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ABSTRACT: Advances in the synthesis of Lewis acid zeolites have been bolstered by the synthesis of nano-zeolites to overcome
diffusion limitations. Key challenges remain for the synthesis of Lewis acid nano-zeolites since current methods tend to result in a
low tin incorporation efficiency (25%) and a low material yield (∼25%). In this work, insights on how to overcome these limitations
are investigated through synthesizing nano-zeolite MFI with different tin precursors (n-Sn-MFI) and different ratios of water to silica
and/or structure directing agent (SDA) to silica. The crystallization process is monitored using dynamic light scattering, and it is
determined that the tin precursor has a minor impact on the final particle size, but the water and SDA concentrations did affect the
final particle size. Compared to the standard synthesis (SiO2/SDA/H2O of 1:0.4:23), reducing the amount of SDA/SiO2 to 0.2:1
results in a larger particle size but increases the yield and tin incorporation efficiency. Reducing the amount of water (H2O/SiO2 of
19 and SDA/Si of 0.2) improves the tin incorporation efficiency over the standard case and results in small particles while achieving
a yield of up to 78%. The resulting materials are characterized using several standard techniques to demonstrate that the materials
are of high quality. The materials are tested for catalytic activity in the alcohol ring opening reaction of epoxide as a probe reaction
and are found to have comparable activity. The rate of conversion of 1,2-epoxyhexane can be increased through synthesizing small
crystals in high yield through decreasing the SDA/SiO2 ratio to 0.2:1 and reducing the H2O/SiO2 ratio to 19:1. Overall, the work
demonstrates that the synthesis conditions can be tuned to increase the tin incorporation efficiency and increase the yield of the
Lewis acid nano-zeolites while producing a highly active catalyst.

■ INTRODUCTION

The synthesis of Lewis acid zeolites has opened up a new
domain of chemical transformations for heterogeneous
catalytic materials. Indeed, Lewis acid zeolites have been
used to catalyze many important reactions.1−10 As the
application space expands for Lewis acid zeolites, it becomes
useful to expand the scope of potential substrates. However,
large substrates tend to encounter diffusion limitations in the
small pores of zeolites.11−13 These diffusion limitations can be
mitigated through reducing the overall dimensions of the
materials to the nanoscale. Whereas the synthesis of pure silica
and aluminosilicate nano-zeolites has been investigated
extensively,14−16 the synthesis of Lewis acid nano-zeolites has
received limited attention.9,17,18 The potential of Lewis acid
nano-zeolites would benefit from further investigating the

range of potential synthetic conditions that can be used to
produce highly active catalytic materials.
The synthesis of zeolites with nanoscale dimensions has

been achieved through different methods, including through
controlling the particle morphology,19 introducing mesopores
into the zeolites,20−22 or producing nano-zeolites.23 The
particle morphology can be tuned through addition of an
organic amine modifier24,25 or through using a custom
structure-directing agent (SDA) to produce zeolite nano-
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sheets.26 Mesopores can be created through introducing a
templating component into the synthesis. Each of these
approaches is promising, but the methods also require the
introduction of an additional component to produce the
desired structure. Whereas many types of nano-zeolites can be
produced, it would be advantageous to produce nano-zeolites
through using only the core components required to produce
the zeolites.
Nano-zeolite MFI can be produced through altering the

synthesis conditions of MFI to favor the nucleation of particles
over the growth of particles.27−29 High rates of nucleation lead
to limited residual precursors for additional growth, limiting
the overall size that is produced. High rates of nucleation have
been achieved using many different methods, including two-
stage varying temperature synthesis28 and decreasing the
synthesis temperature.13 Of these methods, previous work has
demonstrated that Lewis acid nano-zeolites can be produced at
low temperatures.28,29 The low-temperature synthesis pro-
ceeded similarly with and without the inclusion of a tin
precursor.13 Indeed, dynamic light scattering (DLS) was used
to monitor the growth of particles over time, demonstrating
that the inclusion of tin did not strongly affect the growth rate
or final particle size.
These promising results for the use of Lewis acid nano-

zeolites require additional work to overcome challenges
associated with limited tin incorporation into the material
and the low yield of the nano-zeolites. Whereas the synthesis of
tin-substituted MFI (Sn-MFI) using conventional methods
(i.e., a temperature of 160 °C) results in greater than 80% tin
incorporation efficiency (defined as the actual Sn wt
%/theoretical Sn wt % added to the synthesis gel), the low-
temperature method produced tin-substituted nano-zeolites
with an MFI framework (nano-Sn-MFI) with less than 30% tin
incorporation efficiency.13 Although the amount of tin
incorporated into the framework could be increased through
adding more tin precursor to the synthesis gel,13 it would be
desirable to determine if synthetic conditions could be
modified to increase the tin incorporation efficiency.
One potential modification would be to change the tin

source. The most common tin source used for zeolite synthesis
has been tin tetrachloride pentahydrate (SnCl4 ·
5H2O).

2,7,10,30,31 Interestingly, previous work32 investigating
tin-substituted zeolite beta (Sn-beta) used different tin sources,
including tin (IV) acetate (Sn(OAc)4), tetraethyl ammonium
hexafluoro stannate, tin (IV) oxide,32 and tin (IV) butoxide26

to synthesize Sn zeolites. In comparing different tin sources
used to produce Lewis acid zeolites, it was found that the tin
source affected the observed catalytic activity for the
conversion of 1,3-dihydroxyacetone to methyl lactate.32 The
highest activity was achieved using tin (IV) acetate. It would be
beneficial to investigate how different tin sources would impact
the resultant material properties, including tin incorporation
efficiency.
In addition to the low tin incorporation efficiency, the other

limitation for Lewis acid zeolite is that the low-temperature
synthesis method produces a low yield of the catalytic
material.23 The synthesis of nano-MFI at lower temperatures
results in a yield of ∼25%, whereas conventional Si-MFI
materials have a yield of ∼60%. Interestingly, previous work
has shown that the yield could be increased through reducing
the concentration of SDA in the synthesis mixture for
aluminosilicate MFI,33 but it is unclear how the system

would behave with the addition of a Lewis acid heteroatom
such as tin.
Commonly, the SDA used to produce nano-MFI is tetra

propyl ammonium hydroxide (TPAOH). The hydroxide ion
concentration affects the solution alkalinity and the rate of
crystal growth and dissolution. Since the observed crystal
growth rate is determined by the difference between the rates
of surface attachment and crystal dissolution, changing the
amount of SDA will affect the observed growth rates and
yield.33 A minimum threshold concentration of TPAOH is
required for the crystallization of MFI since using less than the
threshold concentration of SDA/SiO2 ratio of 0.2:1 will not
produce a crystalline material because of insufficient SDA to
guide the formation of MFI. Since the resultant materials are
affected by each component included in the synthesis mixture,
it is valuable to examine the effect of changing these different
parameters (i.e., TPAOH concentration and tin source) on the
resulting catalytic activity.
The reaction of interest is the alcohol ring opening (ARO)

of epoxides, as shown in Scheme 1. Epoxides are versatile and

highly reactive chemical intermediates that can be ring-opened
by a variety of nucleophiles (i.e., water,8,9 amines,34 and
alcohols10,13,35) to produce different bifunctional products of
industrial value.36−39 Lewis acid zeolites have been determined
to be highly active and more selective than similar Bronsted
acid zeolites.10 Our recent work synthesizing nano-zeolite Sn-
MFI demonstrated that nano-zeolites could be used to
overcome diffusion limitations when larger epoxides such as
1,2-epoxyhexane were ring-opened with methanol.35 The
catalysts would be promising if the synthesis methods could
be tuned to produce higher yields of the nano-zeolites with
greater amounts of tin incorporation.
The present work investigates how the synthesis method

impacts the crystallization and the catalytic properties of Lewis
acid nano-zeolites. Specifically, nano-Sn-MFI is synthesized
using three different tin precursors using the conventional SDA
TPAOH while using a synthesis temperature of 80 °C, which is
known to produce nano-zeolites.35 The particle size growth of
all the tin-substituted particles is monitored using DLS. The
synthesized materials are characterized using standard
methods, including X-ray diffraction (XRD), nitrogen phys-
isorption, elemental analysis, and diffuse reflectance UV−vis
spectroscopy (DRUVS). The Lewis acid nano-MFI materials
are tested for catalytic activity for the ARO of an epoxide as a
model reaction. Overall, the work demonstrates how tuning
the synthesis conditions can impact the tin incorporation
efficiency and nano-zeolite yield and the corresponding effect
on the catalytic activity of the material.

■ EXPERIMENTAL METHODS
Chemicals. All the chemicals are used as received without

any further purification. The following chemicals are used:
tetraethyl orthosilicate (TEOS; reagent grade, 98%, Acros
Organics), TPAOH (40 wt % solution in water, EMD

Scheme 1. Ring Opening of an Epoxide (a) with an Alcohol
(b) to Produce Either a Terminal Ether (c) or a Secondary
Ether (d)
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Millipore), epichlorohydrin (ECH; 99%, BeanTown Chem-
ical), 1,2-epoxyhexane (>96%, TCI), methanol (MeOH;
HPLC grade, Fisher Chemical), diethylene glycol dibutyl
ether (DGDE; >98%, TCI), tin (IV) acetate (Sn(OAc)4,
Sigma-Aldrich), tin (IV) tertiary butoxide (Sn(O-t-Bu)4;
≥99.99% trace metals basis, Sigma-Aldrich), and tin (IV)
chloride pentahydrate (SnCl4·5H2O, 98%, Alfa Aesar).
Deionized (DI) water is obtained from house supply.
Synthesis Procedure of Nano-Zeolite MFI. Nano-Sn-

MFI is synthesized using a method similar to the synthesis
method in previous literature.13 Briefly, nano-Sn-MFI is
synthesized by adding 5.2 g of TEOS and the tin precursor
to the synthesis vessel. The ratio of Si/Sn used in the synthesis
is 200:1, which corresponds to the mass included in Table S1.
This SiO2−SnO2 synthesis gel is allowed to stir for 30 min.
TPAOH (10.9 g; 20% wt aq; the 40 wt % solution is diluted to
achieve the desired concentration) is added to this synthesis
gel dropwise and allowed to stir for one more hour. To this
solution, DI water (4.51 g) is added, and this synthesis gel is
hydrolyzed for 24 h at room temperature while stirring. For the
synthesis of nanosized MFI, the material is placed in an oven at
a temperature of 80 °C. This reaction mixture is then allowed
to crystallize for 5−10 days, depending on the time required
for the materials to achieve a constant particle size as measured
by DLS. After a fixed period of time, the material is removed
from the oven, washed with water, and separated by
centrifugation at 9000 rpm. These materials are dried in an
oven overnight and calcined at 550 °C to remove the SDA. All
characterization data are associated with the calcined materials.
The synthesis yield is calculated based on the ratio of the mass
of the freshly calcined material to the theoretical mass of SnO2

and SiO2 (produced from TEOS hydrolysis). The synthesis
conditions are modified by changing the amount of water or
SDA. The nano-zeolites produced using different syntheses are
labeled according to the convention n-Sn-MFI-X-SDA-Y-W-Z,
where X is the tin precursor, Y is the SDA/SiO2 ratio, and Z is
the H2O/SiO2 ratio. For example, the standard synthesis
conditions use SnCl4 as the tin precursor, and the material is
named n-Sn-MFI-SnCl4-SDA-0.4-W-23. The synthesis of pure
silica n-Si-MFI is found in the Supporting Information (S1).

Materials Characterization and Catalytic Testing. The
materials are characterized using several methods, including
XRD, nitrogen physisorption, DLS, scanning electron micros-
copy (SEM), DRUVS, and elemental analysis. Since the
analytical methods are the same as those in our previous
work,13 the details are included in the Supporting Information
(S2). Similarly, the catalytic properties are evaluated using
methods that we have reported previously, and the methods
can be found in the Supporting Information (S3). This work
focuses on the catalytic activity of the materials for the epoxide
ring opening reaction of epichlorohydrin or 1,2-epoxyhexane
with methanol.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The synthesis con-
ditions are successful in producing nano-MFI using three
different precursors (tin tetrachloride, tin tetra acetate, or tin
tetra t-butoxide). For n-Sn-MFI made using tin chloride as a
precursor, the material is separated using centrifugation and
calcined at 550 °C. After calcination, the material is
characterized using XRD and nitrogen physisorption. The
XRD pattern of the material is consistent with the MFI

Figure 1. (a) XRD spectra for nano-MFI samples synthesized from different precursors. (b) Nitrogen physisorption isotherms of nano-Sn-MFI
synthesized from different precursors. The data for Sn(OAc)4 and SnCl4 are offset for clarity by 250 and 500 cm3/g, respectively.

Table 1. Properties of Nano-Sn-MFI Materials Synthesized from Different Precursors and Compositions

sample
surface area
(m2/g)a

micropore surface area
(m2/g)b

Sn
(wt %)c

Sn incorporation efficiency
(%)

synthesis yield
(%)

n-Sn-MFI-SnCl4-SDA-0.4-W-23 650 348 0.286 29 24
n-Sn-MFI-Sn(OAc)4-SDA-0.4-W-23 700 370 0.368 38 25
n-Sn-MFI-Sn(O-t-Bu)4-SDA-0.4-W-23 560 289 0.063 6
n-Sn-MFI-SnCl4-SDA-0.2-W-23 520 260 0.558 57 43
n-Sn-MFI-Sn(OAc)4-SDA-0.2-W-23 520 268 0.513 52 40
n-Sn-MFI-SnCl4-SDA-0.2-W-19 530 298 0.399 41 78
n-Sn-MFI-Sn(OAc)4-SDA-0.2-W-19 540 288 0.440 45 72

aBased on nitrogen physisorption, BET method. bBased on nitrogen physisorption, t-plot method. cBased on elemental analysis.
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structure, as shown in Figure 1a. The XRD data are used to
calculate the relative crystallinity,40 as shown in Table 1.
Except for n-Sn-MFI-Sn(O-t-Bu)4-SDA-0.4-W-23, the materi-
als are highly crystalline with a relative crystallinity greater than
90%. Nitrogen physisorption on the materials reveals that the
materials are porous with a high surface area and are crystalline
by 6 days. The adsorption isotherm of the conventional
material is type II, which is typical of nano-zeolites. The
increase in micropore surface area for nano-zeolite relative to
the conventional zeolite synthesis (e.g., 380 m2/g)13 is
associated with the small crystal size and interparticle porosity.
Indeed, a hysteresis loop is observed at high relative pressure
values, reflecting the difference in pressure required to adsorb
and desorb nitrogen. The small size of the nano-zeolites allows
them to pack closely together, creating small voids between the
particles where capillary condensation can occur. This
condensation is commonly attributed to the presence of
interparticle pores associated with particle aggregation.
Using the same synthesis method, n-Sn-MFI crystals are

synthesized using tin acetate and tin butoxide precursors.
Powder XRD patterns are consistent with the MFI structure,
and nitrogen physisorption isotherms are used to calculate the
surface area and micropore volume of nano-MFI samples.
Details of the characterization are presented in the Table 1. In
addition to the textural properties, the results in Table 1
include the elemental analysis results for Sn. It is observed that
the weight percentage of tin in n-Sn-MFI-SnCl4-SDA-0.4-W-23
is 0.286 wt %, which corresponds to a tin incorporation
efficiency of 29%, which is consistent with our previous work.13

Interestingly, the material made with the tin acetate precursor
(n-Sn-MFI-Sn(OAc)4-SDA-0.4-W-23) is found to have a
higher weight percentage of 0.368%, but the material made
with tin butoxide (n-Sn-MFI-Sn(O-t-Bu)4-SDA-0.4-W-23) has
a very low tin incorporation efficiency of 6%. The low tin
incorporation efficiency for the tin butoxide precursor is
undesirable, and no additional materials are synthesized using
the tin butoxide precursor.
As each component of the synthesis gel can affect the

crystallization process, it is important to investigate the particle
growth kinetics of the materials. Whereas previous work has
shown using XRD that the MFI structure is formed at all times,
our work focuses on the synthesis and characterization of the
materials after a steady-state particle size has been achieved.41

The growth of the particles during synthesis is monitored by
extracting samples at different times during crystallization and
analyzing the samples using DLS to determine particle size as a
function of time, as shown in Figure 2. Previous studies of DLS
on n-Sn-MFI synthesized from tin chloride have shown
particles with a size of around 90−100 nm and a crystallization
time of 4 days.13,27,28 At a temperature of 80 °C, the material
growth continues over a period of approximately 4 days to
achieve a steady-state particle size of 110−120 nm, which is
summarized in Table 2 and is similar to the values reported in
the literature.13,27,28 The steady-state particle size varies little
over time, suggesting that particle growth loses its driving force
under these conditions. DLS on pure nano-Si-MFI (n-Si-MFI-
SDA-0.4-W-23) particles is also done as a reference to see the
change in the particle growth kinetics because of the inclusion
of the tin precursor. From Figure 2, the crystallization in the
presence of Sn proceeds at a similar rate as the pure silica
material. The material growth follows a similar trend, and the
inclusion of tin has a minimal impact on the growth rate of
MFI crystals, but the final particle size of pure nano-Si-MFI is

slightly smaller than the particle size of n-Sn-MFI-SnCl4-SDA-
0.4-W-23, indicating slight differences in the growth process.
The difference in size could be associated with tin species
reducing the rate of nucleation, causing fewer particles to form,
and leaving more silica species for growth. The additional
growth species contribute to the increase in particle size. With
the tin acetate precursor, the material (n-Sn-MFI-Sn(OAc)4-
SDA-0.4-W-23) grows similarly, reaching a final particle size of
100 nm. Overall, these results demonstrate that the tin
precursor has a minor impact on the final particle size and
growth kinetics. The particle size is also analyzed using SEM
for the n-Sn-MFI material, as shown in Figure S3, with
corresponding particle size distributions shown in Figure S4.
From a series of images, the particle size for the different
materials is determined through measuring the size of a range
of particles. The comparison of the sizes calculated using DLS
and SEM is given in Table 2. One discrepancy between SEM
and DLS particle sizes could be noted for n-Sn-MFI-
Sn(OAc)4-SDA-0.2-W-23; where the particle size measured
from SEM is over 200 nm, whereas the particle size from DLS
is less than 200 nm. The discrepancy likely is the result of
filtering the sample before DLS analysis. In general, the DLS

Figure 2. Comparison of particle size monitored using DLS for n-Si-
MFI and n-Sn-MFI synthesized from tin chloride or tin acetate. The
synthesis mixtures have an initial composition of 1 TEOS/0.4
TPAOH/23 H2O/x Sn, where x is 0.005 for tin-containing syntheses
and 0 for pure silica materials. The mixtures are hydrolyzed at room
temperature for 24 h before the temperature of the mixture is
increased to 80 °C (t = 0).

Table 2. Comparison of the Final Particle Size as Measured
Using DLS and SEM of the nano-MFI Samples Synthesized
Using Different Precursors and Different Compositions

sample
DLS particle size

(nm)
SEM particle size

(nm)

n-Si-MFI-SDA-0.4-W-23 90 70a

n-Sn-MFI-SnCl4-SDA-0.4-W-23 115 100a

n-Sn-MFI-Sn(OAc)4-SDA-0.4-W-23 105 -b

n-Sn-MFI-SnCl4-SDA-0.2-W-23 170 160 ± 20
n-Sn-MFI-Sn(OAc)4-SDA-0.2-W-23 170c 250 ± 30
n-Sn-MFI-SnCl4-SDA-0.2-W-19 130 150 ± 10
n-Sn-MFI-Sn(OAc)4-SDA-0.2-W-19 130 140 ± 10

aReported previously.13 bNot analyzed because of low tin
incorporation efficiency. cFiltered using a 0.2 μm syringe filter before
analysis.
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analysis captures the approximate particle size achieved from
the different material synthesis conditions.
Whereas changing the tin precursor has a moderate impact

on increasing the heteroatom incorporation, changing the tin
precursor had a minimal impact on the synthesis yield, as
shown in Table 1. Indeed, the synthesis yield was around 25%
for all nano-zeolites when using an SDA/SiO2 ratio of 0.4 and
a H2O/SiO2 ratio of 23. The yield remained constant even
after an extended crystallization period of 20 days, as shown in
Figure 3. This suggests that the composition of the zeolite

synthesis mixture has achieved a steady state since no
additional particles are formed, and the particle size remains
constant. Overall, this suggests that the tin precursor
counterion had a small impact on the rate of nucleation,
resulting in a slight change in particle size, but the tin precursor
did not affect yield.
As the tin precursor did not impact yield, it may be possible

to use previous strategies to increase the yield of
aluminosilicate nano-zeolite MFI by reducing the SDA
concentration.33 The synthesis gel composition is modified
to be 1.0 TEOS/0.005 Sn/0.2 TPAOH/23 H2O when using
SnCl4 as the tin source to produce n-Sn-MFI-SnCl4-SDA-0.2-
W-23. The particle size over time is measured for this material
synthesis gel, as shown in Figure 4. The particle size grows at a
rate that is similar to earlier synthesis gel compositions.
However, the growth continues beyond 120 nm up to a final
particle size of 170 nm, as listed in Table 2. The final particle
size is similar for the material synthesized with tin acetate (n-
Sn-MFI-Sn(OAc)4-SDA-0.2-W-23). The materials are charac-
terized using standard techniques with the XRD data and
nitrogen physisorption data shown in Figures S1 and S2.
Combined, the XRD data and nitrogen physisorption data are
consistent with the material being a highly crystalline MFI
nano-zeolite.
Interestingly, the change in the SDA concentration impacts

the tin incorporation efficiency and the yield of the Lewis acid
nano-zeolite, as reported in Table 1. The reduced amount of
SDA increases the yield from 25 to 43% or 40% when using the
chloride or acetate precursor, respectively. The reduced
amount of SDA also results in an increase in the tin
incorporation efficiency for both precursors, increasing to 57
and 52% for the chloride and the acetate precursor,

respectively (Table 1). These results demonstrate that the
solution properties affect the resultant material synthesis with
the likely source of the difference being the alkalinity of the
synthesis gel.
The benefits of reducing the SDA concentration to increase

need to be balanced with the potential limitation that the
average particle size increased to 170 nm. It is possible that the
synthesis composition can be further tuned to reduce the
particle size. From the experimental data, reducing the
concentration of the SDA causes the particles to grow to a
greater extent than a higher SDA concentration. The
nucleation rate can be increased through increasing the
concentration of the reactants to increase the supersaturation.
A subsequent synthesis is performed with a reduced SDA/SiO2
ratio of 0.2 and a reduced H2O/SiO2 ratio of 19. As shown in
Figure 4, the particle size changes over time are similar to the
previous results. The final particle size is found to be 130 nm
when using either the acetate or the chloride precursor,
respectively. From XRD and nitrogen physisorption analysis,
these materials are also found to be consistent with highly
crystalline nano-MFI.
The modified synthesis conditions (SDA-0.2-W-19) impact

the yield and the tin incorporation efficiency. Interestingly, the
yield increases to 72% for the acetate precursor and 78% for
the chloride precursor. These are substantial improvements
over the initial yields of ∼25%. At the same time, the tin
incorporation efficiencies are 41% (chloride precursor) and
45% (acetate precursor). The incorporation efficiencies are
lower than the dilute conditions with limited SDA (SDA-0.2-
W-23) but higher than the initial conditions (SDA-0.4-W-19).
Based on these experiments, it is found that reducing the SDA/
SiO2 and H2O/SiO2 ratios can be an effective method to
improve the yield and tin incorporation. These results can be
used as a basis to guide additional experiments that would be
beneficial to help optimize the conditions that produce the
final material properties.
The potential formation of tin oxide is further investigated

by analyzing the materials using DRUVS, as has been
previously reported by us and others.10,42 In the material, the
Sn species can exist either in the zeolite framework or as extra-

Figure 3. Comparison of the material yield over time for materials
made using tin chloride with different amounts of SDA and water.
The materials are crystallized at 80 °C.

Figure 4. Comparison of particle size over time monitored using DLS
for materials with a reduced TPAOH content. The synthesis gel
composition is 1 TEOS/x Sn/0.2 TPAOH/y H2O, where x is 0.005
for tin-containing syntheses and 0 for pure silica and y is either 19 or
23. The mixtures are hydrolyzed at room temperature for 24 h before
the temperature of the mixture is increased to 80 °C (t = 0).
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framework Sn species typically observed as SnO2 species
residing on the catalyst surface. A sample is prepared with
extra-framework tin oxide by creating a physical mixture of tin
oxide with pure n-Si-MFI-SDA-0.4-W-23 (labeled as n-Si-
MFI) to produce 2% SnO2@n-Si-MFI. The extra-framework
SnO2 species can give rise to a peak at 280 nm, as shown in
Figure 5. For the materials produced using the conventional

synthesis methods, the tail of a peak could be observed at 200
nm, which is commonly associated with framework tin species
and does not contain a peak associated with SnO2. For the
material made using tin acetate (n-Sn-MFI-Sn(OAc)4-SDA-
0.4-W-23), a small peak appears around the 280 nm range.
This may be associated with tin oxide, but additional
evaluation is not performed since these synthesis conditions
resulted in a low yield compared to other materials produced
in this work. In general, the additional materials made using tin
chloride or tin acetate with modified synthesis conditions did
not have a peak in the DRUVS spectra that would be
consistent with tin oxide.
Catalytic Testing. The nano-zeolite MFI materials are also

tested for catalytic activity in the epoxide ring opening reaction
with alcohol as a model reaction. Our previous work has
examined how different epoxides are ring-opened, finding that
the regioselectivity of the reaction for a specific epoxide is
mainly influenced by the heteroatom.10 Additionally, our
previous work has also identified that the impact of diffusion
limitations depends on the substrates, particle size,13 and pore
size.35 Since the goal of this work is to increase the yield and
tin incorporation of MFI nano-zeolites while maintaining a
high-quality catalyst, the specific epoxides selected for the
alcohol ring opening are epichlorohydrin or 1,2-epoxyhexane.
Our combined previous work has demonstrated that the
catalytic testing of epichlorohydrin is impacted by diffusion to
a negligible extent when using the conditions outlined in the
experimental methods (i.e., 0.4 M epoxide in alcohol with
epoxide/Sn of 250:1 and a reaction temperature of 60
°C).10,13,35 Therefore, this reaction can be used to compare
the catalytic performance of the different material syntheses.
The materials are tested for catalytic activity by measuring

the conversion of the epoxide over time, as shown in Figure 6.
For the materials made using SDA-0.4-W-23, catalytic

measurements are used to determine the activity for the
material made with tin chloride (n-Sn-MFI-SnCl4-SDA-0.4-W-
23). The conversion is found to increase with time, consistent
with first-order kinetics. These catalytic results are similar to
those of our previous work that determined that the ring
opening of epichlorohydrin with methanol is not diffusion-
limited under the conditions tested. Additionally, it is
determined that the selectivity for ring opening of epichlor-
ohydrin with methanol is 97% for the terminal ether,
consistent with the catalysts having Lewis acid catalytic
sites.10 For all catalysts, the selectivity is determined to be
97% and will not be discussed further.
Catalytic testing is also performed with the materials

produced with a reduced TPAOH content, as shown in Figure
6. The catalytic testing with the n-Sn-MFI shows that the
nanomaterial exhibits a higher conversion at all times during
the reaction than the Sn-MFI materials reported previously.13

Indeed, the n-Sn-MFI materials achieve a conversion of
epichlorohydrin of >80% within 6 h. This is similar to the best
performing n-Sn-MFI catalyst, indicating that the materials
likely have a similar fraction of catalytic sites that are active.
Overall, this demonstrates that it is possible to produce Lewis
acid nano-zeolites with a modest tin incorporation efficiency
(∼41%) and a high yield (78%) that are highly active.
In addition to completing catalytic testing for the ring

opening of epichlorohydrin with methanol, the materials
synthesized using SnCl4 are tested for catalytic activity for
the ring opening of 1,2-epoxyhexane with methanol. Our
previous work established that this reaction is affected by the
particle size for n-Sn-MFI.13 As shown in Figure 7, the
conversion of the epoxide with either of the SnCl4 materials
increases rapidly initially. The activity for n-Sn-MFI-SnCl4-
SDA-0.2-W-23 is lower than that for n-Sn-MFI-SnCl4-SDA-
0.2-W-19. The difference can be attributed to the difference in
particle size since n-Sn-MFI-SnCl4-SDA-0.2-W-23 has larger
crystals than n-Sn-MFI-SnCl4-SDA-0.2-W-19. Overall, the
resulting catalytic properties demonstrate the benefit of tuning
the synthesis conditions to increase the yield and reduce the
water content to decrease the particle size.

Figure 5. Comparison of the DRUVS spectra of n-Sn-MFI
synthesized using tin chloride and tin acetate at different
compositions along with physical mixtures of 2 wt % SnO2@n-Si-
MFI and n-Si-MFI. The materials are referenced to MgSO4.

Figure 6. Comparison of conversion of epichlorohydrin with n-Sn-
MFI catalysts synthesized from different precursors at different
TPAOH concentrations. The reaction conditions include 63 μL of
epichlorohydrin in 2 mL of methanol, 20 μL of DGDE (internal
standard), a temperature of 60 °C, and a stirring speed of 600 rpm.
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■ SUMMARY
The synthesis of Lewis acid nano-zeolites with the MFI
structure can be tuned to increase the yield and tin
incorporation efficiency. The yield can be increased through
reducing the SDA/SiO2 ratio in the mixture to 0.2. Since
decreasing the SDA/SiO2 ratio reduces the supersaturation of
the synthesis gel, the water content can be adjusted to maintain
small particles. Combined, the low SDA/SiO2 (0.2) and water/
SiO2 (19) ratios result in a yield of 78% of Lewis acid MFI
nano-zeolites. At the lower SDA/SiO2 of 0.2, the tin
incorporation efficiency increases up to 40% or more. The
resultant materials are highly active for the epoxide ring
opening of epichlorohydrin with methanol, demonstrating the
successful improvement of the synthetic procedure for Lewis
acid MFI nano-zeolites.
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