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ABSTRACT

Trialcoxysilanes are bifunctional molecules widelged to obtain self-assembled
coatings by the chemisorption route in liquid sabge However, problems arise when the
method is used for porous materials due to crossAlg of alkylsilanes in solution, which
lead to multilayer deposition, non-uniform surfameverage and pore blocking. In previous
works, we have reported detailed studies of théoboup formation of hybrid materials by
the self-assembly of trialkoxysilanes on the swefaaf nanoparticulate systems using
supercritical CQ (scCQ). In this study, the supercritical silanizatioropess is extended to
the modification of the internal surface of mesausr silica gels. The amorphous
mesoporous supports were chosen for analysis int fod the most studied ordered
mesoporous silicas of the type MCM-41 or SBA-15éwese amorphous silica materials are
considered low-cost adsorbents and could be usedange amount of bulk applications. A
hydrophobic silane was used to impregnate thenatesurface to obtain oil adsorbents.
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INTRODUCTION

A simple and cost-effective way of regularly organchemical entities on functional
surfaces is represented by their self-assemblyQhf of the most successful self-assembly
approach is the chemical grafting of long hydrooarichains (R) on hydrated surfacga
trifunctional silanes, most typically, trimethoxy&R(MeOH) or triethoxy R-Si(EtOH)[2-4],
forming well-ordered monolayers. Disadvantages t@f themisorption route include the
necessity of applying large volumes of water, atdehand other organic together with
nanoparticles and nanopores may be complicatedtauzoss-linking of alkylsilanes in
solution, multilayer deposition, non-uniform sudamoverage and pore blocking [5-11].

It has been long-established that supercriticati§lican be used to design innovative
processes by taking advantage of both physicalcaedhical fabrication approaches, which
could be applied to the silanization process [1R-1Y previous works, we have reported
detailed studies of the bottom-up formation of hybmaterials by the self-assembly of
trialkoxysilanes on the surface of nanoparticulatstems using supercritical &cCQ) as
the solvent medium [18-20]. In this study, the sapgcal silanization process is extended to
the modification of the internal surface of poragstrates, mainly silica derivatives, of
diverse pore architecture. Two different siliciumsked materials were scrutinized in this work
belonging to diverse groups of porous solids: mesmys silica gel (Si¢) and microporous



aluminosilicates. Hydrophilic mesoporous silicasgare extremely important commercial
substances, while organically modified silica gefnfosil) is a class of novel material
designed to host a large variety of organic andrgawic guests for applications in
chromatography, catalysis, photochemistry, etc.[2He choice of such amorphous silica
materials relied on their low cost and adsorbeaperties that are suitable for a large amount
of bulk applications. A tridirectional zeolite Ytoim the Faujasite class, was chosen as the
microporous substrate [22].The thermal stabilityface coverage, pore structure and type of
silane-silica interaction were determined using riasutransformed infrared spectroscopy,
thermogravimetric analysis and low-temperaturge ddsorption-desorption characterization
techniques. A Karl Fischer titration method was legpto quantify the adsorbed water
content for both raw and silanized samples, thusngi an indication of hydrophilic
modification [23].

MATERIALSAND METHODS
Materials

Some important characteristics of the processedagratare shown in Table 1.

Table 1. Matrices characteristics.

Type Substrate Sample  Supplier SI0  Particle Vo P
wt%]  sizepm] [cm’g?]  [nm]
Mesoporous  Silica Blue SB Fluka >09.8 1000-3000 0.1 2
Microporous  Zeolite Y Y Strem 49 20-50 0.05 1.3*
Chemicals

* The zeolite Y architecture is defined as almgstegical cavities of 1.3 nm in diameter accessible
through tetrahedral windows of 0.74 nm arranged tindirectional ordered structuf8].

The sample of amorphous silica gel (Silica Bluep Fe@ mixture of meso and
microporosity (SB, with cobalt chloride as indiagtand surface area in the order of 500-800
m?g™. This material was partially dehydrated before lngéeating it in an air oven at 120 °C
during 20 h. The crystalline aluminosilicate (ZYasha tridirectional ordered pore structure.
This zeolite was activated by calcination in a tabwven (Carbolite 3216) at 520 °C during
48 h under a flow of nitrogen with oxygen tracebeTzeolite surface area after calcination
was 740 g,

Octyltriethoxysilane (@Si(OEts from Fluka) and C@ (Carburos Metalicos S.A.)
were used as solute and solvent, respectively. @&egador HO determination comprised Karl
Fischer's Reagent composite (RV, 1 mL reage@t005 g HO) and methanol (RE, according
to Karl Fischer), both from Panreac.

Equipment and Procedure

The supercritical silanization of silica substratgas performed using the set-up
depicted in Fig. 1. A high-pressure autoclave (Design) with a volume of 100 mL, running
in the batch mode, was used for silane deposifoimger tight closure of Polyimide C cup-
type ring containing a self-energizing spring wagdito seal the reactor. Moreover, two
single-crystal sapphire windows, placed 180° apathe reactor body, allowed the visual
follow-up of the process taking place inside of thactor. The reactor was charged vaéh



0.5 g of substrate enclosed in a cylindrical cdgei made of 0.4hm pore filter paper, which
was placed in the upper part of the autoclavenmetallic support. Liquid silaneg. 0.5 mL)
was added to the bottom of the reactor. Experimemie performed in the batch mode.
Liqguefied CQ was compressed by a syringe pump (Teledyne ISGDEP6at the desired
pressure (P). The autoclave was heated at the rchiesgperature value (T) using electric
resistances. The system was stirred at 300 rpmawitiagnetic stirrer during the running time
(t). At the end of each experiment, the reactor degressurized and led to cool to room
temperature. Recovered samples were washed witntngous flow of scC®at 10 MPa
and 318 K during 30 min to remove the excess obsiégd silane. For each substrate, a blank
sample resulting from the supercritical treatmeinthe matrix in the absence of silane was
also prepared under similar supercritical condgiohprocessing and washing.

Char acterization

To confirm the presence of the coupling agent ia theated materials, Fourier
transformed infrared (FTIR) spectra of the solitchples mixed with KBr were recorded on a
Perkin-Elmer Spectrum One instrument. Thermogratrimanalysis (TGA) of the modified
silicas was performed in Ar using a TGA PerkinElnfeand a heating rate of 10 °Cin
Textural characteristics of blank and silanized Si€ubstrates were studied by low-
temperature P adsorption-desorption analysis (ASAP 2000 Micraties). Prior to
measurements, samples were dried at 150 °C duBnly. HSpecific surface areajfSvas
determined by the BET method. Mesopore volumg) @hd mean pore diameter jjDvere
calculated using the BJH method from the adsorpbi@mch of the isotherm, and micropore
volume (Mnp) was estimated by thiecurve method. Weight loss data from the TGA odtee
materials and specific surface area of blank satestrwere used to further estimate the
number of silane molecules per hrfms/nnf] on the surface of the treated matrices.
Molecular weight (Mw) calculations were performeudiependently for the trapped silanols
(Mw cssiconys) = 192) evaporated in the temperature interval 3B°C, and grafted siloxane
(Mw gy = 113) decomposed by cleavage of Si-C and C-C labrtdmperatures higher than
375 °C.

The adsorbed water content was measured using #nke Aischer method. Silica
porous samples were exposed to a relative hunadi®p-65 % (ambient conditions) at 21 °C
during 7 days. Samples were first dried at 120rf@n air oven during 20 h. At the used
hydration temperature of 21 °C, no significant loygsis of siloxane bonds was expected. The
adsorbed water content was measured using a 633Fiaher-Automat (Methrohm AG,
Zofingen, Switzerland equipped with a 715 Dosimatelte and a 703 Ti Stand stirrer.
Approximately 20 mg of each hydrated material waspended in anhydrous methanol with
the aid of magnetic stirring and titrated in a eldvessel using the Karl Fischer's reagent.
Each sample was measured three times and the atithmean was given as the adsorbed
water value. Standard deviations < 5% were foungharp indication of the end point was
obtained by amperometric detection. For the pomaserials under study, the kinetics of
water desorption were monitored at diverse presaletimes of 2, 4, 6, 8, 10, 15, 20 and 30
min. The water desorption to the methanol phase cgasidered to be completed after this
period.



RESULTSAND DISCUSSION

A series of experiments were performed to evaludwe performance of the
supercritical silanization method on porous substraExperimental conditions of each run
are shown in Table 2, together with some produb@racteristics. The influence of the
operating conditions (pressure between 100 andb200temperature between 45 and 75 °C
and reaction time between 90 and 240 min) on procheracteristics was first evaluated. For
the designed high-pressure procedure, the operptegsure and temperature determine the
silane mole fraction in the fluid phase. Workinghdiions, specifically 100 bar and 75 °C,
corresponded to high solubility of silane in scG&4].

Table 2. Supercritical operating conditions and some olairesults: TGA estimated amount of
deposited silane in the interval 150-600 °g}, (Some textural properties obtained by low temipeea
N, adsorption and adsorbed wate,Aafter 1 week of hydration at 60-65 % relativerindity.

Sample T P t ds S, Vp Vm Ay

[°C] [bar] [min] 9091 [M’gY]  [m°gY] [m°g™] [Yowt]
b-SB 75 100 120 - 611 0.09 0.18 14.3
1-SB 75 100 90 0.146 500 0.07 0.17
2-SB 75 100 240 0.144 382 0.06 0.10
5-SB 75 100 420 0.163 52 0.02 0.01 9.7
3-SB 75 200 90 0.133 320 0.05 0.08
4-SB 45 200 120 0.132 464 0.07 0.13 2
b-ZY 75 100 120 - 600 - 0.28 19.0
2-ZY 75 100 240 0.156 425 - 0.17
5-ZY 75 100 420 0.161 352 - 0.14
3-ZY 75 200 90 0.186 360 - 0.17
4-7Y 45 200 120 0.179 360 - 0.17 15.3

The reaction time is identified as a key parametéuencing the diffusion of the
silane solution in the substrate pores. Howevethénperformed series of experiments, with
reaction times ranging from 90 to 240 min, resuitBcated that the influence of the reaction
time was quite limited, suggesting that the silahian process was not diffusion-controlled at
the experimental conditions investigated. This ifigdis related to the facility of scGQor
fast diffusion to the interior of the porous netk&rOnly for the mesoporous SB sample, the
amount of deposited silane increased in experimeert®rmed during 420 min, but in these
cases the effect was most likely associated toilaygtr formation. On the other hand, large
differences in regard of deposited silane and tiegusample characteristics were observed as
a function of the used substrate.



Deposited silane

Thermal behavior of silane treated samples as aglthe amount of impregnated
silane was studied by thermogravimetric analysig. (®).
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Figure 2. Selected TGA profiles of samples prepared usifigrént conditions for: (a) SG, and (b)
ZY.

For all alkylsilica samples prepared, the firstndigant weight loss occurred below
ca. 150 °C, and it was attributed to desorption ofgitslly adsorbed water, also present in
the raw substrates. At temperatures ranging frofd 45 to 600 °C, the weight loss was
attributed to evaporation and decomposition ofdiganic moieties deposited. In general, it is
described that the weight loss occurs mainly in tweven stages, attributed to weakly and
strongly bound alkyltriethoxysilanes. The firstystiakes place fronsca. 150 to 375 °C and
corresponds to vaporization of physisorbed and dgein-bonded silanol molecules. The
decomposition of strongly bounded species (hightss-linked and/or chemisorbed silanes)
by cleavage of C-C and Si-C bonds occurs in a skstep in the range afa. 375-600 °C
[25-27].

Polar mesoporous substrates have a highly reastixface with a hydroxyl surface
density of 4-6 OHNM [28]. In consequence, SB samples lost most ofléposited silane (80
%) in the second temperature stage of the therrpbg{@75-600 °C). The maximum rate of
thermal decomposition occurredcat. 550 °C. The mesoporous space facilitated the sioxa
self-condensation reaction between adjacent sgaant the high hydroxyl surface density
assisted the chemisorption, thus, resulting inligigtable coatings. TGA estimated amount of
deposited silane in the interval 150-600 °C wassfiamed using the BET surface areg (8
silane grafting densityp{rating €xpressed as the number of silane molecules re
nanometer [mnm?]. The estimated grafting densities for SB samplasca. 1.0 mnm®*. As
reported in the literature, the maximum bonding sitgnattained for small-pore silica gel
substrates is 1.6 gmm when working at P > 500 bar [12]. The decreasgrafting density
with respect to maximum was attributed to sterinstactions for molecules inside narrow
irregular pores.



A continuous decay in the thermograph curve wa®mes for microporus zeolite
samples in the range 200-600 °C (Fig. 2b), witlnfiexion point in the derivative curve. The
surface density of silane deposited was 1.0 - Lrinfi Most of the weight losscé. 75-80
%) occurred in the low temperature range (200-3Zp For microporous samples, cross-
linking is sterically hindered due to the lack pase, which resulted in a high number of low
molecular weight species with low evaporation terapee. Moreover, silanol groups in
zeolites were mostly present in the external serfterminal groups, thus being difficult to
attain chemisorption in the internal crystallineqags structure.

Structural characterization

The FTIR spectra of the pristine matrices showddnise absorption bands in the
1000—1400 ci region, which corresponded to the stretching ¥ibns of the O-Si—O bond
in the SiQ tetrahedrons of the SiGkeleton. The band aa. 950 cm" was associated with
vibrations of Si-OH bond. The two intense absorpti@nds present at 3400 and 1620'cm
were assigned, respectively, to the stretching defdrmation vibrations of adsorbed water
molecules. The presence of silane coating in tlepared samples was confirmed by FTIR
(Fig. 3) [29]. Characteristic bands correspondiaghte organic part of the silane molecule
were those appearing a&. 2955 cnit (CH; symmetric stretching), 2928-2914 ¢nfCH,
antisymmetric stretching) and 2851 ¢fCH, symmetric stretching).
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Figure 3. FTIR spectra of different impregnated matrixes.

Textural properties

The decrease in surface area was more noticeabkubstrates with microporosity,
such as SB and ZY (Table 2). The thickness of gpodited €SiO- layer was estimated to be
ca. 1.2 nm. As a consequence, silane deposition neaddonsiderably the architecture of the
cylinders with the smallest pore diameter, whicld Ha highest contribution to the specific
surface area. Similarly, the deposition of silan@laoules on the internal surface of porous
materials implied a decrease in pore volume, aifieith to both decrease in mean pore
diameter and potential pore blocking, more sigaiiicfor materials with micropores.



Water uptake

The treatment of the silica materials with silaresvexpected to confer hydrophobicity to
the samples. A preliminary test on the hydrophdi®bavior of the silanized material was
performed by placing a water droplet on the surfasfoentreated powder wafers of compacted
and silanized SB. It can be observed that for théemwof untreated material, the contacting
angle of water was initially less than 30° (Fig) #alicating a hydrophilic material. On the
contrary, for the silanized wafer, the water droma the top of the surface had a contact
angle greater than 90° (Fig. 4b) showing its hydodgc character.

Figure 4. Water droplet over powder compacted wafer of: ajreated sample b-SB, and (b)
silanized sample 2-SB.

In the SB samples, the modification of the watdsaaption capacity was evidenced
qualitatively from the color change of the moistunelicator (0.5-1 wt% cobalt chloride
impregnated in the SB) from blue (dry) to pink (starized). As shown in Fig. 5, after 1 h of
moisture adsorption under ambient conditions, th& polor was more evident for blank than
for treated samples and the persistence of blua cotreased with the processing time from
90 to 420 min.

dry
samples

after 1 h

Figure 5. Optical pictures showing the modification of trior of silica blue samples from blue (dry)
to pink (water saturate) by exposing them to airedadhumidity of 64 % at 21 °C.



In this work, the determination of water adsorbsthg the Karl Fischer method was
used to evaluate the hydrophobicity acquired bwté® samples. Some samples were
hydrated under ambient conditions during one wekkble 2) and the water desorption
kinetics were then studied (Fig. 6). The percentageater uptake for mesoporous samples
was reduced ta@a. 50% after silanization. Water adsorption drop wesslimportant for
microporous zeolite samples than for mesoporousieceat For amorphous mesoporous
silica, residual uncondensed hydroxyl groups frdme triginal polymeric silicic acid
remained on the surface of each primary silicaigag, conferring upon silica gel its polar
properties. Hence, the replacement of some Si—Oblupgr by hydrolytically stable
(chemisorption) €Si- hydrophobic groups prevented, in part, watergp@tion. On the other
hand, the zeolite is a crystalline hydrated alursilizate whose framework structure encloses
cavities occupied by water molecules linked to seface by electrostatic forces. Silane
physisorption in such a pore network did not preéwdfectively the adsorption of polar water.
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Figure 6. Curves of desorbed water, obtained using the Radher analytical method, from meso
and microporous blank and silanized selected sangfter hydration during one week: (a) SB, and (b)
ZY.

CONCLUSIONS

The silanization of silica meso and microporous studbes with a hydrophobic
alkylsilane in scC@ has been investigated. The effectiveness of tperstitical process at
100-200 bar and 45-75 °C was confirmed by meanshefpresence of a polysiloxane
network, according to the ATR-FTIR spectrum of filanized samples. TGA indicated that
higher grafting densities were obtained in micr@per substrates than in mesoporous
materials. However, chemisorption was the domipantess found in mesoporous substrates,
while physical deposition was the behavior obsefeeanicroporous matrices. Similarly, the
percentage of water uptake was considerably redoodg for mesoporous samples after
silanization.
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