica can 
have very different reactivities. Therefore, it must be expected that the surface 
film can affect the apparent stability of a solid. Indeed, the surface structures of 
some hydrated salts are in equilibrium with the ambient atmosphere and prevent 
these crystals from losing water (efflorescing), even if the bulk of the crystal has 
a higher water vapor pressure than the atmosphere. The formation of a fresh 
highly asymmetrical surface may also cause substances to detonate. 

In these cases we expect that a change of the environment will influence the 
chemistry of the solid. The isothermal formation of an equilibrium surface—i.e., 
nucleation and crystal growth—is a process which is strongly affected by the en
vironment—e.g., the nature of the solvent. Good crystals can be grown from 
aqueous solutions only when the asymmetry, solid-liquid, is a minimum, as is true 
for those crystals which have a high solubility and whose structures contain water 
of crystallization (alums but not the alkali halides). Substances such as NaCl 
can be induced to form better crystals from an aqueous solution by adding growth-
active catalysts which temporarily decrease the asymmetry of the crystal-solution 
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interface. The effects of these impurities upon the structure of the surface of 
an NaCl crystal are probably responsible for the threefold increase of the tensile 
strength, as was found by A. Smekal and his school. 
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Effect of Hydrogen Adsorption on the Magnetic 

Susceptibility of Palladium Dispersed on Silica Gel 

LLOYD H. REYERSON and AAGΕ SOLBAKKEN1 

School of Chemistry, University of Minnesota, Minneapolis 14, Minn. 

Magnetic susceptibility studies of silica gel—sup
ported palladium indicate that the electronic prop
erties of paladium are strongly dependent on the 
ratio of surface to bulk. Hydrogen and nitric oxide 
adsorption indicates surface states different from 
the bulk state, depending on the same ratio. A 
nearly monolayer of hydrogen is necessary prior 
to adsorption by palladium. The increase in lattice 
parameter during this absorption is believed to be 
caused by the decrease in the exchange energy 
between palladium atoms. The results point to the 
importance of the change in electronic properties 
of catalyst surfaces as the specific surface area 
varies. 

y y h i l e studying the sorption of nitric oxide, NO, by finely divided palladium it 
was found that the magnetic susceptibility of the small palladium crystals, 

having an average crystallite size of 134 A. and a surface area of 32.7 sq. meters 
per gram, was more than twice that of the bulk metal (26). The susceptibility 
diminished as more and more NO was adsorbed. This suggested that the odd 
electron of N O was pairing with electrons in the palladium. These results raised 
questions which might be answered, at least in part, by studying the adsorption 
of hydrogen by silica gel carrying various amounts of palladium dispersed in its 
pore structure. At each equilibrium point on the isotherm the magnetic suscepti
bility of the Pd-H sample would be determined. 

The ability of palladium to adsorb or absorb large amounts of hydrogen was 
known before the end of the last century. Much more precise work has been 
reported in recent years (1, 2, 3, 18). Such studies accurately showed the de
pendence of the sorption process on pressure and temperature. The isotherms 
generally indicated a sudden increase in the sorption of hydrogen at a certain 
pressure, which was very temperature-dependent. This sudden rise in the amounts 
sorbed at definite pressures suggested a phase shift in the crystalline structure of 
the palladium from a hydrogen-poor α-phase to a hydrogen-rich β-phase. Such 

1 Present address, Norway University of Technology, Trondheim, Norway. 
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was found to be the case when x-ray spectra were obtained. Experiments found 
a change in the lattice parameter of the face-centered cubic palladium crystals 
from 3.886 A. for the α-phase to 4.020 A. in the hydrogen-rich /?-phase (7, 8, 9, 
13, 14). 

The sorption data showed that the change proceeded in an isobaric manner 
which was strongly temperature-dependent, varying from 4 to 5 mm. at 0° C. to 
4000 mm. at 200° C. Sievertz and Brunig (18) constructed a critical zone, 
similar to those found in gas condensations, under which the amount adsorbed was 
small and above which the pressure increased sharply. Gillespie and Galstaun ( 1 ) 
found the critical point to be 295 .3° C. at 19.87-atm. pressure. Here the H / P d 
ratio equalled 0.270. Above this temperature the isotherms showed almost normal 
character. Sievertz and Brunig (18) found that the log Ρ at which the trans
formation took place varied inversely as the absolute temperature. 

A number of magnetic studies of the hydrogen-palladium system have been re
ported. Among the more recent are those of Swensson (23) and Sievertz and 
Dary (19). These studies showed that the paramagnetic gram susceptibility de
creased linearly as hydrogen was sorbed until it reached a zero value at a ratio of 
about 0.6 H/Pd. Only small amounts of hydrogen were sorbed beyond this value. 
In fact, Samson and Himmelsturm (15) found that, when the pressure of hydrogen 
was increased from 1 to 968 atm., the hydrogen-palladium ratio increased only 
1%. Such behavior, no doubt, depends upon the extent of the surface of the 
sample. 

The nature of the sorbed hydrogen has led to much speculation and several 
theories have been advanced in explanation of the observed results. Gillespie and 
coworkers (1, 2, 3) assumed that metal hydrides formed, while Owens and St. 
Williams (14) found no evidence for such formation and merely assumed that 
hydrogen formed a solid solution in the palladium. Smith (20) criticized this 
point of view and submitted evidence for a single phase boundary which migrated 
through the bulk palladium. Somewhat earlier Mitchell, Berard, and Chandron 
(10) believed they had evidence for the formation of a superficial layer of the 
β-phase on the surface and that the hydrogen diffused through this into the 
α-phase, saturating it so that it transformed into the β form. NMR measure
ments by Norberg (12) suggested to him that part of the hydrogen dissociated 
into protons and electrons. Heat capacity studies by Nace and Aston (11) on 
this H 2 -Pd system led them to conclude that at temperatures below 160° K, the 
hydride of the form PdH 4-7Pd (4H atoms attached to the corner of the face 
centered cubic crystal) existed. At higher temperatures they suggested a looser 
formation with possible dissociation. 

In all of this work there was little suggestion that the surface states of the 
palladium might behave differently from bulk states. Selwood (17) indicated 
that, from some sorption-magnetic susceptibility data for hydrogen sorbed on 
palladium which was finely dispersed on alumina gel, the ultimate sorption ca
pacity was approximately at the ratio 2H/Pd. Trzebiatowsky and coworkers (25) 
deposited palladium on alumina gel in amounts ranging from 0.46 to 9.1% of 
gel weight. They found the palladium to be present in a normal crystal lattice 
structure, but its susceptibility was less than for the bulk metal. This suggested 
to the present authors that the first layer of palladium atoms laid down on the 
alumina gel underwent an interaction with the alumina, which has some of the 
properties of a semiconductor. Such behavior was definitely shown in this lab
oratory (22) in the studies on the sorption of N O by alumina gel. Much of this 
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recent work strongly suggests that the electronic states of surface atoms of such a 
metal as palladium differ definitely from bulk states (26). 

The investigation here reported was carried out in an attempt to show that 
such surface states did exist and that sorption and magnetic susceptibility studies 
of hydrogen-palladium systems might answer some of the questions raised by 
previous investigators. 

Experimental Procedure 

The silica gel, used as the support material, was taken from the sample that 
provided the material for the previous adsorption measurements of NO on the gel 
(21). The gel had a diamagnetic susceptibility of 0.685 X 10-6. After the sample 
had been thoroughly dried, it was dropped into a standard solution containing 
Pd ( Ν Η 3 ) ί 2 and let stand for 24 hours with occasional stirring. After filtering 
and brief washing with deionized water, the sample was dried and then reduced 
in an atmosphere of hydrogen at 200° C. for 1 hour. Nitrogen then displaced the 
hydrogen and the sample was cooled in this atmosphere prior to weighing in the 
spherical borosilicate glass bucket used in the sorption apparatus (21). Once in 
the system, the sample was desorbed while being heated by infrared lamps. It 
was again reduced in situ by hydrogen and desorbed to a constant pressure of 10~r> 

mm. One such reduction turned out to be sufficient to complete the process and 
remove any residual oxygen and other impurities. Several such treatments were 
carried out, however, to provide the constancy of weight and susceptibility. 

Upon reaching constant weight, the sample and system were thermostated to 
the desired temperature and the magnetic susceptibility of the palladized gel was 
determined. A complete isotherm for the sorption of hydrogen by this gel was 
then obtained, with magnetic measurements being made on the sample at each 
sorption point. Upon completion of the measurements on the gel having a mini
mum amount of palladium on the surface, the sample was taken from the sorption 
system and once again placed in a solution standardized as to P d ( N H 3 )+|. This 
process was repeated after each isotherm, so that two series of palladized silica 
gels were prepared and studied. 

Series I gels carried palladium on the gel surface varying from 0.43 to 16% of 
the original weight. Hydrogen isotherms, as well as magnetic measurements, 
were obtained for each of these samples. Series II gels were prepared to confirm 
the unusual magnetic values found for Series I as well as to obtain the maximum 
amounts of hydrogen adsorbed at 0° and 30-mm. pressure, at which point the 
isotherms had flattened out in the case of the Series I gels. The palladium content 
of Series II gels varied from 0.78 to 10.86%. Following sorption of hydrogen and 
the related magnetic measurements on the Series I gel having 16% Pd as well as 
Series II gel containing 10.86%, complete N O sorptions and magnetic measure
ments were obtained on these two samples. Standard analytical methods were 
used to obtain the palladium content of the various treated gels, and these re
sults checked well with the loss of palladium from the solutions following the 
adsorptions of the complex ion. 

The sensitivity of the system permitted the determination of the magnetic 
values to an accuracy of better than 1%. The amounts of hydrogen absorbed were 
probably accurate to about 10% on the gels carrying the least palladium and 
probably better than 1% for the gels carrying the most metal. 

Results and Discussion 

Magnetic Susceptibility of Palladium Dispersed on Silica Gel. Figure 1 
shows the susceptibility values obtained as increasing amounts of palladium were 
deposited on the gel surface. As ordinates the values of the relative susceptibility, 
xs/x0, are plotted against amounts of palladium on the gel. xs is the measured 
susceptibility while x0 is that of the bulk metal as given in the literature (4, 5), 
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The two samples show remarkable similarity. The small differences are probably 
due to slight changes in the handling of the two samples. Silica gel II was more 
thoroughly dried, before being placed in the solution containing P d ( N H 3 ) 4 2 , and 
this shows up in its greater adsorption of this complex ion from the solution than 
was the case for silica gel I. The gels containing the least palladium had sus
ceptibilities about four times that of the bulk metal. As the amount of palladium 
increased, the susceptibility fell to a minimum at a palladium content of about 
2 to 3% Pd, rose to a maximum at from 7 to 9% Pd, after which it fell, approaching 
that of the bulk metal at the highest percentages of palladium dispersed on the gel. 
Changes in other measurable properties appear to follow this behavior closely. 

5 10 15 
%Pd 

Figure 1. Relative susceptibility of palfodium as function of concentration on two 
silica gel samples 

These unusual changes in susceptibility, at different degrees of dispersion of 
the metal on the gel, are at present difficult to explain quantitatively. One may, 
however, draw some qualitative conclusions from the data. The steep part of 
the curve at low coverage has a parallel in some work done by Kobozev and co
workers (6), who reported similar increases in the susceptibility of certain salts 
and metals when dispersed in very small amounts on alumina, silica gel, and 
charcoal. They also reported exceptionally high susceptibilities in the case of 
platinum dispersed on charcoal in amounts varying from 0.006 to 0.0001 part per 
gram. They were unable to explain this "supermagnetic" phenomenon. 

As seen from Table I, the adsorptive capacity for hydrogen decreases sharply 
at the lowest concentrations of palladium. There is reason to believe that a good 
part of the first palladium atoms reduced on the gel are trapped in narrow cracks 
and pores. This would largely make them unavailable for hydrogen adsorption, 
and they will be acted upon by unpredictable and unsymmetric forces, which 
greatly influence their electronic configuration. In the present work, the meas
ured paramagnetism of xx — 21 to 22 X 10~6 indicates that, on the average, there 
are 2 unpaired electrons in the d-band per atom as compared to the accepted value 
of about 0.6 electron for bulk palladium. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

01
1

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



90 ADVANCES IN CHEMISTRY SERIES 

Table I. Data on Two Series of Silica Gels 

% Para
Dynes/ TOO magnetism'1 Ultimate Xs/Xo 

Sample %Pd Mg. Pd* Xs/Xoh H/Pd' Decrease H/Pd- CalcdJ 

Io 0.43 11.230 4. .21 0.420 24.0 1.75 4.20 
Ii 2.80 3.097 1 .16 0.580 73.2 0.80 1.43 
I 2 4.55 3.364 1 .26 0.717 92.0 0.78 1.38 
I 3 7.08 5.930 2 .22 0.722 57.4 1.26 2.62 
I 4 9.80 3.880 1 .47 0.751 87.4 0.88 1.62 

11.36 3.631 1 .36 0.795 81.9 0.86 1.57 
I 6 13.20 3.479 1 .31 0.691 93.1 0.74 1.30 
IT 16.00 3.300 1, .23 0.663 92.8 0.71 1.23 

Πι 0.78 11.440 4 .29 0.280 15.6 1.81 4.42 
ΙΙ2 1.97 6.100 2 .30 0.581 51.4 1.13 2.26 
Π3 3.54 4.372 1. 64 0.737 81.1 0.92 1.72 
II4 5.98 4.645 1. 74 0.673 73.6 0.91 1.69 
II 5 8.44 8.168 3 .07 0.722 39.3 1.70 4.03 

I—
H 9.10 6.656 2 .50 0.711 54.0 1.30 2.74 

U T 10.16 4.125 1. 55 0.708 87.9 0.80 1.43 
Us 10.86 3.851 1. 44 0.693 89.6 0.77 1 .36 

« HdH/ds = 5.18 X 106. 
hXo = 5.14 X 10-6. 
c At 30-mm. H2 pressure. 

d At 30-mm. H 2 pressure. 
β Calculated from remaining paramagnetism. 
f Using ultimate H / P d in formula for susceptibility. 

From the minimum in the susceptibility through the maximum as the amounts 
of palladium increase, it is clear, from the sorption data, that multilayers of pal
ladium are building up. It is suggested that at least two factors may be involved 
in the susceptibility changes given in this part of the curves. 

1. First-order calculations show that when s-bands and d-bands in the bulk 
phase of a metal overlap, the unsymmetric conditions on the surface tend to keep 
them apart. Such surfaces behave more nearly as single atoms of the metal. 
Considering the s-band, it has been shown by Shockley (16) that the lowest part 
of this band is the surface "niveau." This so-called Schockley niveau is ener
getically more stable than the bulk ό-orbitals, leading to a denser band in the 
surface than in the bulk state. The opposite effect, the so-called "Tamm state" 
(24), exists at a somewhat larger distance between the surface atoms. It is 
believed that the surface part of the d-band belongs to the upper part of this state, 
making the bulk part of the d-band more stable with respect to the surface. The 
net trend of these two states will result in a denser s-band in the surface and a poor 
d-band. This leads to higher susceptibility, since the remainder of the electrons, 
following Hund's rule, tend to occupy different orbitals. As the layers of pal
ladium atoms build up, an increase in the magnetic moment is to be expected up 
to a certain maximum, where an equilibrium will exist between states. Addition 
of more palladium will reduce the ratio of surface to bulk atoms, so that properties 
of the bulk metal will begin to take precedence over those of the surface. 

2. The exchange integral, /, between two atoms is a function of the distance 
between the atoms, exhibiting a positive maximum at a definite distance. The sta
bility of a magnetic state is dependent on the sign and magnitude of this exchange 
integral. In the present study the susceptibility begins to increase before there is 
sufficient palladium on the gel surface to form a monolayer on the total surface. 
However, the sorption data strongly suggest that the palladium atoms are building 
islands or crystallites before reaching complete monolayer coverage. Thicker 
palladium layers must then exist on the surface, together with single palladium 
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atoms that may be separated one from the other. Both states will contribute the 
share of each to the measured susceptibility. 

Sorption Data. The sorption data for hydrogen on several palladium gel 
samples at 0° C. are given in Figure 2. Figure 3 shows the maximum amount of 
hydrogen adsorbed per palladium atom at 30-mm. pressure of the gas, a pres
sure at which the isotherms have practically flattened out. The shape of the iso
therms in Figure 2 shows that two kinds of sorption exist and that the first is 
essentially complete before the second begins. At very low pressures the hydro
gen is rapidly and strongly sorbed, giving a Langmuir type of isotherm. This 
sorption is essentially completed by the time the hydrogen pressure reaches 1 mm. 
No doubt this part of the isotherm represents monolayer adsorption on the avail
able palladium surface. The isotherm remains horizontal for all of the samples 
until the hydrogen pressure exceeds 2 mm. As can be seen in Figure 2, at a 
pressure between 2 and 3 mm. the amounts sorbed abruptly increase, reaching a 
final value at about 30-mm. pressure of hydrogen. The pressure at which the 
second abrupt increase begins is in excellent agreement with that found by 
Gillespie and coworkers (I) for bulk palladium at 0° C. Here the rise in the 
curve was almost vertical, in contrast to the present work where the change is 
more gradual, indicating that the palladium on the gel consists of small crystallites 
or less ordered aggregates. The rise in the isotherms is steeper for the samples 
containing the most palladium, suggesting more nearly bulk state properties in 
these cases. There is little doubt that the second rise in the isotherms shows the 
amount of hydrogen that penetrates into the aggregates or crystallites of pal
ladium on the gel surfaces. 

10 20 m m H g 30 

Figure 2. Hydrogen isotherms on dispersed palladium at 0° C. 

Except at very low palladium concentrations on the gel surfaces, the amounts 
of hydrogen sorbed at 30-mm. pressure by the palladium carrying gels appear to 
be constant at H / P d ratio of from 0.70 to 0.75. At the low concentrations of 
palladium on the gel, the nature of the palladium, deposited on the surface or 
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' • 0 0 - 30 mm. H2-press. 0°C. 

/ 
/. 

.50L / ° Si-gel I 
£ ο /' · Si-gel I 

h / 
μ L 

5 o / o P d 10 15 

Figure 3. Maximum hydrogen adsorbed at 30-mm. hydrogen pressure as function 
of palladium concentration on silica gel surface 

in the pores and cracks, may limit the sorption of hydrogen. The fairly constant 
H / P d ratio at higher palladium concentrations is larger than usually reported for 
bulk palladium where values of 0.6 to 0.65 are usually reported. Since there is 
remaining paramagnetism in many of the samples here studied, there must exist 
a space limit for hydrogen sorption which prevents the H / P d ratio from exceeding 
0.75. What little work was done at 28° C. indicated no sharp upturn in the iso
therm at 2- to 3-mm. pressure but a gradual rise followed by a small upturn at 
20 to 25 mm. Thus sorptions seem to be temperature dependent, as was earlier 
found for bulk palladium. 

To check surface areas of the palladium, isotherms were measured using 
N O as the gas. Figure 4 gives the results obtained for two different samples con-

2.000-. 

Figure 4. Nitric oxide isotherms on two palladized silica gel samples at0° C. 
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taining the largest amounts of palladium on the silica gel. The isotherms are typical 
Langmuir monolayer adsorptions with no second rise in the curves, showing no 
penetrations of the metal. Table II gives the amounts of NO adsorbed at the flat 
part of the isotherms and compares these with the amounts of hydrogen adsorbed 
on the first horizontal section of the complete hydrogen isotherms. The data 
clearly show that one N O molecule is equivalent to one hydrogen molecule as 
far as adsorption on the surface is concerned. 

Table II. NO Adsorption on Palladium 
H2/Pd (on First 

Sample NO/Pd Horizontal Section) 
I7 0.154 0.156 
II8 0.155 0.152 

Effect of Sorbed Hydrogen. To determine the possible effect of sorbed 
hydrogen on the structure of the palladium aggregates on the silica gel samples, 
x-ray diffraction patterns were obtained ( Figure 5 ). The upper film strip shows 
the diffuse band for the pure silica gel, the middle film gives the results for sample 
II 8 (10.86% Pd on the gel) in a vacuum, and the lower film shows the definite 
change in the crystal parameter of the same sample under hydrogen pressure. 
These films establish the crystalline character of the palladium deposited on this 
gel sample. From these films the lattice parameter of the palladium in a vacuum 
turns out to be 3.89 ± 0.01 Α., while that of the hydrogen-rich palladium be
comes 4.03 ± 0.01 A. These values are in excellent agreement with those pre
viously reported for the hydrogen-poor α-phase and the hydrogen-rich β-phase of 
bulk palladium. The evidence presented in the following section indicates that 
the transformation from the a- to β-phase does not begin until the surface of the 
palladium is covered by a monolayer of hydrogen. 

Figure 5. X-ray of pure silica gel (top), 10.86% palladium on silica gel under 
vacuum (middle), and same sample under 30-mm. hydrogen pressure 

a structure on former and β structures in latter 
Calculated lattice dimensions, a. 3.89 ± 0.01 A. 

β. 4.03 ± 0.01 A. 
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These data, coupled with the earlier evidence that the pressure of the gas, 
at which this transformation takes place, is very temperature-dependent, strongly 
indicate that the hydrogen forms a definite surface state with the surface atoms of 
palladium. The data suggest that the β-phase first forms on the surface and then 
migrates through the metal aggregates. The increase in the lattice parameter of 
the palladium must be due to hydrogen atoms, the electrons of which occupy levels 
in the d-band of the metal. These levels are closely related to the intermetallic 
bonds. The distortion in these bonds influences the energy and consequently the 
lattice parameter. As the d-band fills, the exchange energy in the crystallites must 
decrease. Should the d-band be completely filled, then all of the remaining inter
metallic bonds would be due to overlapping S and Ρ electrons. In pure bulk 
palladium, the d levels play an important role in the bonding. The decrease in 
energy readily explains the larger lattice parameter found for the hydrogen-rich 
phase. The limit of the uptake of hydrogen by bulk palladium is reached when 
the d-band is filled, whereas in the case of the palladium dispersed on the gel it 
appears to be due to actual space limitations. 

Magnetic Measurements on Adsorbate-Adsorbent Complex. The magnetic 
susceptibilities of the palladium as a function of the amounts of hydrogen sorbed 
are given in Figure 6 for samples I 2 and I 3 at 0 ° and 2 8 ° C ; in Figure 7 for sample 
I 4 at 0 ° and 2 8 ° C. and for I 6 at 0 ° C ; and in Figure 8 for samples I 7 and II 8 

for H 2 and N O at 0 ° C. Two striking results, shown in these figures, demand 
explanation. First, the breaks in all of the magnetic curves for sorbed hydrogen 
at 0 ° C. occur in the region of the first horizontal section of the isotherms. At 
2 8 ° C. there was no such flat portion in the isotherms and there is no break in the 
magnetic curves at the same temperature. This suggests that, once the surface is 

I 1 1 1 I 1 1 1 

J Ζ 3 .4 .5 .6 .7 
H/Pd 

Figure 6. Magnetic susceptibility of palladium on silica gel as function of 
adsorbed hydrogen 

0° C. (273° K) 
28° C. (301° K) 

Top. 7.08% Pd 
Bottom. 4.55% Pd 
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8 P r 

I 1 1 1 1 I I I 

.1 Ζ 3 ,4 5 -6 .7 
H/Pd 

Figure 7. Magnetic susceptibility of palladium on silica gel as function of 
adsorbed hydrogen 

0° C. (273° K) 
28° C. (301° K) 

Top. 11.36% Pd 
Bottom. 9.80% Pd 

covered at 0° C , a reorganization or dissociation of the adsorbed complex takes 
place. If the magnetic line, prior to the sudden break, is extrapolated to zero 
magnetism, the H / P d ratios vary from 2.6 to 1.3. These values are similar to 
those reported by Selwood (17). The slope of the curves after the break gives 
much smaller H/Pd ratios on extrapolation. Secondly, the slope of the magnetic 
curves, following the break, seems to be a definite function of the original sus
ceptibility of the samples. This can be seen from Figures 1 and 10. 

Figure 9 gives the decrease in paramagnetism as calculated by subtracting 
the magnetism of each sample, at a hydrogen pressure of 30 mm., from the original 
magnetism and converting to percentages. This shows that physical space is the 
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I— » 1 1 1 I I - L_ 

.1 ,2 .3 .4 .5 .6 .7 
H / p d 

Figure 8. Magnetic susceptibility of palladium on silica gel as function of 
adsorbed hydrogen and NO at 0° C. 

Top. Sample II with 10.86% Pd 
Bottom. Sample I with 16.00% Pd 

limiting factor in sorption as long as the "holes" in the d-band indicate a greater 
ultimate capacity than H / P d of 0.7 to 0.75. Figure 10 shows the ultimate ca
pacity of the dispersed palladium to sorb hydrogen as calculated on the assump
tions that all of the hydrogen within the metal is, in the end, sorbed as hydrogen 
atoms and from the paramagnetism remaining in the sample at a pressure of 30 mm. 
of hydrogen. These figures are somewhat fictitious as long as there are space 
limitations to the sorption, but they are of interest in that they confirm the elec
tron structure of palladium. The curves in Figure 10 are almost parallel to those 
in Figure 1, but when χ8/χ0 in Table I is compared to Figure 10 it is seen that 
the susceptibility is proportional to a second-order function of the number of un
paired electrons in the d-band. This agrees with the formula for the susceptibility 
as derived from magnetic theory 

χ = (Np/3KT)n(n + 2) 
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IOOL 

Figure 9. Percentage decrease in paramagnetism of palladium at 30-mm. 
hydrogen pressure as function of palladium concentration on silica gel 

where χ is the susceptibility, β the Bohr magneton, and η the number of unpaired 
electrons. As a matter of fact this expression was used together with the data 
from Table I (ultimate H/Pd) , as given in Figure 10, to calculate theoretically 
magnetic susceptibility of pure palladium. These are given under the heading 
Xs/xo calcd. in Table I and are in very good agreement with the experimental 
values, when the many approximations are taken into account. 

The fact that the susceptibility is proportional to the second order of the 
number of unpaired electrons explains the steep slope of the N O curves in Figure 
8. This shows again that the surface has quite a different electron structure from 
that of the bulk. The N O is sorbed only on the surface, since there is no evidence 
that it is able to enter the crystal lattice of palladium. As we have indicated, the 

2.0 h 

5 10 15 
% P d 

Figure 10. Calculated H/Pd capacity from remaining paramagnetism at 30-mm. 
hydrogen pressure (0° C.) 

Figure with Table I indicates space limitations of Ht sorption 
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surface probably has more "holes" in the d-band than exist in the bulk state. If 
now the susceptibility is proportional to a second-order rather than a first-order 
function of the number of unpaired electrons, the pairing of an electron on the 
surface will have a greater effect than will be the case for a state having fewer un
paired electrons. Since each NO molecule can provide only one electron for pair
ing, the data indicate that the palladium atoms in the surface state have more 
unpaired electrons than the interior atoms. 

These suggestions would seem to contradict the results shown in Figures 6, 
7, and 8, where the slopes of the magnetic curves for hydrogen sorption before the 
breaks, at least at 0 ° C , are less than for N O but are also less for H 2 after the 
break. It would seem that the hydrogen sorbed on the surfaces at very low pres
sures must be present as undissociated molecules or possibly at H 2 + ions pairing 
one electron with an electron in the surface d-band. At the higher temperature of 
28° C. this is much less pronounced, probably because of greater thermal vibra
tion. The sharp break in the susceptibility curves following only slight additions 
to the amounts of hydrogen sorbed must mean a transformation from H 2 or H 2 + 
to 2 H atoms. From then on, as the pressure increases, the hydrogen atoms 
formed on the surface will migrate into the palladium lattice until the crystallites 
are filled. The electrons of these hydrogen atoms must pair with electrons in the 
ci-band within the crystallites. It is then possible that the hydrogen atoms may 
be migrating inside the metal as protons at this temperature. 

Conclusion 

The measured data give evidence that the susceptibility of palladium de
posited on silica gel surfaces is dependent on both the surface to bulk ratio and 
the lattice constant. They also show definite surface states on the palladium 
crystallites with more holes in the d-band of the surface than in the rest of the 
metal. 

There is reason to believe that this is a general phenomenon, and of great 
importance to the understanding of catalytic surfaces. The physical structure of 
the catalyst with regard to the surface area would be of greatest importance to the 
electronic state of the surface and consequently to the catalytic properties. The 
significance of a high surface area is not only due to the large area on which the 
reaction may occur, but also to the influence of the surface on the electronic prop
erties. The latter is probably the more important. 

The data also give evidence for a better understanding of the sorption of 
hydrogen by palladium. The surface-adsorbed hydrogen must apparently reach 
a certain coverage before entering the lattice, explaining the strong temperature 
dependence on the transformation point. The transformation in lattice structure 
is due to the filling up of the d-band of the palladium with the electrons in 
hydrogen. The resulting decrease in exchange energy induces the larger lattice 
parameter. 
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Low Energy Reference Electrodes for Investigating 

Adsorption by Contact Potential Measurements 

K. W. BEWIG and W. A. ZISMAN 

U. S. Naval Research Laboratory, Washington 25, D. C. 

Stable reference electrodes of noble metals coated 
with a thin film of FEP Teflon resin have been de
veloped for the measurement of contact potentials 
in gases and vapors. Such electrodes exhibit little 
time-dependent diffusion or surface adsorption by 
a large class of gaseous compounds because of the 
density and low critical surface tension of wetting 
of this coating. They have been used to study the 
effect of adsorption on surface potentials of bare 
platinum and other metals in wet and dry nitro
gen and oxygen atmospheres and in CO2, H2, and 
He. Also, some of the physical properties of ad
sorbed polar monolayers of fatty acids, amines, 
and alcohols have been investigated by means of 
surface potential measurements using these refer
ence electrodes. 

The contact potential difference between two metals in a gaseous atmosphere is 
greatly altered by an adsorbed film or by mechanical working of the surfaces 

(18). These are exemplifications of the well-known sensitivity of the electronic 
work function of a metal to surface-chemical or structural changes. Investigators 
have had to use the best possible high-vacuum systems, vapor-deposited metal 
electrodes, and extraordinary care to degas all solids in the system in order to 
obtain the "intrinsic" contact potentials between metals of basic interest in theories 
of metal conduction (12). 

Efforts have been made by many investigators to use the sensitivity of clean, 
freshly preparted metallic surfaces to traces of adsorbed compounds as a tool for 
studying adsorbed films and adsorption. However, any gas or vapor which is able 
to adsorb on the one metal electrode usually adsorbs to some extent on the other. 
This difficulty is often decreased by employing as a reference electrode a well-aged 
gold or platinum surface; unfortunately, this is an unreliable device which is much 
more limited in application than is commonly realized. The contact potential 
difference between a noble metal in the air and the surface of water is often used to 
measure the change with film pressure of the packing and orientation of a mono-

100 
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layer of polar molecules adsorbed on the surface of the water (20, 25). Here, 
maintaining a constant surface state of the reference electrode is especially trouble
some because of the proximity of that electrode to the surface of such an adsorptive 
and volatile polar liquid as water. In short, the literature is replete with investiga
tions showing the need for a method of making one metal behave as a reliable 
reference electrode for the duration of an experiment on adsorption. 

Phillips (19) formed a reference electrode by coating a noble metal with a 
Langmuir-Blodgett multilayer of calcium palmitate and used it to detect the 
presence of a polar vapor in dry atmospheres by its adsorption on an uncoated 
metal electrode. Water vapor and oxygen were carefully excluded from the 
surrounding atmosphere, since either gas penetrated the multilayer coating on the 
reference electrode. This report describes the preparation, properties, and several 
applications of a more general and useful type of reference electrode. 

To serve as a reference electrode, a coating for the metal is needed on which 
gaseous adsorption is either nil in a variable atmosphere or in equilibrium with a 
constant atmosphere. Usually the vapor of a liquid, which exhibits a large contact 
angle on a solid surface, will also have a low adsorptivity at temperatures well 
above the critical temperature. 

Studies of the wetting and spreading of liquids on smooth, clean, solid surfaces 
have revealed that the lower the unit free surface energy ( γ 0 ) of the solid, the 
lower must be the surface tension (yLV) of a liquid if it is to be able to spread 
spontaneously. The concept of the critical surface tension of wetting (yc) was 
developed by Zisman and coworkers (9, 21, 22, 26) to express the fact that on 
such a solid surface no liquid will spread spontaneously unless yLV is less than yc> 
Results of many experiments on well-controlled surfaces have revealed that yc is 
determined solely by the nature and packing of the surface atoms in the surface 
of the solid (22, 26). For example, a surface whose outermost aspect comprises 
methyl groups in closest packing has a yc value of 22 dynes per cm. at 20° C ; it 
has the lowest surface energy (and the least adsorptivity) of all hydrocarbon 
surfaces. An approximation to such a surface is made by depositing a Langmuir-
Blodgett stéarate multilayer on a clean polished metal plate. However, the result
ing reference electrode should be limited to measuring the adsorption of vapors of 
liquids having surface tensions at 2 0 ° C. much in excess of 22 dynes per cm. Since 
the smooth surface of polytetrafluoroethylene (Teflon) has a yc value of about 
18.5 dynes per cm. at 2 0 ° C. (9, 21), and almost all ordinary liquids have surface 
tensions in excess of that value, the adsorptivity of their vapors on Teflon must be 
very low at temperatures well above their critical temperatures. Hence, a Teflon-
coated metal plate should be one of the best possible reference electrodes. 

Bernett and Zisman ( 1 ) have reported that copolymers of tetrafluoroethylene 
(TFE) and hexafluoropropylene (HFP) have yc values varying from 18.5 dynes 
per cm. for polytetrafluoroethylene to about 15 dynes per cm. for polyhexafluoro-
propylene and have shown that yc decreases as the number of — C F 3 side chains 
increases. Therefore, the poly-HFP resin should be more suitable for coating the 
reference electrode than the poly-TFE. The solid coating with the lowest surface 
energy of all would be one whose surface comprises close-packed perfluoromethyl 
groups; however, suitable materials are not available. A nearly close-packed 
monolayer of —CF 3 groups results with the adsorption of one of the higher per-
fluoroalkanoic acids (16, 21), and yc for such a surface is between 6 and 8 dynes 
per cm.; but monolayer coatings of such acids are corrosive, easily damaged, and 
too speedily penetrated by atmospheric water to be suitable electrode coatings. 

Results are reported here of experiments using reference electrodes of several 
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different metals coated with the T F E - F E P copolymer resin now commercially 
available as F E P Teflon. The effect on the contact potential difference between 
these coated reference electrodes and active bare metal surfaces has been studied 
in atmospheres of oxygen, nitrogen, water vapor, hydrogen, and helium. Electrical 
properties of several types of adsorbed solid monolayers of aliphatic polar com
pounds, which were deposited on the surface of the active metal electrode by 
retraction from solution, were also investigated. 

Apparatus and Experimental Methods 

The vibrating condenser method (27) was used to measure the contact 
potential difference. Clean polished steel, aluminum, gold, and platinum elec
trodes were encapsulated in F E P Teflon resin. Commercial F E P Teflon (17) has 
about one millionth the melt viscosity of Teflon; hence, it can be successfully 
applied to the metal electrode by using the "fluidized bed" coating technique (6). 
Since adhesion of perfluorinated resins to the metal is inherently weak, a circle of 
small holes was drilled in the face of the electrode to allow columns of the resin 
to bond the front and back of the coating together. A ring of Duco cement was 
used to seal the collar around the pin of the electrode. Such coatings of F E P 
Teflon were even more suitable than Teflon for the purposes of this investigation, 
not only because of the lower yc value but because they are so much less perme
able to liquids and vapors. In confirmation of our experience, it has been reported 
recently (14) that thin films of F E P Teflon backed up by metal surfaces were 
impermeable to acid and salt solution during immersion tests lasting 30 to 60 days. 

Each F E P Teflon-coated reference electrode was cleaned by washing it in 
Tide detergent solution, scrubbing on a clean Buehler Selvyt polishing cloth under 
grease-free, flowing, distilled water, rinsing under flowing distilled water, and 
finally drying in the air at room temperature. Before each experiment unless 
stated otherwise the reference electrode was mounted in a gas-flow measuring cell 
adjacent to an uncoated electrode made of identical metal and then both were 
grounded. The air gap between these two surfaces was exposed next for 5 
minutes to the atmospheric ions generated by a nearby Static Master No. 6000A 
polonium α-particle source; in this way electrostatic charges were removed which 
may have been formed on the surface of the resin coating of the reference electrode 
during cleaning and manipulation. Any small contact potential difference be
tween the two identical metals resulted in a minimum residual charge left trapped 
on the F E P Teflon coating. No mechanical handling of the reference electrode 
was permitted after the α-particle radiation treatment. This procedure eliminated 
spurious surface potentials caused by the formation of triboelectric charges on the 
surface of the resin; such spurious potentials could be as large as 40 volts. 

One of the most troublesome experimental problems encountered was 
elimination of traces of organic polar impurities in the gases studied. Much 
previous work on contact potentials has been compromised by ignoring this prob
lem. The principal difficulty is the adsorption of such impurities on the active 
metal electrode to form hydrophobic films which greatly alter the contact potential 
differences. Each gas was freed from such contaminants by flowing it through a 
long column packed with Linde 4A adsorbent sieves. It also proved essential to 
dispense with any plastic tubing such as Tygon tubing, in order to avoid picking 
up volatile hydrophobic impurities, presumably traces of plasticizers. Therefore, 
no plastic material was allowed in the entire system, except Teflon and the poly
ethylene connectors to the glass tubing leading the gases into and out of the 
system. 

A metal surface was considered suitable for this investigation only when it 
remained hydrophilic during the entire time of the experiment. Clean hydrophilic 
surfaces can be produced readily on platinum and gold by heating each until dull 
red in the oxidizing flame of the Bunsen burner; however, more reproducible 
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surface potentials were obtained on all electrodes by abrading each on No. 600 
Carborundum paper under flowing distilled water, polishing at room temperature 
on a metallographic polishing wheel covered by wet Kittens Ear cloth treated with 
an aqueous dispersion of Linde A-5175 a-alumina, and then scrubbing on a Buehler 
Selvyt cloth under flowing distilled water. Where gold or platinum was involved, 
this treatment was followed by an etch with a 1 to 4 mixture of H N 0 3 and H 2 S 0 4 

and a 2-hour cleaning, using c.p. benzene in a Soxhlet extractor. 

Comparison of Uncoated with Resin-Coated Electrodes 

Early experiments were concerned with the protection against water-vapor 
adsorption afforded a pair of soft steel electrodes by coating each with F E P Teflon 
resin. The two coated electrodes were cleaned as before, mounted in the gas cell, 
and then discharged with gaseous ions while the metal pins were grounded. The 
resulting contact potential difference was zero. The same result was obtained 
using a pair of resin-coated aluminum electrodes. 

The gas cell was hermetically sealed and 200 ml. per minute of nitrogen gas 
slightly above atmospheric pressure was passed through a long column of Linde 
4A adsorbent sieves and then flowed through the cell containing two FEP-coated 
electrodes, one of steel and one of aluminum. Each value of the relative humidity 
was maintained for one hour to be sure that the adsorbed films on the electrodes 
had attained a steady-state condition. Measurements were made of the potential 
difference for 96 hours at 23° C , during which time the relative humidity was 
periodically cycled between 1 and 91% values. No significant effect was observed 
on the contact potential difference (see lower curve of Figure 1), the maximum 
variation being no greater than ± 0 . 0 0 5 volt for the entire time. These results 
prove that water-vapor adsorption on the surface of F E P Teflon is negligible under 
these extreme conditions. If equal adsorption had occurred on the outer surface 
of each of the two coated electrodes, their electrical effects could not nullify the 
different local electric fields of the two different substrate metals; a contact poten
tial change would have resulted. 

+ i.o 

10 20 30 40 50 60 70 80 90 

RELATIVE HUMIDITY OF NITROGEN ATMOSPHERE (%) 

Figure 1. Contact potential difference of aluminum relative to soft steel 
with and without FEP Teflon resin coating 
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Comparable data were obtained for the same pair of metals, steel and 
aluminum, identically prepared and treated but without any protective resin 
coating. After each electrode was abraded on Carborundum paper, it was polished 
on a cloth wheel with a-alumina, scrubbed on a cloth under flowing water, rinsed 
in distilled water, air-dried, and aged for 72 hours in clean dry air. Each measure
ment plotted in the upper curve of Figure 1 was obtained after holding the system 
at the relative humidity for one hour, the temperature always remaining 23° C. 
As in the previous experiment, the atmosphere was nitrogen of controlled humidity. 
The main effects are: a reversible decrease of 560 mv. in the contact potential 
difference caused by the physical adsorption of water and a smaller irreversible 
decrease of 130 mv. Evidently, aging such bare electrodes for 72 hours after 
polishing and cleaning the surfaces was not sufficient to eliminate irreversible 
surface aging effects. 

Figure 2 shows the change with aging of the contact potential differences 
between a bare gold electrode and a bare platinum electrode, each against a stable 
reference electrode of gold coated with F E P Teflon resin. The bare gold and 
platinum electrodes were prepared as previously described, except that the plati
num and gold were finally heated to a dull red in the oxidizing portion of the 
Bunsen flame to remove any organic contaminants. The reference electrode was 
cleaned and its surface potential stabilized as explained earlier. Promptly after 
flaming, each bare metal electrode was introduced into the gas cell, which was 
then promptly flushed with a stream of nitrogen stabilized at 23° C. and 1% 
relative humidity. This atmosphere was maintained for 4 days. Initial rates of 

+ 0.8, 1 

> +0.4 

BARE GOLD RELATIVE TO FEP 
TEFLON REFERENCE ELECTRODE 

BARE PLATINUM RELATIVE TO FEP 
TEFLON REFERENCE ELECTRODE 

0 10 20 30 40 50 60 70 80 90 

TIME (HOURS) 

Figure 2. Contact potential difference in dry nitrogen of gold 
and platinum relative to FEP Teflon-gold reference electrode 

1% R.H. 

change in the contact potential difference between either bare metal relative to 
the reference electrode were rapid; but whereas the magnitude of each contact 
potential difference was initially about 0.4 to 0.6 volt, it had decreased to about 
0.2 volt after 3 hours. From these data, an initial potential difference of about 
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1 volt between bare gold and platinum is calculated. After 32 hours, the potential 
difference was decreasing at a constant rate of only a few millivolts per 24 hours. 
After 72 hours of aging either bare noble metal surface, the same cycling of the 
relative humidity used to produce the data of Figure 1 was employed (Figure 3). 
An over-all change in contact potential of around 100 mv. had occurred, the 
effect being reversible within a few millivolts during any one day of measurement. 
Therefore, the irreversible aging effect for bare steel vs. bare aluminum shown in 
Figure 1 is not peculiar to readily oxidized and corroded metals but also is found 
with the bare, clean, noble metals. Nevertheless, only 72 hours after polishing 
and cleaning the noble metal surfaces, the aging effect had decreased to only a 
few millivolts per day; in contrast, bare steel vs. aluminum was still decreasing at 
a rate of 130 mv. per day. These studies show that aged clean gold or platinum 
can be used as a reliable reference electrode, only if all conditions are controlled 
properly. 

iu 0 

BARE GOLD RELATIVE TO FEP 
TEFLON REFERENCE ELECTRODE 

BARE PLATINUM RELATIVE TO FEP 
TEFLON REFERENCE ELECTRODE 

30 40 50 60 70 8 

RELATIVE HUMIDITY OF NITROGEN ATMOSPHERE (%) 

Figure 3. Effect of varying relative humidity on contact potential 
difference of gold and platinum 

FEP Teflon-gold reference electrode in nitrogen 

Figure 4 shows the effect of cycling the relative humidity on the contact 
potential difference of either a bare aluminum or a bare steel surface measured 
against a stabilized reference electrode of gold covered with F E P Teflon. The 
aluminum electrode was prepared in the same way as other uncoated electrodes, 
except that no Carborundum abrasive was used. The contact potential difference 
decreases with the relative humidity rather than increases as in Figure 3 for the 
cases of bare platinum and bare gold. This difference in behavior could mean that 
the water molecules had adsorbed on the aged aluminum (or steel), resulting in an 
effective surface dipole having its negative pole outermost; on either gold or 
platinum the hydrogen atoms are situated outermost, so that the positive pole of 
the dipole is outermost. This interpretation is qualitatively in agreement with that 
of Verwey and de Boer (24) concerning electrical double layers resulting from 
surface-oxide films on metals and with Suhrmanns explanation (23) of the adsorp
tion of water molecules on platinum. 

Gold, platinum, cold-rolled steel, and aluminum electrodes were coated with 
FEP Teflon and then mounted on a plane circular-rotating stage in the gas chamber 
in such a way that each in turn could become the stationary electrode of a parallel-
plate condenser whose vibrating electrode was an aged, uncoated, aluminum 
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+ 1.2 

RELATIVE HUMIDITY OF NITROGEN ATMOSPHERE (%) 

Figure 4. Effect of varying relative humidity on contact potential dif
ference of aluminum and soft steel 

FEP Teflon-gold reference electrode in nitrogen 

electrode. Thus, surface potential differences between the aluminum surface and 
each of the four FEP Teflon-coated reference electrodes made from different sub
strate metals could be compared quickly under the same atmospheric conditions. 
In comparing the experimental data obtained with the four reference electrodes, 
the graphs were superimposed by plotting the contact potential differences obtained 
at relative humidity < 1% as having the value of 1.0 volt. Figure 5 shows the 
resulting plot of the change in the contact potential difference between the vibrat
ing bare aluminum electrode and each of the four reference electrodes as the 
relative humidity was increased from 1 to 91% and then returned to 1%. The 
resulting spread of the data obtained from the different reference electrodes is 
indicated by the height of the vertical line at each data point. The maximum, 
spread existing between the four reference electrodes varies from 0.010 volt at 1 
to 10% R.H. and 0.02 volt at 90% R.H. Within these limits of uncertainty, the 
results obtained with the different reference elecrodes all agreed. Hence, unless 
one must deal with studies lasting longer than a few days, any of the resin-coated 
reference electrodes can be used. Where longer runs or more reactive gaseous 
environments are involved, it would obviously be better to use as the substrate 
metal of the reference electrode an unreactive metal such as gold. 

Effect of Varying Nature of Gas 

A bare platinum electrode was cleaned as previously described and then 
allowed to come to adsorption equilibrium with air in the gas chamber. When 
dry nitrogen was passed through the chamber, the potential difference between 
the platinum surface and the F E P resin-coated electrode increased rapidly, 
reaching an equilibrium value 0.5 volt higher in approximately 2 hours. Dry 
oxygen was then introduced into the chamber and the surface potential of the 
platinum decreased to a steady-state value of + 0.2 volt relative to the reference 
electrode (see Figure 6). This system was allowed to remain in that condition 
for 24 hours, during which time there was only a 20-mv. increase in the contact 
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RELATIVE HUMIDITY OF NITROGEN ATMOSPHERE (%) 

Figure 5. Effect of varying relative humidity on contact potential dif
ference of aluminum relative to gold, platinum, aluminum, and soft 

steel coated with FEP Teflon resin in nitrogen 

potential. Dry nitrogen gas was again introduced, and the potential returned 
to a value only 20 mv. less than the previous equilibrium value for nitrogen. 
Additional cycling of the oxygen and nitrogen gas showed a continuing departure 
from equilibrium values after each cycle, the cause of which could be (1) long
time changes in the aging of the bare platinum electrode, (2) long-time changes 
in the aging of the reference electrode, and (3) the effect of trace materials in 
the gases used; in all probability, the first is the main cause. 

A bare platinum electrode was coated with a close-packed monolayer of 
n-octadecylamine by retraction from the molten crystal compound (2). The 
contact angle of methylene iodide with the monolayer was 68° to 7 0 ° , which 
should be true if the film was close packed. This film-coated electrode was used 
with the F E P resin-covered gold electrode in the experimental sequence described 

LU +0.4 ι 1 

TIME (HOURS) 

Figure 6. Contact potential difference of platinum 
and platinum coated with monolayer of octadecyl-

amine 

FEP Teflon-gold reference electrode in nitrogen and oxy
gen gases 
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above—i. e., the cycling from air to nitrogen to oxygen, etc., was repeated. The 
results are also given in Figure 6. The behavior is very much like that exhibited 
by the bare platinum electrode. The only differences were that in this experi
ment the maximum change in the contact potential was a few hundredths of a 
volt less than in the former experiment. This shows that the octadecylamine is 
quickly penetrated by the nitrogen and oxygen gases, and that an adsorbed mono
layer of the amine can greatly alter the work function of platinum. 

A similar experiment was carried on with the same electrodes in an atmos
phere of nitrogen gas whose relative humidity was cycled from an initial value 
of 75% to less than 1%, back to 75%, back to less than 1%, and finally back to 
75%. The entire experiment required 56 hours. Figure 7 shows that for both bare 
platinum and platinum coated with a condensed monolayer of octadecylamine, 
the changes in contact potential are almost reversible. But again, as in the case 
of the behavior of the dry nitrogen and oxygen gases shown in Figure 6, the 
adsorbed amine monolayer was quickly penetrated by the water vapor, and the 
maximum potential change observed in the cycling of the relative humidity was 
greatest with a bare platinum electrode. 

TIME (HOURS) 

Figure 7. Effect of varying relative humidity on contact 
potential difference of platinum and platinum coated with 

monolayer of octadecylamine 

FEP Teflon—gold reference electrode in nitrogen 

In another experiment the contact potential difference of clean bare platinum 
was examined against bare gold in an atmosphere varying from nitrogen to hydro
gen and then to helium, as indicated in Figure 8. When the hydrogen was 
introduced into the chamber, the potential difference of platinum relative to gold 
rose abruptly about 0.8 volt and then decreased somewhat, probably because of a 
different time rate in the mechanism of adsorption on the two metal surfaces. 
When helium was introduced into the chamber, there occurred a slight sudden 
rise followed by a rapid fall. In another similar experiment both electrodes were 
coated with F E P resin. An essentially similar effect was observed. These experi
ments prove that hydrogen and helium are able to penetrate the resin coatings 
rapidly to adsorb on the underlying metals. Furthermore, the almost equal 
magnitudes of the changes in contact potential reveal that the surface coverage 
by either the adsorbed hydrogen or helium gas is not very different on resin-coated 
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metal than on bare metal. The nearly complete reversal of the electrical effect of 
hydrogen by helium demonstrates that the electrical effect of introducing each 
gas is not an electrostatic charging of the resin such as occurs when a liquid comes 
in contact with the dielectric surface during cleaning procedures. 

0 4 8 ^ 24 28 32 
TIME (HOURS) 

Figure 8. Contact potential difference of platinum 
relative to gold with and without FEP Teflon resin 

coating in hydrogen and helium gases 

Electrical Study of Durability of a Solid Monolayer 

When a drop of pure molten octadecylamine is placed on a polished, hori
zontal, platinum surface, the excess material spontaneously retracts, leaving a 
close-packed adsorbed monolayer, the outermost portion of which is comprised of 
close-packed methyl groups. However, a large flat drop of the molten amine can 
be deposited on the horizontal surface of the metal, and on cooling an adherent 
solid layer remains. One can then employ the technique so frequently used by 
Hardy (11) to prepare a monolayer—i. e., the excess above a monolayer is rubbed 
off the surface by polishing it vigorously with clean, grease-free, paper tissue. 
Many investigators questioned whether or not a condensed monolayer is obtained 
by this procedure. Levine and Zisman (15) have shown that if a fatty acid or 
amine contains 14 or more carbon atoms per molecule, the film adsorbed by 
retraction from the melt is solid at 20° C. and possesses such great durability that 
repeated rubbing under loads much greater than 100,000 p.s.i. may cause no 
significant film damage. They also concluded that Hardy's method of wiping 
down an excess deposit on a metal to form a monolayer is reliable only for a polar 
compound which adsorbs as a solid monolayer. 

A series of measurements was made in the air (at about 50% R.H.) 
of the contact potential difference between a platinum plate coated with molten 
octadecylamine, which was then allowed to solidify, and an F E P resin-coated 
gold reference electrode. After each measurement of the contact potential 
difference, the platinum electrode was wiped vigorously with a clean tissue to 
remove as much as possible of the octadecylamine. The results of a succession of 
such measurements and wipings are given in Table I. Whereas the first wipings 
caused a large decrease in the contact potential difference, no significant change 
occurred after a succession of six wipings. The entire experiment lasted 30 
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Table I. Electrical Evidence of Durability of Solid Monolayer 

Active electrode. Platinum coated with bulk C i 8 amine 
Reference electrode. Gold with FEP resin coating 
All measurements at 23° G. and 50% R. H. 

Contact Potential 
Wipe No. Difference, Volts 

0 1.031 
1 0.899 
2 0.878 
3 0.893 
4 0.897 
5 0.884 
6 0.892 

minutes, during which any long-term drift in the electrodes would be only a few 
millivolts. The explanation is that the first wiping removed all of the octadecyl
amine in excess of a solid monolayer. The remaining adsorbed monolayer 
exhibited a contact angle of 68° with methylene iodide, proving it was a close-
packed film, and it resisted further removal by vigorous wiping with a tissue; 
hence, no change in the surface potential resulted. The electrical measurements 
give a most convincing verification of the great durability and fully oriented nature 
of a condensed monolayer of n-octadecylamine. 

Effect of Varying Polar Terminal Group of Adsorbed Solid Monolayer 

Contact potential differences between gold (or platinum) and a reference 
electrode change greatly by the adsorption of a solid monolayer of octadecylamine 
and with the nature of the polar terminal group of the paraffinic compound. 
Clean bare gold (or platinum) was allowed to come to equilibrium in a dry 
nitrogen atmosphere (R.H. <1%), and the contact potential difference was 
measured relative to an F E P resin-coated gold electrode. The bare metal electrode 
was coated by the melt retraction method with a condensed monolayer of one of 
the following pure compounds: n-octadecylamine (m.p. 80° C ) , docosyl alcohol 
(m.p. 58° C ) , and stearic acid (m.p. 69.8° C ) . That each monolayer so 
deposited was close packed is attested by the contact angle of methylene iodide of 
67° to 68° (22) for each film on gold and 68° to 70° for each film on platinum. 
Finally, the equilibrium potential difference between the monolayer-coated metal 
and the reference electrode was measured in the dry nitrogen atmosphere. The 
change in the contact potential caused by the adsorbed organic monolayer, which 
is denoted by A V m e l a l , is given in the second and third columns of Table II. 

Table II. Effect of Varying Polar Terminal Group in Condensed Adsorbed 
Monolayer 

All data taken at 23° G. in nitrogen (1.0% R.H.) 

Adsorbate 

C H 3 . ( C H 2 ) 1 7 . N H 2 

CH3(CH2)2o · G H 2 . OH 
GH 3 (GH 2 ) 1 6 .GOOH 

Caused by Monolayer Adsorption, Volts 

AVon Pt 

0.830 
0.460 
0.130 

AV on Au 

0.790 
0.390 
0.049 

On water 
atpH8.2 

0.710 
0.430 

On water 
atpH 2.5 

0.635 
0.430 
0.355 

Dilute 
Solution 
Dipole 

Moment, 
Debyes 

1.2 
1.6 
1.7 

Measurements of A V m o ( a l were reproducible in independent experiments within ± 
20 mv. For purposes of comparison, the value of AV for a condensed monolayer 
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adsorbed at the water-air interface at pH 8.2 and p H 2.5 are given in the fourth 
and fifth columns, respectively (2, 13). In the sixth column will be found the 
literature value of the dipole moment (μ) of each compound as measured in dilute 
nonpolar solvents. 

Nearly identical contact angles are exhibited by these monolayer coatings, 
and the results of Chapman and Tabor's electron diffraction studies of retracted 
monolayers (5) also agree in concluding that the packing of the molecules in 
these films varies by not over 5% with the nature of the polar group. Therefore, 
the large changes in A V m e t a l , in Table II, going from the amine to the alcohol and 
then to the acid, must be caused by variations in the dipole moments of the fatty 
molecules or by their interactions with or polarization by any underlying previ
ously adsorbed water molecules. It is obvious that A V m e t a I is not proportional to 
the dipole moment (μ). Differences in dipole orientation do not appear to explain 
the variations in the second and third columns of Table II, because Brockway and 
Karle (3) and Chapman and Tabor (5) have shown that these retracted films have 
nearly perpendicular orientation. It is concluded that there must have been 
an interaction of the adsorbed dipole with the water, or the oxide coating the 
metal substrate. In comparing A V m e t a l with A V H 2 ( ) of the same condensed film on 
bulk water, one would expect that the appropriate p H would be around 9 for the 
amine and around 2 for the fatty acid, because at these values the adsorbed 
molecules are not dissociated. The AV value for octadecylamine on water of 
0.710 volt is not far from that of 0.790 on gold and 0.830 on platinum. The dis
crepancies may be understood if under these conditions of low relative humidity, 
gold and platinum adsorb only one or a few monolayers of water; if so, the polariza
tion of such a thin film of adsorbed water would not be quite the same as that of a 
layer of bulk water. 

The consistently lesser value of A V m e t a l for gold than platinum, which was 
observed for each of the three fatty adsorbed compounds, may be due to differ
ences in: (a) the amount of adsorbed water on platinum and gold, (b) the surface 
oxidation of platinum and gold, or (c) the induced polarization of the terminal 
group of the monolayer by the electrostatic field of force emanating from each 
metal. Probably (a) and (b) are somewhat related. However, the differences 
observed may not be significant in the case of docosyl alcohol, for the AV values 
of 0.460 for platinum and 0.390 volt for gold are in fair agreement with the 0.430 
volt reported for the same monolayer adsorbed on bulk water. Since it is not 
evident why there should not be induced polarization of the alcohol by the local 
field of the metal, this is good reason for concluding that (a) and (b) are the 
important factors here. It is presumed that the value of AVR^0 for stearic acid on 
bulk water is zero at alkaline p H because the sodium salt has been formed, and it 
is 0.355 volt at p H 2.5 because dissociation of the carboxylic acid has been pre
vented. The much lower values of A V m e t a l for the fatty acid film on platinum and 
gold than on acidified water are evidence that some of the stearic acid molecules 
have reacted with active portions of the oxidized surface to form a soap, the effect 
being greater on gold than on platinum. 

Discussion 

As might have been predicted from the B E T theory (4), the shape of the 
right-hand portions of Figures 1 and 3 is suggestive of the polymolecular con
densation of water on the bare metals at R.H. values above 60%. A notable fact 
is the slight effect of varying the relative humidity when it is in excess of 1% but 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

01
2

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



112 ADVANCES IN CHEMISTRY SERIES 

less than 60%. The data of Figure 2 demonstrate that during the adsorption of 
water on a freshly formed metallic surface, there is an extremely rapid change in 
the contact potential difference. A significant portion of this change must have 
arisen from the adsorption of water present in the atmosphere used. It can be 
concluded that the effect of atmospheric humidity on the contact potential is 
relatively minor over the relative humidity range between 1 and 60%, becomes 
large because of monomolecular adsorption when the relative humidity is less than 
1%, and becomes large again when the relative humidity exceeds about 60% 
because of the polymolecular condensation of water. 

Attention is called to the small positive slope of the graph in Figure 3 and the 
slight negative slope in Figure 4. These results reveal that it is possible to chose 
a pair of metals (like gold against iron) such that the net effect of varying the 
relative humidity is negligible over the range between 1 and 60%. 

The irreversible effects exhibited in Figures 1, 3, and 4 are undoubtedly caused 
by surface changes with the aging of each metal which are not primarily due to 
water adsorption—i.e., the shift after completion of a hysteresis loop as in Figures 
3 and 4 is about that which would be obtained from the change in the contact 
potential with the aging of the bare metal even in an atmosphere of constant 
relative humidity. The implication of these results is that the adsorption of water 
occurring between 1% R.H. and higher values is reversible, and the hysteresis 
loops found are due to oxidation or other types of change going on at the metal 
surfaces besides water adsorption. 

An explanation is needed as to why the adsorption of water vapor on bare 
aluminum and soft steel, on the one hand, and on bare gold and platinum, on the 
other hand, has opposite effects on the contact potential differences. It is con
cluded that the water molecules adsorbed as dipoles on the first two metals are 
adsorbed with the negative pole outermost; on the latter two metals the water 
dipoles absorb with the positive pole outermost. This behavior is in agreement 
with the conclusions reported by others. 

In a recent investigation by Fowkes (7) the reference electrode used was a 
plate of gold covered by a layer of a naphthenic, white mineral oil which had 
been freed of trace polar impurities by treatment with activated silica gel. In 
effect, the inert electrode coating used was a surface essentially comprised of 
methyl and methylene groups. Hence it should behave like a reference electrode 
whose critical surface tension of wetting is between 22 and 32 dynes per cm. 
The advantage of this coating is its ease of preparation and freedom from surface 
cracks and imperfections; the disadvantage is the greater adsorptivity of such a 
surface than that of a stéarate multilayer or of the perfluororesins described here. 
Gottlieb (10) has recently used a reference electrode of platinum covered with 
the organic solvent being used in the solution adsorption experiments. Such a 
reference electrode would appear to have few advantages and many disadvantages 
for most investigations of contact potentials. 

The low surface energy of F E P resin coatings makes this substance particularly 
inert to the adsorption of many gases and vapors, including water vapor. Of 
course, the physical adsorption of gases or vapors can be forced to occur even on 
a low-energy surface, if those chosen are studied at a temperature close enough 
to the critical temperature (or to the boiling point). If one excludes such con
ditions, the new reference F E P resin-coated electrodes described here make it 
possible to investigate experimentally the adsorption of compounds on solid and 
liquid surfaces under a wide variety of conditions. 
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The Mechanism of Oxygen Chemisorption on Nickel 

H. E. FARNSWORTH and H. H. MADDEN1 

Barus Physics Laboratory, Brown University, Providence, R. I. 

Low-energy electron-diffraction and photoelectric 
work-function instruments are combined in a 
single experimental tube. An atomically clean 
(100) surface of a nickel crystal is subjected to 
controlled exposures of oxygen at 25° and 150° 
C. Adsorption occurs initially in an amorphous 
molecular form. Some of the adsorbed molecules 
diffuse over the surface to lattice-defect sites, 
where they dissociate. The resulting atoms form 
in a lattice structure surrounding the defect site. 
With increased exposure to oxygen, a place ex
change between some oxygen and nickel atoms 
occurs to form a single-spaced, simple structure 
with a lattice constant slightly greater than that 
of nickel. This place exchange immediately pre
cedes, in exposure, the formation of the oxide 
structure with a lattice of the rock salt type. 

ι η recent years, conflicting opinions have been expressed concerning the detailed 
steps in the chemisorption process. While it is generally agreed that the ad

sorbed molecule eventually dissociates, there have been questions concerning the 
steps that precede this dissociation, even though conditions vary greatly with the 
materials being considered. 

During the last three years we have obtained additional information in sup
port of our tentative conclusion that oxygen is initially adsorbed on a (100) nickel 
surface at room temperature in a molecular form (3). These results indicate that, 
following adsorption, some of the oxygen molecules diffuse over the surface to 
lattice-defect sites where they dissociate, and the resulting atoms form in a lattice 
structure surrounding the defect site. When the adsorbed oxygen reaches a suffi
cient density, a place exchange between some oxygen and nickel occurs. Further 
exposure, or in some cases a rearrangement, results in the formation of an oxide 
structure of the rock salt type. 

The observations have been made with a low-energy, electron-diffraction tube 
which has provision for measuring the photoelectric work function, φ, under the 
same surface and vacuum conditions. Thus, in addition to obtaining the surface 

1 Present address, Department of Physics, Wayne State University, Detroit 2, Mich. 
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structure by diffraction, observation of φ furnishes a measure of surface polarization 
and exchange processes. An increase in φ is to be expected when oxygen is chemi-
sorbed on the surface; a decrease, if oxygen penetrates the surface. 

Figure 1. Diagram of experimental tube 

C. Collimator of gun 
D. Shielding drum 
E. Electron collector 
F. Gun filament 
L. Direction of incident ultraviolet light 
M. Crystal mounting 
XV. Silica window attached to horosilicate glass envelope with 

a graded seal 

Apparatus and Procedure 

The general features of the experimental tube ( Figure 1 ) are similar to others 
used in this laboratory for low-energy electron diffraction, with added provisions 
for measuring the photoelectric work function, φ. The diffraction apparatus has 
been described (2). 

A narrow beam of electrons strikes the crystal at normal incidence and the 
diffraction pattern is determined by measuring the current to an electron collector 
whose position may be varied by means of an external magnetic control. The crys
tal may be withdrawn from the diffraction position, to be cleaned by argon ion 
bombardment and heat treatment. The crystal is held by tungsten springs against 
the end of molybdenum cylindrical mounting which had been preoutgassed in 
vacuum. A thermocouple measures the temperature of the molybdenum mounting 
which is heated by electron bombardment, and the crystal is heated by conduc
tion through a good thermal contact. Optical pyrometer tests show that the tem
perature of the crystal is less than 30° C. lower than that of the mounting at 750° C. 

For measurements of φ, ultraviolet light from a quartz mercury arc passes 
through a quartz monochromator, silica lens, and window, and is focused onto the 
crystal at an angle of incidence of about 45° . The saturated photocurrent is col
lected by the surrounding metal drum to determine φ by the Fowler method (4). 
A vacuum thermopile measures the light intensity. Photoelectric and diffraction 
currents are measured by a vibrating reed electrometer. Ultra-high-vacuum tech
niques are employed, which result in residual pressures of less than 10~9 mm. of Hg. 

Cleaning the crystal surface by a combination of heating at 800° to 900° C , 
argon ion bombardment, and subsequent annealing results in a close approximation 
to an atomically clean surface with the exposed surface composed predominantly of 
(100) planes (2). By varying the amount of annealing subsequent to ion bom-
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bardment, the number of lattice defects can be altered. The "small" anneal con
sists of heating the crystal to about 350° C. (thermocouple temperature) in 3 or 4 
minutes, then cooling to room temperature by radiation and conduction. The 
more complete anneal consists of heating the crystal at 750° C. for at least 30 
minutes, after which the heating power is gradually reduced to zero during 1 hour. 

The control and determination of gas pressure and the method of observation 
for different gas exposures are similar to those described previously (3). 

Results and Discussion 

The following observations furnish evidence of molecular adsorption. 
1. As oxygen adsorbs on the nickel surface, the intensity of the diffraction 

pattern from the nickel lattice decreases, because of the low penetrating power of 
the electrons and the high scattering power of the adsorbed oxygen. In Figure 2 
are shown certain characteristic diffraction beams in the form of colatitude curves. 

ι 1 / / 
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Figure 2. Colatitude curves of diffrac
tion-beam current against colatitude angle 

for five typical diffraction beams 

1. Clean nickel lattice in (110) azimuth at 
27 volts. Multiply current scale by 10 

2. Clean nickel httice in (100) azimuth at 
56 volts. Multiply current scale by 20 

3. Double-spaced, face-centered tottice of 
chemisorbed oxygen in (110) azimuth 
at 17 volts. Multiply current scale by 6 

4. Single-spaced, simple-square httice of 
chemisorbed oxygen in (100) azimuth 
at 27 volts. Multiply current scale by 
10 

5. Nickel oxide httice on crystal surface in 
(110) azimuth at 22 volts. Multiply 
current scale by 5 

3, 4, 5. Obtained after oxygen exposure at 
room temperature 
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Figure 3. Peak current vs. log10 (pressure X time) for five diffraction beams 
shown in Figure 2, after argon ion bombardment of crystal surface followed by 

anneals 
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Figure 4. Peak current vs. log10 (pressure X time) for five diffraction beams 
shown in Figure 2, after intermediate anneal 

Exposures at temperatures indicated 

The intensities of these five beams, as represented by the peak maximum corrected 
for background, are plotted in Figure 3 as a function of exposure to oxygen. The 
rate of decrease of the beams from nickel with increasing exposure is approximately 
the same for a surface which has been well annealed as for one which has received 
a small anneal after ion bombardment cleaning. (The initial increase of the 57-volt 
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118 ADVANCES IN CHEMISTRY SERIES 

beam for the small anneal is attributed to an annealing effect of the crystal.) In 
both cases these beams are extinguished by an exposure of about 10 - 4 mm. of Hg 
X minutes. However, the diffraction patterns from the gas lattice structures on 
the surface with the small anneal are much more intense than those from the gas 
lattice structures on the well annealed surface, because of the different defect 
densities in the lattices. If the extinction of the pattern from nickel were due to 
the presence of the gas lattice structures, one would expect a greater rate of extinc
tion for the surface having a small anneal. Since this is not the case, it appears that 
the major part of the extinction is due to an amorphous structure on the surface, 
which is independent of the defect density. 

-4 -3 -4 -3 
LOG.o (PRESSURE X TIME) IN MM. HG-MIN. 

Figure 5. Changes in beam intensity 
(dashed lines) caused by allowing crystal to 
remain in vacuum several hours after expo

sure to oxygen 

Multiply ordinate scales by 2 to obtain intensi
ties of curves Β 

A. 17-volt diffraction beam in (110) azimuth 
from double-spaced, face-centered struc
ture 

B. 27-volt diffraction beam in (100) azimuth 
from single-spaced, simple-square structure 

C. In set 3, 22-volt diffraction beam in (110) 
azimuth from NiO structure 

2. Intensities of the diffraction patterns from gas lattices formed at 150° C. 
are considerably greater than those formed at 25° C , as shown in Figure 4. How
ever, the rates of extinction of the diffraction patterns from the nickel lattices are 
approximately the same in the two cases. Thus, these results lead to the same 
conclusion as in 1. 

3. Changes occur in diffracted beam intensity with time of standing in vac
uum subsequent to various oxygen exposures. Figure 5 shows several plots of 
peak diffraction beam current as a function of log 1 0 exposure. The curves in sets 1 
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FARNSWORTH AND MADDEN Oxygen Chemisorption on Nickel 119 

and 2 show increases, 7, in beam intensities of gas structures which have occurred 
as a result of conversion of the adsorbed amorphous molecular oxygen into atomic 
oxygen in a lattice structure. The curves in set 3 show two increases and two de
creases in intensity—Il9 I2 and Dlf D 2 , respectively. Decrease D1 and increase Jj 
represent a conversion from one lattice structure to another. Decrease D 2 and in
crease 7 2 represent a conversion from the place exchange structure to the oxide 
structure. Tests show that these changes are not due to adsorption from the resid
ual ambient. Earlier observations (4) were less detailed and failed to note these 
changes in intensities with time in vacuum. 

Curves 1 and 2 of Figure 6 show that the electron energy, corresponding to 
the maximum development of the beams from the nickel lattice, changes with the 
amount of oxygen exposure. However, the diffraction angle also changes in a way 
such that the plane grating formula is satisfied without a change in the surface 
lattice spacing. This indicates that the crystal inner potential is altered by the 
exposure to oxygen, but the surface lattice spacing is unchanged. 

Curve 3 in Figure 6 shows how the photoelectric work function, φ, of the 
crystal (after a small anneal) changes with exposure to oxygen over the range of 
exposures from 0 to that necessary to form an oxide. The initial increase in φ 
due to adsorption is followed by a broad maximum and a subsequent rapid de
crease due to oxide formation. Because of the large value of φ in the region of 
the broad maximum, the accuracy is low. Although it is impossible to determine 
the exact exposure at which φ begins to decrease, this decrease occurs at exposures 
too small for the formation of the oxide. 

-5 -4 
LOG | 0(PRESSURE X TIME) IN MM.HG-MIN. 

Figure 6. Work function and maximized 
diffraction beam energy vs. log10 (pressure X 

time) 
1, 2. Peak voltage for beams from nickel lat

tice vs. logm exposure (small anneal) 
3. Work function vs. logio exposure (small 

anneal ) 
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The results of more precise observations over a small range of exposure, in 
the region just preceding oxide formation, are shown in Figure 7. φ is decreasing 
in the exposure range of the intense single-spaced, simple-square (s-s, s-s) struc
ture which just precedes the formation of the oxide structure. This suggests that 
a place exchange occurs in the exposure range preceding oxide formation and that 
the intense s-s, s-s structure is due to this exchange. Additional evidence of this 
exchange is furnished by the observation that the lattice constant of this structure 
is 2 to 5% greater than that of clean nickel. 

Although the Fowler method of determining the work function does not apply 
to semiconductors, the experimental data fit the theoretical Fowler curve for all of 
the surface conditions preceding the oxide formation, indicating that for these 
observations the surfaces formed by both adsorption and place exchange exhibit 
the characteristics of a metal. When nickel oxide forms, the data fail to fit the 
theoretical curve, as would be expected for a semiconductor. The estimated value 
of φ for the oxide was obtained by fitting the experimental points near the high 
frequency end to the curve, since it has been found in this laboratory ( 1 ) that the 
values of φ thus obtained for germanium and silicon are near those obtained by 
using the contact potential difference method. Although the value of φ tor the 
nickel oxide is only approximate, we believe that the trend of the change in ψ 
is reliable. 

τ - ! 

-200 
> 

I ο. 5.5-

-150 

Φ FOR CLEAN SURFACE" 

5.0-

-100 

4.5-

-50 

/ 
y, 

1 1 

4.0-

\ 
-5 -4 

> 

L0G l 0 (PRESSURE X TIME) IN MM.HG-MIN. 

Figure 7. Work junction and peak diffrac
tion beam current vs. log10 (pressure X 

time) 

1. 
2. 

3. 

Work function vs. logw exposure 
Intensity of 27-volt beam from single-
spaced, simple-square structure as function 
of logio exposure. Multiply ordinate scale 
by 4 
Intensity of 22-volt beam from nickel oxide 
lattice as function of log io exposure 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

01
3

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



FARNSWORTH AND MADDEN Oxygen Chemisorption on Nickel 121 

Literature Cited 

(1) Dillon, J. Α., Jr., Brown University, private communication. 
(2) Farnsworth, H. E., Schlier, R. E., George, T. H., Burger, R. M., J. Appl. Phys. 29, 

1150 (1958). 
(3) Farnsworth, Η. E., Tuul, Johannes, J. Phys. Chem. Solids 9, 48 (1959). 

(4) Fowler, R. H., Phys. Rev. 38, 45 (1931). 

RECEIVED May 9, 1961. Work assisted by the Office of Ordnance Research [now Army 
Research Office (Durham)], U. S. Army. Figures 2, 3, and 4 taken from a paper by 
Farnsworth and Tuul. (3). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

01
3

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



Some Surface Properties of an Artificial Halozeolite 

Examination of the Contributions of Dispersion and 
Electrostatic Terms to the Heat of Adsorption on Aluminosilicates 

PETER CANNON 

General Electric Research Laboratory, 
Schenectady, Ν. Y. 

An artificial halozeolite was prepared by a hetero
geneous substitution reaction. The surface behav
ior of the material was studied, and the molar 
integral heat of adsorption of argon thereon was 
determined at Τ = 83.8° Κ. The results are simple 
but differ from the usual class of results obtained 
with zeolites, especially at low coverage. The low 
early values of the integral heats are accounted 
for on the basis of pure dispersion (r-6) interactions 
between the host and the sorbate: The subse
quent values correspond to the self-interactions of 
the argon atoms, as in the case of the unsubsti-
tuted material. The salient difference in the low 
coverage results arises from the nonavailability 
of Ca+2 ions in the halozeolite. The general ques
tion of the correlation of observed thermody
namic quantities with the various dispersion and 
electrostatic forces is discussed. 

• η physical adsorption involving simple binary elementary systems, the observed 
interaction energies are properly and simply accounted for by the attractive 

dispersion forces existing between the particles of the two phases at the interface. 
Since these forces involve primarily the medium-range (3 to 7A.) forces between 
outermost or valence electrons, it is also possible to estimate the forces between 
species in which the L C A O approximation is valid, or in which one or other of 
the phases may be treated as a semi-infinite electronic continuum, provided no 
net charge transfer results from the interaction. It is unfortunate that such 
approximations fail in some of the most interesting and technically rewarding cases, 
especially where the adsorbent is a complex aluminosilicate. This complication is 
due to the presence of cations, necessary to compensate for the electric charge 
imbalance produced by the presence of tetrahedrally bound aluminum in the 
lattice. 

122 
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CANNON Artificial Halozeolite 123 

One approach to the problem is to regard the lattice as equivalent to an 
incompressible geometric form, and to think of the sorbate as being contained in 
an equivalent potential box. On this basis, the charge-compensating cations may 
be neglected, and from this model, one may obtain a fairly accurate idea of the 
change in heat content of the sorbed phase with respect to concentration. This 
approach has been used successfully by Barrer and Stuart (2) and by Kington 
(10) and has been applied by the author (6) to explain the changes in enthalpy 
of the sorbed phase at high coverage. However, it is not an adequate treatment 
at low coverage, especially when the sorbate is composed of particles sufficiently 
small to "resolve" or be severally affected in different ways by the different com
ponents of the lattice (9). This type of effect also appears to be responsible for 
the decomposition of some sorbates by bare aluminosilicate lattices (4, 5). 

The question of which lattice components to include in the interpretive 
analysis reduces to the experimental problem of comparing systems of similar 
geometry but which contain different species in the lattice—e.g., Ge or Th in 
substitution for Si (1 ); S or F in substitution for Ο or O H , and say 2Na+ for 
l C a + 2 . The effect of change of cation is well known. In limiting cases it modifies 
the Molecular Sieve effect in zeolites. For host substituents, the availability of 
suitable systems is limited. The present work offers a comparison between a 
normal aluminosilicate and the same species after subjection to a substitution of 
halogen for oxygen and hydroxyl. 

Experimental 

A difficulty in running substitution reactions with these materials is that it is 
easy to destroy the geometry of the lattice, especially when acid sites are created, 
even, temporarily, in the lattice. Thus, when CHC1F 2 is sorbed by the zeolite 
Calcium A (4), a marked increase in amorphous background is found when the 
solid is examined by x-ray diffraction (5). The reaction employed here therefore 
involved a fully substituted halomethane, CF 2 C1 2 . Zeolite Calcium A sorbs CC1 2 F 2 

30°C. I50*C. 
1 

TEMPERATURE 

300 #C. 350#C. 350 eC. 
—I - H — 

350 eC. 
—I 

-20/1-
PRESSURE 

ZOjS 

NO FURTHER CHANGE 

10 15 
TIME-MINUTES ELAPSED 

20 25 

Figure 1. The endotherm for Zeolite A-CCl2F2 
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124 ADVANCES IN CHEMISTRY SERIES 

slowly, equilibrium at any particular initial dose being reached in 12 to 48 hours 
(5). The equilibrium uptake is similar in terms of liquid volume sorbed to that 
for many other species, but attempts to remove the sorbate by simply pumping it 
off are unsuccessful. The effect of raising the temperature [as followed by a con
tinuously recording vacuum balance system (8) ] is also negligible, up to a tempera
ture of 2 9 0 ° C. Thereafter, a rapid loss of weight and a considerable gas evolution 
occur (Figure 1). After the temperature has exceeded 350° C. no further weight 
change occurs and it is possible to obtain a high vacuum over the specimen. Since 
the final weight is not the same as the initial weight of bare zeolite, a definite 
chemical reaction has occurred. 

Chemical analysis of the residual material yields the results given in Table I. 
The notable data are the halogen content and the limited availability of the 
calcium for base exchange. Infrared absorption peaks found for the clean and 
reacted material are shown in Table II. The important features are the appear
ance of a band ascribable to Si-F bonds and a shift in an Si-OH band. X-ray diffrac
tion photographs indicate only a small increase in amorphous background and re
tention of the greater part of original pattern. 

Several samples of this material were prepared, mixed, and sampled. The 
chemical analysis of that material used in the experiments described below was 
similar to that given in Table I. 

Table I. Typical Analytical Results for a Halozeolite and Its Parent Type Ca-A 
(Per cent) 

Halozeolite Ca-A 
43.19 
42.40 
14.41 

^6 

Si0 2 41. 3 
A102 37. 2 
Total Ca 12. 1 
Ca (exchangeable at 25°C. 0, .26 

with lJVNaCl) 
Total F 2. 5 
Total CI 6. 3 
Water-soluble F 0. .12̂  
Water-soluble CI 0. .13 
All on ignited samples; weight 

^25°C. 

lost by sample at 25°C. from 
weight in equilibrium with 
summer moist air (RH 85%), 
17.8% 

22.2% 

Table II. Principal Features of Infrared Spectra of Halozeolite and Parent 
Ca-A Frequency0 

(Cm.-*) 
Halozeolite Structure Ca-A Structure 

3600 (s) OH 3640 (s) OH 
2670 (s) 

1640 (m) H 2 0 1630 (m) H 2 0 
1125 (m) 

1010 (s) SiO 1010 (vs) SiO 
920 (vs) 

700 (w) Si-F 

" Spectra of the summer air-equilibrated halozeolite were obtained from KBr pelletized 
samples containing 0.2 to 2% (w./w.) of sample. The absorption bands were very broad, 
making it difficult to define the maxima. Data for the parent substance are from Breck 
et al. (3). 
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CANNON Artificial Halozeolite 125 

Adsorption Experiments 

The apparatus, techniques, and primary data corrections used in this labo
ratory have been fully described (7). 

In general, adsorption isotherms obtained with this and other zeolitic sub
strates are of Brunauer's Type I, the simple hyperbolic form also known as the 
Langmuir isotherm. Consequently, the asymptotic limit of adsorption is used 
instead of the value of Vm normally derived from the B E T evaluation of specific 
surface area. It is, of course, not possible to define exact monolayer or multi
layer adsorption in these three-dimensional interconnected pore systems. 

The adsorption of rigorously dried C 0 2 at 29 .6° C. on this halozeolite gave 
a Type I isotherm and a saturation uptake corresponding to a specific surface area 
of 546 sq. meters per gram. This may be compared with 2 = 592 for C 0 2 on 
clean Calcium A. A similar experiment with CHC1F 2 vapor gave an inflected iso
therm (Figure 2), which appears to consist of an early portion which is a simple 
Type I, followed by another portion which corresponds in magnitude to adsorp
tion of the vapor on the outside of the zeolite particles. The second portion is 
not well developed below ̂ 3000 mm., and this type of secondary development 
may be more general than is normally thought, since adsorption measurements 
are rarely made at supra-atmospheric pressures. In this system no decomposition 
of the CHC1F 2 was seen, in marked contrast with the CHC1F 2-Calcium A 
reaction. 

In the C 0 2 case, the adsorption potential (approximately RT\np/p0) was 
lower at any particular value of coverage fraction than in the case involving the 

0.2 

: 0 J 

2500 5000 
eHCIF2 PRESSURE, MM. H g 

Figure 2. Isotherm of CHCIF2 on halozeolite at 29.6° C . 

System fully reversible 
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clean zeolite. Thus, the surface energy of the solid appeared to be substantially 
lowered as a result of the halogenation reaction. 

The adsorption of argon at low temperatures on this halozeolite also confirms 
these observations. The low pressure data obtained at 77.4 and 90.2° Κ are 
shown on Figure 3 and the isosteric heat of adsorption on Figure 4. The high 
pressure data conform to a Type I isotherm. It is immediately evident that there 
is a considerable difference between these results and the type of result normally 
obtained with these solids (we are comparing thermodynamically inexact quantities 
and a direct interpretation of the value of an isosteric heat is not possible). This 
sort of data is best converted into an exact differential or even a molar integral 
quantity (see Figure 5) before attempting analysis. Exceptions to these state
ments occur only at integral values of Θ. 

Discussion 

We may write a total interaction energy between a gas and a solid thus: 

1 2 3 4 5 

argon pressure, microns Hg 

Figure 3. Low pressure isotherm data for argon on 
halozeolite 

Small reversal of slope in 90.2° Κ plot appears reproducible 
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1 1 1 1 1 1 1 1 Γ 

I 

\ 

_J I I L_ 
.02 .04 .06 .08 

ο I ι ι ι ι ι ι ι ι ι I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

COVERAGE FRACTION 

Figure 4. Isosteric heats of adsorption of argon on 
halozeolite and on Ca-chabazite (11) 

Ύ = 83.8° Κ 

where QN is the partition function describing the number of states accessible to 
the system and where β contains T _ 1 . It is also possible to write this equation 
in terms of a sum of the kinetic and potential energies of the system by standard 
statistical mechanical methods. The variation of U (which is a molar integral 
quantity) with respect to the particle concentration, or surface coverage, then 
corresponds to the differential energy of adsorption. The only part of this quantity 
which can change in a nonlinear manner with respect to coverage (if there is no 
phase change in the ad-film) consists of the potential terms, which can be ex
pressed in the integral form for a two-particle (gas-solid) system thus: 

U = kinetic energy + A(^J ' + B(^J * + C^J " + 

where A, B, C, and Ό are constants and ^ is the ratio of average interparticular 
distance to equilibrium separation distance in the bulk case. It is evident that r 
is inversely proportional to the square root of particle density or coverage fraction 
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for a two-dimensional film, and that at large values of (̂ -̂  (low coverage), only 

the terms with the smallest exponent will be significant. 
It is possible to give physical significance to the various power terms. Thus: 

(j-^ contains dispersion-attraction energy plus dipole-dipole attraction. 

(̂ -̂  contains dipole-quadrupole attraction. 

(̂ -̂  contains quadrupole-quadrupole attraction. 

Ç-̂  contains dispersion-repulsion energy. 

As might be expected, there is a very large variation in the magnitudes of 
these terms at some normal or standard concentration. Thus, at a monolayer 
coverage, these terms will have approximate upper limits of ΙΟ 4, ΙΟ 3, 102, and 101 

cal. per mole, respectively, when the induced moments are taken into account 
along with the permanent ones. At low coverages, the relative differences will be 
even greater, and we may expect to be able to account for the observed interaction 
heats on the basis of pure dispersion-attraction and simple dipole interactions. 

The present results fall in line with this picture. If we consider the com
ponents of the lattice which the argon is likely to see, we must include F, F - , CI, 
C l - , 0~ 2 , and Ca+ 2 , though, in view of the stability of CHC1F 2 in this adsorbent, 
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CANNON Artificial Halozeolite 129 

it seems unlikely that any Ca+ 2 ions are in fact exposed. Additional support for 
the nonexposure of Ca+ 2 is gained by the nonappearance of a superlattice x-ray 
diffraction pattern when vapors are adsorbed on the halozeolite. In the case of 
the parent zeolite, the intensification of lines at d ~ 2a0 was interpreted (6) 
on the basis of a migration and ordering of the cations together with the adsorbed 
phase. 

In order to compute the approximate magnitude of the term in r - 6 , it is 
necessary to know the polarizabilities and diamagnetic susceptibilities of the 
components considered in the interaction. Where these could not be found in the 
literature, they were calculated from the Slater average electron orbit radii using 
the relations 

k 

Π (2n* + ;) al 

Ne2 V 
• x 6mc* V 

where ri is the /cth power of the average orbital radius of the ith electron, n { is the 
effective principal quantum number of the shell, Ζ is the atomic number, S { is 
the Slater screening constant associated with the ith electron, and a0 is the Bohr 
radius of hydrogen. 

The values so derived are then used in the well known Kirkwood-Miiller 
expression 

Ε = 6m* - ^ 2 - / d> 
«1 _|_ «2 / 
*1 *2 / 

where subscripts 1 and 2 refer to the two components of the system, and d is a 
characteristic interparticle distance. The values of d used here are the arithmetic 
means of the ionic or atomic radii of the solid component and the van der Waals 
radii of the sorbate in the liquid state. 

The following values are then obtained: 

Ar/F 0.83 kcal./mole 

Ar/F~ 2.2 kcal./mole 

Ar/Ca+2 7.4 kcal./mole 

Since these values are controlled primarily by the state of the outermost 
electron shell, the values for Ar-Cl and A r - C l _ are like those given for F and F - . 
It is immediately apparent that the integral heat of adsorption of argon near 9 = 
0 on our halozeolite is explicable on the basis of an interaction between argon and 
the electronegative components of the lattice, and because of the initially flat 
nature of the heat plot, there is no indication of any interaction with the Ca+ 2 ions. 
The relatively linear increase of the observed heat at higher coverages is apparently 
due to the commencement of Ar-Ar interactions with a normal energy value, 
heightened slightly by the unusual geometry of the lattice. 

2(Z - Si) 
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Influence of a Permanent Electric Moment on the 
Heat of Adsorption of a Gas or Vapor 

So far in this discussion, the contribution of an electric moment interaction 
with an ionic field has been neglected. This is justifiable on the basis of the 
observed results, but Kington and Macleod (II) recently found a correlation 
between a heat of adsorption term and the permanent quadrupole moment of 
the gas involved, and from this correlation they concluded that a major part of the 
energy heterogeneity in adsorption may be laid to the interaction between the 
quadrupole and the position-dependent field gradient in the solid. It is therefore 
necessary to examine this idea in the present context. 

Kington and Macleod's energy term consists of the difference between the 
isosteric heat values observed at two coverages for a variety of gases on a sample 
of chabazite. Since this corresponds to the difference between two (inexact) 
differential coefficients, it is not easy to give this quantity any physical significance. 
These terms were found to give a linear correlation with the quadrupole moment 
of the gas. Assuming for the moment that the heat term does reflect some direct 
measure of the quadrupole-ion field interaction, we may evaluate the magnitude 
of this interaction from the quadrupole moment times the ion field gradient. This 
amounts to approximately the same amount of energy as that in a simple dipole-
dipole interaction. This part of the dispersion interaction energy between an ion 
of charge Ch and a (nonpolar) molecule a is given by the second term in the 
equation 

C0
2aa 3aaocbhv0 

φ 

For monopositive ions and the gases Ar, H 2 , 0 2 , N 2 , and C 0 2 , the second term is 
between 18 and 60% as large as the first, which corresponds to the ion-induced 
dipole interaction. For bipositive ions, the contribution of the second term is 
only 5 to 15% that of the first. Thus, although the ion-quadrupole interaction 
is not negligible, it is small compared with the total. The pure quadrupole-
quadrupole interaction is of course a much smaller contribution. The absolute 
maximum magnitude of the second term above is about 1300 cal. per mole for 
any of the above combinations ( C 0 2 and Li+) and the minimum value is about 
700 cal. per mole ( H 2 and K+ ). 

For argon-Ca+2, the only case to be considered in the present study, the 
appropriate value of field-quadrupole interaction is approximately 1300 cal. per 
mole, but the ion-induced dipole-ion field interaction is nearly 6000 cal. per mole, 
the sum of both being directly comparable with the value derived earlier for 
this pair from the Kirkwood-Miiller expression. Since one may resort to complex 
reasoning for interpretive purposes only if a rationale cannot be achieved with 
simple truths (12), it is evident that we cannot a priori use the ion-quadrupole 
interaction to explain the results. 

Part of this dilemma may be resolved by considering the earlier remarks re
garding the integral nature of energies evaluated from the above type of calcula
tion. If we are to succeed in correlating these quantities with any of the 
observed data, we might expect to have to use sums rather than differences of the 
isoteric heat values. When this is done, using Kington and MacLeod's data, the 
results are as shown in Table III. 

On the basis of the above equation for the interaction energy of a gas mole
cule with a charged ion, we may reasonably expect a primary correlation to exist 
between the total heat and the polarizability of the gas. This is shown on Figure 
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CANNON Artificial Halozeolite 131 

Table III. Heat Terms Derived from Experimental Data (II) 

Est. Integral Heat = 
(q*to.oi + qsto.zo) _ 2 A H v 

Gas Cal. / Mole Kcal. / Mole 

N 2 1800 2.60 
0 2 560 1.14 
Ar 420 1.18 
CO 2400 3.6 
C 0 2 4200 8.0 
H 2 1050 1.92 

6, A, and the result is good. The only serious deviation from linearity is with H 2 , 
the PVT behavior of which at low temperatures is subject to large quantum me
chanical effects. Figure 6 also shows a fair correlation, B, between the total heat 
and a term a/d2, where d is as defined earlier, this term corresponding to the 
energy involved in field-induced polarization. 

(/CO, /o C0 9 

ESTIMATED INTEGRAL HEATS / / 

K CAL / MOLE ADSORBED Α / β / 

[C / / 
/ / 

C 0 c / C O * / 

N 2o / Ν2Δ J 
/ Δ Η 2 / Ο "2 

.Ι
Ο I 2 3 4 5 

A- POLARIZABILITY a , cm? χ Ι Ο 2 4 

Β- a/d l, cm.χ I0 _* ; i 

Figure 6. Correction between integral heats of adsorption and electronic 
polarizabilities for various gases on Ca-chabazite (11) 

Thus, the total ion-induced interaction energies correlate well with the ex
perimental data, when the latter are handled in integral form, and under these 
circumstances, the excellence of the correlation of quadrupole moments with the 
experimental quantities is destroyed. Further, not only do the calculated quanti
ties give a good correlation but they are sufficiently large to account for the esti
mated integral heats. It seems necessary to conclude that although ion-quadrupole 
interactions should not be neglected as a source of energy in adsorption (especially 
where monovalent ions are involved), they cannot be said to control the process, 
even in the case of unsubstituted Ca chabazite, and certainly not in the present 
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case, where the mutual induced-dipole interaction, or r-G dispersion energy, will 
more than account for the observed energy release. 
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Pore Size Distribution of Porous Systems as 
Determined with an Automatic Adsorption 
Apparatus and Digital Computer 

Ε. V. BALLOU1 and R. T. BARTH 

Gulf Research & Development Co., Pittsburgh, Pa. 

An automatic apparatus for the determination of 
nitrogen adsorption and desorption isotherms has 
been used to characterize the pore size distribu
tions of catalytic materials. Automatic operation 
allows either nitrogen adsorption to sample satu
ration, followed by desorption, or successive ad
sorption isotherms on successive samples. Data 
from the isotherms are transferred to punch cards 
for BET surface area and pore size distribution 
calculation by a digital computer. With the use 
of these mechanical and electronic aids, it is 
possible to study the structural effects of catalyst 
preparation techniques, sintering, metal impreg
nation, fluorination, and coking, on a scale hereto
fore practically impossible because of manpower 
and laboratory costs. In this manner, the original 
promise of these experimental and calculation 
methods is being fulfilled in research and develop
ment programs. 

yhe design and operation of an automatic nitrogen adsorption apparatus have 
been described (I). The apparatus depends on the use of mercury pressure 

switches to control the action of electric valves, and thereby to introduce or remove 
unit quantities of vapor to or from the adsorption system. The essential features of 
the gas-handling system are shown in Figure 1. 

The data output of the automatic apparatus is in the form of a pressure-volume 
record on a strip chart. The chart advance and chart pen drive operate in such a 
manner that the relative pressure scale reads horizontally and the volume scale 
reads vertically. The horizontal pen position records the difference in pressure be
tween the vapor in equilibrium with the sample and that in a liquid nitrogen 
thermometer in the sample bath. The chart drive mechanism moves the chart 0.1 
inch for each valve cycle involved in adding, or removing, a unit quantity of 
nitrogen gas. 

1 Present address, Missiles & Space Division, Lockheed Aircraft, Sunnyvale, Calif. 
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TO TO VACUUM MANIFOLD 
MANOMETERS 

Figure 1. Gas-handling system of automated adsorption apparatus 

The resulting chart record contains a point by point representation of each 
dose cycle. The apparatus has usually been programmed to deliver four or five 
consecutive doses, and then wait for equilibration. Only the equilibration points 
are read from the chart. The points on the chart record represent a pressure-
volume relation which has not been corrected for the amount of vapor not adsorbed 
by the sample, the so-called "dead space correction." 

The Barrett, Joyner, and Halenda (2) method of pore size distribution calcu
lation requires data for the volumes of vapor adsorbed at 64 relative pressures, be
tween 0.046 and 0.967. The volume of gas in the system at these pressures may 
be read from a smooth curve drawn through the equilibration points of the chart 
record or may be interpolated mathematically from a set of data points. In the 
procedure used, the pressure-volume points, and other data pertinent to the sample 
and the experiment, are listed in a form convenient to transcribe by key punch to 
IBM cards. The arrangement of the data on the punch cards is determined by the 
particular computer program. In this case, a program of the Barrett, Joyner, and 
Halenda method of pore size distribution calculation had been written for an IBM 
704 data-processing unit. 

Pore Size Distribution Data 

The recorder chart record, and a portion of the data print-out sheet for an 
impregnated alumina sample, are shown in Figure 2. In the chart at the right, the 
nitrogen adsorption record starts at the bottom and proceeds stepwise across the 
chart. The record of the desorption curve then proceeds toward the upper left of 
the chart, inverting the usual representation of the desorption branch of the iso
therm. The desorption process is discontinued before the pressure returns to zero. 
Two sections of the IBM 704 output sheet are at the left of the chart in Figure 2. 
The top section gives the data for the median and average pore radii of the sample, 
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PORE VOLUME DISTRIBUTION FILE NUMBER 12*24 

AVERAGE RP 51·9 

TOTAL PORE VOLUKE 0.4683 

SUM AP 193·5 

2V/A 55.0 

20 - 15. 0. 0. 

IS - 10 0. 0. 

10 - 7 0 . 0· 

Figure 2. Chart record and portion of data print-out on an impregnated alumina 
of medium pore size 

the B E T surface area, and the sum of the pore areas. The bottom section gives the 
pore distribution in both volume per cent and area per cent in 18 pore radius ranges. 

The complete output sheet from the computer contains a more detailed record 
of the calculated pore distribution, as well as the calculated isotherm. The com
plete output sheet for the sample mentioned above is shown in Figure 3. Details 
of the numerical data are not pertinent to this discussion. However, the type of 
data presented is of interest. The following information has been included: 

At the top of the sheet, the sample file number, weight, and other descriptive 
material for the experimental run are given. Immediately below these, are listed 
the cubic centimeters of nitrogen, at standard temperature and pressure, adsorbed 
per gram of sample at the 64 pressure points used in the Barrett, Joyner, and 
Halenda calculation method. 

Below the adsorption isotherm data, the detailed pore size distribution data are 
listed in seven columns. These include the pore radii corresponding to the 64 data 
points, the volume of liquid nitrogen desorbed at each step, the mean pore radii 
corresponding to each of the desorbed decrements, the pore volume per unit change 
in radius (AV/Ar), the cumulative pore volumes at each pore radius, the calculated 
surface area in each of the pore radius steps, and the cumulative pore areas in pores 
larger than each of the listed radii. The print-out sheet is completed with the two 
sections discussed in connection with Figure 2. 
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DEAD VOLUME WEIOMT or 

^ACTM SAMPLE 

210.1 

an. ι 

2*1.1 

ADSOOTION 

1*0.0 

•ooi voiuxt 

0.02» 

0.01SS 

0.02*4 21.*S 

2S.»* 

l l t .T l 

lt».» 

0l*TRltUT|0N 

»0»t RADIUS 

o.ooi* 
0.O0J2 

0.00*** 

0.02»* 
0.015T 

0.0111 

0.0S42 

0.0**1 

0.011» 

0.0*1* 

e.o»jj 

0.0*7* 

W ! VOLUME OISTIIBUTI 

AVERAOE «» 91·* 

TOTAL .ORE VOLUME 0.»«I1 

BET AREA 170.3 

SL0« 0.02* 

ADSORPTION CC PER DOSE 2.012 

0.0»*? 

0.0*·· 

0.07*5 

o.s* 

o.*o 

1S.0* 

u.oi 

"9 

2»··· 

*».»» 

SLOT 
»*.o* 

Figure 3. Complete output data sheet from pore size distribution program on IBM 
704 computer 

Application of Automated Procedure and 
Computations to Catalyst Samples 

Catalyst Impregnation. The adsorption and desorption isotherm record, and 
the essential pore size distribution data for a small pore silica-alumina catalyst, are 
shown in Figure 4. The sample pore size distribution was fairly sharp, in the 15-
and 30-A. radii range, and the median pore radius was 27 A. 
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PORE VOLUME DISTRIBUTION 

AVERAGE RP 26*6 

TOTAL PORE VOLUME 0.6572 

SUM AP 491.9 

2V/A 29.1 

BET AREA 451.6 

SLOPE 0.010 

ADSORPTION CC PER DOSE 2.032 

FILE NUMBER 12437 

PORE VOLUME DISTRIBUTION FILE NUMBER 

PORE RADIUS VOL. PER CENT AREA PER CENT 

300 - 250 0.3 0.0 

250 - 200 0.6 0.1 

200 - 150 0.7 0.1 

150 - 100 0.9 0.2 

100 - 90 0.3 0.1 

90 - 80 0.1 0.0 

80 - 70 0.3 0.1 

70 - 60 0.4 0.2 

60 - 50 1.1 0.5 

50 - 45 0.8 0.4 

45 - 40 1.3 0.8 

40 - 35 2.6 1*6 

35 - 30 4.9 3.5 

30 - 25 17.5 14.4 

25 - 20 50.9 54.2 

20 - 15 17.2 23.9 

15 - 10 Q. 0. 

10 - 7 0. 0* 

Figure 4. Small-pore silica-alumina catalyst before impregnation 

The adsorption and desorption record and calculated data for the same sample, 
after metal impregnation, are shown in Figure 5. The pore volume had dropped 
from 0.66 to 0.43 cc. per gram, the B E T surface area had dropped from 452 to 351 
sq. meters per gram, and the sum of the pore areas had dropped from 492 to 358 
sq. meters per gram. At the same time, the median pore radius showed a small 
decline, from 27 to 24 Α., and the pore size distribution had shifted slightly down
ward. A first step toward interpretation of these findings would be that this par
ticular impregnation technique appeared to coat the surface of the catalyst uni
formly in all size pores. 

Catalyst Fluorination. The adsorption and desorption record and calculated 
data for a silica-alumina catalyst of low alumina content and a median pore radius 
of 78 A. were obtained. This indicated a fairly wide distribution of pore sizes in 
this material. 

Fluorination of this catalyst altered the pore structure in the following way. 
The sample pore volume increased from 0.78 to 1.42 cc. per gram, and the median 
pore radius increased to 154 A. However, the B E T surface area of the sample 
remained close to 228 sq. meters per gram. The total calculated pore area changed 
only from 226 to 216 sq. meters per gram. The surface area had probably de-
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creased per unit particle volume, but remained the same per unit weight of catalyst. 
The data suggest that the fluorination step enlarged existing pores, but did not 
create new pores. 

Catalyst Coking. The adsorption and desorption records and the calculated 
data for a medium pore size, metal-impregnated, natural silica-alumina catalyst 
were obtained. The sample was tested in a pilot process unit until deactivated by 
coking. After coking, the pore volume dropped from 0.51 to 0.13 cc. per gram, the 
B E T surface area dropped from 191 to 48 sq. meters per gram, and the calculated 
pore area dropped from 215 to 62 sq. meters per gram. There was a less marked 
decrease in the median pore radius, from 53 to 40 Α., and the pore size distribution 
in general had shifted to smaller pore sizes. It is difficult to determine from these 
measurements alone how much coke covered the catalyst surface, and how much 
created new surface. Both area and pore volume in pores larger than 50-A. radius 
were practically eliminated by the coking. 

General Application. The results treated above are a few examples of the type 
of catalyst modification which can be determined by nitrogen adsorption and de-
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sorption experiments and pore size distribution calculations. In each case a more 
complete treatment could be made from the detailed pore size distribution results 
at small radius increments. The techniques of nitrogen adsorption and computa
tion described here are not novel, but the use of automated equipment and elec
tronic data processing allows pore size distribution data to be obtained in a routine 
manner, and for a large number of samples. 

Possibilities of Further Automation 

A further step in the application of automatic adsorption apparatus is to run a 
sequence of samples without operator attention. This has been accomplished for 
adsorption data alone, and, in principle, is possible with complete adsorption-de-
sorption data. 

A further step in automation would be to print out the pressure-volume data 
on tape, suitable for automatic transcription to punch cards. The prospects that 
this particular step will be of great value are limited by the slow rate at which 
adsorption and desorption data are accumulated. 

Acknowledgment 
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Sticking Coefficients 

FRANK M. WANLASS and HENRY EYRING 

University of Utah, 
Salt Lake City, Utah 

Absolute reaction rate theory starts with the 
equilibrium concept for the transition state and 
then corrects the calculated equilibrium rate of 
change to nonequilibrium conditions by multiply
ing by a transmission coefficient, Ξ. For the stick
ing of molecules to a surface, the sticking coeffi
cient is just this transmission coefficient. For the 
reverse process, of sublimation or of evaporation, 
the transmission coefficient is likewise required 
to correct the calculated equilibrium rate which 
is in general equal to the sticking coefficient. If 
one regards a condensed phase as a giant mole
cule, then evaporation or sublimation is a special 
kind of unimolecular reaction so that understand
ing such processes illuminates the entire field of 
unimolecular reactions. By taking account of the 
fact that the evaporation of physically adsorbed 
nitrogen molecules on tungsten is competitive with 
passage to the chemisorbed atomic state, the 
sticking coefficient can be explained. With in
creased surface coverage, the nitrogen molecules 
are more loosely held with a corresponding ex
ponential increase in the rate of evaporation. 
Thus an interesting beginning has been made in 
understanding of rates of surface adsorption. 

por reactions such as 

H 2 + I 2 - ^ 2 H I (1) 

the specific rate at which product is formed at equilibrium is very closely the 
specific reaction rate in the absence of products. Thus in the usual expression for 
the specific reaction rate constant 

k ' = vkJL (2) 
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the transmission coefficient, H, which corrects the equilibrium specific rate to non-
equilibrium conditions is almost unity. On the other hand two hydrogen atoms, 
colliding in the absence of a third body, are stabilized to form a molecule only in 
the extremely rare circumstance that quadrupole radiation is emitted. Since 
about every eighth collision between three hydrogen atoms (3) at atmospheric 
pressure yields a stable molecule, a three-body collision is the important method 
for homogeneous recombination. The only factors difficult to estimate fairly 
accurately in Equation 2 are the activation energy, E 0 , which occurs in K 9e, and 
the transmission coefficient, E. Thus in the recombination of atoms or radicals 
where E 0 ^ 0 the only serious uncertainty is in Ξ. Similarly, the adsorption of 
molecules from a surface usually involves little or no activation energy, so that 
again the only uncertainty is in the sticking coefficient, S. S is just the transmission 
coefficient, E, for the adsorption process. 

Understanding the sticking coefficient is not only important for dealing with 
adsorption; it is also fundamental to a proper understanding of the general theory 
of all association reactions. 

Pooh at Equilibrium 

When Equation 2 is written in the equivalent form 

the quantity in parenthesis refers to the activated state and is the partition 
function for the initial state. When the activated complex and the initial state 
are separated in space, they may be subjected to different conditions. Thus in 
homogeneous diffusion or passage across a phase boundary as in sublimation or 
vaporization, the activated complex and reactants may be environments with dif
ferent temperatures, different concentrations, different dielectric constants, etc. 
Thus the question arises as to whether the reactant continually equilibrates with 
its surroundings or whether the activated complex still retains the properties it 
had at the last potential minimum even as it reaches and passes through the transi
tion state. 

The vaporization of a pure liquid or the reverse process, the condensation 
of the liquid, provides an interesting test of this delayed equilibration hypothesis. 
Thus as a hydrogen-bonded molecule, which vibrates in the liquid, separates from 
the surface it frees itself from the potential energy restrictions which prevented 
rotation. However, in so far as the evaporating molecule has insufficient collisions 
with neighbors to equilibrate to the free rotational partition function, fg, of the gas, 
it will retain substantially the partition function, fh of the condensed phase even in 
the activated complex. Consequently for the condensation process the usual 

formula for molecules colliding, . ^ :, per second per square centimeter must 
V 2-7Γ mkT 

be multiplied by the factor fi/fg to give the rate of sticking to the surface. Thus 
fi/fg is the sticking coefficient, S, for liquids (5) in agreement with the available 
experimental evidence. Atoms, which have only translational degrees of freedom, 
do not necessarily stick on each collision with a surface and only every eighth triple 
collision between three hydrogen atoms redistributes energy sufficiently to yield a 
molecule (3). Delayed nucleation on a solid surface or in a solution is another 
example where sticking of atoms may be incomplete. Delayed equilibrium of 
energy in the coordinate joining a nitrogen molecule to a surface may thus decrease 
sticking by another factor in addition to that for rotation. 

(3) 
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Sticking Probability for N2 on Bare Tungsten as a Function of Temperature 

Figure 1 shows the results of two experiments (2, 4) for the temperature-
dependent sticking probability, S, of N 2 on a clean tungsten surface. Curve A 
is drawn through the experimental points obtained by Ehrlich; curve Β is drawn 
through Kisliuk's data. Ehrlich claims his data, in addition to giving temperature 
dependence, is correct to within 5% in magnitude. Kisliuk's data are proportional 
only to S, thereby giving only the temperature dependence. 

It is important to note in Figure 1 that both curves show a decrease with tem
perature, and it should be possible to fît Β smoothly onto A by multiplying by a 
suitable scale factor, possibly as shown by the dashed line. To explain the data 
shown in Figure 1 the temperature dependence of fs/fff is needed. The rotational 
partition function for a diatomic molecule that is free is 

2IkT 
y ~ σ*« 

The rotational partition function for an N 2 molecule bound to a tungsten surface 
is more in doubt, but it would probably have very little temperature dependence 
if the molecule could turn or vibrate on the surface only with difficulty. 

S 

.5 

4 -

.3 -

.2 

.1 

J I I I I I L 
0 200 400 600 800 1000 1200 

Figure 1. Comparison of data on sticking probability, S, of 
nitrogen on tungsten 

It, therefore, might be reasonable for S = const 1 / Γ . At least S now quali
tatively decreases with temperature, as indicated in Figure 1. Further investiga
tion is proceeding to see how well the data shown in Figure 1 can be fitted quanti
tatively and what account should be taken of slowness of translational degrees of 
freedom of the nitrogen to equilibrate. 

Temperature Coefficient and Surface Coverage 
Dependence of Sticking Coefficient of N2 on Tungsten 

When a nitrogen molecule hits a tungsten surface, there will be some 
probability that it will be physically adsorbed. We denote this by S 0 and expect 
it will be essentially equal to the ratio of the adsorbed to the gas rotational parti
tion functions of nitrogen. After the molecule is physically adsorbed, it will have 
to diffuse thermally to a strong binding site where it can stay permanently and 
thus be considered chemically bound. The rate of finding a particular type of 
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permanent site should be k± 1̂ — σ-^, where σο is the number of permanent 

sites per square centimeter of surface and σ is the number already filled. There 
is the competing probability, k2, of a molecule's leaving the surface before it is 
chemically bound. 

The sticking probability will, therefore, be 

ki ( l -
5 = Λ _ Δ _ £ £ / _ (4) 

+ *2 

Rates ^ and k2 will both be of the form ve-E^kT and ve-E2/kT. We are going to 
assume that the desorption energy depends on surface coverage in the manner 
E2 = E20 — ota, as Becker (J) found for cesium atoms on tungsten. Rewriting 
Equation 4 so that the dependence on surface coverage is plain, we get 

ο 
(5) 

be*1* 1 + — — 

S 0 and h will both have temperature dependence, but we will not worry about 
checking their temperature dependence here. If b/σο is small enough, S 0 should 
be the ordinate intercept of the curves in Figure 2; therefore S 0 should be easy to 
estimate for each curve. 

^T«243°K 

20 60 100 140 180 220 240 *I0" 12 

Figure 2. Temperature coefficient and surface coverage 
dependence of sticking coefficient of nitrogen on tungsten 

In the following, Equation 5 will be fitted to the 2 9 8 ° Κ curve in Figure 2 
For this curve we take S 0 = 0.286. Equation 5 can be rewritten as 

So - S 0.286 - S b e a a (6) 
σο — σ S S 

There are three parameters, b, a, and σ 0 , to determine in this equation; therefore 
three points on the experimental curve will be needed. When the coordinates of 
three experimental points are put into Equation 6 three times, one obtains 

b e ^ 26 b e ^ * 133. b e u * « 243 
43 σ 0 - 72 260 σ 0 - 117 153 σ 0 - 145 

Eliminating b and a between the previous equations, one obtains 

e*ba = 8.69 \ ση — 12 J 

i m 
12) 

p73« = 56.5 ίσο - 145\ 
\ σο — 72 ) 

(7) 

(8) 

(9) 
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It is found that σο = 262 satisfies Equation 9, and using this value from Equation 
8 we get a — 0.042, and from Equation 7 we get h — 0.926. Therefore, Equation 
5 becomes 

S = 1 
So ~ Λ . 0.926* 0 · 0 4 2 0 

1 + W ^ T 0 ° ) 

From Equation 10 it is justifiable that we assumed b/a0 to be small, since it was 

found to have the value · Now we can write Equation 5 as 

In (σο — σ) + In ^° ^ — In b + ασ 
ο 

or 
0 o o / : ο 

In (262 - σ) + In — = \n b + <χσ (11) 

If the left side of Equation 11—which can be obtained from the experimental 
curve—is plotted against σ, we should get a straight line if the theory we have 
proposed properly explains the data. Figure 3, which tests our hypothesis, is 

Ιη(σ 0-σ)+Ιη(!ο1^_) 

Figure 3. 

satisfactory except near the origin. A slightly more complicated equation than 
Ε2 = E2o — ασ for the dependence of the energy of adsorption on surface cover
age would improve the agreement. However, fc^l — stands for a rate 

which is to some extent composite, since it is the sum of the rates by which all 
other types of adsorption go over into adsorbed nitrogen atoms, while k2 is the sum 
of the rates of all the ways the various adsorbed molecules, not yet adsorbed as 
nitrogen atoms, can disappear without being adsorbed as atoms. It will be inter
esting to continue the analysis further by breaking down these composite rate 
expressions. 
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The Rate of Physical Adsorption at Low 
Surface Coverage 

VICTOR R. DEITZ and FRANK G. CARPENTER 

National Bureau of Standards, Washington, D. C. 

The pressure decrease, following introduction of 
small amounts of argon or nitrogen to a freshly 
outgassed sample (diamond or graphite), showed 
a marked delay in adsorption at 77° or 90° K. 
The slow decrease was followed by a more rapid 
pressure decrease and then by a slower decrease 
until a steady state was reached. Delays up to 
200 minutes were observed. Second and further 
additions showed no delay. A marked depend
ence was found on the temperature of pretreat-
ment of the solid, which was systematically varied 
from —78° to 600° C. The behavior was highly 
reproducible. The coverage at steady-state ad
sorption was varied from 0.01 to 0.05. The delay 
does not appear to be due to limited heat transfer 
to the refrigerant. It was found to depend on the 
total time of cooling and not the time in contact of 
the solid with the adsorbate. This suggests that it 
may be due to a change in the adsorbing surface 
and is a function of the time that the surface spent 
at 90° K. after the thermal deactivation. The ob
served rate of adsorption is thus independent of 
the gas adsorption process. 

y he kinetics of physical adsorption were reviewed by Brunauer in 1943 (5). A 
careful literature survey (6) reveals that the present status of the subject is sub

stantially unchanged. Elementary considerations indicate that the process of 
physical adsorption should proceed very rapidly and be practically complete 
within the order of magnitude of one minute, and indeed, experiment usually con
firms this. Deviations from this behavior have been accounted for by the time 
required to dissipate the heat of adsorption or by a very slow surface diffusion into 
a microporous structure. 

In the course of a study in this laboratory of the physical adsorption of argon 
and nitrogen on diamond and mineralogical graphite at 77° and 90° Κ and at low 
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coverages (8), a relatively slow rate of adsorption was sometimes observed. In 
view of the crystallinity of diamond and mineralogical graphite, the adsorption 
rate could not be ascribed to the porosity of the material. Only a minor fraction 
of the adsorbate could be accommodated by the cracks and fissures in the crystals. 
Neither can the new feature be attributed to the dissipation of the heat of adsorp
tion or the sensible heat upon cooling. 

The delay in adsorption takes place only upon the first introduction of gas 
to the solid and only when a very small amount of gas is introduced. The surface 
coverage corresponding to the final steady state is of the order of 1 to 5%. More
over, the delay is very strongly dependent upon the thermal pretreatment of the 
solid. 

This paper is concerned with a description cf the experimental findings in
cluding the influence of thermal pretreatment. A subsequent paper will be con
cerned with the influence of the amount of gas introduced. The range of surface 
coverage which leads to the delay in adsorption is far removed from the usual re
gion in which physical adsorption measurements are made, for example, in surface 
area determinations. This may be one reason why the delay has not been reported 
before. 

Materials and Apparatus 
The samples of mineralogical graphite and diamond used in these experiments 

have been described (8). Reproducible adsorption isotherms were reported at 
both 77° and 90° Κ for nitrogen and argon over a wide range of relative pressures. 
The volume of gas adsorbed at monolayer coverage for the diamond was 0.29 ml. 
per gram and for the mineralogical graphite 0.20 ml. per gram, corresponding 
to a surface area of about 1 sq. meter per gram. The industrial diamond powder 
used in the present experiments was further purified by repeated extraction with 
hydrochloric and hydrofluoric acids, washing to the disappearance of halides, and 
evacuation at 600° C. The chemical composition as determined by emission 
spectroscopy showed only traces of impurities at the limits of detection. The argon 
was passed through a charcoal trap immersed in liquid oxygen and a portion of 
this was introduced into the apparatus after repeated flushing of the dosing system. 
The nitrogen was purified by passing over hot copper to remove traces of oxygen. 

A diagrammatic sketch of the apparatus used in the present work is shown in 
Figure 1. The sample (20 grams) covered the bottom of a Vycor tube 50 mm. 

SAMPLE 

I TEMPERATURE 
1 Λ Λ Μ Τ Ρ Λ Ι CONTROL j GUN InUL ι 
I J 

Figure 1. Diagrammatic sketch of 
apparatus 

American Chemical Society 
I ihrarv 
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long and 35 mm. in diameter. This tube was connected to the apparatus through 
graded borosilicate glass-quartz seals located outside the furnace zone. A thermo
couple gage (RCA 1946) was sealed to one outlet and the second outlet was con
nected to two U-shaped traps in series to block mercury vapor. The traps were 
immersed in liquid oxygen for the entire duration of the experiment. 

The flow of gas was controlled with mercury cutoffs. The pertinent volumes 
of the apparatus were determined by expansion of argon or helium from the cali
brated volume of the McLeod gage and the pressure differences were observed 
with a cathetometer. The reproducibility of the McLeod gage measurements was 
1% or better in the pressure range used in these measurements. 

Outgassing Technique 

Past experience by the authors and many other investigators in outgassing 
diamond powder and graphite samples has been unsatisfactory, in that no quan
titative measure was available of the extent of outgassing. The excellent vacuum 
(<10~6 mm. of Hg) realized on cooling the sample is a necessary behavior, but 
this may be partially the result of adsorptive cleanup by the sample itself. Since 
1958 the authors have monitored the extent of outgassing by measuring the rate 
of gas evolution at the elevated temperature. A simple measure was obtained 
from the pressure increase when the heated sample was cut off from the pumps 
for one hour. A typical record is given in Figure 2. The solid appears to have a 
good memory of the time evacuated at the elevated temperature and the rate of 
outgassing correspondingly decreases. Points A and Β are typical of successful 
behavior and were determined before and after a series of adsorption measure
ments. Point C indicates an unsatisfactory situation that resulted from an inter-

So ! ? * 4 5 6 7 8 _ 

Time at 0.6. Temperature, Weeks 

Figure 2. Typical record of outgassing of diamond 
dust at 600° C. 

ruption in pumping due to power failure and the back-diffusion of oxygen to the 
heated sample. Adsorption measurements were not made with this sample until 
the outgassing had progressed to the rate given by point D. 

The rate of adsorption measurements at 90° and 7 7 ° Κ reported in this paper 
were bracketed between values of the outgassing rate that decreased steadily from 
0.008 to 0.005 ^mole per hour at 600° C. for a 20-gram sample. 
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Results 

The typical rate curve shown in Figure 3 was observed for nitrogen adsorbed 
on the diamond dust at 90 .1° K. The points in circles are based on McLeod gage 
readings and the balance of the curve was recorded from the thermocouple gage 
data. A steady-state surface coverage (0) of 0.055 (10.1-micron pressure) was 
realized after only about 200 minutes. All pressure measurements have been 
corrected for thermomolecular diffusion. 

Heat Transfer Considerations. From a qualitative point of view the ob
served effect appears explicable in terms of a slow cooling of the solid. However, 
when examined more closely, the actual heat transfer can account for only a very 
small part of the observed delay. Three questions may be raised concerning the 
cooling of the sample: 

1. How closely must the temperature of the sample approach that of the bath, 
if the temperature difference is no longer to have a significant influence on adsorp
tion? 

2. What is the amount of heat to be transferred? 
3. What is the rate at which the heat is transferred? 

The influence of each will be examined in this order and the answer should 
indicate how much of the delay might be due to slow cooling of the adsorbent. 

Significance of Temperature Difference. Physical adsorption is so strongly 
temperature-dependent that it is pertinent to estimate the temperature of the 
sample that would account for the entire effect. 

In the vicinity of 90° Κ the temperature coefficient of the amount adsorbed 
can be estimated from the published isotherms (8). This coefficient is, of course, 
dependent upon the pressure and the apparatus dimensions. In the pressure 
range where the delay occurred, and on the basis of the dimensions of the appara
tus, the temperature coefficient of the amount adsorbed was calculated to be about 
2% per °K. The temperature coefficient of residual pressure was of the order of 
20% per °K. The greater temperature sensitivity of the residual pressure sug
gests that this measurement might account for the delay, but the observed pres
sure changes associated with delay are relatively very large. 

It is probably not appropriate to apply the above temperature coefficients to 
a situation far removed from steady-state pressure conditions. However, in the 
later stages, using the data of Figure 3 as an example, it may be seen that after 150 
minutes when the delay was almost over, the pressure was still 100% greater than 
the steady-state value. This pressure is equivalent to an average adsorbent tem
perature of 5 ° K above the bath temperature. It is evident, therefore, that a lack 
of temperature equilibration amounting to several degrees would be required to 
account for the measurements. Differences of less than 1° would be quite in
significant. Hence, the heat transfer problem can be reduced to the question of 
how long it would take for the solid to cool to within about 1° of the bath 
temperature. 

Amount of Heat to Be Transferred. The combination of low surface area, 
low fractional coverage, and low heat of adsorption results in a very low total 
heat of adsorption. In the example given in Figure 3, the total amount of nitrogen 
adsorbed at 90° Κ at the steady state was 0.71 //.mole per gram of diamond. When 
multiplied by a molar heat of adsorption of approximately 2000 cal., this re
sults in the liberation of only 0.0014 cal. per gram. Since the specific heat of 
diamond at 9 0 ° Κ is 0.0025 cal. per gram, this could raise the temperature of the 
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system by about 0.5° Κ if the heat of adsorption were not dissipated. This is a 
relatively small heat quantity. 

A much greater heat quantity is involved in cooling the diamond from 5 5 0 ° C. 
to 90° K. The specific heat of diamond at 500° is about 0.4 cal./g. °C. and this 
decreases to only 0.0025 cal./g. °C. at 90° K. The average specific heat over this 
temperature range is about 0.23 cal./g. °C. and the sensible heat is, therefore, 
160 cal. per gram. This is about 10δ times greater than the heat of adsorption. 

Rate of Heat Transfer. Whatever the source of the heat, the principal 
method for its dissipation is undoubtedly conduction through the bed to the con
tainer walls, and thence, to the boiling liquid bath. Radiation, being proportional 
to the fourth power of the absolute temperature, is negligible. Some natural con
vection in the gas above the sample will occur and help to cool the top surface 
of the bed as well as the sides. The outside of the bed will cool quickly to bath 
temperature, but the center of the bed will cool much more slowly. This is the 
well known (9) cooling rate problem, for which mathematical solutions have been 
developed giving the temperature at various points in the bed. These solutions 
always involve some sort of exponential approach to thermal equilibrium and the 
physical constants of the system appear in the following expression: 

dG> 2 

k 

where d — density of bed 
C p = specific heat 

χ = linear dimension from point under consideration (center) to surface 
of bed 

k = thermal conductivity of bed 
This expression has the units of time and is customarily termed the "thermal 

conduction time constant." It is the time required for the temperature difference 
between the cooling bath and a point under consideration in the sample to drop 
to 1/e of its previous value. Conversely, if the cooling curve is known, the time 
constant is the time required for 63% of the eventual temperature change to be 
completed. Thus, the time constant can be estimated from a cooling curve as well 
as from the physical constants of the system. 

When determined from the physical constants, the values of the time constant 
are found to vary because of the appreciable change of the specific heat with tem
perature. The precision is limited by the uncertainties in the values of the thermal 
conductivity of powders. Large single diamond crystals have a high thermal 
conductivity (see Table I), being of the same order of magnitude as for silver 

Table I. Pertinent Thermal Conductivities for the System Investigated 
Substance k, Cat./Cm. Sec, °C. 

Argon gas at 90°K (1 mm. Hg) 
Helium gas at 90°K (1 mm. Hg) 
Diamond, single crystal, 90°K 
Diamond, single crystal, 300 °K 
Graphite, consolidated 
Graphite, 90°K 
Graphite, 100-mesh powder 

and copper (1, 2, 3), but powders have extremely low thermal conductivities, 
sometimes approaching that of the gas contained in the interstices. 

Some pertinent conductivities are given in Table I. The tremendous differ
ence between powdered and consolidated graphite may be noted. No measure-

1.42 X 10-6 
14.8 X 10-* 
12 

5 
0.4 
0.2 
0.0004 
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Figure 3. Pressure decrease and micro-
moles adsorbed for nitrogen adsorbed on 

diamond dust at 90.1° Κ 

Steady-state surface coverage = 0.055 

ments have been reported for the thermal conductivity of powdered diamond, but 
when the available correlations (7, 14, 16, 17, 18) are applied conservatively, one 
arrives at a value not too different from that for graphite powder given in Table I. 
The measured thermal conductivity of both diamond and graphite crystals ( I , 2, 
S) is interesting in that both have a maximum in the general neighborhood of 
90° K . The graphite used in this work was large flakes of about 1-mm. diameter 
and doubtless had a conductivity higher than that given in Table I. As a con
servative estimate, however, the value of 0.0004 ca l . / cm. sec. °C. was used for 
the conductivity of both diamond and graphite beds. 

The specific heat of both diamond and graphite decreases sharply on cooling 
to 90° K . Using diamond as an example, values are listed in Table II at several 

Table II. Heat Capacity and Thermal Time Constant for Diamond Powder 
cp, 

Temp., °C. Cal./G. °C. Min. 

500 0.38 16 
200 0.26 H 

25 0.12 5 
- 7 8 0.05 2 
- 1 8 3 ( 9 0 ° K ) 0.0025 0.1 

temperatures with the corresponding calculated time constants. The large de
crease in the time constant as the bath temperature is approached greatly speeds 
the approach to thermal equilibrium. A calculation of the cooling time is given 
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Table III. Time of Cooling of Diamond Powder Immersed in Boiling Liquid 
Oxygen (90° K) 

Beginning of Step End of Step Time, Minutes 
Step Τ AT Increment Total 

1 773 683 340 250 12.5 12.5 
2 340 250 182 92 4.5 17.0 
3 182 92 124 34 1.5 18.5 
4 124 34 102 12 0.5 19.0 
5 102 12 94.6 4.6 0.2 19.2 
6 94.6 4.6 91.7 1.7 0.1 19.3 
7 91.7 1.7 90.6 0.6 0.05 19.35 
8 90.6 0.6 90.2 0.2 0.05 19.40 

a T. Temperature at center of sample, °K . 
b AT. Temperature difference between center of sample and bath (T — 90 .0° ) . 

in Table III, where it is assumed that the cooling occurs from 5 0 0 ° C. ( 7 7 3 ° K.) to 
90° K. Each step drops the temperature difference to 1/e of the previous value. 
If the thermal time constant were truly constant over this temperature range, each 
step would correspond to equal time intervals. However, the thermal time con
stant decreases radically with temperature and, using the average value over each 
step, the total time for 8 steps was calculated as shown in Table III. According 
to this approximation, thermal equilibrium is established in about 20 minutes. A 
similar value is obtained for graphite. Both values are conservative estimates and 
the total time is probably less than 20 minutes. 

Additional evidence that the observed delay is not due to the lack of thermal 
equilibrium was obtained from adsorption measurements in which the refrigerant 
was changed from liquid oxygen to liquid nitrogen after a steady state had been 
reached. The time constant was estimated from the time required for 63% of the 
eventual pressure change to occur—about 2 minutes. When the refrigerant was 
changed back to liquid oxygen, the time constant was also about 2 minutes. This 
has been repeated many times at different pressure levels and the time constant 
has always been observed to range between 2 and 4 minutes. This, however, was 
the pressure time constant and included the actual adsorption or desorption process, 
the time for flow of gas through the bed and other parts of the apparatus, the 
time of response of the thermocouple gage and recorder, and heating or cooling 
the walls of the vessel as well as heating or cooling the bed. A value of 2 to 4 
minutes is, therefore, not inconsistent with the values given in Table II at the 
lower temperatures. 

Thermal conductivity of beds of solids has always been found to depend very 
much upon the conductivity of the continuous phase, and very little upon the con
ductivity of the solid (7, 14, 16, 17, 18). By introducing a gas of much higher 
conductivity into the bed, the attainment of thermal equilibrium should be much 
enhanced, and if indeed the delay in adsorption were due to insufficient cooling, 
the delay should be greatly shortened. To test this hypothesis, some rate measure
ments were made in which the diamond sample was first cooled in the presence 
of helium at pressures of 1 to 7 mm. The thermal conductivity of helium is ten 
times greater than argon in this pressure range. After 10 to 30 minutes the helium 
was removed and argon admitted. The delay occurred exactly as before. This 
indicates that the delay is not associated with the cooling of the sample and, further, 
that the sample must be cooling in only a very few minutes in either argon or 
helium. 

It is very improbable that the whole phenomenon is due to the time required 
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for cooling the bed. From three independent methods—estimation of the thermal 
constants of the system, rapid response of adsorption-desorption process on chang
ing bath temperatures, and no influence in precooling the sample in helium—it is 
estimated that the cooling time is only a few minutes, certainly no more than 20 
minutes, in order to reach within a fraction of a degree of the bath temperature. 
In contrast, delays amounting to hours have been observed, and, therefore, this 
behavior must represent a bona fide surface phenomenon. 

Measurements subsequent to those reported in this paper have demonstrated 
a rapid cooling of several adsorbent materials when submerged in liquid oxygen. 
A very fine copper-constantan thermocouple (No. 36 wire) was centered in a bed 
of the material (2 cm. in diameter) and a cooling curve recorded. The time re
quired to cool from room temperature to within 1 ° C. of the bath temperature was 
found to be 2 minutes with a sample of the mineralogical graphite used in this 
investigation. Many other solids were investigated in this way. Finely powdered 
materials, such as precipitated hydroxyapatite and a silica aerogel at a low residual 
gas pressure, required the longest time, but in no case was a period longer than 18 
minutes required. 

Figure 4. Rates of adsorption of argon on diamond dust at 90° Κ 
after pretreatment 

1. Evacuation at 600° C. 
2. Desorption of argon at 203° Κ with no 
pumping 
3. 297° Κ 
4. 435° Κ 
5. 575° Κ 
6. 674° Κ 
7. 779° Κ 
8. 296° Κ 
Steady-state adsorption in all cases at θ =z 0.032 
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Sequence of Operations. The delay in adsorption was reproducible and can 
be considered as evidence for a memory effect of the solid. Accordingly, the 
sequence of operations in contacting gas and solid should be very important in 
understanding the adsorption process. The following combinations have been 
investigated: 

1. Heat, cool to 90° K., and add gas at once. 
2. Heat, add gas during cooling to room temperature, and then cool to 90° K. 
3. Add gas, heat to elevated temperature, and cool to 90° K. 
4. Heat, cool to 90° K. for various times, and then add gas. 

No difference in behavior in the rates of adsorption was observed between 
sequences 1 and 2. Sequence 3, however, revealed an interesting behavior (Figure 
4). In this experiment the sample of diamond was first evacuated at 6 0 0 ° . 
After it had been immersed in liquid oxygen for 7 minutes, 9.64 /xmoles of argon 
were introduced. This corresponds to sequence 1 and the observed pressure de
crease is represented by curve 1. After the steady state was attained (at 15.6-
micron pressure and θ = 0.032), the liquid oxygen bath was replaced by a dry 
ice mixture (approximately —70° C.) and the argon desorbed overnight. Upon 
replacing the liquid oxygen around the sample, the pressure decreased according to 
curve 2. This procedure, now corresponding to sequence 3, was repeated, raising 
the temperature in stages until 506° C. was reached. Finally, upon returning 
to room temperature, excellent reproducibility was obtained in the rate of adsorp
tion as shown by the superposition of curves 3 and 8, Figure 4. 

A series of operations involving sequences 3 and 4 proved to be of special 
significance (Figure 5). Curve 16A was observed upon introducing 8.42 /xmoles 
of argon into the evacuated sample after it had been precooled in liquid oxygen 
for 23 hours. The rate of adsorption was very rapid, initial observations being 
limited by the response of the 1-second recorder. Immediately following the at
tainment of the steady state, the liquid oxygen bath was removed and the sample 
heated to 5 4 0 ° C. for 60 minutes. Upon replacement of the liquid oxygen bath, 

MINUTES 

Figure 5. Rates of adsorption of argon on diamond dust 

16 A. After 23-hour storage of diamond at 90° Κ in vacuum 
l6Bt After subsequent heating to 540° C. for 60 minutes 
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rate curve 16B was observed, which resembles exactly the behavior given by 
curve 6 in Figure 4. Both curves 16A and 16B decayed to the same steady state-
namely, 11.2 microns and 0.37 mole adsorbed per gram ( θ = 0.029). 

The behavior shown in Figure 5 suggested at once that the observed delay in 
adsorption might be due to a change in the adsorption sites. In short, the adsorp
tion process of argon had nothing to do with the rate-determining process of the 
observations; indeed, the adsorption of argon might be simply viewed as an index, 
or probe, as to some change in the surface itself. Accordingly, a number of rates 
were observed with different periods of precooling at 90° K. after identical heat 
treatment at 600° C. The results are shown in Figure 6. The ordinate is the rela
tive pressure drop calculated as (pt — ρ œ) / (p0 — ρ œ ) , where p0 is the initial 
pressure, ρ œ is steady-state pressure, and pt is pressure at time t. The family 
of curves shown in Figure 6 are closely analogous to those given in Figure 4, 

300 

Minutes 

Figure 6. Rate curves of argon on diamond at designated precooling times before 
addition of argon 

where the sample had been heated to different temperatures. A more striking 
way to present the same data is given in Figure 7, where the time variable is the 
total cooling time, rather than only the time of exposure of argon to the sample. 
Figure 7 demonstrates, in a striking way, the memory of the solid as to the length 
of time that it had spent at 90° K. 

LHscussion 

It is tempting to explain away the above observations in terms of abnormal 
slow rates of cooling, but the actual transfer of heat to the refrigerant is too rapid 
to make this plausible. 

It would appear from the above behavior that the actual physical adsorption 
of argon on a surface sufficiently aged at the temperature of the adsorption always 
takes place very rapidly. It is impossible at present to advance more than a con-
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350 
COOLING TIME , min 

Figure 7. Rate curves of argon on diamond using total time at 90° Κ as abscissa 

jecture as to the theoretical nature of the observed delay. One explanation might 
involve a thermal deactivation process during the pretreatment of the sample. 
Upon heating of the solid to an elevated temperature, the sites responsible for 
steady-state adsorption might be converted into a nonadsorbing species, which 
upon cooling to 90° K. might slowly revert to their normal behavior. It is sug
gested that the classical "inert" surface, that has been adequate heretofore in the 
study of physical adsorption, might actually be subject to change during an out-
gassing treatment. This is quite unexpected for relatively nonreactive solids 
such as diamond and graphite. The pretreatment operation of a solid thus as
sumes a very important role in physical adsorption at low surface coverage, as it 
already does to a much greater degree in chemisorption processes. 

Preliminary to a more detailed theoretical treatment of the problem, it may 
be of interest to express the above observations from another point of view. One 
characteristic of the surface behavior of a solid is the adsorption isotherm. If it 
were possible within a few minutes to obtain a sufficient number of points to 
construct an isotherm, it would be most interesting to follow the changes in the 
adsorption isotherm of the diamond surface as it decays to its normal surface 
behavior. Figure 7 indicates that the decay is almost independent of the presence 
of argon. One possible procedure is to introduce different amounts of argon to the 
evacuated sample and by making a cross plot of the amounts adsorbed at constant 
time of cooling construct the desired isotherms. 

The data for argon on diamond at 9 0 ° K. have been plotted from this point 
of view (Figure 8). The number on each curve signifies the time that the diamond 
had been kept at 90° K. With passage of time at 90° K. there are changes in 
both shape and ordinate magnitude. These move in the direction of greater ad
sorption and gradually converge upon the upper left curve, which represents the 
steady-state behavior. A similar analysis has been made for nitrogen adsorbed on 
diamond dust at 90° K. (Figure 9). It may be possible to interpret each curve in 
terms of corresponding values for the constants used to define adsorption iso
therms. This has been done for a number of steady-state isotherms by Ross and 
Olivier (12) in terms of the number and energy distribution of the adsorption sites. 
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The maximum surface coverage in these experiments after the steady state had 
been reached was 0.032 with argon and 0.055 with nitrogen. It is, therefore, 
plausible that only small changes in the surface are responsible for the changing 
character of the adsorption process as a result of the thermal treatment. 

500 
PRESSURE IN MICRONS OF MERCURY 

Figure 9. Instantaneous isotherms of nitrogen on diamond dust cor
responding to designated times of sample at 90° Κ 

The adsorption measurements reported were done at a temperature above 
the two-dimensional critical temperature of the adsorbate (see Table IV). In 
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Table IV. Three- and Two-Dimensional Critical Temperatures 
N2, °K Ar, °K 

r 3 c 126.0 151.1 
J 2c, 63.0 75.5 

other words, the model is that of a two-dimensional gas spreading over the surface. 
Evidence for this was based on the calculation of the spreading pressures from 
the steady-state adsorption isotherm of these materials at both 90° and 78° Κ (8). 
Typical two-dimensional gas film behavior was obtained. Consequently, phase 
transitions, such as those reported in two-dimensional liquid and solid films, must 
be ruled out as an explanation of the observed facts. 

One might well raise the question as to how typical these observations are 
of adsorption phenomena in general at low pressures. Shereshefsky and Weir 
(15) reported the adsorption of nitrogen and oxygen on various packings of glass 
spheres at liquid air temperature. They discovered after the measurement of 
several adsorption points that there was a rapid pressure fall accompanied by a 
large increase in the adsorption of the gas. The behavior was analogous to shift
ing from the 20-minute to the steady-state isotherms in Figures 8 and 9. This was 
found to be influenced by the temperature at which the glass spheres were heated 
preliminary to the adsorption. Ross and Winkler (13) also observed a similar 
behavior in the adsorption of ethane on crystals of mineralogical asbestos at 90° K. 
These authors, too, found after a number of adsorption points at low pressure that 
there was a sudden decrease in pressure with a corresponding increase in adsorp
tion. Different behavior was found when the asbestos was heated either to room 
temperature or to 130° to 150° C. Ross and Winkler offered an explanation in 
terms of "supersaturation phenomena." It is possible that the above two systems 
in reality were behaving similar to argon on diamond as reported in this paper 
and that long periods may be needed in some cases to bring about steady-state 
distributions of sites. 

At low surface coverage (<5rA) it is often difficult to distinguish clearly be
tween physical adsorption and chemisorption. In this range there is an upward 
trend in the heats of physical adsorption with decrease in coverage to a value that 
makes this criterion of differentiation uncertain. The rate of adsorption of argon 
on diamond has been shown in this work to be either fast or slow, depending on 
the thermal history of the solid. Boudart (4) recently emphasized the possibility 
that the activation energy of a chemisorption process may in some cases be sup
plied entirely by the solid. Boudart refers to earlier work by Pace and Taylor (10) 
and by himself (11) to support this possibility. Identical values were found for 
the rates of adsorption of hydrogen and deuterium on C r 2 0 3 , ZnO-Cr 2 0 3 , and Ni 
supported on kieselguhr at 110° , 132° , and 184° C. The process, therefore, was 
not dependent upon the gas. The generation of an active site by the solid itself 
may thus be the slow step of the adsorption process. This is a very intriguing 
situation and, if also applicable to physical adsorption at low coverage, it merits 
additional study. 
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Streaming Potential Measurements on Paraffin Wax 

H. C. PARREIRA and J. H. SCHULMAN 

Stanley-Thompson Laboratories, Henry Krumb School of Mines, 
Columbia University, New York, 27, Ν. Y. 

The streaming potentials of a solid paraffin sample 
were determined for aqueous solutions of various 
inorganic ions. Very high values were obtained 
for dilute solutions. The zeta potentials and the 
surface charge densities were also calculated. The 
surface isotherms obtained in the presence of the 
halide ions investigated suggest that adsorption 
of the ions takes place in an increasing order, 
C l - <B r -< l - . In the presence of H+ and OH— 

ions the paraffin surface behaves as a weak acid. 
The determination of streaming potentials and the 
surface properties of paraffin may be of interest to 
the oil industry and flotation. 

A dsorption studies of ionic species at the solid-liquid or liquid-liquid interfaces 
can be carried out using data obtained from electrokinetic measurements (1, 6, 

7, 12, 13, 14, 26, 27, 29, 30, 37, 41, 44). In the case of solid-water most of the 
measurements have been obtained by using either the streaming potential tech
nique or microelectrophoresis. Since the hydrocarbons investigated previously 
were liquid, the microelectrophoretic technique was used (7, 37, 41, 44). It is not 
an easy task to obtain precise results on ζ potentials of oil droplets from mobility 
measurements unless a certain number of corrections are introduced (49 5, 20, 21, 
22). 

Since the streaming potential determination is easier to carry out and is less 
subject to corrections than microelectrophoresis, it was used in the present work 
to study the behavior of the solid paraffin-water interface. 

Most of the disagreement among streaming potential workers appears to be 
due to experimental difficulties that are probably caused by the electrodes (22, 46). 
It has been shown recently (22, 46) that electrode polarization and other effects 
due to flow of the liquid past the electrodes appear to be responsible for the experi
mental difficulties encountered in the streaming potential technique. However, 
appropriate streaming cell design and measuring apparatus appear to lead to 
precise and reliable streaming potentials. 

Experimental 

Materials. The crystalline quartz used in this work was crushed and sized 
and the 28/35-mesh fraction was collected. This fraction was leached repeatedly 

160 
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with hot concentrated hydrochloric acid until the complete absence of iron was 
ensured. The material was then washed with conductivity water until the super
natant showed no traces of chloride ion. Gulf wax paraffin was used and had the 
following properties: normal paraffin, 95%; isoparaffin, 5%; nonsaturated hydro
carbons, none; m.p., 55° C ; contact angle, 1 0 5 ° . 

The paraffin was cut into small pieces (0.8 to 1.0 mm.) which were large 
enough to be retained in the streaming cell. 

The water used had a conductivity of ca. 1 Χ 10"6 ohm - 1 cm. - 1 All chemical 
reagents were analytical grade and were used without further purification. The 
temperature was kept at 25° ± 0.5° C. for the paraffin work. The stearic acid 
used was a specimen 99% pure. 

Apparatus and Procedure. The material studied was placed in the streaming 
cell and packed in such a manner as to give a porous plug. 

A streaming cell made of Perspex, holding a small amount of material (2 to 
4 cc) , was used. The details of its construction have been published (34). The 
cell was fitted with two platinized platinum electrodes and two Ag/Ag halide 
electrodes and is shown in Figure 1. This cell was coupled with two Keithley 
electrometers Model 610A (one electrometer for each pair of electrodes), whose 
outputs were fed into a Varian double-channel recorder. Streaming potentials 
could, thus, be measured simultaneously using two different kinds of electrodes for 
comparison purposes. 

Figure 1. Streaming potential cell 

The resistance of the plug was measured with a General Radio impedance 
bridge Model 650-PI. For plugs of resistances above 1 megohm an appropriate 
precision resistance was connected in parallel with the cell. This procedure was 
later checked using a General Radio impedance bridge Model 1650-A, which 
allowed resistance measurements up to 10 megohms to be made. Resistances of 

3 megohms were obtained when water was streamed past the paraffin wax plugs. 
The streaming potentials were plotted against the driving pressure and the slope of 
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the best straight line was used for calculations of the ξ potential. Generally the 
direction of streaming did not affect the streaming potential; this is shown in Fig
ure 2. 

It has been shown by Rutgers and collaborators (38, 39) that turbulence may 
have an effect on streaming potentials. To avoid this problem and ensure laminar 
flow, the driving pressure never exceeded 10 cm. of Hg. 

Preparation of Electrodes. The Ag/AgBr and Ag/AgI electrodes were pre
pared by anodic electrolysis of the appropriate sodium salt solution (IN) at 6.5 ma. 
per sq. cm. for 5 minutes. The two electrodes to be coated were connected and 
dipped into the solution; a wire of pure silver was used as the cathode. In the 
case of the Ag/AgCl electrode IN HC1 was used. Just after preparation the elec
trodes were immersed in the appropriate halide solution (10~3 M ) . The Ag/Ag 
halide electrodes prepared in this manner showed a difference of potential of 
0.3 to 0.5 mv. in the presence of 10 5 M solution of sodium halide. This potential 
will be referred to as rest or nonflow potential. 

The platinized platinum electrodes were prepared by electrolyzing a solution 
of chloroplatinic acid containing no lead acetate (23). The metal deposition was 
stopped as soon as a light brown color appeared on the platinum wire. They were 
then immersed in IN H 2 S 0 4 and electrolyzed again; their polarity was alternated 
every 2 minutes for 20 minutes. The platinum electrodes were washed thoroughly 
with distilled water and soaked in conductivity water for one week before they 
were used. 

Many investigations on streaming potentials were performed in the presence 
of surface active agents (12, 13, 14). Since it is known that the surface active 
agents adsorb on the Ag/Ag halide electrodes (25, 31), a few experiments were 
carried out to see whether the surface active agent had any influence on the elec
trode behavior in the presence and absence of flow. For this purpose two identical 
Ag/AgCl electrodes were immersed in solutions of KC1 of varying concentration 
and their difference of potential was measured with a Keithley electrometer. The 
rest potential of the Ag/AgCl electrodes varied from 0.1 to 0.5 mv. in KC1 solu
tions in the range of 10~2 M to Ι Ο - 5 M . 

Water 

pH 5.8 + 0.1 
I R Flow: RL 
Pressure - 2 cm Hg 
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The addition of surface active agents such as sodium dodecyl sulfate, dodecyl-
amine hydrochloride, and dodecyl pyridinium chloride to the KC1 solution, giving 
concentrations of the agent ranging from 10~2 to 10 - 5 M , did not show any effect 
on the rest potential of these electrodes. Dodecylamine hydrochloride and dodecyl 
pyridinium chloride have a common ion to the Ag/AgCl electrode. It is known 
that the higher the concentration of one of the potential determining ions of the 
Ag/AgCl electrode, the smaller will be the effect of flow on the electrodes (46). 
The same characteristic was found in this work to be true for the Ag/AgBr and 
Ag/AgI electrodes. Thus the highest flow potential is expected to develop when 
distilled water flows past the electrodes with no plug in the streaming cell. The 
flow potential for the Ag/AgCl electrodes (no material in the cell) in the presence 
of distilled water flowing under a driving pressure of 10 cm. of Hg was ^ 1 . 4 mv. 
(the rest potential in water was found to be ~ 0.5 mv.). This pressure cor
responds of a flow of 7.7 cc. per second. When a 28/35-mesh plug was placed in 
the cell, the same driving pressure gave a flow of 4.5 cc. per second, which 
probably corresponds to a much smaller flow potential. 

Martinez and Zucker (26) carried out their work on asbestos using the 
Ag/AgCl electrodes in the presence of KC1 in order to reduce the flow effects on 
the electrodes. In pure water the use of the platinized platinum electrodes seems 
to be unavoidable, since any of the Ag/Ag halide electrodes would release ions 
into the system. 

The flow effects were more pronounced the older the Ag/Ag halide electrodes. 
Even in 1 0 3 M KC1 a flow potential was observed for the Ag/AgCl electrodes; this 
effect disappeared, however, after the electrodes were freshly electroplated. 

The behavior of the platinized platinum electrodes is entirely different from 
that of the Ag/Ag halide electrodes, both under flow conditions and at rest. 
Whereas the nonflow potential for the nonpolarizable electrodes remained constant 
with time, the rest potential for two platinized platinum electrodes increased with 
time. Also, the flow of liquid produced a more pronounced effect on the platinum 
electrodes than on the Ag/Ag halide electrodes. The erratic behavior of the 
platinum electrodes appears to be due to polarization effects which are difficult to 
eliminate. In Figure 3 the effect of flow on both Ag/AgCl and platinized electrodes 
can be assessed. The effect of flow on the platinum electrodes was known to 
Helmholtz (19) and still appears to remain unexplained. 

Pressure - 5 cm Hg 

Figure 3. Effect of flow on Ag/AgCl and platinized platinum electrodes in 
presence of KCl 
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In Figure 4 the effect of flow on both Ag/AgCl and platinized platinum elec
trodes is shown to exist in the presence of surface active agent. The Ag/AgCl 
electrodes used were not fresh and show an appreciable flow potential (^7 mv. ), 
which is reduced to 2.5 mv. in the presence of Ι Ο - 4 M sodium dodecyl sulfate and 
10 - 4 M KC1. The difference of potential between the platinized electrodes (meas
ured after 6.5 seconds after flow was started) appears to be 20 mv.; this difference 
seems to decrease to about 16 mv. in the presence of Ι Ο - 4 M sodium dodecyl sul
fate and 10~4 M KC1. Higher concentrations of KC1 and sodium dodecyl sulfate 
were tried; dodecylamine hydrochloride was also investigated. The efforts fol
lowed the same trend—i.e., the surface active agent appears to decrease somewhat 
the flow effects on both Ag/AgCl and platinum electrodes. Despite the different 
behavior of the Ag/Ag halide electrodes and the platinized platinum electrodes, it 
is possible to obtain the same value for the streaming potential (22) and conse
quently, the same ζ potential. 

10"* M KCl 

pH 5.7 + 0.1 

Flow: RL 

Pressure - 5 cm Hg 

Ι Ο " 4 M KCl + 10" 4 SDS 

pH 5.7 + 0.1 

Flow: RL 

Pressure - 5 cm Hg 

Figure 4. Effect of flow on Ag/AgCl and platinized platinum electrodes 
in presence of sodium dodecyl sulfate 

For the curves shown in Figure 5 the electrometer was set at the maximum 
sensitivity and a streaming potential of 2 mv. was measured for the paraffin with 
both Ag/AgCl and Pt electrodes. The same value was measured for both direc
tions of streaming. This is an interesting result, since the streaming potential is 
small and the flow effects on the Ag/AgCl are nondirectional under these experi
mental conditions ( see Figure 5 ). Simultaneous recordings of the streaming 
potentials for paraffin plugs using any of the Ag/Ag halide and platinized platinum 
electrodes show that their values are the same for both kinds of electrodes, even 
though polarization effects on the Pt electrodes are present. The behavior of the 
Ag/AgCl and platinum electrodes in the absence of surface active agents has been 
studied by Zucker (46) and more recently by Korpi (22). 

Theoretical Introduction 

In the present investigation the Stern theory (42) is assumed to hold and 
consequently, 

— σο = σι + C2 · · · (1) 

where σ 0 , σι, and σ 2 are the surface charge densities at the paraffin surface, Stern 
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layer, and diffuse layer, respectively. It appears that the paraffin surface behaves 
as a nonionogenic surface (41) and, consequently, — σ ι = σ 2 · Thus the potential 
at the surface, Ψ 0, will be equal to the Stern potential or the potential at the 
outer boundary of the Stern layer. It is common practice to assume that — ζ 
(45), despite the uncertainty of the location of the slipping plane and therefore 
Ψ0 — ζ. It has been shown recently by Hay don (18) that the potential in the 
plane of closest approach of the counter ions to the adsorbed ions converges to the 
value of ζ at low charge density. Haydon (18) reaches this conclusion for droplets 
of petroleum ether in the presence of NaCl and dodecyl trimethyl ammonium 
bromide, provided the surface charge density is below 2 Χ 10 - 4 e.s.u. per sq. cm. 

10"·5 M NaCl 

PH5.7 + 0.1 

Flow: LR Flow: RL 

Pressure - 5 cm Hg 

Figure 5. Recording chart 
for low streaming potentials 

Measured with Ag/AgCl and 
phtinized platinum electrodes 

simultaneously 

The surface charge density at the slipping plane or electrokinetic surface 
charge density may be calculated from the ζ potential by means of the Gouy 
theory (17) which for a plane surface gives: 

(2) 

where σ ' 2 — electrokinetic surface charge density 
e = dielectric permeability at the slipping plane considered equal to the 

bulk permeability 
nt = bulk concentration of ionic species i, gram ions per cc. 
%i = valence of ion i (including sign) 
e = electronic charge 

For a uni-univalent electrolyte, at 25° C , Equation 2 becomes 

c 1 ' 
σ 2 

cl/2 ν 

± Î34 s i n h S O (3) 

where ζ is expressed in millivolts and c in moles per liter; σ ' 2 (hereafter represented 
by σ ) is given in electron charge per square angstrom. The sign of σ is the 
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same as that of the ζ potential. This potential was calculated using the classical 
Helmholtz-Smoluchowski equation : 

_ 4πη . AV 
~V ÂP 

(4) 

where η = viscosity coefficient of the streaming liquid 
λ = conductivity of the liquid within the pores of the plug 

AV = difference of potential (streaming potential) between the ends of 
the plug 

ΔΡ = pressure drop between the ends of the plug 

A few corrections have been proposed to modify the Helmholtz-Smoluchowski 
equation (3, 16, 28). Under certain experimental conditions many of these cor
rections become too small to be considered (6). However, these corrections are 
not as important as those that have to be introduced when ζ potentials are calcu
lated from mobility data (4, 5, 20, 21, 32, 33). 

A theoretical work has been published recently by Dukhin and Derjaguin 
(8), where they demonstrate that the streaming potential (and the ζ potential) is 
a function of the diffusion coefficients of both the positive and negative ions. This 
implies that the total ζ potential is composed of a positive and a negative compo
nent. They also showed that the influence of the diffusion of the ionic species on 
the streaming potential varies according to the hydrodynamic conditions of the 
system. 

Results 

The ζ potentials were calculated using Equation 4, which, at 25° C , becomes: 

f = -9.75 104 a C/R 

where a is the slope of the AV vs. ΔΡ curves (in millivolts per centimeter of Hg) 
and R is the resistance of the liquid-plug system. The cell constant, C, was de-

- 3 0 

Ε 

Α—Λ 

- 2 0 

Figure 6. Potential vs. pH curves for quartz at varying 
and constant ionic strength 

I = 0.01 
Ο Varying ionic strength 
β Constant ionic strength 
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0 5 10 

Δρ, cm. Hg. 

Figure 7. Streaming potential vs. pressure curves for 
paraffin wax in different pH values 

0 pH2.2 
• pH3.1 
Θ pH3.8 
3 pH5.1 
Ο pH 5.8 , 7 

© pH 5.8, after streaming with 0.01N HCl and washing 
with ca. 30 ml. of distilled water 

termined with 0.0200M KC1 solution; the ζ potential is given in millivolts. The 
values for the conductivity of the streaming liquid measured with a conventional 
conductivity cell were in good agreement with C/R, except for very low values of 
the electrolyte concentration 10 - 5 to ΙΟ^6 M). The surface charge densities 
were calculated using Equation 3. 

Quartz. The ζ potential for the quartz sample under various conditions was 
investigated, since there still appears to exist some disagreement concerning the 
zero point of charge density for the quartz surface (13, 46). The ζ vs. p H curves 
at constant ionic strength (I = 0.01) (obtained with mixtures of K O H + KC1 + 
HCl) and varying ionic strengths are given in Figure 6. It is apparent that the 
quartz surface is negatively charged above p H 2.0; in the p H range 1.0 to 2.0 
the surface charge density is zero. No reversal of charge was ever observed. 

The ζ potential in water (pH 5.9 ± 0.1, Τ = 26° ± 0.5° M.) was found to 
be —34 mv.; this value is in good agreement with the —36 mv. obtained by 
Gaudin and Sun (15) from microelectrophoretic measurements. Other investi
gators (43) using microelectrophoresis gave values which are also in fair agree
ment with those obtained here. The ζ vs. c plot for quartz in KC1 shows that the 
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ζ potential remains practically constant and equal to —36 mv. from 10 - G M up to 
5 X 10-4 M KC1 (pH 5.8 ± 0.1, Τ = 27° C ) . This is close to the -39.6 mv. 
obtained for the same sample using a different measuring device. The values 
reported here are, however, lower than those obtained by other workers using 
the streaming potential technique. For example, Fuerstenau (11) finds —70 mv. 
for quartz in water; Overbeek and Wijga (33) report a value of —98 mv. in 
2 X 10-4 M KC1. 

Paraffin. The paraffin surface, which is known to be highly hydrophobic, 
shows very high streaming potentials at low ionic strength. For water at p H 
5.8 ± 0.1, potentials of nearly 1 volt were obtained under streaming pressures of 
ca. 10 cm. of Hg. A few AV VS. AP curves are shown in Figure 7. After stream-

I0" 5 I0"4 I0" 3 I0' 2 

c, mo le/1. 

Figure 8. ζ potential vs. c curves for paraffin wax in 
different sodium halides 

Ο NaCl 
• NaBr 
Θ Nal 

0 

I 0 " 5 I 0 " 4 I 0 ' 3 I 0 ' 2 

c, mole/1. 

Figure 9. σ vs. c curves for paraffin wax in different 
sodium halides 

Ο NaCl 
• NaBr 
Θ Nal 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

01
8

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



PARREIRA AND SCHULMAN Streaming Potential of Solids 169 

ing with 10~2 M H C l or NaOH, the streaming potential obtained in water could 
be reproduced by washing the paraffin with ca. 30 ml. of distilled water. 

The ζ potentials vs. c curves for the different sodium halides are shown in 
Figure 8. 

Discussion 

Adsorption Isotherms. The adsorption of the halide ions on the paraffin 
surface can be better visualized with the help of the σ vs. c curves which are 
given in Figure 9. These isotherms show the increasing adsorption of the halide 
ions to occur in the order, C I - < B r - < I - . This behavior appears to be similar 
to what is observed for the adsorption of the halide ions at the A/W interface, 
which increases its negative charge in the same order (10). According to Samoilov 
(40) the energies of hydration of the halide ions are —0.27, —0.29, and —0.32 
kcal. per mole for the C I - , B r - , and I - ions, respectively. The adsorption of 
the halide ions appears to increase according to the increasing order of the hydra
tion energies. Also, it takes place in the increasing order of the polarizabilities of 
the halide ions (24). 

The adsorption of the halide ions may be explained as follows: Probably 
the paraffin surface presents more hydrogen atoms in contact with the liquid 
phase than carbon atoms. The latter bears a residual negative charge, whereas 
the hydrogen atoms are polarized positively (44); therefore, the halide ions would 
preferentially adsorb on the hydrogen atom of the paraffin surface. The log σ vs. 
log c plots for the B r - and I - ions are very good straight lines up to Ι Ο - 3 M . 
The curve for the C I - ion deviates from linearity at ca. 5 Χ 10 - 4 M . The log σ 
vs. log c plots show that the adsorption of the halide ions follows a relationship 
of the Freundlich type—namely, σ = kcl/r} where η is very nearly 3 for the three 
halide ions studied. The values of k as obtained from the σ vs. c 1 / w plots are 
8.7 X l (h 3 , 7 X 10-3, and 7.6 Χ 1 0 3 for I - , B r - , and C l - , respectively. A 
relationship of the Freundlich type was derived recently by Benton and Elton (2), 
using Equation 2 and assuming a mobile film to exist at a solid surface. The data 
presented here appear to agree with the predictions of Benton and Elton, although 
their treatment has been criticized (35). 

The results for the adsorption of the halide ions on the paraffin surface seem 
to indicate that valence alone cannot explain ionic adsorption. However, an 
explicit form for the adsorption isotherms that takes into consideration factors 
such as the polarizability and the hydration energy of the ions is not easy to 
visualize at the present moment. 

The ζ vs. pH Relationships. The pure paraffin surface is negatively charged 
above p H 5.0 and positively charged below that p H value (Figure 10). The 
characteristics of the ζ vs. pH curve suggest that the paraffin surface behaves as 
a weak acid. The H+ and O H - ions appear to be the potential-determining ions, 
although they do not belong to the hydrocarbon lattice. The strong influence of 
the H+ and O H - ions supports the views of Perrin (36), who maintained that 
these ions play a predominant role in charging a neutral wall. Perrin (36) 
attributed the effects of H+ and O H - ions to their ionic mobilities. Observation 
of the ζ vs. pH curve shows that there seems to exist a preferential adsorption of 
O H - as compared to the H+ ions. 

The residual positive charge on the hydrogen atom appears to be one of 
the predominant factors responsible for the O H - ion absorption, as it also appears 
to be a factor in the adsorption of the halide ions. Strong evidence for O H ~ ion 
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PH 

Figure 10. ζ potential vs. pH curves for 
paraffin wax in presence and absence of 

stearic acid 

Ο Paraffin wax 
• Paraffin wax containing 0.1% of stearic 

acid 

adsorption was also found for hydrocarbons such as octadecane (7), dodecane 
(44), and Decalin (41). The O H - ion adsorption on Decalin was explained by 
Taylor and Wood (41) in terms of hydrogen bonding between the ion and a water 
sheath that surrounds the hydrocarbon surface. 

Below pH 6.0 adsorption of H+ ions probably occurs on the carbon atoms, 
thus rendering the surface less negative. Below p H 5.0 the surface becomes 
positive even in the presence of C I - ions, indicating the preferential adsorption 
of H+ ions. 

The ζ vs. p H curve for the paraffin wax containing 0.1% of stearic acid is 
also shown in Figure 10. In the presence of C O O - groups the H+ ions are 
preferentially adsorbed on the surface, which becomes less negative. The curious 
shape of the ζ vs. pH curve below p H 3.8 appears to be due to C l ~ ion adsorption 
on the surface, which becomes markedly negative at p H 1.0. A possible site for 
the C I - ion adsorption can be the carbon atom of the C O O H group, since the 
carbon atom in this group has a positive residual charge. Also, the C I - ion does 
not appear to adsorb on the hydrogen atoms of the hydrocarbon chains at low p H 
values. It is worthwhile to recall here some early experiments of Ellis (9) on 
the electrification of the paraffin surface in contact with aqueous solutions of 
inorganic acids. Although the ζ vs. p H curves are not given (.9), his results 
appear to fit the curve for paraffin containing stearic acid. Since the presence 
of long-chain fatty acids gives a characteristic ζ vs. pH curve below p H 3.8, it is 
probable that the paraffin sample used does not contain any long-chain organic 
acid as impurities. 
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the properties of the paraffin used in this work. They are indebted to R. H . 
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for measurement of zeta potential of quartz in the presence of 5 X 10~4 M KC1. 
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Surface Diffusion of Low Boiling Gases 
on Saran Charcoal 

J. R. DACEY 

Chemistry Department, Royal Military College of Canada, 
Kingston, Ontario, Canada 

Hydrogen, deuterium, neon, argon, and methane 
flow through saran charcoal by both Knudsen and 
surface flow. The latter is effected by the ad
sorbed molecules sliding from site to site across 
the surface. This is equivalent to a two-dimen
sional Knudsen flow where the adsorption site acts 
as the wall of the three-dimensional case, and a 
slide across the surface is the same as a flight 
across the pore. The activation energy for sur
face diffusion is 75 to 80% of the heat of adsorp
tion. It is possible to calculate theoretically the 
relative contribution of each mechanism, while 
comparison with He, which does not adsorb, 
permits its experimental determination. The 
efficiency of surface flow is the ratio of the meas
ured to the calculated value; this decreases as the 
size of the molecule increases, being 80% for Ne 
and 12% for CH4. 

lAfhen a gas passes, because of a pressure gradient, through a system of fine 
pores, the pressure may be sufficiently low and the pores sufficiently fine that 

the mean free path of the gas molecules is greater than the pore diameter. When 
this is so, the gas is transported by Knudsen flow and the amount of gas flowing is 
independent of the mean pressure but depends only on the pressure difference. 
When the pores are larger and the pressure is higher, the mean free path is smaller 
than the pore diameter. The gas is then transported by Poiseuille flow and the 
rate varies inversely as the gas viscosity. In this case the amount flowing at con
stant pressure gradient increases with the mean pressure. In any given case one 
may distinguish between these two methods of flow, as was shown by Adzumi, by 
plotting the amount flowing for constant pressure difference against the mean 
pressure ( 1 ). A horizontal line indicates Knudsen flow, while a sloping line indi
cates Poiseuille flow in addition. In the latter case the slope gives the Poiseuille 
flow and the intercept the Knudsen flow. When absorption occurs on the walls of 

172 
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the pores, the adsorbed molecules may in some cases move along the surface, result
ing in a transport of gas in the adsorbed phase. Such behavior has been found by 
Flood (8), Barrer (2, 3, 4), Carman (5), and others for a variety of porous solids. 
The present paper deals with the flow of small molecules through a porous form 
of carbon known as saran charcoal. 

Poly(vinylidene chloride) may be obtained from The Dow Chemical Co. 
as a white powder, designated saran A. To prepare saran charcoal from this 
powder it is first pressed into a convenient shape by use of a hydraulic press and 
steel die at a pressure of 15,000 p.s.i. The compressed polymer is then heated 
slowly in vacuo, starting at 125° C. and gradually increasing the temperature up 
to 750° C. The heating process takes about 3 weeks and the resulting piece of 
carbon retains the shape of the original polymer but is reduced in size in all 
directions by about 20%. 

Saran charcoal is a hard, strong, and highly porous form of carbon. The 
pores are believed to be very fine and uniform, slotlike in cross section, and be
tween 12 and 15 A. in width in their narrowest dimension (6). 

In saran charcoal the pores are so small that molecules of the size of branched 
hydrocarbons, such as neopentane, iso-octane, and 2-methylpentane, to be in the 
pores at all are also on the pore walls. When such molecules are adsorbed, they 
pass into the charcoal by a process similar to the surface flow of adsorbed mole
cules in larger pores. Such molecules move by an activated diffusion and activa
tion energies have been determined from the temperature dependence of the 
rates of adsorption (6). Larger molecules such as α-pinene, tetraethylmethane, 
and sulfur hexafluoride, adsorb with great slowness, being too large to enter the 
pores easily. With small molecules up to 4 or 5 A. in diameter, Knudsen flow 
should be possible. However, gases such as H 2 , D 2 , Ne, and Ar are adsorbed so 
rapidly that their rates of adsorption cannot be readily measured. The present 
paper describes experiments designed to determine the flow mechanism of these 
small molecules through saran charcoal by measuring the transport of the gas 
under a pressure gradient through a thin diaphragm. 

Experimental Methods 

Preliminary experiments indicated that a convenient charcoal diaphragm, 
permitting a reasonable flow rate of gas, was about 1 cm. in diameter and 0.2 to 
1.0 mm. thick. A number of disks of carbon were made of this size by carbonizing 
slightly larger disks of compressed poly (vinylidene chloride) and smoothing them 
on each side by rubbing on fine emery paper. This made them flat, so that their 
thickness could be measured accurately. The disks were handled by dry-box 
technique to avoid adsorption of water or other contaminants from the air. 

The disk was mounted with Epon resin across the open end of a glass tube 
and the tube assembled as the inner tube of an ordinary trap. This trap is 
connected to the gas metering apparatus shown in Figure 1. This consists of a 
standard-bore tube of accurately known diameter, B, which contains the gas under 
investigation. The pressure is maintained constant by means of the tungsten 
contacts, E, which operate a relay, F, controlling a valve so that as the pressure 
drops the gas which has passed through the diaphragm is replaced by mercury, 
thus restoring the pressure. A similar metering device on the other side of the 
diaphragm measures the volume and maintains constant pressure of the gas 
leaving the charcoal. The rate of flow of the gas is measured by observing the 
level of the mercury in the standard bore tube by a cathetometer. The charcoal 
is located at C and may be held at constant temperature by immersion in a 
thermostat bath. The thermostat was a Dewar flask containing water for tem
peratures between 0° and 100° C , and acetone or Freon for temperatures below 
zero. Cooling was accomplished by using an outer Dewar, the annular space be-
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tween being filled with liquid air. The gas pressure between the walls of the 
inner Dewar could be controlled to regulate the rate of cooling. A resistance wire 
wound around a support on the inner wall of the inner Dewar was used for heating. 
Temperature measurement and control to 0 .01° C. were accomplished by a plati
num resistance thermometer and a Miiller bridge. The off-balance current of 
the latter was amplified and used to operate the heating relay. 

Before being used for flow experiments, each disk was tested with helium for 
acceptability. The rate of helium flow at 10-cm. pressure gradient across the disk 
was measured at several mean pressures between 5 and 50 cm. Unless the mass 
of gas passing per unit time was constant—i.e., the flow through the disk followed 
Knudsen's law—the disk was rejected. About one disk in ten passed this test; 
the others showed increased flow at high pressures. 

Reproducible flow rates in the Knudsen region could be achieved with 
adsorbable gases only if the total amount adsorbed was small. Adsorption of 
10% by weight, or greater, altered the permeability of the carbon. This effect on 
permeability may have been due in part to loosening of the cement but could not 
be wholly corrected by recementing. It is believed that the internal structure of 
the charcoal was altered in critical regions by strains produced by the adsorption 
of considerable amounts of adsorbate. For this reason all experiments on flow were 
carried out with less than 3% by weight adsorbed. Under these conditions results 
reproducible to within 5% were possible on any favorable sample for a considerable 
time. However, a charcoal disk would eventually change its flow properties, 
suddenly increasing in permeability. This may have been due to thermal shock, 
accidental exposure to too high a pressure, or some other cause. For this reason 
only a limited number of data were obtained from any one carbon disk and a 
number of different disks had to be used. During any series of runs the flow of 
helium was measured from time to time as a check on the condition of the carbon 
disk. 

A series of tests was made by measuring the helium flow rate after successive 
adsorption and desorption of ethane to 10% of the weight of the carbon. With 
a disk which originally exhibited only Knudsen flow, Poiseuille flow appeared and 
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the Knudsen flow increased. After eight or nine cycles of adsorption and de-
sorption the increase in flow stopped and a reproducible helium flow rate was 
established with a combination of Poiseuille and Knudsen flow. 

The adsorption isotherms were determined either gravimetrically with a 
quartz spiral balance or volumetrically by means of a modified B E T apparatus (9). 

The helium, argon, neon, and hydrogen were supplied by the Air Reduction 
Co. The methane was supplied by Phillips Petroleum Co. The deuterium was 
prepared from heavy water provided by Atomic Energy of Canada. The heavy 
water was reacted with an excess of the liquid alloy of Na and K, by breaking an 
ampoule of the alloy in the presence of 5 grams of heavy water contained in a 
closed system of 3-liter volume. 

Experimental Results 

A B E T plot of the adsorption data for argon at its boiling point gave a linear 
portion over the range p/p0 = 0.001 to 0.20. Taking 14.6 A. as the area of the 
argon atom, this gives a surface area for the carbon of 590 sq. meters per gram. 
The porosity of the carbon was calculated from the difference between helium and 
mercury displacement densities. The average value of ten disks, which agreed 
between themselves within 6%, was 0.44 cc. per gram. From these data an 
average pore radius, γ, may be determined by using the relation γ = 2e/A (7), 
where e is the porosity and A the area. The value obtained is 15 A. This assumes 
that the charcoal is made up of a large number of cylindrical pores. We know this 
is not true; the evidence of rates of adsorption shows that the pores are slotlike and 
less than 15 A. in diameter rather than radius (6). 

P R E S S U R E IN cm. 

Figure 2. Adsorption of neon at —35.0°, —55.3°, and 
- 75.8° C. 

Figures 2 through 6 show the isotherms for neon, argon, hydrogen, deuterium, 
and methane. Heats of adsorption were calculated from these isotherms: Ne 1650, 
H 2 2350, D 2 2400, Ar 4900, C H 4 5900 cal. per mole. 

The carbon disks used for these experiments had been selected so that the 
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flow of helium was entirely Knudsen flow according to the Adzumi plot. This 
was confirmed by the measured temperature dependence, as seen in Figure 7 
where the total amount of gas passing per unit time at constant pressure gradient 
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2 0 4 0 
PRESSURE IN cm. 

Figure 5. Adsorption of deuterium at 
-70°, -35°, and 0° C. 

1 6 8 

P R E S S U R E IN cm. 

Figure 6. Adsorption of methane at —30°, 0°, and 30° C. 

varies inversely as the square root of the temperature. The helium flow is there
fore taken to be a measure of the Knudsen permeability of the carbon disk and from 
it the Knudsen flow for any other gas can be calculated. 
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ι / VT 

Figure 7. Flow of helium through several 
different disks as a function of pressure 

All disks have approximately same thickness, 
0.4 mm. 

The other gases used were examined in the same way as helium. In all cases 
the flow exceeded the Knudsen flow as predicted from the helium data. Figure 8 
gives typical data; the flow in excess of the calculated Knudsen flow is attributed 
to surface diffusion of the adsorbed molecules. 

Instead of maintaining a pressure difference of 10 cm. across the carbon disk, 
one may select the proper pressures by reference to the adsorption isotherms so 
that the concentration gradient in the adsorbed phase remains constant. A pres
sure gradient from 0.5 to 1% was chosen as suitable. Of the gases used, this 
technique is possible only with argon and methane, unless one uses very high 
pressures. The data in Table I were obtained in this way. 

Table I. Flow of Gases for a Concentration Gradient in Adsorbed Phase of 
0.005 to 0.010 Gram per Gram of Carbon 

Knudsen Flow, 

Temp., 
°C. 

Total Flow, Helium Data, 
Cc./Sec. X 10* 

Surface Flow, Temp., 
°C. Cc./Sec. Χ 703 

Argon 

Helium Data, 
Cc./Sec. X 10* Cc./Sec. X 10* 

- 3 0 3.57 2.51 1.06 
0 8.32 5.60 2.72 

30 15.98 11.12 4.86 
50 22.09 15.18 6.91 

Methane 
- 3 0 1.87 1.68 0.19 

0 4.80 4.25 0.55 
30 13.48 11.94 1.54 
60 28.15 24.17 3.98 
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01 I I L_ 
.05 .06 .07 

Figure 8. Gas flow as a function of 
pressure 

Upper curves. Hydrogen and deuterium as 
compared with helium. Dashed line, disk 8 
Lower curves. Neon and cahulated Knudsen 

flow of neon for disk 2 

Discussion 

The Knudsen permeability of a porous system of unit area and thickness is 

8 2RT 
given by Κ = =~^τ —— for unit pressure gradient, where κ is a structural con-

όκΑ 7ΓΜ 
stant or shape factor. For any system of ideal cylindrical pores κ is equal to 
unity. With helium flowing through saran charcoal disks, the measured perme
ability is between 4 and 8.5% of the ideal value. This means that κ lies between 
25.0 and 11.7. 

The high value for κ indicates that this carbon does not resemble a system of 
ideal cylinders but rather that only a fraction of the void volume supports flow, 
the remainder being shut off from a continuous path or otherwise not functional. 

As can be seen from Figure 7, the resistance to flow of various disks is not 
proportional to the disk thickness. In fact, the value for κ for different disks 
varies over a range of about 200%, while the porosity varies only about 5%. The 
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proportion of pores supporting Knudsen flow in any given disk probably depends 
on random effects operating during its production. For this reason we cannot say 
that resistance to flow is the same at all depths throughout a single disk, and the 
pressure drop across a disk need not be linear with thickness. 

Hydrogen and deuterium both exhibit considerable surface flow, as seen in 
Figure 8. In both cases the temperature dependence gives an activation energy 
for surface diffusion of 1850 cal. per mole or 77% of the heat of adsorption. With 
these gases the total flow is always in the ratio 1:V2. Since this is the expected 
ratio for Knudsen flow, it follows that the surface flow also varies inversely as the 
square root of the molecular weight. It is therefore suggested that surface diffu
sion is a two-dimensional Knudsen flow where fixed adsorption sites play the role 
of the walls and a slip across the surface is equivalent to that of a flight across a 
pore. The activation energy for surface diffusion is therefore the energy neces
sary to break the bonds holding the molecule to the adsorption site while it still 
remains on the surface but is not free to slide to an adjacent site. This is to be 
contrasted with the activation energy for ordinary Knudsen flow, which is that 
necessary to remove the molecule from the surfaces and allow a free flight across 
a pore. The latter is equal to the heat of adsorption. Knudsen flow is not 
affected by the extent of adsorption. If two molecules of the same molecular 
weight have the same Knudsen flow—e.g., He and D2—the former is not absorbed 
but the latter is. A molecule of a species which is strongly adsorbed spends a 
longer time on the wall than one of a more lightly adsorbed species, but at any 
instant the total number in flight across a pore is the same for each. For two-
dimensional Knudsen flow the same should be true. The species with higher 
surface concentration, for any given pressure, is more difficult to move laterally 
across the surface and spends more time at each fixed site than the less adsorbed 
one. As long as the ratio of the activation energy, E, for surface diffusion to the 
heat of absorption, ΔΗ, is the same for two gases, the surface diffusion would be 
expected to be proportional to l / V M . As seen below, size may play a part in 
surface diffusion; and the above statement may be true only if both species are of 
similar size. 

Both the adsorption of neon and its surface flow are small. The accuracy of 
determining the activation energy for surface diffusion is therefore poor. An 
average value of 1250 cal. is calculated from the data in Figure 8. This value is 
considerably greater than RT, indicating that we do have activated diffusion and 
not a mobile film. 

The data for argon and methane appear in Table I. The activation energies 
for these gases are, respectively, 3800 and 4450 cal. per mole. 

The ratio of e~E/RT to eAH/BT should give the number of times a molecule 
slides to an adjacent site within the surface for each time it leaves the surface for 
a flight across a pore. One would expect a single slip across the surface to be less 
effective in advancing the molecule than a single flight across a pore. Adsorption 
sites are perhaps only 2 or 3 A. apart, while a flight across a pore would advance 
a molecule 15 to 20 A. If we assume a factor of 7 for the relative value of a flight 
compared to a slip, we can arrive at an efficiency index for surface flow for each 
gas. For neon 2.6 surface slips occur for every Knudsen flight, but each flight is 
7 times as effective as a slip; therefore, the calculated ratio of surface to volume 
flow is 0.37, the actual value is 0.29, and the efficiency for surface flow for neon 
is 78%. For methane the efficiency is only 12%. Figure 9 shows the efficiency 
plotted against the molecular diameter for the five gases used. On the assumption 
that molecular size does not affect ordinary Knudsen flow, one can conclude that 
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D I A M . A . 

Figure 9. Efficiency of surface flow as a function of 
molecular diameter 

small molecules like Ne, H 2 , and D 2 move very efficiently across the surface while 
larger ones meet with surface hindrances and in effect must traverse a longer path. 
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Thiophene Desulfurization by a 
Microreactor Technique 

P. J. OWENS and C. H. AMBERG 

Division of Applied Chemistry, National Research Council, Ottawa 2, Canada 

The hydrodesulfurization of thiophene was inves
tigated over chromia and supported cobalt molyb-
date catalysts in a microreactor permitting the use 
of both flow and pulse techniques. The rates of 
various steps in the reaction were studied inde
pendently, the results supporting the view that 
C-S bond cleavage rather than thiophene hydro
genation was the initial step. The apparent ac
tivation energy for the flow reaction over Co 
molybdate was 25 kcal. per mole. Adsorption of 
both reactants and products on this catalyst was 
examined under operating conditions. Peak elu-
tion time of C4's and thiophene was principally 
governed by temperature. The C4's desorbed 
much faster than thiophene and had a relatively 
small effect on the rate of desulfurization. H2S 
adsorbed rapidly; its desorption rate was depend
ent on the total H2S content of the catalyst. Ad
sorbed H2S markedly suppressed butene hydro
genation, affecting the desulfurization to a smaller 
extent. 

y he mechanism of hydrodesulfurization of thiophene has been studied by a num
ber of workers and results up to 1957 have been reviewed by McKinley (22). 

The reaction probably always proceeds in a series of consecutive steps between 
thiophene and the final butane and H 2 S product (19), but there have been 
various opinions as to the exact nature of the steps involved for different catalysts. 
Thus the first step has been said to involve ring saturation (5, 6, 23, 24) or ring 
opening to form 1-butadienethiol (19). Traces of butanethiol and tetrahydro-
thiophene have been found in the products of thiophene desulfurization over 
various catalysts, but it has not always been clear whether these were intermediates 
or by-products. There have been few studies of the kinetics of the reaction (14, 
25, 27) and even less of relevant adsorption phenomena (10, 27). 

It seemed possible that the microreactor technique developed by Emmett 
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and coworkers (8, 9, 12, 13, 18) would lend itself not only to the detection of 
chemical intermediates in the reaction, but also to the separate study of the rates 
of reaction of those intermediates, if the latter were stable. In fact, butadiene and 
the butènes were found to be intermediates under the conditions used and were 
studied in this way. In addition, band spreading and peak retardation caused by 
the slow desorption of some reaction products from the catalyst surface led to 
a study of the way in which adsorption and desorption of reactants and prod
ucts might influence the over-all reaction rate. 

Since conditions are not quite the same for a catalyst used intermittently to 
study 5-mg. samples in a stream of pure hydrogen as they are for one under normal 
continuous flow operation, some continuous flow experiments were done for com
parison. 

Experimental 

The apparatus used for most of the work was similar in layout to that de
scribed by Emmett and coworkers (8, 9, 12,13, 18). 

A stream of hydrogen flowed first through the reactor and then through an 
analytical column, serving both as a reactant and as a carrier gas. Samples of the 
other reactant—e.g., thiophene—were injected through a serum cap above the 
catalyst. The products flowed to the analytical column and were analyzed im
mediately. In this type of experiment the hydrogen-thiophene ratio is difficult 
to measure and varies from point to point in the thiophene band. The smallest 
practicable thiophene shots were therefore used to keep this ratio high while study
ing other variables such as temperature and H 2 S poisoning. 

Modifications of Apparatus. High flow rates through the catalyst were ob
tained by allowing most of the gas to pass to a metered blowoff between the reactor 
and the analysis column. 

Ordinary flow reactions were carried out by using two entirely separate gas 
streams. A saturator was used to maintain a steady concentration of thiophene 
in the reactor feed, and gas samples from the reactor product line were transferred 
to the analysis column by syringe. 

Some of the measurements of peak delay caused by adsorption on the catalyst 
were made more conveniently by dispensing with an analytical column and con
necting the reactor and katharometer together directly. 

Reactor Dimensions. Borosilicate glass tube, 10-mm. i.d., with 6-mm. o.d. 
thermocouple well down the center. The catalyst was supported on a sintered-
glass disk. The empty tube was tested for catalytic activity and found inactive 
towards thiophene at temperatures up to 550° C. 

Catalysts. Chromia prepared by the method of Burwell and others (3, 4). 
Weight 0.86 gram. Treated with continuous flow of hydrogen and thiophene for 
2 hours at 4 0 0 ° C. before use. This particular catalyst deteriorated rather rapidly. 

Cobalt molybdate, Girdler No. G35A, received as pellets, then crushed and 
sieved to 35 to 65 mesh. 1.3% Co + 6.1% Mo on alumina; B E T nitrogen surface 
area 241 sq. meters per gram; stabilized with thiophene in a flow reaction at 
400° C. before use. Weight of catalyst used is noted with each set of results. 

Materials. Hydrogen, purified by passage through a palladium catalyst and 
drying column to remove oxygen and water. 

Thiophene, Matheson 5876, > 99% pure by gas chromatography, used as re
ceived. 

C 4 hydrocarbons, Phillips research grade, used as received. 
Analytical Columns. To measure activities, 6-foot squalane column at 90° C , 

25% w./w. on Chromosorb. 
To separate C 4 products, 25-foot or 50-foot propylene carbonate columns at 

2 3 ° C , 30% w./w. on Chromosorb (21) (results in Table I obtained with 18-foot 
tricresyl phosphate column at 23° C , 40% w./w. on C 2 2 firebrick). 
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Table I. Analysis of C 4 Products Obtained over Chromia Catalyst 

(0.86 g. chromia catalyst at 4 1 5 ° C , 9 liters H2/hr., 
10-μ1. liquid, 0.5-cc. gas samples) 

Product, % of C4 Fraction 
cis-2-

1-Butene + trans-2- Butene + 
Reactant Isobutane n-Butane isobutene*1 Butene butadiene 

Thiophene 0 8.6 30.1 27 A 33.9* 
1,3-Butadiene 0 2.0 23.1 36.7 38.2* 
1-Butene 0 8.9< 42.1 26.6 22.4 
trans-2-Butene 0 1.9 22.3 52.4 23.5 
m-2-Butene 0 2.0 21 .2 37.6 39.2 
Isobutene 2.0 0 98 0 0 
H-Butane 100 0 0 0 
w-Butene (equil. 20 48 32 

in gas phase) 
a Presumed absent wherever isobutane was absent. 
h Butadiene present. 
c May be high because of impurity. 

Results and Discussion 

Reaction Products. No mercaptan or tetrahydrothiophene intermediates 
were found in the products of shot reactions over either catalyst. Instead thio
phene reacted by rejecting its hydrocarbon portion either as a butadiene-butene 
mixture (from chromia) or a butene-butane mixture without butadiene (from 
cobalt molybdate). In both cases, the sulfur was left on the catalyst as adsorbed 
H 2 S . No H 2 S peak was observed following any such reaction and subsequent 
experiments with H 2 S showed that the rate of desorption of H 2 S was negligible 
until much higher concentrations on the catalyst surface had been reached. 

Chromia Catalyst. SEQUENCE OF REACTIONS. The reactions of the C 4 hydro
carbons on the sulfided chromia catalyst were investigated at 4 1 5 ° C. and the 
products compared with those of thiophene (Table I). 

The conversion of any of the butènes to butane was very slow compared with 
the conversion of butadiene to butene, the 2% conversion of butene as against an 
estimated 90 to 98% conversion of butadiene (which was incompletely resolved 
from cis-2-butene) indicating that a factor of at least 50 was involved. 

No appreciable skeletal isomerization of the butènes occurred. 
Both cis-trans isomerization and double bond shift were incomplete under 

these conditions, and the product obtained from thiophene contained an excess of 
1-butene over the thermodynamic equilibrium amount. 

Dehydrogenation of butane or butene did not occur, and was therefore ignored 
in drawing Figure 1. 

The heavy lines in Figure 1 indicate reactions which were experimentally 
shown to occur—the conversion of thiophene to butadiene in one step, followed 
by hydrogénation of the butadiene to butene, for example. The results do not 
eliminate the possibility of two hydrogénation steps occurring on one site (see 
dashed lines in Figure 1 ). 

No attempt has been made in Figure 1 to indicate the detailed mechanism 
of the reaction. One such mechanism has been suggested by Komarewsky and 
Knaggs (19); this specifies butadiene as an intermediate, but also involves mer-
captans which were not found in the present study. The mechanism proposed by 
Griffith, Marsh, and Newling (10) involves stepwise conversion of thiophene to 
butene on one site and thus does not allow butadiene formation. The present 
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THIOPHENE 

HC—CH 
-HoS 

BUTADIENE 

c — C 

HC CH-^ +2H 2 (18) ν 

+ 4H, 

C 

H 2 

C 

(MO) α 

C — C (80) C — C (100) C — C 

Il ι - ι ι - ι I 
C C OI00) C C (100 ) c c 

BUTENE-1 trans c i s 

+Hj (2 ,5) + H 2J(2.5) 
~~% c — c — c — c ' 

Π — BUTANE 

+ H. (2.5) 

HC—CH 

HC CH 

V 

-H 2 S 

(80) 

<C — C 

Il II 
c . c 

\ 
F 

(>I60) 

BUTENE-I ψ 

(20) 

trans 

(20) 

Τ cis 

(20) 

-> Π - B U T A N E 

Figure 1. Reaction schemes and estimates of rates 
of steps 

Micromoles per gram of catalyst per second 
a. Chromia at 415° C. 
b. Cobalt molybdate at 400° C . 

results, however, support the view of these authors that the first step in the 
reaction is C—S bond cleavage rather than hydrogénation of the ring. 

The figures in parentheses in Figure 1 are estimates of the rates of the various 
reaction steps in micromoles converted per gram of catalyst per second. They were 
calculated from results on thiophene, butadiene, and the butènes such as those 
shown in Table I, and should be regarded only as a rough indication of relative 
values. It is hoped to publish further data at a later date. 

Cobalt Molybdate Catalyst. SEQUENCE OF REACTIONS. Similar reactions were 
observed over the more active commercial cobalt molybdate catalyst. This ef
fected 82% conversion of a 5-/J. thiophene shot at 400° C. 

The hydrocarbon product obtained at 4 0 0 ° C. was analyzed in detail. No 
isobutene, isobutane, or butadiene was found. The reaction was then carried 
out at a series of temperatures down to 274° C. and at much higher flow rates; the 
relative amounts of the different C 4's obtained were similar at all temperatures and 
no butadiene was found under any conditions. 

The reactions of the individual C 4 hydrocarbons were also investigated. At 
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3 5 0 ° C . butadiene and the butènes were almost entirely converted to butane, 
though the C 4 product from thiophene contained only 2 1 % butane, the other 7 9 % 
being butene. 

Since H 2 S was very strongly adsorbed by the catalyst, it seemed likely that 
under flow reaction conditions the catalyst would always be effectively saturated 
with H 2 S. Accordingly, 2- to 10-cc. samples of H 2 S, judged to be well in excess 
of saturation, were put on the catalyst to test their effect on thiophene conversion 
and butene hydrogénation. Thiophene conversion was lowered appreciably 
(Figure 2 ) . The effect on butene hydrogénation was greater still. In a typical 
experiment at 3 5 0 ° C . a butene shot was 9 3 % hydrogenated in the absence of H 2 S, 
while immediately after injection of 2 cc. of H 2 S the butene conversion obtained 
was less than 5%. In each case, smaller amounts of H 2 S caused smaller changes in 
conversion. 

Figure 2. Effect of preadsorhed H2 on 
per cent desulfurization of thiophene shots 

3.6 grams of cobalt molybdate catalyst 
6.0 liters of He per hour 
5-cc. HgS shots injected 3 to 5 seconds before 

5 μί. of thiophene 

On the other hand, H 2 S did not prevent cis-trans isomerization and double 
bond shift reactions from going to completion at 3 0 0 ° or 3 5 0 ° , and the olefin 
mixtures analyzed were always found to be close to thermodynamic equilibrium, 
whether they had been formed from thiophene, butadiene, or one of the olefins 
themselves. Nor did H 2 S prevent the total conversion of butadiene to butene, 
even when 10- to 20-cc. samples were used at reaction temperatures down to 
2 0 0 ° C . and flow rates up to 10 liters per hour. This may be the explanation of 
the absence of butadiene from the thiophene reaction products over cobalt molyb
date—that if it had been formed as it was over chromia, it would have reacted 
further too rapidly to survive. 

Figure 1, b, shows the reaction scheme for cobalt molybdate, with estimates 
for the rates of the steps observed. 

E F F E C T OF T E M P E R A T U R E ON REACTIONS. The hydrocarbon products given 
by single shots or slugs of thiophene on cobalt molybdate catalyst were analyzed at 
various temperatures in the range 4 0 0 ° to 2 7 4 ° C . There was little change in 
percentage unsaturation or in the relative amounts of the various C 4 olefins pro-
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duced as reaction temperature was lowered, a typical analysis of the C 4 product 
at any temperature being n-butane 21%, 1-butene 207c, trans-2-butene 37%, and 
ciç-2-butene 22%. 

The effect of temperature on the percentage conversion of the thiophene was 
marked (Figure 3). Data from a normal flow experiment gave a typical plot with 
an apparent activation energy in the linear portion of 25 kcal. per mole, the figure 
obtained by Van Looy and Limido (27) using a supported chromia catalyst. 

2-1 20 1-9 1-3 1-7 1-6 1-5 1-4 

'/T Χ ΙΟ3 °Κ"' 

Figure 3. Effect of temperature on conversion for flow 
and single-shot reactions 

5.4 grams of presulfided cobalt molybdate catalyst 
5.2 liters of H2 per hour containing 2 mole % of thiophene in 

flow experiment 
7.0 liters of H2 per hour and 5-μΙ. thiophene shots in single-shot 

experiments 

The single-shot experiments gave very different results. Above about 300° 
the curve is essentially similar to that of the flow experiment; the flow results lie a 
little higher, but it is probable that in this case, with 50 moles of hydrogen sup
plied per mole of feed, hydrogen was more readily available than in the shot ex
periments. There, the 5-μΙ. shots used traversed the catalyst as a band, the center 
of which probably contained a hydrogen-thiophene ratio of much less than 50 to 1. 
Smaller shots did give somewhat higher percentage conversions, as shown (for a 
smaller sample of catalyst) in Figure 4. 

Below 300° C. there is a much larger difference between the curves. In this 
temperature range adsorption on the catalyst caused widening and tailing of the 
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100 

20 \-

SHOT SIZE μ I, 

Figure 4. Effect of shot size on thiophene 
conversion 

3.6 grams of cobalt molybdate catalyst at 292° C. 
6.8 liters of Hs per hour 

C 4 peak on the shot reaction chromatogram, making measurement difficult. The 
estimated probable error has been indicated by bars in Figure 3. (A typical peak 
is shown in Figure 5, d; the dashed line shows the peak width for a shot passed 
through the analytical column alone.) There was also a loss of material in the 
shot reactions—i.e., the difference between the initial and final quantities of thio
phene (upper curve, Figure 3) was greater than the C 4 produced (middle curve). 
Presumably the loss was due to irreversible adsorption of either butene or thio
phene, possibly as a polymer. 

Even when taken at their lowest value—namely, as C 4 obtained—shot conver
sions were still much higher than the corresponding flow conversions at low tem
perature. This is thought to be due to the effective increase in shot reaction time, 
as adsorption on the catalyst caused the thiophene band to move more slowly 
through the catalyst (Figure 6). Thus at 2 1 2 ° , where thiophene in a shot reaction 
took 68 seconds to pass through the catalyst (Figure 6), the contact time in the 
flow reaction, assuming piston flow, was 2.3 seconds. Such a change in reaction 
time would completely overshadow any differences in hydrogen-thiophene ratio, 
thus accounting for the observed high shot conversions. This implies that flow 
conversions in the linear portion of the curve were limited by the fact that the 
active sites were occupied for an appreciable time before either products or un-
reacted material desorbed, thus preventing further molecules from adsorbing. 
Successive shots at 2 1 2 ° C . supported this view; the quantities of thiophene de-
sorbing after the second, third, and fourth shots (at 90-second intervals) became 
progressively larger and their desorption times decreased (Figure 6, points joined 
by arrow). Five microliters of thiophene can cover only approximately 1% of 
the surface and alarge fraction of this will have eluted during the 90-second period. 

Adsorption Studies on Cobalt Molybdate Catalyst. T H I O P H E N E A N D C 4 H Y 
DROCARBONS. The peak delay due to slow desorption of thiophene and its C 4 

product from the catalyst in single-shot experiments was investigated further, as it 
seemed probable that the desorption was slow enough to have a considerable effect 
on the over-all rate of reaction. The delay in appearance of the peak maximum 
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Q- Η 2 LARGE SHOTS 300° C. 

( J - C 4 F R O M e - C 4 H 8 I N f - C 4 H 8 I N 
C4H4S 231° C. H 2S 234° C. H2S 144° C. 

Figure 5. Typical peak shapes for adsorbing gases 

Hypothetical peak for gas not adsorbed by catalyst 
a. 2 cc. of Hi, 3.2 liters of Ne per hour 
b. 0.5 cc. of He, 3.2 liters of Ne per hour 
c. 2 cc. of HeS, 6.7 liters of H2 per hour 
d. Ci from 5 μΐ. of thiophene approximately 50% desulfurized 

on 5.4 grams of catalyst. 7.0 liters of He per hour 
e. 0.5 cc. of butene in 5 cc. of HS. 6.0 liters of He per hour 
f. 0.5 cc. of butene in 5 cc. of H£ plus helium marker. 5.6 

liters of Hz per hour 

was used as a measure of the rate of such desorption, though the delay in the peak 
front could also have been used. 

An attempt was made to study thiophene and C 4 adsorption using nitrogen as 
carrier gas, and thus remove the complications caused by reaction products. 
However, adsorption appeared to be very much stronger in nitrogen than in 
hydrogen, and at 300° and 4 0 0 ° C up to half the thiophene sample and even 
more of the butene and butadiene stayed bound to the surface and did not desorb 
at all. Presaturation of the catalyst with hydrogen before injection of the sample 
did not prevent this loss, though some thiophene apparently desorbed when more 
hydrogen was added subsequently and a small amount of bound thiophene was 
shown to react with hydrogen added as much as 5 minutes later. Thiophene 
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Ο 10 20 30 40 50 60 
PEAK MAX. DELAY sec. 

Figure 6. Peak delay due to adsorption on 
catalyst as function of temperature 

5 μΐ. of thiophene on 5.4 grams of cobalt molyb
date catalyst, bed depth 80 mm., 7.0 liters of 

Hz per hour 

which did desorb showed some peak broadening even at 4 0 0 ° C , and probably 
very strong adsorption of butene and thiophene in the absence of hydrogen leads 
ultimately to carbon formation. For these reasons it was necessary to use hydro
gen as the carrier gas, in order to preserve the catalyst surface and to obtain re
sults which would be applicable to reaction conditions. This meant that to ob
serve the thiophene peak behavior it was first necessary to separate it from its 
C 4 product, which was accomplished by using the 6-foot squalane column. The 
hypothetical peak maximum position for thiophene which did not adsorb at all on 
the catalyst was calculated by measuring the retention time for thiophene on the 
analytical column and adding to this a small helium dead space correction for the 
reactor. The latter was obtained as the difference between total helium retention 
time and that of the column alone. 

The results in Figure 7 were obtained between 2 3 3 ° and 125° C , and thus 
extend into the reaction region, since C 4 formation occurred at temperatures down 
to and including 2 0 0 ° C. Some peak retardation was noticed even at 317° C ; 
being small, it could not be measured accurately by this method, but was not in
consistent with the extrapolated data of Figure 7. The effect of H 2 S on thiophene 
peak delay was investigated at three temperatures; the peak delay was reduced 
by 10 to 30% by saturating the catalyst with 5 cc. of H 2 S injected immediately 
before the thiophene shot. The effect of sample size was also investigated 
(Figure 8). 

A modified technique was used to obtain the C 4 data shown in Figures 7 and 
8. Attempts to employ an analytical column to separate all the C 4's and measure 
the peak retardation of each individually indicated that each of the C 4's was re
tarded by a similar amount, but failed at low temperatures because peak widening 
destroyed the separation. In addition, the butènes could be prevented from con
verting completely to butane only by saturating the catalyst with H 2 S, and some 
means of eliminating the H 2 S before the detector was necessary. Accordingly, the 
reactor was connected to the Gow-Mac detector through a short column of Ascarite 
which absorbed H 2 S without affecting any of the other components, and the 
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PEAK MAX. DELAY min. 

Figure 7. Effect of temperature on butene and thiophene adsorption 

3.6 grams of cobalt molybdate catalyst, bed depth 54 mm., 6.0 liters of Hz 
per hour 

I I I L I I 
0 10 2.0 3.0 4.0 5.0 

SHOT SIZE cc . 

Figure 8. Effect of sample size on peak delay 

3.6 grams of cobalt molybdate catalyst, 54 mm. deep, 5.8 liters of H* per hour 
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analytical column was dispensed with. The butene points were then obtained 
directly by measuring the separation between helium and butene peak maxima, 
since separation occurred only on the catalyst (see Figure 5,/; small peak is 
helium). A 5-cc. syringe was used, containing 0.5 cc. (usually) of trans-2-butene, 
a small quantity of helium marker, and about 4 cc. of H 2 S drawn into it in that 
order. No attempt was made to mix the gases in the syringe, in the hope that upon 
injection the butene band would be preceded on the catalyst by the excess H 2 S. 
The results lie in the range 70° to 214° C ; above this range separation of butene 
and helium was incomplete on the length of catalyst column used. 

Some experiments with 1,3-butadiene (which hydrogenated immediately to 
butene) and η-butane gave results similar to those obtained with butene; in fact, 
the two butene curves of Figure 8 were duplicated by butane within the limits of 
reproducibility. Finally, some peak delay experiments with thiophene were re
peated to check that the catalyst had not altered; agreement with previous results 
was satisfactory. 

The results obtained with butene depended to some extent on catalyst history. 
The 100° C. curve in Figure 8 is an example of this; the catalyst was left for some 
hours in flowing hydrogen after determining the delays for larger shot sizes, and 
apparently increased in adsorptive power before the other half of the curve was 
determined. Heating the catalyst to 400° C. in hydrogen had a similar effect, due 
apparently to removal of strongly adsorbed material, but in most cases the catalyst 
reverted to normal behavior after two or three samples at 100° C. 

The results show a strong dependence of peak delay on temperature for both 
thiophene and butene (Figure 7), with a smaller but by no means negligible 
dependence on sample size (Figure 8). The temperature coefficients calculated 
from Figure 7 after making corrections to standard conditions are 9.5 ± 1 kcal. 
per mole for thiophene, and 8.5 ± 0.5 kcal. for butene. Cremer (7) and Habgood 
and coworkers (I, 11) have shown that for weak adsorption, where equilibrium 
between adsorbed and gaseous phases can be assumed, temperature coefficients 
are equal to the heats of adsorption. Whether such assumptions can fairly be 
made in this case is open to doubt; possibly at higher temperatures, where peak 
delay is small and mass transfer between the phases is rapid, one could argue an 
approximation to equilibrium conditions. 

A few results using different sample sizes indicated that the temperature 
coefficient did not vary greatly with coverage in the range examined, in spite of 
the effect of sample size on peak delay at a given temperature. 

The only heat of adsorption we have found in the literature is a figure of 17 
kcal. per mole (27) for thiophene on a supported chromia catalyst. This figure 
was obtained by analysis of reactions carried out in a static system, assuming a 
Langmuir mechanism for thiophene and hydrogen adsorption and neglecting the 
effects of H 2 S and butene adsorption. 

The large difference in peak maximum delay between butene shots in H 2 S 
on the one hand and butene formed from thiophene on the other (Figure 7) 
requires some explanation. Various factors may have contributed to this. First, 
there was some evidence that above 200° C. some butene also adsorbed on stronger 
sites: At 234° C , for example, butene showed considerably more tailing (Figure 
5,e) than at lower temperatures (Figure 5,/). Removal of hydrogen from the 
catalyst by reaction with thiophene may also have contributed to the delay of 
butene product peaks, since butene was found to sorb very strongly on a catalyst 
which was deficient in hydrogen—in nitrogen and helium carrier gases, for ex
ample. Finally, the main factor causing retardation and spreading of the C 4 peak 
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was probably the slow advance of the parent thiophene through the catalyst before 
reaction occurred. Peak delay of C 4 formed from thiophene is thus a complex 
phenomenon not related in a simple manner to the rate of C 4 desorption. 

In view of the difference of a factor of 10 or more in peak delay between 
butene and thiophene at similar temperatures, butene adsorption was checked to 
see that chemisorption was in fact occurring below 200° C. Using the 50-foot 
propylene carbonate column, it was found that some butane was formed in spite 
of the H 2 S present down to 150° C. (without H 2 S butene was almost completely 
hydrogenated at this temperature) and both cis-trans and double bond isomeriza
tion of the butènes went to completion at temperatures below 100° C , indicating 
that chemisorption of butene must have occurred. It is therefore felt that extrap
olation of the butene sorption results obtained to the temperature range of the 
desulfurization reaction (above 200° C.) should be valid. 

As has already been demonstrated, the adsorption of butene was weaker by a 
large factor (10 to 15 X) than the adsorption of thiophene. Also, the poisoning 
effect of H 2 S on butene hydrogénation was about 10 times greater than its effect 
on thiophene desulfurization, suggesting that the tv/o may occur on different sites, 
at least to some extent. Further evidence in support of this view will be cited in a 
forthcoming publication. For these reasons, butene adsorption should not have 
a large effect on the over-all reaction rate by blocking desulfurization sites. 

Kirsch, Heinemann, and Stevenson (16) have reported some olefin addition 
experiments that support this view. Working with 2.6% thiophene in n-heptane, 
they found that replacement of 20% of the heptane by heptene reduced the per 
cent conversion of the thiophene from 79% to 65%, a small enough change for 
the addition of nearly 8 moles of olefin per mole of thiophene. Most of the hep
tene was hydrogenated. 

The results in Table II show the effect of adding hexene to thiophene in single-
shot experiments. Cyclohexene had a similar effect; cyclohexane, n-hexane, and 
benzene had no effect, though all were shown to adsorb on the catalyst. Thus 
the effect of adding 3 moles of hexene per mole of thiophene was to lower thio
phene conversion by 21%; 1 mole per mole of thiophene cut conversion by only 
4.5%, so that assuming that butene and hexene behave similarly, the 1 mole of 
butene formed from each mole of thiophene probably would not retard the reac
tion appreciably. 

Table II. Effect of Hexene on Thiophene Conversion at 250° C. 

ADSORPTION OF HYDROGEN. Strong adsorption of hydrogen on the catalyst 
could be observed by using N 2 or He as carrier gas. Large samples of H 2 ad
mitted to a catalyst in a nitrogen stream at 3003 or 4 0 0 ° C. produced peaks 
shaped like Figure 5,a, while smaller samples (0.5 cc. or less) produced peaks 
like that of Figure 5,b. The first part of the peak in Figure 5,a, appeared with 
no measurable delay, and was at first thought to contain the excess hydrogen 
which was not adsorbed by the catalyst at all. The second part of the peak, 
which is also represented by Figure 5,b, contained hydrogen which had adsorbed 

Thiophene 

Sample 

5 μΐ. thiophene only 

-f- 5 μ\. hexene 
+ 15 μΐ. hexene 

65.4 
65.6 
62.7 
51.5 
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but which apparently all desorbed within 3 to 4 minutes. There may also have 
been some further slow desorption, but this is not certain. 

Some preliminary experiments on the slower rate of desorption, as exemplified 
by Figure 5,b, indicated that hydrogen behaved in the same way as H 2 S (below) 
in that the rate of emergence of a peak depended on sample size and also on the 
hydrogen already present on the catalyst. 

These experiments were not pursued further, however, because of the results 
shown in Table III. These are the results of experiments intended to find out 
which mode of hydrogen sorption was important under reaction conditions. To 
carry out the experiments, the catalyst was first saturated with hydrogen (helium 
being used as carrier gas) and then after a measured time interval the hydrogen 
was followed by a shot of thiophene or butene. It can be seen from Table III 
that although thiophene reacted to a greater extent than butene with the moder
ately slowly desorbing hydrogen of the type shown in Figure 5,b, reaction oc
curred primarily with the rapidly desorbing hydrogen. 

Table III. Reaction of Thiophene and Butene Shots with Preadsorbed Hydrogen 
at 297° C. 

(Time required for hydrogen to pass through catalyst in plug flow, 28 seconds) 
Thiophene Butene 

30 60 120 30 60 

70 25 6 21 4. ,5 
0.5 0.2 0.05 0. 05 0. .015 

Time between H 2 and reactant 
shots, sec. 

% reaction 
Hydrogen used up by reaction, cc. 

Following the method of Tamaru (26), hydrogen adsorption was also studied 
at 300° C. on a catalyst saturated with thiophene, by using nitrogen as a carrier 
gas and presaturating it with thiophene at room temperature. No change in the 
behavior of hydrogen was observed, from which it would appear that thiophene 
cannot compete successfully for hydrogen adsorption sites. The converse may 
be expected to be true; indeed, thiophene and butene adsorbed much less strongly 
in hydrogen carrier gas than in nitrogen, and when strong adsorption of thiophene 
had occurred in nitrogen carrier gas a portion of the adsorbed thiophene could be 
flushed off by a hydrogen shot. Thus, adsorbed hydrogen seemed to have an 
important role to play in modifying the adsorption of thiophene and C 4 's, while 
more loosely bound or perhaps completely free hydrogen was necessary for reac
tion to occur. 

ADSORPTION A N D DESORPTION OF H 2 S . H 2 S showed stronger interaction with 
the catalyst than thiophene or any of the C 4 hydrocarbons. When produced by 
the reaction of a single shot of thiophene in hydrogen carrier gas, it did not desorb 
at all, but remained strongly bound to the surface. Larger amounts (1 to 5 cc. ) 
injected from a syringe adsorbed immediately and completely, but desorbed slowly, 
giving peaks similar to Figure 5,a, though with longer tails. Some small shots 
gave peaks of the type shown in Figure 5,c. The quantity desorbed, calculated 
from the area under the curve, was found to be an approximately linear function 
of the logarithm of the time. All experiments were performed on a fully presul-
fided catalyst containing 2.8% S. 

H 2 S sample size was found to govern not only the rate of desorption from the 
catalyst, but also the delay before desorption began. This break-through delay 
time, f (measured to the front of the main peak), was studied under a variety of 
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conditions. It was found that its inverse, which is a measure of the rate of 
passage of H 2 S through the catalyst, correlated well with sample size under com
parable conditions of the catalyst surface. Thus, if the catalyst was left 3 hours 
in hydrogen between shots at 2 9 3 ° C , a smooth plot of vs. shot size was ob
tained. Delay times of shots spaced more closely than this were influenced by the 
size of the preceding shot, but it was found that by injecting always at the same 
concentration in the tail of the preceding peak smooth plots were again obtained. 
The residual H 2 S contents of the catalyst (above the "equilibrium" value after 
very long times), associated with a given point in the tail of the H 2 S peak, were 
then estimated by integrating the appropriate areas under the desorption curve. 
The figures so obtained could be used to correct the injected sample size for the 
H 2 S already present on the catalyst, so as to reduce all the data to a single plot for 
that temperature ( 2 9 3 ° C ) . This is shown in Figure 9, along with a few results 
at 343° C. 

It was thought that some desulfiding of the catalyst might occur, by a reaction 
similar to that reported by Ivanovskiï for iron sulfide desulfurization catalysts (15) : 

FeS + H 2 Fe + H 2S 

To check this, experiments on H 2 S desorption were done using nitrogen and helium 
carrier gases. Few detailed measurements were made; the same type of behavior 
occurred as in hydrogen. Even the very slow removal of H 2 S which still went on 
after several hours in hydrogen at 2 5 0 ° also took place in helium; this would seem 
to indicate that most of the H 2 S was chemisorbed rather than converted to a metal 
sulfide. 

At 4 0 0 ° C , hydrogen was able to displace H 2 S more quickly than helium, 
because it was possible to produce small H 2 S peaks by injecting hydrogen into the 
reactor while H 2 S was still slowly desorbing in a helium stream. This could con
ceivably have involved some desulfiding, but clearly the rest of the phenomena 
observed were due to desorption. 

SHOT S IZE c c. 

Figure 9. Correction of H2S break-through times to clean surfaces 

3.6 grams of cobalt molybdate catalyst, 54 mm. deep, 6.6 liters of H2 per hour 
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SHOT S IZE c c. 

Figure 10. H2S break-through rates at various temperatures 

Shots after 1 hour in 7.1 liters of H2 per hour 
3.6 grams of cobalt molybdate catalyst, 54 mm. deep 

The effect of temperature on the curves of break-through rate vs. shot size 
was fairly small compared to the effect of sample size (Figure 10). On the other 
hand, a catalyst cleaned by heating to 400° C. in hydrogen and then cooled to 
250° was found to adsorb about 1.5 cc. of H 2 S per gram of catalyst completely 
before allowing any additional amounts injected to desorb, so that there appeared 
to be a change in equilibrium sulfur content with temperature. 

The points in Figure 10 were determined at intervals of exactly 1 hour, and 
in consequence show rather less scatter than the points for "clean" catalyst in 
Figure 9, which were determined as occasion arose between experiments at higher 
catalyst contents of H 2 S. Probably the best line through the points for clean cata
lyst in Figure 9 should also pass through the origin, as do the curves in Figure 10. 
The rest of the data in Figure 9 are for shots put on catalyst which already con
tained between 1.2 and 1.7 cc. of H 2 S more than clean catalyst, corrected by the 
corresponding amounts; the intercept on the χ axis simply reflects this. Both the 
break-through rate and the rate of removal of H 2 S from the surface were found 
to be directly proportional to the carrier gas flow rate. 

The rate of break-through of an H 2 S peak front thus depends on H 2 S sample 
size (including the amount of H 2 S remaining on the catalyst from previous experi
ments), the catalyst temperature, the carrier gas flow rate, and finally (to a small 
extent) the nature of the carrier gas. 

The results on H 2 S desorption can perhaps best be explained by a fast adsorp
tion step, followed by desorption at a rate proportional to surface coverage and 
carrier gas flow rate. The "equilibrium" quantity of H 2 S still held by the catalyst 
after long periods in hydrogen is different at different temperatures, and the pro
portionalities hold only at catalyst contents of H 2 S above the equilibrium amounts. 

The importance of H 2 S adsorption from the point of view of the over-all 
reaction is shown by its effect on butene hydrogénation and on thiophene conver
sion (Figure 2). These indicate that H 2 S adsorption competes for sites which are 
essential to the reaction. Since its effect on thiophene adsorption was to cut peak 
delay by only 10 to 30%, it may be that H 2 S competes for hydrogen adsorption 
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sites. This was also suggested by the experiments in helium carrier gas mentioned 
above, in which hydrogen shots displaced H 2 S from the surface. 

Summary and Conclusions 

Examination of the reaction products indicated that the primary products of 
reaction were probably butadiene and H 2 S. The rates of hydrogénation of buta
diene and butene were found to be consistent with the amounts appearing in the 
reaction products (provided, in the case of cobalt molybdate catalyst, that H 2 S 
was present to simulate reaction conditions). The results support the view that 
C-S bond cleavage is the first step in thiophene desulfurization, rather than hy
drogénation of the ring. 

The flow reaction over cobalt molybdate catalyst had an apparent activation 
energy of 25 kcal. per mole. Shot reactions showed comparatively high conver
sions at low temperatures, due possibly to the absence of blocked sites. 

The adsorption of each of the reactants and products on cobalt molybdate 
was studied under conditions as close as possible to reaction conditions. Butene 
and thiophene both showed strong temperature dependence, adsorption of the 
latter in particular being slow at the lower reaction temperatures. The tempera
ture coefficients were 8.5 and 9.5 kcal. per mole, respectively. H 2 S adsorbed 
quickly and desorbed at a rate proportional to coverage, and hydrogen apparently 
behaved in the same way. Only relatively weakly bound or free hydrogen ap
peared to be reactive, but adsorbed hydrogen probably modified the adsorption of 
thiophene and of butene. 

Adsorbed H 2 S had an appreciable effect on the rate of desulfurization, and a 
very marked effect on the rate of butene hydrogénation. Olefins were weakly 
adsorbed and had only a small effect on desulfurization. 

It may be that on cobalt molybdate, olefins can adsorb on sites other than the 
desulfurization sites. If so, it would be in accordance with conclusions reached by 
Hammar (14), and would also explain the selective poisoning reported with nitro
gen compounds and CO (17, 20), which are strongly adsorbed reversible poisons 
like H 2 S (2, 17). These poisons offer one of the few ways at present available of 
improving selectivity and so lowering hydrogen consumption when desulfurizing 
olefinic feeds. 
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Development of Surface in the 
Hydration of Calcium Silicates 

DAVID L. KANTRO, STEPHEN BRUNAUER, and CHARLES H. WEISE 

Portland Cement Association Research and Development Laboratories, Skokie, Ill. 

The paste hydration of β-Ca2SiO4, Ca 3SiO 5, and 
alite has been investigated at 5°, 25°, and 50°, 
for periods ranging from 1 to 400 days. A high— 
surface calcium silicate hydrate, tobermorite, was 
formed in all these reactions, and the surface 
development was primarily dependent on the 
degree of hydration of the paste. The stoichi-
ometry of the reactions was variable, depending 
on the original silicate, time, and temperature; 
and this variation had important effects on surface 
development. A linear relationship was obtained 
between the surface area and the CaO/SiO 2 ratio 
of the tobermorite. From this relationship and 
other considerations, conclusions were drawn 
about the composition and structure of stable 
tobermorites as well as the composition of the 
tobermorite surface. The unstable tobermorites, 
obtained in the early part of the hydration, are 
briefly discussed. 

Tricalcium silicate, Ca 3 Si0 5 , and β-dicalcium silicate, /?-Ca 2Si0 4, are the two 
calcium silicates found in portland cement and comprise the major portion of 

this important construction material. The hydration reactions of these calcium 
silicates are complicated processes now undergoing a thorough investigation with 
an aim toward understanding the even more complicated processes of cement 
hydration. 

Previous investigations of these hydration reactions at room temperature have 
been reviewed recently (4). Research in this laboratory has included the stoi-
chiometry of the hydration of both silicates, employing different methods of 
hydration (2, 3, 5, 21), and a determination of the surface energy of tobermorite, 
the calcium silicate hydrate produced in the hydration of both silicates under most 
experimental conditions ( 8 ). The surface area and the surface energy of tober
morite are briefly discussed by Brunauer ( 1 ). These properties play vital roles in 
determining the strength, dimensional stability, and other important engineering 
properties of hardened portland cement paste, concrete, and mortar. 
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In the previous investigations in this laboratory, most of the data were ob
tained on well-hydrated specimens prepared at room temperature. The present 
investigation includes specimens of this type, as well as specimens hydrated for 
shorter periods of time. Three temperatures were used—5°, 2 5 ° , and 5 0 ° . The 
hydration of alite, the form of Ca 3 Si0 5 found in portland cement, was also 
investigated under the same conditions. In addition to time and temperature, the 
effect of stoichiometry on the development of surface area was investigated. 

The crystal structure of the natural mineral tobermorite was partly worked 
out by Megaw and Kelsey (22). Taylor and coworkers (15, 17, 26, 27) have 
carried out detailed investigations of tobermorite prepared synthetically, and 
correlated their structural features with those of the natural mineral structure. 
However, little was known about the nature of the surface, except what may be 
deduced from the surface energy results, the surface energy being approximately 
the geometric mean of the surface energies of calcium hydroxide and hydrous 
amorphous silica. 

Experimental 

Preparation of Silicates. The #-Ca 2Si0 4 and C a 3 S i 0 5 were prepared from 
U.S.P. calcium carbonate and ground quartz, the latter containing 99.9% Si0 2 . 
Approximately 0.5% B 2 0 3 , as U.S.P. boric acid, was added to the Ca 2 Si0 4 raw 
mix as a stabilizer. The burning procedure was as described previously (9), but 
the burns were made in a six-burner gas-fired kiln which had a larger capacity than 
the two-burner kiln previously used. The /?-Ca 2Si0 4 mixture was twice heated at 
1450° for 3 hours, with intervening grinding and remixing. Since the mixing 
operations were carried out in a 22-quart dough mixer, the mixtures obtained were 
more homogeneous than those previously obtained and no "dusting" (inversion to 
the y form of Ca 2 Si0 4 ) occurred at any time. The C a 3 S i 0 5 was twice heated to 
1600° with intervening grinding and remixing. Alite—Ca 3Si0 5 to which small 
amounts of alumina, magnesia, and additional lime were added to give the mix the 
over-all composition 52Ca 3Si0 5.6CaO.Al 20 3.MgO—was prepared in exactly the 
same manner as Ca 3 Si0 5 . Reagent grade hydrous alumina and magnesium oxide 
were used. 

All three preparations were ground in porcelain jar mills with flint pebbles. 
A portion of each preparation was ground to a Blaine surface area (ASTM desig
nation C-204-51) of about 4500 sq. cm. per gram. 

The analyses and compound compositions of these preparations are given in 
Table I. The compound compositions were adjusted to 100% by assuming that 
the missing percentage in the Ca 2 Si0 4 preparations was Ca 2 Si0 4 , and that in the 
Ca 3 Si0 5 and alite preparations it was Ca 3 Si0 5 . 

Preparation of Hydrated Silicates. The hydrated silicate specimens used 
were all in the paste form—that is, mixtures of one of the calcium silicates with a 
limited amount of water to form a slurry, which sets and hardens as portland 
cement itself does. These pastes were prepared by the vacuum mixing procedure 
described by Powers, Copeland, Hayes, and Mann (23), adapted so that the 
temperature of the mix upon removal from the mixer was the temperature at 
which the specimen was to be hydrated. The 5° specimens were made by start
ing with an ice-water mixture; the-50° specimens by starting with preheated 
water. A manostat was incorporated into the pumping system to prevent the 
pressure from dropping below the vapor pressure of water at the desired final 
temperature. This was especially important for the 50° mixes, to prevent excessive 
cooling. 

The mixing of specimens consisted of two 1-minute mixing periods separated 
by a 3-minute standing period for the 5 ° and 25° specimens, and by a 2-minute 
standing period for the 50° specimens. In all but a few mixes, the water-solid 
ratio was 0.70. Four or five specimens were obtained from each mix. The 
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Table I. Compositions of Unhydrated Calcium Silicates 

Material, % 
Component 0-Ca2SiO4 Ca 3Si0 5 Alite 

GaO 65.43 73.57 73.62 
Si0 2 33.56 25.69 24.93 
A1 20 3 0.12 0.20 1.01 
MgO 0.05 Nil 0.37 
B 2 0 3 0.47 — — 

Total 99.63 99.46 99.93 

Ca 3Si0 5 2.36 98.18 94.77* 
Ga 2Si0 4 97.01e — — 
Ga 3 Al ? 0 6 0.32 0.53 2.68 
MgO 0.05 — 0.37 
Free GaO 0.20 1.29 2.18 
Insol. residue (Si02) 0.06 — — 

Total 100.00 100.00 100.00 
« Total Ca 2Si0 4 taken as sum of Ga 2Si0 4 (94.65%) and B 2 0 3 expressed as 5CaOB 2 0 3 

(2.36%). 
h Total alite (97.82%) taken as sum of Ca3SiOr„ Ga 3Al 20 6 , and MgO. 

specimens were transferred from the mixing vessel to temperature-resistant poly
ethylene or polypropylene test tubes, in which they were allowed to hydrate. 
The 5° and 25° specimens thus obtained were placed in suitable temperature-
controlled baths, and the 50° specimens in a temperature-controlled oven for the 
duration of the hydration period. 

Each specimen was removed from its test tube mold at the end of a prescribed 
hydration period. In most cases the specimen had set. If so, the top and bottom 
half inch of material were removed by means of a small diamond saw and dis
carded. The remaining cylinder was sawed into two pieces axially. The specimen 
was then dried for 1 to 2 days in a vacuum drying apparatus of the type described 
by Copeland and Hayes (12), after which the material was placed in a gloved box 
containing a C0 2-free atmosphere. Here the specimen was ground to pass a U.S. 
Standard No. 200 sieve. (A few specimens were ground to pass only a U.S. 
Standard No. 80 sieve. ) Each specimen was then placed in tared weighing bottles 
which were placed back in the vacuum drying apparatus and dried to equilibrium 
at the vapor pressure of ice at —78 .5° (5 χ 10 - 4 mm. ). 

This paper reports results obtained for a number of very well hydrated older 
specimens, prepared from other batches of Ca 2 Si0 4 and Ca 3 Si0 5 than those 
described above (5, 9). The compositions of these older unhydrated materials 
were given by Brunauer (Table I, 9). The paste preparation was identical with 
that described above, except in two respects: The specimens were hydrated in 
glass molds lined with a polyvinyl plastic paint, and the room temperature speci
mens were hydrated in air in a temperature-controlled room. Specimens hydrated 
at higher temperatures were hydrated in temperature-controlled water baths. After 
2 months of hydration at these higher temperatures ( 5 0 ° and 8 0 ° ) , the controls 
were turned off and the baths were allowed to cool to room temperature. 
Eventually the samples were removed from the baths and stored in air in the 
temperature-controlled room until they were used. Grinding and drying were 
accomplished as described above. 

Analysis and Surface Determination. Loss-on-ignition and carbon dioxide 
content were determined for each specimen. Complete chemical analyses were 
also performed on many of the pastes. These analyses were found to agree with 
those of the original unhydrated materials; in the end, one chemical analysis was 
used for all pastes made from the same original material. The analyses reported in 
Table I are the averages of those obtained for various pastes and respective un
hydrated materials. 
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Free calcium hydroxide was determined by a modified Franke extraction 
procedure (24), most of the data having been obtained by the time-variation 
method ( T V M ) . The unhydrated material was determined by x-ray quantitative 
analysis, using magnesium hydroxide as an internal standard, as described previ
ously (21). The calibration equations for all three calcium silicates were of the 
form 

L'-k"* ( l ) 

where Ix and I0 are integrated intensities of suitably chosen calcium silicate and 
internal standard diffraction lines, respectively, wx and w0 are weight fractions of 
these substances, and k is a constant (10). The values of k for Ca 2 Si0 4 , Ca 3 Si0 5 , 
and alite, obtained from calibration mixtures, are 0.288 ± 0.006, 0.338 ± 0.006, 
and 0.332 ± 0.009, respectively. 

Surface areas were determined by the B E T method using water. vapor 
adsorption. The adsorption data were obtained gravimetrically in modified vacuum 
desiccators, such as that shown in Figure 1. 

Figure 1. Water vapor adsorption ap
paratus 

The desiccator lid was manufactured with a ring stopcock through which 
evacuation was accomplished. A center tube was sealed on the lid, connecting it 
to a bulb. The bulb contained the saturated salt solution that maintained a con
stant water vapor pressure over the specimens. The bulb was isolable by means of 
a stopcock, so that the saturated salt solution could be stored under vacuum while 
samples were being changed. A ground joint connection made it possible to 
remove the whole upper assembly from the lid. Six such desiccators were em
ployed, a different water vapor pressure being maintained in each. The relative 
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pressures ranged from 0.07 to 0.33. Duplicate samples were exposed to each 
pressure for 7 days before weighing. 

Table II. Compositions of Older /?-Ca2Si04 and Ca 3Si0 5 Pastes 

(Grams per gram ignited weight) 

Paste0 Age 

Temp, of 
Hydration, 

°C. 
Ga(OH) 2 

G . / G . 

Unhydrated 
Material, 

G . / G . 

Minor 
Constituents,0 

G . / G . 

Pastes of Ca2Si04 

C-23 
C-51 
C-29 
C-57 

17 mo. 
4.25 yr. 
21 mo. 
5.2 yr. 

25 
25 
50* 
80* 

0.102 
0.127 
0.059 
0.060 

0.306 
0.147 
0.355 
0.310 

0.024 
0.028 
0.040 
0.028 

Paste" Age 

Temp, of 
Hydration, 

°C. 

Tober
morite, 
G . / G . 

G a O / S i 0 2 , 
Moles/Mole 

H 2 0 / S i 0 2 , 
Moles/Mole 

Tobermorite 
Area, 

Sq. M . / G . 

C-23 17 mo. 
C-51 4.25 yr. 
C-29 21 mo. 
C-57 5.2 yr. 

25 
25 
50* 
80* 

0.683 
0.835 
0.656 
0.720 

1.65 
1.63 
1.73 
1.75 

1.15 
1.09 
1.19 
1.29 

280.1 
305.7 
264.1 
242.0 

Paste" Age 

Temp, of 
Hydration, 

°G. 
C a ( O H ) o 

G . / G . 

Unhydrated 
Material, 

G . / G . 

Minor, 
Constituents, 

G . / G . 

Pastes of Ca 3 Si0 5 

C-17 
C-52 
C-27 
C-55 

17 mo. 
5 yr. 
21 mo. 
5.2 yr. 

25 
25 
50* 
80* 

0.464 
0.452 
0.443 
0.359 

0.000 
0.000 
0.000 
0.159 

0.016 
0.022 
0.018 
0.014 

Paste" Age 

Temp, of 
Hydration, 

°C. 

Tober
morite, 
G . / G . 

C a O / S i 0 2 , 
Moles /Mole 

H 2 0 / S i 0 2 , 
Moles /Mole 

Tobermorite 
Area, 

Sq. M . / G . 

C-17 17 mo. 
C-52 5 yr. 
C-27 21 mo. 
C-55 5.2 yr. 

25 
25 
50* 
80* 

0.725 
0.734 
0.744 
0.646 

1.54 
1.56 
1.58 
1.63 

1.10 
1.14 
1.13 
1.29 

285.9 
267.6 
296.5 
289.3 

a A l l pastes made from 0.7 water-solid ratio mixes. 
* Paste hydrated 2 months at indicated temperature, remainder of time at room 

temperature. 
c Minor constituents consist of G a C 0 3 , M g ( O H ) 2 , Ca3Al 2 06.6H 2 0, Na 2SC>4. and in case of 

Ca 2SiC>4 pastes, H - B 0 3 also. 
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Results 

The compound composition of each paste was calculated from the chemical 
analysis in terms of oxides (CaO, Si0 2 , A1 2 0 3 , MgO, B 2 0 3 , C 0 2 , and H 2 0 ) , the 
free calcium hydroxide, and the unhydrated material present. The amount and 
composition of the tobermorite present were obtained from the difference between 
the total analysis and the amounts of the oxides required to account for calcium 
hydroxide and the unhydrated material. Allowance was made for minor impurities 
such as calcium carbonate. 

Tobermorite has a variable composition. The composition in any given paste 
may be expressed as xCaO.Si0 2 .t/H 20, where χ and y represent the molar CaO/ 

Table III. Compositions of Ca 2Si0 4 Pastes 

Minor C a O / H 2 0 / Tober-
^ Constit- Tober- S i0 2 , S i0 2 , morite 
Age, Ca(OH) 2 , C a 2 S i 0 4 , 6 uents,c morite, Moles/ Moles/ Area, Sq. 

Mix days G . / G . G . / G . G . / G . G . / G . Mole Mole M . / G . 

Hydrated at 5 ° 

R 1 0. 033 0.903 0. 025 0.050 1. 04 0.00 169.2 
V 1 0. 035 0.877 0. 025 0.075 1. 27 0.00 94.1 
S 2 0. 047 0.910 0. 021 0.037 0. 57 0.05 224.9 
Τ 4 0. 064 0.858 0. 019 0.077 0. 89 0.09 392.6 

s 7 0. 081 0.841 0. 019 0.083 0. 76 0.00 478.3 

ν 9 0. 078 0.821 0. 017 0.108 0. 97 0.12 397.2 

τ 11 0. 079 0.826 0. 017 0.104 0. 93 0.23 488.6 

ν 14 0.088 0.820 0. 017 0.103 0. 84 0.20 537.0 

τ 17 0. 102 0.782 0. 016 0.132 0. 92 0.16 457.8 

s 21 0. 099 0.759 0. 016 0.159 1. 06 0.24 408.2 

ν 28 0. 099 0.768 0. 015 0.155 1. .04 0.39 497.8 
S 50 0. 114 0.643 0. 014 0.277 1. .31 0.47 364.0 

τ 74 0. 111 0.591 0. 014 0.346 1. .43 0.75 358.7 
L 100 0. 111 0.470 0. 018 0.472 1 .56 0.71 260.3 
L 199 0. 151 0.300 0. 019 0.640 1. .55 0.94 299.6 

Hydrated at 25 ° 

F 1 0. .046 0.855 0 .025 0.094 1 .20 0.47 303.8 
F 2 0.063 0.798 0. .024 0.136 1 .26 0.18 247.7 
Q '5 0 .091 0.747 0. .021 0.168 1 .17 0.08 319.8 
F 8 0 .085 0.738 0 .020 0.193 1 .27 0.46 350.3 
Q 11 0 .104 0.617 0 .018 0.306 1 .41 0.43 298.1 
F 14 0 .114 0.641 0 .019 0.283 1 .30 0.71 372.8 
Q 18 0 .104 0.484 0 .022 0.457 1 .58 0.69 257.7 
H 21 0 .117 0.511 0 .021 0.419 1 .49 0.69 301.1 
H 28 0 .114 0.447 0 .021 0.496 1 .57 0.79 276.0 
Q 41 0 .122 0.433 0 .027 0.582 1 .52 0.86 325.4 
C 72 0 .132 0.344 0 .017 0.616 1 .59 1.07 284.0 
H 100 0 .141 0.268 0 .020 0.685 1 .60 0.99 288.1 
H 200 0 .157 0.214 0 .020 0.736 1 .58 1.02 284.3 
C 330 0 .158 0.150 0 .021 0.806 1 .62 1.03 304.9 
C 400 0 .160 0.207 0 .032 0.740 1 .55 1.08 314.8 
C'« 127 0 .128 0.274 0 .014 0.696 1 .65 1.03 244.3 

Hydrated at 50° 

Ο 1 0 .072 0.757 0 .023 0.175 1 .32 0.31 263.4 

ο 2 0 .089 0.716 0 .023 0.212 1 .28 0.54 295.0 

ο 8 0 .099 0.516 0 .024 0.433 1 .56 0.89 270.6 

ο 14 0 .094 0.487 0 .021 0.476 1 .63 0.99 296.9 
Ρ 21 0 .104 0.444 0 .021 0.520 1 .62 1.04 302.6 
Ρ 28 0 .105 0.403 0 .023 0.562 1 .64 1.01 280.9 
Ρ 100 0 .111 0.299 0 .022 0.672 1 .68 0.98 264.9 
Ρ 200 0 .105 0.303 0 .021 0.688 1 .70 1.18 268.7 

a 3500 sq. cm. Blaine surface Ca 2Si04 used. 
b Total C a 2 S i 0 4 includes C a 2 S i 0 4 and 5CaO.B 2 0 : j . 
c Minor constituents include C a C O s , Mg(OH) 2 , C a 3 A l 2 0 6 . 6 H 2 0 , C a a S i 0 5 , and H 3 B O s . 
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Si0 2 and H 2 0 / S i 0 2 ratios in the tobermorite. The compound compositions and 
the tobermorite compositions, the latter expressed in terms of CaO/Si0 2 and 
H 2 0 / S i 0 2 ratios, for the older C a 2 S i 0 4 and Ca 3 SiO n pastes are given in Table II. 
The results for Ca 2 Si0 4 , Ca 3SiO ;-, and alite pastes (compositions in Table I) are 
given in Tables III, IV, and V, respectively. The weights of the constituents are 
given in grams per gram of ignited weight, and not as grams per gram of paste. 
Thus, their sum is always greater than 1 gram. 

Paste 

M i x 
Age, 
days 

Ca(OH),. 
G./G. 

Table IV. Compositions of Ca SiO- Pastes 

GaO/ 
Tober- Si0 2, 
morite, Moles/ GagSiOe, 

G./G. 

Minor 
Constit
uentŝ  
G./G. 

Hydrated at 5 c 

G./G. Mole 

H 2 0 / Tober-
Si0 2, morite 

Moles/ Area, Sq. 
Mole M . / G . 

Κ 1 0. 121 0. 694 0. .012 0. .214 1 .86 0. .32 201 . .7 

κ 2 0. 197 0. 542 0. 012 0. 332 1 . .72 0 .89 324. .7 
κ 8 0. 288 0. 362 0. 010 0. 466 1. 64 1 . .08 340. 4 
κ 14 0. 341 0. 294 0. 012 0. 495 1 . .53 1. .01 341. 1 
L 21 0. 360 0. 242 0. 010 0. 544 1 . .56 1 . 12 326. .6 
L 28 0. 368 0. 194 0. 011 0. 587 1. .62 1. .08 351. 8 
L 100 0. 463 0. 094 0. Oil 0. 621 1 .43 1 . .09 357. 1 
L 200 0. 473 0. 030 0. 009 0. 683 1. 51 1 . 05 326. .3 

Hydrated at 25 ° 

Q 1 0. 148 0. .654 0 .010 0 .244 1 .76 0 .63 306 .2 
Q 1.5 0. 173 0. .642 0. .012 0 .238 1 .56 0 .71 372, .8 
Q 2 0. 189 0. .580 0 .011 0. .289 1 .66 0 .63 312. ,5 
Q 4 0. .225 0 .514 0. .009 0 .338 1 .62 0 .78 359. .8 
F 8 0. 264 0. .422 0 .011 0. .411 1 .63 0 .91 352 .2 
F 14 0. 329 0. .304 0 .012 0 .487 1 .57 0 .90 354 .9 
H 21 0. .380 0. .245 0 .014 0. .512 1 .47 0 .92 387, .6 
H 28 0. .400 0 .191 0 .014 0 .559 1 .49 1 .00 355. 6 
C 72 0. .444 0. .074 0 .010 0. .655 1 .55 1 .00 356. 8 
H 100 0 .489 0. .045 0 .012 0. .649 1 .44 0 .97 357. 5 
H 200 0 .504 0 .024 0 .016 0 .662 1 .42 1 .01 328. .6 
G 300 0 .482 0 .000 0 .013 0 .709 1 .53 1 .07 357. .5 
G 400 0. .500 0 .000 0 .028 0 .681 1 .44 0 .98 329 .7 
B « 72 0 .440 0 .096 0 .012 0 .633 1 .52 1 .00 352 .9 
Ο 72 0 .401 0 .143 0 .013 0 .625 1 .57 1 .00 359 .8 

Hydrated at 50 ° 
Ρ 1 0 .164 0 .628 0 .012 0 .260 1 .69 0 .74 315 .2 
Ρ 2 0. .199 0 .533 0 .012 0 .335 1 .73 0 .74 290 .8 
Ρ 8 0. .270 0 .388 0 .014 0 .446 1 .66 1 .00 323 .2 
Ρ 14 0 .297 0. .345 0 .015 0. .483 1 .62 1 .24 358 .7 

ο 21 0 .325 0 .268 0 .012 0 .539 1 .66 1 .08 303 .4 

ο 28 0. .357 0 .232 0 .013 0 .554 1 .59 1 .10 326 .3 

ο 100 0. .420 0. .082 0 .013 0 .675 1 .61 1 .17 303 .4 

ο 200 0. .444 0 .038 0 .012 0 .707 1 .59 1 .20 310 .3 
D« 90 0. .431 0 .080 0 .011 0. .667 1 .58 1 .12 334. .3 

a Water-solid ratio in mix: 0.57. 
6 Water-solid ratio in mix: 0.45. 
c Minor constituents include CaC0 3 and Ca 3 Al 2 0 6 .6H 2 0. 

The extent to which any paste is hydrated may be expressed by the ratio of the 
amount of unhydrated material that has disappeared to the amount present origi
nally. This ratio will be called the degree of hydration. In the case of Ca 2 Si0 4 , a 
correction was made for the small amount of Ca 3 Si0 5 present. The latter was 
assumed to hydrate at the same rate as in Ca 3 Si0 5 pastes under comparable condi
tions. Thus, the amount of Ca 3 Si0 5 remaining unhydrated in a Ca 2 Si0 4 paste 
could be estimated and subtracted from the total amount of remaining unhydrated 
material, the difference being the amount of unhydrated Ca 2 Si0 4 . 
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Paste 
Age, 

Mix days 
Ga(OH) 

G./G. 

Table V. Compositions of Alite Pastes 
GaO/ 

Tober- Si0 2 , c 

morite, Moles/ Alite,b 

G./G. 
GaCOs, 
G./G. 

Hydrated at 5c 

G./G. Mole 

H 2 0 / Tober-
Si0 2 , c morite 

Moles/ Area, Sq. 
Mole M. /G. 

M 1 0. 102 0. 781 0.002 0. ,147 1 .79 0. .46 231.0 
M 2 0. 217 0. 542 0.004 0. 318 1 .62 0. .77 311.9 
M 8 0. 348 0. 251 0.003 0. 544 1 .61 1. .04 307.6 
M 14 0. 385 0. 198 0.003 0. ,582 1 .56 1 .19 332.0 
Ν 22 0. 451 0. 146 0.003 0. ,577 1 .41 0, .98 335.0 
Ν 28 0. 454 0. 118 0.004 0. 605 1 .44 1. .01 339.2 
Ν 100 0. 452 0. 061 0.004 0. 676 1 .54 1, .11 325.9 
Ν 200 0. 477 0. 062 0.003 0. 661 1 .46 1. .16 365.9 

Hydrated at 25° 
I 1 0. 179 0. .621 0.004 0 .264 1 .65 0 .80 294.2 
I 2 0. .237 0. .521 0.001 0 .328 1 .57 0 .76 289.7 
I 8 0. ,329 0. .359 0.004 0 .435 1 .47 0 .90 349.9 
I 14 0, .392 0 .256 0.004 0 .502 1 .41 0 .97 377.7 
G 21 0 .435 0 .191 0.006 0 .534 1 .37 0 .92 366.7 
G 28 0 .452 0 .139 0.007 0 .582 1 .40 1 .01 346.8 
G 72 0 .501 0 .049 0.007 0 .647 1 .40 1 .05 387.8 
G 100 0 .511 0 .033 0.010 0 .650 1 .38 1 .00 357.5 
G 200 0 .525 0 .000 0.010 0 .673 1 .39 0 .96 336.6 
A« 72 0 .427 0 .102 0.006 0 .652 1 .55 1 .15 319.4 

Hydrated at 50° 
R 1 0 .218 0 .583 0.003 0 .272 1 .48 0 .69 333.9 
R 2 0. .274 0. .502 0.004 0 .318 1 .37 0 .77 377.7 
R 8 0. ,394 0. ,254 0.005 0 .504 1 .40 1 .02 389.5 
R 14 0. .436 0. 195 0.006 0. .536 1 .36 1 .02 385.0 
Q 22 0. 453 0. 130 0.006 0. .597 1 .42 1 .08 385.3 
Q 28 0. 453 0. 130 0.008 0. 591 1 .41 1. .15 390.7 
Q 100 0. 494 0. 032 0.014 0. 669 1 .43 1 .09 328.2 
Q 200 0. 492 0. 000 0.012 0. 707 1 .49 1 .10 313.7 

a Water-solid ratio in mix: 0.45. 
b Sum of Ga 3Si0 5, Ga 3 Al 2 0 6 , and MgO. 
c Si0 2 includes A1203 which substitutes in lattice for Si0 2. 

The degrees of hydration of Ca 2 Si0 4 , Ca 3 Si0 5 , and alite pastes as functions of 
time at the three temperatures are given in Figures 2, 4, and 6, respectively. The 
data, obtained from pastes whose compositions are given in Tables III, IV, and V, 
are plotted on a logarithmic time scale only as a matter of convenience. 

The Vm values for Ca 2 Si0 4 , Ca 3 Si0 5 , and alite pastes are plotted as functions 
of time at the three temperatures in Figures 3, 5, and 7, respectively. (The spe
cific surface areas shown in the last columns of Tables III, IV, and V were calcu
lated from these Vm values.) In these figures, too, the logarithmic time scale has 
been used for convenience. 

Discussion 
Progress of Surface Formation. During the early stages of reaction, the hy

dration of /?-Ca 2Si0 4 depends on temperature in much the same manner as most 
chemical reactions. As can be seen in Figure 2, at any given time during the early 
stages, hydration of £ - C a 2 S i 0 4 has proceeded to the greatest extent at the highest 
temperature of hydration. This temperature dependence is not maintained, how
ever, in the later stages of reaction. The degree of hydration of /?-Ca 2Si0 4 at 50° 
is less than that at 2 5 ° at any given age beyond 60 days, although at 60 days only 
about 65% of the /?-Ca 2Si0 4 has disappeared. 

A comparison of Figures 2 and 3 shows that the degree of surface area de-
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velopment behaves in about the same manner. Because the specific surface areas 
of the calcium silicates are three orders of magnitude smaller than those of the 
hydration products, the Vm values are almost entirely dependent on the surfaces of 
the hydration products. As Figure 3 shows, the Vm data, like the degree of hydra
tion data, are lower for 50° pastes older than 60 days than for 2 5 ° pastes of the 
same ages. This parallelism is only semiquantitative, however, for as can be seen 
from a comparison of Figures 2 and 3, the detailed shapes of the corresponding 
temperature curves differ in some respects. Relationships between Vm and other 
variables are discussed later. 

90 I >~" ι 1 1 1 1 1 1 1 1 1 Γ 

n L 1 1 1 ι ι ι ι ι ι ι ι 1 1 
I 2 3 5 7 10 20 30 50 70 100 200 300 500 

Time — days 

Figure 2. Percentage hydration of Ca2Si0ll vs. time 

The degree of hydration results for Ca 3 Si0 5 (Figure 4) have relationships 
different from those for /?-Ca 2Si0 4. First of all, the temperature dependence of the 
hydration of Ca 3 Si0 5 is considerably smaller than that of Ca 2 Si0 4 ; the curves at the 
three temperatures are much closer to each other in Figure 4 than in Figure 2. In 
the second place, the Ca 2 Si0 4 curves show only one crossing between 1 and 100 
days of hydration, whereas the Ca 3 Si0 5 curves show four crossings. The Vm 

curves for Ca 3 Si0 5 (Figure 5) also exhibit four crossings between 1 and 100 days. 
The crossings do not occur at exactly the same ages in Figures 4 and 5, because 
Vm is a function not only of the degree of hydration but also of the stoichiometry 
of the hydration. Nevertheless, the 25° curve indicates a lower degree of hydra
tion between 1.5 and 10 days and a higher degree of hydration after 20 days than 
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.07 1 -« ' ' · . • 1 

Time - Days 

Figure 3. Surface development in hydration of Ca2SiOi vs. time 

the 5° and 50° curves (Figure 4) and, similarly, the 25° curve indicates a lower 
surface between 1.7 and 4 days and a higher surface after 20 days than the 5 and 
50° curves (Figure 5). Figure 4 shows a region in the vicinity of 14 days in which 
inverse correlation with temperature exists, the 5° paste being the most hydrated, 
the 50° paste the least. A similar region of inverse temperature dependence is 
found for Vm in Figure 5, at about the same age. 

The hydration of alite is of interest because of the similarity of this material to 
Ca 3 Si0 5 . The alite used was stabilized by A1 2 0 3 and MgO as described in an 
earlier investigation (II). Thus, alite is slightly different from Ca 3 Si0 5 in com
position, but more important is the fact that Ca 3 Si0 5 and alite are crystallographi-
cally dissimilar. Ca 3 SiO s is triclinic and alite is monoclinic, as was shown by 
Jeffrey (19) and confirmed by Yamaguchi and Miyabe (28). 

The curves of degree of hydration vs. time for alite (Figure 6) bear a strong 
resemblance to those of Ca 3 Si0 5 (Figure 4). However, for alite the pastes hy
drated at 50° are at all times more hydrated than corresponding 5° and 25° pastes. 
The 5° and 2 5 ° curves, however, behave relative to each other in much the same 
way as the corresponding Ca 3 Si0 5 curves. Comparison of the Vm vs. time curves 
of alite (Figure 7) with the degree of hydration vs. time curves (Figure 6) reveals 
a similarity in behavior, as in the previous cases. 

No attempt is made here to explain the intricate temperature dependence of 
the hydrations of the three calcium silicates. Work on the kinetics of these hydra
tion processes is not complete, so the authors could give at present only highly 
tentative and speculative explanations. The conclusion from Figures 2 to 7 for the 
purposes of this paper is that the surface area development in pastes of all three 
silicates is determined primarily by the degree of hydration of the silicate. For a 
simple reaction, in which the reactants have negligible surface areas compared with 
the reaction products, such a conclusion would be trivial. However, for as complex 
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20 L-

1 0 h -

0 I 2 3 5 7 10 20 30 50 70 100 200 300 500 

Time — days 

Figure 4. Percentage hydration of Ca3Si05 vs. time 

reactions as the three discussed here, through all the intricate and not easily ex
plainable crisscrossings of the hydration curves, the surface area development, by 
and large, faithfully follows the degree of hydration. Consideration of the second
ary factors leads to more interesting conclusions, because these factors reveal im
portant information about the mechanism of surface formation and the nature of 
the tobermorite surface. 

Stoichiometry of Hydration Reactions. The stoichiometry of the hydration 
reactions has a significant influence on surface formation. In previous investiga
tions of C a 3 S i 0 5 and /?-Ca 2Si0 4 pastes hydrated at room temperature for long 
times (3, 5), the stoichiometry of the hydration process was found to be rep
resented by the following equations: 

2Ca3Si05 + 6H 20 = Ca 3Si 20 7.3H 20 + 3Ca(OH)2 (2) 

2Ca<Si04 + 4H 20 = Ca 3Si 20 7.3H,0 + Ca(OH)2 (3) 

The calcium silicate hydrate formed in both cases appears to be a very poorly 
crystallized version of the natural mineral tobermorite. The use of the name 
tobermorite for the calcium silicate hydrate obtained in the hydration of Ca 3 Si0 5 

and Ca 2 Si0 4 is not fully justified; nevertheless, because in all publications from this 
laboratory that name was used, the usage is retained in this paper. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

02
1

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



210 ADVANCES IN CHEMISTRY SERIES 

.07 

ο I ι j ι ι ι ι J 1 1 1 1 1 1 

I 2 3 5 7 10 20 30 50 70 100 200 300 500 
Time - Days 

Figure 5. Surface development in hydration of Ca3Si05 vs. time 

Prior to analysis and surface area determination, the tobermorite was dried, as 
described before. In this drying, one molecule of water was lost, so the formula of 
the tobermorite was C a 3 S i 2 0 7 . 2 H 2 0 . This formula, however, is only an approxi
mation even for pastes hydrated at room temperature for long times. As Table II 
shows, the CaO/Si0 2 ratio in the tobermorite prepared at 25° is not 1.50, but 1.64 
for hydrated Ca 2 Si0 4 and 1.55 for hydrated Ca 3 Si0 5 ; and the H 2 0 / S i 0 2 ratio is 
not 1.00, but about 1.12. As Tables III, IV, and V show, the CaO/Si0 2 and 
H 2 0 / S i 0 2 ratios in the tobermorites depend on temperature, time of hydration, and 
starting material (Ca 2 Si0 4 , Ca 3 Si0 5 , or alite). in Table V, the Si0 2 values include 
the A1 2 0 3 which substitutes in the tobermorite lattice for 2Si0 2 in a manner 
analogous to that described for alite (19). 

Examination of the data of Tables III, IV, and V reveals certain trends in the 
CaO/Si0 2 ratios of tobermorite. Table III indicates that in the hydration of 
Ca 2 Si0 4 , the CaO/Si0 2 ratio at 5 ° starts with a low value, then builds up to higher 
values as the reaction progresses. Because the reaction is faster at 25° and still 
faster at 5 0 ° , and because no pastes less than 1 day old were investigated so far, 
the CaO/Si0 2 values for the youngest pastes at 25° are higher than at 5 ° , and still 
higher at 5 0 ° . The ultimate CaO/Si0 2 ratio seems to be reached at about 50% 
hydration, which, as Figure 2 shows, is reached in about 14 days at 5 0 ° , 18 days at 
2 5 ° , and 100 days at 5 ° . The values of the final CaO/Si0 2 ratios are 1.65, 1.58, 
and 1.55 at 5 0 ° , 2 5 ° , and 5 ° , respectively. These results are consistent with those 
of Funk (14), who reported increasing CaO/Si0 2 ratios with increasing tempera
tures between 50° and 100° for tobermorites produced in the hydration of 
#-Ca 2Si0 4. 

The course of the H 2 0 / S i 0 2 ratio in the tobermorites of Table III is similar to 
the course of the CaO/Si0 2 ratio. The H 2 0 / S i 0 2 ratio also starts with low values 
at each temperature and builds up to higher values as the reaction progresses. The 
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•oh 

0 I 1 ι ι I I ι ι I I I I I I 
I 2 3 5 7 10 20 30 50 70 100 200 300 5Q0 

Time - days 

Figure 6. Percentage hydration of alite vs. time 

combined water, initially, is very loosely bound, so that several of the 5° early age 
pastes show zero or close to zero H 2 0 / S i 0 2 ratios under the drying conditions em
ployed in the present work. The H 2 0 / S i 0 2 ratio increases to its final value more 
slowly than the CaO/Si0 2 ratio, and the ultimate values are not reached at 50% 
hydration. The values observed for the oldest pastes in the present work are 0.94, 
1.08, and 1.18 at 5 ° , 2 5 ° , and 5 0 ° , respectively. Indication from earlier work (4) 
is that the 25° and 50° values, obtained for the 400- and 200-day pastes, respec
tively, are ultimate values, but the 5° value, obtained for a 200-day paste, is not. 
The ultimate value for the 5° paste should be in the vicinity of 1.05. 

In contrast with the Ca 2 Si0 4 results, the C a O / S i 0 2 ratios for tobermorites 
obtained from the hydration of Ca 3 Si0 5 and alite, shown in Tables IV and V, 
exhibit a decreasing trend with time. This can be explained in a crude way, if it is 
assumed that the first step in the hydration of both Ca 2 Si0 4 and Ca 3 Si0 5 is the loss 
of one molecule of CaO, and that the hydration, in its early stages, takes place on 
the surface of the silicate. In this case, the initial CaO/Si0 2 ratio in the tober
morite would be 1.0 for Ca 2 Si0 4 and 2.0 for Ca 3 Si0 5 . Because the ultimate ratio 
for both tobermorites is in the vicinity of 1.5, the ratio for Ca 2 Si0 4 should show an 
increasing trend with time, and for Ca 3 Si0 5 and alite, a decreasing trend. 
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Figure 7. Surface development in hydration of alite vs. time 

The loss of one molecule of lime is not accompanied by an immediate uptake of 
one molecule of water. The H 2 0 / S i 0 2 ratios for the tobermorites in all 13 Ca 3 Si0 5 

and alite pastes that are 2 days old or younger are significantly less than 1.0. 
Subsequently, the H 2 0 / S i 0 2 ratio increases to an ultimate value, while the CaO/ 
Si0 2 ratio decreases to an ultimate value. In the hydration of Ca 2 Si0 4 , both ratios 
increase, but the uptake of water is slower than the uptake of lime, as pointed out 
above. 

Although there is no definite relation between the CaO/Si0 2 and H 2 0 / S i 0 2 

ratios while these ratios are in a process of change, there is a definite relation be
tween the final values (4). Higher CaO/Si0 2 ratios go with higher H 2 0 / S i 0 2 

ratios, as pointed out above for the C a 2 S i 0 4 pastes. The same is true for the 
Ca 3 SiO B pastes. The ultimate CaO/Si0 2 ratios in Table IV are 1.53, 1.48, and 
1.59 at 5 ° , 2 5 ° , and 5 0 ° , respectively, and the corresponding H 2 0 / S i 0 2 ratios are 
1.07, 1.00, and 1.15. The smallest values of both ratios are at 2 5 ° , and the same is 
true for alite pastes. The ultimate CaO/Si0 2 ratios in Table V are 1.46, 1.39, and 
1.42 at 5 ° , 2 5 ° , and 5 0 ° , respectively, and the corresponding H 2 0 / S i 0 2 values are 
1.06, 0.99, and 1.08. There appears to be no unidirectional change with tempera
ture in the ultimate ratios for Ca 3 SiO s and alite pastes, in contrast with the Ca 2 Si0 4 

results. 
Stoichiometry and Surface Development. S O M E ASPECTS OF TOBERMORITE 

STRUCTURE. Prior to the discussion that follows, it is necessary to point out certain 
features of the tobermorite structure. Tobermorite has a layer structure, like the 
clay minerals montmorillonite and vermiculite. Megaw and Kelsey (22) found 
that each layer of the natural mineral tobermorite was actually a triple layer: a 
C a 0 2 layer in the center, similar to a distorted C a ( O H ) 2 layer from which all 
hydrogen atoms have been removed, and on both sides of this layers of metasilicate 
chains. This 2:1 layer is called one layer in the following discussion. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

02
1

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



KANTRO ET AL. Calcium Silicate Hydration 213 

The basic layer has a CaO/Si0 2 ratio of 2/3, but ail tobermorites, natural or 
synthetic, have ratios higher than this. The natural mineral has a CaO/Si0 2 ratio 
of 0.83; the synthetic tobermorites, prepared in the temperature range 5° to 5 0 ° , 
have CaO/Si0 2 ratios ranging from about 0.80 to 1.75, and possibly higher. Ex
cept in the last section of this paper, only tobermorites with a relatively stable 
structure are discussed—i.e., those which have already reached the final C a O / S i 0 2 

ratios. In the process of formation, the CaO/Si0 2 ratio may be as high as 2.0—the 
highest value actually observed was 1.86 (Table IV). However, the maximum 
ultimate ratio reported in this paper for the temperature range 5° to 50° is 1.73 
(Table II). 

The low-lime tobermorites, with CaO/Si0 2 ratios of about 0.8 to 1.5, are 
poorly crystallized—their x-ray diffraction patterns consist of about a dozen lines or 
fewer, and their electron micrographs show crumpled sheets (16). The high-lime 
tobermorites, with CaO/Si0 2 ratios of about 1.4 to 1.75 (or higher), are even more 
poorly crystallized—their x-ray diffraction patterns consist of only three lines, and 
their electron micrographs show fibers (13, 16). These fibers are actually rolled-
up sheets (1). The overlapping in CaO/Si0 2 ratios between low- and high-lime 
tobermorites is probably real. All work reported in this paper refers to high-lime 
tobermorites, and the lowest ultimate value reported here is 1.39. There is con
siderable evidence that the upper limit of low-lime tobermorites is 1.5 (4), though 
one cannot rule out the possibility of some high-lime tobermorite in the low-lime 
preparations. Kalousek and Prebus (20) consider 1.33 the upper limit of the low-
lime tobermorites. 

If the layer has a CaO/Si0 2 ratio of 0.67, the question is: Where is the rest of 
the lime? Taylor (26) demonstrated that the (hkO) spacings do not change with 
increasing C a O / S i 0 2 ratios, which indicates that the extra lime is not in the 2:1 
layers but outside these layers. Grudemo (16) showed that the (00Z) spacings 
diminish with increasing CaO/Si0 2 ratios, indicating that the extra lime is between 
the layers. Taylor (26) showed that the (hkO) spacings change only very slightly 
with increasing H 2 0 / S i 0 2 ratios, but the (001) spacings increase markedly with 
increasing H 2 0 / S i 0 2 ratios. Finally, Brunauer, Kantro, and Copeland (5) 
showed that the decrease in (00Z) spacings caused by the addition of a mole of 
CaO was approximately equal to the increase in spacings caused by the addition of 
a mole of H 2 0 ; thus, the simultaneous addition of both results in no appreciable 
change. Increase in the CaO/Si0 2 ratio is accompanied by an equimolar increase 
in the H 2 0 / S i 0 2 ratio (4), and the results discussed above indicate that this rela
tionship holds approximately for the ultimate CaO/Si0 2 and H 2 0 / S i 0 2 ratios in 
the tobermorites obtained in the hydration of Ca 2 Si0 4 , Ca 3 Si0 5 , and alite. 

The unit cell of tobermorite is orthorhombic (17). For simplicity, a pseudo-
cell, which contains one molecule, will be described. The b dimension of the 
pseudocell is the distance between neighboring silicon atoms in the silicate chains, 
and the a dimension is perpendicular to the b dimension within the layer. The 
values of a and b are 5.59 and 3.64 Α., respectively, under the drying conditions 
used in the present work. Changing the CaO/Si0 2 ratio has no effect, and chang
ing the H 2 0 / S i 0 2 ratio has a negligible effect (less than 1%) on the a and b 
dimensions; consequently, area ab is constant, and it is 20.35 sq. A. 

The three x-ray spacings exhibited by all tobermorites discussed in this paper 
are (hkO) spacings; the (00Z) spacings are absent. In previous work, the density 
of tobermorite having a composition of C a 3 S i 2 0 7 . 2 H 2 0 was determined (5), and 
from the density of 2.86 ± 0.02 grams per cc. the value of 9.3 ± 0.1 A. was calcu
lated for the c dimension of the pseudocell. This is the distance between neighbor-
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ing layers in the tobermorite sheets under the drying conditions used, when the 
pseudocell contains one molecule of Ca 3 Si20 7 .2H 2 0. 

In the following discussion, it is assumed that the pseudocell always contains 
one molecule of tobermorite, regardless of composition. This means that the 
weight of the pseudocell increases as the C a O / S i 0 2 ratio increases—for example, an 
increase in the CaO/Si0 2 ratio from 1.50 to 1.60 means the addition of 0.10 mole
cule of CaO and 0.10 molecule of H 2 0 to the pseudocell. This, naturally, should 
be understood in the average sense—i.e., one molecule of lime and one molecule 
of water are added to one pseudocell out of ten. 

S U R F A C E A R E A O F T O B E R M O R I T E . From the dimensions of the pseudocell, 
given above, the specific surface area can be calculated for tobermorite sheets that 
have thicknesses of any number of layers. For a tobermorite having the formula 
C a 3 S i 2 0 7 . 2 H 2 0 , the specific surface area for sheets consisting of one, two, and 
three layers is 755, 377, and 252 sq. meters per gram, respectively. The calcula
tion is described elsewhere (I). It is assumed in the calculation that the areas 
along the thin edges of the large sheets make negligible contributions to the 
surface area. 

The specific surface areas of Ca 2 Si0 4 , Ca 3 Si0 5 , and alite are negligible com
pared to those of the hydration products. Actually, the unhydrated silicates have 
specific surface areas well under 1 sq. meter per gram. The calcium hydroxide 
produced in the hydration reactions, likewise, has a negligible surface area (3, 4, 
8). Thus, the Vm values obtained for the pastes of the silicates can be assigned 
entirely to tobermorite, well within the experimental errors. The specific surface 
areas were calculated from the Vm values, by assuming that the area of an adsorbed 
water molecule is 11.59 A. (5). The areas thus calculated are shown in the last 
columns of Tables III, IV, and V. Comparison of these values with the values 
given in the previous paragraph indicates that for most tobermorites, which have 
reached ultimate CaO/Si0 2 ratios, the surface areas fall between those given for 
the two-layer and the three-layer sheet. More accurate calculations, presented 
later, show that all surface areas measured fall between the areas expected for two-
layer and three-layer sheets. It is concluded, therefore, that all stable tobermorites 
obtained in the present work consist of mixtures of two-layer and three-layer sheets. 

E F F E C T OF C A O / S I 0 2 RATIO ON TOBERMORITE S U R F A C E . The specific surface 
areas of the tobermorites were plotted against the final C a O / S i 0 2 ratios. Although 
there was considerable scatter in the points, the data fell on a straight line. The 
equation of the least squares straight line, based on 44 pastes whose CaO/Si0 2 

ratios and specific surface areas are given in Tables III, IV, and V, is 

A = 865.0 ± 42.9 -(354.7 db 39.9)(CaO/Si02) (4) 

where A is the specific surface area in square meters per gram, and (CaO/Si0 2 ) 
is the molar CaO/Si0 2 ratio. The empirical equation indicates that the more lime 
is in the tobermorite the lower the specific surface, which in turn indicates that 
increase in the lime content results in a larger fraction of three-layer and a smaller 
fraction of two-layer sheets. It has been suggested that lime has the ability to 
cement neighboring crystals of tobermorite together (15). Equation 4 indicates 
that lime can cement the layers of tobermorite, within a crystal, to each other. 

The specific surface areas were calculated above for two- and three-layer 
tobermorites, both having CaO/Si0 2 ratios of 1.5. Those, however, are only 
"zeroth approximation" values, because Equation 4 indicates that the two- and 
three-layer tobermorites have different CaO/Si0 2 ratios, and neither has a ratio of 
1.5; the former has a lower, the latter a higher ratio. Combining the calculation of 
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the specific surface area from the x-ray data with Equation 4 shows that the pure 
two-layer tobermorite has a C a O / S i 0 2 ratio of 1.33 and a specific surface area of 
393 sq. meters per gram, and the pure three-layer tobermorite has a CaO/Si0 2 

ratio of 1.77 and a specific surface area of 237 sq. meters per gram. Unfortunately, 
the slope of the straight line in Equation 4 has a standard error of 11%, which makes 
these values somewhat uncertain; nevertheless, Tables III, IV, and V indicate that 
the values cannot be far from the true values. The lowest and highest values of the 
CaO/Si0 2 ratio reported in this paper for stable tobermorites are 1.39 and 1.73, 
and the highest and lowest specific surface areas are 391 and 244 sq. meters per 
gram—all within the calculated ranges and all close to the calculated extreme values. 
Close though the agreement is in this first approximation calculation, a second 
approximation is presented below, after discussion of the composition of the 
tobermorite surface. 

Another interesting conclusion can be drawn from the slope of the straight line 
of Equation 4. The slope indicates that a unit increase in the molar CaO/Si0 2 

ratio produces a decrease of 354.7 sq. meters per gram in the surface area. The 
decrease per molecule of tobermorite is 19.4 sq. Α., if the calculation is made for a 
tobermorite of average composition—i.e., one having a CaO/Si0 2 ratio of 1.55. 
The area contributed by a pseudocell to the surface of a two- or three-layer tober
morite is ah, which is 20.35 sq. A. The 19.4 sq. A. value calculated differs from 
this by less than 5%, whereas the 19.4 sq. A. value itself has a standard error of 
11%. Thus, it appears that a unit change in the molar CaO/Si0 2 ratio is accom
panied by the disappearance of a unit surface, the surface contributed by a 
pseudocell. 

A pseudocell of tobermorite contains two Si0 2 molecules, with variable 
amounts of CaO. A unit increase in the molar CaO/Si0 2 ratio, therefore, means 
the addition of two CaO molecules to the pseudocell. The conclusion from these 
considerations is that the addition of two molecules of CaO results in the disappear
ance of one pseudocell surface. 

One can visualize this situation by considering six pseudocells as constituents 
of two- and three-layer tobermorite sheets. The number of Si0 2 molecules in the 
six pseudocells is 12, and the two-layer structure has, let us say, 17 CaO molecules 
in the six cells. The CaO/Si0 2 ratio is 1.42. The six cells in the two-layer sheet 
contribute six unit areas, in the three-layer sheet four unit areas. Thus, in the 
conversion from the two- to the three-layer sheet, two pseudocell areas disappear. 
The cementing action requires four CaO molecules; consequently, the six cells in 
the three-layer sheet have 21 CaO and 12 Si0 2 molecules, and the CaO/Si0 2 ratio 
becomes 1.75. 

E F F E C T OF C A O / S I 0 2 RATIO ON TOBERMORITE S U R F A C E WITH O T H E R M O D E L S . 
Taylor and Howison (27) have advanced a hypothesis, according to which the 
addition of calcium to the basic tobermorite structure is accompanied by the re
moval of S i 0 2 from the 2:1 layer. This hypothesis, with a modification proposed 
by Brunauer and Greenberg (4), leads to an almost constant weight of the pseudo-
cell. In the entire C a O / S i 0 2 ratio range investigated here, from 1.39 to 1.73, the 
weight change is 1.1%, which is neglected in the following calculations. 

For a CaO/Si0 2 ratio of 1.5, the pseudocell of the modified Taylor-Howison 
hypothesis contains 3.30 molecules of CaO, 2.20 molecules of Si0 2 , and 2.20 mole
cules of H 2 0 . Thus, the cell is 10% heavier than the one in the model discussed 
before, which results in a 10% smaller specific surface area. The specific surface 
area for the two-layer tobermorite is 343 sq. meters per gram; for the three-layer 
tobermorite, 229 sq. meters per grams. The corresponding CaO/Si0 2 ratios, from 
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Equation 4, are 1.47 and 1.79, respectively. Although the latter value is incon
sistent with the Taylor-Howison hypothesis, because according to it the maximum 
CaO/Si0 2 ratio is 1.75, the uncertainty in the slope of the straight line explains the 
discrepancy easily. Because many of the pastes investigated have C a O / S i 0 2 ratios 
lower than 1.47 and specific surface areas higher than 343 sq. meters per gram, the 
modified Taylor-Howison hypothesis indicates the presence of one-layer tober
morite sheets in these pastes. 

In the model described earlier, the addition of two molecules of lime results 
in the disappearance of a unit surface. A similar calculation, based on the 
modified Taylor-Howison hypothesis, leads to the conclusion that the substitution 
of 0.78 molecule of CaO for Si0 2 causes the disappearance of a unit surface. This 
substitution is equivalent to the replacement by CaO of one molecule of Si0 2 out 
of 8.58 molecules. 

Considering everything, the model proposed is more consistent with the data 
presented in this paper than the Taylor-Howison model. Nevertheless, the latter 
model does not lead to absurd results. There is some evidence (4) for the con
stancy of the weight of the pseudocell with changing CaO/Si0 2 ratio, and further 
work is contemplated to ascertain this. 

Recently, Gard, Howison, and Taylor (15) have advanced a hypothesis for 
the structure of high-lime tobermorites, according to which the basic layer is not the 
triple 3:1 layer of Megaw and Kelsey (22), but a double 1:1 layer, of which one is 
a lime and the other is a silica layer. The results of this paper, as well as earlier 
results (I), disagree with this hypothesis. However, Gard, Howison, and Taylor 
rather suggested than developed their model, so it is possible that complete de
velopment of the hypothesis may change this conclusion. 

COMPOSITION OF T O B E R M O R I T E S U R F A C E . When silica surfaces are in contact 
with water for longer times, the surfaces are covered with silanol (SiOH) groups 
(18). In alkaline solutions, the silanol groups hydrolyze to negatively charged 
siloxane ( S i O - ) groups. One would expect the silica groups on the tobermorite 
surfaces to behave in the same way. Stein (25) showed that tobermorite particles 
are negatively charged when the lime concentration is low in the surrounding solu
tion, but at higher lime concentrations they are positively charged because of 
adsorption of Ca+ 2 ions from the solution. The tobermorites discussed here were 
in equilibrium with saturated calcium hydroxide solutions. 

Other evidence for the presence of calcium on the surface of tobermorite comes 
from work on the surface energy of tobermorite. The surface energy of calcium 
hydroxide is 1180 ergs per sq. cm. (6), that of a pure silanol surface is 129 (7), 
and that of tobermorite is 386 (8), which is close to the geometric mean of the 
two other figures. 

The area contributed by a pseudocell in both two- and three-layer tobermorites 
is 20.35 sq. Α., and the area of an adsorbed water molecule is 11.4 sq. A. The 
ratio is 1.78. In the model proposed in this paper, there is one silica molecule in 
the surface. If the area of a water molecule adsorbed on surface silica is the same 
as that adsorbed on surface lime, the ratio indicates that there is 0.78 molecule of 
lime on the surface. Almost the same result can be obtained in a different way. 
The area of a water molecule adsorbed on hydrous amorphous silica is 12.5 sq. A. 
(7), and the area of water adsorbed on calcium hydroxide is 10.3 sq. A. (6). If 
it is assumed that water adsorbed on the silica part of the tobermorite surface is 
12.5 sq. Α., and that adsorbed on the lime part is 10.3 sq. Α., calculation gives 0.76 
as the number of lime molecules on the pseudocell surface. 

The aqueous phase in contact with Ca 3 Si0 5 and alite becomes saturated with 
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respect to C a ( O H ) 2 in a few minutes. Lime saturation is much more slowly 
established for the C a 2 S i 0 4 pastes; even so, all stable tobermorites discussed here 
were in equilibrium with saturated C a ( O H ) 2 solutions. It can be assumed, there
fore, that the surfaces of all tobermorites contained one molecule of silica and 0.77 
molecule of lime per pseudocell, regardless of the CaO/Si0 2 ratio in the tober
morite. This implies that the tobermorite surface and the aqueous phase were in 
equilibrium with each other, but the aqueous phase and the inside of the tobermo
rite sheet were not. 

In a saturated C a ( O H ) 2 solution, one would expect lime to be taken up by 
the tobermorite until the maximum CaO/Si0 2 ratio is established, which is about 
1.75, in the temperature range investigated. Likewise, because of the much larger 
surface free energy of the two-layer sheet, one would expect it to be converted in 
time to the three-layer sheet. Thus, the three-layer sheet, with CaO/Si0 2 ratio of 
about 1.75, appears to be the thermodynamically stable form of high-lime tober
morite. The expression "stable tobermorite" has been used in this paper to desig
nate tobermorites that had reached a final and apparently constant CaO/Si0 2 ratio. 
This, however, did not mean to imply thermodynamic stability. 

The uptake of lime from the solution by the surface of the tobermorite should 
be much faster than the uptake by the inside of the sheets. It is not unreasonable 
to assume, therefore, that the surface was in equilibrium with the aqueous phase, 
whereas the inside was not. The structures of two- and three-layer tobermorite 
sheets, based on these considerations, as well as on considerations advanced earlier 
in this paper, are shown in Figure 8: a section consisting of two pseudocells for the 
two-layer sheet and of three pseudocells for the three-layer sheet. The CaO/Si0 2 

ratio of the two-layer sheet is 1.39, and the lowest ratio obtained in the present 
investigation was 1.39. According to Equation 4, formation of the three-layer 
sheet involves the addition of two molecules of CaO for the disappearance of unit 
surface, which leads to the structure shown on the right side of Figure 8. The 
CaO/Si0 2 ratio here is 1.72, and the largest ratio reported in this paper is 1.73. 
The calculated specific surface areas for the two- and three-layer sheets are 387 
and 240 sq. meters per gram, respectively, and the largest and smallest values in 
the present work are 391 and 244 sq. meters per gram, respectively. Equation 4 
gives specific surface areas of 372 and 255 sq. meters per gram for CaO/Si0 2 ratios 
of 1.39 and 1.72, respectively; these values differ by 3.9 and 6.2% from the calcu
lated values, differences well within the standard error of the curve. 

The Taylor-Howison hypothesis gives an almost identical structure for the 
three-layer tobermorite with the one shown in Figure 8; the pseudocell surface 
contains one molecule of Si0 2 and 0.75 molecule of CaO, and the CaO content of 
the layers between the pseudocells is 1.50 molecules. The two-layer structure, 
however, shows greater differences. The surface is not very different; it contains 

2 - LAYER 
TOBERMORITE 

0.77 CaO + I S1O2 -
2 CaO 

2 S i 0 2 -

2 CaO 

0.77Ca0+ 2 S i 0 2 -

3 -LAYER 
TOBERMORITE 

CaO 

SiOp 

-0.77 CaO+l S i 0 2 

- 2 CaO 

}-l.38 Ca0+2Si0 2 

- 2 CaO 

1-1.38 Ca0+2Si0 2 

H -2 CaO 

077CaO+IS i0 2 

Figure 8. Two- and three-layer tobermorites 
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1.14 molecules of Si0 2 and 0.60 molecule of CaO for a tobermorite having a 
CaO/Si0 2 ratio of 1.40. However, in Figure 8, the two-layer structure has 2 Si0 2 

molecules and no CaO between the pseudocells, whereas the Taylor-Howison 
model has 2.29 molecules of SiOo and 1.21 molecules of CaO between the pseudo-
cells. Only future work can decide which model is correct. 

If Vm is expressed in moles of water, then V w / S i 0 2 , expressed as moles of 
water per moles of silica, on the basis of the present model should be 0.88 for the 
two-layer and 0.59 for the three-layer tobermorite. The average value of this ratio 
for all stable tobermorites obtained from the hydration of Ca 3 Si0 5 and alite is 0.82, 
and the average value for those obtained from the hydration of Ca 2 Si0 4 is 0.65. 
Thus, the hydration of Ca 3 Si0 5 and alite produces predominantly two-layer, the 
hydration of Ca 2 Si0 4 predominantly three-layer tobermorites. 

U N S T A B L E TOBERMORITES. Tobermorites obtained in the earlier stages of 
hydration, prior to the attainment of the ultimate CaO/Si0 2 and H 2 0 / S i 0 2 ratios, 
may be called unstable tobermorites. 

The 5° series of C a 2 S i 0 4 pastes alone furnishes extensive information about 
the early stages of hydration. Between 0 and 21% hydration, data are given in 
Table III for 11 pastes; in the same hydration range there are between 0 and 2 
pastes in the eight other series. Extensive work will soon be started in this labora
tory on the early hydration of all three silicates at all three temperatures. 

The 5° pastes exhibit very low specific surface areas at 1 day; the average of 
the two values in Table III is about 130 sq. meters per gram. This corresponds 
roughly to a six-layer sheet. The surface then rises sharply; the eight pastes be
tween 4 and 28 days all have specific surface areas greater than that corresponding 
to a two-layer sheet, clearly indicating the presence of one-layer sheets. Perhaps 
tobermorite forms initially in thick layers on the surfaces of Ca 2 Si0 4 grains, then 
single layers peel off this unstable intermediate, giving rise to the large surface 
values. 

The maximum specific surface area is reached in 14 days: 537 sq. meters per 
gram, with a CaO/Si0 2 ratio of 0.84. Equation 4 was obtained from data for 
stable tobermorites, all consisting of two- and three-layer sheets; nevertheless, this 
particular tobermorite falls on the extrapolation of the straight line. For a CaO/ 
Si0 2 ratio of 0.84, the line indicates a surface of 567 sq. meters per gram, which 
differs from the experimental value by only 5.6%. If this tobermorite is assumed 
to be a mixture of one- and two-layer sheets, the surface indicates that 41 % of the 
tobermorite is in one-layer sheets; if some of the tobermorite is in three-layer or 
thicker sheets, the fraction of one-layer sheets is even greater. The one-layer sheets 
are unstable because of their large surface free energies; consequently, they join up 
to form thicker sheets. This results in the decrease in the specific surface area 
shown by pastes older than 14 days. 

Only further work can reveal whether a similar course of surface development 
takes place in the other eight series. The data for all eight series (Tables III, IV, 
and V) indicate an initial increase in surface, which can be interpreted as the 
building up of unstable thicker sheets on the grains of the silicates and the peeling 
off of thinner sheets. However, none of the pastes of the eight series indicates the 
presence of one-layer sheets. All pastes of the eight series, with the exception of 
the 1-day Ca 3 Si0 5 and the 1-day alite paste at 5 ° , exhibit surface areas in the range 
of two- and three-layer sheets. Seven of the eight series, alite at 5 ° being the 
exception, show a decrease in surface area after the increase. This can be inter
preted as the conversion of two-layer tobermorite sheets to three-layer sheets. 
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Surface Condensation Forces 

MELVIN A. COOK 

Institute of Metals and Explosives Research, Department of Metallurgy, 
University of Utah, Salt Lake City, Utah 

Hard sphere adsorbate—inert adsorbent, polarized 
adsorbate-inert adsorbent, and hard sphere ad
sorbate—polarized adsorbent models of the Type 
II isotherm are considered in terms of various theo
retical adsorption potentials. Solid surface and 
adsorbate polarizations in first-layer adsorption 
are discussed along with dilatation of the adsorb
ent by physical adsorption of inert gases demon
strated especially by Yates. Structural adsorption 
occurs also in chemisorption. Supporting evidence 
is cited, including derivations of the Elovich equa
tion for the rate of activated adsorption, the 
Becker equation for the rate of desorption, and 
the Temkin and Freundlich isotherms. Differential 
infrared spectrograms, showing structural adsorp
tion effects in the adsorbent, are also discussed 
and suggestions made for demonstrating first
-layer adsorbate polarization. 

Theoretical models of physical adsorption may be classified as fol
lows: 

Model 1. Inert adsorbent-hard sphere adsorbate—the B E T model and its 
early modifications. 

Model 2. Inert adsorbent-polarized adsorbate. 
Model 3. Polarized adsorbent-hard sphere adsorbate ("structural adsorp

tion") . 
Model 4. Polarized adsorbent-polarized adsorbate (not yet studied). 

The important advances in adsorption technology made possible by the BET 
theory (8,4) clearly justify Model 1 in many applications. But one of the Models 
2, 3, or 4 is apparently required for first-layer adsorption in a Type II isotherm. 
That an important condensation potential at the solid-gas interface is the Lennard-
Jones 3-9 potential now seems well established (3, 7, 9, 10, 15). Equally clear 
is the fact that this potential is not solely responsible for physical adsorption; the 
type of surface polarization predicted by the theory of "structural adsorption" 
(10) has been demonstrated by observed changes due to adsorption in linear 
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dimensions of the adsorbent (5, 12, 18, 26). Model 2 could be used with appro
priate assumptions to extend curve fitting in some cases to include the entire 
Type II isotherm. While Model 2 might thus be considered adequate in physical 
adsorption, since surface polarization (Model 3) has been demonstrated, a neces
sary compromise may therefore be Model 4. In addition to a consideration of 
these models, the influence of adsorption polarization is discussed in connection 
with activated adsorption, adsorption bands in infrared spectroscopy, and studies 
by Pitt and Wadsworth of the adsorption and desorption of C 0 2 on thoria. 

General Equations 

Following the detailed balancing methods of Brunauer, Emmett, and Teller 
(BET) (3, 4), the equations for adsorption of gaseous adsorbates on solid ad
sorbents may be presented in a sufficiently general form to take into account van 
der Waals, structural adsorption, and other adsorption potentials (7, 9, 10) as 
follows : 

pso/si = grle-n/kT 
psi/s2 = g2~1e-*i/kT (1) 

ps(i_i)/si = gi h-*i/kT 

ei = « / i ( f l / + β[\- A(0i)] +^2 T/3 + C(0i) 
62 = tt/2(02) + 7 / 8 
63 = α/β(08) + 7 /27 

(2) 

€ i = a/fa) + 7 A ' 3 (3) 

Then 

where 

and 

T̂] ix* exp (ci + €2 + . . . + €» — ia)/kT «'</,· 
i = 1 1 

1 + ^ *''exp (€1 + € 2 + · · . + €,· - ia)/kT 1 + ^ x{d{ 

di = exp [(fi - ia)/kT] (5) 

fi = C + α Ç /,·(*,·) + |8(1 - A) + 7 *'~3 - V3̂  (6) 

where a = heat of liquefaction 
β = structural adsorption potential at zero first-layer coverage 
7 = van der Waals adsorbate-adsorbent attractive potential, the coefficient of 

7 in €1—namely, 2/3—being based on the Lennard-Jones 3-9 (surface 
representation ) 

C = chemisorption potential which is evidently itself a function C(0) of first-
layer coverage 0 

(po/g)e-°"kT = 1; p/po = χ 
0i = fraction of ith surface covered by adsorbate 
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t(0i) = function expressing the variation of relative adsorbate-adsorbate correlation 
Zi/zh with coverage of the ith layer, where z t is the effective correlation 
number for the *th layer and ZL that for the bulk liquid 

h(6i) = function expressing the change (decrease) in the structural adsorption 
potential with increasing first-layer coverage 

This formalism includes the suggestion that the adsorbate-adsorbent inter
action should be the Lennard-Jones 3-9 potential for interaction with an infinite 
surface. In detailed balancing this term generates the last term in Equation 6. 
The formalism of Equation 1 to 6 also includes the structural adsorption potential 
postulated by this school (10)—i.e., the β (I—h) term, considered to apply only in 
first-layer adsorption (generating the next to last term in Equation 6) or an 
equivalent potential—since this form seems to agree with observations. The term 
fi a may be considered to be generated by adsorbate-adsorbate interactions ex
pressing these interactions in the form convenient for introducing coordination 
symmetry. When the C term exists—i.e., in chemisorption—it has been conven
tional to assume that all others in Equation 6 are relatively unimportant and one 
has then simply a Langmuir equation. Even when C is large, however, surface 
and adsorbate polarization may be sufficient to require C = C(0x), providing, as 
shown below, a Temkin and/or Freundlich type fitting of the chemisorption iso
therm. 

The isotherms (v/vm vs. x) for multimolecular adsorption might perhaps more 
conveniently be expressed in other forms, but the form presented above can, if 
desired, include all other fundamental developments concerning physical adsorp
tion and chemisorption. Whether this form is a useful one will, of course, de
pend on whether suitable generating functions can be defined that permit mathe
matical conversion of the infinite series in Equation 4 to closed, polynomial form 
and still retain the fundamental description of the adsorption potential for the 
particular model in question. Tractability by this formalism was so readily accom
plished in the BET model as to prompt the author to attempt it in a more accurate 
description of adsorption potentials but still within the framework of Model 1. 
The success of this approach in providing a representation of the 0.05 < χ < 1.0, 
or the multilayer region of the Type II isotherm, thus contributed significantly to 
the B E T model (9). Application of the predicted linear form kO for h(0) of the 
structural adsorption concept for first-layer adsorption used in conjunction with 
the functions for multimolecular adsorption permitted fairly accurate fitting of 
the entire adsorption isotherm for argon, nitrogen, and oxygen, and mixtures of 
nitrogen and oxygen on anatase and for other systems studied also within this 
framework. 

Perhaps the most significant achievement of the structural adsorption refine
ment of the B E T model was its prediction that "physical" adsorption even of inert 
gases should modify the surface and cause dilatation of the adsorbent. This pre
diction was strikingly verified in the work of Yates (26), who demonstrated a 
surprisingly large dilatation of the adsorbent in the physical adsorption of inert 
gases on various adsorbents. Further support is found in the work of Emmett 
(12), Brunauer, Kantro, and Weise (5), and Peticolas (18). Further evidence 
interpreted as supporting structural adsorption was the fact that N 2 exhibited a 
stronger adsorption potential for adsorption on anatase than 0 2 in the low 
pressure region. 

Most treatments of physical adsorption and even chemisorption have assumed 
a rigid, immobile, and physically inert adsorbent surface. That adsorption even 
of an inert gas such as helium, argon, or nitrogen should distort the surface of the 
solid was suggested by a consideration of the free radical nature of solids, at least 
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COOK Surface Condensation Forces 223 

those solids involving strong chemical binding—metals, ionic crystal, valence 
crystal, and semiconductors. If adsorption were capable of distorting the ad
sorbent, it would also be capable of distorting or polarizing the adsorbate mole
cules, particularly in first-layer adsorption (11,21). Indeed, it is not unlikely that 
adsorbate distortion or polarization may take place in second (i = 2), third (i — 3), 
and perhaps even higher layers, of course, to an extent diminishing rapidly as i 
increases. 

Specific Models 

Model 1. It is convenient and sufficiently reliable in many applications to sep
arate the Type II isotherm into two parts: the region above "point B" or the 
multimolecular region, and the region below "point B" or the monolayer region. 
Cook and Pack (9) showed that an excellent representation of the region from 
point Β to χ = 1.0 may be obtained by representing ζ{ in Equation 6 by the relation 

This representation is based on the following assumptions: 

1. The Lennard-Jones 3-9 potential is assumed for the adsorbate-adsorbent 
interaction in which the attractive term is y / i 3 and the repulsive term amounts 
to γ / 3 in the first layer and is negligible for i > 2. 

2. The (hard-sphere) adsorbate-adsorbate interactions are assumed to involve 
effectively only nearest neighbors, each near neighbor molecule contributing the 
same interaction potential as in the bulk-liquid state. 

3. The /{(0) relationship is assumed to be fi(6i) = = (c1 + i — l ) / i . This 
form of fi, besides providing a tractable generating function relating the c/s, 
assigns an average value for the relative (hard-sphere) adsorbate-adsorbate corre
lation number and thus neglects any variations of ct with %i or converage on any 
adjacent layers. 

The application of the 3-9 surface potential in physical adsorption was lucidly 
discussed by Brunauer (S) and later used by Hill (15) in Model 1 adsorption 
about the same time that the B E T theory was reworked by the author and Pack 
(7,9) on the basis of Equation 6a as the adsorption potential function. 

Model 2. There seems to be no way to fit first-layer adsorption by Model 1; a 
model based on adsorbate polarizations, adsorbent polarization, or both is needed 
to treat first-layer adsorption in a Type II isotherm. Sinanoglu and Pitzer (21) 
gave a fundamental discussion of the importance of adsorbate polarization in 
first-layer adsorption following experimental proof of such polarization by Ehrlich 
and Hudda (11). It is interesting therefore to compare the type of physical 
adsorption potential for first-layer adsorption discussed by them with the observed 
potential for typical Type II isotherms. Rather than attempting the arduous task 
of fitting the experimental curves for first-layer adsorption into the B E T scheme, 
modified to include the Sinanoglu-Pitzer potential, it is simpler and quite as re
liable to consider merely the approximate form of the potential function needed 
to obtain agreement between theory and observations. The type of potential 
function needed to fit the experimental curve of Arnold (1), for example, is one 
which decreases uniformly over the range from θ = 0 to θ > 0.5. This seems to 
be a representative condition, moreover, for many Type II isotherms in the low 
pressure region. It thus appears that the potential function in first-layer physical 
adsorption follows approximately the form 
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f = a + be (6b ) 

where a is the adsorption potential at zero coverage and b is a constant. 
In addition to the form of ζ in first-layer absorption, its magnitude is also of 

significance as regards validity or relative importance of Model 2. Here it is 
assumed that Model 2 may be based on dispersion forces with polarizations to 
produce larger than normal first-layer adsorbate-adsorbent potentials (the a term 
in Equation 6b) and longer than normal range adsorbate-adsorbate repulsions. 
One may evaluate a and b by curve fitting as follows: 

Substitution of Equation 6b in 4 for first-layer adsorption gives 

θ = χ exp {a + bd - a)/kT/[\ + x exp {a + bB - a)/kT\ 

Whence, 

a = a + 2.3 kT log θ/χ* for θ -+ 0 (7b) 

To obtain b one may evaluate ζ at some finite value of θ (say Θ') by means of the 
relation 

b = - a + 2.3 * Γ log [07*'(1 - θ')] (8b) 

Using Equations 7c and 8c together with the data of Arnold ( 1 ) for oxygen and 
nitrogen on anatase, one obtains the results shown in Table I. 

Table I. Magnitudes of Adsorption Potential Parameters for Adsorption of 
0 2 and N 2 on Anatase at Τ = 78.2° Κ.· 

02, Kcal./Mole N2, Real.I Mole 
a 3.08 3.38 
b -0.47 -1.11 
a 1.72 1.34 
7 1.41 1.47 
ci 0.845 0.784 
fi(6a)« 2.39 2.03 
fi(6b)ft 2.61 2.27 

a Using isotherms observed by Arnold(7). 
h Values of f i correspond to θ = v/vm = 1 as determined from Equations 6a and 6b. 

To determine how smoothly Equation 6b fits into Equation 6a when β —> 1.0— 
i.e., at point B—the value of ζ obtained from Equation 6a for this point is given 
also in Table I along with its parameters γ and cx. These comparisons suggest 
that the long-range repulsion might have to be larger in the range 0.5 < θ < 1.0 
than at lower coverage. Part of the difference, however, is associated with the 
fact that the first-layer coverage at point Β is only 0.89, with the remaining 0.11 
in the second and higher layers in each case according to computations by Pack 
(17). The adsorption potential in the second layer is only slightly higher than a 

and so ζ1 (6b) values in Table I should really be lowered about 0.07, thus 
accounting for about a third of the difference. 

In Model 2 the ratio 3α/2γ may be considered approximately to represent the 
ratio of the dispersion interaction potential between an adsorbate molecule and a 
solid surface for a polarized as against a rigid, unpolarized adsorbate molecule, 
assuming in both cases that the potential may be represented by the 3-9 Lennard-
Jones (surface) function. This approximation is based additionally on the as
sumption that the adsorbate is effectively hard sphere in the multilayer region. 
This ratio turns out to be 3.3 and 3.5 for 0 2 and N 2 on anatase, respectively. 
Furthermore, the adsorbate-adsorbent interactions in the adsorbate-polarization 
case must evidently amount to 1.8 EL and 2.5 EL for 0 2 and N 2 on anatase, re-
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COOK Surface Condensation Forces 225 

spectively, as far as conditions at zero coverage are concerned. These ratios are 
surprisingly large if they are considered to represent simply the influence of 
polarization on the magnitude of dispersion forces. 

The application of dispersion forces with surface polarization to account for a 
potential function in first-layer adsorption such as that described by Equation 7a, 
in which correlations with other adsorbate molecules result only in repulsion over 
the entire first-layer filling, seems more difficult to justify. Thus, b is apparently 
negative for the entire region below point Β in most typical Type II isotherms, at 
least those in which point Β appears at χ < 0.05. If molecules adsorbed on the 
first layer of a Type II isotherm were to cause only repulsion, one would expect 
them to adsorb always in a pattern such as to remain as far apart as possible. 
But then when they are all a long distance from each other, as they would be near 
zero coverage, a repulsion term of sufficiently long range to account for a linear 
b9 relationship is difficult to explain. Perhaps it may be possible to explain this 
situation in a Model 4 type adsorption process—i.e., in a model in which both the 
adsorbate and the adsorbent suffer polarization upon adsorption. 

Model 3. Cook, Pack, and Oblad (10) gave a treatment of the first-layer 
region of a Type II isotherm by Model 3 in which ζ was given by the equation 

Γ = /3[(1 - A(0)] + ciBa + 27/3 (6c) 

with ft (0) defined by 

h ( e ) = /e" 1 *; θ < e 
n [ U ) \ 0 ; θ > e 

This potential for first-layer adsorption agreed closely with the experimental one 
in the cases analyzed. The assumptions leading to Equation 6c were: 

1. Second- and higher-layer adsorption can be neglected over most of the 
region of first-layer filling, becoming important only as v/vm approaches unity. 

2. C = 0 (no chemisorption potential). 
3. The relative correlation number, Zi/zL, increases linearly with θ from zero 

at θ = 0 to Λ at θ = 1.0. 
4. The "structural adsorption" potential is a maximum at θ = 0 and decreases 

linearly with 0, reaching zero at θ = e . This assumption was justified from the 
consideration that surface strain on a bare surface should be long range. It results 
from elimination of the otherwise high energy of free radical structures by surface 
bonding, a condition possible only under strong surface distortion. It was con
sidered, since structural adsorption involves strained chemical bonds, that β should 
fall somewhere between a chemisorption potential C and the physical adsorption 
potential. This situation is satisfied by the data in Table I; β in Equation 6c has 
the value α — 2y/3, which for 0 2 and N 2 on anatase amounts to 2.14 and 2.4 kcal., 
respectively. In terms of the function 6c, however, 

θ = v/vm = xdi/(\ + xdi) = xdi = exp [β — α + 27/3] 
χ 0 

Whence 
β = kT log θ/χ + α - 2T/3 (7c) 

χ ο 
The constant e should be about 0.5 according to the arguments presented by Cook, 
Pack, and Oblad (10). However, if desired, e may be used as an adjustable 
constant and defined by a point on the 0(x) curve as follows: 

e = {1 + da/β + 27/3/30' - (23/βθ^Τ\ο^θ'/χ'(\ - θ'))~ι (8c) 

Surface "Polarization in Chemisorption 
The evidence for structural adsorption (or surface polarization in first-layer 

physical adsorption) (5, 12, 18, 26) may be augmented by various considerations 
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prompted by the theory as applied to chemisorption. That surface polarization 
should occur strongly in chemisorption is, of course, more readily understandable 
than in physical adsorption. Some types of evidence for it, however, are strongly 
suggestive of the type of polarization involved in structural adsorption in first-layer 
physical adsorption. For example, the chemisorption potential seems frequently 
to follow the same linear decay in θ described above for Models 2 and 3—that is, 
for chemisorption ζ seems frequently to follow the equation 

Ϊ = Co + de (7d) 

where again C 0 is the initial chemisorption potential and C1 the slope of the curve 
of ζ against Θ. The author and Oblad (8) showed that this type of potential 
function, assumed to apply both to the "chemisorption band" and the activated 
complex, accounts for the Elovich-Taylor-Thon (22, 25, 27) equation for the rate 
of activated adsorption—namely, 

dO/dt = a'c-b'e (9) 

in which constants a! and V were defined by the parameters of absolute reaction 
rate theory as follows : 

a' = (kT/h)e-^VkTf 

b' = b<fl/RT (10) 

AF*(e) = AF+ + bod (11) 

the activation energy of activated adsorption AF*(0), decreasing linearly with θ 
because of structural adsorption of the adsorbate as shown by Equation 11. Here 
f is the true order of the reaction rate process. By this means a previously 
anomalous, apparently exponential-order, law was explained on the basis that the 
order law was not really an exponential one, but one which merely appeared to 
be so because the structural adsorption potential influenced not only the free 
energy of adsorption of the chemisorption product but also that of the activated 
complex. 

Wadsworth and coworkers (13, 14) have found considerable evidence for sur
face polarization in double-beam infrared spectroscopy. Not only do new differ
ential peaks due to adsorption appear in the spectrograms but also the bands due 
entirely to the adsorbent are frequently appreciably shifted by adsorption. This 
occurred, for example, in calcium fluorite treated with oleic acid, in samples of 
bentonites taken from aqueous solutions of different pH, and in various minerals 
treated by flotation collectors. In fact, it is more the rule than the exception that 
the spectrograms of finely divided solids dispersed in the KI or KBr window 
exhibit distortion due to adsorption, whether adsorption occurs at the solid-aqueous 
solution or at the solid-vapor interface. For example, Eyring and Wadsworth (13) 
found that two (differential) peaks were produced by adsorption on willemite 
either from the vapor or aqueous solution of hexanethiol. These peaks were due 
to the influence of adsorption of the hexanethiol on the Si-0 bands of the willemite 
and occurred at about 9.2 and 12.3 microns. 

One should be able to observe shifts in the infrared adsorption bands of various 
adsorbents as a function θ in first-layer physical adsorption if Model 3 is a correct 
one. Furthermore, if Model 2 applies, the infrared technique of Wadsworth et al. 
(14), M apes and Eischens (16), and others should be capable of demonstrating 
the predicted polarization effects by using the KI or KBr window and double-beam 
technique. So far as the author is aware, studies of this sort have not yet been 
attempted. 
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COOK Surface Condensation Forces 227 

As further evidence for the Model 3 adsorption process the work of Pitt and 
Wadsworth (19, 20) on the adsorption and desorption of C 0 2 on thoria is here 
summarized. To account for the adsorption isotherm they used for the free energy 
of adsorption the relation 

AF = AFo + b'Q (12) 
where AF0 is the free energy of adsorption at zero coverage and V is a constant, 
recognizing again the linear variation of Δ F with coverage. This, of course, ne
glects secondary forces other than the structural adsorption potential in the chemi
sorption process. The equilibrium relation for adsorption of C 0 2 on thoria was 
given as 

S + G<=±SG (13) 

The adsorption equilibrium constant, K, was then given by 

Κ = 0/(1 - e)pQ = e-^F/RT (14) 

The substitution of Equation 12 for A.F into Equation 13 then gives 

In 0/(1 - 0) + (AF0)/RT + b'Q = InpG (15) 

Here S is a surface site, SG the covered site, G the adsorbent gas, and pG the C 0 2 

pressure. Under three different approximations Equation 15 becomes alternately 
the Langmuir equation, the Temkin (23) equation 0 = f~x In (a0p), and the 
Freundlich equation 0 = kp1/n. In the first instance the approximation is, of 
course, AF0 >> Z/0. In the second, Brunauer, Love, and Keenan (6), recognizing 
the approximate linear variation of AF with 0, showed by taking b'/RT — f and 
AFJRT = - In a0 and by assuming b'O/RT » In 0/(1 — 0) that Equation 15 be
comes the Temkin equation. Using again the same approximation as employed 
by Brunauer et al. in deriving the Temkin equation and the additional approxima
tion In 0 = (0 — 1) (a good approximation in the range 0.5 < 0 < 1.0 where the 
Freundlich equation is applicable), Pitt and Wadsworth derived the Freundlich 
equation. Clearly, therefore, both the Freundlich and Temkin isotherms depend 
on the linear variation of Δ F with 0 attributed by the author and associates to 
structural adsorption. 

In accord with predictions of Trapnell(24), there were shown to be really two 
types of surface sites in the adsorption of C 0 2 on thoria, both of which exhibited 
the linear variation of adsorption potential with coverage. Thus, plots of Δ F ( 0 ) 
[— Pco2 0 ~~ θ)/θ] against 0 gave two series of straight lines in which for tempera
tures above 150°C. one type of site only was active but below 150°C. both were 
active. The observed adsorption constants are shown in Table II. Both the b' 
values and the Δ F 0

, s varied nearly linearly with 0. This perhaps reflects the in
fluence of temperature on the magnitude of structural adsorption in which in
creased temperature appears to diminish surface strain as anticipated by the theory 
of structural adsorption. 

While Cook and Oblad showed that structural adsorption causes ΔΡ* for acti
vated adsorption to increase linearly with 0 and thereby accounts for the equation 
for the rate of activated adsorption (Equation 9), Pitt and Wadsworth demon
strated that desorption of C 0 2 from thoria followed the equation of Becker (2) 
for desorption—namely, 

(-dQ)/dt = a"Qeb"Q (16) 

From absolute reaction rate theory they gave 

(-dQ)/dt = k'0ekT/he-AF^Rr <17) 
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Table II. Adsorption Constants for C0 2 on Thoria (19) 
— AFoi, 

Real. /Mole Real./Mole T, °K 
— AFoi, 

Real. /Mole Real./Mole — AF02 

823 11.80 37 (-18.1) (3.3) 
723 12.60 37.1 (-13.7) (3.7) 
623 13.25 37.5 (- 9.3) (3.8) 
523 13.95 37.6 (- 4.9) (3.9) 
473 14.35 37.6 (- 2.7) (4.0) 
423 14.70 37.8 - 0.50 4.10 
373 (15.10)" (37.90) 1.80 4.20 
323 (15.40) (38.00) 3.90 4.30 

rt Values in ( ) extrapolated from parts of curves extending across boundary of change. 

where AF* is the free energy of desorption and k'0 a concentration term. On the 
basis of the theory of the "chemisorption band" (8) the linear potential term was 
again given by 

AFX = AFQ
% - b"'Q (18) 

By substituting Equation 18 into 17 and rearranging, they obtained 

b"'e/T + 2.3/Clog b"'e = AH\/T - R' (19 

where K' is a (concentration and entropy) constant given by 

R' = 4.6R + ASl + 2.3/C log k'Jz/Rh 

k and h being the Boltzmann and Planck constants. Plotting the l.h.s. of Equa
tion 19 against T _ 1 gave a straight line of slope AH$0 = 22.5 kcal. Also, the value 
AS$Q = —51.5 E .U . for C 0 2 desorption from thoria was obtained. 
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Adsorption Studies on Metals 

X. l-Propanol on Germanium Powders 

A. C. ZETTLEMOYER, CARL H. HASSIS, 
J. J. CHESSICK, and GANAPATHY SRINIVASAN 

Surface Chemistry Laboratory, 
Lehigh University, Bethlehem, Pa. 

A series of four n-type germanium crystals of 
differing resistivities was crushed in air and then 
studied by adsorption techniques. Argon iso
therms were measured to monitor the surface 
areas as a function of outgassing temperature 
from 25° to 500° C. Both the physical and chemi
cal adsorption of propanol was measured at 25° 
also as a function of the outgassing temperature. 
The chemisorption was found to decrease with 
decrease in the resistivity. Thus, the adsorption 
responds to the semiconductivity of the bulk ger
manium. It is believed that the slow states on the 
oxide coating tend to trap electrons more readily 
the higher the conductivity. According to the pro
posed molecular mechanism, these trapped elec
trons then tend to repel the donor oxygen of the 
propanol. 

That supported metal catalysts are influenced by the support has been suspected 
for some time. Several lines of evidence developed by Schwab (9-12) in recent 

years have confirmed this supposition. His group has been able to demonstrate, 
for example, that the activity for the hydration of ethylene over nickel is strongly 
influenced by the nature of the zinc oxide support on which the nickel catalyst is 
reduced. The addition of lithium to the zinc oxide decreases the activation energy 
and thereby increases the reaction rate; the addition of gallium has an opposite 
effect. These findings coincide with the changes in the η-conductivity provided 
by the doping of the zinc oxide substrate. The gallium increases the n-conductivity 
and the lithium reduces it. With increased η-conductivity of the support, the 
electron density in the nickel is increased. Then, in the case of the gallium-doped 
zinc oxide, the tendency toward chemisorption is reduced and the activation energy 
rises. The reverse effects are achieved by doping with lithium. 

The question arises naturally, therefore, as to whether the conductivity type 
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230 ADVANCES IN CHEMISTRY SERIES 

and amount in a metal substrate affect the chemisorption on an oxide film supported 
thereon. An excellent opportunity is provided by germanium semiconductors, in 
which the amount of n- or p-type doping can be readily varied. Beyond the 
scientific interest in the problem, there is considerable technological interest as well 
because it is recognized that the surface properties may affect the behavior of 
semiconductor devices. 

Four η-type germanium crystals of differing resistivities and one p-type were 
chosen for this initial investigation. 1-Propanol was chosen as the adsorbate. 
Before the results of the adsorption measurements are summarized, it seems de
sirable to review briefly some of the pertinent information already available con
cerning the surface of germanium. 

Surface States of Oxide-Coated Germanium 

Two to three layers of oxide are formed on freshly prepared or reduced ger
manium surfaces in the first few days when stored in oxygen (6). Thereafter, 
the oxide film growth is slow. The same reaction kinetics appear to be followed 
for both p- and η-type crystals. The oxygen uptake corresponds to one oxygen 
atom per germanium atom up to a coverage of seven tenths of a monolayer. Then, 
a logarithmic uptake rate (3) is followed, the rate of growth being proportional 
to JPo2

1/2- I n t n e presence of water vapor, hydroxyl groups are probably developed 
on the outer surface. However, the stability of these hydroxyls to heat and 
vacuum is not established, as is the case for silica surfaces. There is some evidence 
(to be published later) that the p- and η-type oxide-coated crystals respond dif
ferently to water adsorption. 

Upon heating, the G e 0 2 reacts with germanium to form GeO, which then 
evaporates. Thus, a reduced surface can be obtained by heating under vacuum, 
but an ultrahigh vacuum is, of course, required if the bare surface is to be main
tained. At 10 - 6 mm. of Hg, extrapolated data indicate (5) that about one layer 
per minute would be lost at 4 0 0 ° , and about one tenth of a layer per minute at 
3 5 0 ° . However, it is doubtful whether the first adsorbed layer of oxygen is 
removed under these conditions. At 2 0 0 ° , the loss is estimated to be extremely 
slow or negligible. 

It is recognized in device technology (2, 7, 8, 13) that oxide-coated ger
manium crystals possess both fast and slow surface states. The fast states, corre
sponding to rapid relaxation times, are believed to reside at the oxide-germanium 
interface; they act as electron traps and have a density of about 10 1 1 states per 
sq. cm. They interact with the bulk electrons in a matter of microseconds. The 
slow states, on the other hand, are believed to reside at the oxide-air interface or 
in the oxide layer; their density is of the order of 10 1 4 states per sq. cm. They 
respond slowly, in a matter of seconds, minutes, or hours, to bulk electrical im
pulses or to changes in ambient conditions. It is the slow states which would be 
expected to be most affected and effective in interaction with adsorbates. These 
states are also most influential because of their density, in creating a space charge 
region in the semiconductor and thereby influencing bulk properties. The interest 
in direct adsorption measurements is thus heightened. 

The spectrum of energy levels for electrons at the germanium surface usually 
differs from that in the interior of the crystal. This situation arises because of the 
unsaturated energy levels of the surface atoms, misfits in the structures of ger
manium and the oxide, and other impurities like chemisorbed gases. All these 
factors, either independently or combined together, result in the formation of the 
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ZETTLEMOYER ET AL. Ί-Propanol Adsorption on Germanium 231 

surface states which act as traps for the carriers. Band diagrams, as given in 
Figure 1, elucidate the characteristics of the surface states. When electrons are 
trapped in the surface states, the potential energy of electrons is greatly increased 
at the surface. Electroneutrality is maintained by the migration of oppositely 
charged holes to the vicinity of the surface region. A space charge region (J) is 
formed near the surface having a thickness of 10~7 to 1(H cm. If the concentra
tion of the electrons trapped in the surface states is considerable, the space charge 
region becomes an inversion layer for η-type germanium (Figure 1, a) and an 
accumulation layer for a p-type semiconductor (Figure 1, b). It will be of interest 
to consider how these band diagrams might respond to adsorption by the oxide 
layer. 

* > 
D f D I S T A N C E F R O M T H E S U R F A C E D 

α Ν - T Y P E b p " T Y p E 

Figure 1. Energy diagrams at germanium surfaces 

Ο Slow states 
• Fast states 

Ec. Bottom of conduction band 
EF. Fermi level 
Ει. Middle of energy gap 
Ev. Top of valence band 

Experimental 

Germanium single crystals of the four η-type samples, with 0.14-, 1.8- to 2.1-, 
5.5- to 10-, and 20- to 30-ohm-cm. resistivities, were crushed in an agate mortar 
and stored in air for 15 days before measurements were begun. Both argon surface 
areas and propanol isotherms were determined after activation for 15 hours at 
better than 10~5 mm. of Hg at six different temperatures ranging from 2 5 ° to 
500° C. Even after outgassing at 5 0 0 ° where oxide film is lost by reduction 
and subsequent evaporation, additional oxide forms instantaneously at the ordinary 
vacuum employed and over the relatively small surface areas in the sample tube 
totally about 1 sq. meter. 

The organic adsorption apparatus, based on a glass Bourdon gage and Teflon 
stopcocks, has been described (14). After each activation, the first propanol iso
therm, measured at 2 5 ° , gave the total amount adsorbed. The "B point" was 
employed as a measure of the monolayer capacity, but there was a general agree
ment with the V„/s estimated from BET plots. 

After the total isotherm was determined, the physically adsorbed propanol 
was pumped off at 25° C. and < 10 5 mm. of Hg for 48 hours. The propanol 
which remains adsorbed is called "chemisorbed," although it is recognized that 
this is not a strong criterion (4). A second isotherm was then determined to 
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232 ADVANCES IN CHEMISTRY SERIES 

yield the physically adsorbed monolayer capacity. The difference between the 
two isotherms, after each activation, gave measure of the chemisorbed portion. 

Table I. Propanol Adsorption 

Argon 
Temp., Area, Sq. F a d s . , Ml./Sq. Meter Propanol 

°G. M . / G . Total Phys. Ghem. Total 
20- to 30-Ohm-Cm. Sample 

25 0. 112 0.142 0.056 0.086 0. ,107 
100 0. 122 0.069 0.026 0.043 0. 057 
200 0. 115 0.098 0.024 0.074 0. 076 
300 0. 130 0.105 0.040 0.065 0. 092 
400 0. 129 0.116 0.049 0.067 0. 101 
500 0. 128 0.159 0.055 0.104 0. 136 

0.14-Ohm-Cm. Sample 
25 0 .156 0.115 0.048 0.067 0 .121 

100 0 .161 0.057 0.022 0.035 0 .067 
200 0 .164 0.064 0.021 0.043 0. .071 
300 0 .173 0.091 0.030 0.061 0 .105 
400 0 .194 0.080 0.033 0.047 0. 104 
500 0. ,200 0.098 0.032 0.066 0 .131 

The measurements at each activation temperature were made on the same crushed 
sample. 

Results and Discussion 

Table I lists the adsorption results of two η-type samples which fell at the 
two extremes of the resistivity range studied. The extent of chemisorption per 
unit area of the surfaces of the η-type samples is much more than the amounts 
physically adsorbed, indicating that the larger fraction of the surface enters into 
strong interaction with propanol. 

The surface area as measured by argon adsorption undergoes a small increase 
between the 100° and 200° outgassing steps for the 20- to 30-, 5.5- to 10-, and 
1.8- to 2.1-ohm-cm. η-type samples. Above 3 0 0 ° , the changes in argon areas are 
negligibly small for these three samples. The 0.14-ohm-cm. germanium, on the 
other hand, exhibits a uniform increase in the area during the entire temperature 
range. 

The area per adsorbed propanol molecule at 25° activation is calculated to be 
within the range 27 to 36 sq. A. for the four η-type germanium samples. There
fore, the adsorbate is fairly closely packed. The initial high chemisorption of 
propanol at 25° compared to water (the results of water adsorption on germanium 
are to be published elsewhere) on 5.5- to 10- and 0.14-ohm-cm. germanium 
powders surprisingly suggests that the presence of preadsorbed water on the sur
face is not critical in deciding the strong propanol adsorption. Nevertheless, it 
appears that a complete monolayer coverage is obtained only for the 20- to 30-
ohm-cm. sample at the 500° outgassing step, as indicated by the ratio of propanol 
to argon areas. 
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The dependence of propanol adsorption capacity of the germanium surfaces 
on the outgassing conditions is essentially decided by the chemisorption, since 

on η-Type Ge 

Propanol 
Molecule 

Area Ratio of Propanol to 
Area, Sq. Meter/G. (Total), Argon Area 
Phys. Ghem. Sq. A.' Total Phys. Ghem. 

20- to 30-Ohm-Cm. Sample 
0.042 0 065 26.6 0.955 0 370 0 577 
0.021 0 035 54.1 0.468 0 180 0 288 
0.019 0 057 38.1 0.670 0 165 0 505 
0.035 0 057 35.5 0.708 0 269 0 439 
0.042 0 059 32.2 0.783 0 326 0 457 
0.047 0 089 23.4 1.060 0 368 0 692 

0.14-Ohm-Cm. Sample 
0.050 0 071 32.4 0.803 0 319 0 484 
0.024 0 044 65.5 0.398 0 161 0 237 
0.024 0 047 58.3 0.482 0 139 0 343 
0.034 0 071 41.0 0.578 0 201 0 377 
0.043 0 061 46.6 0.510 0 226 0 284 
0.043 0 088 38.1 0.625 0 225 0 400 

both total adsorption and chemisorption respond in a similar manner to the thermal 
activation. 

The chemisorbed portions for the four η-type samples are plotted in Figure 2 

o 

Ο 
αο' 1 1 1 1 1 — 1 

Ο 100 200 300 400 500 
ACTIVATION TEMPERATURE (°C.) 

Figure 2. Chemisorption of propanol on η-type germanium 
samples of different resistivities as a function of activation 

temperature 
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234 ADVANCES IN CHEMISTRY SERIES 

against the activation temperature. There is a large adsorption after 2 5 ° out
gassing. The curves show considerable similarity, in marked contrast to the water 
adsorption characteristics. They fall rapidly at 100° outgassing, then generally 
show a peak in an intermediate region before they rise again to high values upon 
outgassing at 5 0 0 ° . 

The events are complicated by several factors. On the one hand, there is 
the loss of physically and strongly bound water in the monolayer with increasing 
activation temperature. Also, it is not established whether or not this combined 
water resides as hydroxy 1 groups. Finally, the response of Ge-O-Ge groups, if 
formed, to interaction with propanol (or to water) as a function of strain removal 
by heat treatment (cf. silica and alumina surfaces) is not at all understood. 

It appears desirable to compare the adsorptive properties of the various 
samples after activation at 2 0 0 ° C. Upon outgassing at this temperature at 10 r> 

to 10~e mm. of Hg, the physically adsorbed water is mostly removed. In addition, 
at this temperature there is a negligible loss of oxide film. For three out of the 
four samples, there is little change in the argon surface area above this tempera
ture. At this temperature and close thereto, the amounts chemisorbed on the 
η-type samples, as depicted in Figure 2, increase with increasing resistance. This 
pattern exists for three of the samples at all temperatures, although there is some 
exception for the 5.5- to 10-ohm-cm. resistivity sample. Lack of complete agree
ment for the 5.5- to 10-ohm-cm. sample may be due to inhomogeneities. In addi
tion, inconsistencies in the low temperature results may be due to incomplete re
moval of propanol at the next higher temperature. The 100° data were taken on 
the same material which had just previously been used for the 25° data. No 
capillary effects are to be expected, because single crystals were crushed to pro
duce the adsorption samples; in turn, the germanium surfaces were coated with 
only two to three oxide layers. An interpretation was sought from the energy 
diagrams of the germanium surface. 

Suppose the alcohol molecules adsorb donor fashion with the positive ends 
of the dipole oriented toward the surface. Figure 3 shows the effect of adsorption 

O X I D E O X I D E 

- C 

E F Φ 

y — *v 

Α . N - T Y P E 

O X I D E 

E F 

T-r 

r 
E F 

Ev, 

Β . P - T Y P E C P - T Y P E 

Figure 3. Effect of trapped charges or adsorption on energy diagrams of 
germanium 

Positive charges either trapped or formed because of adsorption on Ge surfaces produce 
A. Accumulation space charge region 
B. Depletion region 
C . Inversion region 

of such donor molecules or atoms on the oxide-covered germanium surface. The 
electrons in the bulk move to the surface to restore the electroneutrality upset 
created by the adsorbed species. Now a space charge region is formed which 
constitutes an accumulation layer of electrons in the case of η-type germanium as 
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shown in Figure 3, A. If the extent of such chemisorption on p-type germanium 
is small, the majority carriers—viz., holes—will be repelled by the adsorbed dipole. 
So the concentration of the holes will be smaller just below the surface than in the 
interior. This situation leads to a depletion layer of space charge, as shown in 
Figure 3, B. On the other hand, if the adsorption on p-type germanium becomes 
large, the minority carriers migrate to the surface for electrical balance. An in
version layer, as shown in Figure 3, C, of opposite conductivity type will be the 
result. 

For η-type germanium samples of different resistivities the concentration of 
electrons in the conduction band will be larger the lower the resistivity. If the 
situation in Figure 3, A, is considered, the repulsion offered by the sample for any 
donor-type molecule will be greater, the lower the resistivity of the germanium. 
Consequently, the extent of adsorption of such a molecule will decrease with 
decreasing resistivity. The observed decreasing propanol chemisorption with 
decreasing resistivity can thus be explained. The molecular mechanism must now 
be considered. 

The interaction of the propanol with the oxide-covered germanium can be 
considered in terms of the surface both with and without hydroxyls. Suppose the 
surface oxide is as follows: 

0 - 2 ο-2 

Ge+? 

The highly charged germanium cation possesses a tendency to polarize the oxygen 
anions, drawing the charge density toward it. However, the exact nature of the 
local situation should be considered in terms of the charge carriers available in 
the interior. The conduction electron of an η-type germanium could be trapped 
at the cation Ge+ 4 site and thus reduce its effective charge. This migration of 
the conduction electron will be facilitated at the higher outgassing temperatures. 
Consequently, there will be a diminution in the polarization effect of the cation 
on the oxide anion and the electron density at the outermost periphery of the 
oxide ion will increase. This electron density is expected to increase with de
creasing resistivity which represents increased availability of electrons. One can 
therefore expect the extent of R-OH-oxide interaction to increase with decrease in 
the resistivity of the η-type powders. The following representation clarifies this 
point. 

R 

H 

R 

Ο 
\ 

Ο 

Η 

o-
G e + 4 

^«5 + 

* δ -
o-

Ge+4 

-^5 + 

* δ -

— H i g h e r electron 
Ο 2 Ο 2 density 

Ge+3 (*) 

Polarization of O - 2 

ion by germanium 
cation 

High resistivity sample; re
duced R-OH-oxide inter
action 

Low resistivity sample with 
depolarized O - 2 ion; strong 
R-OH-oxide interaction; (e) 
trapped electron 

The experimental findings are contrary to the conclusions reached on the basis of 
this mechanism. 
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Suppose, on the other hand, hydroxyls are present on the surface. The 
negativity of the outer periphery of the hydroxyl will be higher for the low re
sistivity sample. If the alcohol adsorbs donor fashion, the situation illustrated 
below prevails. 

R H 
\ / 

Ο — δ + 
H Η 
CL 0_ 

-* δ-
Ge + 2 

High resistivity sample; strong inter
action between R-OH and the surface 

R Η 
\ / 

Ο -* Higher electron 
Η Η density 

o_ o -
Ge + (e) 

Low resistivity sample; weak interaction 
between R-OH and surface; (e) trapped 
electron 

Enrichment of the surface layer with electrons, as happens for the low resistivity 
sample, makes the surface less attractive for molecules with —OH groups like 
R—OH, H 2 0 , etc. This mechanism is in accord with the experimental results de
picted in Figure 2. 

The propanol chemisorption ranges from 0.05 to 0.09 ml. per sq. meter—i.e., 
about 1.3 to 2.4 Χ 10 1 4 molecules per sq. cm. These values are only slightly 
higher than the reported density of the slow surface states—viz., 10 1 3 to 10 1 4 per 
sq. cm. Whether the chemisorption of foreign gases can be quantitatively related 
to the slow states remains undecided. The slow states are measured electrically, 
so that a bias is imposed on the crystal (2, 7, 8, 13). This bias was, of course, 
not present during the adsorption measurements reported here. 

Similar adsorption studies were conducted on a p-type germanium powder 
(2.5-ohm-cm. resistivity). The general trend of the total adsorption with increas
ing thermal outgassing was similar to that of the η-type samples, but it was chiefly 
decided by the physical adsorption, which in this case was always larger than the 
chemisorption. The chemisorption was small at 25° and gradually increased to 
a constant value above 3 0 0 ° . Compared to the η-type samples, the chemisorption 
on the p-type specimen was found to be considerably smaller; at 2 0 0 ° C , it was 
about 30% less than for the η-type samples. Further investigation is under way to 
attempt to fit the adsorption characteristics of p-type germanium into the pattern 
developed for the η-type samples. 

An interesting avenue for investigation is to examine the adsorption charac
teristics on single crystals concurrently with electrical measurements. Thus, any 
relationship which possibly exists between the slow states and the chemisorption 
might be positively revealed. Examination of the adsorption characteristics of re
duced germanium crystals and the effect of the fast states would also be of interest. 
These studies have been initiated. It remains clear at this time, however, that the 
semiconductor properties of the germanium influence the surface properties of the 
thin oxide films supported thereon. The influence is clear in the case of propanol 
adsorption and the differences are even more dramatic in the case of water 
adsorption. 
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Editors Note. The results reported by Zettlemoyer and associates are explained by 
a theory which has been very neatly corroborated by work on similar systems at the 
U . S. Army Signal Research and Development Laboratory. The following discus
sion is included with the consent of the symposium chairman. 

Discussion of Adsorption Studies on Metals 

X. 1-Propanol on Germanium Powders 

M. J. KATZ 

U.S. Army Signal Research and Development Laboratory, Fort Monmouth, N. J. 

Results obtained recently by us are entirely consistent with the model advanced 
here for adsorption on the semiconductor surface. 

Starting from the theory of surface states, Zettlemoyer et al. are able to ac
count for changes in chemisorption with the variation in conductivity of a series 
of samples. As the authors suggest, a direct confirmation of the relationship 
would require simultaneous measurement on a single crystal of chemisorption and 
the related electronic factors. This requirement is partially met in our experi
ments. Taken with the work described above, they provide a complementary 
aspect of the proposed model. 

Before entering into a discussion of our results, it is appropriate to point out 
the essential differences in approach. The Lehigh group measured chemisorption 
on powdered samples and deduced the electronic interaction with the surface from 
a plausible model. WTe, on the other hand, measured the conductivity and lifetime 
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Editors Note. The results reported by Zettlemoyer and associates are explained by 
a theory which has been very neatly corroborated by work on similar systems at the 
U . S. Army Signal Research and Development Laboratory. The following discus
sion is included with the consent of the symposium chairman. 

Discussion of Adsorption Studies on Metals 

X. 1-Propanol on Germanium Powders 

M. J. KATZ 

U.S. Army Signal Research and Development Laboratory, Fort Monmouth, N. J. 

Results obtained recently by us are entirely consistent with the model advanced 
here for adsorption on the semiconductor surface. 

Starting from the theory of surface states, Zettlemoyer et al. are able to ac
count for changes in chemisorption with the variation in conductivity of a series 
of samples. As the authors suggest, a direct confirmation of the relationship 
would require simultaneous measurement on a single crystal of chemisorption and 
the related electronic factors. This requirement is partially met in our experi
ments. Taken with the work described above, they provide a complementary 
aspect of the proposed model. 

Before entering into a discussion of our results, it is appropriate to point out 
the essential differences in approach. The Lehigh group measured chemisorption 
on powdered samples and deduced the electronic interaction with the surface from 
a plausible model. WTe, on the other hand, measured the conductivity and lifetime 
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of excess current carriers on single-crystal germanium as a function of the ambient. 
The crystals were η-type, about 30 ohm-cm., 0.5 mm. thick, polished and etched 
in 2 to 1 H N 0 3 to H F . A number of adsorbates were scanned through, including 
(X, H 2 0 , and some compounds of the series, R—X, R — N H 2 , and R — O H . Our pro
cedure was to pump the sample to a 10~6 mm. vacuum and to observe the change 
in lifetime (average life of injected current carriers) by measuring the decay in 
photovoltage with exposures to the adsorbate. In some cases, where the reaction 
seemed reversible, a new exposure was made after pumping at room temperature. 
Otherwise the sample was flashed at about 500° C. at 10 - 6 mm. before re-exposing 
it. This treatment will not remove all residual oxygen and/or hydroxyl so that our 
surfaces are similar in this respect to the powder surfaces. It seemed worthwhile 
to proceed in this way, although any given reaction must be understood in terms of 
previous sample history. 

We cannot detail here the diverse effects of reversibility, rates, and pressure 
dependence of the reactions. Although there was no means of measuring the 
adsorption directly, we could control the extent of the reaction by varying the 
ambient pressure. In the present context, the following points should be made: 

1. Systematic variations in lifetime and conductivity as a function of the 
ambient were obtained on η-type germanium. 

2. Upon exposure to various alkanols and alkyl amines (not exceeding 4 
carbons) carrier lifetimes increased up to about 50%, whereas the conductivities 
increased by 1%. Total conductivity was measured—i.e., bulk plus surface—and, 
therefore, the magnitude of the change does not reflect the true sensitivity of 
surface conductivity to the reaction. 

3. The lifetime of a p-type crystal decreased on exposure to ethylamine— 
i.e., a change inverse to that obtained with an η-type crystal. 

4. C H 3 S H and alkyl halides produced no change in lifetime. Zettlemoyer 
has shown elsewhere that alkyl halides adsorb to a negligible extent, if at all, on 
oxidized germanium surfaces. In the case of C H 3 S H , we have an interesting 
contrast to that of C H 3 O H , which, as indicated above, produced a pronounced 
increase in lifetime. As the C H 3 S H would not be expected to react as a donor, it 
would not tend to liberate trapped electrons. 

5. Prolonged pumping on the adsorbed alcohols and amines at room tempera
ture tended to decrease the lifetime. Thus, even the reversibly sorbed fraction 
may affect the trapped electrons—perhaps through a dipole-dipole interaction. 

Essentially, the Lehigh theory envisages electrons trapped at surface cation 
sites where they will act to inhibit donor-type chemisorption. From our point of 
view, the process of donor chemisorption tends to release the trapped electron, 
thereby increasing the conductivity and increasing the lifetime by reducing the 
occupancy at recombination centers. As already noted, this process is observed 
during the adsorption of R — O H . The theory also predicts similar results for the 
adsorption of R — N H 2 , which were in fact obtained, although detailed chemisorp
tion data are not available for this case. Here again the amino group would be 
expected to exhibit donor properties. 

RECEIVED October 17, 1961. 
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Utilization of Order-Disorder Theory 
in Physical Adsorption 

II. The Square Lattice 

JURGEN M. HONIG 

Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington 73, Mass. 

The order-disorder formalism of Hijmans and de 
Boer has been applied to the interaction between 
a gas and a square lattice of adsorption sites, fol
lowing the procedure of an earlier publication. 
The decomposition of the lattice into representa
tive arrays and the process of setting up normal
ization, consistency, and equilibrium conditions 
are discussed. Procedural methods for obtaining 
numerical solutions are outlined. Representative 
isotherms are provided and some noteworthy fea
tures are pointed out. 

• η previous work the order-disorder formalism developed by Hijmans and de Boer 
(5) (the HB formalism) was applied to gas adsorption theory ( 1 ). It was shown 

that the well known Langmuir or Fowler-Guggenheim (3,. 4) isotherm equations 
(F. G. approximation), which pertain to localized monolayer adsorption on uniform 
surfaces in the absence and presence of nearest neighbor lateral interactions, were 
obtained as special cases of this more general formulation. In an extension of the 
earlier work, the effect of next nearest neighbor interactions on the adsorption 
process was taken explicitly into account. The case treated by Bumble and Honig 
( 1 ) pertained to a hexagonal lattice array, for which the ratio of next nearest to 
nearest neighbor distances is R =-y/3/l. If the predominant lateral interactions 
are due to van der Waals-London dispersion forces, the attractive energy varies 
with distance approximately as r~1/e. Because of the rather large R ratio, only 
minor changes would be anticipated in passing from the Fowler-Guggenheim 
equation to the case where allowance is made for next nearest neighbor inter
actions. This is indeed the case; it was shown, however, that for relatively strong 
lateral interactions among adsorbate molecules on adjacent sites the corrections 
introduced in considering next nearest neighbor interactions are by no means 
negligible. 

In the present paper the formalism is applied to the case of a square lattice 
of adsorption sites depicted in Figure 1 . Here R has the value\/'2/l, so that the 
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SQUARE LATTICE 

ο ο ο ο ο 

ο ο ο ο ο 

ο ο ο ο ο 

ο ο ο ο ο 

LATTICE REPRESENTATIONS 

ο (α) POINT 

ο—ο (b) BOND 

(C) SQUARE 

Figure 1. The 
square lattice and its 
simple representa

tions 

effect of next nearest neighbor interactions on the shape of the isotherm should be 
greater than for the hexagonal array of sites; this is found to be the case. 

Bumble and Honig ( 1 ) have discussed the HB procedure as applied to gas 
adsorption and the approximations inherent in the model used below. Honig (6) 
gives additional background information, where the Fowler-Guggenheim iso
therm equation is derived in an elementary fashion. 

The Lattice Representation 

To simplify the analysis, the lattice depicted in Figure 1 is decomposed into 
representations in which the most complicated figure is the square depicted in 
Figure 1, c; this is the so-called basic figure and is labeled with the index c. In 
addition, it is necessary to take account of the bond (Figure 1, h) and of the 
point (Figure 1, a), which represent so-called subfigures and are labeled h and a, 
respectively. Suppose the lattice proper consists of L adsorption sites; since each 
square is specified by four points and each site is shared by four adjacent squares, 
it is necessary to construct a c- array of L squares for the primary representation of 
the lattice. Included in this count are 4L bonds, since every square contains four 
sides. In the acturl lattice there are only 2L bonds; to rectify this overcount it is 
therefore necessary to construct a b- array of — 2L bonds. The occurrence of nega
tive numbers is an integral part of the HB formalism and has been discussed by 
Bumble and Honig (I). The number of points contained in the figures con
stituting the c- and b- representation are 4L and —4L, respectively, and cancel out; 
since the lattice contains L sites, it is necessary to construct an a- array of L points. 
We have thus succeeded in representing a square lattice as a superposition of L 
squares, —2L bonds, and L points; the integers 1, —2, and 1 are labeled yc^cK 
yc <&), and yc <α>, respectively. 

It is now possible to specify the possible configurations or occupation states 
for each representation, as shown in Table I. A filled circle indicates a site 
occupied by an adsorbed atom. The symbol to the right of each figure represents 
the fraction of all members in each array in the specified configuration. The 
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Table I. Configurations, Multiplicities, and Energies Appropriate to the 
Representation of a Square Lattice 

CONFIGURATIONS 

VARIABLE MULTI- ENERGY 
PLICITY 

CONFIGURATIONS 

VARIABLE MULTI- ENERGY 
PLICITY 

xj€cc) 

1 

• 
• 
H 

c J €w Pj(b) \j(b) €j(b) 

0 * 0 ι 0 

• ο *1 2 -€ 

-€ * * 0 2 1 

- 2 L BONDS 

-2c + W 

-2C+ W Pj(a) Xj(a) €j(a) 

-2€ + w' 
ο 

• 

a 0 1 

ai 1 

0 

2W+W 

L POINTS 

-4€+4w 
+2W' 

L SQUARES 

multiplicity shows the number of equivalent ways in which the given occupation 
state may be reproduced by redistribution of the occupied sites in the figure while 
maintaining their relative geometric interrelation. Configurations 21 and 22 are 
not equivalent, since one cannot superpose the two figures on each other in such 
a way that all filled and all empty sites coincide. In contrast to the previous work 
( J ), it is not necessary to introduce subscript r into the notation here, and index ξ 
is utilized only where needed in the c- array to distinguish between nonequivalent 
configurations; / designates the total number of occupied sites. The energy ap
propriate to each configuration is also shown in Table I; the energy difference 
between an isolated adsorbate atom at rest in the gas phase and in its ground 
state on an isolated surface site is designated as — e; the lateral interaction energy 
for adsorbate particles on adjacent and on next nearest neighbor sites is written as 
w and u/, respectively. It is important to note two assumptions which have been 
implicitly introduced: first, that all sites are associated with the same value of —e, 
and second, that the different types of interaction energies are linearly additive. 
In many cases of interest neither approximation is satisfactory. 

Consistency and Normalization Conditions 

In Table I are introduced 11 variables designated in general as Py^m\ (m = 
a,b,c). To shorten the notation we frequently write Pj^ = ap Pj^ = β ρ and 
PjjW = yyg The 11 variables are subject to constraints which reduce the number 
of independent p ^ ( m ) to six. One set of constraints arises from the definition of the 
Pj^m^ (m = a,b, c) ; the normalization conditions require that 

2y* pjém) = 1 (m = a,b,c) (1) 

where the λ ; ^ m ) a r e the multiplicities listed in Table I. As applied to the present 
case Equation 1 reads 
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«o + on = 1 (2) 

0o + 2/5, + β2 = 1 (3) 

7o + 4 7 i + 4721 + 2 722 + 4 7 s + 74 = 1 ( 4 ) 

In addition there exist so-called consistency relations which basically arise 
from the fact that in the lattice proper only the subfigures exhibited in Table II 
are recognized as distinct. These configurations represent completely occupied 

Table II. Distinct Occupied Subfigures, with Appropriate Occupation 
Variables, Multiplicities, and Designation of Occupation Variable in Table I 

q C O R R E S P O N D I N G 
V A R I A B L E S O C C U P A T I O N V A R I A B L E S 

9, au βΐί 02, Tl j 721, 722, 73 , 74 

Q21 ^ 2 , 7 2 1 , 7 3 , 7 4 

q22 7 22, 73 , 74 

q 3 73 , 74 

q 4 74 

subfigures whose occupation variables are represented as qkv where kv is a doublet 
of running indices analogous to /£. The consistency condition associated, for ex
ample, with q2i arises because in the lattice representation this occupation state 
would be designated by the distinct symbols ρ 2

( δ ) o r P 2 i ( c ) f ° r the b- and c-
arrays, whereas such a distinction is physically meaningless when referred to the 
lattice proper. The consistency conditions interrelate all the p_̂ (m> which are 
associated with a given qjCv

{m) by the equations 

W"> qk^m) == Vch^jS λ,Έ<»> />y€<»> (m = β, b, c) (5) 

where ckl}.-^ represents the number of distinct ways in which the completely 
occupied subfigure under study can be superposed on the ; occupied sites of the 
various subfigures which occur in the lattice representations. The physical con
dition, that a fully occupied subfigure be associated with an occupation variable 
which should not depend on the size of the subfigure in the representation, is 
met by the requirement 

. . . = qkv
{l) = qkv

(m) = qkv (6) 

The integers ckr).-^ <w) are readily determined by superposition of the figures 
in Table II onto those of Table I. In this manner one arrives at the matrices listed 
in Table III together with the associated multiplicities. [For the entries in row 1 
of each matrix see (J) and the discussion centering about Equation 10.] For 
example, the fully occupied subfigure 21 can be superposed onto figure 3 of the 
c- array in two ways—namely, along the edges joining the filled sites. Hence 
entry 2 is placed in position = 21, ; = 3 of the C- matrix. The negative signs 
will be introduced at a later stage. 

From Table III one may read off numerical values to be inserted for c and λ 
in Equation 5. On applying Equation 6 it is found that 

F U L L Y 
O C C U P I E D 

S U B F I G U R E S 

• 

\ 
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qi=P^ = pS» + p^h) = j&i<e ) + 2p21M + p22M + 3 / > 3 ( r ) 4. (7) 

?2 = />3<ft> = />21<λ) + 2p*M + />4<λ) (8) 

which are the desired consistency conditions. In view of Equations 2 to 4, 7, and 
8, only five of the original 11 variables remain independent. It turns out con
venient to select as independent variables the qk listed in Table II or the equiva
lent occupation variables αλ, β>2, γ 2 2 > yn, a n d γ 4· 

Table III. Matrices for Setting Up Consistency Conditions 

Lower sign to be used in conjunction with equilibrium conditions. First row follows from 
the definition, Equation 10 

c 
MATRIX 

(c) 

1 4 4 2 4 1 

0 1 21 22 3 4 

1 0 1 ±1 1 1 ±1 1 

4 1 0 1 ±2 ± 2 3 ±4 

4 

22 

0 0 1 0 ± 2 4 

2 22 0 0 0 1 ± 1 2 

4 3 0 0 0 0 1 ± 4 

1 4 0 0 0 0 0 1 

Β 
MATRIX 

(b) A 
1 2 1 MATRIX 

(a) 

λ j 1 1 

J (a) 
0 1 2 A k 

j 
0 1 

1 

2 

1 

0 

k 1 

2 

1 ±1 1 1 

0 1 ± 2 1 

0 0 1 

k 0 

1 

1 ±1 

0 1 

Equilibrium Conditions 

To determine the above-mentioned unknowns it is necessary to impose the 
equilibrium condition that the entropy of the system be a maximum consistent 
with all constraints placed on the system. As shown by Bumble and Honig (I), 
this leads to the result 

η 
Σ \kn™ Bj\% + kT\n pj^)] = μ^Βι;ι^Βη (9) 

for all η consistent with a given k and for k = 1, 2, 3. The case k — 0 is excluded 
because q0 is so defined as to satisfy the relation 

i f 

By comparison with Equation 5 it follows that Bo;j^ (m) = 1 for all m, k, and η. 
The coefficients Bj^kv

{m) can be shown (5) to be identical with the c^.kv^ 
listed in Table III except for a change of sign whenever |; — k\ is odd. The order 
of the subscripts on Β and c in Equations 9 and 5 is reversed; in carrying out the 
summation Equation 9, the second set of indices remains fixed. The symbol 
in Equation 9 designates the chemical potential of the gaseous species, and ej ^ ( m ) 

refers to the energies listed in Table I. On inserting the appropriate numerical 
values in Equation 9 and taking antilogarithms on both sides one arrives at the 
following set of equilibrium conditions: 
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(k = 1) ( ID 

(* • = 21) (12) 

(k = = 22) (13) 

(* = 3) (14) 

(* = 4) (15) 

l i i /70721V = c = l k T 

βφ2 \ 7 i 2 ) 

72270/712 = C = e-™'*T 

7371V722707212 = 1 

70747222 ( I = 1 
\ 7 3 7 i / 

Equations 2 to 4, 7, 8, and 11 to 15 represent 11 simultaneous equations 
which can be solved for the unknown p ^ ( m ) . Now, = μ 0

( β ) (Τ) + kT In Ρ, 
where Ρ is the pressure or fugacity of the gas and is the chemical potential 
of the gas in its standard state. Hence the term on the right of Equation 11 may 
be replaced with P/P°, where P° = exp — [/x0

(G) + e]/kT is a constant for fixed 
temperatures, not to be confused with the saturation vapor pressure P 0 , occurring 
in the theory of multilayer adsorption. In this manner, Equation 11 represents 
an isotherm equation, once the various Pj-^m^ have been expressed in terms of 
p x («) ΞΞ Qy where θ is the fraction of lattice sites covered at pressure P. 

Numerical Solutions 

It remains to solve the equations mentioned earlier. Since the equilibrium 
relations are nonlinear, any attempt to find an analytical solution seems hopeless. 
One is thus forced to utilize an approximation method which requires, first, the 
specification of inputs reasonably close to the final answers, and second, the utiliza
tion of a self- consistent calculation cycle by which the final answer may be obtained 
in successive approximations. 

To obtain inputs one may proceed as follows: Define a quantity Κ 

*=[£χ3 (i6) 

with which Equation 11 may be rewritten as 

71/70 = Κ^/βο (17) 

In view of Equations 16 and 17, Equation 12 reads 

721/70 = σακ^βιβ^/βο*12 (18) 

Proceeding in similar fashion with the remaining equilibrium relations, one finds 

722/70 = ΟΡ^βι/βοΫ (19) 

73/70 = C C Κ^β^/βο2 (20) 

74/70 = οκο*κ(β2/βογ (2i) 

Finally, it is necessary to introduce the Fowler-Guggenheim isotherm equation 
(3,6), (Z = 4) 

P/po = [θ/(ΐ _ _ 1 + 20)/20]4C-4 (22) 

where 

β = [1 + 4 o W C -}1)] 1 / 2 (23 

and the corresponding equilibrium condition (1,5,6) 

βοβ2/βι2 = C (24) 
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The input data may then be obtained as follows: One specifies numerical 
values for C, C and for a set of p1 <α) = Θ. From Equations 2, 3, 7, and 24 one 
then obtains a 0 and β;· (/ = 0,1,2), with which the ratio P/P° may be determined 
via Equations 22 and 23, so that Κ may be computed according to Equation 16. 
With these preliminary values the ratios yy^/y0 can be computed from Equations 
17 to 21; in conjunction with Equation 4 the values of Pj-^ can be found in
dividually. The various p^ <w) specified above and the ratio P/P° serve as the 
zero-order inputs. 

To aid in the second step involving successive approximations it is convenient 
to "linearize" Equations 11 to 15, using the method outlined by Bumble and 
Honig (I). In essence, one rewrites each py^ (m) as A p ^ ( m ) + Pj^m>°) where the 
latter symbol represents the zero-order inputs. The A p ^ ( m ) now represent the 
new unknowns; since they are presumed small, one can rewrite the equilibrium 
relations in linear form, involving first powers of APj^mK For example, Equation 
13 becomes 

[p22(c ο) + Ap22(O][p0(c, ο) + ΑροΜ]/[ρ&· 0 ) + ApSc)]2 

' 1 + ^ ^ 2 2 ( C ) + ^ ) ^ ( C ) " p22(c' 0 ) / > 0 ( C ' 0 ) 

l P l ( c , 0 ) ] 2 

1 + -3-1 ApiM 

px(ct o) 

= c 

or, approximately, 

1 2 1 C'\ÙÏ(C' o ) l 2 

P o i c . o) p i ( c , o) W I " p22(c. o) *P** p22(c, o)pQ(c, o) 

Proceeding similarly with the remaining relations one obtains a set of "lineanzed ,> 

equilibrium conditions which together with the normalization and consistency 
conditions yield 11 simultaneous linear equations in the APj^mK These may be 
solved by machine computation to obtain Δ Ρ / Ρ 0 . The resulting increments are 
added to their corresponding zero-order quantities to yield a set of first-order 
results Pj^m>x) which replace the Py^m'o). The process of solving the linearized 
set is repeated until the increments become too small to be of consequence. The 
entire procedure is then repeated for other values of C and C . 

Results 

Computations were carried through for values of 0.05 < θ < 0.95 in incre
ments of 0.05 unit, with C = 2, 3, 4, and 5. It was assumed that lateral inter
actions were due to attractive van der Waals-London dispersion forces, where the 
leading term in the energy expansion varies with distance as r~ 1 / 6; with R = V 2 
one finds C r = C 1 / 8 . Calculations were also carried out in the Fowler-Guggenheim 
approximation; this simply requires the determination of the zero-order inputs 
Ρ ο ( α ' °K Pj{h'0), and P/P°. The results are exhibited in Figures 2 and 3; the 
broken curves refer to isotherms calculated according to Equations 22 and 23. 

Noteworthy Features. For a given value of C the isotherms depicted in 
Figures 2 and 3 are displaced towards larger values of P/P° than the corresponding 
isotherms of Bumble and Honig (I). This is a reflection of the fact that Ζ = 6 
for the hexagonal lattice, whereas Ζ = 4 for the square lattice. Since the number of 
nearest neighbors to a given site is smaller in the latter case, it requires a larger 
pressure to reach a given θ value when lateral interactions are of the attractive type 
(u><0). 
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0 .1 .2 .3 .4 .5 
p / p o 

Figure 2. Adsorption isotherms calculated as described in 
text forC — 2 and 3 

— · —. Fowler-Guggenheim isotherm 

The occurrence of loops in the isotherms indicates the existence of two-
dimensional condensation. This phenomenon sets in for a critical value C0 which 
is greater than that encountered by Bumble and Honig (J)—i.e., to achieve two-
dimensional condensation the lateral interactions must be stronger than those 
required in ( 1 ). Again, this is believed to be primarily due to the difference 
in Ζ values for the two cases. 

0 .01 .02 .03 .04 .05 
p / p o 

Figure 3. Adsorption isotherms calculated as described in 
text forC — 4 and 5 
Fowler-Guggenheim isotherm 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

02
5

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



HONIG Square Lattice 247 

Table IV. C 0 Values 
Square Hexagonal 
Array Array 

Ζ = 4 Ζ = 6 
F . G . approximation 4.00 2.25 
Present analysis 4.80 2.62 
Literature value 5.83 3.00 

One would expect an appreciable change in the form of the isotherm for the 
square lattice array as one passes from the F. G. approximation ( C = 1) to the 
case where next nearest neighbor interactions are considered ( C > 1 ). Compari
son with ( J ) shows that the changes encountered here indeed are greater and are 
in the anticipated direction. Thus, isotherms for which C > 1 are displaced 
towards the lower end of the P/P° scale compared to those for which C = 1. 
Furthermore, the vertical line connecting those portions of the isotherm that are 
separated by loops is longer in the former than in the latter case. This means that 
two-dimensional condensation sets in at a lower surface coverage and terminates 
at a higher surface coverage when the theory takes account of lateral interactions 
between next nearest neighbors than when these interactions are ignored. 

The critical value, C 0 , is larger when C > 1 than it is for the case C = 1, as 
may be verified by direct calculation or by comparison of the size of the loops in 
Figure 3. This again is an expected result; for it is known that C 0 as determined 
from the Fowler-Guggenheim approximation is too low. Here, the exact solu
tions serve as a comparison standard; by sophisticated mathematical techniques 
reviewed in several articles (2, 7) it is possible to determine the exact value of C 0 

for certain types of infinite two-dimensional lattices, the square and hexagonal 
arrays among them. Values for C 0 in the present approximation were obtained by 
trial and error techniques. The results are presented in Table IV. 

In both types of lattices the C 0 value obtained in the present approximation 
is a significant improvement over that associated with the F. G. approximation. 
On the other hand, as judged by the trend of the entries in Table IV, convergence 
to the correct C 0 value is very slow, and considerable further refinement seems to 
be required to approach the exact quantities. Unfortunately, the next higher ap
proximation becomes extremely cumbersome, since it can be shown that 30 addi
tional variables are required to characterize the problem. It is likely that the next 
nearest neighbor approximation as given here represents an upper limit for practi
cal calculations. 
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Adsorption Potentials, Adsorbent Self-Potentials, and 
Thermodynamic Equilibria 

E. A. FLOOD 

Division of Pure Chemistry, National Research Council, 
Sussex Drive, Ottawa, Canada 

The Gibbs potential, Fαc, of an adsorbate-adsorb-
ent system may be considered as the sum of the 
intrinsic potentials of adsorbate, Fα, and adsorb
ent, Fc, together with a mutual interaction poten
tial, ωαc, When adsorbent-adsorbate potentials 
are small compared with adsorbent self-potentials, 
the interaction is largely confined to fields lying 
outside the adsorbent system and the energies, 
Gibbs potentials, stresses, etc., are additive, ωαc, 
approaching zero. In this case the free energy 
change of the adsorbent is measured by its change 
in state of stress. When adsorption potentials are 
comparable with adsorbent self-potentials, the 
Gibbs potentials and stresses are not additive and 
the free energy change of the adsorbent is not 
measured by its change in state of stress alone. 

y he change in Gibbs potential (δ F) due to immersion of active carbon (F c) in a 
relatively large mass of gas (Fg) at constant pressure (Pg) and temperature may 

be expressed by 

FQ(PQ, ™g) + Fcipc = 0, mc) = Fadpg, ™o, ™c) + 5F (1) 

or μ0τη0 + μ00πι0 = μ0πι0 + μ0πι0 + 5F 

and 8F = (uco — μ€)ηι0 = —5FC 

This equation will hold regardless of the kind of reaction involved, provided 
that no volatile or gas-soluble substance containing carbon is evolved. The 
equation is therefore applicable to a great variety of possible reactions and pro
vides little or no information concerning the state of either adsorbate or adsorbent 
in the combined system. 

If, however, a dividing surface exists which separates the adsorbent com
pletely from the adsorbate, so that throughout the adsorption reaction no material, 
electrons, etc., can cross this dividing surface, we can considerably restrict the 
number of possible types of interaction. When such a surface exists, we can apply 
equations of the Polanyi (18) or Guggenheim (JO) type [essentially variants of 

248 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

02
6

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



FLOOD Adsorption Potentials 249 

Gibbs' 508, 514 (9)] and obtain expressions for the adsorbate "spreading pres
sure." 

Assuming such spreading pressures to consist literally of purely hydrostatic 
stresses and these stresses to be in equilibrium with the accompanying purely 
mechanical stresses of the solid, we can write the approximate equation, 

Fc = Kcby (2) 

where Κ is a proportionality constant, σ the surface area, and y the mean surface 
mechanical stresses of the solid, or we may write the more general equation, 

Fc = K'vJ&pi (3) 

where vc is the volume of the solid adsorbent and p\ is the mean principal stress 
intensity. 

Equation 2 has been used with some success by Bangham (I), Mcintosh (5), 
Yates (20), and others to correlate adsorption extension data. Equation 3 has also 
been used with considerable success by Mcintosh (15) and Dacey (6), and in 
some of my own work (8, 15). 

If the adsorption reaction can indeed be represented as a purely mechanical 
interaction, then from the thermodynamic conditions for equilibrium of systems in 
purely hydrostatic states of stress, we can deduce 

Vapl + OePl = (Va + VC)P (4) 

where va is a volume which includes the effective field of the solid (for porous 
bodies va can be taken as either the whole of the void volume or as the micropore 
volume, and the value of p i changes accordingly) ; vc is the solid volume; pv

a 

is the volumetric mean of the principal stress intensities acting on the external 
surfaces of the adsorbate volumes which contribute to va; p v

c is the similar volu
metric mean stress intensity of the solid; and Ρ is the hydrostatic pressure of the 
fluid in which the system is immersed and with which it is in equilibrium. When 
the volume va is very small compared with vc, so that va is virtually the "surface" 
of vc, Equation 4 reduces to 

Vc(p* - Ρ) = 2/3σ<γ (5) 

regardless of the shape of the solid. 
Equations 4 and 5 may be compared with the very similar equations of 

classical elasticity (14, 16) theory as applied to isotropic bodies. Equation 5 is 
the same as Gibbs' 560. (Gibbs' 560 refers to spherical volumes, but it is easily 
shown that the equation applies to volumes of any shape. ) 

Adsorption-extension and permeability measurements provide fairly searching 
tests of the validity of the assumption that in physical adsorption reactions the 
adsorbate and adsorbent behave essentially as bodies of matter in mechanical 
equilibrium. 

Ignoring shearing and similar work terms, the basic assumptions lead to the 
following equations: 

ψα = ÇP f^.dp0 = αδΡ (6a) 
JO Pa 

where pa is the volumetric mean adsorbate density, p{, is the gas density, py is the 
gas pressure (Ο ^ p(J ^ Ρ), and a is defined by Equation 6a. 

dpi = [ l + (1 - α)] δΡ (6b) 
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Figure 1. Adsorption extension data for water vapor on carbon 

Data of Haines and Mcintosh (11) 

_ _ _ _ _ O . Adsorption. X. Desorption 
Calcinated from Equations 6d and 6e 

A. 1.0 χ 10-7/p.s.i. 
B. 0 
f (p) · 1 
K. 4.76 
va/vc. 2.16 (observed value) 

The dimensional change of the carbon may be represented by 

àvc/vc = -Αδ%(\ - Βδρΐ) (6c) 

The dilation of the whole volume, δ ν/υ, will not in general be equal to 
δ vc/vc, even if the solid is reasonably isotropic elastically, unless δ p\ is a change 
in uniform hydrostatic pressure, which it is very unlikely to be if the adsorption is 
appreciable. Hence we write more or less empirically 

αν/υ = (δνα + δν£)/(να + Oc) = -Λδρϊ(\ - Βδρϊ) (6d) 
and 

= [ l +f(P)K„ ^ (1 - a)jdP (6c) 

where Ks is a structure factor dependent only on the solid structure and consti
tutes a measure of the variation in wall thickness of representative filaments. 
/ (p) is a specific, pressure-dependent term, for each adsorbate. It may be re
garded as a statistical factor correlating surface potentials and pore sizes. The 
implication is that both of these factors are reasonably close to unity. 

The basic assumptions also lead to equations describing the micropore per
meabilities of systems whose micropores are greater than a few adsorbate molecu
lar diameters (12). One of these equations is 
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FLOOD Adsorption Potentials 251 

Α ΓΡ2 η 2 
Qm = -f- I — dpg (6f) 

L* JPX p° 

These equations in fact describe a good deal of adsorption-extension data 
remarkably well, and also describe some permeability data (Figures 1 to 4). 

Figure 2. Adsorption-extension at 25° C. 

O, · · Krypton adsorption, desorption, etc. 
Calculated from Equations 6d and 6e 

A. 2.40 χ 10~7/p.s.i. B. 2/3 χ lO-'Ip.s.i. 

Va/Vc. 1.304 (observed) 

The evidence lends considerable support to the basic assumptions. There 
are, however, some notable exceptions, especially where contractions occur instead 
of the predicted expansions. These contractions have been studied by Wiig (19), 
Mcintosh (5), Yates (20), and Dacey (7), and in my laboratory (13) (Figures 
5 and 6). 

Evidently the previous thermodynamic treatment must have been over
simplified. 

Revised Thermodynamic Treatment 
If in the adsorbate-adsorbent system a surface exists dividing the system into 

two distinct parts, we can refer to the intrinsic energies, entropies, and Gibbs 
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252 ADVANCES IN CHEMISTRY SERIES 

Pres sure , p.s.L. x I0 2 • 

Figure 3. Adsorption-extension data as for 
Figure 2 

Calculated from Equations 6d and 6e 
A. 2.640 χ lO-'Ip.s.i. 
B. 1/2 χ 10-5/p.s.i. 
f (ρ). 1 — D \Ja 
K. 3.834 
Va/vc. 1.304 
D. Ο for He and H 2 0, 0.172 for Hiy 

0.168 for Ar and ZVt, 0.116 for Kr 

potentials of the two parts separately. However, if these parts exert forces upon 
one another in addition to purely mechanical forces, there will also be a potential 
associated with these forces—i.e., with their mutual field. Since energies, entro
pies, volumes, etc., are additive properties, we may regard the energy, entropy, 
and volume of the whole system as equal to the sum of its parts. However, in 
general, pressures and displacement work terms such as pv terms are not neces
sarily additive properties. Thus, the Gibbs potential of the whole system is not 
necessarily equal to the sum of the intrinsic Gibbs potentials of its parts. When 
the adsorbate and adsorbent can both exist separately in equilibrium with ex
ternally applied forces in states that are identical with those of the combined 
system and which are both in equilibrium with the combined system—i.e., when 
the Gibbs potentials are additive—we can write E'a + E\ = Eac, S'a + S'c = 
Sao F'a + F'c = Fac, where the primes refer to the separate bodies of the absorbate 
and of adsorbent, and hence, 
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also 

+ VcPl = ("a + VC)P 

dF'a + dF'e = dFai 

253 

(7) 

1.2 

1.0 

r o.8 
c 

0.6 

ο 
rr 

ο 

0.2 

Curves calculated from 
Κ units 

Qm 

Α Γ ρ ί P n dp 
= - — / ^ converted into 

RT A RT Γ ' Λι _ Λ / ρ ε θ Λ 

- A . ( 5 i f L f 1 Λ.2 dp 

LT; VVM^ P , - P 2 J p 2 Ρ 
A / R T \ * I Γ α ' d | 

L77 VVM; p . Δ α J a £ a 

L - length of carbon rod 
7) = viscosity of water at 25 C and 95 C 
ρ = mean adsorbate density = X/V where 

X = grams adsorbed per gram of 
carbon and V = micropore volume 
per gram of carbon 

ps = saturation pressure at 25 C and 35 C 
a -relative humidity = ρ/p, 

0.4 |-P =(P,+P2)/2 = â p , 
A = constant descriptive of pore 

structure chosen to fit data 
at p / p , « 0.89 (25C) 

Circles, observed rates at 25C 
Crosses, observed rates at 35C ^O' 

0.2 0.4 0.6 0.8 

Figure 4. Flow rates of water vapor through micropore system of 
activated carbon rod having larger micropores than samples of 

Figures 2 and 3 

Calculated from Equation 6f 

and where only hydrostatic states of stress are involved 

ΓΡΙ ΓΡΙ CP 
I Vadpa + I Vcdpe = I (»a + Vc) dP 

Jo Jo Jo 
or 

and hence 

Vapl + Vepl = (Va + VC)P 

Va/Va = Vc/Vc = Va + Vc/(va + Vc) 

Therefore, for small changes in volumes, 

δν/ν = δν0/ν0 = —Αδρΐ(\ — Βδρΐ) 
Accordingly, f(p) Ksin Equation 6e must be unity. 

However, in the general case, the intrinsic potentials are not additive and we 
must write 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

02
6

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 
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F'a + F[ - o>ac = Fac (8) 

where the primes refer to the instrinsic potentials of the two separate systems in 
identical states to those in the combined system and wac is a measure of the dis
placement work done by the two systems upon one another, as the combined 
system grows, its nature and state, temperature, distribution of stress, etc., remain
ing constant. 

I 1 1 1 1 1 ϋ 
0 0.02 0.04 0.06 0.08 0.10 0.12 

P/Ps — 

Figure 5. Elongation as a function of relative pressure, p/ps, 
for some alcohols 

Marked contractions are observed with CCU but with neither 
methyl- or ethylamine 

If in addition to pdv work terms we include work terms at constant S, v, such 
as polarization terms, shear strains, etc., and these are included explicitly, we 
obtain the following revised equations : 

Vapl + Vcpl — Vac = (»o + Ve)P (8a) 

Vapl + Φα + ϋφΐ + Φ0 ~ C»ac = ( » e + VC)P (8b) 

δρΐ = fP
 ?± dpg - Φ'α = αδΡ 

Jo ρ» 
Some interesting relations may be deduced from these equations. For ex

ample, if wac and Φα = 0 and adsorption is marked, when Φ0 is positive, 8 v/v > 
δ vc/vG but when Φΰ is negative, δ ν/ν < δ vc/vc. Thus, when the adsorption 
mechanism consists partly of a release of the compressive stress of the carbon and 
partly of a release of shear strain, δ v/v will be less than δ vc/v— i.e., f(p) Ks in 
Equation 6e would be less than unity and could even be negative. 

However, to make any detailed use of these equations we must be able to 
impose limits on ωαΦ Φα> a n d Φβ> especially upon ωαα-

When wac — 0, the equations represent, formally, a mechanical interaction 
including shear strain, polarization, and similar potentials. 

The ideas underlying Equations 7 and 8a may be illustrated as follows: 
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- 8 -
ι ι ι ι — ι Ι 
Ε 4 6 8 10 12 

p/p 8 xl0 2 -

Figure 6. Adsorption-extension data for ethane 

Temperature dependence. Elongation as function of plps, where 
p, is vapor pressure of ethane at 25° C. Critical temperature 
32.1° C. 

Let the change in energy of a body be represented by dE = Tds — pdv + 
φ dq 4- f(x)dx + μ dm, where ρ — 1/s (px + py + pz), px, Py, and pz being the 
principal stresses. If these stresses are not equal, dv must grow in a definite 

rv2 

manner (constant shape) so that I pdv shall have a definite value dependent only 
Jvi 

on the limits, φ dq are work terms at constant S, v, q, x, and m—i.e., φ dq 
measures shear strains, polarization terms, etc. And f(x)dx are work terms 
against scalar potential fields. 

We suppose that the system can be in reversible equilibrium with these ex
ternal forces and is capable of growth from a suitable source of m, the growth taking 
place reversibly while the nature and state of the body remain constant. We can 
write for the increment of energy Ε associated with this process, where Τ, p, q, x, 
and μ remain constant during the growth or displacement process, 

Ε = TS — pv + μπι 

and 

Ε — TS + pv — μπι = F 

the Gibbs potential of the increment. 
Also, 

dF = -SdT + vdp + φας + fdx + μάπι 

Consider two distinct systems to which the following equations apply: 

dEi = TdSi — p\dv\ + 4>\dq\ + j\dx\ + μ\άπΐ\ 
dEi — TdSi — p\dvi + 0 2 ^ 2 + jidxi + μϊάπΐι 

Let the two systems grow so that the relative volumes, masses, etc., remain con
stant—i.e., so that δ v i / υ χ = δυ2Λ>2> δ m1/m1 = δ m2/m2, etc. We suppose that 
this can occur without terms of the type fidxi, f\dx* being involved. Then for the 
increment of energy 
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Ε = Ει + Ελ = T(Si + S2) — pivi — pzv2 + μι?ηι + μ2τη2 

Ε - T(Si + £ 2 ) + ρ 101 + 7>2z>2 = μίΤΠι + μ 2^2 

Van d e r W a a l β 
c r y β t a 1 

% E £ 

(6-12) I o n i c 
c r y s t a l 

% E 0 

D i v i d i n g S u r f a c e D i v i d i n g S u r f a c e 

65.5(68.1) 97.50 l e t M o l e c u l a r l a y e r 

93.0(96.1) 99.97 2nd M o l e c u l a r l a y e r 

98.3 99-98 3rd M o l e c u l a r l a y e r 

99.4 99.99 4th M o l e c u l a r l a y e r 

100 100 CO t h M o l e c u l a r l a y e r 

Figure 7. Van der Wauls values of self-potentials at 
absolute zero 

If the two systems together can also be in equilibrium with the hydrostatic pres
sure, P, during this displacement process, we can also write for both together 

dE = TdS — Pdv -j- μιάηΐι + μ2άηι2 

where 

V = V\ + v2 

Hence 

pivi + P2V2 = P(vi + 0 2 ) 

However, if the two parts to which the subscripts refer exert forces upon one 
another in addition to those implied by pi and pa, we must write 

dE\ = TdSi — p\dv\ + 4>\dq\ + f\dx\ + /12 do\ + 
OZ>i 

rf£2 = 7̂ 5*2 — P2^2 + 02^2 + /2^2 + /21 dv2 + μ 2 ^ 2 

Ov2 

and writing mVi for the integral I fa ^ 2 dvi, etc., we obtain (Pi — m) Vi + (j3? 

— 7Γ2)ΐ>2 = Ρ (ϋι + υ 2 ) or p1v1 + p2t>2 — ωι 2 = Ρ(ϋι + υ 2 ) , where ωι 2 is a measure 
of the interaction potential—i.e., the difference in net displacement work of the two 
separate systems ( 1 and 2) and that of the combined system. 

If μ! and μ 2 refer to the same substance and this substance is in equilibrium 
throughout the system, so that μ χ = μ 2 , the above equations would describe, say, a 
self-gravitating spherical mass of liquid water divided into two arbitrary volumes. 
The values of pi and pu in this case would be the "external" compressive stresses 
on the surfaces of each of these volumes, not the volumetric means of the principal 
stresses on the surfaces of the elementary volumes into which each might have 
been subdivided. If the p/s be the mean principal stresses on the elementary 
volumes of the whole of mass fluid mass, we would obtain 

v(pv — 7r") = vP = vpv — ω 

If the mass were large, P, the pressure at the surface of the spherical mass, 
might be very low while pv was of a very large magnitude. 
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(Α) , ρ - ο 
D i v i d i n g s u r f a c e 

es co * " c s CO 

Ρ - Ρ Ο Λ 
CS CO J es c 

Ε , ρ -*0 CO CO 

- — h — h Λ V = - h p , ρ = ρ Η 
Χ s e s e s J e s e s 

— h 
where )£ % = ' s u r f a c e t e n s i o n ' , p s mean 
t a n g e n t i a l s u r f a c e s t r e s s , 

J^.s- s u r f a c e d e n s i t y 

Figure 8. Surface potentials, stresses, etc., for disorganized 
carbon 

S elf-Potentials and Adsorption Potentials 

If the attractive force of the adsorbent for the gas molecules is relatively 
strong and "pairwise" additive and varies inversely as the square of the distance 
between adsorbate and adsorbent molecules, then when the adsorbate density is at 
all large, ωαο must be large, since both adsorbate and adsorbent will be attracted 
to their mutual center of "gravity." In this case the pressure acting on the outside 
surface of the whole system will be less than the pressure of either of the parts— 
i.e., F may approach zero while both pv

a and pv
c are large and positive. 

If the attractive force between molecules varies more steeply than an inverse 
third power, the net attractive force of a semi-infinite solid slab on a single mole
cule has a finite value. Thus the cumulative effects of distant masses tend to 
vanish, which is not the case for an inverse square law; in the latter case the 
number of pairwise interactions increases more rapidly than the effective force per 
pair diminishes. 

If E ' Q be the energy per gram of separating the atoms from the interior of a 
semi-infinite condensed system at absolute zero and E ' S be the corresponding energy 
for the surface layer, in general these two quantities must differ. These quantities 
are commonly called self-potentials (2). As the temperature is increased, the 
increase in energy will be largely a heat energy and the increased energy of the 
interior and of the surface will be about the same for substances of very low vapor 
pressures and compressibilities. Thus at ordinary temperatures there will be a 
"surface" energy or potential, QS = ES — E 0 , which is approximately equal to 
E ' S — EQ. Hence, for an equilibrium to exist between the bulk material, the sur
face, and the vapor, the surface layer must contain other kinds of "potential" which 
offset the increase in Gibbs potential due to the surface "energy." The most im
mediately available "potential" is a negative surface stress, assuming the interior 
stress to be isotropic and that there is relatively little difference between the surface 
entropy and the bulk entropy, as found by Morrison (3). 

Figure 7 shows the values of the self-potentials at absolute zero for a van der 
Waals (6-12) close-packed crystal and an ionic crystal. The values are due to 
Benson (4). The two figures in parenthesis are Barrels (2). 
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Ε , ρ 
a o a o 

Ε - Ε 
a s a o 

Ε = 3 Λ Ε + 1/4 Ε ] 
e s c o a c j 

Ε - Ε = f l J P " P = P A ' e s c o * e s e s c o J e s e s 

- D i v i d i n g s u r f a c e 

Ε , P 
c o c o 1 » 

Figure 9. Interaction of carbon surface with gas or liquid 

For disorganized carbon we might expect Es/E0 to be intermediate between 
the ionic and van der Waals crystals, perhaps closer to the latter. Thus we might 
represent the situation approximately as shown in Figure 8. 

A molecule of carbon (A, Figure 8) near the surface must also experience a 
force toward the dividing surface, the force varying as an inverse fourth power of 
its distance from the surface, assuming a 6-12 potential. Thus the solid must 
"adsorb" its own vapor. 

Figure 9 illustrates the interaction of the carbon surface with a gas or liquid. 
When Eao = Eac = 0 and we suppose the solid enclosed by the dividing sur

face, the tangential surface forces corresponding to δ pcs must be balanced by 
stresses in the solid beyond the surface region and vcopco + vcspcs = vcpco; or if hx 

2 2 
« x> vc(pc — pao) — 3 °7 = — 3 ahipcs. 

When Eao « Eac << Eco, pcs — pco will not be changed appreciably by 
the presence of the gas, but pas — pao can be large and will be positive. Accord
ingly the net surface tension will be reduced, both pcs and pco being reduced by 
very nearly equal quantities. Since the field passing the dividing surface is 
negligible, the stresses acting on the volume enclosed by the dividing surface must 
be balanced by stresses within the dividing surface, the interaction will still be 
essentially mechanical, and vcpc + vapa = (va + vc) pao, as before. 

2 
In this case also, if hx + h2 « x, vchpc— ^σδγ. 
If, however, Eac & Eco, there will be large fields operating across the dividing 

surfaces and if / i x œ x, a large fraction of the solid will undergo a positive pressure 
change, in addition to the change in stresses needed to balance the additional 
tangential forces. 

In this case vapa + vcpc > (va + vc)pao. 
If, however, h± + h2 « x, we can still write vapa + vcpc = (va + vc)pao 

2 
approximately, and again vc δ pc = ^ σδγ. When Eac œ Eco the heat of wetting or 
of immersion will be about 103 cal. per gram for carbons of surface areas of 103 

sq. meters per gram. (The heat of combustion of such a carbon would be about 
10 kcal. higher than that of graphite. ) This is, of course, very much greater than 
normal heats of wetting. 

Evidently the various effects are strongly dependent on the detailed surface 
interactions. Figure 10 illustrates a highly simplified surface system that is 
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20 \ -

-f ix) 

v(x) 

dp 
dx 

p(x) -\o\-

Figure 10. Diagrammatic representation of thermodynamic refotions -within an 
ideal liquid-vapor interfacial region 

μχ = Ex — TSX + pxvX) per gram 
fx, px fx, Px fx, Px 

= I (vxdpx + fxdx) = 0 I vxdpx = I fxdx = -
JXQ, pxO J Xi), pxo, J 

init volume al 
fx 

— ha I 03xt 
Jxo 

ΡχΩχ = ωχ = potential per unit volume at χ 

Total surface potential = Ιισώ — ha I uxdx 
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Figure 11. Dividing surface or interfacial transition region xm2 — xml 

< molecular radius, r 
Surface region. xh — * 0 = 4 to 20 r 
L i q u i d or condensed region extends from below xo to just above Xm\ 
Gas region, from just below xmi to above Xh 

thermodynamically consistent with a positive surface tension and might represent 
a liquid-gas interface. It is thermodynamically necessary that both attractive and 
repulsive forces exist in the surface region. 

The transition region might arise from effects such as those illustrated in 
Figure 11, while Figure 12 illustrates possible effects of exposing the surface de
picted in Figure 10 to a second gas. 

Conclusions 

W h e n a definite more or less fixed dividing surface exists between the ad
sorbent and an adsorbable substance, the reaction w i l l resemble a mechanical 
interaction—i.e., ωαο ~* 0 and vapa +vcpG — (va + vc) P—under the following 
conditions. 

W h e n the total volume of the solid is large compared with the volume of the 
surface region, regardless of the magnitude of the adsorption potential, Eac 

W h e n the surface coverage, pas is very small. 
W h e n the adsorption potential, Eac, is low compared with the adsorbent self-

potential, Eco, as is usually the case for adsorption on active carbon. 

The adsorption reaction w i l l probably not resemble a mechanical system—i.e., 
(uac 9^ 0—when the B E T surface area is very large—i.e., when the volume of surface 
region is comparable with the total solid volume and the net adsorption potential, 
pas Eac, is at all comparable with the heat of evaporation of the solid itself or with 
the net solid surface potential, pcs ilcs. 
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In general, the adsorption reaction will not resemble a mechanical reaction if 
the dividing surface largely ceases to exist because of solution of the gas through
out the solid, material of the solid dissolving directly or indirectly in the adsorbate, 
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the formation of a large number of bonds between the adsorbent and adsorbate, 
the bonds involving electron transfer across the surface, or the formation of en
tirely new dividing surfaces which are more or less separate and distinct from the 
original absorbent . [Mrozowski (17) has shown that free valencies are largely 
absent from active carbons heated to temperature above 1000° C. Thus we can 
expect that the "dividing surface" exists for all ordinary physical adsorption on 
Η-type active carbons which are reasonably pure carbons, such as "saran carbons."] 

Evidently the majority of readily reversible physical adsorption reactions can 
be described thermodynamically in terms of the accompanying mechanical effect 
and we can write 

Kapl + Φα + Vepl + Φο = (Va + VC)P 

and 

Vapl + vcpl = (Va + VC)P 

where 

PI = [P dPg - Φ'α = aP 
JO Po 

When the solid is comparatively incompressible, we can write 

δνα bvc _ 2(Φ α + <ïv) 
Va Vc ~ (Ρ — pl)vc 

Since δ va/va and δ vc/vc are small quantities (much less than unity), their differ
ences are much less than unity. Accordingly when <ï>c is comparable in magnitude 
to (Ρ — ρ )vC9 Φα and Φ0 must be of nearly equal magnitudes but of opposite signs. 
From the elastic properties of carbons we can place an upper limit of about 10 
cal. per mole of carbon on reversible values of Φ0 arising wholly from elastic 
mechanical strains. In many cases of physical adsorption of vapors near saturation 
integral δ Fc values of about 200 cal. per mole of carbon are observed. In such 
cases δ Fc values must be largely controlled by vc δ pc terms, but at lower surface 
coverages Φβ terms may be relatively much larger. Values of Φα and Φ0 can be 
estimated from observed adsorption extension and isotherm data, together with 
differential and integral heats of adsorption and heats of wetting. 

For one of our carbons we estimate that in some cases Φα and Φ0 are of the 
order of 20% of the adsorption potential, assuming a Poisson ratio of 1 / 3 . In 
these cases one may regard the adsorption potential as arising from a release of a 
compressive stress potential (80%) and a shear strain potential (20%). 

The Gibbs adsorption equation should be valid when the total solid volume 
is large compared to the total solid volume and terms of the type Φα and can 
be neglected. 

The equation 

δν/ν = -Αδρ^Ι - Βδρ1;) 

δρι = [ ι +f(p)K^- (1 - *)]*/> 

may be regarded as reasonably valid for physical adsorption on "high temperature" 
carbons. The values of f(p), Ks, etc., will be strongly dependent on pore-size 
distribution, surface potentials, and their correlations. 
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The Adsorption of Gases on Ion Exchanged Mica 

III. The Adsorption of Krypton 

GEORGE L. GAINES, Jr. 

General Electric Research Laboratory, Schenectady, Ν. Y. 

The adsorption of krypton by ground muscovite 
mica bearing potassium, barium, or cesium as ex
changeable ions has been studied at 77° and 90° 
K. Coverages in the first monolayer and slightly 
beyond were studied. The results are compared 
with previous measurements of argon adsorption. 
Whereas argon adsorption was found to be 
markedly influenced by the nature of the ex
changeable ion, this controlled alteration of the 
mica surface has little effect on the adsorption of 
krypton. The adsorption of the larger krypton 
atom is also less affected by the geometric factors 
which appear to govern argon uptake in the first 
monolayer. The thermodynamic functions for 
krypton adsorption do not show the variation 
with coverage found for argon on potassium and 
barium mica. It is suggested that, whereas argon 
is first adsorbed in a substantially localized man
ner which becomes more mobile as the first mono
layer is completed, the adsorbed krypton film be
haves as a two-dimensional liquid over the range 
0.2 < θ < 0.8. 

have previously reported (3, 5) studies of the adsorption of argon at 77° and 
90° Κ on muscovite mica which had been treated to replace the exchangeable 

surface potassium ions with other cations. The adsorption isotherms and thermo
dynamic functions evaluated from them showed significant differences among the 
various ion exchanged forms of mica. We have now obtained data for the ad
sorption of krypton on these substrates, and wish to discuss the differences in the 
behavior of the argon-mica and krypton-mica systems. 

Experimental 

The mica samples were portions of the same 100- to 200-mesh potassium, 
barium, and cesium muscovite used in our previous work. They had been stored 

264 
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Q. 
I— 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
PRESSURE, mm 

Figure 1. Adsorption of krypton on 100- to 200-mesh muscovite 

under normal atmospheric conditions at room temperature in screw-capped bottles 
in the intervening two-year period. Adsorption measurements were carried out in 
a conventional glass volumetric system equipped with stopcocks and a thermistor 
gage; procedures were the same as previously described, but no very low pressure 
measurements were made. The thermistor gage was calibrated against a McLeod 
gage for the range 0.003 to 1.7 mm., and the precision of pressure measurement 
was about ± 3 % , except at the lowest pressures, where the error could amount to 
± 0 . 5 micron. Since dose pressures were limited by the gage response at higher 
pressures, the volume measurements at equilibrium pressures above 1.0 mm. are 
subject to considerable uncertainty. 

All calculations were performed in the same manner as before, and saturation 
pressures used were those given in the previous papers (3, 5). 

Results and Discussion 

Isotherms and BET Surface Area. The adsorption isotherms on the various 
mica samples were found to be experimentally indistinguishable at both 77° and 
90° K. They are shown in Figure 1, with points from replicate experiments with 
potassium mica (open, half-solid, and solid circles) showing scatter greater than 
any differences between the three kinds of mica over most of the range covered. 
At low coverage (up to 0.15 cc. adsorbed per gram) the barium mica 90° isotherm 
may differ slightly from those for potassium and cesium micas. 

A B E T plot of all the data at 77° is linear over a wide range, and least-squares 
analysis of all the experimental values in the monolayer region (0.025 < p/p0 

< 0.20) yields values of vm = 0.336 cc. per gram and c = 131. While the c value 
is very close to that previously observed for krypton adsorption on this mica (5), 
the surface area is appreciably smaller. This decrease in vm has occurred pro
gressively with time for all our ground mica samples, and at present we have no 
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P'Po 

Figure 2. Adsorption of krypton at 77.4° Κ on 100- to 
200-mesh muscovite 

Vm = 0.336 cc. (STP) per gram 
BET equation, c — 130 

information on the nature of the change. It is possible that some particles have 
become joined through rebonding of cleavage planes. Krypton isotherms plotted 
in terms of θ = v/vm are superimposable even when the measurements were made 
several years apart and the vm values differ by 30%. We conclude, therefore, that 
the process producing the change in surface area has little effect on the nature or 
energetics of the surface remaining exposed. If this were not so, of course, the 
comparison which we wish to make between the present krypton adsorption 
measurements and the previous work with argon might not be valid. 

As was previously noted (5), the data for krypton at 77° follow the B E T iso
therm closely down to low coverage. At 9 0 ° , our data are not sufficient at higher 
coverages to allow evaluation of meaningful B E T parameters, but the general shape 
of the isotherm is consistent with a plot of the B E T equation using reasonable 
constants. Thus, in Figure 1, the curve drawn through the 7 7 ° points is the B E T 
isotherm with c = 130 and vm = 0.336 cc. per gram, as evaluated from the surface 
area plots, and p0 = 2.63 mm. (Figure 2 depicts the first part of the 77° isotherm 
on an expanded scale.) The dashed line in the 90° plot represents the B E T iso
therm with vm = 0.336, c = 80, and p0 = 27.1 mm. It is obvious that this curve 
represents the experimental observations very nearly as well as does the solid line, 
which has been used for evaluating the thermodynamic functions. 

Heat and Entropy Functions. Both differential and integral heats and en
tropies of adsorption were evaluated from the data for argon adsorption on musco
vite (3). The variations in these functions with coverage for the potassium and 
barium muscovite were discussed in terms of localized adsorption on the various 
kinds of geometrical sites on the mica surface. On the cesium mica, however, the 
heat of adsorption of argon was higher and more uniform than on the potassium and 
barium micas, and the entropy functions showed a monotonie decrease with 
coverage. 
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° / o O 
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.—4 

Figure 3. Net isosteric heat of adsorption 
of krypton on 100- to 200-mesh muscovite 

Evaluated from solid lines in Figure 1 
- - - - Corresponding values for argon on po

tassium muscovite ( 3 ) 

/ Ar ON 

\ 
\ 

\ ο \ 
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ο \ 

\ ° ° ° ° /° 
\ / c 

\ / 

Figure 4. Net differential entropy of adsorp
tion of krypton on ground muscovite 

Ο 100- to 200-mesh muscovite, from solid lines in 
Figure 1 

χ Corrected data for 60- to 80-mesh muscovite 
_ . _ _ Corresponding values for argon on potas

sium muscovite (3) 

From our krypton adsorption data, we must conclude that the adsorption 
energetics are the same within experimental error on all three mica samples for the 
range 0.2 <θ< 0.8 (with the possible exception of the barium muscovite up to 
θ ~ 0.4, as noted above). We have calculated differential heats and entropies 
from the "average" isotherms (solid lines, Figure 1). These results are shown in 
Figures 3 and 4, along with some of the corresponding differential quantities 
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evaluated from the argon adsorption data. In both cases, β values are estimated 
from the 77° isotherms. In the case of the krypton data, experimental uncertainty 
in the isosteric heat amounts to about 200 cal. at θ — 0.5, and ranges upward to 
about 400 cal. at the highest and lowest coverages. The corresponding uncer
tainties in the entropy are about 2 and 4 e.u., respectively. [An error was made 
in the calculation of the differential entropy data for krypton on 60- to 80-mesh 
muscovite, shown in Figure 9 of paper II of this series (3). The correct data are 
shown by crosses in Figure 4.] 

It is apparent that the thermodynamic functions for krypton show less varia
tion with coverage than did those for argon on potassium (and barium) muscovite. 
They resemble the results for argon adsorption on cesium mica in this respect. 
Our suggestion of geometrical specificity in the argon-potassium mica and argon-
barium mica systems is therefore supported by the present data. Any attempt to 
interpret the difference in absolute magnitude of the heats and entropies for the 
argon-cesium mica system as compared to the krypton results must allow for the 
uncertainty in the selection of the reference states for these two adsorbates at the 
temperatures used (3). 

The similarity in the adsorption behavior of krypton on the three kinds of mica 
surfaces suggests that the adsorption here is primarily due to dispersion forces, with 
very little contribution from ion-induced dipole forces. The results of Barrer and 
Stuart ( 1 ) for the adsorption of argon on various ion-exchanged forms of faujasite 
are similar. They found that while calcium, strontium, and lithium faujasite—i.e., 
the materials containing cations with greater polarizing power—did show heat 
effects correlatable with ion-induced dipole interactions, no such effects were 
observed with sodium, potassium, or barium zeolites. With the latter materials, 
they also concluded that the adsorbed argon possessed appreciable mobility. 

We may assume that both argon and krypton adsorbed on mica are essentially 
two-dimensional liquids at the completion of the first monolayer (2, 4). The rise 
in the entropy functions for argon adsorption on potassium and barium mica as 
the monolayer point is approached may then reflect the transition from substantially 
localized adsorption at lower coverages to a mobile film. No such phenomenon is 
observed with krypton, suggesting that there is no change in the behavior of the 
adsorbed phase during formation of most of the first monolayer. 

A detailed investigation of these effects will require adsorption measurements 
of higher precision and over a much wider range of surface coverage. 
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A General Theory of Monolayer Physical Adsorption 

WILLIAM A. STEELE 

Department of Chemistry, The Pennsylvania State University, University Park, Pa. 

A general theoretical approach to monolayer phys
ical adsorption is discussed. In this theory, the 
isotherms and heats of adsorption at given μ, Τ are 
given as functions of the interaction energies of 
the adsorbed atoms with the solid and with each 
other. The general equations reduce to localized 
and mobile adsorption when the potential varia
tions over the surface are either very large or 
very small. Intermediate cases are also included. 
Gas atom-solid interaction energy functions are 
computed from the known pair interaction poten
tials for several rare gas systems, and it is shown 
that a considerable amount of information can be 
obtained about the adsorption properties of such 
systems from these potential functions. 

The relationship between the properties of a physical adsorption system and the 
energies of the adsorbed particles with each other and with the solid has been 

the subject of numerous investigations. In particular, reasonably good agreement 
has been obtained between theoretically calculated energies of adsorption and 
experimental heats at very low coverages on reasonably uniform surfaces (16). 
Halsey et al. (7, 22) have interpreted measurements of the high temperature in
teraction of dilute gases with solids as gas imperfection caused by the potential 
energy of gas atoms in the vicinity of the gas-solid interface. More recently, the 
formal equations necessary to express the properties of an adsorption system at 
any Τ, μ as functions of the interaction energies have been given (12, 23). In 
these treatments, it is assumed that the properties of the adsorbent surface remain 
essentially unperturbed by the presence of the adsorbed gas. This approximation 
allows one to identify the adsorption problem with that of a fluid in the external 
potential field which exists near the surface of the adsorbent. This approach was 
then used in a treatment of the specific problem of monolayer adsorption (11, 24) 
and it was shown that a general theory of monolayer adsorption could be obtained 
in which many of the assumptions made in previous theories were no longer neces
sary. In particular, the general theory contains both localized and mobile adsorp
tion as special cases. In this paper, we bring together some of the results of the 
previous papers which are pertinent to the monolayer adsorption problem. The 
application of the theory to several simple adsorbate-adsorbent pairs is discussed, 
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and it is shown that one can obtain a great deal of information about the nature of 
the gas-solid potential energy function from an analysis of the experimental data 
for suitable systems. 

Theoretical 

Most experimental investigations consist in measurements of the isotherms, 
the heats of adsorption, or both. Therefore, we shall direct our attention to these 
two properties. From the point of view of a statistical mechanical calculation, the 
most convenient definition of the amount adsorbed, Na, is : 

J" (i) 
r i ) - po]dn (2.1) 

where p0 is the gas density in the adsorption volume, v, in the absence of gas-
surface interactions, and ( Ο is the density in the presence of the interactions. 
p^1) (rx) is, of course, a function of the position of atom 1 (denoted by r x ) , and is 
expected to be large compared to p0 when atom 1 is in the vicinity of the surface, 
and to decrease rapidly to p0 as the distance from the surface increases. Since 
adsorption systems are generally at known Τ, μ (the chemical potential of the 
adsorbed gas is obtained from the adsorption pressure), it is clear that it is most 
convenient to use the grand canonical ensemble in computing the properties of the 
system. In general, p^1) (rj) is defined as the probability that a molecule will be 
found at rl9 irrespective of the positions of the other molecules. Therefore, the 
expression for pW (rx) in a canonical ensemble of Ν particles is given by a Boltz-
mann factor which includes the interaction energies of all Ν atoms with each other 
and with the surface, integrated over all possible positions of all atoms except 
atom 1, and divided by the proper normalizing factor. In the grand canonical en
semble, Ν is unrestricted, and, therefore, one has a sum of Boltzmann factors, one 
for each possible value of N. When the proper normalizing and weighting factors 
are included, the classical statistical mechanical equation for pW (rx) is written: 

(i) 
P (ri) = Î ^ T j (]y^T"ï)j J J e x P l-UN(ri, rN)/kT]dr2 drN 

(2.2) 

ζ = ε γ ρ ( μ / * Γ ) / Λ 8 (2.3) 
Ν 

UN(ri,. . . .rN) = Σ « s(ri) + ] Γ u ^ ( 2 ' 4 ) 

s - Z â i * * ( 2· 5 ) 

ΖΝ = I . . . . Ι exp [ — UN(n,. . . .rN)/kT]dn. . . .drN (2.6) • / ί 
where us ( r x ) is the potential energy of interaction of atom 1 at position rT with the 
solid, and ι/(ι#) is the mutual interaction of atoms i and / separated by a dis
tance ry. 

Methods of computing p^1) (rx) from Equations 2.2 to 2.6 have been dis
cussed (23); however, in the case of monolayer adsorption, it is often more 
convenient to deal directly with the grand partition function of the system. When 
Equation 2.2 is substituted in Equation 2.1 and the integrations are carried out, 
the amount adsorbed is given by 
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STEELE Monolayer Physical Adsorption 271 

where 

" • - ΐ Σ ί Λ ^ ϊ τ . ^ - " · ( 2 · 7 ) 

where N0 is the total number of atoms which would be held in the adsorption 
container if there were no gas-surface interactions. It is now easy to show that 
the total number of gas atoms in the container (Na + N0) can be obtained 
directly from the grand partition function in the usual manner: 

* + Γ , Κ ( 2 · 8 ) 

However, the expression given in Equation 2.5 for the grand partition function can 
be written in a form which is better adapted to adsorption calculations. This is 
accomplished by dividing the volume of integration into two parts: a relatively 
small volume in the immediate vicinity of the adsorbent surface (denoted by V 8 ) , 
and the remainder of the gas space volume (denoted by V^). The dividing line is 
chosen to be at the point where the gas-surface interactions become negligibly 
small. [In most monolayer problems, the exact location of this boundary is un
important, since all the adsorbed atoms will be found in a small region of maximum 
attractive energy; however, at sufficiently high temperatures, one must treat this 
problem somewhat more carefully (22).] For convenience, it will be assumed 
that the gas in the volume Vg is perfect. Then one can write 

ZN = ZsN + NVgZsN_r + N(N~ X ) V*ZsN_2 + (2.9) 

ZsN = j . _ . . . J*exp [-UN(ru. . . .TN)/kT}dn. . . .drN (2.10) 

When Equation 2.9 is substituted in 2.5, and terms are collected, it emerges that 

ZN > Γ - Λ ZN 

Ξ = Σ, WZsn1^ W V G N ( 2 · 1 1 ) 
Ν £ 0 " N^O 

z is the absolute activity of the adsorption system, and is equal to the absolute 
activity of the gas in equilibrium with the system. As is usual in treatments of 
ideal gases, we set ζ = p/kT (10). Then the second sum in Equation 2.11 is just 
the grand partition function for an ideal gas in volume Vg. We define 

A = LJ Z S N (2-12) 

N > 0 ' 

It is now easy to show that 

Na = z(à\nZ*/àz)T,v (2.13) 
where it has been assumed that Vg ^ v. The energy of the adsorbed phase Ea 

can also be obtained from the grand partition function in the usual manner: 
Ea = kT\b In Έ*/οΤ)ν,μ + Ναμ (2.14) 

= kT\b In S * / o r ) F ( Z + ^ k i n e t i c (2.15) 

Up to this point, the theory has been presented in a form suitable only for 
adsorption systems which can be treated by classical statistical mechanics. When 
the quantization of the motion of the atoms is important, one must replace the 
Boltzmann factors in the integrals for ZN by the appropriate Slater sums. After 
integrating over the coordinates, one obtains 
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(ZsN\luantum = A"** exp [-e(jN)/kT] (2.16) 

Λ = (hyiirmkTyi* (2.17) 

e(/V) is the ;th eigen value of the energy of a collection of Ν atoms in the adsorp
tion volume V g . 

Equation 2.12 is in the form of the grand partition function for an imperfect 
gas, and the adsorption isotherm can be obtained by the usual methods of im
perfect gas theory (10) : 

Na = Zs,(p/kT) + (Zs2 - ZSl*)(p/kTf + . . . (2.18) 

If the surface of the adsorbent is homogeneous in the sense that it is made of N8 

elements of area A89 all of which are identical, Equation 2.18 can be put in a con
venient form for the analysis of experimental data by making the substitutions: 

kT/p0 = ZSl/Ns = Γ Γ exp [-us(ri)/kT]dn (2.19) 
J zsJ As 

β = Ns - Zs2Ns/Zsi2 

/i 2expj — [Κ«(Γ Ι ) + us(T2)]/kT}dridr2 

(2.20) 

f((( 
%J ZS%) ASnJZS%) As 

exp {— [us(ri) + us(r2)]/kT}dndr2 

fu = exp [—u(m)/kT] — 1 

The isotherm equation becomes 

θ = Να/Ν8 = (p/p0)[\ - β(ρ/ρ0) + · · ·] (2.21 ) 

At small p/p0, higher terms can be omitted and Equation 2.21 can be written in a 
form which is particularly useful in the comparison of experiment with theory: 

NJNS = (p/p0)/[\ + β(ρΙρ0)\ (2.22) 

If N(l/ρ is plotted as a function of NQ9. the slope at small N(l gives —β/p0, and the 
intercept gives N8/p0. If an independent estimate of Ns is available—from multi
layer data, for instance—one can obtain both β and p0. 

The partial molar heat of adsorption can be derived either from Equation 2.15 
or from the well known relation 

qst = R[d\np/d(\/T)]Q (2.23) 

In either case, one obtains 

q8t = R[b\np0/o(\/T)] + [RB/(\ - βθ)][άβ/ά(\/Τ)] + . . . (2.24) 

Equation 2.24 predicts that, unless β is constant, qst will change with coverage 
even in systems which are topographically uniform—i.e., no imperfections in the 
lattice structure of the surface. 

Calculation of Parameters 

To carry out a complete and unambiguous computation of the parameters 
p0 and β, a detailed knowledge of the gas-surface potential function is necessary, 
as well as the gas-gas potential function. The computation of the gas-surface 
potential function for all possible positions of the gas atom relative to the surface 
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is extremely difficult, and it is much more likely that experimental results will be 
used to obtain information about this potential, than the converse. It is possible 
to simplify this process if one can approximate the gas-surface potential interaction 
as a relatively simple function of the position coordinates of the gas atom. This 
procedure is feasible only if it is assumed that monolayer adsorption is adsorption 
under conditions where all the adsorbed atoms are at distances from the surface 
which are very nearly equal to the distance corresponding to the minimum poten
tial energy. This distance is denoted by zm, and the gas-solid interaction energy 
at that point by em. Also, let τ be a two-dimensional vector which is parallel 
to the plane of the adsorbent surface. In general, both zm and em will vary with τ 
(measured relative to some convenient origin). We define er (τ*) to be the 
variation in em due to changes in X i , e„, (0) to be the potential energy at τ = 
0 and ζ = zm, and es ( ζ — zm ) to be the change in the interaction energy as the ζ 
coordinate of the atom is changed from zm. Then the gas-surface potential func
tion in the neighborhood of the minimum can be written as 

u.(n) = em(0) + 6Τ(τ») + €2(z - zm) (3.1) 

where it has been assumed that ez has no appreciable dependence upon τ· 
Equation 2.19 for p0 can now be written 

\/po = (\/kT)cxp [-em(0)/kT] I exp [-ez(z - zm)/kT]dz I exp [-eT(xi)/kT]dXi 
J zs J As 

(3.2) 
In many systems, the variation of e~ with ζ is sufficiently rapid that one cannot suc
cessfully use the classical integral with respect to ζ which appears in Equation 3.2; 
if this degree of freedom is considered to be quantized, the equation for p 0 

becomes 

MPo = ( M r ^ e x p [-en(0)/kT] ^ exp [-ez(n)/fcT] | exp [ -€ Τ (τ ι )ΑΓ]^τ ι (3.3) 
η J As 

where zz (n) is the nth energy level for motion in the ζ direction. It is generally 
most convenient to choose τ = 0 to be the point of maximum attractive energy; 
in this case, eT will always be greater than or equal to zero, and τ = 0 will 
correspond to the central point of an adsorption site. 

The assumption that all atoms are at or very near to ζ — zm allows one to 
simplify the expression for β. The integrations over ζ (or sums over quantum 
states) in the numerator and denominator of Equation 2.20 are identical in this 
case, and cancel out. The resulting equation for β involves only the τ 

variable: 

IAJAS 
JASÏA 

/i2exp |-[€ Τ (τι) + €Τ(τ2)]/Α7Ίί/τι</τ2 
β = ^ ^ ~s (3.4) 

exp { - [€ Τ (τ ι ) + er(t2)]/kT)dXidX2 

To progress further, the form of eT as a function of τ must be specified. In 
previous work, it has often been assumed that eT could be represented either 
as a sinusoidal or as a harmonic function of the two-dimensional position coor
dinates (8). However, direct calculations (24) of the potential energy of an 
atom interacting with the 100 face of a simple cubic solid showed that the best 
simple representation of eT was as a linear function of the displacement from 
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- 2 h 

ο I ι ι ι ι ι ι 1 1 1 

. 7 .8 . 9 1.0 1.1 1.2 1.3 1.4 1-5 1.6 

° g g / σ 5 5 

Figure 1. The fractional change in the minimum interaction 
energy as an adsorbed atom moves from a site center to the 
mid-point of a site edge is plotted against the ratio of σθΰ, the 
atomic diameter of an adsorbed atom, to asa> the diameter of an 
atom of the solid. The fractional change in energy, —E/em(0), 
was obtained by linear extrapolation of the theoretically computed 

change in eT near the site center 

The two curves shown are for an atom over the 100 face of a simple 
cubic solid, and over the 100 face of a face-centered cubic solid 

the site center [the site centers ( τ = 0) for a surface such as this occur at points 
equidistant from four surface atoms]. This potential was computed by assuming 
that the total interaction was equal to a sum of pairwise interactions between the 
gas atom and the atoms of the solid. The pair interactions were calculated from 
a Lennard-Jones potential function and the sums were carried out on an IBM 650 
computer. Since extensive tabulations of these functions have been published 
(24), we merely point out here that the data show that the angular dependence of 
eT for such a lattice is reasonably small near the site center. In this region, 6 r 

can thus be represented by 

er = 2Er/a (3.5) 

where a is the edge length of a site, r is the radial distance from the site center, and 
Ε is the change in the minimum of the energy between the site center and the mid
point of a site edge, calculated by linear extrapolation of the variation near the 
center. Ε was found to depend strongly upon the relative sizes of the gas atom 
and the solid atom. — E/em(0), the extrapolated fractional change in energy 
between r = 0 and r = a/2, is shown in Figure 1 as a function of the ratio 
of the atomic diameters. The extrapolated fractional change in energy between 
the site center and the midpoint of a site edge for an atom adsorbed on the 100 
race of a face-centered cubic crystal is also shown—the details of this calculation 
are discussed in the following section. As E/em(0) approaches zero, the mono-
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layer properties approach those of a completely mobile monolayer, and p0 and β 
become 

\/po = (AkT)~lA8cxp [-em(0)/kT] Σ exp [-€,(«)/*Γ] (3.6) 
η 

β = -1/A, /,*/τ (3.7) 

As expected, Equation 3.7 for β is similar to the surface second virial coefficient 
which occurs in the usual treatment of the two-dimensional gas approach to mono
layer adsorption (9). 

For E/kT » l,p0 becomes 

\/p0 = (AkT)-\Ta2/2)(kT/E)* exp [-em(0)/kT] ^ exp [-ez(n)/kT] (3.8) 
η 

Furthermore, the rapid variation in e T when E/kT » 1 means that there is 
negligible probability of the adsorbed atoms being anywhere other than at their 
site centers. In this case, the integrand in the denominator of Equation 3.4 is 
finite only when both atoms are at the centers of their sites. Thus, 

0 = 1 - c(exp[ -u(aij)/kT] - 1) + · · · (3.9) 

where u (a^) is the interaction of a pair of atoms on one of the c pairs of nearest 
neighbor sites whose centers are separated by a distance a^. Higher terms in the 
series include similar contributions to β from next nearest neighbor sites, etc. β — 
1 if interactions with atoms on neighboring sites are negligible; in this case, Equa
tion 2.22 is identical to the Langmuir isotherm. 

The calculation of β and p0 for intermediate values of E/kT requires consider
able computational labor, and is discussed in detail elsewhere (I J, 24). 

Application 

It is desirable to compare the predictions of the theory presented here with 
experimental results obtained on some systems in which an independent com
putation of the gas-surface potential function can be carried out. A calculation of 
the potential functions for the adsorption of rare gases on solid rare gases involves 
the least number of unknown parameters. The rare gases crystallize into face-
centered cubic solids with known lattice constants. Furthermore, the parameters 
appearing in the Lennard-Jones potential functions for the gas-gas and the gas-
solid atom interaction can be estimated to a good degree of accuracy from experi
ments on the gas properties as well as from the empirical combining laws for 
potential parameters. Furthermore, some experimental results have already been 
reported for these adsorption systems (18, 20). 

In particular, the potential functions for helium adsorbed on argon and for 
neon, argon, and xenon adsorbed on xenon are shown here, and the theoretically 
predicted adsorption properties are compared with experiment, wherever possible. 
us (ri) for a Lennard-Jones atom interacting with a crystalline solid is given by the 
equation: 

us(n) = 4e*p*«[SM + P*«SU(P)] (4.1) 
ρ* = σ/α, ρ = ζ/α (4.2) 

where €* and σ are the usual parameters in the Lennard-Jones equation for the 
interaction between a pair of atoms (one gas atom and one solid atom) and a is 
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-220 

-260 

-300 

-340 

-380 

Figure 2. The minimum potential energy, tm> of a helium atom interact
ing with the 100 face of an argon crystal is plotted as a function of the 

position of the helium atom relative to the surface lattice 

The origin of the χ coordinate is at the center of a site, and the orientation of the 
χ axis is parallel to the site edge. The horizontal line intersecting the potential 
curve shows the location of the ground state energy level of a helium atom 
vibrating along the χ axis. ψχ* is the probability amplitude in the χ direction for 

an adsorbed helium atom in its ground state, plotted in arbitrary units 

the lattice parameter of the solid. S 6 and S 1 2 are the sums (over the entire solid) 
of the attractive and repulsive terms in the Lennard-Jones expression. These 
quantities depend upon the coordinates of the gas atom, as well as the symmetry 
of the lattice and the crystallographic indices of the exposed face. If it is assumed 
that the 100 face is exposed, S 6 and S 1 2 for a face-centered cubic lattice can easily 
be obtained from the tabulated sums for a simple cubic lattice. The results show 
that the edge length of a repeating unit in the surface (or site) is a/V2, the dis
tance of closest approach of two solid atoms in this lattice. Two of the corners of a 
site coincide with two atoms on an edge of a unit cell, and the other two corners 
coincide with atoms in the centers of the faces of two adjacent unit cells. 

The parameters used in these calculations were calculated from the combin
ing rules: 

e* = Λ / € * Ι Ι € * 2 2 .σ = (ση + σ 2 2 )/2 (4.3) 

The values used for c* n , an, etc., were taken from Dobbs and Jones (5); these 
authors also list the requisite lattice parameters for argon and xenon at 0° K. The 
values of the parameters used in the calculation are listed in Table I. The poten
tial functions which were obtained when these parameters were substituted in 
Equation 4.1 are shown in Figures 2 and 3. The potential energy at ζ = zm is 
plotted as a function of χ (or y), the displacement of an adsorbed atom from the 
site center parallel to a site edge. It was found that the best simple representation 
of eT in the neighborhood of a site center on a face-centered cubic crystal is 
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eT = (2V2E/a)(\x\ + \y\) (4.4) 

where Ε is, as before the extrapolated difference in energy between the site center 
and the midpoint of a site edge. Theoretical values of the quantities pertinent to 
computations of adsorption data are shown in Table II. cz(n) are shown for η — 

' 400 I • J 

X (A.) 

Figure S. The minimum po
tential energies of several rare 
gases interacting with the 100 
face of a xenon crystal are 

plotted here 

The definition of the χ coordi
nate is identical to that given in 

Figure 2 

Table I. Interaction Parameters for Adsorbate-Adsorbent Pairs 

Adsorbate-
Adsorbent e*/k, ° Κ. σ, A. a, A. at 0 K. 

He-A 35.6 3.00 5.31 
Ne-Xe 89.5 3.41 6.1 
A-Xe 166.0 3.74 6.1 
Xe-Xe 225.0 4.07 6.1 

0,1. These values were computed by fitting the calculated uH(z) curves in the 
neighborhood of zm to perturbed harmonic oscillator functions [incidentally, these 
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Table II. Theoretical Minimum Interaction Energies and Energy Levels for 

Adsorbed Gases 

(All energies given in units of cal./mole) 
Adsorbate-
Adsorbent em(0) **(0) e,(7) Ε -E/em(0) ex(0) u(aij) 

He-A -370 66 172 250 0.69 60 140 -4.1 
Ne-Xe -937 66 184 660 0.71 60 140 -18.0 
A-Xe -1862 73 214 875 0.52 59 135 -177.0 
Xe-Xe -2756 59 175 1150 0.42 47 108 -370.0 

calculations indicated that ez(n) has a negligible dependence upon τ for the 
systems considered]. Also shown is the value of the interaction energy of a pair 
of gas atoms which are assumed to be completely localized at the centers of two 
nearest neighbor sites [w(a^) ]. 

In view of the rapid variation of potential energy with distance shown in 
Figures 1 and 2, it seemed worthwhile to calculate the energy levels for motion of 
the adsorbed atoms in the χ or y directions. The Schroedinger equation has been 
solved elsewhere for the potential function of Equation 4.4 (20); the results can 
be summarized as : 

ex(m) = HmCL(2^/iE/a) 
(4.5) 

a = (9αη2/64χ/2ττ2ΜΕγι* 

where M is the mass of the adsorbed atom, and £ m is a numerical factor having the 
values 0.778, 1.875, 3.480, for m = 0,1,2 The ground and first excited 
states for motion in the χ direction were calculated from Equation 4.5 for the 
various adsorption systems, and are listed in Table II. The horizontal line in 
Figure 2 shows the net energy of an adsorbed helium atom after ex(0) is added to 
the total potential energy; the probability amplitude in the χ direction for an atom 
in the ground state (ψχ

2) is also plotted in arbitrary units. It is clear that the zero 
point energy and zero point motion of an adsorbed atom are large in this system, 
and in fact, the total zero point energy (summed over all three degrees of free
dom) amounts to 190 cal. per mole. Therefore, helium atoms adsorbed on an 
argon surface must be treated as completely quantized at experimental tempera
tures ( ^ 2 0 ° Κ or less). The quantum expressions for p0 and β are: 

1/Po = (Λ^Γ)-ι exp [-em(0)/kT] exp [-e(ji)/kT] (4.6) 
η 

where j1 is the quantum number for the energy levels of an isolated atom on a site; 

Σ exp [-e(j2)/kT] 

β = Ν* - 2 (4.7) 
Ns{ Σ exp[-e(j\)/kT]} 

ii 
where ; 2 is the quantum number for the eigen states of a pair of interacting atoms. 

For helium adsorbed on argon, the values of p0 computed from Equation 4.6 
using the theoretical values of the energy states agree very well with the experi
mental measurements over the range 14° to 2 0 ° Κ (20). The experimental β 
were found to range from ^ 2 at 14° Κ to ^1 at 2 0 ° K; qualitative considera
tions, using Equation 4.7, lead to the tentative conclusion that these results are 
indicative of a net repulsive interaction between atoms on nearest neighbor sites. 
The classical calculation (see Table II) indicates a weak attractive energy; how
ever, the net interaction will most likely be repulsive when the large zero point 
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motion of the adsorbed atoms is taken into account. Figure 2 shows that dis
placements of 1 A. from the site center are reasonably probable; if two helium 
atoms on neighboring sites are displaced toward each other by 1 Α., their mutual 
interaction will be repulsive by^lOOO cal. per mole. A detailed calculation of 
the eigen states of a pair of interacting atoms on a surface is now being 
attempted. 

The calculated ground and first excited states shown in Table II for the Ne-Xe, 
Ar-Xe, and Xe-Xe systems hardly change from one pair to another. This constancy 
is accidental: As the atomic number of the adsorbate is increased, the increase in 
mass tends to decrease the spacing of the levels; however, this decrease is can
celled by the increase in spacing due to the larger gradients in potential energy 
present in the systems with larger atomic numbers. The separation of the energy 
levels is roughly the same in all three dimensions; this indicates that one must use 
either the completely quantum equations for p0 and β (Equations 4.6 and 4.7) or 
the completely classical equations (Equations 2.19 and 3.4). Since monolayer 
experiments are generally carried out at temperatures higher than the freezing 
points of the adsorbates, it may be surmised that the quantum equations may be 
required in the Ne-Xe systems, the classical equations in the Xe-Xe case, and pos
sibly a semiclassical (13) treatment for Ar on Xe. 

The Ar-Xe system has been studied experimentally (18). Unfortunately for 
the purpose of this paper, these measurements are primarily concerned with the 
multilayer properties. An analysis of the low coverage portion of these data is now 
being attempted. There is, however, one interesting point of comparison. The 
experiments show that the heat of adsorption of argon on xenon at zero coverage 
is about 250 cal. per mole greater than the heat of sublimation of solid argon at 
60° K. The theoretically calculated heat of adsorption at 0 ° K, zero coverage, is 
-1862 + 2(59) + 73 = -1671 cal. per mole. This value is 180 cal. per mole 
greater than the experimental heat of sublimation of Ar at 0 ° Κ (5). Since the 
enthalpy change of argon between 0 ° and 60° Κ would be expected to be about 
the same for the adsorbed and the solid states, one may conclude that the theoret
ical and experimental estimates are in good agreement. 

Discussion 

It is widely accepted that localized adsorption is a result of large variation in 
potential energy from point to point on the adsorbent surface, and that the lateral 
interaction in such systems must be affected to some extent by the existence of 
these variations (3). This paper consists in a more quantitative formulation of 
these concepts than has been available previously. Furthermore, it is shown that, 
for adsorption on crystallographically perfect surfaces, a considerable amount of in
formation about the nature of the potential field at the surface of the solid can be 
obtained from a proper treatment of the experimental data. This approach to 
the adsorption problem can also be extended to give the formal equations ap
plicable to adsorption on a heterogeneous surface; however, it seems unlikely that 
much practical use could be made of these equations because of the very large 
number of unknown parameters which appear. 

The calculations of the potential functions for the various rare gas pairs in
dicate that monolayer adsorption in these systems will be highly localized at 
temperatures near the boiling points of the adsorbates. From the magnitudes of 
the values of —E/em(0) shown in Figure 1, it may be surmised that localized ad
sorption will generally be found if the adsorbate atoms are smaller than the atoms 
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of the adsorbent. In view of the fact that the numerous "lattice gas" treatments 
of adsorbed monolayers (2, 6,10,14) apply only to localized systems, a knowledge 
of the degree of localization is of great value in the interpretation of experimental 
data in terms of these theories. For instance, many investigations of the proper
ties of adsorbed films on graphitized carbon black have been reported (1, 4, 15, 
17, 19, 21). These data should be suitable for theoretical interpretation, since 
the surface of the adsorbent can be made reasonably homogeneous. The lattice 
spacing of the exposed face of the graphite lattice is small compared to the atomic 
sizes of most adsorbates, and thus one might suppose that the potential variation 
from point to point over a carbon surface would be small (except possibly for 
helium). Calculations show this to be correct for the argon-carbon system (4). 
The parallel variations should thus be negligible for all adsorbates with molecular 
sizes larger than argon. If this is the case, one ought to be able to compare the 
monolayer adsorption data for such systems with the two-dimensional imperfect 
gas model. Such comparisons would be of particular interest in view of the state
ments that some adsorbed films made up of molecules larger than argon form 
localized monolayers on graphitized carbon (15,19). 

Many adsorption systems can be shown to correspond either to a localized 
adsorption model or to a two-dimensional gas. However, there must also be a 
large number of adsorbate-adsorbent pairs for which the potential energy func
tions will have variations intermediate between the extremes required for the 
limiting models. The formal equations applicable to these systems are included 
in the theory presented here, and furthermore, it appears to be feasible to carry 
out specific computations of the isotherms and heats for such systems up to 
moderate coverages (11, 24). 
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Heats of Immersion in Silica-Water Systems 

J. W. WHALEN 

Field Research Laboratory, Socony Mobil Oil Co., Inc., Dallas, Tex. 

The heats of immersion in water of two quartz 
samples and three silica gels are compared with 
reference to surface bound water loss during out
-gassing at elevated temperatures. The average 
heat of rehydration for the silica gel surfaces is 
4700 cal. per mole of bound water. One silica 
gel surface contained, in addition to the normal 
surface hydroxyl content, bound water molecules 
which on rehydration exhibit a binding energy of 
525 cal. per mole of water. Water vapor adsorp
tion studies and energetic calculations based on 
immersion heats in water suggest that bound 
water on quartz is present both in hydroxyl form 
and as water molecules. Energies associated with 
bound water molecules range from 2300 to 3600 
cal. per mole of water, depending on the degree 
of surface crystallinity. Loss of bound water in 
the form of hydroxyl groups is encountered only 
with the disordered quartz surface. 

y he surface structure of silica gel is widely accepted as consisting of hydroxyl 
(silanol) groups and oxide (siloxane) linkages (4). It has been suggested that 

the surface structure of quartz is analogous (5). In recent years a number of 
techniques have been employed (7, 19, 20) to characterize silica surface water in
teractions. Particular emphasis has been placed on the silica-water system, partly 
in view of the adaptability of the absorbate to detection by these techniques and 
partly in view of the number of interaction possibilities, including the conversion 
of siloxane to silanol surface sites. Unfortunately, these tools, which have pro
vided penetrating insight into adsorbate interactions on the silica surface, are 
confined to high surface area materials. This leads to the exclusion of crystalline 
silicas, such as quartz. This paper examines the heats of immersion of several 
silica materials in water, with emphasis on the utility of the immersion heat method 
in characterizing the surface structure of quartz by analogy to the behavior of 
more readily characterized silica gel surfaces. For comparison, silica gel surfaces 
studied extensively by other techniques are included (J, 8). 

281 
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Materials and Techniques 

Five silica samples were studied. Two were sized quartz particles from finely 
ground quartz (99.82% Si0 2 ) provided by the Standard Silica Co., Ottawa, 111., 
obtained by sedimentation and elutriation in water, and air-dried at 110°C. 
Quartz A was the fraction corresponding in sedimentation time to particles smaller 
than 5 microns. Quartz Β consisted of material remaining after exhaustive 
elutriation designed to remove particles smaller than 20 microns. An upper size 
limit of 40 microns was assigned to quartz Β on the basis of the manufacturer's 
sieve analysis. The B E T surface area obtained from treatment of nitrogen 
adsorption data on quartz A was 7.5 sq. meters per gram. The Harkins-Jura 
absolute surface area measurement showed 7.7 sq. meters per gram. The surface 
area of quartz Β was 0.046 sq. meter per gram (a value kindly provided from 
krypton adsorption data by Norman Hackerman, University of Texas ). 

Three amorphous silicas were studied: FS, SB, and SL. Silica FS is a 
chromatographic column silica gel manufactured by Frederick Smith and Co., 
having a purity of 99.85% Si0 2 . The B E T (nitrogen) surface area was determined 
as 746 sq. meters per gram. Silicic acid special luminescent (SL) and silicic acid 
special bulky (SG), obtained from the Mallinckrodt Chemical Works, St. Louis 7, 
Mo., are precipitated silica gels of high purity (99.9% Si0 2 , exclusive of water 
content). These silicas are of particular interest in view of previous surface 
characterization by other techniques (5, 6). From B E T treatment of nitrogen 
adsorption data we obtain a surface area of 353 sq. meters per gram for silica SB 
and 665 for silica SL. Brunauer, Kantro, and Weise (1 ) report 382 sq. meters per 
gram for silica SB and 650 to 710 for silica SL. As noted by these authors, and 
again in our study, there is some variation in the surface area of silica SL. We 
assign an uncertainty in surface area of ± 1 0 % to the comparison of silica SL 
samples in the "as received" and dehydrated states. 

Water vapor adsorption data for quartz A in the normal surface condition, 
following 110° C. outgassing, have been reported (15). Adsorption-desorption 
data reported herein were obtained following outgassing at 110° , 2 0 0 ° , 3 0 0 ° , and 
400° C. The samples were maintained at constant ( ± 2 ° C.) temperature under 
vacuum until a limiting pressure of 10 - 6 mm. of Hg was attained prior to deter
mination of the adsorption isotherms. The data were obtained in a greaseless 
McBain-Baker quartz spring system using 2.5-gram capacity springs having 
sensitivities near 20 mg. per mm. spring elongation. The spring length was 
determined to ± 0 . 0 1 mm. The system and associated techniques have been 
described (15). 

Weight loss determinations associated with the loss of bound water were 
obtained in the course of gravimetric adsorption studies of various vapors on these 
surfaces. Quartz springs of 250-mg. capacity and sensitivities near 1 mg. per mm. 
were used in the above system. Outgassing in the 300° to 4 0 0 ° C. temperature 
range required 4 to 9 days to obtain the required low pressure measurement. 

Heat evolution during immersion processes involving surface rehydration 
has been found to occur over a 20- to 40-minute interval, so that high precision 
methods are required if immersion heats include a contribution due to rehydration. 
The immersion heat determinations were carried out in a microcalorimeter having 
a temperature sensitivity of 5 X 1 0 _ 6 ° C , rapid thermal response, and carefully 
determined heat transfer characteristics. The calorimetric system has a demon
strated capability of handling heat input rates as low as 0.005 joule per second 
(15). Samples for immersion were contained in very thin-walled bulbs holding 
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100° 200° 300° 400° 700° 900° 

BAKEOUT TEMPERATURE (IN AIR) 

(IN VACUUM) 

Figure 1. Surface hydroxyl content for selected 
silica gels 

Π Silica SB 
Δ Silica FS 
Ο Silica SL 

quantities from 0.1 gram of the silica gels to 2.5 grams of quartz. The bulbs were 
completely shattered to provide rapid and complete dispersion of the solid phase 
in the wetting fluid. Outgassing conditions for immersion samples were as de
scribed for adsorption studies—i.e., constant thermal conditions until a limiting 
pressure of 10~6 mm. of Hg was reached. This treatment has been demonstrated 
to yield reproducible immersion heat values in our studies. 

Results and Discussion 

Figure 1 presents bound water loss as a function of thermal pretreatment for 
the three silica gels studied. All weight loss is assigned to bound water. The gel 
samples represent surfaces which appear to range from 11.4 to 5 O H groups per 
100 sq. A. in the normal surface state after physically adsorbed water is removed 
at 110° C. Essentially complete siloxane character is reflected by the three gel 
surfaces following outgassing at 4 0 0 ° C. 

Two proposals have been made relative to the maximum number of hydroxyl 
groups which can be structurally accommodated on the the gel surface (4). The 
surface structure is regarded by many workers as silanol saturated at 8 O H groups 
per 100 sq. Α., based on analogy of the gel surface to the cristobalite structure. 
The bound water loss for silica SB is considerably in excess of this value, but not 
so high as would be required by an alternative proposal (4) involving both hy
droxyl groups and bound water molecules (equivalent to 13.8 O H groups per 
100 sq. A. ) based on analogy of the gel surface to the tridymite structure. Silicas 
SL and FS exhibit initial hydroxyl content considerably below the accepted surface 
saturated value. In view of the moderately high activation temperatures to which 
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Figure 2. Heat of immersion in water of se
lected silica gel surfaces as a function of pre-
tr eat ment temperature 

• Silica SB 
• Silica SB soaked in water 
Ο Silica SL 
• Silica SL soaked in water 
A Silica FS 
A Silica F S immersed in water 

these materials were subjected during manufacture, siloxane character would be 
anticipated in their surface structure. 

The influence of thermal pretreatment on immersion heats in water is shown 
in Figure 2. Silicas FS and SL exhibit immersion heat values in the 150 erg per sq. 
cm. range. The general level of immersion heats for silica SB is considerably 
higher than for most amorphous silica surfaces. Both silicas exhibit immersion 
heat maxima following thermal pretreatment in the 300° to 400° C. range. Im
mersion heat maxima in this thermal pretreatment range have been reported (2). 
Exact correspondence between thermal pretreatment and immersion heat maxima 
for such systems should not be anticipated, in view of probable surface structure 
differences arising from differences in outgassing conditions and calorimetric 
precision with regard to slow heat evolution. Comparison should be attempted 
only on the basis of established silanol-siloxane structure. 

The hazard involved in generalization with regard to thermal pretreatment 
conditions is further emphasized by the immersion heat characteristics of Silica SL. 
This material is characterized by a decreasing immersion heat over a very wide 
range of outgassing conditions. The maximum immersion heat is obtained follow-
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ing outgassing at 125° C. There is a slight minimum near 300° C. outgassing 
temperature conforming to the location of the maximum exhibited by the other gel 
systems. 

The increase in immersion heat values as a function of pretreatment tempera
ture is well established (2, 10) as evidence of rehydration of the siloxane structure 
on immersion. Maxima, with regard to thermal pretreatment, in the immersion 
heat curves undoubtedly relate to the increasing stability of the siloxane surface 
with increasing pretreatment temperature. The absence of strain associated with 
surface oxide structure in catalyst materials subjected to high temperature treat
ment has been established (9). The extent to which rehydration occurs has 
been considered (2, 6). Many of the conclusions relative to the extent of rehy
dration have been based on vapor adsorption data (6, 17, 18). In general, it 
would appear that indications of complete rehydration from the vapor phase are 
valid with regard to immersion processes. Indications of incomplete rehydration 
are not necessarily valid when applied to immersion processes. It would seem 
dangerous to extend conclusions regarding the stability of siloxane linkages result
ing from the condensation of silanol groups at high temperature to systems in which 
the condensation occurs at low temperature. Flame-hydrolyzed silicas (8) and 
fused silica (18) should not be comparable in siloxane stability (17) to surfaces 
containing siloxane linkages developed below 250° to 3 0 0 ° C. 

There is, in addition, a readily recognizable rehydration rate dependence on 
the surface siloxane content. This is most apparent in the immersion heat data 
for silica FS, for which the time of slow heat evolution on immersion becomes 
appreciably longer for sample pretreatment temperatures above 225° C. Con
sideration of the precision of the calorimetric measurement with regard to slow 
heat input does not seem to have been afforded adequate attention. Immersion 
heat calorimeters constructed for the essentially instantaneous wetting heat 
measurement often do not perform adequately when heat is evolved slowly. 

The relationship of immersion heats to silica surface structure has been the 
subject of considerable discussion (2, 3) relative to the necessity for secondary 
rehydration of the surface in order to ensure reversible hydration characters. In 
this study, relative to the gel surfaces, the stability of the original (as received) 
surface was demonstrated by immersion of the materials in water for periods 
ranging from 2 hours to weeks. The comparison (Figure 2) of immersion heat 
data for both silica SB and silica SL before and after soaking for 3 weeks in water 
is barely outside the precision limits of the immersion heat measurement. Com
parable data were obtained for silica FS by immersion of outgassed samples in 
water for 2 hours, approximately twice the time interval involved in the immersion 
heat determination, prior to outgassing at 100° C. and calorimetric immersion. 
Again immersion heat values identical, within the precision of the measurement, 
to the initial value indicate that rehydration proceeded to the original (stabilized) 
surface state for samples outgassed below 250° C. On the basis of this study it 
would appear necessary only to distinguish between siloxane sites obtained at 
high temperatures (in excess of 2 5 0 ° to 300° C.) and those obtained at lower 
temperatures. A high temperature silanol condensation has occurred for many 
commercially available gels during an activation treatment. 

At thermal pretreatment temperatures above 110° C , rehydration contribu
tions are significant. The rehydration energy can be obtained from the increase 
in immersion heat values when the silica surface rehydrates completely to its 
stable surface state, and the heat of immersion determination is such that the total 
heat evolved, including that evolved slowly, is included in the measurement. 
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Figure S. Heat of immersion in water of silica 
gel surfaces as a function of surface hydroxyl 
content 

• Silica SB 
A Silica FS 
Ο Silica SL 

The immersion heat curves for the three gel samples are shown as a function 
of surface hydroxyl content in Figure 3. Silicas SB and FS exhibit a linear 
relationship between hydroxyl content and immersion heat over segments of the 
total curve. The rehydration of silica SL is confined to a very limited silanol 
content. Rehydration energies, obtained from the straight-line portion of the 
immersion heat curves, are given in Table I. 

For silica SB the linear portion of the curve is confined to the β surface 
structure 7 to 1.6 O H groups per 100 sq. A. The portion of the curve below 1.6 
O H groups per 100 sq. A is attributed to incomplete rehydration. The portion 
above 7 O H groups per 100 sq. A. exhibits a calculated average replacement 
energy of 525 cal. per mole of water. In the light of these data the surface struc
ture of silica SB should be considered as containing, in addition to hydroxyl bound 
water, water molecules not removed during vacuum pretreatment at temperatures 
below 200° C. Total bound water would consist of 7 hydroxyl groups and 2.2 
water molecules per 100 sq. A. 

Table I. Rehydration Energies for Water on Silica Gel 
Av. 

Silanol Content, Rehydration Energy, 
Silica O H Groups/100 Sq. A. Cal./Mole Water 

SB 11.4 3430 
FS 5.5 4425 
SL 5.0 6450 
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Figure 4. Heat of immersion of quartz in water 

as a function of pretreatment temperature 

Infrared absorption data obtained on silica SB (8) have been interpreted 
in terms of the completely random association of tetrahedra. This is consistent 
with the absence of any high temperature treatment for this material. If true, 
the association of this surface with geometrical considerations based on crystalline 
materials of comparable density is of doubtful validity. If such association is 
made, these data indicate that the surface structure is more comparable to 
tridymite than to cristobalite. The tridymite structure has been shown (4) to 
accommodate 4.6 hydroxyl groups and 4.6 water molecules per 100 sq. A. 

The use of average rehydration energy values should be qualified as to the 
silanol content of the surface but more particularly with regard to the previous 
thermal history of the sample. Structural rearrangement of the surface resulting in 
stable siloxane structure must have appreciable influence on the stability of the 
remaining silanol structure as indicated by the wide variation in rehydration 
energies shown in Table I. In utilizing data based on heat of solution measure
ments, the average value must include the hydration of otherwise stable siloxane 
sites and may involve considerably different energies than those associated with 
the reversible rehydration process. 

The average rehydration energy value for silica FS, obtained over that 
portion of the immersion heat curve for which reversible rehydration was demon
strated, is very close to the average value obtained in the Brunauer, Kantro, and 
Weise (I) investigation of silicas SL and SB. The average value for these two 
materials from our work is 4990 cal. per mole of water, compared to 4660 re
ported by those authors. For silica FS the silanol content over which the average 
rehydration energy is applicable is 5.5 to 4.4 O H groups per 100 sq. Α.; for silica 
SL it is 5.0 to 4.6. 

Figure 4 presents the immersion heats of two quartz materials in water as a 
function of pretreatment temperature. There is no decline in the immersion heat 
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WATER VAPOR RELATIVE PRESSURE 

Figure 5. Total water content of quartz A above 
400° 

• Adsorption-desorption following 110° C. thermal 
pretreatment 

• Adsorption-desorption following 200° C. thermal 
pretreatment 

Ο Adsorption Θ desorption following 300° C. ther
mal pretreatment 

• Adsorption Ξ desorption following 400° C. ther
mal pretreatment 

curve for quartz Β at high outgassing temperatures. The immersion heat curve 
for quartz A is strikingly similar to that obtained for the completely hydrated 
silica SB. 

The discrepancy in values for the small particle sample (quartz A) as 
opposed to the large particle sample (quartz B) has been reported (14, 16). 
This behavior has been explained in terms of the semi-amorphous character of 
the smallest quartz particles obtained in crushing and grinding operations. 
While larger particles are believed to be representative of increasing ideality in 
surface crystalline order, there is, at present, no confirmation for the supposition 
that the larger (20- to 40-micron) quartz Β particles approach the ideal crystal 
structure. Thermal analysis shows that, relative to the large particles, as much as 
48% of the less than 5-micron material may be noncrystalline with respect to the 
α — β quartz transition (16). 

Figure 5 summarizes the low pressure end of water vapor adsorption iso
therms obtained on quartz A. Bound water loss, above the surface condition re
sulting from 4 0 0 ° C. outgassing in vacuum, is indicated by displacement of the 
adsorption origin to reflect total water content (bound water plus adsorbed water) 
as a function of water vapor relative pressure. Vapor desorption curves show that 
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Table II. Thermal Dehydration of Quartz A from Adsorption-Desorption Data 

Pretreatment H s O Molecules/100 Sq. A. 
Temp., ° C. Loss Replacement 

110 — — 
200 1.3 1.3 
300 5.5 5.5 
400 9.7 4.2 

the replacement of bound water lost during thermal pretreatment is complete 
from the vapor phase for samples outgassed at temperatures up to 3 0 0 ° C. Total 
replacement of bound water is not complete from the vapor phase for the sample 
outgassed at 400° C. In view of the extremely low surface area associated with 
quartz B, similar data could not be obtained. 

Bound water loss, in terms of molecules per 100 sq. A. for quartz A (Table II) 
is far in excess of maximum values which could be assigned to quartz on the basis of 
condensation of structural hydroxyl groups. In addition, binding energies between 
silicon and oxygen atoms (11) do not suggest that hydroxyl group condensation 
should be accomplished by the moderate thermal energies attained in these studies. 
Since quartz A and quartz Β show comparable immersional heat behavior for 
thermal pretreatment below 300° C , bound water loss in this region cannot be 
attributed to the condensation of hydroxyl groups occasioned by the semi-
amorphous character of quartz A. 

On applying to the quartz A immersion heats the set of assumptions previously 
utilized with some success in evaluating the energy associated with rehydration of 
the gel surface, we obtain 2350 cal. per mole of bound water for the bound water 
reversibly lost during thermal pretreatment. This value is approximately half 
that for the average rehydration energy of the silica gel surface. 

Although bound water loss is not known for the quartz Β surface, if it is 
assumed that the basic structural spacing of silicon and oxygen atoms is unchanged, 
the same bound water content may be tentatively assigned to both quartz A and 
quartz B, although differences in bonding energy must be anticipated. On this 
basis we obtain an average energy of 3630 cal. per mole of water for the rehydra
tion of the quartz Β surface. Again this value is considerably lower than that 
obtained for the gel surfaces and suggests that the loss of bound water from the 
quartz surface does not represent condensation of hydroxyl groups. 

The suggestion has been made (3, 16) that adsorbed water molecules 
constitute the bulk of the "bound" water loss from quartz surfaces. The disposi
tion of silicon and oxygen atoms in ideal crystal planes is well known (13). Table 
III represents a compilation of the possible numbers of hydroxyl groups and water 
molecules which could be accommodated on the various faces of the ideal quartz 
structure. In obtaining these values it is assumed that, while surface silicon atoms 
terminate the structure in hydroxyl groups, underlying silicon-oxygen linkages 
accommodate water molecules. 

Table III. Accommodation of Bound Water on Ideal Quartz Crystal Faces 

Total 
Possible 

_ Water Loss. 
Unit Cell O H Water Molecules/ 

Plane Area, Sq. A. Groups Molecules 100 Sq. A. 
0001 20.8 2 1 9 6 
1010 (prison) 26.4 2 1 7 6 
1120 (prison) 45.6 4 1 6.5 
1010 (rhombohedron) 77.2 6 3 8.9 
2131 (trapezohedron) 73.0 5 3 6*8 
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Sufficient water can be accommodated only on the 0001 plane (not a naturally 
occurring crystal face) to account for the observed water loss. The 1010 crystal 
plane, which is also the lowest energy plane (12) and thus statistically preferable 
as a fracture face, shows a reasonably high accommodation for water molecules 
(4per 100 sq. Α . ) . 

Irreversible bound water loss, encountered for the quartz A surface at 
pretreatment temperatures in excess of 2 5 0 ° C , may be attributed to the 
condensation of hydroxyl groups, possible because of the lower surface bond 
energies associated with the disordered structure. This effect is absent in our 
study of quartz Β and would be predictable on the basis of the approaching ideal 
order in the larger particles. 

Conclusions 

Gel structures, stabilized by activation conditions, exhibit reversible behavior 
with respect to the low temperature condensation and rehydration of surface 
silanol groups. Rehydration is a slow process, the rate of which depends on the 
extent of siloxane surface. Significant calorimetric immersion measurements 
must be capable of resolving low-level, long-term heat effects. Rehydration 
energies calculated from the immersion heat curves indicate that, while activated 
gels contain only hydroxyl groups, the high silanol content gel used in this work 
contains, in addition, bound water molecules which are not removed prior to 
outgassing at 175° C. The maximum in heat of immersion data for quartz as a 
function of pretreatment temperature is suggested, on the basis of rehydration 
energy calculations, to be related to the loss of bound water molecules on the 
quartz surface. 
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Adsorption Studies on Bone Mineral 

Heats of Adsorption of Nitrogen and Argon at — 195° C. 

JAMES M. HOLMES 

Caneton University, Ottawa 1, Canada 

RALPH A. BEEBE 
Amherst College, Amherst, Mass. 

We have measured isotherms and calorimetric 
heats of adsorption of nitrogen and argon ad
sorbed on bone mineral. The surface of the bone 
mineral was treated by evacuation at 450° C. and 
also by covering with approximately a monolayer 
of methanol or water. The heats of adsorption of 
nitrogen on the bare surface start at 5.5 kcal. per 
mole and the values fall off to about 2.0 kcal. at 
the monolayer. On the chemically treated sur
faces considerably lower heats of adsorption were 
found. These effects are explained on the basis 
of the attraction of the polarizable nitrogen mole
cules to a surface of varying polarity, depending 
on the method of treatment. The data obtained 
agree well with results reported by Beebe and 
Emmett on heats of adsorption of nitrogen on bone 
mineral measured from retention times in chro
matography. 

η ecause of the importance of the surface chemistry of bone mineral in physiologi-
^ cal systems, we have undertaken a series of gas adsorption studies on hydroxy-
apatite in the form of anorganic bone. In a recent publication from this labora
tory (4) results of calorimetric studies of the adsorption of water and methanol 
vapors on bone mineral and on synthetic hydroxyapatite were reported. The 
adsorption potential for nitrogen on dehydrated hydroxyapatite, whether from 
bone or from synthetic sources, was rather profoundly altered by the addition to 
the surface of chemisorbed methanol or water prior to the adsorption of nitrogen 
at —195° C. This effect was reflected in the specific surface areas, in the B E T 
C values, and in the resultant values of Ετ — EL (net heats of adsorption) as 
shown in Table I of the above paper. 

In the work cited above, as well as in other work (8, 9, 11), the B E T Vm 

values as determined by nitrogen adsorption are diminished by the presence of 

291 
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chemisorbed layers. As a result, the question arises whether this apparent diminu
tion in surface area should be attributed to blocking of very narrow pores or to 
a less condensed packing of the nitrogen molecules on the methanol-covered or 
water-covered surfaces. To improve our understanding of these phenomena and 
possibly to answer the specific question indicated, we have undertaken a calori
metric study of the heats of adsorption of nitrogen on the bone mineral both in its 
dehydrated state and in the state resulting from modification by chemisorbed 
layers of water or methanol and we have measured heats of adsorption of argon 
on some of these surfaces. 

Further interest in the calorimetric data has arisen from a chromatographic 
study on dehydrated and on water-covered bone mineral surfaces from which heats 
of adsorption have been derived (3). This appears to be the first report of a 
comparison of heats of adsorption data by the two methods on the same adsorption 
system. 

Experimental 
Materials. B O N E M I N E R A L . Calorimetric measurements have been made on 

two samples of anorganic bone mineral obtained from Armour and Co. and 
designated as Ossar Femur Head lot 34 and lot 33-43, the latter being a mixture 
of two lots. Both samples were 20/40 mesh and had specific surface areas vary
ing from 95 to 105 sq. meters per gram based on the Weight of the dehydrated 
material. 

The properties of lot 34 and the preparation of the Ossar samples have been 
described by Dry and Beebe (4). Lot 33-43 has been used in an investigation, 
the results of which are to be published later from this laboratory, dealing with 
pore size distributions as well as the effect of outgassing temperature on weight 
loss and specific surface area changes. For reasons discussed elsewhere (4) we 
have adopted a procedure for dehydration which consists of degassing the samples 
in vacuo for at least 15 hours at 4 5 0 ° . 

ADSORBATES. Nitrogen, argon, and helium used for dead space measure
ments were research grade gases obtained from Matheson Co. and further puri
fied (5). Reagent grade methanol and distilled water were purified and de-
aerated by bulb to bulb distillation in vacuo. These liquids were stored in flasks 
equipped with a cold finger so they could be further deaerated before use and 
both gave constant vapor pressures which agreed with the accepted values. 

PREPARATION OF W A T E R - C O V E R E D A N D M E T H A N O L - C O V E R E D SURFACES. In 

this work we are essentially concerned with three types of bone mineral surface: 
( 1 ) "bare surface," the Ossar sample which has been dehydrated or outgassed by 
evacuation at 4 5 0 ° for at least 15 hours; (2) "methanol-covered surface," the bare 
surface to which has been added approximately a monolayer of chemisorbed 
methanol, and (3) "water-covered surface," which has approximately a monolayer 
of water chemisorbed on the bare surface. The latter surface is very close in ad
sorption potential for nitrogen to the surface obtained by outgassing the Ossar 
samples at 0 ° . 

Several methods have been used in an attempt to cover the bone mineral 
surface with a monolayer or more of methanol or water. The most generally used 
technique consisted of equilibrating the bone mineral in the calorimeter at 0 ° 
with saturated vapor of either of the two liquids at this temperature. Then the 
calorimeter was pumped out at 0 ° for several hours until no residual pressure 
could be detected. From the isotherms reported by Dry and Beebe (4) we then 
determined the relative pressure which would produce 1.2 to 1.4 layers of methanol 
or water on the bone mineral and added this amount of the adsorbate to the cal
orimeter. Other techniques involved no addition of methanol after pumping out 
at 0° and also pumping out only to the required relative pressure. 
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60 r 

Apparatus. The gas-handling and vacuum systems used were standard volu
metric equipment (5). Liquid nitrogen was used as a constant temperature bath 
around the calorimeter and the pilot sample; its temperature was checked by 
means of an oxygen vapor pressure thermometer. 

The type of calorimeter and the method of calculating the heats of adsorp
tion from the experimental data were essentially the same as described in previous 
papers (I, 4, 10). Two calorimeters of the same design were used, one employ
ing a filler made of copper as described by Dry and Beebe (4) and the other a 
filler of aluminum. (A drawing and brief description of this calorimeter will be 
supplied on request addressed to the authors at Amherst College.) In one run 
for nitrogen adsorption on the bare surface we employed a liquid nitrogen trap 
to prevent contamination of the sample in the calorimeter by condensed mercury. 
Data from all runs on the various calorimeters and samples checked within the 
accuracy of the experiments. 

In all of our experiments a pilot sample was placed in the system very close 
to the calorimeter, so that it received the same heat treatment as the sample in 
the calorimeter . This pilot sample was used to obtain more complete isotherms 
and to establish a final weight of the adsorbent. Weight losses on evacuation at 
4 5 0 ° for the samples used averaged 6.1 to 6.3% of the initial weight. 

A more detailed investigation of the weight loss on evacuation will be re
ported in a subsequent publication. 

Remits and Discussion 

Nitrogen Isotherms. Sample isotherms for nitrogen adsorption at —195° for 
the variously treated bone mineral surfaces are shown in Figure 1. Curves a, b, 
and c refer to measurements on the bare, water-covered, and methanol-covered 
surfaces, respectively. These isotherms are plotted from data measured on the 
pilot sample and the volumes adsorbed are calculated on the basis of the weight 
of the sample degassed at 4 5 0 ° . This value was obtained by sealing off the pilot 
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""θ 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

v/vm 

Figure 2. Differential heats of adsorption for nitrogen on bone mineral 
at-195° C. 

Ο,Φ, Q ,θ ,0 ,& Bare surface, runs 1 to 6 
• Water-covered surface A Methanol-covered surface 

sample in vacuo after degassing at 450° at the end of the runs, weighing bulb 
plus sample, removing the sample, and weighing the parts. Small differences 
between the isotherms obtained in the pilot sample and in the calorimeter are 
due to more efficient evacuation of pilot sample 0.4 gram) than the larger 
sample in the calorimeter 4.5 grams). The significance of our calorimetric 
data is not seriously affected by these differences, since we calculated the fraction 
of the surface covered by determining the BET monolayer volume from the iso
therm measured in the calorimeter. 

We show here only one set of isotherm data, in order to show the similarity 
of these isotherms to those determined by Dry and Beebe (4), although the tech
nique of preparing the modified surface was somewhat different in the two investi
gations. The methanol-covered sample shown in Figure 1 was prepared by adding 
more methanol after the sample was pumped at 0° to produce about 1.4 layers. 
The isotherm data gave good straight-line B E T plots. In Table I are listed the 
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Table I. BET Parameters for Adsorption of N 2 on Bone Mineral at —195° 

Vm, Specific Net Heat 
No. of Cc. Surface, BET of Ads., 

Sample Runs S.T.P./G. Sq. M./G. C Value CaL/Mole. 

Bare surface 6 22.5 97.9 236 830 
Water-covered 3 19.6 84.0 105 710 
Methanol-covered 5 16.55 68.0 23 480 

B E T parameters for the variously treated samples. Between run 1 and run 4 of 
Figure 1, the bone mineral sample had been heated to 4 5 0 ° in vacuo 12 times, 
treated with methanol twice, and with water once. In view of the complex nature 
of the adsorbent, it seems noteworthy that the isotherms from runs 1 and 4 are so 
nearly coincident. 

Heats of Adsorption of Nitrogen at - 1 9 5 ° . The results of the calorimetric 
work for nitrogen on bone mineral at —195° are represented in Figure 2, where 
the differential heats as measured for successive small increments are plotted 
against the coverage expressed as V/Vm. The Vm values were determined as de
scribed above by B E T treatment of the nitrogen isotherms. Curves a, b, and c of 
Figure 2 represent, respectively, the heat for the bare, water-covered, and 
methanol-covered surface. 

There is a considerable spread of the experimental points of curve a, especially 
in the regions of lowest (0.01 to 0.03 V/Vm) and intermediate coverage (0.2 to 
0.5 V/Vm). Because of our interest in comparing the present results with the 
chromatographic data discussed below, it was deemed desirable to obtain calori
metric data for the smallest feasible initial increments of nitrogen. This resulted 
in a higher percentage error in the measurements as reflected in the spread in the 
heat values for the initial increments of different runs. The differential heat values 
of Figure 2 for the region V/Vm — 0.05 to 0.4, unlike those for coverage Vm < 0.2 
or Vm > 0.5, do not represent equilibrium conditions. The resulting thermal drift, 
discussed in some detail below, gives rise to an uncertainty in the heat values re
flected in the very considerable spread of points in the intermediate region (Vm = 
0.2 to 0 .5) . The experimental points shown for curve a of Figure 2 are based on 
the observed heat evolution at the end of 5 minutes after admission of a given 
increment. This thermal drift was absent for the treated surfaces, and hence all 
points on curves b and c represent measurements under equilibrium conditions. 

H E A T D A T A ON B A R E S U R F A C E . From Figure 2 it is seen that the heats of 
adsorption for nitrogen fall off from an initially high value of about 5.4 kcal. per 
mole at the lowest coverage studied to less than 1.7 kcal. at the estimated com
pletion of the monolayer. The initial high values are doubtlessly attributable to the 
effect of the strongly polarizing ionic surface of the bone mineral upon the easily 
polarizable nitrogen molecules. Energetic heterogeneity in physical adsorption as 
related to experimental heat data on chabazite surfaces has been discussed in de
tail in a recent publication by Kington and Macleod ( 7 ) . It seems probable that 
the considerations put forth by Kington and Macleod are pertinent to the present 
system and that much of the high energy of adsorption is attributable to the 
quadripole interaction with the polar or ionic surface. 

The heats of adsorption of nitrogen on the bare surface remain above 3 kcal. 
per mole until about 80% of the surface is covered. The expected drop in the 
heat curve at the completion of the monolayer is also evident. Although the heat 
measurements above the monolayer are more difficult and less precise, the heat 
values remain well above the heat of vaporization as the second layer begins to 
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fill. We take this as evidence for orientation effects of the polar surface extending 
into the second adsorbed layer of nitrogen. 

H E A T D A T A O N T R E A T E D SURFACES. In contrast to the data of curve a of 

Figure 2, the initial differential heat values of curves h and c are far lower when 
nitrogen is physisorbed on top of an approximate monolayer of chemisorbed water 
or methanol. This observation is, of course, consistent with the lower B E T C 
values calculated from the isotherms and reported earlier in this paper. 

In the case of the water-covered surface, there is evidence for a plateau in 
curve b in the second half of the monolayer of nitrogen. A similar plateau was 
found in heat values for nitrogen on two other similar but not identical water-
covered bone mineral surfaces. In one set of experiments we measured heats of 
adsorption for nitrogen at —195° on a bone mineral surface subjected to a long out-
gassing at room temperature but never heated above that temperature. The 
resulting surface, while probably having essentially a monolayer of chemisorbed 
water, would probably contain some carbonate and oxalate in higher percentage 
than would be found in the bone mineral surface after being outgassed at 4 5 0 ° . 
The differential heat-coverage curve for nitrogen on this material outgassed at 
room temperature ran some 200 cal. per mole lower than curve b of Figure 2, but 
had the same general form. 

In the adsorption of nitrogen on top of the methanol-covered surface we see 
from curve c that the heat values run even lower than in curve b. It has been 
suggested by Dry and Beebe (4) that the chemisorbed monolayer of methanol is 
probably oriented with the methyl groups away from the surface, thus presenting 
a paraffin-like surface to the nitrogen adsorbate. It was hoped that the methanol-
covered surface might present an energetically homogeneous surface to the nitro
gen which might result in virtually constant differential heats for successive incre
ment at low coverage. From curve c of Figure 1, it is apparent that this is not the 
case, since the heat for the initial increment in particular is about 600 cal. per mole 
higher than that for successive increments. Moreover in experiments not repre
sented in Figure 2, it was found that the initial heat value for nitrogen on the 
methanol-covered surface was very sensitive to the method of adding the estimated 
monolayer of methanol. For instance, if the method of Dry and Beebe was fol
lowed, the initial heat value for nitrogen was 3.2 kcal. per mole. Thus we were 
not successful in preparing a truly paraffin-like surface, but there were always 
"holes" in the methanol layer through which the electrostatic attraction of the 
underlying bone mineral could make itself felt. 

T H E R M A L D R I F T OR S L O W H E A T E V O L U T I O N . Evidence for Very Narrow 

Pores. For the initial increments of curve a for nitrogen on the bare surface of 
bone mineral at —195° (V/Vm < 0.05), the observed time-temperature curves 
were normal, exhibiting no evidence for any slow heat evolution, and the same 
was true for increments at V/Vm > 0.4, as well as for all points represented in 
curves b and c. However, for increments of curve a in the region V/Vm = 0.05 to 
0.4, heat continued to be liberated for some time after the initial rapid thermal 
process. For different nitrogen increments within this range of coverage the heat 
produced in this slow process was from 5 to 12% in excess of that instantaneously 
evolved. The slow process was observed over a period of 20 to 30 minutes. In 
one extreme case it was still not complete after 45 minutes, which was about the 
maximum practicable period for observation. 

A similar phenomenon was reported by Beebe and Dowden (2) for nitrogen 
and several other gases on chromic oxide and by Kington and Aston (6) for the 
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nitrogen-titanium dioxide system. In the former publication the observations 
were discussed in detail and possible mechanisms were suggested. In the experi
ments of Beebe and Dowden as well as in the present experiments, the slow evolu
tion of heat could not be accounted for on the basis of slow adsorption of nitro
gen from the gas phase, since the magnitude of the pressure drop after the first 
minute following admission of a given increment indicated that only a negligibly 
small amount of nitrogen was disappearing from the gas phase during the period 
of slow heat evolution. 

From our experimental observations we may conclude that the initial incre
ments of curve a of Figure 1 represent adsorption of nitrogen on sites of the bare 
surface of the bone mineral which are readily accessible and possess a high ad
sorption potential, resulting in the rapid evolution of high heats of adsorption of 
the order of 5.0 to 5.5 kcal. per mole. Successive increments of nitrogen may now 
be instantaneously adsorbed on readily accessible sites of lower adsorption poten
tial, but this nitrogen may then be slowly transferred to less accessible sites of 
high potential. This transfer may well be due to a slow migration into very narrow 
pores. After the narrow pores are filled, the thermal drift would disappear and 
further increments of nitrogen would release the heats of adsorption on the readily 
accessible but low energy sites corresponding to V/Vm > 0.4. 

It is especially noteworthy that the thermal drift effect was not observed for 
nitrogen adsorption on top of a water-covered or methanol-covered surface. From 
this observation we may conclude that the pores or crevices, present in the bare 
bone mineral used for curve ay are now filled by water or methanol, thus pre
cluding any nitrogen adsorption in these difficultly accessible areas. We may con
clude further that these pores are very narrow ones, because they are filled by 
no more than an approximate monolayer of chemisorbed water or methanol. This 
would suggest that the pores might be no greater than 8 to 10 A. across or perhaps 
2 to 3 molecular diameters. Such pores might be in fact grain boundaries between 
the submicroscopic crystallites of hydroxy apatite. 

In light of the present evidence it would seem that the decreased values for 
Vm caused by the presence of chemisorbed layers of water or methanol, as initially 
observed by Dry and Beebe and confirmed by the present work, can best be ex
plained on the basis of the blocking, to nitrogen adsorption, of the very narrow, 
pores by the chemisorbed monolayers rather than by the alternative suggestion of 
a less condensed packing of the nitrogen molecules adsorbed on top of water or 
methanol. 

In a subsequent paper we intend to present evidence, based on gas adsorp
tion studies, to shed further light on the structure of bone mineral. In constructing 
a plausible model, we shall make use of this evidence for very narrow pores or 
grain boundaries as well as of the adsorption-desorption hysteresis to evaluate the 
pore size distribution in the region of coarser pore structure. 

COMPARISON WITH H E A T S OF ADSORPTION D E T E R M I N E D F R O M GAS-SOLID 

CHROMATOGRAPHY. Beebe and Emmett (3) have recently reported heat values 
for nitrogen adsorption on bone mineral as determined from the retention times 
of nitrogen pulses in a helium stream at several temperatures. These authors 
report 5.6 and 5.8 kcal. per mole for pulses containing, respectively, 2.3 and 0.02 
ml. of nitrogen over a bone mineral column of 380-ml. nitrogen monolayer ca
pacity, prepared in such a way as to correspond to the bare surface used for curve 
a of Figure 1 of this work. From a comparison with Figure 1 we note a close 
agreement between the heat values obtained from gas-solid chromatography and 
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1.0 ' ' ' 1 1 1 ' 
0.5 1.0 2.0 

v/v m 

Figure 3. Differential heats of adsorption for argon on bone mineral at 
-195° C. 

Ο Bare surface A Methanol-covered surface 

the calorimetric heat values at low coverage. This suggests that the observed 
chromatographic retention times are related to relatively high energy sites at low 
coverage. However, quantitative'comparison of the data obtained by the two 
methods might be pushed too far because of possible differences in the surfaces 
used in the two sets of experiments. Moreover, the chromatographic work was of 
necessity carried out in the temperature range 0° to —78°, which is far above 
—195° used in the calorimetric measurements. 

Some less carefully executed chromatographic work by Beebe and Emmett 
(3) on an essentially water-covered surface yielded values in the range 2.5 to 3.0 
kcal. per mole, in qualitative agreement with the low coverage calorimetric data for 
nitrogen on a comparable surface. 

Adsorption Data for Argon on Bone Mineral at —195° . In previous sections 
we have emphasized that the polarizability of the adsorbate on the polar bone 
mineral surface contributes to high heats of adsorption. For comparison we have 
made calorimetric measurements of the heat of adsorption of argon at —195° on 
the bare surface of bone mineral and on a methanol-covered surface. The data 
for differential heats of adsorption of argon at —195° are shown in Figure 3 
and isotherms as measured on the pilot sample are recorded in Figure 4. 

In the case of argon adsorption there is again a marked difference between 
its heat of adsorption on a bare and methanol-covered surface, though as might 
be expected the magnitude of the effect is less than in the case of nitrogen. On 
the bare surface the highest value of heat of adsorption measured by us was 
3.2 kcal. per mole and the heat values fall off to slightly over 2 kcal. at the mono
layer (V/Vm = 1). On the methanol-treated surface the highest initial heat value 
measured was 2.2 kcal. per mole and the heat values dropped rapidly to a value of 
1.9 at V/Vm — 0.3. In both heat-coverage curves of Figure 3 the heat values 
approach the heat of vaporization (1.8 kcal. per mole) at the higher coverages. 
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o I ι I I I I I 1 1 1 1 
O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 

RELATIVE PRESSURE 

Figure 4. Isotherms for argon on bone mineral at —195° C. 

Upper curve. Bare surface 
Ο Adsorption · Desorption 

Lower curve. Methanol-covered surface 
A Adsorption Y Desorption 

The thermal drift, which was observed in the calorimetric work with nitrogen 
for intermediate coverages on the initially bare bone mineral, was not in evidence 
at any coverage with argon as the adsorbate. 

In Figure 4, isotherms as determined on the pilot sample for the adsorption 
of argon on bone mineral surfaces are shown for comparison with those of nitrogen. 
The shapes of the isotherms show the same relative behavior as the nitrogen iso-
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therms in Figure 1. A relatively large desorption hysteresis has been found in the 
case of argon adsorbed on the bare surface. Evidence of desorption hysteresis is 
also seen on the methanol-covered surface. We did not carry our data to high 
relative pressures and are thus observing only a portion of a scanning loop here. 
B E T plots from isotherms on bare and treated surfaces in the calorimeter and in 
the pilot sample gave very good straight lines in the relative pressure range 0.05 
to 0.35. The values of V/Vm used in plotting heat data in Figure 3 were calculated 
using the monolayer volumes as obtained from these B E T plots for the argon 
data on the calorimeter sample. 
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On Physical Adsorption 

XIII. The Adsorption Potentials and Vibrations of 
Inert Gases on Graphite 

SYDNEY ROSS and JAMES P. OLIVIER 

Department of Chemistry, 
Rensselaer Polytechnic Institute, Troy, Ν. Y. 

The kinetic model assumed in the method of Ross 
and Olivier for the analysis of heterogeneous sur
faces by means of the adsorption isotherms is ex
tended to give a more precise account of the tem
perature dependence of the isotherm, by allowing 
for an adsorbate-vibration normal to the surface. 
A limiting case of the Ross-Olivier method is de
veloped for the treatment of adsorption data in 
the Henry's law region of the isotherm and ap
plied to the data of Halsey et al. for the adsorp
tion of the inert gases by graphite, with the fol
lowing results: The isosteric heats calculated from 
kinetic contributions agree with those calculated 
thermodynamically by the Clausius-Clapeyron 
equation; and the temperature dependence of the 
isosteric heat is accounted for by this kinetic hy
pothesis. 

I η our previous paper of this series (5), which discussed chiefly adsorption at 
temperatures below 100° K, it was sufficiently accurate to ascribe the standard 

differential entropy change, ASS, on adsorption of a monatomic gas as due entirely 
to the loss of one degree of translational freedom. For polyatomic molecules one 
ought to consider the possible additional loss of degrees of rotational freedom and, 
though much less likely to occur on adsorption, the change of modes of internal de
grees of freedom. The vibration with respect to the surface of all types of adsorbed 
molecules is always a factor in the entropy change—a factor that increases in 
significance at higher temperatures. If this contribution to the entropy, a S v i b , is 
that of a harmonic oscillator in one degree of freedom, for which the frequency 
does not change with temperature, it is given by 

a S v i h = a ^ v i b ~ y.Nhv _ q F v i b - l/2Nhv \ 

Nhv 
/Μη (1 - e-hl''kT) 

(1) 

301 
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where ν is the frequency of the vibration. 
The potential energy change on adsorption is defined as 

U = bP - aE"h (2) 

where gP is the potential energy per mole for adsorption of a molecule in the gas 
phase and a E v i b is the average vibrational energy per mole of a molecule in the 
adsorbed state. If no vibration normal to the surface exists—i.e., a S v i b = 0, 
then a E v i b = 0 and U = gP. It is never correct, however, to assume a S v i b = 0; 
for large values of /iv/RT—e.g., at low temperatures, a S v i b will have, however, 
a negligible effect on the determination of U; Δδ8 may then be equated simply to 
the loss of one degree of translational freedom (for a monatomic gas). This pro
cedure is the one adopted in our previous paper to obtain U (calculated). The 
approximation is a good one when Δ, defined as ASS _ o b s — AS6. m0dei> * s l e s s t n a n 

one entropy unit. We now propose, however, to extend the model to take into 
account vibrational entropy and so permit the calculation of adsorptive energies 
at higher temperatures. 

The model we are to consider is that of an adsorbed molecule capable of 
free translation parallel to the surface and vibrating normal to the surface. The 
average vibrational energy a E v i b is now not equated to zero; we write instead 

^ v i b = + (3) 

At 0 ° K, a E v i b = a E 0
v i b = 1/2Nhp, and at higher temperatures a E v i b approaches 

RT. 
The relations between U and the more familiar heats of adsorption, qdii{ (the 

differential heat of adsorption) and c/st (the isosteric heat of adsorption), are as 
follows : 

qdif( = U _ A £tr _ AE™* + αΡΪΆ (4) 

and 

^st = ^diff + R T (5) 

where AEtT = a E t r — gEtT; A E r o t = nETOt — fJETO\ and a F i a is the adsorption 
potential in the adsorbed film due to lateral interaction. For the adsorption of a 
monatomic gas, we shall assume that the adsorbed film is mobile; that it can be 
described by the two-dimensional van der Waals equation of state, Equation 8; 
and that the molecules can rotate as freely when adsorbed as when in the gaseous 
state. Expressed mathematically these assumptions appear, respectively, as &EtT — 
-1/2RT; a P i a = 2αθ/β; and AErot = 0. Equation 4 thus applied becomes: 

qdiii = υ + I/2RT + 2αθ/β (4A) 

The differential heat of adsorption, qdisi, measures the energy necessary to remove 
an adsorbed molecule from its average vibrational state and from the attractive 
forces of its adsorbed neighbors to an infinite distance from the surface, plus 
energy equivalent to the degrees of freedom of the molecules of the gas in excess 
of those in the adsorbed state. 

The adsorptive energy, U, defined by Equation 2, is temperature-dependent, 
because of the variation of a E v i b with T. An absolute adsorptive potential that 
refers to the zero point energy of the adsorbed molecule, for which aEyih = V 2 N / i ^ , 
has the advantage of being temperature-independent. We define this quantity as 

U0 = gP ~a Eovih = gP ~ l/*NhV (6) 
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I 
RT 

I 

A E k in q d , f f qst 

\ U o y — 

W x / ,-vib 
i 

Figure 1. Potential well for adsorption 
(neglecting lateral interactions) showing relation 

of various heats of adsorption 

Ν 7 

-

-
Argon on graphite 

Z/= 1 28 χ I0 ,2sec.~' 

Uo=2 07 kcal./mole 

40 45 50 55 60 
Ι 0 0 0 / Τ 

65 70 75 

Figure 2. Adsorption data of Halsey et al. for argon 
adsorbed by graphite at various temperatures 

Plotted according to Equation 18A, for evaluation of v and U0' 

Figure 1 shows the connection between the various adsorptive potentials that we 
have discussed. 

The definitions developed above are required for the analysis of adsorption 
data obtained from experiments at higher temperatures. Suitable data, in the 
monolayer region of adsorption, have recently been published by Halsey et al. 
(I, 2, 7). These data refer to adsorption of the inert gases on graphitized carbon 
black [ P 3 3 ( 2 7 0 0 ° ) ] at temperatures from 174° to 273° K; the adsorption was 
measured at such low surface concentrations that the adsorption isotherm has the 
form of a straight line through the origin, described by the equation ρ = K$, 
which is generally recognized as the two-dimensional analog of Henry's law. The 
method developed in our previous paper for the analysis of adsorption isotherms 
in the monolayer region requires data that extend to at least 60% of the saturated 
monolayer; in order to analyze the Henry s law region of the monolayer we must 
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develop an alternative treatment, which is actually a limiting case of the original 
theory. 

The most general form of the adsorption isotherm is 

*Φ(ί/ β)¥(Α U0)dU0 (7) 

where the symbols have the significance previously defined (5). The adsorbed 
film on each infinitesimal homotattic surface patch is assumed to be a two-dimen
sional nonideal gas that can be described by a two-dimensional van der Waals 
equation of state, which gives the isotherm 

where 

ρ = Κ ί e x p Lr^T, - m i ( 8 ) 

/C; = ^ 0 e x p ( _ ^ (9) 

Given conditions where 0% is small for every surface patch at a given pressure, 
Equation 8 reduces to 

ρ = Ki6i (10) 

The necessary condition for Equation 10 to obtain is that the surface must have 
only a moderate range of adsorptive energies; otherwise the Henry's law region of 
the isotherm may occur at too low over-all surface concentrations to be observed. 

The distribution of adsorptive potentials of the adsorbent surface is again 
taken as the Gaussian probability function: 

Φ{υ0)άυυ = — cxp - {y(U0 - U0')*\dU0 (11) 
η 

On combining Equations 8, 9, 10, and 11, the limiting isotherm for the hetero
geneous surface is 

or θ = J ^ e x p [ -7(£/o - U0'y + ^ , ] dU0 (12) 

assuming A? has the same value for every patch (Α 4° = A 0 ) . The evaluation of 
A° (Equation 24) shows that this assumption puts the same vibrational frequency 
of the adsorbed atom on every surface patch: not strictly true, but not seriously 
:n error save for surfaces of extreme heterogeneity. Let X = U0 — U0'; then 

^xp(g) r*-u.> , + χ, άχ (i3) 

nA° JUo'-e V R 1 ' 

For values of γ greater than about 1, the integrand becomes negligible at ± X 
greater than 2.5 kcal. per mole; we can without error, therefore, set the limits of 

integration as — oo to +<*>; the normalizing factor η then becomes -\^-. The value 

of the definite integral is given (4) as 

illexp (~7A"2 +
 RT) D X = V t e x p LdvJ (14) 
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Equation 13 becomes 

' = * ' e e x p [ - 4 O T ? ] ( 1 5 ) 

where K' is defined in terms of the average adsorptive energy, U0', by 

K' = ^ ° e x p ( - g) (16) 

Two different average adsorptive energies have been defined: U refers to the 
average vibrational state of the adsorbed molecule on any homotattic patch; U' re
fers to this adsorptive energy on the average (most frequent) homotattic patch of a 
given heterogeneous surface. U0 is a special value of U—i.e., at 0 ° K— and 17/ is 
the value of U0 on the most frequent surface patch. 

The adsorption isotherm described by Equation 15 is a straight line through 
the origin. Let the slope of this line, (dV/dp)TX, equal Z; then V = Zp. From 
Equation 15 we have 

Let θ = V/VP} where is the monolayer capacity of the surface when the mole
cules are compressed to an area defined by the two-dimensional van der Waals 
constant β in Equation 8: then 

Z = ( F , / / C ' ) e x p [ ^ T 2 ] (17) 

hence 

InZ + inA' - ^ , + Ιηνβ + τ ^ Ί γ (18) 

To evaluate In A 0 we consider the adsorption process between the standard 
states of the gas and of the adsorbed phase. For the gas the standard state is 
1-atm. pressure at the temperature of the experiment; for the adsorbed state we 
follow de Boer (3) in selecting the condition that the average separation of the 
molecules is the same in both standard states at 0 ° C , which gives 

β 

4.08 Γ 

where β, the two-dimensional van der Waals constant, is taken as equal to the 
effective cross-sectional area of the adsorbate molecule; for argon, β = 13.6 sq. A. 
For this process, 

AFS = -^i f f _ T A S s (19) 

We shall consider the most frequent homotattic patch of surface and Equation 8 
in the following substitutions: 

Δ * - Λ Γ In 4 

where ps is related to 0S by Equation 8; therefore, 

AFS = RT In K' + RT In 

and, from Equations 3, 4A, and 6, 

AFS = RT In K' + RT In -—~~r + RT r -^— - - In 760 (20) 
1 — ps 1 — P s Ρ 

Uo' - (e£vib _ i/2A7z„) + i/,RT + ^ (21) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
1

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



306 ADVANCES IN CHEMISTRY SERIES 

Combining Equations 16, 19, 20, and 21: 

l n A ° = ^ - ; A ^ - ^ _ l n _ A - - . ^ _ + l n 7 6 0 (22) 

For our present model AS S includes a S v i b as well as the loss of one degree of 
translational freedom: 

ASS = ASS* + AS"H (23) 

Making use of Equation 1 for a S v i b gives 

1 η Λ = - _ + — - In r - y s - r - r J s + In 760 (24) 

We propose to use Equation 18 for the quantitative description of the inert 
gas-graphite interfaces, using available experimental data. The values of both 
V β and γ for the adsorption of argon on this graphite have been determined from 
the experimental data of Ross and Winkler (6), using the Ross-Olivier method 
(5) of matched isotherms, and taking into account the polarization of the ad-
sorbate by the surface field of graphite: V = 3.83 cc. (STP)g." 1 and γ = 
400 kcal. - 2 mole - 2. The values of γ for the other inert gases on this near-homo-
tattic adsorbent would have the same order of magnitude, and consequently make 
the last term of Equation 18 negligible compared to the other terms. Thus, for 
example, by taking into account the term in γ when making the calculations from 
the data for argon, the value of 17/ is diminished by 0.1% and the value of ν is 
diminished by 0.2%; these corrections are just about the same magnitude as the 
precision of the result. But although we may disregard the γ term in the calcula
tion, it must not be inferred that even such a low degree of heterogeneity is with
out effect on the shape of the isotherm, but only that it is without appreciable 
effect on the initial slope at low values of 0. The isotherms computed for γ = 400 
and γ — oo at 77.5° Κ show small but distinct differences. 

Equation 18 now reduces to: 

In Ζ + In A° = ^ + In VP (18A) 

For inert gas adsorbates other than argon, the values of were determined from 
the argon value by the relation 

3.83(13.6) _ 52.1 
~β 

in which β (A 2 per molecule) is the two-dimensional van der Waals constant for 
the gas. At the temperature to which the data (I, 2, 7) refer θ « 1; conse
quently Equation 24 reduces to 

= - ^ + - A * * " - }2. - to - + 1„ 760 (24A) 

For a monatomic gas (3), 

-AS* = 0S* - AS* = I In M + I In Τ + 2.31 (26) 

The only unevaluated quantity that prevents our immediate use of Equation 
18 is the vibrational frequency, v , of the adsorbed molecule, which determines 
(wpvib —i/t2Nhv) by the relation: 

e / r v i b _ i/2Nhv = RT In (1 - e~hv'kT) (27) 

A crude determination of a S v i b for argon on P - 3 3 ( 2 7 0 0 ° ) at an average tempera

ture of 84° J£ has been reported (5) as about 1 e.u., which yields γ = 3 X JO 1 2 

V, = - ^ ψ ^ = ~ (25) 
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sec - 1. This value gives us a point of departure for a more precise evaluation of ν 
by the following method of successive approximations. Assuming a value of v, 
In A 0 is calculated for each temperature for which a value of Z, either directly 
obtained experimentally or calculated by Equation 17, is available. A plot of 
(In Ζ + In A 0 vs. 1/T should give a straight line of slope UJ/R and intercept 

In Vp. The value of for this adsorption system is already known (5) or can 
be calculated by Equation 25. The value of ν that gives the correct intercept is 
determined by trial and error. Figure 2 shows the final result for argon, in which 
a plot of (In Ζ + In A 0 ) vs. 1/T is linear over a 2 0 0 ° range and has an intercept 
on the y axis of In 3.83. The results derived from Figure 2 are U0' — 2.07 kcal. per 
mole and ν = 1.28 Χ 10 1 2 sec."1 for an argon atom adsorbed on the basal plane of 
graphite. 

In Table I, columns 3 and 4, we report the results obtained by this method 
applied to the data of Halsey et al. (1,2,7). 

Table I. Adsorption Parameters of Inert Gases on Graphite 

Vp Cc. i/o', ν X 10-12 qst, Kcal. /Mole 
Adsorbate {STP)/G. Kcal./Mole Sec.-1 Synthetic Observed T, °K 
Neon 5.82 0.681 1.19 0.809 0.820 78.6 
Argon 3.83 2.066 1.28 2.296 2.310 175 
Krypton 3.32 2.754 1.00 3.078 3.075 279.5 
Xenon 2.82 3.654 0.85 3.987 3.974 295 

In Table II we report the values of the various quantities involved in the 
calculation for each adsorbate. 

Table II. Quantities Involved in Calculations 

Cc. X 104 Cc. 
T, °K. Mm. " -AS* 

A. Neon on Graphite 

X 104 

RT Γ, °K. Mm. -AS* 
G. Krypton on Graphite 

RT 

59. .5 21.96 9.34 0 .49 245, .2 3 .875 12.16 1 .73 
65. ,9 11.43 9.45 0. .55 255, .4 3 .021 12.20 1 .70 
72. 3 6.696 9.54 0 .61 266 .9 2. .337 12.25 1 .80 
84. 8 2.877 9.70 0 .72 279, .5 1 .778 12.29 1 .85 
94. 3 1.733 9.81 0. .80 285 .1 1 .595 12.31 1 .87 

291 .2 1 .431 12.34 1 .88 
297 .2 1 .288 12.35 1 .90 
307 .2 1 .08 12.39 1 .94 

B. Argon on Graphite D. Xenon on Graphite 
140. 6 37.86 10.88 1 .05 279 .2 8 .428 12.74 2. .00 
145. .1 29.37 10.92 1 .08 287 .0 6 .959 12.77 2 .02 
150 .1 22.55 10.94 1 .11 295 .0 5 .745 12.79 2 .05 
158. .1 15.28 11.00 1 .15 303, .2 4 .744 12.82 2 .07 
166 .1 10.68 11.06 1 .18 315, .0 3 .727 12.86 2 .11 
175, .1 . 7.500 11.10 1 .23 
207 .8 2.614 11.28 1 .38 
220 .4 1.890 11.34 1 .43 
240 .0 1.22 11.42 1 .51 

The values of £7/ and ν listed in Table I allow us to calculate the isosteric 
heat, qst, at zero coverage, by means of the following equation: 

(28) 
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Equation 28 is derived from Equations 5 and 21 and the relation: 

> E v , b _ i / i N h v = ( 2 9 ) 

The isosteric heats of adsorption synthesized in this way by the use of Equation 
28 are based directly on the model of a mobile adsorbed film that we have de
veloped; they can be compared with values of g R t obtained by the use of the 
thermodynamic definition, which has no reference to any model—viz., 

at zero coverage this definition becomes 

^ . f - R T * i ^ + ^ ~ (30) 

For the adsorbent used in these experiments, which is near-homotattic with a high 
value of γ, the isosteric heats defined by Equations 28 and 30 should be the same. 

The values of qst calculated by Equations 28 and 30 are in excellent agree
ment for all four adsorbates at the temperatures indicated (Table I, columns 5 
and 6) and, although not reported, the same agreement is found at other tem
peratures within the range of the measurements; thus demonstrating that the 
consequences of our model of the adsorbed film are quantitatively in agreement 
with the thermodynamics of the process. 
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On Physical Adsorption 

XIV. The Nature of the Adsorptive Forces between 
the Inert Gases and a Graphite Surface 

SYDNEY ROSS and JAMES P. OLIVIER 

Department of Chemistry, 
Rensselaer Polytechnic Institute, Troy, Ν. Y. 

Calculations of the energies of interaction between 
a gas and a solid surface have hitherto not been 
definitively compared with experimental results, 
because of difficulty in evaluating the contribu
tions that make up the measured heat of adsorp
tion. Methods described in previous papers pro
vide a means of analyzing experimental data in 
terms of the adsorptive potential of the gas with 
respect to the most frequent patch of the surface. 
The adsorptive potential thus obtained is made up 
of the dispersion interactions plus an energy term 
due to interaction between the dipole of the 
adsorbate and the electric field of the substrate. 
For the inert gases adsorbed by graphite enough 
information is now available for calculation of 
the necessary quantities. The results derived from 
experiment are compared with calculations of the 
dispersion energies using potential functions of 
different degrees of approximation. Crowell's 
approximation of the lattice sum, in which the 
graphite lattice is treated as a set of planes of 
continuous structure and uniform density, when 
applied to a 6-8-10-12 potential function, is found 
to correspond most closely to the observed values. 

^observations of a large number of adsorption systems disclose that the heat 
evolved during adsorption may be anywhere from a few hundred calories 

to over a hundred kilocalories per mole adsorbed. Early workers in the field 
used a value of 20 kcal. per mole to define the upper limit of physical adsorption, 
believing that heats of adsorption above this value could arise only from a chemical 
bonding between the adsorbate and the surface. We are now aware that a wide 

309 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
2

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



310 ADVANCES IN CHEMISTRY SERIES 

range of heats of adsorption could arise from any one of four adsorption mecha
nisms or combinations thereof; and therefore that a knowledge of the heat of 
adsorption is not enough, save in extreme cases, to distinguish between adsorption 
mechanisms. 

Origins of Adsorptive Potential 

Four general types of molecular interaction lead to a potential energy for 
adsorption: 

1. London-type dispersion forces resulting from induced-dipole/induced-
dipole and multipolar attractions 

2. Induction forces brought about by the operation of a surface electric field 
on induced or permanent dipoles of resident molecules 

3. Charge transfer (6) between the adsorbed molecule and the surface, 
resulting in a no-bond resonance state 

4. Dative bonding resulting from a chemical reaction between the adsorbate 
and surface atoms 

The first two types of interaction are certainly physical adsorption; the fourth 
is certainly chemisorption; the third, which is a postulated mechanism whose actual 
occurrence has not yet been adequately demonstrated, exists in a twilight zone 
that defies classification as either physical or chemical adsorption. Previous papers 
of this series have not been concerned with the source of the adsorptive potential, 
but have postulated only that the adsorbed film be mobile; their considerations 
could apply, therefore, to all adsorption situations other than No. 4. The present 
paper is devoted to a consideration of the adsorptive potential arising from 1 and 
2—that is, physical adsorption properly so called. This general topic has been dis
cussed by de Boer (5) for a number of specific cases; the theory and techniques 
that we have developed enable us to derive from experimental data a quantity, 
gP&ds, the depth of the adsorptive potential well, which can also be calculated a 
priori from physical properties of the system. We are therefore able to com
pare theory and observation and so have an independent test of conclusions 
reached in previous papers. 

Expressions for Dispersion Potential 

The Direct Lattice Sum. Dispersion forces between two atoms can be 
described by a potential function expressed in terms containing inverse powers of 
the internuclear separations, s. The simplest function of this sort includes a poten
tial energy of attraction proportional to the inverse sixth power of the separation 
and a repulsion that is zero at distances of separation greater than a particular 
value se and infinite at separations less than se. This is the so-called "hard sphere" 
or van der Waals model. Such an approximate potential function can be improved 
in two respects. Investigations of the second virial coefficient have revealed that 
the potential energy of repulsion is best described as proportional to the inverse 
twelfth power of the separation; and the term in sr6, which accounts for the greater 
part of the total attraction potential, due to the attraction of mutually induced 
dipoles, should have added to it the dipole-quadrupole and quadrupole-quadru-
pole attractions, expressed as terms in s^8 and s - 1 0 , respectively. The complete 
potential function for the forces between two atoms is, therefore: 

Pa = CV^ + C2s^ + CW° - (Rj«12 (1) 

where P i ; is the potential energy lost by two particles, i and /, on approaching each 
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ROSS AND OLIVIER Adsorption of Inert Gases on Graphite 311 

other from an infinite separation to a separation s; Cl9 C2, and C 3 are dipole-dipole, 
dipole-quadrupole, and quadrupole-quadmpole coefficients, respectively; and (K 
is a repulsion constant. To calculate the potential energy lost by a gas molecule 
on approaching a surface, the potential difference, Pij9 has to be summed for the 
simultaneous interactions of the gas molecule, i, with each of the atoms of the 
adsorbent. 

( 2 ) 

For a polyatomic adsorbate it may be necessary to sum the interactions over each 
atom of the adsorbate molecule as well. The various values of in Equation 2 
can, for a particular adsorbent of known crystal lattice, be calculated in terms of 
a single distance, z, which is defined as the distance between the center of an 
adsorbate atom and the mathematical plane in which lie the centers of the surface 
atoms of the adsorbent. 

The constants Cl9 C2, and C 3 in Equation 2 can be evaluated by means of the 
following approximate quantum mechanical equations (I, 7) : 

C, = emc^i 1 (3) 
I*. - f it 
Xi 

45A2 

° 3 " 256TTW < "--^ + ^ ~ + "•- > W 

In these equations £ represents polarizability and X represents diamagnetic sus
ceptibility; subscripts i and ; refer to the adsorbate and the adsorbent, respectively. 

No theoretical expression for the repulsion constant, , has been developed; 
it can, however, be evaluated in terms of the equilibrium separation, ζ = ze, where 
the potential function has its maximum value. At ζ = ze, dP/dz — 0; hence 

C i 

(R = 1 T r - i (6) 
a 
dz 

The derivatives in Equation 6 can be obtained in two ways. The summations 
may be plotted vs. ζ in the range bracketing the equilibrium separation, ze, and the 
slopes found graphically; or these plots may be expressed by an empirical equation 
and the slopes obtained analytically. The latter method is more accurate, as an 
equation of the form 

^ \j~n = az~h (7) 

J 

has been found to hold ( 1 ). 
The method described above has been used by Avgul et al. (I) to calculate 

the dispersion interactions between a number of adsorbates and the cleavage sur
face of graphite. A prime disadvantage of the method of direct lattice sums, apart 
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from the laborious calculations, is the dependence of the answer on the lattice 
position above which the adsorbate molecule is situated (see Figure 1). For a 
mobile adsorbed film the proper procedure would be to find the weighted average 
interaction of all possible positions on the surface. In practice, only a few principal 
positions are ever worked out and a straight arithmetic average of the interactions 
for these positions would not be characteristic of the mobile molecule. 

Figure 1 is a schematic diagram of an argon atom on the three principal posi
tions of the basal plane of graphite: on top of a carbon atom, between two carbon 
atoms, and in the center of a ring. The results calculated by Avgul et al. (I) are 
reported for neon, argon, and krypton in Table I; we do not include a number of 
other calculations made by the same authors for polyatomic adsorbates, as the 
writers do not take into account the anisotropics of polarizability and magnetic 
susceptibility when calculating dispersion interactions for oriented molecules. 

Figure 1. Argon atom in different positions relative to graphite substrate 
(1) 

Drawn to scale 

Table I. Calculated Values of gPdlap by Equation 2 for Inert Gas Molecules 
Situated at Different Parts of Graphite Substrate 

(Kcal./mole) 

Above Between Two Center of 
Adsorbent C Atom C Atoms Ring Av. 

Neon 0.77 0.84 1.11 0.91 
Argon 1.95 2.07 2.64 2.22 
Krypton 2.59 2.78 3.47 2.95 

Crowell's Expression for Lattice Sum. T H E ORIGINAL APPLICATION. Crowell 

(2) has shown how to evaluate the lattice sums, ^ s~n, for a layer-lattice struc-

ture by an analytical method. The lattice is approximated by a set of layer planes, 
each with a uniform distribution of matter, and separated by the interplanar dis
tance, d. The lattice sum is approximated by integrating over the planes and form
ing the sum of the resulting terms. Let the adsorbate, at a distance ζ from the 
surface, be separated by a distance «y from any point in the mtn plane below the 
surface. The vertical distance of the adsorbate from this plane is (z + md); let 
y be the projection of on the m t h plane. Then the summation of s~nior the mth 

plane is 

ŷ ^ra = 2πρ Γ [{ζ + mdf + f]-*t*ydy (8) 
j (m) JO 
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where ρ is the number of atoms per unit area in the mth plane. For the whole lat
tice the summation becomes 

00 00 

^2 S ï " = ^ ^ ) = 2 π ^ η - 2)~^2~n ^ (* + m ) 2 ~ n ( 9 ) 

j m — 0 j (m) m = 0 

where χ — z/d. The summation of (x + m ) 2 _ n is the generalized Riemann zeta 
function of χ and η — 2. These functions have been tabulated (4) as derivatives 
of ψ (χ) = (d/dx)\n(x\). The fundamental expansion of this expression for the 
kth derivative of Ψ (χ) is 

¥*(*) = (-l)k+lk\ ^ (* + m)-k~l (10) 

r/i = 0 

Equation 9 can now be written as 

2ΤΓ Ρ ( -1 )» 
{η - 2)dn~\n - 3)! 

*n-\x) (11) 

The functions <bk(x) have been tabulated for values of k up to 4. For higher 
values of k the function must be calculated by Equation 10; fortunately one can 
neglect all but the first term of the series for k>4, provided x<2, as is commonlv 
the case in adsorption calculations. 

The concept, incorporated in this approximation, that matter is distributed 
continuously in each layer plane, while it might not be permissible for a localized 
adsorbed film, is actually close to the truth for a mobile adsorbed film, in which the 
rapid translation of the molecules along the surface prevents their responding to its 
fine structure. This approximation produces just the sort of average that is desired 
and is so difficult to obtain from the direct lattice sum. 

Crowell (3) has used his lattice sum expression, Equation 11, to calculate the 
interaction of inert gases with graphite, assuming that the dispersion energy of 
attraction could be adequately accounted for by the dipole-dipole interaction 
only—i.e., 

GP = C^sTj* - (*y] (12) 

Substituting Equation 11 for the lattice sums gives 

where, by Equation 6, 

Ρ = ?ι7Γρ*Ηχ) (13) 

and 

(ft = * 4 ( * e ) 

Ze d 

xe = - ; ze = - + re 

where r c is the crystal radius of the adsorbate. 
Therefore, 

C i T r p 
0 12d* [ * « ( * ) + ( y ) ^ * ^ ] (14) 
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Equation 14 is the analytical description of the potential well for this model; the 
maximum potential energy loss, or the depth of the well, is that value of g ? (which 
we term gPai*v) at which ζ — ζ— i.e., 

°p d i s P = [Ψ*Μ + fo *4(*e)] ( 1 5 ) 

An advantage of having an analytic expression, such as Equation 14, for the 
potential well is that it can be used to estimate the vibrational frequency of the 
adsorbed molecule with respect to the surface. For vibrations of small amplitudes 
the system behaves as a harmonic oscillator for which the frequency is given by 

2TT "Vm (16) 

where m is the mass of the adsorbate molecule and κ is the force constant defined 
by 

\ dz* Jz^Ze 

= 1 
d* \dx* 

Applied to Equation 14, 

12 d6 L *e6 Xe J 

A R E F I N E D APPLICATION. Avgul et ah (1) have shown that the dipole-quad-
rupole and quadrupole-quadrupole terms in Equation 2 are not negligible, as was 
assumed by Crowell; nor are they cancelled by the repulsion term, as has been 
stated by de Boer (5). A more accurate result could, therefore be obtained by 
using all the terms in Equation 2 in conjunction with Crowells expression for the 
lattice sums, Equation 11. Instead of Equation 13 we would now have: 

whcr 

& = - * e U * 4 ( * e ) + C W + C V e
2 

hence 

The depth of the potential well, y P d i s p , is given by Equation 19 by putting ζ — ze; 
hence 

As before, the vibrational frequency of the adsorbed molecule with respect to the 
surface can be obtained by means of Equation 16. Applied to Equation 19, 

, _ _ g £ Γ ! » + ! W 1 + ΐ£ψ + *™ ( 2 0 ) 

\2d6 L^P 6 *e J Ze
10 
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The Lattice Treated as a Continuum 

A rough approximation of the lattice sums is made by treating the lattice as a 
continuum by integrating, rather than summing, the s ~" terms in Equation 1—i.e., 
by writing 

aP = Pv j J j PudV (21) 

where the integration is over a semi-infinite volume and pv is the number of ad
sorbent atoms per cubic centimeter. Using the terms in s ~ ;

6 and s ~j2 only, since 
we are already approximating so much, we get 

' - ^ [(?)"-!(?)·] 
which was obtained by evaluating the repulsion coefficient as before from the con
dition that at ζ — ze, dP/dz — 0. The expression for gPdisv for this model is 

^ d i s p = ^ T P ? (23) 
Jze 

For evaluating the vibrational frequency of the adsorbed molecule with respect 
to the surface, this model yields, by Equation 16 

?>C\TTpv 

κ = -— 

hence 

(24) 
= ! V ^ 3 LP** 

2irze \ m 

Calculions of Dispersion Potentials by Various 
Models for Inert Gases Adsorbed by Graphite 

We have developed general expressions in the preceding sections for the 
calculation of the dispersion potential contribution to the potential energy for 
adsorption and for the vibrational frequency of the adsorbed molecule, using 
various expressions for the lattice sums. We now propose to apply these equations, 
for the purpose of comparison with experiment, to the adsorption of the inert gases 
by graphite. 

In the preceding paper (9) we quoted the observed values of the isosteric 
heats of adsorption of neon, argon, krypton, and xenon on P33 ( 2 7 0 0 ° ) graphite, 
as well as corresponding values of U0' and ν obtained from a kinetic-molecular 
model of the adsorbed film. From these latter quantities we can derive the depth 
of the adsorption potential well, given by 

^ P a d s = _|_ 1 N h v (25) 

The adsorption potential contains contributions from two sources: dispersion in
teractions, and a potential that is due to the electrostatic interaction of the induced 
dipole of the adsorbate molecules with the surface electric field—i.e., 

gP&dB = gpdiBp + gpe\ec (26) 

where 

gPelec = 1 (27) 

F and £ being the surface of the adsorbent and the polarizability of the ad
sorbate, respectively. The surface field of graphite is about 1.2 Χ 105 e.s.u. per 
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sq. cm. as determined from adsorption isotherms of polar molecules (8) and we 
use this value in Equation 27 to calculate „ P e l e c for each of the inert gases. The 
results are reported in the first line of Table III. The parameters involved in the 
calculation of the dispersion potentials of the inert gases on graphite are reported 
in Table II. The observed values of „P ( l i s i > and v, calculated by Equation 26, are 
compared in Table III with the results calculated using the various expressions for 
dispersion potentials and frequencies discussed above. The best agreement (and 
an excellent one) between observation and theory is given by the use of Equations 
19 and 20, based on the refined application of CrowelFs approximation for the 
direct lattice sum. 

Table II. Parameters Involved in Calculating Dispersion Potentials of Inert 
Gases on Graphite 

Carbon Neon Argon Krypton Xenon 

re, A . 1.70 1.59 1.91 2.01 2.25 
Ze, A . 3.29 3.61 3.71 3.95 
χ Χ 1030, cc. 10.5 12.0 32.2 46.5 71.5 
£ X 1024, cc. 0.937 0.398 1.63 2.48 4.00 
C i Χ ΙΟ4*, kcal. mole"1 cm.f) 0.214 0.77 1.15 1.82 
C 2 Χ 1060, kcal. mole"1 cm.8 0.026 0.104 0.157 0.252 
C 3 X 1076, kcal. mole"1 cm.10 0.04 0.17 0.31 0.43 

Table III. Observed and Calculated Values of Dispersion Potentials G P d i s p ) and 
Vibrational Frequencies for Inert Gases Adsorbed by Graphite 

Related 
Equation No. Neon Argon Krypton Xenon 

aPclec, kcal./mole (27) 0.043 0.180 0.256 0.415 
(jPads, kcal./mole Observed 0.737 2.12 2.80 3.69 
( 7pdi s P ) kcal./mole Observed 0.694 1.94 2.54 3.28 
ν X 10-12, sec."1 Observed 1.19 1.28 1.00 0.85 
^ p d i s p (2) 0.91 2.22 2.95 

(15) 0.729 1.84 2.48 3.11 
ν X 10~12 (17) 1.16 1.20 0.93 0.78 
^ p d i s p (19) 0.764 1.92 2.59 3.22 
ν χ i o - 1 2 (20) 1.20 1.23 0.96 0.80 

(23) 0.23 0.64 0.88 1 .2 
ν χ i o - 1 2 (24) 0.55 0.60 0.47 0.40 
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On Physical Adsorption 

XV. Evidence of Marked Asymmetry in the Distribution 
of Adsorptive Potentials of Certain Solid Surfaces 

SYDNEY ROSS, J. P. OLIVIER, and J. J. HINCHEN 

Department of Chemistry, 
Rensselaer Polytechnic Institute, Troy, Ν. Y. 

The interpretation of adsorption isotherms in terms 
of a surface displaying a symmetrical (Gaussian) 
distribution of adsorptive potentials to the adsorb
ate has been successfully applied to a number of 
systems; but marked exceptions have been found, 
particularly with crystals that were selected as 
likely to have completely homotattic surfaces. 
These exceptional adsorption isotherms are 
readily interpreted, however, as the result of a 
sum of two, or occasionally three, distinctly differ
ent Gaussian distributions, presumably deriving 
from the same number of surface constituents. 
Among these constituents the expected homotattic 
substrate, which is associated with a particular 
crystal face, can always be identified. 

A previous paper of this series (13) describes the analysis of adsorption iso
therms for heterogeneous surfaces in terms of a Gaussian distribution of adsorp

tive potentials. The distribution of adsorptive potential energies may not, however, 
have a form that is symmetrical about a mean; it could possess enough asymmetry 
so that the adsorption isotherm could not be described by a model that assumed a 
Gaussian distribution. 

Imagine, for example, an otherwise uniform surface that is contaminated by 
a small amount of a nonvolatile impurity of higher adsorptive potential. The 
adsorption isotherms of a gas on this substrate would show a small "knee" at the 
low-pressure end of the isotherm, thereby indicating the presence of the impurity. 
The shape of the isotherm would be the same whether we consider the impurity 
as a coating on a part of the surface of the major constituent or as a mechanically 
separate ingredient of the mixture. We could, therefore, account for such an 
isotherm by assigning separately to each of the surfaces its own values of the 
adsorption parameters V^, γ, and K'. By doing so we are actually describing sub
strates of non-Gaussian adsorptive energy distributions in terms of a sum of 
Gaussian distributions. 
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Although not described quite in this way, a number of adsorbents have been 
reported to be effectively mixtures of two surfaces. The most clear-cut example 
is a slightly oxidized graphite surface for which the adsorption isotherm of water 
vapor shows a pronounced knee whose height varies with the degree of oxidation 
of the surface; reducing the surface with hydrogen eliminates the knee (7, 10). 
The great dissimilarity of the adsorptive potentials of the two surfaces for the polar 
water molecule makes it obvious to the eye that two distinct adsorbing surfaces are 
present. Molybdenum disulfide, most samples of which have a partially oxidized 
surface, is another example (I, 2). The adsorption isotherms of argon and nitro
gen on boron nitride show a similar knee, though to a much less marked extent; it 
is, in fact, visible only when the low pressure portion is plotted on an expanded 
scale as was done by Winkler (16). The presence of a trace of boron oxide in 
the sample was detected by wet analysis; the prominence of the initial concavity 
of the isotherm to the pressure axis was found to relate to the amount of oxide 
contaminant in the boron nitride. 

The surface of a solid is rarely smooth but is interrupted by cracks, crevices, 
capillaries, cavities, corners, and edges. Even on a molecular scale roughness is 
frequently introduced by lattice disorder or spiral dislocations. The utmost effort 
to obtain completely homotattic substrates has not yet succeeded in avoiding 
residual inhomogeneities. When graphite has a chemically pure adsorbing sur
face, the inhomogeneity has the form of a symmetrical distribution about a mean 
(13); the mean is representative of the basal plane of the graphite lattice. This 
type of random distribution presumably arises from the factors that disturb the 
geometrical smoothness of the surface. For oxidized graphite, molybdenum disul
fide, and boron nitride the asymmetry of the distribution curve has been traced to 
the simultaneous presence of two chemically different adsorbing surfaces, each pre
sumably with its own random distribution of adsorptive energies. In general, we 
may consider each chemically distinct adsorbing surface that is present in a mass 
of adsorbent to have its individual random distribution of adsorptive energies; this 
applies whether the chemical difference rises from different surface planes of the 

0 5 h 

o . 0 4 h 

PRESSURE (mm) 

Figure 1. Adsorption isotherm of argon on cadmium 
bromide at 77.5° Κ 

Two lower curves are theoretical isotherms for two surface 
constituents 

Sum of two theoretical curves 
Ο Experimental points 
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same crystal, surface contamination, oxide, hydroxide, or other surface compounds, 
or even gross admixture of other chemical substances. 

Cadmium Bromide 

The adsorption isotherm of argon at 77 .5° Κ on cadmium bromide is shown 
in Figure 1. This adsorption isotherm shows characteristics that are indicative of 

03 h 

0. 4 8 12 16 20 24 28 32 36 40 

PRESSURE (mm ) 

Figure 2. Adsorption isotherm of argon on sodium 
bromide at 77.5° Κ 

Two lower curves are theoretical isotherms for two surface 
constituents 

Sum of two theoretical curves 
Ο Experimental points 

both low and high degrees of heterogeneity. The latter is indicated by the con
cave shape of the isotherm with respect to the pressure axis and the former by the 
sigmoidal shape at higher pressures. No one of the model adsorption isotherms, 
such as those shown in Figure 2 of (13), possesses both those features. 

Using the tables of model isotherms (8, 14) and a process of trial and error, 
the experimental isotherm shown in Figure 1 can be described quantitatively by a 
dual distribution of adsorptive energies. We have no information concerning the 
surface electric field of cadmium bromide and therefore used the tables calculated 
for 2 aid/RT β[ά = 6.5, where ai(1//?kl = a/2b, and a and b are the van der Waals 
constants for argon gas. The two model isotherms ultimately obtained are re
ferred to as type 1 and type 2 in Figure 1; their sum provides a satisfactory 
match with the experimental points, which are indicated by circles. The adsorp
tion parameters for each of the two surfaces are reported in Table I; the numerical 
values would be slightly different were the magnitude of the surface field known 
and taken into account. The two surface constituents are: first, a relatively 
heterogeneous surface (γ = 3) with an average adsorptive energy, U' (calculated), 
of 1.76 kcal. per mole, which is present as 59% of the total surface; second, an 
essentially homotattic surface with an adsorptive energy, U' (calculated), of 1.65 
kcal. per mole, present as 41% of the total surface. 

The adsorbent was chosen purposefully as one likely to give a near-homotattic 
surface, because of the hexagonal layer-lattice structure of the crystal; the surface 
constituent of low heterogeneity is therefore identified with the basal plane of 
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cadmium bromide, consisting of close-packed bromine atoms. The cadmium 
bromide was prepared by dehydration of the tetrahydrate and the second surface 
constituent could perhaps be cadmium hydroxide, formed by surface hydrolysis. 
To test this supposition, a sample of finely divided cadmium bromide was prepared 
under anhydrous conditions, by subliming the material in a stream of dry argon 
and collecting the particles on a microporous filter. Care was taken to preserve 
the sample from contact with anything but argon. Detailed information about the 
method of preparation will be published elsewhere. The adsorption isotherm of 
argon at 77 .5° Κ on this substrate then showed only the characteristic—i.e., the 
same value of K'—of the type 2 surface; almost all evidence of type 1 was lacking. 
This result confirms the truth of our analysis of the surface into two distinct dis
tributions, one of which, the more heterogeneous, is probably the result of surface 
hydrolysis. 

Sodium Bromide 

Cube crystals of sodium bromide have the same lattice plane—i.e., 1100| 
—on all faces. Such crystals have often been favorite candidates for the prepara
tion of a completely homotattic adsorbent, and the assumption has always been 
made that the heterogeneity of the resulting surface is negligible. No definite 
criteria have hitherto been available to check this assumption. In Figure 2 we 
report the argon adsorption at 77 .5° Κ on a specimen of sodium bromide, prepared 
according to the directions given by Fisher and McMillan (6). The shape of the 
isotherm is itself sufficient in the light of the present reasoning to indicate a dual 
distribution of adsorptive energies. A quantitative description of the isotherm in 
these terms has been obtained by a process of trial and error using 2aid/RT β[ά = 
6.5, and is shown in Figure 2; the adsorption parameters are reported in Table I. 
The surface has two constituents, one of high and the other of low degree of 
heterogeneity, as was the case with the cadmium bromide described previously. 
Of the total surface, 75% consists of a near-homotattic constituent (γ = 200), 
which presumably derives from the {lOOJ planes of the crystal; this portion 
of the surface has a relatively low average argon adsorptive energy U' (calculated) 
of 1.49 kcal. per mole. The remaining 25% of the surface has a wide distribution 
(γ z= 3) of adsorptive energies, with the average U' (calculated) at 1.59 kcal. per 
mole. Once again, chemisorbed water may well be the source of the second sur
face constituent. 

Table I. Adsorption Parameters of Argon Adsorbed at 77.5° K. 

U' {Calcd.), 

Vfi, Cc./G. y K' Kcal./Mole 

Dual Surface of Cadmium Bromide 
Typel 0.37 3 20.6 1.76 
Type 2 0.26 oo 42.1 1.65 

Dual Surface of Sodium Bromide 
Typel 0.080 3 61.6 1.59 
Type 2 0.24 200 120 1.49 

A verification of the interpretation of the surface of sodium bromide, when 
prepared under usual conditions, as a dual distribution is again provided by a new 
preparation under anhydrous conditions of a sample of the sublimed crystals, 
which when used as an adsorbent shows evidence of type 2 surface only. The 
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adsorption of argon at 77.5° Κ by these crystals is shown in Figure 3. The whole 
isotherm is described by the sames values of K' and γ that are reported in Table I 
for the type 2 surface of sodium bromide. The surface area of the new preparation 
is much greater than that of the sample reported in Table I. 

4 h 

0 4 8 12 16 20 24 28 32 36 40 
PRESSURE (mm) 

Figure 3. Adsorption isotherm of argon on anhydrous 
preparation of sodium bromide at 77.5° Κ 

Theoretical isotherm corresponding exactly to that 
labeled type 2 in Figure 2 
Ο Experimental points 

Other Examples from Previously Reported Data 

The shape of the isotherm in Figure 2 resembles all those reported for the 
alkali halides as adsorbents, as well as other inorganic salts that were prepared in 
attempts to procure near-homotattic substrates. Examples are the sodium chloride 
of Orr (9) and those of Ross and coworkers (11, 12, 15), the potassium chloride 
of Clark (3), the calcium fluorides of Edelhoch and Taylor (5) and Ross and 
Winkler (15), and the sodium bromide of Fisher and McMillan (6). A part of 
the surface (type 2) of each of the adsorbents was sufficiently homotattic to allow 
two-dimensional phase transitions to manifest themselves on lowering the tem
perature of adsorption, as near-discontinuities in the isotherms; if these portions of 
the surface had any other than a very narrow range of adsorptive potentials, the 
phase transitions would occur over too wide a range of pressure to be identified as 
such. On the type 1 part of these surfaces, phase transitions cannot be identified 
because of the great heterogeneity of this part of the substrate. 

Ross and Boyd (11) prepared crystals of sodium chloride in which both the 
{100} and the {111} surfaces were developed; the adsorption isotherm of ethane 
at 90.1° Κ gave evidence of two type 2—i.e., near-homotattic—surfaces, as well as 
showing the initial knee, which is evidence of a type 1 surface. This isotherm is 
shown in Figure 4, which also includes for comparison an ethane isotherm meas
ured at the same temperature for a sodium chloride adsorbent that had only J100 j 
faces developed; the pressure characteristic of the phase transition of ethane on 
the homotattic {100} surface of sodium chloride at 90.1° Κ shows on both iso
therms as the location of a discontinuity at ρ = 4.5 X 10s mm.; the homotattic 
{ill} portion of the surface is responsible for the convex shape (with respect to 
the pressure axis) of the isotherm beyond the "knee," though the rise is not suffi-
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ciently pronounced to be described as another discontinuity. The evidence is 
almost enough to determine relative magnitudes of the surface fields and the 
adsorptive potentials of the {HI} and (100} crystal faces. The absence of a 
phase change on the {HI] faces is probably genuine; though enough hetero
geneity in the characteristic distribution associated with those faces could, even if a 
phase change were to occur, dissolve the evidence. Supposing the two crystal 
faces to have been equally well developed, however, as indeed was indicated by 
the appearance of the crystals in the microscope, the two-dimensional phase change 
of ethane on the {100} and its absence on the {1H| faces show that the former 
substrate has the weaker surface field. Furthermore, the relative pressures at 
which the two crystal faces make themselves manifest in the adsorption isotherm— 
i.e., lower pressure for { ] than for J100l-are evidence of a smaller adsorptive 
potential for the {100} faces. 

PRESSURE (microns) 

Figure 4. Adsorption isotherm of ethane on sodium chlo
ride at 90.Γ Κ 

A. Adsorbent as prepared displayed both [100 ) and [111] 
faces. Data of Ross and Boyd (11) 
B. Adsorbent as prepared displayed only {100} faces. Data of 
Ross and Winkler (15) 

Surface Electric Field 

The surface field of a near-homotattic surface can be estimated from the 
observed value of the two-dimensional critical temperature aTc. According to de 
Boer (4), 

where a and aTe refer to the observed two-dimensional van der Waals interaction 
constant and the observed two-dimensional critical temperature, respectively; the 
same symbols with the superscript id refer to the ideal values of these quantities; 
and 

λ = a — aid = (2) 
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where μ is the dipole induced on the adsorbate by the electric field, F, of the sub
strate, and d is the diameter of the adsorbed molecule. The induced dipole is 
related to the surface field by 

In spite of the presence of the type 1 part of the surface, one can frequently esti
mate the two-dimensional critical temperature of the phase transition, provided 
that the type 2 part of the surface is uniform enough to make the transition 
manifest. Thus we can use this procedure, for example, with the supra- and sub-
critical isotherms of methane, ethane, and xenon adsorbed by the {100^ face of 
sodium chloride, published by Ross and Clark (12). Using estimates of aTc from 
these data in Equation 4 yields a value for the surface field of F = 1.5 ± 0.5 Χ 105 

e.s.u. per sq. cm.; the poor precision of the result is due to the difficulty of inter
polating the temperature of the critical isotherm by eye. The surface field of the 
1100 j face of sodium bromide can be estimated in a similar way, using the data 
of Fisher and McMillan (6) for the adsorption of methane and krypton. The re
sult for the surface field is again between 1 and 2 X 105 e.s.u. per sq. cm. 

A better estimate of the surface field of the { 100} face of sodium bromide 
can be made from the argon isotherm reported in Figure 2 by assuming that 
the type 2 part of the surface is actually much closer to homotattic than would 
be indicated by a γ value of 200; since this value had been assigned on the basis 
of no surface field, the assumption that it is actually higher is well justified. If 
we now put γ > 1000 for the type 2 surface, we find on refitting it to the model 
isotherms that 2a/RTβ = 5.7, rather than the previously assumed ideal ratio of 
6.5. Assuming β — βίά for argon, we calculate the induced dipole to be 0.24 debye 
and the surface field to be 1.4 X 105 e.s.u. per sq. cm. The same result is derived 
from the argon adsorption isotherm for the sodium bromide prepared under anhy
drous conditions (Figure 3). 

For potassium chloride, Clark (3) observed phase transitions to take place 
at temperatures lower than on a sodium chloride substrate. We deduce that the 
surface field of potassium chloride is greater than that of sodium chloride or sodium 
bromide. 

The configuration of ionic surfaces at which both positive and negative ions 
are present does not lead to the concept of a uniform surface field expressable by a 
single number, but rather to a field fluctuating from point to point along the sur
face. This varying field induces varying dipoles in the adsorbed molecules and 
the average component of these dipoles normal to the surface is the quantity that 
we calculate from the observed lowering of aia or a T c

i d . When we use Equation 4 
for such a surface, we are calculating the equivalent uniform surface field that, if it 
were actually present, would cause the observed effects. 
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μ = Ft (3) 

where ξ is the polarizability of the adsorbate. 
Hence 

( 4 ) 
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The Effect of Lateral Interaction on 
Monolayer Adsorption 
J. G. ASTON, E. S. J. TOMEZSKO, and HAKZE CHON 

Cryogenic Laboratory, College of Chemistry and Physics, 
The Pennsylvania State University, State College, Pa. 

On a smooth surface rare gas molecules interact 
laterally according to a two-dimensional van der 
Waals equation. This equation can be used to cal
culate the lateral interaction energy on the smooth 
part of a heterogeneous surface. When the 
lateral interaction energy is thus taken into ac
count, a reasonable model of a heterogeneous 
surface can be used to calculate an adsorption iso
therm in good agreement with experiment. Par
tial molal enthalpies (differential heats) of adsorp
tion can be calculated on the same basis. For the 
first time reasonable agreement with experiment 
is obtained. 

(jome time ago it was demonstrated conclusively that high heats of adsorption 
were due to many-sided sites on the surface of the absorbant (5). Previously 

attempts to predict differential heats of adsorption and the detailed nature of the 
isotherm up to a monolayer had had only indifferent success (2). It was, however, 
suggested that the real difficulty lay in the inability to treat lateral interaction on a 
heterogeneous surface (2). 

Recently a surprisingly simple method for doing this has become available. 
As a result, the situation with regard to predicting differential heats of adsorption 
and isotherms up to a monolayer on the basis of a simple model is now more en
couraging. This paper demonstrates to a first approximation what the nature of 
the lateral interaction energy is, and how to allow for this with a reasonable degree 
of accuracy. 

Lateral Interaction on a Smooth Surface 

It can be demonstrated that the molal integral lateral interaction energy on 
a completely smooth surface is given by the equation 

(1) 

where a and b are the van der Waals constants, θ is the coverage, and EA is the 
molal interaction energy ( 1 ). Figure 1 shows graphs of the differential heats of 
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adsorption of neon, argon, and krypton which have been analyzed previously (I) 
on graphitized carbon plotted against the coverage. Figure 2 is a graph of the 
heats of adsorption of argon on a single crystal of zinc (3) plotted against 
coverage. 

COVERAGE 

Figure 1. Heats of adsorption of neon, argon, 
and krypton on graphitized. carbon black 

The graphs for the three rare gases on graphitized carbon clearly show the 
effect of a small amount of heterogeneity at low coverages in increasing the dif
ferential heats of adsorption. The graph for argon on zinc shows less of this effect, 
probably since the work was done on a single crystal. An inspection of the graph 
on zinc indicates that the tangent drawn at the point of inflection has a slope which 
corresponds to the formula 

Ε = 1100 θ (2) 
for the differential heat of lateral interaction. The value of a/b for argon is 
1020 cal. mole - 1 cm~2. The deviation of this graph from a straight line at low 
coverages is due either to a failure of the formula at low surface concentrations 
or to some surface effects of the single crystal. Rhodin estimates that about 10% 
of the surface is rough. In view of this it seems natural to draw similar tangents 
on graphs of the differential heats of adsorption vs. coverage for the rare gases on 
graphite at the point where the curves have the maximum slope. These tangents 
are drawn in Figure 1. When this is done, the slopes are very closely equal to 
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Figure 2. Heats of adsorption of 
argon on single crystals of zinc 

the value of the ratio a/b for all three rare gases, as can be seen from Table I. 
In all four graphs the differential heats of adsorption fall sharply at the monolayer. 
Part of this sharp fall is due to a compressive effect of the molecules in the second 
layer which tend to reduce the lateral interaction. The evidence just given that 
the energy of lateral interaction on a smooth surface is given by Equation 1 is 
sufficiently strong to justify the application of this formula to the smooth parts of 
a heterogeneous surface. The effect of the sites other than on the flat surface is 
obviously to isolate the molecules and prevent lateral interaction. Thus it is hard 
to imagine a molecule on a three-sided site having much opportunity to interact 
with other absorbed molecules. Thus allowance for the effect of lateral inter
action was made in the fraction of molecules located on the one- and two-sided 
sites. This device has been used in what follows. There is no physical significance 
whatever to such a procedure and it might be better to neglect entirely the lateral 
interaction for all molecules not on the flat surface. 

Table I. Measured and Theoretical Energy of Lateral Interaction 

Ει/θ, a/b, 
Max., Cal. IMole Cal. I Mole 

Helium 105» 35 
Neon 360 300 
Argon 1160 1005 
Krypton 1400 1410 

a From data of ( 7). 

Heterogeneous Surfaces 

In Figure 3 is presented a graph of the differential heat of adsorption of helium 
vs. coverage on a titanium dioxide surface which has been covered with various 
amounts of argon (5). It is evident that at 6/10 of a monolayer of argon the 
differential heat of adsorption of helium on the surface is essentially constant over 
the surface. This is because the lateral interaction energy of helium is small, as 
can be seen from the value of a/b. There is very little doubt on the basis of the 
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data in this figure that the high heats of adsorption at low coverages are due to 
many-sided sites. The heat of adsorption of helium on titanium dioxide where no 
argon has been added is also shown in Figure 3. This graph is a clear indication of 
the heterogeneity of the bare surface. An attempt has been made to calculate the 
adsorption isotherm and the curve for differential heat of adsorption against cover
age for neon on the surface of the same sample of titanium dioxide (rutile). 

The model adopted was essentially that used previously for adsorption on a 
heterogeneous surface (2 ) , modified by the addition to the energy of the one-
and two-sided sites of a term dependent on the coverage of the site which would 
allow for the lateral interaction energy. 

O BARE T i 0 2 

3 T i 0 2 + 0.36 LAYER OF ARGON 

• T i 0 2 + 0 .60 LAYER OF ARGON 

C T i 0 2 + 1 . 0 5 LAYER OF ARGON 

COVERAGE 

Figure 3. Helium heats of ad
sorption on titanium dioxide 
covered with various amounts of 

argon 

The equations used for calculating the isotherms and the differential heats of 
adsorption were those used previously ( 2 ) . Only four types of sites were used 
with energies e i , e 2 , e 3 , and e 4 , respectively, because of interaction with the ad
sorbent alone such that 

e4 = 4ei, €3 = 3ei, e> = 2ei, ei = 300 cal. per mole (3) 

These sites correspond roughly to the flat surface and two-, three-, and four-sided 
sites, respectively. Molecules adsorbed on the flat surfaces and two-sided sites are 
assumed to have energy due to mutual lateral interaction, in addition to ei and €2> 
respectively, given on a molal basis by Equation 1 . The value of θ used is the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
4

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



ASTON FT AL. Lateral Interaction in Monolayer Adsorption 329 

fraction of the surface covered by the flat surface and the two-sided sites together. 
On the three- and four-sided sites lateral interaction was neglected. Thus, on a 
molal basis the energies of adsorption per molecule for one- and two-sided sites, 
are, respectively, — ( c i + aQjlb ) and — ( e2 + aOjZb ) while for three- and four-
sided sites they were simply — c 3 and — e 4 , respectively. This choice assumes that 
the two-sided sites surround flat areas, making a single area in which all molecules 
interact equivalently. 

The equations of Aston, Tykodi, and Steele thus become 

= FiOi = Σ F I ' X + P~V(T) exp - (€.· + gieia/2b)/RT (4) 

i = 1 
i = 4 

Q = Σ i Z < e ^ i + SiOi<*/U + RT) (5) 

àNQ ~ . M àQ ( ( χ 

where Ν is the total number of moles adsorbed on the surface and Q is the total 
heat content (relative to the vapor phase) of that quantity of surface which con
tains one mole. The other quantities used in the equations are g1 — 1, g 2 = 1, 
g 3 = 0, and g 4 = 0, f(T) - (ΖτττηΜ)*/2 kT/h*, Z i = number of sites of the ith 
kind, and Ζ = total number of sites, θ ι is the fraction of the part of the total sites 
assigned to ei and e 2 . 

For multilayer adsorption these equations become 

Q = Σ CiXFi/{\ + aX - X){\ - X) = Σ F M (7) 

i = l i=l 
i = 4 

Q = -N-^NQAHQ - Σ iZidiiei + giQia/lb + RT)] (8) 
i = 1 

EXPERIMENTAL ISOTHERM 

ISOTHERM CALCULATED FROM SITE 

DISTRIBUTION 

ISOTHERM CALCULATED BY ADDING 

LATERAL INTERACTION ENERGY, θ{ 

2 ο 
TO THE ENERGIES OF ONE AND TWO 

SIDED SITES 

PRESSURE (mm.Hg) 

Figure 4. Isotherm for neon on titanium dioxide at 30° Κ 
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where c{ = exp e0 — (e, -f & a/2b), AH0 is the molar heat of liquefaction of the 
bulk liquid, N0 is the number of molecules with energy — e0, X is the relative pres
sure p/p0, and Ni is the number of molecules with energy — e£. The isoteric heat 
is given by Equation 6. 

A site distribution assuming no lateral interaction was determined using 
Steele's method (4) for neon on titanium dioxide. The site energies and distri
bution are given in Table II (columns 3 and 5). With this site distribution, 
Equations 2.3 and 3.6 of Aston, Tykodi, and Steele (2) were used to calculate 
the isotherm and differential heats of adsorption for neon on titanium dioxide 
which already has been treated by Aston, Tykodi, and Steele. Table II (columns 
2 and 4) also gives the site distribution of Aston, Tykodi, and Steele. In Figure 4, 

O EXPERIMENTAL HEATS OF ADSORPTION 3 0 ΰ Κ 

HEATS OF ADSORPTION CALCULATED FROM 

SITE DISTRIBUTION 

ο 

1000 

Ο *900 

~ 800 

600 

500 h 

4001 

HEATS OFADSOPT ION C A L C U L A T E D BY ADDING 

L A T E R A L INTERACTION ENERGY , £rθ , TO 

ENERGY OF ONE AND TWO SIDED S ITES 

C O V E R A G E 
1.0 

Figure 5. Heat of adsorption for neon on titanium dioxide at 30° Κ 

the isotherm, curve C, was calculated on the basis of the derived site distribution 
of Table II (column 5) and the energies in Table II (column 3) assuming no 
lateral interaction energy contribution. The experimental points are circles. In 
Figure 5, the differential heats of adsorption calculated on the same basis are 
given as curve c, while the circles represent the experimental values. 

Site 

Table II. 

Index, 
i 
1 
2 
3 
4 
5 

Site Energies and Site Distribution on Titanium Dioxide 

Site Energy, Cal./Mole Site Distribution, Ζ ι 
A.T.andS. A.T.andC. 

600 
1200 
1800 
2400 
3000 

550 
720 
900 

1200 

A.T. and S. 
Exp(-9/4) 

4 exp(-18/4) 
6 exp(-27/4) 
4 exp(-36/4) 

exp(-45/4) 

[A.T. and C , cc./g. 
6.15 

22.47 
0.52 
0.04 
0.00 

VM = 29.18 cc./g. 
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Since the site distribution given in columns 3 and 5 of Table II was that 
deduced to give the best "statistical" fit with the isotherm and the partial molal 
enthalpies of adsorption, it gives the best curves which can be obtained without 
varying one or both of these. Such a variation could reasonably be obtained only 
by lateral interaction. It seems simplest and perhaps most reasonable to consider 
that the site energy alone varies. It is also reasonable for reasons already given 
to consider that the sites on the homogeneous part of the surface vary in energy 
as the fraction of their own coverage, as for a completely homogeneous surface, 
while the sites on the heterogeneous part of the surface have an energy independent 
of coverage except in the case of the two-sided sites. The latter were considered 
part of the smooth surface in computing the value of θ governing the lateral inter
action. 

In Figure 4, curve Β represents the isotherm calculated from Equation 7, using 
the site distribution in Table III, which makes proper allowance for the variation 
of the lateral interaction energy as a function of coverage. In Figure 5, Β repre
sents the differential heats of adsorption calculated from Equations 6 and 8, allow
ing for the lateral interaction energy as a function of coverage. In obtaining curve 
Β of both figures the calculation was made by successive approximations. 

Table III. Site Distribution on Titanium Dioxide (Rutile) 

Site Energy, Site Distribution, 
Site Index Cal./Mole Cc./G. 

1 3ΟΟ+Α0,· /2δ 6.15 
2 6OO+a0i/2b 22.47 
3 900 0.52 
4 1200 0.04 

It is evident from Figures 4 and 5 that consideration of lateral interaction 
energy is necessary to obtain satisfactory isotherms and differential heats of adsorp
tion at high coverages. 

In keeping with curve Β for the differential heats of adsorption, curve Β in 
Figure 4 is in at least as good agreement with the experimental isotherm at cover
ages above 0.6 β as curve C. Β in Figure 5 for the differential heats of adsorption 
has derivatives very like the experimental values above 0.6 Θ, while C is quite 
different. A peak in the calculated values of the differential heats of adsorption is 
evident in curve Β of Figure 5 at about 0.66 Θ. Such a maximum does not occur 
in the experimental data. Evidently the two-sided sites take a part in lateral inter
action more complicated than postulated and there are energy sites intermediate 
between the types imagined here. Many alternative situations for lateral inter
action have been examined. All of them are characterized by a maximum 
somewhere. 
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Density Studies in Clay-Liquid Systems 

I. The Density of Water Adsorbed by Expanding Clays 

C. T. DEEDS and H. VAN OLPHEN 

Shell Development Co., 
Houston 1, Tex. 

Apparent pycnometric densities of expanding 
clays in water and in various organic liquids are 
compared with crystallographic densities. Dif
ferences between the various density values are 
obtained. These differences are interpreted in 
terms of both abnormal fluid densities in the 
neighborhood of the clay surfaces and void 
spaces within particle aggregates which are 
inaccessible to certain liquids. We concluded that 
aggregate void space occurs when the clays are 
immersed in fluids which do not penetrate be
tween the unit layers; the density of the first two 
monolayers of water or of polar organic fluids 
which are adsorbed between the unit layers is 
slightly below normal in most expanding clays; 
and the density of water adsorbed beyond the 
first two monolayers of water is normal within the 
experimental error. 

The properties of a liquid are likely to be modified in the neighborhood of a solid 
surface, partly because of the molecular geometry of the boundary, and partly 

because of the effect of adsorption forces on the molecules of the liquid. How far 
from the surface the adsorption forces significantly affect the properties of the 
liquid is still a matter of controversy. A case in point is the density of water 
adsorbed by clays. Although water vapor adsorption isotherms indicate that the 
adsorption energy of successive adsorbed monolayers' decays rapidly over a dis
tance of about 10 Α., corresponding with the thickness of four monolayers of water, 
density anomalies in the water phase at distances of at least 60 A. are suggested 
by the results of the very carefully conducted experiments by Anderson and 
Low ( 1 ). These authors compare the volume increments of water squeezed out of 
a clay paste with the corresponding volume increments of mercury pressed into 
the paste. In a typical experiment, they find that the water density gradually 
decreases from the normal value to a value which is about 3% below normal at 
water contents of the pastes ranging from 5 to 1 gram per gram of clay. This 

332 
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DEEDS AND VAN OLPHEN Density of Water Adsorbed by Clays 333 

range corresponds with a minimum distance range of about 60 to 10 A. from the 
clay surface. 

Pycnometric data reported in the literature give undifferentiated values for 
the average density of the water phase in clay-water systems (2, 3, 4, 6, 7, 8). 
Deviations of the water density from normality are generally reported, but in spite 
of the simplicity of the experiments, there is little agreement about the magnitude 
or even the sign of the deviations. The reason for the scatter of the results is that 
in some of the work, certain precautions were not taken which are important when 
working with clay systems. We have repeated some of the pycnometer work, and 
have extended our investigations to systems with a known amount of preadsorbed 
water and to different displacement fluids. 

Experimental Procedure 

Vacuum-jacketed pycnometers with capillary stoppers and ground-glass caps 
were used. They were calibrated with water. All weighings were reduced to 
vacuum. The measurements were carried out at 26 .00° ± 0.01 °C. 

The organic fluids were Baker Analyzed or Spectro grade samples. They 
were thoroughly dried with Linde 4A Molecular Sieve. Water was triple-distilled 
and was used freshly boiled. 

The clays were occasionally used in their native form, but they were usually 
converted to a certain ion form by resin exchange and washed and centrifuged to 
remove coarse nonclay matter or to separate a particle size fraction. The clays 
were used in powder form, as flakes, or as a freeze-dried voluminous powder. 
They were dried to a constant weight at 105°C. at 0.1-mm. pressure and trans
ferred to the pycnometers in a dry box. The dry condition of the clay was checked 
by measurement of the basal spacing by x-ray diffraction. 

The expanding clays admit water and certain organic compounds with polar 
groups between the unit layers of 10-A. thickness; therefore, a large contact area 
between the liquid and a crystallographically flat surface is created. Since the 
contact area is of the order of 800 sq. meters per gram, relatively large bulk 
effects can be expected if density anomalies near the surface occur. Unfortu
nately, however, the workable clay concentration is limited to a few per cent, 
since gelation prohibits adequate vacuum deaeration at higher concentrations. In 
hydrocarbon liquids, in which the clays do not show interlayer swelling, the con
tact area is considerably smaller, but larger clay concentrations can be tolerated. 

Results and Discussion 

The results of the pycnometric determinations are presented in terms of 
"apparent densities" of the clays in the various displacement fluids. The apparent 
density of a clay is that density calculated from the data by the assumption that 
the density of the displacement fluid is normal throughout the liquid phase. When 
dissimilarities are observed for the apparent densities using different displacement 
fluids and the apparent densities deviate from the actual density, the possibility 
of density abnormalities of the liquid in the proximity of the clay surface should 
be considered. Moreover, consideration must also be given to another possible 
cause of certain deviations—i.e., the existence of a void space within the clay system 
which is inaccessible to the liquid. 

Clays in Hydrocarbon Liquids ("Nonpenetrating Liquids"). When the dry 
clays are immersed in dry hydrocarbon liquids, the basal spacing of the clay is 
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unchanged; therefore, these liquids do not penetrate between the unit layers of 
the clay. 

The apparent density of both native and sodium Wyoming bentonite in a 
number of nonpenetrating liquids is 2.694 grams* per cc. (11 determinations, stand
ard deviation 0.006 gram per cc.). 

The actual density of the clays in these systems can be evaluated from the 
unit cell dimensions determined by x-ray diffraction, and the unit cell weight can 
be computed from chemical analysis data with the application of the Ross-
Hendricks method of calculation. The crystallographic density of the sodium 
Wyoming bentonite was 2.804 grams per cc, and this value is estimated to be 
accurate within ± 0.012 gram per cc. Therefore, the apparent density of the 
clay in hydrocarbon liquids is appreciably smaller than the actual crystallographic 
density of the clay. Since both the contact area and the adsorption forces be
tween clay and hydrocarbon liquids are relatively small, we propose that the 
discrepancy between apparent and crystallographic density is entirely due to the 
presence cf void space within the clay phase which is inaccessible for hydro
carbons. The magnitude of this assumed void space is found from the difference 
between the apparent and the crystallographic specific volumes. Taking the 
specific data for the sodium clay, we find that the inaccessible void space amounts 
to 0.3720 - 0.3566 = 0.0154 cc./g. ( ± 0 . 0 0 1 5 cc./g.), or 4.1% of the specific 
volume. We further propose that this void space occurs within the clay aggre
gates between partially overlapping unit layers, as sketched in Figure l,a (left). 
Such a void space is accessible only via the channels between touching unit layers, 
and since hydrocarbon liquids are unable to penetrate between the unit layers, 
they would indeed be unable to pass through these channels. 

Clays in Water (Penetrating Liquid). The apparent densities of the ex
panding clays in water are higher than those of the same clays in hydrocarbon 
liquids. For example, the apparent density of sodium Wyoming bentonite in 
water is 2.793 grams per cc. (four determinations, standard deviation 0.008 
gram per cc.). 

We have also determined the apparent density of a sodium Wyoming bento
nite clay with a small amount of preadsorbed water (approximately 300 mg. per 
gram of clay), using n-decane as the pycnometer fluid. Assuming normal densi
ties for both n-decane and the preadsorbed water, we found that the apparent 
density of the clay in this experiment is identical with the apparent density of the 
clay when completely immersed in water (2.786 grams per cc) . This particular 
experiment will be discussed in more detail later. 

Within the experimental error, these values are identical with the crystallo
graphic density of the dry clay. 

It is tempting to interpret these results simply as follows: The void space 
within aggregates which is inaccessible to hydrocarbons is accessible to water, 
and the density of the water phase is normal throughout the system within the 
experimental error. 

However, in order to show precisely which assumptions are made in arriv
ing at any conclusions regarding the density of water in the system, we must give 
the results a somewhat more sophisticated analysis. 

When comparing the density data obtained in hydrocarbons with those 
obtained in water, we can formally attribute the difference between the corre
sponding specific volumes to an "apparent" void space inaccessible to hydro
carbons but accessible to water and, at the same time, define that this space is 
completely filled if the water is assigned a normal density. This apparent void 
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(a) A p p a r e n t b e h a v i o r of unit l a y e r a g g r e g a t e s . 

D i s t r i b u t i o n of a h y d r o c a r b o n 
f l u i d . A g g r e g a t e vo id space 
is empty ( " i n a c c e s s i b l e v o i d s " ) . 

Apparent d i s t r i b u t i o n of w a t e r 
of norma l d e n s i t y . V o i d s p a c e 
is f i l l e d ( " s e l e c t i v e l y a c c e s -
s i b l e v o i d s p a c e " ) . 

(b ) A p p a r e n t behavjor of water in i n t e r l a y e r s p a c e . 

Dry c l a y i m m e r s e d in a H y d r a t e d c l a y , 

h y d r o c a r b o n f l u i d . 

B E N T O N I T E V A C A N T I N T E R L A Y E R S P A C E 

V A C A N T I N T E R L A Y E R S P A C E 

un i t l a ye r 

Figure 1. Schematic representation of apparent hydration of expanding 
lattice clays 

space, which will be called the "selectively accessible void space," appears to be 
identical with the previously defined inaccessible void space. Therefore, we shall 
assume that both relate to the same real void space within aggregates. It is indeed 
likely that this void space which is created between partially overlapping unit 
layers would be accessible via the interlayer channels for penetrating liquids such 
as water (Figure l,a, right). Furthermore, we assume that there is no other 
aggregate void space which is inaccessible for water. This assumption is reason
able, since such a void space must be accessible for hydrocarbon fluids. 

When these assumptions are accepted, we see that the identity of the apparent 
density of the clay in water and the crystallographic density of the dry clay means 
that the system behaves as if the dry clay expands in water by admitting a sheet 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
5

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



336 ADVANCES IN CHEMISTRY SERIES 

of water of normal density between the unit layers. However, this observation 
does not imply that the actual density of the water adsorbed between the unit 
layers is normal, for the following reasons. 

Contrary to the situation in the hydrocarbon systems, the crystallographic 
density of the dry clay is not necessarily the true reference value for the hydrous 
systems in which the clay occurs in the expanded condition. The c spacing of the 
dry clay as it exists in the hydrocarbon system is 9.6 A. Since the thickness of the 
unit layers proper in van der Waals contact is smaller than 9.6 Α., the unit layers 
in the bentonite clay are not in contact (see Figure l,b). If the c spacing of the 
uncharged prototype mineral pyrophyllite (9.14 A.) is arbitrarily taken as the van 
der Waals thickness of the unit layers in the clay, the unit layers in the clay will be 
0.46 A. apart. The vacant space between the unit layers in the dry clay is 
occupied only by the sodium exchange ions. Since these ions are accounted for 
in the computation of the crystallographic density of the dry clay as it exists in the 
hydrocarbon systems, a true reference value could be established for these systems. 
In the expanded hydrous system, on the other hand, water molecules may occupy 
this originally vacant space in the domain of the oxygen surfaces of the unit layers, 
which also includes holes within hexagonal rings of oxygen atoms into which the 
water molecules may sink to some extent. At the same time, the sodium ions 
which were originally embedded in these holes may diffuse into the water phase. 
Without knowing exactly how the layers of adsorbed water are embedded in the 
unit layer surfaces, or where the cations are located in the hydrated clay, we cannot 
establish an exact crystallographic reference value for the hydrous systems. 

For these reasons, we stated that the bulk density measurements only indi
cate that the clay behaves as if a sheet of water of normal density is admitted be
tween the unit layers (see Figure l,fo). In reality, however, the interlayer water 
may expand in such a fashion that the originally vacant space becomes occupied. 
Since the bulk density measurements would not be affected by the expansion, no 
information on this matter can be obtained from such measurements. However, if 
the expansion occurs, we can make a rough estimate of the average density of the 
interlayer water, in so far as we can speak about the bulk property of density on 
the molecular scale of the interlayer space. In the experiment in which the 
apparent density of the clay with 300 mg. of preadsorbed water per gram of clay 
was determined in n-decane, the c spacing of the clay was 15.4 A. If the water 
between the unit layers should expand to touch the unit layers, its volume would 
be increased roughly in the ratio of (15.4 — 9.6) to (15.4 —9.14), and the 
"density" of the interlayer water would be 7.3% below normal. Possibly, a better 
value for the van der Waals thickness of the unit layers in the clay is 9.3 Α., which 
we derived by adding twice the radius of an oxygen atom (2 X 1.35 A.) to the 
0 — 0 center distance in the unit layers (6.6 Α . ) . Taking this value and applying 
the same reasoning, we find that the "density" of the interlayer water would be 
5% lower than normal if it expands to touch the unit layers. In these estimates, 
the effects of a partial sinking of the water molecules into the hexagonal holes, as 
well as of a diffusion of the cations into the water phase, are neglected, but these 
corrections would be comparatively small, and they would, moreover, partially 
cancel. 

The above interpretation is probably valid for most expanding montmoril-
lonite clays, of which only sodium hectorite was studied in addition to sodium 
Wyoming bentonite. An exceptional behavior is shown by sodium vermiculite 
clay, an expanding clay differing essentially from the other expanding clays in the 
charge density, which is about twice as high. 
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Unlike the situation in the bentonite and hectorite clays, the apparent density 
of the sodium vermiculite clay in water is appreciably higher than the crystallo
graphic density of the clay. The apparent density in water is 3.045 grams per cc. 
(three determinations, standard deviation 0.012 gram per cc) . The crystallo
graphic density is 2.827 grams per cc. for the dry clay which has a c spacing of 
9.82 A. Only if a c spacing value of 9.12 A. is used in computing the crystallo
graphic density is there an equality of the crystallographic density and the appar
ent density of the clay in water; therefore, the system behaves as if water of 
normal density touches the oxygen surface of the unit layers (see Figure l,fo). 
However, the uncharged prototype mineral for this clay is talc, which has a basal 
spacing of 9.26 A. If we take this spacing as the van der Waals thickness of the 
unit layers in the vermiculite clay, we find that the interlayer water would actually 
be somewhat compressed. Since the c spacing of the hydrated clay is 14.82 Α., the 
interlayer water would be compressed in the ratio (14.82 — 9.12) to (14.82 — 
9.26), and the "density" of the interlayer water would be 2.5% above normal, when 
the corrections for sinking in the holes and redistribution of sodium ions are 
neglected. 

The difference between the density behavior of vermiculite and other ex
panding clays is paralleled by the difference in swelling behavior. In bentonite, 
the two-layer hydrate has a c spacing of 15.4 Α., which is 5.8 A. or the thickness 
of two monolayers of water more than the c spacing of the dry clay. The sub
traction of the same thickness from the 14.82-A. spacing of the hydrated vermicu
lite gives a reference spacing of 9.02 Α., which is in reasonable agreement with the 
conclusions drawn from the density determinations. 

The compression of the interlayer water between the unit layers of the 
vermiculite clay is probably a consequence of the large attractive force between 
the negatively charged unit layers and a densely populated layer of sodium ions 
midway between the unit layers. This large attractive force also keeps the unit 
layers from swelling beyond a two-layer complex. 

In conclusion, definite information on the density of adsorbed interlayer water 
cannot be derived from the bulk density measurements. However, such measure
ments supplement adsorption isotherm data, and both will be helpful in the inter
pretation of x-ray structure analysis of the configuration of water molecules and 
exchange cations in the interlayer space. 

DRYNESS OF C L A Y . The question of the complete dryness of the clay after 
heating at 105° C. in vacuum remains an uncertain element. When the clays are 
fired at about 900° C , dehydroxylation takes place. The weight loss due to de-
hydroxylation can be computed from the chemical formula of the clay. Generally, 
the actual weight loss, with reference to the weight of the clay dried at 105° C , 
is approximately 2% higher than the theoretical weight loss. Therefore, there may 
be some strongly adsorbed water in the clay dried at 105° C. that is lost in the 
same temperature range in which dehydroxylation occurs. Such strongly ad
sorbed water may be retained in the holes in the unit layer surface; alternatively, 
the excess weight loss may be due to strongly held oxygen atoms in these holes. 
Another interpretation, proposed by McConnell (5), is the assumption that part of 
the silicon-oxygen tetrahedrons in the clay are replaced by ( O H ) 4 tetrahedrons to 
such an extent that the excess weight loss corresponds with the dehydroxylation in 
the tetrahedral part of the unit layers. 

A re-evaluation of the analysis of the density data on the basis of either model 
does not significantly change the estimates for the interlayer water density. 

Clays in Polar Organic Liquids (Penetrating Liquids). In general, the ap
parent densities of clays in organic penetrating liquids are the same as those ob-
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tained in water. For example, the apparent density of sodium Wyoming bento
nite in ethylene glycol is 2.818 grams per cc. as compared with 2.793 ± 0.008 
grams per cc. in water; the apparent density of native Wyoming bentonite in 
dioxane is 2.843 grams per cc. and in water is 2.835 grams per cc. Therefore, 
the same packing considerations apply for these liquids as for water. In some 
systems, however, the apparent density of the clay in the organic liquids is ap
preciably higher than in water; this indicates that the particular organic is more 
closely packed in the interlayer space. An example is the pyridine-bentonite sys
tem, which will be discussed in another paper. Sometimes, abnormal values can 
be attributed to chemical changes in the organic liquid which may occur when 
it is contacted by a clay. For example, the erratic apparent density values' ob
tained for Wyoming bentonite in acetone, which drifted as a function of time, 
were determined to be due to the partial conversion of acetone by the dry clay 
to diacetone alcohol. 

Density of Water at Larger Distances from the Clay Surface. Since the 
previously quoted work by Anderson and Low ( 1 ) covers density anomalies in 
the water phase at larger distances from the clay surface, we attempted to check 
their results pycnometrically by comparing systems of clays' with preadsorbed 
water, using n-decane as the displacement fluid and systems of totally immersed 
clays. As previously mentioned, the apparent densities of the clays in both systems 
were identical. This result seems to contradict the data of Anderson and Low. 
If their data were applicable, the apparent density of the clay immersed in water 
would have been about 20% lower than that of the clay with preadsorbed water 
immersed in n-decane. According to the limits of accuracy of the pycnometer 
experiments, and with the assumption that no density anomalies occur at the 
n-decane-water interface, the average density of the water in the range of water-
clay ratios in which density anomalies were observed by Anderson and Low would 
not deviate more than 0.02 to 0.03% from the normal value, instead of the approxi
mate 1.5% low average value derived by them. 

E X P E R I M E N T A L D E T A I L S . A fair comparison between the apparent densities 
of clays immersed in water and of clays with a certain number of preadsorbed 
monolayers immersed in n-decane requires that each preadsorbed monolayer of 
water between the unit layers is completed, so that no vacant space within a mono
layer exists. The clay should be in the same state of hydration in the entire system. 
The selectively accessible void space should be completely filled, as well as 
capillaries in the clay aggregates. The homogeneous distribution of the adsorp
tion water was achieved by slowly equilibrating thin flakes of clay with almost 
saturated water vapor. After about one month of equilibration, the uniform state 
of hydration of the clay was shown by the sharpness and order of the x-ray diffrac
tion pattern. The completion of the monolayers was judged from the amount 
of water taken up by the clay, with the knowledge that about 100 mg. of water is 
needed per gram of clay for the formation of a monolayer. 

A very suitable system for this type of experiment is the sodium vermiculite-
water system, in which the clay is hydrated with two monolayers of water. Since 
the clay does not hydrate beyond this stage, there is no danger of creating an in
completely filled third monolayer between the unit layers. The water uptake 
was 270 mg. per gram, which leaves an excess of about 70 mg. of water per gram 
to fill the void space of about 0.013 cc. per gram and to fill the capillaries by 
capillary condensation. The apparent density of the clay in this condition in n-
decane was 3.049 grams per cc, which is identical with the apparent density of the 
clay immersed in water (3.045 ± 0.012 grams per cc.). 

Two additional experiments were carried out with very thin flakes of sodium 
Wyoming bentonite. According to x-ray analysis, two-layer complexes were 
formed, and the water uptake was 275 and 304 mg. per gram, respectively, and 
the apparent densities were 2.768 and 2.786, respectively. The higher value 
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is identical with the apparent density of the clay in water (2.793 ± 0.008 grams 
per cc. ) within the experimental error. The other value is somewhat low; this can 
be attributed to an insufficient excess of water to fill the capillaries completely. 

In their analysis, Anderson and Low assume that the clay dissociates fully 
into single unit layers which are at the same distance throughout the system. On 
this basis, the distance of a certain increment of volume of water from the clay 
surface is derived from the water contents. Although this assumption may be 
correct for sodium Wyoming bentonite, a complete dissociation of unit layers is 
not expected to occur in potassium Wyoming bentonite, for which analogous re
sults were obtained. Against the conclusions of our work on sodium Wyoming 
bentonite, the objection might be raised that the system of the clay with the 
preadsorbed water in which the unit layers are two monolayers apart is not 
directly comparable with that in which the clay is immersed in water, if, in the 
latter system, the unit layers are much farther apart. Since this objection would 
not apply to the sodium vermiculite system, it would be interesting to study this 
system with the technique of Anderson and Low. 

A possible flaw in the method used by Anderson and Low might be that the 
development of grain pressure in the clay matrix in the range of high clay con
centrations causes local high pressures. Such local pressures may cause small local 
volume changes of the container, or they may cause some compression of the inter
layer water, which according to our analysis, has a low density of packing. It can 
be shown that the latter factor alone could be responsible for, at most, about one 
third of the total effect. This compression factor would not exist for the sodium 
vermiculite system. 
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Statistical Mechanical Verification 
of the Gibbs Adsorption Equation 

FRANK P. BUFF 

Department of Chemistry, University of Rochester, Rochester, Ν. Y. 

The foundations of the Gibbs adsorption equation 
are examined by both the molecular hydrostatic 
and statistical mechanical approaches. The former 
serves to confirm the assumptions inherent in its 
phenomenological derivation. It yields the work 
element and provides a proof that surface ten
sion also possesses free energy properties. The 
statistical mechanical theory employs the exact 
molecular formula for surface tension as a start
ing point and involves explicit expressions for 
locally averaged components of the stress. The 
dependence of this formula on the uniform thermo
dynamic variables of the adjacent bulk phases 
enters through integral equations for the required 
number density derivatives. Thus, when uni
formity of temperature and chemical potentials on 
a molecular basis are supplemented by the cor
responding mechanical equilibrium conditions, the 
resulting expressions reduce to the familiar ad
sorption equation. The excess thermodynamic 
functions appearing in this relation are auto
matically expressed in statistical mechanical 
terms. The derivation leads to a relation be
tween density fluctuations and a generalized 
virial term which underlies the validity of the 
equation. 

yhis paper confirms the assumptions inherent in the thermodynamic derivation of 
the Gibbs adsorption equation, and contrasts this mode of deduction with its 

direct statistical mechanical verification. The adsorption equation, whose validity 
is now generally accepted, yields the excess thermodynamic functions characterizing 
the interface in terms of derivatives of the surface tension, γ, with respect to the 
intensive variables of the fluid bulk phases. Its phenomenological derivation is 
based on two ideas. The first is the functional form of the additional work element 

340 
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appearing in the fundamental thermodynamic equation, which properly takes into 
account the presence of the interface. The second is the recognition that γ 
possesses the mechanical property of surface tension and may also be identified as 
an excess surface free energy. These concepts can be confirmed by hydrostatic 
techniques and under conditions of complete thermodynamic equilibrium lead to 
the desired adsorption equation. 

This hydrostatic approach also yields a formal closed formula for y in terms of 
the components of the stress tensor. When the stress tensor is expressed in terms of 
molecular variables, the resulting statistical mechanical formula for y provides a 
direct means for the calculation of surface tension. For example, it may be used 
directly to compute the surface tension of dilute ionic solutions (6). It also 
illustrates in molecular detail the iterative subtractive procedures that lead to the 
excess functions of the familiar phenomenological approach. 

This statistical mechanical expression for surface tension depends explicitly on 
the potentials of intermolecular force and molecular distribution functions. Upon 
recognition that the two-phase system under consideration is thermodynamically 
open, it follows that the distribution functions must be represented in the grand 
canonical ensemble. Thus, the dependence of γ on temperature, T, and chemical 
potentials, [μι], enters through the implicit dependence of the distribution func
tions on these uniform thermodynamic variables. This dependence follows from 
the definitions of the required distribution functions, the number densities, in the 
grand ensemble. It may be summarized by means of integral equations which 
provide recursion formulas for the chemical potential and temperature derivatives 
of the number densities. Since surface tension has its root in a force relationship, 
the verification of the adsorption equation must be supplemented by the mechanical 
equilibrium relations satisfied by the number densities. With use of these expres
sions, the total differential of the statistical mechanical formula for γ finally reduces 
to the molecular equivalents in the adsorption equation. The derivation shows in 
detail the necessity for complete thermal, diffusional, and mechanical equilibrium in 
the experimental application of this basic equation. It also leads to an interesting 
relationship that must be obeyed by the excess density fluctuations, which consti
tutes an extended virial relation. 

For multicomponent systems, the expression for γ here employed may be 
shown equivalent to that involved in the cluster diagram technique (6), which is 
currently being employed in a variety of problems. The present derivation shows 
that the starting expressions satisfy the thermodynamic consistency relation em
bodied by the adsorption isotherm. It is, however, important to observe that any 
direct application of these alternative rigorous approaches, which is of necessity of 
an approximate nature, leads to some violation of the complete internal equilibrium 
conditions. Similarly, calculations of surface tension which employ the adsorption 
equation as a starting point invariably violate mechanical equilibrium in some 
order of approximation. 

In preparation for our subsequent treatment, we now consider a macroscopic 
two-phase fluid system with a planar interface of area s separating the bulk phases 
a and β . For the description of surface phenomena, the concentrations of the 
various components, {P^}, and the components of the stress tensor d must be 
specified. In the interior of the bulk phases, the concentrations, {pz-1}}> will be 
uniform and the tangential component of the stress tensor, στ, is equal to its normal 
component, σΝ. In the interfacial region, with the 2-axis perpendicular to the 
interface, it follows by symmetry that the singlet number density and stress tensor 
<j vary as follows: 
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M ( 1 ) 

Pi = PM 0 ) 

d = aNkk + στ(ζ)(η + jj) 

i, j, and k are the unit vectors of the Cartesian coordinate system. It follows from 

the hydrostatic relation = 0, that the normal component of the stress is every

where constant and that it is related to the bulk pressures, pa and ρ β, by 

G Ν — σ τ ( ± co ) = —ρ (2) 

Ρ = pa = Ρβ 
Although Equations 1 and 2 suffice for the gross hydrostatic description, the statis
tical mechanical formalism for pairwise intermolecular forces also requires specifi

cs) (2) 
cation of the pair number density p i j . It is defined by the statement that (I, 2) 
άυχ dv2 represents the average number of molecular pairs, one member of type i 
being located in the volume dvx surrounding the point Rj and the other member of 

(2) 
type / is in dv2 at R 2 . In the interior of the bulk phases, p i j depends only on the 
distance between the pair, while in the transition zone 

(2) (2) 

PU = Pii(zu R 1 2 .k, |Ri2 X k|) (3) 

R12 = R2 — R i 

The thermodynamic work done by the system, 8W<2), follows from Equations 
1 and 2. For a Gibbs dividing surface, bounded by the closed curve C, which di
vides the total volume into the volumes va and Όβ, it is found that (5) 

(2) _ _ 
bW - hfffPcdvcL ~ hfffPïdvfi = -fyt X k.(5x + ëbx) 

= -h S f yds (4) 
Here t is the unit tangent along C and t X k is drawn outward. Two kinds of dis
placement must be considered: the virtual displacement, δχ, required for the 
element of virtual work, which is of a mechanical nature, and the actual boundary 
displacement, δ&χ, which corresponds to the actual increase in area and applies to 
the free energy relationships. Since the identical parameter γ appears in both types 
of work, it is demonstrated that γ is simultaneously surface tension and possesses 
excess surface free energy properties. 

The derivation leading to Equation 4 yields the following expression for γ : 

(στ(ζ) — σαβ)άζ (5) 

σαβ = -Pall - U{z)] - ρβϋ{ζ) = -ρ 

U(z) = 0 ζ < 0 

= 1 ζ > 0 

Even this simple hydrostatic formula clarifies the nature of the surface tension. The 
concentration variation within the interfacial region leads to a nonuniform stress 
tensor. The neglect of this nonuniformity gives rise to the conventional description 
of bulk phases. The iterative sub tractive procedure demanded by the convergent 
expression given by Equation 5 corrects for this oversimplification at the boundary 
of the phases and yields an asymptotic correction (2) to the free energy of the 
total system in terms of its geometrical properties. 
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The last line of Equation 4 then justifies the following expression for the total 
differential of the energy, E, of the system 

η 
dE = TdS + ^ ^ d N i - P<*dva ~ PPdvP + y d s (6) 

i = l 

with the corresponding free energy relationship 
η 

Ε = TS + Σ » ί Ν ί ~ PaVa ~ ΡΡνΡ + y s 

i = l 

Here S is the entropy and { N I j is the composition of the system. It is convenient 
to subtract the corresponding bulk phase equations pertaining to the volumes va 

and υ β from these relations and to introduce intensive excess thermodynamic func
tions. The familiar result is given by 

dEs = TdS„ + ΣμίάΤί (8) 
i 

and 
E8 = TS. + Σμ,Τ,· + τ (9) 

i 
where E8(S8) is the excess energy (entropy) per unit area and Γ* is the superficial 

Ν _ N.a — Ν β 
excess density of component i. For example, γ. — , where 

s 
Ν 4

α and Ν / are the bulk composition of component i in va and Όβ which neglect 
surface effeots. Differentiation of Equation 9 and use of Equation 8 then lead to 
the Gibbs adsorption equation 

dy = -SsdT - Σ Τιάμι (10) 
i 

For comparison with the statistical mechanical theory, it is convenient to transform 
this equation into the equivalent form 

= Esd± (n) 

It has been assumed throughout this derivation that Τ and j/̂J are uniform 
throughout the system. 

The statistical mechanical verification of the adsorption Equation 11 proceeds 
most conveniently with use of the expression for γ given by Equation 5. An 
identical starting formula is obtained via the virial theorem or by differentiation 
of the grand partition function ( 3 ). We simplify the presentation, without loss of 
generality, by restricting ourselves to multicomponent classical systems possessing 
a potential of intermolecular forces of the form 

ν Νά Νβ 

V[N] = l Σ Σ Σ v°&">ίβ) ( 1 2 ) 

α,β = \ la = 1 ιβ = \ 

where V α β {iay ίβ) is the spherically symmetric interaction potential between the 
centers of mass of molecules ia and /β of species a and β. For this type of system, 
the formula for in terms of molecular variables has long been available. The 
most careful derivation for a point function stress tensor is due to Irving and Kirk-
wood (7). Their result, generalized for multicomponent systems, is 

d(R) = - trzii(R)l+ \ Σ f MR, Rn)dvn (13) 

(2) f l (2) 

ρ (R — aRi2, R - aRi2 + Rn)da 
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where 1 is the unit tensor and k is the Boltzmann constant. Substitution of Equa
tion 13 into Equation 5, with use of Equation 3, yields the desired molecular ex
pression for γ. It may immediately be simplified on the basis of these observations. 
Since only an averaged stress is required, the integration with respect to a is 
trivial. To bring out the mechanical nature of γ, it is convenient, by means of 
symmetry, to rearrange the intermolecular force contribution to the stress tensor. 
The final result is 

where 

βΎ = - Σ Ti + f S / r 1 . V , ^ y ( l , 2 ) r i y ( R i ? ) ^ r 2 (14) 
i ^ ij 

= \/kT ri = * i i + >'ij 

/
'oo (i) no (i) rco (i) 

Pi{z)dz - I pi{z = - co)dz - I Pi(z = co)dz 
OO J OO J0 

/

co ( 2 ) rO (2) Γ 

Pij ( z u R i 2 ) & i - I pij (zi = - oo, RV2)dzi - I 
J — co J0 

(2) 

γ is invariant to the dividing surface selected, while the TB arising from the momen
tum contribution to the stress tensor, are identical with the phenomenologically 
defined parameters appearing in the adsorption Equation 11. 

The remaining program is as follows. Recognizing the implicit dependence 
of the ρ s on Τ and {μ; j, the total differential of both sides of Equation 14 is taken. 
This procedure clearly leads to the derivatives of the ρ s with respect to these 
thermodynamic variables. These are obtained from their defining equations in 
the grand canonical ensemble. 

We require the generic center of mass number, / 3 n / ^ n „ ( l , · · ·, w)> defined as 
the average density of sets containing ηλ molecules of species 1, n2 molecules of 
species 2, etc., at the points R x , . . .R H , in a system of total volume V, where 

V 

η = ^ ] no. 

In the semiclassical limit p(v) is related to thermodynamic variables and potentials 
of intermolecular force by 

oo ν y Ν 

p(n) = ePa ^2 JJ e t N w f . . .fe-firW JJ dvk (15) 

Nl = nla=1 (Net - na)\ k = n + 1 

Nv — nv 
(0) * 

ο = 1; Ν = 2^ Na 

ct= 1 
μα' = μα — μ«*( Τ) 

( i ) 
μ α * = lim \μα — fcT\ogpa] 

(1) 
Î P « Î - > 0 

The required derivatives have been previously exhibited by the author (3, 4). 
They are obtained by differentiation of both sides of Equation 15 and rearrange
ment of terms. The results are 

(Ό \ („) 
d p M O * · · ·") ) = naP[n) (1, . . .«) 

άβμα /β,ν,\βμ}' 
(» + Ό (») (i) 

+ f\on .. nc+l...n„ (1- . . . Π + 1) — ρ {„} ( ! , . . .π)ρα(η + 1 ) feM ι (16) 
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and 

\ άβ ) ν,\βμ' 

in} (*) 
= V p\n] (1, . . .n) 

} 

a, 7 =1 ν ict = 1 *J 
(« + 2) 

+ Χ/* ^ « 7 (« + 1, « + 2) [ ρ » ι . . ·»α + 1 · . . « 7 + 1 . . . η ί ' (1, . . .W + 2) 

(«) (2) I / 1 7 \ 

- p { „ } (1, . . .n)Pay(n + 1, η + 2 ) ] 4 - ώ " - > 

We now turn in some detail to the chemical potential derivatives. At constant 
temperature it is found upon application of Equation 16 to Equation 14 that 

άβΊ = - Σ Υίάβμί + Σ €ΐάβμί (18) 
ι i 

ei = Ii (system) — 11 (bulk contributions) 

A typical residual term, I{, has the form 
(2) (1) (1) 

sh (system) = Σ ff [Pij (1, 2) - P<(1 )Ρ]{2)]άνφ2 

β ν (2) (2) 

+ £ J rx.Vi^d^)^-; (1,2) + P / i ( l , 2 ) W ^ 2 

Λ ν (3) (2) t1) 
+ 2 M / / ^ r i - V i ^ ( 1 5 3 ) [ p ^ ( l , 2 , 3 ) - P j k ( 1 , 2 ) ρ , ( 3 ) ] ^ Μ ^ (19) 

where the analogous bulk contribution serves to provide convergence. The first 
set of terms on the right-hand side of Equation 19 arises from the momentum 
contribution to the stress tensor and is by definition of the number densities related 
to the density fluctuations in the open system (4). The remaining virial terms 
arise from the intermolecular force contribution to the stress tensor. For the reduc
tion of these terms we recall the mechanical nature of γ and employ the mechanical 
equilibrium condition among the molecules in the set. This is given by the set of 
Born and Green equations ( J ) which follow by taking the gradient of both sides 
of Equation 15. For the combination required by Equation 19, they take the form 

(2) (1) (1) (2) 
Vi[pyi(l,2) - ρ,·(1)ρ,·(2)] = - 0 V i ^ y ( l , 2)Pji (1, 2) -

(3) (2) (1) 
β Σ fviVik(l9 3)[Piik (1, 2, 3) - P i k (1, 3) P i (2)]dv, (20) 

k 

Upon taking the scalar product of r 2 — χΛ and Equation 20, with summation over 
the components ; and integration over the coordinates 1 and 2, it is found after 
rearrangement that 

(2) (1) (1) (2) 
s y y r i 2 . V i [ p y i ( l , 2 ) - Ρί{\)Ρί{2)]άυφ2 = 2 Σ ff [Pij (1, 2) 
ι i 

(1) (1) (2) (1) (1) 
- pi(l)py(2)]^A + Σ ff vi.r12[p,-,- (1, 2) - ρ,·(1)ρ,·(2)]Λ 1Λ 2 

j 
(2) (2) 

= β Σ ^ 1 ^ X 1 , 2 ) ^ ( 1 , 2) + P i i ( 1 , 2 ) ] ^ 2 
; 

(3) (2) (1) 
+ β Σ f f f r ι. Α[ Vj/-( 1, 2)[ρ,·Αί(1, 2} 3) - PJh(\,2)Ρί(3)]άνφ2άν3 (21) 

j,k 
The first set of terms after the last equality sign follow from the relation Vi^y — ~~ 
Va^ir The last set of terms follow by pairwise cancellation of the integrand 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
6

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



346 ADVANCES IN CHEMISTRY SERIES 

involving r 2 . V i V j f c (I, 3) and relabeling of the coordinates. By comparison of 
Equation 21 with Equation 19 and use of cylindrical coordinates, it is found that 

(2) (1) (1) 
U = -ΊΓΣ ff {lim Yxl[pji(zurn, ri 2 ) - pj(zi) pi(zi + zn)]}dzidzn (22) 

j Γ 1 2 — » • OO 

(2) 
We finally observe that with z1 and z2 fixed and Rx and R 2 infinitely far apart, P j i 

(i) ( i) 
approaches pj(z1)pi(z2) sufficiently rapidly that by Equation 22 e vanishes. The 
use of this convergence criterion is thus basic to the confirmation of the adsorption 
isotherm. 

The corresponding temperature variation of γ is obtained with use of Equation 
17. Since this recursion formula will lead to number densities for sets of four 
molecules, we summarize only the analogous reduction. Again with use of the 
mechanical equilibrium condition, here for both pair and triplet distribution func
tions, vanishing residual terms are found. The condition, similar to that of 
Equation 22, is that for fixed Rx and R2, with R 3 at infinity, p(3> (1,2,3) ap
proaches^2) (1,2)^!) (3). 

The final result is confirmation of the adsorption equation 

άβΊ = Ε4β - Σ Γ άβμι (23) 
i i 

which is identical with Equation 11. I\is given in molecular terms by Equation 14 
and Es is given by the statistical mechanical formula 

Es = Σ E*(T)Yi + 4" 2 f Va(l, 2)Γ,·,-(Κι 2)^ΐ2 (24) 

i ^ ij 

Thus the use of the exact molecular expression for γ in the verification of the 
adsorption equation automatically yields the molecular formula for Es. 

We finally contrast the preceding deavation with the quasithermodynamic 
approach initiated by Tolman (8). In his work, the surface tension is assumed to 
be given by 

lp - P(z)]dz (25) 

where p(z) is an undefined macroscopic pressure which varies through the inter
face. It is further postulated that p(z) satisfies a local Gibbs-Duhem equation, 
which in our notation takes the form 

(Ό 
άβρ(ζ) = -Ευ(ζ)άβ + Σ pi {ζ)άβμί (26) 

i 

where Ev(z) is a local energy density, ρ is taken to be the bulk pressure which 
correctly satisfies the Gibbs-Duhem equation. The total differential of γ as given 
by Equation 25, supplemented by Equation 26, then immediately leads to the 
desired adsorption equation. Since our statistical mechanical theory shows that 
p(z) must be identified as a smoothed tangential stress component, which does not 
satisfy a local Gibbs-Duhem equation, Tolman's approach only constitutes an 
internal consistency argument for the quasithermodynamic model. 
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A Thermodynamic Theory of Adsorption 

L. E. COPELAND 

Research Department, Portland Cement Association, 
Skokie, Ill. 

T. F. YOUNG 

George Herbert Jones Chemical Laboratory, 
The University of Chicage, Chicago, Ill. 

The concept of a monodisperse liquid adsorbent 
has been used in the development of a nearly 
rigorous thermodynamic theory of adsorption. 
It is found to be instructive to discuss changes in 
integral (as well as partial molal) properties of the 
components of an adsorption system. Changes in 
the partial molal properties of the adsorbent 
(associated with changes in surface energies) are 
significant, and some are large. It is predicted 
that changes in the escaping tendencies of solid 
adsorbents will be several times as large as values 
calculated from adsorption isotherms without an 
allowance for failure of the solid adsorbent to 
attain equilibrium with itself. 

A finely divided adsorbent is inherently unstable. Very small crystals in a 
powdered crystalline mass disappear as it ages. Eventually, especially, at 

high temperatures, a few relatively large crystals or even a single crystal remain. 
A spray of fine liquid droplets becomes a set of comparatively large drops or may 
coalesce to a single mass (13, 19). 

The thermodynamics of finely divided crystals is complicated by the fact that 
parts of even a single crystal are not, in general, in equilibrium with one another; 
the rigidity of a crystal may prevent the internal adjustments essential to the 
equalizing of the escaping tendencies of material in its surface and of material in 
the interior of the crystal. 

The thermodynamics of a drop of liquid is comparatively simple. Surface 
tension produces a pressure which increases the partial molar free energy at any 
point within the drop. The escaping tendencies of material within the drop and 
of material in its surface are thus equalized. Considerations of this equilibrium 
have been recognized as fundamental in classic discussions of the thermodynamics 
of surface tension (18) and in investigations of pressures within, and the shapes of, 
bubbles and drops (2, 22). 
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COPELAND AND YOUNG Thermodynamics of Adsorption 349 

If the adsorbent is known to be a monodisperse liquid (9, 14), the thermody
namics of adsorption is also comparatively simple. It is simplified by the fact that 
we can conceive of the existence of complete equilibrium of the adsorbent in all 
parts of an adsorption system and can indulge in thermodynamic reasoning with
out mental reservations concerning slow exchange of adsorbate or adsorbent be
tween particles of different sizes and shapes. 

Thermodynamic Processes 

In general, the thermodynamic processes to be considered are of two general 
types, integral and differential. Two integral processes of frequent occurrence may 
be written as follows (4, 5, 12, 15) : 

n{Ki + 7 2 2 X 2 —*• [system consisting of 7 2 1 X 1 and 7 2 2 X 2 ] (1) 

[System consisting of « 1 X 1 and 722X2] + ni ' X 2 —• [system consisting of « 1 X 1 and 7 Z 2 , / X 2 ] ( 2 ) 

The differential processes most frequently encountered in adsorption are the 
following: 

«2X2 (gas) —• 7 2 2 X 2 (adsorbed on X i , ni'/n\ = constant) (3) 

7 2 2 X 2 (liquid) —• 7 2 2 X 2 (adsorbed on X i , «2'Ai = constant) (4) 

The values of n2 and n2 of Equations 3 and 4 are not related to the values of 
n2 and n2 of either Process I or Process 2, nor are they necessarily equal for Proc
esses 3 and 4. 

Equation 3 represents the adsorption of n2 mole of gaseous X 2 , the adsorbate, 
on an indefinitely large amount of X1 which already holds n2 mole of adsorbate 
for each ηλ mole of adsorbent. The mole ratio n2/n± is, of course, unchanged—i.e., 
increased only infinitesimally. Equation 4 represents a similar differential process: 
the disappearance of n2 mole of liquid X 2 and its reappearance in the infinitely 
large adsorption system. The free energy change for this differential process is 
important in the discussions that follow. It is readily calculated from the ratio of 
the fugacities of liquid X 2 and of X 2 in the equilibrated adsorption system. If 
gaseous X 2 is a nearly perfect gas, the free energy change for the process is: 

AG (Process 4) = 722A(J2 = Τ2 2 RT In ̂  (5) 

From a series of adsorption isotherms (vapor pressure vs. n2/n^) the differential 
heat of adsorption may be determined for both of the differential processes. 

Equation 1 represents the adsorption of n 2 moles of X 2 on a finite amount, n x 

moles, of adsorbent to produce the system containing n± moles of X1 and n 2 moles 
of X 2 . Equation 2 represents the addition of a specified finite number of moles of 
adsorbate, n2, to a finite system containing ηλ moles of X i and n 2 moles of X 2 . 
Since both n2 and the system are finite, the composition of the resulting system 
differs from that of the initial system. 

If it were possible to work with monodisperse liquid adsorbent, it would be 
important and interesting to compare values of thermodynamic properties de
termined by measurements of different types. Agreement would indicate correct
ness of the methods and their interpretation. 

It is more important to compare values of thermodynamic properties deter
mined in different ways when solid adsorbents are used. Most adsorption experi
ments are made with adsorbents consisting of small solid particles of varying sizes 
and shapes. Complete equilibrium in such systems is not possible, but for many 
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350 ADVANCES IN CHEMISTRY SERIES 

purposes it may be possible to disregard that fact. The most important available 
test of the possibility of such a departure from exactness is the comparison of re
sults* of methods which differ from each other in the essential approximations in
corporated within them. 

Probably the most significant comparisons which can be made are of values of 
properties determined from calorimetric measurements with values calculated from 
adsorption isotherms. Two general methods are available for the comparison of 
values of enthalpies determined from experiments of the two types. One involves 
two differentiations: The change in the partial molal enthalpy, ΔΗ 2 , of X 2 , for 
Process 4, is determined from the differentiation with respect to n2/nx of the inte
gral heat of adsorption measured in a series of calorimetric experiments of the type 
represented by Equation 1. The values of the differential heats of adsorption 
(heats corresponding to the differential Process 4) are compared with values de
termined from the temperature variation of AG2/T for a series of values of n2/nr in 
Process 4. This type of comparison has been made successfully by several groups 
of authors (3, 5, 10). 

The other method for the comparison of enthalpies depends upon the integra
tion of Equation 5 as indicated by Equation 6 for each of a set of adsorption iso-

AG = I Gidn2 (6) 
J O 

therms to determine a corresponding set of integral free energy changes for Proc
ess 1. For a constant composition, AG/Τ is then differentiated with respect to 
temperature to yield an integral AH for Process 1. The calculated integral AH 
may then be compared with the integral AH measured directly in the calorimeter. 
This method, apparently, has been used very little, but is used by Wu and Cope-
land (20). 

Changes in Integral Free Energy 

There is no general method for the determination of changes in integral free 
energy for a process such as Process 1. Incidental to a comparison of integral en
thalpy changes, a series of integral free energy decreases has been calculated 
(20) for this process: 

72iBaS04 + n 2 H 2 0 —*• [system consisting of wiBaS04 and rc2H20] (7) 

The plot of AG (Process 7) is shown in Figure 5 (20) for n2/nx varying from 
0 to 0.03. The curve was calculated by Equation 6 from an adsorption isotherm 
from which the free energy change, n2AG2, of Process 4 had been derived. Shown 
also in Figure 5 is a plot of n2AG2. The large difference between the n2AG2 and 
the integral free energy change is an indication of large changes in the partial 
molal properties of the adsorbent. 

Partial Molal Properties of Adsorbent 

Little has been written about changes in the escaping tendency of adsorbents, 
and in some treatments of adsorption the effect has been ignored entirely. That 
changes in escaping tendency must occur during dispersal of a material and during 
adsorption of another substance on it is a consequence of the self-evident truth 
that substance X, cannot attract substances X 2 unless X 2 also attracts X]. This 
recognition of the existence of changes in escaping tendency does not imply that 
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COPELAND AND YOUNG Thermodynamics of Adsorption 351 

there are changes in free energy and other properties which are not part of, or are 
not associated with, changes in surface free energy. There can be no such changes. 
It seems that changes in various properties produced by adsorption can be rather 
large. For example, several authors have reported some surprising volume changes 
which occur in the adsorption of various gases on porous glass and other materials 
(1,17,21). 

Thermodynamics of Small One-Component Particles 

The volume of a drop formed by coalescence of two small drops is not ex
actly the sum of their volumes. The enthalpy, H, is not the sum of the enthalpies 
of the two small drops. In other words, a sufficiently sensitive measurement 
would reveal a AV and a AH associated with the coalescence. We can calculate 
the AH for the process with considerable precision if the drops are very small but 
large enough to ensure that surface tension is nearly the same as for the liquid in 
bulk. The calculation involves AH per unit area calculated from the temperature 
coefficient of surface tension (8) and the area which disappears in the process. 
(The coalescence of two drops of water at 25° C. each 0.01 cm. in diameter 
produces a temperature rise of 3.5° X 10~ 4° C.) 

These facts mean that extensive thermodynamic properties are not truly "ho
mogeneous" (11 ) in the sense in which that word is used in mathematics and ther
modynamics. Experiments with relatively large particles show that thermody
namic functions are homogeneous within the limits of precision ordinarily attained 
in the laboratory. The fact is simply that we usually do not detect deviations from 
homogeneity. It is not true that such differences do not exist. Most texts and 
treatises dismiss the problem so quickly that students are likely to conclude that 
even the mention of the word "homogeneity" is somewhat pedantic. 

The partial molal free energy of a spray of finely dispersed droplets is not so 
simply related to escaping tendency as it is in systems usually treated by thermo
dynamic methods. Even the definition of the partial molal free energy is not en
tirely devoid of difficulty. To discuss equilibrium we wish to think of the transfer 
of a small amount of adsorbent from each droplet in the spray to another phase— 
e.g., the gas phase (16). If a little material leaves each droplet, there must be a 
concomitant decrease in surface area, A, and an increase in specific area, σ (area 
per mole or per gram). The quantity related to escaping tendency of material is 
not the derivative of free energy with respect to n, the number of moles in the 
spray at either constant area or constant specific area. The condition is that the 
number of droplets, v, be constant. (This means that area divided by mass to 
the 2/3 power is nearly invariant.) 

The measure of escaping tendency for a monodisperse spray of one component 
droplet is 

G - (ψ) (8) 
\Οη/ρ,τ,ν 

This quantity is, of course, a partial molal free energy. The fact that the 
extensive free energy depends upon ν means that the free energy of each drop is 
not proportional to the amount of material in the drop. Hence, when the amount 
of material per drop is small, the extensive free energy, G, is not equal to nG. 

Constant Specific Surface Area 

Another definition of partial molal free energy avoids this particular diffi
culty. Consider the addition of an increment of substance to the spray of finely 
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dispersed liquid adsorbent. To keep the drop size constant, the quantity of 
material in each addition must be equal to that in a whole drop, or a multiple of 
it. If an amount of material less than that in a single uniform drop were intro
duced as a smaller drop, the system would be unstable and no single value of the 
molal or partial molal free energy of the substance could be stated. We shall 
define a new continuous function of η equal for all integral values of ν to the free 
energy of the system. A complete new set of thermodynamic functions may be 
defined in a corresponding manner. 

One such function is illustrated in Figure 1. The ordinate might be any 
extensive property of the system containing a varying number of moles of liquid. 
The volume has been chosen for illustration. The abscissa of point A is nA, the 
number of moles of substance in a single drop of the uniformly dispersed adsorb
ent; the ordinate is the volume of one drop. Point Β represents the number of 
moles of adsorbent in, and the volume of, two of the drops; point C, the moles 
in, and volume of, three drops, etc. Curve 1 represents the volume of a single 
drop of any size as a function of n, the number of moles of adsorbent. The curve 
represents the volume for both η less than nA and η greater than nA. Curve 2 
represents the volume of two drops, the size of one being standard, the size of 
the other variable. Curve 3 represents three drops, two of standard size and the 
third variable. The straight line connects the series of discrete volumes contained 
in integral numbers of uniform drops. The volume V*, indicated by the straight 

4 

n, Number of Moles of Liquid 

Figure 1. Volume as a function of η for various 
integral numbers of drops 

1. One drop, of varying size 
2. One standard drop plus another of variable 

size 
3. Two standard drops plus another of variable 

size 
A, B,C,D. Intersections 

Vt. Continuous function which equals actual to
tal volume of any integral number of stand

ard drops 
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COPELAND AND YOUNG Thermodynamics of Adsorption 353 

line, is a property which is a continuous1 and linear homogeneous function of n. 
The derivative of each of the curves 1, 2, 3, etc., where it crosses the Vt line 

is the derivative of the volume with respect to n, at constant v—i.e., it is the partial 
molal volume corresponding to G of Equation 8. The functions represented by 
curves 1, 2, and 3 are not homogeneous. The slope of V* is the derivative of the 
volume at constant specific area. V\ of course, was defined so that it is a 
homogeneous function of n. 

A qualitative representation of free energies of varying numbers of moles 
and varying numbers of drops of adsorbent is similar to Figure 1, but the curves 
corresponding to 1, 2, and 3 are convex toward the free energy axis. The slope 
of these curves where each crosses the G* line is the partial molal free energy of 
Equation 8. The slope of the G* line is also partial molal free energy, the 
derivative of free energy at constant specific area, σ. 

Though G+ is not an exact measure of escaping tendency, the homogeneity of G? 
confers upon it a distinct advantage. We offer the postulate that in practice it 
will prove to be an adequate measure of escaping tendency; we believe that it will 
also lead to interesting predictions and experiments. 

To discuss the addition of adsorbate to a monodisperse adsorbent we shall 
use a similar device, a function Gt for the system of two components that strictly 
is equal to the free energy only when the number of moles of adsorbent, nl9 is a 
multiple of the number of moles of adsorbent in a single standard droplet. For 
each value of nl9 however, G* = G varies continuously as a function of n 2 . G 2 

may be defined in the usual manner: 

/ -(Pi <io> 
'ηι,Ρ,Τ,σ \ ΟΠ2 / ηι,Ρ,Τ,σ 

The subscript, σ, is redundant in both of these derivatives but is included as a 
reminder that each droplet is to contain an unvarying amount of X x . The specific 
surface area, σ, is defined therefore as the area per unit mass that would be ob
served if the adsorbate were removed. G^ is defined as in Equation 9, except 
that it is now necessary to include the restriction that both n 2 and σ are to be 
constant. 

\ ΟΠι/ηΐ,Ρ,Τ,σ 

At constant σ and constant n^/rx^ the free energy, G^, is proportional to n± and 
hence proportional to n 2 . Gt is therefore a homogeneous function of n x and n 2 . 
Consequently, an equation similar to the Gibbs-Duhem equation is valid. 

MGit + n2dG2 = 0 (12) 

The change in may be evaluated by integration of Equation 12. It bears 
an interesting relation to the difference between the integral free energy change of 

l rThis defined extensive property bears a relation to the discrete values of the vol
umes of uniform drops which is somewhat analogous to the relation of the gamma func
tion of ζ to the factorials of integral values of z. Chemical thermodynamics, in general, 
involves an approximation of a similar kind. We think in terms of mathematical opera
tions which are dependent upon the transfer of infinitesimal quantities of material, al
though we are not quite aware that transfers cannot involve—even in thought—fractions 
of molecules. We have become so accustomed to this discrepancy between mathematics 
and realizable processes that we seldom mention it in thermodynamic arguments. 
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a process such as that represented by Equation 1 or 7 and the free energy change 
of the differential process represented by Equation 4. 

Γη2 

ηιΔ&τ = I AÔ2dn2 - n2AQ2 (13) 
J O 

This equation follows from the integration of Equation 12 and the "formula 
for integration by parts" (7). An illustration of its use with a solid adsorbent is 
given by Wu and Copeland (20, Figure 5). 

There is also an interesting relation between AGjt and the surface free 
energy, γ, defined by Gibbs [cf. Equations 514 and 675 of (6) ]. 

A G i f = AAy ( 1 4 ) 

Here Δγ is the change in surface free energy for a process such as Process 1 or 7. 
Changes in the extent of surface, usually small, are ignored. 

Adsorption on Solids 

Most adsorbents studied in the laboratory are solids. The thermodynamic 
treatment of solid particles is more difficult than the treatment of uniformly dis
persed liquid droplets. Some interesting conclusions concerning them can be 
drawn, however. As an approximation divide the solid material into two classes: 
interior matter and surface matter. In general they are not in equilibrium; the 
escaping tendency of material in the surface exceeds that of material in the 
interior. There may be a continuous gradation of escaping tendency over a wide 
range, but in keeping with our approximation we shall treat the escaping tendency 
of material in the interior as if it had a single value (the average interior value) 
and escaping tendency of surface matter as if it had another single (usually larger) 
value. Moreover, we shall regard the escaping tendency of material in the surface 
as conditioned merely by the fact that it is in the surface—i.e., differences arising 
from the shapes of solid particles will be ignored in this approximation. 

A discussion of the escaping tendency of material in the interior infers the 
existence of a (conceptual) process by which material could be added to the 
interior without a change in amount of adsorbent in the surface. We can imagine 
removal of part of a surface, addition of substance to the interior, replacement of 
the surface, and distortion of the particles to restore the extent of surface to its 
former value. The derivative of the free energy in this thought process with 
respect to the number of moles in the interior is G x (interior). Similarly, a sub
stance may be added to the surface with an accompanying distortion to keep con
stant the quantity of material in the interior. The derivative of free energy with 
respect to number of moles in the surface is G1 (exterior). These definitions are 
in harmony with Equation 8—i.e., each of these partial molal free energies is a 
measure of escaping tendency. 

The extensive free energy of a system cannot be observed directly. An 
attempt to measure partial molal free energies would, therefore, be a problem of 
a different type. We may conceive of the measurement of vapor pressure, solu
bility, or the e.m.f. of a cell in which the adsorbent functions as an electrode. A 
successful measurement of such an intensive property would yield information 
concerning the escaping tendency or partial molal free energy of material of one 
class, presumably the exterior kind, of material. A partial molal free energy so 
obtained would not be an average for both interior and exterior material. Even a 
measurement only moderately successful could yield a change in partial molal 
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free energy much closer to the value for the exterior material than to the value for 
interior material. It might in such a case be several times as large as the "average 
value." This interesting complication is a consequence of the lack of equilibrium 
within solid adsorbents. It would not occur if a monodisperse liquid adsorbent 
could be used. 

If the quantity of adsorbent should be increased by the addition of more 
material in the same state of subdivision, we could measure changes in volume, 
in heat capacity, and in certain other extensive properties which can be directly 
observed. We could differentiate any one of these properties with respect to the 
number of moles of adsorbent (whether the system contains one, two, or more 
components) to obtain a partial molal property. The partial molal property so 
obtained would be the weighted average for interior and exterior adsorbent and is 
in harmony with Equations 9 and 11. 

A change in partial molal free energy of the adsorbent calculated from 
adsorption isotherms is an average for the exterior and interior adsorbent because 
we have taken the total number of moles of adsorbent as nv This average, 
multiplied by the total number of moles of adsorbent, is an extensive free energy 
function. Its temperature variation yields a heat of adsorption which is also 
extensive. This heat divided by the number of moles of adsorbent is the average 
heat of adsorption per mole. Fortunately, it is this quantity which is most directly 
determined in a calorimeter. 

In the following paper average heats of adsorption for one system (BaS0 4 

and H 2 0 ) are compared with values calculated from adsorption isotherms at 
three temperatures (20). The satisfactory agreement obtained shows that the 
prevailing concepts and approximations are adequate for an understanding of 
these phenomena for this particular system involving a powdered adsorbent. 
Undoubtedly there are other systems and other types of properties for which it 
will not prove adequate to ignore the complications inherent in solid adsorbents. 
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Thermodynamics of Adsorption 

The Barium Sulfate-Water System 

Y. C. WU and L. E. COPELAND 

Research Department, Portland Cement Association, 
Skokie, Ill. 

Adsorption isotherms for the system BaSO4-H2O at 
three temperatures have been obtained. Thermo
dynamic study of these data reveals that part of 
the free energy decrease in the adsorption process 
involves changes in the partial molal free energy 
of the adsorbent. From the three isotherms 
differential and integral heats of adsorption were 
derived and compared with new calorimetric 
determinations of the same thermodynamic func
tions. In both kinds of measurements exactly the 
same system and exactly the same materials 
were used. 

y he primary purpose of this paper is to demonstrate the significance of the thermo
dynamic treatment developed in the previous paper (6), with an application to 

a simple binary adsorption system for which isotherms at three temperatures and 
calorimetric heats of adsorption have been made available. A free energy function, 
AGt, was defined (6) to be equal to the change in free energy in an adsorption 
process involving a monodisperse adsorbent in which true thermodynamic equi
librium could be achieved. In this paper we use this free energy function, and 
functions for enthalpy and entropy defined in a similar manner, for the interpreta
tion of data obtained from the adsorption of water on barium sulfate. Although 
the samples of adsorbent have a constant specific surface, they are not monodisperse 
and thermodynamic equilibrium within adsorbent particles probably is not main
tained. The approximations that must be made to apply the thermodynamic 
functions to solid adsorbents were discussed in the previous paper. The agreement 
between enthalpy changes calculated from adsorption isotherms with calorimetri-
cally determined values shown in this paper indicates that the approximations did 
not introduce significant errors. A change in the partial molal property of each 
component has been found to be an essential part of the corresponding integral 
change usually determined. The discussion of adsorption presented is closely 
parallel to discussions of solutions presented in familiar thermodynamic treatises. 

An equation developed in the first paper (6) is identified in this paper by the 
Roman numeral I, followed by the number of the equation in that paper. 
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358 ADVANCES IN CHEMISTRY SERIES 

Two kinds of thermodynamic process will be discussed: an integral process, 
and a differential process. 

The integral process may be written 

«1X1 + W2X2(Hquid) —• [system comprising τζιΧι and 722X2] 0) 

This process represents the adsorption of n2 moles of X 2 , initially liquid, upon nx 

moles of Xv It is equivalent to Process 1 of the preceding paper (6). 
The differential process is Process 1-4. 

w2X2(liquid) 7Z2X2(adsorbed on X i , — unchanged) (2) 
n\ 

The negative of the enthalpy change for this particular process corresponds to 
the "net heat" of adsorption, since the process involves the transfer of the adsorbate 
from its liquid state to the surface of the adsorbent. (The "net heat" of adsorption 
of liquid adsorbate is in turn the difference between the heat of adsorption of the 
adsorbate vapor and the heat of condensation of the vapor. ) 

Enthalpy Changes in Adsorption 

It has long been realized that the heat of adsorption can be calculated more 
accurately from determinations of heats of immersion than from equilibrium vapor 
pressures of adsorbates. Harkins and Boyd (8) and Jura and Harkins (10) have 
discussed the emersion process and have developed an expression for the enthalpy 
of desorption that is the negative of the one above. That the immersion process is 
equivalent to the process we are discussing can readily be shown with the aid of 
the following two-step process : 

A. Immerse a clean adsorbent from a vacuum into a liquid adsorbate: 

wiXi(s) -f- JVX2(liquid) [rziX] saturated with and in an excess of liquid X2] (3) 

B. Immerse the adsorbent from a vapor, wherein n x moles of Xx adsorbed n 2 

moles of X 2 in equilibrium with vapor at pressure p, into a large amount of liquid 
adsorbate. 

+ (N - « 2)X 2(/) -+ 
~n\ mole of X i with /z2 moles of X2" 
adsorbed upon it in equilibrium 
with vapor at pressure p 

The difference between these two steps (A 
expressed above: 

n\ mole of X i saturated~| 
with and in an excess of (4) 

L liquid X2 J 

B) gives the integral Process 1 

fliXi(s) + 722X2(0 \ n i m o ^ e °^ ^ w ^ t n n 2 m ° l e s of X2 adsorbed upon it: I 
Lin equilibrium with vapor at pressure p J (5) 

The integral heat of adsorption is the difference between the heat of immersion of 
the clean adsorbent and the heat of immersion of the adsorbent, with n 2 moles of 
X 2 adsorbed upon it. This calorimetric heat of adsorption is to be compared with 
the heat of adsorption calculated from the temperature coefficient of the integral 
free energy change by Equation 6. 

The integral free energy is determined from an adsorption isotherm by 
Equation 1-6. In practice it is sometimes simpler to determine the partial molal 
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WU AND COPELAND Barium Sulfate-Water System 359 

free energy of the adsorbent, AG^, by integration of Equation 1-12 (cf. 1-4, 6) 
and then to obtain AW by Equation 7 

A — \ 
«ι ( -JL J = ΔΗ+ ( 7) 

\ àT / «ι,&,σ 

Equation 1-14 expresses the equality of A G ^ with the surface excess free 
energy, σ Δ 7 . If, as is customary, the film pressure, ττ, is used for — Δ γ , and the 
vapor can be considered to be a perfect gas, Equation 7 can be rewritten in its more 
familiar form 

- J H = ΔΗ+ (7a) 

where χ is the relative pressure of the vapor in equilibrium with the adsorbate. 
The differential enthalpies can be deduced either by differentiation of the 

integral enthalpy with respect to the amount of each component or from the 
expressions for the corresponding differential free energies. The partial molal 
enthalpy of the adsorbent is 

\ Τ / nhn2,a 

This equation is similar to Equation 7, except that nl9 n2, and Τ are the independent 
variables rather than n 1 ? G 2 , and T. Similarly, the partial molal enthalpy of the 
adsorbate is 

(9) 

where χ is the relative pressure of vapor in equilibrium with adsorbate. Equation 
9 says that the net "isosteric" heat of adsorption is the negative change in partial 
molal enthalpy of the adsorbate. The "net" integral heat of adsorption could also 
be obtained by integration of the isosteric heat of adsorption over the range n 2 = 
0 to n 2 . 

Entropy Change in Adsorption 

As with enthalpy changes, entropy changes are determined from appropriate 
temperature coefficients of the corresponding free energy changes. The change 
in partial molal entropy of the absorbate is determined directly from the tempera
ture coefficient of the change in free energy of the differential process (Equa
tion 2). 

Λ 5 , = - ( ψ ) - ( ψ ) ; , (10) 

The integral change in entropy, Δ δ * , is determined from the temperature coefficient 
of AG+. The change in differential entropy of the adsorbent, AS^, can be de
termined either from the difference between the changes in entropy of the integral 
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360 ADVANCES IN CHEMISTRY SERIES 

process and the differential Process 2, or from the temperature coefficient of A G ^ . 
These two procedures give precisely the same result, because the Gibbs-Duhem 
relation is applicable to AS 2 and AS^. 

Experimental Procedures and Results 

The Adsorbent. The barium sulfate used in these experiments was one of 
the finely divided materials prepared for the adsorption studies made by W. D. 
Harkins and his coworkers. This material was chosen for this work because we 
expected the barium sulfate-water system to be a simple system to investigate. 
That it is not a simple system became evident when the initial area determinations 
were obtained. Table I contains areas determined by adsorption of water on 
samples outgassed at 23° and 4 5 0 ° C ; by adsorption of nitrogen on a sample 
outgassed at 450° C ; and by the heat of immersion of a sample saturated with 
water. The molecular area of the water molecule was taken to be 11.4 sq. A. 
In experiment 2, the barium sulfate was outgassed at 450° C. and the area 
determined by adsorption of water. The sample was then outgassed by evacu
ation at room temperature and 10 - 6 mm. of Hg for 24 hours and the area re
determined (experiment 3). The agreement was poor. The fair agreement 
between the area calculated from experiment 3 and the area calculated from the 
heat of immersion (experiment 4) of the saturated sample suggested that barium 
sulfate might be slightly porous or that some water might be chemisorbed. 

Table I. Measurements of Area of BaS0 4 

Outgassing 
No. Method Temp., °G. σ, Sq. M. /G. 

1 N 2 adsorption 450 5.0 
2 H 2 0 adsorption 450 4.5 
3 H 2 0 adsorption 23 2.9 
4 Heat of immersion 450 2.7 

A vacuum thermogravimetric balance was then used to determine necessary 
conditions for outgassing. The result is shown in Figure 1. The sample was 
held at the temperatures indicated until the sample weight appeared to be 
constant over an interval of at least 4 hours. The results show that the water 
cannot be removed completely at any temperature below7 600° C. Since our 
adsorption apparatus is not made of quartz, the outgassing temperature could not 
be as high as 600° C. The results reported here were obtained on samples out
gassed in the temperature range 4 9 0 ° to 515° C. for 24 hours at lO^ 6 mm. of Hg. 
It is evident in Figure 1 that even this treatment did not remove all the water. 

The area determined from nitrogen adsorption (5 sq. meters per gram) was 
used to calculate the surface pressure, π. The changes in free energy, enthalpy, 
and entropy for the processes being discussed are reported for the system contain
ing 1 mole of barium sulfate, so any uncertainty pertaining to the accuracy of the 
area is not reflected in the results reported here, except for the absolute values of 7r. 

Walton and Walden (15) have explained the behavior of barium sulfate. 
These authors suggest that the water coprecipitated with barium sulfate is held 
in pockets in the crystallites, where 3 molecules of water substitute for one BaS0 4 

ion pair in the crystal lattice. In some instances, they found that more than 25% 
(mole basis) of water was held in this manner and could not be removed com
pletely below 5 0 0 ° C. A small but measurable expansion of the lattice results from 
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WU AND COPELAND Barium Sulfate-Water System 361 

Ό 200 400 600 

t.°c. 

Figure 1. Weight loss of BaSO^ in outgassing at dif
ferent temperatures 

the substitution. If the surface of barium sulfate contains a proportionate share 
of these pockets, the results shown in Table I are explainable. 

Adsorption Isotherms. Adsorption isotherms (Figure 2) were determined 
at three different temperatures, 12.3° , 23 .5° , and 31.5° C , by two procedures, one 
volumetric, the other gravimetric. 

In the volumetric apparatus, the amount of water distilled from a calibrated 
capillary tube was determined by measurement of the change in level of the water 
in the capillary with a slide micrometer. The estimated error is about 1% of the 
amount adsorbed at low coverages, and less than 0.2% at high coverages. 

In the gravimetric apparatus, a fused silica spring with a sensitivity of 2.8 
mg. per mm. was used. Elongation of the spring was measured with a slide 
micrometer. The sample was suspended from the spring in a bucket, weighing 17 
mg., formed from borosilicate glass wool. The error in weight of adsorbed water 
is estimated to be ± 0 . 0 1 mg. per gram of sample. 

The water was purified by a vacuum distillation from alkaline potassium 
permanganate solution, followed by repeated vacuum sublimation from ice until 
the vapor from the water showed no residual permanent gas in a McLeod gage. 

Pressure in the volumetric apparatus was measured by a McLeod gage and 
by a wide-bore (30-mm.) mercury manometer. Pressures measured with the 
McLeod gage were corrected for capillary depression of the mercury meniscus. 
Pressure in the gravimetric apparatus was controlled by regulation of the tempera-
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70, 
1 Γ 

ι ι I I L 
Vm.2 .4 _ .6 .8 

P/P° 
1.0 

Figure 2. Adsorption isotherms of H20 on BaSOh 

ture of the water source, except at one pressure (8.5 microns of Hg) where a 
mixture of magnesium perchlorate dihydrate and tetrahydrate was used (5). 

Heat of Immersion. The adiabatie differential calorimeter used was similar 
in design to the isothermal differential calorimeter used by T. F. Young 
and somewhat like that used by Lange and Robinson (12). It will be 
described in detail elsewhere. The calorimeter was submerged in a water bath, 
the temperature of which was maintained the same as the mean temperature of 
the calorimeter to within 0 .0005° C. The experiments were made at 23 .5° to 
2 4 ° C. 

Samples were held in evacuated glass bulbs designed by Pierce (13). The 
sample bulb in the reference compartment contained water vapor at the same 
pressure as that in equilibrium with the sample, to compensate for the heat of 
condensation of water vapor in the sample bulb. Because of the design of the 
bulbs, no heat of breaking appeared in the calorimeter. 

The amount of water adsorbed after the samples were outgassed was con
trolled by adjustment of the pressure in one of three ways: use of a sensitive 
Cartesian diver manostat, use of a water source at a controlled temperature, or use 
of the mixed magnesium perchlorate hydrates mentioned above. The amount of 
water adsorbed by the sample was measured either by the gain in weight of a 
companion sample or by interpolation from the isotherm at 23 .5° C . The heat of 
immersion of samples with no water adsorbed was determined with samples sealed 
off from the vacuum line while they were still in the furnace at 5 0 0 ° C. 

There is some evidence that the heat of immersion of the well outgassed 
samples was liberated during a rather long time. Consequently, the heats of 
immersion of these samples, and also of some of the samples with small amounts 
of water adsorbed, were determined by integration of the recorded time-
temperature curve from the time the samples were wetted until the temperature 
of the calorimeter had returned to its steady state. Sixteen hours were required in 
the case of the freshly outgassed samples instead of the 5 to 6 hours normally 
required. 
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WU AND COPELAND Barium Sulfate-Water System 363 

The heat of immersion results are plotted in Figure 3. The precision of the 
measurement depends upon the magnitude of the heat developed, and varies 
from about ± 5 % at saturation to about ± 2 % for the outgassed sample. 

h— 
< 

10 V m 20 30 40 

n 2 , m M H 2 0 / M B a S 0 4 

Figure 3. Enthalpy of immersion 

Graph shows change in enthalpy occurring when BaSO^ with nt moles of 
water adsorbed upon it is immersed in water 

Discussion of Results 

The results presented here are for 1 mole—e.g., cal. mole-1—except for π, which 
is reported in the customary units, erg cnrr2. It was also assumed that water vapor 
is a perfect gas; therefore 

AÔ2 = RT In χ 

Free Energy Change. The integral free energy change for the process 

7ZiBaS04 + ^2H20(liquid) —>• [system consisting of wiBaS04 and /z 2H 20] ( 1 1 ) 

can be obtained by Equation 1-6, although it is frequently more convenient to use 
the identity expressed in Equation 12. 

rn2 rG2 

G2dn2~n2G2 - I 
Jo JO 

n2dGi ( 1 2 ) 

The use of this identity is equivalent to the integration of the Gibbs adsorption 
equation (1-4), 

" Jx = Oni 

( 1 3 ) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
1 

| d
oi

: 1
0.

10
21

/b
a-

19
61

-0
03

3.
ch

03
8

In SOLID SURFACES; Copeland, L., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1961. 



364 ADVANCES IN CHEMISTRY SERIES 

Satisfactory integration cannot be performed unless adsorption data are ob
tained at very low pressures (II). The lowest pressure that could be measured 
reliably in this series of experiments was 8.5 microns of Hg. An empirical equation 
fitted to the experimental points at low pressure was used to extrapolate the 
isotherm to zero pressures, π calculated from each of the isotherms is plotted 
in Figure 4. Values of the decrease in surface energy, ττ, range upward to 200 ergs 
cm. - 2 at room temperature, a value about the same as is found in other solid-vapor 
adsorption systems and less than ten times as high as is obtained by the spreading 
of insoluble monolayers on water (7). 

300 

oj . 200 
Ε 
ο 

£ look 

1 1 1 1 

l2.3eC^ 

^ ^ ^ ^ ^ ^ 

1 1 1 1 
.4 .6 

P/P° 
.8 1.0 

Figure 4. Reduction in surface free energy, π, caused by adsorption 
of water 

The integral change in free energy, AG*, and the contribution to AG1* by 
barium sulfate, n^G^, and by water, n2AG2, are plotted in Figure 5. The dashed 
lines are extrapolations to zero coverage based upon the empirical equations fitted 
to the data at low pressures. 

The integral change in free energy, AG^, decreases monotonically with in
creasing coverage, as it must because the adsorption process is spontaneous for an 
increase in vapor pressure of the adsorbate. The curve for n2AG2 has a slope of 
— oo at zero coverage and decreases with increasing coverage in the low coverage 
region, but passes through a minimum and increases with increasing coverage in 
the region where experimental points could be obtained. The difference between 
these curves gives the curve for n-^AG^. This curve decreases monotonically with 
coverage, and shows that BaSG 4 is not an "inert adsorbent" (9) for water. The 
behavior of n^G^ and n2AG2 at low coverages suggests that in systems where 
Henry s law is obeyed, and perhaps in systems that give a Type III isotherm, the 
"inert adsorbent" approximation might be satisfactory for some purposes even 
though AG]t is not zero. 
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1 1 

A \ ^ *""" n 2 A G ? 

\\ \ ^ 

x\ 

η, Δ Gj" 

1 , 1 1 . 

-20 

-40 

-60 

-80 
20 30 40 50 

Figure 5. Free energy change of adsorption of water on barium sulfate 

Integral change in free energy, AGt, is for system containing 1 mole of barium 
mlfate 

- - - Extrapolations 

Enthalpy Change. The enthalpy change measured by the heats of im
mersion (smooth curve) and calculated with Equation 7 (plotted points) is 
compared in Figure 6. The agreement is satisfactory, since the integration of the 
Gibbs adsorption equation depends so strongly upon the extrapolation of the 
adsorption isotherm to χ — 0. 

The differential enthalpies are shown in Figure 7. The line through the 
chords represents Δ Η 2 from heats of immersion. The plotted points are calculated 
from the isotherms with Equation 9, and agree satisfactorily with the curve. 
The curve for ΔΗ χ ΐ was calculated from ΔΗ+ and ΔΗ 2 . In general, the changes 
in partial molal thermodynamic properties of adsorbents are smaller than for 
adsorbates, because partial molal properties are average properties of the respec
tive component. Figure 7 shows that ΔΗ^ is smaller than Δ Η 2 ; nevertheless, the 
contribution of barium sulfate to the integral enthalpy change is larger than that 
of water, except at coverages lower than about a half of a monolayer (Figure 6). 

It was pointed out (6) that the partial molal properties of the adsorbent are 
average properties. The change may not be so large near the center of an indi
vidual particle as at its surface. Because the adsorbent is a solid, complete 
equilibrium of each part of a given particle with other parts of it cannot be 
assumed. The center of a large particle at a depth to which the effect of adsorbate 
does not penetrate may sometimes be regarded as entirely inert material—of no 
more importance to the problem than a phase of an entirely different inert sub
stance. The changes in the partial molal properties of regions near the surface 
therefore are likely to be somewhat larger than the quantities calculated. The 
phenomenon therefore is one which must not be ignored in a completely thermo
dynamic treatment of adsorption. For some purposes, however, the effects may 
be ignored—and the procedures will be entirely adequate for those purposes. 
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^ n 2 , m M H 2 0 / M B a S 0 4 

Figure 6. Enthalpy change for adsorption of water (I) on 1 mole of 
barium sulfate 

Data determined calorimetrically 
Ο Results calculated from temperature coefficient of π 

The maximum magnitude of the change in partial molal enthalpy of the 
adsorbent at its surface may be estimated from the following speculations. We 
have used ηλ as the number of moles of solid in the system. We know that the 
contribution to the surface energy from the respective layers in the lattice de
creases rapidly as the distance from the surface increases. In fact, a large fraction 
of the surface energy is contributed by the first layer (14). About 1.6% of the 
BaS0 4 in this sample is in the first surface layer of ions. If we assume that only 
this first layer is affected by adsorption, the partial molal change in enthalpy of 
the adsorbent would be 70 times as great as shown in Figure 7. Several layers 
can be affected by adsorption, and the value of Δί/χΐ at a monolayer coverage 
would still be of the same order of magnitude as that of ΔΗ 2 . 

As pointed out above, ΔΗΐ for the process studied here is the net heat of 
adsorption. AH2 is then a net diflerential heat of adsorption. AH^ is the same 
as it would be for the adsorption process involving adsorption of vapor instead 
of liquid. 

Entropy Change. The entropy change in the adsorption of water on barium 
sulfate is shown in Figure 8. The integral entropy, Δ St, calculated from AG1* and 
ΔΗΐ decreases monotonically with increasing amount adsorbed. AS* can also be 
calculated from the temperature coefficient of π by 

ASf = ηισ (^) - n2 R In χ (14) 

Points calculated by Equation 14 are plotted on the curve for ASK 
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0, 

-4h 

-8h 
< 
Ο 

-12 

-16 

0 10 V. m 20 30 40 

Π 2 , mM H 2 0 / M B a S 0 4 

Figure 7. Differential enthalpy changes for adsorption of water (I) 
on barium sulfate 

AH2. Change in partial molal entropy of water 
Chord plot of calorimetric data 

0__ Results calculated from temperature coefficient of χ 
Δί/it. Change in partial molal entropy of banum sulfate 

The partial molal entropies are calculated from the partial molal free energies 
and enthalpies. The change in the partial molal entropy of water increases 
monotonically to a value near zero with increasing amount adsorbed. The partial 
molal entropy of barium sulfate decreases with increasing amount adsorbed. 

Conclusion 

Data from two types of experiments have been used to calculate changes 
in thermodynamic properties of adsorption systems. The agreement is within 
experimental error and indicates that a complete thermodynamic treatment is as 
useful for adsorption systems as for solutions. 

In the very low coverage region we used an empirical equation to obtain π. 
The integral heat of adsorption calculated from isotherms is very sensitive to the 
temperature coefficient of ττ. Figure 6 shows that agreement between heats of 
adsorption calculated from the temperature coefficient of π and those measured 
calorimetrically is good, and Figure 8 shows that ASt calculated from the integral 
free energy and enthalpy changes agrees within experimental error with AS"ï 
calculated from the temperature coefficient of i r . The enthalpy change depends 
upon the temperature coefficient of π, and the free energy change depends upon 
the magnitude of τ τ . The agreements indicate that the temperature coefficient, 
as well as the magnitude, of π was estimated satisfactorily. 

Much more work on many systems is needed to achieve an adequate under
standing of the low coverage region of adsorption systems. 
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I ι • ι ι I 
0 10 V m 20 30 40 50 

n 2 , m M H 2 0 / M B a S 0 4 

Figure 8. Entropy change for adsorption of water (I) on barium 
sulfate 

Entropy functions calculated from free energy changes and colon-
metrically determined enthalpy changes 

Ο Entropy changes calculated from temperature coefficient of π 
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Carbon surface, interaction with gas 

or liquid 258 
Cardew, M 197 
Carman, P. C 173 
Caron, A 65 
Carpenter, Frank G 146, 159 
Carruthers, J. G 171 
Cassie, A. B. D 11 
Caswell, E . G 324 
Gawley, C. M 197 
Chabazite, adsorption on 127 

isosteric heat on 130 
Champion, W. M 70, 280 
Chandron, G 87 
Channen, E. W 263 
Chapman, J. A I l l 
Charge transfer, adsorption energy 

from 310 
Checkel, R. L 113 
Chemical reactivity of solids 77 
Chemisorption 73, 222 

of oxygen 114 
surface polarization in 225 

Chessick, J. J 41, 229, 237 
Ghlorodifluoromethane adsorption.. . 

123, 125 
Chon,Hakze 325 
Choudhury, Β. Κ 171 
Chromia catalyst 184 
Chromic oxide, adsorption of deu

terium 158 
of hydrogen 158 

Clampitt, Β. Η 8, 9, 11 
Clark, Α. M 11, 17 
Clark, H 321, 323 
Clay-liquid systems, density studies 

in 332 
Clay-water systems 333 
Clays, density of water absorbed by . . 332 
Clelland, D. W 41 
Clinoenstatite 80 
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