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Abstract

The adsorption and the thermal desorption of hyeindg as-made and surface-
modified silicalite-1 (MFI) loose crystals has bestadied to shed light on the relation
between the outer surface barrier and the trangpontiss through it. The four different
surface modifications can be probed by the chamglee contact angle of water, but do
not produce any apparent change in the morphologdytlze structure of the crystals.
The H adsorption isotherms in a Sievert’s-type apparatu& K and up to 8 MPa on
the pristine and the modified silicalite-1 sampes almost overlapping, showing that
the modifications involve the external surfacehsd samples. However the diffusion
coefficients of H, as derived from the sorption kinetics, evidenifieknt sorption

rates of H into the different silicalite-1 samples. In paniar the unmodified silicalite-1
sample presents the lowest diffusion coefficiertt gields the highest Hesorption
temperature in Thermal Desorption Spectra acquatéd03 K/s. The observed

phenomena have been attributed to the surfaceokslan the outer surface of the as-



made silicalite-1 crystals, which are either eliated or greatly reduced in number by
the modifying agents. Polar and hydrophilic silagaups bind frozen water molecules
on the outer surface of as-made crystals whichdritite diffusion of hydrogen, and
interact more strongly with thesHinolecules. This provides sorption sites with highe
potential energy barriers, and at the same timaipaly obstruct the pore entrances of
the molecular sieve. The surface modification apg fillers is of interest for the
manufacture of mixed matrix membranes, for the ompment of the performance of

pressure swing adsorption processes, and for gesgstapplications.

1. Introduction

The substitution of energy intensive separation@uriication processeg(g.

distillation) in the energy and chemical markepagentially able to greatly reduce the
global energy demand. Membrane operations lendgbkes to this task since their
energy requirements are smaller than that of teethermal processes [1]. However,
the expansion of the province of membrane operatiequires new tough and resistant
materials able to withstand organic solvents argtessgive environments [1,2]. In
addition to this, the separation of several gassgar polymeric membranes is limited
by the well-known performance-limiting trade-offtveen permeability and selectivity:
highly permeable polymers are not very selectiwe\doe versa very selective polymers
are not very permeable [3]. Carbon molecular s{@MS) [4] and inorganic
membranes [5] — made of molecular sieves [6], metaramics [7] or metal organic
frameworks [8] — have demonstrated outstandingraéipa performances beyond the
Robeson upper bound [3]. However today they aré forfmost processes: CMS
membranes are very expensive, brittle, subjecirtoxédation and they strongly absorb
water and organic vapours [4,9]; ceramic and nmetalembranes are expensive and
their low surface-to-volume ratio would determinkuge footprint of the plants and a
high energetic cost of the process [1]. Polymeedasembranes containing porous
filler particles dispersed in the separating lag¢so known as hybrid or mixed matrix
membranes (MMMSs) [2,4,10], are considered one @fviable options available today
to obtain the advanced performances required tbgeneration membranes [1].

MMMs couple the outstanding separation propertf@gSMS and inorganic materials



with the low production cost of polymeric hollovbfes requiring only minor changes
in the current manufacturing procedures.

In the case of glassy polymers, the adhesion afnaierfillers €.g.zeolites) to the
polymer matrix is problematic [11] and this usualyes rise to MMMSs containing
interfacial defects [12,13]. One method to elimensitich defects is the modification of
the surface of the filler by grafting suitable gosuthat improve the chemical affinity to
the polymer, even with no covalent bonds betweerilo phases [14-18].

In the scientific literature the transport of méds®ugh dense MMMs containing porous
fillers has been interpreted in terms of the Maxwweldel, borrowed from the original
work on the electric conductivity of heterogenemsegerials made of dispersed spheres
in a continuous medium [19], and of modified Maxiwabdels [20-24]. According to
these models, the factors affecting permeabilitgugh defect-free MMMs are three:
the permeability of the polymer bulk, the permeapof the filler bulk and the volume
fraction of the filler. Modified models have takemo account the shape and the
orientation of the filler [20-21] and the presemndéénterfacial effects, such as pore
blocking, loosening of the polymer packing or pomdensification at the interface
with the filler [22-24]. Moore and Koros pointedtdhat a reduced permeability region
within the sieve surface (case V in their clasatien of non ideal effects in MMMS)
may be observed when a certain impurity selectigelps into the zeolite and partly
obstructs the poreg.g.moisture in poly(vinyl acetate) - 4A (LTA) MMMsRb]. The
influence of moisture was much less when the mgdedphobic H-SSZ-13 zeolite was
used instead of 4A [25].

Although the existence of an outer barrier to thadport of matter in and out of
molecular sieves has been evidenced by theor¢?iée80] and experimental [31-40]
studies, this aspect has received little atterftimm the scientific membrane
community. One of the few examples is the analykthe gas permeation data of a
series of amorphous perfluoropolymer based MMMdaiomg silicalite-1 crystals of
different size [14,15], giving consistent hints abthe presence in those membranes of
a shell of loosely packed polymer around them, ttugrewith a barrier to the transport
of mass through the crystals or on the outer sarédt¢he crystals. The nature of those
barriers was not investigated further. There waswidence whether they were due to

the internal structure of the crystalg, to pore interruption or blocking caused by



twinning and interfaces between parts of the ctydtdifferent orientations [35-40].
Similarly, no investigation was carried out on atpessible reasons such as the
presence of carbonaceous [33] or amorphous silicE1y32,38] residues on the outer
surface and on the interfaces between differergtaljne domains, the presence of
structural faults on the first crystal layers [38},38], or the adsorption of moisture on
the outer surface of the crystals [37], beside<itesl work of Moore et al. [25].

In this study the issues regarding the interndiitecture of the crystals and the
obstruction of the pores due to non-volatile dejsdsave been neglected. The attention
has been concentrated on the contribution offeyetthdr outer surface of the molecular
sieves to the barrier. The outer surface of fooras of a single batch of silicalite-1
(MFI) has been modified in four different ways. THgsorption isotherms and kinetics
of the as-made and modified crystals have beemrdeted in a Sieverts type
volumetric apparatus (PcT) in the pressure ran@MPa at 77 K. The volumetric
Sievert’s type apparatus allows the simultaneotesragnation of gas total adsorption
capacity and diffusion kinetics, with transient aelours ranging from seconds to
hours. The apparent;Hiffusion coefficients have been calculated urtderassumption
of diffusional resistance in the pore network. Thée sorption data have been
discussed by assuming the presence of a surfagerbdhe same samples have been
characterized by Thermal Desorption SpectroscopS(Tof hydrogen between 20 and
120 K.

2. Experimental

2.1. Synthesis and surface modification of silicalitgMIFI)

Silicalite-1 (MFI) has been prepared from a synighesxture of the following
composition (in oxides):

8.8 (GH7)4NBr : 5 NaO : 0.125 AjO5: 100 SiQ : 1250 HO

obtained by dissolving the right amount of tetrggytammonium bromide (>99%,
Fluka, purum) in a freshly prepared 30% sodium byiite solution (pellets, 98,6%,
Baker analyzed), followed by the addition of thstref distilled water, and finally by
precipitated Si@(BDH). Aluminium was contained as an impurity mgim the

precipitated silica, and its content in the crystahs measured by means of atomic



absorption spectroscopy (Perkin EImer AAS 380). ibmogeneized gel was loaded in
a teflon lined stainless steel autoclave and heatt@d0 °C for 30 hours. The solid was
filtered and washed with plenty of water up to atred pH, and dried at 100 °C for 12
hours.

Different samples of the same batch of silicaliteelre modified with
trichloromethylsilane (98%, Fluka), dichlorodimelgilane (99%, Alfa Aesar),
chlorotrimethylsilane (99,5%, Carlo Erba) and 1HAH,2H-
perfluorodecyltrichlorosilane (96%, Lancaster), @hare able to graft on the outer
surface the following moietiesSiCHg, =Si(CH),, —Si(CH)3 and=Si(CH,).(CF,)sF.

For the sake of clarity, in the following the capending samples will be called Me,
Me,, Me; and F, respectively. The silylation yielding the\ilicalite sample was
carried out with a large excess of CISi(§)JHn toluene at room temperature. The
grafting reactions yielding the Me, Mand F silicalite samples instead were carried out
on desiccated zeolites, with a very small exceshefeagents at 0°C in a dry
environment. Dry toluene was used as the reactiedium, and the reaction lasted no
more than 15 min. After the reaction, the zeoliswmmediately filtered and washed
with dry toluene in order to remove the unreaciths.

Chlorosilanes react rapidly at 0°C with the silanah the zeolite surface (MFI-OH)
according to the following overall reaction:

MFI-OH + CI-SiX; — MFI-O-SiXs + HCI (1)

The minimum amount of di- and trichlorosilanes tabe used in a dry environment
because water promotes the self-condensation aé#gent, which in turn may give
rise to long grafts of oligomeric species formindegposit of alkylated silica on the

zeolite surface.

2.2.PcT volumetric apparatus

PcT isotherms were obtained with a home-made vadhieregoparatus described in the
recent literature [41]. Approximately 800 mg of kaample were inserted in the
sample holder (SH) and were degassed prior to gesurements at 393 K overnight in

dynamic vacuum. The system is operating in highuuat (less than 10Pa) obtained



by a turbomolecular pump. A series of electric ealdivide the reservoir and the
sample holder volumes. The system volumes wereechascording to the evaluation of
the volume/mass relationship of Wang and Suda [A#}. accuracy of the void system
volume is 0.2%. Two Bourdon Haenni pressure tracedu- end scale of 0.1 MPa (P1)
and 10 MPa (P100) - on the reservoir volume meatseréower and higher pressures
ranges respectively (accuracy 0.00001 and 0.001, ¥Bpectively). The temperature
of the reservoir is measured by a platinum resi®tt00) while the SH temperature is
measured by a k-type thermocouple which uses th@0Rheasurements as a reference.
The temperatures of reservoir and SH are monitatelfferent points in order to check
their uniformity (0.1% error). The whole equipméptessure and temperature
measurements, valves, pumping system, time setlidgslevel, data acquisition and

analysis) is controlled by a Labview home-made mogvia a u-DAQ acquisition card.

2.3.TDS apparatus

Thermal desorption spectroscopy (TDS) is a widelliad technique in surface science
[43] and in catalysis [44] for the energetic chéeazation of adsorbates on surfaces. To
measure the desorption of physisorbed moleculardggh, which typically possesses a
small heat of adsorption (~5 kJ rifplthermal desorption spectroscopy has been
extended down to very low temperatures of abolf 245].

Prior to the TDS measurements, the samples havedrmeealed at 378 K in high
vacuum (higher than 10kPa) for at least 8 h to remove moisture and coimtations.
Afterwards, at room temperature hydrogen pressiu2esokPa was introduced into the
chamber and the sample was slowly cooled down pooapmately 20 K. The sample
was kept at 20 K under hydrogen atmosphere foroaqupately 30 min and then the
chamber was evacuated to remove the non-adsorlgedden molecules. For the
measurement the sample was heated (0.03 &sd the signal of the desorbed hydrogen
was recorded by the mass spectrometer. The instisya@libration procedure has

been previously reported in literature [45].

2.4.SEM and XRD



Scanning electron images and Energy DispersiveyXE®X) analysis were recorded
using a scanning electron microscope (SEM) Quaita #00 (FEI). The SEM images
were acquired with an electron beam of 10 keV.

X-ray diffraction measurements have been made ubm@u K, radiation f = 1.5418

A) of a Bruker Axs Diffractometer/Reflectometer (D&juipped with a Dynamic
Scintillation Detector Nal and a Gobel mirror. Tineasurements are made in
transmission: the sample powder is put in a spgtéais capillary (ID = 0.8 mm, wall
thickness 0.1 mm, Hilgenberg GmbH) and the latiex home-made sample holder. All
measurements have been carried out at room teraperd@he contribution of the empty

capillary has been subtracted from the patterns.

2.5.Thermogravimetric measurement

Thermogravimetric analysis of the pristine unmaatifsilicalite-1 sample was carried
out in N, flow with a Perkin Elmer Pyris 6 TGA. The samplasndried at 115°C in N
flow before heating up to 800°C with a heating 1@t@°C/min.

3. Resultsand discussion

The SEM images (Figure 1) show the typical morpbglof silicalite-1 with intergrown
structures [46] indicating an average grain sizé&im. The details of the surface of
the crystals remain unchanged after the outer seirfzodification, with no visible
growth of foreign matter. The XRD patterns of thertsng and of the modified
materials (Figure 2) show the typical peaks otalite-1 with MFI topology [47]. The
XRD patterns do not show any cristobalite peakntlost intense of which should
appear at@~ 10° [48]. As expected, X-ray diffraction does n@teal any structural
modification of silicalite-1 by organo-silane moldes because the modification takes
place on the surface and not in the bulk [49]:dif@ne molecules can hardly enter the
narrow pores of of MFI. Moreover, the silane moutifyagents probably react at the
entrance of the silanol-rich slits at the interfatéwo different crystal domains and
restrict their size, as found for mesoporous maiefb0].

The extent of the modification of the outer surfaea instead be followed via the

contact angle of water (CAM 200, KSV, Helsinki, Eind) on a layer of crystals



adhering to double-sided tape: as an example,ahict angle of silicalite-1 (81+2°)
increases to 150x1° after just 10 min reaction @KSI(CH,).(CF,)sF, and remains
constant for longer reaction times, up to 150 mme water contact angle of the other
samples are 132+1° (Me), 124+1° (Meand 129+2° (Mg.

The EDX analysis confirms, within the experimerabr, the same composition of the
silicalite-1after the modification process (seel&al). PcT H adsorption isotherms
have been obtained on the pristine and the modsflexhlite-1 samples at 77 K (LN
temperature) and from O up to 8 MPa (Figure 3).

Table 1: Atomic percentage of modified and as-naligalite-1 obtained by EDX. The
error is about 5% of each value.

Silicalite-1 sample  Si 0] Na F
As made 35 62 2.0 -
F 38 58 2.0 1.0
Me 37 59 2.0 -
Me, 36 60 2.0 -
Me; 35 61 2.2 -

The H sorption capacity of a ZSM-5 (MFI) zeolite repartey Jhung et al. (0.756 wt%
at 77 K and 0.100 MPa, Si/Al 140) [52] is abouttaShigher than the values reported
for the five silicalite-1 samples of this study.ellower sorption capacity can be related
to the lower Al content of MFI samples in this sty&i/Al 800): higher amounts of Al
increase the Hsorption capacity of zeolites [52] due to the fheit, where tetrahedral
Si atoms have a neutral formal charge, a tetrah@tletom in a framework position in

a zeolite bears a negative formal charge, whichtdvie compensated by the positive
charge of a cation. Hnolecules interact more effectively with the styatectric field
generated by this ionic couple.

The very similar sorption capacity of the MFI saggat high pressure indicates that the
surface modification does not change significatitly silicalite-1 adsorption properties.

However, the modest differences found in the somptiapacity can be rationalized in



terms of the changes in the nature of the extesunddce of the crystals. In fact the
strongest sorption sites reside on the outer seidhthe as-made crystals, covered with
polar silanols, whereas the internal surface opibres mainly contains hydrophobic
bridging oxygen atoms bound to two different teé@dtal Si atoms. Polar O—H bonds
induce stronger electric fields than the O-Si bayelserated by the surface
modification, and thereforemnolecules are more strongly attracted by O—H bonds
than by O-Si bonds. As expected, the as-made Miwslthe highest Hsorption
capacity and the surface-modified MFI samples féota 5% less.

A simple calculation of the hydrogen surface cogeralthough not appropriate in the
case of a microporous material [53], may give sgumitative information. When one
monolayer (ML) of hydrogen molecules is adsorbedryogenic conditions on a flat
surface, an upper limit of 7-8 molecules perfisrexpected. As pointed out for meso-
and macroporous substances [54] a good estimattithre @overage in terms of
molecules per nfrcan be calculated by considering the adsorptipacisy together

with the surface specific area (SSA) of the samglaking into account the results of
Figure 3 and by assuming the apparent BET SSAdimpse F of 333 Aig (Tristar

3020 I, Micromeritics, Norcross, GA, USA) as a stant for all of the samples, the as-
made and the modified silicalite-1 adsorb the egjent of one monolayer of hydrogen
molecules in the narrow pores of the samples (0.53-nm). In particular, the
examined samples show a &tisorption equivalent to 0.77 ML at 0.1 MPa.

The results obtained by the analysis of the adsorfgotherms can be combined with
the study of the dynamical features obtained frbenanalysis of the pressure transient
status following an abrupt increase of P in thearholder volume [41].

The rate-determining factors in the sorption-desonpof H, in silicalite-1 at 77 K can
be several [31-40]: diffusional resistance in tbegpnetwork, inner barriers, blocking of
the superficial pores which produce a virtually anpeable layer with dispersed holes,
frozen moisture and/or grafted moieties obstructingestricting the size of the open
pores. It is possible that two or more of suchdehct in parallel opposing non
negligible resistances to the overall transporhats, therefore the rationalization of the
experimental results requires a discuss of théace.

At first it will be assumed that diffusion limitatns inside the pore network alone

control the sorption kinetics oftat 77 K. If this assumption is true, the pressure



decrease can be modelled with a negative expohémtiction whose time constanis
related to the diffusion of the hydrogen molecutes the silicalite-1 channels and their
adsorption on the zeolite walls. Considering thekleiquation on a zeolite of spherical
shape and taking into account the fraction of hgdroadsorbedX) [55-57], the

transient behaviour of the total amount of theusiitg gas is represented by formula (2)
below:

o ®, exp(Dp?it/a®)
m = (m, %)[GD;Q/\/(l—/\H(l‘/\)pf

+m, @)

where D is the apparent Fick diffusion coefficiemts the radius of the spherical zeolite
in which the hydrogen molecules diffusg,ipa shape dependent factor calculated from
boundary condition, giland m, are the moles of gas per unit volume after thaoge

of the valve between the reservoir and the samgteh volumes and at the equilibrium
pressure, respectively. The nalue has been calculated considering the expauagio
the gas only on the sample holder volume remowiegcontribution of the sample
volume.

The graph of typical fitting results is reportedFigure 4. The cross represents the
calculated pressure step due to the expansioreafah between the reservoir and the
sample holder volume [41]. The lengtltonsiders the average radius of the zeolite
particles, therefore the fitted parameter is’@&reported in the literature [56]. The
kinetic curves may include the time to reach thaldayium temperature, however this
effect is the same for all of the samples of diliesl studied here, which only differs

for the chemical modification of the outer surfad¢he crystals. In Figure 5 the
diffusion coefficientvs. hydrogen coverag®) obtained for the different samples is
reported.

The Dvs.0 dependence is related to the ‘Darken correctiorDgdInP/dInC] [56] and

considering the Toth equation [51] the followinguatjon is obtained:

D=Dy/(1-6") 3)
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The positive parameter t which appears in equgBpmeasures the heterogeneity of
the surface of the adsorbent as probed by the lagksonn particular, lower values than
1 (perfect homogeneity) indicate increasing hetenegy. The best fit for the values of
t are the following: 0.38 (as made MFI), 0.42 ¢M®,44 (Me), 0,46 (Me) and 0.38

(F); with the exclusion of sample F, the order efdnd hence the order of homogeneity
— follows the same order of increasing hydrophabiaracter of the outer surface as
revealed by the contact angle. Bearing in mind ttmainterior of silicalite-1 is
hydrophobic, it seems that the capping of silamolgs makes the outer surface more
similar to the environment experienced byiklthe pore network; the extreme
hydrophobicity of the perfluorinated chains insteaxlild restore heterogeneity with
respect to the pore network.

The silicalite-1 grafted with —SiMeagroups displays the highest sorption rate, whereas
the as-made and the F (fluorinated tails) sampkdd the lowest Hdiffusion.

The dependence of the sorption rate gfridm the chemical nature of the outer surface
of the silicalite-1 is an experimental evidenceh# role it plays on the overall sorption
rate of H inside the crystal at 77 K.

The assumption that diffusion limitations inside fhore network govern the sorption
kinetics is in contrast with the findings of Krishand van Baten on Molecular
Dynamics simulations in ideal, defect-free silitadi at 300 K. In that case the intra-
crystalline Stefan-Maxwell diffusion coefficientcteases with higher Hoadings [58],
whereas in this study a fastes #iffusion is observed at 77 K in the sorption
experiments at higher loadings. This contradictiaa been explained in a similar case
(C2-C4 hydrocarbons in Zn(tbip) MOF) by considerthgt self-diffusion relies on the
very difficult exchange of molecules in narrow pgreshereas the transport of
molecules under the effect of a concentration gradioes not [36]. In this case
however the sorption kinetics ok ldre recorded by imposing several small steps, so
that for each of them the diffusion coefficienth® pore network can be considered as a
constant. The apparent contradiction with the tesfukrishna et al. [58] can instead be
explained by the partial immobilization of hydrogearthe pentasil chains of silicalite-1

at low temperaturevigde infrg).

11



The D/& values obtained above by fitting the experimedéaa with eq. (2) can be used
to obtain D values at differeftloadings by assuming that all zeolites have tineesa
average radius a equal tué: they lie in the range 4+ m* sec’. The obtained
values are more than two orders of magnitude |dhaen the self-diffusion coefficients
of Hz in the interior of Na-ZSM-5 measured by Bar etall60, 140 and 120 K, equal
to about 1.7.0%°, 1.610° and 1.910%° m? sec® [59]. That study evidenced that the
unusually low mobility of hydrogen was induced b tapture in the pentasil chains of
a significant fraction of the molecules. Also, b&86G NMR and Quasi Elastic Neutron
Scattering measurements reported an increase eéthdiffusion of H at constant
temperature with increasing loadings, just as $tlwen found in this study. It is not
possible to draw clear conclusions from the congoariof the two situations because of
the differences in the temperatures of the measemes{7A/s.120-160 K) and the
different activation procedures of the samples (2@00°C); both the lower
temperature and the higher amount of water in itlwalte-1 samples of the present
study are expected to decrease the diffusion fate.dorherefore the influence of
diffusion limitations inside the pore network orethverall H sorption kinetics cannot
be excluded on the basis of this comparison, hatithportant to point out that the
modification of the chemical nature of the outenfate does not influence the diffusion
limitations inside the pore network.

The other extreme assumption will be now adoptee mobility of H in and out of the
silicalite-1 is controlled by the surface onlytlie diffusional resistance through the
laminar fluid film surrounding the crystals cantmglected, then Hdiffusion can be
limited by means of two possible mechanisms: ifjudibnal resistance through a thin
barrier of thicknes$ at the surface [56], due for example to the presef frozen
moisture at the pore mouth, or ii) by the presesfqaugs on a fraction of the pore
mouths [39,40]. No one of the two can be excludethe basis of our experimental
data. Therefore, in the assumption that only ti&asa controls the Hsorption kinetics
at 77 K, in the simple case when the pressurepsd@nstant during the experiment, the

sorption rate is given by expression (4) belowsighnerical particles of radius a [56]:

M /M, =1-exp(-3D,,t/ 5'a) (4)

12



where theDy,,r represents the effective diffusivity through arkearof effective
thicknessd. It is important to realize th&@llya/ J, also known as the surface
permeability [55], is the overall resistance tosport of hydrogen that takes into
account both mechanisms. pore plugging and resistance through the opersptire
different localized resistances on the differenepmouths, in fact, can be averaged
over the whole crystal surface [39].

In the present study, the reduction of the amo@ipotar silanols at the outer surface,
accompanied by lesser amounts of strongly boundmiatprobably the reason why
faster hydrogen sorption kinetics are observed.bithiey perfluorinated tails
compensate the reduced hydrophilicity of the serfaith a much larger sterical
hindrance, so that at the end the sorption ratg/dfogen is comparable to what is
found in the case of the as-made silicalite-1.

A reasonable additional explanation for the inceeafsdiffusion with the surface
coverage is the presence of much stronger sorpiies at the outer surface of silicalite-
1 than at the interior of the crystal. Thosgrhblecules adsorbed at the outer surface of
silicalite-1 which are hopping to the interior bktcrystal probably need to pass a free
energy barrier which is higher than the barriepasating different sorption sites inside
the pore network. The increase in molecule-molecugractions at higher pressure
may decrease the height of the free energy bamemolecule has to overcome for
diffusing into the crystal. A similar behaviour wadsscribed for the modelling of intra-
crystalline self-diffusion of methane in all-silita A [60].

A hydrogen desorption study by means of TDS wapeed to investigate more
accurately the modification induced by the surflaretionalizations discussed above.
In order to observe the different kinetic parametd@rmodified and unmodified
silicalite-1, the TDS spectra acquired with desorptate of 0.03 K/s are compared in
figure 6. All the samples spectra present one rogad structure whose centroid
position does not appear at the same temperatuparticular the desorption spectra of
the unmodified silicalite-1 and the fluorinated gdenhave similar maximum
temperatures, while in the other samples the maxirdesorption rate occurs at lower
temperatures.

These variations can be rationalized with the saypethesis used to explain the
differences in the adsorption kinetics: pore plaggiestriction and stronger sorption

13



sites on the outer surface of the as-made sikzdlitcovered witkeSi—OH groups and
frozen moisture, are characterized by a higherdresgy barrier for the desorption of
hydrogen to the gas phase than in the case ofatsysith hydrophobic surface
modifications.

Strongly adsorbed water molecules on the outen@gaof unmodified silicalite-1, close
to the pore entrance, may effectively hinder therbgen desorption from the internal
pores. Frozen moisture and higher activation energy act as a sort of a “stopper” on
the pore entrance keeping the desorbingndlecules inside the pore network, and this
“stopper” is mostly effective in the non-modifiedicalite-1, where the surface silanols
are present. This stopping effectiveness decreashe order —OH >
=SiCH,CH,(CF,)gF > =Si(CH), > —Si(CH)3 ~ =SiCHs. Generally, a high energy
barrier is associated with strong adsorbent-adseihgeractions. The reduction in the
number of the surface silanols, caused by the Ingnafi the silanes, is expected to
reduce the amount of moisture and the strengtheo§orption sites on the outer surface.
Consequently, the maxima of the correspondent Tjig$tsa are shifted towards lower
temperatures. Bulky linear perfluorinated alkyl icisegrafted on silica are known to
self-assemble, forming compact and tightly pacletiassembled monolayers [61]. A
similar situation might occur in MFI crystals madd with the fluorinated moiety,
giving rise to a physical barrier for the transpafrtiffusing species yielding the second
slowest desorption rate. If the other modificationtsoduced on the surface of the MFI
crystals are considered, it seems that after thdifroation the size of the group bound
to the outer surface of the zeolite governs themg¢®n rate of Hand therefore the
dynamic desorption properties of the modified alite-1.

When these experimental evidences are comparedhvettiffusion during sorption
(Fig. 5), a fair agreement is found. In fact, thenest sorption is observed again for the
unmodified MFI and the MFI modified with fluorinatechains.

It must be pointed out that the as-made crystais/she highest kHsorption capacity
and at the same time the slowesttkdnsport rate. The highest number of surface
silanol groups on them is probably responsibleath leffects: the highest sorption
capacity due to the strongest dipolar moment otéhminal hydroxyl group with
respect to O-Si bonds; the slowest transport na¢etd the highest potential energy

barriers for surface diffusion from stronger sasptsites on the external surface, both to
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the internal surface (the pores of the zeolitepguton into the zeolite) and to the gas
phase (desorption). An additional effect of thdfae silanols is the sorption of water
molecules, which can form strong hydrogen bondsctlystals were activated at 105 °C
in order to preserve the organic grafts from deausitipn, therefore water linked with
hydrogen bonds is still present on silanol grodmsorbed water is not expected to
decrease the polarity of the surface, and in amfditimight reduce the pore size and
physically hinder the transport of hydrogen [37].

A confirmation of the presence of adsorbed wattar afctivation at 115°C comes from
the thermogravimetric profile of the pristine, urdlifeed silicalite-1 sample (Figure 7).
The overall weight loss from 115 to 800°C is 9.24%td all of it is due to the loss of
water because the zeolite had been calcined alré&aist of the water (weight loss
7.24%) was lost between 115 and 325°C, with thhdsgslope in the TG curve around
236°C: this is water which sticks to the zeolinfiework with hydrogen bonds, and/or
that is coordinated to the Nans. In agreement with the findings of Bodaraket more
water is lost from 330 to at least 800 °C, duehwdondensation of vicinal silanol
groups at crystal defects [62].

In conclusion, the features of the sbrption kinetics and of the TDS experiments are
influenced by the polar silanol groups on the osteface of silicalite-1, which still
retain large amounts of water after the activatieatments at 105-120°C. A surface
barrier exists around silicalite-1 crystals andréngstance it offers is not negligible; it
operates by the action of two possible mechanisite physical obstruction or
reduction of size of the pore entrance due to flareisture, and b) the deepening of
the free energy barriers for the hopping efddt of the surface layer, either to the gas
phase or to the interior of silicalite-1. The salybn of the surface speeds up the
sorption process by eliminating the surface silsmolreducing their number. The bulky
fluorinated moiety of sample F probably reducesdifieision of hydrogen by sterical
hindrance.

Other resistances to transport are probably prebahtheir eventual contributions
cannot be quantified on the basis of the resulthiefstudy. Intra-crystalline diffusional
resistance could be revealed by PFG-NMR or newdcattering experiments at 77 K
[59,63,64]. Interference Microscopy and Infra-Reatidscopy [39,40,64] might
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measure independently the surface permeabilitytlaadhtra-crystalline diffusivity, and
estimate the probability that a generic pore astitéace is not plugged, if the times of
H, diffusion recorded in this work at 77 K are longpagh.

It is probable that for larger molecules than[66] and for thin zeolite layers [26, 65-
67] the effect of surface barriers is more relevahts study indicates that surface
modification is able to modulate the height of sheface barrier to the transport of H

in and out of silicalite-1 at 77 K. Surface modifiion is a tool to obtain better
performing membranes, but it can also be tailooeidhprove pressure swing adsorption

processes and the filling/delivery of sorbent Iahdas storage tanks.

5. Conclusions

The external surface of silicalite-1 (MFI) crystalss been modified by grafting four
different moieties. The surface modifications do clfeange significantly the hydrogen
adsorption capacity at 8 MPa and 77 K, with a maxmdifference of only 5%. The
diffusion rate of Hin the MFI crystals is influenced by the chemicature of the
surface, therefore the outer surface of MFI israidafor the transport of Hat 77 K. In
particular, since unmodified silicalite-1, with t@nal silanols=Si-OH, yields the
slowest adsorption rate o, Hhe hypothesis has been made that frozen water
molecules, forming hydrogen bonds with surfacensils, may physically obstruct the
entrance of the pores. In addition to this, thergjer sorption sites for hydrogen offered
by silanols are characterized by higher energyidrarfor the hopping of Hwhen
compared to the outer surface sorption sites ofdpftbbically modified crystals. These
results are confirmed by the TDS spectra acquit€@d08 K/s heating rate, which show
the highest desorption temperature of hydrogeth®ias-made silicalite-1. Again, this
difference can be explained by the effect of sthpagsorbed water on surface silanols
close to the pore entrance, and by higher energieba

The above findings indicate the presence of diffuai barriers on the outer surface of
loose silicalite-1 crystals. It has been demonstidéibat the chemical modification of the
outer surface of porous fillers is able to modifg diffusivity of penetrants. This
strategy in turn may prove viable to enhance thiopeance of mixed matrix
membranes, as well as of pressure swing adsorptamesses and of sorbents for the

storage of gas.
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Figure Captions

Figure 1: SEM image of silicalite-1.

Figure 2: XRD patterns of silicalite-1 before and after thedifications. a: reference
pattern; b: as-made silicalite-1; c: sample Faingle Me; e: sample Mgf: sample
Mes.

Figure 3: H, adsorption isotherms of the different MFI sammbtained at 77 K in the
pressure range 0+8 MPa. The curves representttimgdi of the experimental data (total
adsorption) obtained by the Toth model [51].

Figure 4: PcT experimental data fitted by decaying functierhydrogen
diffusion/adsorption time.

Figure5: Fitting of D/ results of H adsorption kinetics at 77 K in the different
silicalite-1 (MFI) samples as a function of the hygen coverag@. Symbols:® Me;s,

L1 Me,, ® Me, O F, and® as made MFI. Points fitted by a third-degree poiyial
function. D/& error is 3-5%.

Figure 6: H, TDS spectra of the different MFI samples in thaperature range 25 -
120 K. The heating rate is 0.03 K/s.

Figure7: TG and DTG curves for the as-made silicalitethggle in N> flow, after

equilibration in N flow at 115°C. The heating rate is 2°C/min.
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Highlights

A surface barrier for the transport of H, at 77 K is evidenced on silicalite-1
Surface modification of MFI crystals speeds up H, sorption and desorption
Surface silanols trap moisture and enhance the surface barrier

Pore obstruction and stronger sorption may explain the enhancement of the
barrier

Surface modification can talor the transport properties of fillers and
adsorbents



