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Abstract Amorphous precipitated Zeosil 1165 MP sil-
ica was silylated with low grafting degrees of organosili-
cons bearing different alkoxy and hydrocarbon tails, like
monomethoxy(dimethyl)octadecylsilane (DMODMS), mo-
nomethoxytrimethylsilane (TMMS), trimethoxymercapto-
propylsilane (MPTS), and 3-octanoylthio-1-propyltrietho-
xysilane (NXT®). Thermogravimetry and Elemental
Analysis were used to determine the degree of silane graft-
ing and the final number of free silanol OH groups/nm2 on
the modified Zeosil surface. Free energy, enthalpy and en-
tropy of adsorption of hydrocarbon probes were determined
by Inverse Gas Chromatography at infinite dilution and dis-
persive component, γ d

s , and specific interaction parameter,
I sp, of the surface tension of the silica surface were calcu-
lated. Silylation changes the hydrophilic character of Zeosil
silica to the hydrophobic one, on increasing the grafting de-
gree and, mainly, the length of hydrocarbon tail of the silane
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molecule (DMODMS and NXT®). The long hydrocarbon
tails practically shield the silica particle surface and the ad-
sorbed probes preferentially interact with them. In the case
of TMMS-Zeosil the adsorbed probes practically interact
with the silica surface, with loss of entropy well above that
of the bare silica, while being equal the values of the en-
thalpy of adsorption. All the other modified silicas show
loss of entropy lower than that of bare silica. Steric hin-
drance, played by the presence of methyl groups of TMMS,
is suggested to reduce the freedom of translational and rota-
tional movements of the adsorbed probe.

Keywords Zeosil silica · Silylation · Structure of silanes ·
Surface properties

1 Introduction

Chemical modification of surface of oxide powders by cova-
lent attachment of organosilanes is a versatile technique to
tune surface properties, on the ground of different require-
ments and specific applications of the oxide powders: ba-
sic catalysts, solids with significant Brønsted acidity, poly-
mer fillers, and so on (Vansant et al. 1995; Beck et al. 1992;
Vartuli et al. 1994; Koyano et al. 1997; Jaroniec et al. 1998;
Brunel et al. 1995; O’Brain et al. 1997; Subba Rao et al.
1997; Van Der Voort et al. 1999). In the polymer field such
a modification plays an important role in promoting adhe-
sion between powder and polymer, in improving the dis-
perdibility of oxide powders into polymer matrix (Nieder-
meier et al. 2002; Kim and Vanderkooi 2002; Wang et al.
1991; Wang and Wolff 1992; Wolff et al. 1994a, 1994b;
Evans and Waddell 1995; Wang 1998; Schuster et al. 1996;
Costa et al. 2003; Castellano et al. 2005; Fröhlich et al. 2005;
Hunsche et al. 1998; Ramier et al. 2007; Bertora et al. 2011).
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The grafting of alkoxysilanes onto silica particle surface
occurs due to the presence of different types of silanol OH
groups. These can be both on the surface and internal; the
first ones exist as: free geminal; vicinal (free, or bridged
through the hydrogen bond); isolated, also on dry silica. The
internal silanol groups are located into very fine ultrami-
cropores, with diameter less than 1 nm, and are accessible
for small molecules, for example, water (Zhuravlev 2000;
Zhuravlev and Potapov 2006; Iler 1979; Burneau and Gallas
1998).

Alkoxy groups of silane condense with free silanols, giv-
ing rise to Si-O-Si surface. The accessability and then the
reactivity of silanols is probably not the same for all of them,
and will also depend both on alkoxysilane molecule size and
on the number of alkoxy groups present in the same silane
molecule. Internal silanols, i.e. OH groups bound to internal
atoms of silica particles, are not involved in surface process,
then to study the active behaviour of silica surface only sur-
face silanols have to be considered (Vidal and Papirer 1998;
Iler 1979; Jaroniec et al. 1998; Vansant et al. 1995; Bergna
1994).

Several and different methods, such as Fourier trans-
form infrared spectroscopy (FTIR), scanning and transmis-
sion electron microscopy (SEM, TEM), X-ray diffraction,
inverse gas chromatography (IGC), etc., can be used to
characterise the filler surfaces. Nowadays, IGC has been
developed as a universal technique of surface characteri-
zation for solid materials because it permits to determine
their surface forces or energies, i.e. the dispersive and polar
surface energy components (Wang et al. 1991; Santos and
Guthrie 2005; Wolff et al. 1994a; Corder and Young 1979;
Glass and Larsen 1993; Castellano et al. 2002, 2005, 2007;
Costa et al. 2003 Chenhang and Berg 2003).

For some years, we are involved in using IGC to study
the changes of surface thermodynamic properties of sil-
ica modified with different alkoxysilanes. We showed that
trialkoxysilanes, like bis(triethoxysilylpropyl)tetrasulfane
(TESPT), octadecyltriethoxysilane (ODTES) and triethoxy-
silane (TES) and their mixtures, reduced the polarity of the
silica surface and, consequently, reduced the tendency of sil-
ica particles to agglomerate in an elastomer matrix, accord-
ing to the morphological findings by transmission electron
microscopy (Castellano et al. 2002, 2005, 2007; Costa et al.
2003).

Furthermore, a previous our study by FTIR spectroscopy
(Marrone et al. 2004) evidenced that, in the experimental
conditions used, a trialkoxysilane molecule, like TESPT or
TES, binds to the Zeosil by means of, on average, two Si-
O-Silica siloxane bridges; it follows that one alkoxy group
does not react.

The present investigation extends the previous study and
aimed: (a) at determining the changes of the surface prop-
erties of precipitated amorphous silica as a function of the

number of alkoxy groups and of the length of hydrocarbon
arm of the modifiers; (b) at comparing the aforementioned
changes induced by different silanes with those obtained
by using the 3-octanoylthio-1-propyltriethoxysilane (NXT
silane, by General Electric 2006), corrently used to modify
silica in tire production. The interest in this silane is due to
the fact that previous studies have shown that it offers more
scorch safety compared to the well known TESPT (Yan et al.
2004a, 2004b) and it raises the tire performance bar with im-
proved dynamic and physical properties. However, no ther-
modynamic studies have been reported in literature on the
NXT-modified silica.

The ultimate object of our work is addressed to find new
silane-based modifiers that, upon grafting of small quanti-
ties on silica particles are able to significantly modify the
silica surface to use in preparing rubber-silica composites, in
which silica is highly dispersed as required for the produc-
tion of high performance tire. Employment of small quan-
tities of silane in modifiyng silica is very important from
the technical point of view as small grafting degree of sil-
ica means not only lower consumption of silane, but lower
methanol evolvement during the silylation of silica, com-
pared to what is happening today.

The degree of modification of the Zeosil silica surface
was estimated using thermal gravimetric and elemental anal-
yses; silylation with monomethoxytrimethylsilane (TMMS)
was also investigated by FT-IR spectroscopy. Changes in
surface thermodynamic properties of modified silicas were
evaluated determining the components of surface free en-
ergy by inverse gas chromatography.

2 Experimental methods

2.1 Materials

The amorphous precipitated silica, used in the present study,
was Zeosil 1165MP (Rhodia), with surface area of about
160 m2/g and average pore diameter around 320 Å (Castel-
lano et al. 2002), indicating that the silica surface is es-
sentially characterized by mesopores. This Zeosil is mostly
used in elastomer reinforcement and its main market is the
tire industry.

Surface modification of silica with different silanes was
performed in accordance with the procedure previously de-
scribed for TESPT (Costa et al. 2003). Briefly, the modifi-
cation procedure was performed by first immersing the sil-
ica micropearls in silane CH2Cl2 solution. After evaporation
of the solvent, the silica physically covered with modifier
was sealed in a vial, under Argon, and thermally treated at
120 ◦C for two hours. Thermal treatment was followed by
soxhlet extraction with CH2Cl2 for six hours to eliminate
the unreacted silane.
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Different silanes were used as modifiers, like mono-
methoxydimethyloctadecylsilane (DMODMS), mono-
methoxytrimethylsilane (TMMS), trimethoxymercaptopropy-
lsilane (MPTS), all the products purchased from Aldrich,
and 3-octanoylthio-1-propyltriethoxysilane (NXT®). Silica
and NXT® samples were kindly supplied by Pirelli Tyre
S.p.A.

All the n-alkanes, alkenes and alkylated benzenes used
in this work were analytical grade and were obtained from
Aldrich.

2.2 Thermal gravimetry

The apparent grafting degree of the silanes onto silica parti-
cles was determined by thermal gravimetric analysis (TGA)
carried out by a Perkin-Elmer TGA7 analyser, by operating
with a heating rate of 20 ◦C/min in the range 25–700 ◦C un-
der nitrogen atmosphere and then under air atmosphere up
to 900 ◦C; flow rate 40 cm3/min.

2.3 Elemental analysis

Carbon analysis (C wt%) of silane grafted onto silica was
performed with a Carlo Erba Instruments Mod. Elemen-
tal Analysis (EA) 1110 CHNS apparatus, operating up to
1000 ◦C.

2.4 Inverse gas chromatography

Change of surface thermodynamic properties of modified
silica was studied by inverse gas chromatography (IGC), at
infinite dilution, by using modified silicas as the stationary
phase; the silica particle size ranged from 150 to 250 μm.
A stainless steel column with a length of 50 cm and inner
diameter of 4 mm was filled with about 2 g of silica. Before
the measurements, the column was conditioned for at least
40 hr in the gas chromatograph at 170 ◦C, with a carrier gas
flow rate of 6–8 cm3 min−1. Methane was used to determine
the dead volumes.

n-alkanes (C5–C10), 1-alkenes (C5–C10), and alkylben-
zenes (alkyl group C1–C4) were used as the probes.

Chromatographic experiments were carried out with a
Dani GC 1000 gas chromatograph equipped with a flame
ionization detector (FID) and operating under isothermal
condition. Helium was used as the carrier gas and the col-
umn inlet and outlet pressure was measured using standard
pressure gauges; the carrier gas flow rate was determined
using a bubble flowmeter (20–30 cm3 min−1). The solutes
were injected in the form of vapor by using a 1 μL Hamil-
ton syringe. To satisfy the condition of adsorption at infinite
dilution and of gas chromatography linearity, the injected
vapor volume was generally lower than 0.1 μL.

IGC experiments were performed in the 80–160 ◦C tem-
perature range. Each value of retention time is an average of
three injections.

2.5 Infrared spectroscopy

FTIR spectra were recorded on a Nicolet Nexus Fourier
Transform instrument provided with a DTGS KBr detector:
for each spectrum 100 scans in the range 4000–400 cm−1

were recorded, resolution 4 cm−1. The self-supporting sil-
ica pressed disks were treated by outgassing in the IR cell.
Spectra were collected after the pretreatment and after con-
tact with the silane vapors, which were distilled under vac-
uum and then contacted with the sample surface through the
ramp.

3 Results and discussion

3.1 Grafting degree

In Fig. 1 FTIR spectra of pure powder pressed disks of pris-
tine silica and of TMMS-modified silica are reported in the
OH stretching region, after outgassing at increasing temper-
ature. It is evident that the spectrum of hydroxyl groups and
of adsorbed water is significantly modified by the presence
of TMMS. The overall absorbance of the OH stretching ab-
sorption (note that the Absorbance scales in the two sections
of the Figure are different) is reduced to near 63 % of the
original intensity, in excellent agreement with the grafting
degree that will be discussed later. The pattern of adsorption
due to H-bonded species is slightly modified. The position
of the maximum of the free terminal silanols is markedly
shifted down (3738 versus 3743 cm−1, after outgassing at
400 ◦C, see the insert in Fig. 1) and its intensity is re-
duced, showing that the silanols characterized by the highest
frequency disappeared because of their condensation with
TMMS, while those responsible for the lowest frequency
tail of the band did not. Previous spectroscopic studies per-
forming with sterically hindered molecular probes provided

Fig. 1 FTIR spectra of (OH stretching region) of pure powder pressed
disks of Zeosil silica (left) and of TMMS-modified silica (right) after
outgassing at increasing temperatures from 25 ◦C to 500 ◦C (as shown
by the arrow). In the inset: IR spectra of pure silica (full line) and of
the modified silica (point line) after outgassing at 400 ◦C
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Fig. 2 FTIR spectra (CH stretching and deformation region) of the
pure powder pressed disk of bare Zeosil silica (a and b) after acti-
vation by outgassing at 500 ◦C and adsorption from vapour phase
of TMMS (a, gas spectrum subtracted) and following outgassing at
100 ◦C (b); (c) spectrum of TMMS-modified Zeosil silica after out-
gassing at 100 ◦C: (left) C-H stretching region; (right) CH deformation
region

evidence for the nature of the silanol sites responsible such a
lowest frequency component. They are due to silanol groups
located in very small pores and are consequently unaccessi-
ble to large molecules (Busca 2012).

In Fig. 2 the FTIR spectrum in the CH stretching (left)
and deformation (right) regions of the silica modified with
TMMS (Fig. 2c) is compared with the spectra of phys-
isorbed (Fig. 2a) and of chemisorbed TMMS (Fig. 2b) ob-
tained after adsorption from vapor phase of TMMS on
vacuum- activated silica. While the physisorbed TMMS
species (whose spectrum is similar to that of liquid TMMS,
White and Tripp 2000) disappears by outgassing at room
temperature, chemisorbed TMMS species resist outgassing
at 500 ◦C. Chemisorbed TMMS, whose spectrum is virtu-
ally identical to that of species present on TMMS-modified
silica, is characterized by the disappearance of the CH3 sym-
metric stretching mode of methoxy groups at 2845 cm−1,
confirming the condensation reaction with silanol groups
and the likely complete disappearance of methoxy groups.
These data confirm that on the TMMS-modified silica part
of the OH groups irreversibly reacted with TMMS, giving
rise to surface trimethylsilyloxy-species, TMS groups.

To determine the real grafting degree onto silica, the loss
weight by TGA and the C wt% of grafted silane obtained
by EA were considered. As before mentioned, the amor-
phous silica particles are characterized by the presence of
OH silanol groups located at the surface, in the bulk and/or
in ultramicropores. Therefore, such particles have a signifi-
cant polar character which favours the physisorbtion of wa-
ter (Iler 1979; Zhao and Lu 1998; Zhao et al. 1998). Then,
upon heating, silica first losses physisorbed water and then
water from dehydroxylation. These two processes do not
overlap, as experimental TGA curves show in Fig. 3 (Iler

Fig. 3 TGA measurements of the loss mass of bare Zeosil and Zeosil
silica modified with four different silanes

1979; Jaroniec et al. 1998; Zhuravlev 2000; Ligner et al.
1989).

As one can see, the physisorbed water loss is practically
complete around 200 ◦C, where a plateau is observed, before
the dehydroxylation process begins. During thermal gravi-
metric analysis of grafted silica the loss of material, in the
range 200–900 ◦C, is due to decomposition of the grafted
silane and to the water by dehydroxylation of OH residual
silanol groups. Upon heating pure precipitated silica, wa-
ter coming out by dehydroxylation of internal and surface
OH silanol groups amounts to about 3 wt% (Zhuravlev and
Potapov 2006). This water loss cannot be neglected in de-
termining the number of grafted silane molecules and, then,
the density of residual silanol OH groups.

TGA and EA results are collected in Table 1. The amount
of silane burned (column 4) between 200–1000 ◦C was cal-
culated using the %C by EA. The figure refers to the dry
sample at 200 ◦C, deducible from the TGA data shown in
column 2 (25–200 ◦C) of Table 1. The lower values of ma-
terial loss calculated by EA respect to the ones obtained by
TGA should be attributed to the water coming out by dehy-
droxylation in the 200–900 ◦C range. From the data reported
in Table 1 we deduced that the concentration of the total
(surface+bulk) OH/nm2 was 12.5 of the dry Zeosil; the con-
centration of the unreacted OH/nm2 for the modified-silicas
ranged from about 55 to 90 %.

It was taken into account that the combustion of grafted
silane leads to the formation of volatile carbon dioxide and
water and solid SiO2. The last compound goes with the
preexistent silica to make up the residual solid phase. We
underline that the grafting degree wt% refers to the alkyl-
siloxy residual group bond to silica surface, as sketched in
Scheme 1.
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Table 1 Weight loss from
thermal gravimetric and
elemental analysis of bare and
modified Zeosil 1165 MP silica

aCastellano et al. (2007)
bCalculated by %C, from EA,
due to the silane combustion of
dry sample

Sample wt% loss from TGA wt% loss calculated from EAb

25–200 ◦C 200–900 ◦C 200–1000 ◦C

SiO2
a 4.8 3.0 –

SiO2/ODTESa 5.1 5.8 4.1

SiO2/TMMS 6.3 3.5 1.9

SiO2/DMODMS 5.4 8.5 6.5

SiO2/MPTS 6.7 4.1 1.9

SiO2/NXT 5.4 8.8 7.0

Scheme 1 Silanes molecules
and their alkylsiloxy residual
groups

The grafting density (number of grafted groups/nm2) of
the modifier monolayers, ρ, was calculated using the follow-
ing formula (Plueddtemann 1991):

ρ = 6 · 105(%C)

1200 · nC − MM(%C)

1

s
(1)

where: %C is the carbon weight percentage of the modified
silica, MM and nc are the molecular mass and the number
of carbon atoms of alkylsiloxy group, respectively, and s is
the surface area of original Zeosil silica (160 m2/g).

The values of reacted OH/nm2 were calculated by assum-
ing that a monoalkoxysilane molecule reacts evidently with
one silanol OH group, while each trialkoxysilane molecule
on the average would react with two OH groups, as before
underlined (Marrone et al. 2004).

Values from 4.6 to 7.9 OH/nm2 were calculated for sur-
face with only either single or geminal sylanols (Peri and
Hensley 1968). As a matter of fact Zhuravlev measured
a mean value of 4.9 OH/nm2 at 180–200 ◦C in vacuo,
for 100 samples of totally hydroxylated amorphous silicas
(Zhuravlev 1987, 2000; Zhuravlev and Potapov 2006). Fol-
lowing Zhuravlev, the percentage of residual OH groups

on the modified silica surface was derived by assuming
4.9 OH/nm2 present on the surface of the original Zeosil
silica.

Table 2 shows data of grafted silane groups per nm2 and
the surface concentration of reacted and residual OH groups
of all modified Zeosil specimens. As comparison, data re-
ferred to pristine and ODTES-modified silicas from our pre-
vious papers are reported (Castellano et al. 2007).

As one can see, different grafting degrees, for instance
4.6 and 7.2 wt% of ODTES and DMODMS, respectively,
lead to the same percentage of residual OH groups (about
80 %), while the same grafting degree, for instance 7.2 and
7.8 wt% of DMODMS and NXT, respectively, leads to very
different percentage of residual OH groups (80.9 and 52.3,
respectively).

On the other hand, small amounts of silane at low molec-
ular mass (TMMS, MPTS) are sufficient to neutralize a large
number of OH silanol groups. Therefore, we expect that the
effects of silylation on surface properties of silica depend
both on amount and on type of silane grafted (molecular
mass and number of alkoxy groups present), under the same
conditions of graft.
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Table 2 Surface concentration of silanol OH groups of bare and modified Zeosil silica, calculated from data of grafting degree of dry silica

Sample Grafting degree, wt% Grafted silane groups/nm2 Reacted OH/nm2 (surface) Residual OH groups, % (surface)

SiO2
a – – – 100

SiO2/ODTESb 4.6 0.55 1.1 78.0

SiO2/TMMS 3.0 1.6 1.6 67.1

SiO2/DMODMS 7.2 0.9 0.9 80.9

SiO2/MPTS 2.3 0.7 1.4 71.0

SiO2/NXT 7.8 1.30 2.6 52.3

a4.90 OH/nm2 is assumed to be the density of OH groups at the surface of precipitated silica, according to Zhuravlev and Potapov (2006)
bCastellano et al. (2007)

Triethoxysilane (ODTES) and the monomethoxysilane
(DMODMS), are characterized by the same molecular
mass. According to that the grafting of 0.55 ODTES
groups/nm2 neutralizes 1.1 OH/nm2; by grafting 7.2 wt%
of the DMODMS neutralizes 0.9 OH/nm2 (Table 2) , i.e., a
value that is very close to that obtained by grafting 4.6 wt%
of ODTES, amount almost half that of DMODMS. This con-
firms that a trialkoxysilane molecule on the average reacts
with two OH groups, as previously shown by FTIR spectro-
scopic investigation (Marrone et al. 2004).

3.2 Adsorption thermodynamics

According to numerous recent papers, inverse gas chro-
matography (IGC) is one of the most reliable methods to
study the filler surface, where the filler under investigation
is the stationary phase and the solutes are appropriate low
molecular weight compounds, with chemical nature similar
to others interacting macromolecular or molecular species
(Montes-Moran et al. 2002; Roshchina et al. 2001).

Application of IGC for studying adsorption processes is
based on the assumption that the solute equilibrium condi-
tions are achieved between the mobile and stationary phases.
Such a condition is satisfied at the zero coverage of the sur-
face, i.e. operating at infinite dilution. Under such conditions
the adsorbate can be considered as ideal gas, both in gaseous
phase and on the adsorbent surface, the interaction between
the adsorbed probes is negligible, and the Henry’s law can
be applied.

From the measured retention time, tr , and then the neat
retention volume, Vn, IGC allows to calculate several stan-
dard thermodynamic quantities, such as the free energy
�G0, the enthalpy �H 0, and the entropy �S0 for probe
adsorption at infinite dilution (Castellano et al. 2007; James
and Martin 1952; Wang and Wolff 1992; Adam 1968):

Vn = D · j · (tr − td )

(
1 − Pw

Pa

)
Tc

Tf

(2)

where: D is the flow rate, j is the James-Martin factor
for the correction of gas compressibility (James and Mar-
tin 1952), tr and td are the retention times measured with a

specific probe and a non adsorbing probe (such as methane),
respectively, Pw is the vapour pressure of pure water at the
flow meter temperature (Tf ), Pa is the pressure at the flow
meter and Tc is the column temperature.

At infinite dilution, the surface state is essentially two-
dimensional and a given ‘surface pressure’, π0, must sub-
stitute the usual gaseous pressure, as discussed in detail by
N.K. Adam in his classical book (Adam 1968).

Thus the adsorption refers to the following process: ideal
vapour phase (at P0 = 1.013 × 106 dynes/cm2, and at a
given T ) to ideal adsorbed phase (in two-dimensions, at
π0 = the surface pressure dyne/cm, and a given T ).

Therefore, the energy associated to the process is �G =
�G0. In other words, the adsorption free energy for one
mole of solute vapour from a reference gaseous state (con-
sidered as an ideal gas), defined by the pressure P0, to a ref-
erence adsorbed state, defined by the spreading pressure π0,
is given by:

�G0 = −RT
[
lnVn + ln(P0/s · g · π0)

]
(3)

where: T is the column temperature in K, R is the gas con-
stant, s is the specific surface area of silica, and g is the mass
of the filler in the column.

The value of π0 depends on the chosen reference state.
There are two frequently used states, which serve to illus-
trate the arbitrariness of choice: the Kemball-Rideal (Kem-
ball and Riedeal 1946) and the de Boer (DeBoer 1953) stan-
dard surface states. de Boer standard surface state assumes
that the adsorbed molecules are at the same distance apart
as they are in the 1 atm gas state at 0 ◦C. In this state
π0 = 0.338 dyne/cm and the ratio P0/π0 = 2.99×108 m−1,
is the well known de Boer constant C.

Therefore, one can write the equation:

�G0 = −RT ln

(
C · Vn

s · g
)

(4)

The value of �G0 clearly depends on the choice of surface
standard state.

For the same standard process to which refers �G0,
the adsorption enthalpy can be calculated from the Gibbs-
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Fig. 4 Typical trends of adsorption free energy versus surface area of
probe on NXT-modified Zeosil silica

Helmholtz equation, given the temperature dependence of
Vn:

�H 0 =
[
∂(−�G0/T )

∂(1/T )

]
p = −R

d lnVn

d(1/T )
(5)

�H 0 is usually assumed to be independent of temperature.
Finally, the entropy change in the adsorption process is

given by:

�S0 = �H 0 − �G0

T
(6)

Equation (5) indicates that �H 0 does not depend on choice
of the surface standard state, whereas (6) shows that �S0 is
affected by such a choice.

According to (4)–(6) by injecting several families of
probes, free energies, enthalpies and entropies of adsorption
were calculated at different temperatures for different sta-
tionary phases.

When plotting −�G0 versus the surface area (or num-
ber of C atoms) for a series of n-alkanes, 1-alkenes and
alkylbenzenes, linear relations are commonly observed, as
previously reported for several systems (Wang et al. 1991;
Wolff et al. 1994a; Roshchina et al. 1999; Montes-Moran
et al. 2002; Castellano et al. 2002). As an example, the
−�G0 of different probes, determined at T = 140 ◦C for
the stationary phase NXT-modified SiO2, as a function of
the surface area of the probes, is given in Fig. 4. Interaction
force between stationary phase and eluates increases as fol-
lows: n-alkanes < 1-alkenes < alkylbenzenes. Furthermore,
it is interesting to observe that the slope of the straight line
of the alkanes is always higher than those of 1-alkenes and
alkylated benzenes. These trends are shown by pristine pre-
cipitated silica and by all the modified silicas analyzed in the
present and in previous works (Castellano et al. 2002, 2005,
2007).

Fig. 5 Adsorption free energy and enthalpy versus carbon atoms num-
ber of n-alkanes for modified Zeosil silicas

The behaviors of −�G0, and −�H 0 of adsorption as a
function of number of C atoms, nC , for bare silica (Castel-
lano et al. 2002) and for silicas modified with different
silanes, are given in Figs. 5, 6 and 7 for n-alkanes, 1-alkenes
and alkylbenzenes, respectively.

As far as the n-alkanes are concerned (Fig. 5), the highest
−�G0 values are determined with bare silica and then they
decrease, on modifying the silica, as follows: SiO2 > SiO2-
TMMS = SiO2-MPTS > SiO2-DMODMS = SiO2-NXT.

The −�H 0 values (Fig. 5) change as follows: SiO2

= SiO2-TMMS > SiO2-MPTS > SiO2-NXT > SiO2-
DMODMS. The lowest values are observed with the modi-
fiers NXT and DMODMS that have a long alkane tail, even
if the residual OH percentage is 80.9 for SiO2-DMODMS
and 52.3 for SiO2-NXT systems.

Similar trends are observed upon adsorption of 1-alkenes
and alkylbenzenes on the same modified silicas, with one
exception: in the case of alkylbenzenes, −�G0 and −�H 0

related to the system SiO2-NXT are surprisingly lower than
the ones of the system SiO2-DMODMS.

In all the cases, the values of −�G0 and −�H 0 increase
going from n-alkanes to alkenes (Fig. 6) and to aromatics
(Fig. 7), due to increasing contribution of specific interac-



314 Adsorption (2012) 18:307–320

tions between silanol OH groups and the double bonds of
alkenes and aromatic rings of alkylbenzenes.

To try to deeply understand the origin of the adsorp-
tion phenomenon, let us consider −�H 0 data determined
for bare silica and silica modified with TMMS. Contrary
to what is expected on the basis of reacted silanol groups
(1.6 OH/nm2) (Table 2), the adsorption enthalpy values of
SiO2-TMMS system are practically the same to those of un-
modified silica (4.9 OH/nm2). Such a chemical modifica-
tion reduces only slightly the polar character of the surface,
as data of the specific interaction parameter show (see later
Table 3). This finding agrees with what reported in literature

Fig. 6 Adsorption free energy and enthalpy versus carbon atoms num-
ber of 1-alkenes for modified Zeosil silicas

that hydrophobic properties of the silica surface are achieved
only with high values (80–90 %) of the degree of silyla-
tion with trymethylchlorosilane (Zhao and Lu 1998), with
dimethyldichlorosilane (Ridaoui et al. 2008) or by replacing
a H atom of silanol group with an alkyl group (Kimura et al.
1998). However, on grafting MPTS and DMODMS, bearing
an alkyl tail longer than a methyl group, −�H 0 decreases,
even if the grafting degree is lower than the aforementioned
systems. This result suggest that the tail acts as shield around
silica particles, hindering interaction between the probe and
the polar group of the silica surface. The lowest �H 0 values
of NXT-modified silica observed using alkenes and alkyl-

Fig. 7 Adsorption free energy and enthalpy versus carbon atoms num-
ber of alkylbenzenes for modified Zeosil silicas

Table 3 Dispersive component
and specific interaction
parameter at 20 ◦C of modified
and unmodified Zeosil silica
with different residual OH
groups

aCosta et al. (2003)
bCastellano et al. (2007)

Sample Residual (free) OH/nm2 γ d
s (mJ/m2)20 ◦C I sp (mJ/m2)20 ◦C

SiO2
a 4.9 86.7 142.6

SiO2/ODTESb 3.82 38.6 110.4

SiO2/TMMS 3.29 70.6 135.6

SiO2/DMODMS 3.96 37.5 110.7

SiO2/MPTS 3.48 53.6 109.5

SiO2/NXT 2.56 39.2 64.9
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Fig. 8 Entropy of adsorption versus carbon atoms number of
n-alkanes for modified Zeosil silicas; comparison with calculated en-
tropy losses −�S0

1tr and −�S0
1tr+c (see text)

Fig. 9 Entropy of adsorption versus carbon atoms number of
1-alkenes for modified Zeosil silicas; comparison with calculated en-
tropy losses −�S0

1tr and −�S0
1tr+c (see text)

benzenes as the probes, are ascribable to the higher number
of reacted OH silanol groups (about 50 %). The loss of hy-
drophylicity due to the decrease of the number of silanol
groups is not counterbalanced by the presence of the –SCO
groups of the NXT molecules.

All our data suggest that the hydrophylicity or hydropho-
bicity of the modified silicas may change according to not
only the chemical characteristics, the size of the modifier
molecule and its extent of grafting, but even the size and
chemical nature of the molecule used as the probe to test
such properties. Particularly significant and interesting is the
trend of the adsorption entropy for the same modified silica .
In fact, −�S0 experimental values of all the families of hy-
drocarbons adsorbed on different modified Zeosil 1165MP
silicas increase with increasing the length of hydrocarbon
molecule (Figs. 8, 9 and 10). This is in agreement with data

Fig. 10 Entropy of adsorption versus carbon atoms number of alkyl-
benzenes for modified Zeosil silicas; comparison with calculated en-
tropy losses −�S0

1tr and −�S0
1tr+c (see text)

in literature (Vukov and Gray 1988; Roshchina et al. 1999;
Montes-Moran et al. 2002; Wang et al. 1991; Choudhary and
Mantri 2000; Castellano et al. 2005). In our case, moreover,
we observe that −�S0 values of TMMS-modified silica are
higher than those of bare silica, while all other modified sil-
icas show −�S0 values lower than those of bare silica. This
confirms our previous finding obtained on modifying the
same silica with TES (Castellano et al. 2007). Similar −�S0

trend was reported in literature (Roshchina et al. 1999) on
bare and phenyltrichlorosilane-modified Silichrome C-120
silicas, where, however, −�H 0 values of n-alkanes ad-
sorbed on such modified silica were much higher (about
25 %) than those of bare silica.

To try to explain the causes of such a behaviour, it is
useful to examine the several entropy contributions which
characterize the transfer of a molecule from the gas phase to
adsorbate phase.

According to the experimental conditions used in the gas
chromatographic measurements (at infinite dilution), it is
generally assumed that the adsorption occurs from the ideal
vapour phase to an ideal adsorbed phase, associated with
loss of one translational degree of freedom, −�S0

1tr (Kem-
ball 1950).

Theoretical values of standard −�S0
1tr can be calculate

as a difference between the three-dimensional translational
entropy of the adsorbate as an ideal gas by DeBoer (1953):

gS
0
tr = R ln

(
M3/2T S/2) − 9.2 (7)

and the entropy of the adsorbate as an ideal two-dimensional
gas by Kemball (1950)

aS
0
tr = 0.667gS

0
tr + 2.76 lnT − 12.71 (8)

−�S0
1tr = aS

0
tr − gS

0
tr (9)

where: M is the molar mass and T is the temperature. The
entropies are expressed in J/K mol.



316 Adsorption (2012) 18:307–320

In Fig. 8 it can be noted that the estimated −�S0
1tr val-

ues are practically independent of the length of hydrocar-
bon molecules, while the experimental ones increase with
the mass of probe. Furthermore, the experimental values are
more negative than the theoretical ones. This different be-
haviour must be ascribed to kind of hydrocarbon molecules.
Unlike an ideal gas, hydrocarbons here examined have many
more ways to arrange them in the space (3D) than in a plane
(2D). Therefore, going from 3D to 2D such molecules will
be accompanied by rotational and conformational entropy
losses.

Vukov and Gray (1988) calculated rotational entropy loss
upon adsorption from 3D gas to 2D gas of n-C8/n-C13 n-
alkanes and put into evidence that such a contribution, rang-
ing from about 6 to about 10 J/K mol, is still not large
enough to account for the additional entropy loss.

In our previous work (Castellano et al. 2002), we sug-
gested that the rotational isomerism would give the main
contribution to the entropy loss upon adsorption, so as to
justify its dependence on molecular mass. In this paper,
we present the values of the rotational isomerism contribu-
tion to the entropy of hydrocarbons with more than three C
atoms. Upon adsorption, the number of spatial conforma-
tions comes down more or less according to the interaction
forces with the modifier and/or the active sites of silica sur-
face. By considering that the actual number of bonds which
are effective in increasing the number of conformations is
n−2, with n = number of bonds of the molecule, conforma-
tional entropy, �S0

c , from the simplest possible model, i.e.,
a freely rotating chain without excluded volume and with
three possibilities for each bond (g+, g − and t), is given by:

�S0
c = R ln 3(n−2) (10)

where: R is the gas constant.
By considering that the thermodynamic quantities in-

crease linearly with the molecular mass, we may assume that
on adsorption the probe interacts in the totally flat position ,
i.e., in the planar zig-zag conformation.

In Fig. 8, trends of the experimental −�S0 values, as
a function of molecular length of n-alkanes, are compared
with those calculated by −�S0

1tr+c = −(�S0
c + �S0

1tr ). As
one can see, the calculated (−�S0

1tr+c) values are higher
of about 20 % than the experimental −�S0’s determined
for bare Zeosil 1165 MP silica, in the all range of molec-
ular mass considered. However, the calculated values are
lower by about 6 % than the ones obtained for the TMMS-
silica system, despite taking into account the loss of con-
formational entropy well above that of the real molecular
chain (i.e., not freely rotating chain and with excluded vol-
ume). All this shows that on adsorption the n-alkanes lose
one degree of freedom and a number of conformations de-
pending on the chain length of the hydrocarbon molecule
with respect to the pore configuration of silica (Eder and

Lercher 1997; Daems et al. 2007). In the crystalline zeo-
lites the straight and sinusoidal pore segments are narrow
and impose stretching of the alkylchains along the pore axis,
and then significant loss of entropy (Denayer et al. 2003). In
such a case, however, strong interactions with the pore walls
implies high adsorption enthalpy too.

Since, in the case of TMMS-modified silica, the grafting
degree of TMMS was about 30 % and the mean pore diam-
eter of Zeosil 1165 MP was 320 Å, one may deduce that
the pore configuration as well as the kind of interactions
with active sites of silica were not affected by the silyla-
tion process. However, the adsorption would force the entire
molecule in a totally flat position, and probably some of the
rotational degrees of freedom around its centre would be lost
too. Then, two main phenomena could be invoked: (a) weak
specific interactions between the n-alkanes probes and the
surface active sites, like free OH and Si-O-Si(CH3)3 groups.
This is not surprising because it is well known that hydro-
gen bonding also occurs between “unpolar” molecules, such
as alkanes, and silanol groups (Herl and Hair 1968; Ghiotti
et al. 1979; Trombetta et al. 2000; Eder and Lercher 1997);
(b) steric hindrance played by the presence of methyl groups
of silane grafted, which reduces the freedom of movements
of the adsorbed probe.

The lowest experimental values of entropy loss are
obtained on Zeosil silica surface modified with NXT or
DMODMS. As first suggested, the long paraffinic tail would
tend to prevent the interaction between the probe and the
active centres of silica surface. Therefore, the probes ad-
sorbed on these surfaces would maintain a given mobility
for weaker interaction forces (mainly dispersive forces) be-
tween the probe and essentially the grafted modifier.

The same comments may practically be made by using
1-alkenes as probes (Fig. 9). The main difference with re-
spect to n-alkanes is due to a greater experimental loss of
entropy, due the presence of the double bond in the probe,
capable of establishing specific interactions with silica sur-
face. On increasing the molecular mass, the behaviour of
1-alkene molecule tends to be that of n-alkane molecule of
equal molecular mass.

The entropy loss values of adsorbed alkylbenzenes as a
function of molecular mass are shown in Fig. 10. First of all,
we underline that the values of benzene are slightly lower
than those of other alkylbenzenes, as the aromatic rings of
the latters are richer in electrons because of the attached
electron donating alkyl groups. Three main aspects distin-
guish these compounds from the n-alkane and 1-akenes:
(i) higher values of entropy loss; (ii) less dependence on
the molecular mass; (iii) experimental values higher than
the calculated −�S0

1tr+c. The first phenomenon indicates
stronger interactions between the aromatic compounds and
silica surface, in agreement with the results reported on fully
silylation of MCM-41 with trimethylchlorosilane (Zhao and
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Lu 1998); the second suggests that the aromatic ring prac-
tically determines the overall interaction with the adsorbent
surface; the third one suggests that, on adsorption, the two
dimensional translational motion, parallel to the surface, is
itself somewhat restricted and again, due to the steric hin-
drance of the grafted TMS group, the rotational freedom of
benzene molecule would restrict too. In fact, by considering
that the calculated −�S0

1tr+c = 51.5 J/mol K, the entropy of
benzene rotation Srot = 87 J/mol K (Dollimore et al. 1973)
and the experimental −�S0 = 103 J/mol K, one may de-
duce that, without taking into account the torsional vibra-
tions with respect to the principal axes, at least two rotational
degrees of freedom of benzene are lost upon adsorption.

3.3 Surface energy of modified silicas

A measure of interaction between a solid and the medium,
like solid, liquid or gas, is given by the surface energy, γs .
It could be split into two terms: the dispersive, γ d

s , and the
specific, γ

sp
s , component.

γ d
s can be calculated from the free energy of adsorption

of a CH2 group, �G0
CH2, on the base of the following equa-

tion (Dorris and Gray 1979):

γ d
s = (

�G0)2
CH2/

(
4N2α2

CH2γCH2
)

(11)

where: N is the Avogadro number, aCH2 is the area covered
by a CH2 group, γCH2 is the surface tension of a surface con-
stituted only by tightly packed methylene groups (Gaines
1972; Aveyard 1975) and has given by:

γCH2 = 35.6 + 0.058(20 − t) (12)

where t is the experimental temperature in ◦C.
The direct measurement of the specific component of the

surface energy cannot be easily carried out. In our studies,
the method proposed by Donnet et al. (1991) and Wang et al.
(1991), Wolff et al. (1994a) was adopted, by evaluation of
the specific interaction parameter, I sp , which relates to spe-
cific interaction established between the filler and a polar
probe. I sp is given by the difference in adsorption energy,
−��G0, between a polar probe and a hypothetical or real
saturated hydrocarbon with the same surface area (Donnet
et al. 1991):

I sp = −��G0

a · N (13)

where: a is the surface area occupied by the polar probe.
Following such an approach, benzene was used as the

probe able to realize an electron donor-acceptor complex
with the OH groups present on the silica surface. Benzene,
in other words, is capable of specific interaction with silica
surface via the electronic localization of the π -bond system.

The values of γ d
s and I sp as a function of the temperature

(Figs. 11 and 12) were calculated through (11) and (13) for
all the modified silicas. As a comparison, in the same plots

Fig. 11 Dispersive component of surface energy as a function of tem-
perature for bare and modified Zeosil silicas

Fig. 12 Specific interaction parameter as a function of temperature for
bare and modified Zeosil silicas

our previous data of pristine silica (Costa et al. 2003) are
reported.

It is interesting to underline that silylation affects both the
dependence of surface activity on temperature, as expected,
and the polar character of the silica surface. On increasing
the temperature, γ d

s values of modified Zeosil 1165 MP sil-
icas show smaller change than unmodified one, while I sp

practically shows a similar dependence on T for all spec-
imens examined. Silylation of this silica reduces the hy-
drophilic character of its surface more or less sharply, de-
pending on the type and amount of grafted modifier.

The role of different silanes is evidenced by the values
of the specific interaction parameter. To better understand
this effect, in Table 3 the values of γ d

s and I sp , extrapolated
at 20 ◦C, are collected with free silanol OH groups of each
modified silica.
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DMODMS- and ODTES-modified silica, having about
the same density of free silanol OH groups /nm2 (3.96 and
3.82, respectively), are characterized by equal values of both
γ d
s and I sp . On the other hand, these two modified sili-

cas result less hydrophilic (average values γ d
s ≈ 38 mJ/m2

and I sp ≈ 110 mJ/m2) than the one modified with TMMS
(γ d

s = 70.6 mJ/m2 and I sp = 135.6 mJ/m2), even if the first
two have a slightly higher density of free silanol OH groups
than the second one (3.29 OH/nm2).

Since both the silanes TMMS and DMODMS have
only one alkoxygroup, the less hydrophilic character of
DMODMS- and ODTES-modified silicas again supports
that long paraffinic tails screens the free silanol OH groups.
As a consequence, the probes mainly interact with the silane
through weak dispersive forces. On decreasing the length of
alkane group of silane, γ d

s increases, as shown by the values
in Table 3 for TMMS-silica and MPTS-silica.

In the case of NXT-modified silica, the low density of
residual OH groups and the long paraffinic tail of silane lead
to smaller values of both the components of the surface free
energy.

4 Conclusions

The surface thermodynamic properties of the precipitated
amorphous Zeosil 1165MP silica modified by grafting of a
silane significantly depends on the degree of grafting, as ex-
pected, and on the chemical structure of the modifier, in a
complex way.

Thermogravimetric and elemental analyses were com-
bined, in determining the real grafting degree of the silica
for each silane used and, then, the final concentration of the
free silanol OH groups after silylation. The dispersive com-
ponent, γ d

s , of the surface tension of Zeosil silica and the
specific interaction parameter, I sp , determined via IGC, are
reduced by modification.

The values of both the parameters do not strictly depend
on the residual silanol OH groups present on the modified
Zeosil surface. The replacement of one hydrogen atom of the
silanol OH group with –Si(CH3)3 group, see silica/TMMS
system, reduces γ d

s of about 20 % and I sp of about only
5 %. When a tail of the silane is a long hydrocarbon group,
see silanes ODTES, DMODMS and MPTS, the apparent hy-
drophylicity of Zeosil surface (I sp) is reduced more than
20 %, even if the concentration of the free OH groups is
higher than that of silica-TMMS system. This result must
be attributed to the shielding action of the long arm of the
grafted silane, that does not permit to the probe molecules
to directly interact with the OH groups still present on the
silica surface and/or with the new Si-O-silane bonds. In gen-
eral, we observed that, upon low degree of silylation, γ d

s is
much more reduced than I sp .

Furthermore, we found that free energies of adsorption of
n-alkanes, 1-alkenes, and alkylbenzenes mainly depend on
the entropy loss on adsorption. This loss, in turn, is due to
the loss of one translational degree of freedom, and mainly
to the conformational and rotational entropies losses of hy-
drocarbon on adsorption. Entity of these losses depends both
on the amount of the silane grafted on the silica surface and,
surprisingly, on the length of the hydrocarbon tails of the
silane used. In other words, on increasing the length of the
tail the entropy loss of adsorbed probes decreases: the ad-
sorbed molecules are hindered to contact the surface sites of
the silica and weaker interactions mainly occur between the
hydrocarbon molecule and the tail of the silane.

However, in the case of silane with very short arms, like
TMMS, the adsorbed molecules have a more limited mobil-
ity than in the cases of bare and modified silicas, probably
not only for the active site-probe interaction but also for the
steric hindrance of the methyl groups of TMMS.

Type of dependence of the entropy loss upon adsorption
is very interesting and deserves to be analyzed thoroughly.
Therefore, in a next paper, we intend to extend our study
on investigating the structure and the coordination geometry
of adsorbed hydrocarbons, trying to correlate them with the
loss of entropy.

Finally, our thermodynamic data of the surface of the
modified Zeosil 1165 MP silica suggest that to avoid ag-
glomeration of its particles and then to increase their dis-
perdibility into a rubber matrix, it is enough a low degree of
silylation (about 5 wt%) of a silane with a long (probably at
least 10 carbon atoms) hydrocarbon tail.

This result is very important from the technological point
of view, because small grafting degree means not only lower
consumption of silane but also lower methanol evolvement
during the silylation of silica compared to what is happening
today.
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