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ABSTRACT: We outline two methodologies to selectively characterize the Brgnsted acidity of the external surface of
FAU-type zeolites by IR and NMR spectroscopy of adsorbed basic probe molecules. The challenge and goal are to
develop reliable and quantitative IR and NMR methodologies to investigate the accessibility of acidic sites in the large
pore FAU-type zeolite Y and its mesoporous derivatives often referred to as ultrastable Y (USY). The accessibility of
their Brgnsted acid sites to probe molecules (n-alkylamines, n-alkylpyridines, n-alkylphosphine- and phenylphosphine-
oxides) of different molecular sizes is quantitatively monitored either by IR or *P NMR spectroscopy. It is now
possible, for the first time to quantitatively discriminate between the Brgnsted acidity located in the microporosity and
on the external surface of large pore zeolites.

INTRODUCTION

Zeolite catalysts are currently widely used in oil refining and petrochemical processes and their applications are set
to grow further in these classical and other more emerging applications. (*****°) Their high surface areas and
micropore volumes, tunable acidity, active sites located in confined spaces, unique shape selectivity and many other
easily adjustable properties make them often the catalysts or adsorbents of choice for various industrial processes. (>**)
These desired properties come at a price, internal mass transport limitations lowering their potential catalytic
performances, () although such limitations can also be effective tools to engineer unique selectivities.(®) The interplay
between internal mass transport and chemical Kinetics in zeolite catalysis is often described using the Thiele modulus
(@) approach.(’) However, as it explicitly does not take into account the external surface of zeolites, the approach
might become less relevant when effective particle size decreases during top-down (biased or unbiased demetallation
generating intracrystalline mesoporosity) or bottom-up (direct synthesis of nanosized zeolite crystals generating
intercrystalline mesoporosity) hierarchization procedures.(®) When the external surface of zeolites, where confinement
differs from inside the microporosity, is explicitly taken into account in computing the Thiele modulus, it was shown
recently that its effect on catalyst effectiveness (1) decreases.(*®) Although impressive advances in the last few years
enabled a better description of the micro- and meso-porous volumes and surfaces of zeolites by physisorption of
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Nitrogen, Argon and Krypton at low temperatures, these methods do not provide any information on the surface
acidity.(*") In principle, the external surface acidity should increase with added mesoporosity and decreasing crystal
size, but zoning can occur due either to synthesis conditions or biased post-synthesis treatments leading to
unpredictable acid site concentrations.(******)

Moreover, zeolite powders are always shaped in the presence of a binder when used in industrial processes. This is
required to optimize many, often conflicting, specifications such as mechanical and thermal resilience, pressure drop
and hydrodynamics management in the reactor...(*>) During such an operation, a zeolite powder is successively mixed
and kneaded with an inorganic binder precursor (e.g. pseudoboehmite) and other additives (peptizing agents, porogens,
filler...), shaped (yielding so called green extrudates), dried and then calcined at temperatures above 800 K. Under
such conditions, chemical interactions between inorganic binders and zeolite surfaces are likely to occur. As reported
elsewhere, zeolite surface properties and more specifically their external acidity are affected during these operations
altering their catalytic performances.(**) Zeolite acidity is multifarious (e.g. nature, number, strength, location and
distribution across the crystallites, confinement, accessibility...). The potential differences in accessibility and
confinement between acid sites located anywhere in the microporosity (hereinafter referred to as internal acidity) and
on the external surface of crystallites or any mesoporosity (hereinafter referred to as external acidity) are particularly
important.(*"%9)

Numerous techniques are currently used to characterize the acidic properties of zeolites such as ammonia and
alkylamines (*°) temperature-programmed desorption (TPD), (**?) infrared spectroscopy (IR), (*2+#%2728293031) anq
nuclear magnetic resonance (‘H and **P NMR) spectroscopy of adsorbed basic probe molecules. (**%)

The number of acid sites determined by adsorption of probe molecules is often lower than expected from their
framework (Si/Al) composition, (**) due to their accessibility to probe molecules. This led to the definition of an
accessibility index (ACI), the ratio between the maximum number of acid sites determined by a given probe molecule
and the number expected from their framework composition.(*) An alternative approach to estimate the acid site
density is the consecutive adsorption of probe molecules of decreasing size to better discriminate acid sites distributed
in various environments.(***") For instance, the accessibility of the acid sites of mordenite (located either in large
channels or more confined side-pockets) and mesoporous derivatives was determined by the consecutive adsorption of
substituted alkylpyridines (2,4,6-triethylpyridine 2,4,6-trimethylpyridine and pyridine) and carbon monoxide. (*')
Recently, Freitas et al. also used IR spectroscopy of alkylpyridines to map the accessibility of acid sites in MFI and
BEA zeolites. They highlight that 2,6-dimethylpyridine accesses 50 % of the acidic sites in ZSM-5 while 2,4,6
trimethylpyridine and 2,6 di-tertbutylpyridine reach only 8 and 5 % of the acidic sites, respectively.(**) Nitriles probes
with different sizes were also used to differentiate external and internal acid sites present in ZSM-5 zeolites.(*) Other
probe molecules were also used to determine acid sites accessibility in zeolite such as FER, BEA, ZSM-5 and MCM-
(P23140414243) Another, yet unexplored, option could be the deuteration of acid sites by molecules of increasing sizes,
initially developed to map the accessibility of silanols in amorphous silicas.(**) *P NMR spectroscopy, with its large
window of chemical shifts and easy quantification (natural abundance and spin %) is becoming popular to measure
zeolite acidity with phosporous probes: trimethylphosphine oxide is a good example as it provides information on the
number, type (Lewis and Bransted) and strength of zeolitic acid sites. (3*34>4¢4748495051) Earlier analyses, performed
with trimethylphosphine (TMP) (***°) are now replaced by the more stable and less hazardous alkylphosphine oxides.
Trimethylphosphine oxide (TMPO), for instance, was used to probe acidity in amorphous silica—aluminas, aluminas,
and zeolites.(**) Mafra et al. used a combination of alkylphosphine oxides of different sizes (trimethylphosphine
[TMPO, kinetic diameter: 0.55 nm]) and tributylphosphine oxide [TBPO, kinetic diameter: 0.82 nm]), to successfully
discriminate the internal from the external acidity of ZSM-5 zeolites.(*®) Chemical reactions should be the ultimate
way to assess the acidity and catalytic activity of the external surface of zeolites (***>*°) but it is often challenging to
prove that either reactants, intermediates or some products do not penetrate their microporosity at reaction
temperatures.

As far as industrial applications are concerned, it is well recognized that Brgnsted acid sites located on the external
surface (e.g. MWW) or at the pore-mouths (e.g. MTT, TON...) of some zeolites, are the active sites for some
important reactions as cumene synthesis and the selective hydroconversion of long-chain n-paraffins to their mono-
branched isomers.(*’) On the other hand, when p-xylene is produced industrially on MFI-based catalysts, either by
mixed xylene isomerization, toluene disproportionation or alkylation, their external surface active sites are selectively
deactivated by reaction with, for instance, organo-nitrogen or -phosphorous compounds.(***°)

So far, all methodologies describing the acidity of the external surface of zeolites fail when applied to the FAU
structure, in its purely microporous form (Y) and even more on its mesoporous derivatives (USY). A *'P NMR study
of rare earth zeolite Y using TMPO and TBPO reported that TBPO does not access zeolite Y microporosity and
estimated its concentration of external acidic sites at 120 umol/g, i.e. about 3 % of the total acid sites.(**) However,
this zeolite, with a Si/Al ratio of 3.7, was certainly dealuminated, i.e. already possessed some mesoporosity as well as
extraframework species potentially restricting the accessibility of some probe molecules; this could raise doubts on the
accessibility of TBPO to the native microporosity of zeolite Y.

The FAU type structure is by far the most widely used zeolite in industrial processes: i) the so-called Y or USY
(Si/Al > 2.5) mostly as a catalyst (Hydrocracking, Fluid Catalytic Cracking [FCC], Aromatics alkylation...) (°), ii) the
so-called X (Si/Al ~ 1.0) mostly as an adsorbent (aromatics separations...). Its crystalline structure, made of sodalite
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cages (cuboctahedral units) linked by hexagonal prisms (double six rings), generates a microporosity in supercages of
about 1.2 nm in diameter accessible to relatively bulky molecules; (%) the sodalite cages remain inaccessible to most
probe molecules unless opened by chemical treatment. (*') As-synthesized Y zeolite is usually in its sodium form and
acidity generated by ammonium exchange(s) followed by calcination(s). During calcination, partial dealumination
and/or amorphisation can occur. Zeolite Y is often dealuminated by steaming at high temperatures and/or acid leaching
to prepare a more stable form, the so-called ultrastable Y (USY). During this process, some aluminum is expelled from
the framework and mesoporosity added to its native microporosity creating a hierarchical material, provided micro-
and meso-porosity are sufficiently connected. The acidic (number, strength, location, accessibility, distribution...) and
textural properties of the zeolite are therefore modified during this process. In particular, the confinement in a
significant proportion of acid sites will change as the microporosity will decrease and intracrystalline mesoporosity
will be added, i.e. the internal/external acidity ratio will increase. This ratio is also substantially increased, with the
formation of intercrystalline mesoporosity, when small crystals (< 100 nm) of zeolites are synthesized, the so-called
nanozeolites. (*2%)

In IR spectroscopy, the preferred methodology to quantify acid properties, the stepwise addition of calibrated doses
of a basic probe molecule is the norm. It is however a challenge to find suitable probe molecules (liquid with a vapor
pressure of about 0.1 torr) not entering the zeolite Y microporosity due to the dimension (0.74 nm) of the windows (12
MR, twelve T atoms delineating a ring) leading to its supercages. Two criteria need consideration when selecting such
suitable probe molecules: their kinetic diameter and the adsorption temperature. A trusted rule of thumb states that
molecules with a kinetic diameter 20 % larger than a zeolite pore will enter the porosity as temperature increases.(*>®)
Accordingly, a molecule probing the external surface of FAU type structures should have a Kinetic diameter superior
to 0.9 nm. (*°) 2,4 dimethylquinoline (2,4 DMQ) is a potential candidate and was already used to probe the external
acidity of some zeolites.(*") As it accesses, at 423 K, the microporosity of BEA and FAU structures, lowering its
adsorption to room temperature might prevent or significantly delay its diffusion in the FAU microporosity.

We screened other basic molecules using these criteria to monitor the FAU external surface acidity by IR (2,4
dimethylquinoline [DMQ, 0.91 nm], 2,6 di-tert-butylpyridine [DTBPy, 0.8 nm], 2,4,6 tri-tert-butylpyridine [TTBPy,
1.1 nm]) or **P NMR (triphenylphosphine oxide [TPhPO, 1.1 nm]) spectroscopies. In addition, as trimethylamine
(TMA) was already used to measure the strength of acid sites in zeolite Y, we selected two bulkier alkylamines
(tributylamine [TBA, 1.1 nm] and trihexylamine [THA, 1.3 nm]). 30 The more classical probes, Pyridine (IR) and
TMPO (NMR) were used to quantify the maximum accessible acidity of zeolite Y and its USY derivatives. These
probe molecules along with some selected properties are described in Table S.1.

EXPRIMENTAL SECTION

Three commercial zeolites were investigated: i) Y: LZY-64 supplied by UOP, ii) USY’s: CBV720 and CBV760
purchased from Zeolyst. Some typical physicochemical properties are summarized in Table 1. USY’s are typical of
steamed (CBV720) and steamed/acid leached (CBV760) Y zeolites. Their Si/Al ratios range from 2.3 to 28 and they
differ significantly by their acidic and textural properties. As expected, USY’s display higher mesoporosity than their
Y parent.

Probe molecules with different sizes and basicities, namely Pyridine (Py, 99.8 %), 2,6 Di-tert-butylpyridine
(DTBPy, >97 %), 2,4 Dimethyl quinoline (DMQ, 95%), Tributylamine (TBA, 99.5 %), Trihexylamine (THA, 96 %)
and 2,4,6 Tri-tert-butylpyridine (TTBPy, 99%) were purchased from Sigma-Aldrich and used without further
purification.

With the exception of Py, DTBPy and TTBPy, the molar absorption coefficients of bands characteristic of the
protonated probe molecules were not determined. Instead, the Brgnsted acid site concentrations were measured by
integrating the v(OH) bands at 3630 cm™ (OHy, located in the supercages) and 3550 cm™ (OH,r, located in the
sodalite cages) before and after adsorption of the probe molecules. Their respective molar absorption coefficients (e
OHy = 6.76 cm.mol™ and &€ OH,( = 5.39 cm.mol'l) were determined, very accurately, earlier in a homemade setup
(AGIR), by monitoring simultaneously weight gains/losses on a thermobalance (AG) fitted with a cell recording the IR
spectra of the adsorbed probes.(**)

IR spectra were recorded with a Nicolet Magna 550-FT-IR spectrometer at 4 cm™ optical resolution. Prior to the
measurements, the zeolites were pressed into self-supporting discs (diameter: 1.6 cm, 18 mg) and pretreated in the IR
cell attached to a vacuum line (10 Torr), first at 393 K for 2 hours followed by a ramp to 723 K (3 K /min) held for 2
h. The adsorption temperature of Pyridine (1 torr at equilibrium) and 2,6 Di-tert-butylpyridine (0.2 torr at equilibrium)
were 373 K and 423 K, respectively. DMQ, TBA, THA, and TTBPy (0.1-0.2 torr) adsorptions were performed at 298
K. After equilibration with the probe molecules, the cell was outgassed to remove the physisorbed species. All spectra
were normalized to the same mass (20 mg wafers). The amounts of pyridine adsorbed on the Brgnsted and Lewis acid
sites were determined by integrating the area of the characteristic bands corresponding to pyridinium ions (1545 cm™)
and coordinated pyridine (1454 cm™) using their respective molar absorption coefficients (¢1545 =1.35 and £1454 =
1.8 cm.mol™).(**) As TTBPy is solid at room temperature (melting point: 343 K and boiling point: 393 K), an
alternative procedure was followed for its adsorption. A self-supported wafer of solid TTBPy was first prepared and
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transferred to a small calibrated volume enclosed between 2 valves in the IR cell (Figure S1). After evacuation under
vacuum, this volume is isolated during the activation of the zeolite; the valve is then opened to start the TTBPy
adsorption.

A homemade cell was used to perform the NMR experiments (Figure S.2). As outlined above, two different
molecules were selected: i) Trimethylphosphine oxide (TMPO) to access both the internal and external acidity, ii)
Triphenylphosphine oxide (TPhPO) to access only the external acidity. The samples were first dehydrated under
vacuum (10°° Torr) at 723 K (reached at 3 K /min) for 2 h, a solution of TMPO (4 mmol/I) or TPhPO (0.4 mmol/l) in
CH,CI, then poured on the zeolite in a glove box filled with argon and equilibrated for 15 min under ultra-sonication.
The cell was then connected to a vacuum line (Pressure = 10™ torr) and evacuated at 298 K for 2 hours, the product
recovered transferred to an argon filled glove box and loaded in an NMR rotor. The NMR spectra were recorded on a
Bruker Avance 500 and the samples spun at the magic angle at a frequency of 12 kHz with a single pulse width of 8.5
ps and a recycle delay of 10 s. The *'P chemical shifts were measured relative to an aqueous H;PO, (85 %).

Table 1. Physico-chemical properties of the parent zeolite powders

Zeolite LZY-64 CBV720 CBV760
Unit cell parameter (A) 2 24.7 24.3 24.2
SilAlamework 2.3 16 28
Vicro €M?/g) © 0.34 0.27 0.27
Viveso €M?/g) © 0.05 0.23 0.27
Sger (M/Q) © 754 840 805
Sext (M?/g) © 60 267 261
Crystallinity (%) ¢ 100 70 70

2 unit cell parameter; ® determined by 2°Si MAS NMR; ¢ determined by nitrogen sorption at 77K ¢ relative to LZY-64

RESULTS AND DISCUSSION

Adsorption of basic probe molecules monitored by IR
Internal and external acidity of the FAU structure: Pyridine (Py)

Figurela shows the IR spectra of LZY-64 activated at 723 K before and after pyridine adsorption. After activation,
three absorption bands are observed in the v(OH) region:

- 3740 cm™: silanol groups

- 3640 cm™ and 3545 cm™: bridging hydroxyl groups (Brensted acid sites, BAS) respectively located in the
supercages (OHyg) and sodalite cages (OH ).

After pyridine adsorption and evacuation at 523 K, the supercages BAS (3640 cm™) disappear almost completely
while those in the sodalite cages (3545 cm™) are unaffected, Figure 1. The number of BAS determined by this
procedure is reported in Table 2. As expected, the majority of acidic sites accessible to pyridine are located in the
supercages (1260 pmol/g) and the proportion of acidic sites accessible to pyridine in sodalite cages is negligible. The
difference in the number of acid sites estimated by IR and *Si NMR for LZY-64 is a direct consequence of the
presence of residual sodium cations (ca. 3 % determined by ICP analysis). The ACI of pyridine in LZY-64 is 0.4 and
implies that only 40% of the acidic sites, all located in in the supercages, are accessible to molecules with a kinetic
diameter of about 0.55 nm.

The same procedure is applied to CBV760, Figure 1b. In contrast to LZY-64, the acidic sites in the sodalite cages
become accessible to pyridine as both OHy and OH, - bands disappear after pyridine adsorption. While the number of
Brgnsted acid sites is much lower on CBV760, their accessibility to pyridine is higher (0.5), although the presence of
extraframework aluminum could hinder access to some acid sites. The Brgnsted acid site concentration expected from
the °Si NMR derived framework composition (520 umol/g) is significantly higher than those detected (320 umol/g)
and accessible (240 pmol/g) by IR spectroscopy.(*)
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Figure 1. IR spectra before and after adsorption of pyridine and evacuation at 523 K under vacuum: a) LZY-64 and b)
CBV760.

Table 2 : Acid site concentration in LZY-64 and CBV760.

Sample OHuF pmolig a OHLF pmolrg @z OH X A PY'H+ Py-L pmol/g AClpy ¢
umol/g b pmol/g ¢ umol/g d d

LZY-64 1260 2090 3350 3570 1390 45 04

CBV760 140 180 320 520 240 84 0.5

2 determined using molar absorption coefficients of OH bands (*%)

® sum of all bridging hydroxyls: OHye + OH, ¢

®tetrahedral (framework) aluminum calculated from the Si/Al ratios determined by 2°Si NMR
4 py-H"*: protonated pyridine (Bransted sites), Py-L: coordinated pyridine (Lewis sites)
®accessibity index of pyridine = Py-H*/z AI'Y

External acidity of the FAU structure: the case of 2,6 Di-tert-butylpyridine (DTBPY)

This bulky molecule (kinetic diameter: 0.8 nm) is already used to probe the external acidity of different zeolite types
such as MOR, ZSM-5.(*"*®) However, on LZY-64 and CBV760, the OH, band (supercages) decreases upon DTBPy
adsorption and evacuation at 523 K, while the OH_¢ (sodalite cages) remains intact or slightly broadened, Figure 2.
New bands appear at 3360, 1616 and 1530 cm ', characteristic of protonated DTBPy. The IR spectra of LZY -64 after
exposure to DTBPy for 0-64 minutes are shown in Figure 3a and the variation of the integrated intensity of the 3360
cm™ band (DTBPyH+) with the amount of OHye consumed (molar absorption of 6.76 umol cm™) in Figure 3b. An
excellent linear correlation (r* = 0.99) with a zero intercept allows to calculate the molar absorption coefficient (*%
cm.umol™) of the 3360 cm™ band of DTBPyH" assuming DTBPy adsorbs specifically on OHHF. The resulting
number of acidic sites (1013 umol/g) probed by 2,6 DTBPYy is reported in Table 3.

While this demonstrates an expected lower accessibility of DTBPy than Py to both LZY-64 and CBV760 acid sites,
DTBPy nevertheless interacts with internal acidity, including sodalite cages in CBV760. Therefore it cannot be
considered a suitable probe for the external surface of FAU structures.
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Figure 3. a) Time evolution of the IR spectra of LZY-64 in contact with 2,6 DTBPy, b) integrated band area at 3360 cm™ as a
function of the OHy consumed.

Table 3. Acidic properties of LZY-64 and CBV760 probed by Py and DTBPy.

Sample =AY Py-H* AClp° DTBPy-H* AClpres’
pumol/g 2 nmol/g umol/g d

LZY-64 3565 1391 0.4 1013 0.3

CBV760 520 240 0.5 197 0.4

@ concentration of framework aluminum determined by 2°Si NMR

b Py-H*: concentration of Pyridine adsorbed on Bransted acid sites after evacuation at 423 K
¢accessibity index of pyridine = Py-H*/ = AI'Y

dDTBPy-H*: concentration of DTBPY adsorbed on Bransted acid sites after evacuation at 423 K
®accessibity index of 2,6 DTBPy = DTBPy-H*/ = AI'Y



External acidity of the FAU structure: a quest for the right molecule

n-Tributylamine (TBA), 2,4 dimethylquinoline (DMQ), n-trihexylamine (THA) and 2,4,6 tri-tert-butylpyridine
(TTBPy) are selected as their adsorption/diffusion in the microporosity at 298 K might become slow enough to
discriminate between internal and external acidity during IR monitored uptake experiments. As discussed above, the
amount of adsorbed probe molecules is determined by following the consumption of the OH bands (molar absorption
coefficients from Ref. 24) assuming one probe molecule adsorbs per acid site. Figure 4 shows the disappearance of the
OH, (3640 cm™) band of LZY-64 as a function of vt (t = exposure time, in s) at 298 K for these candidates. Except
for TTBPy and THA, a monotonous uptake of the probe molecule is observed.

DTBPy, often used to probe the external acid sites of large pore zeolites (MOR, BEA...) zeolites, enters the
microporosity of LZY-64, and reaches about 16 % of the acid sites within 20 min. Both TBA and DMQ behave
similarly, albeit slower. DMQ, for instance reaches 16 % of the acidic sites, after 1 hour at 298 K. THA on the other
hand first adsorbs slowly, reaching a plateau after consuming about 2 % of the acid sites, to finally reach 14 % of the
Bronsted sites after 2 hours. The plateau corresponds to the expected quantity of THA adsorbed on the external surface
sites, in good agreement with earlier computed geometric external surface of zeolite Y.(*") In the case of this particular
LZY-64, its geometric surface evaluated assuming spherical crystallites (500 nm diameter) and no Al zoning, as
described elsewhere, (**"") amounts to 10 m?/g, i.e. the external acid sites contribute to about 1.3 % of the total acidity,
i.e. 45 umol/g of zeolite.

In contrast to the above probes, liquid at room temperature, the TTBPy uptake is slow and progressive reaching a
final plateau when about 2 % of the acid sites are neutralized (inset in Figure 4) indicating that it never accesses the
microporosity at 298 K and interacts only with the external Brgnsted acidity. Again, assuming that one molecule is
adsorbed per acid site, the external acid sites of zeolite is estimated to 50 pmol/g. However, at a higher temperature,
373 K, TTBPy penetrates zeolite Y microporosity.

DTBPy 4 TBA DMQ » THA x TTBPy

Consumption of Brgnsted acidic sites %

0 10 20 30 40 50 60 70

Vi / si2

Figure 4. Consumption of the LZY-64 Brensted acidity as a function of the square root of exposure time ,+/t, at 298 K for
various basic probe molecules (inset: zoom on TTBPy).

In order to better quantify the TTBPy adsorbed on the BAS of the USY zeolites, with higher Si/Al, the molar
extinction coefficient of its protonated form, TTBPy", is determined, vide infra. Figure 5 shows the spectra of TTBPy
vapor (a), 1 wt % TTBPy dispersed in KBr (b) and a difference spectrum i.e. the pristine LZY-64 spectra substracted
form TTBPY adsorbed on LZY-64 (c). The latter displays new bands at 3365, 3350, 1612 and 1373 cm™. The 3365
and 3350 cm™ are assigned to v(N-H+) vibrations of protonated TTBPy.(**) The molar absorption coefficient of the
v(N-H+) band at 3365 cm™ is determined as for 2,6 DTBPy, vide supra.
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TTBPY adsorbed on LZY-64 and the pristine LZY-64 (298 K).

The TTBPyH" (3370-3350 cm™) integrated area correlates (r* = 0.99) well with the intensity decrease of the OHy,
(Figure 6 b). The derived molar absorption coefficient, €, is 5.74 cm.umol™. TTBPy is also adsorbed on CBV720 and
CBV760 (298 K followed by evacuation under vacuum at RT for 15 min) and compared with LZY-64 (Figure 7). This
confirms that on LZY-64, as with Py and DTBPy, only the OH,= band decreases while the OH_¢ broadens. Table 4
summarizes the TTBPy results on the three zeolites and the associated accessibilities (ACI).

On that basis, we conclude that THA and TTBPy are suitable molecules to probe the external surface of FAU;
TTBPy should be preferred as it does not enter the zeolite microporosity, even after upon prolonged exposure.
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Figure 6. a) IR spectra of LZY-64 before and after 120 min contact with TTBPY vapor at 298 K, b) integrated intensity of
the 3360 cm™ band as a function of OHyr consumed.
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Figure 7. IR spectra of TTBPy adsorbed at 298 K and evacuated under vacuum at room temperature for 15 min on a) LZY-
64, b) CBV720, c) CBV760.

Table 4. External acidity of LZY-64, CBV720 and CBV760 zeolites probed by TTBPy.

) TTBPy-H * ACI
Zeolite a b
pmol/g TTBPY
LZY-64 60 0.02
CBV720 24 0.04
CBV760 20 0.04

ATTBPy-H": Tri-tert-butylpyridine molecules adsorbed on Bransted sites after evacuation

b accessibility index of TTBPy = TTBPy-H' / £ AI'Y

Adsorption of basic probe molecules monitored by 3*P NMR
Internal and external acidity of the FAU structure: Trimethylphosphine oxide (TMPO)

LZY-64 and CBV760 zeolites are loaded with an excess of TMPO to guarantee a complete titration of all acid sites
(4 mmol of TMPO/g zeolite, dissolved in 1 ml of CH,Cl,). When all acid sites are titrated, a peak due to physisorbed
(solid) TMPO emerges between 39-43 ppm and serves as an internal standard.
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Figure 8. 3P MAS NMR spectra of TMPO adsorbed on a) LZY-64, b) CBV760 (*: spinning side bands).

It is well established that TMPO accesses the microporosity of zeolite Y.(*°) The *P NMR MAS spectrum of pure
TMPO, Figure S.3, displays two signals at 39 and 43 ppm. The first is assigned to crystalline TMPO while the second
is due to interaction between P=0O and traces of water.(***% ") Figure 8 shows the *P NMR spectra of TMPO
adsorbed on LZY-64 and CBV760. On LZY-64, three signals in the 55-80 ppm range are assigned to Brgnsted acid
sites.(***®**%%) Obenaus et al. assigned the 55 ppm resonance to TMPO interacting with Bransted acid sites in the
sodalite cages, while those at 65 and 78 ppm to the Bransted acid sites located in the supercages.(™") The *P NMR
spectrum of CBV760 shows similar features to LZY-64, except the 78 ppm resonance. The number of acid sites
measured by TMPO in LZY-64 is therefore 3046 umol/g showing that, as expected, TMPO interacts with almost all
acid sites, including those located in sodalite cages (ACI = 0.85).

External acidity of the FAU structure: Triphenylphosphine oxide (TPhPO)

TPhPO is a bulky molecule (kinetic diameter of of 1.1 nm) previously used by Ryoo et al. to measure the external
acidity of highly mesoporous MFI structures.(**®) As it should have a highly restricted access to the zeolite Y
microporosity, it is a potential candidate to interact specifically with its external acidic sites. The **P NMR spectrum of
pure TPhPO, displays two resonances, 24 ppm and 28 ppm, assigned respectively to crystalline TPhPO and hydrated
TPhPO due, as for TMPO, to interactions between P=0 and traces of water as, Figure 9. Upon adsorption on LZY-64
and CBV760, its **P NMR spectra display three resonances around 24, 28 and 30 ppm. On y-alumina, the 28 ppm
resonance of adsorbed TPhPO is attributed to its interaction with Lewis acid sites (Figure S.4). However, on a zeolite,
TPhPO is too sterically hindered to interact with Lewis acidic sites. By analogy with TMPO, vide supra, we assign the
28 ppm resonance to physisorbed TPhPO and the 30 ppm one to TPhPO adsorbed on Brgnsted acidic sites. The
amount of Bronsted sites accessible to TPhPO on LZY-64 (53 umol/g) and CBV760 (19 pumol/g) are consistent with
those obtained by IR with TTBPy, a molecule of similar size (Table 5).
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Figure 9. 3P MAS NMR spectra of TPhPO a) pure, b) adsorbed on LZY-64, c) adsorbed on CBV760

Table 5. External acidity of LZY-64, CBV720 and CBV760 zeolites probed by TTBPy and TPhPO bulky basic
molecules.

Zeolite Surface Brgnsted acid site density pmol/g
TTBPy (IR)? TPhPO (NMR)°®

LZY-64 60 53

CBV720 24 25

CBV760 20 19

4 TTBPy: Tri-tert-butylpyridine molecules adsorbed on Bransted sites

®TPhPO: Tri-phenylphosphine oxide molecules adsorbed on Bransted sites

CONCLUSIONS

For the first time, the Bransted acidity of the external surface of the FAU type structure, the archetype large pore
zeolite, is measured. It is quantified by titration with probe molecules monitored by readily available and proven
spectroscopic techniques, IR and NMR. Some bulky but flexible molecules (Tri-hexylamine, 1.3 x 1.4 nm) access both
its external and internal acidity even when adsorption takes place at room temperature while others, less flexible (Tri-
tert-butyl pyridine and Tri-phenylphosphine oxide, both 1.1 x 1.1) probe only the external acidity. The room
temperature adsorption of tri-tert-butylpyridine monitored by IR spectroscopy indicates that 2 w% (Y) and 4 w%
(USY) of the total acid sites, i.e. 60 pmol/g and 20 umol/g respectively are located on the external surface. *P NMR
spectroscopy of adsorbed triphenylphosphine oxide (TPhPO) leads to very similar conclusions.

This advance opens the door to a more quantitative and deeper understanding of the catalytic performances of
zeolites, in particular, the nanosized and hierarchical ones where the external surface plays an even more important
role.(*®) It will participate to a better description of structure-reactivity using the Thiele modulus approach and bring
more insights in the structural and chemical changes occurring during the shaping of zeolites in technical bodies as this
operation affects mainly the external surface, as reported recently.(*°)

More insight is however required to establish better structure-activity correlations and design superior zeolitic
catalysts. For instance, advanced NMR techniques (*) should bring more knowledge on the exact nature of the
external acid sites while recent methodologies where calorimetric data are acquired together with the IR spectra of
adsorbed probe molecules could provide information on the strength and the environment (confinement) of these acid

11



sites.("®) Last but not least, advances in computational modelling will become ever more helpful to better understand
the role of the external surface of zeolites, the compulsory ports of entry to their micropores.(*)
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