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It is shown that the adsorption of phenol and 3-chlorophenol from aqueous solutions, by basic active carbons and at an
equilibrium solution pH below that of dissociation of the phenols, can be described by an equation of the DRK type with
exponent n = 4. The principle of temperature invariance is fulfilled between 283 and 313 K, which means that predictions
can be made on the basis of a characteristic energy, Es, and of affinity coefficients, s, relative to phenol. This approach presents
an advantage over the traditional Langmuir isotherm. Moreover, the comparison of the limiting amounts adsorbed by the
different carbons suggests that phenol and 3-chlorophenol are adsorbed in a monolayer as observed for carbon blacks, except in
the case of activated carbons with a low degree of activation in which molecular-sieve effects can take place. Similar
conclusions are obtained from the enthalpies of immersion into the aqueous solutions and their comparison with graphitized

carbon blacks.

Introduction

Adsorption of phenol and substituted phenols from
agueous solutions on activated carbons is one of the most
studied of all liquid-phase applications of carbon adsor-
bents. An up-to-date exhaustive review has recently been
published by Radovic et al.* Today, it is known that the
adsorption process on carbon materials basically depends
on several variables such as the pH of the solution, the
electron-donating or electron-withdrawing properties of
the phenolic compound, and the surface area of the
adsorbent and its surface chemistry, which is determined
by the nature of its oxygen surface functionalities and its
surface charge. For example, oxidation of the surface
decreases the density of iz electrons on the carbon surface.
This, inturn, reduces the 7—x interactions with the phenol
ring and the adsorption capacity. It follows that the
adsorption process is a complex interplay of electrostatics
and dispersive interactions.!

To analyze the adsorption isotherms of phenolic com-
pounds obtained at equilibrium, many authors use the
Langmuir or Freundlich equations, which contains em-
pirical parameters. Therefore, a more systematic approach
is needed.

In the present study, we examine the adsorption of
phenol and 3-chlorophenol from aqueous solutions, within
the framework of Dubinin’s theory,?? because it can be
applied to the adsorption of a number of solutes from
aqueous solutions.* The present study also considers the
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enthalpy of immersion AjH of carbons into aqueous
solutions of phenolic compounds. This thermodynamic
function is related to Dubinin’s theory and it reflects the
transfer of the solute from the solution onto the carbon.
It will be shown that adsorption is limited to the coating
of the total surface of the carbon, S, Which consists of
the micropore walls, S, and the external (nonmicro-
porous) surface area, Se. This is already suggested by
the fact that the adsorption isotherm is of type | and the
limiting amount is smaller than the amount required to
fill the micropore volume, W,, of the carbons.

Theory

The fundamental expression of Dubinin’s theory is the
Dubinin—Astakhov (DA) equation,

N, = N, exp[—(A/E)"] 1)

where A=RT In(ps/p), Na is the amount adsorbed (usually
given in mol/g) at relative pressure p/ps and temperature
T, and Ny, is the limiting amount filling the micropores.
From the limiting amount adsorbed, N, it is possible to
estimate the volume W, filled by the adsorbate, by using
its molar volume V., in the condensed state at the
corresponding temperature and W, = NaVn. E is the
characteristic energy of the system, which depends on the
solid and on the adsorbate. Dubinin’s theory requires the
temperature invariance of parameter E, at least over a
reasonable temperature range, so that eq 1 can be used
to predict adsorption equilibriums of vapors, including
water.® The effect of the adsorbate itself is expressed by
a factor g3, called affinity coefficient, the reference being
by conventional benzene and therefore 3(CsHg) = 1. Under
these circumstances, E = SE,. For activated carbons, power
nvaries from approximately 1.5 to 3, and the most frequent
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Table 1. Structural Characteristics of the Activated Carbons Derived from Equations 2 and 3 and Surface Basicity

carbon W, (cm3g1) E, (kJ mol~1) L (nm) Smi (M2g71) Se (M2g~1) Stot (M2g~1) pHpzc
PLW 0.45 23.9 0.86 1047 50 1097 9.0
AP-2.5 0.20 22.6 0.96 417 8 425 10.0
AP-5 0.24 19.8 1.29 372 32 404 10.2
AP-10 0.35 15.2 2.84 246 47 293 10.5
CP-5 0.41 17.0 1.93 425 52 477 10.1
CP-10 0.55 13.9 (4.32) (255) 65 (320) 10.4

case, where n = 2, corresponds to the Dubinin—Radush-
kevich (DR) equation. On the basis of different experi-
mental techniques, it has been shown? that the charac-
teristic energy E, is related to the average width of the
micropores by

L(nm) = 10.8/(E, — 11.4 kJ/mol) (2

Consequently, assuming slit-shaped micropores, the sur-
face of their walls is approximately equal to

S,i(M?g) = 2000W,(cm/g)/L(nm) (3)

Dubinin’s theory can be extended to the adsorption of
vapors on certain nonporous surfaces such as graphitized
carbons blacks® and manganese dioxide’ and the DR
equation takes the form of the so-called Dubinin—
Radushkevich—Kaganer (DRK) equation:8°

N, = N,,(DRK) exp[—(A/E)’] 4

The limiting amount Nam(DRK) represents the monolayer
capacity of the surface. It is close to N,m(BET), the BET
monolayer capacity obtained from the same isotherm at
higher relative pressures (0.05 < p/ps < 0.30—0.35).

It has been shown* that the preferential adsorption of
various compounds from aqueous solutions, by activated
carbons, follows an equation of the DRK type. With the
present formalism, one obtains

N, = N, exp{ —[RT In(c*/c ,)/E]*} (5)

In this expression, the vapor—solid adsorption potential
A = RT In(ps/p) is replaced by a new thermodynamic
potential, RT In(c*/ceq), where c* is the saturation con-
centration of the adsorbed species and cq is the concen-
tration at equilibrium, to which corresponds the amount
adsorbed N,. Equation 5 is similar to eq 4, but because
adsorption takes place from an aqueous solution, there is
no reason Esshould be related directly to the characteristic
energy E, of eq 1. On the other hand, Es must be
temperature-invariant, but this has not been examined
systematically. At the present time, and in view of the
fact that the adsorption isotherms of phenol and related
compounds show a plateau, the majority of authors use
Langmuir’s equation adapted to solution work:

N, = Nacheq/(l + Bceq) (6)

In this expression, B is a parameter that depends on the
temperature and on the system and cq is the equilibrium
concentration in the solution. Other expressions such as
the Freundlich equation have also been used, but all these
equations suffer from the shortcoming that the variation
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of their main parameters with temperature cannot be
predicted in a simple fashion, as opposed to Dubinin’s
equation. In light of egs 1 and 4 an obvious generalization
of eq 5 would be

Na = Nam exp[_(As/Es)n] (7)

where A is the thermodynamic potential, As = RT
In(c*/ceq), the reference state for the solute being either
the saturated solution at temperature T or the pure solute
itself (both have the same chemical potential). Equation
7 does not imply a specific model for adsorption from the
solution.

In the case of preferential adsorption, the enthalpy of
immersion of the solid into the solution reflects the transfer
of the solute from the solution onto the solid. The energy
balance involves demixing and the interaction between
the solute and the surface, as discussed below (section 4).

Experimental Section

Solids. The study is based on well-characterized active
carbons, PLW?and AP-2.5, AP-5, AP-10, CP-5, and CP-10.1° Their
main characteristics, Eo, Wy, Smi, and Sex, obtained from CO,
adsorption isotherms, are given in Table 1, together with their
pHpzc. Data obtained by Leyva-Ramos et al.! with the activated
carbon Filtrasorb 400 were also included. Graphitized carbon
blacks N234-G, Hoechst,® and Vulcan 3-G, with BET surface
areas of 92, 54, and 71 m?/g were also considered for comparison
in immersion calorimetry.

Adsorption from Solutions. In the present study, we
determined the adsorption of phenol at 298 and 313 K and of
3-chlorophenol at 298 K on active carbon PLW. The technique
was identical to that used earlier for carbons of series AP and
CP at 298 K. Basically, the adsorption isotherms were
determined by using flasks containing 0.1 g of carbon/100 cm?3
of phenolic solution of different initial concentrations. These
solutions were kept in a thermostated shaker bath at 298 or 313
K for 15 days, a time sufficiently long to ensure adsorption
equilibrium. The adsorption isotherms were determined without
adding any buffer to control the pH, to avoid the introduction of
any new electrolyte into the system. But in all cases the
suspensions at equilibrium had a pH between 6 and 7, which is
below the pHpzc of the carbons.

Immersion Calorimetry. The enthalpies of immersion of
active carbon PLW and of the nonporous carbon blacks (es-
sentially N234-G) into the aqueous solutions of phenolic com-
pounds (phenol and 3-chlorophenol) were determined at 293 K
with a calorimeter of the Tian-Calvet type, as described in detail
elsewhere.12.13

In the case of activated carbon PLW, samples of 0.040 to 0.150
g were used. They were previously outgassed at a dynamic
vacuum of 10~° Torr and at a temperature not higher than 383
K. The enthalpies of immersion were determined by using 0.4
M solutions for phenol and 0.2 M for 3-chlorophenol. In the case
of carbon black NG234-G, the concentrations were mainly around
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Table 2. Adsorption of Phenol and 3-Chlorophenol from Aqueous Solutions by the Activated Carbons

eq7

Es Nam x 1073 Sm(DRK)

carbon compound T (K) (kJ mol~1) Bs (mol g71) (m2g71)
PLW phenol 298 19.1 1.00 3.75 1016
phenol 313 19.1 1.00 3.62 981
3-chlorophenol 298 18.9 0.99 3.50 1050
Filtrasorb 400 phenol 283 211 1.00 1.98 537
phenol 298 211 1.00 2.00 542
phenol 313 211 1.00 2.00 542
AP-2.5 phenol 298 23.6 1.00 1.28 347
3-chlorophenol 298 26.6 1.13 0.57 171
AP-5 phenol 298 27.5 1.00 1.67 453
3-chlorophenol 298 275 1.00 151 453
AP-10 phenol 298 29.9 1.00 1.80 488
3-chlorophenol 298 31.1 1.04 1.68 504
CP-5 phenol 298 27.4 1.00 2.20 596
3-chlorophenol 298 29.1 1.06 1.74 522
CP-10 phenol 298 30.5 1.00 2.55 691
3-chlorophenol 298 28.7 0.94 2.20 660
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Figure 1. Adsorption isotherms of phenol at 298 K (<) and at

313 K (*), and 3-chlorophenol (a) at 298 K, from aqueous
solutions onto carbon PLW.

0.04 M. Experiments were also performed with carbon blacks
Hoechst and Vulcan 3-G to test for self-consistency.

Results and Discussion

First, it has been known for a long time,** and confirmed
by many authors, that in the case of phenol adsorption
from aqueous solutions there is a decrease in the surface
coverage of the activated carbons when their surface
acidity increases. For this reason we have chosen activated
carbons with basic surface properties, as shown by their
pHpzc. Second, the solution pH at equilibrium was between
6 and 7 in the case of adsorption on activated carbons
PLW and those of the series AP and CP, which was below
the pHpzc of the carbons. Under these conditions the
phenols used will be undissociated,® and it is expected
that the interactions between the phenols and the surface
of the carbons will be of a dispersive nature only.

The data for the adsorption of the phenolic compounds
by the various carbons is given in Table 2. As a matter of
interest, we also included the data of Leyva-Ramos et
al.! for the adsorption of phenol from aqueous solutions
at 283, 298, and 313 K by Filtrasorb 400.

The equilibrium isotherms of phenol (298 and 313 K)
and 3-chlorophenol (298 K) adsorbed from aqueous solu-
tions by active carbon PLW are shown in Figure 1.

(14) Coughlin, R. W.; Ezra, F. S. Environ. Sci. Technol. 1968, 2, 291.
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Figure 2. (a) Generalized DRK plots for the adsorption of
phenol at 298 K (<) and 313 K (*), and 3-chlorophenol (2) at
298 K, from aqueous solutions onto carbon PLW. (b) Generalized
DRK for the data of Leyva-Ramos et al. for phenol at 283 (W),
298 K (@), and 313 K (4) on a typical activated carbon.
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Figure 3. Generalized DRK plots for the data of Moreno-
Castillaetal. for the adsorption of phenol (<) and 3-chlorophenol
(») at 298 K from aqueous solutions onto carbons CP-5 (a) and
closed symbols for CP-10 (b).

The data have been analyzed in terms of the extended
DRK equation (7), with a variable exponent n. As shown
for example in Figures 2 and 3, one obtains very
good overall fits for the plots of IN(Na/Nam) versus
[RT In(c*/ceq)]-# (The values of N are obtained from the
plots for the experimental data.) The power n =4 may be
surprising at first, but it appears that this value extends
the fit of the experimental over a wider range of relative



Table 3. Limiting Volumes of Phenol Adsorbed by the
Activated Carbons at 293 K (Vm = 89 cm?® mol-1)

Filtrasorb
carbon PLW 400 AP-2.5 AP-5 AP-10 CP-5 CP-10

Nam x 1073 3.75 1.98 128 1.67 180 220 2.55

(mol g7%)
Nam x Vim ~ 0.33  0.18 011 0.5 0.16 0.20 0.23
(cmig™?)
W, (cm3g1) 0.45 020 0.24 0.35 041 055

concentrations ceq/C* than n = 2. For example, in the case
of phenol on carbon PLW at 298 K (Figure 1), the domain
corresponds to 0.0004 < ce/c* < 1, whereas the use of
n = 2 limits the linear section to cey/c* > 0.001.

The data for phenol adsorbed on PLW at 298 and 313
K and on the carbon of Leyva-Ramos et al. 293, 298, and
313 K shows that the requirement for temperature
invariance is fulfilled near room temperature. This
suggests that eq 7 can be used to predict the adsorption
of phenol with a constant value of Eg, given in Table 2. For
3-chlorophenol one obtains slightly different values for
E, but a finer analysis shows that they can be correlated
with Es(phenol) by introducing a shifting factor, s, similar
to the affinity coefficient  used in eq 1. In this case, if
phenol is taken as the reference,

B, = EJE (phenol) ®

ps for 3-chlorophenol, derived for the different carbons
and given in Table 2, takes an average value of 1.03 +
0.10.

As shown in Tables 1 and 2, it appears that the
characteristic energies Es and E, vary in opposite direc-
tions. This is surprising, but it should be kept in mind
that these parameters reflect two different mechanisms:
E, corresponds, by definition, to the adsorption of benzene
vapor filling the micropore volume W,. Eg, on the other
hand, is associated with the transfer of phenol from
aqueous solutions onto the surface of the carbon (see
below). Moreover, the chemistry of the surface also plays
a role in the adsorption of phenol.* However, no definite
explanation can be offered at this stage and the correlation
between Es and other parameters needs further investi-
gation.

At this stage, it appears that the adsorption of phenol
and 3-chlorophenol from agueous solutions can be fitted
to the extended DRK equation (7) in which parameter E;
depends on the energy of interaction between the phenol
and the given carbon. It is also related to the heat of
immersion of the carbon into the phenol solution and to
the affinity coefficient 5. This is a clear advantage over
both the Langmuir equation and the Freundlich equation,
whose parameters have no simple physical meaning.

More information is also provided by the limiting
amounts of phenol and 3-chlorophenol adsorbed by the
different activated carbons. As illustrated by Figure 1,
and confirmed by the fits to the DRK or the Langmuir°
equations, adsorption from solution is limited and Ngn,
could correspond to a monolayer. The data of Table 2 also
suggests that the limiting amounts N, of phenol adsorbed
by the solids correspond to smaller equivalent volumes
than required to fill the micropores: Using the molar
volume of 89 cm? of solid phenol at 293 K, one obtains the
equivalent volumes N, x Vi, given in Table 3, which are
always smaller than W,. For carbons PLW and CP-10,
two limiting cases, one obtains 0.33 and 0.23 ¢cm®/g as
opposed to micropore volumes W, of 0.45 and 0.55 cm®/g.
Moreover, these calculations do not take into account the

adsorption of phenol on the external surface S, ap-
proximately (3.2 x 1076 mol/m?) x (50 m?/g) =0.16 x 1073
mol/g or an equivalent volume of 0.01 cm3/g. One may
therefore postulate that the adsorption of phenol and
3-chlorophenol by activated carbons, and under the
experimental conditions specified above, could follow a
similar pattern, with the coating of the micropore walls
and of the external surface by a monolayer, rather than
the filling of the micropores.

However, a controversy has been going on for some time
about the use of phenol adsorption from aqueous solutions
to determine the surface area of carbonaceous materials.t
This is due to the fact that this process may also depend,
to some extent, on the surface chemistry of the carbon
and on the pH of the solution. Furthermore, there are
also some discrepancies about the value of the cross-
sectional area of the phenol molecule when it is adsorbed
in a flat position. Thus, Teng et al.'®> used a value of
30.2 x 107%° m?, Boehm et al.’6 40 x 1072° m?, Coughlin
et al.’” 41.2 x 1072° m?, and Singh'® 52.2 x 1072° m?2.
Recently, Lyklema?!® used a cross-sectional area of 45 x
10729 m2, and with this value, he found an area of 380 m?
for a carbon with a BET (N;) area of about 1000 m?,
indicating that this is still so high as to suggest contribu-
tions from pores.

In the present study we used the value of 45 x 1072°m?
for the molecular area of phenol and 49.8 x 1072° m? for
3-chlorophenol, adjusted by MMX force-field calculations.?
Using these values, we come to the conclusion that under
the present conditions the adsorption of phenol and of
3-chlorophenol is limited to the coating of the total surface
of the carbon, Si. This surface consists of the micropore
walls, Spj, and the external (honmicroporous) surface area,
Sext- Evidence for this mechanism is provided by two
different approaches discussed below and based on the
adsorption capacities and on immersion calorimetry.

The first approach is based on the comparison of the
monolayer capacities Nom with the total surface area S
of the carbons, known from other techniques. Thus, taking
into account the cross-sectional area of the phenols, the
limiting adsorption capacities Ny, obtained from the DRK
plots and given in Table 2 lead to the equivalent total
surfaces areas Sp(DRK) given in the same table. Itappears
that, for each carbon, the values obtained with both
phenolic compounds are in good agreement, except for
sample AP-2.5 in which the differences found in S,(DRK)
obtained with phenol and 3-chlorophenol can be due to
the low degree of activation of this sample.'® It has been
shown?! for this type of carbon molecular sieve effect can
be present, which reduces the accessibility of the micropore
system for the substituted phenols. As shown in Table 4,
for activated carbons PLW, AP-2.5, AP-5, and CP-5 the
average values of S,(DRK) are in good agreement with
the values of Siot = Simi + Se, given in Table 1 and derived
from the structural parameters E,, W,, using egs 2 and
3. The systematically lower values of Sy predicted for
carbons AP-10 and CP-10 may reflect a limitation of eq
2 inthe case of carbons with large micropore width. Under
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Table 4. Structural Parameters of the Carbons Based on Adsorption of Phenol and 3-Chlorophenol from Aqueous

Solutions
carbon PLW Filtrasorb 400 AP-2.5 AP-5 AP-10 CP-5 CP-10

Es (kJ mol—1) 19.1 21.1 23.6 27.5 29.9 27.4 30.5

Sm(DRK) (m2g1) 1016 540 3472 453 496 559 676

Smi = Sm(DRK) — S, (m2g?) 966 339 421 449 507 611

L = 2000Wo/Spmi (nm) 0.93 1.18 1.14 1.56 1.62 1.80

L from eq 2 (nm) 0.86 0.96 1.29 2.84 1.93 4.32

a Surface area obtained from phenol adsorption.
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Figure 4. Enthalpies of immersion of carbon N234-G into
aqueous solutions of phenol (<) and 3-chlorophenol (A) at
293 K.

these circumstances, a better approximation can be
obtained for the average width L of ideally slit-shaped
pores by using the quantity Sy, = Sn(DRK) — S and the
micropore volume W, of the carbon. As seen in Table 4,
in the case of carbons AP-10 and CP-10, the values of L
based on this approach show some differences with the
predictions of eq 2. However, as pointed out earlier,? this
equation becomes less accurate for L > 1.7—2.0 nm (E, <
16—17 kJ/mol), probably due to the fact that the micropores
are no longer slit-shaped. This problem will be dealt with
separately, in a new assessment of eq 2.

The second approach to the adsorption of phenolic
compounds from aqueous solutions by activated carbons
is based on the comparison of the enthalpies of immersion
of the activated carbon and of a nonporous carbon black
(N234-G) into the aqueous solutions. This technique has
already been applied successfully to the case of caf-
feine,32223 a molecule with limited solubility in water,
showing a strong affinity for carbon and adsorbed as a
monolayer. In the present case, the reference is carbon
black N234-G with a BET surface area of 92 m?/g, but
some experiments were carried out with carbons blacks
Hoechst (54 m?/g) and Vulcan 3-G (71 m?/g) to cross check
the technique.

As illustrated by Figure 4, the enthalpies of immersion
of carbon N234-G into solutions of phenol and 3-chlo-
rophenol at 293 K are linear functions of the amount of
carbon. (This behavior is valid up to a point where a break
is observed, which corresponds to the depletion of the
solution.) For both phenolic compounds adsorbed by N234-
G, the gradients correspond to specific enthalpies h; of
—0.109 £ 0.003 J/m? (phenol) and —0.107 £ 0.002 J/m?
(3-chlorophenol). In the case of carbon blacks Hoechst and
Vulcan 3-G, one obtains specific enthalpies of —0.103 and
—0.124 J/m? for phenol, with similar uncertainties.

(22) Stoeckli, F.; Frangiere, M.; Huguenin, D.; Depraz, M.; Ballerini,
L. Carbon 1989, 26, 915.

(23) Ballerini, L.; Huguenin, D.; Rebstein, P.; Stoeckli, F. 3. Chim.
Phys. 1990, 87, 1709.

Figure 5. Enthalpies of immersion of active carbon PLW into
aqueous solutions of phenol (<) and 3-chlorophenol (a) at
293 K.

Table 5. Adsorption and Immersion Calorimetry Results
for Carbon PLW

temp Namx 1073 Spu(DRK)  Sm= AiH/h;
phenol (K)  (molg™) (m*g™) (m2g7")
phenol 298 3.75 1016 1037
phenol 313 3.62 981
3-chlorophenol 298 3.50 1050 1047

The enthalpies of immersion of carbon PLW into
solutions of phenol and 3-chlorophenol follow a similar
pattern (see Figure 5), with specific enthalpies of respec-
tively —113.0 £+ 1.0 and —112.0 &+ 1.4 J/g of carbon. As
shown in Table 5, using the specific enthalpies obtained
with carbon N234-G and on the basis of a BET surface
area of 92 m?/g, one obtains equivalent surface areas S,
of 1037 4 9 and 1047 4 13 m?/g for carbon PLW. These
values are in good agreement with the surface areas
Sm(DRK) obtained from the liquid adsorption isotherms
(Tables 2 and 4).

It is also interesting to point out that, in the case of
carbon black N234-G, the surface density of phenol of
3.18 x 108 mol/m? and the specific enthalpy of immersion
of —0.109 J/g lead to a molar enthalpy of —0.109/3.18 x
1076 = —34.3 kJ/mol for the transfer of phenol from the
solution onto the carbon surface. For carbon PLW, the
ratio AjH/N,n = —(113 J/g)/(3.75 x 1072 mol/g) = —30.1
kJ/mol. For another typical activated carbon, not used in
the present study, one obtains a ratio AjH/N,n, of —30.0
kJ/mol. These values are very close and suggest a similar
process for the adsorption on porous and nonporous
carbons, leading to asingle layer of phenol on the micropore
walls and on the open surface. In this respect, the behavior
of phenol is similar to that of caffeine, reported earlier.32223
Moreover, these enthalpies are in good agreement with
the energy of —25 kJ/mol obtained by Salvador and
Merchan?* for the adsorption of phenol from an aqueous
solution, by a typical active carbon, on the basis of a new
type of Kinetic experiments (thermally programmed
adsorption and desorption).

(24) Salvador, F.; Merchan, M. D. Carbon 1996, 34, 1543.



It is also interesting to point out that the adsorption of
3-aminophenol, 4-cresol, and 4-nitrophenol onto carbons
AP-2.5, AP-5, AP-10, CP-5, and CP-10, described earlier,©
seems to follow a pattern similar to that of phenol and
3-chlorophenol and one obtains the following affinity
coefficients relative to phenol taken as a reference,

B(3-aminophenol) = 0.84 + 0.15

Ps(4-cresol) = 0.87 + 0.04

B(4-nitrophenol) = 0.84 £+ 0.07

Bs(3-chlorophenol) = 1.03 + 0.10

Thissuggests some regularity in the process, but as pointed
out elsewhere,>% the pH of the solution has an influence

on the monolayer capacity Nam.

Conclusions

The present study, based on adsorption from aqueous
solutions and on immersion calorimetry, shows that phenol

and 3-chlorophenol are adsorbed as monolayers by both
porous and nonporous carbons displaying basic surface
properties and provided that the pH is below that of
dissociation of the compounds. (Obviously, this does not
necessarily apply to carbonswith low degrees of activation,
where molecular-sieve effects often reduce the accessibility
of the micropore system.) It also appears that adsorption
from aqueous solutions can be described by an extended
DRK equation, in the present case with exponent n = 4,
and covering the domain of relative concentrations Ceq/C*
between 10~* and 1. The principle of temperature invari-
ance being fulfilled over a certain range of temperature,
the adsorption equilibrium from solution can be described
by eq 7 between 283 and 313 K. In the case of phenol, this
approach requires a single adjustable parameter, Es,
depending on the activated carbon. However, as pointed
outabove, the correlation between Es and other parameters
needs further investigation.

As suggested by earlier data,' it is likely that under
suitable conditions the present approach can be extended
to other phenolic compounds.
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