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ABSTRACT

The surface chemistry ol the dehydrated parent and silanized TK&00 samples were
investigated by low temperaiure (—195.6°C) nitrogen adsorption. For silica aerosil
TKS00 samples dehydrated at various temperatures, the water content, average pore radii
and number of surface hydroxyls were calculated, and the percentage conversion of sur-
face silanols [or various dehvdrated samples was estimated.

As is evident, the availahility ol surface hvdroxyls seems to play a major role in con-
trolling the conversion rates, together with the minor role played by the average pore
radius. In general, the conversion of surface silanols is responsible not only for determin-
ing the extent of uni- and multi-molecular adsorption, but may also be responsible lor
some ol the observed porosity characteristics.

INTRODUCTION

The physical structure of the silica surface may be readily modified by
changing the nature of some surface chemical constituents, e.g. the vapor
phase reaction of some organo-silanes with surface silanols in silicas, such as
trimethylchlorosilane (TMCS) and hexamethyldisilazine (HMDS). Such a
reaction may dissolve or react with some surface consituents leaving a porous
sample, which might markedly differ in porosity characteristics when com-
pared with the parent non-porous TK800 samples. Furthermore, these sur-
face reactions increase the surface hydrophobicity, since there is chemical
substitution of the surface hydrophilic sites (Si°*—OH) by other hvdrophobic
centres.

As stated earlier [1], the thermal dehydration of aerosil TK800 at low
temperature (<110°C), in the presence of its own water induces the creation
of a secondary pore structure, which has already been shown [1] to contain
some wide- and/or meso-pores.

The induced surface porosity is increased by the subsequent increase in
extent of the surface reaction. This can be attained through decreasing par-
ticle size or increasing the extent of hydroxyl population, as well as by vary-
ing the availability of these surface hydroxyls for chemical reaction or
exchange. According to Babkin [2] the conversion rate of surface hydroxyls
is increased by preliminary hydroxylation of the parent surface, as well as
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increasing its ability to form hydrogen bonds [8]. Recently, it was reported
by Snyder and Ward [4] that reactive hydroxyls react more rapidly with
Me;SiCl and Me,SiCl., such reactive hydroxyls appearing to consist of an
adjacent pair of strongly hydrogen-bonded surface hydroxyls, which have
already been denoted by Armistead [5] as B-sites.

In the present communication the system of TK800 + trimethylchloro-
silane (TMCS) was investigated at different water contents, which were pri-
marily controlled by thermal treatment. The hydroxyl contents (Noy/
100 A*®), availability of surface silanols to reaction (percentage conversion),
average pore radius, together with the development of induced surface
porosities were studied and inter-related.

EXPERIMENTAL

Silica aerosil TK800 was thermally dehydrated in vacuo for 4 h at tempe-
ratures of 20, 110, 200, 290. 380, 480 and 510°C, in accordance with relevant
details from previous reports [1,6]. The samples were designated as T(20),
T(110), T(200), T(290), T(380). T(480) and T(510), respectively.

The silanized samples were prepared from the thermally dehydrated
parent samples: at the same temperatures, then at room temperature, the
samples were exposed to trimethylchlorosilane vapor kept at 22°C (P = 210
mmHg) for 20 min, and left in contact with its own vapor for 12 h, which
certainly appears to be a sufficient period for completing the reaction [7].
Chemically modified samples were designated as T°(200), T7(290), T™(380),
T7(480) and T7(5310) for the preheating temperatures indicated in paren-
theses. The choice of the samples thermally dehydrated above 110°C is dis-
cussed later.

Heating was carried out using a small electrical tubular furnace pro-
grammed at a rate of 2.5—3.0°C min~!. Adsorption of nitrogen, at liquid-
nitrogen temperature, was carried out using a volumetric apparatus of con-
ventional design [8].

Water losses of the various parent samples were accurately estimated, and,
based on an assumption of complete water loss at 900° C, the number of sur-
face silanols (Ngy/100 A?) were readily calculated [9]. The values of water
loss of Ngy/100 A? are listed in Table 1, the adsorption data for the parent
samples being taken from an earlier investigation [1].

For the silanized samples, the respective uptake of trimethylchlorosilane
(calculated per one gram of dry sample), percentage conversion of surface
silanols. together with the surface characteristics of the treated samples are
listed in Table 2,

RESULTS AND DISCUSSION

Based on earlier investigations [1,10], the oxide surface structure of
TK800 was considered composite (hydrophilic/hydrophobic) in nature.
Evidently, the disappearance of hysteresis effects in nitrogen adsorption
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isotherms [1] obtained above 110°C indicate that the various samples (pre-
heated above 110°C) were essentially treated as non-porous in nature, with
the only exception being that sample T(290) seems to possess some limited
hysteresis effect which ends at P/P, = 0.65, which might act as evidence for
the limited porosity of the sample.

For parent samples dehydrated at low temperatures (20 and 110°C), the
number of surface silanols, Noy/100 A2, were higher than those calculated
based on some crystallographic studies [11,12]. This indicates that the sur-
face is densely populated with molecular water rather than surface silanols.
As reported by Zhdanov [12] for fully hydroxylated silicas, the number of
silanol groups (Ngyx/100 A?) will not exceed the number of silicon atoms per
unit area (100 A?®), as calculated on the basis of crystallographic data
[11,12]. By assuming that each silicon atom coming to the surface binds
only one hydroxyl group, therefore, the minimum values obtained for differ-
ent crystalline and amorphous silicas are 4.2—5.7 OH groups/100 A2, further
details being reported elsewhere [13].

As is evident from the tenth column of Table 1, the number of surface
silanols above 110°C is smaller than that postulated on a crystallographic
basis [11,12]. Therefore, the surface was predominantly occupied by sur-
face silanols with no residual molecular water. According to Babkin [2], the
extent of interaction in the system silica aerosil + trimethylchlorosilane was
found to be increased by preliminary hydration (and/or hydroxylation) of
the surface. If there is some molecular water, additional trimethylchloro-
silane molecules will be consumed in the reaction with molecular water.

As indicated earlier, the precharacterized samples (>110°C) were carefully
selected, and will represent the subject of this investigation.

The reaction of trimethylchlorosilane with surface silanols primarily
depends on:

1. The hydroxyl content. The presence of more surface silanols enhances the
occurrence of further reactions, as well as the availability of these silanols for
exchange; in the view of Folman and Yates [3], the perturbation and avail-
ability (to exchange) of surface silanols increases because of the enhanced
ability to form hydrogen bonds, in accordance with some recent reports
from Snyder and Ward [4].

As shown in Fig. 1, the maximum exchange rate (percentage conversion)
was observed at 480°C, which indicates the dominant reaction with the
already hydrogen-bonded hydroxyls, which were denoted later by Armistead
[5] as B-sites. On thermal dehydration at higher temperatures (>500°C), the
formation of isolated and unperturbated hydroxyls (A-sites) is evident,
which seems to reflect a lower conversion rate, due to the decreased availabil-
ity [4] of the sole silanols for the reaction.

2. Size of entry group. Treatment of a silica surface with methariol at ele-
vated temperatures of up to 470°C, leads to an increase in the degree of
methylation. However it is impossible to replace all surface hydroxyls by
methyl groups; no more than about 30% of the hydroxyl content is meth-
vlated, partially due to the occurrence of steric hindrance [14]. The methyl
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Fig. 1. Variations of number of surface silanols, uptake of trimethyl chlorosilane (g g~!)
and percentage conversion of surface silanols as functions of the pretreatment tempera-
ture.

Fig. 2. Variations of the percentage conversion and the average pore radii as functions of
the pretreatment temperature.

groups on top of the surface silanols reflect some thermal stability even at
400° C since the reverse reaction is very slow [14,15].

The reaction of bulkier molecules, e.g. (CH;)sN: and (CH,);SiCl, were
almost identical in their occupation of about 40 £2*/one ligand group, on top
of the surface silanols. Based on the wide differences in molecular size of
methanol and (CH;)1SiCl, one can satisfactorily interpret the small uptakes
(column 2, Table 2) and the finite conversion rates (column 3, Table 2) as
well.

As shown in this discussion, the occupation of 2.45 ligand groups/100 A*
is considered indicative of 100% exchange.

In this context, the nature of these surface reactions was found to be
dependent on the following:

(a) The rate constant for the reaction, kinetic factors involved in the sam-
ple preparation, as well as thz concentration of chemical constituents, possi-
bly as Si—OH groups in silicas, and also the presence of some molecular
water.

(b) The temperature of preparation, which might widely alter the previous
parameters.

(c) The physical structure (as a surface property) of the parent material.

Figure 1 illustrates the variations in the number of silanol groups (Noy/
100 A?) for parent samples, uptake of trimethylchlorosilane and the per-
centage conversion of silanol groups, all as functions of the pretreatment
temperature. The changes in uptake of TMCS (g g7'), and the percentage
conversion seem to run in harmony with the following change in the number
of silanol groups, Nou/100 A%, An increase in the extent of conversion of
surface silanols was noted as the hydroxyl content increased, in accordance
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with some of Babkin’s view [2]. The harmonic changes of the th €e param-
eters over the temperature range studied (200—510° C), indicates the major
role displayed by surface silanols in the exchange reactions.

Figure 2 illustrates the variations in percentage conversion of surface
silanols and the average pore radii for parent and si'anized samples, all as
functions of the pretreatment temperature. Evidently, in the limited range
200—380° C, the hamonic changes in percentage conversion and average pore
radius, r (1), for parent samples reflects a less significant role displayed in
such exchange reactions.

The silanized samples possess larger average pore radii; the general widen-
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above 380°C. According to Armistead [5], the B-sites of reactive hydroxyls
readily form hydrogen bonds above 380°C, easily interact with trimethyl-
chlorosilane molecules [3], and this in turn induces higher conversion rates,
as well as measurable widening of the pores. The less significant effect noted
at 510°C is partially attributed to the decreased ability of isolated and un-
perturbed silanols [3,5], formed on thermal dehydration at 510°C, to react
with trimethyichiorosiiane.

The porous character of the thermally dehydrated parent and silanized
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recently developed by Mikhail and Cadenhead [17] and both essentially
lead to the same conclusions.

The application of the t-method on parent samples has already been dis-
cussed in a previous communication [1], and the t-method was applied to
silanized samples using the t-curves [18,19] as a reference standard. The
applicability of the criteria for a correct analysis {16,20] was considered so
that the heat of adsorption for both the reference and the investigated sam-
ple was comparable The magnitude of BET-C constant (fourth column of

Table 4] is (.UﬂSl.(.lEIEU. an duequdl,e measure for the ITee-encrgy (.,ﬂd.ﬂgb'

accompanying adsorption [20].

A more reliable check is the measure of agreement between BET-surface
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areas and S, (m? g™!). The good agreement between BET-surface areas (sixth
column of Table 2) and S; (seventh column of Table 2) was considered
primarily as evidence for the suitability of the t-curves [18,19] for the
proposed analysis.

For silanized silica samples dehydrated in the range 200—380°C, the V,—¢
plots show an initial stra.ight-line portion representing S, (m g™ 1), which

LUHI.-.I.I]U.CS to d.U()U.L t=8 A \lﬂ I'[I'o range O.L U DU_U IO), Louow by a CoIn-

tinuous decrease in slope up till the saturation pressure, P/P; = 1.0.

As is evident from the V;—¢ plot of sample T~ (420\ the initial straight-
line portion (S;, m? g™!) contmues tot=624A (P/Po O 40), then deviates
upwards with increasing slope to t = 10 A (P/P, = 0.75), then the slope
decreases until the saturation pressure is reached.

From the V|—t plot of sample T°(510), the initial straight-line portion
represents S; (m? g~!) continues to ¢t = 5 A (P/P, = 0.40) after which the
slope increases, continuing up to the saturation pressure, P/P, = 1.0.

As is evident from the V,—t analysis, at temperatures above 380°C, the
silanized samples contained some wide- and/or meso-pores with marked dif-
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ferences in the uni- and multi-layer adsorption. The subject is suitably illus-
trated based on the ng—ng method [17].

Figure 3 illustrates the comparative study of ng—ng curves for the parent
and silanized samples and in this context certain comments arise, which
might be summarized in the following:

Samples dehydrated at 200° C. The silanized sample possesses a smaller BET-C
constant with no detectable change in the BET-surface area (cf. the fourth
and sixth columns of Tables 1 and 2).

As shown in Fig. 3A, the chemical treatment was accompanied by a
decrease in the extent of multimolecular adsorption. The natural decrease in
nitrogen quadrupole interaction with surface silanols [21] has led to a
decrease in the extent of multimolecular adsorption. The limited layer-by-
layer building following silanization was recently reported by Zettlemoyer
[71.

Both samples were of the same BET-nitrogen area, which indicates that
nitrogen molecules are readily adsorbed on surface sites underlying the bulky
Iinteracting ligand groups (CH,)3;Si—; both parent and the silanized samples
were treated as totally non-porous in nature.

Samples dehydrated at 290°C. The silanized sample was precharacterized by
a general decrease in uni- and multi-molecular adsorption, starting from the
early low pressures and continuing up to the saturation pressure; cf. Fig. 3B.

The higher ng—ng curve for the parent sample is attributed mainly to the
higher nitrogen interaction with surface silanols [21] besides the limited
porosity of sample T(290), which might enhance the reduced adsorption, ng,
at the early low and intermediate relative pressures.

Samples dehydrated at 380°C. The silanized silica sample was of a lower
BET-C constant despite the fact that the BET-surface area is higher (cf. Ta-
bles 1 and 2; fourth and sixth columns). The growth of surface porisity —
induced by silanizing the parent sample — appears as a hysteresis loop in the
adsorption isotherm, and effectively interprets the enhanced ng—z curve at
high relative pressures, cf. Fig. 3C.

Samples dehydrated at 480°C. The developed surface porosity induced by
silanization appears to play a dominant role, due to the maximum conver-
sion rate at 480°C (cf. Fig. 1). Therefore, the parameters of porosity charac-
teristics, together with surface constitution, are directly related to the mag-
nitude of the BET-C constant, and accordingly an enhanced ng—hgr curve
was noted (cf. Fig. 3D).

Samples dehydrated at 510°C. Evidently, the silanized sample possesses a
smaller BET-C constant (cf. Tables 1 and 2, fourth column), despite the
development of some wide and/or mesopores, which appear markedly as a
hysteresis effect in the adsorption isotherm, but are still reflected in a lower
ng—nyg curve (cf. Fig. 3E).

The development of surface porosity was quantitatively traced in terms of
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relative surface area (R.S.A.), as well as relative BET-C constant (R. BET-C).

- BET-surface area of the silanized silica

R.S.A. —
BET-surface area of the parent silica

and

magnitude of the BET-C for silanized silica

R.BET-C = bl
C magnitude of the BET-C for parent silica

The changes in these parameters, together with the percentage conversion
of silanols all as functions of the pretreatment temperature are listed in Ta-
ble 3, and graphically represented in Fig. 4.

The variation of relative BET-C constant (R. BET-C) and percentage con-
version of surface silanols as functions of the pretreatment temperature are
shown in Fig. 4 A. The harmonic changes of both parameters reflect the effect
of the availability of surface hydroxyls on both the heat of adsorption [21],
and the extent of hydroxyl conversion [2—4].

Figure 4B illustrates the change in relative surface area (R.S.A.) as a func-
tion of the pretreatment temperature. At low dehydration temperatures
(<290°C), both parent and silanized samples were of nearly identical surface
areas (R.S.A. = 1), which might give rise to the conclusion that nitrogen
molecules are readily adsorbed on surface sites underlying silanized surface
hydroxyls, with no measurable pore size restrictions. At higher dehydration

R.S.A.

10— —+ + ;

Conversion

1
.’I

R,BET-C constant

——

0 1 | 1 )
200 300 400 500

Temperature,C
Fig. 4.A, Variation of relative BET-C constant and percentage conversion, as functions of
the pretreatment temperature. B, Change in relative surface area as a function of the pre-
treatment temperature.
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TABLE 3

Relative BET—C constant, relative surface areas and percentage conversion of surface
silanols

Temperature R. BET—C R.S.A Percentage conversion

200 0.474 0.926 0.623

290 1.500 1.042 1.29

380 0.055 3.240 0.74

130 8.120 1.457 4.55

510 0.210 2.166 2.18

temperatures (>290°C), the silanized samples possess relatively higher BET-
surface areas (R.S.A.>> 1), which indicate the development (or creation) of
measurable porosity characteristics accompanying the partial silanization of
the surface.

Not only was the chemical modification of surface silanols induced by tri-
methylchlorosilane treatment, but they may also be responsible for some of
the porosity characteristics discussed in this paper.
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