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Highly crystalline SUZ-4 zeolite was synthesized and its acidic and catalytic properties were investigated
using FTIR spectroscopy amdhexane conversion. Based on the analysis of the published crystallographic
data, it is concluded that SUZ-4 zeolite has a three-dimensional pore system that includes ten-membered ring
channels parallel to unit cetl-axis which are intersected by two arrays of eight-membered ring channels
running in the plane [001]. Experimental results reported here support this conclusion. About 45% of acid
sites (bridging hydroxyls) are located in the large channels of SUZ-4 zeolite, while the remaining sites occupy
positions in nonplanar double eight-membered rings. The bridging hydroxyls in SUZ-4 zeolite are more
accessible for guest moleculast{exane and isobutane) than those in ferrierite. Both zeolites show similar
strength of acid sites and have similar protolytic cracking activity. The hydrogen transfer activity of ferrierite

is observed to be higher than that of the SUZ-4 zeolite. These results indicate that SUZ-4 zeolite has potential
as a catalyst and may display unusual shape-selective properties in comparison with other zeolites.

Introduction two-, or three-dimensional pore system. In addition, it appears
that no information has yet been published on the acidic and
catalytic properties of SUZ-4 zeolite.
The work described in this paper was undertaken in order to
in turn, is structurally related to the mineral wollastorfifélhe F:Iarify gcidic a}nd catalytic propert[es .Of the new SUZ.‘4 zeolit.e
in relation to its structure and to indicate the potential of this

structure of ferr|er_|te is well-knowfand Its two-dimensional zeolite as a catalyst in hydrocarbon reactions. The results of a
pore system consists of ten-membered ring channels parallel to

- L - detailed FTIR characterization of acid sites in SUZ-4 zeolite in

[001] interconnected with eight-membered ring channels parallel comparison with ferrierite are discussed in a different pAper
to [010]. Additionally, small channels formed by six-membered ’
rings are present. Both the ten- and eight-membered ring
channels in ferrierite are elliptical in shape with dimensions of
4.2 x 5.4 A and 3.5x 4.8 A, respectively. The proposedl Materials. Two zeolites, namely, SUZ-4 and ferrierite, were
SuUZ-4 framework consists of five-, six-, eight-, and ten- used in this study. A template synthesized ferrierite was provided
membered rings. According to Lawton et athe pore system by BP Chemicals. Zeolite SUZ-4 was synthesized at UMIST
of this zeolite includes straight ten-membered ring channels andaccording to the procedure described in the patent literature (ref
small cages linked through the double six-membered rings. Thelb, example 6).
minimum and maximum dimensions of the ten-membered rings In a typical preparation, 3.5 g of potassium hydroxide and
are 4.6 and 5.2 A, respectively, which are very similar to those 2.0 g of sodium aluminate (BDH Grade; 40 wt %@k, 30 wt
in ferrierite. % NaO, and the rest water) were dissolved in 75 g of distilled

Consequently, on structural consideration, it might be ex- water. Tetraethylammonium hydroxide (5.0 g) solution (40 wt
pected that SUZ-4 zeolite would display catalytic properties % in water) was then added to the solution followed by the
similar to ferrierite which is reportédo be an excellent catalyst  addition of 20 g of Ludox AS40 colloidal silica (BDH Grade;
for isomerization ofh-butene into isobutene. However, the data 40 wt % SiQ in water). The resultant gel was stirred for 1 h
published in ref 2 do not make immediately clear the nature of and then heated in a revolving autoclave at 280for 96 h.
the channel system in SUZ-4. For instance, it is not evident After this period, the product was removed from the autoclave
from the representation givéwhether this zeolite has a one-, and the content was filtered. The solid was washed with distilled
water, dried overnight at 120C, and then calcined at 55C

* To whom correspondence should be addressed at the Department ofin air for 12 h. XRD analysis revealed the solid to be highly
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Experimental Section
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°C for 2 h. After this, the solid was filtered and washed

thoroughly with distilled water and the ion exchange procedure ‘ A 3603

was repeated. Finally the zeolites were dried at &0 081

Microanalysis indicated that the ion-exchange degree was 77% A

for SUZ-4 and more than 99% for ferrierite. It should be noted b 07

that after a single ion exchange the degree of ion-exchange in : 4746

SUZ-4 zeolite was already about 75% and that an additional r 06

(third) ion exchange of the HKSUZ-4 sample with NENO; 2

solution did not change the residual content of potassium cations N 05

in the zeolite. .
The following materials were used for catalytic and adsorption 0.4]

experiments:n-hexane (99.%5%) supplied by Fluka Chemika,

oxygen (99.9%) and isobutane (99.5%) supplied by Messer 03l

Griesheim, and NEI(99.999%) obtained from Aldrich Chemical 3800 3600

Co. Wavenumbers (cm-1)
FTIR, XRD, NMR, and SEM Experiments. IR spectra of

the self-supported zeolite disks were collected at a resolution 18] B 3602 ‘

of 2 cnr! using a Nicolet Magna 550 FTIR spectrometer.

Ammonia,n-hexane, and isobutane were used as test molecules 1.6

to investigate acidic properties of the zeolites (hnumber, strength,
and accessibility of the acid sites). Adsorption of Nitas
carried out at 150°C, while n-hexane and isobutane were
adsorbed at ambient temperature. Prior to all FTIR experiments
the samples were calcined at 500 for 2 h in oxygen. The
detailed experimental procedure is described elseWlex&D
analysis of the zeolite powdered samples was carried out using

3746

@O SMWT A0 LT P
- -
i a~
[% M%

a Philips 1710 diffractometer scanning atrtin (20 range from o8

5 to 40). 27Al MAS NMR spectra of the zeolite hydrated 0.6

samples were obtained at room temperature employing a Bruker

MSL 400 NMR spectrometer. Al(N§s and TMS were used 3800 3600

as references. Scanning electron microscopical (SEM) analysis Wavenumbers (cm-1)

of the NH;-forms of SUZ-4 and ferrierite samples was per- Figure 1. IR spectra (OH region) of H,KSUZ-4 zeolite (A) and
formed using a Philips SEM 525 microscope at the Manchester H-ferrierite (B) before (1) and after {25) NH; adsorption. Amount of
Materials Science Centre. NH; adsorbed (mmol/g) at 15TC on SUZ-4 zeolite: 40; 2—0.55;
Catalysis. Catalytic properties of the zeolites were examined 370.84;4-1.34; on ferrierite: +0; 2-0.46; 3-0.89; 4-1.39; 5-2.04.
in the conversion ofi-hexane at 400C. The reaction was ) ]
carried out in a flow microreactor with a feed of 6.6 mol % (0N average) than aggregates of the SUZ-4 zeolite. Zeolite
n-hexane in M. Protolytic cracking (PC) and hydrogen transfer €Xternal surface areas were estimated to be 28/g for SUZ-4
(HT) activities of SUZ-4 zeolite were estimated and compared Sample and 14.1 ffy for ferrierite (the crystallites were
with those of ferrierite. The HT activity was determined Considered as cylinders and a zeolite density of 1.7 gigas
following the procedure of thg-tesB based on the determi- used to calculgte the surface area per gram of t.he zeolite).
nation of the ratio between the rate of isobutane formation and ' TIR Experiments. An IR spectrum (OH region) of the
concentration of isobutene in the reaction mixture at low (0 H,K—SUZ-4 zeolite (Figure 1A, spectrum 1) shows two bands

3%) conversions oh-hexane. at 3746 and 3603 cm corresponding to termina=SiOH
groups and bridging hydroxylsSAI(OH)Si=), respectively.
Results and Discussion Only traces of hydroxyls associated with the extralattice Al

species can be observed-a8688 cnt?!, and this result is in

XRD, NMR, and SEM Studies. Powder X-ray diffraction  good agreement with ti@Al MAS NMR data. With ferrierite,
data for calcined and ion-exchanged SUZ-4 samples wereonly two bands at 3746 and 3602 chare observed in the IR
collected and compared with the published d&a.The spectrum (Figure 1B, spectrum 1).
comparison indicated high crystallinity of the SUZ-4 zeolite  The number, strength and accessibility of the acid sites in
prepared. the H-forms of SUZ-4 zeolite and ferrierite were investigated

2TAI MAS NMR spectra of the hydrated SUZ-4 and ferrierite by FTIR according to the procedure described eafliesing
samples (NH-forms) were recorded, and the only one peak, at ammonia,n-hexane and isobutane as test molecules. Figure 1
about 56 ppm, attributed to tetrahedral Al in the zeolite shows the results of the experiments on ammonia adsorption
framework, was observed. The absence of the extralattice Al carried out at 150C on H,K—SUZ-4 zeolite and H-ferrierite.
(peak around 0 ppm) reflected retention of all Al atoms in the Presented data demonstrate (i) that all bridging hydroxyls in
framework after calcination and ion exchange of the as- both zeolites interact with Nfimolecules ¢ = 2.6 A)1° and
synthesized zeolites. (ii) that different numbers of these molecules are required to

Scanning electron microscopy showed that the SUZ-4 crys- suppress completely the IR bands, corresponding to these
tallites had the shape of needles and rods with an average lengtfydroxyls, in the two zeolites studied. At the same time, Figure
and thickness of about 1.5 and 0.L2n, respectively. The 1 indicates that most of the SiOH groups and OH groups,
ferrierite crystallites could be described as platelets with an associated with the extralattice Al species, do not interact with
average diameter and thickness of about 1.0 andg®nl NHs. Therefore, the amount of NHadsorbed was used to
respectively. Aggregates of the ferrierite crystallites were smaller determine the number of acid sites in the zeolites and was found
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Figure 3. Rates ofn-hexane transformation as functionsmhexane
04‘/\3/\ conversion over H,KSUZ-4 zeolite and H-ferrierite at 40TC.
3800 3600 8400 interaction withn-hexane) was measured and compared to the
Wavenumbers em-1) initial band intensity. The same procedure was applied to
o] estimate the accessibility of the acid sites for isobutane.
"] B 3602 Investigation of SUZ-4 zeolite revealed that about 97 and
1.8 44% of acid sites are accessible fohexane and isobutane,
A 161 respectively. The corresponding values for ferrierite were found
b to be about 70 and 23%. These results, illustrated by the data
S " are ‘ in Figure 2A (SUZ-4 zeolite) and Figure 2B (ferrierite), indicate
1.2 ! : clearly that the acid site accessibility in Hi{SUZ-4 zeolite is
2 10] ? higher for bothn-hexane and isobutane than that in ferrierite,
n 2 3485 and consequently, the pore system of HBUZ-4 zeolite
o 08 appears to be more open for guest molecul€s andiC,) than
0_6,\}—//\ the pore system of ferrierite. However, it should be emphasized
" s that both zeolites demonstrate similarity in the adsorption
’ behavior withn-hexane and isobutane, since for both zeolites
3800 3600 3400 the acid site accessibility for isobutane, = 5.0 A0 is
. Wavenumbers (em-1) significantly lower than that observed forhexane,o = 4.3

Figure 2. IR spectra (OH region) of H,KSUZ-4 zeolite (A) and A.19n the case of ferrierite this fact can be easily explained,
H-ferrierite (B) before (1) and after adsorption of isobutane (2) or SiNC€ this zeolite has ten- and eight-membered ring channels,
n-hexane (3). and the acid sites located in the smaller channels cannot be
) ) ) reached by isobutane. In the case of SUZ-4 zeolite only the
to be 10.2 18 sites/g for SUZ-4 zeolite and 11.8 #®ites/d  ten-membered ring channels were emphasized previéily.
for _ferrlerlte. These numb_ers are in good ag(r)eement with the 4ata suggest strongly that the other channels, namely, eight-
estlomaf[es'based on chemical analysis (9.80°° and 12.1x membered ring channels, which are evident in a structural or
107 acid sites/g for SUZ-4 and ferrierite, respectively). It should computational model based on the coordinates given in ref 2,

bhe n_ottfed t.hat the_ amort]mt of;c;id S“I‘?S in SU_Z'4 is Iovv_(zr thzr are also present in SUZ-4. The acid sites located in these eight-
that in ferrierite, since the SUZ-4 zeolite contains a considerable 1o e q fing channels are not accessible for isobutane

amount (-23%) of nonexchangeable potassium cations, while molecules and this explains the difference in the acid site

fSerrlte_rlte sample is fully ion exchanged (see Experimental accessibility fom-hexane and isobutane that is observed in the
e_I(_: Ion)fim te th id strenath of th ible bridaing OH experiments with SUZ-4 zeolite. It should be noted that the
0 estimate the acid strength ot the accessible ging detailed FTIR investigation of the acid sites in this zeolite has

groups in SUZ'4 and ferrlerlte the a'dsorpnonrehexane on demonstratetdexistence of two overlapping IR bands at 3592
these zeolites was studied at ambient temperature. In these

: : . and 3610 cm? (of high similar intensity) which were assigned
experiments the-hexane pressure was increased stepwise andt the bridaing OH ar in the eiaht- and ten-membered rin
the IR spectra collected after each step. Figure 2A (spectrum 0 the bridging groups € eight- and ten-membere gs,
3) presents the final spectrum which showed no further changereSpeCtlve_ly' . . ) o
in intensity on increase in-hexane pressure. The shift of the ~ Catalysis.Catalytic properties of SUZ-4 zeolite and ferrierite
band corresponding to the acidic OH group interacting with Were compared in conversion pfhexane. Figure 3 shows that
n-hexane was measured and used as a qualitative estimate ofit 400°C the rate ofn-hexane transformation increases with
the acidity of the OH groups. Figure 2A (bands at 3481 and conversion. The observed autocatalytic effect is in agreement
3603 cn1?) shows that this shift is about 122 cfnin the case with previous investigations of this reaction at low temperatures
of SUZ-4 zeolite, while it is around 117 crhfor ferrierite (see  (350-400°C),'*122and can be explained by existence of two
Figure 2B, bands at 3485 and 3602 ¢in These data suggest reaction mechanismé Mechanism A involves monomolecular
that the bridging hydroxyls in the HKSUZ-4 zeolite and  protolytic cracking (PC) oh-hexane on acid sites resulting in
H-ferrierite are of the similar acidity, and this suggestion is formation of hydrogen and £ C4 product paraffins (and
further supported by NKHTPD experiments§. corresponding olefins). Mechanism B involves bimolecular

Then-hexane adsorption data were also used to estimate thehydrogen transfer (HT) steps betweehexane and carbenium
number of the acid sites accessiblathexane in SUZ-4 zeolite  ions, formed by product olefins, and results, mainly, in formation
and ferrierite. Difference IR spectra were used to obtain of Cg, n-Cy4, andi-C, paraffins. Figures 4 and 5 illustrate clearly
guantitative estimates, and the intensity of the negative band atthe operation of these two mechanismsihexane conversion
~3603 cnt! (corresponding to loss of OH groups due to over SUZ-4 zeolite and ferrierite, respectively. The rates of
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Figure 5. Rates of formation of Hand G—C, product paraffins as

Figure 4. Rates of formation of bland G—C, product paraffins as functions ofn-hexane conversion over H-ferrierite at 4%0.

functions ofn-hexane conversion over H;:KSUZ-4 zeolite at 400C.

formation of hydrogen, methane and ethane decrease with Protolytic cracking activities of SUZ-4 zeolite and ferrierite
increasingn-hexane conversion indicating that these products Were estimated by extrapolation of the experimental data shown
are formed via mechanism A only. On the contrary, the rates in Figure 3 to zero conversion af-hexane. The estimates
of formation of propane and-butane increase with the obtained (See Table 1) show that Cata'ytiC sites in the two
conversion due to additional formation of these paraffins in the zeolites are of similar activity. This finding is in accordance
hydrogen transfer steps of the reaction (mechanism B) |SObU-With the above conclusion on the Strength of the acid sites in
tane, which is not a primary product of the reaction, is formed these zeolites as determined by FTIR.

via mechanism B onl§:>12Consequently, the rate of isobutane Hydrogen transfer activities of the two zeolites were estimated
formation is zero at zem-hexane conversion and increases with following the procedure of thes-test® which is based on
increasing conversion level (see Figures 4C and 5C). determination of the ratio between the rate of isobutane
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TABLE 1: Protolytic Cracking (PC) and Hydrogen
Transfer (HT) Activities of SUZ-4 Zeolite and Ferrierite in
Conversion of n-Hexane at 400°C

PC activity? HT activity, HT activity 2

PC activity, molecule/ mmol/ molecule/

zeolite  mmol/(g h) (site h) (g h atm) (site h atm)
SUz-4 1.64 0.97 120 71
ferrierite 1.55 0.79 530 270

aPC and HT activities per active site were calculated based on the

numbers of acid sites estimated from Natisorption (see text). Figure 7. Nonplanar double eight-membered ring in SUZ-4 zeolite.

“T” atoms: @, in front ring; O, in back ring.
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Figure 6. Isobutene concentrations as functions-fexane conversion
over H,K—SUZ-4 zeolite and H-ferrierite at 40C.

Isobutene concentration, mol.%

formation (R(iG)) and the isobutene concentration in gas phase
([iICs7]). With a number of different zeolites and at loshexane
conversions, this ratio has been found to be a constant which isFigure 8. SUZ-4 zeolite viewed along eight-membered ring channels.
proportional to the rate constant of the hydride transfer step

betweem-hexane and &ert-butyl carbenium io:® Thus, the zeolite. This finding, taken together with the data on the external
R(iCy)/[iC47] ratio can be used for quantitative characterization surfaces of the both zeolites (20.4 and 14.3gyfor SUZ-4

of the HT activity of zeolite catalysts. The experimental results and ferrierite, respectively), clearly indicate the differences in
obtained in this study show that both the isobutane formation Al distribution in the crystallites of the two zeolites and suggest
rate (Figures 4C and 5C) and the isobutene concentration (Figurethat the local Al distribution (and, consequently, the local site
6) are strictly proportional ton-hexane conversion up to densities) may be considerably different in these zeolites. In
conversions around 2.5%. Hence, tREC,)/[iC,7] ratio is conclusion of this part of the paper, we would like to note that
constant for each catalyst and has been used to estimatehe HT activity of the ferrierite (per gram) was found to be
quantitatively the HT activities of these two catalysts. The about 3 times lower than the corresponding activity of HZSM-5
estimates obtained are shown in Table 1 and clearly demonstratezeolite (Si:Al= 17). This fact is probably not surprising, since
that ferrierite is about 4 times more active in the bimolecular the local spacial restrictions in ferrierite should be much more
hydrogen transfer reaction than SUZ-4 zeolite. Such a differencestronger in comparison with those in HZSM-5.

results in the different rate enhancement with increasing SUZ-4 Channel SystemTo investigate topology of the eight-
n-hexane conversion over the two zeolites (Figure 3) and may membered ring channels in the SUZ-4 zeolite, we used the
be due to differences in proximity of acid sitéand/or different published structural dat#o model the framework of this zeolite.
local spacial restrictions (formation of a bulky transition state This modeling revealed that the nonplanar double eight-
is required for hydrogen transfer reactichi$)n SUZ-4 zeolite membered rings (Figure 7), previously repottedexist in SUZ-

and ferrierite. At this time we are not able to make final 4, actually form two eight-membered ring channels which
descrimination between these features, although the results orintersect the straight ten-membered ring channel described by
isobutane adsorption in SUZ-4 and ferrierite as well as Lawton et aP The angle between the former two channels is
consideration of the structures of these two zeolites (given about 74 and they are in the plane [001], perpendicular to the
below) suggest that the local spacial factor may not be direction of the ten-membered ring channels. The view along
responsible for reduced hydrogen transfer in SUZ-4 zeolite. This the eight-membered ring channels, which is the same for both
may imply that the hydrogen transfer in SUZ-4 zeolite and of them, is shown in Figure 8, and the schematic representation
ferrierite is influenced by differences in Al distribution in these of the multichannel system in the SUZ-4 zeolite is given in
zeolites. This point is further supported by the investigation of Figure 9.

the mesitylene isomerization reaction which can proceed only = Thus, analysis of the published structural data shows that the
on the acid sites located on the external surface of the zeolitenew SUZ-4 zeolite should be regarded as having a three-
crystallites. This study was carried out at £4@) and the results  dimensional pore system, while the channel system in ferrierite
obtained demonstrat&dthat the ferrierite was about 6 times is two-dimensional. Presumably, this difference may explain
more active in this reaction in comparison with the SUZ-4 why the acid sites in H,KkSUZ-4 zeolite are more accessible
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