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ABSTRACT: We report, for the first time, the prepara-
tion of novel c-axis oriented ZSM-5 hollow fibers by a
combination of seeding and steam-assisted crystallization
method using quartz fibers as the temporary soft substrate
and Si source. The growth of such unique structure
undergoes the development of a b-axis oriented ZSM-5
cylinder, followed by the growth of c-axis oriented ZSM-5
crystals vertically inside the cylinder and then outside the
cylinder, by an in situ solid−solid transformation
mechanism. The obtained ZSM-5 hollow fibers are
composed of pure hierarchical ZSM-5 crystals with high
crystallinity, good structural stability, and high surface area
and have potential applications for microreactors, separa-
tors, and catalysts. The catalytic performance of ZSM-5
hollow fibers is tested in the methanol to gasoline reaction,
as an example of their practical application. They exhibit
both higher yield of gasoline and far longer lifetime
compared to the conventional ZSM-5 due to the improved
mass and heat diffusion rate inside the meso-/macropores
of c-axis oriented structure.

As one of the most important commercial zeolites, ZSM-5
has high specific surface area, tunable acidity, excellent

ion-exchange ability, high hydrothermal stability, and excellent
shape selectivity and finds wide application in industrial
applications.1 Common textures of the ZSM-5 based catalyst
used in fixed bed reactors include beads, rings, pellets,
extrudates, and flakes with size of millimeters.2,3 However,
these shaped catalysts not only retard the diffusion of guest
molecules, decrease the selectivity of desirable products, suffer
high-pressure drop brought by catalytic bed, and shorten the
catalyst lifetime due to the quick coke deposition in high
temperature but also result in the limited heat transfer rate,
which make the process control difficult and influence the scale
up of reactor.4 Thus, a ZSM-5 structure with highly efficient
diffusion channel and stable macroscopic structure, e.g., the
well-organized meso-/macroporous structure, is highly desir-
able.1d,5,6

In recent years, structured catalysts, especially ZSM-5-coated
monoliths, are reported to solve effectively part of these
problems because of their improved diffusion rate, lower
pressure drop, and avoidance of the use of binders for the final
macroscopic shaping when compared to the shaped cata-
lysts.4b,7,8 However, the monoliths may not contain enough
coating ZSM-5 for a given reactor volume to afford the desired

catalytic performance, which limit their practical applications
for many reacting systems.9 In addition, the different thermal
expansion coefficient between the support and the zeolites may
result in the detachment of ZSM-5 layer from the supports
under the frequent temperature shift and thus cause structure
and operation failure.7d,10

To solve these problems, here, we propose an in situ
fabrication method to prepare macroscopic c-axis oriented
ZSM-5 hollow fibers with single crystal thickness (denoted as
ZSM-5-CHF) using quartz fibers as the temporary soft
substrate and Si source. The preparation of this unique
structure involves two key steps. First, an efficient loading of
silicalite seeds on the surface of quartz fibers is achieved by a
low-speed centrifugation of the sample. Second, a direct solid−
solid transformation method is applied to void the separation
between the seeds and the substrates, thus leading to c-oriented
intergrowth. The detailed synthesis procedure is better
described in the Supporting Information (SI). The as-obtained
fibers are composed of pure c-axis oriented ZSM-5 crystal with
high crystallinity, good structural stability, and high surface area
and exhibit the long micro-/meso-/macroporous structure. As a
result, it exhibits excellent catalytic performance in a model
reaction of methanol to gasoline (MTG). Catalyst lifetime of
ZSM-5-CHF can be more than two-folds of that for
conventional, randomly packed ZSM-5. This approach opens
an alternative way to the pure zeolite-structured catalysts with
improved mass and heat diffusion rate, lower pressure drop,
and avoidance of the use of binders and also provides new
insights for future development of adsorbents, separators, and
microreactors.
The quartz fiber template has a smooth surface and solid

structure with a diameter around 2−4 μm (Figure 1a and
inset). The as-produced ZSM-5-CHF preserve the original
morphology of quartz fibers, but their diameters double
compared to pristine quartz fibers (Figure 1b). Average length
of these ZSM-5 hollow fibers, observed under optical
microscopy, is at least on the millimeter scale since their
length is unable to be covered under optical microscopy even
with the lowest magnification of 40 times (Figure S2c).
Apparently, the in situ transformation method here just changes
the diameter, not the length of the ZSM-5 fibers, which directly
depends on that of quartz fibers (Figures S2a and S2b). The
outer surface of ZSM-5 fibers is composed of densely packed
submicrometer c-axis oriented ZSM-5 perpendicular to its
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surface (Figures 1c and S3a). Crushing some ZSM-5 fibers
slightly reveals their hollow structure (Figure 1d), and the SEM
image of the cross-section of a fiber indicates that dense ZSM-5
crystals grow inside and outside around a cylinder. They firmly
bond by the middle cylinder with a growth direction
perpendicular to the cylinder surface (Figure 1e). Obviously,
the unique structured ZSM-5-CHF exhibits different pore
structure from the conventional ZSM-5. Nitrogen adsorption/
desorption isotherms of ZSM-5-CHF (Figure 1f) exhibit a
typical adsorption curve of type I plus IV with an apparent
enhanced uptake and an obvious hysteresis loop in the P/Po
range of 0.5−1,11 indicating its remarkable micro-/meso-/
macroporous structure. As a result, the BET surface area
increases from 0.9 m2 g−1 for the pristine quartz fibers to 409.8
m2 g−1 for ZSM-5-CHF. In addition, ZSM-5-CHF possesses a
broad pore distribution with a mean pore size of ∼18 nm
(Figure 1f, inset), which belongs to the stacking pores of
aggregated ZSM-5. Accordingly, the total pore volume
increases from 0 to 0.31 cm3 g−1, and mesopore volume
increases from 0 to 0.16 cm3 g−1. In addition, the mesopore
volume of ZSM-5-CHF is also much higher than that for the
conventional ZSM-5 (0.02 cm3 g−1).
The structure of ZSM-5-CHF is intact after ultrasonic

treatment for the sample preparation for TEM characterization
(Figure 2a), indicating good mechanical stability due to the
strong interaction of the inside or outside ZSM-5 crystals with
the middle ZSM-5 cylinder (Figure 2a). Although the thickness
of them in the b-axis is only 100−300 nm, the high density of c-
axis oriented ZSM-5 crystals may ensure their structural
stability (Figure 2b). TEM image (Figure 2a) shows that the
contrast at the center is much lower than that of a solid fiber,

further confirming the hollow structure. The ZSM-5-CHF are
highly crystalline, with a lattice spacing of exactly 1.0 nm which
is assigned to the (200) lattice plane of the ZSM-5 crystals
(Figure 2c). The corresponding selected area electron
diffraction (Figure 2c inset) shows the single ZSM-5 crystal
nature when viewed down the [010] zone axis. In addition,
analysis of 27Al MAS NMR spectroscopy and ICP-OES is made
to evidence the completed incorporation of aluminum atoms
into the silica framework of ZSM-5-CHF, considering the
catalytically active acid sites of aluminosilicate zeolites are
generally correlated to the presence of intraframework
aluminum atoms. The 27Al MAS NMR spectrum (Figure 2d)
of pristine quartz fibers shows no peak belongs to octahedral or
tetrahedral Al. But only one sharp aluminum peak is at 52 ppm
for the ZSM-5-CHF sample on the 27Al MAS NMR spectrum
(Figure 2d). It validates that all aluminum atoms are
incorporated into the ZSM-5 framework with tetrahedral
coordination environment.12 ICP-OES analysis indicates that
the Si/Al of ZSM-5-CHF is 95 (Table S1), which is close to the
expected stoichiometry based on the composition of the seeded
quartz fibers.
Note here that the in situ transformation does not change the

macroscopic appearance of the quartz fiber aggregates (Figure
3Aa,Af). Their volume based on the same weight (0.75 g) is
nearly the same and is strikingly larger than that of the
conventional ZSM-5 (Figure 3Ag). The detailed transformation
process of an individual quartz fiber into ZSM-5 hollow fiber at
different times is shown in Figure 3B. As revealed by the
characterization of a thin ZSM-5 cylinder with 200−300 nm in
thickness, which is intentionally detached from the quartz fiber
after the crystallization at 180 °C for 40 min (Figure S6), the
initially grown ZSM-5 crystals have a coffin shape with a long c-
axis and short b-axis (Lc > La > Lb), which is similar to the
structure of silicate-1 synthesized with TPAOH (tetrapropy-
lammonium hydroxide) as the template.13 Such morphology
makes the attachment of these ZSM-5 crystals on the quartz
fiber surface with their b-axes perpendicular to the substrate
surface to achieve the most stable state (Figure S6).13 Although
there are still many holes on the cylinder due to the short
growth time, these spaces are then filled by the new-born ZSM-
5 crystals, and the thin b-oriented ZSM-5 cylinders are
developed into a thick and solid b-oriented cylinder after 1 h

Figure 1. Low-magnification SEM images of (a) pristine quartz fibers;
(b) ZSM-5-CHF; and (d) crushed ZSM-5-CHF. (c,e) High
magnification SEM images of the part surrounded with a white
frame in (b,d), respectively. (f) Nitrogen adsorption/desorption
isotherms and BJH pore size distribution calculated from the
adsorption branch of the isotherm (inset) for pristine quartz fibers,
conventional ZSM-5, and ZSM-5-CHF.

Figure 2. (a) TEM image of the ZSM-5-CHF. (b,c) HR-TEM images
of the ZSM-5-CHF taken from the square frame in (a,b); the inset is
its corresponding electron diffraction pattern. (d) 27Al-NMR spectra of
pristine quartz fibers, ZSM-5-CHF, and conventional ZSM-5.
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crystallization time (Figure 3Bc). More interesting, upon
further steam-assisted crystallization for 0.5 h, a layer of
submicrometer ZSM-5 is first formed on the inside surface of
this ZSM-5 cylinder with the c-axis perpendicular to the surface
(Figure 3Bd). Actually, when the growth of c-axis oriented
ZSM-5 inside cylinder is terminated due to space confinement
inside and limitation of c/b ratio for an MFI-structured zeolite,
the migration of Si species allows the continuous growth of c-
axis oriented ZSM-5 outside the cylinder, until the whole quartz
fibers are consumed (Figure 3Be). Detailed TEM images of the
thick cylinder and the interacted part of cylinder with vertical c-
axis oriented ZSM-5 crystal are unavailable due to technical
limitation. The further growth of c-axis oriented ZSM-5 over
the surface of b-oriented ZSM-5 cylinder is likely to follow an
intergrowth mechanism dominantly, which is widely observed
in the growth of ZSM-5,14 and is closely related to the
preferential growth of c-axis oriented crystal due to the quicker
growth rate along c-axis direction under the sufficient supply of
Si source from the quartz fibers.13 Figure 3C−E shows XRD
patterns, UV-Raman spectra, and 29Si NMR spectra of the
samples crystallized at various times, respectively. The pristine
quartz fibers have an XRD pattern consistent with amorphous
silica. After seeding, the sample exhibits an extremely faint XRD
pattern of MFI structure.6b,15 As crystallization continued, the
intensity of the characteristic MFI-structured peaks increases
rapidly and draws near the maximum after 2.2 h treatment. The
completed conversion of quartz fibers to ZSM-5 crystals within
just a few hours suggests that the presence of seeds plays an
important role in shortening the nucleation stage, which is
always the most time-consuming step in preparing ZSM-5. The
peak intensity of the sample after 24h crystallization in XRD
pattern was comparable to that of conventional ZSM-5,
demonstrating the high crystallinity of ZSM-5-CHF. Similar
trends are also observed for UV-Raman and 29Si NMR spectra.
Compared with amorphous quartz fibers, the UV-Raman

spectra of the samples after crystallization show a wide band
at 380 cm−1 (Figure 3D) associated with the framework
symmetric stretching vibration of a five-membered building unit
in MFI-type zeolites.16 After the treatment at 180 °C for 1.5 h,
the 29Si NMR spectrum of the sample (Figure 3E) emerges a
sharp peak at −112 ppm and a shoulder at −105 ppm,
demonstrating a significant condensation of silica species. The
strong peak can be assigned to Si(0Al) contribution and the
shoulder peak to the Si(1Al) contribution, which also indicates
the successful incorporation of aluminum atoms into the ZSM-
5-CHF framework.17 According to the study of the evolution
process, the formation mechanism of ZSM-5-CHF is described
by schematic illustrations as shown in Figure 3F.
It is well-known that the use of hollow fiber geometry has

long been an effective solution to improve the performance of
membrane-based separation processes.18 However, the incor-
poration of aluminum atoms into the framework of silicalite-1
would reduce its hydrophobicity leading to worse selective
separation properties.18b So, here, c-axis oriented silicalite-1
hollow fibers (denoted as silicalite-1-CHF, Figure S7) with a
similar structure as ZSM-5-CHF are also prepared under the
same synthetic process except the adding of Al source (SI). The
SEM images, XRD patterns, and nitrogen adsorption/
desorption isotherms (Figures S7−S9) demonstrate the high-
crystalline MFI structure and well-ordered c-axis oriented
feature of the silicalite-1-CHF, which give them very promising
applications for adsorption, separation with high selectivity,
stability, and durability.
It is expected that the hollow and 1D order structure with

abundant intercrystalline voids could offer high surface-to-
volume (S/V) ratio for ZSM-5-CHF. This feature may
effectively enhance the mass and heat transfer of guest
molecules and also the utilization of catalyst. Hence, in order
to test its catalytic performance, MTG reaction is carried out
over ZSM-5-CHF and conventional ZSM-5 in a fixed bed
stainless steel reactor (reaction temperature: 673 K, WHSV: 8
h−1). Under high space velocity, both the ZSM-5-CHF and the
conventional ZSM-5 show similar initial methanol conversions
of around 87% (Figure 4). However, with time on stream, the

ZSM-5-CHF is deactivated far slower than the conventional
ZSM-5. Since the acid strength and amount, Si/Al ratio, and
micropore volume are similar for conventional ZSM-5 and
ZSM-5-CHF (Figures S4 and S5, Table S1), the excellent
catalytic stability over the ZSM-5-CHF can be directly
attributed to the unique structure of the ZSM-5-CHF which
favors the evacuation of the coke precursors and reduces the
coking reaction rate especially for the strongly exothermic

Figure 3. Investigation on ZSM-5-CHF crystallization. (A) Photo-
graphs, (B) SEM images, (C) XRD patterns, (D) UV-Raman spectra,
(E) 29Si NMR spectra of (a) the pristine quartz fibers, samples
crystallized at (b) 0, (c) 1, (d) 1.5, (e) 2.2, and (f) 24 h for
synthesizing ZSM-5-CHF, and (g) conventional ZSM-5 with the same
weight as ZSM-5-CHF. (F) Schematic illustration of the growth
mechanism of the ZSM-5-CHF.

Figure 4. (A) Methanol conversions over conventional ZSM-5 and
ZSM-5-CHF as a function of time on stream (reaction temperature:
673 K, WHSV: 8 h−1). (B) Product selectivity of MTG reactions over
the conventional ZSM-5 (a) and the ZSM-5-CHF (b) after 2 h time
on stream.
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MTG reaction.19 Actually, TG profiles (Figure S10) show the
used ZSM-5-CHF has a coke formation rate of 1.2 mg gcat

−1

h−1, much lower than that of 4.3 mg gcat
−1 h−1 observed over

used conventional ZSM-5. The selectivity of product at 2 h on
stream is also given in Figure 4B. The ZSM-5-CHF exhibits
higher selectivity of producing aromatics and C5 paraffin
compared with conventional ZSM-5. Quantitatively, the
selectivity of C5+ over ZSM-5-CHF, belonging to the gasoline
cut,20 is up to 39%, far higher (28%) than conventional ZSM-5.
These results show the meso-/macroporous hollow structure of
ZSM-5-CHF is very effective in increasing the product
selectivity and catalytic efficiency.
In summary, we successfully synthesize c-axis oriented ZSM-

5 hollow fibers (ZSM-5-CHF) using quartz fibers as the silica
source and the temporary soft substrate based on an in situ
solid−solid transformation mechanism. The growth of such
unique structure undergoes the developing of b-oriented ZSM-
5 cylinder on quartz fibers, followed by the growth of c-axis
oriented ZSM-5 crystal inside and finally outside the cylinder.
The obtained sample exhibits high crystallinity, good structural
stability, high surface area, and superior catalytic performance
for MTG reaction, demonstrating great potential as an
industrial catalyst. Furthermore, the implementation of crystal
shape engineering based on an in situ solid−solid trans-
formation mechanism should be easily extended to synthesize
other zeolites and also provides new insights for future
development of adsorbents, separators, and microreactors.
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