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Synthesis of Zeolite ZSM-5 Small Particle Aggregates by a Two-Step Method
in the Absence of an Organic Template
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Abstract: The preparation of zeolite ZSM-5 without using a template was extensively investigated. Zeolite ZSM-5 small particle aggregates
were synthesized in the absence of a template using sodium silicate as the silica source and by controlling the nucleation time at high tem-
perature with a simple two-step method in a rotating autoclave on a spit within an oven. The first stage at higher temperature consisted of
accelerating the nucleation and the second stage at lower temperature consisted of obtaining small crystals in the absence of a template. The
resulting zeolites were characterized by X-ray powder diffraction, scanning electron microscopy, ammonia temperature-programmed desorp-
tion, and N, adsorption. Compared with the micron-sized zeolite crystals that are synthesized in the one-step method, zeolite ZSM-5 small
particles prepared by the two-step method have a higher specific surface area and an equivalent acid site content. The sample synthesized by
the two-step method mainly contains Bronsted acid sites and a few Lewis acid sites indicating that Al is incorporated into the framework of
the zeolite.
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NH3-96% He & & < W 30 min, F§7F 100 °C ]
1h. 28 J5 BL 10 °C/min Ft ¥ 2] 700 °C, TCD £ I
NH; it b 15 .
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53 8w 1) TENSOR 27 B 2% g7 347, =
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B i 2 150 °C W Bt nik g 30 min, T3 2] 200 °C
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Table 1 Reaction conditions and crystal size of different ZSM-5
samples prepared by the one-step method

. b Synthesis Time Crystal size
Sample SAR
temperature (°C) (h) (um)

Al 60 190 16 2.0-6.0
A2 50 190 18 1.6-5.2
A3 40 190 22 1.2-4.8
Bl 60 150 34 1.0-4.0
B2 50 150 38 0.8-3.6
B3 40 150 48 0.5-3.0

“The molar ratio of the synthesis hydrogel was 18Na,0:100Si0,:
xA1,05:1280,7":4000H,0. °SiO»/AL,0; ratio.
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Fig. 1. XRD patterns of the ZSM-5 samples prepared by different

conditions.
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DABE i K i 10 45 it B2, HLARMEIS 2] 100%.
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N T 4 R A B TR SR A5 /N UKL ) ZSM-5 3
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KA . oL TS A T DU A S A% ) 2B R, R (]
A LA ik di A 1 — 2D AKOR, TR R & A T DR SR S
WA AZ I A B, AR TR AT N BRI . 3
25 T ASTR] il TS A AR B XRD . n) DUA #,
TR AL 2 hy SN DL S G 58 TRIRAS, XRD i
AT WY TR R AR AT SR U SR TR AL A 4 by O
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Fig. 2. SEM images of the ZSM-5 samples prepared under different conditions.
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Fig. 3. XRD patterns of the ZSM-5 samples obtained upon using
different nucleation times at high temperature. (1) 2 h; (2) 4 h; (3) 8 h.

2 B T PRV L TR AL 2, 4 F 8 h, I AL
AN TF) B T T 75 56 i PR 6T 65 ot JBE (R b 1 A ) 45 i
JEAUARE S AL VENSEHE). nTLLE ), il 1 1k
N [ T, 3 1) v 5 & S O 0 I T G L s I T
fm Ak 2 h B AR S AR 18 h BT A5 Wb A 10 &5 N
90.4%; % 22 h B4 5 2 98.7%; 1A 26 h I 471 45
d SIS K, 2 i AR 46 8 h B, IR AR AE 10 h
P AS i A0 10 &5 o BE At e IA #) 90.8%; % 12 h W3 2
97.9%; SRIMAR L Ak 16 h I, 300 A 45 & B 388 i A
K, K 98.9%.

£2 MPETRRE ZSM-5 HRERFH RN RE
Table 2 Reaction conditions and relative crystallinity for various

ZSM-5 samples prepared by the two-step method

Synthesis time (h) Relative crystallinity

Sample®

at 190 °C at 150 °C (%)
Cl1 2 18 90.4
C2 2 22 98.7
C3 2 26 99.0
Dl 4 14 93.2
D2 4 18 98.5
D3 4 22 99.1
El 8 10 90.8
E2 8 12 97.9
E3 8 16 98.9
*SAR = 40.

4 A [E] A A I TE] TS ZSM-5 A il i) XRD
WL AT DA W, SR B RIS I = A A R
HAT MFI 450, A MIT 45 M. KB5S hix st
i) SEM U, T LA Y, il T AL 2 b, IR 4
b 22 h FrASAE AL C2 IR K /N 5 — 281k 150 °C
At 48 h BRAFHORE S B3 0. AT WA k] KR
G R TR YR A AL 4 h, IR &1L 18 h
FE i D2 JORE WY 29500, (H LA R L%, SEM I
BN R 2 TR) (R TR B4 e TS b 8 h, R
b 12 h, B 5 E2 AR A2 /N Ok [ 2R 44 an SR A
B2 G HUR MORE AR IS, N JURE [ 58 AR AR 25 5 Ui 1 3
JEG B, B (1 32 R A 43 WO 1) — 0 4 Wk, AR
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Fig. 4. XRD patterns of the ZSM-5 samples by the two-step method.
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ARLF-, N SEM R F AR AT DL H 3R 55 A /N i kr
AT T pm, TR B L 2L AN ROK B0k e T

P SR, I R KN AR R . 5 Kim 5524
NFFH P20 45 B ZSM-5 347 A LG, A SC T 25
HAT N — R, IX S RO & N T Nap,O
TR NIMPTEC B I R T A O 2 ) A R,
1M AE Ja IR b R, IR Z A R T8
JC/IN AR, IX 5 P B N RIORE 4 T AL

7 ASTRIRE il 1R NG W B - ot B o e, = ) e
A BNFE S BT AR AL. 3R 3 B T eEaTm
ZUR PRI A HEF e, FE G D2 H AR LR T AR R
i, I8 ) 367 m¥/g, WKL AR RN 63 mPg; i
FE il C2 F1 E2 1 Ll 2 1 AR R A1 L 38 1 AR #4711
D2. Y eyl A% B[R], T i A% e K20,
SE T E IR R 2, BT 2 i 45 5 B Wb AT, I S o
A0 ST A K ) B T, AT 3 350 A 2% 5 WO 5%
MK KR R R, i 3R 2 Fros, Al A% 2 h,
IR 77 db Ak 26 h, B 117 B Az T FE R E R /D, FiT A
Jii S B ) PR ARG ot A 2 B0 A RORE Al K5 >4 v Ui
B ERR K, BT iz 2 B o @Kok, BH
B v 5 i P, AP ) K B A K R RO, v U
% 8 h, HLARAG ML S AL L5 16 h, {H B T3 1 4 A% &5

B 5 HHEAK ZSM-5 #5mA SEM BH
Fig. 5. SEM images of ZSM-5 samples.
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Fig. 6. Particle size distributions of the ZSM-5 samples.
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Fig. 7. N, adsorption-desorption isotherms of different ZSM-5 samples.

%3 A[E ZSM-5 ¥ R EI M1 R

Table 3 The textural properties of various ZSM-5 samples

BET surface ~ Micropore Micropore  External sur-
Sample ) 5 ) B
area (m”/g) volume (m’/g) area (m’/g) face area (m’/g)
B3 307 0.12 258 49
C2 314 0.12 266 48
D2 367 0.13 304 63
E2 335 0.13 277 58

i JE m, HOS KR, BRI JE WG A B8 25 5 A K
LR TURE i A 22 2 B % B 0 Y, X R A
TH FE 1R 7 7 AR BOIURE AN S AR K I A, H I o
mn AR A TGRSR IR 25 A1 8 25 5 T G 3. IR, C2
AE2 AR AR L D2 1)/,
23 BWLEE—TEEHM ZSM-5 #HA B 1%

8 Sy — B ik M D vk A BBk 44 1) NH3-TPD
P O G B U I U (220 °C Ze AT ) A e i
(430 °C Ze A7) It B g 43 50 %o . 3k A0 1) 56 R 1 55
P, EH P T D, RV A TR RORE D N L 2 1 AR A

2
a A3
[}
i3]
=]
o
D2

100 200 300 400 500 600 700
Temperature (°C)

8 [ ZSM-5 #&mHEJ NHs-TPD %
Fig. 8. NH;-TPD profiles of different ZSM-5 samples.
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It Bronsted PR F1 Lewis M8 4. /& vl WL, BT 45k
FFERL 1) Lewis B2 {7 1R /b, 3= B L) Bronsted FR {7 b
T, WU AR A S g5 BT LD
A L A RE SR S D VR AR [ X Bl
KA 28 AR ZSM-5 i A HAT AR B 1) b Ak 3 i 55t

3
=]
3
5 D2
<
A3
L 1 L 1 L 1 L 1 L 1 L
1700 1650 1600 1550 1500 1450 1400
Wavenumber (cm™)
B9 A[E ZSM-5 # Bl IR B ALt 0 21 5 Sfe i
Fig. 9. FT-IR adsorption spectra of different ZSM-5 samples at
200 °C.
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PP E, AR TR 4 AF T, 3d s 42 o van v e A% I
F), T A BT LA /N JURE [ 58 k. B o 35 A
ok, PR AR ZSM-5 ik A 11 L 3 i BRI 47 2 i
HAT BB IN. KH R RE A B, W B I A ) N R
ZSM-5 WA IR B 5 — B I 20 A K, u B Al
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Zeolites have been widely used in the chemical industry as
solid acid heterogeneous catalysts especially in oil refining
and petrochemistry because of their unique catalytic activity
and shape selectivity [1]. For example, zeolite ZSM-5 acts as
an additive catalyst and improves the yield of light alkenes
along with the suppression of undesirable products such as
methane in the fluidized catalytic cracking (FCC) process
[2].

Since the synthesis of zeolite ZSM-5 was first reported by
Mobil in 1972 [3], the synthesis of zeolite ZSM-5 by the
hydrothermal method with an organic template [4—12] has
been widely reported. Highly crystalline ZSM-5 has been
synthesized easily by a hydrothermal method using a mixture
containing silica sol, sodium aluminate, and sodium hy-
droxide together with organic template cations such as TPA"
and TEA". To obtain a narrow and uniform crystal distribu-
tion, abundant amounts of TPA" and water are used and this
suppresses the crystallization rate. Despite the excellent
template effect of TPA" cations they cause many adverse
problems such as high production cost, organic species
contained in the channel system because of incomplete de-
composition, and environment problems from the thermal
decomposition of organic species.

Therefore, the synthesis of zeolite ZSM-5 without a tem-
plate is a hot topic in the study of the zeolite synthesis
[13-21]. ZSM-5 has been synthesized successfully using
ethanol and ammonia instead of TPA" [22], however, its
crystallite size was found to be relatively large and its crys-
tallinity was relatively low. For the synthesis of zeolite
ZSM-5 in the absence of a template, synthetic conditions
such as types of raw material, mother liquid composition,
aging time, and crystallization temperature should be
strictly controlled because the working windows of these
parameters are narrower compared with templated systems.
Grose and Flanigen [13] first reported the synthesis of or-
ganic-free ZSM-5 after 68-72 h of reaction at 200 °C
with/without seed. Shiralkar and Clearfield [23] investigated
the compositional constraints during the synthesis of ZSM-5
at 150-190 °C for 46-220 h in which pure ZSM-5 was ob-
tained using a SiO,/Al,0; ratio between 30 and 60. Kim et
al. [24] reported the effect of molar composition in the tem-
plate-free synthesis of ZSM-5 and found that pure ZSM-5
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could be obtained using a Na,O/Al,O; ratio of 0.06-0.20
and a SiO,/Al,O; ratio of 30-80 at 170 °C. Kalipcilar et al.
[19] investigated the influence of the silica source for a tem-
plate-free synthesis of ZSM-5 and found that more crystal-
line ZSM-5 could be obtained using silica sol than silicic
acid. Kang et al. [18] reported that the concentration of
Na,O should be adjusted with sulfuric acid or sodium sul-
fate on the template-free synthesis of ZSM-5 with sodium
silicate as a silica source and that the concentration of so-
dium sulfate in the synthesis mixture influenced the proper-
ties of the final product.

Small crystals can be acquired by a temperature-varying
two-step method (lower temperature for nucleation and
higher temperature for crystal growth) in templated systems.
For example, Sun et al. [25] synthesized small crystal
Fe-ZSM-5 with a uniform crystallite size of about 300 nm
using this method. Li et al. [26] investigated the linear
growth rate and final yield of silicalite using the two-step
temperature-varying process. The two-step tempera-
ture-varying technique was also applied to the synthesis of a
MEFI type zeolite membrane [27]. Compared with templated
systems it is obvious that it takes longer to synthesize
ZSM-5 zeolites in the absence of a template because it is
more difficult to form nuclei during nucleation with the
template-free method than the template method. Concerning
the kinetics of crystallization the nucleation and growth
activation energies of the template-free method are much
higher than those of the template method [24,28]. On the
other hand, the nucleation stage at higher temperature leads
to accelerated nucleation and this is followed by the crystal-
lization stage at lower temperature for the control of crystal-
lite size and the size distribution in the absence of a template
with a silica sol as the silica source and this has been re-
ported by Kim et al. [29]. The crystallite size was in the
micron range (1-4 um). There are two benefits to this
method: (1) since nucleation occurs over a long time in the
crystallization process the nucleation time is dramatically
reduced at higher temperature; (2) the crystallite size is easily
controlled at lower temperature on a crystallization stage.

Few studies have been reported on the synthesis of zeo-
lite ZSM-5 in the absence of an organic template without
seed especially with cheap sodium silicate as the silica
source [18]. In this study, we report the synthesis of zeolite
ZSM-5 small particle aggregates using a two-step method in
the absence of an organic template and with sodium silicate
as the silica source in a rotating autoclave on a spit within an
oven. The resulting zeolites were characterized by X-ray
powder diffraction (XRD), scanning electron microscopy
(SEM), ammonia temperature-programmed desorption
(NH;-TPD), and N, adsorption. The effects of crystallization
temperature for the one-step method and the SiO,/Al,04
ratio (SAR) of the stock on the particle size were studied.

The effect of nucleation time for the two-step method on the
final particle size was also studied.

1 Experimental
1.1 Synthesis of zeolite ZSM-5

Sodium silicate (Zhejiang Jiashan Auxiliary Agent Fac-
tory, SiO, 60 wt.%, Na,O 20 wt.%) was used as the silica
source and aluminum sulfate (Al,(SO,4);-18H,0, Shanghai
Meixing) was used as the alumina source for the synthesis of
ZSM-5 without an organic template. A pre-determined
amount of sodium silicate and NaOH (Sinopharm Chemical
Reagent Co. Ltd) were dissolved in deionized water with
stirring in a beaker (I). Sulfuric acid (Quzhou Juhua) and
aluminum sulphate were dissolved in the remaining water in
another beaker (II). The solution in beaker II was added
slowly into beaker I. The molar composition was
18Na,0:1008i0,: xAl,05:12S0,” :4000H,0, x = 1.67, 2,
and 2.5, corresponding to SAR of 60, 50, and 40.

One-step method: The solution was placed in an autoclave
and the autoclave was rotated at 30 r/min in an oven at 190
or 150 °C for different periods of time. After the synthesis
the suspension in the autoclave was quenched.

Two-step method: The solution was placed in an autoclave
and the autoclave was rotated at 30 r/min in an oven at 190
°C for different periods of time. The temperature was then
decreased to 150 °C and kept at this temperature for differ-
ent periods of time. After the synthesis the suspension in the
autoclave was quenched.

After crystallization the synthesized product was centri-
fugated, rinsed with distilled water and dried at 100 °C for 12
h. The sample was transformed into the NH," form by
ion-exchange with an NH4NOj; solution and the wash-
ing-filtration-drying steps were repeated 3 times. The H form
was obtained by calcination at 550 °C for 2 h.

1.2 Characterization of zeolite ZSM-5

XRD analyses (Dmax-RA) were performed using Cu K,
radiation to identify the product phase and to calculate the
crystallinity. The morphology was identified by SEM (Hi-
tachi TM-1000 and FE-SEM Hitachi S-4800). The size dis-
tribution of the particles were measured using laser
light-scattering (LLS, Malvern 2000). Nitrogen adsorption
isotherms were obtained using Micromeritics ASAP 2020
equipment. The extant surface area was obtained by the
t-plot method and the total surface area was obtained by the
BET equation.

NH;-TPD was carried out with a quartz reactor, a TCD
detector and 100 mg of sample at atmospheric pressure. The
system was pretreated at 550 °C for 1 h in a flow of He (40
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ml/min). After cooling to 100 °C, NH; (4%) was introduced
with He (96%) flow until saturation. The sample was purged
in He flow for 1 h to remove physically adsorbed NH;. De-
sorption was then performed under the same He flow at a
ramp of 10 °C/min to 700 °C.

The zeolite sample was dehydrated using an infrared (IR)
cell at 450 °C for 2 h under vacuum. Pyridine was introduced
to the IR cell at 150 °C. Pyridine adsorption IR spectra of the
zeolite catalysts were obtained at ambient temperature using
a Bruker Tensor 27 after desorption at 200 °C.

2 Results and discussion

2.1 Effects of crystallization temperature and the SAR
during the one-step method

The synthesis conditions used to obtain the ZSM-5 prod-
ucts with similar crystallinity in the one-step method is
shown in Table 1. SEM images and the XRD patterns of the
ZSM-5 samples at different crystallization temperatures with
different SAR are shown in Fig. 1 and Fig. 2, respectively. As
shown in Fig. 1, all the samples were highly crystalline with
a typical zeolite ZSM-5 structure. As shown in Table 1, it is
obvious that more time was required to obtain equivalent
crystallinity using the same crystallization temperature at a
higher SAR ratio. This means that an increase in the Al
content reduced the crystallization rate. As shown in Table 1,
a shorter crystallization time was required to obtain high
crystallinity with the higher reaction temperature. The sam-
ple with a SAR value of 60 required 16 h to become highly
crystalline at a reaction temperature of 190 °C while it re-
quired 34 h to become highly crystalline at a reaction tem-
perature of 150 °C. From the SEM images, the higher crys-
tallization temperature led to larger crystals. The nuclei grew
rapidly at the higher crystallization temperature. For the
sample with a SAR of 60 the crystallite size was about
2.0-6.0 pm at a reaction temperature of 190 °C while the
crystallite size was about 1.0-4.0 um at a reaction tempera-
ture of 150 °C. Reducing the SAR led to a smaller crystallite
size. For the sample with a SAR of 40 the crystallite size was
about 0.5-3.0 pum at a reaction temperature of 190 °C.
Therefore, the crystallization temperature and SAR should
be as low as possible to obtain small crystals. The crystal-
linity of the sample (SAR=40) obtained at the crystallization
time of 36, 48, and 72 h was 75.0%, 80.2%, and 85.0%,
respectively. And it was difficult to achieve 100% crystal-
linity under these conditions.

2.2 Effects of crystallization time for each step in the
two-step method

To reduce the crystallization time and to obtain ZSM-5

zeolites with small particles a two-step method was adopted:
a higher temperature (190 °C) for nucleation followed by a
lower temperature (150 °C) for crystallization. The first step
at higher temperature was carried out to accelerate nucleation
and the second step at lower temperature was carried out to
control the crystallite size at a low crystallization rate. XRD
patterns for the zeolites with different nucleation times at the
higher temperature (190 °C) are shown in Fig. 3. No de-
tectable zeolite ZSM-5 peak was observed after a reaction
time of 2 h. Some small peaks were present for the sample
synthesized after a nucleation time of 4 h. Some significant
zeolite ZSM-5 peaks were observed at a nucleation time of 8
h. The crystallinity of various samples that were prepared
over different crystallization times at 150 °C and different
nucleation times (2, 4, and 8 h) at 190 °C is shown in Table 2
(the crystallinity of sample A1 was used as a standard). When
a shorter time is used at higher temperature a longer crystal-
lization time is required at lower temperature to obtain a
highly crystalline compound. The sample that was nucleated
at 190 °C over 2 h was 90.4% crystalline when crystallized at
150 °C over 18 h. Its crystallinity increased to 98.7% after a
crystallization time of 22 h and it did not increase signifi-
cantly upon prolonging the crystallization time to 26 h. For
the sample nucleated at 190 °C over 8 h the crystallinity
reached 90.8% when crystallized at 150 °C over 10 h. It
reached 97.9% upon prolonging the crystallization time to 12
h and 98.9% upon prolonging the crystallization time to 16 h.

Samples C2-E2 with high crystallinity and short crystal-
lization time that were nucleated at 190 °C over 2,4, and 8 h
and then crystallized at 150 °C over 22, 18, and 12 h were
characterized using various techniques. From their XRD
patterns (Fig. 4) the C2—-E2 samples were highly crystalline
and had a MFTI structure. From SEM images (Fig. 5) the
particle size of sample C2 (190 °C 2 h, 150°C 22 h) is similar
to that of sample B3 (150 °C 48 h). The crystallization time
was shortened from 48 h for the one-step method to 24 h for
the two-step method. The particle size of sample D2 (190 °C
4 h, 150 °C 18 h) decreased substantially. The boundary
between the particles could not be clearly observed by SEM.
The particles of sample E2 (190 °C 8 h, 150°C 12 h) just like
sample D2 were small aggregates. It should be mentioned
that the abundant aggregation observed in these samples
made it difficult to evaluate the dominant population of the
particles by DLS. Since the particle aggregates easily caused
sediment to form at the bottom of the DLS cell during
measurement, DLS just gave information about the particles
floating in the suspension. Since the aggregates did not easily
deposit at the bottom of the cell with ultrasonic treatment the
data measured by LLS is relatively accurate. Therefore, LLS
with ultrasonic treatment was employed to measure the par-
ticle size distribution of our samples. It is clear from Fig. 6
that our samples have a broad size distribution. The size of
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the aggregates ranged from 1 pm to 10 pm. Particles smaller
than 1 pm are thought to be primary particles. Particles larger
than 10 pm are particle aggregates. The aggregates are of
different size because they consist of a different number of
primary particles. Compared with the ZSM-5 zeolite re-
ported by Kim [24] the primary particle size was found to be
smaller in this study because the Na,O concentration of the
reaction liquid was higher. The increased alkalinity benefits
the formation of nuclei. The increased nuclei benefit the
growth of small particles at the lower temperature crystalli-
zation stage. This is similar to the synthesis of small particles
using the seeded method.

The N, adsorption-desorption isotherms of the various
ZSM-5 samples shown in Fig. 7 indicate that these samples
are pure micropore materials. The textural properties of the
various ZSM-5 samples are shown in Table 3. A BET cal-
culation shows that sample D2 (190 °C 4 h, 150°C 18 h) had
the highest specific surface area (367 mz/g) and external
surface area (63 m”/g). The specific surface area and external
surface area of samples C2 and E2 are smaller than that of
sample D2. When the time duration at the higher temperature
was too short not enough nuclei formed and most of the
synthesis solution was amorphous. In this case, to obtain a
highly crystalline product a longer crystallization time is
required for the lower temperature crystallization stage. The
formed nuclei were easily sustained and grew into large
crystals. As shown in Table 2 the sample was composed of
larger crystals because the formation of nuclei consumed less
solution species and the nuclei thus grew into larger particles
when nucleated at 190 °C over 2 h and upon crystallization at
150 °C over 26 h. When exposed to a higher temperature for
too long the formed nuclei grew into large nuclei. The large
nuclei had significant crystallinity and tended to grow into
large crystals. For example, the sample nucleated at 190 °C
over 8 h and crystallized at 150 °C over 16 h consisted of
larger crystals because the large nuclei that formed at 190 °C
over the longer time easily grew into large particles. When an
appropriate amount of nuclei were generated the formed
nuclei grew into small particles and consumed the solution
species. The small particles then stuck together to form ag-
gregates in the absence of an organic template. Therefore, the
external surface areas of samples C2 and E2 are smaller than
that of sample D2.

2.3 Acidity characterization of the samples prepared by
the two-step method and the one-step method

Figure 8 shows the NH;-TPD profile of the samples syn-
thesized by the two-step method and the one-step method.
Two NH; desorption peaks are present. The NH; desorption
peak at ~220 °C is associated with weak acid sites and the
other peak at higher than 430 °C is associated with strong
acid sites. The two ZSM-5 zeolites D2 and A3 with differ-
ent crystallite sizes and different specific surface areas gave
almost the same NH;-TPD profiles. These two zeolites,
therefore, had almost the same number of acid sites. The
pyridine adsorption results on the samples synthesized by
the two-step method and the one-step method are shown in
Fig. 9. Basic pyridine adsorbed on the Bronsted acid sites
(as a pyridinium ion) resulted in bands at 1550 and 1450
cm ' came from pyridine coordinated with the Lewis acid
sites. It is clear that the sample that was synthesized by the
two-step method mainly had Bronsted acid sites and only a
few Lewis acid sites indicating that Al atom was incorpo-
rated into the framework of the zeolite. The small ZSM-5
zeolite particles have great potential for industrial applica-
tions.

3 Conclusions

The effects of the crystallization temperature on the
one-step synthesis and the SiO,/Al,O; ratio (SAR) of the
mother liquid on particle size were studied. Zeolite ZSM-5
small particle aggregates were synthesized in the absence of
a template by controlling the nucleation time at a higher
temperature using a simple two-step method. The specific
surface area and the external surface area increased as the
particle size decreased. Compared with the micron-sized
zeolite crystals synthesized by the one-step method the zeo-
lite ZSM-5 small particle aggregates prepared by the
two-step method had an equivalent amount of acid sites
indicating that the Al atoms were incorporated into the
framework of the zeolite. The synthesis time is thus reduced
significantly.

Full-text paper available online at Elsevier ScienceDirect
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