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Abstract

Hierarchical (micro/mesopore) ZSM-5 zeolites were hydrothermally synthesized with enhancing micromixing of the high viscosity
reaction system in a rotating packed bed (RPB). Herein, the effects of four operating processes with different micromixing
intensity on nucleation/crystal growth process as well as properties of ZSM-5 zeolites were investigated. Results indicated that
enhancing micromixing by RPB in the zeolite synthesis could facilitate the formation of Al sites and shorten the nucleation
and crystallization period. ZSM-5 samples prepared by the RPB premix process exhibit hierarchical structure, smaller average
particle size, more uniform particle size distributions, larger specific surface areas, higher catalytic stability as well as more
Brønsted and Lewis acid sites. While adopting the prepared ZSM-5 zeolites with RPB premix for catalyzing C4-olefin cracking
reaction, the conversion of C4-olefin and yield of propylene were higher than that obtained by traditional stirring tank reactor
premix.
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ABSTRACT

Hierarchical (micro/mesopore) ZSM-5 zeolites were hydrothermally synthesized with enhancing micromixing
of the high viscosity reaction system in a rotating packed bed (RPB). Herein, the effects of four operating
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processes with different micromixing intensity on nucleation/crystal growth process as well as properties
of ZSM-5 zeolites were investigated. Results indicated that enhancing micromixing by RPB in the zeolite
synthesis could facilitate the formation of Al sites and shorten the nucleation and crystallization period.
ZSM-5 samples prepared by the RPB premix process exhibit hierarchical structure, smaller average particle
size, more uniform particle size distributions, larger specific surface areas, higher catalytic stability as well
as more Brønsted and Lewis acid sites. While adopting the prepared ZSM-5 zeolites with RPB premix for
catalyzing C4-olefin cracking reaction, the conversion of C4-olefin and yield of propylene were higher than
that obtained by traditional stirring tank reactor premix.

KEYWORDS: ZSM-5 zeolites, Rotating packed bed, Nucleation/crystal growth mechanism, Al sites, C4-
olefin cracking reaction

1 Introduction

ZSM-5 zeolites with excellent catalytic performance have been widely applied in the petrochemical industry
as shape-selective catalysts [1-4], such as methanol-to-aromatics reaction [5], methanol-to-olefins reaction [6],
fluid catalytic cracking reaction [7], deep desulfurization [8] and so on. While their morphological, textural
and acidic properties often affect catalytic performance, it remains a research focus to control the physical
and chemical properties of zeolites.

In an attempt to improve the performance of zeolites, two routes have been proposed: (1) Tailoring acid
sites in zeolites [9]. Various approaches have been developed to improve acid sites of zeolites including dealu-
miumazation [10,11], SiO2deposition [12], the load of superacid [13], and so on. Dealuminization of zeolites
prompts the aluminum species in the lattice to migrate out with high-temperature treatment, resulting in a
transformation from framework aluminum to extra-framework aluminum. The formation of extra-framework
aluminum is beneficial to increasing acid amount of Lewis acidity, and consequently, enhancing the synergi-
stic effect of Brønsted and Lewis acidity [11]. The vapor deposition of SiO2 could facilitate the formation of
framework aluminum in zeolites, resulting in an increase of the Brønsted acidity [12]. The load of superacid
enhances both Brønsted acidity and Lewis acidity of zeolites [13]. However, the secondary high-temperature
and acid treatment in the above processes often destroyed the pore structure and hydrothermal stability
of zeolites [14]. (2) Decreasing particle sizes and donating mesopores or macropores to zeolites by adding
templates in the reaction system or enhancing micromixing during the hydrothermal synthesis process [15].
Kim et al. [16] have prepared nanosized ZSM-5 zeolites with particle sizes in the range of 12-100 nm via
confined-space synthesis using colloid-imprinted carbons as templates. Narayanan et al. [17] have synthesized
microporous ZSM-5 zeolites with an average size of 340 nm by using nonionic surfactants (Triton X-100),
and Dong et al. [18] have prepared large macropores (average pore-diameter: 1.5 μm) zeolite monoliths by
the transformation of mesoporous silica spheres. On the other hand, enhancing micromixing in the nucle-
ation/crystal growth period was reported to be a useful method for the fast synthesis of hierarchical zeolites
[19]. During the nucleation process of zeolites, the uniformity of various reaction species affects the assembly
of structural units, resulting in the differences of the size, amount, and composition of the crystal nucleus.
According to the Ostwald ripening growth mechanism, a large crystal nucleus will grow up based on the
disappearance of the small crystal nucleus. Thus, the morphological, textural, and acidic properties of the
final crystal are closely related to the uniformity of the initial crystal nucleus.

In the traditional stirring tank reactor (STR), it’s difficult to obtain a homogeneous nucleation environ-
ment and uniformity of initial crystal nucleus [20], particularly in high viscosities and large solution-volume
systems [21, 22]. A rotating packed bed (RPB) as an efficient process intensification device can provide a
high-gravity environment with considerable shear force, leading to the excellent micromixing effect [23-26].
During the ZSM-5 synthesis process, RPB can create reaction precursors with uniform concentration and su-
persaturation, resulting in uniform nucleation and consequently the acceleration of crystallization of zeolites
[19]. Also, enhancing micromixing to improve acid strength and acid quantity by controlling Al contents
during the nucleation/growth process of zeolite has not been extensively studied [27].

In this study, four operating processes, including RPB premix - dynamic crystallization, RPB premix - static

2
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crystallization, STR premix - dynamic crystallization, and STR premix - static crystallization, were carried
out to investigate the effects of enhancing micromixing in the zeolite synthetic pathway on nucleation/crystal
growth process and material properties of ZSM-5 zeolites. The nucleation/crystal growth mechanism of
ZSM-5 zeolites was studied based on experimental data characterized by Fourier transform infrared (FTIR)
spectrophotometry and powder X-ray diffraction (XRD). And the catalytic cracking reaction of C4 olefins
was adopted for evaluating the catalytic performance of the prepared ZSM-5 zeolites obtained by different
operating processes.

2 Materials and methods

2.1 Chemicals

Aluminum sulfate octadecahydrate (Al2(SO4)3.18H2O), silica sol (40 wt% aqueous solution) and sodium
chloride (NaCl) were purchased from Aladdin Co., Ltd. Tetrapropylammonium hydroxide (TPAOH, 25
wt% aqueous solution) was purchased from Innochem Co., Ltd. C4-olefin was provided from Shanghai
Petrochemical Company.

2.2 Catalyst preparation

Four operating processes for the synthesis of ZSM-5 zeolites, including RPB premix - static crystallization,
RPB premix - dynamic crystallization, STR premix - static crystallization, and STR premix - dynamic
crystallization, are schematically showed in Fig. 1.

3
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Fig. 1. Schematic diagram of four operating processes for synthesizing ZSM-5 zeolites: a) RPB premix -
static crystallization, b) RPB premix - dynamic crystallization, c) STR premix - static crystallization and
d) STR premix - dynamic crystallization

To start a synthesis, a certain amount of chemicals (silica sol (40 wt% aqueous solution), Al2(SO4)3.18H2O,
TPAOH (25 wt% aqueous solution), NaCl, H2O) were measured following a molar ratio of 200SiO2: Al2O3:
80TPAOH: 30NaCl: 4500H2O. Two sources, including (A) silica source prepared by silica sol, and (B)
aluminum source prepared by Al2(SO4)3.18H2O, NaCl, water and TPAOH, were prepared respectively at
room temperature under vigorous stirring for 0.5 h to obtain a homogeneous solution. In an RPB premixing
process, the above two sources were pumped into RPB via two flow meters, respectively. And then the
initial gel was cycled by a peristaltic pump for 30 min, operating with a circulation rate of 540 mL·min-1

and a rotation speed of 1000 rpm. While in an STR premixing process, the silica source was slowly added
dropwise into the aluminum source at a rotation speed of 1000 rpm for 1 h. The as-obtained gel was then
poured into 100 mL Teflon-lined autoclave for traditional static crystallization and 500 mL STR for dynamic

4
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crystallization, respectively. In the hydrothermal crystallization process, static crystallization was carried
out at 130 for 24 h, and dynamic crystallization was at 130 for 16 h with a stirring speed of 1000 rpm in
the STR. After these processes, as-obtained samples were washed with deionized water and centrifuged at
6000 rpm for 5 min with repeating four times, followed by drying at 110 degC for 12 h and calcining at 550
degC for 3.5 h to remove the template. Finally, samples were converted to proton form by refluxing twice
in 1.0 M NH4NO3 (5.0 g solid per 200 mL solution) for 4 h, followed by drying at 110 degC for 12 h and
calcining at 550 degC for 3.5 h. The resulting samples are denoted as ZSM-5 samples.

2.3 Nucleation/crystal growth mechanism of zeolite ZSM-5 studies

During the premix and crystallization processes, small aliquots of the reaction solution were taken in different
time for analysis to explore the effects of enhancing micromixing on the nucleation/crystal growth process
of ZSM-5 zeolites. The aliquot was washed with deionized water and centrifuged at 6000 rpm for 5 min until
the pH was below 9, followed by drying at room temperature. After drying, the aliquots were analyzed by
FTIR and XRD to study the nucleation/crystal growth mechanism of ZSM-5 zeolites. These measurements
were repeated three times.

2.4 Characterization

XRD patterns of the ZSM-5 zeolites and its reaction intermediates were recorded on an XRD-6000 diffrac-
tometer (Shimadzu Inc.) using CuK a radiation (40 kV, 40 mA), in the 2θ range from 5° to 90°, with a step
size of 0.02° and a counting time of 10 s per step. The elemental composition (Si/Al ratio) of the sample was
determined by XRF spectrometer (Rigaku). Morphology and particle size of ZSM-5 zeolites were observed
by scanning electron microscopy (SEM, Tescan). FTIR spectroscopic analyses were carried out with pressing
potassium bromide troche (in a mass ratio of 1/100) on a Nicolet 6700 spectrometer (Nicolet Instrument Co.,
USA) in the wavenumber range of 4000–400 cm-1. The textural properties of the sample were characterized
on a Quantachrome surface area analyzer. The pore size distributions were calculated by Barrett-Joyner-
Halenda method from the desorption branch of the isotherm. The surface elemental composition (Si/Al
ratio) was tested using X-ray photoelectron spectroscopy (XPS; Kratos AXIS SUPRA, Shimadzu) equipped
with an Al K α excitation source. NH3 temperature-programmed desorption (TPD) experiments were con-
ducted on a chemisorption AutoChem II 2920 analyzer with a thermal conductivity detector (TCD) for
analyzing surface acid properties. 100 mg of the sample was pretreated under Helium at 550°C for 1 h and
then saturated with a flow mixed with 10% ammonia and 90% He at 100 °C for 80 min. Afterward, the
sample was kept in He flow for 30 min to remove physically adsorbed ammonia, followed by heating to 600
°C at a rate of 10 °C /min in He (30 mL/min). The amount of Brønsted and Lewis acid of the sample was
measured by Pyridine-adsorbed FT-IR spectra using Nicolet Model 710 instrument. The sample was treated
under vacuum at 350 °C for 1 h and then cooled to 150 °C. After that, the sample was maintained in the
pyridine vapor at 150 °C for 2 h. Before analysis by FTIR, the test system was evacuated for another 1 h to
remove physically adsorbed pyridine. The FT-IR spectra of the saturated sample were recorded from 40 to
350 °C under vacuum for 1 h, respectively.

2.5 Catalytic test

The catalyzing C4-olefin cracking reaction was carried out to test the catalytic activities of ZSM-5 samples in
a stainless catalytic reactor. C4-olefin was used as the reactant without further purification. The cracking of
the C4-olefin test was carried out in a continuous flow fixed-bed system with a stainless steel tubular reactor
(Φ10 mm × 530 mm) equipped with a laboratory-scale piston pump for C4-olefin input. The reaction was
conducted at 823 K under a total pressure of 0.1 MPa. Before the experiments, the catalyst was in situ
heated at a ramp rate of 5 K min-1 to the reaction temperature in N2 flow (100 ml min-1) and maintained
at this temperature for 2 h. The output products were analyzed online on an HP 6890 gas chromatograph
equipped with a flame ionization detector (FID).
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3. Results and discussion

3.1 Nucleation/crystal growth mechanism of ZSM-5 zeolites

The nucleation/crystal growth mechanism is significant for the controllable synthesis of ZSM-5 zeolites.
The characterization methods with high sensitivity to the amorphous matrix and crystalline species are
necessary for the mechanism study [28]. FTIR spectroscopy is often employed to observe the short-range
order structures of crystals, and IR vibrations of the structural units of zeolites are intense in the nucleation
process [29]. XRD analysis is usually used to study the long-range order structures of crystals, which
is beneficial to studying the growth process of zeolites [30]. Fig. 2 displays the FTIR spectra of solid
aliquots drawn off the reaction mixture at t = 0.5 h (after RPB premix) and t = 1.5-8.5 h (under dynamic
crystallization at 130 ).

Fig. 2. FTIR spectra of the solid aliquots from a series of experiments at different intervals.

The aliquots prepared for 0.5-8.5 h show broad absorption bands in the range of 400-1200 cm-1, which are
associated with amorphous sodium aluminosilicate gels [31]. Structure sensitive vibrations of aliquots with
obvious change occurs near 530-560 and 710 cm-1. The band at 530-560 cm-1 is indicative for D5 ring units,
which is typical of dominating secondary structural units in the MFI-type structure [29,32,33]. This weak
broad band appears after the 0.5 h RPB premix process. After 1.5 h dynamic hydrothermal treatment,
this band becomes sharper with the crystallization time prolonged, indicating the occurrence of the zeolite
nucleus [31, 34]. Moreover, the gradual redshift of this peak position indicates that the SiO4 tetrahedra in
the D5 ring unit are substituted continuously by AlO4tetrahedra [35,36], which leads to the formation of
Si-OH-Al, corresponding to Brønsted acid sites [37]. The band at 710 cm-1 is indicative for T-OH bending
vibrations (T = Si/Al), which represents the occurrence of hydrolysis reaction between Si4+ and Al3+ [28]
and the formation of TO4 tetrahedral assembled into zeolite skeleton [38]. This band has occurred at 0.5
h, indicating the hydrolysis reaction has taken place in the RPB premix process at room temperature. The
gradual disappearance of the 710 cm-1peak is consistent with an increase in the intensity of the 530-560 cm-1

band, suggesting that the amount of framework atoms connected by oxygen bridges increases constantly.

6
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This indicates the amorphous gels have transformed gradually into zeolite crystals [39].

Fig. 3. XRD patterns of solid aliquots obtained by (A) RPB and (B) STR premix at different intervals.

Fig. 3A shows the XRD patterns of solid aliquots obtained by 30 min RPB premix and dynamic crystallization
at different intervals. X-ray detection limit has no impact on the analysis result [28-30]. The first crystalline
phase with the crystallinity of 30% was detected at 5.5 h, and the crystallinity is 50% after 6.5 h, indicating
that the crystallization of the amorphous gel into long-range order zeolite skeleton has occurred at 5.5 h of
hydrothermal treatment.

Fig. 4. FTIR spectra of the solid aliquots obtained by (A) RPB and (B) STR premix at different intervals.

To investigate the effect of enhancing micromixing in the zeolite synthetic pathway on the nucleation/crystal
growth process, the gel was pretreated by STR for 30 min as a comparison. As shown in Fig. 4, the D5
ring and T-OH structural units’ band pretreated by RPB usually occurred earlier than those by STR. This
indicates the enhancement of micromixing during the premix process accelerated the nucleation process of
zeolites. XRD results (Fig. 3) further confirm that the crystallization process has been speeded up via RPB
premix, accompanied by the growth of the nucleus [29]. The reason is that the water phase (aluminum
source), containing a large amount of OH- and TPA+, was mixed thoroughly with the gel phase (silica
source) by intensifying micromixing. The water phase provides a high pH environment for the hydrolysis
of aluminosilicate and abundant structure-directing agents (TPA+) for assembly of structural units [40,41].
The better micromixing of two phases in the RPB facilitates the faster polycondensation of structural units,
resulting in the acceleration of nucleation and crystal growth of zeolites.

7
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3.2 Characterization of the ZSM-5 samples

Fig. 5. XRD patterns of four ZSM-5 samples obtained by different operating processes.

Fig. 5 presents XRD patterns of ZSM-5 samples obtained by RPB premix - static crystallization (ZSM-5-
RS), RPB premix - dynamic crystallization (ZSM-5-RD), STR premix - static crystallization (ZSM-5-SS)
and STR premix - dynamic crystallization (ZSM-5-SD). All the obtained samples are assigned to highly
crystallized ZSM-5 corresponding to the typical MFI topology. Independently of micromixing intensity, the
crystal form and growth face of ZSM-5 samples have no obvious differences in the four operating routes
mentioned above, indicating the crystal form and growth face main determined by reaction temperature
rather than micromixing effect.

The morphological properties of four ZSM-5 samples are shown in Fig. 6. All ZSM-5 samples exhibited
spherical morphologies but the particle size distributions were not consistent. The ZSM-5 samples pretreated
by RPB premix displayed narrower particle size distributions and smaller average particle sizes compared
with those by STR premix, indicating that the uniform distribution of structural units and TPA+ could
facilitate the increase of nucleation sites. The number of structural units and TPA+ are certain in the whole
reaction system, the more crystal nucleus assembled by structural units, the fewer remaining structural
units for crystal growth, resulting in the decrease of final particle sizes. Moreover, under the same premixing
process, dynamic crystallization results in narrower particle size distributions of ZSM-5 samples with less
crystallization time because of the uniform growth of zeolites in a relatively homogeneous crystallization
environment. ZSM-5-RD showed the narrowest size distribution ranging from 160 to 400 nm with an average
size of 290 nm.

8



P
os

te
d

on
A

u
th

or
ea

26
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

31
85

40
.0

04
90

19
0

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

9



P
os

te
d

on
A

u
th

or
ea

26
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

31
85

40
.0

04
90

19
0

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

10



P
os

te
d

on
A

u
th

or
ea

26
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

31
85

40
.0

04
90

19
0

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Fig. 6. SEM images and particle size distributions of (a) ZSM-5-RD, (b) ZSM-5-RS, (c) ZSM-5-SD, (d)
ZSM-5-SS.

The textural properties of four ZSM-5 samples are summarized in Table 1. The N2 adsorption-desorption
isotherms of ZSM-5 samples obtained via RPB premix differ from those by STR (Fig. 7). Besides the
steep uptake below P/P 0 = 0.02 in the isotherms of all samples (indicating uniform microporous in ZSM-5
zeolites), there is an H4 hysteresis loop of the ZSM-5 samples obtained via RPB premix when P/P 0 is 0.45,
which indicates the presence of slit-shaped mesoporous structures [42]. The textural properties in Table
1 reveal that the surface areas and pore volumes of ZSM-5 samples obtained via RPB premix are higher
than those via STR premix. And the mesoporous characters are generated accompanied by the decrease of
microporous structures [43].
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Fig. 7 N2 adsorption and desorption isotherms of four ZSM-5 samples obtained by different operating
processes.

Table 1. Textural properties of four ZSM-5 samples obtained by different operating processes.

sample SBET/m2 g-1 V t/cm3 g-1 Vmic/cm3 g-1

ZSM-5-RD 520.9 0.26 0.13
ZSM-5-RS 517.3 0.25 0.15
ZSM-5-SD 463.3 0.23 0.21
ZSM-5-SS 461.2 0.23 0.22

Fig. 8 shows the pore size distribution curves calculated by Barrett-Joyner-Halenda (BJH) method. The
hierarchical structure of the ZSM-5 samples obtained via RPB premix can be observed. Furthermore, the
average pore size of ZSM5-RD is larger than that of ZSM5-RS, and an increase of cumulative pore volume
in the diameter range of 4.5-8.0 nm is presented for the former sample. In contrast, ZSM5-SS and ZSM5-SD
exhibit fewer mesopores than ZSM5-RS and ZSM5-RD, indicating that the textural properties of ZSM-5
samples are greatly affected by the micromixing intensity in the nucleation process.
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Fig. 8. BJH pore size distributions of four ZSM-5 samples obtained by different operating processes.

Surface- and bulk- chemical compositions of ZSM-5 were measured by XPS and XRF respectively, which are
displayed in Table 2. Both on surfaces and in bulk phases, the Si/Al ratios of ZSM-5 samples obtained via
RPB premix are much lower than those via STR premix, which indicates that the concentration of Al sites
is correlated with the micromixing intensity in the zeolite nucleation period. The significant increase in the
Al content of ZSM-RS/RD indicates that enhancing micromixing by RPB premix plays a quite important
role in the formation of Al sites in the zeolite in the growth process. Besides, the Al contents on surfaces
of ZSM-5 samples are higher than those in bulk phases, which is correspond with the zeolite SAPO-34
reported by Xing et al. [44]. Moreover, with the same premixing process, the products prepared by dynamic
crystallization could impel more Al into the bulk of zeolite ZSM-5 compared with those obtained by static
crystallization, which indicates that intensifying micromixing by dynamic crystallization improves the driving
force of substitution reaction of Al.

Table 2. Chemical composition of ZSM-5 samples analyzed by XRF and XPS.

Sample (Si/Al)gel (Si/Al)XRF (Si/Al)XPS

ZSM-5-RS 200 142 138
ZSM-5-RD 200 138 134

13
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Sample (Si/Al)gel (Si/Al)XRF (Si/Al)XPS

ZSM-5-SS 200 178 167
ZSM-5-SD 200 167 164

The ZSM-5 samples prepared by different synthesis routes have different acid properties. The surface acid
properties of four ZSM-5 samples were investigated by NH3-TPD and pyridine FT-IR experiments. As shown
in Fig. 9, all ZSM-5 samples have two NH3desorption peaks at 186-189 and 387-405 , which correspond to
weak acid sites and strong surface acid sites, respectively [44]. The acid amount and acid strength of samples
are reflected by peak area and peak position of the TPD profile, respectively [45]. As shown in Table 3,
acid amount and strong surface acid strength of ZSM5-RS and ZSM5-RD increase significantly compared
with ZSM5-SS and ZSM5-SD. Moreover, the desorption temperature of ammonia from the strong acid sites
shifted to higher temperatures as inducing RPB in the premix process, which indicates the increase of Al
content in extra-framework positions [34]. In comparison with ZSM5-SS, the acid amount and acid strength
of ZSM5-SD have a slight growth. A possible reason is that the enhancement of micromixing in the STR
affects the acid properties of zeolites in the crystallization process.

Fig. 9. NH3-TPD profiles of four ZSM-5 samples obtained by different operating processes.

Table 3. Quantification of acid sites according to NH3-TPD profiles.

sample peak 1 peak 1 peak 2 peak 2

amounta temp (°C) amount temp (°C)
ZSM-5-RD 0.33 190 0.46 404
ZSM-5-RS 0.33 187 0.41 402
ZSM-5-SD 0.31 185 0.38 392
ZSM-5-SS 0.28 185 0.36 390

aThe unit of the acid amount is mmol g-1.
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The pyridine FT-IR results are shown in Fig. 10, both Brønsted (B) and Lewis (L) acid sites are present on all
ZSM-5 samples’ surface, corresponding to the stretching bands at around 1540 and 1450 cm-1, respectively
[9,46,47]. The peaks near 1490 cm -1 can be attributed to the pyridine species interacting with B and
L acid sites [48]. The ZSM-5 samples prepared via enhancing micromixing no matter in the premixing or
crystallization process exhibit a larger amount of B and L acid sites at 200 (Table 4). For all ZSM-5 samples,
compared to B acid sites, the amount of L acid sites decreases obviously with the increasing temperature
(Table S1), indicating that the strength of L acid sites is weaker than B acid sites [48].

Fig. 10. FT-IR spectra after the adsorption of pyridine followed with desorption of ZSM-5 samples obtained
by different operating processes.

Table 4. Quantification of acid sites according to the FT-IR experiments.

sample Ba(μmol g-1) Lb(μmol g-1)

ZSM-5-RD 24.52 169.11
ZSM-5-RS 19.52 136.97
ZSM-5-SD 16.29 114.60
ZSM-5-SS 9.71 71.75

a Brønsted and b Lewis acid amount at 200 .
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3.3 Catalytic performance

The cracking reaction of C4-olefin (OCC) to propylene in industries is an important application of ZSM-5
zeolites, and the conversion of C4-olefin and yield of propylene mostly depend on zeolites’ acidity, pore
structure and catalytic stability [49]. In this study, we investigated the catalytic performance of four ZSM-
5 samples for the OCC reaction. The conversion of C4-olefin and yield of propylene obtained under the
catalysis of different ZSM-5 samples are shown in Fig. 11. At first, the C4-olefin’s conversion and yield of
propylene under the catalysis by the four ZSM-5 samples had no obvious difference. However, the conversions
of C4-olefin catalyzed by the ZSM-5-SD and ZSM-5-SS decreased faster than those by ZSM-5-RD and ZSM-
5-RS after 16 h. And the conversions of C4-olefin by the ZSM-5-RD, ZSM-5-RS, ZSM-5-SD, and ZSM-5-SS
were 65% 62%, 53% and 53% at 44 h, respectively. Besides, the yield of propylene catalyzed by ZSM-5-RD
and ZSM-5-RS were higher markedly than those catalyzed by ZSM-5-SD and ZSM-5-SS after 30 h. This
indicates that ZSM-5 samples prepared by RPB premix possess more active sites with weak Lewis acidity and
medium-strong Bronsted acidity, less transfer limitation in micropore, and more excellent catalytic stability
than those by STR premix.
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Fig. 11. (a) C4-olefin conversion and (b) propylene yield of four ZSM-5 samples.

Conclusions

In conclusion, this work presented a novel route for the synthesis of ZSM-5 zeolites by using RPB for enhanc-
ing micromixing of high viscosity reaction system in the premix process. The as-prepared ZSM-5 zeolites
by RPB premix exhibited hierarchical structure, smaller average particle size, more uniform particle size
distributions, larger specific surface areas, more Brønsted and Lewis acid sites, and higher catalytic stability
compared with those prepared by STR premix. Moreover, enhancing micromixing by RPB could facilitate
the formation of Al sites and shorten the crystallization time. Also, the mechanisms of the nucleation/crystal
growth process of zeolites under different micromixing intensity were studied. While adopting the prepared
zeolites for catalyzing C4-olefin cracking reaction, zeolites prepared via RPB premix exhibited the remarkab-
ly higher conversion of C4-olefin and yield of propylene. Generally, the RPB premix synthetic routes speeded
up the crystallization rate of zeolites and improved zeolites’ catalytic performance with the advantages of
convenient processing, cost-effectiveness, easy industrial scale-up.
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