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An interesting letter has recently been published in this
Journal by Lodewyckx and Vansant [1], introducing the
idea of an affinity coefficient for water with respect to
benzene, the usua reference in Dubinin’s theory. This
concept is vaid for carbons with relatively low oxygen
contents, where the water adsorption isotherm is of typeV
and corresponds to a Dubinin-Astakhov eguation, as
shown earlier [2,3].

We wish to show that Lodewyckx’s idea can be included
in a more general approach based essentialy on the
comparison of the enthalpies of immersion of carbons into
water and benzene and taking into account the chemistry
of the surface through an excess enthalpy of immersion.
Our approach follows two recent studies dealing with the
interaction of water [4] and of methanol and ethanol [5]
with active carbons containing variable amounts of oxygen
and basic groups. The starting point is the DA equation
(36]

N, = N,, exp[—(A/E)"] 1)

where N, is the amount adsorbed at relative pressure p/p,
and temperature T; N, is the limiting amount filling the
micropore volume; A= RT In(p,/p) and E is the so-called
characteristic energy of the system. The latter can be
written as E = BE_, where B is the affinity coefficient of
the adsorptive. Benzene is the reference and by definition
B(CeHg) = 1.

As shown elsewhere [3], the enthalpy of immersion of a
microporous carbon into a liquid whose vapour is adsorbed
according to Eq. (1), is given by

Ah,(3/9)y = —W,BE,(1+ aT)I(1+ 1/n)/V, (2)
The quantities W, = N V,,, a and V,, are respectively the
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total micropore volume of the solid, the thermal expansion
coefficient of the adsorptive and its molar volume in the
liquid state. 71 + 1/n) is the tabulated ‘Gamma’ function,
which takes values between 0.89 and 0.92 when n varies
from 1.5 to 5. This means that the enthalpy of immersion
depends essentially on the characteristic energy E = BE..

Since active carbons also possess an externa (non-
microporous) surface S,, the experimental enthalpy of
immersion, 4h,(J/g)

oxp IS

4h3/9)..., = An,(3/g),, +hS, 3

exp

where h,, a negative quantity, represents the wetting of the
surface. For benzene and water at 293 K, — h, corresponds
to 0.114 and 0.030 J/m? [3-5] and the last term of Eq. (3)
is only a fraction of the total enthalpy of immersion.

From Egs. (2) and (3), it follows that the enthalpy of
immersion of a given adsorptive can be calculated from the
parameters of the DA isotherm. A good agreement has
been found for a variety of liquids [2,3].

Since Dubinin's theory only considers non-specific
(dispersive) interactions, an extra term must be added to
Eq. (3) when specific interactions are present and

Ah,(3/9).., = 4h, ., + S+ 4h, 4)

exp ispec

Carbons contain variable amounts of surface oxygen and
basic centres interacting with water [4] and therefore
4h, .. will be a function of these groups. (This enthalpy
may also be regarded as an excess enthalpy of immersion
with respect to the contribution arising from the non-
specific interactions, as used previously [5]).

Adsorptives with no specific interactions can be used as
references and benzene is a suitable candidate, since it is
not affected by changes in the oxygen content of the
surface. As shown recently [5] and illustrated in Table 1,
the oxidation of active carbon AZ46-0 with (NH,),S,0,



Table 1

Main characteristics of the carbons [4—10]. Ah,(H,O).,. has been obtained with Eq. (10)

Carbon 7Ah\(Hzo)exp 7Ahi(C6H6)exp 7Ahi(H20)spec 7Ahi(Hzo)calc Se [O] BaSC groups
Ggh @9 Wgh @9 (m g™ (mmolg")  (meqHClg ")

HT 315 104.5 6.9 28.9 125 0.26 0.44

H-25 29.7 109.7 10.8 338 106 0.53 0.56

H-25-0x 55.4 105 26.6 46.7 106 211 0.37

BV-46 28 118.2 9.3 34.1 112 0.32 0.62

CMS 275 92 16.3 35.6 28 131 0.33

BPL 40.6 118 20.1 44.8 97 1.40 0.62

N 38.2 106.3 18.1 40.4 120 1.58 0.24

U02-ox 55 121.7 27.7 53.3 60 221 0.58

AZ46-0 457 110 15.2 38.3 140 0.81 0.72

AZ46-3 79.9 114 49.0 72.9 131 4.5 0.43

AZ46-10 80.5 112 66.5 90.1 115 6.56 0.14

AZ46-24 95 113 71.6 95.3 110 7.0 0.21

OX 86.1 109.4 65.0 88.0 105 6.43 0.12

OXHT1 80.7 115.3 435 76.4 110 5.09 0.17

OXHT2 70.7 109.3 47.3 66.4 111 4.16 0.22

increases the oxygen content from 0.3 to 7 mmol/g, but
the enthalpy of immersion of benzene at 293 K remains
virtually constant. According to Eq. (2), in the absence of
specific interactions the enthalpies of immersion of a given
carbon into liquids 1 and 2 are related by

AN (1) IAN(2) g = B+ TV, B, (1 + a, TV, (5)
For benzene and water at 293 K one obtains
4h?(H,0),,,/4h(C¢H,) .y = 3.84xB(H,0) (6)

where 4h?(H,0),, represents the enthalpy of immersion

due to the non-specific interactions only and the factor

384 =(1+ a0 T)NVn(CeHe) /(1 + gy TIVH(HO).
From the combination of Egs. (3) and (6) it follows that

4h;(H,0),,, + 0030S, = 3.84x5(H,0)[4h,(CeH)
+0.1145] + 4h,(H,0) .
and
4h,(H,0),,, = 3.84xB(H,0)x4h,(C,H,)
+ 5[0.44xB°(H,0) — 0.030]
+ 4h,(H,0) e (7

Since B(H,0) is close to 0.05 (see below), it
appears that the term in sguare brackets is equa to
—0.01xS, and therefore relatively small. Calculations
based on the daa of Table 1 show that
— 0.01xS,/3.84xB(H,0)x4h,(C4Hg) o, = 0.05+0.01  and
consequently Eq. (7) becomes, to a very good ap-
proximation,

4h,(H,0),,, = 4.03xB(H,0)4h,(C,H¢), + 4h,(H,0)

exp spec

®

Although Eq. (7) is formaly correct, Eq. (8) has the
advantage that it uses only the experimental enthalpies of
immersions and it does not require the knowledge of S..
Eq. (8) holds for carbons where adsorption in the micro-
pores is larger than on the external surface area.
Asdiscussed in detail elsewhere [4], water interacts with
the oxygen atoms of the different surface complexes and
with the basic centres. (The latter are characterized by their
equivalents of HCI and it appears that most of them do not
contain oxygen). The concentration of the basic sites does
not exceed 0.8 milliequivalents of HCl/g, whereas the
oxygen content [O] of the surface can be as high as 7
mmol /g. This means that the bulk of the specific interac-
tions, reflected by 4h,(H,0),,... is due to interactions with
oxygen atoms. It was also found that the specific interac-
tions between water and the surface oxygen (—12.1 J/
mmol) and the basic groups (—10.3 J/meq HCI) are close.
Therefore, and by analogy with the case of methanol and
ethanal, it is reasonable to postulate, as a first approxi-
mation, that Ah,(H,0),.. is a linear function of [O+
HCI], the sum of the surface oxygen (mmol/g) and the
HCI milliequivalents of basic sites (meq/g). Consequently,
Eq. (8) becomes
4h,(H,0),,, = ¢,4h,(C,Hy) .., T C,[O + HCI] 9)

exp exp

where ¢, = 4.03xB(H,0).

In order to test the present model, the data given in
Table 1 has been fitted to Eq. (9), as shown in Fig. 1. The
data corresponds to 15 carbons of different origins [7—10],
used in earlier investigations [4,5,7]. The best fit (correla-
tion coefficient 0.9704) leads to

—9.9[0+ HCl]
(10)

4h,(H,0),,,(3/g) = 0.2104h,(C,H,)

exp
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Fig. 1. Correlation between the calculated and experimental
enthalpies of immersion into water.

These results suggest an affinity coefficient B(H,0) of
0.210/4.03=0.052, with a standard deviation of +0.007.
The average specific interaction is —9.9+0.7 Joules per
mmol of oxygen or milliequivalent HCI.

The affinity coefficient of water found here is in good
agreement with the value of 0.060 given by Lodewyckx
and Vansant [1]. On the other hand, the average specific
interaction energy is somewhat smaller than the earlier
estimates. It should also be pointed out, that no reliable

results could be obtained from an equation of the type
4h;(H,0),,(/9) = ¢, 4h; (CeHe) e, + €,[O] + 5[ basic]

(11)

exp

This suggests that it is reasonable to postulate a unique
interaction energy of approximately —10 J/mmol of
oxygen or J/meq HCI. The correlation given by Eq. (10) is
shown in Fig. 1.

As indicated by Eq. (10), the non-specific interaction of
microporous carbons with water is only 12% of the
enthalpy into benzene and Ah,(H,0),,. increases rapidly
with the surface groups. On the other hand, in the case of
methanol and ethanol interacting with the same carbons,
the non-specific interactions arising from the organic part
of the molecules represent the largest contribution to the
enthalpy of immersion.

An interesting consequence of Eq. (10) is the possibility
to estimate the number of surface groups (predominantly
oxygen atoms) from the experimental enthalpies of immer-
sion of pure active carbons into water and into benzene at
293 K. One obtains, to a good approximation,

[O + HCI](mmol/g) = [—A4h,(H,0),,,

+0.210/4h,(CH,) ]/ 10

exp.

In agreement with Lodewyckx and Vansant, in the case
of carbons with low oxygen contents the type V water
adsorption isotherm can be approximated by Eqg. (1), using
a characteristic energy E(H,0) = B(H,O)xE, and an
arbitrary exponent n around 4 (The latter is suggested by
experience [2]). Since E, depends on the average micro-
pore width [3], the corresponding water isotherm aso
reflects the structural properties of the carbon. However,
when the oxygen content increases (typically beyond 2.5 to
3 mmol /g for industrial carbons), the isotherm is gradually
modified by the appearance of an initia section of type |
[11,12]. This change and the increase in the enthalpy of
immersion reflect the strong influence of the specific
interactions in the case of water, as opposed to the case of
short alcohols [5].

Eqg. (10), which is based on the enthalpies of immersion,
has the advantage that it provides a reasonable estimate for
the affinity coefficient of water B(H,O) and the specific
interactions. Moreover, no particular model is required,
except, that in the absence of specific interactions, the
limiting enthalpy of immersion into water is related to the
enthalpy of immersion into benzene by Eq. (6). However,
when the oxygen content increases, the water adsorption
isotherm is modified under the influence of the specific
interactions, which are reflected in the experimental en-
thalpy of immersion. The exact correlation between Eq.
(10) and the isotherm is being investigated and results will
be presented in due course.
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