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The hydroxide ions pass into solution and bring about neutralization of
the acids while the positive charges remain on the surface of the charcoal.
The amount of acid adsorbed was found to be equivalent to the oxygen of
the charcoal.

These workers also observed that acids are not adsorbed by the oxygen-
free charcoal obtained on heating the air-activated charcoal in a stream of
hydrogen. Bases are adsorbed, instead. The charcoal appeared to behave
now as a hydrogen electrode, as represented by the following equation:

C, + Hy — C, + 2H+ + 2e~

Hydrogen ions pass into solution while the negative charge remains on the
surface.

If activated charcoal was heated in vacuum it adsorbed neither acids nor
bases.

Shilov et al. (122,144) did not accept the electrochemical theory of
Frumkin, as they claimed that some acid was adsorbed even on com-
pletely outgassed charcoals in the absence of oxygen. They suggested the
presence of surface oxides of definite structures to be responsible for acid-
base reactions of carbons. According to them, basic oxides are formed
when a charcoal, outgassed in vacuum at high temperatures, is allowed
to come into contact with oxygen only after cooling. Acidic surface oxides
are formed when a charcoal is heated in OXygen at temperatures between
300° and 500°C. King showed that the optimum temperature for this
purpose was 420°C (124).

Miller (145) criticized the views of both Frumkin and Shilov. He cited
a number of facts which could not be explained by either of them. For
example, there is no apparent reason why strong alkalies, like sodium
hydroxide and potassium hydroxide, are not adsorbed by air-activated
charcoal while tetracthyl ammonium hydroxide, an equally strong base,
is adsorbed.

Steenberg (/46) objected to the basic oxide theory of Shilov et al.
because substances of a corresponding nature and stability are not known
in bulk. According to him, adsorption of strong acids, e.g., hydrochloric
acid, by charcoal activated at high temperatures is due largely to physical
forces. The hydronium ions are held close to the surface by primary
adsorption forces and the anions are held next to them by secondary
electrostatic forces, forming the outer part of a diffuse double layer. The
adsorption was found to be largely reversible as the acid could be re-
covered on shaking with a solvent immiscible in water, such as toluene.
The secondarily adsorbed anions could be exchanged for other anions.
These observations were confirmed by Straskessko et al. (147).
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Burstein and Frumkin (148), in 1941, suggested the following mecha-
nism for the adsorption of acids in the presence of oxygen to account for
the liberation of hydrogen peroxide that they had observed.

C,0, + 2H* + 2X~ — CHX5 + HiO:

The amount of hydrogen peroxide was not equivalent to the amount of
acid adsorbed. This was attributed to catalytic decomposition of hydrogen
peroxide by the charcoal.

Garten and Weiss (/49) were of the view that adsorption of acids is
partly physical and partly chemical in nature and that the chemical part
arises from the presence of chromene groups supposed to be present on the
surface of carbons activated in air at high temperatures. According to
them, the chromene groups are oxidized in the presence of acids to the
corresponding benzpyran and benzo-pyrilium systems. There is also
liberation of hydrogen peroxide, as had been reported by Burstein and
Frumkin. The following scheme was suggested:

o H o) O .x -

~ o CR } Cl

I/\R . IC] —H—él_-) b * MO,
R~ H

A transfer of the positive charges would be possible:
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The existence of chromene groups is only circumstantial. There is no
independent proof of their existence. Puri et al. (22), and also Weller and
Young (23), have shown that, unlike adsorption of bases by carbons which
is almost irreversible, the adsorption of acids is not only very much less
but is also largely reversible. Moreover, charcoals free of oxygen, which
are outgassed at 1200°C in vacuum and cooled out of contact with air,
are even better acid adsorbents than those which are similarly treated at
800° to 1000°C and retain certain amounts of oxygen. The basic character
of carbon, therefore, cannot be attributed to the presence of chromene or
any other oxygen-containing group. In this connection Boehm’s observa-
tion (150) that a graphitized carbon black adsorbed acids to an astonishing
degree even though no oxygen was present in it seems to be quite signifi-
cant. Studebaker’s explanation (65) for the basic character of carbons
seems to be more valid. He likened carbons prepared by the various
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pyrolytic processes to poly-condensed aromatic hydrocarbons which are
known to be Lewis bases (electron donors). Such materials are expected to
adsorb H* in preference to OH~ from water or aqueous solution. This
would leave the surrounding liquid in the slurry with excess of OH-
which would give a pH in the alkaline range, as has been actually ob-
served. The chemically combined oxygen, if present, would counteract the
basic character in the Lewis sense. This would be true for any oxygen-
containing group, although the actual degree of acidity introduced by it
would depend upon its nature. ¥

The influence of combined oxygen on basic reactions of carbons, at
least, is doubtful. In any case, it is very small in comparison to the influ-
ence of combined oxygen on acid reactions of carbons, which will be
discussed in detail in the next Section.

F. Functional Groups

Several workers in recent years have attempted to effect more direct
analysis of the surface oxide layer by studying specific chemical reactions
. aswell as by employing spectroscopic, potentiometric, and polarographic
¥ techniques. As a result of these investigations, the existence of such
functional groups as carboxyls, phenols, lactones of fluorescein type {
(f-lactones), normal lactones, aldehydes, quinones, hydroquinones, and
ethereal structures have been postulated. The methods used for the estima-
tion of the various groups, however, have not yielded comparable results:
and, what is even more significant, the entire amount of combined oxygen
has not been accounted for. The validity of applying organic reactions for
identification and estimation of surface groups can be questioned.

According to Boehm et al. (I57) the functional groups present on
graphite crystallites react only slowly and incompletely. The chances for
completing the reaction in the case of microcrystalline carbons would be
far less, because of the large surface area and, in many cases, the porous
structure of these materials. Moreover, the groups on the surface are not
likely to behave in the same way as those present in simple organic com-
pounds because of possible association between adjacent groups and steric
hindrances. The infrared spectra can also be only of limited help, as has
been rightly pointed out (152). It is difficult to obtain clear evidence from
the spectra because of continued background absorption (/53) and also
the possibility that the various functional groups may not be present as
simple, independent, nonassociated structures.

Villars (154), in 1947, was among the early workers to initiate research
on the surface chemistry of carbons by using a specific chemical reagent.

R L
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By reacting a few carbon blacks with Grignard reagent (methyl mag-
nesium iodide) and measuring the methane evolved, he showed that about
20% of the combined oxygen could be accounted for partly as carboxylic
and partly as phenolic groups.
R—COOH + CH,MgI — R—COOMgzI + CH,
R—OH + CH,;Mgl —R—OMgl + CH,
Some of the Grignard reagent was consumed without evolution of methane.
This indicated the possibility for the presence of other groups such as
aldehydes, ketones, or quinones. The rest of the combined oxygen,
representing as much as 75 % of the total, was inert. This was considered
to be ether oxygen. Smith and Schaeffer (155) used fast-moving electrons
to desorb the surface oxide layer; and, from a study of the emission
spectra, obtained evidence for the presence of OH, CO, COOH, and
CHO groups. Hofmann and Ohlerich (756) used diazomethane for
differentiating between carboxylic and phenolic groups in sugar charcoal
containing 16.5% of oxygen. This substance is known to react with
carboxylic acids to form methyl esters which are easily hydrolyzed by
dilute hydrochloric acid,
R—COOH + CH.N, —~ R—COOCH; + N,
R—COOCH; + HCl — R—COCI + CH;OH
and with phenols forming ethers which are stable to hydrolysis,
R—OH + CH,N, — ROCH; + N,

Studebaker et al. (157) employed the diazomethane reaction to estimate
carboxylic and phenolic groups in a number of carbon blacks. His results
indicated that for every 3.2 atoms of oxygen found in carboxylic groups
one atom of oxygen was present in phenolic groups. Furnace blacks con-
tained 59%; channel blacks, 9%; and color blacks, 8-199; of their total
oxygen as carboxyl groups.

1. Quinones

During the reaction with diazomethane, the nitrogen content of the
samples was found to increase. This indicated the possibility of 1,4-
quinone groups with which diazomethane can give an addition reaction, '
forming pyrazoline rings:

O OH

CH,N R H
Iy = IR
O

H
OH
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on was not conclusive as diazomethane can add itself to other
ds as well. The idea was substantiated, however, by carrying
lum borohydride reaction which, as shown by Lindberg and
reduces quinones quantitatively to hydroquinones. One hydro-
dds itself to the sample for each quinone-type oxygen. The
0 confirmed by catalytic hydrogenation, using Adams reduced
ide as catalyst. The analysis of twelve carbon blacks indicated
87 of the total oxygen was present in 1,4-quinone form (157).
'nce of quinone groups has been supported on the basis of
eactions as well. Garten and Weiss (159) observed that certain
aining carbons, which adsorbed no alkali, could take up
amounts of alkali after electrolytic reduction. This was
the reduction of quinones, originally present on the surface,
uinones. Puri and Bedi (/60) observed similar effects in
lining charcoals and Puri and Bansal (174), in oxygen-
arbon blacks. These workers reduced their carbons in a
ydrogen gas at 160°C for 8§ hr. Assuming the increase in
ty to be due to reduction of quinones that were originally
hydroquinones, the quinonic oxygen could be easily calcu-
mEq increase = 16 g quinone type oxygen). The values
a few carbon blacks (//4) which had been examined by
157) by the sodium borohydride method were, however,
ow. This is probably because hydroquinone groups cannot
y titrated by alkalies in an aqueous medium due to
rolysis.
e quinone groups are converted only partially into hydro-
ps by treating the charcoal with hydrogen at 160°C for a
on, say for 2 or 3 hr, the resulting product may behave, like
as a reversible hydrogen electrode. The potential (E,)
de should be expressed by the equation,

RT 1
Eh = EO e ?logcl:—I:I'_"_j‘

= E, + 0.0591 pH (at 25°C)

1e characteristic constant potential of the system and the
- have the usual significance. This view was checked by
sugar charcoal which had been outgassed at 500°C (to
 of the acidic complex), and then treated with hydrogen at
ouple of hours. A series of buffer solutions of pH values
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