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a b s t r a c t
The synthesis of zeolite using multiammonium surfactants as the hierarchical structure-directing agent
has been investigated with a particular focus on mesopore expansion by trimethylbenzene (TMB) addition during the synthesis of nanosponge beta, MTW and MRE zeolites. The results showed that mesopore
diameters of these zeolites could be increased according to the amount of TMB added to the zeolite synthesis reaction mixture but only when the Na+ content was sufﬁciently high. The expansion was reversed
when the synthesis mixture was reheated following TMB removal by solvent extraction. The thickness of
the mesopore walls did not change during the consecutive pore expansion and shrinking processes. A
transmission electron microscopic investigation revealed that the process is likely occurring through
recrystallization of the zeolite frameworks, as promoted by Na+. The mesopore diameter of the nanosponge beta zeolite could be increased to 15 nm using this method. This zeolite exhibited four times
the adsorption capacity for lysozyme (molecular dimension: 2.0  2.5  4.3 nm3) at 298 K, compared
to the TMB-untreated zeolite, which possessed 3.8 nm mesopores.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
‘Hierarchically mesoporous–microporous zeolites’ (‘hierarchical
zeolites’) are highly mesoporous aluminosilicate materials in
which the mesopore walls are built with crystalline microporous
zeolites. These zeolites have attracted much attention from
researchers in the heterogeneous catalysis and adsorption science
ﬁelds [1–4]. The mesopores provide a facile diffusion pathway to
the micropores, thereby increasing catalytic lifetimes for a number
of chemical reactions taking place inside the zeolitic micropores
[1,2]. The surface of the mesopore wall itself can possess strong
acid sites that are suitable as catalysts for reactions involving bulky
substrates [5,6]. Moreover, mesopore walls built with aluminosilicate zeolite can possess cation adsorption sites. These mesoporous
materials have ion exchange capabilities and may be suitable as
adsorbents for bulk biomolecules containing positively charged
groups. Considering these advantages and possibilities, various
synthetic routes and post-synthetic treatments have been developed to obtain hierarchical zeolites in recent years [7–11].
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A notable method for synthesizing hierarchical zeolites is to use
surfactants that are functionalized with zeolite structure-directing
(SD) groups [12], typically multiammoniums. A number of surfactant molecules with this structure associate to form a micelle that
functions as a structure-directing agent (SDA) at the mesostructural level (i.e., a mesopore-generating agent), similar to the synthesis
of MCM-41 mesoporous silica [13]. Within each micelle, the multiammonium group of the surfactant functions as an SD unit for the
formation of crystalline microporous zeolite (i.e., a micropore-generating agent). In this manner, the role of the surfactant is to direct
the formation of an inorganic structure hierarchically at both
meso- and micro-length scales. Such a surfactant is called a ‘dual
SDA,’ ‘dual porogenic surfactant,’ or ‘hierarchical zeolite SDA.’ The
ﬁrst example of this type of synthesis was an MFI zeolite in the
form of two-dimensional nanosheets [12]. These zeolite nanosheets are often layered in parallel to form an ordered multilamellar mesostructure, in which the interlamellar spacing was
supported by the surfactant tails. It is also possible to modify the
synthesis conditions so that the nanosheets were loosely packed
into a three-dimensional random network that retained mesopores
with a wide range of diameters [14].
Various surfactants with zeolite SD multiammonium groups
were discovered subsequent to the synthesis of the MFI nanosheets
[5,15,16]. These surfactants were used to produce beta, MRE, and
MTW zeolites with morphologies exhibiting a disordered network

84

C. Jo et al. / Microporous and Mesoporous Materials 194 (2014) 83–89

of short, branched nanorods [5,15]. These nanorod networks were
similar to nanoporous sponges with uniform mesopore diameters.
Crystalline zeolites possessing nanoscale morphologies, including
nanosheets and nanosponges, may be referred to as ‘nanomorphic’
zeolites. Nanomorphic zeolite synthesis using hierarchical SD surfactants is advantageous since the thickness of the zeolite layer
could be tailored by modifying the number of SD groups in a surfactant [15,17]. Moreover, the mesopore diameters could be tailored, over the range 2–5 nm, using C12–C22 alkyl groups as the
surfactant tails.
In an attempt to achieve mesopore diameters greater than
5 nm, Na et al. [15] added trimethylbenzene (TMB) to a synthesis
reaction mixture for nanosponge beta. They reported that the zeolite mesopores could be progressively expanded up to 15 nm by
controlling the amount of TMB addition. Long before this report,
TMB addition was well known as a means of expanding mesopores
in MCM-41 and SBA-15 silicas [18,19]. Thus, the application of the
TMB additive method for mesopore expansion in nanomorphic
zeolites appeared straightforward. However, we discovered that
this was not the case. In the case of the nanosponge beta zeolite,
the mesopores were difﬁcult to expand when we replaced the
silica source used by Na et al. [15], sodium silicate, with tetraethoxysilane (TEOS) or fumed silica. To resolve this problem, we reinvestigated the expansion of the zeolite mesopores by TMB,
focusing on the effect of sodium. Here, we report the results of
our investigation. In particular, we discuss how the synthesis conditions need to be controlled in order to increase the mesopore
sizes of nanosponge beta, MRE and MTW zeolites using TMB.

2. Experimental
2.1. Zeolite synthesis
2.1.1. Nanosponge beta zeolite
All nanosponge beta zeolite samples were synthesized using
C22H45–N+(CH3)2–C6H12–N+(CH3)2–CH2–(p-C6H4)–CH2–N+(CH3)2–
C6H12–N+(CH3)2–CH2–(p-C6H4)–CH2–N+(CH3)2–C6H12–N+(CH3)2–
C22H45 as the hierarchical zeolite SDA. This structure-directing
surfactant is denoted by ‘C22–N6–C22’ for brevity. The molecular
structure is shown in Fig. S1. This surfactant was used in the halide
form as synthesized, [C22–N6–C22]Cl4Br2, unless speciﬁed otherwise. TMB was used as a surfactant-micelle expander. The silica
source was TEOS (95%, Junsei), fumed silica (Aldrich), or a sodium
silicate solution (Si/Na = 1.75, 29 wt% SiO2, 62 wt% H2O).
The zeolite synthesis procedure using fumed silica or TEOS is as
follows: [C22–N6–C22]Cl4Br2 and sodium aluminate (53 wt% Al2O3,
42.5 wt% Na2O, Aldrich) were completely dissolved in an aqueous
solution containing sodium hydroxide at 333 K and stirred magnetically in a polypropylene bottle. The solution containing the
surfactant and alumina source was then cooled to room temperature. The composition of the solution was 1.0 Al2O3:1.1 C22–N6–
C22:3.3 Na2O:1070 H2O (mole ratio). To this solution, the silica
source was quickly added at once. The mixture was immediately
and vigorously shaken by hand and aged for 3 h at 333 K under
magnetic stirring. The composition of the resulting gel was 30
SiO2:1.0 Al2O3:1.1 C22–N6–C22:3.3 Na2O:1070 H2O. The gel mixture
was subsequently heated in a Teﬂon-lined autoclave in a tumbling
oven at 20 rpm at 413 K for 3 d. The ﬁnal zeolite product was collected by ﬁltration, washed with distilled water, dried at 373 K, and
then calcined in air at 853 K to remove organic species.
When a sodium silicate solution was the silica source, [C22–N6–
C22]Cl4Br2 and sodium aluminate were dissolved in distilled water
in a polypropylene bottle to give a composition of 1.0 Al2O3:1.1
C22–N6–C22:1.3 Na2O:860 H2O (mole ratio). This solution was combined with the 29 wt%-SiO2 sodium silicate solution quickly at

once in a polypropylene bottle. The resulting gel mixture was aged
for 3 h at 333 K under stirring. During this period, the pH of this
mixture was lowered to the same point as that in the aforementioned synthesis (pH  12) by adding sulfuric acid dropwise under
vigorous magnetic stirring. The ﬁnal gel composition was 9.9
Na2O:30 SiO2:1.0 Al2O3:1.1 C22–N6–C22:6.6 H2SO4:1070 H2O. The
remainder of the synthesis was the same as that for the TEOS or
fumed silica materials, above.
For zeolites synthesized with TMB additions for mesopore
expansion, the TMB was added to the synthetic reaction gel mixture in a single aliquot following the aging step at 333 K for 3 h.
In these cases, the reaction gel was further mixed by magnetic stirring in an oven for 3 h at 333 K, before heating by autoclave. The
remainder of the synthesis was the same as for the materials without TMB additions.
2.1.2. Removal of TMB from the nanosponge beta zeolites by freeze
drying
For vacuum-freeze drying, the as-synthesized nanosponge beta
was placed in a refrigerator at 253 K for 2 h, after collecting the assynthesized sample from the reaction gel by ﬁltration. Then, the
nanosponge beta was quickly transferred to freeze-drying ﬂask.
The freeze-drying ﬂask was equipped to freeze dryer (ilShin), and
subsequently degassed in vacuum for 1 d.
For the estimation of remaining TMB, 0.5 g of beta zeolite nanosponge was dispersed into a 10 ml of hexane overnight. After collecting the beta zeolites by ﬁltration, the ﬁltrate was transferred
to a round bottom ﬂask. The ﬂask was equipped to the rotary evaporator to remove hexane. After removal of hexane, about 0.4 ml of
CDCl3 (Merck) was added. The resultant solution was analyzed
with 1H NMR.
2.1.3. Nanosponge MTW and MRE zeolites
Hydrothermal synthesis of nanosponge MTW and MRE zeolites
was performed with [C22–N6–C22]Cl4Br2 as the micro-/mesopore
dual SDA. The initial molar composition for the MTW zeolite was
41 TMB:5.0 Na2O:30 SiO2:0.3 Al2O3:1.0 C22–N6–C22:900 H2O:0.9
H2SO4. The molar composition for the MRE zeolite was 21
TMB:6.6 Na2O:30 SiO2:0.2 Al2O3:0.5 C22–N6–C22:2.6 H2SO4:900
H2O. TEOS was used as the silica source and sodium aluminate
was used as the alumina source. The hydrothermal synthesis temperature was 423 K. The remainder of the synthesis was same as
for the beta zeolite described in Section 2.1.1.
2.2. Carbon replications of nanosponge beta zeolites
1.0 g of sucrose was dissolved in 1.5 ml of distilled water containing 0.11 g of sulfuric acid (48 wt%). Then, nanosponge beta zeolites were mixed with the mixture consisting of sucrose and sulfuric
acid. The added amount of beta zeolites was varied to adjust the
ratio of (total pore volume of zeolite sample)/(1 g of sucrose) to
1.2. The resultant mixture was dried at 373 K for 6 h in a drying
oven, and subsequently dried at 413 K for 6 h. After heating, the carbon/beta zeolite composite were impregnated again with 65% of the
amount of the ﬁrst aforementioned mixture. After heating to 433 K
again, the composite powder was further heated to 723 K for 3 h and
maintained for 1 h at the same temperature. Subsequently, the temperature increased further to 973 K for 2 h and placed for 4 h using a
quartz tube. The crystalline beta framework in the resultant composite was removed by successive washing with HF solution.
2.3. Lysozyme adsorption
Chicken egg white lysozyme (Aldrich) was used without further
puriﬁcation. A series of standard lysozyme solutions at various
concentrations ranging from 20 to 600 lmol/L was prepared by
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Fig. 1. (A) XRD pattern, (B) TEM image and (C) pore size distributions of nanosponge beta zeolite, which was synthesized with sodium silicate solution. The micropore size
distribution was derived from the adsorption branch of Ar isotherm using NLDFT. The mesopore size distribution was derived from the adsorption branch of N2 isotherm
using BJH. For comparison, the XRD pattern of bulk beta zeolite was included in (A).

dissolving adequate amounts of lysozyme in 0.5-M sodium
phosphate buffer solutions (pH 8). 20 mg of the zeolite samples
(‘adsorbents’) were suspended in 4 mL of each concentration of
lysozyme solution. The mixtures were agitated for 2 d at 298 K
by using a voltex mixer. After 2 d, the lysozyme uptake of the zeolite samples reached saturation in every lysozyme solution. Then
the adsorbent/lysozyme mixtures were centrifuged and separated
by supernatant liquid and powder. The amount of the lysozyme
adsorbed in the zeolites was determined from the difference in
measured lysozyme concentration between the initial lysozyme
solutions and the corresponding supernatant liquids. The lysozyme
concentrations in the supernatant liquid were measured by UV
absorption at a wavelength of 281 nm using a UV–visible spectrophotometer (HP8453, Agilent).

2.4. Characterization
Powder X-ray diffraction (XRD) patterns were obtained using a
Rigaku Multiﬂex diffractometer equipped with Cu Ka radiation at

Fig. 2. Mesopore size distributions of nanosponge beta zeolites, synthesized using
TEOS (closed circle), fumed silica (open circle), or sodium silicate (open triangle) as
the silica source with the addition of TMB. The pore size distributions for the
nanosponge beta synthesized using fumed silica and sodium silicate were vertically
offset by 0.5 and 2 cm3 g 1, respectively.

40 kV and 30 mA. Transmission electron microscope (TEM) images
were obtained using a Philips F30 Tecnai with an accelerating voltage of 300 kV (Cs = 0.6 mm, point resolution = 0.17 nm). N2 adsorption isotherms were measured using a Micromeritics TriStar II
volumetric adsorption analyzer at liquid N2 temperature (77 K).
Ar adsorption isotherms were measured using a ASAP 2020
adsorption analyzer at liquid Ar temperature (87 K). Prior to the
sorption measurements, the calcined samples were allowed to outgas for 6 h at 573 K under vacuum. The Brunauer–Emmett–Teller
(BET) equation was used to calculate the surface area from the
adsorption isotherm data obtained at P/P0 between 0.1 and 0.3.
The mesopore size distributions were obtained by the adsorption
branch of the N2 isotherm using the Barrett–Joyner–Halenda
(BJH) algorithm.

3. Results and discussion
3.1. Inﬂuence of silica source
Two zeolite samples were synthesized using fumed silica and
TEOS. The starting gel compositions (mole ratio) for these samples
were the 30 SiO2:1.0 Al2O3:1.1 C22–N6–C22:3.3 Na2O:1070 H2O. A
third zeolite sample was synthesized using C22–N6–C22 as the hierarchical SD surfactant, but the silica source was sodium silicate.
The synthetic gel composition with sodium silicate was the same,
except the number of moles of Na2O was increased to 9.9 with a
concomitant addition of 6.6 mol of H2SO4. This change in Na2O
content had to be made because of the high Na content of the silica
source. The H2SO4 had to be added to adjust the pH to the same
point as those in the gels made with fumed silica or TEOS. Regardless of the silica source, beta zeolites with meso-/micropore hierarchies were obtained after 3 d of hydrothermal reaction at 413 K in
all three cases.
Fig. 1 shows the XRD pattern, TEM image and pore size distribution obtained from the sodium silicate-based beta zeolite sample.
Results very similar to those shown in Fig. 1 were obtained from
the other two samples synthesized with fumed silica and TEOS
(see Fig. S2). All these samples were high-quality beta zeolites with
nanosponge-like morphologies, and contained no bulk zeolites or
other impurities. The powder XRD patterns exhibited reﬂections
corresponding to the polymorphic beta zeolite structure (Fig. 1A).
Compared with bulk beta zeolite, the XRD reﬂections were very
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Fig. 3. Mesopore size distributions of nanosponge beta zeolites, which were synthesized with molar additions of (A) 6.6 Na2O, (B) 3.3 Na2O, and (C) no Na with TMB (blue
line), and without TMB (black line). (D) TEM image and (E) SEM image of Beta(TMB41-Na6.6). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

broad, which was a result of the nanosponge-like morphology: a
few nanometer-thick frameworks interconnected in a threedimensional disordered manner [15]. The nanosponge-like mesostructure was conﬁrmed by a high-resolution TEM investigation
(Fig. 1B) and the pore size analysis using Ar and N2 gas adsorption
(Fig. 1C). The micropore analysis by non-linear density functional
theory (NLDFT) using Ar adsorption gave a narrow distribution of
micropores centered at 0.6 nm, in good agreement with the nanosponge frameworks composed of microporous zeolite structure
[15]. The mesopore analysis performed with the BJH algorithm
using the N2 adsorption isotherm gave a very narrow distribution
of mesopore diameters centered at 4.0 nm. This result indicated
that the present beta zeolite samples possessed quite uniform
mesopores between nearest neighboring frameworks, despite the
disordered nanosponge-like morphology. The 4.0-nm mesopores
were consistent with the mesopore-templating effect of the
C22–N6–C22 surfactant micelles.
3.2. Effect of sodium concentration
In this section, the hydrothermal synthesis of beta zeolites
using the aforementioned three silica sources was repeated in

the same manner as described in Section 3.1. But this time,
41 mol of TMB were added as a mesopore-expanding agent to
the synthesis gel composition. After 3 d of hydrothermal reaction,
all the silica sources yielded high-quality beta zeolites with nanosponge-like framework textures. However, depending on the silica
source, the mesopores were dramatically expanded by TMB or not
at all (Fig. 2). In the cases of fumed silica or TEOS, the mode diameter of the mesopores did not change from 4 nm. On the other
hand, in the case of sodium silicate, the mode diameter increased
to 15 nm. This result was in good agreement with the previous
report of Na et al. [15], who synthesized the hierarchical zeolite
using TMB and sodium silicate under exactly the same conditions
as in the present work. Given this fact, the question was whether
the different effects of the TMB addition on the pore sizes were
due to the difference in chemical nature between silica sources.
To investigate this question, we focused on the high concentrations of Na2O and H2SO4 in the gel fabricated using sodium silicate.
On this ground, we repeated the zeolite synthesis with TEOS at various concentrations of Na+ and SO24 . In total, we synthesized six
samples of nanosponge beta zeolite with the following molar compositions: 30 SiO2:1.0 Al2O3:1.1 C22–N6–C22:t TMB:s Na2O:1070
H2O, where t = 0 or 41 and s = 0, 3.3 or 6.6. When s was 0, the
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attributed to the retention of large pores that are initially present
in the gel before the conversion to zeolite. Such pores were
referred to as ‘gel pores’ in our previous report [20], which demonstrated the pseudomorphic crystallization of nanosponge beta zeolite under low sodium conditions. Similarly, the effect of sodium on
mesopore expansion presented here can be related to the function
of Na+ that promotes the Si–O–Si hydrolysis/reformation process
during zeolite crystallization [21]. Without such rapid Si–O–Si
hydrolysis/reformation, it seems that the mesopore expansion
was difﬁcult to achieve even if large amounts of TMB were added
to the synthesis composition. Further experiments that support
this reasoning are described below.
3.3. Reversible changes in mesopore diameter

Fig. 4. (A) Mode mesopore diameters of solid precipitates, collected from the
reaction mixture at various elapsed times during hydrothermal reaction at 413 K.
The initial gel composition is the same as Beta(TMB0-Na6.6). (B) High-resolution
TEM images of nanosponge beta zeolites collected at 3 d and 7 d.

C22–N6–C22 surfactant was used in the hydroxide form to provide
sufﬁcient basicity in the absence of NaOH (see Ref. [20] for preparation). When s was 6.6, the surfactant was used as the halide form,
[C22–N6–C22]Cl4Br2. The high pH of the reaction mixture was lowered to 12 by the addition of 3.3 mol of H2SO4. The six zeolite samples obtained in this manner were denoted by ‘Beta(TMBt-Nas)’
after calcination. Another zeolite sample was prepared at t = 41
and s = 6.6, but using HCl instead of H2SO4. This sample was used
to investigate whether the mesopore expansion was an effect of
the sodium content or SO24 .
The results of the characterization of these materials are presented in Fig. 3. In the pore size distributions, each of the
Beta(TMB41-Na6.6), Beta(TMB41-Na3.3), and Beta(TMB41-Na0) samples is compared with its corresponding control sample (i.e., zeolite
sample synthesized without TMB, with the same Na concentration). As shown in Fig. 3A, Beta(TMB41-Na6.6) exhibited a distinct
change from a sharp pore-size distribution centered at 4 nm to a
broad peak around 10–20 nm. The TEM and SEM images presented
in Fig. 3D and E show that the TMB addition resulted in the expansion of mesopores between the crystalline zeolite nanosponge
frameworks. The pore expansion to 10–20 nm also occurred when
the pH was adjusted with HCl instead of H2SO4. This result conﬁrmed that mesopore expansion could occur by TMB addition
under a sufﬁciently high concentration of Na, regardless of the silica source. The sulfate concentration was not an important factor.
When the number of moles of Na2O decreased to 3.3 or zero, the
mesopores were not expanded [see Beta(TMB41-Na3.3) and
Beta(TMB41-Na0) in Fig. 3B and C]. The pore-size distributions did
not change even when the hydrothermal synthesis time was
increased to two weeks. There were two peaks at 4.0 and 30 nm
in the pore size distributions of these samples. The sharp 4.0-nm
peak is due to the result of the mesopores templated by the surfactant micelles, and the formation of the 30 nm mesopores can be

In this section, we show that the mesopore diameter could
increase and decrease reversibly according to the amount of TMB
when the sodium concentration was sufﬁciently high. To show
this, a beta zeolite nanosponge was synthesized with gel composition of 30 SiO2:1.0 Al2O3:1.1 C22–N6–C22:6.6 Na2O:1070 H2O. After
the zeolite nanosponge with 4 nm mesopores was completely generated (i.e., after hydrothermal synthesis for 3 d at 413 K), TMB
addition of twice the number of moles of SiO2 was added at once
into the autoclave containing the whole reaction mixture. The
resulting gel was heated again in a tumbling oven at 413 K for
4 d. After cooling to room temperature, the TMB in the reaction
mixture was extracted with hexane three times using a separatory
funnel. The mixture was then heated at 333 K for 6 h under stirring
to remove as much remaining hexane as possible. A small amount
of water was re-added to compensate for the water loss during the
heat-treatment at 333 K. Then, the solid precipitate in the mixture
(i.e., zeolite product) was collected by ﬁltration. This zeolite was
vacuum freeze-dried for 1 d (see experimental section for details).
After removing the TMB by freeze drying, the zeolite product was
added back to the ﬁltrate solution at room temperature. The resultant mixture was stirred for 2 h at room temperature, and subsequently heated in a tumbling oven at 413 K for 4 d. Small
aliquots of ﬁve samples were taken at various intervals during
the 413 K heat-treatment: at 3 d of initial heating, 2 d and 4 d with
TMB, 2 d and 4 d after TMB extraction. All ﬁve samples were highquality beta zeolites with nanosponge-like morphologies, but their
mesopore diameters changed dramatically during the course of the
aforementioned experiment.
Fig. 4 shows that the mesopore diameters could increase from 4
to 15 nm when the synthesis mixture was heated again to 413 K
after addition of TMB. The 15-nm mesopores could then be shrunk
back to 5.5 nm by extracting the TMB from the reaction mixture.
After reaching 5.5 nm, the mesopore diameters did not return completely to the pristine mesopore diameters (4.0 nm). This seemed
to be to the result of a small amount of TMB or hexane remaining
in the reaction mixture. We used a carbon replication method [15]
to investigate whether the mesopore wall thickness changed or not
during the pore size changes. Our result indicated that the wall
thickness was not changed (Fig. S3). In addition, we performed a
high-resolution TEM investigation to monitor how the mesopores
expanded (or contracted) during the aforementioned processes.
At issue was whether the changes in the mesopore diameters
occurred through a simple re-agglomeration of the initially formed
beta nanocrystallite or through full recrystallization of the zeolite.
These two mechanisms are illustrated in Scheme 1. In the former
case, the size of the individual zeolite nanocrystallites would not
change during the pore expansion process. In the latter case, however, the pore expansion process is likely to accompany a notable
change in the morphology of the particles constituting the mesopore walls. The result of this TEM investigation is presented in
Fig. 4B and C (Fig. S4 for low magniﬁcation TEM). As the TEM
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Scheme 1. Schematic description of mesopore expansion in nanosponge beta zeolite by (A) the reorganization of initially formed beta nanocrystallites, or (B) the
recrystallization of the mesopore walls.

Fig. 5. Mesopore size distributions of nanosponge (A) MTW and (B) MRE zeolites, with (open) and without (closed) TMB additions. The pore size distributions of MTW and
MRE synthesized with TMB were offset vertically by 0.5 and 0.8 cm3 g 1, respectively.

images show, the nanosponge beta zeolite with 4 nm mesopores
was composed of tiny nanocrystallites. The individual particle
diameters were 3–5 nm in thickness, width and length. The nanocrystallites looked conspicuously elongated when the mesopores
were expanded to 15 nm by TMB (Fig. 4C). This TEM investigation
supports the recrystallization process in Scheme 1B.
3.4. Pore expansion in other zeolites
The promotion effect of Na+ on mesopore expansion by TMB
could readily be applied to other types of zeolites. To demonstrate

this, we synthesized MTW and MRE zeolites using [C22–N6–C22]Cl4
Br2 as the zeolite structure-directing surfactant (described in
Experimental Section 2.1.3). As shown in Fig. 5, the nanosponge
MTW zeolite synthesized without TMB had two distinct peaks at
3.8 and 10 nm in the pore size distribution. The 3.8 nm mesopores
must have been originated due to the surfactant micelles, as in the
aforementioned beta zeolite nanosponge. However, the cause for
the generation of 10 nm mesopore is still unclear. After the addition of 41 mol of TMB, both the 3.8 and 10 nm mesopores
increased to 10 and 30 nm, respectively (Fig. 5A). This result indicates that TMB could expand the mesopores in this zeolite, as well.
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4. Conclusion
The addition of Na+ to a synthesis mixture of nanomorphic zeolites using zeolite structure-directing surfactants accelerated the
recrystallization process of the zeolitic walls signiﬁcantly, so that
the mesopore diameter could be expanded according to the
amount of TMB. This phenomenon was conﬁrmed for zeolite nanosponges of the beta, MTW and MRE framework types. In particular,
the beta zeolite with expanded mesopores (15 nm) exhibited a
high adsorption capacity for lysozyme, a bulky biogenic molecule.
We expect that such large-mesopore zeolites would be able to support metal and metal-oxide nanoparticles, to apply as catalysts for
bulky molecular reactions.
Fig. 6. Adsorption isotherms of lysozyme (pI: 10.7) on Beta(TMB0-Na6.6),
Beta(TMB41-Na6.6), and bulk beta zeolite at pH 8. The amount of the lysozyme
adsorbed in the zeolite was measured from the difference of the lysozyme
concentration between the initial lysozyme solution and the corresponding
supernatant liquid. Solid lines represent adsorption curves of the experimental
data employing the Langmuir model.
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The total pore volume of the MTW zeolite also increased from 0.59
to 1.0 cm3 g 1. Similarly, the MRE zeolite exhibited mesopore
expansion from 3.8 to 15 nm when TMB was added (Fig. 5B).
3.5. Lysozyme adsorption on beta zeolite
The nanosponge beta zeolites with large mesopores would be
highly applicable to the handling of bulky molecules. As an example, the Beta(TMB41-Na6.6) sample possessing 15 nm mesopores
was tested for its suitablility as an adsorbent of the bulky biomolecule, lysozyme (molecular dimensions: 2.0  2.5  4.3 nm3). As a
comparison, the adsorption capacities of a bulk beta zeolite and the
Beta(TMB0-Na6.6) sample possessing 3.8 nm mesopores were also
measured. The adsorption capacities of the three beta zeolites were
plotted as a function of the equilibrium concentration in Fig. 6. The
solid lines in Fig. 6 represent the adsorption curves of the experimental data as determined by the Langmuir model. The bulk beta
zeolite and Beta(TMB0-Na6.6) samples showed similar adsorption
capacities. However, the Beta(TMB41-Na6.6) sample exhibited an
8-fold greater capacity than the others. Such a signiﬁcant difference can be explained by considering the size of lysozyme, as it
is unable to enter a porous framework with pore diameters smaller
than its molecular dimension. Therefore, the effect of mesoporosity
on lysozyme uptake in 3.8 nm mesopore nanosponge beta was
negligible. Most of the lysozyme molecules might be
adsorbed onto the particle surfaces in the case of bulk beta and
Beta(TMB0-Na6.6). On the other hand, the mesopore diameter of
Beta(TMB41-Na6.6) was 15 nm, which is large enough to adsorb
lysozyme molecules. Therefore, the mesoporosity can contribute
to the adsorption of the lysozyme molecules. These results emphasize the importance of mesopore size expansion in applications
dealing with larger biomolecules.

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.micromeso.
2014.03.041.
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