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ABSTRACT: The hydrolysis of four alkoxysilane agents,
g-methacryloxypropyl trimethoxysilane (MPS), g-mercapto-
propyl trimetoxysilane (MRPS), octyl trimethoxysilane OS),
and N-phenyl-g-aminopropyl trimethoxysilane (PAPS),
was carried out in an ethanol/water (80/20) solution
under both acid and basic conditions. 1H, 13C, and 29Si
NMR spectroscopy were used to provide quantitative analy-
ses of the structural components during hydrolysis and
condensation reaction. The analysis revealed that the acid-
catalyzed hydrolysis of silane allows the formation of high
amount of silanol groups, reduced the selfcondensation
reaction among silanol groups and stabilized the propor-

tion of intermediary hydrolyzed species for several days.
However, under basic condition, condensation reactions
proceed as soon as the hydrolysis reaction started leading
to the rapid consumption of silanol groups through self-
condensation and to the growth of three-dimensional high
molecular structures. The interaction of MPS and MRPS
with cellulose fibers and the evolution of their surface
properties were then investigated using adsorption iso-
therms and contact angle measurement. � 2008 Wiley Peri-
odicals, Inc. J Appl Polym Sci 108: 1958–1968, 2008
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INTRODUCTION

Since their emergence at the industrial level 30 years
ago, oragno-functional silanes found a growing in-
terest for many industrial applications, as grafting
molecules in composite materials,1–6 adhesion pro-
moters for surface modification,7 crosslinking
agents,8 and for the mechanical reinforcement of ce-
ramic surface.9 The general structure of organo-func-
tional silanes is X(CH2)nSi(OR)3, where RO is an
alkoxy group and X is an organo-functional group.
This particular bi-functional structure is one of the
reasons which contribute to their use in such wide
areas application. In fact, on a one hand, the alkoxy
groups OR enable the silane to be anchored to
hydroxyl groups bearing surfaces, and on another
hand, the functional organic moiety X (amine, meth-
acrylic, vinylic, etc.), bonded to silicone atom via
alkyl group is able to react, or even copolymerizes
with organic matrices, thus enhancing the interfacial
adhesion between the two phases.9 Silanes with dif-
ferent chemical structure are commercially available.
They offer an easy choice of the right reagent for a
given application.

Usually, the treatment with oragno-functional
silanes is carried out using a diluted water–alcohol
solution in a concentration ranging from 0.5 to 3%,
by weight.10,11 The presence of water molecules is
necessary to hydrolyze the alkoxy groups (RO��),
thus generating the reactive silanol (Si��OH) func-
tion, one or more of that condense with OH-rich sur-
faces, or simply adsorb onto them, through hydro-
gen bonding.1,12 Subsequent heat treatment leads to
the formation of both covalent linkages with the sur-
face and the development of a crosslinked silane
film. However once hydrolyzed, the silanes consti-
tute a rather reactive system, which evolves with
time as a result of the condensation of the silanol
groups with each other or with the alkoxy groups
forming dimeric and oligomeric structures.1,13–15

This phenomenon handicaps the adsorption of OH-
bearing substrates, since the concentration of silanol
groups can vanish rapidly.

The kinetics of hydrolysis and condensation reac-
tions of the silanol groups are affected by the struc-
ture of the organic part of the silane and the reaction
medium and conditions (temperature, pH, concen-
tration, amounts of water and catalyst).1,15,16 It is
therefore extremely important to ascertain these con-
secutive and competitive reactions, to use properly
these coupling agents in the context of cellulose
modification.
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Investigation of hydrolysis and condensation reac-
tion of organo-functional silanes have been the object
of numerous interesting studies where different
spectroscopic techniques such as FTIR,17,18 Raman,19

and NMR20–22 have been used to tailor the multitude
of the reactions liable to take place and to describe
their evolution as a function of time. However, most
of these reports have been concerned with g-glyci-
doxypropyl trimethoxysilane (GPS), g-aminopropyl
triethoxysilane (APS), and g-methacryloxypropyl tri-
methoxysilane (MPS). To the best of our knowledge
g-mercaptopropyl trimethoxysilane has never been
studied in this context.

In previous papers,23,24 we have used 1H, 13C, and
29Si NMR as tools to probe the different species able
to be generated in ethanol–water solution and have
shown that the hydrolysis of APS and that of g-
diethylenetriaminopropyl trimethoxysilane (TAS)
were very fast and that the selfcondensation yielded
the corresponding oligomeric networks. However,
the hydrolysis of MPS was found to be much slower
and required the use of an amine as a catalyst to
boost the kinetic of hydrolysis. It was also estab-
lished that while a basic pH greatly enhanced the
hydrolysis of alkoxy groups, it led at the same time
to high extent of selfcondensation yielding a gel-like
networks, which precipitate in the form of colloidal
particles upon further condensation. Likewise, in a
series of paper we have shown that treatment of cel-
lulose fibers with functional silane improved the me-
chanical properties of the ensuing composite materi-
als, if the appropriate coupling agent was cho-
sen.25,26 These effects were explained in terms of the
ability of the functional group borne by the silane
moiety to bridge covalently with the polymeric ma-
trix, thus increasing the fiber/matrix adhesion.

In the present work we continue our investigation
regarding the solution behavior (hydrolysis and con-
densation reaction) of two different silane viz; g-
mercaptopropyl trimethoxysilane (MRPS), and g-
methacryloxypropyl trimethoxysilane. The26,27 effects
of initial concentration, pH, and the hydrolysis
extent on the adsorption of this two silane on cellu-
lose fibers are studied. With these two silane we
integrate two other silane (OS and PAPS) to investi-
gate the evolution of surface properties of the ensu-
ing treated fibers.

EXPERIMENTAL PART

Materials

The cellulosic fibers used in this work were commer-
cial micro-crystalline cellulose (TECHNOCEL-
150DM). Their average length was about 50 lm. The
organo-functional trialkoxy silanes g-methacryloxy-
propyl trimethoxysilane (MPS), g-mercaptopropyl

trimetoxysilane (MRPS), octyl trimethoxysilane (OS),
and N-phenyl-g-aminopropyl trimethoxysilane (PAPS)
used to assess the kinetic behavior, were high purity
products purchased from Fluka. Their structure is
given in Table I. All the other reagents and solvents
were commercial products of the highest purity
available.

NMR kinetics in situ

1H, 13C, and 29Si NMR spectra of the silane solutions
were run on a Varian UNITY 400 spectrometer oper-
ating at 399.956, 100.572, and 79.455 MHz, respec-
tively. All chemical shifts, relative to TMS, were
measured with a coaxial insert tube containing the
TMS solution as an external reference. For the 1H
and 13C NMR, a 5-mm probe was used; the spectral
widths were calibrated on the spectra to obtain the
best resolution. Common 1D and 2D sequences
(HMQC and HMBC) were used for a clear cut estab-
lishment of peak assignments (especially in the case
of MRPS). For silicon, a 10 mm BB probe was used
to optimize the signal/noise ratio for minimum ac-
quisition times in relation with the specific reaction
rates. The spectral width was 12 kHz and the relaxa-
tion delay 20 s. The proton decoupling was applied
only during acquisition time to avoid negative
effects. Before the data collection, all the T1 measure-
ments were done with the inversion-recovery

TABLE I
The Silane Coupling Agents Used in this Work
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method, and the relaxation delays and the pulse
widths were chosen such a way that viable quantita-
tive spectra could be obtained. The hydrolysis and
condensation reactions of the four silanes.

The kinetic studies were carried out in situ at 258C
in NMR tubes. The hydrolysis and condensation
reactions of MRPS and MPS were carried out in
a mixture of ethanol-d6 and deuterated water
CD3CD2OD/D2O: 80/20 (w/w) at a concentration of
10% w/w and followed in situ at 258C, by recording
1H, 13C, and 29Si NMR spectra. For alkaline condi-
tions, TEA (2%, w/w versus solvents) was added to
D2O, whereas for acidic conditions, CD3CD2OD (5%,
w/w with respect to the solvent) was introduced
into D2O.

Adsorption isotherms

The adsorption isotherms were carried out at room
temperature (about 258C) adopting the following
protocol: the cellulose suspension (5% w/w with
respect to the solvent) in a mixture of ethanol/water
80/20 was first prepared, then appropriate amount
of silane, previously dissolved in ethanol/water 80/
20 solution and kept for 2–3 h to ensure the total
hydrolysis of silane (in presence of acetic acid), was
added. After stirring for 2 h, the cellulose fibers
were then isolated by centrifugation at 2500 rpm for
20 min.

Different techniques were used to determine the
quantity of adsorbed coupling agent depending on
the organic function born by the silane used.

Thus, for MPS, the adsorbed amount was quanti-
fied using FTIR spectroscopy measuring the absorb-
ency of C¼¼O band. For this purpose well calibrated
KBr pellets containing 5 mg of modified cellulose
and 200 mg of KBr were prepared and the FTIR
spectra recorded. For MRPS, the adsorbed quantity
was determined measuring the absorbency of the re-
sidual silane by colorimetry.28 Five drops of a 5,50-
dithio-bis-(2-nitrobenzoic acid) (DTNB) solution (1%
wt in ethanol) were added to 5 mL of the filtrate.
DTNB is a versatile water-soluble compound to
quantify the free ��SH groups in the solution. Thus,
the addition of DTNB to free ��SH containing mix-
ture yields a yellow solution which can be quantita-
tively titrated by UV spectroscopy at 404 nm. Before
measuring the absorbency of MRPS-DTNB solutions,
their pH was adjusted to 8–9 by adding a drop of an
ammonium buffer solution. It is worth noting that
the extinction coefficient of DTNB is not affected by
pH changes in the range of 7.6 to 8.6.29

The amount of adsorption at equilibrium Qe

(mmol g21) was calculated as follows:

Qe ¼ ðC0 � CeÞ � V
w

(1)

where C0 and Ce (mmol L21) are the initial and equi-
librium silane concentration, respectively, V (L) the
volume of the solution and w (g) the weight of cellu-
lose sample used.

For all silanes used a calibration curve was previ-
ously built.

Fibers characterisation

X-ray photoelectron spectroscopy

The used XPS spectrometer was a XSAM800
(KRATOS) operating in the fixed analyser transmis-
sion (FAT) mode, with a pass energy of 20 eV and a
nonmonochromatised Al Ka X-radiation (1486.7 eV).
A current of 10 mA and a voltage of 12 kV were
used. Samples were analysed in an ultra-high-vac-
uum (UHV) chamber (� 1027 Pa) at room tempera-
ture, using take-off-angles (TOA) of 908 and 308 (308
allowing the analysis of thinner layer of the surface
under investigation, since with such an angle, a
lower depth is achieved). Samples were transferred
to the XPS analysis chamber under nitrogen atmos-
phere. Spectra were recorded by a Sun SPARC Sta-
tion 4 with Vision software (Kratos) using a step of
0.1 eV. A Shirley background was subtracted and
the curve fitting for component peaks was carried
out using Gaussian–Lorentzian formalizm. No
charge compensation (flood-gun) was used. The
charge shift was corrected using the binding energy
of carbon atoms bound to a hydroxyl group in cellu-
lose,18 as reference (Carbons ‘‘1’’ in Scheme 1). at
286.73 eV. X-ray source satellites were subtracted.

Contact angle

Contact angle measurements were carried out by
deposing a calibrated liquid drop on the additives-
free sheets of cellulose fibers (Whtman WH5). The
procedure of modification of these film-like materials
is similar to that reported for powdery fibers.

The contact angle apparatus used was an OCA 15
from Dataphysics, equipped with a CCD camera,
with a resolution of 752 3 582 square pixels, work-
ing at an acquisition of 50 images per second. The
processing of the collected data was achieved using
OCA software.

Scheme 1 Cellulose backbone structure.
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Cellulose substrate modification with silane was
carried out by introducing it into the coupling agent
solution, after 2 h of contact the sheets was recov-
ered and dried at ambient temperature, and then it
is submitted to a thermal treatment at 1108C during
2 h.

RESULTS AND DISCUSSION

Solution chemistry of MRPS and MPS

The peak assignments of the 1H and 13C NMR spec-
tra of 10% MRPS solution in ethanol-d6, confirmed
with 2D experiments, are given in Table II. We could
notice that for the pristine silane the sulphur atom
shield the CH2(g) carbon atom till its chemical shift
is lower than that of CH2(b). Under neutral condi-
tion the hydrolysis rate of MRPS is extremely low,
after 60-h reaction 5% free methanol only is released
(Fig. 1). In the presence of 0.2% TEA (w/w with
respect to solution) 90% hydrolysis is attained after
22 h, although in acidic medium, (i.e. with deuter-
ated acetic acid 5% w/w with respect to the solu-
tion) after 1 h about 90% of the initial MRPS is
hydrolysed. For this latter case, the 1H and 13C spec-
tra display a rapid decrease of the initial MRPS
CH3O-Si- peaks at 3.73 and 51.16 ppm, respectively,
and the concomitantly increase of free methanol
released in solution CH3O-D characterized by peaks
at 3.51 and 49.71 ppm, respectively.

While 1H NMR is used to follow the hydrolysis ki-
netic by measuring the concomitant evolution of free
alcohol rate in the medium and the decrease of the
corresponding alkoxy group. 13C NMR confirms this
rate, indicating that MRPS hydrolysis is much more
favoured with acid catalyst than basic one. 13C NMR
gives also some complementary information on the
ratio between hydrolysis and condensation reactions.
Studying 13C NMR spectra evolution of D2O addi-
tion MRPS under acid and basic conditions, the fol-
lowing remarks could be pointed out (Fig. 2):

i. Under acidic conditions, there is an evolution
and all the signals keep their sharp structure
with peaks very well defined but at modified
chemical shifts.

ii. On the contrary some broader signals appear
and increase in presence of TEA, (solvent, free
alcohol released and TEA excluded which

remain well defined). At the end of reaction
the silane signals are difficultly detectable:
compared with the solvent or TEA. The silane
S/N seems to be drastically decreased.

iii. In acidic conditions there are some short lived
peaks for CH3O at the beginning of the reac-
tion between the initial silane and the free
methanol released, and the same kind of short
lived entities are also noticeable for CH2(a) res-
onance appearing at 10, 12, and 12.9 ppm. The
phenomenon is less detectable for CH2(b) and
CH2(g) due to their nearest chemical shifts.

As we have reported in our previous work23,24 the
broad signals are associated with high molecular oli-
gomeric structures resulting from condensation reac-
tions between silanol groups while the well defined
peaks are associated with monomeric, dimeric or low
molecular weight oligomeric condensed moieties.

With 29Si NMR more information concerning the
structure of condensed species could be provided.
The chemical shift of the silicon atom is function
of the number of siloxane bridges. For trialkoxy
silane four entities namely T0: (R0O)3SiR, T1:
(R0O)2Si(OSi)R, T2: R0OSi(OSi)2R and T3: Si(OSi)3R
could be distinguished with resonance signal at (237
to 244 ppm) T0, (248 to 252 ppm) T1, (256 to 262
ppm) T2 and (264 to 270 ppm) T3.30 The transition
from Si��OR0 to the corresponding silanol Si��OH
gives a shift to lower fields (because of the electron-
donating properties of R0) ranging from 2 up to 5
ppm according to the alkyl structure R0. The evolu-
tion of 29Si NMR spectra in function of time of
MRPS hydrolysis in presence of acetic acid or TEA
is shown on Figure 3. Some remarks could be done:

i. The general overview of the silicon spectra con-
firm the observations done with 13C. In acidic
media all the peaks remain well defined. With

TABLE II
Chemical Shifts (in ppm) 1H, 13C, and 29Si NMR of 10%

MRPS in Ethanol-d6 at 258C

CH2(a) CH2(b) CH2(g) OCH3 SH Si

d (29Si) 242.7
d (1H) 0.92 1.87 2.69 3.73 5.37
d (13C) 9.24 28.78 28.17 51.16

Figure 1 Evolution of %MeOH released for MRPS at dif-
ferent catalytic conditions.
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TEA, some broader peaks are observed, and the
S/N decreases drastically with time; after 36-h
reaction, the silane is undetectable although the
number of scans was greatly increased with time.

ii. With TEA, the pristine silane T0
R decreases

with time in agreement with the hydrolysis

rate noticed with 1H NMR. No silanol T0
H

entities could be detected. Before the complete
disappearance of the initial MRPS some
condensed units T1, T2, and T3 are observed
but very quickly the S/N drops down hard
fully.

Figure 2 13C NMR spectra under (a) acid and (b) TEA-catalyzed MRPS hydrolysis.

Figure 3 29Si NMR spectra under (a) acid and (b) TEA-catalysed hydrolysis of MRPS.
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iii. In acidic conditions the short lived species 13C
observation is confirmed. The major signal of
totally hydrolyzed silanol T0

H at 241.1 ppm,
and the partially hydrolysed silanol at 241.4
and 241.9 ppm are noticed. The hydrolysed
moieties reach more than 95% after 1-h reac-
tion, and then they decrease slowly. It remains
more than 50% T0

H units after 12-h reaction.
iv. From the 3rd hour the formation of T1 units at

250.6 ppm begins and continues to increase
slowly till about 70% after 48-h reaction.

v. The generation of T2 (representing linear
chains only in the absence of T3 units), at
260.2 ppm, starts after 18 h and pursue with
an extremely low rate. It does not exceed 10%
after 48 h reaction. No T3 entities are detected
during the experiment time.

In presence of TEA, the hydrolysis is the limitation
rate reaction and the very fast condensation reac-
tions lead to the condensed T1, T2, and T3 structure
concomitantly to the silanol formation, so the silanol
moieties couldn’t be detected because of their imme-
diate consummation when they are formed. With the
reaction progression three dimensional networks
resulting from the growth of condensed T3 units
give rise to colloidal particles that precipitate in the
medium and are responsible of the drastic decrease
of S/N noticed both in 13C and in 29Si NMR. One
can also note that NMR resonance relative to T2 and
T3 units are relatively large suggesting irregular
macromolecular structure which is in agreement
with 13C NMR observations.

In acidic medium MRPS hydrolysis is faster and
the condensation reactions are drastically slow

down, so the hydrolysed entities are much more sta-
bilized. From 1-h reaction till the end of the observa-
tion (48 h) 100% of the entities in solution are graft-
able with OH-owing surfaces, they bear one or more
free Si��OH branch. The major part of these hydro-
lysed species is dimeric moieties.

Similar trends were noted for MPS. The hydrolysis
rates are lower than that of MRPS either in acidic or
in basic media (Fig. 1). But without any catalyst,
MPS hydrolysis rate is higher than that of MRPS
though it remains very low (10% hydrolysis after
24 h).

The general behaviour of these two silanes is simi-
lar: with TEA, very broad peaks associated with
high molecular weight moieties are noticed on 13C
and 29Si spectra, then in acidic media very sharp
peaks relied with monomeric, dimeric, and low mo-
lecular oligomeric structures are observed. Neverthe-
less some differences could be remarked, as seen in
Figures 4 and 5.

With TEA-catalyse hydrolysis the profile of forma-
tion of the different silicon moieties is similar for the
two silanes.23 In spite of the preponderant formation
of very large high molecular T3 units no precipita-
tion inducing a S/N decrease is observed with MPS
TEA-hydrolysis; the siloxane network remains vis-
cous but liquid even after 1 year.23,24

In acidic medium for both two silanes no T3 enti-
ties are detected during the experiment time (48-h
observation). After 48-h reaction 100% of the species
in solution are graftable, but their formation kinetics
are different for MPS and MRPS. Figure 5 shows
that the maximum of MPS silanol entities T0

H, more
than 75%, is obtained after 3- to 4-h reaction (com-

Figure 4 13C NMR spectra of acid-catalysed hydrolysis of
MPS.

Figure 5 29Si NMR spectra of acid-catalysed hydrolysis of
MPS.
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pared to 95% after 1-h reaction for MRPS). After 12-
h reaction there are 50% T0

H and 50% T1 for MPS
instead of 60 and 40%, respectively for MRPS. After
24-h reaction moieties in solution are 15% T0

H, 75%
T1, and 10% T2 for MPS in place of 35, 60, and 5%,
respectively for MRPS. At the end of the observation
(48-h reaction) it remains 5% initial silanol T0

H, 80%
T1, and 15% T2 for MPS; and for MRPS 20, 70, and
10%, respectively. The MPS hydrolysis is slower
than that of MRPS, but the condensation reactions
are slightly faster. So in acidic medium even though
100% of the entities in solution are graftable for both
two silanes, the MRPS has higher anchoring possibil-
ities because at every time it bears the higher num-
ber of free Si��OH branch for a further OH-surface
matrix condensation.

From this set of experiments, one can conclude
that the acid-catalyzed hydrolysis of silane allows
the formation of high amount of silanol groups,
reduced the selfcondensation reaction among silanol

groups and stabilized the proportion of intermediary
hydrolyzed species for several days. On the other-
hand, under basic condition, condensation reactions
proceed as soon as the hydrolysis reaction started
leading to the rapid consumption of silanol groups,
reaction, through selfcondensation reaction that issue
to three-dimensional high molecular structures and
impede any NMR. The growth of these structures
will greatly affect the chemical anchoring power of
these silanes.

Adsorption isotherms

The second part of our study concerned the adsorp-
tion behaviour of MPS and MRPS on cellulose fibers.
For all the experiment, the contact time of cellulose
suspension with silane solution of 2 h was adopted, to
establish the adsorption isotherm. Indeed, as shown
in Figure 6 the adsorption amount reached a plateau
after 2 h and did not evolve with further contact time.
The adsorption isotherms of MPS and MRPS are given
in Figures 7 and 8, which show that, under acidic con-
ditions, for both silanes no detectable adsorption was
noted, below an initial concentration of 20 mmol L21

(corresponding to about 0.5% w/w with respect to
cellulose). Then, the adsorption has grown and
reached a first plateau at about 0.092 and 0.2 mmol
g21 for MPS and MRPS, respectively. A second pla-
teau at 0.17 and 0.4 mmol g21 has appeared when
higher amounts of the added amount of silane solu-
tion was achieved (more than 2% w/w).

Under neutral conditions, a continuous increase in
the silane adsorption was observed. A single plateau
was found for MRPS and a multiple adsorption pla-
teau was encountered for MPS. These results were
quite unexpected when compared to those estab-
lished under acid condition, in which at least 80% of
the silanol groups were present, while under neutral

Figure 8 Adsorption isotherm of MRPS on cellulose
fibers at two differents pH solution.

Figure 7 Adsorption isotherm of MPS on cellulose fibers
at two differents pH solution.

Figure 6 Evolution of the adsorbed amount of MPS and
MRPS on cellulose fibers versus time using a solution hav-
ing an initial concentration of 0.08 and 0.05 mol/L, respec-
tively.
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condition the silane hydrolysis was practically negli-
gible. Therefore, it can be deduced that the silanol
groups ��Si��OH are not indispensable to promote
adsorption (through hydrogen bonding with
hydroxyl groups of cellulose substrate). Thus, the
adsorption seems to be driven by van der Waals
interactions. Apparently silanol groups display higher
affinity toward the continuous ethanol-water me-
dium (high solvatation process), which reduced the
silane accumulation on the fibre’s surface. On the
other hand the relatively hydrophobic character of
the pristine silane favours its adsorption thanks to
the lower interaction possibility among water or
ethanol solvent molecules and nonhydrolyzed silane
components. This behavior disagrees with that
observed for inorganic substrate.31

XPS analysis

XPS analyses were carried out to give qualitative
and quantitative evidences of silane presence on the
fibre surface. After the silane adsorption, the fibers
were submitted to a thermal treatment at 1108C, in
order to bring about chemical binding of the cou-
pling agent to the cellulose surface. XPS is the most
adapted technique to provide both qualitative and
quantitative information, regarding the different ele-
ments present on the surface and their chemical
environment, when the quantity of the grafted mole-
cules is too low. Figure 9 depicts XPS survey spectra
of electron intensity as a function of binding energy
for virgin material, MPS- and MRPS-treated fibers.
As expected, pristine cellulose displayed only two
peaks at about 533 and 285 eV, attributed to O1s and
C1s, respectively. On the other hand, for silane
treated fibers, in addition to the peaks associated
with oxygen and carbon, the following peaks were
detected: (i) peaks at 103 and 153 eV, characteristics
of Si2s and Si2p respectively, were found for all the
treated samples; (ii) peak at 400 eV attributed to
nitrogen atoms was detected for PAPS-treated cellu-
lose; and (iii) peak at 165 eV, associated with the
presence of S atoms was observed for MRPS-treated
fibers. These data confirm the presence covalent
bonds between the silanes and the cellulose fibers.

Elemental composition on the surface layer, deter-
mined from the area of each peak normalized with
sensitivity factors, for different silane modified fibers
are summarised in Table III. It is worth to note that
the amount of sulphur and nitrogen is close to that
of silicon in MRPS and PAPS, as expected from their
respective structures. Likewise, the amount of anch-
ored silane varied from 0.8 to 1.5% based on the sur-
face layer. The highest level is observed for OS
treated fibers followed by MPS fibers, followed by
MRPS (neutral treatment), MRPS (acid treatment)
and, finally, PAPS. Considering that, in XPS, the

depth of analysis is about 5 nm, and the unit cell
dimension of cellulose separating two cellulose plans
is about 8 Å,32 we could estimate that the surface
coverage of silane ranged from 0.6 to 1 silane mole-
cules per anhydroglucosic unit at the surface of cel-
lulose macromolecule.

However, when we analyze the amount of Si
anchored on the surface after the thermal treatment
a different trend is noted when compared to results
arising from adsorption isotherms (Figs. 7 and 8).
Indeed, the higher atomic concentration is attained
for MPS (acid treatment) followed by MRPS (neutral
treatment) and MRPS (acid treatment) while the
adsorbed amount for MRPS (neutral treatment) is six
times higher then MPS (acid treatment) and four
times higher then MRPS (acid treatment)fibers. This
discrepancy could be rationalised if one considers

Figure 9 XPS Spectra of (a) untreated, (b) MPS and (c)
MRPS-treated cellulose fibers.
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that a part of the adsorbed silane was evaporated
from the surface during the thermal treatment under
partial vacuum. This event is likely to occur since it
has already been shown that the pre-hydrolysed
silanes are only physically adsorbed on cellulose and
it’s their chemical anchoring to the surface could not
occurs only after the thermal treatment.33 In fact, the
lower the hydrolysis and the condensation degree of
the adsorbed silane, the higher is the risk of evapo-
ration during the thermal treatment. This could jus-
tify why the Si atomic concentration is roughly the
same for MRPS-treated fibers arising from neutral
and acid hydrolysis. These results provide valuable
information about the care to take, in order to ensure
efficient anchoring of silane on organic surface bear-
ing hydroxyl groups, in general, and on cellulose
substrate in particular. This is of high importance
because these surfaces differ from inorganic oxide,
namely SiO2 which does not require any thermal
treatment to ensure silane anchoring.

The deconvolution of C1s, N1s, and Si2p peaks
gives better information regarding chemical environ-
ment of different elements detected on the surface of
fibers, as shown if Figure 10. XPS C1s peaks were fit-
ted with three components (and four components in
the case of MPS), and the ensuing results are sum-
marized in Table IV. The signal of C1s1, around 285
eV, is assigned to aliphatic carbons including the
contribution of carbons bound to silicon (C��Si) at
284.5 eV. OS-treated cellulose presents a relative
high amount of aliphatic carbons compared to the

other silane originating from the octyl moiety of OS.
The increase in C1 contribution after treatment indi-
cates the anchoring of silane on cellulose surface,
since its presence enriches this signal by three ali-
phatic carbons. The binding energy of the most
intense component, C1s2, was taken as the reference
to correct the charge shifts. It is centred at 286.73 eV
and is attributed to ��C��OH and ��C��O�� of cel-
lulose34,35 (as shown in Scheme 2). C1s3 corresponds
to O��C��O of cellulose (Carbon ‘‘2’’ in Scheme 2).
The fourth component at 289.3 eV appeared only on
MPS treated. It is assigned to O��C¼¼O rising from
methacrylate function. The binding energy of Si 2p1
(Si 2p3/2), 102.5 6 0.2 eV, is typical of silicon in si-

TABLE III
Elemental Quantifications: Atomic Concentrations (%)

and Atomic Ratios

PAPS
MPS,
pH = 4

SH,
pH 5 7

SH,
pH 5 4 OS

TOA 5 908
C 1s 58.51 55.99 56.57 59.09 59.63
O 1s 40.05 42.37 41.2 39.24 38.73
N 1s 0.84 0.2 0.21 0.2
Si 2p 0.61 1.43 1.11 0.83 1.64
S 2p 0.91 0.64

Atomic ratios
O/C 0.68 0.76 0.73 0.66 0.65
N/C 0.0144 0.0036 0.0037 0.0034
Si/C 0.0104 0.0255 0.0196 0.0140 0.0275
S/C 0.0161 0.0108

TOA 5 308
C 1s 60.55 58.06 59.01 61.14 61.62
O 1s 38.11 40.06 38.45 36.73 36.36
N 1s 0.7 0.24 0.24 0.33
Si 2p 0.64 1.65 1.3 1.01 2.03
S 2p 1 0.79

Atomic ratios
O/C 0.63 0.69 0.65 0.60 0.59
N/C 0.0116 0.0041 0.0041 0.0054
Si/C 0.0106 0.0284 0.0220 0.0165 0.0329
S/C 0.0169 0.0129

TABLE IV
Relative Amount of C1s1

PAPS
MPS,

(pH = 7)
SH,

pH 5 7
SH,

pH 5 4 OS

C 1s 1/
(C 1s 21C 1s 3)

0.30 0.26 0.32 0.36 0.50

Figure 10 Deconvolution of C1s peak of XPS Spectra of
(a) MRPS and (b) OS-treated cellulose fibers. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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loxane groups. The content in Silicon atoms follows
the same trend than that of O/C ratio, for the differ-
ent treated fibers.

O1s was fitted with two components and the
ensuing signals assigned to cellulose oxygen atoms:
O1s1, around 533 eV was attributed to oxygen in
hydroxyl groups and O1s2, around 533.6 eV was
associated to O��C��O (a–b). Furthermore, the dif-
ference B.E.(O1s1) – B.E.(C1s2) 5 246.2 6 0.1 eV is
typical of ��C��OH bonds in cellulose. Moreover,
the quantitative analysis shows that the oxygen pres-
ent in these samples is not exclusively from cellu-
lose. All samples present a ratio (O1s1 1 O1s2)/(C1s2

1 C1s3) larger than the theoretical value O/C in
cellulose unit (0.83), indicating that oxygen origi-
nates also come from anchored silane on the surface.

Contact angle analysis

The evolution of the contact angle values of a drop of
water deposited on the WH5 sheets after their treat-
ment with various coupling agents and at different

conditions is shown in Figures 11–13. As expected, in
the absence of silane the virgin fibers display a low
contact angle (near to 208) arising from the presence of
a high density of hydroxyl groups on cellulose bak-
bone. Treatment with silane brings about an increase
in the contact angle. However, the evolution depends
on many parameters such as the pH, the delay
between the thermal treatment and the adsorption
procedure and the silane structure. When the adsorp-
tion is carried in presence of acetic acid (Figs. 11 and
12), the contact angle after the thermal treatment both
for MRPS and MPS did not attain a constant value
only after ageing of the fibers at ambient condition for
14 days. Above this delay the contact angle attained
about 708 and 808 for MRPS and MPS, respectively.
This effect was much less pronounced when adsorp-
tion occurred under neutral condition.

When the silane is previously adsorbed from neu-
tral solution the effect of the delay period seems to
be less pronounced. The higher reactivity of the

Figure 11 Water contact angle evolution of (a) MRPS,
and (b)MPS –modified cellulosic fibers treated under pH 4
as a function of drying time after heat treatment.

Figure 12 Water contact angle evolution of (a) MRPS,
and (b) MPS –modified cellulosic fibers treated under pH
7 as a function of drying time after heat treatment.
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methoxysilane toward condensation may account for
this behaviour. In this case selfcondensation
occurred between methoxy or ethoxysilane and sila-
nol ends arising from partial hydrolysis of methoxy-
silane by atmospheric humidity. However, the pres-
ence of free non hydrolysed silane on the surface
may lead to some loss either while the sample is
exposed to the ambient atmosphere or by evapora-
tion during the thermal treatment. The evolution of
the contact angle versus the silane structure,
depicted in Figure 13 showed that for trialkoxy sil-
ane, the contact angle varies according to the follow-
ing trend; OS > PAPS > MRPS > MPS. This trend is
in agreement with the relative hydrophobic character
of the radical alkyl appended to the silicon atom.

CONCLUSIONS

The hydrolysis of silanes under acidic catalysis
yielded the formation of high amount of silanol
groups and reduced the selfcondensation reaction of
the ensuing reactive silanol groups.

The silane adsorption on the cellulose fibers was
greatly affected by the pH. It infer that the hydroly-
sis of the silane giving rise to silanol groups is not
necessary to promote the adsorption, which seems to
be driven by van der Waals interactions with cellu-
lose fibers rather than hydrogen bonding of silanol
with hydroxyl groups of cellulose substrate.

This work should be extended to other silane, to
establish the most suitable conditions favouring the
formation of monomeric and dimeric hydrolysed
species, in order to enhance the probability of silane
anchoring on cellulose substrate.

The authors thank Pr. Ana Maria Botelho do Rego and
Dr. Anna Maria Ferraria (CQFM-IST) for her help with the
XPS measurements.
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