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Abstract

A historical review presents the assumptions and approximations made in the Polanyi and Dubinin adsorption theories,
which have defined the affinity coefficient 8 and proposed parameters to calculate it. A previous compilation of experimental
B [Wood GO. Activated carbon adsorption capacities for vapors. Carbon 1992;30:593-599] for gases and vapors on
activated carbons has been supplemented to more than double the available database. Experimental affinity coefficients
reported and calculated for water vapor have also been compiled. For water vapor at relative humidity >50% on normal
industrial (unacidified) activated carbons, 0.1 is a good average value of the affinity coefficient relative to that of benzene.
Direct correlations of experimental affinity coefficients (other than for water) with molecular parachor, molar polarizability,
and molar volume were successful (8 standard deviations of 0.09, 0.12, and 0.12, respectively). Power functions with
exponents less than unity (0.9, 0.75, and 0.9, respectively) provided slightly better fits of predictions to experimental values
(standard deviations of 0.08, 0.10, and 0.11, respectively). Any of these correlations can be used. Listed advantages of using
molar polarization make it the correlation parameter of preference. Correlation of 8 with critical temperature was largely
unsuccessful. No obvious effects of adsorbate polarity, adsorbent molecular sieve properties, or form of the Dubinin
equations were detected for 8 and its correlations. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Historical background g =flel =fIRT In(p,, /p)] (nH

The Potential Theory of (physical) Adsorption was
introduced by Polanyi [1]. It defines an adsorption po-
tential (adsorption energy) which is thermodynamically
equal to the (negative value of the) free energy of change
of a substance from the bulk liquid to the adsorbed state
[2]. If the vapor pressure p.., of the bulk material (not
adsorbed) is taken as the reference state pressure and the
adsorbed equilibrium pressure is p, both taken at tempera-
ture 7 and for ideal gas constant R, the adsorption potential
is e=RT In(p,, /p). The Potential Theory of Adsorption
states that the amount g of a given adsorbate that is
adsorbed on a given adsorbent under equilibrium con-
ditions is some function of the adsorption potential:
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Differences in applications of the theory come from
selections of this function. Polanyi and others (e.g.,
Dubinin) [3] have also shown experimentally that this
relationship is temperature invariant for a given adsorbent—
adsorbate system. Therefore, at all temperatures when the
adsorption capacity of a substance is plotted against the
adsorption potential, all the data should fall on the same
adsorption potential plot (¢ vs. ¢ or fle]).

Polanyi [4] added the observation that for a fixed
adsorption volume (volume of condensed liquid-like sub-
stance), adsorption potentials &, for different substances are
related by constants f3;:

B =618, &1B5= 8 ctoronce ! Bretereace 2

The B are called ‘affinity coefficicnts,” ‘similarity co-
efficients,” or ‘relative differential molar works of ad-
sorption.” Often benzene is taken as the reference com-
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pound, Bi.,,... = ! is assumed, and the benzene adsorption
potential curve is the ‘characteristic curve’. The relation-
ship of Eq. (2) leads to the idea that plots of adsorption
capacity vs. adsorption potential for different vapors
produce different curves that can be coalesced into one
‘correlation curve’ by dividing & by the appropriate affinity
coefficients. The 8 are scaling divisors.

Kadlec [5] suggested and Stoeckli and Morel demon-
strated [6] that B can be identified with ratios of differcn-
tial adsorption potentials. The differential adsorption po-
tential 1s the average excess adsorption energy of mole-
cules in micropores minus those on the open graphic
surface.

Separate scaling factors are needed for the maximum
adsorption capacity. According to the Theory of Volume
Filling of Micropores of Dubinin et al. [7] there is a fixed
volume of micropores W, (cm® per gram carbon) that is
filled to a capacity W for any chemical at a given value of
&,1B3,. The original form of this relationship, the Dubinin-
Radushkevich (DR) equation, is:

W=W, expl ~({RT/BE,} In{p,, /p})’] 3)

where E_ is the characteristic adsorption energy for the
reference vapor; E= BE_ is the adsorption energy of
another chemical. The Gurvitsch [8] rule states that the
maximum capacity W, in gravimetric or molar units can be
related to W, by the normal liquid density 4, (g/ em?) or
the normal liquid molar volume V,, (cm’/mole) of the
chemical, respectively:

Maximum capacity (grams vapor/gram carbon) W, =W, d,

@

Maximum capacity (moles vapor/gram carbon) W,
=W, /V, (5)

where V,, = M, /d, for molecular weight M. Below the
maximum capacity the actual adsorbed capacity can like-
wise be expressed in gravimetric or molar units. The liquid
density or molar volume becomes a scaling factor that
helps coalesce adsorption isotherms into the correlation
curve. Although this capacity scaling factor may co-
incidently be the same as or proportional to the one for the
adsorption energy (e.g., molar volume), it is assumed to be
independent of 8. This assumption of the potential theory
is important in determining how S is obtained experimen-
tally (see later descriptions). Capacity scaling factors are
not within the scope of this paper.

2. Predictions of aff\nity coefficients

The goal of much previous work and this paper has been
to predict affinity coefficients. Polanyi [4] and Berenyi [9]
assumed that for a nonpolar adsorbent, such as activated
carbon, adsorption forces are due to dispersion (London

potential) forces. Polarizabilities and ionization potentials
of the molecule and the surface contributc to the ad-
sorption potential, according to the London Theory [10-
12]. Dubinin and Sawerina [12] took ionization potentialy
for the same adsorbent to be the same and for most
adsorbates to be similar, so that using a reference sub-
stance cancels out their influences on B. Affinity co-
efficients can, therefore, be approximated by ratios of
molecular polarizabilitics or molar polarizabilitics, P, :

B=FdE e (6)

Dubinin and Timofeyev [13] pointed out that according to
Debye [14] ‘the polarizability of the molecules depends
neither on their constant dipole moment nor on the
temperature, and for polar as well as non-polar molecules
it is made up additively from the polarizabilities of the
atoms.’

According to London the polarizabilities of molecules
are approximately proportional to square roots of the
attraction constants a; of the van der Waals equation
[10—12]. One difficulty in using this is that such constants
are not available for many substances.

Also not having very many molecular polarizability
values available in 1946, Dubinin and Timofeyev [13]
made the further approximation that polarizability of a
molecule varies directly as its molecular volume, or as the
molar volume V_ of the adsorbate in the liquid state:

ﬁ:‘/;n/‘/m reference (7)

In a test of Eqs. (6) and (7) and other predictive equations
mentioned above with 19 chemicals, they found the best
agreements with experimental affinity coefficients were
with Eq. (7). Formic and acetic acids needed adjustments
for molecular associations in the liquid state.

Vaskovsky [15] proposed that affinity coefficients be
approximated by ratios of parachors (2. Parachors can be
calculated from molecular volumes and surface tensions 7y
measured on pure liquids:

2=vy" (8)

They can also be calculated as sums of Sugden increments
for atoms and groupi of atoms [16]. Therefore, according
to Vaskovsky:

B=01LD erence &)

Dubinin and coworkers [17] tested Eq. (9) and found it to
predict B better than Eq. (7) for all eight of the substances
tested. Unlike liquid molar volume, but like molecular
polarizability, parachor is a temperature-invariant property.
However, according to Stoeckli and Houriet [18] dipole
moments of polar molecules may not be accounted for in
calculating affinity coefficients from parachors.

Reucroft et al. [19] compared experimental affinity
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coefficients with those calculated from polarizabilities and
parachors. Deviations from experimental values upon
using parachors were greater than when using polariza-
tions, especially for polar compounds. They obtained better
agreement using polarizabilities when the reference com-
pound used was of a similar polarity. However, attempts to
improve the agreements by incorporating dipole moments
in the B calculations were unsuccessful.

Golovoy and Braslaw [20] compared affinity coefficients
obtained experimentally with those calculated using
polarizabilities (polarizations), molar volumes, and molcc-
ular parachors. They used three reference compounds of
differing polarities. Although the polarization method
seemed to give slightly better results, no differences
among the three methods could be statistically established.
They found that use of a reference compound of similar
polarity did not necessarily give more accurate predictions.

Noll et al. [21] also did a comparison of molar volume,
molecular parachor, and polarization methods. They con-
cluded that the use of a reference compound of similar
polarity does improve the agreements of calculated affinity
coefficients with experimental ones. After doing so the
three parametric methods produced agreements of similar
accuracies.

Wood [22] focused on correlations using molar polariza-
tions (polarizabilities). Using 123 experimental affinity
cocfficients, hc demonstrated that the best correlation of
experimental 3° values was with P_ to the 1.8 power, ie.:
0.9 (10)

B =P, IP ) *and B=(P_/P

¢ reference c rcfcrcncc)

He used B values for correlations since the former are
obtained directly from slopes of experimental DR plots and
are used, instead of B, to calculate adsorption capacities
with the DR equation. A ‘floating’ reference was used for
each set of data: (1) to reduce possible excessive influence
of errors in measurements done with the reference sub-
stance, (2) to eliminate the effect of arbitrary selection of
the reference substance (often different in different data
sets) and defining its S=1, and (3) to compensate for
ctfects of activated carbon differences. Once the correla-
tion functionality is established using the floating reference
method, one reference compound (e.g., benzene) can be
selected and its value of P, used in Eq. (10).

Duisterwinkel [23] used square roots of Wood’s 123
tabulated experimental B8° to comparc correlations with
molecular parachors and molar polarizations. Only 114
compounds could be compared using parachors, since for 9
inorganic gases parachors could not be calculated (missing
Sudgen increments). He [irst assumed simple proportion-
alities between affinity coefficients 8 and the two parame-
ters and concluded that the correlation with parachor was
significantly better than with polarization. When he used a
(.31 power of P_, but not a floating reference, he obtained
an improved correlation for 3, but not significantly beuer
(equal standard deviations) than with parachors,

3. Coalescing factors

A related approach to coalcscing adsorption polential
curves into a common corrclation curve is the use of
‘coalescing factors,” k°, [24]. These empirical multipliers
of molar volumes were introduced upon recognition that
molar volumes alone would not suffice, particularly for
gases. Mehta and Danner [24] published a table of
coalescing factors for several gascs on activated carbon.
These values, varying from 1.00 (the selected reference for
each data set) to 1.19, were calculated from various data
sources. They can be related to affinity coefficients by:

B=K Vi) Var),ererence (1n

However, the molar volume of the condensed, adsorbed
phase of a gas (a substance that is normally above its
boiling point or critical temperature) is temperature and
pressure dependent. Therefore, the debate is at which
conditions the molar volume should be calculated and
how: (1) at the adsorption pressure [p in Eq. (1)], (2) at
the normal boiling point [for a pressure-independent molar
volume], or (3) extrapolated from below the critical
temperature? {24] Tien [25] used the latter approach with
the modified Rackett equation and developed additional
experimental coalescing factors for 14 chemicals, includ-
ing some liquids, on five activated carbons. These are
given in Table 1 along with affinity coefficients calculated
by Eq. (11) for those substances with known liquid
densities at 20-25°C.

4. Water affinity coefficients

Water adsorption on activated carbon is a special case.
The Polanyi/Dubinin theories and equations are based on
adsorption forces due to non-specific dispersion interac-
tions, which are small for the small molecule H,O
(relatively low polarizability). Stoeckli and Lavanchy [26]
have shown quantitatively from carbon immersion studies
that the enhanced adsorption of water (above that due to
dispersion forces) is due to the oxygen content of the
carbon surface. Specific interactions of water molecules
with oxygenated surface species and with other water
molecules increase at higher water vapor concentrations
(higher relative humidities).

As a result, water on activated carbon seems to exhibit
Brunauer [27] Type V isotherms, instead of the Type [
obtained with organic compounds. Significant loadings
(W/W,>0.1) do not occur until p/p_, >0.4-0.5 (relative
humidity RH>40-50%) for ordinarily activated carbons
[28]. With specially oxidized carbons more adsorption will
occur at lower RHs [29]. Nevertheless, Stoeckli et al. [30]
have shown that the potential theory can also be used to fit
a variety of water Type V adsorption isotherms. The more
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Table 1

Coalescing factors from Tien {25] and affinity coefficients calculated from them

Adsorbent Adsorbate Coalescing Molecular Liquid density Calculated

factor weight at 20-25°C B

BPL 2026-54 Methyl mercaptan 1.0 (ref) 48,11 0.8665 1.00 (rel)
Ethyl mercaptan 0.92 62.14 0.8315 1.24
n-Propyl mercaptan 1.1 76.16 0.8411 1.79

BPL 2026-54 Carbonyl sulfide 1.0 (ref)
Sulfur dioxide 1.1
Hydrogen sulfide 1

BPL Sample Ethyl ether 1.0 (ref) 74.12 0.7138 1.00 (ref)

Stock No. 2 Carbon tetrachloride 0.9 153.82 1.5940 0.84
Ethylene oxide 1 44.05 0.8821 0.48
Ethyl chloride 0.97 64.51 0.8902 0.68

Columbia 1 Acetylene 1.0 (ref)

Carbon Carbon dioxide 1.12

BPL Carbon disulfide 1.0 (ref) 76.13 1.261 0.52
Benzene 1.3 78.11 0.8765 1.00 (ref)
Carbonyl sulfide 1.3

general form of Eq. (3), the Dubinin—Astakhov (DA)
equation [31], is required:

W =W, exp[—({RT/BE,} In{p,,./p})"] (12)

where optimum values of the exponent n for water have
been shown to vary at least from 1.9 to 7.7, depending on
the type of activated carbon [30].

Subsequently, Stoeckli et al. [32] showed that an overall
Type IV water adsorption isotherm can be described as the
sum of contributions of a Type [ isotherm and a Type V
isotherm. The former, dominant at low RHs where interac-
tions with oxygenated (acid) sites occur, was fit to the DA
equation with n=1-1.6; the latter, dominant at high RHs
where pore filling occurs, was fit to the DA equation with
n=2.6-3.8.

In these two papers both adsorption energies E for water
and E_ for a reference vapor, benzene, were reported.
Since these are related by E = B, E,, affinity coefficients
for water f3,.,, relative to benzene can be calculated for
several activated carbons. The first three sections of Table
2 show the results of such calculations for 16 activated
carbons at 25°C.

Matsumura et al. [33] reported relative adsorption
efficiencies for benzene, methanol, and water on two
activated carbons, untreated and treated to remove hydro-
philic surface sites. Data were fit to the linearized DR
equation:

hW=InW — [(RT//BEO)ln(psmlp)]2 (13)

and relative B were derived from reciprocal square root
ratios of slopes of log W vs. [ln(pga[/p)]z. Matsumura used
base 10 logarithms instead of In W; this affected the values
of the slopes, but not the ratios. When the results are

adjusted to be relative to benzene on the same carbon, the
values listed in Table 2 are obtained, varying 0.15-0.19 for
activated carbons.

Barton [34] similarly obtained adsorption energies E =
BE, from slopes of the linearized DR equation in two
regions, RH>20% and RH<20%. Values for water and
cyclohexane on variously oxidized BPL carbon have been
divided to calculate the B8 given in Table 2. The numbers
attached to the BPL names in Table 2 are hours of
oxidation.

Tamon and Okazaki [35] reported linearized DR slopes
for 11 chemicals, including water, on a Calgon activated
carbon and three increasingly oxidized samples of it.
Partial pressures of water shown in a graph at the 50°C
measurement conditions correspond to relative pressures of
0.012-0.093. Ratios of the DR benzene slopes to those of
water have been used to calculate ,82 and, therefore, 8
(Table 2).

A group at the U.S. Army [36,37] working with a group
at the University of Virginia [38—40] has measured
adsorption isotherms of vapors, including water at 25—
100°C, on BPL activated carbon. We have analyzed these
data in two regimes, >50% RH and <40% RH. and
obtained slopes of linearized DR plots. The DR plots were
bimodal (apparently two different slopes), as also observed
by Barton [34]. Using hexane as a reference, we have
calculated B values for water from the DR slopes, as
described previously, with the results given in Table 2.

Doong and Yang [41] reported G for water and three
organic compounds referenced to benzene on two carbons.
Reucroft [42] reported a value relative to chloroform on
BPL. Pacheco [43] obtained DR plot slopee of water on
BPL and another carbon. We have calculated a 8 from
Pacheco’s data using the reference Army data for hexane
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Table 2
Affinity Coefficients for Water Vapor on Activated Carbons Reported by or Calculated from Various Sources
Activated PIng, DA Walter Reference Calculated Reference Reference Calculated Citation
Carbon Range exponent BE E, B Chermical ﬁb B vs
kJ/mol k¥/mol Renzene
CMS =0.4 420 1.86 26.2 0.071 Benzene 1.00 0.071 30
U-038 =0.1 4.68 137 21.1 0.065 Benzene 1.00 0.065 30
U-03N =0.1 2.67 0.87 16.9 0.051 Benzene 1.00 0.051 30
U-02 =0.1 232 1.19 20.0 0.060 Benzene 1.00 0.060 30
N-125 =0.1 4.22 1.17 168 0.070 Bentzene 1.00 0.070 30
DCG-5 =0.1 1.87 1.79 21.2 0.084 Benzene 1.00 0.084 30
PLW 2(.1 6.46 218 239 0.091 Benzene 1.00 0.091 30
PLWK =0.1 755 227 229 0.099 Benzene 1.00 0.099 30
ALCA =0.1 7.67 223 194 0.115 Benzene 1.00 0.115 30
MACV =0.1 328 239 271 0.088 Benzene 1.00 0.083 30
MSC-VR =) 4.61 1.89 27.1 0.070 Benzene 1.00 0.070 30
Average and Range 0.08+0.02
D5-0 Lntire 3.16 1.70 2Lg 0.080 Benzene 1.00 0.080 32
D3-A Entire 3.14 1.64 20.5 0.080 Benzene 1.00 0.080 32
CEP-800 Entire 2.70 2.20 218 0.100 Benzene 1.00 0.100 32
LOP-3 Entire 322 1.56 324 0.048 Benzene 1.00 0.048 32
CMA Entire 2.60 0.97 23.6 0.041 Benzene 1.00 0.041 32
Average and Range 0.07+0.03
D5-0" Entire 1.00 5.19 212 0.24 Benzene 100 0.24 32
DS-A* Entire 1.00 475 20.5 0.23 Benzene 1.00 023 32
CEP-800° Entire 1.00 7.00 218 032 Benzene 1.00 032 32
LOP-3" Entire 1.00 5.50 324 0.17 Benzene 1.00 0.17 32
CMA® Entire 1.62 8.02 236 0.34 Benzene 1.00 0.34 32
Average and Range 0.26+0.09
PCB 0.2-0.6 2 0.19 Benzene 1.00 0.19 33
Y-25 0.2-0.6 2 0.19 Benzene 1.00 0.19 33
PCB treated 0.2-0.6 2 0.15 Benzene 1.00 0.15 33
Y-25 treated 02-0.6 2 0.16 Benzene 1.00 0.16 33
Average and Range 0.170.02
BPL, 0.5 <02 2 6.77 174 0.39 Cyclohexane 1.04 041 34
BPL, 1 <0.2 2 797 14.6 0.55 Cyclohexane 1.04 0.57 34
BPL, 2 <0.2 2 731 15.6 047 Cyclohexane 1.04 049 34
BPL, 4 <0.2 2 8.48 15.2 0.56 Cyclohexane 1.04 0.58 34
BPL, 7 <{.2 2 6.29 19.0 0.33 Cyclohexane 1.04 0.34 34
Average and Range 046+0.13
BPL, 0.5 > 02 2: 2.17 17.4 0.12 Cyclohexane 1.04 0.12 34
BPL, 1 >02 2 2.66 14.6 0.18 Cyclohexane 1.04 0.19 34
BPL, 2 > 02 2 248 15.6 0.16 Cyclohcxane 1.04 0.17 34
BPL, 4 > 0.2 2 2.65 152 0.17 Cyclohexane 1.04 0.18 34
BPL, 7 > 02 2 2.74 19.0 0.11 Cyclohexane 1.04 0.11 34
Average and Range 0.15£0.04
AC 0.01-0.09 2 9.62 18.2 0.53 Benzene 1.00 053 35
AC-0X1 0.01-0.09 2 8.42 17.1 0.49 Benzene 1.00 049 35
AC-0X2 0.01-0.09 2 8.01 16.4 0.49 Benzene 1.00 0.49 35
AC-0X3 0.01-0.00 2 8.48 147 0.58 Benzene 1.00
0.58 35
Average and Range 0.520.06
BPL <0.4 2 3.65 232 0.16 Hexane 1.33 021 36,38
BPL 2035 2 1.52 232 0.066 Hexane 1.33 0.087 36,38
Shirasagi S 2 0.063 Benzene 1.00 0.063 41
Hg 1-780 J 0.059 Benzene 1.00 0.059 4
BPL High pressure 2 1.85 26.5 0.070 Chloroform 0.88 0.061 42
BPL =0.5 2 1.62 232 0.070 Hexane 1.33 0.093 43
4 Carbons 0.3-0.7 20-28 19.2-22.4 0.063 Benzene 1.00 0.063 28,44

* Type I isotherm assumed. All others Type V.
° Experimental values taken from Wood [22].
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on BPL. Lodewyckx [28,44] reported an average 3 =0.063
for water referenced to benzene for five activated carbons.
All these values and ranges are also listed in Table 2.

In the next to last column of Table 2 the 8 values for
water are adjusted to benzene reference where the original
reference was not benzene. One observation we make from
Table 2 is that the calculated adsorption energy and S for
water depend on the portion of the isotherm selected for
fitting to the DR or DA equation. This is shown graphical-
ly in Fig. 1 where midpoints of fit ranges are used. This is
a crude plot since ranges used are often wide. An
extrapolated average value for water at RH above 50% is
B=0.1.

Stoeckli and Lavanchy [26] have reported an extrapo-
lated value of 8=0.0527+0.007 for carbon of zero oxygen
content, This is the lower limit of 8 due to dispersion
interactions only. For typical industrial activated carbons
of typical surface oxygen content, 8=0.1 (Fig. 1) is a
practical value. However, it must be recognized as an
empirical value when used in the Dubinin equations, which
fundamentally do not include specific interactions (e.g.,
polar attraction and/or hydrogen bonding).

Although this paper is only concerned with gas—solid
interactions, it is useful to make some comparisons here
with results from aqueous solution studies. Greenback [45]
reported coalescing factors for organic compounds and
water with a reference of heptane. The average water
coalescing factor was k°,=0.28. From Eq. (11) this is
equivalent to 8=0.034 relative to heptane (8=1.48) [22]
or 0.051 relative to benzene. The latter is similar to Table
2 values obtained from water vapor/activated carbon
studies at high relative humidities. Organic chemical g,
similarly calculated relative to benzene, ranged from 0.43
for ethyl acetate to 0.77 for 1-pentanol; these values are
smaller than vapor phase results [22]. They correlated well
with molar polarizability (what Greenback calls ‘refractive
index,” actually the Lorenz-Lorenz function of refractive
index, multiplied by molar volume).

0.7

06 | -
0.5

409
*e ¢ 0

0.4
0.3 s S— SENSER

02 |- . . ¢
(i | — 3 ‘ ‘ ¢

0.4 0.6 08
Midpoint of RH Range Fit

Beta vs Benzene

Fig. 1. Affinity coefficients of water on activated carbons as a
function of the midpoints of the relative humidity regions used to
fit measured adsorption isotherms to the Dubinin-Astakhov equa-
tion.

5. Affinity coefficients for other chemicals

Doong and Yang [46] published DA fittings of ad-
sorption data from various sources, mostly for light
hydrocarbon gases. With BPL carbon they observed a
temperature dependence of the adsorption energy, but this
did not affect the calculated affinity coefficient (averages
from adsorption energy ratios are given in Table 3).

Tamon and Okazaki [35] also made measurements on
three oxidized samples of the Calgon activated carbon.
These results are not given in Table 3; those for the
original activated carbon are. The f# value for ammonia is
unusually high, likely due to reactions with acidic surface
oxides [35].

Kawazoe et al. [47] measured adsorption isotherms [or
28 chemicals on a molecular sieving carbon, MSC-5A.
Their adsorption energies from the DA equation were used
to calculate B listed in Table 3.

Lee and Reucroft [48,49] studied vapor adsorption on
coal- and wood-based chemically activated carbons. The
phosphoric acid-activated wood carbon results give abnor-
mally high and variable B. The variously potassium
hydroxide-activated coal carbons give (8 relative to carbon
tetrachloride that show no obvious trends with increasing
degree of activation (580-1605 m*/ g BET surface areas)
and decreasing adsorption energy. The S for the latter five
carbons were averaged and are reported in Table 3.

Paulsen et al. [50] reported DA fits for three gases and
vapors on an activated coconut carbon. Adsorption ener-
gies calculated at different temperatures were averaged for
the results in Table 3.

Suzuki and Sakoda [51] reported DA adsorption ener-
gies for two ‘ordinary’ activated carbons and two carbon
molecular sieves: MSC-5A and MSC-7A. The results in
Table 3 seem to indicate no sieving effects on 8; however,
the range of molecular sizes is small.

The results of Lu et al. [52] show a trend of slightly
increasing B among the three carbons with respect to
degree of activation: They reported micropore volumes of
0.27, 0.38, and 0.50 cm3/g for PA, BPL, and Columbia,
respectively.

Matsumura et al. [33] compared methanol and water
adsorption with benzene on two original and two de-
oxygenated activated carbons. The treated carbons gave
slightly lower B values (0.43 and 0.46 for methanol
relative to benzene on the same carbon) than the original
carbons and are not included in Table 3.

Bhatia and Shethna [53] cited data for activated carbon
from two sources, obtained (3. from parachor ratios, and
calculated characteristic energies multiplied by pore half-
widths: k= rE =rf, E/B,, .. We have back-calculated
original experimental rg8,, E from tabulated values and
have used ratios to get the B, results listed in Table 3.

Lavanchy et al. [54] and Stoeckli et al. [55] reported
characteristic energies for four chemicals on one carbon.
These E_, were calculated [rom experimental adsorption
cnergics B, L using valucs of B from ratios of parachors.

exp
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Table 3
Supplemental values of affinity coefficients on activated carbons calculated from various sources
Compound Activated DA pL Experimental  Molar Liquid Parachor  Citation
carbon exponent kJ/mol B vs. polarizability  molar
reference volume
Methane Nuxit AC 2.02 3954 0.71 6.541 731 46
Ethylcne Nuxit AC 1.86 4.386 0.79 10.726 101.2 46
Ethane Nuxit AC 1.89 4.456 0.80 11.225 1122 46
Propylene Nuxit AC 1.89 5.547 1.00 15.791 81.884 140.2 46
Propane® Nuxit AC 1.85 5.568 1.00 15.967 88.092 151.2 46
Methane BPL 1.55-1.93  3.52-4.12 0.81 6.541 73.2 46
Ethylene® BPL 1.48-1.75  4.05-5.35 1.00 10.726 101.2 46
Ethane BPL 1.56-1.79  4.17-5.78 1.05 11.225 1122 46
Ethylene Carbon mol sieve  2.68 0.740 0.59 10.726 101.2 46
Ethane Carbon mol sieve  2.85 6.670 0.58 11.225 112.2 46
Propylene Carbon mol sieve ~ 2.78 8.410 0.73 15.791 81.884 140.2 46
Propane Carbon mol sieve  3.02 7.81 0.68 13.967 88.092 151.2 46
Methanol Carbon mol sieve  1.81 4.651 0.40 8.236 40.485 82.2 46
Acetone Carbon mol sieve  2.00 9.774 0.85 16.177 73.528 162.0 46
Hexane Carbon mol sieve  1.62 14.968 1.30 29.898 130486  271.0 46
Benzene® Carbon mol siecve .78 11.52 1.00 26.274 80.116 206.1 46
Cyclohexane CAL AC 2 18.73 1.03 27.735 108.105  240.1 35
Benzene® CAL AC 2 18.23 1.00 26.274 89.116 206.1 35
Methanol CAL AC 2 8.06 0.44 8.236 40.485 82.2 35
Ethanol CAL AC 2 10.55 0.58 12.922 58.368 121.2 35
2-Propanol CAL AC 2 12.57 0.69 17.623 76.512 166.2 35
2-Butanol CAL AC 2 15.75 0.86 22177 91.926 2052 35
Acetone CAIL AC 2 13.21 0.72 16.177 73.528 162.0 35
Acetonitrile CAL AC 2 9.85 0.54 11.069 52.246 121.9 35
Sulfur Dioxide CAL AC 2 12.64 0.69 10.090 88.2 35
Ammonia CAL AC 2 17.28 0.95 5.460 25.609 63.8 35
1-Hexanol BPL 2 24.55 1.04 31.636 125.590  280.0 37
2-Hexanol BPL 2 22.22 0.94 31.321 125.236  280.0 37
DMMP" BPL 2 17.90 0.76 28.181 108.300 36, 38
Hexane® BPL 2 23.59 1.00 29.898 130.48 271.0 36, 38
Heptane BPL 2 27.86 1.18 34.552 146.556  307.2 36, 38
Nonane BPL 2 32.80 1.39 43.846 178.635 3852 36, 38
R-113" BPL 2 18.22 0.77 26.166 116.875 2496 39
Dichloromethane BPL 2 14.43 0.61 16.338 64.021 147.6 39
R-123" BPL 2 18.61 0.79 20911 103.192 2124 36
R-11° BPL Z 15.90 0.67 21.241 91.700 193.4 36
R-134Y BPL 2 13.72 0.58 11.225 146.6 36
Toluene BPL 2 22.49 0.95 31.054 106.287  245.6 36
R-22" BPL 2 13.99 0.59 11.521 127.6 36
R-318 BPL 2 16.28 0.69 18.197 236.4 36
1-Butanol BPL 2 18.29 0.78 22.154 91.529 205.2 40
1-Propanol BPL 2 15.55 0.66 17.529 74.798 166.2 40
Ethanol BPL 2 11.21 0.47 12.922 58.368 121.2 40
Ethanol BPL 2 12.84 0.54 12.922 58.368 121.2 36
Methanol BPL 2 10.15 0.43 8.236 40.485 822 40
Acetone BPL 2 15.48 0.66 16.177 73.528 162.0 36
Cyanogen Chloride BPL 2 14.85 0.63 11.326 51.405 120.1 36
Perfluorocyclo-hexane  BPL 2 19.27 0.82 27.735 240.1 36
Ammonia BPL 2 7.28 0.31 5.460 25.609 63.8 36
Nitrogen Carbon mol sieve 2.6 11.72 0.41 4.390 50.0 47
Carbon Dioxide Carbon mol sieve 2.3 11.30 0.39 7.344 91.2 47
Oxygen Carbon mol sieve 2.3 9.21 0.32 3.989 40.0 47
Hydrogen Carbon mol sieve 2.5 5.44 0.19 2.029 34.2 47
Neon Carbon mol sieve 3.0 4.06 0.14 0.998 47
Argon Carbon mol sieve 2.9 10.04 0.35 4.140 47
Krypton Carbon mol sieve 2.8 11.30 0.39 6.267 47
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Compound Activated DA BE Experimental  Molar Liguid Parachor  Citation
carbon exponent ki/mol B vs. polarizability = molar
reference volume
Xenon Carbon mol sieve 2.8 14.23 0.49 10.202 47
Methane Carbon mol sieve 2.8 13.39 0.46 6.541 73.2 47
Ethylene Carbon mol sieve 3.0 15.48 0.54 10.726 101.2 47
Ethane Carbon mol sieve 2.9 16.74 0.58 11.225 112.2 47
Propylene Carbon mol sieve 3.0 21.34 0.74 15.791 81.884 140.2 47
n-Butane Carbon mol sieve 2.9 2343 0.81 20.624 100415  190.2 47
n-Hexane Carbon mol sieve 2.8 30.55 1.06 29.898 130486  271.0 47
Benzene Carbon mol sieve 3.1 28.87 1.00 26.274 89.116 206.1 47
Ethyl Acetate Carbon mol sieve 3.1 27.62 0.96 22.267 97.867 216.0 47
p-Xylene Carbon mol sieve 3.3 37.66 1.30 36.005 123298 2824 47
Trichlorethylene Carbon mol sieve 3.2 31.38 1.09 25.369 89.735 212.8 47
Tetrahydrofuran Carbon mol sieve 3.0 24.27 0.84 19.876 81.095 184.5 47
Dichloromethane Carbon mol sieve 3.0 20.92 0.72 16.338 64.021 147.6 47
Cyclohexane Carbon mol sieve 2.8 25.11 0.87 27.735 108.105  240.1 47
Acetone Carbon mol sieve 2.8 20.92 0.72 16.177 73.528 162.0 47
Carbon Disulfide Carbon mol sieve 2.6 20.92 0.72 21.494 60.694 147.4 47
Methanol Carbon mol sieve 2.7 10.88 0.38 8.236 40.485 82.2 47
Ethanol Carbon mol sieve 2.7 17.16 0.59 12.922 58.368 121.2 47
1-Butanol Carbon mol sieve 2.6 25.53 0.88 22.154 91.529 205.2 47
Acetic Acid Carbon mol sieve 3.0 20.92 0.72 13.008 57.234 138.0 47
Pyridinc Carbon mol sieve 3.0 28.45 0.99 24.074 80.558 196.7 47
Benzene® Shirasagi S 2 1.00 26.274 890.116 206.1 41
Acetone Shirasagi S 2 0.86 16.177 73.528 162.0 41
Toluene Shirasagi S 2 1.36 31.054 106.287  245.6 41
Methanol Shirasagi S 2 0.40 8.236 40,485 82.2 41
Benzene® HG 1-780 2 1.00 26.274 89.116 206.1 41
Acetone HG 1-780 2 0.85 16.177 73.528 162.0 41
Methanol HG 1-780 2 0.36 8.236 40.485 82.2 41
Chloroform® BPL 2 26.5 1.00 21.462 80.488 184.8 56
Phosgene BPL 2 24.1 091 18.391 72.104 132.4 56
Cyanogen Chloride BPL 2 16.9 0.64 11.326 51.405 120.1 57
Hydrogen Cyanide BPL 2 10.8 0.41 6.370 39.311 82.9 57
Carbon Tetrachloride® BPL 2 18.2-25.8 1.00 26.435 96.499 219.7 48
Acetone BPL 2 15.5-19.4 0.81 16.177 73.528 162.0 48
Ammonia BPL 2 6.8-10.2 0.38 5.460 25.609 63.8 49
Hydrogen Sulfide BPL 2 9.24-1346  0.50 9.750 82.4 49
m-Xylene" Coconut BS 2.0 322 1.00 35.962 122.854  284.2 50
MIBK" Coconut BS 2.4 28.0 0.87 30.179 123456  278.7 50
Argon Coconut BS 24 6.2 0.19 4.140 50
Ethane” Carbon C 2.03 12.3 1.00 11.225 112.2 51
Ethylene Carbon C 1.98 11.7 0.95 10.726 101.2 51
Xenon Carbon C 1.90 10.9 0.89 10.202 51
Ethane® Carbon D 1.91 11.5 1.00 11.225 112.2 51
Ethylene Carbon D 1.98 11.9 1.03 10.726 101.2 51
Xenon Carbon D 1.93 11.0 0.96 10.202 Si
Ethane” MSC-5A 245 16.0 1.00 11.225 112.2 51
Ethylene MSC-5A 253 15.6 0.98 10.726 101.2 51
Xenon MSC-5A 2.30 14.0 0.88 10.202 51
Ethane® MSC-7A 2.17 14.1 1.00 11.225 112.2 51
Ethylene MSC-7A 2.16 13.7 0.97 10.726 101.2 51
Xenon MSC-7A 2.11 12.7 0.90 10.202 51
n-Butane® BPL 2 18.3 1.00 20.624 100.415 190.2 52
Propane BPL 2 14.8 0.81 15.967 88.092 151.2 52
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Table 3. Continued
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Compound Activated DA BE Experimental ~ Molar Liquid Parachor  Citation
carbon exponent ki/mol B vs. polarizability — molar
refercnce volume
Ethane BPL 2 123 0.67 11.225 1122 52
n-Butane® Columbia 2 17.1 1.00 20.624 100,415 190.2 52
Propane Columbia 2 14.5 0.85 13.967 88.092 151.2 52
Ethane Columbia 2 12.1 0.71 11.225 112.2 52
n-Butane® PA 2 233 1.00 20.624 100.415  190.2 52
Propanc PA 2 17.0 0.73 15.967 88.092 151.2 52
Ethane PA 2 12.8 0.55 11.225 112.2 52
Benzene® Calgon PCB 2 1.00 26.274 89.116 206.1 33
Methanol Calgon PCB 2 0.50 8.236 40.485 82.2 33
Benzene” Y-25 2 1.00 26274 80.116 206.1 33
Methanol Y-23 2 0.58 8.236 40.485 §2.2 33
Benzene" AC 1.00 26.274 89.116 206.1 53
Hexane AC 1.08 29.898 130486 271.0 53
n-Pentane” AC 1.00 25.278 115.219  231.0 33
Pyridine AC 0.75 24.074 80.558 196.7 33
Argon AC 0.26 4.140 53
Carbon monoxide AC 0.24 5.279 61.6 53
Benzene® U-02 2 17.00 1.00 26.274 89.116 206.1 55
1,2,-Dichloro-ethane U-02 2 14.23 0.84 21.316 80.123 188.5 55
Carbon tetrachloride u-02 2 15.51 1.03 26.435 96.499 219.7 54
Chlorobenzene U-02 2 18.39 1.08 31.150 101.791 2443 54
Benzene" Ajax 976 2 1.00 26.274 89.116 206.1 58
Propane Ajax 976 2 0.68 15.967 88.092 151.2 58

“ Reference compound in a set.

& DMMP =Dimethyl methylphosphonate; R-113=1.1, 1-Trichlorotrifluoroethane; R-123=2,2-Dichloro-1,1,1-trifluoroethane; R-11=
Trichlorofluoromethane; R-134=1,1,2,2-Tetrafluoroethane; R-22 = Chlorodifluoromethane; R-318 = Perfluorocyclobutane.

We have calculated the original adsorption energies and
experimental affinity coefficients and also put them in
Table 3.

Chiou and Reucroft [56,57] reported affinity coefficients
for phosgene, cyanogen chloride, and hydrogen cyanide
relative to chloroform on BPL carbon.

Ahmadpour and Do [58] reported characteristic ad-
sorption energies E_ for propane (8=0.8 assumed) and
benzene (8=1.0) calculated for an activated carbon and
further burned-off samples of it. They fit measured iso-
therms to the DR, the DA, and the Dubinin-Stoeckli [59]
equations. The latter is a generalization of the DR equation
for non-homogeneous carbon. Calculated ratios of DR
adsorption energies 0.8E, for propane and E, for benzene
yield propane B values ranging from 0.64 to 0.75, with no
apparent trend with percent burn-off (Table 4). The
average 0.68 is also listed in Table 3.

Note: The DA column of Table 1 of Ref [58]. seems to
erroneously list adsorption energies, not characteristic
adsorption energies with §=0.8 assumed. In two cases n
of the DA equation are close to 2.0, which should yield
adsorption energies similar to the ones from the DR fits.
They are too low by a factor of 0.8.

Recognizing this error, we can make other observations

and conclusions from Tables 1 and 2 of Reference [58].
DA data fits yield a B average of 0.66 with ranges of
0.60—0.74 and n=1.70-2.25; DS fits yield a 8 average of
0.67 with range of 0.63—0.77 (Table 4). Adsorption energy
ratios among the models for each carbon were close to
unity, DA/DR and DA/DS both averaging 0.99 with
ranges of 0.95-1.04 and 0.97-1.02, respectively. Again,
there were no trends with burn-off. These observations
indicate that values of B are not sensitive to burn-off or to
which potential model is chosen.

However, evidence contrary to this conclusion can be
drawn from Hacskaylo and LeVan [60]. They fit data for
light hydrocarbon gases on two carbons to both the DR
and DA equations. We have calculated 8 values in Table 4
from reported adsorption energies BE,. DA/DR adsorption
energy ratios averaged 0.95 and ranged from 0.78 to 1.02.
In this case a trend was observed of ratios closer to unity
for larger molecules (0.78 for methane to 0.98 for butane
with one of the carbons; 0.96 for methanc to 1.02 for
ethane with the other). One thing these authors did
differently from the analysis of Doong and Yang [46] of
the same data was to assume constant micropore volumes
for each carbon and all gases. The B from the DR fits of
this paper were tabulated previously [22].
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Table 4
Comparisons of affinity coefficients from various Dubinin equations
Carbon Chemical B Ppa Source
DR DS DA
Ajax 976 Propane 0.75 0.77 0.74 1.96 58
3% Burn-off Propane 0.64 0.64 0.66 2.25 58
10% Burn-off Propane 0.68 0.66 0.64 1.75 58
16% Bum-off Propane 0.64 0.63 0.60 1.70 58
19% Burn-off Propane 0.68 0.68 0.67 2.21 58
30% Burn-off Propane 0.65 0.66 0.63 1.95 58
42% Burn-off Propanc 0.70 0.09 0.67 1.72 58
Average 0.68 0.67 0.66 58
Ajax 976 Benzene® 1.00 1.00 1.00 58
Nuxit-Al Methane 0.68 0.53 1.387 60
Nuxit-Al Ethylene 0.75 0.69 1.448 60
Nuxit-Al Ethane 0.78 0.72 1.498 60
Nuxit-Al Propylene 0.88 0.88 1.443 60
Nuxit-Al Propane 0.90 0.90 1.490 60
Nuxit-Al Butane® 1.00 1.00 1.435 60
BPL Methane 0.84 0.79 1.506 60
BPL Ethylene 0.94 0.93 1.219 60
BPL Ethane* 1.00 1.00 1.354 60

“ Reference compound in a data set.

6. Correlations of affinity coefficients

The S values in Tables 1 and 3 plus those in the
previously published table [22] have been correlated with
molar polarizability, molar volume, molecular parachor, and
critical temperature. We chose power functions g = aX”
of each parameter, X, with coefficients, @, that defined
benzene as the reference, so that S=1 for the value of the
parameter for benzene. When the reference chemical for a
sct of data in Tables 1 and 3 was not benzene, we used the
appropriate ratio of 8 for comparison with experimental
data. A Sum of the Squares of Deviations analysis resulted
in standard deviations for experimental values vs. correla-
tion values. Selected values of power exponents m were
used first and then varied until the standard deviation was
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Fig. 2. Comparison of experimental affinity coefficients with
those calculated by the optimum molar polarizability correlation.
Triangles represent data for carbon molecular sieves. The linc is
the trend for all the data.

minimized. This data fitting process is equivalent to the
‘floating reference’ approach used previously [22]. Num-
bers of data differed for the three parameters, since some
parameter values were not available (e.g. parachors for
inert gases or liquid molar volumes for gases). One
questionable S8=0.95 for ammonia (see above) was ex-
cluded from all correlations. Figs. 2—5 and Table 5 show
the results of these correlations.

7. Discussions
The best-fit correlations in Table 5 predict that for water

vs. benzene §=0.24 using molar polarizability, 0.29 using
molecular parachor, 0.25 using molar volume, and 1.15

2.0

=y
o

Experimental Beta
L

0.0 0.5 1.0 15 20
0.00827 (Parachor)>®
Fig. 3. Comparison of experimental affinity coetficients with

those calculated by the optimum molecular parachor correlation.
The line is the trend for all the data.
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Experimental Beta

20

0.0176 (Molar Volume)*#

Fig. 4. Comparison of experimental affinity coefficienis with
those calculated by the optimum molar volume corrclation, The
line is the trend for all the data.

2.0

Experimental Beta

2.0

0.00178 (Critical Temperature)

Fig. 5. Comparison of experimental affinity coefficients with
those calculated by the critical temperature corrclation. The line is
the trend for all the data.

using critical temperature. The former three are similar to
values reported in Table 2 for p/p  <0.5, but not repre-
sentative of those at high relative humidity (8=0.1).
Again, the difference is due to specific interactions of
water with oxygenated surface sites, not taken into account
by the Polanyi/Dubinin theories for nonspecific interac-
tions.

Affinity coefficients for carbon molecular sieves (CMS)
did not differ significantly from those of more ordinary
activated carbons. Fig. 2, the optimum polarizability

Table 5
Results of affinity coefficient correlations: 8 = aX™

450
400 A
350

y = 7.5982x + 25,981
R>=0.9577

Molecular Parachor
{cm®(dynes/om P/ mole)

0 10 20 30 40 50 60

Molar Polarizability (em®/male liquid)

Fig. 6. Correlation of molecular parachor with molar polarizabil-
ity. The least squarcs trend linc and cquation are given on the
graph.

correlation, shows CMS as triangles. There seems to be no
trend distinguishing ordinary activated carbons from mo-
lecular sieve carbons for either small or large molecules.
Molecular parachor was the parameter that produced the
best B correlations. Since liquid surface tensions and/or
liquid densities are unknown or cannot be measured for
many chemicals, molecular parachor is usually calculated
from sums of Sugden atomic and structural constants. We
have used parachors tabulated in American Chemical
Society references or calculated from the Sugden tables in
them [61]. However, there are no Sugden constants for less
common atoms such as phosphorus and inert gases. Fig. 6
shows a correlation of parachor and the often more
available polarizability that can be used in these cases:

Parachor = 26.0 + 7.60 (Molar Polarizability)

Although this is a good overall correlation, it tends to
overestimate the parachor (and therefore calculated §) for
the smallest molecules (Fig. 6).

Standard deviations reported in Table 5 for correlations
with parachor and polarizability are close to those obtained
by Duisterwinkel [23] for the original dataset [22] (see
previous comments). Using unitary exponents he reported
that parachor produced a better correlation (standard

Parameter X Power m Coefficient a Number of data Standard deviation in 3
Molar polarizability 1.00 0.0381 263 0.12
0.90 0.0528 263 0.11
0.75% 0.0862 263 0.10
Molecular parachor 1.00 0.00485 247 0.09
0.90° 0.00827 247 0.08
Molar volume 1.00 0.0112 203 0.12
0.90° 0.0176 203 0.11
Critical temperature 1.00° 0.00178 254 0.24

“ Power that produced the best fit to data.
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deviation of 0.084 vs. 0.11); however, allowing an op-
timum exponent of 0.81 for polarizability gave 0.084 for
polarizability also.

The work of Reucroft [19] has suggested that using
parachor to calculate 8 might not properly account for
dipole moments in polar molecules. The analyses of our
more extensive database do not indicate any worse correla-
tions of polar compounds than nonpolar ones. Fig. 7 shows
comparisons of experimental B for the most polar com-
pounds, alcohols, with those calculated using thc best
correlations (Table 5) for the complete dataset. Within
cxperimental scatter there are no trends or significant
deviations from equivalence using parachor, polarizability,
or molar volume parameters.

Polarizability was almost as good as parachor as a
parameter for estimating SB. There are many advantages
that may make it preferable to use the polarizability
correlations:

1. Molar polarizabilities can be easily (and preferably)
calculated from handbook [62] values of refractive
index (ny,), molecular weight (M), and liquid density
(d, ) by the Lorenz-Lorenz equation:

P =WM,/d Yni — 1)/ +2)

2. Polarizability (polarization) can be measurcd for atoms
and molecules in a fluctuating electric field. A common
handbook [62] lists many of these values, which can be
converted to molar polarizations by the divisor
0.3964308x 10 ** cm”.

3. As a third option molar polarizabilities can be calcu-
lated from atomic, group, and molecular structure
increments [61,63].

4. Unlike molar volume, but like parachor, polarizability
is a temperature-, pressure-, and density-invariant (and
molecular) property, which is desirable for describing
correlation curves and affinity coefficients, which are
also assumed to be temperature invariant.

2.0

Alcohols

¢ Parachor
u Polarizability
A Molar Volume

Experimental Beta

0.5

0.0
0.0 0.5 1.0 1.6 2.0

Calculated Beta

Fig. 7. Comparisons of expcrimental and calculated affinity
coetficients for alcohols.

5. Polarizability has a more fundamental theoretical rela-
tion to adsorption potential than molar volume or
parachor (see history abovce).

6. Electronic polarizations includc clectrostatic as well as
dispersion forces.

Molar volume correlations produced standard deviations
in B close to those of molar polarization (Table 3).
However, 60 fewer experimental 8 could be used because
for these gases, liquid densities a4t normal temperatures and
pressures are not available from handbook references.
Although it has been done, it is difficult to calculate
densities of condensed. adsorbed phases at temperatures
approaching and exceeding critical tempcratures.

Critical tempcrature was not a very useful correlation
parameter for 8 (Table 5) except, possibly, for light gases
with 7,<390 °K and B<0.6 (Fig. 5).

8. Conclusions

The affinity coefficient 8 of the Polanyi and Dubinin
adsorption theories has had a long history of discussion
and analysis. This review and a previous paper [22]
provide the most extensive compilation of affinity co-
efficients available. This compilation has provided an
opportunity to review and extend correlations of 8 with
proposed physical parameters.

For water vapor (p/p, >0.5 and RH>50%) on un-
acidified activated carbons 0.1 is a good average value of
the affinity coefficient relative to that of benzene. This
concentration region is where water loading is significant
(> 10% of maximum) and where interference with loading
of other gases and vapors is the greatest. This 8 value is
about a factor of 2.5 smaller than is predicted by parachor,
polarization, and molar volume correlations from other
chemicals.

For other chemicals direct correlations of experimental
affinity coefficients with molecular parachor, molar polari-
zation, and molar volume were successful (8 standard
deviations of 0.09, 0.12, and 0.12, respectively). Power
functions with exponents less than unity provided slightly
better fits of predictions to experimental values (standard
deviations of 0.08, 0.10, and 0.11, respectively). Any of
these correlations can be used; however, it is our opinion
that the listed advantages of using molar polarization make
it the correlation parameter of preference. Correlation of 3
with critical temperature was largely unsuccessful.

Results did not show any effects of adsorbate polarity,
adsorbent molecular sieve properties, or form of the
Dubinin equations on 3 and its correlations.

While we have tried to be thorough in this review, there
are certainly B values, adsorption energies (0 calculate
them, and references that we have missed or are yet to be
published. The author would appreciate hearing about
these for a later update.



G.0. Wood | Carbon 39 (2001) 343-356 355

Acknowledgements

1 express my appreciation for financial support for this
work from the following organizations: U.S. Army
Edgewood Research, Development & Engincering Center,
Edgewood, Maryland; Los Alamos National Laboratory
Environmental, Safety and Health Division and Industrial
Hygiene & Safety Group; and the industry Respirator
Cartridge Testing Task Force coordinated by the Organiza-
tion Resources Counselors, Inc., Washington, DC. I am
also very grateful for collaborations with and encourage-
ments by the Army ERDEC scientists, engineers, and
consultants, as well as discussions with Drs. Fritz Stoeckli
and Peter Lodewyckx.

References

[1] Polanyi M. Adsorption from the point of view of the Third
Law of Thermodynamics. Verh  Deut  Phys  Ges
1914;16:1012-6.

12] Bering BP, Dubinin MM, Serpinsky VV. Theory of volume

filling for vapor adsorption. J Colloid Interface Sci

1966;21:378-93.

Dubinin MM. Theory of the bulk saturation of microporous

activated charcoals during adsorption of gases and vapours.

Rus. J Phys Chem 1965; 39, 697—704. English translation of

Zh Fiz Khim 1965;39:1305-17.

Polanyi M. Causes of forces of adsorption. Z Elektrochem

1920;26:370-374 and Theories of adsorption of gases.

General survey and some additional remarks. Trans Farad

Soc 1932;28:316-333

Kadlec O. Micropore structure analysis from adsorption

isotherms of vapours. In: Proc Symp on the Characterization

of Porous Solids (Neuchatel 1978), London: Society of

Chemical Industry, 1979, pp. 13-29.

Stoeckli F, Morel D. On the physical meaning of parameters

E, and 8 in Dubinin’s theory. Chimica 1980;34(12):502-3.

Dubinin MM, Zaverina ED, Radushkevich LV. Sorption and

structure of active carbons. I. Adsorption of organic vapors.

Zh Fiz Khim 1947:21:1351-62.

[8] Gurvitsch LG. Physicochemical attractive force. J Russ Phys
Chem Soc (Zh Russ Fiz Khim) 1915;47:805-27.

[9] Berenyi L. Examination of the Polanyi theory of adsorption.
Z Physik Chem 1920;94:628—62.

[10] London F. Zur Theorie und Systematik der Molekularkrafte.
Z Physik 1930;63:245-79.

[11] London F. Properties and applications of molecular forces. Z
Physik Chem 1930;11:222-51.

[12] Dubinin MM, Sawerina E. Charakter der Porositats- und
Sorptionseigenschaften Aktiver Kohle. Acta Physicochemica
URSS 1936;4:647-74.

[13] Dubinin MM, Tomofeyev P. Adsorption of vapors on active
carbons in relation to the properties of the adsorbate. Dokl
Akad Nauk SSSR 1946;54:701-4.

[14] Debye PJ. Polar Molecules, The Chemical Catalogue Co.,
Inc., New York, 1929.

[15] Vaskovsky BA. Cited in Dubinin MM, Zaverina ED. Ad-
sorption of gases by activated carbons. Dokl Akad Nauk
SSSR 1950;72:319

[3

=

[4

=

=
fd

[6

[t

[7

=

{16] Quayle OR. The parachors of organic compounds. Chem
Rev 1953;53:439-589, Esp. 'Table 25 on p 484,

[17] Dubinin MM. Porous structitre and adsorption propertics of
active carbons. In: Walker Jr. PL, editor, Chomistry and
Physics of Carbon, Vol. 2, Marcel Dekker: New York, 1966,
pp. 51-120.

[18] Stocckli HF., Hourict JP. The Dubinin thcory of micropore

filling and the adsorption of simple molecules by active

cartbons over a large range of temperature. Carbon
1976;14:253-6.

Reucroft PJ, Simpson WH, Jonas LA. Sorption properties of

activated carbon. J Phys Chem 1971,75:3526-31.

Golovoy A, Braslaw J. Adsorption of automobilc paint

solvents on activated carbon: I. equilibrinm adsorption of

single vapors. JAPCA 1981;31:861-5.

Noll KE, Wang D, Shen T. Comparison of three methods to

predict adsorption isotherms for organic vapors from similar

[19

[20

[21

polarity and nonsimilar polarity reference vapors. Carbon
1989:27:239-45.

[22] Wood GO. Activated carbon adsorption capacities for va-
pors. Carbon 1992;30:593-9.

[23] Duisterwinkol AE. Activated carbon adsorption capacities
for vapors, an alternative approach. Carbon 1993;31:1354-7.

[24] Mehta SD, Danner RP. An improved potential theory method
for predicting gas-mixture adsorption equilibria. Ind Eng
Chem Fundam 1985;24:325-30.

[25] Tien C. Correlation of gas adsorption isotherm data. In:
Chemical Systems Technology Center for Air Purification
Report CRDEC-CR-88023 for the Chemical Research, De-
velopment & Engineering Center, Aberdeen Proving Ground,
MD. Section B-2-2, 1988:71-83.

[26] Stoeckli F, Lavanchy A. The adsorption of water by acti-
vated carbons, in relation to their chemical and structural
properties. Carbon 2000;38:475-7.

[27] Brunauer S, Deming LS, Deming WE, Teller EJ. On a theory
of the Van der Waals adsorption of gases. ] Am Chem Soc
1940;62:1723-32.

[28] Lodewyckx P, Vansant EF. Water isotherms of activated
carbons with small amounts of surface oxygen. Carbon
1999;37:1647-9.

{291 Evans MJB. Thc adsorption of water by oxidised micropor-
ous carbon. Carbon 1987;25:81-3.

[30] Stoeckli F, Jakubov T, Lavanchy A. Water adsorption in
active carbons described by the Dubinin-Astakhov equation.
J Chem Soc Faraday Trans 1994:90:783-6.

[31] Dubinin MM, Astakhov VA. Development of the concepts of
volume filling of micropores in the adsorption of gases and
vapors by microporous adsorbents. Izv Akad Nauk SSSR,
Ser Khim 1971:5-11.

132] Stoeckli F, Currit L, Lacderach A, Centeno TA. Watcr
adsorption in carbons described by the Dubinin-Astakhov
and Dubinin-Serpinski equations. J Chem Soc Faraday Trans
1994:90:3689-91.

[33] Matsumura Y, Yamabe K, Takahashi H. The effects of
hydrophilic structures of active carbon on the adsorption of
benzene and methanol vapors. Carbon 1985;23:263—71.

[34] Barton SS. The relationship between the Dubinin-Radus-
hkevich parameters and the enthalpy of immersion. Carbon
1987;25:77-30.

[35] Tamon H, Okazaki M. Influence of acidic surface oxides of
activated carbon on gas adsorption characteristics. Carbon
1996;34:741-6.



=

=

G.0. Wood | Carbon 39 (2001) 343-356

[36] Friday DK, Croft DT, Buettner LC. Multi-Component Filter

Breakthrough Expertments and Modching. In Proccedings of
the 1997 ERDEC Scientific Conference on Chemical and
Biological Defense Research, Report ERDEC-SP-063,
Edgewood Research, Development & Engineering Center,
Aberdeen Proving Ground, MD, 1998. Data provided by
personal communication, 1998-1999,

Karwacki CJ, Buettner LC, Buchanan JH, Mahle JJ, Tevault
DE. Low-concentration adsorption studies for low-volatility
vapors. In: Meunier F, editor, Fundamentals of adsorption,
vol. 6, Paris: Elsevier, 1998, pp. 315-20.

Rudisill EN, Hacskaylo JJ, LevVan MD. Coadsorption of
hydrocarbons and water on BPL activated carbon. Ind Eng
Chem Res 1992:31(4):1122-30.

Eissmann RN, LeVan MD. Coadsorption of organic com-
pounds and water vapor on BPL activated carbon. 2. 1,1,2-
Trichloro-1,2,2-trifluoroethane and dichloromethane. Ind Eng
Chem Res 1993;32(11):2752-7.

Taqvi SM, Appel WS, LeVan MD. Coadsorption of organic
compounds and water vapor on BPL activated carbon. 4.
Methanol, ethanol, propanol, butanol, and modeling. Ind Eng
Chem Res 1999:38(1):240-50.

Doong SJ, Yang RT. Adsorption of mixtures of water vapor
and hydrocarbons by activated carbon beds: Thermodynamic
model for equilibrium adsorption and adsorber dynamics. In:
Ma YH, Ausikaitis JP, editors. Recent Progress in Adsorption
and Ton Exchange, AIChE Symposium Series 83, New York:
American Institute of Chemical Engineers, 1987:87-97.
Reucroft PJ. Mixed vapor adsorption on activated carbon. In:
Myers AL, Belfort G, cditors, Fundamentals of Adsorption,
New York: Engineering Foundation, 1984.

Pacheco MA. Modeling and simulation of coadsorption of
water vapor and organic compounds in fixed activated
carbon beds. MS Eng Thesis, Univ of Texas at Austin, 1995.
Lodewyckx P. Personal communications, 1999.

Greenbank M. Adsorption of mixed liquids and solids {rom
water solution onto activated carbon. PhD Dissertation, Kent
State Univ 1981.

Doong SJ, Yang RT. A simple potential theory model for
predicting mixed-gus adsorption. Ind Eng Chem Res
1988;27:630-5.

Kawazoe K, Kawai T, Eguchi Y, Ttoga K. Correlation of
adsorption equilibrium data of various gases and vapors on
molecular-sieving carbon. J Chem Eng Jpn 1974;7:158-62.
Lee WH, Reucroft PI. Vapor adsorption on coal-and wood-
Based chemically activated carbons (II) Adsorption of
organic vapors. Carbon 1999;37:15-20.

[49] Lee WH, Reucroft PJ. Vapor adsorption on coal-and wood-
based chemically activated carbons (I} NH, and H,$
adsorption in the low relative pressure range. Carbon
1999;37:21-6.

[50] Paulsen PD, Moore BC, Cannon FS. Applicability of ad-
sorption equations to argon. nitrogen and volatile organic
compound adsorption onto activated carbon. Carbon
1999;37:1843-53.

[S1] Suzuki M, Sakoda A. Gas adsorption on activated carbons
with size distribution of microporcs. J Chem Eng Jpn
1982;15:279-85.

[52] Lu X, Jaroniec M, Madey R. Use of adsorption isotherms of

light normal alkanes for characterizing microporous activated

carbons. Langmuir 1991;7:173-7.

Bhatia SK, Shethna HK. A modified pore filling isotherm

with application to determination of pore size distributions.

Langmuir 1994;10:3230-43.

[54] Lavanchy A, Stockli M, Wirz C, Stocckli F. Binary ad-
sorption of vapors in active carbons described by the
Dubinin equation. Adsorp Sci Technol 1996;13:537-45.

[55] Stoeckli F, Wintgens D, Lavanchy A, Stockli M. Binary
adsorption of vapours in active carbons described by the
combined theories of Myecrs-Prausnitz and Dubinin (II).
Adsorp Sci Technol 1997;15:677-83.

[56] Chiou CT, Reucroft PJ. Adsorption of Phosgene and chloro-
form by activated and impregnated carbons. Carbon
1977;,15:49-53.

[57] Reucroft PJ, Rao PB, Freeman GB. Binary vapor adsorption
by activated carbon. Carbon 1983;21:171-6.

[58] Ahmadpour A, Do DD. Characterization of modified acti-
vated carbons: equilibria And dynamics studies. Carbon
1995;33:1393-8.

[59] Dubinin MM, Stoeckli HF. Homogeneous and heterogeneous
micropore structures in carbonaceous adsorbents. J Colloid
Interface Sci 1980;75:34—42.

[60] Hackskaylo JJ, LeVan MD. Correlation of adsorption equilib-
rium data using a modified Antoine equation: A new
approach for pore-filling models. Langmuir 1985;1:97-100.

[61] Dreisbach RR, editor. Physical Properties of Chemical
Compounds, Advances In Chenustry Series #15: 1995, Vol.
IL #22: 1959, Vol. III, # 29: 1961, Washington, DC:
American Chemical Society.

[62] Lide DR. CRC Handbook of Chemistry and Physics, 75th

Edition. Boca Raton, FL: CRC Press, 1994.

Vogel Al. Physical properties and chemical composition. Part

XXIIL. Miscellaneous compounds. J Chem Soc London

1948;1833—1855.

{53

[63

—



