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CHROMATOGRAPHY WITH SALT-MODIFIED ADSORBENTS

JUDY P, OKAMURA AND DONALD T, SAWYER
Department of Chemistry
University of California

Riverside, California 92502

INTRODUCTION

Although the concept and practice of gas-solid
chromatography predates the first description of gas-
liquid chromatographyl in 1952 by several years, it has
not enjoyed comparable popularity. The subject of gas-
solid chromatography was a significant part of a Fara-
day Society meeting on chromatography in 1949.2"4 How-
ever, the practical use of gas-solid chromatography
through the 1950's was limited mainly to the separation
of low-boiling gases whose separations were not easily
accomplished by gas-liquid chromatography.5

In the mid-1960's interest in gas-solid chromato-
graphy was revived. The advent of the flame ionization
detector and the work of Scott and Phillips6"9 with
salt-modified adsorbents illustrated that for suffici-
ently small sample sizes the partitioning process occurs
on the linear portion of the adsorption isotherm, and
thereby gives symmetrical elution peaks. It had long
been recognized that if the problem of nonsymmetrical
peaks could be overcome several advantages of gas-solid
chromatography could be realized. These include a)

higher column efficiencies because of the absence of a
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ligquid-phase contribution to band-spreading: b) high
column temperature limits; ¢) stable surfaces which do
not undergo oxidation or other chemical reactions; 4)
selective separations; and e) absence of the "bleeding"
problem that occurs with liquid phases to cause contami-
nation and background noise for the more sensitive de-
tectors.

Figure 1 illustrates the importance of a sensitive
detector in gas-solid chromatography.7 The larger
sample sizes required by the katharometer detector lie
on the non-linear region of the adsorption isotherm and
result in skewed peak shapes, while the smaller sample
sizes required by the argon detector lie on the linear
region and give good gaussian peak shapes.

In addition to extending the linear isotherm region
for solid adsorbents, salt modification allows a large
variety of adsorbents to be prepared by the use of
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FIGURE 1

Peak shapes for elution of gyclohexane from alumina
modified with NaOH, at 291 . Sample sizes consistent
with sensitivity of argon detector ( ) and katharo-
meter detector (----- ).
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different modifying salts. Changing the modifier salt
often results in large changes in the separation charac-
teristics of an adsorbent. Figure 2 illustrates an
early study done by Scott and Phillips8 which used 14
alkali metal salts (halides and hydroxides) on silica-
alumina. The "Kovat" retention indices for the reten-
tion of benzene on the unmodified base and the different
salt-modified columns are given. Note that the reten-
tion of benzene can range anywhere from heptane to
undecane. The use of these similar salts only begins to
illustrate the potential in selective separations which
can be achieved by salt-modified gas-solid chromato-

graphy.
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FIGURE 2

Kovat retention indices (ordinate) for benzene with
respect to various modifiers on silica-alumina. Column
temperature 150 "C. Index values for n-octane and
n-decane indicated on ordinate.
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TECHNIQUE OF SALT-MODIFIED GAS-SOLID CHROMATOGRAPHY

A basic question in the use of salt-modified ad-
sorbents is what are the effects of the amount and the
kind of coating salt upon the retention of sorbate mole-
cules. The answer to this question has been approached
in terms of the kinds of adsorption processes.lO

Two types of interactions can occur between adsor-
bate molecules and the ionic surfaces of the adsorbents
that are produced by the modification procedure. The
first of these is due to dispersion forces and can be
termed a nonspecific interaction.ll Adsorbates posses-
sing either spherically symmetrical electron shells or
sigma bonds interact with the adsorbent by this process.
The second type of interaction involves adsorbate mole-
cules having isolated sites, individual bonds, or a
system of bonds of high electron density. Molecules
with pi-electron systems, lone electron pairs, and re-
lated functional groups can interact specifically with
the ionic surface.12

The variation of the energetics for nonspecific
interactions with percent modification can be evaluated
by measuring the specific retention volume (ysl) for a
molecule which is subject only to such interactions.

To determine functional dependence of specific interac-
tion energies on surface modification is more difficult
because any test molecule which interacts with a sur-
face also interacts nonspecifically. However, this
functional dependence can be determined by comparing
the behavior of two molecules which are similar in
structure and physical properties such that they have
the same nonspecific interactions with the surface. If
one of the molecules also is subject to specific inter-

actions, then the difference in retention for the two
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molecules is a measure of these specific effects.

Figure 3 illustrates the variation of both types of
interactions with loading for Na,S0, and Na3PO4 at a
column temperature of 100°C. The lower set of curves,
which represent the logarithm of the specific retention
volume of pentane as a function of the amount of coating

illustrates the dependence of nonspecific interactions
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FIGURE 3

Effect of surface coating on nonspecific (lower curves)
and specific (upper curves) interactions.

®, Na,S0O,; O, NajPO,. Specific retention volumes for

’ 2
uncoated alumina; EES (pentane) « 0.26 ml/meter27
e
I 2
v s_(pentene-1)" 0.56 ml/meter®. log [B§/52] =
I T T
tog [¥ §(pentene—l/y g(pentane)] - log [¥=

§g(pentene—l/

Yfgg(pentane)]'
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on the degree of modification. The upper curves pre-
sent the values of log[V —(pentene—l)/V —(pentane)]—

log[V, —(pentene l)/V Tbentane)] as a function of the
—o
amount of loading; ZS—% represents the specific reten-

)
tion volume on uncoated alumina. The data indicate the

variation of specific interaction energies with degree
of modification relative to those for a column with

zero loading. The assumption has been made that the
logarithmic terms are functions only of the specific
interaction of a pi bond with the surface, i.e., that
the nonspecific interactions of pentene-l and pentane
with the surface are the same and cancel in the expres-
sion. Figure 3 indicates that both specific and nonspe-
cific interactions become essentially independent of
amount of coating above 10% by weight. The relative
change with amount of coating for the nonspecific inter--
actions is much greater than that for the specific
interactions. Thus, surface modification appears to
block the high energy nonspecific sites (such as capil-
laries) rather than to alter the energetics of the
specific sites on the surface.

The nature of the specific interactions is illus-
trated by some of the selective separations which have
been achieved.12 Comparison of compounds with similar
structures allows isolation and evaluation of specific
molecular features which influence retention.

The retention volumes of several closely boiling
groups of compounds with different degrees of polarity
are listed in Table I. If dipole-dipole interaction
between the adsorbent and the adsorbate were the main
contribution to retention of polar compounds, then the
more polar compound within the groups should be eluted

L1k
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TABLE I

Effect of Dipole Moment upon Retention Volumes
for Compounds of Similar Boiling Point
Column: F-1 alumina coated with 10% Nacl, 250° C

Boiling Dipole Molar

point, moment, refraction
Compound Oc Debye Y&, ml cm3/mol
A. Ethylbenzene 132 0.6 52.8 36.2
Chlorobenzene 136 1.7 38.8 31.2
B. Cumene 152 0.8 72.1 40.5
Bromobenzene 155 1,7 59.4 34.1
C. o-Chlorotoluene 159 1.9 79.5 35.8
m-Chlorotoluene 161 1.8 72.4 36.2
p-Chlorotoluene 159 1.9 79.5 36.2

last. However, chlorcbenzene is eluted before ethyl-
benzene and bromcbenzene is eluted before cumene, both
cases being in opposition to polarity considerations.

A possible explanation for the longer retention of the
alkyl-substituted aromatic hydrocarbons over the halo-
benzenes is the electron withdrawing propensity shown by
the halogen and the concomitant loss in electron density
in the aryl ring. This would cause a decreased inter-
action between the adsorbate and adsorbent and be reflee
ted by decreased retention volumes. Another factor may
be the polarizability of the molecules which is indi-
cated by their molar refraction. Values of the latter
are tabulated in Table I and, within the first two
groups, give a fair correlation with retention volume.
In contrast, the retention volumes of the chlorotoluenes
follow closely the order of their polarity (Table I).
The difference between the aryl halides and the chloro-
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toluenes can be rationalized on the basis that each iso-
mer of the latter has approximately the same ring elec-
tron density (neglecting, as a first approximation, the
effect of differing position of ring substitution),
because each has identical substituents. Hence, only
polarity differences contribute to their relative reten-
tion.

The retention volumes of several closely-boiling
linear and cyclic six-carbon hydrocarbons are tabulated
in Table II, and indicate the effect of pi-electrons and
structure on retention. These compounds have been
chosen on the assumption that their similarity in
boiling point reflects a similarity in degree of non-
specific adsorption.

TABLE IT

Effect of Pi Electrons and Structure upon Retention

Volumes for Compounds of Similar Boiling Point
Column: F-1 alumina coated with 10% NaCl, 250° C

‘Boiling

Compound point, O¢c Yo ml

A. Hexane 69 7.89
Hexene-1 63.5 10.2
cis-Hexene-2 69 10.4

trans-Hexene-2 68 9.20
1,4-Hexadiene 65 11.5

B. Cyclohexane 81 7.78
Cyclohexene 83 10.5
1, 3-Cyclohexadiene 80.5 14.0
1l,4-Cyclohexadiene 86.5 15.4
Benzene 80 17.0
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PRINCIPLES OF SELECTIVE AND SPECIFIC INTERACTIONS

Because most gas chromatographic studies are re-
ported at only one temperature, predictions of the
separation that will be achieved at some other tempera-
ture are difficult. For this reason the study of salt—-
modified gas-solid chromatography has been approached
in terms of the thermodynamics of adsorption. The
enthalpies and entropies of adsorption thus obtained
can be used to predict retention volumes and separa-
tions at any temperature. An early study established
that the enthalpies and entropies of adsorption are 1
combinations of nonspecific and specific contributions.

The overall interaction between sorbate and adsor-
bent is dependent on the nature of the coating salt and
the coated substrate. Hence, alterations of both salt
and substrate provide a means for developing selecti-
vity for a given sample mixture.

Adsorption Thermodynamics.13 For elution gas-solid

chromatography, the corrected retention volume, Vp can
be converted to the specific retention volume, yé&, by
dividing by the surface area of the adsorbent, A. The
corrected specific retention volume at the column tem-

perature for a given sorbate-sorbent pair is equal to

the distribution constant, K,

T 2
VR/A =V, =K = C(s)/C(g)(ml/m ) (1a)

where K is the ratio of the equilibrium surface concen-
tration to the gas phase concentration of the sorbate
with the surface concentration expressed as moles per
square meter and the gas phase concentration as moles
per milliliter. If the surface concentration is
expressed as moles per square centimeter, then the dis-
tribution constant is given as K'
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K'(ml/cmz) = 10_4K(ml/m2) (1b)

The free energy of adsorption is related to the
distribution constant by the relation
] — — T__l [}
-G adgs = RT In K = RT In V" = -MH ads t TAS ads (2)
which can be rearranged to give the gpecific retention
volume as a function of the enthalpy and entropy of ad-

sorption

T

log V.~ = -£G' 4 /2.3RT = -pH' o /2.3RT + AS_, /2.3R (3)

ads

By assuming idealized standard states the standarad
state free energies and entropies of adsorption (Agoads
o adas

and A8 ads
graphic retention data. For the gas phase, the standard

) can be determined from the gas chromato-

state of the adsorbate is defined as a partial pressure
of one atmosphere with the adsorbate vapor behaving as a
perfect gas. The standard state for the adsorbed phase
is that suggested by de Boer and Kruyer;14 namely, a
two-dimensional perfect gas at one atmosphere. Hence,
the mean distance between adsorbed molecules is defined
to be the same as in the three-dimensional gas phase
standard state. Thus, by solving for the intermolecular
distance, the area per molecule can be evaluated at
standard conditions. This leads to a standard state
surface concentration, go(s), which is given by the

expression °

C (s) = 4.07 x lo"g/T(moles/cmz) (4)

at the column temperature, T. Combining Equation 1 and

Equation 4 gives the gas phase sorbate concentration,

c
—(g)l -9 .
Cg) = 4.07 x 10 7 /TK {5)

h18



18: 26 30 January 2011

Downl oaded At:

GAS-SOLID CHROMATOGRAPHY

which, when combined with the perfect gas equation,

gives -9
= C( RT = 4.07 x 10 "R/K' (6)

P (equil) g)

Knowing the equilibrium partial pressure, P .
+ >(equil)’

of sorbate vapor in equilibrium with the sorbent permits

evaluation of the differential molar free energy, Ag?,

for transfer of one mole of vapor at one atmosphere to

its equilibrium vapor pressure, P (equil) *
Ac® = RT 1n[P )71} = RT 1n[4.07 x 107%R/K "] (7a)

(equil
Substitution of Equation 1b into Equation 7a gives
A° = RT 1n(4.07 x 107°R/K]=RT 1n[4.07 x 107°R/V."] (7b)

Substitution of constants and combining of terms gives
5 T

1

as° = RT 1n(4.07 x 107> x 82.05) ~ RT ln V_
1.99T 1n(4.07 x 107>

x 82.05 + AGads

!

AG'ads - 11.337T (7¢c)

Further rearrangement gives a relation between the spe-
cific retention volume and the free energy of adsorption
as a function of temperature,

T (o}
log V.~ = [-&6 ads/4.58] - 2.48 = —AG'ads/4.58T (74)
with the specific retention volume, ysl, in ml/meter2
and the free energy, Aglads' in calories.

A thermodynamically based retention index has been
developed by determining the entropies and enthalpies of
adsorption for various functional gr:oups.l?"ls_19 To
accomplish this the logarithm of the specific retention
volume of a compound has been divided into additive

components
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T T
log VST = {log Vg )o + n(log VS )c

T T
+ m(log Vg )TT + (log Vg )co subst (8)

. T . T
with (Log yﬁf)o the zero point value, (log ¥§ )C the con-

tribution per carbon atom, n the number of carbon atoms,

(log ysl)ﬁ the contribution per m bond, m the number of

m bonds, and (log !sl)m—subst

the contribution of a

substituent attached to a benzene ring.

The method of obtaining such data has been to first
plot YSI versus carbon number for a series of normal al-
kanes. The slope of the plot gives (log YSE)C’ the con-
tribution per carbon (really per -CH, - group), and the
intercept gives the zero point (log ysz) value. The
(log ZSI)“ term has been obtained from the difference in

193]

log ys units between an alkene and an alkane with the
same nunmber of carbon atoms. The data for aryl substitu-
ents result from the differences in log ysz units
between benzene and the substituted benzenes. These
functional group terms have been evaluated at three dif-
ferent temperatures and analyzed by Equation 3 to obtain
the enthalpy and entropy of adsorption for each func-
tional group. An example20 of how the contributions are
evaluated at one temperature is illustrated by Figure 4.
The resulting contributions and their differential
enthalpies and entropies are summarized in Table III.l3
The development of porous glass beads with con-
trolled pore sizes and surface areas has provided a val-
uable new support for salt-modified gas-solid chromato-
graphy. This type of support has been selected to study
the effect that different salts have on the thermodynam-

Loo



18: 26 30 January 2011

Downl oaded At:

log V|

GAS-SOLID CHROMATOGRAPHY

! T T T

—l— O ¢-18u =

altog VI)¢-tBu
T _L o ¢-H -
34(log V:)n-orom.

—I— O I-hexene T

T
40109 Vg 1erm.

1

-

n-alkanes 4
-

-
-

—~ T slopezaliog VI)C

0] 2 4 6 8 10
Carbon Number
FIGURE 4

T

Evaluation of adsorptive contributions from a log ys—
vs. carbon number plot. =

ics of adsorption of specific interactions.19

Oof the

various forms of porous beads available, Porasil C

(Waters Associates, Framingham, Mass.) has been used

because its surface area offers a compromise in selecti-

vity, operating temperature, and analysis time.
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TABLE III

Retention Volume Indices and Thermodynamic Parameters
for Various Functional Groups on 10% Nast4 Modified
Acid-Washed F-1 Alumina

Iy

1
047( og M? ) % i, 500°
X 200 225 2507 A(-aH'), b(-88") A(-AG'&
-_— X — —_—
o -3.358 -3.518 -3.483 -0.30 15.61 -8.10
c 0.298 0.268 0.239 1.33 1.44 0.6l
Mieym 0-233 0.206 0.175 1.32 1.71 0.46
Terans 0-182 0.149 0.125 1.31 1.95 0.33
Ms 0-274 0.229 0.193 1.85 2.66 0.52
Tconj 0.367 0.307 0.262 2.38 3.38  0.69
M.rom ©°260 0.232 0.206 1.31 1.57 0.52
®-CH; 0.341 0.301 0.266 1,70 2.04 0.68
-Et 0.628 0.540 0.483 3.28 4,11  1.22
-iPr 0.747 0.649 0.583 3.73 4.52 1.47
~tBu 0.942 0.824 0.741 4.56 5.38 1.87
-CF, - - - - - -
-F 0.081 0.059 0.054 0.60 0.94 0.13
-Cl 0.394 0.338 0.298 2.17 2.81 0.75
-Br 0.634 0.555 0.598 3.09 3.66 1.26
-I - 0.835 0.751 4.00 4,22 1.89
-OCH; -- -- - - - -
500

log v, Z(—M_;_')x/2.29
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Consideration of the data in Tables IV and V estab-
lishes that the inorganic salts used for salt-coating
Porasil C have a significant effect on the various spec-
ific interactions. Although Na,S0,, NaCl, and LiBr act
similarly at 500 OK, differences in enthalpies and
entropies exist as indicated by Table VI.

NasPO, and Na2
salts with the exception that m interactions are en-

Moo, are similar to the other Group I

hanced slightly with Na2M004 and even more with Na PO, .
The nature of the anionic portion of the salt does not
seem to have a major effect on its adsorptive proper-
ties.

Both CoSO, and NiSO4
properties of 10% NiSO4 on Porasil C change with time

behave similarly, but the

such that the column is impractical and comparisons are
meaningless. The CH and p-Alk free energy contributions
for CoSO4
salts. Although olefinic compounds are not eluted from
CosO, modified Porasil C, the Taromatic

contribution at 500 K is comparable to that on Na;PO, .

at 500 °K are enhanced compared with Group I
free energy

However, the enthalpy and entropy contributions for

Taromatic

change in thermodynamic parameters per halogen is

electrons are much greater on CoSO,. The

greater on CoS0, than on Group I salts.

When Alz(so4)3 and Cr(So4)3 are used as coating
salts, olefinic compounds are not eluted from either
column. Alkyl-substituted benzenes are not eluted from

Cr2(SO4)3, but with Alz(SO4)3 they interact similarly to

Group I salts except that t-butylbenzene is not eluted.
The CH free energy contribution at 500 % is similar on
Alz(SO4)3 and Group I salts, but is the largest of any
salt examined on Cr2(804)3. The p-X free energy contri-
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TABLE VI

Comparison of Coating Salts on

Enthalpies and Entropies of Adsorption

Contribution A(¥2§?1::geA?fA§)
CH LiBr < NaCl < NaZSO4
Term LiBr < NaCl = Na2504
M eis—trans Na,SO, < LiBr < NaCl
"conj Na2804 < LiBr < NaCl
Tarom LiBr < Na,S0, < NaCl
w-alk Na2804 = NaCl = LiBr
p-X NaCl < Na2504 < LiBr
w—-OMe Na2804 < NaCl < LiBr

bution is enhanced when Cr2(504)3 and AlZ(SO4)3 are used
for coating; the 9-Cl, ¢-Br, and o-I enthalpy and
entropy contributions on Cr2(SO4)3 are the largest of
any salt studied.

In general, free energy contributions are increased
by decreasing the column temperature. However, because
of negative entropy contributions, ©-F behaves in an
opposite manner in all cases examined. The entropy con-
tributions are negative for ¢-Cl with all but the triva-
lent salts and for ¢-Br with Group I salts only:; o-I
has negative entropies on NaCl and Na3P04. Compared
with enthalpy contributions (kcal), o-X entropy contri-
butions (cal/deg) are smaller on all salts except for
w=I on CoSO4, Alz(SO4)3, and Cr2(804)3 and for o-Cl and
¢~Br on Crz(so4)3. For most other functional groups the
entropy contribution is larger than the enthalpy contri-
butions; for CH both contributions are similar in magni-
tude.
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The physical characteristics of the various unmodi-
fied and modified Porasils are summarized in Table VII.

The effect of surface area on the adsorptive ther-
modynamic parameters has been determined by use of a
series of Porasils modified with a 10% (by weight)
Na2S04 coating; the results are summarized in Tables
VIII and IX (data for Porasil C are included in Tables
X and XI and are similar to Porasil D). In general,
interactions increase with surface area. However, at
500 °K the free energy contributions for Porasil E are

greater than those for Porasil D. For the halogenated

TABLE VII

Physical Characteristics of Various Modified
and Unmodified Porous Silica Beads, 100-150 Mesh

Column Specific AV. pore gperating
Packing surface diam., & temp., °c
area, m%@
Uncoated Porasil C 53 200-400 175225
Silizaned Porasil C 62 200-400 125-175
Silizaned 10% Na,S0,-
Porasil C 54 200-400 125-175
10% Na2504—Porasil A 455 100 200-250
10% Na2804—Porasil C 61 200-400 175-225
10% Na2804—Porasil D 33 400-800 150-200
10% Nazso4—Porasil B 19 800-1500 125-175
10% NaCl-Porasil C 63 200-400 175-225
10% Na,Mo0,-Porasil C 60 200-400 175-225
10% Na3PO4—Porasil C 57 200-400 175-225
10%LiBr-Porasil C 62 200-400 175-225
10% Niso4-Porasil o 82 200-400 175-225
10% CoSO4—Porasil Cc 70 200-400 175-225
10% Alz(so4)3—Porasil C 68 200-400 175-225
10% Crz(so4)3-Porasil C 67 200-400 175-225
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benzenes (p-X) the free energy contributions are almost
identical on Porasil C and D at 500 °K; the smaller
entropy contributions on Porasil D cause larger free
energy contributions at higher temperatures. For pi
electron systems (w), the entropy contributions are
much larger on Porasil A and D than on Porasil C and E,.
The selectivity of a salt-modified adsorbent is
strongly dependent upon the support that is to be modi-

TABLE VIII

2804—Mod1f1ed

Porous Silica Beads on Free Energies of Adsorption

Effects of Surface Area of 10% Na

for Various Functional Groups

[A(-Ag)x, 500 OK, in Kilocalories]

x Porasil A Porasil D Porasil E
o ~-7.63 -7.16 -7.64
Cc 0.42 0.35 0.41
ﬂterm 0.44 0.25 0.34
Toio—trans 045 0.26 0.33
ﬂconj 0.53 0.39 0.42
T arom 0.38 0.31 0.32
cp—CH3 0.57 0.46 0.44
-Et 1.07 0.84 0.83
-iPr 1.40 1.08 1.06
-tBu 1.78 1.37 1.34
—CF3 - 0.18 0.26
-F -0.05 -0.01 0.03
-Cl 0.48 0.38 0.46
-Br 0.85 0.67 0.75
-I 1.33 1.01 1.11
—OCH3 - - 2.00
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fied. Comparisons have been made of several adsor-
bentsl3'16 that have been coated with NaZSO4; these in-
clude Florisil, Porasil, and F-1 Alumina (acid-washed
and non-acid-washed) .

Detailed consideration of the data in Tables X and
XI indicates several interesting points. For example,
with the Porasil C column the carbon of methyl substi-

TABLE IX

Effects of Surface Area of 10% NaZSO4—Modified Porous
Silica Beads on Thermodynamic Parameters for Various
Functional Groups

(Enthalpies in Kilocalories; Entropies in Entropy Units)

Porasil A
x  A(-8H), M-88),

Porasil D
B(-BH), A(-B3)

Porasil E
B(-8H), B(-8),

18: 26 30 January 2011
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o -0.31 14.62 2.41 19.17 3.27 21.84
C 1.22 1.60 0.81 0.92 0.74 0.66
Tterm 1.64 2.40 1.45 2.39 1.39 2,08
"cis-t%agg 3.23 1.90 3.26 1.75 2.82
Tconj 2.03 3.00 1.84 2.90 1.85 2.85
Tarom 1.22 1.67 1.37 2,12 1.25 1.86
©-CH, 1.99 2.82 1.86 2.80 1.75 2.62
-Et 3.45 4.75 2,97 4,26 2.90 4.13
~iPr 4.33 5.85 3.61 5.05 3.67 5.21
~tBu 5.26 6.95 4.30 5.98 4.61 6.54
-CFy - - -0.83 -2.03 -0.40 -1.33
-F -0.56 -1.00 -1,39 -2.75 -0.84 -1.76
-Cl 0.73 0.49 -0.81 =-~2.40 -0.09 -1.12
-Br 1.66 1.62 -0.19 =-1.73 0.71 -0.08
-1 2.86 3.05 0.64 -0.74 l.69 1.15
—OCH3 - - - - 6.25 8.51
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tuents on aromatic molecules has a larger interaction
than that observed for an aliphatic carbon. A similar
selectivity is not observed for the Na2504-alumina
carbon. Another surprising observation is the small
interaction of the fluorine gubstituent with a Na2804—
Porasil C column relative to the Na2804-alumina column.
The small interaction of aliphatic carbons on the

Porasil C column relative to the alumina column pro-

TABLE XTI

Specific Free Enerqgy of Adsorption for Various
Functional Groups, A(—Ag')x, at 500 %k

10% Na,50,- 10% Na,SO,- 10% Na,SO,- 10% Na,SO,-

2574 2774 4 2774
naw F-1 aw F-1 Porasil C Florisil
X A1203 A1203
o -7.72 -8.,10 -7.01 -7.96
Cc 0.61 0.61 0.38 0.76
Teerm 0.38 0.46 0.26 0.51
ntranso'zs 0.33 0.41 0.51
Tais 0.41 0.52 0.41 0.51
ﬂconj 0.44 0.69 0.40 -
Tarom 0.35 0.52 0.26 0.47
©-CHy 0.61 0.68 0.53 1.17
-Et 1.20 1.22 0.92 1.90
-ipr 1.58 1.47 1.21 2.37
-tBu 2.02 1.87 1.53 -
-CF3 0.82 - 0.29 -
-F 0.37 0.13 -0.04 0.12
-Cl 0.93 0.75 0.39 0.63
-Br 1.37 1.26 0.66 1.11
-I 1.98 1.89 1.01 1.74
-OCH3 - - 2.03 -
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vides an enhancement of the specific effects due to
pi-bond interactions and allows more selective resolu-
tion of such specific interacting sorbates. 1In view of
this enhancement, the inability to resolve cis-trans
isomers on the Na2804—Porasil C column is surprising.
This may be due to the particular pore size distribu-
tion of this material, or it may be due to specific
surface effects that are different between silica and
alumina.

An important observation is the effect that
results from acid washing the alumina prior to coating
it with the inorganic salt. Such treatment does not
significantly increase the interaction of aliphatic
carbons, but it does bring about an increase of 0.1 to
0.2 kcal in the specific interactions due to pi-
electron systems. Acid washing also causes a decrease
in the interactions due to aromatic substituents.

This latter observation may be deceptive; the real

effect may be that the enhanced pi-electron interaction
amplifies substituent effects that are related to elec-
tron withdrawal.21

Several trends are observed for the functional
group free energies in Table XI. First, both types of
alumina separate cis-trans olefin isomers, while
neither Porasil nor Florisil indicate any differentia-
tion. With columns modified by 10% NaCl, the differen-
tial interactions for aliphatic carbons and pi-electron
bonding systems follow the series Porasil < F-1 <
Florisil. For alkyl-substituted benzenes the order of
interactions is Porasil < F-1<< Florisil; the halogen-
ated benzenes tollow the order Porasil << Florisil < F-1.
Separation of cis-trans isomers of olefins is effected
in the order F-1 >> Florisil.
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when F-l alumina is acid-washed prior to modifica-
tion with Na,50, the interactions by pi-electron systems
are enhanced and the resolution of cis-trans olefins is
improved.12 Interactions by halobenzenes are reduced,
but acid-washing has no effect on aliphatic carbon and
alkyl benzene interactions.

Because both the salt coating and the underlying
surfaces are involved in the adsorption of a compound,
a series of coated and uncoated Porasil C columns have
been used to separate and study the two effects.19
Tables XII and XIII summarize the variations of the
thermodynamic parameters for porous silica caused by
adding a salt coating and by silizaning the surface.
Coating Porasil C with 10% Na,S0, increases the alipha-
tic carbon (CH), n, and o-X free energy contributions.

In contrast, silizaning decreases the C_, m, and aro-

Hl
matic alkyl substituent (¢p-Alk) free energy contribu-
tions while increasing the op-X contributions. These
changes in free energy contributions are due to

increases in CH w-Alk, and ¢-X enthalpy contributions

’
and to large increases in the ©-Alk entropy contribu-
tions. The change in entropy contribution per halogen
is increased by silizaning.

Combination of silizaning and a Nazso4 coating has
a negligible effect on the p-Alk enthalpy contributions

but increases the enthalpy contributions for C and

e T,
o-X. The entropy contributions for o-Alk, w-X? and ali-
phatic n electron systems also are increased. The re-
duction of the free energy contributions for m elec-
trons with silizaning supports the theory that n

systems interact with surface hydroxyl groups because

silizaning eliminates the hydroxyl bond. The effects

of silizaning and salt-coating are reduced as the
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temperature is lowered to 60 °c. while inorganic salt-
coated Porasil surfaces are generally stable, silizaned
surfaces decompose with time to such an extent as to
make them impractical for most applications of gas-
solid chromatography. In general, reduction of column
temperature enhances the free energy contributions of
m systems relative to those for Cy-
The ultimate use of the thermodynamic approach is
to be able to predict sample separations. As an
example, a set of predictions has been made for an acid-
washed Na,MoO, F-20 alumina column at 200 °c. The
experimental separation of this group of compounds is
illustrated by Figure 5 and provides the data for the
comparison of predicted and experimental retention
volume ratios that are summarized in Table XIV.16
The effectiveness of salt-modified Porasil columns
for the separation of isomeric hydrocarbon mixtures is

illustrated by Figure 6.19 The chromatogram for this

TABLE XIV
Comparison of Predicted and Experimental
Retention Volumes at 200 °C for an Acid-
washed 10% Na_MoO, F-20 Alumina Column

2 4
MB(X)/yg(pentane)
X Predicted Experimental
hexane 2.21 2.23
trans-2-pentene 1.52 1.57
cis-2-pentene 1.84 1.92
l-pentene 1.74 1.80
l-hexene 3.84 4,00
benzene 9.95 10.50
chlorobenzene 25.68 26.63
toluene 27.35 27.31
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22-component mixture dramatically illustrates the lack
of correlation between boiling point and retention
volume. The quality of the separation is particularly
impressive for a column that is only 3 feet long and for
an analysis time of less than 2 minutes.

Certain columns have particularly large contribu-
tions for aromatic methyl and halogen substituents.
Such columns probably have the greatest potential for
separating the isomers of xylene and disubstituted
halobenzenes. Although attempts to resolve the xylene

T Y Al T

10% Na,Mo0,, ow F - 20 Alumina 200°C

. pentane A
trans-2-pentene
cis-2-pentene
hexane E
trans-2-hexene

. I-hexene

cis-2-hexene N
. trans-1,4-hexadiene
I. cia-1,4-hexadiene
J. benzene

K. 2,4-hexadiene

ToMmOOn>

DETECTOR RESPONSE

b
-

A '

8 6 4 2 0
MINUTES FROM INJECTION

FIGURE 5

Gas chromatogram for an eleven-component isomeric mix-
ture of five- and six-carbon unsaturated hydrocarbons
with a 3-ft x 1/8 in. column.
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T T T T g T !
10% NagP0, — Porasil C 5
13 !
60°C 6
1
2
14
T 4t
15 T 8
18
17 " “ U
120 100 80 60 40 20 0
Time, sec.
FIGURE 6

Gas chromatogram for a 22-component hydrocarbon mixture
with a 3-ft x 1/8 in. column.

Boiling points indicated in parentheses: Peak No. 1.
methane (-161); 2. ethane (~89); 3. ethylene (-104); 4.
propane (-45); 5, acetylene (-84); 6. cyclopropane (-33);
7. propene (-48) and butane (-1); 8. propadiene (allene)
(-35); 9. isobutane (28); 1l0. pentane (36) and cyclo-
pentane (49): 11. l-butene (-6); 12. trans-2-butene (1);
13. isobutylene (-7) and cig-2-butene (4); 14. 1,3-buta-
diene (-4): 15. methylacetylene (-23); 16. l-pentene
(29); 17. trans-2-pentene (36); 18, cis-2-pentene (38)
and 2-methyl-l-butene (39).
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isomers have been unsuccessful, the separation of the
dichlorobenzene isomers is accomplished with an acid-
washed, Na,MoO,-modified F-20 alumina column (Figure?);l6
The order of elution of the dichlorobenzenes can be
rationalized by noting that the inductive effect of the
electronegative halogens decreases the pi-electron den-
sity of the aromatic nucleus and thereby decreases the
pi-electron interaction. Thus, the dichlorobenzene
isomers with the greater ability to withdraw electrons
from the aromatic ring should be retained less strongly.
Because the inductive effect decreases with distance
from the substituent, the meta and para isomers (with

more ortho centers available) should be retained less

T Y T T T T

10% NagMoO4, aw F-20 Alumina 275°C
benzene
. chlorobenzene B
. meta-dichlorobenzene
. para-dichlorobenzene
. ortho-dichlorobenzene
. 1,2,4 trichlorobenzene

TEOQW>

Detector response

-

A i A A I A

12 10 8 6 4 2 0

Minutes from injection
FIGURE 7

Gas chromatogram for benzene and chlorobenzenes with a
3-ft x 1/8 in. column.
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than the ortho isomer. Either a steric factor or reso-
nance effects probably accounts for the reduced inter-
action of the meta isomer relative to para dichloro-

benzene
Mechanisms of Interactions. Until recently a

quantitative relationship between molecular structure

and the interactions which have been termed specific and
nonspecific had not been identified. Kiselev22,23 nad

shown the importance of dispersion interactions in
certain cases and had proposed a qualitative scheme for
classifying adsorbate molecules and adsorbents. However
King and Benson were the first to advance a quantitative

theory for nonspecific interactions.24'25

This has been
tested by salt-modified gas-solid chromatography26 and
confirmed to be a useful molecular basis for such
interactions.

The King and Benson theory for electrostatic
interactions at gas-solid surface524’25 proposes that

the energy of interaction, ® s 1S given by

c
= a eff
Patt T2 T, (9)
Z
or _ 2
Oee = 3 E, (10)

where @ is the polarizability of the adsorbed molecule,
geff the surface charge, Z the distance of the molecule
from the surface, and E, the electric field normal to
the surface. The theory predicts that the inert gases
and methane will interact with the adsorbent in direct
relation to their polarizability. This has been con-
firmed experimentally for alumina at room temperature
and above.25 The applicability of the theory to other

gas-solid interactions has been suggested.25
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A test of the King and Benson theory as it relates
to salt-modified aluminas and silicas has been under-
taken to define more fully the controlling factors in
gas-solid chromatography.26 A plot of log ysg vs.
polarizability for the inert gases, oxygen, and methane
on a 10% sodium-chloride coated column of acid-washed
H-151 alumina yields a straight line. Plots for other
salt-modified alumina columns have the same general
appearance. The data indicate a direct correlation at
three different temperatures, which is in accord with

25 Nitrogen is above the

the theory of King and Benson.
lines because of its specific interaction due to the
triple bond; the deviation increases as the temperature
is reduced to give an increased interaction.

The characteristics of the salt-coated Porasil
columns are illustrated by a plot of log Zsz vs.
polarizability for a 10% NaCl-coated column, which
gives a straight line for argon (oxygen and nitrogen},
krypton, and xenon; methane is off the line. This also
is true for preliminary studies on a graphitized carbon
(Graphon) column., Thus, methane exhibits less inter-
action than it should according to the theory of King
and Benson.24

These results indicate that the inert gases are
adsorbed in a fashion that is consistent with the King-
Benson theory.24 However, the adsorption of methane on
Porasil appears to be an exception to their theory. To
fit methane onto the straight line for Ar, Kr, and Xe
would require that it have a polarizability of 24.0 x
1072° cm, which is significantly below the measured
value of 26.0 x 10°2° cm. One way to explain this
anomaly is to characterize the surface interaction by an
"effective polarizability." The latter represents the
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polarizability of a molecule in relation to the surface
to which the molecule is adsorbed. Thus, gas-solid

chromatographic data provide a means of evaluating suwh a
quantity. The diminished interaction of methane implies
that the acidic surface of Porasil27 exerts a repulsive
force to the hydrogen atoms of methane to give an
"effective polarizability" which is less than its 28
measured polarizability. The basic surface of aluminas

does not exert such a repulsive force, and therefore

the "effective polarizability" of methane on salt-modi-
fied aluminas is equal to its polarizability. The inert
gases have no acidic or basic character and therefore
their "effective polarizability" always is equal to
their polarizability. Graphon has a slightly acidic
surface29 and preliminary experiments indicate that
methane's "effective polarizability" on Graphon is 24.6
X lO-25 cm. Therefore, methane is repulsed less by the
Graphon surface than the more acidic Porasil surface.
The concept of "effective polarizability" allows one to
describe the interaction of methane with the acidic sur-
face of Porasil and Graphon and still be consistent with
the basic ideas of the King and Benson theory. Thus,
the nonspecific interaction of sorbate molecules with
salt-modified aluminas and Porasils can be described
quantitatively as the free energy of adsorption due to
the "effective polarizability" of a molecule on the
surface.

Another study21 has illustrated the relationship
between the logarithm of the capacity factor and the
molar refraction for normal alkanes. Molar refraction
is related to polarizability by a constant and is a
guantity that is more readily available from the litera-

ture for organic compounds. Figure 8 gives the varia-
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MOLAR REFRACTION, cm¥mole
FIGURE 8

Logarithms of capacity factors, k', for a series of
hydrocarbons vs. their molar refractions using a 10% wt/
wt Na.SO,-modified Porasil C(100-120 mesh) column at

200 03_ 4

tion of the logarithm of the capacity factor, k', with
the room-temperature molar refraction, R, for several
groups of organic compounds. The straight lines that
are obtained for methyl-substituted benzenes and normal
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paraffins imply that for these essentially nonpolar
compound groups the free energy of the adsorption is a
linear function of the polarizability. Again, the
separation between the two lines appears to be due to
differences in degrees of specific interaction.

The deviation of many of the substituted benzenes
from the line defined by the methyl benzenes indicate
the electron withdrawing or donating effects of the
substituent groups also are important. The dipole
moment may play a part, but if the pi-electron density
holds the compound approximately parallel to the
surface then the angle for dipole-dipole interactions
is not favorable.

A relationship between aromatic electron density
and adsorptive interaction is apparent from the data
for silizaned Porasil (Table XII). On this column the
Taromatic free energy contribution is zero at 500 °k and
the p-Alk free energy contribution per substituent

carbon is equal to the C_ contribution. Therefore, only

the ring carbons and subgtituent atoms contribute to the
free energy of adsorption; the aromatic system does not
contribute. Because the free energy of adsorption on
unmodified Porasil C includes contributions from the
aromatic system, the difference in free energies be-
tween unmodified and silizaned Porasil C should provide
a measure of aromatic electron density. This is illus-
trated by Figure 9, which is a Hammett plot relating
aromatic electron density with differences of free
energies. The quantity OE is proportional to aromatic
n-electron density because of a para substituent, while
is proportional to the inductive component of aro-

o
I
30 The

matic electron density for such a substituent.
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K -
Hammett plot of A log t— } vs. o, and g

Ko

K, substituent distribution constant on Porasil C; ,
substituent distribution constant on silizaned Porasil G
0., para substituent constant; inductive contribu-

tion to substituent constant.

OI,

free energy differences are related to the relative
distribution constants by the expression

Ja) log l = log lOg’ ' ) ( )

(o]

where K is the distribution constant on Porasil C, K
the distribution constant on silizaned Porasil C, and

BALA(-8G)] the free energy difference betwen unsilizaned
and silizaned Porasil C.
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The correlation is much better when Oy values are
used, which implies that inductive effects are more
important than resonance effects for adsorptive inter-
actions. The correlations are quite good, especially
in view of the assumption that the interactions of the
aromatic substituents are identical on both silizaned
and unsilizaned surfaces. Furthermore, the g values
are for disubstituted molecules while the gas chromato-
graphic data are for monosubstituted systems. Other
specific interactions which have been tabulated are
those olefinic bonds (see for example Table III). An
interesting point is the large differences observed for
such bonds in various environments. Nonconjugated,
conjugated, and aromatic pi-electron systems have signi-
ficantly different specific enthalpies and entropies.
Isolation of these specific quantities makes it possible
to ascertain how a given molecular pi-electron system
interacts with an adsorbent and therefore provides data
about the molecular configuration and its orientation
with respect to the adsorptive surface.15

Extensive data are available concerning the struc-
ture of the saturated and unsaturated cyclic hydro-
carbons from cyclopentane through cyclooctatetraene
(COT). With the exception of benzene, studies of the
adsorption for most of these compounds have been limited
to graphitized carbon.31 Because the adsorption of COT
and its related compounds (as well as of the C7, C6,
and Cg cyclic hydrocarbons) had not been studied, a
detailed chromatographic investigation of their reten-
tion in relation to known structures has been made.15

The structure of COT has been a subject of contro-

versy because spectroscopic data support both crown and
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tub forms.32-35 Later work tends to support the latter

conformation36

with the tub rapidly inverting and pass-
37,38 In the tub

form, the double bonds, while formally conjugated, have

ing through a planar intermediate.

almost no overlap because adjacent bonds are skewed.
Hence, these bonds should exhibit adsorption interac-
tions characteristic of isolated double bonds if the
adsorbed conformation resembles that found in the vapor
phase. Chromatographic measurements made on COT and
related hydrocarbons should provide evidence for the
more probable configuration in the adsorbed state. A
comparison of enthalpy and entropy data for the adsorp-
tion of cycloalkanes and normal alkanes also should pro-
vide additional structural correlations.

The retention volumes, A/ of several homologous
series of cyclic hydrocarbons on a Porasil C column are
illustrated in Figure 10. Because log AN is related
linearly to the free energy of adsorption, the data
indicate that both linear and cyclic alkanes, as well as
the cyclic alkenes, increase linearly in free energy of
adsorption with the number of methylene groups in the
molecule. The vertical distance between any two points
on the plot is linearly related to the difference in
free energy between the two compounds.

An important observation is that the enthalpies
and entropies of interaction for 1,3-cyclooctadiene are
only slightly larger than those for cyclooctene, while
those for the 1,5-isomer are two to three and one-half
times as large as for the mono-olefin. To a lesser
degree a similar preferential set of interactions is
observed for the 1l,4-isomer relative to the 1,3-isomer
of cyclohexadiene. Furthermore, 1,3,5,7-cycloocta-
tetraene has enthalpies and entropies of interaction

that are smaller than for the 1,5-isomer of cycloocta-
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FIGURE 10

Logarithm of retention volumes vs. carbon number for

normal alkanes (A), cyclic alkanes (B), cyclic mono-
alkenes (C), and related compounds as indicated on a

Na2304-Porasil C column at 225 °c.

diene on the Porasil C column, and approximately the

same as the diene on the alumina column. The inter-

10%

actions of 1,3,5-cycloheptatriene are almost identical

to those for the C

for benzene.

8

L9

-tetraene and quite similar to those
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Thus, geometric and steric factors govern the
extent to which the olefinic pi orbitals can interact
with the adsorbent, especially in the case of the
Na2504—Porasil C column. In the case of the C8 olefins
the 1,3-diene isomer has a geometry such that essen-
tially only one pi bond can interact; in contrast, the
1l,5-diene isomer's configuration is sufficiently ideal-
ized that its two pi bonds interact more than three
times as extensively as the pi bond of cyclooctene and
to the same degree as the tetraene. This latter con-
sideration implies that only the 1,5-pi bonds of the
tetraene are in an orientation that permits interaction
with the adsorbent. Another interesting point is that
the pi-orbital interaction of 1,3,5-cyclcheptatriene
is the same as that for cyclooctatetraene; this is
reasonable in that the gas phase configuration for the
l,3,5-triene portion of the two molecules is identi-

cal.36'39

The thermodynamic parameters for the cyclo-
hexadienes indicate that the 1,4-isomer interacts about
twice as extensively as cyclohexene, whereas the 1, 3-
isomer has a geometry that causes the interaction to be
one and one-half times as great.

Consideration of the geometric effects on inter-
action indicates that the pi orbitals must be perpendi-
cular to the adsorbent surface for maximum interaction.
Thus, the pi bonds of 1,5-cyclooctadiene and 1,4-cyclo-
hexadiene are parallel and in a configuration that
allows them to lie on a plane, Likewise, the 1,5-pi
bonds of cyclooctatetraene and of 1,3,5-cycloheptatriene
are parallel to allow maximum interaction, Molecular
models indicate that the 3- and 7-pi bonds in these two
molecules are completely out of the plane for the 1,5~
pi bonds and therefore cannot interact effectively with

the surface.
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Molecular and Structural Parameters. The early

studies by our group left unanswered questions concern-
ing specific effects due to halogens and dipole moments.
For example, in the case of aliphatic compounds on
porous silica, anomalies occur for the specific carbon
contribution when the carbon substituents are varied.19
Attempts to predict the specific retention volumes of
multi-substituted molecules alsoc fail when the specific
thermodynamic parameters for halogens are used. Conse-
gquently, a more rigorous evaluation of adsorption in
terms of the molecular parameters of the sorbate became
necessary.

The contribution of a molecule's molar refraction,
dipole moment, and nonbonding electrons to specific
interactions with the adsorbent has been the subject of
a detailed investigation.40 The adsorbents included
Graphon, 10% Na,SO, on acid-washed F-1 alumina, and 10%
Na,S0, on porous silica (Porasil C); hydrocarbons and
halogenated methanes were used as the sorbate molecules.
By relating adsorptive interactions to molecular para-
meters, the specific retention volumes of other compounds
can be predicted. In cases where the molecular para-
meters change with changes in conformation, the confor-
mation of the adsorbed molecule can be discerned. This
approach to the thermodynamics of adsorption also pro-
vide a means of studying the nature of adsorbent
surfaces.

The coefficients of the three molecular parameters
(molar refraction, dipole moment, and specific halogen
effects), in terms of adsorption thermodynamics, have
been obtained by analyzing the retention volume data for
a set of model compounds with a least squares program41
translated into APL and run on an IBM 360/50 computer.

These coefficients are summarized in Table XV A. The
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compounds, their molar refractions (R), dipole moments
(u), the number of specific chlorine interactions, and
the calculated -Ago and -A§° values in comparison to
those obtained experimentally are summarized in

Table XV B.

Experiments with the Porasil C column for multi-
halogenated ethanes, propanes, and longer carbon chains
yield satisfactory agreement between the experimental
values and those predicted from the coefficients in
Table XV in all cases except where the dipole moment is
strongly dependent on molecular conformation. In those
cases, the calculated retention volumes are low.

Calculations for alternative conformers indicate
that the energy gained from the increased interaction
of the unfavorable conformer is greater than the energy
difference between the favorable and unfavorable con-
formers. An illustrative example is 1,2-dichloroethane.
At 412 %K in the gaseous phase, its dipole moment is
1.46 D, which for the Porasil column gives calculated
values for -Aﬂo of 9.43 kcals and for -A§° of 17.05
cals-degree'l. These quantities predict a retention
volume at 400 °K of 10.0 ml. The experimental results
are ~-AH°, 10.60 kcals, and -As®, 17.98 cals—degree'l,
and a retention volume of 25.6 ml. However, by assuming
that the molecule adsorbs on the surface as the gauche
conformer (Figure ll) new values are obtained for the
dipole interaction.

Because Cl (1) is approximately 40° from perpendi-
cular with the surface, its dipole interaction is 1.43 D
(1.87D x cos 40°)., C1(2) is about 60° from perpendicular
to the surface which gives an interaction of 0.94 D
(1.87 D x cos 60°); when added to Cl(l), this gives a
total dipole interaction of 2.37 D. If the original gas
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FIGURE 11l

Proposed conformation for 1l,2-dichloroethane when
adsorbed on a Porasil C surface.

phase dipole of 1.46 D is replaced with this number and
the gauche Cl-Cl repulsive interaction of 1.1 kcals42 is
subtracted, the result gives a —Aﬁo value of 10.27
kcals. Similarly, a new calculated entropy is obtained.
However, because there are four equivalent ways the
gauche conformer can sit on the surface, a factor of
R 1n 4 (equal to 2.75) must be subtracted to give a
—A§° value of 17.47 cals-degree_l. These new values
predict a retention volume of 22.8 ml at 400 OK, which
is in good agreement with the experimental value.
Examples of other molecules which appear to undergo
conformational change upon adsorption are 1,2-dichloro-
propane, 1,1, 2-trichloroethane, 1,2,3-trichloropropane,
and 1, 3-dichloropropane. This conclusion is based on
models of adsorptive conformers which yield calculated
enthalpies and entropies of adsorption in agreement
with the experimental values.
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The most practical aspect of the results is the
ability to predict retention volumes on the basis of
molecular structure after running a small series of
model compounds. Table XVI gives the predicted
logarithms of the corrected retention volumes of a
series of fumigants compared to those found experimen-
tally. Figure 12 illustrates the resulting chromato-
gram. A significant factor in the accuracy of the
predicted retention volumes is the uncertainty of the
values for the molecular parameters., Where the use of

"effective" dipole moments is noted, the compounds

L
d (9]

MINUTES

FIGURE 12

Gas chromatogram for a series of fgmigants on a 10% wt/
wt Na,SO,-Porasil C column at 125 “C. Sample components:

2574
1, CH3Cl; 2,CH,C1,: 3, CCl4; 4,CHCl3; 5, CCl3CH3; 6,
BrCHZCHZCH3; 7, ClCH2CH2Cl; 8, BrCHz(CHz)ZCH3; 9,
C1CH,CHCICH;: 10, BrCH, (CH,),CHy; 11, Cl,CHCHCl,; 12,
BrCHZCHZCHZBr.
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either contain bromine (which models indicate is forced
about 35° from perpendicular to the surface because of
its large size) or the molecule requires a conforma-
tional change in its adsorbed state (as previously exem-
plified by 1,2-dichloroethane).

The converse also should be possible. With the
accumulation of enough data to pick the best columns,
the structure of a compound could be determined by its
retention on a series of columns. This should be feas-
ible in gas-solid chromatography because of the long
term column stability relative to gas-liquid columns
as well as the greater ease of reproducibility when
duplicate columns are prepared.

Surface Complexes. Another possible type of

specific interaction with salt-modified surfaces is the
formation of complexes with the coating salt.18
Because previous work43 has established that the sta-
bility constants of weak charge-transfer and hydrogen-
bonded complexes can be evaluated from gas-liquid chro-
matographic measurements, a similar approach has been
used for the study of gas-—-solid complexes on salt-
coated silica gel and Graphon. A group of substituted
aromatic molecules have been studied at three different
temperatures in terms of their interaction with a LaCl3
coating.

Because salts like LaCl, contain partly filled d or
f shells and are strong Lewis acids, they should form
complexes of varying strength with electron donor mole-
cules. This adds another column parameter that may be
varied to achieve more selective analytical separations.

Consideration of the data in Figure 13 indicates
that the interactions of aromatic molecules are signi-~

ficantly greater when LaCl3 is present on the silica
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Specific retention volumes for a series of compounds
as a function of the surface concentration of LaCl, on
silica gel at 200 ©c. NaCl used as the diluent; ail
columns coated with 10% by weight of salt (NaCl and/or
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gel surface. The linear slopes of the curves of
Figure 13 also imply that the specific interactions are
directly proportional to the surface concentration of

LaCl a condition indicative of complex formation.

.
3Studies of complex formation in gas-liquid
systems43 have shown that the stability constants of
the resulting complexes can be evaluated by the
expression

(o]
KR = Kg (1 + KlC) (12)

where Kz and ERO are the partition coefficients of a
solvate with a complexing solution and an inert
solvent, respectively, K, is the stability constant of
the complex, and C is the concentration of ligand in the
solution. This same expression is appropriate for the
present gas-solid studies, but with Ke and KRO repre-
senting the partition coefficients of an adsorbate on a
mixed LaCl3—NaCl column and a NaCl column, respectively.
For this system 51 represents the stability constant of
the adsorbate-LaCl3 complex and C is the surface concen-
tration of Lacl3 in the mixed coating (mole m-z).

When the data of Figure 13 are analyzed by
Equation 12, the stability constants of the LaCl,-
surface complexes can be evaluated; these are summarized
in Table XVII. By determining the stability constants
at three different temperatures, the enthalpies of
complex formation, -OH., can be evaluated from the
slopes for plots of log K, vs. 1/T (van't Hoff plots).
The results of such analyses also are summarized in
Table XVII.

Consideration of the data in Table XVII indicates
that electron-donating substituents (alkyl groups)19
enhance the interaction of the aromatic ring. The mag-

nitude of the heats of complex formation, -OHg, also

Ls59
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TABLE XVII
Stability Constants and Heats of Formation
of Aromatic—LaCl3 Complexes

Stability constant Enthalpy of complex

K,, at 200 °c formation, -AH., at

(m2-mole_l) 200 ¢ (Kcal-m;le_l)
Benzene 2,09 X lO5 3.6
Toluene 4.37 X 10° 4.8
Ethylbenzene 5.06 X 10° 4.8
Isopropyl benzene 4.43 X lO5 4.5
Fluorobenzene 3.00 X lO5 4.6
Chlorobenzene 2,17 X lO5 2.8
Bromobenzene 2.84 X 10° 3.1
Iodobenzene 2.75 X 10° 6.6
l-Hexene l1.62 X 105 .o

are consistent with the formation of metal-aromatic
complexes. In contrast, there appears to be no specific
interaction between hexane and LaCl3 and only a slightly
enhanced interaction with l-hexene. Thus, the heat of
adsorption for benzene on LaCl3-coated silica gel is
increased 5 kcal over its value on NaCl-coated silica
gel while the heat of adsorption for hexane is less on

LaCl3 than on NacCl.

Thermal Activation of Silica. The nature of

specific interactions also yields information about the
surface of an adsorbent and how that surface changes
with thermal and chemical pretreatment. Because the
groups present at the surface of an adsorbent are highly
dependent on its thermal and chemical pretreatment,
investigations of the adsorption thermodynamics of salt-

modified silica gel and porous silica beads provide

460
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insight to the nature of the active sites at the adsor-
bent surface and the adsorption processes. The thermo-
dynamic studies also provide a basis for optimizing
column activation temperatures for difficult analytical
separations.

A series of substituted hydrocarbons have been
chromatogriphed on each column at three different tem-

peratures. 7 The resulting retention volume data, Voo

have been used to prepare plots of log Vp vs. 1/T,
which permit evaluation of the contributions made by the
various adsorbate functional groups to the enthalpy,
entropy, and free energy of adsorption. Such calcula-
tions have been made for each adsorbent activation tem-
perature., Figure 14 indicates the variation of the
various functional group contributions to the differen-
tial free energy of adsorption, A(-4G), with changing
activation temperature of the silica gel. The smooth-
ness of the curves is impressive; furthermore, the 450
and 550 °c data (Figure 14) are for measurements that
were made after all the other evaluations. Schultze

and Schmidt—Kuster44
terminal n-bond curve of Figure 14 when they plotted the

obtained a curve similar to the

difference between the logarithms of the retention
volumes of ethylene and ethane vs. the adsorbent activa-
tion temperature for a high surface area silica. The
minima for the two curves occur at similar activation
temperatures and are of similar depth.

From an analytical standpoint, the adsorbent acti-
vation temperature is an important parameter in column
preparation and can be used to improve the separation of
a difficult mixture., This is illustrated by the chroma-
tograms in Figure 15, Separation of the mixtures is not

possible at adsorbent activation temperatures of 400 or
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FIGURE 15

Gas chromatograms for six-component mixture with 10%
NaCl-silica gel column activated at thrse different
temperatures. Column temperature, 225 "C.
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600 oC, but at an intermediate activation temperature of
500 °c reasonable resolution is achieved.

The data of Figure 14 also permit some conclusions
Eo be made about the nature of the surface of the adsor-
bent and how it changes with thermal activation. Thus,
adsorption of molecular water induces an enhanced dipole
in the water molecule and weakened O-H bonds, which
act as surface proton centers; the size of the dipole
set up in the O0-H bond depends on how tightly the
unshared electron pair is held by the inner d orbital of
the silicon. The latter is affected by the nature and
nunber of the functional groups attached to the silicon.
Thus, dehydration and chemical modification of the
surface should change the coordination unsaturation of
the surface atoms and, consequently, their acid strength.

Consideration of these arguments, infrared data,
and adsorption data leads to the conclusion that the
surface of the silica gel is covered initially by
considerable amounts of molecular water bonded to
surface silicon atoms (B) and surface hydroxyl groups:
some free hydroxyl groups (A) also are present., Such a
silica gel surface is illustrated by Figure 16. On
raising the temperature of activation to 200 °c most of
the hydrogen-bonded water appears to be removed with
hydrogen bonds (C) forming between favorably placed
single hydroxyls, as shown in Figure 17. Further
heating to 500 ¢ probably removes all hydrogen-bonded
water and most of the coordinated water molecules, and
increases hydrogen bonding between hydroxyls. At 600 %¢
the hydrogen-bonded hydroxyls appear to condense to form
surface siloxane linkages with a few single hydroxyls
still present. Heating above 700 °C may remove the
remainder of the free hydroxyls, but primarily causes a

decrease in the surface area.
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Surface of silica gel prior to activation.

On narrow pore silicas, most of the hydroxyls are
present as reactive hydroxyls (C, Figure 17) and thus
occur in groups of two or more, which can interact with
each of the carbon atoms or double bonds of an unsatur-
ated hydrocarbon. Such groups also cause strong adsorp-
tion of alkyl benzenes and, to a lesser extent, halo-
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FIGURE 17

Surface of silica gel after activation at 200 °c.
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benzenes (due to the electron withdrawing effect of the
halogen atom). Halobenzenes on the other hand should be
strongly adsorbed at the proton centers (B, Figure 17)
produced by the coordinated water molecules, because of
the higher electron density at the halogen atoms.
Little, if any, adsorption will take place at the single
hydrokyls (A, Figure 16) while other more active proton
centers are available.

As the activation temperature of the silica gel is
raised from 200 to 500 OC, type (B) sites disappear and
type (C) sites are formed. Thus, halcbenzenes exhibit
slightly reduced interactions at 500 °C, whereas alkyl
benzenes are adsorbed more strongly. Further increase
in the activation temperature causes type (C) sites to
disappear and the interaction of both alkyl and halo-
benzenes with the surface to be reduced drastically.

All the adsorbents used in this work have been
coated with NaCl, which appears to act as a conducting
layer over the surface of the adsorbent and thereby
attenuate the perturbations and forces due to the
various adsorption sites.

Water Modification of Adsorbents. A final topic

of recent interest can be described as water-modified
gas-solid chromatography. Such a system is especially
interesting in terms of mixed adsorption and absorption
mechanisms.,

The existence of adsorption on a liquid surface as
well as absorption by the liquid was first shown by

45

Martin in a series of gas chromatographic experiments.

The behavior of even more complex sets of retention
mechanisms4gas been discussed since then by Purnell46
and Urone. When adsorption on the liquid surface and

absorption by the liquid are the predominant inter-
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actions, the retention volume is governed by the

relation
T
v —KAXA

gs + KL x V. (13)

L L

where Kn is the equilibrium constant for adsorption on

the liquid surface (with units of ml/mz), A the sur-
face area of the liquid (m%/g dry support),_gL the
equilibrium constant for absorption by the liquid layer
(ml/ml of liquid), and !L the volume of the liquid
phase (ml of liquid/g dry support).

Typical curves of retention volume vs. water
content for organic compounds on wetted Porasil C are
illustrated in Figure 18. All compounds show an

increase in retention with decreasing water content.

T T T w1 O T T 1T 1T  T1-

16 —
14+ —
12— —
10} ®~e_o—0 CH,Clo

€t sh -
-2 CHCI3 |

CHaCl
2
F CClq
o | | | | | i L4 v Gy
00 02 0.4 06 0.8 )

wt/wt, H,0/dry Porasil C

FIGURE 18

Specific retention volumes of organic compounds as a
function of the water content of Porasil C.
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Also, the order of retention of the compounds changes
drastically with water content. Figure 19 illustrates
retention curves vs. water content for organic compounds
on Chromosorb W, These are the same compounds that are
illustrated in Figure 18. In contrast with the Porasil
data all of the compounds except the alkanes exhibit a
decrease in retention with decreasing water content.
The retention order of the halomethanes does not change
until the water content is less than 0.1 wt/wt water/
dry support.

Using experimentally determined values for V sz'
A, and V;, a least squares fit has been used to
determine Ka and K, for compounds sorbed by water
adsorbed on Porasil C in the region of 0.363 to 0.755

B [ 1 [ | | T
@ CH,Cl,

CHCls

0
00 0.4 08 1.2 16
wt/wt, H,0 dry Chromosorb W

FIGURE 19

Specific retention volumes of organic compounds as a
function of the water content of Chromosorb W.

468



18: 26 30 January 2011

Downl oaded At:

GAS-SOLID CHROMATOGRAPHY

wt/wt water/dry Porasil €. This is the region for
Porasil C which meets the criteria for accurate estima-
tion of the surface area. The data are summarized in
Table XVIII A. The standard deviation averages about
2% of the 5& values, about 5% of the K; values for the
normal alkanes. These values agree within experimental
error with the values obtained on Porasil B wetted with
0.40 to 0.57 wt/wt H20/ dry Porasil B.

Table XVIII B contains the K, values that are ob-
tained by using a least squares fit on the V sz data
for Chromosorb W in the region from 0.101 to 1.40 wt/
wt H20/dry Chromosorb W. Because the liquid surface
area is too small to be measured directly it is pre-
sumed to be proportional to the retention of the normal

alkanes. The K;, values have standard deviations which

average less than 2% of their magnitude. Using the EA
values of alkanes on Porasil C to define the surface

area yields the values of the halomethanes on Chromo-

K
sorb W. Howeverjabecause the effect is so small (the
surface area ranges from 0.4 to 0.9 mz/g), the standard
deviations average more than 50% of the Ky values and
therefore the latter are not reported.

The differences found in the K, values for com-
pounds absorbed by water adsorbed on Porasil C compared
to those found using the water-Chromosorb W system are
too large to be explained by experimental error,
especially for CHCl3 and CCl4. The difference implies
that the water on Porasil B and C is modified by the
adsorbent. The mechanism of this modification has not
been established, but there are two reasonable interpre-
tations. Either the water is being oriented by the
silica surface or the silica surface is being partially

dissolved by the water. The latter has been proposed to
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TABLE XVIII

Adsorption and Absorption Equilibrium Constants for
Compounds Sorbed by Water on Porasil C and on
Chromosorb W at 25.0 °c

A. Porasil C

Compound 5§ 52
CHF 4 0.0234 0.28
CH;C1 0.0708 3.1
CH3Br 0.114 4.8
CH,Cl, 0.332 12.7
CHC1, 0.580 9.9
ccl, 0.280 2.1
Cy 0.0420 -—-
Cg 0.0936 0.27
Ce 0.216 0.73
c, 0.501 1.8
Cg 1.17 4.2

B. Chromosorb w

CH3Cl - 2,50

CH3Br -—— 3.65

CH2Cl2 - 9.58

CHCl3 —— 5.79

CCl4 - 0.467
48

explain the formation of anomalous water. The orien-
tation argument is favored by the fact that the modi-
fied KL values appear to occur at surface areas greater
than 1 m%/q, i.e., where forces exist which cause the
water surface to conform to the support surface. That

the dissolution of silica also is a possibility is
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shown by the fact that surface areas of the dry
Porasils {as measured by the BET method) changed after
being treated with water.

The one definite conclusion from a comparison of
the data for Porasil with that for Chromosorb W is that
extreme care in the selection of the support material
is necessary if a liquid is to be characterized as a

49 consider

bulk liquid. Indeed Guillemin, et al.,
liquid coatings on Spherosil (the European name for
Porasil) to be best characterized as a form of modified
gas-solid chromatography. They also note that the
thermal stability of the modified supports is much
higher than that normally associated with the coating
liquid, which, they contend, proves that bonding between
the liquid layer and the silica surface is particularly

strong.

CONCLUSIONS

The goal of the present discussion has been to
revive and stimulate interest in gas-solid chromato-
graphy. By the use of sensitive detectors and surface
modification of adsorbents highly selective and effici-
ent separations are possible. Not only does the selec-
tivity of gas-solid chromatography surpass that of gas-
liquid chromatography, it also provides a more rational
and quantitative basis for the prediction of retention
volumes.

The use of surface modification provides a conveni-
ent means of attaining a more homogeneous surface. Alsqg
because of specific interactions with the coating salt,
additional selectivity is gained by appropriate choice

of the coating salt. This is analogous to selective
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liquid phases in gas liquid chromatography, but has the
added advantage that there are no "bleeding" problems.
The utility of gas-solid chromatography extends
beyond analytical chemistry. As the preceding sections
have illustrated, it can be a convenient means for
studying the physical and chemical properties of
surfaces, gas-solid interactions, and gas-solid inor-
ganic complexes. This leads to the conclusion that gas-
solid chromatography should be an especially effective
method for characterizing catalysts and other solid-
state materials. Another recent extension has been a

study of the interactions of halogenated hydrocarbons
(used as fumigants) with soils .50
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