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ABSTRACT: Zeolites are well-known microporous catalysts, involved in many industrial
applications. Their microporosity yet impedes diffusion of bulky molecules/feedstocks. To
overcome this drawback, zeolites with bimodal porosity, e.g. micropores and mesopores were
developed during the last decades. In this context, it is important to develop/use methods able
to evaluate accurately the textural properties of micro-/mesoporous zeolites. t-Plot is
commonly used for determining the micro- and mesopore surface areas and pore volumes.
However, previously we showed that the classical t-plot analysis overestimates the mesopore
surface areas and underestimates the micropore volumes for FAU-Y micro-/mesoporous
zeolite. Measurements performed with mechanical mixtures of FAU-Y and MCM-41 allowed
us to provide corrections to the t-plot analysis. These corrections were up to date limited to
FAU structured zeolites. In the present work, we present specific corrections of the t-plot for a
broader series of zeolites including MFI, *BEA and MOR, based on a set of mechanical
mixtures of zeolites and MCM-41. Minor correction factors were required for MOR, whilst
for MFI and *BEA similar corrections as for the FAU-Y were inferred for the micropore
volume. As far as the surface area is concerned higher correction factors were required for
MFI compared to *BEA. This corrected t-plot analysis was applied to characterize a great
variety of mesoporous zeolites prepared by micelle-templating following a two-steps
procedure.
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INTRODUCTION

Zeolites dominate the world catalyst global market due to their enormous use in oil
refining and petrochemistry with growing applications in fine chemicals synthesis and
environmental catalysis. Fluid catalytic cracking (FCC) and hydrocracking are the most
important catalytic processes involving zeolites and in particular USY (i.e. ultra stable Y
zeolite featuring FAU topology). MFI-type zeolites are used in at least 30 different industrial
processes, mainly based on alkylation and isomerization reactions.! It is also used in FCC
formulation to adjust propylene yields." The conversion of bulky oil feedstocks or of biomass
derivatives (sugar, lipids and lignocellulose) are widely investigated during the last years,
particularly over zeolites with multimodal porosity.” These materials, containing both
micropores and mesopores, are referred as hierarchical zeolites or mesoporous zeolites.”

A large variety of mesoporous zeolites®* has been reported and they can be classified
as follows: (i) zeolite crystals coated by a thin layer of mesoporous material,** (ii) micro-
/mesoporous nanocomposites with large domains of both micro- and mesoporous materials,*”
(iii) mesoporous materials containing small zeolitic fragments in the pore walls,**® (iv)
ordered’ or disordered®® mesoporous materials with zeolitic walls, (v) zeolite nanocrystals
dispersed into a mesoporous materials with either amorphous or zeolitic walls,”® (vi)
nanocrystals™*? and nanosheets of zeolite aggregates.”> Mesoporous zeolites with ordered
MCM-41-like mesoporosity were prepared by micelle-templating of zeolites following
different processes: (i) by a dissolution-reassembly process (e.g. ZSM-5,” mordenite,*® beta
), (ii) by a surfactant-templating process without dissolution (e.g. FAU-Y’) and (iii) by a
self-assembly process of nanozeolites precursor (e.g. beta™®) or zeolite seeds (e.g. ZSM-5").

The presence of bimodal porosity in mesoporous zeolites causes dramatic changes in
many physicochemical properties compared to conventional zeolites. In catalysis, mesoporous
zeolites typically exhibit enhanced accessibility for bulky molecules, which sizes exceed that
of the micropores and a reduction of the diffusion path length. Generally, the enhanced
intraparticular transport leads to higher catalytic activities, increases selectivity, and catalyst
stability due to the reduction of secondary reactions and coking, respectively."’

Mesoporous zeolites present stronger acidity than purely mesoporous aluminosilicates
such as Al-MCM-41, but often feature lower amount of Brensted acid sites than pristine
zeolites.>"***® However, judiciously selected treatment conditions in mesoporous zeolites
synthesis permit to maintain their strong Brensted acidity’® and micropore volumes.?’
Enhanced catalytic performances of mesoporous zeolites have often been proven. Numerous
examples, such as the isopropylation of naphthalene® and the liquid phase esterification of
benzyl alcohol with hexanoic acid'® over mesoporous *BEA structured zeolite, the
isomerization of 1,2,3-trimethylbenzene, the cracking of cumene” or n-hexane,’ the
methanol-to-hydrocarbon reaction? over mesoporous ZSM-5 are well documented. Similarly,
mesoporous FAU-Y, MOR, *BEA, zeolite L (LTL) showed enhanced catalytic activity in the
dealkylation of tri-isopropylbenzene compared to pristine zeolites.”® Mesoporous mordenite
prepared by micelle-templating showed remarkably high activity, stability, and selectivity
toward the formation of diisopropylbiphenyls in the transalkylation of biphenyl with
diisopropylbenzene.*® Mesoporous FAU-Y prepared by surfactant-templating allowed to



achieve higher gasoline yields in FCC and lower coke formation.?*? In the hydrocracking of
n-hexadecane, the comparison of mesoporous FAU-Y with a set of aluminated mesoporous
silicas®® showed that the catalytic activity relates linearly to the number of strong Brensted
acid sites, while selectivity, more precisely the yield in isomerization products, scaled directly
with the mesopore volume of the catalyst. The number of strong Brensted acid sites can be
adjusted by tuning the synthesis conditions*"*® and appeared to be correlated to the micropore
volume of the mesoporous zeolite.™

The influence of the micro-/ and mesopore surface areas in mesoporous zeolites in
catalysis and adsorption is seldom discussed. In general only the total surface area calculated
by the BET equation is given. This value, classically used to characterize zeolites textural
properties, is far from being satisfactory and does not allow to elucidate the role of micro- and
mesopore surface areas in the hierarchical materials. The t-plot analysis method allows
theoretically such calculations and it was applied in few studies of mesoporous zeolites but
mainly to determine external surface areas and micropore volumes.”**?**° This method is
however not straightforward. Indeed, computational studies proved that the t-plot method
underestimates micropore volumes and overestimates mesopore surface areas of hierarchical
micro-/mesoporous materials.**™* This was confirmed experimentally using mechanical
mixtures of FAU-Y and MCM-41.>** Corrections of the t-plot method were provided to
achieve calculations of micro- and mesopore volumes® and surface areas™ for mesoporous
FAU-Y.

These corrections were up to date limited to FAU structured zeolites. In the present
study we present specific corrections of the t-plot for ZSM-5, *BEA and MOR structured
zeolites, based on a set of mechanical mixtures of zeolites and MCM-41. The work is
organized in three parts. In the first one, the surface area of the native zeolites (FAU, MFI,
*BEA, MOR) determined by the BET method is discussed. This is of prime importance as the
t-plot analysis uses BET area as total surface area for the calculations of micro- and mesopore
surface areas for mesoporous zeolites. In the second part, corrections for t-plot analysis for
each mesoporous zeolite were achieved using mechanical mixtures of native zeolites and
MCM-41. In the third part, the corrected t-plot analysis was applied for the characterization of
a great variety of mesoporous zeolites synthesized by micelle-templating.

EXPERIMENTAL SECTION

Mechanical mixtures of zeolites and AI-MCM-41. Al-MCM-41 was synthesized by
mixing water, NaOH and octadecyltrimethylammonium bromide (C18TAB, from Aldrich) at
323 K to obtain a clear solution. Then silica powder (2.5 g) (Aerosil 200, Degussa) was added
and the mixture was stirred for 20 min. The molar composition of the mixture was: 1 SiO;:
0.1 C18TAB: 0.25 NaOH: 56 H,O. The mixture was then transferred to an autoclave and
placed in an oven at 388 K for 24 h. The recovered solid was filtrated, water washed until
neutral pH, dried at 373 K for 24 h and calcined under air at 823 K for 8 h.

Commercial zeolites were purchased from Zeolyst: ZSM-5 with Si/Al = 15 (CBV
3024E, NH," form, 10-MR, 3D, sinusoidal channels 5.1 x 5.5 A, straight channels 5.3 x 5.6
A, cavities in intersections 8-10 A, FAU-Y with Si/Al = 15 (CBV 720, H * form, 12MR, 3D,
cavity 13 A, window 7.4 A), MOR with Si/Al = 10 (CBV21A, NH," form, 12 and 8-MR, 2D,



straight channels 7.0 x 6.5 A, side pockets 3.4 x 4.8 A), *BEA with Si/Al = 12.5 (CP814E*,
NH," form, 12 MR, 3D, straight perpendicular channels 6.6 x 6.7 A, short connections 5.6 x
5.6 A (length 5 A) between channels) (Figure S1).

Mechanical mixtures of commercial zeolites (ZSM-5, FAU-Y, MOR, *BEA) and Al-
MCM-41 were prepared after drying the materials at 373 K and weight percentage were
adjusted to obtain the following wt% in zeolites: 0, 10, 25, 50, 60, 70, 80, 90, 100 wt%.

Mesoporous zeolites synthesis. Mesoporous zeolites were synthesized by micelle-
templating using the commercial zeolites purchased from Zeolyst (ZSM-5, FAU-Y, MOR,
*BEA) in presence of C18TAB surfactant in basic media. The protocol used in the present
study was adapted from Goto et al. (2002)° for mesoporous ZSM-5 synthesis using less
amount of surfactant and a simplified protocol. First, H,O, NaOH and C18TAB were mixed
at 323 K to obtain a clear solution. Then the zeolite powder (2.5 g) was added and the mixture
was stirred for 20 min. The molar composition of the mixture calculated by assuming zeolites
as pure silica (60 g/mol) is 1 SiO,: 0.1 C18TAB: n NaOH: 56 H,O with 0 < n < 1. Then the
mixture was put in an autoclave at 383 K for 24 h, followed by a pH adjustment at pH 8.5
with HCI 2 M and a post-treatment step at 383 K for 24 h. After filtration and water washing
until neutral pH, the samples were dried at 373 K for 24 h and calcined under air at 823 K for
8 h.

Characterization techniques.

N, sorption at 77 K. 100 mg of materials was used to get high precision in the mass
determination of the samples and hence in the specific volumes and surface areas calculations.
The samples were outgassed at 523 K for 24 h prior nitrogen sorption analysis at 77 K using a
Micromeritics ASAP 2010 apparatus. Specific surface area was determined using the BET
method. The relative pressure range to use the BET equation (p/po)/[V(1-p/po) = f(p/po) was
determined thanks the superior limit given by the maximum of the Rouquerol curve V(1-p/po)
= f(p/po).>>*" Mesopore diameters were calculated by Broekhoff and De Boer (BdB)
desorption method® at the inflexion point of the desorption step since it was demonstrated to
be one of the most reliable methods for mesoporous materials such as MCM-41*° based the
good correspondence obtained with the mesopore diameters evaluated by geometrical
calculations based on X-Ray diffraction (Figure S2). Values to transform the pressure into
pore diameter have been presented in Table S1. Figure S2 shows that the BdB method leads
to mesopore diameters similar to that obtained using the NLDFT method.“’ For t-plot analysis
see the tutorial in Supp. Info. (Figures S3, S4, S5).

GCMC Simulations. Grand canonical Monte Carlo (GCMC) simulations were
carried out at 77 K to predict the N, adsorption isotherm for BEA (polymorph B) using the
Complex Adsorption and Diffusion Simulation Suite (CADSS) code. The isotherm was
calculated for a pressure range from 10°° to 1.0 bar. For each state point, 2x10’ Monte Carlo
steps were used for both equilibration and production runs. The No/BEA interactions were
treated by the sum of a coulombic term and a van der Waals contribution with the standard
12-6 Lennard-Jones (LJ) potential. The LJ parameters and charges for each zeolite framework
atom were taken from June et al.** while N, was described by a 3-LJ charged site model
developed by Murthy et al.** following the same strategy as reported by Snurr et al.**. The
corresponding LJ cross-parameters were obtained using the Lorentz—Berthelot combination.



The Ewald summation method was used to calculate the electrostatic interactions, and the
treatment of the short-range interactions was considered with a cut off distance of 1.2 nm.

RESULTS AND DISCUSSION

Accuracy of BET equation for the determination of surface area of zeolites. The
determination of the total surface area of mesoporous zeolites is needed to calculate micro-
and mesopore surface area by t-plot analysis. Most experimental total surface areas are
reported as BET areas (Sger) derived from nitrogen isotherms at 77 K. Though the Sger is
well accepted to describe the total surface area for mesoporous materials, it is often stated that
the use of the BET method is questionable for microporous materials.’” Depending on the
micropore size, the BET area can either undervalue, match, or overvalue the theoretical
nitrogen-accessible surface area (N»-aasc) calculated from the crystal structure using a rigid
spherical probe for nitrogen (0.373 nm diameter).**

The BET calculation delivers an estimation of the nitrogen monolayer loading, which
is then converted into a BET surface area. It was shown that nitrogen monolayers form in
microporous graphene,** and that the choice of the pressure range for BET calculation is of
prime importance. In order to estimate the correct pressure range, Rouquerol et al.,*®*’
suggested four BET consistency criteria:

1. Only a pressure range where V(1-p/pg) increases monotonically with p/po should be
selected and the maximum value (p/po)max Should be chosen as the highest limit of the
pressure range for BET calculation.

2. The value of Cger resulting from the linear regression should be positive.

3. The monolayer loading Vn, resulting from the linear regression should correspond to a
relative pressure (p/po)m falling within the selected linear region: (p/po)m < (p/Po)max

4. The calculated relative pressure (p/po)m-cai COrresponding to the theoretical monolayer
loading issued from the BET equation (Eg. 1, 2) should be equal to (p/po)m With a tolerance of
20%. (p/po)m-cal is Obtained by replacing V by Vr, and (p/po) by (p/po)m-car in the BET equation
(Eq. 1):

p/po _ 1 CBET_l(
V(l—P/Po) B VmCBET + VmCBET \p/pO)

(1)

with Vp, corresponding to the monolayer volume and Cger is a constant related to the
energetics of adsorption of nitrogen with the surface, e.g. its affinity to the surface.

When (p/po) = (p/Po)m-cat and V =V, EQ. 1 becomes Eq. 2:

AR
Po)mca  1+/Cozr )

The four criteria have to be satisfied to calculate precisely Sger.



Snurr et al.**** compared theoretical nitrogen-accessible surface area (Ny-aac) with
BET areas calculated from the GCMC simulated nitrogen adsorption isotherms at 77 K for
different kind of microporous materials as graphenes, MOFs and zeolites. For model slit-
pores materials as graphenes,**> BET areas fairly match with Nj-asc for pore diameter
ranging from 0.66 to 0.96 nm (equal to 1.8 to 2.6 times the size of the nitrogen molecule)
corresponding to monolayer coverage and for pore diameter > 1.47 nm, e.g. higher than 4
times the size of the nitrogen molecule. BET areas underestimate Nj-a,.c for pore diameter
from 0.37 to 0.63 nm equal to 1 — 1.7 times the size of the nitrogen molecule, as the hard
sphere probe molecule has access to the whole surface of the pores, whereas soft nitrogen
molecules during surface coverage are not all in contact with the surface due to steric
hindrance. BET areas overestimate N,-aacc in two cases: (i) for pores with diameter smaller
than 0.36 nm as the hard sphere probe molecule cannot access the pores whereas “soft”
nitrogen can, then in this case N»-a,c underestimates the surface accessible to nitrogen, (ii) for
pores with diameter from 1.0 to 1.33 nm equal to 2.7 — 3.6 times the size of nitrogen
molecules due to “pore filling contamination”. Pore filling occurs simultaneously as
monolayer coverage. Molecules that are not in direct contact with the pore walls are
erroneously counted by the BET method as contributing to the monolayer. In this case, it
appears that (p/po)m-car Should be used instead of (p/po)max in the BET calculation to limit the
overestimation of Sger by 16% in comparison to the theoretical Nj-a,cc value, especially when
a secondary sharp volume increase occurs in nitrogen adsorption isotherm in log scale.**

The surface areas of more than 200 MOFs were examined.”**“®*’ For 11 MOFs, BET
calculations that fulfill all Rouquerol criteria were found to overestimate Np-aacc.** Lin et al.*
compared the true monolayer surface area with the BET area and Nj-aa.c. They showed that
for MOFs with true monolayer areas between 1500 and 3500 mZ/g, BET and Nj-as areas
predict the true monolayer area fairly well, even though few outliers still exist (essentially due
to pore filling contamination or the existence of multiporosity).*° BET areas generally agree
with the true monolayer areas if the surface areas are smaller than 1500 m?/g, while Ny-ascc
underestimates the true monolayer areas, due essentially to the presence of micropores with a
pore diameter lower than 0.4 nm.*® For MOFs with true monolayer areas larger than 3500
m?/g, most of the structures have a combination of large micropores (1 - 2 nm) and small
mesopores (2 - 3 nm) and BET method overestimates the surface areas, while Nj-a, leads to
comparable than the true monolayer areas.”® Sger Overestimates true monolayer area if
different sizes of micropores are present in the materials due to pore filling contamination of
the smallest one.

In summary, the exploration of graphenes and MOFs leads to the following relationship
between true monolayer area (Smonolayer), BET areas and Nz-aacc With different pore diameters

(D):

D <0.36 nm: SBET = Smonolayer > N2-8acc

0.37<D<0.63 nm: Seer = Smonolayer < Naz-8acc (NOt complete monolayer
formation)

0.66 < D < 0.96 nm slit-pores: SeeT = Smonolayer = N2-8acc (MoONolayer formation)



0.75 <D < 1.12 nm non-slit pores:  Sget > Smonolayer = N2-8acc (Monolayer formation, but
overestimation by pore filling contamination).

1.00 < D < 1.33 nm slit-pores: SBET > Smonolayer = Na2-aacc (pore filling contamination)
1.47 < D < 3.0 nm slit-pores: SBET = Smonolayer = N2-8acc (Monolayer formation)

1.5 <D < 2.5 nm non-slit pores: SBET > Smonolayer = N2-8acc (pore filling contamination)
Snurr et al.*® equally examined surface areas of zeolites. They demonstrated that 4
zeolites (MFI, BOG, LTA, FAU) featured BET areas matching with Nj-asc..”> MOR featured
an overestimation of BET area in comparison to Nj-ay attributed to the presence of small
side pockets (0.34 x 0.48 nm) in the crystals, which are less accessible to the hard spherical
probes (0.373 nm diameter) used for Nz-ascc. Without the consideration of the side pockets,
BET area of MOR main channels (0.7 x 0.65 nm) matched well with Ny-ascc.”® Snurr et al.**
recommended that the quality of crystalline microporous materials (MOFs, zeolites) should be
assessed by comparing its experimental BET area to the BET area calculated from the GCMC
simulated nitrogen adsorption isotherm for the crystal structure and not to the Nj-a,., making
sure that the four BET Rougquerol criteria are applied to select the pressure range for the BET
calculations. The BET areas for microporous materials are the apparent surface areas
identified by nitrogen.

In the present study, experimental and GCMC simulated nitrogen isotherms were used to
compare BET areas with their Nj-aqcc (Figure 1) for the native zeolites ZSM-5 (MFI crystal
structure), MOR, *BEA, FAU-Y. The Rouquerol criteria were verified (Table 1). (p/po)max
were first determined (criterion 1) and the linear regression from this relative pressure
allowed to determine the pressure domain for the BET calculation. The Cger Were calculated
and were found positive (criterion 2). The monolayer volumes (V) were assessed and the
corresponding relative pressures determined (p/po)m. They were accurately comprised in the
selected linear region of relative pressures (criterion 3). The predicted (p/po)m-cai Calculated
from the BET equation (Eq. 2) were in agreement with (p/po)m With a tolerance of +20%
(criterion 4), except for MOR. The present zeolites fulfilled the four Rouquerol criteria,
except MOR, which fulfill 3 of them (not criteria 4th) (Table 1).

Table 1. Verification of the four Consistency Rouquerol Criteria for BET Areas (Sget)
Calculation for Zeolites

Criteria 1% 31 2" 3" 4"

Zeolites  (p/po)max (p/po) domain Cger Vnm Seer  (P/po)m (p/Po)m-cal
cm®strlg m?/g

ZSM-5  0.060 0.008 - 0.060 3093 85 373 0.019 0.018

MOR 0.030 0.010 - 0.030 9713 121 527 0.015 0.010

FAU-Y  0.043 0.001 - 0.043 2304 217 946 0.023 0.020

*BEA 0.070 0.010 - 0.070 1313 139 606 0.030 0.027

The experimental Sger were compared to Nj-ac (Figure 1) calculated geometrically by
applying a Monte Carlo (MC) integration technique as implemented in Zeo++*® to the crystal



structures given by International Zeolite Association (1ZA) using a model of hard spheres for
nitrogen with a probe diameter equal to the van der Waals diameter of nitrogen (2*°c = 0.373
nm) as recommended by previous theoretical studies.”® Experimental Sger were also
compared to Sger calculated from the GCMC simulated nitrogen isotherms*® (Figure 1) in the
pressure domain following the Rouquerol criteria. GCMC simulations revealed that a major
fraction of nitrogen molecules lie flat on the micropore surface.*?

1000 i : 0.4 i
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BDD 1l BET |

600 .
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ZSM-58 MORE FAU-YE *BEAR ZSM-5 MORE FAU-YB *BEAR

Figure 1. (left) Sger determined from (red) experimental and (black) GCMC simulated
nitrogen isotherms following the Rouquerol criteria; (grey) geometrical Nj-aacc for “hard”
spherical N probes of 0.373 nm diameter. Note: the GCMC simulated Sget were taken from
literature™® for MFI, MOR FAU-Y while the data for *BEA polymorph B was obtained in this
work using the same force field parameters and charges for both N, and zeolites as reported in
ref. 43). (right) corresponding micropore volumes of native zeolites.

Sger calculated from the experimental and simulated nitrogen isotherms (Figure 1) are in good
agreement for the four zeolites. This emphasizes the good quality of the commercial zeolites
and a good activation of all the samples prior to the experimental nitrogen isotherm
measurements. BET areas agree with N,-a,c for ZMS-5 and FAU-Y revealing that for these
zeolites BET areas represent the true accessible surface areas of the crystal. This result was
not expected since ZSM-5 features a micropore diameter around 0.55 nm for which BET area
should underestimate Nj-a,c as explained above. On the other hand the presence of the
intersections of 0.8 — 1.0 nm diameter in the MFI structure should overestimate Nj-ascc. It
hence seems reasonable to assess that for ZSM-5 the overestimation of N-aac resulting from
the intersections compensates the underestimation of Nj-a,.c in pore channels (Figure S6). For
MOR, BET area overestimates Nj-aacc as previously reported”® due to the presence of side
pockets (0.34 nm x 0.48 nm) inaccessible to the model of hard spheres. For *BEA, BET areas
underestimate Nj-a,cc, which corresponds in fact to N,-aacc Overestimating the true monolayer,
whatever the polymorph of *BEA is used. Here again, this deviation was not expected as



*BEA features channels of around 0.7 nm diameter for which BET area should be equal to
N,-ascc.”* This difference might be related to the particular structure of *BEA. Indeed, the
intersections of the perpendicular straight channels (0.76 nm x 0.64 nm) of *BEA along a and
b, results in short channels (diameter 0.55 nm x 0.55 nm) along ¢ with a length inferior to 0.5
nm. Two layers of nitrogen molecules cannot be found in these short connecting channels,
whereas they are counted in the Nj-a,c using a rolling hard sphere probe leading to the
overestimation of the nitrogen monolayer (Figure S7). The use of a larger hard spherical
probe (0.5 nm), which cannot enter in the short intersections leads to an agreement between
BET areas and Ny-a.c (637 m?/g). The micropore volumes obtained from experimental and
simulated nitrogen adsorption compare well (Figure 1), as well as with the one determined by
modeling with hard sphere, except for MOR, which showed a lower micropore volume by
modeling due to the restricted accessibility of the hard spherical probe to the side pockets.
Textural features of commercial zeolites are given in Table 2. The t-plot analysis of
the zeolites was performed to determine the external surface area (Figure S4). Home-made
Al-MCM-41(C18) with mesopore diameter of 4.1 nm was added in Table 2 for comparison.

Table 2. Characterization of the commercial zeolites and home-made AI-MCM-41.

Materials ZSM-5 BEA* MOR FAU-Y Al-MCM-41
Si/Al 15 12.5 10 15 15

Particle size (nm) 50-150 30° 100-500° 500-1000 100°

Sget (M?/g) 372 606 522° 937 846

Sext (M?/Q) 53 186 34 99 226

Smic (M°/g) 319 420 488 832 0

Smes (M?/9) 0 0 0 0 625

Vimic (ML/Q) 0.162 0.243 0.210" 0.371° 0

Vimes (ML/Q) 0 0 0 0 0

#agglomeration of particles
Pwithout the side pockets (by simulation): Sger = 359 m%/g, Vmic = 0.128 mL/g
‘with a volume of the supercage of 0.28 mL/g

Zeolites and AI-MCM-41 were mixed in different mass ratio to calculate the real micro- and
mesopore volumes and surface areas of the mixtures by linear combination and compared to
the values obtained by t-plot analysis (Figure 2). Previously we revealed for hierarchical
micro-/mesoporous materials featuring mesopore diameter equal or larger than 4 nm that N-
aacc Match the Sger when the Rouquerol criteria were fullfilled.*” In the following, Sger for
mesoporous zeolites (or for the mixture of zeolites and AI-MCM-41) will be taken as total
surface area and will be calculated following the Rouquerol criteria using a cross-sectional
area of nitrogen molecules of 0.162 nm?. The micropore (Vmic) and total (Vi) pore volumes
and the mesopore plus external surface areas (Smes+ext) Of mesoporous zeolites will be
determined by t-plot analysis (see tutorial for t-plot analysis in Supplementary Information).
The micropore surface area and the mesoporous volume will be determined by subtracting
Smes+ext from the total surface area (Sget) and Vmic from Vi, respectively.



Corrections of t-plot analysis for mechanical mixtures of ZSM-5 and Al-MCM-
41. By comparison with FAU-based zeolites,** the family of ZSM-5 is more complex to
characterize by N, adsorption isotherm at 77 K, as the shape of the isotherms is strongly
impacted by the Si/Al ratio. In high silica ZSM-5 (Si/Al > 20), a sub-step at around p/po = 0.2
is observed,” which origin is probably related to a structural transition of the zeolite
framework from monoclinic to orthorhombic symmetry.*® This sub-step is steep for MFI-type
zeolite (ZSM-5 and Silicalite-1) with Si/Al > 60 and becomes smoother (0.1 < p/py < 0.3) for
Si/Al < 50. This sub-step renders the t-plot analysis more complex for MFI-type zeolite
compared to other zeolites, for which the adsorption isotherm reaches a plateau at p/po < 0.1,
indicating the completion of micropore filling at this pressure. For ZSM-5 (Si/Al = 15), the t-
plot analysis (Figure S4) shows that the total pore volume is reached at t = 4.93 A,
corresponding to a p/pp = 0.32 and to a micropore volume of 0.162 mL/g. The micropore
volume (Vmic)pt achieved by t-plot analysis in the fitting range 3.2 < t < 4.2 A amounts to
0.095 mL/g, clearly indicating the underestimation of micropore volume by this method, as
previously demonstrated for FAU-Y.**

Mechanical mixtures of ZSM-5 (Si/Al = 15) and AI-MCM-41 were prepared to
evaluate the underestimation of the micropore volume and the overestimation of the mesopore
surface area by t-plot analysis (Figure 2). A similar correction as for FAU-Y has been found
for the micropore volume for mixtures with more than 20% micropore volume. A slightly
larger correction is needed for mesopore plus external surface areas. The following
corrections (Eq 3-5) were found, which allow to achieve the exact values of Vpmic and Spes+ext
for the mechanical mixtures of ZSM-5 and AI-MCM-41.:

for all (Vmic/ Vtot)tpt Smes+ext* = (Smes+ext)tpt [1— (Vmic/ Vtot)tpt] (3)
0.04 < (Vmic/Vtot)tpt <0.1 Vmic* =2 (Vmic)tpt (4)
(Vmic/Vtot)tpt >0.15 Vicx = 1.6 (Vmic)tpt 5)
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Figure 2. Comparison of t-plot determination of (left) Vmic and (right) Smes+ext With calculated
values from the weight percentage of AI-MCM-41 and zeolites: (triangles) FAU-Y, (plain
squares) ZSM-5, (empty squares) MOR, (circles) *BEA.

Corrections of t-plot analysis for mechanical mixtures of *BEA and AI-MCM-41.
Mechanical mixtures of *BEA (Si/Al = 12.5) and Al-MCM-41 were prepared to evaluate the
underestimation of the micropore volume and the overestimation of the mesopore surface area
by t-plot analysis (Figure 2). A similar correction as for FAU-Y and ZSM-5 was found for the
micropore volume for mixtures with more than 13% micropore volume. However a lower
correction than for FAU-Y and ZSM-5 was needed for the mesopore plus external surface
area, which was very close to the calculated value (1 > (Smes+ext)cal / (Smes+ext)tpt > 0.9). The
following corrections (Eq 6-8) were found, which allow to achieve the exact values of V.
and Spes+ext fOr the mechanical mixtures of *BEA and Al-MCM-41.:

(Vmic/ Vtot)tpt <0.42 Smes+ext* = (Smes+ext)tpt [1 -0.2 (Vmic/Vtot)tpt] (6)
(Vmic/Vtot)tpt <0.07 Vi = 1.4 (Vmic)tpt (7
(Vmic/Vtot)tpt >0.13 Vmicx = 1.6 (Vmic)tpt (8)

Corrections of t-plot analysis for mechanical mixtures of MOR and AI-MCM-41.
Mechanical mixtures of MOR (Si/Al = 10) and Al-MCM-41 have been prepared to evaluate
the underestimation of the micropore volume and the overestimation of the mesopore surface
area by t-plot analysis (Figure 2). A lower correction than for FAU-Y, ZSM-5 and *BEA was
found for the micropore volume for mixtures with more than 15% micropore volume. For
MOR featuring a pseudo mono-dimensional micropore structure almost no correction of t-plot
analysis was needed. (Vmic)yptr Was very close to the calculated micropore volume
((Vmic)cal/(Vmic)pt = 1.16). Also, as for *BEA, low correction was needed for the mesopore
plus external surface area, which was very close to the calculated value (1 > (Smes+ext)cal /
(Smes+ext)tpt > 0.9). The following corrections (Eq 7-9) were found, which allowed to achieve
the exact values of Vmic and Spes+ext fOr the mechanical mixtures of MOR and AI-MCM-41:

for all (Vmic/Viot)ipt Smes+ext = (Smes+ext)tpt [1 — 0.2 (Vmic/ Viot)tpt] (7)
(Vmic/Vtot)tpt <0.15 Vmic* = (Vmic)tpt [1-6 -29 (Vmic/Vtot)tpt] (8)
(Vmic/Vtot)tpt >0.15 Vicx = 1.16 (Vmic)tpt 9)

Characterization of mesoporous zeolites prepared by micelle-templating. Families
of mesoporous zeolites (FAU, MFI, MOR and *BEA) were synthesized by micelle-
templating based on modifications and simplifications of the two steps procedure initially
described by Goto et al.” for ZSM-5 and MOR. The synthesis involves a hydrothermal
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treatment in basic conditions with different amount of NaOH in the presence of a surfactant
(C18TAB) followed by a pH adjustment prior to a second hydrothermal treatment (Figure 3).
The one-step procedure previously described for mesoporous FAU-Y***** was not efficient
for ZSM-5, therefore the two-steps procedure was applied to all the zeolites.
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Figure 3. Schematic representation of the two-steps procedure for the synthesis of
mesoporous zeolites by micelle-templating.

Goto et al.” described the resulting materials as zeolite/mesoporous molecular sieve
composites produced by a dissolution/reconstruction or reassembly process. The mechanism
of mesoporous MOR formation was studied in detail by Ivanova et al.*® and different kinds of
mesoporous zeolites were obtained depending on the degree of zeolite dissolution and the
extent of mesoporous phase overgrowth: zeolite nanocrystals coated with mesoporous
materials at low transformation levels and mesoporous materials containing zeolite fragments
in the mesopore walls at high transformation levels.*® The stepwise hydrothermal treatment
with the intermediate pH regulation was shown to enhance the condensation of siliceous
species formed during desilication, to lead to their rearrangement into an ordered mesoporous
phase, such as AI-MCM-41, and to result in the product yields of 100%." Unlike Al-MCM-41,
these materials show a strong zeolites-like acidity and have proven to be useful for catalysis
due to high acidity and improved textural properties.”**°*%3%% However the NaOH content
used in the micelle-templating synthesis revealed to impact acidic properties and generally
increasing alkalinity leads to a decrease in acidity in comparison to the native zeolite.** A
good compromise has to be found between the remaining strong zeolites-like acidity and the
amount of additional mesopores created by micelle-templating. Micro- and mesopore surface
areas and volumes have to be precisely analyzed to better characterize these families of
mesoporous zeolites. The textural properties of the mesoporous zeolites were analyzed from
their nitrogen isotherms (Figure 4) and t-plot curves (Figure S5) and the resulting values were
modified using the corrected t-plot method provided above.
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Figure 4. Nitrogen sorption isotherms at 77 K of the starting zeolites and of some examples
of the mesoporous zeolites prepared by micelle-templating by the two steps procedure (in
bracket is indicated the NaOH/Si ratio used in the synthesis).

Characterization of mesoporous FAU-Y. A new family of mesoporous FAU-Y was
synthesized by the two steps procedure (instead of the previous one-step procedure)™®®**
using a molar composition of: 1 SiO,: 0.1 C18TAB: n NaOH: 50 H,O with 0 < n < 0.15.
XRD showed the presence of both FAU-Y zeolite framework and hexagonally ordered
mesopores as in AI-MCM-41 (Figure S9). N, sorption isotherms at 77 K were recorded
(Figures 4, S8). Mesopore diameters of the achieved family of mesoporous FAU-Y materials
were around 4.3 nm (Table S3) in accordance with a micelle-templating mechanism with
C18TAB surfactant as for AI-MCM-41.>" t-plot analyses were performed from the nitrogen
adsorption isotherms. The t-plot corrections for FAU-Y (Figure 2) were applied (noted * in
the following) to characterize the micro- and mesopore plus external surface areas and the
micro- and mesopore volumes of mesoporous FAU-Y (Figure 5). By increasing the amount of
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NaOH, the micropore volume and surface area decrease, while the mesopore volume and
mesopore plus external surface area increase. The corrected t-plot analysis allows hence to
select mesoporous FAU-Y with similar micro- and mesopore plus external surface areas or
micro- and mesopore volumes with the aim to assess the impact of these parameters on
catalytic reactions. For this family of mesoporous FAU-Y, the mesopore volume (Vmes*)
would be equivalent to the micropore volume (Vmic+) (0.27 mL/g) for a synthesis performed
with NaOHY/Si = 0.087. The mesopore surface area plus external surface area (Smes+ext+) Would
be equivalent to the micropore surface area (Smic+) (450 m?/g) for a synthesis performed with
NaOH/Si = 0.11 (Figure 5). These results differ very slightly (Figure S10) from the one
obtained previously for mesoporous FAU-Y synthesized by the one-step procedure.'%**
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Figure 5. Micro- and mesopore (a) surface areas and (b) pore volumes calculated by
corrected t-plot method determined for mechanical mixtures of AI-MCM-41 and FAU-Y
(Si/Al =15) of a family of mesoporous FAU-Y prepared from FAU-Y (Si/Al = 15) by
micelle-templating using C18TAB and different amounts of NaOH by the two-steps
procedure.

The external surface areas of the mesoporous FAU-Y are similar (around 60 m%g) and the
surface area developed only by the ordered mesopores can be calculated by subtraction (Table
S3). It increases from 175 to 589 m?/g when NaOH/Si increases from 0.075 to 0.15.

Characterization of mesoporous ZSM-5. A family of mesoporous ZSM-5 was
synthesized using the same protocol as for FAU-Y, but with a higher amount of NaOH
corresponding to the molar composition: 1 SiO,: 0.1 C18TAB: n NaOH: 56 H,0O with 0.3 <n
< 0.7. XRD showed the presence of both ZSM-5 zeolite framework and hexagonally ordered
mesopores as in AI-MCM-41 (Figure S11). N, sorption isotherms at 77 K were recorded
(Figures 4, S8). Mesopore diameters of these hierarchical ZSM-5 were around 4.0 nm (Table
S4) in accordance with a micelle-templating mechanism with C18TAB surfactant as for Al-
MCM-41.>" The t-plot analyses were performed and corrections of t-plot values for ZSM-5
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(Figure 2) were applied. The micro- and mesopore plus external surface areas and micro- and
mesopore volumes of this mesoporous ZSM-5 family were calculated (Figure 6). The
micropore surface area and volume were constant for mesoporous ZSM-5 synthesized with 0
< NaOH/Si < 0.30, while the mesopore volume and the mesopore plus external surface area
increased. For higher amounts of NaOH, the micropore volume and surface area decreased
linearly with the increasing NaOHY/Si ratio as the mesopore volume and the mesopore plus
external surface area increased (Figure 6). It is hence possible to produce a mesoporous ZSM-
5 with similar micropore volume (Vmicx = 0.15 mL/g) and surface area (Smic- = 300 m?/g) as
the parent ZSM-5, but with additional mesoporosity (Vmes+ = 0.10 ML/g, Smestext+ = 140 m?/g)
for a synthesis performed with NaOH/Si = 0.30. It is also possible to produce a mesoporous
ZSM-5 with similar micro- and mesopore volume (0.14 mL/g) for a synthesis performed with
NaOH/Si = 0.38 and equivalent micro- and mesopore surface area plus external surface area
(250 m?/g) for a synthesis performed with NaOH/Si = 0.48.
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Figure 6. (a) Surface areas and (b) pore volumes calculated by corrected t-plot method
determined for mechanical mixtures of AI-MCM-41 and ZSM-5 (Si/Al =15) of a family of
hierarchical ZSM-5 prepared from ZSM-5 (Si/Al = 15) by micelle-templating using C18TAB
and different amounts of NaOH the two-steps procedure.

The external surface area (Sex;) of mesoporous ZSM-5 cannot be accurately calculated from
the second part of the t-plot (Figure S5) as during the synthesis a secondary large porosity
arises connected to the exterior of the crystals through the ordered mesopores evidenced in the
nitrogen isotherm (Figure 4) by the step at high relative pressure and by the horizontal
hysteresis leading to cavitation phenomena. The filling of such pores will take place
simultaneously as the coverage of the external surface by nitrogen molecules leading to an
overestimation of the external surface area (Table S4). This overestimation of Sey will give an
underestimation of the mesopore surface area. Only Spicx and Spes+ext+ Calculated from the first
part of the t-plot can be considered accurately.
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Characterization of mesoporous MOR. A family of mesoporous MOR was
synthesized from MOR (Si/Al = 10) by micelle-templating using the same protocole as FAU-
Y and ZSM-5, with a similar NaOH/Si ratio as ZSM-5. The corresponding molar composition
was: 1 SiO,: 0.1 C18TAB: n NaOH: 56 H,O with 0.2 < n < 0.8. XRD showed the presence of
both MOR zeolite framework and hexagonally ordered mesopores as in AI-MCM-41 (Figure
S12). Ny sorption isotherms at 77 K were recorded (Figures 4, S8). The mesopore diameters
of these mesoporous MOR were around 3.9 nm (Table S5) in accordance with a micelle-
templating mechanism with C18TAB surfactant as for AI-MCM-41."" The corrected t-plot
method for MOR was applied (Figure 2) to assess micro- and mesopore volumes and micro-
and mesoporous plus external surface areas (Figure 7). By increasing the NaOH ratio in the
synthesis, the micropore volume and surface area decreased linearly with the increasing
NaOH/Si ratio, while the mesopore volume and the mesopore plus external surface area
increased (Figure 7). It is hence possible to produce a mesoporous MOR with equivalent
micro- and mesopore volumes (0.11 mL/g) for a synthesis performed with NaOH/Si = 0.45,
or with equivalent micro- and mesopore plus external surface area (220 m?/g) for a synthesis
performed with NaOH/Si = 0.65.
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Figure 7. (a) Surface areas and (b) pore volumes calculated by corrected t-plot method
determined for mechanical mixtures of AI-MCM-41 and MOR (Si/Al =10) of a family of
hierarchical MOR prepared from MOR (Si/Al = 10) by micelle-templating using C18TAB
and different amounts of NaOH by the two steps procedure.

As for mesoporous ZSM-5, the external surface area (Sext) of mesoporous MOR cannot be
accurately calculated from the second part of the t-plot as during the synthesis also a
secondary large porosity arises (Figure 4) leading to cavitation phenomena. The
overestimation of Sy (Table S5) will give an underestimation of the mesopore surface area.
Only Smicx and Spes+exr Calculated from the first part of the t-plot can be considered
accurately.
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Characterization of mesoporous *BEA. A family of mesoporous *BEA was
synthesized from commercial *BEA (Si/Al = 12.5) by micelle-templating using the same
protocol as for FAU-Y, ZSM-5 and MOR, with similar NaOH/Si ratios as ZSM-5 and MOR.
The corresponding molar composition was: 1 SiO,: 0.1 C18TAB: n NaOH: 56 H,0 with 0.1 <
n <0.6. XRD showed the presence of both *BEA zeolite framework and hexagonally ordered
mesopores as in AI-MCM-41 (Figure S13). N sorption isotherms at 77 K were recorded
(Figures 4, S8). The mesopore diameter of these hierarchical *BEA were centered at 4.2 nm
(Table S6) in accordance with a micelle-templating mechanism with C18TAB surfactant as
for AI-MCM-41.>" The corrected t-plot analysis for *BEA (Figure 2) was applied to
characterize the micro- and mesopore volumes and micropore and mesoporeplus external
surface areas of the family of mesoporous *BEA (Figure 8). The micropore volume remains
constant close to the one of the parent zeolite (0.23 mL/g) for synthesis performed with
NaOH/Si < 0.30, while the mesopore volume increases to reach 0.22 mL/g for the synthesis
performed with NaOH/Si = 0.30 (Figure 8). This mesoporous *BEA should be potentially of
high interest in catalytic processes. This material features a high micropore surface area (330
m?/g) and mesopore plus external surface area (400 m?/g). Unlike the micropore volume, the
micropore surface area decreased linearly with the increase of NaOH/Si ratio, while the
mesopore plus external surface area increased (Figure 8). A similar micropore surface area
and mesopore plus external surface area (350 m?/g) is reached for a synthesis performed with
NaOH/Si = 0.20.
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Figure 8. (a) Surface areas and (c) pore volumes calculated by corrected t-plot method
determined for mechanical mixtures of AI-MCM-41 and *BEA (Si/Al =12.5) of a family of
hierarchical *BEA prepared from *BEA (Si/Al = 12.5) by micelle-templating using C18TAB
and different amounts of NaOH by the two steps procedure.

As for mesoporous ZSM-5 and MOR, the external surface area (Sex;) Of mesoporous MOR

cannot be accurately calculated from the second part of the t-plot as during the synthesis also
a secondary large porosity arises leading to horizontal hysteresis (Figure 4), except for the
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mesoporous *BEA synthesized with NaOH/Si = 0.1 (Figure S8). In this case Sex: is equal to
150 m?/g and the resulting mesoporous surface area is 146 m?/g. For the mesoporous *BEA
synthesized with higher amount of NaOH the overestimation of Sy (Table S6) will give an
underestimation of the mesopore surface area. Only Spic+ and Smes+exex Calculated from the first
part of the t-plot can be considered accurately.

The corrected t-plot analysis presented in this study allowed to select mesoporous zeolites for
example with either equal micropore and mesopore volumes or equal micropore and
mesopore plus external surface area (Figure 9).
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Figure 9. Pore volumes and surface areas of selected mesoporous zeolites prepared by
micelle-templating (two-steps procedure) featuring either equal (left) micro- and mesopore
volumes or (right) equal micropore and mesopore plus external surface areas. The NaOH/Si
ratio used in the synthesis these mesoporous zeolites are indicated in each bars.

CONCLUSIONS

The classical t-plot method is known to underestimate micropore volume and overestimate
mesopore surface area for hierarchical zeolites. Corrections initially provided for mesoporous
FAU-Y were extended to other zeolites such as MFI, MOR and *BEA-type zeolites by the
preparation of mechanical mixtures of AI-MCM-41 with these zeolites. Almost no corrections
of t-plot analysis were found to be necessary for hierarchical MOR featuring a pseudo mono-
dimensional micropore structure. The corrections of micropore volumes were similar for
three-dimensional micropore structured zeolites (MFI, *BEA and FAU-Y), whereas new
corrections were provided for the mesopore plus external surface areas for MFI and *BEA-
type zeolites.

As t-plot method uses the total surface area Sget in the calculation and as BET area for
zeolites or more generally for microporous materials is a question of debate, we demonstrated
that BET area matches the theoretical N, accessible surface area for FAU-Y. It is further the
case for ZSM-5, but with a perfect compensation of the underestimation of the surface area of

18



the channels by the overestimation of the surface area of the intersections. For *BEA, the
BET area represents the surface of the channels without the surface of the small connecting
channels. For MOR, the BET area represents the surface of the channels plus the surface of
the side pockets.

A set of mesoporous zeolites based on FAU-Y, ZSM-5, MOR, *BEA structures were
further prepared by micelle-templating by a two-steps procedure. Their micro- and mesopore
plus external surface areas and micro- and mesopore volumes were calculated by the new
corrected t-plot methods. The presented methodology hence permits to produce mesoporous
zeolites with adjustable textural properties: e.g. equivalent micropore volume or surface area
as parent zeolites with an additional mesoporosity, or equivalent micro- and mesopore
volumes, or equivalent micro- and mesopore plus external surface areas. These
characterizations will be important to assess in the future how these parameters impact the
catalytic activity of these porous materials.
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