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SUMMARY

A parallel infrared spectroscopic-gas chromatographic study was undertaken
in which three representative compounds, an alcohol, pyridine and an acid anhydride,
were used to partially deactivate an alumina support material. The most active sites
on an alumina surface, which lead to severe tailing and excessive retention times, are
the electron-accepting aluminum atoms. These sites can be effectively removed by
treating the alumina with pyridine or an acid anhydride, and lead to greatly improved
resolution in hydrocarbon analyses. The 7# siéu# method of treating the support ma-
terial in the chromatograph is simple and rapid. By using a chemical reaction for the
deactivation only the most active undesirable sites are removed. These methods are
independent of the support surface area and of the amount of reagent used for the
treatment.

INTRODUCTION

Alumina can be used as a support material in gas—-solid chromatography (GSC)
for hydrocarbon analyses, particularly when one wishes to separate various isomers of
a given hydrocarbon or members of a homologous series with similar boiling points.
When separating compounds of this type it is necessary to strike a balance between
having surface sites which are sufficiently active to achieve the separation, but not so
active as to retain the adsorbates excessively, thus giving rise to long retention times
and severe tailing of the chromatographic peaks.

Alumina has a very active surface, and for GSC purposes can be partially
deactivated with silicone oil!, water! or inorganic salts?—4, Although the incorpora-
tion of alkali into alumina® has been reported to poison the strong acid sites, thus
preventing isomerization of cyclohexene, it is not clear from the conditions used for
treating the chromatographic supports with salts (¢.c. deposition which leaves 109,
by weight on the alumina) whether the main effect is due to ion exchange with the
alumina surface or to a complete salt coating.

In order to devise surface treatments so as to effect better separations, one
should know exactly what happens on the alumina surface as a result of deactivation.
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To this end, a parallel chromatographic and spectroscopic study was under®&en, in
which three representative types of compound (alcohol, pyridine and a carboxylate
compound) were used for deactivation.

Alumina has a complex surface. Numerous studies%? of its surface properties
have been carried out, particularly by IR techniques, in order to study its catalytic
properties. The active sites on an alumina surface are: (a) Three, or five, types of
hydroxyl group, the type being determined by the number of nearest oxide neigh-
bors. Three of these types are distinguishable spectroscopically and they show slightly”
different reactivities. (b) The Lewis acid (electron-accepting) sites which are due to
aluminum ions attached to three oxygen atoms. (c) The oxide ions.

1f one adds a proton to a Lewis acid, one obtains a Brgnsted acid; however,
there is no evidence that this takes place on alumina, at least in so far as strong pro-
tonic sites are concerned. From catalytic studies, it is generally agreed that the Lewis
acid sites are the most active surface sites on alumina. These acid sites are thought to
arise when the hydroxyl groups condense and eliminate water, at temperatures
above 400° leaving oxide ions and vacancies on the surface; if two vacancies are
adjacent, an aluminum ion is exposed and this is a Lewis acid.

These Lewis acid sites can adsorb molecules in several ways. Ketones, for
example, form stable complexes with the Lewis acid sites via the oxygen atom of the
carbonyl group. The acceptance of the electrons on the oxygen atom into the vacant
orbital of the Lewis acid causes a lowering in the IR absorption frequency of the
carbonyl group. Olefinic groups8:® adsorb as a m-complex with the electron-deficient
Lewis acid sites.

Pyridine and amines readily adsorb on an alumina surface. Physically adsorbed
pyridine desorbs at temperatures above 150°, leaving pyridine coordinated to surface
Lewis acid sites. This coordinated pyridine gives rise to IR absorption bands at 1453
and 1457 cm~1, The appearance of two bands is apparently due to two distributions
of Lewis acid sites with different acid strengths. Pyridine, being a weak base, reacts
only with the stronger acid sites®.

Methyl alcohol reacts with an alumina surface at low temperatures to produce
surface methoxide groups!®; on heating above 170° the methoxide group is oxidized
to a surface formate group. This oxidation is probably due to the Lewis acids.

Many other reactions between various adsorbates and alumina are reported in
the literature, but these few examples illustrate the possibility of selective chemisorp-
tion on the known undesirable surface sites in order to obtain better chromatographic
separations.

EXPERIMENTAL

Spectroscopy .

All spectra were recorded with a Perkin-Elmer Model 621 IR spectrophoto-
meter. The alumina samples were prepared by pressing a self-supporting disc of high
area alumina (Alon C, surface area approx. go m?/g) at 24 ooo p.s.i. in a 1-in.-dia-
meter circular die. The alumina disc was mounted in a vacuum-tight furnace fitted
with IR transmitting windows. This furnace with the alumina sample was mounted
in the spectrophotometer and the furnace connected to a conventional high-vacuum
rack.
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The surface treatment of the alumina consisted of raising the temperature of
the furnace containing the alumina sample, evacuating it, and adding the vapor of
the desired reagent to the furnace. After a period of time, the furnace was again evac-
uated and a spectrum taken to determine what species were bonded to the alumina
surface. The exact conditions are given with the data.

Chromatography

The alumina support material (Alcoa type IF-1 chromatography grade, screen
size 60/80) was evaluated in a Varian Aerograph Model 1860 gas chromatograph,
using flame ionization detectors. The alumina was packed in 1/4-in.-0.D. aluminum
columns with a length of 8o cm. The columns were pre-conditioned for 3 h at 400°
with a nitrogen flow of 40 ml/min. A Hamilton 1-ul syringe was used to deliver
the liquid samples. The operating conditions are given with the data. Since the object
of this study was to determine specific interaction effects with the alumina support,
no attempt was made to obtain optimum operating parameters with the chromato-

graph.

Surface treatment of the chrvomatographic alumina

All the surface treatments of the alumina support were carried out 7% s##u in the
chromatograph. Twenty to thirty aliquots of 5 ul were injected into the column at the
following column temperatures: #-butanol 400°, acetic anydride 400°, pyridine 250°.
After all the excess reagent had passed through the célumn, as determined by the
detector response, the column temperature was reduced to operating temperature and
the evaluation experiments were carried out. The treated alumina supports were
evaluated by obtaining chromatograms of a series of standard hydrocarbons and also
of a sample of commercial gasoline. '

In a previous study of this type, using Chromosorb ro2 (ref. 11) as a column
support, it was possible to predict, on the basis of the spectroscopic experiments,
which adsorbates would lead to excessive retention and tailing. This was not possible
in this study, since the physical adsorption properties of the alumina used in the spec-
troscopic study might reasonably be expected to differ from that of the alumina used
in the chromatographic column, the particle sizes differing considerably. The chemical
properties of the aluminas, however, should be the same in both cases.

RESULTS AND DISCUSSION

Fig. 1 shows the spectra of alumina taken in air at various temperatures
between 30° and 400°. The large band in the spectra is due to adsorbed water. Clearly
the amount of water on the surface varies greatly with the temperature. On lowering
the temperature in air, water is readsorbed on the surface.

The spectra of the alumina before and after having been exposed to n-butanol
vapor at 250° are given in Fig. 2. After exposure there is a small decrease in the
intensity of the AI~OH band(s) near 3720 cm~!; C-H stretching bands due to the
chemisorbed butanol appear in the region 2800—3000 cm—! (Fig. 2a), and bands appear
at 1460 and 1560 cm™! (Fig. 2b). These latter two bands arise due to oxidation of the
alcohol group of the butanol to produce a carboxylate group bonded to the surfacel®.
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Fig. 1. Spectra of alumina hecated in air to various temperatures, showing removal of adsorbed
water,

This is_discussed below. The same spectra were obtained initially on another alumina
sample when the butanol was added at 400°.

Exposure of this treated alumina to water vapor at 200° for 1 h resulted in no
significant changes in the intensities of the C-H or C=0 bands, although water did
readsorb on the surface. Thus, the bonded species is stable with respect to hydrolysis.
On exposure to air at 250° there was a slow but steady decrease in the intensities of
the C-H bands, due to oxidation of the hydrocarbon chain; the bonded C=0 groups
showed no change.

When pyridine binds by coordination to the Lewis acid sites on alumina,
characteristic bands appear at 1453 and 1457 cm~!. Since this is well documented in
the literature®?, the spectrum is not reproduced here. When pyridine was added to
the butanol-treated surface at 400° strong bands appeared at 1445 and near 1570-
1600 cm™! (Fig. 2b). The exact frequencies are difficult to determine owing to the
overlap between the strong C=O and pyridine bands. Although these observed
frequencies are nearer to those usually observed when pyridine is physically adsorbed,
the pyridine must be chemisorbed, since it is fairly stable at 400° ## wvacuo. Concur-
rent with the addition of the pyridine there is a frequency shift of the C=0 band at
1460 cm~?! (¢f. Fig. 2b), showing that there is an interaction between the pyridine
and the surface C=0 groups. The results from the chromatographic study, described
below, show that there are Lewis acid sites still available after treatment with
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FFig. 2. (a) Spectra before (dotted line) and after (solid line) reaction with 5 torr z-butanol at 250°
for 1 h. (b) Spectra before (dashed linc) and after (solid line) reaction with n-butanol. 3 torr pyri-

dine added and evacuated (dotted line) at 400°,
*

butanol, so that these bands must arise from the pyridine which complexes both to
the C=0 groups and to the Lewis acid sites.

When acetic anhydride reacts with a fresh alumina surface at 400° (¢f. Fig. 3) a
large decrease in the amount of adsorbed water is observed and two strong bands
appear at 1465 and 1585 cm-1, These two bands are due to the symmetric and asym-
metric stretching frequencies of the carboxylate C=0, and are near, but not identical,
in frequency to the bands observed when butanol was reacted with the alumina. Al-
though acid anhydrides show a typical doublet C=0O band (at 1824 and 1748 cm~?

in the case of acetic anhydride) it is more likely that the acetic anhydride was hy-
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Tig. 3. Spectra of alumina at 400° (dotted line) and after reaction (solid line) with five aliquots of
3 torr acctic anhyvdride for 25 min total.

drolyzed prior to its reaction with the surface, since a decrease in the quantity of
adsorbed water was observed and the separation of the C=O0O bands was about
120 cm~! after the acid had reacted. On addition of pyridine to the acid-treated
surface, bands appeared near 1450 and 1600 cm~—1! due to a pyridine/C=0 complex.

TABLE I

RETENTION TIMES OF STANDARD HYDROCARBONS ON UNTRTEATED AND TREATED ALUMINA COLUMNS

Column temperatures: n-Butanol-treated column and its reference untreated column, r150°; all
others (below dotted line), 200°, 0.2 gl of each compound was injected using a nitrogen flow of

40 ml/min.
Compound Retention times on alumina columns
Untreated n-Butanol-  Pyvidine- Pyridine- Acetic
treated treated tveated and  anhydride-
heated to treated
400°
n-Hexance 3.1 3.1
n-Heptane 6.0 5.8
1-Octanc 12.2 I1.5
Acectone 36.0 35.5
Benzene 7.7 7.2
Benzene 6.0 5.6 5.0 5.0
Toluene 13.6 12.4 12.2 10.8
m-Xylene 29,2 26.4 26.4 22.3
0-Xylene 34.4 31.2 32.2 27.1
#-Cymene 93.6 85.2 96.0 79.2
Pentene 1.4 1.4 1.7 1.4
Hexene 3.1 3.1 3.6 2.9
Heptene 6.0 6.0 7.0 5.5
Octecne 14.2 13.7 16, 12.5
n-Nonene-x 32.9 30.2 >250 27.6
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Tig. 4. Gas chromatograms of a commercial gasoline obtained on alumina supports: (a) untreated
alvmina, (b) n-butanol-treated alumina, (c) untreated alumina, (d) pyridine-treated alumina,
(e) same as (d), but column raised to 400° for 2 h and then returned to 200°, (f) acetic anhydride-
treated alumina. Column temperatures: 240° for (a) and (b), 200° for (c), (d), (e) and (). 1-ul
samples of gasoline were used with a nitrogen flow of 40 ml/min. The peaks for the lighter fractions
of the gasoline which were cluted within the first 10 min arc not reproduced on the chromato-
grams, since they were all virtually identical, regardless of the surface treatment.
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With this information on the surface reactions, one can now consider whether
any of these surface treatments lead to improved column performance. The retention
times of the reference hydrocarbons on the untreated and treated alumina columns
are given in Table 1. For illustrative purposes, chromatograms of a commercial gaso-
line, analyzed on the same columns, are given in IFig. 4. Comparison of the data in
Table I and the chromatograms in Fig. 4 shows clearly that the butanol-treated
surface is not significantly different in its separation properties from untreated alu-
mina. Furthermore, after about 100 h of operation at 170°, a positive baseline drift
appeared on the response of the treated column. This is probably due to decomposition
of the hydrocarbon chain.

Several columns were treated with z-butanol using research grade argon in
order to determine if traces of water vapor or oxygen in the nitrogen carrier gas were
causing decomposition of the bonded butanol. No differences were noted in the
chromatograms obtained, indicating that the decomposition of the bydrocarbon chain
is probably due to thermal pyrolysis.

The pyridine- and acetic anhydride-treated supports lead to improved separa-
tions and shorter retention times with improved peak shapes (¢f. I'ig. 4 and Table I).
Clearly the surface bonding sites for pyridine and acetic anhydride are different from
the bonding sites for butanol.

Pyridine was applied to the column at 250° and yielded good results, The
column temperature was raised to 400° for 2 h and then returned to 200° The
chromatograms obtained from this column were very poor. Note particularly that
n-nonene-I (Table I) required more than 250 min to be eluted, compared with 33 min
on the untreated column. This was repeated three times and the same effect was
observed. The degeneration of the column is probably due to traces of oxygen in the
carrier gas, leading to oxidation of the pyridine, since the spectroscopic experiments
showed that the bonded pyridine is stable at 400° % vacuo. Why the nonene should
be excessively retained on this degraded column is not clear.

Using these spectroscopic data in conjunction with the chromatographic data,
the chemistry of these surface reactions can be considered. To summarize, butanol
binds to the surface and the alcohol group is oxidized to a carboxylate group, but
does not react with the Lewis acid sites; acetic anhydride (or the acid) and pyridine
bind to the surface and remove most of the Lewis acid sites. How the acids and
alcohols react with the alumina surface has not been completely resolved, but the
following tentative schemes have been proposed. GREENLER!? suggested that:

CH, H
(g > 170° A I-I———C—-—O
CH,0H +4 Al-O-Al-O — + H(or H,0) ——> =0 or |i
[ Al——O—-—A]
0-Al-O 0-Al-O

CHAPMAN AND HAIR%!2 found that when aldehydes and alcohols react with
alumina, both produce surface carboxylate groups similar to the acid; in the case of
alcohol hydrogen was produced, whereas in the case of aldehyde no hydrogen was
produced. According to them the following reactions took place:
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H
Y
H , @) [ C
AN [O]s / Al-O0-Al-O /7
alcohol -+ alumina — C=0—— H—C\ > (J) O| + H,0
H OH Al-O-AI-O

Comparing these two reaction schemes with the chromatographic data strongly
suggests that in the case of the alcohol reaction followed by oxidation, the C=0O
groups are bonded principally to the O atoms of the alumina surface; in the direct
acid reaction, the bonding is principally to the surface aluminum atoms, thus ef-
fectively removing most of the Lewis acid sites. Both proposed schemes may be cor-
rect, but the bonding sites are different for alcohols and acids.

CONCLUSIONS

The most active surface sites on alumina which lead to severe tailing and long
retention are the Lewis acid sites (electron-attracting aluminum atoms). By removing
these sites one can attain a satisfactory compromise between effective separation of
hydrocarbons and reasonable retention times. The advantages of this treatment over
deposition methods or the reversible adsorption of water are: (i) the chemical reac-
tion methods are independent of the support surface area and the amount of reagent
used for treatment; (ii) only the most active sites are removed or blocked; and (iii)
the in situ method of treating the alumina in the chromatograph is simple and rapid.
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