6192

Synthesis of High Aspect Ratio

Chem. Mater2005,17,6192-6197

Low-Silica Zeolite L Rods in

Oil/Water/Surfactant Mixtures

C. Shane Carr and

Department of Chemical Engineering,

Daniel F. Shantz*
Texas A&M Lémsity, 3122 TAMU,

College Station, Texas 77843-3122

Receied August 10, 2005. Rised Man

Low-silica zeolite L (zeolite GL) syntheses in the
ratio rods were obtained when zeolite LTL was cry.
two-phase emulsions. Conventional syntheses o
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presence of emulsions were investigated. High aspect
stallized in the presence of both cationic and nonionic
f zeolite L primarily led to low aspect ratio crystals

possessing a length/width ratio of approximately 1.5. In the presence of the emulsion aspect ratios were
increased with most samples possessing aspect ratios between 5 and 10, although crystals were observed

with aspect ratios as high as 42. TEM analysis in

dicates the LTL pores are parallel to the long axis of

the crystals. It is observed that anisotropic crystals are formed when the surfactant (CTAB) to cation
ratio is below 3.5. By contrast when the CTAB/@&K™) is greater than four the LTL phase does not

form. Igepal CO-720 was also used to determine i
nonionic emulsions. While the nonionic emulsions

f similar high aspect ratio crystals could be formed in
also led to LTL rods, the phase purity of the materials

was lower based on SEM and PXRD. This report, to the best of knowledge, is the first of low-silica

zeolite L crystals (Si/Al< 1.5) that possess such

aspect ratios. Given the ability to exchange at least

some of the extraframework cations, the materials reported here are possible candidates for use in
applications including microelectronics and sensing.

Introduction

Zeolite L (LTL) is a commercially important zeolite that
has been studied because of its ion exchange capabilities an
unusually high thermal stability as compared to other low-
silica zeolites. Zeolite L was first synthesized by Breck in
the 1960s using a potassium-based synthesis procédure
Since that initial work, numerous investigations have ex-
plored the synthesis, characterization, and application of LTL
materials. Many works have reported incorporating metal
clusters into zeolite L, most notably platiniim€ although
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other metals such as iridiuf#t;?* gallium?? and irorf® have
been introduced. Using zeolite L nanocrystals as seeds for

rowing zeolite thin films has also been investigatedlso

f relevance to the current work, typically zeolite L is formed
possessing a Si/Al between 3 and 6; it is possible to make
low-silica LTL phases, even with a Si/At 1. Such materials
‘were originally reported by Barrer and Mainwairfigand
were denoted as GL zeolites. Typically these materials are
made in barium-rich mixture%.

Given the potential of zeolite L in catalysis and that the
catalytic properties of zeolites are often strongly related to
the particle size and morphology, controlling the size and
'shape of zeolite L crystals is of interest. Tsapatsis et al.
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Low-Silicia Zeolite L Rods

reported the synthesis of nanocrystals of zeolite L of
approximately 40 nm in length with aspect ratios between 2
and 3% More recently, works have been published on
growing micrometer-sized LTL crystals of controllable
morphology. Larlus et & reported varying reaction condi-
tions and material stoichiometry to achieve a variety of
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Figure 1. Structures of (top) Igepal CO-720 and (bottom) cetyltrimethy-

crystal morphologies and sizes. Large crystals were madelammonium bromide.

ranging from 2 to 5um, although in most cases the aspect

ratios appear to be less than 2 for these materials. Lee e

al3® have also examined changing reaction conditions to

{n zeolitic crystals with unique morphologies and micro-

structures as compared to conventional syntheses. Our initial

. . . i -<ili i ite4Aqi
achieve flat-faceted zeolite L crystals with enhanced aspectWOrK in low-silica zeolites focused on zeolite’Agiven the

ratios. Crystals were reported between 2 ang0n length
with aspect ratios that ranged from 2 to 30. Both of these

studies used high-temperature syntheses that ranged from 158

to 200°C in the work by Larlus et &°? and 180°C in the
work by Lee et af® Reported Si/Al ratios in these works
are typically between 4 and 6. Also, Calzaferri's lab has

wealth of previous literature for comparison. In that work it
proved difficult to grow crystals with anisotropic morphol-
gies. This is likely due to the fact zeolite A possesses cubic
symmetry, and one would expect no inherent differences in
the growth energetics along different crystal directions. In
that regard LTL is a more interesting choice given it

reported on the synthesis of zeolite L nanocrystals and their POSsesses hexagonal symmetry.

use as device compone#ts® To the best of our knowledge,
however, morphological control of low-silica LTL crystals

In this study, low-silica LTL (GL) crystals are grown in
two-phase oil/water/ surfactant/cosurfactant mixtures (i.e.,

has not been reported. This is of great interest, given that€mulsions, primarily a cetyltrimethylammoniurheptane-

low-silica LTL crystals typically have pores that run along

butanol-zeolite system) at 368 K. This allows for direct

the axis of the crystal and a high density of extraframework determination of the phase behavior under actual synthesis
cations. The ability to selectively control the aspect ratio of conditions. This study examines three issues: (1) determi-
LTL crystals would allow for the generation of containers Nation of the crystal morphology obtainable from syntheses
that could function as hosts for nanowires growth, enabling €mPloying emulsions, (2) assessment of how different
the use of such materials in a variety of applications including 8mulsion properties (i.e., composition) impact the growth

sensing, ion conduction, thermoelectrics, etc.

The work reported here explores another approach to

manipulating crystal morphology. Microemulsions (thermo-

dynamically stable one-phase mixtures consisting of surfac-

tant, oil, and water) have recently drawn interest as a mean
to controlling zeolite crystal growtff: 47 Studies in our lab
have looked at the effect of microemulsions on both low-
silica® and high-silica zeolite formatiot:*%4” Our work

S

of the material, and (3) comparison to conventional syntheses.

Experimental Section

Zeolite Synthesis. The surfactants used in this work were
cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich99%)
and Igepal CO-720 (+ 12, Sigma-Aldrich,>99%) (Figure 1).
Heptane (EMD>98%), isooctane (Mallinckrodt, 99%), and butanol
(EMD, >99%) were used as received. The zeolite reagents used
were kaolin (Sigma-Aldrich, USP grade), which was converted to

demonstrates that microemulsion-mediated syntheses resulinetakaolin via calcination at 923 K, barium hydroxide octahydrate
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(Sigma-Aldrich, >98%), potassium hydroxide (VWR, 45% w/w

in water), and water. The synthesis used was the same as that
reported by Burton and Lobo (1:4.46:0.245:292 Sipd®OH:Ba-
(OH),:H,0),%° with the only difference being the synthesis tem-
perature, 368 K in this work versus 358 K in their report. A typical
synthesis mixture was prepared as follows: 2.13 g of 45 wt %
KOH solution and 0.3 g of Ba(OHI8H,O were dissolved in 19.04

g of H,O in an autoclavable Teflon container. To this mixture, 0.43

g of metakaolinite was added and stirred at room temperature for
10 min.

The emulsions consist of the surfactant, oil (heptane), water, and
cosurfactant (butanol). The surfactant:butanol weight ratio is 2:1
for all samples unless noted otherwise. Synthesis mixtures will be
denoted below as oil:surfactant/cosurfactant:zeolite (weight frac-
tions). The emulsion synthesis involves premixing of the oil,
surfactant, and butanol in a borosilicate glass test tube to allow for
as much dissolution as possible. To this mixture, appropriate
amounts of the zeolite mixture were added. As a representative
example 2 g of CTAB were mixed wih 4 g ofheptane adh 1 g of
butanol for 30 min, followed by the additionf @ g of zeolite
mixture. This is represented as 0.4:0.3:0.3 oil:(CTAButanol):

(48) Carr, C. S.; Shantz, D. Microporous Mesoporous Mate2005 85,
284-292.

(49) Burton, A.; Lobo, R. FMicroporous Mesoporous Matef.999 33,
97-113.
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Table 1. Summary of LTL Samples Made in CTAB Emulsions; S/C
Is the CTAB/ (Ba?" + K*) Ratio
aspect _

length diameter ratio S/IC S
sample ID H:S:Z (nm) (nm) (L/D)  (mol/mol) E Control
CTAB-A  0.6:0.2:0.2 930 130 7.1 2.2 2
CTAB-B 0.5:0.3:0.2 850 110 7.7 3.3 ~°:3
CTAB-C 0.4:0.4:0.2 4.4 -
CTAB-D 0.5:0.2:0.3 710 150 4.7 15
CTAB-E  0.4:0.3:0.3 2500 60 41.7 2.2 CTAB-E
CTAB-F 0.35:0.35:0.3 950 140 6.8 2.6
CTAB-G  0.35:0.25:0.4 1000 110 9.1 1.4

5 10 15 20 25 30 35 40

CTAB-H  0.35:0.15:0.5 800 80 7.0 0.7 > theta
CTAB-I 0.25:0.25:0.5 910 170 53 1.1 . .
CTAB-J 0.25:0.35:04 1200 120 10 19 Figure 2. PXRD patterns of LTL samples grown in the (top) absence and
control o001 260 200 13 ' (bottom) presence of CTAB emulsions.

zeolite. The tests tubes were typically-506% full. After 10 min
of mixing, the test tubes were sealed with a screw cap and placed
in an oven under quiescent conditions at 368 K for 4 days unless
noted. Samples were recovered by filtration and washed with
copious amounts of deionized water and ethanol.
Characterization. Powder X-ray diffraction (PXRD) was per-
formed on a Bruker D-8 X-ray diffractometer with Cux¢adiation.
Samples were analyzed over a range-#2° 26 using a step size
of 0.05 and a step rate of 2 s/step. Field-emission scanning electron
microscopy (FE-SEM) measurements were performed using a Zeiss
Leo-1530 microscope operating at10 kV. Transmission electron
microscopy (TEM) was performed on a JEOL 2010 microscope
with a lanthanum hexaboride filament and an excitation voltage of . R . . — . — . :
200 kV. The samples were mortared and pestled, then dispersed in = "8 - e - e
ethanol (100%, Aldrich), and placed on a 400-mesh copper grid. 8, ppm
Energy dispersive X-ray analysis (EDX) was performed using an Figure 3. 2°Si MAS spectrum of CTAB-E.
Oxford instrument eXL EDS system. One-puf88i MAS NMR
measurements were performed on a Bruker Avance spectrometer
operating at 79.48 MHz. Spectra were acquiredgisid mmprobe
with ZrO; rotors, a spinning rate of 5 kHz, au& 45 pulse, high-
power proton decoupling, and a 20 s recycle delay. Chemical shifts
are referenced to tetramethylsilane.

Figure 4. FE-SEM of LTL sample made without the emulsion (left) and
Results in a CTAB emulsion (CTAB-E, right).

Cationic Emulsions: Effect of the Emulsion on Zeolite ~ Without the emulsion. Figure 2 shows the PXRD patterns of
Formation/Growth. Initial work explored the use of CTAB LTL samples made without the emulsion and for one of the
butanot-heptane-water (zeolite) mixtures. Axnanda and Samples made in the emulsion. No major differences are
Shantz reported the phase diagram of this system withoutapparent in the PXRD patterns. Both samples in Figure 2
zeolite at 368 K7 and the one-phase region is in the low are zeolite L, indicating that at these conditions the emulsion
water content portion of the diagram. All syntheses in this does not result in inhibition of zeolite growth or the
work were performed in the two-phase region of the phase appearance of impurities. Figure 3 shows #i8i MAS
diagram as determined by visual inspection. Synthesesspectrum of the sample made in the emulsion shown in
performed in the one-phase region yielded amorphous Figure 2. There are two lines in the spectrum, one &8.5
materials based on PXRD. This is most likely due to the PPm and another at91.4 ppm. The line at-88.5 ppm is
high surfactant concentration needed to form the one-phaseconsistent with results reported by Burton and Lobo for GL
mixture. Tago et ato reported that the CTAand TPA' ions materials’® The line at—91.4 is the (Si3Al) resonance. Based
compete in the formation of MFI when both are present. It On this assumption, integration of tAtSi spectrum gives a
is expected that a similar effect exists in this synthesis with SI/Al = 1.152 0.05. This is consistent with EDX analysis

barium and potassium ions competing with the CToations, ~ ©Of the sample in three locations that gives an average value
which explains why increased CTAB concentrations suppressof 1.35 £ 0.02. Given that NMR is a “bulk” sampling
zeolite formation. method, this value seems more reliable. In any event, the

The samples made in CTAB-based emulsions are sum-Crystals formed clearly have a Si/Al 1.5. .
marized in Table 1. These materials were compared to a 1he FE-SEMimages of the conventional synthesis product
zeolite L sample made under the same reaction conditions2nd the sample made in the emulsion are shown in Figure
4. The crystals made in the absence of the emulsion are
(50) Tago, T.: Nishi, M.; Kouno, Y.; Masuda, Them. Lett2004 33 cylinders approximately 268500 nm in size with diameters
1040-1041. of approximately 106200 nm. There are a variety of aspect
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Figure 6. PXRD patterns of LTL samples formed in CTAB emulsions.
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Table 2. Summary of LTL Samples Made in Nonionic Emulsions

aspect
length diameter ratio S/IC
sample ID H:S:Z (nm) (nm) (L/D)  (mol/mol)
— X 720-A 0.2:0.7:0.1 1500 200 7.5 7.6
Figure 5. TEM image of LTL crystals made in CTAB emulsions (CTAB- 720-B 0'3:_0'6:_0'1 6'54
E). Scale bar is 20 nm. 720-C 0.4:0.5:0.1 1200 150 8.0 5.
' 720-D 0.1:.0.8:0.1 1100 120 9.2 8.6
20-E 0.2:0.6:0.2 3.2

ratios present in this sample ranging from 1 to 6, but the
majority of the particles formed have aspect ratios of the highest surfactant-to-cation (CTAB/{KBa2")) ratio
approximately 1.5. The samples made in the emulsion (S/C= 4.4 see Table 1). That this synthesis did not lead to
typically possess much higher aspédf)) ratios. The sample  zeolite L is consistent with the syntheses in the one-phase
with the highest aspect ratio is rods approximate8m region also being unsuccessful, given that syntheses in the
in length and 56-100 nm in diameter. These values were one-phase region also have high surfactant-to-cation ratios.
determined from several FE-SEM images for each sample.The PXRD pattern (Supporting Information) also shows a
The diameter of the rods appears quite unifoesi@ nm), greatly reduced first peak (approximately 52) and the
while the lengths of the rods possess some polydispersitypresence of a peak at 22.89 that is much larger than that
(ca. £100 nm). Table 1 summarizes the particle size and in the control sample, suggesting that other impurities are
aspect ratio as determined by FE-SEM. It is clear that the present. In all cases the aspect ratio determined by FE-SEM
emulsion has a significant impact on the crystal size and s >4 and larger than 7 for several of the samples. The one
shape. Aspect ratios ranging from 3 to 42 are observedclear observation that emerges is that high S/C ratios (e.g.,
simply by the inclusion of the emulsion. These results CTAB-C) lead to poorly crystalline material. The samples
indicate that the emulsion suppresses growth along certainthat show the long rodlike structure are CTAB-E, CTAB-G,
crystallographic directions given the dramatic incread€n CTAB-H, and CTAB-J. The sample with the largest aspect
for samples made in the presence of the emulsion. Figure 5ratio is CTAB-E, with lengths of approximately-3 um
shows a TEM image of CTAB-E. From the image it can be and diameters of less than 100 nm. The smaller cylindrical
observed that the pores are parallel to the long axis of the particles (CTAB-A, CTAB-B, and CTAB-D) are grown in
crystal, as is typically observed for LTL crystals. mixtures with lower zeolite weight fractions:0.3). CTAB-A
Cationic Emulsions: Effect of Emulsion Composition. and CTAB-B both have relatively high S/C ratios of 2.2 and
Syntheses were performed to assess how the emulsior8.3 respectively due to the low amount of zeolite present.
composition affects material properties. The PXRD patterns CTAB-D has a much lower S/C ratio (1.5). Why sample
shown in Figure 6 and the Supporting Information indicate CTAB-E has a much higher aspect ratio than the other
that all of the materials are LTL-type zeolite, with minor syntheses is not clear; however, this result is reproducible
impurities present in materials CTAB-C, -F, and -J (these as this synthesis was repeated three times with very similar
impurities are most likely attributable to OFF-type zeolite). results. More importantly is that all of the syntheses reported
Because all of the materials are crystalline as shown by theabove that lead to LTL formation also result in crystals with
PXRD data, microscopy was used to determine any relation-significantly different aspect ratios {58.0) as compared to
ship between the emulsion composition and the resulting the synthesis in the absence of the oil/water/surfactant
crystal morphology. mixture (~1.5). To elucidate the potential role of surfactant
The FE-SEM images for the materials made with CTAB adsorption and surfactansilicate electrostatic forces in
are shown in Figure 7 and the Supporting Information. There zeolite growth, emulsions formed by other surfactants were
are two major morphologies observed in the images: (1) studied.
long (>500 nm) rods with large length-to-diameter ratios ~ Nonionic Emulsions.Five separate tests were run using
and (2) smaller cylindrical structures with larger length-to- Igepal CO-720 as the surfactant and are summarized in Table
diameter ratios than the control experiment, but less than2. FE-SEM images (Figure 8) indicate the presence of high
the rods. CTAB-C is the only sample that does not possessaspect ratio crystals and the PXRD patterns are shown in
these morphologies. Interestingly, it is also the sample with Figure 9. The most obvious thing to note is the absence of
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Figure 9. PXRD patterns of LTL samples grown in Igepal CO-720
emulsions.
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Figure 10. (Top) FE-SEM images of control samples. “B” stands for
butanol, “S” for surfactant (CTAB), and “H” for heptane. All scale bars
are 1um. (Bottom) PXRD patterns of control samples.

Control Experiments. Syntheses were performed where
one (or two) of the emulsion components were removed to
diffraction peaks for the 720-E sample. In contrast to the understand the role of the individual microemulsion com-
ionic emulsion synthesis, here a high surfactant-to-zeolite ponents. The PXRD patterns of the samples are shown in
ratio is desirable. Sample 720-E is the only sample with a Figure 10. Crystals with fairly large aspect ratios are
3.2 S/C ratio as the rest of the samples tested are 5.4 orobtainable in many of the samples as seen in the FE-SEM
higher. The FE-SEM image (Figure 8) is also consistent with images (Figure 10). The only sample that does not show high
the formation of amorphous material. 720-B is the only aspect ratio crystals is the synthesis using heptane with no
sample other than 720-E that does not have obvious rodssurfactant or butanol. The aspect ratios for the CTAB only,
present (6.5 S/C). Like in CTAB-C, there is a strong peak CTAB + butanol, and butanol-only syntheses are estimated
at around 23.526, which indicates that this is not a pure by FE-SEM to be 8.3, 6.6, and 7.0, respectively. The material
LTL material. 720-C and 720-D are well-defined rods and with butanol and heptane (no surfactant) shows a mixture
correspond to S/C ratios of 5.4 and 8.6. The FE-SEM imagesof low aspect ratio materials similar to the heptane-only
also show that there is some poorly defined material in thesematerials and higher aspect ratio materials such as the
samples, indicating the presence of some impurities. butanol-only sample. That crystals made only in the presence

Figure 8. FE-SEM images of LTL samples grown in Igepal CO-720
emulsions.
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of butanol is consistent with the results from the samples viscous liquid, and it was observed that upon heating the
made in the nonionic emulsions. The results of the control zeolite mixture appeared to preferentially partition into the
experiments reported above are in contrast to previous workbottom phase of the two-phase emulsion and ultimately
from our lab*4748|n all other systems previously studied sediment out. Also, the control experiments would seem to
(silicalite-1 at 368 K, 433 K, LTA at 333 K) all emulsion indicate that the surfactant and/or cosurfactant adsorption on
components are needed to form the desired materials. Thighe (alumino)silicate surface is what drives the observed
would seem to indicate that it is adsorption of the amphiphile crystal morphologies. That nonionic and cationic surfactants
on the inorganic surface that is essential to modifying crystal lead to this morphology as well as short-chain alcohols
habit (see below). (butanol) is consistent with this observation. The limitation
on the cationic emulsions appears to be that there is a

Discussion threshold surfactant/cation ratio above which the zeolite will
not form, indicating competitive interactions (adsorption?)
between the alkali cations, surfactants, and (alumino)silicate
species in solution. As such it appears that the emulsion does
not substantially influence zeolite nucleation, and while the
control experiments show that rods can be made without all
components of the emulsions, the crystal quality and
uniformity is improved for samples made in the emulsions
as compared to samples made just in butanol, etc. Ongoing
work is exploring growth of these materials in polyols and
and will be reported elsewhere.

Although the formation of LTL crystals with high aspect
ratios is not a new concept, this research shows zeolite
growth in the presence of emulsions can be used to control
crystal morphology at milder reaction conditions than most
conventional routes. Also noteworthy is the ability to
fabricate such high aspect ratio crystals with a SitAL.5.

The aspect ratio can be adjusted by varying the emulsion
composition (and subsequently the surfactant-to-zeolite ratio),
and there appears to be a specific region that allows for very
high aspect ratio materials. The location of this region seems
to be based on two key issues: (1) The CTAB emulsion
should be in the two-phase region to allow for adequate
surfactant/oil/zeolite mixing (not likely in the high zeolite =~ The current work demonstrates the formation of high
loading region as seen with CTAB-D) but to maintain a aspect ratio low-silica LTL crystals at low temperatures via
suitably low surfactant concentration (shown to be too high zeolite growth in the presence of an emulsion. The aspect
in the one-phase region), and (2) there is a range of S/Cratio is tunable based on the emulsion composition. Interest-
ratios which seem to be better suited for LTL formation, ingly, LTL rods can be grown in both ionic and nonionic
specifically when S/C< 2.3. High ratios of S/C (i.e.>4) emulsions. Ongoing work is exploring this in more detail as
seem to suppress zeolite formation. well as the ion exchange properties of these materials and

The nature of the surfactant seems to play an importanttheir potential use as components in microdevices.
role in the crystal morphology obtained. Both nonionic and
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