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Chromatographic Characterization of Carbowax-
Modified Silica Gels: Influence of Polymer Loading
and Pore Structure

A. M. EL-FADLY, S. FARAMAWY ,* and A. Y. EL-NAGGAR
EGYPTIAN PETROLEUM RESEARCH INSTITUTE
NASR CITY, CAIRO, EGYPT

A. M. YOUSSEF
CHEMISTRY DEPARTMENT
MANSOURA UNIVERSITY
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ABSTRACT

Two silica gels, untreated and thermally pretreated at 1000°C, were coated with
different loadings (6, 15, 25 wt%) of Carbowax 20M. The surface of the coated
silica gels was characterized by means of nitrogen adsorption measurements at
—196°C and infrared spectroscopy. It was found that the coating reduces the
surface dimensions of silica gel due to free entrance of polymer molecules occupy-
ing preferentially the micropores in the 5-60 A range. Infrared spectroscopy indi-
cated that the low polymer loading (6 wt%) is not sufficient to deactivate the
surface of silica gels. Surface deactivation of unmodified and coated silica gels
was also confirmed via thermodynamic parameters (A H and A S) which were cal-
culated by the aid of inverse gas chromatography using n-hexane as a probe. The
coated silica gels were evaluated as gas chromatographic stationary phases using
two groups of nonpolar and polar solutes. The efficiency of chromatographic sepa-
ration was discussed in terms of surface deactivation and pore structural changes
brought about by different polymer loadings.

Key Words. Silica gel; Carbowax 20M; Pore analysis; Gas chro-
matography
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INTRODUCTION

Inorganic adsorbents are widely used as stationary phases in chromato-
graphic techniques GSC and HPLC (1-3). In this concern, silica gel gained
more attention due to the ease of surface modification and the dependence
of the surface characteristics on the methods of preparation (4—6). The
surface of silica gel can generally be modified by heat or by special physi-
cal or chemical treatments, leading in each case to different adsorptive
properties. These treatments may include hydrothermal treatment (2), si-
lylation (7, 8), and incorporation of inorganic salts or organic compounds
9, 10).

Among several known methods for deactivation of diatomaceous sup-
port for GLC, coating with nonpolar polymers was used to form a highly
stable nonextractable thin layer on the support surface (11, 12). Vogt and
Aue (13) prepared and deactivated silica gels of different surface areas
with nonextractable polymers of dimethyl silicon, straight chain hydrocar-
bon, and ethylene oxide types. They found that the thickness of nonex-
tractable polymer layers increased significantly with decreasing surface
areas of the support. Carbowax-modified supports, owing to low adsorp-
tivity and poor wetting, could be used for the analysis of polar compounds
(14).

In the present work, two silica gels of different surface reactivities have
been deactivated by coating with different loadings of Carbowax 20M.
The influence of surface deactivation and pore structural change, which
may take place due to coating with different polymer loadings, on the
chromatographic characteristics is the main goal of this study.

EXPERIMENTAL
Preparation of Silica Gels

Mesoporous silica gel was prepared by a conventional method described
by De Boer (15). The prepared silica gel was crushed and sieved to select
80-100 mesh. The obtained silica gel was washed by 6 mol-L.~! HCI (16).
A portion of the acid-washed silica gel was then thermally treated at
1000°C for 2 hours (i.e., calcination). The notations used for untreated
and calcined silicas are (Si) and (Si)c. respectively. The obtained silica
gels, (Si) and (Si)c, were coated with different loadings (6, 15, 25 wt%)
of Carbowax 20M, which is polyethylene glycol with a high molecular
weight of 20,000. It was supplied from Supelco. The Carbowax 20M was
dissolved in the proper amount of chloroform and added to silica ge!. The
mixture was heated at 70°C in a rotary evaporator with stirring until there
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was complete evaporation of chloroform. The coated silica was dried at
100°C for 24 hours.

Characterization of Surface Textures

The surface textures of the unmodified silica gels and the coated ones
were studied with the adsorption isotherms of N, at — 196°C using a con-
ventional volumetric apparatus. Specific surface areas and pore volumes
were calculated from the isotherms by applying the BET equation (17).
The porosity was detected through the corrected modless method (18).

infrared Spectroscopy

Unmodified and coated silica gels were analyzed using infrared spec-
troscopy. The instrument used was a Perkin-Elmer model 1430 spectro-
photometer. The sample was prepared as a thin disk with KBr. The
weights of the sample and KBr were kept constant.

Gas Chromatography

The unmodified silica gels, (Si) and (Si)¢c, and those coated with differ-
ent polymer loadings were tested by gas chromatography. This was with
the aim of investigating their efficiencies for separating nonpolar and polar
solutes. The solid material was packed in a stainless steel column (7 ft x
4 mm id) by charging under vacuum. The packed column was activated
at 200°C for 10 hours in a stream of pure nitrogen gas at a flow rate of 40
mL-min~'. The gas chromatograph used was a Pye Unicam 4550 equipped
with FID. Nitrogen gas was used as a carrier at a flow rate of 15 mL-min~'.
The analysis was carried out at different temperatures depending on the
column efficiency, resulting in the optimum separation of the studied
solutes.

RESULTS AND DISCUSSION

Influence of Coating with Polymer on Surface
Characteristics of Silica Gels

Two silica gels, (Si) and (Si)c, were used as solid supports and coated
with different loadings of Carbowax 20M. The resulting materials were
characterized by means of nitrogen adsorption and infrared spectroscopic
techniques in order to show the influence of polymer treatment on pore
structure and deactivation of silica gel surfaces.

The adsorption—desorption isotherms of nitrogen at —196°C, obtained
on the supports and the coated silica gels, were of type II of Brunauer’s
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classification (17). The isotherms exhibited hystersis loops at P/P, ranging
between 0.25 and 0.95. The adsorption data are summarized in Table 1,
including specific surface area (Sger), total pore volume (V,,), estimated
from the saturation values of adsorption isotherms, and average pore ra-
dius (rp), assuming the cylindrical pore model.

The results indicate that surface area and total pore volume decrease
by increasing the polymer loading. This is due to an increase of the poly-
mer fraction occupying the pore volume of silica gel. Vogt and Aue (13)
proved that the nonextractable polymers (e.g., OV-101, polyethylene, and
Carbowax 20M) reduce the pore diameter of silica gels by 2 to 10%, occu-
pying 4 to 30% of the pore volume.

In a rough approximation, the percentage of pore volume occupied by
polymer, a%, could be derived from the pore volumes of a coated silica gel
and a solid support (Vp, and Vp,, respectively) according to the following
equation:

a% = (Vpz — Vpi1) X 100/Vp, (n

The values of a% are also given in Table 1. It is obvious that a% increases
with polymer loadings. For each polymer loading, the fraction of pore
volume occupied by polymer for the calcined silica, (Si)c, exceeds that
for the untreated silica gel, (Si). This could be directly linked with the
finding that the pore volume of (Si) is larger than that of (Si)c. The same
weight and, therefore, also volume of Carbowax added to both types of
silica gel may consume a larger part of the pores in particles with a lower
pore volume.

TABLE |
N, Adsorption Data of Silica Gels Coated with Different Loadings of Carbowax 20M

SBET V y,

S a

P t
Sample (m2-g~1) (mL-g™") (1{) (m2g™") Non/100 A% @ (%)
(Si) 295.3 0.7673 51.97 295.8 15.13 —
(Si)ep 260.9 0.7208 55.25 255.8 — 6.0
(Si)isp 196.4 0.6045 61.56 191.2 —_ 21.0
(Sidasp 124.4 0.5038 70.78 133.3 _ 340
(Si)c 269.8 0.5697 42.23 271.2 2.04 —
(Si)c.ep 238.4 0.5225 44.90 245.6 — 8.0
(Si)caise 179.4 0.4044 50.02 183.4 — 29.0
(Si)c.2sp 98.8 0.3023 61.17 106.7 — 47.0

7 Nou/100 A for (Si) and (Si)C was estimated and presented in Ref. 19,
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For pore structure analysis, the z-curves of Sing et al. (20) on nonporous
hydroxylated silica were used for all the studied samples. V-t plots were
constructed, where V; is Ehe volume of N, adsorbed (mL-g~!) and ¢ is
the statistical thickness (A). Straight lines, passing through the origin,
were obtained, and the specific surface areas (S;) were calculated from
the slopes. The reasonable agreement between Sper and S; is the main
criterion for the correct choice of the f-curve used in the analysis (Table
1).

The analysis of the pores in each case was carried out using a computer
program written in FORTRAN IV language (21) for the IBM computer
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FIG. 1 Pore size distribution curves of silica supports and coated silica gels.
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assuming a cylindrical pore (cp) model. The pore size distribution curves,
shown in Fig. 1, represent the distribution of pore volumes (A V/Ar) as a
function of the most frequent hydraulic pore radii (r.p, A).

For the unmodified support (Si), the distribution curve shows a fraction
of micropores and the most frequent hydraulic pore radius is observed at
~50 A. This indicates that most of the surface is located in the mesopores
region. The most frequent hydraulic pore radius of the calcined silica,
(Si)c, is shifted to a narrower region (~45 A). This shift to a narrower
pore region is in agreement with the lower value of the mean pore radius
(rp), calculated according to the BET model, of the (Si)c silica.

With respect to the silica gels treated with Carbowax 20M, the most
frequent hydraulic pore radii are generally shifted to a wider pore region
(55-85 A) as compared with the silica supports. The fraction of micropores
(rep = 5-60 A) decreases markedly as the polymer loading increases.
These findings can be attributed to the polymer preferentially occupying
these micropores, as is clarified in Fig. 2.
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FIG. 2 Effect of coating with polymer on the porosity of silica gel.
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The silica gels were subjected to infrared spectroscopy in order to inves-
tigated the effect of polymer loading on the —OH'’s of silica gel. The
spectra of the studied samples are shown in Fig. 3. The infrared spectra
of the silica gels show absorption bands at the 3419-3744 cm ™! range due
to surface —OH’s (22, 23). It is clear that the intensity of this absorption
band decreases with increasing polymer loading. This may indicate more
interaction of the polymer with the surface hydroxyls. It has been shown
that silanol groups available on a fully hydroxylated silica gel interact with
ether oxygens present in a Carbowax layer (24). From the spectra of (Si)sp
and (Si)c.¢p, it seems that low polymer loading (viz., 6 wt%) is not enough
to deactivate the surface of the silica supports.

Chromatographic Characterization
Thermodynamic Parameters

Thermodynamic parameters, including heat of adsorption (A H) and en-
tropy (AS), may be useful in interpreting the deactivation of the silica
surfaces as a result of coating by different polymer loadings. The heat of
solution can be estimated by the following equation given by Green and
Pust (25):

tm = (LAB/F)e —2H/RT )
where t, = retention time (minutes), L = length of column (cm), A =
internal area of the column (¢cm?), B = constant, F = flow rate

(mL-min~'), R = universal gas constant, and T = temperature of column
(K).

By plotting log fm versus (1/T) x 10%, a linear relationship was obtained
and the heat of adsorption (A H), in kJ-mol !, could be calculated from
the slope of the straight line. The free energy (A G) and entropy of adsorp-
tion (A S) are expressed in kJ-mol ~! and J-mol ~ !, respectively, according
to the equations (26):

AG = RTlog Vg 3)
AS = (AH - AG)/IT 4)

where Vg is the retention volume (mL).

AH and AS for silica gels coated with polymer are given in Table 2.
These parameters were calculated with the aid of retention data of n-
hexane which was used as a probe for inverse gas chromatography. The
effect of polymer loading can be illustrated by considering the silica gel
supports, (Si) and (Si)c. Both thermodynamic parameters decrease as the
polymer loading increases. This is due to the deactivation of the silica
surface, leading to less interaction with the solute.
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TABLE 2
Thermodynamic Parameters (A H and AS) and Uniform Criteria (A) for the Studied Silica
Gels
A
-AH —-AS
Sample (kJ-mol~1) (J:mol ™) n-Alkanes n-Alcohols
(Si) 11.34 121 0.366 0.000
(Si)ep 9.61 62 0.374 0.000
(Si)isp 9.33 56 0.459 0.237
(Si)2sp 8.19 43 0.480 0.275
(Si)c 17.27 64 0.278 0.000
(Si)c.ep 8.24 35 0.299 0.191
(Si)c.1sp 6.73 33 0.405 0.348
(Si)c.2sp 7.62 39 0.344 0.292

For (Si)c.osp silica gel, —AH and —AS values exceed those obtained
in the case of (Si)c.1sp. Accordingly, one may conclude that the surface
of the calcined silica will reach a maximum deactivation by coating it with
15 wt% of polymer. This can be explained in terms of the diffusional
limitations of n-hexane which may take place by increasing the polymer
loading to 25 wt%. The increase of polymer loading may be reflected in
the crowd of polymer molecules occupying the pore of the silica. This is
evidenced by a high a% value of 47 for (Si)c.»sp coated silica gel.

Gas Chromatographic Separation

GC separations of the coated silica gels have been studied in terms of
separation efficiency, peak shape, and duration of analysis. The separa-
tion has been tested using solutes of different polarities, namely n-alkanes
(C—Cs) and n-alcohols (C;—OH to C4—OH). The efficiency of separation
could be verified using the uniform criterion (A) which is calculated ac-
cording to the following equation (27):

A = ngtKeelt &)

where nx = number of peaks in the chromatogram, + = base width of
narrowest peak, Kegr = separation factor for the worst separated pair of
components, and ¢t = duration of analysis. Table 2 shows the uniform
criteria for model systems comprising the various classes of solutes. For
instance, coating with a polymer gives different separation efficiencies
depending on the polarities of the solutes.
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Separation of n-Alkanes. Silica gels, either unmodified or coated
with different polymer loadings, separate a mixture of n-alkanes (Fig. 4).
For (Si)-coated silica gels, increasing the polymer loading increases the
separation efficiency (A) of n-alkanes. This is due to the deactivation of
the silica surface as proved by the results of infrared spectroscopy and
thermodynamic parameters.

With respect to (Si)c-coated materials, the highest efficiency (A =
0.405) was observed for (Si)c.isp. This could be directly linked with the
maximum deactivation of the silica surface brought about by coating with
15 wt% of Carbowax 20M, as previously discussed.

Separation of n-Alcohols. Figure 5 illustrates the separation of n-
alcohols (C,—OH to C,—OH) using the various studied silica gels contain-
ing different loadings of polymer. The silica gels (Si), (Si)c, and (Si)sp are
not able to elute any detectable amounts of alcohols. This is due to the
high surface reactivity of the unmodified silica gels. The reactivity of the
surface arises from the occurrence of surface hydroxyls which may inter-
act with —OH’s of alcohols via hydrogen bonding. However, the coating
of the silica gel with 6 wt% of Carbowax 20M, (Si)sp, is not sufficient to
deactivate the surface.

The coated silica gels containing 15 and 25 wt% of Carbowax 20M
[(SD)1sp and (Si)zse, respectively] separate the alcohols, but the separation
seems to be unacceptable for a quantitative analysis. Also, the (Si)c-ep
silica gel elutes and separates the alcohols, but the chromatogram is not
good (Fig. 5).

Only two packing materials of the calcined silica, (Si)c.isp and
(Si)c.2sp, separate the n-alcohols with acceptable separation efficiencies
(A = 0.348 and 0.292, respectively). It should be recalled here that
(Si)c.1sp revealed the maximum surface deactivation as evidenced by the
lowest values of —AH and —AS. The highest separation efficiency ob-
tained at a short duration of analysis for the polar solutes could be consid-
ered as additional evidence for the high degree of deactivation of the (Si)c
surface by coating it with 15 wt% of the polymer.

For each polymer loading, the calcined silica is much better than the
untreated silica gel as a GC solid support used for the separation of alco-
hols. This is due to deactivation of the surface and reduction of the pore
dimensions of silica gel by calcination treatment.

CONCLUSIONS

From the results obtained, one may conclude the following.

e A fraction of Carbowax 20 M interacts with the surface hydroxyls of
silica gel whereas the remaining portion preferentially occupies micro-
pores in the 5-60 A range.
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24,
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26.
27.

The chromatographic separation of the nonpolar solutes (n-alkanes)
is influenced by the deactivation of the silica surface due to coating
with a proper polymer loading (viz., 15 wt% in the case of calcined
silica).

Decreasing the reactivity of the surface and reducing the pore dimen-
sions of silica gel, as for a GC solid support, improve the efficiency
of the Carbowax 20M-modified silica gels for separation of polar sol-
utes (n-alcohols).
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