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ABSTRACT

The aluminosilicate and borosilicate MFI type ztadiwere successfully synthesized by a dual-temglatstem
using pyrrolidine tetramethylammonium hydroxid®@OH) as co-structure-directing agents (SDASs), isence
of inorganic cations and fluoride media. Variousraaeters that effect the crystallization of alunsitioate (Al-
ZSM-5) and borosilicate (B-ZSM-5) zeolites, suclthasPyrr/Si, TMA/Si and Si/Al or Si/B ratios wéngestigated.
The obtained products were characterized by XRDAISorption:>C CP MAS NMR spectroscopy, SEM and FTIR
techniques. The XRD patterns confirmed the formatigpure ZSM-5 with high crystallinity, SEM resukvealed
that Al-ZSM-5 and B-ZSM-5 synthesized at the saméition having different morphologies. On the othand**C
CP MAS NMR spectroscopy confirmed the incorporatémpyrrolidine and TMA into the aluminosilicate can
borosilicate zeolites products. These two kindS@As played a cooperative role in the crystallisatof Al-ZSM-5
and B-ZSM-5. The role of pyrrolidine was to provitie initial nucleation and selectivity, and of TM& provide
both space-filling and basicity capacities in tlyathesis.
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INTRODUCTION

Zeolites are microporous crystalline materials witbll-defined pore structures and geometry. Becaistheir
properties such as thermal stability, adsorptianiglity, catalytic activity, cation exchange and ewllar sieves,
zeolites have been extensively used as adsorkddnisi exchangers and catalysts [2-B8M-5 is one of the most
widely studied zeolites. It has been used in mastyoghemical catalytic processes such as cracldnmerization,
aromatization and alkylation [6]. Since the synihied Al-ZSM-5 zeolite was first reported by Moliil 1972 [7],
considerable effort has been devoted to prepasezimlite. ZSM-5 (MFI topology) is a high silicaatiée with
interconnected two-dimensional channels surrouttigeign-membered rings with a diameter of 5,3 x&#nd 5,1

x 5,5 A[8]. The synthesis was usually performedha presence of an organic structure directingonatSDA),
typically tetrapropylammonium (TPA and an inorganic cation, typically sodium {Nander hydroxide form
(NaOH)[9]. Early work by Flaningen [10] showed théioride-containing gels could be used to preplsifel
zeolites. The fluoride ion was used as a minemaliy using NHF or HF sources) instead of the more
conventionally used hydroxide ion. This choice pr#s several advantages, for fewer metastable plfiaseation,
implying a certain ease of preparation of any @ek#eolite [11, 12] and for neutral medium (or ayiénabling the
incorporation of elements sparingly soluble in dl@media such as o Fe**, Ti** [13, 14]. However, a study has
shown that even after calcination, fluorine remainscluded inside the MFI structure [15]. Isomorphou
substitutions of metal for silicon (Si) in the la#t structure of zeolites have been studied to mdtiie physic-
chemical properties [16-18]. For the first time rdmasso et al, focused on the framework modificatibZSM-5
by substituting aluminium with baron [19-21]. Theesgth of Bronsted acid sites in B-ZSM-5 is copsably lower
than that of Al-ZSM-5 and the catalytic propert@sB-ZSM-5 are less than those of its aluminosikcanalogue
[22], However for some special reactions, the athgs of B-ZSM-5 in comparison to Al-ZSM-5 have been
claimed [18, 21], for instance in the Beckmann m@agement [23]. In the present study, we presedua-
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templating strategy of the synthesis of Al-ZSM-HdaB-ZSM-5 zeolites, using pyrrolidine in combinatievith
tetramethylammonium as structure directing ageBBAS), in the absence of inorganic cation and filemedia.
In this study, we explore the use of two organtoscsure directing agents. The concept used inatiempt was that
SDA to provide the initial nucleation and then hdpat a second could provide both the pore fillagpect as the
crystal continued to grow and serve as the sourbgdroxide.

MATERIALS AND METHODS

Il.I Materials
All the chemical reagents used in this work aregiin Table 1.

Table 1: Chemical reagents

Reactant Molecular formula Function Company, Purity %
Colloidal silica solution SiO; Silica source Aldrich, 40wt-%
Nitrate nonahydrate aluminium Al(NO3);, 9 HO Aluminum source Loba Chemie, 99%
Boric acid HsBOs Boron source Merck, 99%
Pyrrolidine CsHgN Template Aldrich, 99%
Tetramethylammonium pentahydrate hydroxi (CHs).NOH, 5HO Template Alfa-Aesar, 98%

[II.II Synthesis of Al-ZSM-5 zeolite
Al-ZSM-5 zeolite was synthesized hydrothermallyttb® MAOH and pyrrolidine were used as templates.

A typical starting mixture was formed using thddaling molar composition:
0.125 AbOs;— 11 S}O - 1 TMAO - 5.5 Pyrrolidine - 200 $D. The procedure was as follows:

An aqueous solution of aluminium nitrate and tatpaglammonium dissolved in deionized water wasestirfor 30
mn. In the same time, we prepared the second spjutthich was obtained by dissolving pyrrolidinel arolloidal
silica in deionised water. Both solutions were atldad stirred for 1 h. The resulting gel was plaicedn Teflon-
lined autoclave which was heated without stirringl80 °C for 8 days. The details of the zeolitethggis are
collected in table 2.

[IL.III Synthesis of B-ZSM-5 zeolite

The typical molar composition of the synthesis eZ8M-5 zeolite was:

0.5 B.Os;— 11 SjO - 1 TMAO - 5.5 Pyrrolidine - 200 0. The synthesis gel was prepared by mixing thgees
in the following order: at first tetramethylammomiuand boric acid were dissolved in deionized watemned
solution (I). Solution (l) contained colloidal isih and pyrrolidine template dissolved in deionizeater. Each
solution was stirred for 30 mn to achieve a homeges solution. Then, solution (I) was added dropewo
solution (II) under speed agitation. The resultetktune was stirred for 1 h at room temperature rtisure
homogeneity, introduced into the Teflon-lined alawe and finally heated at 150 °C, under staticd@ons, for 8
days. All the crystalline solids obtained wergefied ,washed and dried at 80°c, calcined at 556 h to remove
the templates and obtained directly the acidic f6l#ASM-5 zeolite, without the need to ion—exchawggifihe gel
compositions and results of synthesis are tabulatéable 3.

[11.VI Characterisation

Diffractograms of the different materials were eoted using a Bucker, D8 Advance diffractometi¢h & Cu Ko

(. = 1.54 A). XRD patterns were determined betweenalgles of 2 and 40°. The crystallinity was defasd
from the peak area using a highly crystalline ZSMainple as a reference. FT-IR spectra were recatieabm
temperature using a FT-IR spectrometer (Alpha-BrékeR diamond), over the range 400-408@*, the'*C solid-
state cross polarization (CP) NMR spectra of thesasthesized borosilicate and aluminosilicate Mfplet zeolite
were recorded using spectrometer 400 Plus Advdh&zuker frequency of 75.5 MHz, the chemical shifeported
are relative to TMS. The specific surface area walsulated using the nitrogen adsorption data obthiwith a
micrometrics ASAP 2020. Micrographs of the samplese taken on a JEOL JSM-6490LV scanning electron
microscope (SEM).

RESULTS AND DISCUSSION
VI.I Synthesis of Al-ZSM-5 zeolites
The hydrothermal synthesis of Al-ZSM-5 was firdeatpted by using TMAOH or pyrrolidine as an indegemt

SDA. Summary of the synthesis compositions, cooditias well as characterisation results of Al-ZSEamples
employing mixed templating agents are presentddabie 2.
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Table 2: Synthesis condition of Al-ZSM-5 and propeties of products

Samples _ Gel chemical conditions (molar ratio) Crystallization Products BET surface
No. SI/Al Pyrr/Si TMA/Si TMA:Pyrr  Time (days) R.C %° area (M g?)
Z-1 44 0.5 0 - 8 - Amorphous -

Z-2 44 0 0.18 - 50 - Amorphous -
Z-3 44 0.5 0.18 2:55 8 90 Al-ZSM-5 280
Z-4 44 0.27 0.22 24:3 10 - Amorphous -
Z-5 22 0.5 0.27 3:55 8 - Amorphous

Z-6 7.5 0.5 0.18 2:55 8 - Amorphous -
Z-7 110 0.5 0.18 2:55 8 98 Al-ZSM-5 300

Crystallization temperature: 150°C
@ Relative crystallinity calculated from XRD patter24].

When TMAOH or pyrrolidine were used as a single SDAly amorphous materials were obtained, afteayss df
crystallisation (samples Z-1 and Z-2). On the otiend, when using pyrrolidine as a solely SDA,pgbee Al-ZSM-
5 phase was obtained, after 30 days of heatit§@fC (sample Z-1). At the same synthesis camthti Al-ZSM-5
zeolite was obtained when TMAOH and pyrrolidine eversed as a dual-template system with TMA/Pyrr mola
ratio of 2/5.5 and a Si/Al ratio of 44 and 110ga® days of crystallisation. Fig.2 shows represiareé XRD pattern
of the AI-ZSM-5 zeolite synthesized by dual-temipigt method. The pattern verified that the produetsva
characteristic of MFI topology free of any impuritdowever, there was difficulty in crystallizing A-ZSM-5
zeolite at the Si/Al molar ratio less than 22 witka amorphous phase was formed. These results| ihatahe
nucleation of Al-ZSM-5 zeolite requires the presen€ Pyrrolidine (to specify the synthesis of AlM%). When a
mixed template system being used ( Pyrr + TMA), thestallisation time was reduced by a factor & #imes.
Generally TMA would then play a beneficial but sturally non-specific role in the crystallisatiofi Al-ZSM-5.
The necessity to use TMA as a second SDA was tagedoth space-filling and basicity capacitieshia synthesis
of Al-ZSM-5.

VLI Synthesis of B-ZSM-5 zeolites
The gel composition and crystallization conditidmsB-ZSM-5 synthesis are listed in Table 3.

Table 3: Synthesis condition of B-ZSM-5 and propejt of products

Samples __Gel chemical conditions (molar ratio) Crystallization 1
No. “SVB  PymiSi TMAISI TMAPyrm Time (days) RCuc | roducts BET surface area (hy’)
Z-8 11 0 0.1 - 8 - RUB-10° -

Z-9 11 0.5 0 - 8 91 B-ZSM-5 315
Z-10 11 0.5 0.1 1:55 8 96 B-ZSM-5 320
Z-11 11 0.27 0.06 0.62:3 11 - Amorphous -
Z-12 11 0.27 0.1 1:3 8 - RUB-10" -
Z-13 11 0.5 0.06 0.62:55 7 100 B-ZSM-5 340
Z-14 22 0.5 0.06 0.62:55 8 88 B-ZSM-5 260
Z-15 22 0.5 0 - 8 - Amorphous -
Z-16 0 0.5 0.06 0.62:5.5 5 - - ¢ -

Crystallization temperature: 150°C
P obtained with amorphous phase.
°No solids were obtained.

The XRD pattern of B-ZSM-5 zeolite is given in Figul. When compared with the XRD patterns in ttexdkure,
there are no other reflections than those fronz®il-5 zeolite [24], indicating the high purity dfdase products.
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Figure 1: XRD patterns of synthesized Al-ZSM-5 andB-ZSM-5 samples

The effect of Si/B molar ratio in the initial syetis solution was studied using ratios between.OFR2 results
show, in the absence of B, the reactant remaingdlignd no solid was obtained. In order to deteentiow the
organic template concentration influences ZSM-5rfation, a series of syntheses was performed usffeyent
template contents (TMA/Si = 0, 0.06, 0.1, 0.14) 4Regrr/Si = 0, 0.27, 0.5). Using the organic cattMA* as a
single SDA (presented in sample Z-8) gives RUB-#0lize (RUT topology), after 8 days of crystallisat,
consistent with the results reported in previouslists [25, 26]. This zeolite is not completely ¢ajlized, this
maybe for lower TMA concentration. RUB-10 was afsatained using dual-templating system showed ir2Z-1
sample. The pattern of products synthesised withopigine as a single template shows a pure B-ZShhase,
after 8 days of crystallisation, explain that therplidine favourite the nucleation and crystaltina of B-ZSM-5
zeolite. The addition of TMAOH as co-template skdwn Z-10 and Z-13 increase the crystallinity 6Z8M-5
zeolites. With decreasing the amount of the twonasisimultaneously (samples Z-12), only amorphoaterials
were obtained. These results revealed that the minodieach organic template was the key factoitliersynthesis
of B-ZSM-5 or RUB-10: a high proportion of TMA fauced the formation of B-ZSM-5. However, a high
proportion of pyrrolidine favoured the crystalligat of B-ZSM-5. No mixture of RUB-10 and B-ZSM-Shases
was produced, suggesting that, the organic compadddd as a supplementary crystallisation SDAdcstmthesis
mixture, no affecting the phase selectivity andpitssence serves as space-filling species ratherdh reserve of
OH.

V.l Infra-red analysis
The formation of ZSM-5 framework was further confed by the FT-IR spectra shown in Figure 2.
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Figure 2: FT-IR spectra of synthesized Al-ZSM-5 and-ZSM-5 samples
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The FT-IR spectra on both samples show well-definBdabsorption bands centred at 450, 550, 800, , 1460
1220 cmt typical from the MFI structure (pentasil zeolif@)7, 28]. The vibration band at 550 ¢roonfirms the
presence of a five-membered ring of the pentasitgire [28, 29]. For B-ZSM-5 zeolite, the IR pestkaround 915
cm® was documented in a previous work [30], which dobk observed in all of the boron-contained zeglite
characteristic of symmetric stretching vibratiorSifO-B bond.

V.1l **C solid-state CP MAS NMR analysis
Figure 3 shows th&C CP MAS NMR spectra of B-ZSM-5 and Al-ZSM-5 as raddrm, together with the liquid
%C NMR of TMAOH and Pyrrolidine.
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Figure 3: Liquid **C NMR spectra of: (a) TMAOH, (b) pyrrolidine, and **C CP MAS NMR as-made (c) B-ZSM-5, (d) Al-ZSM-5
synthesized by dual-templating system

The signals at 24 and 46 ppm in i€ CP MAS NMR spectra, which could be found in sampk) and (d), are
assigned to -CHin the pyrrolidine ring, these signals confirmdu tintegrity of pyrrolidine inside the zeolite
structure. Pyrrolidine molecules may be presenthan zeolite channel as unidissodiated (chemicalgct) state
[31], similar to that present in the liquid formnAadditional signal at 57 ppm could be observet ¢tan be
assigned to -Cklgroups of the TMA cations occluded in zeolitic framework, but theeirsity of the signal due to
this molecule was low. This was because the amolUmMA incorporated into the zeolite was less. Tehessults
showed that both TMAOH and pyrrolidine were occllidie the zeolite framework, suggesting that botHetes
may work as SDAs towards the formation of Al-ZSMusd B-ZSM-5 zeolites. When TMA was used as an SDA,
together with pyrrolidine, it was incorporated intee zeolite void volume even though it is moreuissd to
crystallize Al-ZSM-5 than B-ZSM-5, under this syeflis conditions. The other signals at 22, 32, 42 &h ppm
explain that the pyrrolidine is mainly located ihetchannel intersection (probably protoned/chargeecies)
represents reactions products of pyrrolidine formedng the zeolite synthesis [31].

V.III Scanning electron microscopy analysis
The SEM images of various zeolites prepared inghidy are illustrated in Figure 4. It showed thBZSM-5 and
B-ZSM-5 samples were highly crystalline materiatefof amorphous phase and other impurities.

3 SEl 206V WD23mm Ssé2 X5500 2um  — o
10 30 SEI Sampley, ¢ : 0013 06 May 2015 [ Samp
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Figure 4: SEM images of as-made: (a) Al-ZSM-5, (H3-ZSM-5 and (c) RUB-10, corresponding to: (a) Z-3(b) Z-9 and (c) Z-12
respectively

It can be seen that the as-synthesized samples diff@nent crystals morphologies and sizes. Thestalg of Al-
ZSM-5 zeolite are hexagonal withutn in length. The B-ZSM-5 zeolite showed uniformstajs with an oval shape
and average diameters of (4 x 2n. The SEM image of RUB-10 zeolite crystals pressptierical aggregates
morphologies and the size of the aggregates was 1

CONCLUSION

Pure and highly crystalline B-ZSM-5 and Al-ZSM-5olites were successfully synthesized with a deaiglating
system, consisting of pyrrolidine and TMAOH. Thediidn of TMAOH as co-template increases the alisiity
of B-ZSM-5 and AI-ZSM-5 zeolites with less crysiadition time. The final products obtained by dwahiplating
system have different morphologies and crystals.SI€ CP MAS NMR spectroscopic of dual-templating syste
reveal that TMA remain intact upon its occlusiorthe zeolites Al-ZSM-5 and B-ZSM-5, however pyrditie was
present as neutral molecules (in the channelspestdned/charged species (probably at the chammelsection).
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