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PREFACE TO VOLUME 6

Following the objectives of this monograph series as outlined in the
first volume, Volume 6 of the Chemistry and Physics of Carbon series is
concerned with comprehensive reviews of past achievements in important
areas of carbon.

We are most happy to have a contribution from A. V. Kiselev and his
school from Russia in this volume. The school is noted for their studies
in the area of physical adsorption on solids. In chapter one, Avgul and
Kiselev achieve and present a detailed interpretation of the fundamental
adsorption parameters which describe the interaction between adsorbate
molecules and homogeneous carbon surfaces and interaction of adsorbate
molecules with each other. Of particular value is the vast amount of data
and correlations which they present for hydrocarbon adsorption. These
results have particular relevance today because of our concern about
environmental control through the use of porous carbons to remove
organics from the atmosphere and our streams.

It is always exciting in the field of materials science when it is possible
to quantitatively relate the structure of solids to some property. J. Méring
and his school in France have long made significant contributions to our
understanding of the structure of carbons through their crystallographic
studies and changes which the structure undergoes on graphitization. They
have particularly been concerned about the effect of heat treatment on
altering the density of defects in carbons, such as stacking faults and inter-
stitial species. In this chapter, Maire and Méring show relationships
between carbon structure and the propensity of the structure to take up
bromine, as the structure is altered upon graphitization. It is one of the
first cases, of which the editor has knowledge, where adsorption is clearly
related to the Fermi level in the solid. In turn the Fermi level is affected
by the level of defects in the solid, as they show.

It is increasingly recognized that the behavior of solids in many appli-
cations is significantly affected by the nature and state of the surface.
This is particularly true of many porous carbons where the surface to
volume ratio is relatively high. In Chapter 3, Puri presents a comprehen-
sive picture of the formation of the important surface complexes on car-
bon surfaces, that is complexes containing oxygen, hydrogen, nitrogen,
halogens, and sulfur. In most cases these complexes are covalently bonded
to the surface. Puri also discussed the effect which the presence of the
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iv PREFACE TO VOLUME 6

complexes on carbon surfaces have on the behavior of the carbons for
different applications.

In Volume 4 of this series Tsuzuku and Saito had a chapter on “Internal
Friction Studies on Graphite.” In this review they considered briefly
the effect of irradiation of graphite on internal friction, showing that
it is particularly sensitive to the formation of point defects. Now Taylor
and Kline in Chapter 4 of this volume extend considerably our under-
standing of the mechanism of radiation damage in graphite by following
changes in dynamic mechanical properties. It turns out that internal
friction is probably the most sensitive tool which we have to follow
irradiation damage in graphite, it being much more sensitive than following
changes in electronic or thermal transport properties, for example.

P.L. W, Jr.
University Park, Pennsylvania
December, 1969
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I. INTRODUCTION

When two phases are brought into contact with each other, it frequently
happens that one phase, or some constituent of it, gets concentrated more
at the interface than in the bulk. This phenomenon of higher concen-
tration at the interface is called adsorption. Thermodynamically, adsorp-
tion is accompanied by a decrease in free energy as well as a decrease in
entropy of the system. If accumulation at the interface arises from dis-
persion forces (van der Waals or London forces), the phenomenon is
known as physical adsorption or ‘‘physisorption’; and if it occurs as a
consequence of exchange or sharing of electrons, giving rise to ionic or
covalent bonds, the phenomenon is known as “‘chemisorption.”” Chemisorp-
tion proceeds, generally, more rapidly with rise in temperature, and,
therefore, like most chemical reactions, involves an activation energy. It is

191
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192 B. R. PURI

therefore, also termed as activated adsorption. The enthalpy of adsorption
is often used to differentiate between physisorption, in which the value is
usually less than 8 to 10 kcal/mole, and chemisorption, in which the value
is much higher, varying usually between 20 and 100 kcal{mole.

Because in chemisorption, adsorbate molecules are linked to the surface
by valency bonds, a chemisorbed layer is only one molecule thick. In
physisorption, on the other hand, the adsorbate gas may form mono-
molecular or multimolecular layers. The latter possibility arises at pressures
approaching the saturation pressure of the adsorbate.

One of the very early examples of chemisorption was furnished by
Langmuir during his work on the interaction of oxygen with carbon (1)
and tungsten (2) filaments. The gas was held so firmly that it came off
when heated as oxides of carbon and tungsten, respectively. Some other
examples of chemisorption reported in the early literature are those of
oxygen on silver (3) and gold (4), carbon monoxide and oxygen on man-
ganese dioxide and cupric oxide (5), carbon monoxide on tungsten (2),
hydrogen and carbon monoxide on zinc oxide-chromic oxide mixtures
(6), and water vapor on graphite (7). The study of chemisorption at the
solid/gas interface has assumed considerable importance in recent years
as it helps in understanding mechanisms of surface reactions and finds
applications in heterogeneous catalysis.

A very large number of studies of chemisorption of gases and vapors
have been made on carbons of diverse forms, ranging from well defined
crystalline materials, such as diamond and graphite, to amorphous or
microcrystalline materials, such as chars, activated carbons, carbon blacks,
and cokes, In carbons, the fraction which exists in the form of disordered,
single, unstacked graphite-like layers is more susceptible, while the frac-
tion which shows some degree of well-ordered parallel stacking, is less

" susceptible to chemisorption of gases and vapors. The disordered fraction
is higher in microcrystalline carbons than in crystalline carbons. At the
same time there are many exposed defects, dislocations and discontinuities
in the layer planes of the microcrystalline carbons, apart from the edges
of the carbon layers. Suchsites, called the “active” sites, are associated with
high concentrations of unpaired electron spin center and, therefore, are
expected to play a significant role in chemisorption. Moreover, charcoals
and activated carbons, being porous, and carbon blacks, being composed
essentially of spherical particles of colloidal dimensions, have large
internal and external surface areas for unit weight respectively.

It is for these reasons that microcrystalline carbons—although poorly
defined materials, with composition and character that varywith the history
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SURFACE COMPLEXES ON CARBONS 193

of their formation—have been of great interest in the field of chemisorp-
tion. The surface carbon atoms located at the active sites, due to residual
valencies, show a strong tendency to chemisorb other elements, like
oxygen, hydrogen, nitrogen, chlorine, bromine, iodine, and sulfur and
give rise to nonstoichiometric stable surface compounds, called surface
complexes. Many of the surface reactions of charcoals and carbon blacks
arise either because of their tendency to chemisorb other elements or
because of the existence of a superficial layer of the chemically bonded
elements.

Oxygen is chemisorbed more readily than many other elements are,
and carbon-oxygen complexes are by far the most important in influencing
surface reactions, surface behavior, wettability, and electrical and catalytic
properties of carbons. These complexes, therefore, have been discussed
first in the present section.

I1. CARBON-OXYGEN SURFACE COMPLEXES
A. Historical

Smith (8), in 1863, was probably the first worker to suggest that when
oxygen is adsorbed on a carbon surface it undergoes a chemical change.
He found that adsorption of oxygen on charcoal did not cease even after
a month; and that while nitrogen and other gases adsorbed on charcoal
could be easily removed as such, oxygen could be removed only on strong
heating, and then as carbon dioxide. Baker (9), a few years later, showed
that an outgassed charcoal could “fix’” oxygen even at —13°C. Rhead and
Wheeler (10,11) concluded that oxygen combines with a mass of carbon
directly to form a physicochemical complex, C,O,, of variable composition,
which decomposes over a wide range of temperature, giving a mixture of
carbon monoxide and carbon dioxide. These observations were confirmed
by Lowry and Hulett (/2), who, while attempting to determine the content
of the moisture and gas in charcoal, noticed that the gases evolved up to
900°C consisted almost entirely of carbon dioxide and carbon monoxide,
the former predominating at lower temperatures and the latter at higher
temperatures.

Further evidence for chemisorption or fixation of oxygen on carbons
was furnished by the work of Langmuir (/), Lambert (/3), Lepin (J4) and
others (/5,16). Ward and Rideal (/7) found that the heat of adsorption of
oxygen on charcoal, even at 0°C, was of the order of 40 kcal/mole,
suggesting the chemical nature of the interaction involved. Other workers
(18-21) reported even higher values, varying from 60 to 84 kcal/mole.
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194 B. R. PURI

It is now known that almost all types of carbons are covered with oxygen
complexes unless special care is taken to eliminate them. These complexes
are often the source of the property by which a carbon becomes useful or
effective in certain respects.

B. Formation of Carbon-Oxygen Complexes

Several methods of forming carbon—oxygen surface complexes have been
reported in recent years. These may be classified into two broad categories:
methods involving reactions with oxidizing gases; and methods involving
reactions with oxidizing solutions.

1. Methods involving reactions with oxidizing gases

a. Reactions with oxygen

The procedure generally employed (22,23) consists in passing oxygen
at the rate of 2 to 3 liter/hr over 5-10 g carbon contained in a rotating
borosilicate tube placed in a tube furnace, which can be heated electrically
to a desired temperature. It has been found that the optimum temperature
for the maximum chemisorption of oxygen lies close to 400°C and that the
capacity of charcoal to chemisorb oxygen depends upon its surface area
and content of hydrogen. For example, the oxygen content of sugar
charcoal, outgassed at 1200°C with surface area of 405 m?g, could be
raised to about 149, while that of coconut charcoal, outgassed at the
same temperature but with surface area of 349 m?[g, could be raised to
only a little more than 89/ (22). The hydrogen content of these samples
was about 1.02 and 0.61 %, respectively.

The complex that can evolve carbon dioxide (CO,—complex) is formed
to the maximum extent at 400°C. It starts decomposing if treatment is
given at higher temperatures. The complex that can evolve carbon monox-
ide (CO complex), however, also formed to the maximum extent around
400°C, remains more or less unchanged even if the treatment is given at
higher temperatures up to 600°C. There is also a certain optimum pressure
of oxygen, lying between 0.7 and 0.8 atm. (24), for maximum fixation of
oxygen at 400°C. As the pressure is increased towards one atmosphere,
both the complexes start decomposing to a small extent. Watt and
Franklin (25) studied chemisorption of oxygen on charcoals of varying
hydrogen contents. The amount of oxygen chemisorbed varied from 3to
25%. By using ozonized oxygen they could raise the oxygen content to
40%. Earp and Hill (26) extended these treatments to industrial carbons,
varying the temperature up to 700°C, while Snow et al. (27) experimented
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