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Silica monolith aerogels with different degrees bydrophobicity by incorporating
methyltrimethoxysilane (MTMS) or trimethylethoxysile (TMES) in standard sol-gel
synthesis were prepared. Excellent properties ef dbrogels, obtained with the sol-gel
synthesis, were preserved with supercritical dryimgh CO,. The degree of the
hydrophobicity of the aerogels was tested by méaguihe contact angleB) of a water
droplet with the aerogel surface. The aerogels &k@ characterised by FTIR measurements.
Adsorption capacity measurements show that sileagels are excellent adsorbents for
different compounds dependent on its degree ofdpfybicity. Hydrophilic silica aerogels
are shown to be better adsorbents of water moisameé vapours of volatile organic
coumpunds from air than conventional adsorbentsth@rother hand, for hydrophobic silica
aerogels and mercapto (-HS) modified silica aesog&as proved that they are efficient
adsorbents of organic and metal contaminants fromtenv Compared to the most used
adsorbents - granulated active carbon (GAC) amchsijel, aerogels exhibit capacities which
enormous exceed that of both mostly used adsorbents

INTRODUCTION

Silica aerogels are nanostructured materials watndoam like structures having low density
(as low as 5 kg, high surfaces area (1000 nig?) and high porosity (> 95%). These
features lead to unique properties, such as smadixi of refraction (1.01 to 1.1), low elastic
modulus (<0.5 MPa), low thermal conductivity (0\Mm™K™) and to excellent accessibility
of the inner surface through open porous networke Of the most important properties of
silica aerogel is also the possibility to conttslhydrophobicity.

Aerogels are synthesized by sol-gel process viadhysis of silicon alkoxides followed by
condensation to yield polymeric network. A sol-gela porous network in a liquid, whose
progressive densification leads to a biphasic nmadilihe process of gelation starts with
aggregation of monomers into fractal clusters, Whlten interpenetrate to some extent and
finally link together to form an infinite networkhese wet gels are dried by the supercritical
method. This technique attenuates the capillargeforand the structure of aerogels is under
very little internal stresses that have minor dftecthe gel properties.

Aerogels, based on tetramethoxysilane (TMOS) peseurare hydrophilic and become wet
with atmospheric moisture or water, but with appiate chemical modification, the surface
of the aerogel can be rendered hydrophobic sottieatvater molecules will be repelled [1].
The main reason for hydrophilicity of silica aertsgés the presence of Si-OH groups in
aerogel structure as they promote the adsorptiomadér. By replacing Si-OH groups with
hydrolytic stable Si-R groups (R = GHl the adsorption of water is hindered and thus



hydrophobic silica aerogels are obtained. The degfethe hydrophobicity of the aerogels
was tested by measuring the contact an@l@fa water droplet with the aerogel surface.
Small pores, such as micropores and mesoporedt iedarge surface area responsible for
adsorption. Pore size, pore distribution and sertaea, as well as pore surface chemistry, are
the major factors in the adsorption process. Silieangels meet these conditions because
these materials have high specific surface areagy tare stable after several
adsorption/desorption cycles with no loss of effidy, they are easy recovered and they
exhibit capacities which enormously exceed thatcofnmonly used adsorbents such as
granulated active carbon (GAC) and silica gel.

Due to above mentioned remarkable properties, a&yogould, besides other well-known
applications [2], serve as good adsorbents formaatd other organic vapours [3-¥}ith change

in hydrophobicity of aerogels they can be used &saemoval of organic solvents from
water. Aerogels, modified with mercapto (-HS) fuootl groups could be used for the
removal of different heavy metals from water.

The aim of this work is to determine the feasipitif using hydrophilic and/or hydrophobic
silica aerogels for cleaning certain organic andaineontaminants from wastewater and air
and also for adsorption of water vapour, and to/igieo adsorption capacity data to compare
with GAC and silica gel.

MATERIALSAND METHODS

Silica aerogels of different degree of hydrophdlyievere prepared by sol-gel processing a
tetramethoxysilane (TMOS - Aldrich, 98%) with methgroups containing alkoxides
methyltrimethoxysilane (MTMS - Aldrich, 98%) andntethylethoxysilane (TMES — Fluka,
97%). For preparation of silica gels modified witmercapto functional groups
mercaptopropyltrimethoxysilane (MPTMS, 97 % - ABGRgs usedOther chemicals include
methanol (Merck, p.a.), 25 wt.% solution of NETKI Hrastnik, p.a.) and distilled water.

Silica gels doped with methyl groups were synthegkisy mixing TMOS, MTMS or TMES,
methanol, water and ammonium hydroxide in diffemmolar ratios. In order to prepare silica
aerogels with different degrees of hydrophobidityg molar ratios MTMS (or TMES): TMOS
were varied as shown in Table 1.

Silica gel doped with mercapto (-HS) functional @pe MPME was synthesised by adding
coprecursor MPTMS, in standard sol gel proceduserilged above.

The apparatus used for sol-gel synthesis is alrpaglsented in previous articles [5]. Alcogels
were aged in methanol for five days at room tentpega The second step in the production
of aerogels was the drying of wet gels. In supgeeaili carbon dioxide drying, alcohol from
the structure of the gel was replaced by carboridiéoat 40 °C and 100 bars [5].

RESULTS

Characterisation of aerogels. For different adsorption processes silica aerogeith
different degree of hydrophobicity were preparedvhyying molar ratios MTMS/TMOS or
TMES/TMOS. Hydrophobicity of aerogel adsorbents wested and contact angles that were
measured directly from the photograph image.

The results of the specific surface area, totakpaiume and pore diameter measurements
(Table 1) show that with the incorporation of MTM TMES the specific surfaces are
lowered.



Table 1: Properties of different modified silica@gels.

mol. ratio contact  BET surface pore volume average pore C value
sample MTMS /TMOS angle [  area[ni/g]" [cm/g] size [nm]
TMOS 0 / 812 3.67 18.1 90.0
MTMS1 2 133 719 2.28 12.7 47.6
MTMS2 5 144 560 1.26 9.0 99.4
MTMS3 10 157 112 0.13 5.8 5.9
MTMS4 o 173 3.65 0.005 4.8 -457

mol. ratio

TMES/TMOS

TMES1 5 180 732 2.79 15.3 32.0

mol. ratio

MPTMSM/TMOS

MPME1 0,5 518 1,88 14,5 44
MPME?2 1 260 2,00 30,7 41
MPME3 2 79 0,44 22,2 44

I Determined using Braunauer-Emmett-Teller (BET) methsidg N gas adsorption.
2 Nitrogen sorption is not appropriate method, beeanf highly microporous material.

It can also be observed that with TMES modificatmympared to MTMS modification
higher degree of hydrophobicity can be achievedwaer molar ratios and properties such as
specific surface and pore volume are not signitigacthanged.

Adsor ption of water vapour.

To compare adsorption capacities of water vapooamfthe air, hydrophilic TMOS based
aerogel were used as well as two commercial adstsb&rom Figure la the affinity of
different adsorbents for water vapour can be seen.
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Figure 1. a.) water vapour adsorption on hydrophilic siliaarogel (TMOS) and two
commercial silica gels and b.) adsorption capaxité TMOS aerogel during repeated
adsorption/desorption cycles.



The saturated amount of water adsorbed on aeragtie highest in the case of hydrophilic
TMOS based silica aerogel (~1.35 kg/kg). The typadsorption isotherm for commercial

silica gel 10-40 is the same as that for silicaoger (type V), but the saturated amount of
water adsorbed is much lower and it is around @.6fkvater/kg of adsorbent.

Figure 1b shows results of repeated adsorptionfdésn cycles of water vapour. The

adsorptivity of silica aerogels decreased markexdtgr the first cycle, but after this drop,

adsorptivity remained more or less stable in the 886 cycles.

Adsor ption of solventsfrom water.

Two silica aerogel samples with the highest degrie@ydrophobicity, a sample prepared
using pure MTMS (MTMS4) with contact angle of 178Ad a sample prepared using
TMES/TMOS =5 (TMES1) with contact angle of ~18@%re used for the adsorption studies
of various solvents from water.

Freundlich isotherms for different adsorbates dasdrfrom water with hydrophobic silica
aerogel MTMS4 are shown in Figure 2. The lines areast-squares fits to the data and
correlation coefficients are given. The FreundlcmstantsKs and1/n, are determined from
the slope and intercept of this plots.
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Figure 2: Freundlich isotherm plot for adsorption of ditfet adsorbates from aqueous
solutions by a superhydrophobic silica aerogel MBPMEhe lines are a least-squares fits to
the data and correlation coefficients are given.

Table 2 Freundlich constants and adsorption capacitiessMordifferent superhydrophobic
silica aerogels MTMS4 and TMES1 compared to GAC.

Adsorbat MTMS4 aerogel TMESI aeroge! GAC®
Ks / adsorptior
K; / adsorption K; / adsorption capacity

capacity (mg™)® 1/n  capacity (mg?})®  1/n (mgc™)? 1/n
toluene 134« 1.7 270¢ 1.7 26.1 0.44
benzen 30C 2E 311 2.¢ 1.C 1.€-2.¢
ethylbenzen 402t 1.2 621t 1.2 53.C 0.7¢
chloroforr 26¢ 1kt 67€ 2.8 2.€ 0.7t
xylene 251¢ 1.C 314: 1.C 174.¢-230.( 0.42-0.7¢
chlorobenzer 2519 2.6 3747: 2.4 91.C 0.9¢
1,2-dichloroetha 25€ 2.8 21¢ 5.8 3.€ 0.8:
trichloroethylen 158z 1.2 200z 1.€ 28.( 0.62

& For adsorbate concentration of 1 g/L.
® Adapted from Dobbs and Cohen (1980) and LaGregh ¢2001).



The capacities of superhydrophobic aerogel samdles1S4 and TMES1 compared with
GAC for the concentration of 1 glare shown in Table 2 for each of adsorbate tested.

The adsorption capacity of both superhydrophobiicasiaerogels MTMS4 and TMES1
exceeds that for the GAC for all of the adsorbaested. From the comparison between
Freundlich constants for GAC and hydrophobic silaerogels it can be concluded that
aerogels are much better adsorbents. Adsorptioacdgpof aerogels is from 15 to 400 times
higher.

Adsorption of BTEX vapoursfrom air.

For the removal of different BTEX vapours from &arious adsorbents were tested. The
adsorption capacities of benzene vapours of albsbogels and two commercial adsorbents
(silica gel with mean particle sizes 100-200 um actvated carbon — Bayer O1E 1179)
tested are presented in Figure 3. The results stmav the adsorbent with the highest
adsorption capacity of benzene vapours from aithydrophilic silica aerogel, and its
adsorption capacity exceeds that of AC or SG dipmtly. With the increased degree of
hydrophobicity, the performance of aerogels in een$§ adsorption benzene vapours is
lowered, probably due to the reduction of BET stefareas and micropore structure (see
Table 1). Contrary to MTMS based aerogels, for TMiESed silica aerogel which is also
super hydrophobic, higher specific surface aredetermined and consequently also higher
adsorption capacity of benzene vapour. Becauss bfydrophobicity it does not adsorb water
vapour from waste gas streams, which is ubiquitousxdoor environments and in many
types of industrial gas streams and could alterattsorption capacity [6]. From this point of
view, the hydrophobic aerogel (TMESL) is superids@bent of benzene or toluene vapours
compared to other used adsorbents, especiallyd@dmmercial ones (SG and AC).
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Figure 3: Comparison of adsorption capacities of differ@t$orbents used for the removal of
benzene from air in two repeated adsorption/desorlycles.

The comparison between two aerogel adsorbents (TIV&8 TMES1) and two commercial
adsorbents (SG and AC) used as adsorbents of mhifBfEEX vapours is given in Table 3.
The amounts adsorbed on adsorbents are almosanhe isrespective of adsorbate (each of
BTEX compound). The highest adsorption capacitydersgel TMOSL1 followed by aerogel
TMES1, which adsorbs approximately 10-20 % lessjths moisture resistant comparable to
other adsorbents



Table 3: Comparison of adsorption capacities of four différadsorbents used for removal of BTEX
vapours from air.

Adsorption capacity [g/100g]*

Adsorbent Benzene Toluene Ethylbenzene Xylene
TMOS1 95.91 91.14 93.98 102.54
TMES1 71.23 80.89 69.85 74.35
SG 65.39 64.64 64.85 64.12
AC 34.34 36.69 35.14 35.40

*STDEV < 2.

The results in Figure 4 show that with the incrdadegree of hydrophobicity of the silica
aerogels based on MTMS, the adsorption capacityedses, which is probably due to the
reduction of BET surface areas and micropore siractThe adsorption on micropores is
limited by small micropore surface area availakdéthough the location of adsorbate
molecules occurs with stronger interaction dueydrdphobicity of the surface than in case
of mesopores of hydrophilic silica aerogel withiteg surface area. Contrary to MTMS based
aerogels, for TMES based silica aerogel which s auperhydrophobic, higher specific
surface area is determined and consequently algloehiadsorption capacity of benzene
vapour.
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Figure 4. Dependence of adsorption capacity on BET surfaea for the adsorption of
benzene vapours on aerogel adsorbents with ditfégeirophobicity.

Adsor ption of heavy metalsfrom water.

The adsorption of heavy metals on prepared funaliped silica aerogel MPME was studied
by batch technique [7] at room temperature. Thaberhtory tests for measuring adsorption
capacity are designed to be rapid screening metloodee determination of the performance
of different adsorbents. At first it was determirfed which heavy metal ions is the aerogel
adsorbent selective and most effective. Mercaptdified aerogel was used as an adsorbent
for the removal of seven different heavy metal ions

From Figure 5 it can be seen that mercapto aefdrNMEL is the best adsorbent for the
removal of Cu and Hg ions. That is why only heawtahions of these two metals were used
for further examination.
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Figure 5. The effect of using different heavy metal ionspancent removal of heavy metals
by mercapto aerogel.

To compare the obtained results with other adsdsbesed for adsorption of heavy metal
ions, Freundlich and Langmuir isotherm constantaikhbe determined from Freundlich and
Langmuir isotherms.

From the results it can be observed that mercagtogal adsorbs Hg ions in greater extent
compared to Cu ions. But compared to other knowsorxnts (listed in Table 4), modified
silica aerogel with mercapto functional groups isesay efficient adsorbent of both Cu(ll) and
Hg(ll) ions from water.

Table 4. Comparison of Langmuir constarggi.e. adsorption capacity) for adsorption of Cu
and Hg ions onto various types of waste biomass symihesised materials reported in
literature [8].

Adsor bent 0o (Mg/g)
For Cu ions
Rubber Hevea brasiliensis) leaf powder 5.65
Tea waste 18
Litter of natural trembling poplar forest 28.
Silica gel functionalized with 4-phenylacetophynone 0.76
4-aminobenzoylhydrazone
Hybrid surfactant-templated mesoporous silica 25.03
Activated carbon cloths 11.05
Polybenzoxazine aerogel 1.50
MPME aerogel (our research) 51.02
For Hg ions
Biomatrix from rice husk 36.10
Guava Psidium guajava) bark 3.36
Extracellular biopolymer poly(c-glutamic acid) .96
Poly(glycidylmethacrylate-methylmethacrylate),
p(GMA-MMA-EGDMA) magnetic beads 148.60

M PM E aerogel (our research) 181.81




CONCLUSION

With variation in molar ratios of precursors TMOB,TMS and TMES monolith silica
aerogels with different degrees of hydrophobicigrevobtained. It was observed that molar
ratios and the type of the precursor, water, sahagm catalyst affect hydrophobicity and
structural properties of the aerogels significantly

Hydrophilic silica aerogel that was used for watepour adsorption exhibit adsorption
capacity around 1.3 kg of water/kg of aerogel, Wwhi€ markedly higher than that of any
known adsorbent today. What is more, the adsotptief hydrophilic silica remains
practically unchanged after 25 repeated ads/ddesyc

Superhydrophobic aerogels are shown to be vergiefili adsorbents of volatile organic
compounds (VOCs) from water. The adsorption capaxitoth hydrophobic silica aerogels
tested exceeds the capacity of comparable GAC forenthan ~50 times. By complete
regeneration with hot inert gas, silica aerogel odosnts could be reused in many
adsorption/desorption cycles without any significkrss of adsorptivity and BTEX vapours
could be recovered as liquid.

The investigation has also shown that silica adragsorbents are very efficient for the
removal of toluene and benzene vapours from waasestreams. The possibility to tailor
hydrophobicity and consequently moisture resistaotesilica aerogel adsorbents, their
repeated use in many adsorption/desorption cyclakenthem superior to conventional
adsorbents as silica gel and activated carbon.

The results of the investigation also illustratattimodified silica aerogel with mercapto
functional groups could be used as an adsorbernihéoeffective removal of Cu(ll) and Hg(ll)
ions from aqueous solutions.
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