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ABSTRACT 

The molecular weight of water soluble oligomers which can be incIuded in inorganic gels 
during their precipitation affects greatly the surface and structural properties of these gels. 
The structural and phase changes of the pure and polyglycol 400 containing silica gels were 
studied by X-ray and differential thermal analysis. The intensity of the broad band, which 
may be correlated with the start of conversion from fl to a quartz decreased by inclusion of 
polyglycol 400 in silica gel. The inclusion led to retardation of the dehydroxylation of the gel. 
On thermal treatment marked variations in the surface area and pore volume were also 
observed. 

The effect of the replacement of hydroxyl groups from the surface of the pure and 10% 
polyglycol containing silica gels thermally treated at 110°C with different acid centers, 
namely F-, I-, SO:- and PO:- ions, was discussed. The pure gel exhibited a higher ability 
to exchange with the previous ion centers than the 10% polyglycol containing silica gel. On 
the other hand, the latter has a higher tendency than the former for the rehydration process. 
In general, marked variation in nitrogen uptake whether in the mono or multilayer regions 
was observed due to the replacement of OH groups with different acid centers. 

INTRODUCTION 

Inclusion of organic polymers, either natural or synthetic, in inorganic 
gels has proved to have a significant bearing on their porosity character, and 
the high-pressure mercury technique adopted by Basmadjian et al. [I] to 
follow changes in pore volume distribution can only be applied for large-size 
pores. In previous studies, the bearing of- the inclusion of water soluble 
polymers on the surface and textural characteristics of a number of oxide 
gels, namely, alumina [2,3], titania [4], vanadia [5], and zirconia [6] was 
studied. 

In the preparation of silica gel, two groups of factors or conditions are 
identified as responsible for the development of the texture of the xerogel 
[7-I I]. They are either conditions which promote the growth of globules or 
conditions which lead to stabilization of the hydrogel particles that include 
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amongst other factors the substitution of the intemlicellar water by an 
organic liquid. 

In the present investigation. precipitation of the silica gel is affected by 
the inclusion in its matrix of a low molecular weight oligomer. The bearing 
of the inclusion of polyglycol. with a molecular weight of 400. on the 
structural, surface and porosity characteristics of the silica gel presents an 
interesting study. 

MATERIAL AND TECHNIQUE 

Polyglycol-400 was kindly supplied from the Hoechst Company, West 
Germany. Its inclusion in the precipitated silica gel was carried out by 
dissolving it in a 5% solution of sodium silicate (BDH grade) and the gel was 
then precipitated by the addition of concentrated ammonia. filtered and 
dried at room temperature over PZO, to constant weight. Two such gel 
preparations were obtained by the inclusion of 2.5% and 10% by weight of 
polyglycol-400. in addition to a reference of pure silica gel. 

Dehydration of precipitated gels at temperatures between 110 and 550°C 
was carried out in vacua for 5 h by heating the tested sample in situ at a rate 
of 2.5-3°C min-’ using a small electric tubular furnace. 

X-Ray diffraction patterns were obtained by means of a GEXRD-6 unit 
using Cu Lx-radiation. Observed d-values and intensities, I. were compared 
with reference data in the JCPDS files [ 123. 

Differential thermal analysis (DTA) was carried out using a Heraeus 
thermo-analyzer 500 S. 

Adsorption-desorption isotherms of nitrogen at - 195°C were de- 
termined using a conventional volumetric apparatus [ 131. 

RESULTS AND DISCUSSION 

X-Ray diffractiorr patterns 

XRD patterns for pure and the two polyglycol-containing silica gels 
thermally o,reated at 556°C shown in Fi,. 0 1. indicate clearly a decrease in the 
intensity displayed in the pure gel pattern with the increase in polyglycol 
content, an effect that may be correlated with the start of conversion from 
the p to the a-form of quartz [ 141. 

Differenhal thermal ana&sis 

DTA curves shown in Fig.2 for pure, 2.5% and 10% polyglycol 400-con- 
mining silica gels reveal a low temperature endothermic peak at 150°C 
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Fig. I. X-Ray analysis of pure: silica gel and silica gel containing polyglycol 400. 

correlated with the dehydration of the gel, and an exothermic peak at 575°C 
that may be correlated with the phase change from the ,& to the a-form of 
quartz [ 141. 

Adsorption-desorption isotherms of nitrogen at - 195*C on pure, 2.5% 
and 10% polyglycol 400-containing silica gels thermally treated at 1 IO-550°C 
are shown in II 

a high pressure hysteresis loop, indicative 
of a mesoporosity character that is of 
thermal a well-defined or even sharp knee at low P/P0 values. 
indicative of a microporosity character. Thus the tested samples are invaria- 
bly of a mixed porosity character. 



256 

Fig. 2. DTA curves for pure silica gel and silica gel containing polyglycol 400. 

From analysis of the adsorption isotherms by the BET equation [16], the 
specific surface area values SF&. (m’ g-l) were computed. adopting a 
cross-sectional area for the nitrogen molecule of 16.2 A’ (171 (cf. Table 1); the 
values are in fair agreement with the S,-values. The pore-size distribution 
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Fig. 3. Adsorption-desorption isotherms OF nitrogen on pure silica gel and silica gel contain- 
ing polyglytiol400 heated at 1 IOT. 

Fig, 4. Adsorption-desorption isotherms of nitrogen on pure silica gel and siiica gel contain- 
ing polyglycol400 heated at 2OOOC. 
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Fig. 5. Adsorption-desorption isotherms of nitrogen on pure silica gel and silica gel contain- 
ing polyglycol 400 heated at 300°C. 

Fig. 6. Adsorption-desorption isotherms of nitrogen on pure silica gel and silica gel contain- 
ing polyglycol 400 heated at 4OOOC. 
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Fig. 7. Adsorption-desorptim isotherms of nitrogen on pure silica gel and silica gel contain- 
ing polyglycol4W heated at 550°C 
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cur\-es in Fig. 8 ~vere determined from nitrogen adsorption data where 
suitable r-curves [IS- 20] could be employed. The samples were anafysed by 
the corrected modefess method [2 I]. usin g a computer program [22] written 
in Fortran IV language for an IBM 1130 computer. The analysis was 
continued to the point of enclosure of the hysteresis loop. assuming a 
c>findrical pore shape. From the pore analysis cumulative areas S,. (m’ g - ‘1, 
representing areas located in wide pores. were computed. Thus the areas 
located in narrow pores S, (m’ g -. ‘). can be readily obtained by difference 
from the total area SIsE,- or S, values. The S,,/S,,. ratio. as well as values of 
total pore volume 1,‘; and mean hydraulic radius ‘:,, are also summarized in 
Table 1. 

N,-Isotherms in Fig. 3 for pure and polygfycof-containing silica gels dried 
at 110°C reveal clearly that inclusion of pofygfycol 400 in the precipitated 
silica gel is associated with a marked decrease in the nitrogen uptake over the 
n-hole range of P/P* and also in the shape of the multilayer region, the 
effects being more pronounced the higher the pofygfycof content. Such 
effects are evidently demonstrated in the marked decrease noted in the 
surface parameters S,,. .S_. and Vi for the pofygfycof containing gel in 
comparison \vith the pure gel. The bearing of the inclusion of polygfycol 400 
on the surface parameters of precipitated silica gel may be interpreted on the 
basis of inclusion of the linear ofigomer molecules in the matrix of precipi- 
tated silica gel. which appears to be associated with a more effective 
elimination of a good fraction of the wider-dimension pores in the gel 
matrix. leading to a marked increase in the &/SW ratio, as is clear from the 

diminution in ‘I[, value to 5 I\ (Table 1). 
Increasing the deflydration temperature from 110” to 200°C has no 

bearing on the relative positions of N,-isotherms in Fig.4. However. while 
that pure gel display s an increase in S,$, and VP parameters, the two 
ofigomer-containing gels appear to maintain almost the same values for these 
par;m7eters. Changes in these parameters appear to run parallel to changes in 
the percent Lvater content (cf. Table 1). Accordingly, the observed increase in 
S,& for the pure gel may be correlated with the partial loss of water content. 
thus leaving voids. whereas such dehydration effects appear to be prohibited 
\\+th the oligomer containing gels, probably due to the increase in the 
skeletal wall of the gel associated with the inclusion of pofygfycof 400 in the 
gel matrix during precipitation. 

Changes observed in SC& and VP parameters taking place at 300°C 
appear to be controlled by interfering factors other than the loss in water 
content. Thermal treatment at 3OOOC seems to allow the water content in 
ofigomer containing gels to force a passage through the gel matrix leaving 
voids that contributed to a marked increase in area and pore volume 
parameters. On the other hand, for the pure gel sample, despite the increased 
loss in u’ater content, a marked decrease in surface parameters is indicated, 
probably associated with a marked volume contraction of the gel matrix at a 

somewhat critical percent water loss. 
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At higher treatment temperatures viz. 400°C. polyglycol containing silica 
gel exhibited a more marked decrease in surface area than the pure gel due 
to the shrinkage of the polyglycol by heating. The shrinkage observed in this 
investigation was very small if it is compared with that occurring upon 
heating in air [3-61. In other words, thermal treatment of oligomer contain- 
ing gels in vacua protects them from extensive shrinkage_ 

On heating at 550°C the phase change from the p to (r form start to begin 
which may be accompanied by an increase in surface area. This increase was 
counteracted by the dercrease in area caused by the shrinkage of the 
oligomer. This led to the attainment of apparently stabilized values for the 
surface area at this temperature. 

Replucemeut treatment of OH- groups by acid centers versus surf&e chcmrcter- 
istics 

Samples of pure silica gel and 10% polyglycol 400-containing gel therm- 
ally treated at 1 10°C were soaked in a series of solutions containing 10% by 
weight of sodium salts of the anions F- , I-, SO:-. PO:-. For comparison 
samples of pure and 10% polyglycol containing gels were soaked in pure 
bi-distilled water. Drying of the different samples was carried out at 1 10°C 
and nitrogen isotherms at - 195OC on the samples were determined (Figs. 
9a, b, c, d, e) to investigate the bearing of exchange treatment of OH- groups 
with acid-centers on the surface characteristics of the pure and polymer-con- 
taining gels. 

Figure 9a shows that the uptake of nitrogen on pure and 10% oligomer- 
containing gels over the mono and multilayer regions is decreased with the 
replacement of OH- groups by F- centers, the effect being more marked 
with the pure gel. This is clearly demonstrated by the marked downshifts in 
the nitrogen isotherms on F - ion-containing samples. Thus inclusion of the 
polyglycol 400 in silica gel led to a decrease in the population of hydroxyl 
groups on the surface. However. in the high pressure region where capillary 
condensation, as an adsorption mechanism, is actively operating, the iso- 
therms rise more steeply, indicative of an increased mesoporosity character. 
The trends observed in the nitrogen isotherms may be correlated with the 
following. (i) Aggregation of gel particles into large sized ones, in view of the 
weakening of the silanol groups by the inductive effect of the F- ion, appear 
to develop an interparticulate mesoporous system in contrast to the corre- 
sponding gels without F- substituents. Thus the structure of silica gel, as 
shown by many authors [11,23,24], is visualized as consisting of a three 
dimensional network of spherical particles connected at their points of 
contact. In such a structure the pores are cavities between the packed 
globules. The size of these globules determines tne specific surface area, 
packing density, pore volume and pore radius. (ii) A decrease in the 
dipole-quadrupole interaction between the nitrogen molecule 2nd hydroxyl 
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Fig. 9. Adsorption-desorption isotherms of nitrogen on pure silica gel and silica gel contain- 
ing 1045 polyglvcol 400 before and after treatment with (a) F __ solution, (b) I - solution. 
(c) SO: - soluti& (d) PO: _ solution, (e) H,O. 0 
- - --0. silica gel after treatment; 0 

0, Silica gel before treatment; 0 
0, silica gel containing 10% polyglycol 400 

beforc treatment: q - --Cl. silica gel containing 10% polyglycol 400 after treatment. 

groups due to their replacement with F- centers. 
Figures 9b, c. d reveal that for pure gel samples, the nitrogen uptake over 

the mono and multilayer regions is but slightly decreased with replacement 
of OH - groups with an I - ion which has a much less inductive effect than 
the F -’ ion (cf. Fig. 9b), whereas it is quite reproduced with the replacement 
treatment of OH- groups by the divalent (SO,‘- ) and trivalent (PO:- ) 
acid-centers (cf. Figs. 9c, d). However, the high pressure hysteresis loops 
indicated in Figs. 9b, c, d invariably display the marked development of a 
mesopore system in samples subject to replacement treatment. Nitrogen 
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isotherms on 10% polyglycol containing gel samples prior and after replace- 
ment treatment, invariably display reproduction of nitrogen uptake over the 
monolayer region only. Departure of the isotherms takes place at inter- 
mediate and high pressure regions, whereby adsorption is considered to 
proceed via multilayer building and capillary condensation mechanisms; the 
isotherms on the acid-center containing samples fall higher with the develop- 
ment of large-sized high pressure hysteresis loops. Such effects may be 
correlated with the development of a large volume system of mesopore pores 
upon aggregation of the gel particles to the extent that it allows more 
multilayer building followed by marked capillary condensation. In general, 
the least aggregation for the gel particles is obtained in the case of the PO:- 
substituent due to its bulky size, and the highest for the I- substituent (cf. 
Figs. 9b, c). 
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The effect of rehydration on pure and 10% polyglycol containing silica gel 
was shown in Fig. 9e from which it is clear that no upshift in the nitrogen 
isotherm for the pure gel was obsenred up till P/P, - 0.7 whereas, for 10% 

a1 132 a3 CL 05 a6 a7 OB 09 LO 

poiyglycol containing silica gel the upshift in N,-isotherms started at P/PO 

- 0.16.This behaviour reflects the ability of the polymeric silica to rehydrate 
better than the pure gel, which in turn enhances the dipole-quadrupole 
interaction between nitrogen molecules and hydroxyl groups. 
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