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Abstract

Pure zeolite Rho has been synthesized by the hydrothermal method using CsOH and 18-crown-6 ether as the template agent and

methylcellulose (MC) as the space-confinement additive. XRD, SEM, FT-IR and TGA-DTA techniques were applied to characterize

the obtained zeolite Rho powders. The results indicate that the addition of MC is able to promote the overall crystallization rate of

zeolite Rho and simultaneously to control the particles to a size smaller than 1 mm and a uniform size distribution. However, a higher

calcination temperature, i.e. around 600 1C is also required to remove the water and organic species occluded in the zeolite precursor.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zeolite Rho is a small pore size (3.6� 3.6 Å) aluminosilicate
zeolite with a low Si/Al ratio (2.5–3). It has a structure
consisting of a body-centered cubic arrangement of a-cages
linked via double 8-rings (D8R) [1]. This framework displays a
considerable flexibility during the sorption–desorption process
and thus is able to adapt to different cation sizes and variously
shaped adsorbent molecules [2,3]. For example, the framework
cation (sodium and cesium) sites can be substituted by NH4

þ ,
Ba2þ , Sr2þ and Cd2þ etc. [4]. Zeolite Rho has been applied
as a highly selective catalyst in the production of dimethyla-
mine from ammonia and methanol [5–10]. In addition, it can
also serve as a hydrogen storage material after specific
alternations of the size and charge of the exchangeable cations
[11–13] or as a CO2 selective adsorbent [14].

Properties of a zeolite are mainly determined by its
structure and composition, but also can be influenced greatly
by the synthesis process. In the earlier work, zeolite Rho is
usually synthesized through the hydrothermal technique in
the presence of cesium cations without using any template
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agents [15]. But it is difficult to obtain the pure single phase
unless under the conditions of free of impurities. When the
cesium cation is deficient during the synthesis or the cesium is
not uniformly distributed in the gel, zeolite X (FAU) will be
formed as one of the product series [16]. With the use of
18-crown-6 ether (1,4,7,10,13,16-hexaoxacyclooctadecane) as
template agent, the crystallization of zeolite Rho can be
promoted to form pure phase under relatively wide conditions
[17,18]. Furthermore, the Si/A1 molar ratio in the zeolite
framework even can be increased up to 4.5 by optimization of
the synthesis parameters. Recently, pure zeolite Rho has been
synthesized successfully in the absence of cesium cations using
polydiallyldimethylammonium chloride (PDADMAC) as the
template agent. However, it has to take 8–60 days to complete
the crystallization [19]. In all these cases, the particle size of
the zeolite Rho powders ranged between 3 and 10 mm
depending on the aging temperature and the crystallization
duration. By the use of space-confinement additives to confine
zeolite crystallization in the synthesis process, the zeolite
particle size can be reduced significantly, leading to the
improvement of zeolite properties [20]. This confined-space
synthesis method has been applied to prepare various types of
nanosized zeolites such as ZSM-5, A-, X- and Y-type ones
[21–23]. The space-confinement additives mainly include
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Table 1

Zeolite Rho samples synthesized under different conditions.

Sample Duration

(days)

MC addition

(g)

Particle sizea

(mm)

BET area

(m2 g�1)

Cell size

(nm)

Relative

crystallizationb,

(%)

A-1 1 / / / Amorphous

A-2 2 / 1.6 3.26 25.3 76.9

A-8 8 / 2.1 5.83 43.8 100.0

B-1 1 2 1.0 3.43 28.6 23.1

B-2 2 2 1.30 9.08 39.3 92.3

C-1 1 4 0.6 7.93 21.4 31.3

C-2 2 4 0.94 12.06 32.7 97.7

aAverage diameter determined from SEM images.
bReference to A-8, and peaks (110), (310), (411), (420), (422), (510) were taken for the calculation.
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carbon black and the polymer hydrogels with three-
dimensional networks created via physical or chemical cross-
linking such as polyacrylamide, methylcellulose and glutar-
aldehyde crosslinked chitosan etc.

In this work, pure crystalline zeolite Rho with reduced
particle sizes and a narrow size distribution has been
synthesized by the hydrothermal method using CsOH
and 18-crown-6 ether as the structure directing agent and
polymer methylcellulose as the space-confinement agent.
The effects of methylcellulose additive on the formation of
zeolite Rho have been investigated extensively.

2. Experimental

2.1. Materials

Silica sol (SiO2: 40 wt%, Qingdao Haiyang Chemical
Co., China) and sodium aluminate (NaAlO2, AR, Tianjin
Gurangfu Chemical Co., China) were used as the Si and Al
sources, respectively. Sodiumhydroxide (NaOH, AR) was
purchased from Tianjin Fengchuan Chemical Co., China;
18-crown-6 ether (1,4,7,10,13,16-hexaoxacyclooctadecane,
18C6, AR) from Shanghai Jinchun Co., China; cesium
hydroxide (CsOH, 50 wt% in water, AR) from Hubei
Jieruisi New Material Co., China; and methylcellulose
(MC, AR) from Tianjin Bodi Chem. Co., China.

2.2. Synthesis process

A typical synthesis procedure is described as follows.
1.35 g 18-crown-6 ether was dissolved in deionized water in
a Teflon vessel followed by addition of 0.6 g NaOH and
1.8 g CsOH solution. 1.68 g sodium aluminate (NaAlO2)
was then added under stirring until a clear solution was
formed. Thereafter, 15 g colloidal silica was added to the
solution at a rate of 1.5 mL min�1 under stirring. Aging
of the solution was carried out at room temperature for
24 h to form a white gel with a final composition
of 1.8Na2O:0.3Cs2O:1Al2O3:l0SiO2:0.5(18-C-6):100H2O in
molar ratio. A given amount of methylcellulose solution
(20–40 g 10% MC in distilled water) was added with
continuous stirring. Hydrothermal treatment was carried
out at 110 1C for 1–8 days to complete crystallization. The
crystallized solid was isolated by centrifugal separation
(4000 rpm for 10 min) and washed with distilled water
until pH=10. The product was dried at 60 1C for 12 h and
then calcined at 600 1C for 3 h to obtain final zeolite
crystal powders. The synthesis conditions for the zeolite
Rho samples are summarized in Table 1, where some
calculated parameters are also listed.

2.3. Characterization

The morphology of the zeolite samples was observed
using scanning electron microscopy (HITACHI S-4800).
Before the measurements, the samples were coated with a
layer of platinum using a platinum coater (CFC-1500,
JEOL, Tokyo, Japan).
Powder diffraction data were collected at ambient tem-

perature using a Rigaku D-max2550 X-ray diffractometer
with CuKa radiation (l¼0.154056 nm) to establish phase
identity and purity. Continuous scan mode was used to
collect 2y data from 51 to 501 with a 0.011 sampling pitch
and a 5 1C min�1 scanning rate. The X-ray tube voltage
and current were set at 40 kV and 150 mA, respectively. The
crystal size was calculated by the Scherrer equation:

d ¼
Kl

bcos y

where b is the full width at half maximum, K¼0.89, and
l¼0.15406 nm.
The framework vibration spectra of the samples were

recorded by a Fourier transform infrared spectrometer
(FTIR-650, Tianjin Gangdong Technological development
Inc.) within the wave number range of 4000–400 cm�1.
Nitrogen adsorption experiments of calcined samples were

performed on a JW-BK micropore analyzer (Beijing Jing-
weigaobo Technological development Inc.). The BET sur-
face areas of the samples were obtained by the multipoint
Brunauer–Emmett–Teller (BET) adsorption technique.
Thermogravimetric analysis (TGA) and differential ther-

mal analysis (DTA) were conducted using a TGA/DTA
system (Diamond TG/DTA6300) with a scanning rate of
5 1C min�1. 10 mg zeolite powder precursor was placed in
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the sample holder and then heated from room temperature
to 600 1C in air with a flow rate of 50 mL min�1. The weight
and the heat flux changes were recorded as a function of
temperature.

3. Results and discussion

3.1. Morphology of the zeolite Rho

Fig. 1 shows the morphology of the zeolite Rho products
synthesized under different conditions. For the sample
obtained after 1 day’s crystallization in the absence of MC
additive, no distinct zeolite particles can be discriminated in
the powder product (Fig. 1(A-1)). As the crystallization time
was extended to 2 days, spherical zeolite particles have
been formed with the average particle size of ca. 1.6 mm
in diameter (Fig. 1(A-2)). This is in agreement with the
A-1 

B-1

C-1 

Fig. 1. SEM images of the zeolite Rho sy
observation by Araki et al. [18] who studied the crystal-
lization process of zeolite Rho by the hydrothermal synthesis
technique and found that the crystallization of zeolite Rho
only started after 20 h of reaction time. However, when the
MC polymer solution was added in the gel precursor, zeolite
particles in cubic shape were formed within 1 day’s crystal-
lization (Fig. 1(B-1) and (C-1)), even though the relative
crystallization degree is quite low, which will be discussed in
more details in the below section. This indicates that the
addition of MC promoted the crystallization process of
zeolite Rho. Furthermore, the particle size of the formed
zeolite Rho is also reduced by the use of MC additive. For
example, the zeolite particles obtained after 2 days’ crystal-
lization are 1.3 mm with 2 g MC additive and 0.94 mm with
4 g MC additive in average diameter. Comparisons of B-1
with C-1 and B-2 with C-2 also suggest that although the
general zeolite particle size increases with the extension of the
A-2 

B-2

C-2

nthesized under different conditions.
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Fig. 2. XRD patterns of the zeolite Rho samples synthesized under

different conditions.
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crystallization time, addition of more MC can result in the for-
mation of smaller zeolite Rho particles. These results confirm
the function of MC as a space-confinement agent. As MC is
dissolved in the aqueous solution, a 3D solid network will be
formed. The amount of gel in each unit of the solid network is
limited by its small space. Crystallization of the gel is
restrained within the network unit space and the inflows of
other gels around the unit can be avoided, leading to the
improved overall crystallization rate. Moreover, the zeolite
particle size can be smaller and more uniform as more MC
additive is added in the gel solution due to the mass transfer
limitation.

The BET surface areas of the sintered zeolite samples are
summarized in Table 1. As can be seen, all the zeolite Rho
samples possess low BET surface areas but are still larger
than the literature value (�3 m2 g�1). This may be attrib-
uted to the pore blocking effect of the large Csþ cations
which are located in the double 8-ring sites [12]. Another
interesting phenomenon observed is that the BET surface
area is more dependent on the crystallization degree than
on the particle size. For instance, the samples B-2 and C-2
have exhibited larger BET surface areas (9.08 m2 g�1 and
12.06 m2 g�1, respectively) than samples B-1 (3.43 m2 g�1)
and C-1 (7.93 m2 g�1) although the zeolite particle sizes are
increased due to the longer crystallization duration.
3.2. Crystalline phase

Fig. 2 demonstrates the evolution of crystalline phase of
zeolite Rho and the effect of MC additive on the formation
of zeolite phase. As can be seen, the sample obtained after
one day’s crystallization in the absence of MC additive
remains amorphous since no characteristic peaks of zeolite
Rho have appeared on the XRD pattern. After 2 days’
crystallization, all but only the characteristic diffraction
peaks of zeolite Rho (PDF reference code 50–678) with the
respective 2y angles at 8.321, 16.681, 18.681, 25.161, 26.561,
30.361, 32.621, and 36.861 are observed from the XRD
pattern, indicating that the zeolite Rho phase has been
formed without impurity. As the crystallization time was
further extended to 8 days, all the characteristic diffraction
peaks have become stronger, indicating that the crystal-
lization degree has been greatly improved. As pointed out
by Araki et al. [18], the formation of zeolite Rho in the
hydrothermal synthesis process consists of four steps: (1)
0–3 h, dehydration and condensation reactions between
silica and alumina to form amorphous aluminosilicates; (2)
3–20 h, particle growth and aggregation of amorphous
aluminosilicate, which is followed by an increase in the
bounding rate of the silica, alumina, and hydroxyl groups;
(3) 20–48 h, crystallization and crystal growth of zeolite
Rho, with a decrease in Na/Si ratio and an increase in 18-
C-6 incorporation; and (4) after 48 h, gentle growth with
an increase in the Na/Si ratio and a change in rate for the
bounding states between the silica- and aluminum-based
species. Obviously, the crystallization time cannot be less
than 20 h in order to obtain complete zeolite Rho phase
even though it is promoted by the use of MC polymer gel.
Although the zeolite Rho phase can be formed in the

product powders after 1 day of crystallization (samples B-1
and C-1), the intensity of these characteristic diffraction
peaks is lower than those obtained after longer crystal-
lization duration. Taking the product obtained by 8 days’
crystallization as the reference zeolite, the relative crystal-
lization degree of other samples can be calculated by
comparing their peak areas where the strongest peak of
(110) followed by (211), (310), (411), (420) and (510) on the
XRD patterns were taken into consideration. The results are
summarized in Table 1. As can be seen, the crystallization
degrees for samples B-1 and C-1 are only 23.1% and 31.3%,
respectively. But the fact that the crystallization degree
increases with increasing the amount of the MC additive
in the gel solution again confirms that MC has promoted the
overall crystallization rate of zeolite Rho. Furthermore, a
well-expected result is that the relative crystallization degree
of the zeolite Rho increases with the crystallization time. For
example, samples B-2 and C-2 exhibit the relative crystal-
lization degrees of 92.3% and 97.7%, respectively.
Applying the Scherrer equation, the crystal sizes of the

zeolite Rho samples were also calculated as listed in
Table 1. As can be seen, the crystal sizes of samples A-2,
B-2 and C-2 are 25.3 nm, 39.3 nm and 32.7 nm, respec-
tively. This implies that the addition of MC leads to
increase of crystalline cells due to its promotion effect on
the crystallization rate but decrease in particle size due to
its space-confinement effect. However, the addition of MC
actually favors the formation of smaller crystalline cells
because the 3D network formed between the MC mole-
cules and the hydroxide ion (–OH) limits the freely growth
of the crystal surfaces [24]. As a result, the addition of
more MC in the gel solution has yielded not only smaller
particles but also smaller crystalline cells.

3.3. FT-IR patterns

The FT-IR peaks of zeolites can be categorized into
three classes including (1) the internal vibrations of TO4
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conditions.
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(T¼Al, Si) tetrahedron, the primary units of the zeolite
Rho structure that are not sensitive to other structural
vibrations; (2) the vibrations which may be related to the
linkages between tetrahedral that are sensitive to the
structural vibrations and (3) O–H stretching of adsorbed
water and O–H bending of lattice water [25]. Fig. 3 shows
the FT-IR patterns of the synthesized zeolite samples A-1,
A-8 and B-1. The other samples exhibited quite similar
FT-IR patterns to A-8 and would not be discussed in the
following.

As can be seen from the FTIR spectra of sample A-8,
the characteristic peaks appear at 438.7 cm�1, 600.7 cm�1,
729.6 cm�1, 812.4 cm�1, 1056.3 cm�1 1637.9 cm�1 and
3461.7 cm�1, which agree well with the standard IR
pattern of zeolite Rho [26]. The peak at 438.7 cm�1 can
be assigned to the internal TO4 tetrahedral bending of
the Rho zeolite structure; the peak that appeared at
600.7 cm�1 can be attributed to the double ring external
linkage; the peaks at 729.6 cm�1, 812.4 cm�1 and
1056.3 cm�1 to the symmetrical stretching of the external
linkage and internal tetrahedral, while the peaks at
1637.9 cm�1 and 3461.7 cm�1 should be assigned to O–H
bonding of lattice water and O–H stretching of adsorbed
water, respectively. However, no peaks appear at 600.7 cm�1

and 729.6 cm�1 on the FT-IR pattern of sample A-1,
indicating that the framework of zeolite Rho is not formed
at this moment. In contrast, all the characteristic peaks of
zeolite Rho appear on the FT-IR pattern of sample B-1. This
indicates once again that the crystallization of zeolite Rho can
be promoted by the addition of MC during the hydrothermal
synthesis process.
3.4. TGA-DTA patterns of the zeolite precursors

In order to investigate the effect of MC additive on the
synthesis of zeolite Rho, TGA-DTA curves of the zeolite
precursors of samples A-2 and C-2 were measured with the
results shown in Fig. 4. The TGA curves demonstrate two
main stages of weight loss. For sample A-2, the first stage
is from room temperature to around 125 1C with the
weight loss of about 10.5%. It may be attributed to the
removal of water. The second stage is from 400 1C to
480 1C accounting for the weight loss of about 5.2%,
which may mainly result from the decomposition of
organic species occluded in the structure. Correspondingly,
on the DTA curve a small endothermic peak and an
exothermic peak appear at around 89.4 1C and 465.7 1C,
respectively. However, when MC additive is used, the
weight loss will become slower. For example, the first
main stage of weight loss for sample C-2 corresponding to
the water desorption spans from room temperature to
240 1C although the weight loss is only about 8.2%.
Moreover, the second main stage accounting for 9.1%
weight loss spans from 280 1C to 500 1C. Therefore, the
endothermic peak corresponding to the water desorption
could not be distinguished on the DTA curve, but only a
wide exothermic peak appears at around 420 1C reflecting
the combustion of organic species. In addition, the weight
of sample A-2 almost remains constant after the tempera-
ture higher than 500 1C, but for sample C-2 the weight still
decreases slightly as the temperature is further increased.
This implies that a higher temperature, i.e. �600 1C is
required for the calcination of zeolite precursors to remove
the water and organic species when MC is used as the
space-confinement additive.
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4. Conclusion

Pure crystalline zeolite Rho has been successfully synthe-
sized by the hydrothermal method using CsOH and
18-crown-6 ether as the template agent and polymer
methylcellulose (MC) as the space-confinement additive.
Due to the space-confinement effect of MC gel network,
the particle size of zeolite Rho is controlled within 1 mm
with a uniform particle size distribution. In addition, the
overall crystallization rate of zeolite Rho can also be
promoted leading to larger crystal size and more regulated
crystal structure. However, in order to remove the water
and organic species occluded in the zeolite precursors, the
calcination temperature has to be increased to around
600 1C.
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