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f the size of zeolite B-ZSM-5 based
on seed surface crystallization†

Chengyi Dai,‡a Junjie Li,‡a Anfeng Zhang,a Changhong Nie,a Chunshan Songab

and Xinwen Guo *a

A series of boron-containing ZSM-5 (B-ZSM-5) catalysts with particle sizes from �153 nm to �14.2 mm are

synthesized by regulating the addition of silicalite-1 seeds. The B-ZSM-5 particle size with seed addition (D),

the seed addition amount (x), the seed particle size (d) and the B-ZSM-5 particle size without seed addition

(D0) are related with by the new functionD3 ¼ d3D0
3/[xD0

3 + (1� x)d3], and the particle size of B-ZSM-5 has

been precisely controlled and predicted in both micro (TPABr as template) and nano (TPAOH as template)

synthesis systems. The function also shows the evolution of B-ZSM-5 particle size versus the seed amount

and size, which helps guide the synthetic choice of the seed amount used or decreasing the seed size to

decrease the B-ZSM-5 size for a specific synthesis system. Furthermore, the effect of particle size on the

catalytic performance of B-ZSM-5 for the methanol to propylene (MTP) reaction is also investigated. The

addition of 1 wt% �74 nm seeds to the synthesis system improves the resulting catalyst lifetime from

46 h to 794 h.
1 Introduction

ZSM-5-type zeolites offer tunable acidity, shape selectivity and
hydrothermal stability, leading to their wide use in catalytic
operations,1–4 such as alkylation,5 methane oxidation,6 methane
aromatization,7 environmental catalysis,8–11 Fischer–Tropsch
synthesis12 and methanol to hydrocarbon (MTP,13–15 MTO,16

MTA17 etc.) reactions. However, the narrow channels of the
zeolite inhibit the diffusion of reactants and products, reducing
the activity of the catalyst.18 On the other hand, the prolonged
residence time of the reactants and products in the pores
promote side reactions, leading to the decrease of the catalyst
stability.19 Shortening the length of the zeolite channels is
a method to extend the lifetime of the catalyst.20–26 The size of
ZSM-5 has a signicant inuence on the activity and stability of
the catalyst.27–32

Clear solution crystallization and hard/so template
approaches are the two widely adopted methods for the
synthesis of ZSM-5 zeolites.33,34 However, limited by the
U-DUT Joint Center for Energy Research,

iversity of Technology, Dalian 116024, P.

Fax: +86-411-84986134; Tel: +86-411-

r for Energy Research and Department of

nia State University, University Park,

(ESI) available: N2 adsorption and

3-TPD proles, variations of product
0.1039/c6ra28030g

hemistry 2017
synthesis conditions, the zeolite particle size can only be
adjusted within a small range. Seed-induction synthesis, in
which the crystal sizes could be well controlled by the addition
of seeds, is another well-known method to adjust the particle
size of ZSM-5.35,36 On the other hand, the introduction of
SDA can affect some other properties of zeolites such distri-
bution of aluminium,37 the size of zeolite particles38 and the
ratio between framework and non-framework aluminium,39

which are relevant for their catalytic characteristics. Based
on seed surface crystallization mechanism, N. Ren et al.
proposed a method for facile, rapid, controllable and low-cost
synthesis of ZSM-5 zeolite with submicron-size.40–43 Further-
more, crystal growth kinetics, crystalline yield, and physico-
chemical properties of zeolite nanoparticles as a function of
the seed concentration and synthesis temperature were
addressed by V. Valtchev et al.44 However, most reports focused
on the study of the seed role under a single system. Few
studies have revealed the effect of the synthesis system
on the particle size of ZSM-5 in the presence of seed
crystals.38,39

In this work, a seed-induction approach has been developed
for the micro (TPABr as template) and nano (TPAOH as
template) boron-containing ZSM-5 (B-ZSM-5) synthesis
systems. We establish a unied relationship to precise control
and predict the B-ZSM-5 size given a set amount and size
of the seed, which applied to both micro and nano
synthesis systems. Furthermore, the performance of B-ZSM-5
was related to its size in the catalytic conversion of methanol
to propylene.
RSC Adv., 2017, 7, 37915–37922 | 37915
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2 Experimental
2.1 Materials

The reagents used for the preparation of B-ZSM-5 zeolite
are tetraethyl orthosilicate (TEOS, analytical grade, Xilong
Chemical Co., China), silicon oxide, 30 wt% in H2O colloidal
dispersion (SiO2, Haiyang Chemical Co., China), tetrapropy-
lammonium hydroxide solution, 25 wt% aqueous solution
(TPAOH, Cairui Chemical Co., China), tetrapropylammonium
bromide (TPABr, analytical grade, Letai Chemical Co., China),
aluminum isopropoxide (analytical grade, Tianjin Institute of
Chemical Reagents, China), boric acid (analytical grade, Bodi
Chemical Co., China), and ethylamine, 65 wt% aqueous solu-
tion (EA, Tianjin Guangfu Institute of Fine Chemicals Reagents,
China).

2.2 Synthesis of seeds (silicalite-1 nano crystals) with
different sizes

Seeds with various particle sizes were synthesized with the clear
solution method. Typically, 50 g of TEOS was mixed with 70 g of
TPAOH solution and 30 g of H2O. The molar composition of the
synthesis mixture was 1TEOS : 0.36TPAOH : 19H2O. Aer being
stirred for 12 h at 35 �C, the gel was transferred into a 200 mL
Teon-lined steel autoclave and crystallized for 3 days; the
crystallization temperature was 80, 100 and 120 �C, respectively.
The function of average seed size (d) vs. crystallization
temperature (T) is eqn (1), as shown in Fig. 2. The obtained gel
solution was directly used as the seed without any centrifuga-
tion or washing process.

2.3 Synthesis of B-ZSM-5 in micro (TPABr as template) and
nano (TPAOH as template) synthesis systems

In the micro synthesis system, colloidal silica, boric acid and
aluminum isopropoxide were used as silicon, boron and
aluminum sources, respectively. TPABr was used as the template
and aqueous EA as the base. Molar composition of the gel was
1SiO2 : 0.15TPABr : 0.4B2O3 : 0.0025Al2O3 : 1EA : 17H2O. Typi-
cally, TPABr was dissolved with silica solution and aerwards
with a solution of EA. Themixture was aged at room temperature
for 30 min under mechanical stirring followed by adding
a solution of aluminum isopropoxide and boric acid.

In the nano synthesis system, B-ZSM-5 was obtained
from a clear solution with the composition:
1TEOS : 0.27TPAOH : 0.4B2O3 : 0.0025Al2O3 : 37H2O. Typically, the
mixture of TEOS and TPAOHwas stirred at 35 �C for 3 h followed by
adding a solution of aluminum isopropoxide and boric acid.

Aer mixing the initial reactants, milky-way colloidal
dispersion was obtained in the micro synthesis system, and
clear solution was obtained in the nano synthesis system.45 The
pH of the reaction mixtures in both synthesis system were 13 �
0.2. Then, a certain amount (dened as x) of seed was added to
the mixture. In this work, m represents the total amount (mass)
of silica in the seed, M represents the total amount (mass) of
silica in the reaction mixture including the mass of silica in the
seed, i.e., x¼m/M¼m/(M0 +m), whereM0¼ (M�m) is the total
amount (mass) of silica present in the reaction mixture, before
37916 | RSC Adv., 2017, 7, 37915–37922
addition of seed. The synthesis was performed at 170 �C for 3
days. The product was collected by centrifugation and dried
overnight at 100 �C. Finally, the template was removed by
calcination in static air at 540 �C for 6 h.

2.4 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on
a Rigaku Smart Lab diffractometer, using a nickel-ltered CuKa
X-ray source at a scanning rate of 0.02 over the range between 5�

and 50�. Scanning electron microscopy (SEM) images were ob-
tained on a Hitachi S-5500 instrument with acceleration voltages
of 3 kV and 5 kV. Some samples were sputtered with a thin lm
of gold. The particle size distributions of seed crystals and B-
ZSM-5 products were determined by counting 100 particles in
the SEM images. For irregular spheres, we used the arithmetic
mean of the long and short sides to represent the diameter.
Particles size distribution curves of the products shown in Fig. 6
and 9 were determined with a Zetasizer 1000 laser light-
scattering (LLS) particle size analyzer. N2 isotherms at 77 K
were measured in a Quantachrome QUADRASORB SI gas
adsorption analyzer. Prior to the measurement, the samples
were degassed in vacuum at 300 �C for 10 h. The Brunauer–
Emmett–Teller (BET) method was applied to calculate the total
surface area, while the t-plot method was used to discriminate
between micro- and mesoporosity. In the t-plot, the reported
mesopore surface area (Smeso) consists of contributions from the
outer surface of the particles as well as mesopores and macro-
pores. The elemental analysis of catalysts was conducted on
a Perkin Elmer OPTIMA 2000DV ICP Optical Emission Spec-
trometer. Thermogravimetric analysis (TGA) was performed on
an SDT Q600 (TA Instruments, USA) in the temperature range of
25–800 �C under air at a heating rate of 10 �C min�1. Ammonia
temperature programmed desorption (NH3-TPD) of the sample
was measured by heating the sample from 100 to 720 �C at a rate
of 10 �Cmin�1. Each sample was rst treated at 300 �C in Ar ow
for 1 h, and then cooled to room temperature. The effluent
stream was monitored continuously with a thermal conductivity
detector (TCD) to determine the rate of ammonia desorption.

2.5 Catalytic tests

TheMTP reaction was performed at 500 �C in a xed-bed reactor
under atmospheric pressure. The catalyst loading was 1.0 g (10–
20 mesh) and the WHSV for methanol was 1.0 h�1 with a MeOH/
H2Omolar ratio of 1 : 5. The gas products were analyzed by a gas
chromatograph equipped with a Flame Ionization Detector (FID)
and a HP-PLOTQ capillary column 30 m long. The liquid prod-
ucts were analyzed by a gas chromatograph equipped with a FID
and an INNOWAX capillary column 60 m long.

3 Results and discussions
3.1 Effect of the seed size in micro-B-ZSM-5 synthesis system

Initially, experiments were performed to study the effect of seed
sizes on B-ZSM-5 formation. Silicalite-1 zeolites with different
crystal sizes were used as seeds. Fig. 1 displays SEM images of
silicalite-1 seeds crystallized at 80, 100, and 120 �C, respectively.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of silicalite-1 seeds prepared at different temper-
atures, and particle size distributions of them, (a) 80 �C, (b) 100 �C, (c)
120 �C.

Fig. 3 SEM images of the B-ZSM-5 nanoparticles with different sizes,
(a) B-ZSM-5 zeolite synthesized in the absence of seed, (b–d) the
amount of seed addition was 1% and the seed size was 74, 111 and
141 nm, respectively.
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Based on the results of the measurement of 100 randomly
distributed particles by SEM observations, the particle size
distributions were derived. The average sizes of the seeds are
affected by the crystallization temperature, with seed size nely
adjusted to 74, 111, and 141 nm. The function of average seed
size (d) vs. crystallization temperature (T) is eqn (1), as shown in
Fig. 2.

d ¼ 1.7T � 59 (1)

The XRD patterns show that the seeds are MFI zeolite with
good crystallinity (Fig. S1†).

The B-ZSM-5 zeolite synthesized in the absence of seed had
large crystals of 14.2 mm in diameter (Fig. 3a and S2a†). When 1
wt% seeds were added in the synthesis system, the crystal sizes
of the samples decreased to sub-micrometer and could be well
tuned by adopting seeds with different sizes (Fig. 3b–d). With
74, 111 and 141 nm seed sizes, the average particle sizes of B-
ZSM-5 are 336, 536 and 691 nm, respectively (Fig. S2b–d†).
Fig. 4 shows that the relationship between the sizes of the B-
Fig. 2 Relationship between the crystallization temperature and
particle sizes of silicalite-1 seeds, (a) 80 �C, 74 nm, (b) 100 �C, 111 nm,
(c) 120 �C, 141 nm.

This journal is © The Royal Society of Chemistry 2017
ZSM-5 zeolite and seed is linear. The function of average B-
ZSM-5 size (D) vs. seed size (d) is eqn (2).

D ¼ 5.3d � 55 (2)

The XRD patterns show that all the B-ZSM-5 samples are MFI
zeolite with good crystallinity (Fig. S3†). Fig. S4† shows N2

adsorption/desorption isotherms of the B-ZSM-5 crystals grown
from seed-free gels and gels containing 1 wt% silicalite-1 seeds
with different sizes. With the particle size decreases, the
adsorption isotherms change from type I to type II because of
the increased intercrystal pores, while the external surface area
Fig. 4 Relationship between the sizes of the B-ZSM-5 zeolite and
seed sizes, (a) 336 nm, (b) 536 nm, (c) 691 nm. The amount of seed
addition was 1% and the seed size was 74, 111 and 141 nm, respectively.

RSC Adv., 2017, 7, 37915–37922 | 37917
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Fig. 6 Particle size distribution by number of the B-ZSM-5 synthe-
sized in the micro synthesis system. The seed size was 74 nm and the
amount of seed addition was 5, 1 and 0.1% (x ¼ 0.05, 0.1 and 0.01),
respectively.
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increases from 24 to 44 m2 g�1, and the pore volume increases
from 0.17 to 0.29 cm3 g�1 (Table S1†).

3.2 Effect of the amount of seeds in micro-B-ZSM-5 synthesis
system

It is well known that the size of nal crystalline products in the
seed-induction synthesis depends on both amount and size of
seed addition.40 To check the inuence of the amount of seed,
0.1–10 wt% of 74 nm silicalite-1 seed crystals were added into
the reaction mixture. The average size of formed B-ZSM-5
particles was 153, 195, 336 and 676 nm when the amount of
seed addition was 10, 5, 1 and 0.1%, respectively (Fig. 5 and
S5†). In order to ensure the accuracy and reliability of particle
size statistics from SEM images, the dynamic light scattering
(DLS) was also used to measure the particle size distribution of
B-ZSM-5 nanoparticles, as shown in Fig. 6. The average particle
size of B-ZSM-5 was 223, 316 and 672 nm when the amount of
seed addition was 5, 1 and 0.1%, respectively, which was similar
with the statistical results from SEM images.

By using experimental data of the amount of silicalite-1 seed
and B-ZSM-5 crystal size with the polynomial tting, a good
function of B-ZSM-5 size (D) vs. seed amount (x) is obtained, the
function is eqn (3), as shown in Fig. 7.

D ¼ 74x�0.32 (3)

Thus, the size of the B-ZSM-5 crystals can be predicted by this
correlation. For example, when the amount of seed was set as
0.5 wt% (x ¼ 0.005), the size of the B-ZSM-5 crystal calculated
from the function was 403 nm, while the experiment gave
a crystal with a size of 417 nm (Fig. 5b and S5b†).

Fig. S6† shows N2 adsorption/desorption isotherms of the B-
ZSM-5 crystal grown from gels containing 0.1–10 wt% of 74 nm
Fig. 5 SEM images of the B-ZSM-5 nanoparticle with different sizes.
The seed size was 74 nm and the amount of seed addition was 0.1, 0.5,
5 and 10%, respectively.

Fig. 7 Relationship between the sizes of the B-ZSM-5 zeolite and seed
addition amount in the micro synthesis system, seed size was 74 nm,
(a) 0.001, 676 nm (x, D), (b) 0.01, 336 nm, (c) 0.05, 195 nm, (d) 0.1,
153 nm, (blue five-pointed star) 0.005–417 nm.

37918 | RSC Adv., 2017, 7, 37915–37922
silicalite-1 seeds. With decreasing particle size, the N2 uptake at
high P/P0 is enhanced. This is associated with capillary
condensation of nitrogen within the intercrystal pores.3 The
BET surface area and the micropore volume of the sample have
almost no change when the size of crystals decreases from 676
to 153 nm, while the external surface area increases from 34 to
47 m2 g�1, and the pore volume increases from 0.23 to 0.34 cm3

g�1 (Table S2†). The XRD patterns show that the crystals are MFI
zeolite with good crystallinity (Fig. S7†).
3.3 Effect of the amount of seeds in nano-B-ZSM-5 synthesis
system

In the nano-B-ZSM-5 synthesis system, 0.1–10 wt% of 74 nm
silicalite-1 seed crystals was added into the reaction mixture.
The SEM image shows that the average B-ZSM-5 crystal size was
This journal is © The Royal Society of Chemistry 2017
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268 nm in the absence of seeds (Fig. 8a and S8a†). The crystal
sizes of the samples became slightly smaller with an increasing
amount of seeds (Fig. 8b–f and S8b–f†). With the increase of the
amount of seeds from 0.1 to 10 wt%, the average size of B-ZSM-5
was decreased from 266 nm to 157 nm (Fig. 10).
3.4 Comparative studies of the sizes of B-ZSM-5 crystals
synthesized in micro- or nano-synthesis system

Without the addition of seed, there are signicant differences
between the sizes of B-ZSM-5 crystals synthesized in TPABr
medium and TPAOH medium, which are 14.2 mm in TPABr
medium and 268 nm in TPAOH medium. This is because fewer
nuclei are produced in the TPABr medium. Because the alka-
linities of both the systems are the same (pH ¼ 13; see Experi-
mental), it can be assumed that content of TPA+ ions (expressed
as the molar ratio [TPA+/SiO2]) is the main factor which deter-
mines the specic number of nuclei (number of nuclei per unit
mass of the reaction mixture) and consequently, the size of the
MFI crystals formed in the investigated reaction mixtures,46–49

i.e., higher specic number of nuclei and smaller crystal size
(268 nm) in the nano-system ([TPA+/SiO2] ¼ 0.27) and lower
specic number of nuclei and larger crystal size (14.2 m) in the
Fig. 8 SEM images of B-ZSM-5 crystals synthesized in TPAOH
medium with different particle sizes. (a) 268 nm, (b) 266 nm, (c)
235 nm, (d) 221 nm, (e) 188 nm, (f) 157 nm. The seed size was 74 nm
and the amount of seed addition was 0 (a), 0.1 (b), 0.5 (c), 1 (d), 5 (e) and
10 wt% (f).

This journal is © The Royal Society of Chemistry 2017
micro-system ([TPA+/SiO2] ¼ 0.15). However, when the seed was
added to the synthesis system, the size of B-ZSM-5 synthesized
in the TPABr medium decreased signicantly, while it
decreased slightly in the TPAOH medium. For example, when
0.1 wt% seed (74 nm) was added in the TPABr system, the size of
B-ZSM-5 crystal decreased from 14.2 mm to 676 nm, but it
decrease from 268 nm to 266 nm in the TPAOH medium.
Furthermore, when the amount of seed (74 nm) was increased
to 5 wt%, the sizes of B-ZSM-5 crystals synthesized in TPABr and
TPAOH media were almost the same, which were 195 and
188 nm, respectively. Fig. 9 shows the particle size distribution
of the B-ZSM-5 synthesized in the nano synthesis system with
DLS measurement method. The average particle size of B-ZSM-5
was 182, 221 and 280 nm when the amount of seed addition was
5, 1 and 0.1%, respectively, which was similar with the statis-
tical results from SEM images.
Fig. 9 Particle size distribution by number of the B-ZSM-5 synthe-
sized in the nano synthesis system. The seed size was 74 nm and the
amount of seed addition was 5, 1 and 0.1%, respectively.

Fig. 10 Relationship between the sizes of the B-ZSM-5 zeolite and
seed addition amount in the nano synthesis system, seed size was
74 nm, (a) 0.001, 266 nm (x, D), (b) 0.005, 235 nm, (c) 0.01, 221 nm, (d)
0.05, 188 nm, (e) 0.1, 157 nm.

RSC Adv., 2017, 7, 37915–37922 | 37919
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It is well known that the crystallization of B-ZSM-5 zeolites
occurs on the surface of nuclei,40 and the number of nuclei
produced in the synthesis system does not change when the
seed is added (Scheme 1). Then, the number of nuclei in the
system is equal to the number generated and the added seed
crystals (eqn (6)). In the equation, m is the mass of silicalite-1
seed; M is the mass of B-ZSM-5 product; x represents m/M
(eqn (4)); r is the density of MFI zeolite; D, d, and D0 are the
diameter of the B-ZSM-5 particles with seed addition, the seed
itself, and the B-ZSM-5 particle without seed addition, respec-
tively. 6m/pd3r represents the number of silicalite-1 seed crys-
tals, and 6(M � m)/pD0

3r represents the number of generated
nuclei. We arrive at eqn (7) by substituting eqn (6) into eqn (5).
With eqn (7), the nal crystal size of micro- or nano-synthesis
systems with different seed sizes and amount can be easily
calculated (Table 1). More interestingly, using the calculated
data, we can get the relationship between the sizes of B-ZSM-5
zeolite and the seed size or amount in different synthesis
systems (Fig. 11, we choose different synthesis system which D0

is 14.2 mm, 1 mm, 500 nm and 300 nm). The calculated curves
show that the sizes of B-ZSM-5 crystals of different synthesis
systems are almost the same when the amount of seed (74 nm)
is larger than 3 wt%. In the micro-synthesis system (e.g. D0 is
Fig. 11 (a) Relationship between the sizes of B-ZSM-5 zeolite and the
seed addition amount in different synthesis systems (D0 ¼ 14.2 mm, 1
mm, 500 nm and 300 nm, respectively), the seed size was 74 nm. (b)
Relationship between the sizes of B-ZSM-5 zeolite and the seed size in
different synthesis systems (D0 ¼ 14.2 mm, 1 mm, 500 nm and 300 nm,
respectively), the seed addition amount was 1 wt%. The data in curves
are calculated from eqn (4).

Table 1 The comparison of final crystal size of synthesized B-ZSM-5
zeolites from calculation and SEM determination

d [nm] D0 [nm] x [wt] Template Da [nm] Db [nm]

141 14 200 0.01 TPABr 654 691
111 14 200 0.01 TPABr 515 536
74 14 200 0.01 TPABr 343 336
74 14 200 0.001 TPABr 740 676
74 14 200 0.005 TPABr 433 417
74 14 200 0.05 TPABr 201 195
74 14 200 0.1 TPABr 159 153
74 268 0.001 TPAOH 264 266
74 268 0.005 TPAOH 250 235
74 268 0.01 TPAOH 236 221
74 268 0.05 TPAOH 180 188
74 268 0.1 TPAOH 150 157

a Calculated from eqn (4). b Determined from the SEM images.

Scheme 1 Schematically illustration of the seed surface crystallization.

37920 | RSC Adv., 2017, 7, 37915–37922
14.2 mm), when the size of seed is smaller than 300 nm, eqn (7)
can be simplied into eqn (8), which agree with the relation-
ships shown in Fig. 7 (eqn (3)).

x ¼ m/M (4)

pD3r/6 ¼ M/n (5)

n ¼ 6m/pd3r + 6(M � m)/pD0
3r

¼ 6(xMD0
3 + Md3 � xMd3)/pd3D0

3r (6)

D3 ¼ d3D0
3/[xD0

3 + (1 � x)d3] (7)

D ¼ dx�1/3 (8)

3.5 Effect of particle sizes of B-ZSM-5 on the MTP reaction

Fig. S9† shows NH3-TPD proles of B-ZSM-5 with different
particle sizes synthesized in the micro-synthesis system by
using 0, 0.1 and 1% 74 nm seed, respectively. The desorption
This journal is © The Royal Society of Chemistry 2017
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Table 2 Catalyst lifetime of ZSM-5 for MTP reaction in the present and
previous works

WHSV
[h�1] T [�C]

n(CH3OH) :
n(H2O)

Ptotal
[atm]

Cat. lifetimea

[h] Ref.

1 500 1 : 5 1 794 This work
1.25 460 1 : 5 1 375 13
1.8 460 1 : 3 1 700 14
0.75 460 1 : 5 1 50 15
1 460 1 : 1.8 1 <60 28

a Methanol conversion is greater than 90%.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/2

0/
20

26
 4

:4
2:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
peak at about 200 �C could be assigned to weakly adsorbed
ammonia on B-ZSM-5, and the peak at about 380 �C could be
ascribed to strong acid sites of B-ZSM-5. From Fig. S9 and Table
S3,† it can be seen that the acidity and chemical compositions
were similar among the B-ZSM-5 samples with different particle
sizes. Meanwhile, both the external surface area and total pore
volume show quasi-linear dependence with the particle size of
B-ZSM-5, gradually increasing upon decreasing the size of the
particle (Fig. 12). These properties prove more benecial for the
transport of reactants and products, while increasing the
carbon capacity.
Fig. 13 Variations of methanol conversion and propylene selectivity
over 14.2 mm (black circle), 676 nm (red triangle) and 336 nm (blue
square) B-ZSM-5 as a function of the time on stream. Reaction
conditions:WHSV¼ 1 h�1, T¼ 500 �C, n(CH3OH) : n(H2O)¼ 1 : 5, Ptotal
¼ 1 atm.

Fig. 12 Influence of particle size on external surface area and total
pore volume of B-ZSM-5 zeolite.

This journal is © The Royal Society of Chemistry 2017
Fig. 13 and S10† illustrate the methanol conversion and the
products selectivity for the B-ZSM-5 catalysts with sizes 14.2 mm,
676 nm and 336 nm, respectively. During the rst 10 hours, the
conversions of the three catalysts were all higher than 99%, and
the selectivity were 34%, 40% and 40%, respectively. 10 h later,
the methanol conversion and selectivity of propylene dropped
for the B-ZSM-5 with a large particle size of 14.2 mm, while the
catalytic performances of B-ZSM-5 with 676 and 336 nm sizes
can be maintained stable for more than 600 hours (620 h and
794 h, respectively). As expected, the shorter channels and
higher pore volume improved catalyst performance for the MTP
reaction.

The coke content in the deactivated catalysts was determined
using a detailed thermal analysis. Fig. S11† shows the mass loss
of the deactivated catalysts during coke combustion. The cata-
lyst with 14.2 mm particle size has a coke content of around
9.8%; whereas the 336 nm size catalyst showed a mass decrease
of 23% aer combusting all coke deposits. To compare the coke
formation rate, we also determined the mass loss of the 336 nm
catalyst aer 46 hours reaction, and the coke content is 6.4%,
which is smaller than that of 14.2 mm catalyst. These results
identify that the catalyst with smaller particle size can indeed
limit carbon formation while also having a larger carbon
capacity (Table 2).
4 Conclusions

A series of B-ZSM-5 zeolites with particle sizes from �153 nm to
�14.2 mm were synthesized by regulating the addition of
silicalite-1 seed, and we established a unied function D3 ¼
d3D0

3/[xD0
3 + (1� x)d3] to precise control or predict the B-ZSM-5

size give the seed amount and size. The model shows that the
sizes of B-ZSM-5 crystals synthesized in different template
systems are almost the same when the amount of nano seed is
larger than 3 wt%. In the micro-synthesis system (e.g., D0 ¼ 14.2
mm), when the seed size is smaller than 300 nm, the equation
can be simplied to D ¼ dx�1/3. Furthermore, the performance
of B-ZSM-5 was related to its size in the catalytic conversion of
methanol to propylene. With decreasing zeolite particle size,
carbon formation is slowed and carbon capacity is increased.
Adding only 1 wt% of 74 nm seed to the synthesis system can
improve the practical catalyst life time from 46 h to 794 h.
RSC Adv., 2017, 7, 37915–37922 | 37921
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