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Abstract

Four parameters affecting organic template free hydrothermal synthesis of Rho zeolite were investigated, including synthesis time,
synthesis temperature, water content, and alkalinity. XRD and SEM techniques were applied to characterize the synthesized zeolite Rho
powders. The results showed that synthesis time has a higher impact on the crystal size. The crystal size increases from 1.45 to 1.90 um
by increasing synthesis time from 4 to 10 days. Synthesis time is also effective on the crystals morphology and there is an extremum in
the diagram of crystallinity versus synthesis time for zeolite Rho. In addition, synthesis temperature has high impact on morphology of
the crystals and can change the zeolite phases. Besides, water content is also highly effective on crystallinity of the synthesized powders
and with increasing water content the crystallinity decreases dramatically. At last, increasing alkalinity increases the nucleation and
decreases the crystals size. At water content of 400 mol, pollucite phase was synthesized at two ratios of Na,O/Al,03=6 and Cs,0/
Al,03=0.8, and also two ratios of Na,O/Al,O0;=9 and Cs,0/Al,05;=1.2; and for these ratios the mean crystal sizes were 0.70 and
0.40 um, respectively, confirming the negative effect of alkalinity on the mean crystal size.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zeolites are crystalline aluminosilicates with three-
dimensional framework structure that form uniformly sized
pores of molecular dimensions. Their pores preferentially
adsorb molecules that fit snugly inside them and exclude
molecules that are larger, they act as sieves on a molecular
scale. Thus, zeolites are a subset of molecular sieves. Using
molecular sieves with three-dimensional framework struc-
tures is well entrenched in applications as diverse as laundry
detergents [1,2], catalysts [3-5], adsorbents [6-8], gas separa-
tions [9-11], pervaporation [12-15], membrane reactors
[16-18], ion exchange [19-21], agriculture and horticulture
[22,23], and is finding new applications in electronics [24],
magnetism [25,26], chemical sensors [27-29], medicine [30],
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etc. [31-33]. Zeolites are typically synthesized under hydro-
thermal conditions from alkaline aqueous solutions. How-
ever, they are difficult to be analyzed in situ because the
hydrothermal treatment involves high temperatures and
pressures [34]. A typical hydrothermal zeolite synthesis can
be described in briefest terms as follows: (1) amorphous
reactants containing silica and alumina are mixed together
with a cation source, usually in a basic (high pH) medium. (2)
The aqueous reaction mixture is heated, often in a sealed
autoclave. (3) For a period at synthesis temperature, the
reactants remain amorphous. (4) After the above “induction
period”, the crystalline zeolite products are formed. (5)
Gradually, most amorphous materials are replaced by an
approximately equal mass of the zeolite crystals [35].
Zeolite Rho is known as a zeolite with a flexible and
collapsible framework structure, meaning that the framework
is able to adapt to different size cations and differently
shaped adsorbed molecules [36]. Zeolite Rho is a small pore
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size zeolite, 3.6 x 3.6 A with a low Si/Al ratio (2.5-3.0) [37].
The framework of zeolite Rho is composed of a body-
centered cubic arrangement of truncated cubo-octahedra or
a-cages linked via double 8-rings of silicon and aluminumte-
trahedral as shown in Fig. 1 [38,39].

There are some parameters that affect synthesis of
zeolites. Synthesis time can affect zeolite phases, morphol-
ogy and crystallinity. Temperature is the other most
important factor in the synthesis of zeolites. All researchers
paid particular attention to the crystallization temperature
due to its significant effect on zeolites synthesis. The
desired zeolite phases typically can only be obtained within
a specific temperature range. Temperature does not only
affect the crystal size, but also the crystal morphology [40].

A general principle states that the crystal growth rate is
proportional to concentration of reactants, as expressed by
the concentration function f (C), that is

dL/di, =k, f(C),

where L is the length of synthesized crystals, . is the
crystallization time and k, is the growth rate. It is expected
that dilution of the crystallizing system (e.g., increasing
water content) reduces the concentration of reactive
species in liquid phase, and thus decreases the crystal
growth rate. The observed influence of the concentration
on the crystal growth rate is caused by the fact that the
growth condition is mainly characterized by the super-
saturation of the primary building units for the crystal-
lization [41].

Increasing alkalinity has also a major impact on the
number and the morphology of crystals [42]. Ren et al.
concluded that alkalinity has a great influence on the Si/Al
molar ratio of the product via controlling the dissolution
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Fig. 1. Schematic view of Rho zeolite framework.

rate of amorphous silica and aluminum hydroxide in the
synthesis of zeolite ZSM-5 crystals [43].

To obtain highly crystallized zeolites, particular organic
templates are usually necessary to be used as structure
directing and charge balancing agents. However, there are
obvious disadvantages for organic template-contained
synthesis, such as their relatively high cost and environ-
mental pollution impacts [44—46]. For these reasons, it is
better to avoid using organic templates in zeolites synthesis
gels for industrialization.

In most previous works in the field of zeolite Rho
synthesis, organic templates were used as structure direct-
ing agents (SDA) [34,40,47]. In this study, we tried to
synthesize template free zeolite Rho and investigate the
effects of some parameters including synthesis time, synth-
esis temperature, water content of gel formula, and
alkalinity.

2. Experimental
2.1. Zeolite synthesis

Materials used for synthesis of the zeolite powders were
sodium aluminate (Riedel-de Ha&n, 53 wt%) as Al source,
LUDOX (Aldrich, 40 wt% suspension in water) as Si
source, cesium hydroxide (Alfa Aesar, 50 wt% aqueous
solution) as cation, sodium hydroxide (pellets, Merck,
97 wt%) as cation and deionized water.

In order to investigate the effects of synthesis time,
synthesis temperature, alkalinity and water content, nine
gels were prepared. Table 1 shows gel formulas of the
synthesized powders with their synthesis time and tem-
perature. The gels were prepared via the hydrothermal
synthesis method without using any template. For the
synthesis, some parameters were kept constant. They were
Si0,/Al,03, Na,0O/Al,O;, stirrer speed, aging time, and
aging temperature that were 10.8, 3, 1000 rpm, 24 h, and
25 °C, respectively.

The method used for preparing all the gel mixtures was
the same. At first, a certain amount of sodium hydroxide
was added to deionized water and the mixture was stirred
for 10 min for complete dissolving. While stirring, a
sufficient amount of cesium hydroxide according to the
gel formula was added to the solution. Then sodium
aluminate was added to the solution and was stirred for
another 10 min. After that, a sufficient amount of LUDOX
was added to the solution and after covering the stirring
solution by nylon in order to prevent water loss, the gel
was stirred for 1 day at ambient temperature (approxi-
mately 25 °C). Then, the prepared gels were poured into
PTFE autoclaves for heating according to their synthesis
times as shown in Table 1. The products were washed with
double ionized water until the pH was less than 9 and then
dried at 100 °C.

After heating, all the gels were filtered using filter paper
and washed by deionized water, while a vacuum pump was
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Table 1
Gel formulas and preparing conditions of synthesized powders.
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Synthesis number Gel composition

Crystallization conditions

AL O3 Na,O Cs,O SiO, H,0 Synthesis time (days) Temperature (°C)
1 1 3 0.4 10.8 110 4 100
2 1 3 0.4 10.8 110 7 100
3 1 3 0.4 10.8 110 10 100
4 1 3 0.4 10.8 110 7 80
5 1 3 0.4 10.8 110 7 120
6 1 3 0.4 10.8 200 7 100
7 1 3 0.4 10.8 400 7 100
8 1 6 0.8 10.8 400 7 100
9 1 9 1.2 10.8 400 7 100

Intensity

10 20

Fig. 2.

applied. At the end, all the filtered powders were dried at
80 °C for 2 h.

2.2. Zeolite characterization

The zeolite crystals were characterized by X-ray diffrac-
tion (XRD) using an X-ray diffractometer (SIEMENS,
D5000, 1500 W, 35kV, 20 mA) with Cu radiation, with a
20 range of 4-60°. Morphology of the crystals was
examined by Scanning Electron Microscopy (SEM) using
a scanning electron microscope (JEM-1200 or JEM-
5600LV equipped with an Oxford ISIS-300 X-ray disperse
spectroscopy (EDS)).

XRD patterns of the produced powders were analyzed
with the aid of Xpowder (version 2004). SEM images were
also analyzed with the aid of Microstructure Measurement
software in order to obtain the mean size of the crystals.
Scherrer numbers were also determined using the following
equation:

ki
"= Beos 0

where K is the shape factor, 4 is the X-ray wavelength, f§ is
the line broadening at half the maximum intensity
(FWHM) in radians, and 6 is the Bragg angle.
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XRD patterns of the synthesized gels of 1, 2 and 3 (synthesis time of 4, 7 and 10 days, respectively).

3. Results and discussion
3.1. Effect of synthesis time

Fig. 2 shows XRD patterns of the synthesis gel synthe-
sized for 4, 7 and 10 days (samples of 1-3) according to
Table 1. In comparison with standard diffraction data of
zeolite Rho (JCPDS card number 39-1366), the results of
XRD patterns indicate that the zeolite Rho crystals are
formed from the synthesis gels, while the maximum degree
of crystallinities is observed for 7 days of synthesis. It
means that 7 days of synthesis is the best synthesis time
among these three examined time intervals for the synth-
esis gel. It also indicates that no phase change occurs in
this time interval, as presented by Park et al. [48].

Applying the Scherrer equation, crystal sizes for the
synthesized samples of 1, 2, and 3 were calculated as 25,
28, and 34 nm, respectively, showing the positive effect of
synthesis time on crystal growth.

Fig. 3 shows SEM images of these three samples. From
the microstructure measurement software analysis, the
mean crystal sizes of the samples 1, 2, and 3 were measured
approximately as 1.45, 1.70 and 1.90 pm, respectively,
confirming the positive effect of synthesis time on the
zeolite Rho crystal growth as presented by Araki et al. [34]
and Liu et al. [49]. Araki et al. pointed to a four step
zeolite Rho synthesis mechanism: (1) formation of
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Fig. 3. SEM images of samples 1-3.

aluminosilicates, (2) particle growth and aggregation,
(3) crystallization and crystal growth and (4) gentle crystal
growth. The SEM images demonstrate the last three steps
of the synthesis mechanism. In this figure, it is clear that
two phases are formed: geometric form of zeolite Rho and
amorphous aggregates. As observed, some crystals are
half-formed and their other half is non-formed amorphous
aggregates. It seems that the aggregates are going to
convert to the crystals, according to the fourth step. It is
also clear that size distribution of the particles is getting

narrower with increasing synthesis time. This may be due
to the fact that the crystals are being formed and are
growing, and the particles are converting to the crystals as
synthesis time goes on [34].

3.2. Effect of synthesis temperature

Fig. 4 shows XRD patterns of the synthesis gel synthe-
sized at 100, 80 and 120 °C (samples 2, 4 and 5, respec-
tively) according to Table 1. The results of XRD patterns



S.F. Mousavi et al. | Ceramics International 39 (2013) 7149-7158 7153

5
Z
2 4
]
£

2

10 20 30 40 50 60
2 0 (degree)

Fig. 4. XRD patterns of the synthesized gel of 2, 4 and 5 (synthesis temperature of 100, 80 and 120 °C, respectively).

Fig. 5. SEM images of samples 2, 4, and 5.
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Fig. 6. XRD patterns of the synthesized gels of 2, 6 and 7 (synthesis gel water content of 110, 200 and 400 mol, respectively).

Fig. 7. SEM images of samples 2, 6, and 7.
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indicate that zeolite Rho crystals are formed at synthesis
temperatures of 80 °C and 100 °C (samples 2 and 4,
respectively), and pollucite phase is formed at 120 °C
(sample 5). The results show that sample 2 at a synthesis
temperature of 100 °C exhibits slightly sharper peaks and
more intensity and therefore has slightly more crystallinity
than sample 4 at a synthesis temperature of 80 °C; this is
similar to the results reported by Mehdipourghazi et al.
regarding nano-size MFI zeolite [50]. At synthesis tem-
perature of 120 °C (sample 5), the phase is changed
confirming that at this synthesis temperature and synthesis
time, zeolite Rho crystals cannot be formed. So, it can be
said that synthesis temperature of 120 °C is higher than the
temperature needed to form Rho zeolite crystals for 7 days
of synthesis.

Fig. 5 shows SEM images of these three samples. From
the SEM images, it can be observed that crystals size in
sample 2 synthesized at 100 °C is greater than that in
sample 4 synthesized at 80 °C. The mean crystal size of
sample 2 is approximately 1.70 um, while that of sample 4
is 1.40 um confirming that synthesis temperature has a
negligible positive effect on the crystal size, as reported by
Mehdipourghazi et al. [50].

However, at 120 °C, the results show that synthesis
temperature significantly affects phases of the synthesized
zeolite crystals.

Murayama et al. investigated the effect of reaction
temperature on hydrothermal synthesis of potassium type
zeolites from coal fly ash and presented that the higher the
reaction temperature in the range from 393 K to 453 K, the
higher the reaction rate [51].

3.3. Effect of water content

Fig. 6 shows XRD patterns of the synthesis gels
synthesized using water content of 110, 200 and 400 mol
(2, 6 and 7, respectively) according to Table 1. The results
of XRD patterns indicate that zeolite Rho crystals are
formed using water content of 110 and 200 mol (samples 2
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and 6) and a little is formed using water content of 400 mol
(sample 7). The XRD results show that sample 7 has some
same peaks of Rho crystals but not all of them. Fig. 7
shows that there are less zeolite (Rho) crystals and more
amorphous phase. The results confirm that this degree of
concentration is not enough for the synthesis of zeolite
Rho crystals.

Applying the Scherrer equation, crystals sizes for the
synthesized samples of 2 and 6 were calculated as 28 and
17 nm, respectively.

Fig. 7 shows SEM images of these three samples. From
the microstructure measurement software analysis, the
mean crystal sizes of the samples 2, 6, and 7 were measured
approximately as 1.70, 1.30, 1.15 pm, respectively, con-
firming the negative effect of water content on the crystal
growth.

It is clear that the formation of zeolite crystals depends
on the amount of supersaturation in gel. When water
content in the gel increases, supersaturation and conse-
quently nucleation and crystal growth decrease and this
thus reduces crystallinity and the crystals become smaller
at the same synthesis time and temperature. By adding
more water to the gel, the supersaturation is missed in the
gel and therefore crystallization is stopped. According to
the results reported by Araki et al. [34], the products may
already exist in steps 2 and 3 (particle growth and
aggregation, and crystallization and crystal growth). So
by further extending synthesis time using water content of
400, zeolite Rho with higher crystallinity may be formed;
according to Fig. 7(a and b), there are aluminosilicate
particles and aggregates, and crystals are being formed.

3.4. Effect of alkalinity

It was finally decided to investigate the effect of
alkalinity in the synthesis gel at water content of 400 mol
in order to obtain zeolite Rho phase at low concentration.
As observed in Table 1, sample 8 (Na,O/Al,0;=6 and
Cs,0O/Al1,03=0.8) has two times higher alkalinity than
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Fig. 8. XRD patterns of the synthesized gels of 7, 8, 9 and 2 (alkalinity ratio to sample 7 of 1, 2, 3 and 1 respectively).
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sample 7 (Na,O/Al,O;=3 and Cs,0/Al,03=0.4) and
sample 9 (Na,O/Al,03=9 and Cs,0/Al,03=1.2) has three
times higher alkalinity than sample 7. From samples 7 to 9,
the total amorphous phase (sample 7) is approximately
changed to the total crystalline pollucite phase (samples 8
and 9). From XRD analysis and SEM images (Figs. 8 and
9), it is clear that increasing alkalinity (from samples 8 to
9), the crystallinity increases and the crystals size decreases.
It means that with increasing alkalinity, more amorphous
phase is converted to the pollucite phase.

As observed, alkalinity has a negative effect on the crystal
size. The mean crystal size in sample 8 is 0.70 and in sample 9
is 0.40 um approximately, showing that the crystal size
decreases dramatically with increasing alkalinity.

It can be concluded that by increasing alkalinity, crystals
size decreases and nucleation increases. Torres et al. also
investigated the influence of gel alkalinity on the synthesis
and physicochemical properties of zeolite [Ti,Al]-Beta and
concluded that the smaller zeolite particles are obtained for
the samples crystallized from the more alkaline gels [52].

Fig. 9. SEM images of samples 7, 8, and 9.
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4. Conclusion

The main purpose of this research was to investigate the
effects of different parameters on template free synthesis of
zeolite Rho, including synthesis time, synthesis tempera-
ture, water content and alkalinity. From the XRD patterns
and SEM images, it was concluded that longer synthesis
time affects the crystals size dramatically. The crystal size
increases from 1.45 to 1.90 um by increasing synthesis time
from 4 to 10 days. Synthesis time also affects the crystals
morphology and from the results of this work, there
should be an extremum in the diagram of crystallinity
versus synthesis time for the formation of zeolite Rho. In
addition, synthesis temperature is effective on morphology
of the crystals and can change the crystals phase. More-
over, water content is effective on crystallinity of the
synthesized zeolite and increasing water content decreases
the crystallinity dramatically. Increasing alkalinity of the
gel increases the nucleation and also decreases the crystals
size. With increasing alkalinity at water content of
400 mol, pollucite crystals are obtained. At Na,O/
Al,O3=6 and Cs,O/Al,05;=0.8 ratios, the mean crystal
size is 0.70 and at Na,O/Al,05;=9 and Cs,0O/Al,0;=1.2
ratios, it is 0.40 um approximately, showing the negative
effect of alkalinity on the mean crystal size.
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