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bstract

orous oxycarbide Si–Ti–O–C glasses have been studied as potential materials for inorganic membranes. Such materials were prepared by
yrolysis of hybrid materials in nitrogen atmosphere. These hybrids were synthesized by the sol–gel process using tetraethylortosilicate (TEOS),
olydimethylsiloxane (PDMS) and titanium orthotitanate (TBOT) as raw material. The influence of the TEOS/TBOT molar ratio on the pore size
istribution has been studied in the range of pyrolysis temperatures between 400 and 1100 ◦C. The oxycarbide materials were characterized by
T-IR and NMR spectroscopies, XRD, mercury porosimetry, nitrogen adsorption and SEM. Bimodal pore size distributions showed one mode close
o 0.02 �m and the other one in the range between 1 and 100 �m of pore diameter. Such pore sizes increase with the amount of TBOT. Reduced
ffective diffusivities were calculated by a theoretical model taking into account the mentioned pore size distributions. Diffusivities appeared in
he range from 0.46 to 0.77 and increase with the titanium concentration in the oxycarbide.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

During the last years a great effort has been carried out in
eveloping silicon oxycarbide glasses.1–4 These materials have
he general formula SiCxO2−2x + C, where C represent the pres-
nce of free carbon. The substitution of oxygen by carbon leads
o the presence of carbidic carbon units [C(Si)], which increase
he bond density and, therefore, strengthen the material struc-
ure. Thus, all of the physical and chemical properties which
re related to the material structure, such as glass transition
emperature, chemical durability, elastic modulus and hard-
ess, etc., are expected to increase. Silicon oxycarbide glasses
re usually prepared by pyrolysis of inorganic–organic hybrid
aterials1,3,5 and have potential applications as lightweight

tructural materials,6 fibers, catalyst supports,7 etc. The good
hermal stability, resistance to oxidation, easy change of material
omposition and easy preparation make these materials attrac-
ive for many applications.

Different works have shown the preparation of porous oxy-

arbide glasses with a wide distribution of specific surface areas
nd pore volumes.6–8 In this study, we report on the preparation
f silicon–titanium oxycarbide membranes by pyrolysis in inert
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tmosphere of hybrid organic–inorganic preceramic materials
btained by sol–gel. The effect of the chemical composition and
he pyrolysis temperature on the membrane porosities have been
tudied.

. Experimental

Silicon–titanium oxycarbide membranes were obtained
hrough the pyrolysis of thick hybrid films prepared from
etraethyl orthosilicate (TEOS) (Merck, for analysis), tetrabutyl
rthotitanate (TBOT) (Aldrich, for analysis), and hydroxyl tem-
nated polydimethylsiloxane (PDMS) (Gelest, for analysis) with
verage molecular weight of 550 g mol−1 in isopropyl alcohol
nd using hydrochloric acid (HCl) as catalyst. The sol–gel reac-
ion was performed at 80 ◦C. Firstly a TEOS-PDMS sol was
ydrolysed with HCl and H2O and afterwards the TBOT solu-
ion was drop-wise added for half an hour in order to avoid
recipitation of Ti(OH)4. After 60 min spreading of the solution
nto the petri dishes gave a thick film of about 200 �m that was
onveniently dried up to 120 ◦C. Inorganic/organic mass ratio
as kept constant at 70/30 and the molar ratio TEOS/TBOT

as varied as follows: 70/0, 69/1, 67/3, 65/5 and 63/7, repre-

enting the samples: MST0, MST1, MST3, MST5 and MST7,
espectively. The molar ratio HCl/H2O/i-PrOH/inorganic was
xed at 0.5/3/4.5/1. The dried films were pyrolyzed at 400, 600,
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ig. 1. 29Si NMR spectra: (a) MST7 hybrid sample as-prepared and at differen
rom the different titanium concentration hybrids.

00, and 1100 ◦C under dried nitrogen flowing at 150 ml min−1

orming silicon–titanium oxycarbide glass membranes.
Both hybrid films and silicon–titanium oxycarbide mem-

ranes were characterized by 29Si Nuclear Magnetic Resonance
Varian NMR-400 spectrometer operating at 79.41 MHz, rota-
ion frequency of 260 kHz, recycle delay of 15 s, 5 �s pulse and
etramethylsilane as reference), infrared spectroscopy (Perkin-
lmer FT-IR spectrophotometer 1720X with 2 cm−1 resolu-

ion), X-ray diffraction (XRD, Siemens D-5000 diffractometer
sing Cu K� radiation), scanning electron microscopy (SEM,
eiss DSM 950), mercury porosimetry (Autopore II 9215 from
icromeritics in the range of pressures between 0 and 200 MPa)

nd nitrogen adsorption–desorption isotherms (Tristar instru-
ent, Micromeritics Co. at −196 ◦C). Elemental carbon con-

entration was determined by a Leco CS-200 elemental analysis
nstrument.

. Results and discussion

.1. Characterization of the hybrid films and Si–Ti
xycarbide membranes

29Si NMR analysis of the as-prepared hybrid films and pyrol-
sed at different temperatures (Fig. 1) showed unequivocally the
resence of Si–O and Si–C bonds. The signals at −20 ppm and
107 ppm in the hybrid (MST7) corresponds to D (SiO2C2)

nd Q (SiO4) units, respectively.9 The shoulder of the D peak is
ttributed to the D(Q) units, i.e. polycondensation sites between
DMS molecules and Si-OH.9,10 On the other hand, the shoulder

n the Q peak has been assigned to non-polycondensed Si-OH
roups from the hydrolysed TEOS.9 Pyrolysis up to 400 ◦C does
ot vary the D signal but the Q peak (Si-OH groups) decreases
ue to the increase of the polycondensation degree as a result of

s
2
2

eratures of pyrolysis and (b) silicon–titanium oxycarbide membranes obtained

yrolysis. The spectrum collected at 600 ◦C showed the decrease
f the D units and the non-presence of the Si-OH groups as a
esult of the redistribution reactions of PDMS molecules5 which
re also responsible of the new signal at −65 ppm assigned to
he formation of T (SiO3C) units.5,11 The 29Si NMR spectra
ollected at 800 and 1100 ◦C showed the completion of the min-
ralization of the network which causes the broadening of the
ignals associated to the different oxycarbide sites.12

According to Fig. 1b, which shows the 29Si NMR spectra
f the different oxycarbide membranes, the increase of titanium
ncreases the signal at lower chemical shift due to the increase of
iC4 and SiC2O2 oxycarbide sites whose positions are located
lose to −16 and −35 ppm, respectively.12

The FT-IR spectra (Fig. 2) confirm the observations from
he 29Si NMR spectra. The hybrid films showed the C–H
tretching vibrations at 3000–2800 cm−1, the Si–CH3 bending at
265 cm−1 and the different type of Si–O–Si stretchings at 1180,
090 and 1030 cm−1 D(Q) units of 29Si NMR corresponds to
he peak centred at 850 cm−1. The bending vibrations of SiX4

−
X = C, O) and O–Si–O bonds appears at 800 and 410 cm−1,
espectively.

Redistribution and mineralization reactions transform the
ybrid films into inorganic materials produce the changes of
he FT-IR spectra:5 C–H bonds disappear as CH4 and H2 are
ormed and removed by the flow carrier gas, the Si–CH3 groups
f PDMS evolve to Si–C–Si bonds which form the silicon oxy-
arbide structure.1,3,4 The presence of higher amounts of TBOT
evelops a weak shoulder between 900–850 cm−1 attributed to
he Si–C stretching vibration13 indicating the increase of car-
idic carbon units [C(Si)].
The carbon content continuously decrease with the pyroly-
is temperature independently on the TBOT concentration. The
0 wt.% C of the films decreases up to 1.90, 191, 1.98, 2.05 and
.17 wt.% C respectively for the MST0, 1, 3, 5 and 7 oxycarbide
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ig. 2. FT-IR spectra: (a) MST7 hybrid sample as-prepared and at different tem
itanium content.

embranes obtained at 1100 ◦C. This is due to the redistribution
nd mineralization reactions occurring during the hybrid-to-
xycarbide material transformation. The low carbon content of
he membranes arises from the difficulty to retain carbon in both
hick and thin films, as it was showed by Colombo et al.14 but,
ccording to the SiCxOy signals of the NMR spectra, most of
his carbon can be found in the oxycarbide network.

SEM micrographs showed that the processed silicon oxycar-
ide glass membranes are homogeneous and display a thickness
f about 160 �m (Fig. 3a). The as-prepared hybrid films exhibit
hrinkage of about 20% during pyrolysis and the microstructure
f the final membranes appears to be formed of small spherical
articles of about 200 nm (Fig. 3b).

The hybrid preceramic films showed low specific surface
rea (SSA) values, ranging from 26 m2 g−1 for the MST0, to
9 m2 g−1 for the MST7 sample (Table 1). These values increase

p to 470 m2 g−1 when the pyrolysis is carried out at 400 ◦C,
howing the formation of micropores during treatment but higher
emperatures causes the decrease of the SSAs. On the other
and, SSAs of silicon–titanium oxycarbide membranes (Table 1)

a
p
t
m

Fig. 3. SEM micrograph of a silicon–
res of pyrolysis and (b) silicon–titanium oxycarbide membranes with different

how values very close to that obtained for unsupported SiO2-
ased hybrid membranes.15 Therefore, low amounts of TBOT
1%) causes an increase of the SSA whereas additions of higher
mounts of this alkoxide make continuously decrease the SSA
alues, a result that can be associated to the catalytic effect of
he TBOT on polymers such as PDMS.16

Mesopore size distributions have been obtained by using
he Barret–Joyner–Halenda (BJH) method applied to the nitro-
en adsorption isotherms17 while macropore size distributions
pores with sizes between 50 nm and 100 �m) have been
btained from mercury intrusion measurements.18 PSD presents
wo modes: one in the range of mesopores and the other in the

acropore region which are given in Table 1. Addition of TBOT
roduces opposite effects in such mean pore sizes. Thus, for
he MST0 oxycarbide membrane the mesopore mode is located
t about 2.9 nm and the macropore one at 50 �m. Taken into

ccount that the membrane thickness is close to 160 �m, the
resence of the macropore mode must be associated to the forma-
ion of bubbles interconnected with mesopores. The mesopore
ode is very close to that obtained for other hybrid and inorganic

titanium oxycarbide membrane.
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Table 1
SSA, pore volume and effective diffusion coefficient (Dre) values for silicon–titanium oxycarbide membranes

Sample SSA (m2 g−1) Pore volume (cm3 g−1) Mean pore size Dre

Mesoporous (nm) Macroporous (�m)

MST0 77.36 0.28 + 0.08 = 0.36 2.9 50.7 0.46
MST1 94.58 0.18 + 0.15 = 0.33 5.9 19.2 0.54
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ST3 61.15 0.12 + 0.27 = 0.39
ST5 59.06 0.17 + 0.36 = 0.53
ST7 54.81 0.29 + 0.49 = 0.78

embranes.15,19 The increase of TBOT results in the increase of
he mesopore diameter and the decrease of the macropore one
hile the inverse trend is observed for the intensities of both
odes. Then, the mesopore mode increases from 2.9 to 45.8 nm

nd the macropore mode decreases from 50 to 1.7 �m, from the
ST0 to the MST7 silicon–titanium oxycarbide membranes.

hus, silicon–titanium oxycarbide membranes of very different
ore size modes can be prepared by adding concentrations of
BOT up to 7 wt.% (Fig. 4).

.2. Effective diffusivity of silicon–titanium oxycarbide
embranes

Effective application of porous solids in sorption depends
arkedly on their interparticle mass transport abilities, quanti-
ed by the effective diffusion coefficient. If the porosity of the
repared silicon–titanium oxycarbide membranes is taken into
ccount, moderate mass transport properties may be expected.20

sing the effective medium theory, Burganos and Sotirchos21

eveloped a convenient and reliable method for calculation of
he effective diffusivity in porous solids. Neglecting Knudsen
iffusion coefficient, the effective diffusivity in a porous struc-
ure is given by:
ef = D[ε(d2)e]

τ(d2)
(1)

ig. 4. Pore size distributions (PSD) obtained from nitrogen gas desorption
sotherms and mercury porosimetry results for the silicon–titanium oxycarbide

embranes prepared by pyrolysis at 1100 ◦C of the corresponding hybrid films.
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6.9 16.6 0.53
15.5 6.5 0.61
45.8 1.7 0.77

here ε is the porosity, D the bulk diffusion coefficient, τ the
ortuosity factor, and (d2)e and (d2) are calculated from the equa-
ions:

d

d2 − (d2)e

d2 − (Z/2 − 1)(d2)e
n(d) dd = 0 (2)

d2) =
∫
d
d2n(d) dd∫
d
n(d) dd

(3)

here n(d) is the pore number distribution computed for a cylin-
rical pore geometry and Z the mean coordination number or
ore connectivity. The effect of the pore network structure on
he effective diffusivity may be better estimated using normal-
zed values, i.e. the reduced effective diffusivities, Dre:

re = Def

Dε/τ
= (d2)e

(d2)
(4)

Diffusivities correspond to the above mentioned mesopore
ode of the PSDs. Dre estimated for the MST0 hybrid film

xhibits a value of 0.71 which changes to 0.83, 0.63, 0.48 and
.46 at the pyrolysis temperatures of 400, 600, 800 and 1100 ◦C,
espectively. This behaviour agrees with the porosity formed
r removed during the pyrolysis process. Dre of the oxycar-
ide membranes (see Table 1) are close to those estimated for
onventional silica or alumina porous supports22 and are lower
han those estimated for silica aerogels.20 Therefore, these data
learly confirm the possibility of producing silicon–titanium
xycarbide glasses to be used as membranes for liquid and gases.

. Conclusions

Silicon–titanium oxycarbide membranes have been obtained
y pyrolysis of hybrid organic–inorganic materials. The increase
f titanium produces an increase of the SiO2C2 and SiC4 units.
he membranes presented bimodal porosity in which the meso-
ore volume decreases whereas diameter increases with the

ncrease of titanium content.

The calculated effective diffusivities increase with the pore
iameter, i.e., with the amount of titanium forming the mem-
rane. Thus, low variations of titanium concentrations on the
ilicion oxycarbide membranes caused very different pore size
istributions and, therefore, different diffusivities of such mem-
ranes.
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