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Abstract

The influence of microporous carbon oxidation on thermodynamic properties of methanol
and ethanol adsorbed at 308, 328, and 348 K was investigated. Adsorption mechanisms are
suggested and the obtained results arc compared with the presented previously for adsorption
of methane and carbon tetrachloride on nonoxidised and oxidised microporous carbons.
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Introduction

The adsorption on microporous carbon is still a subject of current investiga-
tions due mainly to the wide application of carbon materials. We reported pre-
viously some results on the influence of carbon surface oxidation on thermody-
namic properties of adsorbed carbon tetrachloride [1, 2] and methane [3, 4]. The
analysis of the temperature dependence of the adsorption isotherm and the en-
thalpy evolved together with the analysis of the integral molar entropy and the
heat capacity of adsorbates made it possible to suggest the detailed adsorption
mechanisms in micropores of unoxidised and oxidised carbons. We showed that
for carbon tetrachloride adsorbed in the temperature range of 308348 K the
main differences in adsorption between the two carbons are caused by two
changes: in pore geometry and in oxidised carbon surface chemism. The first of
them results in a slight enhancement of the adsorption potential due to the nar-
rowing of micropores, whilst the second plays the main role in adsorbate —adsor-
bate interactions. For this adsorbate carbon surface oxidation leads to the in-
crease of adsorption, especially at higher coverages. This effect comes from the
association of strong polarised (by surface oxides) CCl, molecules. For the
methane molecule, with lower polarizability and smaller dimension than CCly,
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carbon surface oxidation leads to the decrease in adsorption. This effect origi-
nates from the changes in adsorption mechanism. The physicochemical proper-
ties of this adsorbate cause that in this case oxygen surface complexes block the
pores with high adsorption energy, and the low polarizability of the methane
molecule does not contribute to the generated adsorbate — adsorbate energy, as in
the case of CCly, by interaction between induced dipoles. The detailed analysis
of methane adsorption — desorption data leads also to the conclusion that at low
coverages methane is irreversibly adsorbed in carbon ultramicropores, which are
not very susceptible for nitric acid oxidation, and this is connected with slightly
marked irreversible changes of carbon structure.

The main difference between methanol, ethanol, and the adsorbates men-
tioned above is the possibility of formation of hydrogen bonds in adsorbate — ad-
sorbate as well as adsorbate —adsorbent interactions. In the present study we pre-
sent the influence of both temperature and carbon surface oxidation on the
mechanisms of methanol and ethanol adsorption.

Experimental

Adsorption isotherms and differential enthalpies of adsorption of methanol
and ethanol at 308, 328 and 348 K on two microporous carbons (the unoxidised
—called A and the oxidised — called B) were measured, using a Tian-Calvet iso-
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Fig. 1 Methanol adsorption isotherms at 308 K (squares), 328 K (triangles) and 348 K
(circles). Open symbols — adsorption on carbon A; closed symbols — adsorption
on carbon B
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thermal microcalorimeter (with the accuracy of £1.5 %). The detailed procedure
of measurements, carbon preparation as well as carbon characteristics were
given previously [1-8). Adsorption isotherms of methanol are shown in Fig. 1.
The adsorption isotherms of ethanol were published previously (3a Figs 3 and 4).

Results and discussion

The integral molar enthalpies of adsorption (Figs 2 and 5), integral molar en-
tropies (Figs 3 and 6) and heat capacities (Fig. 4) of the two adsorbates were cal-
culated numerically using the procedure proposed earlier [1-3].

Adsorption of methanol

In Fig. 1 itis seen that at low coverages the adsorption isotherms of methanot
on carbon A are concave (this effect is usually observed during adsorption of po-
lar molecules on hydrophobic solids [9, 10]). The enthalpy of adsorption of
methanol (Fig. 2) on this carbon is larger by about 20—-30 kJ mo!l™' than observed
for methane. This difference is in the range of energies characteristic to hydrogen
bonding [11]. The enthalpies of adsorption at 308 and 328 K, after the increase at
low coverages, are significantly decreasing in the adsorption range of 3—4 mol kg .
This effect is accompanied by the increase in integral molar entropy (Fig. 3) and
decrease in the heat capacity of the adsorbate (Fig. 4). The temperature depend-
ence of the adsorbate entropy shows that at 348 K the methanol molecules pene-
trate the micropores inaccessible at lower temperatures.
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Fig. 2 Integral molar enthalpies of adsorption of methanol on carbon A and carbon B,
Symbols as on Fig. 1
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Fig 3 Integral molar entropics of methanol adsorbed on carbon A and carbon B. Symbols as
on Fig. 1. Solid horizontal line — molar entropy of liquid methanol at 308 K

The presented data allow to suggest that in carbon A micropores, at low cov-
erages, methanol association occurs and the multiplicity of associates increases
with the degree of micropore filling. The analysis of the adsorbate entropy sug-
gests that the stability of associates, created in carbon A micropores, markedly
decreases with temperature (for example enthalpy of adsorption of methanol at
328 K and a=3 mol kg’1 is practically equal to that for methane). It is interesting
to admit that for two areas of the heat capacity increase (similar maxima were ob-
served for alcohols on graphitized carbon black and for water adsorbed in micro-
pores of some zeolites [12]) above the value characteristic for liquid methanol
(@=0.6 and 2.8 mol kg™'), the volumes of micropores filled with quasi-liquid ad-
sorbate are close to those determined from the potential theory of adsorption [5];
and this confirms the proposed adsorption mechanism.

Carbon surface oxidation leads to an increase in enthalpy of adsorption (by
about 20 kJ mo!™) and lower mobility of adsorbed methanol molecules. The
comparison of enthalpy of adsorption values on the two carbons leads to the con-
clusion that each methanol molecule creates (on the average) two hydrogen
bonds with surface oxygen groups. The strong adsorbate —adsorbent interactions
bring about substantiate deformations of methanol electron structure and the pri-
mary adsorbed molecules create new adsorption centers for molecules adsorbed
at higher coverages.

This effect is clearly seen while considering the heat capacity of methanol ad-
sorbed on the two carbons. At the initial stage, the heat capacity lower on carbon
B is a result of the weakening of the adsorbate — adsorbate interactions which is
an effect of the creation of hydrogen bonds with surface oxides. For the methanol
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Fig. 4 Intcgral molar heat capacities of methanol (triangles) and ethanol (circles) adsorbed
on carbon A and carbon B. Open symbols — adsorption on carbon A; closed symbols —
adsorption on carbon B. Solid horizontal lines — molar enthalpy capacities of gaseous
and liquid adsorbates at 308 K

heat capacity on carbon B a new maximum is observed, and the increase in the
heat capacity starts at the adsorption value characteristic for concentration of
surface functional groups.

The comparison of adsorption isotherms (Fig. 1) indicates that carbon surface
oxidation increases methanol adsorption only at low coverages, because at
higher coverages the decrease in entropy predominates (it is well known that the
adsorption isotherm is the measure of the affinity between adsorbate and adsorb-
ent and both the enthalpy and the entropy contribute to this affinity).

Adsorption of ethanol

The integral molar enthalpy of adsorption (Fig. 5) and entropy (Fig. 6) of
ethanol on carbon A at 308 K are nearly constant, except the area of very low
coverages. The comparison of methane and ethanol enthalpy of adsorption val-
ues leads, as in the case of methanol adsorption, to the conclusion that the hydro-
gen bonds are created in carbon A micropores. On the heat capacity plot (Fig. 4)
(as well as on the enthalpy of adsorption one ) the characteristic decrease down
to the adsorption value equal to the concentration of surface Lewis basic centers
is observed [6]. The absence of such a decrease during methanol adsorption al-
lows to make a conclusion of higher acidity of ethanol, and not methanol, in carb-
on micropores (the same situation is observed in the gaseous state [ 13]). The heat
capacity of the adsorbed ethanol lower, than in the case of methanol, leads to the
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conclusion of lower stability of created hydrogen bonds. This suggests nearly the
same adsorption mcchanism as for methanol on this carbon. The main difference
is caused by the smaller polarity of the ethanol molecule, which leads to the
lower mobility of this molecule in carbon micropores.

At all investigated temperatures the oxidised carbon is a better ethanol ad-
sorbent than the unoxidised one; however, the differences decrease as the tem-

Qnt (kJ/mol)

T T T T T T T T T T T T T T T T T T T[T T T
0.0 0.5 1.0 1.5 2.0 2.5

a {mol/kg)

Fig. 5 Integral molar enthalpies of adsorption of methanol on carbon A and carbon B. Sym-
bols as on Fig. 1
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Fig. 6 Integral molar entropies of ethanol adsorbed on carbon A and carbon B. Symbols as
on Fig. 1. Solid line — molar entropy of liquid ethanol at 308 K
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perature increases. The differences in enthalpy of adsorption values on the both
carbons are in the range of 6-25 kJ mol ' at low coverages, and 2—5 kJ mol™" at
higher coverages. It means that, as in the case of methanol adsorption, an addi-
tional hydrogen bond is created (this effect was observed using IR spectroscopy
for adsorption on carbon films [14]). However, in the case of ethanol, in contrast
to methanol, the creation of an additional bond with carbon B surface groups is
not accompanied by sharply outlined entropy decrease as it occurs in adsorption
on carbon A. Moreover, the heat capacity on B type carbon is larger than on car-
bon A what is different from the adsorption of methanol. This leads to the con-
clusion that in the case of ethanol the competition between primary and secon-
dary adsorption centers starts at very low coverages, and both are filled gradu-
ally. The proposcd mechanism can be confirmed by the results of the investiga-
tions on the catalytic activity of carbon B [15]; during the catalytic process, the
creation of transition states with positive charge on carbon atom of the ethanol
molecule is suggested. The positively charged carbon atom creates the hydrogen
bonding with the oxygen atom of another ethanol molecule. This effect explains
the differences in adsorption behaviour of the two alcohols on carbon B because
the stability of the created transition states should be similar to observed for
carbo-cations.

The comparison with other adsorbates

The affinity of carbon A, at the all investigated temperatures, towards the in-
vestigated molecules decreases in the sentence: CCly, C:HsOH, CH;0H, CH,.
The same sentence is observed for the enthalpy of adsorption on this carbon, and
it means that adsorption on an unoxidised carbon is determined by the enthalpy
(and not entropy) effect value.

On carbon B, at 308 and 328 K , the same sentence referring to adsorption iso-
therm and enthalpy of adsorption decrease are observed, however, the enthalpies
of adsorption of carbon tetrachloride and ethanol are practically the same. This
situation changes at the highest temperature, where the enthalpy of adsorption of
CCl, predominates. This effect is a result of the decrease in the temperature sta-
bility of the hydrogen bonds of ethanol.
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