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Surface chemical compounds play an important role in the phenomena of ad-
sorption and catalysis on the surface of carbons and carbon blacks (1, 2). The
chemical nature of the surface of these materials has a substantial influence on
the technical properties of carbons, for example in the process of solvent recov-
ery, and on the properties of carbon blacks in the processes of vulcanization,
aging, and oxidation of rubbers (1−4). Although the formation of oxides on the
surface of carbons as a result of the chemical adsorption of oxygen has been the
subject of a number of studies and, first of all, of the work of N. A. Shilov and
his students (1, 5, 6), the identification of functional groups on the surface of
carbons and carbon blacks still remains a difficult problem. Thus, for example,
in the case of carbon blacks it is possible to identify only groups containing 20–
26% of the bound oxygen (3, 7−9). The reason for these difficulties is connected
with the variety of ways in which oxygen can attach to the carbon surface,
with the complex topography during its chemisorption in the high-temperature
processes of formation of carbon blacks and carbons. In addition, analysis of
the functional groups is complicated by the screening action of large reagent
molecules on groups located close to one another on the surface, and by the low
transparency of graphite bodies, which hinders spectroscopic investigations.

In the present work we set ourselves, in principle, the reverse problem: starting
from the surface of a fresh cleavage of graphite, to synthesize on it a certain
amount of oxygen complexes, carrying out quantitative measurements of chem-
ical adsorption, and then, with the aid of existing chemical methods (3, 7, 9),
to identify the functional groupings formed. Chemical adsorption occurring on
the surface of graphite at room temperature (10, 11) is not complicated by the
chemisorption that takes place during high-temperature oxidation of carbon (1).
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It could therefore be expected that the set of oxygen groups formed on the
surface would be less diverse than in the case of carbons and carbon blacks.

In the work a highly disperse preparation of natural graphite was used, obtained,
as in (10, 11), by vibratory milling of the initial sample in an argon atmosphere.
The specific surface area of the powder obtained was 380 m2/g*. Adsorption
measurements were carried out by the gravimetric method. For this purpose
special adsorption quartz balances were constructed, into which the graphite
powder was poured without its coming into contact with air.

The results of measuring the chemical adsorption of oxygen on the surface of a
fresh cleavage agree well with the adsorption isotherm reported earlier. After
adsorption had been carried out, the sample was held for 24 hours in oxygen
at a pressure of 800 mm Hg and desorbed; the graphite irreversibly adsorbed
4.1 𝜇mol/m2 of oxygen, which coincides with the value determined earlier (10,
11) and indicates good reproducibility of the surface state in different grindings.
The observed magnitude of irreversible oxygen adsorption is more than an order
of magnitude higher than the limiting values of chemi-

* Measurements of the specific surface area were carried out by low-temperature
adsorption of nitrogen after completion of the entire cycle of adsorption mea-
surements.

chemically adsorbed oxygen on carbons previously evacuated at high tempera-
tures (1).

After carrying out the adsorption–desorption cycle with oxygen, the graphite
sample was pumped for a long time to a vacuum of 10−5 mm Hg. Measurements
show that secondary adsorption of oxygen on the oxidized sample is small. How-
ever, with respect to water vapor such a surface exhibits considerable activity,
associated with hydration of surface complexes. Since chemical analysis of func-
tional groups is carried out in an aqueous medium, it was of interest to determine
the amount of irreversibly adsorbed water on the surface of oxidized graphite.
For this purpose, a pumped graphite sample (without its contact with air) was
connected with water vapor. The results of measuring the adsorption of water
vapor are given in Fig. 1.

As follows from Fig. 1, the isotherm of the first adsorption–desorption cycle is
characterized by hysteresis extending into the region of low relative pressures,
which, apparently, as in the case of physical adsorption of oxygen (10), is con-
nected with swelling of the sample.* After desorption and pumping of the sample
to a vacuum of 5 ⋅ 10−5 mm Hg, the latter irreversibly adsorbed 0.4 µmole/m2

of water, which corresponds to 0.8 µeq/m2 of hydrogen. It is of interest to note
that after pumping a sharp shrinkage of the powder was observed in the pan of
the adsorption balance. The isotherm of secondary adsorption also coincides in
its initial part with the desorption curve
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Fig. 1. Isotherm of primary adsorption (1, 3) (independent series of
measurements) and secondary adsorption (2) of water vapor on a sample of

oxidized graphite. Black points—desorption.

Figure 1: Fig. 1. Isotherm of primary adsorption (1, 3) (independent series
of measurements) and secondary adsorption (2) of water vapor on a sample of
oxidized graphite. Black points—desorption.

Fig. 1. Isotherm of primary adsorption (1, 3) (independent series of measure-
ments) and secondary adsorption (2) of water vapor on a sample of oxidized
graphite. Black points—desorption.

Table 1

Distribution of oxygen and hydrogen among functional groups on the
surface of oxidized and hydrated graphite

Functional group
Content in µeq/m2:

oxygen
Content in µeq/m2:

hydrogen
—C(=O)OH
(carboxyl)

0.96 0.48

—C—OH (acid
hydroxyl)

0.16 0.16

—C—O—OH
(hydroperoxide)

0.08 0.04*

>C=O (carbonyl,
excluding carboxyl)

0.07 —

Sum . . . 1.27 0.68

* Possibly somewhat less, if allowance is made for the probability of the presence
of peroxides in radical form.

(Fig. 1), which indicates that mainly only physical adsorption takes place on
the surface. Some discrepancy in the isotherms at high relative pressures is
probably connected with a change in the packing of the particles after the first
adsorption cycle.

* A similar course of the isotherms in the adsorption of water by graphite ox-
ide was noted (12). Possibly, the phenomena considered play some role in the
swelling of graphite destructured by powerful neutron radiation in nuclear reac-
tors (13).

After the adsorption of oxygen and then water vapor had been carried out,
the sample was subjected to chemical analysis. Hydrated oxides—peroxide, hy-
droxyl (phenols), and carboxyl groups—were determined (7,8) separately; perox-
ides, iodometrically in aqueous isopropanol; protonogenic groups, by reaction
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Figure 2

Figure 2: Figure 2

with NaOH; carboxyls, by reaction with Na2CO3; acidic hydroxyls, from the dif-
ference (protonogenic groups minus carboxyls). Carbonyls were determined by
reaction with magnesium bromide–bromophenol*. The results are summarized
in Table 1.

Fig. 2. Composition of the gas phase, in mole percent, over oxidized nonhy-
drated graphite at different calcination temperatures: 1 —CO2, 2 —CO, 3 —
O2.

To determine the thermal stability of the oxygen groups formed on the graphite
surface, after oxygen adsorption part of the oxidized sample was heated at each
of the specified temperatures for 4–6 h, until a constant pressure of the evolved
gases was established. After this, the gas phase was analyzed for O2, CO, and
CO2. The results are shown in Fig. 2. The first traces of gas upon heating
were detected at 100∘. As follows from Fig. 2, with increasing calcination
temperature a decrease is observed in the percentage content of the evolved O2
and CO2. At 250∘, oxygen evolution practically ceases. The percentage content
of CO in the mixture increases with increasing calcination temperature**.

At the initial stage of oxygen adsorption, some of the 𝜎- and 𝜋-bonds broken in
the process of graphite destruction chemically bind oxygen, with the formation
of groups and radicals of the type

> 𝐶 − 𝑂 − 𝑂⋅, −𝑂
𝑂
‖

and others. As follows from Table 1, the total amount of oxygen in the identified
groups amounts to only 29% of the total amount of oxygen irreversibly adsorbed
during its chemisorption and then water (4.5 𝜇E/m2). Part of the bound oxygen
may be present in the form of radicals not hydrolyzed during water adsorption,
neutral and basic*** hydroxyls, or in oxygen bridges in the interplanar spaces
of graphite (15). In addition, part of the oxygen that was not removed by pump-
ing at room temperature could have been strongly adsorbed in molecular form
on surface radicals (quasi-chemical bond (16)) or on deformed regions of the
surface in the basal plane which, according to (17), possess increased activity of
𝜋-electrons. Apparently, this oxygen is removed first upon heating of the sample
(Fig. 2). In addition, with increasing temperature, the appearance of oxygen
may be connected with decomposition of part of the peroxide radicals (18). At
present it would be premature to give any well-founded mechanism for the for-
mation of functional groups on the surface of freshly cleaved graphite. Very
promising in this respect are our studies now being carried out on differential
heats and electron paramagnetic resonance in graphite.
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* The method was proposed by A. P. Terentev.
** We limited ourselves to low calcination temperatures, since, according to
(14), at higher temperatures iron impurities present in graphite (11) catalyze
the conversion of CO2 to CO, and the analytical data no longer characterize the
mechanism of decomposition of oxides on the surface.
*** Determination of basic hydroxyls was complicated by the presence of iron
impurities in the graphite sample (11).
As was stated, upon contact with water vapor some of the oxygen groups are hy-
drated, for example: > C—O—O ⋅ +H2O →> C—OOH+HO⋅. As is seen from
Table 1, the total amount of hydrogen in these groups is somewhat lower than
the equivalent amount of hydrogen in irreversibly adsorbed water (0.8 𝜇eq/m2).
Some part of the hydrogen (0.12 𝜇eq/m2) is probably contained in neutral and
basic hydroxyl groups.

The oxygen groupings formed on the surface are centers of physical adsorption
of water vapor (1). Adsorption of water on oxidized carbon surfaces is well
described by the Dubinin and Serpinsky equation (19), which makes it possi-
ble to estimate the number of primary adsorption centers 𝑎0. A calculation
carried out from the secondary-adsorption isotherm (Fig. 1) gives the value
𝑎0 = 5 𝜇mol/m2, which is considerably higher than the concentration of the
identified groupings and close to the total amount of irreversibly adsorbed oxy-
gen (4.5 𝜇eq/m2). The adsorption centers may be nonacidic hydroxyls, oxygen-
containing radicals, and also oxygen molecules firmly bound to the graphite
surface and not removed by evacuation at room temperature.

The authors express their deep gratitude to Academician M. M. Dubinin for a
valuable discussion.

M. V. Lomonosov Moscow State University
Scientific-Research Institute of the Tire Industry
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