Microporous and Mesoporous Materials 131 (2010) 350-357

Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

Modification of MOR by desilication treatments: Structural, textural and
acidic characterization

Viviana Paixdo?, Ana P. Carvalho®, Jodo Rocha€, Auguste Fernandes ¢, Angela Martins **

2 Departamento de Engenharia Quimica and CIEQB, Instituto Superior de Engenharia de Lisboa, Rua Conselheiro Emidio Navarro, 1, 1959-007 Lisboa, Portugal
b Departamento de Quimica e Bioquimica, CQB, Faculdade de Ciéncias da Universidade de Lishoa, Campo Grande C8, 1749-016 Lishoa, Portugal

¢ Departamento de Quimica and CICECO, Universidade de Aveiro, 3810-193 Aveiro, Portugal

dnstituto de Biotecnologia e Bioengenharia, Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 8 December 2009

Received in revised form 18 January 2010
Accepted 19 January 2010

Available online 28 January 2010

The effect of several desilication experimental parameters (base concentration, temperature and time) on
the characteristics of MOR zeolite was studied. The samples were characterized by X-ray diffraction, 27Al
and 2°Si MAS-NMR, chemical analysis, and FTIR (framework vibration region). The textural characteriza-
tion was made by N, adsorption and the acidity was evaluated by pyridine adsorption followed by FTIR
and by the catalytic model reaction of n-heptane cracking. The alkaline treatments promoted the Si
extraction from the zeolite framework, without considerable loss of crystallinity and, as it was envisaged,

Keywords: . an important increase of the mesoporous structure was attained. A linear correlation between the num-
Mesoporous mordenite . . . .
Desilication ber of framework Si per unit cell, Ns;, and the asymmetric stretching wavenumber, v, was observed. The

FTIR acidity characterization shows that the desilicated samples exhibit practically the same acid properties
27A1 and 2°Si MAS-NMR than the parent HMOR zeolite. The optimum desilication conditions were those used to obtain sample
Acidity M/0.2/85/2, i.e., sample treated with 0.2 M NaOH solution at 85 °C for 2 h.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Zeolites are crystalline aluminosilicates with a unique combina-
tion of properties, such as, high surface area, well-defined micropo-
rosity, high thermal stability and intrinsic acidity. These materials
have been widely used in catalysis as well as in separation and
purification fields [1].

The modification of the purely microporous character of zeo-
lites is an important aspect that can be explored. In fact, the pure
microporous character of zeolites often imposes diffusion limita-
tions due to restricted access to the active sites, especially when
bulky reaction intermediate species are involved. This is the case
of some applications in the petroleum, petrochemical and fine
chemical industries.

In order to enhance the accessibility and molecular transport,
two different approaches can be adopted. One of the routes is
shortening the microporous path length. This can be achieved by
altering the synthesis protocols in order to obtain zeolite nanocrys-
tals [2]. The second approach aims to increase the diffusion inside
the pores. Several solutions have been proposed like the synthesis
of wide-pore and large-cavity zeolites [3], delamination of zeolites
[4] and composites of zeolites and mesoporous materials [5].
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An alternative approach, involving only post-synthesis proce-
dures is the dealumination, traditionally performed in steam or
acidic medium [6-8]. Although dealumination has proven to gen-
erate additional mesoporosity, it affects also the acidic properties
of the zeolite structure, due to the extraction of aluminium from
the framework. Hence, the facilitated transport provided by the
introduction of mesoporosity may be partially cancelled out by
the reduction of the acid sites density [9]. Another option to create
mesoporosity in zeolites was first introduced by Ogura et al. in
2000 [10] in a process called desilication which consists of a con-
trolled extraction of silicon from the framework in alkaline med-
ium. This treatment has resulted in a promising methodology to
produce extended mesoporosity in zeolites crystals, without
impacting on the acidity [11]. In recent years, several publications
on this subject have emerged, especially focused on MFI type zeo-
lite, for which detailed studies of the effect of the experimental
parameters on the mesoporosity development have been made
[11-14].

Mordenite (MOR) is a member of the large pore zeolite family. It
consists of a 12-membered ring (MR) system of pore channels of
0.67 x 0.70 nm interconnected by 8-MR pores 0.34 x 0.48 nm.
Due to the dimensions of the 8-MR channels, which are too small
to allow the diffusion of most molecules, this zeolite is considered
a one-dimensional pore system inducing an unidirectional diffu-
sion [15]. Nevertheless, since mordenite has an excellent mechanic
and thermal stability it has a wide-range of industrial applications
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in processes such as alkylation [16] and short-chain paraffin hydro-
isomerization [17]. In hydroisomerization reactions, where a metal
function is present, diffusional limitations have been referred by
some authors especially when low metal dispersions are obtained.
According to some authors [18,19] the catalytic reactions take
place only at the pore mouths, thus a large fraction of the active
sites is inaccessible. In this sense, the desilication treatments open
new perspectives since the presence of mesoporosity in MOR
would minimize this drawback.

In this work we present a detailed study of the influence of sev-
eral experimental parameters (NaOH concentration, temperature
and time) on the structural, textural and acidic properties of
MOR zeolite. In fact, to our best knowledge, although some studies
were already made [20,21], no systematic evaluation of the impact
of the desilication conditions on the properties of this zeolitic
structure is available.

2. Experimental
2.1. Parent material

The starting material used was a mordenite structure
(NH4MOR) supplied by Zeolyst (CBV21A; lot. 2200-83), that
according with the technical report has a SiO,/Al,03 = 20. To obtain
the protonic form (HMOR) the sample was calcined under dry air
(6dm>h~! g 1) at 500 °C for 3 h.

2.2. Alkaline treatment of HMOR zeolite

The alkaline treatments were carried out using NaOH as desili-
cating agent and following the experimental procedure reported in
the literature [20]. Briefly, HMOR was stirred in NaOH (Merck, p.a.)
solution using a proportion of 330 mg/10 cm®. The concentration
range used was 0.1-1.0 M and the treatments were carried out at
temperatures between 50 and 100 °C, during 0.5-10 h. After the
treatment the zeolite suspension was filtered, washed thoroughly
up to pH 7 and then dried overnight at 90 °C. The alkaline modified
solids were converted into the correspondent protonic form by
three consecutives exchanges with 1 M, NH4NO3 (Merck, p.a.) solu-
tion using the proportion: 50 cm?/g of zeolite. The exchanges were
carried out at 80 °C for 3 h. After a careful wash up to pH 7 the solid
was calcined under air flow (6 dm? h~' g~') at 500 °C for 3 h.

To evaluate the influence of base concentration, temperature
and time of the treatment on the physicochemical properties of
the materials, three series of samples were prepared. The treated
samples will be designated according with the expression: M/
NaOH conc. (M)/temperature (°C)/time (h).

2.3. Physicochemical characterization

The structural characterization of the parent and modified sam-
ples was made from X-ray powder diffraction (XRD) patterns that
were obtained at room temperature on a Philips PX-1730 with
automatic data acquisition (APD Phillips (v3.6B) software), using
CuKo radiation as incident beam. Diffractograms were obtained
by continuous scanning from 5° to 40° 26, with a step size of
0.02° 20 and a time per step of 0.4 s.

Infrared spectra in the framework vibrations range (1400-
400 cm™!) were recorded at room temperature on a Nicolet 6700
FTIR spectrometer (60 scans, resolution 4 cm™~!). The samples were
analysed in the form of KBr supported pellets.

27Al and 2°Si MAS-NMR spectra were recorded on a Bruker DSX
400 (B0 =9.4T) at, respectively, 104.2 and 79.5 MHz, using 9° and
45° 1f pulses, 1 s and 60 s recycle delays and MAS rates of 14 and

5 kHz. Chemical shifts are quoted in ppm from, respectively,
Al(H,0)" and tetramethylsilane (TMS).

The global Si/Al was determined by ICP (ICP-AES Horiba Jobin-
Yvon mod. Ultima). The samples were dissolved using the follow-
ing protocol: 20 mg of solid previously dried at 100 °C was made
to react with 2 cm? of aqua regia and 3 cm® of HF (48%) for 2 h at
120 °C. After reaching room temperature the solution was mixed
with about 2 g of boric acid and finally adjusted to a known volume
with deionised water. The reaction was performed in a stainless
steel autoclave equipped with a polyethylene-covered beaker.

The textural characterization of the solids was made by N,
adsorption isotherms measured in an automatic apparatus
Micromeritics ASAP 2010. Before the isotherms acquisition the
samples (~50 mg) were outgassed for 2 h at 300 °C, under vacuum
better than 1072 Pa.

2.4. Acidity characterization

The acidic properties of the samples were studied by pyridine
adsorption followed by infrared spectroscopy (FTIR) and by the
catalytic model reaction of n-heptane cracking.

For IR characterization of the hydroxyl groups and adsorbed
pyridine, the zeolite samples were pressed into 16 mm diameter
thin wafers (5-10 mg cm~2). Before the experiments, the self-sup-
ported wafers were outgassed in situ in an IR cell at 450 °C for 2 h
under high vacuum (10 Pa). After activation, the wafers were
cooled to room temperature and the initial (base) spectrum of
the samples was recorded. The wafers were then exposed to pyri-
dine vapour (2.6 x 10 Pa) during 10 min for saturation, at ambient
temperature. Then the samples were further outgassed at 150, 250,
350 and 450 °C for 30 min. The background spectrum, recorded un-
der identical operating conditions without sample, was always
performed before each spectrum and automatically subtracted.
For quantification, the base spectrum was always subtracted from
the spectra obtained during pyridine thermal desorption. The band
intensities were corrected from slight differences in sample weight
and band areas were calculated by fitting the spectral profile with a
Gaussian-Lorentzian function using IR OMNIC® software.

The model reaction of n-heptane cracking was performed in a
continuous flow reactor at 350°C under a total pressure of
1 x 10° Pa. Before the reaction the samples were pre-treated at
500°C in situ for 10 h under nitrogen flow of 36 dm®>h~'g .
Experiments were performed for 90 min using a flow of 3 cm® h™!
of n-heptane (molar ratio N,/n-C; =9) and WHSV =20.5 h™'. The
reaction products were analysed by an on-line gas chromatograph
Hewlett-Packard 6890 series with a flame ionisation detector,
using a capillary column PLOT-Al,03/KCl.

3. Results and discussion
3.1. Physicochemical characterization

The powder XRD patterns of the alkaline treated samples are
shown in Fig. 1, for the series where the effect of the treatment
time was investigated. As it can be seen, the long-range crystal
ordering is maintained upon alkaline treatment since no important
changes in peaks position are observed. On the other hand, we can
conclude that the desilication promotes some loss of crystallinity,
reflected by the decrease in the peaks intensity that became more
pronounced as the severity of the treatment increases. To quantify
this structural modification, the values of the degree of crystallin-
ity, Cxrp, Of the treated samples were evaluated by the ratio be-
tween the areas of all the diffraction peaks of the samples and of
the starting protonic structure, the latter chosen as reference.
Peaks integration was made using “Peak Fit”" software. The results
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Fig. 1. X-ray diffraction patterns of HMOR and indicated alkaline treated samples.
Table 1

Degree of crystallinity, Cxgp, asymmetric stretching band wavenumber (v;), Si/Al ratios obtained from bulk chemical analysis (total) and from 2°Si NMR spectra (framework).

Sample Cxrp (%) V1 (Cmil) Si/Altotal Si/A]framework
HMOR 100 1083.1 9.5 11.1
M/0.2/50/1 89 1082.0 = =
M/0.2/85/1 86 1081.4 - -
M/0.2/100/1 75 10732 = =
M/0.2/85/0.5 87 1082.8 - -
M/0.2/85/1 86 1081.4 - -
M/0.2/85/2 83 1076.3 8.6 10.1
M/0.2/85/4 76 1074.5 - -
M/0.2/85/10 74 1070.4 9.1 10.6
M/0.1/85/2 86 1082.1 - -
M/0.2/85/2 83 1076.3 8.6 10.1
M/0.5/85/2 74 1074.4 - -
M/1.0/85/2 24 1070.9 6.5 9.9

are quoted in Table 1 and show that, as expected, the increase of
the severity of any of the experimental parameters results in a de-
crease of the Cyrp values. Nevertheless, the decrease is less pro-
nounced for temperature, duration and NaOH concentration up
to, respectively, 85 °C, 2 h and 0.2 M. Higher temperature and long-
er treatments led to Cxgp that are still relatively high (above ~75%).
The increase of the base concentration had a more pronounced ef-
fect on the crystallinity since for sample M/1.0/85/2 a Cxrp value of
24% was obtained.

The 2°Si NMR spectra of HMOR and some alkaline treated sam-
ples are presented in Fig. 2(A). Except for sample M/1.0/85/2, the
lines correspondent to Si(0OAl) and Si(1Al) at, —-112 and
—107 ppm, respectively, are always present although their relative
intensity changes upon desilication treatment [22]. The line corre-
spondent to Si(1Al) configuration becomes much more intense,
confirming the Si removal. In the case of sample M/1.0/85/2, that
suffered a considerable loss of crystallinity, only a broad peak cen-
tered at —107 ppm, is observed. This peak can be attributed to the
presence of amorphous silica, and also to silica-alumina since the
left side extends up to —80 ppm.

The 2’Al NMR spectra of HMOR presented in Fig. 2(B) shows
that the parent material used in this study has some non-frame-
work 6-coordinated aluminium, denoted by the resonance at
0 ppm [22]. This line is observed for all the alkaline treated sam-
ples, with a considerable intensity in the case of M/1.0/85/2. The

relation between the intensity of this line and of that at 55 ppm,
corresponding to framework aluminium atoms [22], remains al-
most unchanged upon treatment, once again with the exception
of sample M/1.0/85/2. The spectrum of this sample is in fact differ-
ent from all the other since a third very broad line centered at
21 ppm is observed. This line has been found in other post-synthe-
sis structures [23] and may be due to pentacoordinated extra-
framework aluminium.

The Si/Al ratio of the tetrahedral framework (Si/Algamework) Was
estimated according to Ref. [22], using the integrated areas of the
Si(1Al) and Si(0Al) lines of the 2°Si NMR spectra and from the total
Si/Al ratio, determined by bulk chemical analysis. The results ob-
tained are quoted in Table 1, confirming that the alkaline treat-
ments lead to a partial desilication of the mordenite framework.
Nevertheless, the amount of Si removed from the zeolite frame-
work was not significant. This is most likely due to the low Si/Al ra-
tio of the starting material (about 10). In fact, the results reported
in the literature for MFI zeolite show that the Si/Al ratio is an
important parameter that has to be optimized to attain high desi-
lication degrees [24]. In this study the authors proved that increas-
ing the Si/Al ratio of the MFI zeolite from 17 to 50 results in a great
increase of the silicon extracted (7 times higher). To check the
importance of the initial Si/Al ratio for the desilication process of
mordenite we can compare our results with those reported on
Ref. [20] for a commercial mordenite with Si/Al =45, that was
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Fig. 2. 2°Si (A) and 2’Al (B) MAS-NMR spectra of (a) HMOR; (b) M/1.0/85/2; (c) M/
0.2/85/2; and (d) M/0.2/85/10.

treated under the same conditions of sample M/0.2/85/2. In the
present study the Si/Al decreased from 9.6 to 8.6 while in the liter-
ature work the decrease was from 45 to 24. So, it can be concluded
that also for mordenite, the Si/Al ratio has a marked influence on
the desilication degree.

The results of Table 1 also show a difference between the values
of Si/Alora; and Si/Algamework that is compatible with the presence
of a fraction of extra-framework Al species detected in the 27Al
NMR spectra.

On the contrary of what is currently made in studies focussed
on zeolite post-synthesis treatments, namely by dealumination
processes [23], in the case of desilication treatments, the analysis
of FTIR spectra in the framework vibration region has not been ex-
plored. Actually in the literature there are several empirical linear
equations relating the value of asymmetric stretching band (1250-
950 cm™') wavenumber, v, and the number of aluminium per unit
cell of dealuminated structures [23,25]. Since the shift on the
framework spectra reflects the change of the relative number of
Al-0 and Si-0 bonds present in the sample one would expect that,
on the contrary of what is observed during dealumination, where
the values of v; increase as the dealumination becomes more
accentuated, when a desilication treatment is successfully applied
the values of v; should decrease.

Analysing the FTIR spectra in the framework vibration region of
HMOR and samples of the series where the effect of the treatment
temperature was studied (Fig. 3), a shift of lattice vibration bands
towards smaller wavenumbers is noticed, upon the alkaline treat-
ment. The values of the asymmetric stretching band wavenumber,
v1, quoted in Table 1, show that there is a continuous decrease of v,
values with the increase of the treatment severity. The highest dis-
placements are observed for samples treated with the more con-
centrated NaOH solution (M/1.0/85/2) or for a longer time (M/
0.2/85/10). In both cases the value of v; presents a shift of around
12.5cm! from the value presented by the parent HMOR.

HMOR

M/0.2/50/1

M/0.2/85/1

M/0.2/100/1

T T T T
1400 1200 1000 800 600 400
1
wavenumber/cm

Fig. 3. FTIR spectra in the range of framework vibrations of HMOR and indicated
alkaline treated samples.

The results obtained seem to point out that the evolution of the
asymmetric stretching band position can be taken as an evidence of
the silicon removal. To check the validity of this conclusion we plot-
ted the values the Ns;, number of framework Si atom per unit cell, of
the samples characterized by NMR against the corresponding v,
values. The plot obtained with these four samples shows a linear
trend expressed by the relationship: v; (cm~')=20.2 Ng; + 193.0.
It must be taken in consideration that the range of Ns; values is nar-
row due to the framework stability of the starting material (see val-
ues of Si/Algamework in Table 1 and discussion above). Nevertheless it
is clear that, as it is proposed in the literature for dealuminated
samples, for desilicated structures an empirical correlation be-
tween the framework vibration bands wavenumbers and Ns; can
also be obtained. The desilication study of mordenite structure with
different Si/Al ratios is foreseen in order to obtain values that would
allow us to extend the proposed relationship to a large range of Ns;.

The N, adsorption-desorption isotherms displayed in Fig. 4(A)
are representative of the curves obtained in this study. The curve
of the parent structure belongs to type I in the BDDT classification
[26], according to the microporous nature of the sample. Only for
relative pressure near 1 there is a small upwards deviation of the
plateau, pointing out some mesoporosity or external surface,
resulting of the crystallites aggregation. The curves obtained for
treated samples exhibit a type I with somewhat type IV character
isotherms, revealing the microporosity of the samples and a con-
siderable development of mesoporosity. The curves present a sharp
knee at low relative pressures, indicating that there is no signifi-
cant change on the microporous size distribution upon the treat-
ment, and an enhancement of N, uptake for higher p/p° values as
well as a H4 type hysteresis loop, revealing the development of
mesoporosity.

The adsorption data were analysed using the o5 method taking
as reference the isotherm determined on nonporous silica [27]. As
found in studies focussed on zeolite structures [28], the o plots
obtained revealed the presence of a very small fraction of supermi-
cropores (width between 0.7 and 2 nm), Vsyper, and a large volume
associated with the ultramicropores (width less then 0.7 nm),
Vutra, Characteristic of the mordenite framework. The microporous
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Fig. 4. (A) Nitrogen adsorption-desorption isotherms at —196 °C on HMOR and on alkaline treated samples (closed symbols are desorption points) and (B) correspondent
mesoporous size distribution. O, HMOR; A, M/0.2/85/0.5; [J, M/0.2/85/2; and <>, M/0.2/85/10.

volume, Vpicro, corresponds to Vyjera + Vsuper. The external surface
area, Aext, Was computed from the slope of the linear region of
the o plots on the multilayer region (o5 > 1). The total porous vol-
ume, Viora, Was estimated from the volume of N, adsorbed at p/
p° = 0.95 and the mesoporous volume from the difference between
Viotal and Viicro. The results obtained from this analysis are quoted
in Table 2 and show that, with the exception of the sample treated
with the highest NaOH concentration (M/1.0/85/2), the experimen-
tal procedure followed did not affect the microporosity of the sam-
ples. The values of Viicro vary from 0.20 cm?® g, for sample HMOR,
to 0.18-0.19 cm® g~! for the majority of the samples. This behav-
iour is in line with the results reported by other authors in studies
also focussed on mordenite desilication [20,21], and are in agree-
ment with the evolution of the crystallinity assessed by XRD, Cxgp,
previously discussed. On the other hand it is also clear that the
alkaline treatment, on the contrary of what occurs in dealumina-
tion, do not promote the formation of larger micropores (supermi-
cropores), since Vsuper remains practically constant. An identical
behaviour was found, by Groen et al. for the evolution of the micro-
porosity of MFI upon treatment with NaOH, based on the data of
high-resolution low pressure Ar-adsorption isotherms [12].

The most important textural effect of the desilication treatment
is, as it was envisaged, a substantial development of mesoporous
volumes, which in the majority of the samples, is 3 or 4 times high-

er than the value present by the starting HMOR. The results also
show that no significant mesoporosity creation is observed when
the treatments are carried out at 50°C or with 0.1 M, NaOH
solution.

To evaluate the effect of the initial Si/Al ratio on the textural
characteristics of the desilicated samples, we can confront the re-
sults of sample M/0.2/85/2 with those of the desilicated mordenite
sample reported on Ref. [20], since both were submitted to the
same experimental conditions. The values show that in this study
the increase of Vieso Was of almost 4 times and in Ref. [20], where a
parent structure with Si/Al = 45 was used, the increase of the S;eso
(mesopores surface) was about 3 times. This allows us to conclude
that the initial Si/Al ratio has no significant influence on the mes-
oporosity development upon mordenite desilication.

The fact that no degradation of the intrinsic microporosity is ob-
served and the considerable increase of the external surface area
points out that the mesopores were created from the destruction
of the framework, from the crystal outer surface towards the
interior.

The mesopore size distribution was made according the Broek-
hoff-de Boer method, in a version simplified with the Frenkel-Hal-
sey-Hill equation (BdB-FHH) [29]. The plots in Fig. 4(B) illustrate
the results obtained, showing that the modified samples have
broad mesopores size distributions. The maximum centered at
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Table 2

Microporous volume (Vicro), ultra and supermicroporous volume (Vyiera and Viyper), mesoporous and total porous volumes (Vieso and Viorar) and external area (Aex) of the

samples.
Sample Vimicro® (cm® g ") Viira® (cm® g ) Vauper' (cm® g") Vioral” (cm® g™') Vimeso® (cm® g™ ") Aex (m*g™")
HMOR 0.20 0.19 0.01 0.25 0.05 24
M/0.2/50/1 0.20 0.18 0.02 0.26 0.06 49
M/0.2/85/1 0.19 0.17 0.02 0.34 0.15 122
M/0.2/100/1 0.18 0.17 0.01 0.33 0.15 113
M/0.2/85/0.5 0.19 0.17 0.02 0.30 0.11 92
M/0.2/85/1 0.19 0.17 0.02 0.34 0.15 122
M/0.2/85/2 0.21 0.19 0.02 0.40 0.19 133
M/0.2/85/4 0.19 0.17 0.02 0.36 0.17 115
M/0.2/85/10 0.19 0.17 0.02 0.33 0.14 107
M/0.1/85/2 0.20 0.18 0.02 0.24 0.04 25
M/0.2/85/2 0.21 0.19 0.02 0.40 0.19 133
M/0.5/85/2 0.17 0.16 0.01 0.38 0.21 125
M/1.0/85/2 0.03 0.01 0.02 0.20 0.17 97

¢ Estimated from o method.
® Vioal — volume adsorbed at p/p°® = 0.95.

c =
Vimeso = Viotal = Vmicro-

5.4 nm corresponds always to a smaller fraction of pores and do
not shift with the increase of the treatments severity. On the other
hand, the maximum related to the highest fraction of pores is af-
fected by the experimental conditions. In the example shown,
the curve for the sample treated for 0.5 h presents a maximum at
around 10 nm, although for the samples where the treatment
was prolonged for 2 or 10 h the maximum is shifted for pores with
12.5 nm diameter. So the increase of the treatment severity results
not only in the increase of the mesoporores volumes but also in the
formation of larger pores.

Comparing the evolution of Vieso and Cxrp values we observe
that, with the exception of samples M/0.2/50/1 and M/0.1/85/2,
the destruction of the zeolite framework quantified by XRD is fol-
lowed by the creation of mesoporous volume. This is not a linear
relation and is interesting to note that samples with identical Cxrp
have different textural characteristics. This is clearly shown by the
results of samples M/0.2/100/1, M/0.2/85/4 and M/0.5/85/2, that
although had suffered the same loss of crystallinity (Cxrp~75%)
they all present different mesoporosity development and different
microporosity decrease. The effect of each experimental parameter
on the structural and textural properties seems then to be differ-
ent. Actually, under the experimental conditions used, raise the
treatment temperature led to the smaller mesoporosity develop-
ment while increasing the base concentration allowed the larger
mesoporosity enlargement (not considering sample M/1.0/85/2).
The better global result in terms of crystallinity, preservation of
microporosity and increase of mesoporous volume is presented
by sample M/0.2/85/2.

3.2. Acidity characterization

The effect of the alkaline treatment on the acidic properties of
MOR and selected desilicated samples was evaluated by the cata-
lytic reaction of n-heptane cracking, which is commonly used as
a model reaction to characterize the acidity of zeolites and related
materials [30]. Table 3 resumes the main parameters that charac-
terize this reaction.

For all samples, the main reaction products are hydrocarbons
(olefins and paraffins) with three and four carbon atoms (Cz + C4)
in percentages around 90%. Light (C; and C;) and heavier (Cs and
Cs) products are also detected with values below 2% and 8% respec-
tively. Isomerization products are present in negligible amounts.

The evolution of total conversion with time on stream (curves
not shown) exhibits an identical pattern for the parent zeolite
and desilicated samples, that is, a more pronounced deactivation

in the first 10 min time on stream (t.o.s.) followed by a slower
deactivation until 90 min reaction, which leads to deactivation per-
centages above ~85% for both parent and desilicated samples. The
initial conversions obtained at 5 min t.o.s. (Table 3) show slightly
higher conversions for the desilicated samples, with the exception
of M/0.5/85/2.

Table 3
Catalytic conversion, olefin/paraffin (O/P), and branched/linear (B/L) ratios and
deactivation percentage for n-heptane cracking at 350 °C.

Catalyst Conversion® (%)  OfP (C4)® BJL(C4)  Deactivation? (%)
HMOR 314 0.3 2.5 85.3
M/0.2/100/1  38.1 03 25 90.0
M/02/85/2 337 03 26 873
M/0.2/85/10  39.3 03 24 90.7
M/0.5/852 229 03 26 835

? Values taken at 5 min time on stream.

b QOlefins to paraffins ratio calculated for compounds with four carbon atoms.

¢ Branched linear ratio calculated for compounds with four carbon atoms.

4 Deactivation percentage calculated by the difference between the conversions
values taken at 5 and 90 min time on stream, divided by the conversion obtained at
5 min.
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Fig. 5. Infrared spectra in the OH stretching region of HMOR and M/0.2/85/2 before
(A and B) and after (C and D) pyridine adsorption.
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The ratio olefins/paraffins (O/P) and the branched to linear ratio
(BJL), both quantified for products with four carbon atoms (C4) and
for similar conversion (~15%), are normally used to characterize
the density and strength of the acid sites. The ratio O/P measures
the hydrogen transfer ability of the material. In this sense, as the
hydrogen transfer reaction follows a bimolecular mechanism it is
favoured by a high density of Bronsted acid sites [31]. On the other
hand the B/L ratio is related to acid strength [32]. Table 3 shows
approximately the same O/P and B/L values both for parent and
desilicated samples independently of the experimental conditions
of the treatment. These results indicate that the density and
strength of the acid sites remains practically unchanged after the
desilication treatments.

The parent zeolite and sample M/0.2/85/2 were studied by
infrared spectroscopy in two relevant spectral zones: the 2800-
3800 cm™! region, comprising the hydroxyl stretching modes and
the 1400-1700 cm™! region, for the pyridine ring vibrations, as a
consequence of the basic molecule adsorption on Bronsted and Le-
wis acid sites.

Fig. 5 shows the infrared spectra of HMOR and M/0.2/85/2 sam-
ples after the outgassing treatment and before pyridine adsorption.
Both spectra present two well defined bands at 3743 and
3605 cm ', assigned to isolated silanol groups, SiOH, and Si-OH-
Al bridging hydroxyls groups (Bronsted acid sites), respectively
[33,34]. The second band is broad and asymmetric, suggesting
the presence of at least two different acid sites, those from the
main channels (~3605 cm™!) and the others from the side pockets
(~3585 cm™!) of the MOR structure [35], even if a third band at
about 3595 cm™! (8-R opening sites) has been more recently evi-
denced [36,37]. The alkaline treated sample, when compared with
the parent support, presents a more intense band corresponding to
SiOH groups, while the band associated to the Bronsted acid sites
does not change significantly upon the desilication treatment.
The first observation is well in line with a subsequent increase of
the external surface area as a consequence of the corrosion of crys-
tal structure. The second observation reveals that the acidity of the

Table 4
Evolution of Bronsted and Lewis acid sites concentrations with pyridine desorption
temperature for HMOR and M/0.2/85/2 desilicated sample.

Desorption temperature (°C)  Bronsted (umol g=!)  Lewis (umol g71)

HMOR M/0.2/85/2 HMOR M/0.2/85/2
150 477 503 101 112
250 361 347 96 105
350 211 190 110 122
450 56 44 132 130

parent support is well preserved, confirming that desilication pro-
cess mainly involves siliceous zones extraction while acidic Si(O-
H)AI zones are preserved. After pyridine adsorption (spectra not
shown), the bands assigned to the silanol groups remain almost
unchanged for both samples, as these groups do not present an
acid character. On the other hand, the main band at about
3605cm~! decreases significantly while the component at
3585cm~! (side pockets acid sites) remains intact since these
groups are not accessible to pyridine molecules [35].

Fig. 6 shows the IR spectra in the 1700-1400 cm™' region of
parent zeolite HMOR and desilicated M/0.2/85/2 sample after pyr-
idine adsorption and subsequent desorption with temperature. The
spectra of both samples clearly show the bands characteristic of
pyridine adsorbed on Bronsted acid sites, with the formation of
pyridinium ions, PyH", at around 1635 and 1545 cm™!, and the
presence of pyridine coordinated to Lewis sites, PyL, located
around 1622 and 1455 cm™'. The signal at 1490 cm™~! is common
to pyridine bonded to both Bronsted and Lewis sites [38].

As the desorption temperature increases from 150 to 450 °C a
decrease of the signals corresponding to pyridine adsorbed on
Bronsted acid sites is observed. However, the band characteristic
of Lewis acid sites remains unaffected. The removal of pyridine
bonded to Bronsted sites with temperature is simultaneously
accompanied by the growth of a new signal, appearing as a shoul-
der after desorption at 250 °C, at around 1462 cm~!. Upon further

1500 1480 1460 1440 1500 1480 1460 1440

AN AN N AN
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150°C

T LI )
1650 1600
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Fig. 6. Infrared spectra of parent (A) and M/0.2/85/2 (B) sample after pyridine adsorption and subsequent desorption at the indicated temperature. At the top: enlargement of

a section of the spectra for samples treated at 450 °C (2 cm™! resolution).
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desorption temperature increasing, a second new band also devel-
oped simultaneously with the first one, as a shoulder at 1500 cm ™.
These new bands are clearly visible in the spectrum after pyridine
desorption at 450 °C, acquired at higher resolution (see Fig. 6, at
the top). According to Chiche et al. [39] the emergence of an infra-
red band around 1462 cm ™! as the temperature of pyridine desorp-
tion increases can be attributed to the formation of conjugated
iminium ions, which would require the presence of paired Lewis/
Bronsted acid sites. According to the reaction scheme proposed
by these authors, pyridine is desorbed from a Bronsted site and
coordinated to a nearby Lewis site, followed by a nucleophilic at-
tack of the electron-deficient ring by a lattice oxygen. This dual site
interaction strongly suggests the proximity of some of these two
sites, as extra-framework aluminium have been detected in 2’Al
NMR spectra in both parent and desilicated samples.

Table 4 presents the evolution of the relative acid site popula-
tion for HMOR and M/0.2/85/2 samples with the increasing of pyr-
idine desorption temperature. The concentrations of the Bronsted
and Lewis acid sites were calculated from the integrated area of
the PyH* and PyL bands using the values of the molar extinction
coefficients of these bands (1.67 and 2.22 cm pmol !, respectively)
determined by Emeis [40].

Besides limitations of IR bands quantification are known and
have to be considered, the analysis of Table 4 led us to compare
the acid sites population in both samples. The obtained results al-
low us to conclude that the desilicated sample exhibit practically
the same acid sites concentration for Bronsted and Lewis acid sites
than the parent HMOR zeolite. This conclusion is in accordance
with the results previously discussed regarding the model reaction
of n-heptane cracking.

4. Conclusions

In the present work the effect of several desilication experimen-
tal parameters, such as NaOH concentration, temperature and
time, on MOR properties was evaluated.

The alkaline treatments promoted the Si extraction from the
zeolite framework, as denoted by the increase of the intensity of
the line correspondent to Si(1Al) configuration in 2°Si NMR spec-
trum. The comparison of the desilication degree attained with
the values of the literature is in accordance with the expected
influence of the Si/Al ratio of the starting mordenite. Actually,
the low Si/Al of the sample used led to a less extensive desilication,
but an important mesoporosity development was attained.

The treatments promoted loss of crystallinity (that in the major-
ity of the cases was below 25%), and the increase of the mesopor-
ous structure (except when the lowest temperature (50 °C) and
NaOH concentration (0.1 M) were used).

The acidity characterization proved that acidic properties of the
parent material remain unchanged upon the treatment, as denoted
by the results of the two techniques used: the oleffins/parafins and
the branched/linear ratios remained practically unchanged as well
as the site population quantified by IR bands resulting from pyri-
dine adsorption.

The analysis of the IR spectra in the framework vibration region
point out that the evolution of the asymmetric stretching band po-
sition, v, can be taken as an evidence of the silicon removal. The
results even show that there is a linear correlation between the
values of v; and the number of framework Si per unit cell.

As a final comment, it must be noted that, under the experimen-
tal conditions used the optimized desilication conditions are those
used for the preparation of M/0.2/85/2.
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