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ABSTRACT

It is generally believed that the retention of nykttertiary butyl ether (MTBE) by zeolites is positively
correlated to the silica content of these materidisvertheless highly dealuminated zeolites cartaton
relevant amount of silanol groups. In this study éfffect of these point defects in a zeolite Y (D03 =
200) on the adsorption of MTBE was evaluated bymeeaf infrared spectroscopy, supported by DFT
calculations. The adsorption process is found tmpom two steps, involving isolated silanol sitasd the
siloxane network of the zeolite, respectively, wath average loading of 1.3 molecules per cageariitst
and 1.3 molecules in the second stage. Both extendainternal isolated silanol groups (stretchan @746
and 3738 c, respectively) are involved in the MTBE adsorptjpncess with the formation of H-bonded
complexes and associated shifts (516'@nd 358 cni, respectively) consistent with a H-bonding stréngt
higher for external than for the internal ones. ldear, MTBE is more tightly adsorbed on the internal
silanols as a result of the cage confinement effdue band assigned to the methyl symmetric stiregobi
CH30O- group can be used to discriminate between H-lmmtlvan der Waals MTBE-zeolite interactions
(2843 and 2828 cil) respectively)Ab initio models were used to compute the harmonic freqasnf

different MTBE-zeolite models and to simulate tlage confinement of one and three ether molecules.

Keywords: High silica zeolite, MTBE, adsorption, microgreetry, FTIR,ab initio calculations.



Introduction

Fuel-based pollutants are commonly present ina&wl ground water coming from areas where refinery
plants and gas stations are located. To restriehd@rd movement of contaminants along the soilijerof
and to clean-up polluted deep waters, permeablgiveabarriers, made & continuous synthetic layer of
sorbent materials, can be used [1,2]. The informmatieeded to properly scale these barriers inclties
nature and strength of interactions between paitatand barrier fillers.

Methyl tertiary butyl ether (MTBE) has been used as a fuel addgince 1979 to increase the oxygenate
content of the gasoline which reduces harmful f@dpemissions [1]. Although it is used as an adent
control air pollution, inevitable releases of MTB#HO the environment cause contamination of drigkin
water resources and there is evidence that itpsssible human carcinogen [2]. An additional proble
caused by its high aqueous solubility (ca. 50’gat.room temperature) and low vapour pressure (196r

at 20°C) consists in the difficult removal of tlwentaminant from water with treatment processe$ sisc
air stripping or adsorption on activated carbor8]J1As an alternative to these techniques, higitasil
zeolites (i.e. mordenite, silicalite, faujasite,daothers) have been investigated as possible dsrioén
MTBE from water [4-8]. Contrarily to what happengltwactivated carbon, the adsorption of MTBE into
zeolites is not affected by the natural organicteradlways present in natural waters [9]. In additithe
useful life of zeolitic materials is ca. 5-6 timlesager than that of activated carbon [9].

It is generally assumed that the MTBE adsorptiatess is driven by the zeolite hydrofobicity (exgsexd

by the SiQ/Al,Os ratio) [10,11]. However, dealuminated zeolites karewn to be defective and to contain
silanol groups whose role in this process is notigified.

In this study, the contribution of different sildngroups in a defective high silica zeolite Y toeth
adsorption of MTBE has been studied by infraredcgpsecopy, supporting the experimental data with
computational models arab initio calculations. Since it is known that this kindzeblites contains both
isolated and H-bonded silanols [12,13], we congidéhe vibrational pattern of different groupgjstrated

in Figure 1. Since it is knowledge of the authdrattMTBE displaces water molecules previously H-

bonded to zeolite silanols (data unpublished) ovinigs higher Lewis base character, the presenlydtas



been performed on dehydrated zeolite. The key factlriving the adsorption process have been

enlightened.

Experimental methods

A. Materials. Methyl tertiary butyl ether (MTBE) was purchased as analyticalddiads by Sigma-Aldrich
with a purity of 99.9%. Highly dealuminated (higitics) zeolite Y (herafter named HSZ-Y) powder in
protonated form with 200 SgAI,O3; molar ratio (code HSZ-390HUA) and a standard tedi (hereafter
named SZ-Y) powder in protonated form with 5.1 $KD,O3; molar ratio (code CBV 400) were purchased
from Tosoh Corporation (Japan) and from ZeolystAl)) Sespectively.

The specific surface area (SSA) of both zeolites m@asured by means of nitrogen adsorption atdliqui
nitrogen temperature (-196°C) in the pressure rand€® to 1013 mbar (1 mbar = 100 Pa) using an
Autosorb-1-MP (Quantachrome Instruments). Prioadsorption, the samples were outgassed for 1 h at
90°C, 1 h at 130°C, and finally 16 h at 300°C urldigh vacuum conditions (final pressure 1?Ifbar).
The specific area of HSZ-Y and SZ-Y was determibgdhe Brunauer—-Emmett—-Teller (BET) approach
and using 0.01 as the value of maximum relativesqaree. The pore size distribution was calculated by
applying the cylindrical pore NLDFT method in thesdrption branch.

B. Adsorption isotherms. MTBE adsorption isotherms were obtained at 35tCtlee HSZ-Y sample
outgassed for 4 h at 35 and 400°C employing anlliggat gravimetric analyzer (IGA-002, Hiden
Analytical Ltd., UK), with integrated temperatur@dapressure controllers. The former consists in a
thermostated water bath/circulator, employing a 50&ter : 50% antifreeze (inhibited ethylene glycol)
mixture. The latter is based on two pressure sensworking in the 0-10 mbar (Baratron capacitance
manometer, accuracy0.05 mbar) and 10-1000 mbar (strain gauge, acgurdcmbar) ranges. IGA is an
ultrahigh-vacuum (UHV) microbalance (weighing regimn 0.2ug), specifically designed to study vapour
sorption, which allows isotherms and the correspunpkinetics of adsorption and desorption to be
determined, for set pressure steps. Buoyancy dmnscwere carried out using the weights and diexssaf

all the components of the sample and counterweigles of the balance and the measured temperature.



The mass uptake was measured as a function of tme,the approach to equilibrium of the mass
relaxation curve was monitored in real time usir@panputer algorithm (real time processor RTP).

For each isotherm point, the time origin (t0) ohlreme analysis was set at 95% of the pressurageha
while the minimum and maximum data collection timere set to 5 and 30 min, respectively. RTP uses
last-squares regression of a linear driving foldeK) model in order to extrapolate a value of thasm
relaxation asymptote and to assess the time-staléeoaction.

LDF model of the mass relaxation u(t) (uptake &t t) is based on the equation:

u(t) = u0 +Au(1-exp(-[t-t'0]/k))

where u0 is the uptake at arbitrary time origin KG@s the exponential time constant axis the change in
uptake. The asymptotic value is then equal to M+

C. FTIR Spectroscopy. Infrared spectra were collected on a Thermo ElecCorporation FT Nicolet
5700 Spectrometer with 1 ¢hresolution. Self-supporting pellets of HSZ-Y saesplvere obtained with a
mechanical press at ca. 7 tonscand placed into an IR cell equipped with KBr wimdopermanently
attached to a vacuum line (residual pressutel-10"° mbar), allowing all treatments and MTBE
adsorption/desorption experiments to be carriediroitu. Spectra of MTBE adsorbed on HSZ-Y have
been collected at beam temperature (ca. 35°C) mplsa previously dehydrated under vacuum at beam
temperature or after outgassing at 700°C. SpedttdTBE in CCl, solution were performed in a KBr
standard cell for liquids.

Variable temperature spectra (from room temperatniréd00°C) have been collected upon outgassing a
HSZ-Y pellet at the desired temperature at 5°C nfieating rate. All spectra have been recorded @nbe
temperature.

D. Models and Ab Initio Calculations. All calculations have been performed with TURBOM@LE
package [14,15] at the DFT level with B3LYP hybfighctional [16-18] and a mixed basis set, compgsin
6-31G(d,p) [19,20] atomic basis (a widely used Bgpllouble-z set plus polarization functions) oygex

and hydrogen atoms, and Hay and Wadt [21] effectore potentials (ECP) and basis set on silicoterAf

geometry optimization, the harmonic frequenciesewmputed at the same level.



Different models were used to study the adsorpioM TBE on the silica framework: first, a small ster
(Si13013H2g) was defined to reproduce a portion of the sutfagth an isolated Si-OH group (see Figure
2a): all the silicon free valences were saturatétl fictitious H atoms. This structure was also rfied
substituting one of the terminal hydrogen atomdhwitsecond OH group, H-bonded to the central dilano
(Figure 2b). Such models were used to study tle¥antions between the ether molecule and isolatéti o
bond acceptor silanols, also computing the harmabi@tional spectra.

A larger model was used to describe the zeoliteecag described in ref. [22]. The HSZ-Y unit cell
comprises eight cages of approximately tetrahedhape: a single cavity was extracted from the
crystallographic structure [23] and all the fredemaes on Si atoms were saturated with outwardtipgin
OH groups, so that the cage model was comprisetBb$i atoms, 72 O atoms in the cage walls, and 48
OH groups. In this “ideal” cage, no real silicorogps are present (since the external OH groups are
computational artifacts, only used to remove tha&&igling bonds): then a defect was introducedhén t
model, removing one Si atom from the wall and geteg three additional Si-OH groups. The geometry o
the silanol groups was adjusted to leave just ar@F5available for binding the guest molecule irstte

cage, in order to model an isolated silavadl€ infrg). The cage model is shown in Figure 3a.

Resultsand Discussion

The faujasite Y, selected for this adsorption stadythe basis of its pore dimension, high hydropdigb
and defectivity, was a high silica zeolite (HSZ-Yhe defectivity of HSZ-Y was previously attestgdtbe
composition of the unit cell that was defined agésso(OH)24 [22], giving, as a result, three silanol
groups per cage on average (being the unit cathddrby eight cages). In the calculation the contént

aluminum was assumed negligible, being 1 atom P@rsdlicon atoms.

Material Characterization
The structure of faujasite Y is characterized bpragimatively 12 A diameter cages, which are linked
through access windows of 7.0 A x 7.1 A in diametedt are composed of rings of twelve linked tetrahe

(12-membered rings) [24]. These cages and wind@u®ip quite large molecules to enter [22,23], mgkin



this structure potentially useful in the adsorptioh MTBE. The selected HSZ-Y structure has been

investigated by means of pore size distributionyeamaand variable temperature FTIR spectroscopy.

Textural properties. Measurements of pore size distribution were paréal on both standard (SZ-Y) and
dealuminated (HSZ-Y) zeolite in order to verifyvahich extent the dealumination process modified the
pore architecture of the starting zeolite.

Figure 4 shows that the pore size distribution #7Sis centred at ca. 11 A, a dimension typicazeblite

Y o cage diameter. For the same material, mesopometias from 30 to 100 A, due to particle
aggregation, were also found. In the HSZ-Y samftie, structural pore diameter distribution is spread
between 10 and 40 A with two main pore sizes al8and 22 A. A specific surface area (SSA) of 862

g™, half of which due to the presence of micropods7(nf g*) with related volume of 0.32 g, was
determined (Table 1). As expected, because of gaduchination process, both the micropore SSA and
volume were lower if compared with those of thendtad zeolite (SSA = 5437g™ and Viicrop = 0.47 cm

g™, respectively). Beside micropores of 13 A, intrtiple mesopores of dimension between 20 and 40 A
and volume of 0.16 cing® were found for the HSZ-Y sample. It was therefiméerred that the
dealumination process noticeably affected the HS@eve architecture, enlarging the windows between
interconnected cages and thus forming mesoporels T2bs process led also to the production of a

significant concentration of internal silanols [2&hich affect the MTBE adsorptiori(le infra).

Variabletemperatureinfrared spectra of high silica zeolite Y. Figure 5A shows the IR spectra recorded
at increasing outgassing temperature, along widt ¢ii the sample exposed to air (curve a). Theratt
spectrum presents a narrow band at 3748 (empanded view in Fig. 5B), due to the OH streighinode

of isolated silanol groups (Fig. 1, structure (&¥sentially located on the external surface ofzibaite
particles [12], and a very broad band extendinghim region between 3700 and 2900 cdue to the
stretching modes of both H-bond donor silanol (Eigstructure (2)) and water hydroxylic groups [I3je
presence of water adsorbed on the zeolite (ca. 1[@2} is also confirmed by the bending mode @33.6

cm® (Fig. 5A, inset).



Upon outgassing the zeolite pellet at room tempegafcurve b), the contributions of the adsorbetewa
disappear and, in parallel, a band at ca. 3738 stongly overlapped to the band at 3746'cia formed.
Bands in similar position have been very often okt in defective zeolites [12] and in porous s#i¢27]
and are assigned to isolated silanol groups lodagde microcavities. This is a clear indicatibatt water
molecules are mostly bound to internal silanolse Dnoad band still present after water removalhim t
range 3700-3200 cwith a maximum at ca. 3530 + 5 ¢mis due to H-bond donor silanols (Fig. 1,
structure (2)) [12,13]. The H-bond acceptor silan@lig. 1, structure (3)), are expected in the eaBg35-
3725 cm' [12,13] and they are not clearly distinguishaiterf the internal isolated silanols at 3738%tm
The outgassing of HSZ-Y up to 700°C (curves c-@dgally reduces the intensity of the broad band-of
bonded silanol groups and isolated species arecgdrarily formed, as testified by the increasihghe
bands at 3746 and 3738 ¢nTThe former band becomes more and more dominaheatighest outgassing
temperatures.

To support the above interpretation of the silaspmctra, the harmonic frequencies were computdigeat
DFT level for two models of isolated and H-bondddm®ls, respectively (Figure 2, structures a ahd b
The computed stretching frequencies were 3806, 3883590 cr for isolated, H-bond acceptor and H-
bond donor silanols, respectively. Though the haimdérequencies are systematically overestimatsed, a
expected, their differences are closer to the exy@tal counterparts. For instance the computexdcting
frequencies for isolated and H-bond donor silamtiffer by 216 cnit, in very good agreement with the

experimental difference of 211-221 ¢m

MTBE adsorption in high silica zeolite Y
The contribution of different type of HSZ-Y silagolto the MTBE adsorption was evaluated by
microgravimetry and FTIR measurements on both deltgd and outgassed zeolite samples at increasing

temperature.

Adsorption isotherms. The gravimetric MTBE isotherms measured at 35°Ghensample pretreated in

vacuo at the same temperature are reported ind-gurhree different regimes can be determinechby t



analysis of the curves, both in adsorption andasodption branches. The first derivative of thevear
(data not shown) clearly indicates that there sdope change at 1.25 mbar. At pressures lower 1tz
mbar, the MTBE uptake as a function of equilibripressure is very steep, then the curve slope d&sea
up to 10 mbar, when it gradually comes to a platekhese trends testify the different strength of
interactions between MTBE and HSZ-Y adsorbent enttiree regimes. Between 0 and 1.25 mbar, MTBE
uptake determined using the desorption branch 8.1% zeolite dry weight (DW) corresponding to 1.3
molecule per cage; between 1.25 and 10 mbar, thekeips of 7.0% zeolite DW corresponding to 1.1
additional molecule per cage; and from this pressiypwards, MTBE overall uptake equals to 16.4%
zeolite DW accounting in total for 2.6 molecules page.

In agreement with IR resultsifle infra), at low pressures MTBE molecules interact witlarsal groups
forming 1:1 silanol/MTBE H-bonded complexes, atga@e higher than 1.25 mbar the adsorption isylikel
driven by van der Waals interactions between ze@ldlls and MTBE molecules (host-guest) and between
MTBE molecules (guest-guest), which further caus®densation at pressure higher than 10 mbar.

The objective of the real-time analysis performedrty the measurements is to ensure that the sorpti
time curve is determined with sufficient time regan and for sufficiently long to enable such gsab.
Thus, we will not enter here in the details of ifetherm kinetics.

The isotherms of MTBE adsorbed on the sample m@mttdeat 400°C showed very similar results of the
overall mass uptake (ca. 16% zeolite DW, data hotve) with respect to the sample pretreated at 35°C
Notably, also in the low pressure regime (0-1.2&amkthe uptake is very similar being ca. 8% zedWw

at 1.2 mbar. This result means that: i) the nundbesilanol groups interacting with MTBE is similafter
sample treatment at both 35 and 400°C,; ii) the Heled silanols present in the zeolite dehydrate2b4C

are not significantly involved in the MTBE adsorpti

Experimental and computational MTBE IR spectra. The interpretation of IR spectra of MTBE adsorbed
on HSZ-Y from the gas phase (see next section) fa@ltated by comparing the observed bands with
theoretical harmonic frequencies computed in vac(kig. 7,a) and those of the experimental spedtra o

the molecule both in gas phase (curve b) and disdoin carbon tetrachloride (curve c). The latter



spectrum is particularly useful in that, when thalygant was adsorbed into the zeolite cavitieg, IR
pattern was expected to resemble that of the miglatiluted in a non polar solvent because of the no
polar nature of the high silica zeolite cage. Tlmmputed harmonic frequencies are systematically
overestimated, but the spectrum pattern is repedi@accurately enough to allow the interpretatiome T
main features of the whole experimental spectraneéreproduced by the calculations (Table 2) anal

in good agreement with the work of Li and Singh][28

For the purpose of this paper, the main IR featuné#e described in the following. The MTBE speoh

in the gas phase (curve b) shows a more complagrpahan in carbon tetrachloride solution (curye c
because some vibrational modes clearly displaydtational contribution.

In the high wavenumber region (3000-2800nthe spectrum in C@lsolution shows two well defined
bands at 2974 and 2939 ¢rthat are assigned to Gldsymmetric stretching eértiary butyl and methoxyl
radicals, respectively, and at 2827 tiwue to CH symmetric stretching of the methoxyl group (please
notice that an arbitrary definition of methoxyl real is used in this paper in order to distinguisé methyl
group directly bound to the etheric oxygen fromsenoftertiary butyl radical). These absorptions can be
used to distinguish different MTBE phases (i.e. th@ecule in the adsorbed or in the gas phasehdn
region 2920-2850 cih a complex absorption due to §ldymmetric stretching mode oértiary butyl
radical is found.

At low wavenumber of MTBE in CGJ two well resolved bands at 1386 and 1364'are assigned to
symmetric deformations (i.e. umbrella mode) of ;‘Ctoups oftertiary butyl radical with different
vibration phase (i.e. in the 1386 ¢mmode all three methyl groups open and close cquteanily, whereas

in the 1364 cnt mode two methyl groups close and one opens). Thases could be used as markers for
the molecule in a solvated state as experienced awteorbed into the zeolite cage.

Unfortunately the spectral region extending bel@@@ cm' cannot be used for predicting interaction type

and strength upon MTBE adsorption because it ikathby the strong absorptions of the zeolite lattic

IR spectra of MTBE adsorbed on HSZ-Y. In order to highlight the types of interactions wcng

between MTBE and zeolite adsorption sites as deéfinethe three branches of the adsorption isoterm
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1.25, 1.25-10 and 10-30 mbar of MTBE pressure), fSias exposed to MTBE doses of 1.25, 10 and 30
mbar. Figure 8 shows only the infrared spectra 8Z+ exposed to 1.25 and 30 mbar of MTBE because
there are not significant differences in the sgectwrcorded at 10 and 30 mbar MTBE pressure. The
spectrum of the bare zeolite outgassed at roomegeatyre is reported for comparison (curve a).

When HSZ-Y is exposed to 1.25 mbar of MBTE (curygette bands of isolated silanol groups at 3746 and
3738 cm' almost completely disappeared and, contemporaviky,strongly overlapped broad bands at ca.
3380 and 3240 cthare formed. This downshift is consistent with finenation of silanol groups H-bonded
to MTBE oxygen atom; a similar shift of ca. 500 tmas in fact found by interaction of diethylethethw

isolated silanol groups of mesoporous silica SBA2H.

The harmonic frequencies were computed at the @&l Ifor two models of the MTBE-silanol complex
(Figure 2, structures ¢ and d), where the etherbemsled either to isolated or to H-bond acceptansi
groups (see the discussion above): the OH stregdhiquency is 3382 crin the former and 3200 ¢hin
the latter case. Recalling the computed frequerfoiethe bare silanols (Figure 2 a, b), the adsonpof
ether causes a frequency shift of 424cfor isolated and 588 cifor H-bond acceptor silanols. The
former shift is compatible with the experimentalues observed in the range 370-510"which could be
thus attributed to isolated silanols (both on tkiemnal surface and inside the zeolite pores) aaténg with
MTBE. However, the presence of MTBE complexes witbond acceptor silanols cannot be excluded:
combining the absorption for H-bond acceptor silamo the bare zeolite, reported in the literatar8735-
3725 cm' [12,13], with the computed shift we would expettaad at 3147-3137 chfor these complexes,
but this signal could be masked by the intensebsadd band around 3240 ¢irdue to isolated silanols H-

bonded to MTBE.

In the experimental spectrum at 1.25 mbar MTBE sares (Fig. 8, curve b), MTBE H-bonded to silanol
groups shows four resolved bands at 2979 and 2880and at 1390 and 1369 &mwhich are related to

CHgs stretching and bending vibrationsteftiary butyl group, respectively (Table 2).



At 30 mbar MTBE pressure (Fig. 8, curve c), thatiee intensity of bands at 3380 and 3240'a@hanged,
the latter being more pronounced than in the spectrecorded at 1.25 mbar MTBE, and this is an
evidence that adsorbate-adsorbate (i.e. guestjgnestactions occur in the MTBE high pressure megias
shown by the computational models discussed beloveurve c, the bands related to adsorbed MTBE
increased in intensity with the increase of gasdoxl slightly shifted to lower frequencies at ealgloser

to those of the spectrum of MTBE diluted in carlbetmachloride (see Table 2). This confirms that NETB
molecules into HSZ-Y experience an environmentlsinto that of a non polar solvent, thus being ated

by the zeolite cage.

Nevertheless, the FTIR experiment of MTBE adsompso far described on dehydrated HSZ-Y could not
clarify if MTBE molecules interact more strongly amternal or external isolated silanols. The H-bond
strength is related to the downward shift of tHarsl OH stretching upon interaction with the MTBE
oxygen, however, the relative position where exkeand internal isolated silanol groups H-bonded to
MTBE oxygen absorb (i.e. at 3380 or 3240 9rould not be assigned. For this reason an expetimof
MTBE adsorbed on HSZ-Y outgassed at 700°C (FigwBgre H-bonded silanols absorbing at 3700-3200
cm™ are almost completely removed (Fig. 5, curve gs ywerformed.

The best equilibrium conditions between gas andrhesl phase to allow all silanol groups to be botand
MTBE molecules were obtained by exposing the zegldllet to 2.5 mbar vapour pressure (a value thfigh
higher than 1.25 mbar which was gravimetricallyed@ined) and then gradually decreasing the MTBE
pressure (desorption experiment). Figure 9 shovferdntial IR spectra obtained by subtracting the
spectrum of the bare zeolite outgassed at 700°€ fanthis reason the bands related to the sila®dls
stretching are negative. As said above, all simadre consumed (most negative bands at 3746 8& 37
cm?) when the HSZ-Y sample was in contact with 2.5 mM&BE (Fig. 9A, curve a). In this case a broad
band with maximum at 3230 ¢hand a shoulder at ca. 3380 twas formed. This band decreased in
intensity upon reduction of the MTBE dose and tbenponent at 3380 cinbecame more and more
evident. In parallel, the band at 3746 timecame less and less negative and the compon8#satcnt

progressively became more pronounced (inset ofdJAY. The desorption experiment clearly demonstrate

12



that: i) the silanol-MTBE complexes are not stablgon decreasing the MTBE pressure at beam
temperature; i) there is a correlation betweentiheds at 3746 (isolated external silanols) and) 328"
(wavenumber shift of 516 cf), and between the bands at 3738 (isolated intesiteiols) and 3380 cm
(wavenumber shift of 358 ¢f); iii) upon decreasing the MTBE pressure the silatH-bonded to MTBE
absorbing at 3380 cfnare more stable than those at 3250'cm

It is inferred from these shifts that the MTBE nmlkes inside the zeolite cages form complexes with
silanols via H-bonds weaker than those of MTBE laban external silanols. However, despite the H-bond
weakness, the internal silanol-MTBE complexes amrenstable than the external ones because of the

confinement effect inside the zeolite cages.

Methyl groups stretching and bending vibrationshef adsorbed MTBE are respectively found in thedD300
2800 and 1500-1300 chspectral regions (Fig. 9B). As already noticed 6FBE adsorbed in HSZ-Y
degassed at room temperature (Fig. 8), all bandsedse in intensity and slightly shift to higher
wavenumber upon reduction of the MTBE doses. Rdatily interesting is the evolution of the complex
band at 2828 cth(assignment in Table 2) upon pressure decrealirthat a component at 2843 ¢nis
more clearly visible at very low MTBE doses (Fid3,urves g-s), and this suggests that the molecule
experiences two different environments. As alreadticed at low pressure MTBE is bound to silanols,
whereas at higher pressure molecules are adsorbexlthe zeolite framework by van der Waals fordes.
is thus clear that the redistribution of the elecic charge of the MTBE oxygen atom, which occuhemw
the molecule is H-bonded to silanol groups, sigaffitly influences the frequency of gHtretching
vibrations of the methoxyl radical. This vibratibmaode can be therefore used to monitor the stadsk

of the molecules adsorbed on the zeolite.

The structures of two MTBE-zeolite complexes wepéirnized at the DFT level, using the model of the
HSZ-Y cage described above and illustrated in E@yra. As said above, in the present model a tets

introduced in the cage wall, forming an isolatddrsil group available for binding the guest molectlhe



two model complexes, shown in Figures 3 b and mypse one and three MTBE molecules, respectively,
to reproduce the adsorption regimes at low and prgesure described above.

With a single MTBE the optimization leads to a Haddoetween the cage silanol and the guest molecule,
with an O-O distance of 2.69 A, slightly smalleaththe distance (2.71 A) in the complex with thester
shown in Figure 2, which accounts for the experitaleshifts very well: then, the silanol inside tmedel
cage is somehow too polarized with respect torde group in the small model. This feature canueetd

the large number of mesopores in this kind of zepko that the silanol groups are better descriyed
silica clusters than by the tight cage model.

When two other guest molecules are added, theysattjuoptimize the van der Waals interactions \tliin
cage walls and with the first MTBE: the geometriaxation shows that three MTBE molecules can easily
accommodate inside the cage, causing a small nedusftthe ether-silanol H-bond length. This effecy
account for the increase of the relative intensftthe band at 3240 ¢irwhen MTBE pressure is increased

to 30 mbar (Fig. 8 curve c).

Conclusions

The effect of the silanol groups contained in ahhggica zeolite Y (HSZ-Y, SigAl,O; = 200) on the
adsorption of methytertiary butyl ether (MTBE) was evaluated. As defined byepsize analysis, the
dealumination process generates a number of stalicefects in zeolite Y, so that a relevant poaetion
merges to the diameter of 22 A (11 A being the pdiameter of standard zeolite Y). The
thermogravimetric analysis shows that the amounpamht defects (i.e. silanol groups) is attested on
average at three silanol groups per zealitage.

The silanol types occurring in the dehydrated zedli (outgassed at room temperature) was deterntiped
infrared spectroscopy. The frequencies associatedolated and H-bond acceptor silanol groups were
assigned in the spectrum at 3746 and 3530, eespectively, while H-bond donor silanols straighwas
masked by other modes. The interpretation of thespiectra was supported by DFT calculations on

different models of silanols and silanol-MTBE coex#s.
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The contribution of the different groups to the @gsion was better clarified by outgassing the iteait
700°C, thus leaving only isolated silanols, botheaternal and internal surfaces. The adsorptiothém

of the outgassed sample and the IR spectra afteMIBE loading show that, at pressures below 1.25
mbar, MTBE is adsorbed through H-bonding to silanthe maximum loading in this stage being 1.3
molecules per zeolite cage. At higher pressurexars regime is observed in the isotherm, corredipgn

to adsorption driven by hydrophobic interactionsthwan additional loading of 1.3 molecules per cage
Two models of MTBE confined in the cage (comprisorge and three ether molecules, respectively) were
optimized at the DFT level, showing that the finsblecule binds to the internal silanol, while thbery
molecules accommodate in the cage with a littléupleation of the MTBE-silanol complex.

At low MTBE dosage (below 1.25 mbar), the downwsindts of stretching modes for isolated silanoks ar
consistent with medium-weak H-bonding with MTBE gey, being 516 cthand 358 crit for external
and internal silanols, respectively. Due to theecagnfinement effects, the MTBE appears to intemamte
strongly with isolated silanols on the internalrtlem external surface, though the latter providengfer H-
bonding to the molecule according to IR analysishigher MTBE dosage (1.25 + 30 mbar), no silanol
groups remain available and the adsorption ocdutiseasiloxane network of the zeolite. Interestinghe
band of the methyl symmetric stretching in 4CHis very sensitive to the MTBE-zeolite interaaso either
H-bonding or hydrophobic: in the former case ifdsnd at ca. 2843 ci in the latter it is downshifted of
15 cm’ to 2828 crit. On the other hand, H-bond acceptor silanol gralpsot contribute to the MTBE-
zeolite interaction significantly, as shown by tbemparison of the adsorption isotherms for samples
outgassed at room temperature and at 400°C.

Due to the large number of mesopores inside thd kif zeolite, we found that the internal silanate
better modeled with silica clusters than with defex single zeolite cages.

In conclusion, under the experimental conditionsdum this study, the silanol fraction of the higjlica
zeolite Y is favored with respect to the siloxarework in the adsorption of MTBE, with the retemtio
strength in the order: internal silanol > extersiédnol > siloxane fraction. In the light of thefsedings,

beside the silica content also the point defectseolites should be considered for the adsorptrocgss:



this conclusion also applies to aqueous solutievisich are the actual working conditions of these

materials, for MTBE is known to be able to displagger from zeolite isolated silanols.
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Table 1. Main textural properties of high silica zeolite(MSZ-Y). Data for non dealuminated standard

zeolite Y (SZ-Y) are reported for comparison.

SSABETa SSAmicropb VPC Vmicropd (SZO A) Vmesopd (20_40 A)
Sample

(m2g™)  (m?g™)  (em*g™) (cmig) (cm®g7)
HSZ-Y 902 437 0.52 0.32 0.16
SZ-Y 769 943 0.65 0.47

4 Brunauer-Emmet-Teller (BET) specific surface {85A)
® Micropore surface area by t-plot method
¢ Total pore volume by NLDFT method

4 Volume calculated by NLDFT method
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Table 2. Infrared wavenumber (ch) for methyltertiary butyl ether (MTBE) computeith vacuoand experimentally obtained in gas and in 2®lution

and adsorbed into high silica zeolite Y (HSZ-Y) getated at room temperature.

MTBE MTBE
MTBE in MTBE in adsor bed adsor bed
Vibrational mode Computed
gasphase CCly intoHSZ-Y  intoHSZ-Y
(1.25mbar) (30 mbar)
Vasym t-butyl CH3 3121 2985 2974 2979 2976
Vasym Methoxyl CH3 3072 2946 2939 2945 2942
veym t-butyl CHs 3037 2917 2906 2917 2914
vgym Methoxyl CH3 3011 2835 2827 2830 2828
def out-of-phase Methoxyl & t-butyl CH3 1550 1470 1469 1473 1473
def out-of-phase Methoxyl & t-butyl CH3 1520 1458 n.a. n.a. n.a.
defin-phase t-butyl CH3 1450 1386 1386 1390 1388
defin-phase t-butyl CH3 1420 1364 1364 1369 1366
0 C-O-C + deéfoyt-or-phase Methoxyl & butyl CHj 1300 - 1261 n.a. n.a.
vagm t-butyl C-C 1264 - 1232 n.a. n.a.
Vasym t-butyl C-O 1224 1209 1204 n.a. n.a.
Vagm Methoxyl C-O 1091 1096 1085 n.a. n.a.

n.a.: not available because overlapped with zealteational modes
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Figure Captions

Figure 1. Schematic representation of silanol groups coneaién this work: (1) isolated; (2) H-bond
donor; (3) H-bond acceptor.

Figure 2. (a) Si3013H39(OH) cluster used to model an isolated silanol;Skj013H3s(OH), cluster used to
model a couple of H-bonded silanols; (c¢) adducMaBE to isolated silanol; (d) adduct of MTBE to H-
bond acceptor silanol. Stretching wavenumber flansi groups are reported.

Figure 3. (a) Model of zeolite Y cage with a single defaat.(silanol); (b) Model of the MTBE in zeolite
cage: a single ether H-bonded to the defect sijgieplModel of the MTBE in zeolite cage: three ethe
molecules inside the cage.

Figure 4. Pore diameter distribution of high silica zeoMgHSZ-Y) by nitrogen adsorption isotherm (see
inset) at -196°C using a cylindrical pore NLDFT hd in the desorption branch. Pore size distriloutb
standard zeolite Y (SZ-Y) is reported as a comparis

Figure 5. High silica zeolite Y treated in vacuum at inciagstemperature: A) sample in air (a), after
ougassing at room temperature (b), and at 100, 280, 550, 700°C (c-g). All spectra were recorded a
beam temperature; A inset) Zeolite Y before (cuay@and after (curve b) outgassing at room tempegatu
(bending of water at 1633 ¢tj) B) enlargement of spectral region of external amernal silanol groups at
3746 and 3738 cil respectively).

Figure 5. High silica zeolite Y treated in vacuum at incieggemperature: A) Sample in air (a), and after
ougassing at room temperature, 100, 250, 400, 380;C (b-g). All spectra were recorded at beam
temperature; A inset) Zeolite before and after assgng at room temperature (bending of water aB163
cm®); B) Enlargement of spectral region of externall amernal silanol groups at 3746 and 3738'cm
respectively.

Figure 6. MTBE gravimetric adsorption—0—-) and desorption—-) isotherms measured at 35°C on high
silica zeolite Y. The MTBE uptake at 1.25, 10, &tdmbar of MTBE pressure was 8.1, 15.1, and 16.4%
zeolite dry weight corresponding to 1.3, 2.4, ar@iIMTBE molecules per zeolite cage, respectively.
Figure 7. Computed (a) and experimental infrared spectrad®BE in gas phase (b) and in carbon

tetrachloride solution (c). * Bands due to carbetnachloride.
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Figure 8. Infrared spectra of high silica zeolite Y outgakssé room temperature (a) and exposed to 1.25
mbar (b) and 80 mbar (c) of MTBE.

Figure 9. Differential infrared spectra of increasing dos#sSMTBE adsorbed on high silica zeolite Y
outgassed at 700°C; spectra upon exposure of eesa@inple at the following MTBE pressure: a) 2.5, b)
1.9,¢) 1.6,d) 1.2, €) 0.9, f) 0.7, g) 0.5, h)5).30.26, 1) 0.19, m) 0.13, n) 0.08, 0) 0.0450[)28, q) 3-16
mbar. The spectrum of the bare sample was usesfeaemce and subtracted from all spectra obtaifted a
exposure of MTBE vapour. In the insets, enlargezlvwof the spectral region between 3800-3650 and

2875-2775 cril is reported.
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Figure 1. Schematic representation of silanol groups coneaién this work: (1) isolated; (2) H-bond

donor; (3) H-bond acceptor.
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Figure 2. (a) Si3012H27(OH) cluster used to model an isolated silanol;k301:H26(OH), cluster used to
model a couple of H-bonded silanols; (c) adducMa@BE to isolated silanol; (d) adduct of MTBE to H-

bond acceptor silanol. Stretching wavenumber fansi groups are reported.
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Figure 3. (a) Model of zeolite Y cage with a single defaat.(silanol); (b) Model of the MTBE in zeolite
cage: a single ether H-bonded to the defect sijaiedlModel of the MTBE in zeolite cage: three &the

molecules inside the cage.
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Figure 4. Pore diameter distribution of high silica zeoMgHSZ-Y) by nitrogen adsorption isotherm (see
inset) at -196°C using a cylindrical pore NLDFT hd in the desorption branch. Pore size distriloutb

standard zeolite Y (SZ-Y) is reported as a comparis
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Figure 5. High silica zeolite Y treated in vacuum at inciagstemperature: A) sample in air (a), after
ougassing at room temperature (b), and at 100, 280, 550, 700°C (c-g). All spectra were recorded a
beam temperature; A inset) Zeolite Y before (cuayand after (curve b) outgassing at room tempegatu
(bending of water at 1633 ¢tj) B) enlargement of spectral region of external amernal silanol groups at

3746 and 3738 cil respectively).
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Figure 6. MTBE gravimetric adsorption—0-) and desorption—-) isotherms measured at 35°C on high
silica zeolite Y. The MTBE uptake at 1.25, 10, &tdmbar of MTBE pressure was 8.1, 15.1, and 16.4%

zeolite dry weight corresponding to 1.3, 2.4, ar@IMTBE molecules per zeolite cage, respectively.
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Figure 7. Computed (a) and experimental infrared spectrad®BE in gas phase (b) and in carbon

tetrachloride solution (c). * Bands due to carbeinachloride.
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Figure 9. Differential infrared spectra of increasing dos#¢sSMTBE adsorbed on high silica zeolite Y
outgassed at 700°C; spectra upon exposure of eesa@inple at the following MTBE pressure: a) 2.5, b)
1.9,¢) 1.6,d) 1.2, ) 0.9, f) 0.7, g) 0.5, h)5).30.26, 1) 0.19, m) 0.13, n) 0.08, 0) 0.0450[)28, q) 3-16
mbar. The spectrum of the bare sample was usesgfeaaemce and subtracted from all spectra obtaifted a

exposure of MTBE vapour. In the insets, enlargezlvwof the spectral region between 3800-3650 and

2875-2775 cril is reported.

31



