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� Microwave-accelerated secondary
growth method for synthesising ZSM-
5 zeolites on SiC foams.

� Differential heating of SiC in
microwave irradiation promoted the
preferable growth of ZSM-5.
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supported on SiC foams in 3D by X-
ray computed tomography.
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a b s t r a c t

Hierarchical ZSM-5 coatings supported on macrocellular b-SiC foams were prepared by a microwave-
accelerated secondary growth method. Under microwave irradiation, differential heating was enabled
due to the high microwave-adsorbing ability of SiC leading to the fast assembly of ZSM-5 zeolites on
the SiC foams. The effects of crystallisation temperature, time and agitation on the growth of ZSM-5 zeo-
lites on SiC foams were also investigated under microwave heating. A specific surface area of ca.
52 m2 g�1 was obtained under the optimum condition of 150 �C and 4 h. Comparative studies of conven-
tional hydrothermal and microwave-accelerated synthesis were conducted and the resulting materials
were characterised extensively using XRD, SEM and N2 adsorption. The combination of microwave heat-
ing, high microwave absorption of SiC substrates and agitation allowed a much more focused heating
across the surface of SiC foams than conventional heating, which suppressed the formation of ZSM-5
crystals in the liquid phase and the consequent sedimentation. Additionally, for the first time, mesoscopic
features of ZSM-5 coatings on SiC foam composites (>10 lm) were studied in 3D by X-ray micro com-
puted tomography (l-CT), providing quantitative information on the quality of the ZSM-5 coating such
as the global thickness and distribution of ZSM-5 across the SiC foam supports. It was concluded that
microwave-accelerated secondary growth synthesis offered an efficient route to give high quality coat-
ings on structured foams with the good crystal quality and uniform thickness as well as lower energy
consumption, especially for the substrate with a high loss tangent.

� 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Macroscopic cellular foams, including both metallic [1–3] and
ceramic [4–11], are compact structures that are easy to handle
and operate with low-energy demand. They are suitable structures
for developing high-throughput catalytic processes with lower
energy barriers (e.g. in comparison to packed-beds [12]) and high
efficiency (e.g. in comparison to monoliths [13]) due to their intri-
cate open cell structures. Such materials are being developed with
high porosity (>80%), hence high permeability, leading to low-
pressure drop across the beds [12]. The stochastic nature of the
interconnected cells also facilitate the axial and radial mixing by
generating local eddies (even under laminar flow conditions)
within the foam matrix [14], which promote the enhanced mass
and momentum transfer [7,13–16]. In addition, improved heat
transfer can also be achieved if the foam-based reactors are prop-
erly designed, e.g.wall coupling, enhancing the gas-phase reactions
[17,18].

Silicon carbide (SiC), including both alpha (a) [4–6] and beta (b)
SiC polymorphs [8,9,11,19,20], is a popular material for manufac-
turing macroscopic cellular foams as catalyst supports due to the
intrinsic properties of SiC such as good mechanical strength, good
thermal conductivity (>300 Wm�1 K�1), low thermal expansion
coefficient (ca. 3 � 10�6 m m�1 K�1) and high thermal and chemi-
cal resistance [21]. However, SiC foams have relatively low specific
surface areas, i.e. <20 m2 g�1, not sufficient for promoting surface
reactions in catalysis. In order to adopt SiC foams in practical set-
tings, hierarchies must be created via surface modification to
improve the specific surface area of SiC foams and enable the depo-
sition of catalysts. Examples include: (i) the decoration of fibrous
materials such as SiC nanofibres [6,22] and carbon nanotubes
[23,24] via chemical vapour deposition and (ii) the coating of metal
oxides such as TiO2 [25,26] and zeolites such as ZSM-5 [4,5] via
dip-coating or hydrothermal synthesis on the SiC surface.

Among these modifications, zeolite coatings have many
advantages in catalysis [27], such as the large surface area, good
mechanical strength and thermal stability [28]. In addition, their
ion-exchange capacity allows a diversity of applications [19]. So
far hierarchical zeolite (ZSM-5 and SAPO-34) on SiC foams have
been demonstrated as being efficient for processes such as metha-
nol dehydration to dimethyl ether [11,20] and methanol to propy-
lene conversion [4,5].

Dip-coating and hydrothermal synthesis are two common
methods for preparing hierarchical zeolite coatings on foams.
Dip-coating produces a thin layer on a support based on condensa-
tion reactions between �Si�OH groups on the outer zeolite surface
and hydroxyl groups on the support, but the bonding between zeo-
lite crystals and the support is not strong. A binder is usually
required to improve the interaction between zeolite crystals and
support, which may block the access to the active centres leading
to the deterioration in the catalytic efficiency [9,29].

Hydrothermal synthesis promotes a strong interaction between
the zeolite and support due to the prolonged reaction time, nor-
mally under hydrostatic conditions [7]. Secondary growth strate-
gies are usually employed in hydrothermal synthesis, in which
nucleation and crystallisation are performed separately [30–32],
to reduce the induction period. Seeding is a crucial step in a sec-
ondary growth synthesis ensuring the uniform growth of zeolite
layers and the control of the crystal orientation and morphology
[33]. However, the deposition phenomena under hydrothermal
conditions tends to produce macroscopically uneven coatings on
irregular structured configurations due to the long reaction time,
where zeolite crystals are also formed in the bulk solution then
precipitate due to gravity [4]. Microwave-accelerated syntheses
[34,35] have been proven to be highly effective and efficient
Please cite this article in press as: X. Ou et al., Creating hierarchies promptly: M
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alternatives for preparing uniformly sized zeolite crystals such as
zeolite Y and ZSM-5 [34]. Microwave energy favours a change in
kinetics of nucleation and crystal growth in the synthesis of zeolite
leading to the relevant rate enhancements. Different thermal
effects, including very high rates of temperature rise, bulk super-
heating and differential heating (in non-homogeneous systems)
contribute to the rapid microwave synthesis of zeolites (usually
in hours) in comparison with the lengthy synthesis under conven-
tional heating [35]. SiC ceramics have a high dielectric loss to
microwave (1.71 at 2.45 GHz at 25 �C) [36] and hence can absorb
electromagnetic energy and be heated rapidly and easily. Together
with its high thermal effusivity and conductivity, differential heat-
ing of SiC can be achieved enabling the focused intensive heating
and fast assembly of porous crystalline materials on the surface
of SiC supports. Therefore, the combination of SiC substrates and
microwaves can be the solution to the preparation of uniform zeo-
lite coatings on structured SiC foams. To date, only a few studies
have shown the effectiveness of microwave-assisted direct synthe-
sis of microporous SAPO-34 zeolite on foam structures [3,11].

In this work, we report a microwave-accelerated secondary
growth method to prepare hierarchical ZSM-5 zeolites on b-SiC
foams. The effect of crystallisation temperature, time and agitation
were investigated to establish the optimum conditions for growing
uniform ZSM-5 coatings on SiC foams. Comparative studies were
also performed to understand the influence of the heating
methods, i.e. conventional and microwave heating, on the quality
of zeolite coatings on SiC foams in terms of uniformity. Addition-
ally, X-ray micro computed tomography was employed to allow
the comprehensive characterisation of ZSM-5 coatings in 3D, espe-
cially the mesoscopic coating thickness distribution (>10 lm).
2. Experimental

2.1. Synthesis of ZSM-5 coatings on SiC foams

b-SiC foams (Fig. S1) were provided by SICAT SARL (France) and
all chemicals, e.g. tetraethyl orthosilicate (TEOS, 98%), sodium alu-
minate (NaAlO2, technical), tetramethylammonium hydroxide
(TPAOH, 25% in water) and sodium chloride (NaCl, extra pure) were
obtained fromFisher Scientificandusedas received. The synthesis of
silicalite-1 seedswas carriedoutbya two-stepmethodundermicro-
waveheating [37]. The nucleation stepwas operated at amicrowave
power of 150 W and temperature of 80 �C and the crystal growth
step second was continued with the same microwave power and
temperature of 120 �C. The total synthesis time was about 3 h
yielding silicalite-1 seedswith crystal sizes of 50–100 nm. SiC foams
were calcined at 950 �C for 4 h [38] prior to the synthesis. The syn-
thesis solution was prepared with the molar composition of TEOS:
NaCl:TPAOH:NaAlO2:H2O = 1:0.22:0.19:0.023:178 [4] and aged at
room temperature under stirring for 24 h.

ZSM-5 coatings on SiC foams were synthesised using the sec-
ondary growth method with conventional oven heating and micro-
wave heating, respectively. The SiC foam was dip-coated with the
silicalite-1 in ethanol solution (0.65 wt.%) and then dried in an
oven at 160 �C. Seeded SiC foams were transferred to reactors for
the secondary growth of silicalite-1 seeds into ZSM-5 crystals in
the aged synthesis solution with a sodium aluminate aluminum
source.

For the conventional hydrothermal synthesis, an autoclave
reactor (50 mL reactor volume with 25 mL synthesis solution)
was placed in an oven (Memmert UM 400, 1400W) at 150 �C for
different synthesis times to allow the growth of ZSM-5 crystals.
For the microwave-assisted synthesis, a CEM Discover SP-D
microwave system was used (35 mL capacity with 20 mL synthesis
icrowave-accelerated synthesis of ZSM-5 zeolites on macrocellular silicon
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solution) with an operating frequency of 2.5 GHz. The power of the
microwave system was fixed at 150 W, but the synthesis temper-
ature (110–160 �C) and time (1–5 h) were varied to investigate
their effect on the crystal growth of ZSM-5. In addition, the effect
of agitation (stirring at 800 rpm) under microwave conditions
was also examined in the study. Blank experiments were also con-
ducted with seed-free SiC foam in the synthesis solution and
seeded SiC foam in a NaOH solution (pH = 10, simulating the same
pH value of the synthesis solution), respectively. Both blank exper-
iments were carried out at 150 �C and stirred for 4 h in the micro-
wave system. After the synthesis, materials were washed with
distilled water in an ultrasonic bath for 15 min, dried in an oven
at 100 �C and calcined in a furnace with a temperature pro-
gramme: from room temperature to 550 �C at a ramp rate of 1 �-
C min�1 then held at 550 �C for 4 h, to remove the template.
2.2. Characterisations of ZSM-5 coatings on SiC foam composites

X-ray diffraction (XRD) patterns were recorded on a PANalytical
X’PERT powder diffractometer using CuKa (k = 1.5406 Å) radiation
(at 30 kV and 30 mA) with a scanning rate of 2�min�1 in a range of
from 5� to 65�. The relative crystallinity (or percent crystallinity) of
zeolite ZSM-5 coating was determined by using a standard Inte-
grated Peak Area Method [38], which involves a comparison of
the integrated peak areas in the range of 22.5–25.0� 2h. This XRD
method provides the best determination of relative crystallinity
when the Ref. ZSM-5 and sample ZSM-5 have a similar history of
preparation and composition [39]. The calculation the relative
crystallinity was performed using the Eq. (1) and the reference
ZSM-5 used in this work was the ZSM-5 coating with the largest
integrated peak area (i.e. under microwave heating, 150 �C, 4 h).

% XRD relative crystallinity ZSM� 5 ¼ Sx
Sr

� 100 ð1Þ

where Sx = integrated peak area for the sample ZSM-5, and Sr = inte-
grated peak area for the reference ZSM-5.

Scanning electron microscopy (SEM) analyses of materials were
carried out using a FEI Quanta 200 ESEM in high voltage mode of
20 kV. Platinum coating of samples was performed using an Emi-
tech K550X sputter coater under vacuum conditions of 1 � 10�4

mbar. Nitrogen adsorption/desorption isotherms of materials at
�196 �C were measured by using a Micromeritics ASAP 2020 anal-
yser and the surface areas were calculated based on Brunauer–E
mmett–Teller (BET) theory. Materials were degassed at 100 �C for
12 h prior to the nitrogen adsorption.
Fig. 1. Surface morphology of b-SiC foams by SEM: (a) before calcination and (b)
after calcination; and (c) XRD patterns of fresh and calcined b-SiC substrate.
2.3. X-ray micro computed tomography (l-CT) of ZSM-5 coatings on
SiC foam composites

A ZEISS X-ray CT scanner (ZEISS Xradia 520 Versa, USA) was
used in this study to generate radiographs of the composite mate-
rials using the scanning parameters as in Table S1. This particular
scanner has a number of magnification optics to increase the reso-
lution for a fixed source/detector distance, and in this case the
standard 0.4� objective was used. The detector consists of
2048 � 2048 pixels, each 13 lm in size, which when coupled with
the 0.4� objective and the geometric magnification of 6� resulted
in an image pixel size of 4.45 lm. The radiographs from the scan
were reconstructed using ZEISS proprietary software that employs
a filtered back projection algorithm [40,41], exporting the volume
as a DICOM image stack. This was then reconstructed as the three-
dimensional (3D) model in Avizo (FEI, version 8, USA) for segmen-
tation and visualisation.
Please cite this article in press as: X. Ou et al., Creating hierarchies promptly: M
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3. Results and discussion

3.1. Calcination of SiC foams and seeding

After calcination in air, the formation of a thin SiO2 layer on the
surface of SiC substrate was detected [19,20,38,42]. The oxidative
conversion of surface SiC substrate to the thin SiO2 layer was indi-
cated byweight gain of SiC foams after calcination (by ca. 20%), con-
sidering the stoichiometry of SiC oxidation (Eq. (2)) [42]. As seen in
Fig. 1, SEM images of SiC substrate clearly showed the change of the
surface morphology before (Fig. 1a) and after (Fig. 1b) the calcina-
tion. XRD diffractograms of materials in Fig. 1a and b are presented
in Fig. 1c. XRD results (Fig. 1c) showed the appearance of a broad
peak after calcination, located approximately at 2h = 21.7�, which
is the characteristic diffraction pattern of the amorphous SiO2 phase
(JCPDS data, card No. 01–086-1561 [43]).
SiCðsÞ þ 3
2
O2ðgÞ ! SiO2ðsÞ þ COðgÞ ð2Þ

The presence of the thin SiO2 layer ensures a strong interaction
between the support and the seed gel [19,20]. The surface SiO2 has
intrinsic hydroxyl groups (silanols) in an aqueous solution [44].
Silicalite-1 is the pure silicon form of ZSM-5 also with �Si�OH
groups protruding from the surface. Therefore, the dehydration of
adjacent silanols from the SiO2 layer and silicalite-1 seeds [45],
which results from the physisorption of silicalite-1 seeds on the
substrate, leads to the formation of siloxanes with strong Si�O
bonds. As shown in Fig. S2, silicalite-1 seeds were uniformly
anchored on the surface of a SiC foam after seeding and the weight
gain from the seeding was measured as ca. 0.65%. The seeded SiC
foam was dried at 160 �C overnight to further enhance the anchor-
age silicalite-1 seeds on the surface of SiC foams [46]. To test the
anchorage between silicalite-1 seeds and the calcined SiC foams,
seeded samples were immersed in a NaOH solution (pH = 10, sim-
ulating the pH value of the synthesis solution in the secondary
growth method) and treated at 150 �C for 4 h under microwave
irradiation. After the treatment, silicalite-1 seeds were found to
be still attached to the surface of SiC foams shown by SEM analyses
(Fig. S2).

Blank experiments using the calcined SiC and seeded SiC foams
were carried out in the synthesis solution (TEOS:NaCl:TPAOH:
NaAlO2:H2O = 1:0.22:0.19:0.023:178) to examine the effectiveness
of the secondary growth method. It was found that, under the
icrowave-accelerated synthesis of ZSM-5 zeolites on macrocellular silicon
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conditions used (microwave heating, 150 �C, 4 h), silicalite-1 seeds
are crucial to allow the synthesis of ZSM-5 coatings on SiC sub-
strate (Fig. S2). Only ca. 2.4 wt.% ZSM-5 coatings were produced
on the surface of SiC foams with unseeded substrate, while a
well-developed layer of 8 wt.% ZSM-5 zeolite was formed on the
SiC foam with the seeded sample.
3.2. Microwave-assisted syntheses of ZSM-5 coatings on SiC foams

Temperature is a key parameter in controlling nucleation and
the crystallisation rate, and hence the crystallinity, morphology
and purity of the synthesised ZSM-5 zeolite [47,48]. In this work,
the temperature effect on the secondary growth of ZSM-5 crystals
on SiC foams was studied under microwave heating. Experiments
were performed by varying crystallisation temperature (110 �C to
160 �C in 10 �C increments) at a constant seed concentration
(0.65 wt.%), synthesis gel composition and synthesis time (3 h).

XRD patterns of materials (Fig. 2) prepared at different temper-
atures under stirring confirmed the presence of the zeolite ZSM-5
phase in the sample with the doublets in a 2h range of 23.1 and
23.8� corresponding to the peaks of 501 and 303 crystal surface
[49]. For the XRD peak at around 24.5� 2h, a singlet was noticed
for the samples suggesting the formation of the orthorhombic crys-
talline form under the conditions used for the preparation of ZSM-
5 coating [39]. As seen in Fig. 2, the intensity of peaks of 501 and
303 crystal surface increased with an increase of crystallisation
temperature under microwave irradiation. It was reported that,
the nucleation rate decreases and the crystallisation rate increases
remarkably by increasing the synthesis temperature (under
hydrothermal conditions with TPAOH as the template), leading to
a huge difference in ZSM-5 crystallinity (ca. 40%) [47]. In this work,
the integrated peak area method [39] was used to determine the
relative crystallinity of ZSM-5 coatings, which is shown in Table 1.
Under stirring at 800 rpm and at a constant synthesis time of 3 h,
Fig. 2. XRD short scan patterns of zeolite ZSM-5 coatings (calcined) on SiC foams
prepared at different temperatures under microwave heating (amorphous SiO2

diffraction peaks were subtracted from the XRD patterns).
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the relative crystallinity of ZSM-5 coatings on SiC foams increased
with an increase of the crystallisation temperature and peaked at
150 �C with a value of 92.6%. The same trend was also found for
their specific surface areas.

Under conventional heating, crystallisation temperature
strongly influenced the crystallinity of ZSM-5 zeolites [48,50]. To
prepare ZSM-5 zeolite in its bulk form, high temperatures at
>150 �C were usually needed to ensure good relative crystallinities
[48,50,51]. SiC is a strong microwave absorber with high thermal
effusivity, which can absorb microwaves and produce higher local
surface temperatures than that of bulk fluid facilitating the fast
growth of ZSM-5 zeolites on SiC surfaces. In this work, a relative
crystallinity of ZSM-5 coating was achieved as 92.6% at 150 �C over
3 h, while similar result can only be achieved with >20 h crystalli-
sation time under conventional heating at 150 �C [48,50].

SEM analysis of resulting materials (Fig. 3) showed the mor-
phology of ZSM-5 coatings on SiC substrates. ZSM-5 zeolite crystals
tended to aggregate with the neighbouring ones and self-
assembled into intergrown and interlocking crystals forming dense
and continuous layers on the surface of SiC foams. Both the mor-
phology and crystal size of the surface ZSM-5 were found to change
along with an increase of synthesis temperature under microwave
heating, i.e. (i) shape from spherulite to euhedral and (ii) size from
nanometers to microns (Table 1). At 150 �C, ZSM-5 coatings with
the orthorhombic-shaped crystals with average size of about
3 lm were obtained (Fig. 3b).

Agitation is crucial in the microwave-accelerated synthesis of
ZSM-5 coatings on SiC foams (Table 1). This can be attributed to
the homogenisation of species and temperatures of the synthesis
solution promoted by the stirring. Under hydrostatic conditions
with microwave heating, the temperature window of producing
quality ZSM-5 coatings was 130–150 �C. Only the amorphous
phase was obtained at 120 �C and, at 160 �C, cracks were found
in the ZSM-5 layer (Fig. 4), which can be ascribed to the different
thermal expansion behaviors of the SiC substrate and ZSM-5 coat-
ings [52,53] (see Fig. 4).

The growth time is also a major factor in the secondary growth
of zeolites [48,50,51]. To examine the effect of this parameter,
experiments were conducted at 150 �C with different crystallisa-
tion times under stirring and microwave heating. XRD analyses
(Fig. 5) showed that ZSM-5 crystalline phase was formed even
within one hour using the secondary growth method with micro-
wave heating. Relative crystallinity and specific surface area at dif-
ferent crystallisation times are summarised in Table 1. By
increasing the crystallisation time from 1 to 4 h at 150 �C, relative
crystallinity increased by 60%, which can be ascribed to the on-
going crystallisation of ZSM-5 phase. The highest relative crys-
tallinity was obtained for the sample synthesised at 4 h under
microwave heating. The measured specific surface area of materi-
als is compatible with the result of the relative crystallinity (N2

adsorption-desorption isotherms are shown in Fig. S3).
The morphology of ZSM-5 on SiC foams prepared over different

growth times is shown in Fig. 6. It was found that, undermicrowave
heating, ZSM-5 zeolite coatings prepared in one hour mainly had
spherulite shapes (Fig. 6a). With crystallisation times longer than
two hours, twinned and intergrown ZSM-5 crystals with smooth
surfaces and euhedral shapes were formed (Fig. 5b and c). The aver-
age particle size also increased gradually as a function of synthesis
time and an average particle size of 3 lm was obtained after four
hours (Fig. 6c).

After studying different parameters under microwave heating,
we arrived at an optimum condition of 150 �C over four hours with
stirring producing ZSM-5 coatings on SiC foams with a good crys-
tallinity and specific surface area (ca. 52 m2 g�1). In addition, the
mechanical bond of ZSM-5 coatings on the host structure was
examined for the composite structures prepared at 150 �C (4 h).
icrowave-accelerated synthesis of ZSM-5 zeolites on macrocellular silicon
1.116

http://dx.doi.org/10.1016/j.cej.2016.11.116


Fig. 4. SEMmicrographs of ZSM-5 coating on SiC foams prepared under hydrostatic conditions and microwave irradiation at various: crystallisation temperatures: (a) 120 �C;
(b) and (c) (cross section of the composite) 130 �C; (d) and (e) (cross section of the composite) 150 �C; (f) 160 �C.

Table 1
Microwave-assisted synthesis conditions of ZSM-5 coatings on SiC foams and parameters of specific surface area1 and relative crystallinity of the synthesised ZSM-5 coatings.

Temperature (�C) Time (h) Stirring (–) BET area (m2 g�1)2 Relative crystallinity (%)3 Crystal size (lm) Crystal shape (–)

110 3 Yes 17.6 20.1 0.27–0.33 Spherulite
120 3 Yes 19.8 24.0 0.34–0.40 Spherulite
130 3 Yes 21.2 35.4 0.60–0.80 Spherulite
140 3 Yes 26.3 37.1 0.60–0.80 Spherulite
150 3 Yes 38.4 92.6 1.8–2.5 Euhedral
160 3 Yes 37.9 74.7 2.2–2.9 Euhedral
120 3 No Not measured 0 Not measured Not measured
150 3 No 34.3 41.3 1.0–1.3 Spherulite
150 1 Yes 23.4 40.0 0.45–0.50 Spherulite
150 2 Yes 26.5 51.1 0.70–0.90 Spherulite
150 4 Yes 52.1 100 2.5–3.0 Euhedral

1 Intrinsic BET surface areas of original SiC foam and calcined SiC foam are 17.3 and 13.3 m2 g�1, respectively.
2 Values are overall BET areas of ZSM-5 on SiC foam campsites.
3 Margin of errors of relative crystallinity is <5%.

Fig. 3. SEM micrographs of ZSM-5 coatings (calcined) on SiC foams prepared under stirring over 3 h at (a) 110 �C, (b) 130 �C and (c) 150 �C.

X. Ou et al. / Chemical Engineering Journal xxx (2016) xxx–xxx 5
After ultrasonic treatment of 45 min in water, only 0.45% weight
loss was measured showing the robustness of the developed
materials.

3.3. Secondary growth synthesis under conventional and microwave
heating

In order to demonstrate the effectiveness of the microwave
heating for promoting the crystal growth on SiC surfaces, a
comparative study of microwave-assisted and conventional
Please cite this article in press as: X. Ou et al., Creating hierarchies promptly: M
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hydrothermal synthesis of ZSM-5 coatings on SiC foams was car-
ried out. XRD analyses (Fig. 7a) showed that both heating methods
were able to grow ZSM-5 zeolites on SiC foams by secondary
growth synthesis under similar conditions (i.e. same seed concen-
tration and synthesis solution composition, T = 150 �C, t = 4 h). Due
to the focused heating on the SiC surface under the microwave
irradiation, a better crystallinity of ZSM-5 coating was produced
in comparison with that from conventional heating (Fig. S4). N2

adsorption isotherms of materials are shown in Fig. 7b. For all
materials, clear two-step increases in the amount of nitrogen
icrowave-accelerated synthesis of ZSM-5 zeolites on macrocellular silicon
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Fig. 5. XRD patterns of zeolite ZSM-5 coatings (calcined) on SiC foams prepared at
150 �C over different synthesis time (amorphous SiO2 diffraction peaks were
subtracted from the XRD patterns).
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uptake were found over the whole relative pressure range (type IV
adsorption isotherms) suggesting the presence of micro-/meso-
pores. By creating hierarchies on SiC foams with microporous
Fig. 7. (a) XRD patterns and (b) N2 adsorption-desorption isotherms of ZSM-5 coatings

Fig. 6. SEM images of ZSM-5 coatings (calcined) on SiC foams prep
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ZSM-5 coatings, isotherms showed the linear increase in the nitro-
gen uptake at low relative pressures (p/p0 < 0.05) indicating the
increase of micropores in the composite materials. The calculated
BET surface areas of the composite materials prepared by conven-
tional and microwave heating were 30.0 m2 g�1 (Fig. S5) and
52.1 m2 g�1, respectively, showing that the microwave heating is
more effective than the conventional heating for promoting the
ZSM-5 crystal growth on SiC surface.

After 4 h at 150 �C, about 3.6 wt.% weight gain was obtained by
the conventional heating, whereas ca. 8 wt.% of ZSM-5 was pro-
moted by the microwave heating. To achieve a similar weight gain
of ca. 10 wt.%, 48 h of growth time was needed in the conventional
hydrothermal synthesis. Considering the comparable ZSM-5 load-
ing on SiC foams, the bulk appearance of ZSM-5 coatings on SiC
foams prepared by the two heating methods was distinct, as seen
in Fig. S6. Apart from the microscopic (<10 lm) dense coating that
was visualised by SEM (Fig. S7), macroscopic ZSM-5 sediments as
well as bare SiC surfaces were found for materials prepared by
the conventional hydrothermal synthesis under hydrostatic condi-
tions (Fig. S6a). On the other hand, microwave-assisted synthesis
yielded a continuous and uniform layer of ZSM-5 zeolites across
SiC foams (Fig. S6b).

The conventional hydrothermal synthesis was carried out in an
autoclave reactor, where both the liquid bulk and the SiC support
were heated evenly, leading to the crystallisation both in the liquid
bulk and on the SiC surface with similar kinetics. A blank experi-
ment was carried out under conventional heating (T = 150 �C) with
the synthesis solution only without the SiC substrate. It was found
that nucleation and crystallisation were also possible in the liquid
bulk yielding ZSM-5 crystals. Therefore, the phenomenon of sedi-
mentation during the conventional synthesis inevitably caused
the uneven deposition of ZSM-5 zeolite on the surface of SiC foams
on SiC foam composites prepared by different heating methods (T = 150 �C, t = 4 h).

ared under stirring at 150 �C over (a) 1 h, (b) 2 h and (c) 4 h.
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(Fig. S6a), i.e. due to gravity under the hydrostatic conditions, the
ZSM-5 crystals formed in the liquid phase would precipitate onto
the upward facing surface of SiC foams. Additionally, this phenom-
ena was found more profoundly with a synthesis time longer than
12 h.

Under microwave irradiation, differential heating was enabled
in the present system due to the big difference in the loss tangent
(d, the ability of a material to convert microwave energy into heat
[54]) between the liquid bulk (mainly water, dwater = 0.16 [54]) and
SiC substrate (dSiC = 1.71 [36]). Therefore, SiC supports absorbed
microwaves more efficiently than the aqueous synthesis solution
and produced the effective heating across the surface of SiC foams,
resulting in the preferable fast synthesis of ZSM-5 zeolites on SiC
foams. Furthermore, with the stirring, the species in the liquid bulk
were homogenised and the contact between species and nucleates
on SiC surfaces was encouraged. By combining the high thermal
energy on the SiC surface, species were quickly consumed for
Fig. 9. 3D rendering of l-CT data of ZSM-5 coatings (>10 lm thickness) on SiC foam co
coating) and (b) microwave heating (T = 150 �C, t = 4 h, 8 wt.% zeolite coating).

Fig. 8. Orthoslices of ZSM-5 coatings on SiC foam composites, indicating l-CT is an
efficient characterisation tool for evaluating composite materials.
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assembling ZSM-5 framework on SiC surfaces suppressing the
nucleation and crystallisation in the liquid phase.

Routine SEM characterisation of materials can only provide the
local microscopic information of the developed materials, such as
the local thickness of dense layers of ZSM-5 coatings on the surface
of SiC foams (Fig. S8). In order to characterise of the global
uniformity of ZSM-5 coatings on SiC foams quantitatively,
non-destructive X-ray micro computed tomography (l-CT) was
performed. The images obtained from the CT scan, as seen in
Fig. 8, showed the two-dimensional slices (radiographs) of materi-
als. It was found that ZSM-5 and SiC attenuated x-rays differently
yielding different greyscales (Table S2), which enabled the quanti-
tative segmentation of CT radiographs.

Avizo 8 (FEI, USA) was used for visualisation and quantification
of the composite structures. The ZSM-5 coating occupied a distinct
range of grey-values compared to the SiC struts (and against the
background/pores, as seen in Table S2) enabling segmentation such
that the material dimension parameters could be extracted. Seg-
mentation was performed using a watershed thresholding method
[55] to separate the background/pore, SiC strut and ZSM-5 coating
regions. This segmentation method is analogous to the flood filling
of a topographical map where the height is equivalent to the grey
value intensity. From initial markers of the individual phase the
algorithm allows a gradient dependent flood filling of the map,
where the gradient magnitude of grey value in the flooding direc-
tion is relatively high the filling is slower, and conversely where
this gradient is relatively low the filling is faster. The volumes con-
tained three distinct phases, i.e. pores, zeolite coatings and SiC
struts that were assigned initial threshold markers of grey values
respectively (Table S2). From these basins the watershed algorithm
filled the rest of the volume for each of the phases simultaneously,
resulting in the segmentation to be analysed.

The distribution of ZSM-5 coatings on the surfaces of SiC foams
are exemplified in Fig. 9, ZSM-5 coatings as the yellow rendering
and the SiC substrate as the purple (in the sample prepared by con-
ventional heating) and blue (in the sample prepared by microwave
heating) renderings. The 3D models provide a holistic view into the
overall coating quality of materials developed by the conventional
and microwave heating. As seen in Fig. 9a, large amount of ZSM-5
mposites prepared by (a) conventional heating (T = 150 �C, t = 48 h, 10 wt.% zeolite
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Fig. 10. Mesoscopic ZSM-5 coating thickness distribution determined by l-CT characterisation (>10 lm): (a) ZSM-5 on SiC foam synthesised by the conventional heating
(T = 150 �C, t = 48 h, 10 wt.% zeolite coating) and (b) ZSM-5 on SiC foam synthesised by the microwave heating (T = 150 �C, t = 4 h, 8 wt.% zeolite coating).
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phase is evident on the upward facing surface of the SiC support
evidencing the effect of sedimentation during hydrothermal syn-
thesis. However, it is noticeable that the appearance of ZSM-5 coat-
ings by the microwave-accelerated synthesis is much more
uniform than that in the conventional heating.

The quantification of the thickness distribution of ZSM-5
coatings (above 10 lm) was extracted and shown in Fig. 10. The
thickness distribution of ZSM-5 coatings from the conventional
heating is much wider than that from the microwave heating.
For the sample prepared by the conventional heating, the coating
thickness distribution measured by l-CT was wide from 10 to
308 lm (Fig. 10a). About 36% of the ZSM-5 coating has the thick-
ness of >100 lm evidencing the precipitation phenomenon under
conventional heating. For the sample prepared by the microwave
heating, as seen in Fig. 10b, the thickness distribution was very
narrow with a major distribution (97%) between 10 and 20 lm
and the thickest coating of 30.4 lm. This comparison provided
proof of a superior coating uniformity promoted by the microwave
heating than that of conventional heating. Considering the energy
consumption of the two synthesis methods, microwave acceler-
ated method was much more energy efficient than the conven-
tional hydrothermal synthesis, i.e. about 20,000 kJ g zeolite�1 for
the conventional heating versus about 1200 kJ g zeolite�1 for the
microwave heating.

4. Conclusions

The microwave-accelerated secondary growth method has been
demonstrated to be highly effective to synthesise uniform ZSM-5
coating on SiC foams. At a constant seed concentration and synthe-
sis gel composition, the effects of agitation, crystallisation time and
temperature on the crystallinity, morphology and specific surface
area of the resulting ZSM-5 zeolite on SiC foam composites were
investigated. The optimum condition was established as: 150 �C
for 4 h, resulting in a 8 wt.% ZSM-5 coating on the SiC foam with
the excellent uniformity and a specific surface area of ca. 52 m2 g�1.

A comparative study was conducted to understand the influ-
ence of heating methods, i.e. conventional and microwave heating,
on the coating quality. It was found that the deposition of ZSM-5
crystals on the upward facing surface of SiC foams played an
important role in the formation of coating layer under conven-
tional heating and hydrostatic conditions. On the contrary, the dif-
ferential heating phenomenon was observed when SiC supports
Please cite this article in press as: X. Ou et al., Creating hierarchies promptly: M
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were irradiated by microwave, which allowed a very focused heat-
ing across the surface of SiC foams leading to a fast and homoge-
neous ZSM-5 crystal growth on the surface of SiC foams.
Agitation was believed to be able to homogenise the species dis-
persion in the liquid bulk and enhance the contact between species
and nuclei on SiC surfaces preventing the nucleation and crystalli-
sation in the liquid phase.

X-ray micro computed tomography (l-CT) was employed for
the first time to characterise the mesoscopic zeolite (>10 lm) on
SiC foam composite materials. l-CT imaging is an effective tool
to obtain the digitised rendering of real composite materials based
on foams and extract the mesoscopic features of ZSM-5 coatings.
The obtained 3D models provided the complementary information
of the hierarchical structure of the developed composite materials.
In association with the conventional SEM analysis, the accurate
determination of coating thickness was achieved. It was found that
the developed microwave-assisted secondary growth synthesis
was an effective method to prepare ZSM-5 coating on SiC foams
with the uniform coating thickness, i.e. thickness distribution of
10–20 lm. In contrast, a wide distribution of coating thickness
(10–300 lm) was promoted by the conventional hydrothermal
synthesis mainly due to the sedimentation phenomenon. To con-
clude, the combination of microwave heating and SiC substrate
offers a rapid route to yield quality ZSM-5 coating on SiC foams
with good crystallinity and uniform thickness, as well as less
energy consumption.
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