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Novel hierarchically porous nanocomposites of diatomite-based ceramic supports coated with silicalite-1
(Sil-1) nanoparticles for benzene adsorption were prepared via a facile preparation route. In this route,
porous ceramic supports with three-dimensional reticulated structures were first prepared using the
polymeric sponge method in which diatomite was used as the ceramic framework and polyurethane
foam was used as the sacrificial template. This process was followed by facile in situ homogeneous coat-
ing of Sil-1 on the surface of the ceramic under mild conditions. The hierarchical porosity of the nano-
composites was due to the inherent micropores of Sil-1, the mesopores resulting from the stacking of
Sil-1, and the hierarchical macropores of ceramic supports. The specific area and micropore volume of
the nanocomposites were 122.9 m2/g and 0.07 cm3/g, respectively, with a high zeolite loading of
32.4%. The nanocomposites exhibited a much higher benzene adsorption capacity (133.3 mg/g(Sil-1))
compared with that of a commercial micron-sized ZSM-5 product (66.5 mg/g) and a synthesized Sil-1
(SilSYN, 94.7 mg/g). Moreover, adsorption–desorption rate constants of the nanocomposites were three
and five times higher than those of the ZSM-5 and SilSYN, respectively, as evaluated via a gravimetric
method using an intelligent gravimetric analyzer. The excellent benzene adsorption performance is
ascribed not only to the in situ silicalite-1 coating process that facilitates the stability and dispersity of
Sil-1 on the modified surface of the ceramic supports but also to the hierarchically porous monolithic
structure of the nanocomposites, which is beneficial to the mass transfer efficiency for benzene
adsorption.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Silicalite-1, the most well-known aluminum-free MFI-type zeo-
lite, has been extensively used in various industrial fields, such as
catalysis, permeation, separation and purification [1–3], in the past
two decades. In particular, silicalite-1 nanoparticles (abbreviated
as Sil-1 hereafter) exhibit excellent adsorption capacity for volatile
organic compounds (VOCs) because of their abundant microporous
structures with high specific surface areas [4–7]. Activated carbon
is conventionally used as an industrial adsorbent for gases because
of its low cost [8,9]. However, poor thermal stability and limited
modification flexibility of activated carbon inhibit its application
in VOC adsorption. In addition, organic gas molecules adsorbed
in the slit-like micropores of activated carbon are difficult to des-
orb and regenerate [10]. Sil-1 is characterized by high thermal
and chemical stability and favorable reusability [11] compared
with activated carbon. The regularly straight or zigzag channels
of micropores in Sil-1 are advantageous for the desorption of gas
molecules [12].

The agglomeration of nanoparticles is well known to lower their
effective surface area and reduce their reaction activity, particu-
larly their adsorption performance. Therefore, several methods
have been developed to overcome this agglomeration problem
[13–17]. Among these methods, the surface modification tech-
nique and the loading method have been well established to
improve the dispersity of Sil-1. For example, in the surface modifi-
cation route, Sil-1 was modified by microemulsions [15,18,19]
which served as a thermodynamically stable dispersant. The sur-
face of silicalite-1 nuclei were surrounded by nonionic or cationic
microemulsions. Thus, the resulting Sil-1 nanoparticles were stea-
dily and uniformly dispersed in the solution because of the strong
van der Waals [15] or electrostatic forces [18,19] between the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2014.12.004&domain=pdf
http://dx.doi.org/10.1016/j.micromeso.2014.12.004
mailto:yuanpeng@gig.ac.cn
http://dx.doi.org/10.1016/j.micromeso.2014.12.004
http://www.sciencedirect.com/science/journal/13871811
http://www.elsevier.com/locate/micromeso


W. Yuan et al. / Microporous and Mesoporous Materials 206 (2015) 184–193 185
microemulsions and the nanoparticles. However, this surface mod-
ification route is only applicable in liquid-phase systems, limiting
its feasibility in heterogeneous systems. The loading method, in
which Sil-1 nanoparticles were coated onto organic or inorganic
supports, is an alternative strategy to overcome the agglomeration
problem. Non-porous supports such as metals, stainless steel
[16,20,21], polymers [22] and inorganic fibers [23,24] have been
used to prepare the nanocomposites. However, a drawback of
non-porous supports is that the resulting nanocomposites formed
from Sil-1 exhibit monomodal microporosity because the pores in
Sil-1 are smaller than 1 nm. These structural micropores of silica-
lite-1 cause diffusion and the related mass transfer limitation of
some guest molecules [25]. More recently, substantial efforts have
been made to fabricate hierarchically porous Sil-1 nanocomposites.
A hierarchically porous nanocomposite structure is capable of
increasing the external surface area of Sil-1, shortening the diffu-
sion path and minimizing the diffusion limitations of guest mole-
cules. Assembling Sil-1 nanoparticles on macroporous supports
such as porous a-alumina [26,27] enhance the gas adsorption
and permeation efficiency of the resulting nanocomposites. How-
ever, the low porosity of the porous supports and the high calcina-
tion temperature (exceeding 1000 �C) used in their pre-synthesis
potentially increases the preparation costs of the nanocomposites.
Lu et al. [28] used inexpensive fly ash cenosphere (FAC), which is
an aluminosilicate-rich waste produced from power plants, as a
support for the coating of Sil-1. However, the readily caused sec-
ondary contamination of the FAC support, such as dusting prob-
lems, constrains the actual application of the resulting
nanocomposites for VOC adsorption. Consequently, identifying
desirable porous supports that are environmentally benign and
economically viable is important for improving the gas adsorption
performance of Sil-1.

Because it is a naturally occurring mineral with well-developed
porosity, diatomite is considered as a potential candidate for the
synthesis of hierarchically porous nanocomposites [29–32]. Diato-
mite, also known as diatomaceous earth or kieselgur, is a fossil
assemblage of diatom shells. It is characterized by a macroporous
structure with pore sizes ranging from the nanometric to micro-
metric domains [33,34]. Diatom shells are composed of amorphous
hydrated silica (SiO2�nH2O) and are classified as opal-A in mineral-
ogy. Because biogenetic mineral aggregates are readily available in
ton-scales at low cost and are non-toxic, diatomite has been stud-
ied to evaluate its feasibility for use as a support for Sil-1 coating.
Wang et al. [35] reported the synthesis of Sil-1/diatomite nano-
composites; they hydrothermally synthesized Sil-1 nanoparticles
and assembled them on a modified surface of diatomite using
layer-by-layer (abbreviated as LBL hereafter) electrostatic deposi-
tion. However, the zeolite loading amount of the resulting nano-
composites was low (10%) because of the weak electrostatic
interaction between the nanoparticles and the diatomite. Lu et al.
[36] proposed a secondary hydrothermal method for the fabrica-
tion of Sil-1/diatomite nanocomposites; in their approach, the
hydrothermal growth process was supplemented after the LBL pro-
cedure, which resulted in a slightly increased zeolite loading
amount (12%). However, the common disadvantages of these two
preparation routes are that they require a long synthesis period
and need to be conducted under rigorous conditions such as high
temperature and high pressure. These disadvantages complicate
the preparation and make it less suitable for use in lot-sized pro-
duction. Clearly, the development of a facile method for coating
Sil-1 is needed.

Moreover, in previous studies, the as-synthesized Sil-1/diato-
mite nanocomposites were in powder form, and their gas adsorp-
tion performance was readily disturbed by fluid resistance
[35,36]. In particular, the nanocomposites presented a loose two-
dimensional (2D) structure and exhibited a low adsorption capac-
ity and low diffusion rate because of the confinement of mass
transfer in the 2D space. Mechanically stable monolithic supports
with 3D structures, such as porous ceramic supports, have been
beneficial in minimizing dusting problems and mass transfer limi-
tations encountered in the gas adsorption process [25,37–39].
Compared with powdered materials, the 3D reticulated structure
of the macroporous ceramic monoliths enlarges the contact area
between adsorbents and adsorbates, making adsorption and mass
transfer of the adsorbates effectively expand to the 3D space and
improving the adsorption efficiency of the adsorbents. Among a
variety of processing routes [39,40], the polymeric sponge method,
also known as the replica technique [39], offers a simple and flex-
ible strategy for the synthesis of macroporous ceramic monoliths.
The great versatility of this method is attributed to its simplicity
in the fabrication of high-porosity ceramic monoliths and its
adaptability to any admirably dispersed ceramic materials. In this
sense, testing and verifying the feasibility of using diatomite as a
framework material for the preparation of macroporous ceramic
monoliths via the polymeric sponge method would be interesting.
However, to the best of our knowledge, such studies have not been
reported thus far.

In this work, a novel hierarchically porous nanocomposite
incorporating advantages from both hierarchically macroporous
ceramic supports with unique 3D reticulated structures and a
microporous Sil-1 coating was synthesized using a facile method.
The simple polymeric sponge method was selected for the fabrica-
tion of diatomite-based porous ceramic supports. Then considering
that the isoelectric point of SiO2 is at pH 2 or 3 [41,42], a facile and
economic Sil-1 in situ coating route on such supports under mild
conditions with the aid of electrostatic interaction was adopted
instead of the conventional LBL technique or secondary hydrother-
mal method.

Benzene was used as a model organic compound to evaluate the
adsorption performance of the hierarchically porous nanocompos-
ites. Ranked top on the list of VOC pollutants as a human carcino-
gen, benzene is mainly released from building and decoration
materials in indoor environments; it is hazardous to human health
and leads to massive acute environmental problems [43–45]. In
this work, the benzene adsorption of the novel hierarchically por-
ous nanocomposites was investigated and the structure-adsorp-
tion relationship was studied. In particular, an accurate
gravimetric method based on the use of an intelligent gravimetric
analyzer was applied to assess not only the static adsorption
capacity of benzene on the nanocomposites but also the adsorption
kinetic parameters [46], which have rarely been reported in previ-
ous studies concerning the mechanism of VOC adsorption onto
molecular sieves.
2. Experimental section

2.1. Reagents and materials

Tetrapropylammonium hydroxide (TPAOH, 25% aqueous solu-
tion, Kente Chemical Co.) and tetraethoxysilane (TEOS, 99%,
Aldrich) were used as zeolite synthesis solutions. The ceramic
framework material, raw diatomite powder (denoted as Dt), was
obtained from the Changbai deposit in Jiling Province, China, and
its chemical composition in percent by mass of the respective
oxide forms (SiO2, 86.18; Al2O3, 3.08; Fe2O3, 1.47; MgO, 0.33;
CaO, 0.37; Na2O, 0.05; K2O, 0.51; MnO, 0.01; P2O5, 0.06; TiO2,
0.17; and loss on ignition 8.56) was determined by chemical anal-
ysis. The ceramic additives were composed of sodium silicate pow-
der (AR grade, Fuchen Reagent Co.) and sodium chloride (AR grade,
Sinopharm Reagent Co.). A polyurethane (PU) foam without cell
membranes (97% porosity, 50 pores per liner inch) was used as a
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sacrificial template and was purchased from Changda Foam Co.
Poly(diallyldimethylammonium chloride) (PDDA, 20% aqueous
solution, Aldrich) and distilled water (18.2 XM cm) were used in
all of the experiments. Commercial MFI-type high-silicon molecu-
lar sieves (ZSM-5) were purchased from Fuxu Molecular Sieve Co.
All of the reagents and materials were used as received, without
any further treatment.

2.2. Preparation of diatomite-based porous ceramic supports

Diatomite slurries with 29.3 wt% solid loadings were prepared
with a combination of processing additives: 3.0 wt% sodium sili-
cate (binder) and 1.31 wt% sodium chloride (flux) based on the
powder content; and 0.76 wt% PDDA (dispersant) based on water
content. The slurries were vigorously stirred by a motorized stirrer
(700 rpm) for 15 h.

PU foams cut into cubes (20 � 20 � 20 mm3) were subsequently
immersed into the diatomite slurry under vacuum for 5 min to
force the saturated slurry into the foams. The foams were slightly
squeezed to remove excess slurry. The immersion process was
repeated 5 times to ensure abundant solid loadings. The foams
were frozen and dried using a freeze vacuum desiccator to remove
the suspension liquid. The green ceramic bodies were slowly
heated in air to 600 �C to remove the PU templates and organic
additives and were then sintered at 850 �C for 3 h. The resulting
diatomite-based porous ceramic supports were denoted as PCS.

2.3. Synthesis of hierarchically porous nanocomposites

A Sil-1 precursor suspension with a molar ratio of
25TEOS:9TPAOH:480H2O was prepared [47]. The suspension was
continuously stirred and aged for 24 h at room temperature and
the final Sil-1 precursor suspension presented strong alkaline
(pH = 12.5).

Prior to synthesis, 1.5 g of PCS was dipped into 80 ml of 0.5%
PDDA solution for 2 h; the PCS was then dried and transferred to
the Sil-1 precursor suspension. The suspension with surface-mod-
ified supports was treated in a beaker under heating reflux in a sil-
icone oil bath at 101 �C for 72 h. The obtained solid was rinsed with
distilled water, calcined at 550 �C for 6 h, and subsequently dried
at 80 �C overnight. The resulting sample was denoted as Sil-PCS.
Pure Sil-1 without the addition of the supports was also prepared
and was denoted as SilSYN.

2.4. Characterization methods

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance diffractometer at a scan rate of 3� (2h)/min. The diffrac-
tometer was equipped with a Ni filter and a Cu Ka radiation source
(k = 0.154 nm) operated under a generating voltage of 40 kV and a
current of 40 mA.

Scanning electron microscopy (SEM) images were obtained
using an FEI-quanta 200F field emission scanning electron
microscope.

A Micromeritics ASAP 2020 system was used to measure nitro-
gen adsorption–desorption isotherms at liquid nitrogen tempera-
ture (77 K). All of the samples were degassed at 350 �C under
vacuum for 12 h before the measurements were performed. The
specific area (SBET) was calculated from the nitrogen adsorption
data on the basis of the multi-point Brunauer–Emmett–Teller
(BET) equation. The micropore volume (Vmicropore) was estimated
using the HK method [48]. Micropore and mesopore size distribu-
tions in the range of 0.5–20 nm were determined using the non-
local density functional theory (NLDFT) model [49,50]. Mercury
intrusion tests to determine the macropore size distribution of
the samples were conducted on a Micromeritics AutoPore IV
9500 porosimer in the pressure range from 0.1 to 60,000 psi.

Benzene adsorption tests were conducted using an intelligent
gravimetric analyzer (IGA-002, Hiden Isochema Instrument) with
a sensitivity of 0.1 lg. The samples were pretreated by being
heated at 300 �C for 12 h under vacuum to remove the excess
water and impurities absorbed onto the surface of the samples.
The mass of sample used in each run was approximately 50 mg.
Benzene adsorption and desorption isotherms and the equilibrium
adsorption capacity were measuring by altering the adsorption and
desorption equilibrium pressures. Kinetic constants that reflect the
adsorption and mass transfer rate for each pressure increment or
decrement were evaluated according to the mass relaxation
curves.
3. Results and discussion

3.1. Structural and morphological properties of PCS

As shown in Fig. 1a, the photographs of Dt used as a ceramic
framework exhibit a white color in loose powder form. Photo-
graphs of the PU foam template and the resulting PCS monolith
are displayed in Fig. 1b and c, respectively. The black cubic-shaped
PU foam (Fig. 1b) with a side length of 20 mm shows a distinct 3D
reticulated macrostructure. The photograph in Fig. 1c shows that
the obtained PCS monolith exhibits a cubic shape and a 3D reticu-
lated macrostructure replicated from the PU foam that served as a
sacrificial template and that the interconnected open pores of the
original template are completely conserved without breaking
down during the sintering process. The white color of the resulting
PCS monolith, in contrast with the black PU foam template, is
ascribed to the removal of the PU foam template and the fabrica-
tion of a diatomite-based monolith. The monolith also exhibited
slight shrinkage (17 mm), approximately 15% in linear dimensions
and 38.6% in volume; this shrinkage is attributed to the dense sin-
tering agglomeration of the diatom powder caused by the binders.
The added binders were present in the molten fluid state during
the sintering process, which was advantageous for filling the voids
of the diatomite particles and for building ceramic monoliths [51].
Then, these fluid-state binders among packed diatomite particles
shrunk into a solid state in the subsequent natural cooling process,
which led to a slight shrinkage of the resulting dense ceramic
monoliths.

As shown in the SEM image (Fig. 1a), the dominant diatom of
the Dt sample, classified as the Coscinodiscus Ehrenberg (Centrales),
is disc-shaped and has highly developed macropores with regular
pore diameters (0.1–0.8 lm) that vary from the edge of the disc
to the center. The diatom frustules are relatively uniform in parti-
cle diameter (20–40 lm) and thickness (1.2–1.8 lm). The SEM
image in Fig. 1b clearly shows that the PU foam sacrificial scaffolds
have a 3D reticulated macrostructure with a pore size in the range
of 300–400 lm; the macrostructure is composed of smooth prism
struts with a size of approximately 60–70 lm. The SEM images in
Fig. 1c show that the as-made PCS monolith possesses a dense 3D
reticulated macroporous structure replicated from the PU foam
scaffolds after being sintered at 850 �C. The rough prim struts of
PCS are composed of sintered particles with diatomite morphology.
The macroporous structure of diatomite is clearly observed at a
high magnification (Fig. 1c, right). This result is reasonable because
the macroporous structure of diatomite is known to remain intact
until the calcination temperature is as high as 1100 �C [34]. This
characteristic means that PCS possesses a bimodal macroporosity
from both the reticulated macroporosity of the PU foam replica
and the macroporosity of diatomite.



Fig. 1. Photographs and SEM images of (a) Dt, (b) PU foam, and (c) PCS.

Fig. 2. XRD patterns of (a) Dt, (b) PCS, (c) ZSM-5, (d) SilSYN, and (e) Sil-PCS.

Fig. 3. Macropore size distributions of Dt, PCS and Sil-PCS; inset: magnification of
the macropore size distribution (0.01–0.1 lm).
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The XRD pattern of Dt (Fig. 2a) shows a broad peak centered at
approximately 21.8�(2h) with a d-spacing of 0.409 nm, which is in
agreement with the results for amorphous opal-A reported in the
literature [34]. The (101) reflection peak at 26.6�(2h) indicates
the presence of a small amount of quartz impurity in the Dt. The
PCS monolith (Fig. 2b) consists mainly of cristobalite (Powder Dif-
fraction File No. 82-0512) according to the newly appeared charac-
teristic peaks at 21.8�, 28.2�, 31.1�, 36.0�, 42.4� and 44.4�(2h),
which are indexed as the (101), (111), (102), (200), (211) and
(202) reflections, respectively. This result indicates that the amor-
phous opal-A silica transformed into cristobalite during the sinter-
ing process; however, the macroporous structure of diatomite
remained intact, as shown in the SEM image in Fig. 1c. The occur-
rence of this phase transition is due to the short-range order in the
atomic arrangement of opal-A, which is similar to the crystalline
structure of cristobalite, favoring the preferential formation of cris-
tobalite during calcination at 850 �C. Thus, the obtained ceramic
supports possess significant chemical and thermal stability
because of the stable crystalline structure of cristobalite. Notably,
in this case, the cristobalite phase appears at a lower temperature
than previously reported (above 1000 �C) [52]. This result is attrib-
uted to the addition of small amounts of flux, which aided the for-
mation of low-melting-point liquids as binders during calcination.
The molten-state active sodium ions present in the liquid binders
are characterized by strong diffusion [53], which contributes to
defect migration of the diatomite and reduces its phase transition



Fig. 4. (a) Nitrogen adsorption (filled symbols) and desorption (open symbols)
isotherms of Dt, PCS, ZSM-5, SilSYN and Sil-PCS. (The arrows indicate the
corresponding axes, i.e., the N2 adsorption quantities of SilSYN correspond to the
right-side vertical axis. And the N2 adsorption quantities of the others correspond to
the left-side vertical axis.) (b) Micropore and mesopore size distributions of ZSM-5,
SilSYN and Sil-PCS.
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temperature, thereby leading to a stable crystalline silica structure
of the resulting PCS monolith.

The macropore size distribution of Dt (Fig. 3), as detected by
mercury intrusion tests, clearly exhibits a distinct macropore pop-
ulation centered at approximately 3.2 lm (Fig. 3) and three small
populations centered at 0.14, 0.23 and 0.65 lm (insert in Fig. 3).
This macropore population and three small populations are attrib-
uted to the stacking voids of the diatomite powder particles and
the inherent macropores inside the diatomite particles, respec-
tively. In the case of the PCS monolith, the 0.15 and 0.45 lm mac-
ropores observed in the inset in Fig. 3 were obtained from the
remaining intact macroporous structure of diatomite. This result,
in agreement with the SEM observation in Fig. 1c, shows that diat-
omite macropores remained intact after the samples were sintered
at 850 �C. The macropore population of PCS centered at 6.0 lm is
attributed to the newly formed stacking voids during the sintering
process. The disappearance of the 3.2 lm macropore population in
PCS compared with that in Dt is due to the sintering agglomeration
of diatomite powder for building the PCS monolith. Additionally,
the adhesive disc-shaped particles of the PCS monolith derived
from diatomite sintering led to larger stacking void populations
centered at 6.0 lm. Unlike the inherent macroporous structure of
Dt, the macropore population centers of PCS shifted from 0.65 to
0.45 lm. The reduced populations centered at 0.23 and 0.15 lm
are attributed to the blocking of the pores by the fluid-state addi-
tives. In addition, the PCS monolith exhibited a high porosity of
65.2%, as evaluated from the mercury intrusion results. This poros-
ity value was higher than that of Dt (57.8%) because of the appear-
ance of ultra-macropore populations centered at 380 lm; these
macropores were derived from the replication of the PU foam
(see Supplementary Fig. S1).

The nitrogen adsorption–desorption isotherm of Dt (Fig. 4a) is
characterized as a type II isotherm with an H3 hysteresis loop
[54] according to the International Union of Pure and Applied
Chemistry classification. The hysteresis is associated with the fill-
ing and emptying of the mesopores by capillary condensation,
which implies the existence of a small amount of mesopores in
Dt; the presence of these mesopores is consistent with the previ-
ous report that diatomite has mesopore sizes that range from 20
to 50 nm [34]. The sharp increase in the nitrogen adsorption at rel-
atively high pressures indicates the existence of macropores in
diatomite, which is in agreement with the results of the aforemen-
tioned mercury intrusion measurement. The nitrogen adsorption–
desorption isotherms of PCS exhibit shapes similar to those of Dt
but with less-developed hysteresis loops, indicating that the mes-
oporosity of PCS was reduced, likely because the fluid-state cera-
mic additives partly blocked the relatively small diatomite
mesopores. As shown in Table 1, the Dt SBET and Vmicropore values
were 24.0 m2/g and 0.009 cm3/g, respectively, whereas the corre-
sponding values for PCS were 6.5 m2/g and 0.003 cm3/g, respec-
tively (Table 1). The decreased surface area and micropore
volume of PCS compared with those of Dt are attributed to the
blocking of mesopores and to the reduced stacking voids of PCS
resulting from the sintering agglomeration of diatomite particles,
as revealed by the mercury intrusion measurement.

3.2. Morphological and textural properties of Sil-PCS nanocomposites

The SEM images in Fig. 5 show the surface morphologies of the
Sil-PCS nanocomposites. The synthesized nanocomposites exhibit
a 3D reticulated structure with a macropore size of 300–400 lm;
as shown in Fig. 5a, this structure resembles that of the PCS mono-
lith. On account of the PCS monolith, which presented cristobalite
phase (indicated by Fig. 2b), were not dissolved in the strong alka-
line Sil-1 precursor suspension (pH = 12.5), the remained structure
of the PCS monolith also implies the high chemical stability of cris-
tobalite in alkaline solution. The prim struts of the Sil-PCS mono-
liths are composed of adhesive disc-shaped particles with
diatomite morphology, as clearly shown in Fig. 5b. The macropo-
rous structure of the diatomite was mostly retained (Fig. 5c) after
in situ coating of Sil-1 onto the surface of the PCS monoliths. How-
ever, the initial smooth surface of diatomite became uneven as the
surface was homogenously covered by a layer of spherically
shaped Sil-1 with a particle size of approximately 80 nm
(Fig. 5c). The homogenous coating of Sil-1 was due to the following
mechanism. Considering that the isoelectric point of SiO2 is at pH 2
or 3 [42], the PCS monolith composed of SiO2 is negatively charged
in the PDDA solution. The electrostatic interaction induced the pos-
itively charged PDDA polyions being adsorbed onto the surface of
the negatively charged PCS. Thus, the negatively charged amor-
phous Sil-1 nuclei, which formed under prehydrolysis of the silica
source during the aging stage, attached to the surface of the PDDA-
modified PCS through electrostatic attraction and the nuclei even-
tually aggregated into 80 nm crystalline Sil-1 via the in situ growth
process. This growth mechanism corresponds to the process Tosh-
eva et al. [11] used to synthesize Sil-1, in which Sil-1 nanoparticles
were synthesized through aggregation and growth of amorphous
nuclei. The spherically shaped, discrete, amorphous Sil-1 nuclei
exhibited a particle size in the range of approximately 10–20 nm
according to the XRD results (see Supplementary Fig. S2) and
SEM images (see Supplementary Fig. S3d).



Table 1
Nitrogen adsorption–desorption results for Dt, PCS, ZSM-5, SilSYN and Sil-PCS.

Sample SBET/m2 g�1 Smicropore
a/m2 g�1 Sexternal

a/m2 g�1 Vmicropore
b/cm3 g�1 Wzeolite

c (%)

Dt 24 4.3 20.2 0.009 –
PCS 6.5 2.1 5.0 0.003 –
ZSM-5 330.7 273.7 57.8 0.124 100
SilSYN 503.3 302.5 207.3 0.196 100
Sil-PCS 122.9 38.1 85.3 0.07 34.2

Wzeolite% = [Vmicropore (Sil-PCS) � Vmicropore(PCS)] � 100%/Vmicropore (SilSYN).
a Smicropore was calculated from the t-plot surface area, and Sexternal was calculated from the SBET and Smicropore using the equation Sexternal = SBET � Smicropore.
b The micropore volume, Vmicropore, was determined using the HK method.
c The wt.% of zeolite in Sil-PCS nanocomposites was calculated from the micropore volumes using the equation.

Fig. 5. SEM images of Sil-PCS at various magnifications in (a), (b) and (c).
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In previous reports, LBL deposition was employed for the coat-
ing of Sil-1 on the surface of diatomite to form Sil-1/diatomite
nanocomposites [35,36]. To compare the coating effect between
the in situ coating process and the conventional LBL deposition
technique, a complementary experiment was conducted. The
PDDA-modified and negatively charged PCS was placed into sus-
pensions of synthesized Sil-1 with a regular spherical shape with
a particle size of 80 nm (see Supplementary Fig. S3a). The surface
of PCS was partially covered with a small amount of Sil-1, and large
bare areas with no Sil-1 coating were observed (Supplementary
Fig. S3b and c). Moreover, the much lower SBET (27.1 m2/g) of the
product compared with that of Sil-PCS (Table 1, 122.9 m2/g) also
suggests that the coating was significantly inhomogeneous. This
result indicates that the in situ synthesis of Sil-1 on the surface of
a PCS monolith described in this work provides an advantage with
respect to the homogeneity of the Sil-1 coating compared with the
previously reported LBL deposition technique. The reason for this
advantage over LBL electrostatic deposition, in which electrostatic
attraction occurs between the 80 nm crystalline Sil-1 and the mod-
ified support, is the stronger interaction between the smaller Sil-1
nuclei (10–20 nm) and the modified support in the in situ coating
process. Thus, more nuclei were attracted to the modified surface
to achieve an electrical balance, resulting in crystalline Sil-1 grown
from the silicalite-1 nuclei that homogenously covered the surface
of the PCS monolith.

The XRD patterns in Fig. 2c and d show that both commercial
ZSM-5 and SilSYN exhibit peaks at 7.8�, 8.8�, 13.8�, 14.8�, 17.6�,
23�, 23.6�, 24.4�(2h), which are indexed as the (101), (200),
(012), (301), (400), (501), (303) and (133) reflections of the
SiO2, also called silicalite, according to the Powder Diffraction File
No. 44-0696. The adjacent silica tetrahedra of this SiO2 formed the
zig-zag 10-rings channels and the cross-linked straight 10-rings
channels through the oxalation [12], possessing the structure of
MFI-type zeolite. The XRD pattern of the Sil-PCS nanocomposites
in Fig. 2e display peaks of cristobalite at 21.8�, 28.2�, 31.1�, 36.0�,
42.4�(2h), which are ascribed to the reflections of the PCS monolith
(Fig. 2b). Moreover, MFI-type peaks in accordance with those of
SilSYN are also observed in the pattern in Fig. 2e, confirming the
coating of Sil-1 on the porous ceramic monoliths. The weaker Sil-
1 diffraction intensity of the nanocomposites compared with that
of SilSYN is due to the lower zeolite loading (Table 1) on the surface
of the PCS.

The mercury intrusion data (Fig. 3) revealed the macroporous
structural changes of the Sil-PCS nanocomposites. A pore popula-
tion centered at 6 lm forms from the stacking voids of the PCS
monoliths, reflecting the remaining intact monolithic framework
of the diatomite-based ceramic support. The 0.14 lm macropores
of the Sil-PCS nanocomposites shown in the inset of Fig. 3 are
ascribed to the preserved macropore structure of diatomite, corre-
sponding to the SEM images in Fig. 5c. However, compared with
the pore populations of the PCS monolith, those of the PCS mono-
liths that were originally centered at approximately 0.45 lm
shifted to 0.22 lm. This shift is due to the filling of Sil-1 in the large
macropores of the PCS monoliths, which leads to a decrease in pore
size for the resulting Sil-PCS nanocomposites.

The nitrogen adsorption isotherms of the Sil-PCS nanocompos-
ites (Fig. 4a) are type IV curves with H3 hysteresis loops. The steep
increase in the adsorption amount followed by the mild stage at
relatively low pressures (P/P0 6 0.1) indicates the filling of the
Sil-1 micropores, which corresponds to the SilSYN isotherms. The
significant hysteresis loop at P/P0 � 0.6 is attributed to the mesop-
ores formed by stacking voids between Sil-1. Compared with the
hysteresis loop of SilSYN, that of the Sil-PCS nanocomposites is
formed at a lower pressure (P/P0 � 0.6), indicating a more exten-
sive mesopore size distribution than SilSYN. This result is explained
by the unique 3D reticulated monolithic structures of Sil-PCS,
which reduced the agglomeration of Sil-1 and increased the likeli-
hood of forming smaller Sil-1 agglomerates; thus, more mesopores
were easily formed because of the stacking of smaller agglomer-
ates. The nitrogen adsorption amount of the Sil-PCS nanocompos-
ites increased steadily when P/P0 approached 1.0, which is in
accordance with the slow increase in the amount of micron-sized



Fig. 6. Benzene adsorption (filled symbols) and desorption (open symbols)
isotherms of (a) Dt, (b) PCS, (c) ZSM-5, (d) SilSYN, and (e) Sil-PCS.
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ZSM-5 but differs from the steep increase in the adsorption
amount of the SilSYN nanoparticles. This result is attributed to the
rapidly increased adsorption amount of the SilSYN at P/P0 � 1.0,
which, in turn, is ascribed to the external surface adsorption
behavior caused by the agglomeration of Sil-1 [55]. In the case of
the Sil-PCS nanocomposites, because the Sil-1 coating process on
the surface of PCS reduced their likelihood of agglomeration, the
external surface adsorption behavior was alleviated because of
the improved dispersity of Sil-1.

The micropore and mesopore size distribution curves of the Sil-
PCS nanocomposites calculated via DFT method are shown in
Fig. 4b. The major micropore population centered at approximately
0.6 nm is ascribed to the inherent micropores of Sil-1 and is in good
agreement with those of ZSM-5 and SilSYN. The Sil-PCS nanocom-
posites exhibited mesopore size distributions with pore widths in
the range of 2.0–5.0, 6.0–9.0 and 12.0–18.0 nm; these distributions
are more extensive than those of ZSM-5 (2.9 nm) and SilSYN (2.0–
5.0 nm). These results are in accordance with the nitrogen adsorp-
tion and desorption isotherm results, which show a more signifi-
cant hysteresis loop in the case of Sil-PCS (Fig. 4a). The intensive
mesopore population centered at 2.9 nm for ZSM-5, which is con-
sistent with its small hysteresis loop at P/P0 � 0.1 (Fig. 4a), may be
related to the industrial synthetic process of the commercial ZSM-
5. All of the aforementioned pore size results suggest that these Sil-
PCS monolithic nanocomposites characterized by a unique 3D
reticulated structure possess hierarchical pores, micropores and
stacking mesopores formed from Sil-1 and macropores from Dt
and PCS.

The SBET and Vmicropore values of the Sil-PCS nanocomposites
were 122.9 m2/g and 0.07 cm3/g, respectively. These values are
substantially higher than those of the original Dt and the PCS
monolith (Table 1), which is attributed to the introduction of
micropores by Sil-1 in the nanocomposites. Because the zeolite
loading amount that determines the Vmicropore values for Sil-PCS
is 34.2%, which is lower than the values for ZSM-5 and SilSYN, the
Sil-PCS nanocomposites show a lower Vmicropore value than the
commercial ZSM-5 (0.124 cm3/g) and SilSYN (0.196 cm3/g). This
zeolite loading amount of the Sil-PCS nanocomposites is much
higher than that of the Sil-1/diatomite nanocomposites (12%)
reported by Lu et al. [36], which is attributed to the aforemen-
tioned superiority of the in situ coating process for Sil-1 over the
conventional LBL electrostatic deposition technique. Compared
with the conventional LBL deposition technique, the electrostatic
attraction in the in situ coating process, which could assemble
more Sil-1 nuclei on the surface of the modified PCS, offered more
growth sites for the Sil-1 nuclei to develop into Sil-1 nanoparticles
on the surface of the support. Thus, the Sil-PCS nanocomposites
exhibit a higher zeolite loading amount. In addition, compared
with the 2D diatomite powder as a support for Sil-1/diatomite
nanocomposites, the 3D reticulated PCS support, which largely
improves the dispersity of Sil-1, also contributes to the increased
zeolite loading amount of the Sil-PCS nanocomposites.

3.3. Performance of Sil-PCS nanocomposites in the benzene adsorption

3.3.1. Benzene adsorption–desorption isotherms
The static adsorption and desorption behaviors of benzene on

different samples at 298 K are shown in Fig. 6. Both Dt (Fig. 6a)
and PCS (Fig. 6b) show type II adsorption isotherms with very
small hysteresis loops. The benzene equilibrium adsorption capac-
ity of PCS (3.0 mg/g (PCS)) is slightly higher than that of Dt (1.0 mg/
g(Dt)), although both show a low benzene adsorption capacity.
However, the Vmicropore of PCS (0.003 cm3/g), which favors the
adsorption of benzene molecules, is lower than that of Dt
(0.009 cm3/g), according to the results in Table 1. One reason for
this result is that PCS and Dt are mainly composed of macropores
with a very low Vmicropore, which results in low equilibrium adsorp-
tion capacities. Another reason is that, in contrast with Dt powder,
the 3D reticulated PCS contains channels whose walls are intercon-
nected with each other through the openings. The benzene mole-
cules that enter through the channels of PCS can flow in the 3D
direction, increasing the mass transfer rate and the likelihood of
collision between benzene and the surface of the adsorbent [37],
which is advantageous for the interception of the benzene mole-
cule during the adsorption process. Hence, the 3D reticulated PCS
monolith exhibits a slightly higher benzene equilibrium adsorption
capacity than the Dt powder in which the mass transfer of benzene
molecules only occurs in the 2D direction.

Fig. 6c and d show that both ZSM-5 and SilSYN exhibit type I
adsorption isotherms, which is consistent with the proposal that
the type I isotherm is applicable for the adsorption of benzene onto
microporous zeolites [56,57]. The initial steep increase in the ben-
zene adsorption at low absolute pressure (5 mbar) indicates the
filling of benzene molecular clusters in the micropores, which con-
tributes substantially to the benzene equilibrium adsorption
capacity. Additionally, the subsequent increase in benzene adsorp-
tion indicates the filling of benzene molecular clusters in the mes-
opores (2.0–4.0 nm, as indicated by Fig. 4b). The benzene
equilibrium adsorption capacities were 66.5 mg/g(Sil-1) for ZSM-
5 and 94.7 mg/g(Sil-1) for SilSYN, which is attributed to their high
SBET and Vmicropore values (Table 1). SilSYN exhibits a higher benzene
adsorption capacity than the micron-sized ZSM-5 because of its
higher Vmicropore (0.196 cm3/g), which indicates a stronger adsorp-
tive action for benzene [58,59].

The Sil-PCS nanocomposites in Fig. 6e feature typical type IV
isotherms with significant hysteresis loops because of the capillary
condensation that occurred in mesopores, which resulted from the
stacking of Sil-1. The steady increase in the benzene adsorption
amount is ascribed to the micropore and mesopore filling process
caused by the coating of Sil-1, corresponding to those of ZSM-5
and SilSYN. Another stage of increased benzene adsorption when
the absolutely pressure reaches 80 mbar is attributed to the more
extensive mesopore size distribution of the Sil-PCS nanocompos-
ites compared with those of ZSM-5 and SilSYN. The benzene equilib-
rium adsorption capacity of the Sil-PCS nanocomposites was
45.6 mg/g(Sil-PCS), substantially exceeding those of Dt and PCS
because of the additional micropore and mesopore filling pro-
cesses. Moreover, the normalized benzene equilibrium adsorption
capacity of Sil-PCS was 133.3 mg/g(Sil-1), and the zeolite loading
amount of the Sil-PCS nanocomposites was 34.2%, which is higher
than that of SilSYN and ZSM-5. This result is due to the improved
dispersity of Sil-1 during the in situ coating process and the 3D
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reticulated structure of the PCS monolith, which is beneficial to
benzene adsorption and mass transfer in its interconnected open
pores.

3.3.2. Benzene adsorption–desorption kinetics
The mass relaxation curves for the typical adsorption–desorp-

tion steps for benzene (298 K) on ZSM-5, SilSYN and Sil-PCS nano-
composites, together with the corresponding fit model, are
exhibited in Fig. 7. These curves were used to interpret the diffu-
sion mechanism of benzene molecules on various molecular sieve
materials, which is critically important for VOC removal in adsorp-
tion applications [56]. A linear driving force (LDF) model, which
has been successfully used for the adsorption of benzene molecules
onto microporous materials such as activated carbon and some
Fig. 7. Variation of Mt/Me vs. time (mass relaxation curves) for adsorption from (a) Z
P0 = 0.0471–0.0473) and desorption from (d) ZSM-5 (P/P0 = 0.0395–0.0394), (e) SilSYN (P
mesoporous silica materials [10,56], was used to fit the mass relax-
ation curve of the samples. In the case of microporous molecular
sieves, two diffusion processes are involved in the benzene adsorp-
tion dynamics [46]: (a) diffusion through a barrier to enter the
pores and (b) diffusion along the pores. The LDF model fits well
with the mass relaxation curve when the barrier for entering the
pores becomes the rate-determining step for the benzene adsorp-
tion process. The LDF model for adsorption is based on the follow-
ing equation:

Mt=Me ¼ 1� expð�ktÞ ð1Þ

where Mt is the uptake at time t, Me is the equilibrium uptake for a
given pressure increment, and k is the rate constant. The correspon-
dent LDF model for desorption is based on the equation:
SM-5 (P/P0 = 0.0588–0.0589), (b) SilSYN (P/P0 = 0.0587–0.0591), and (c) Sil-PCS (P/
/P0 = 0.0591–0.0583), and (f) Sil-PCS (P/P0 = 0.0792–0.0788).
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Mt=Me ¼ 1� expð�ktÞ ð2Þ

where Mt is the amount of desorption at time t and Me is the equi-
librium amount of desorption for the given pressure decrement.

Fig. 7a–c show the mass relaxation curves of Mt/Me vs. time for
the adsorption of benzene onto ZSM-5, SilSYN and Sil-PCS, respec-
tively. All of the curves fit well with the LDF adsorption model
(R2 = 0.99), reaching the criteria for an acceptable fit that almost
99% of residuals should be within the range of ±0.02 [45] (see Sup-
plementary Fig. S4). The curves showing the kinetics of benzene
desorption from ZSM-5, SilSYN and Sil-PCS (Fig. 7d–f, respectively)
also fit well with the LDF desorption model (R2 = 0.99), and the
residuals are within the range of ±0.02 (Supplementary Fig. S4).
This result suggests that benzene diffusion through a barrier to
enter the micropores and stacking mesopores of Sil-1 is the rate-
determining step for the typical benzene adsorption–desorption
process [10]. This barrier may be caused by the similar molecular
dynamic diameters of benzene and the micropores of Sil-1 as well
as by the external surface diffusion resistance of Sil-1 in the stack-
ing mesopores. The benzene adsorption diffusion time on Sil-PCS
(300 s, Fig. 7c) necessary to reach the adsorption equilibrium state
was much shorter than those for ZSM-5 (600 s) and SilSYN (700 s)
(Fig. 7a and b), implying that the diffusion of benzene molecules
in the Sil-PCS nanocomposites is easier. This result also indicates
that the Sil-PCS nanocomposites possess a higher benzene adsorp-
tion mass transfer rate than ZSM-5 and SilSYN at a specific relative
pressure (P/P0 � 0.05). The Sil-PCS nanocomposites also exhibit
corresponding desorption behavior (250 s) superior to that of
ZSM-5 (700 s) and SilSYN (1000 s), which indicates that benzene
is more easily removed from the micropores of the nanocompos-
ites in adsorption applications.

Various mass relaxation curves that varied with time were used
to obtain different adsorption–desorption kinetic constants for the
corresponding relative pressures through LDF model fitting. Fig. 8
shows the variation of the adsorption–desorption rate constants,
k, with the variation of relative pressures on ZSM-5 (red symbols),
SilSYN (green symbols) and Sil-PCS (blue symbols). This curve is
presented to explain the variation of the benzene molecule diffu-
sion rate in the substantial parts for the entire adsorption-adsorp-
tion process, thus helping to assess the potential application
feasibility of the synthesized Sil-PCS nanocomposites. In the case
of ZSM-5 (red symbols), the adsorption rate constant primarily
increases from 0.003 to 0.015 s�1 when P/P0 < 0.1 and then
decreases to a plateau (k = 0.005 s�1) at P/P0 � 0.2. This result can
Fig. 8. Rate constant variations for benzene adsorption (filled symbols) and
desorption (open symbols) with relative pressure on ZSM-5 (red symbols), SilSYN

(green symbols) and Sil-PCS (blue symbols). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
be attributed to the initial monolayer adsorption of benzene fol-
lowed by the development of benzene molecular clusters in the
micropores (0.6 nm) of ZSM-5. The slightly increased adsorption
rate constant at P/P0 � 0.4 (k = 0.007 s�1) is due to the mesopores
filling (2.9 nm) with benzene molecular clusters. The variation of
k with the variation of relative pressures on SilSYN (green symbols)
is also shown in Fig. 8. The initial steep increase in the adsorption
rate constant (P/P0 < 0.1) from 0.004 to 0.01 s�1 is ascribed to the
monolayer adsorption of benzene, and the decrease to a plateau
(k = 0.001 s�1, P/P0 � 0.2) is due to the benzene molecular cluster-
ing in the micropores of SilSYN. The slightly increased rate constant
at P/P0 � 0.25 (0.003 s�1) is due to a small quantity of mesopores
being filled with benzene molecular clusters as a result of the
stacking voids of Sil-1. The rate constants exhibit a low value
(0.001 s�1) with subtle variation from P/P0 � 0.3 to P/P0 � 1.0 as a
consequence of the monomodal microporosity in SilSYN. The ZSM-
5 exhibits higher rate constants than SilSYN for the corresponding
adsorption increment in the entire adsorption region, which indi-
cates a higher adsorption and mass transfer rate compared with
those of SilSYN. In the case of desorption for both ZSM-5 and SilSYN,
the rate constants are similar to those associated with the adsorp-
tion process at the corresponding relative pressures.

Sil-PCS (Fig. 8, blue symbols) shows a rate constant variation
trend that differs significantly from those of ZSM-5 and SilSYN.
The adsorption rate constant gradually increases to a peak
(k = 0.025 s�1) without fluctuating until P/P0 � 0.3. This behavior
is ascribed to the benzene molecular clustering in the inherent
micropores and stacking mesopores of Sil-1. This result reflects
the fact that the unique 3D reticulated structure of PCS alleviated
the agglomeration of Sil-1, thereby improving the Sil-1 dispersity
and reducing the likelihood of benzene molecular clustering in
the pore walls of Sil-1. Thus, the rate constant steadily increased.
The subsequent reduced rate constants for benzene adsorption
from P/P0 � 0.3 (0.025 s�1) to P/P0 � 0.8 (0.013 s�1) is ascribed to
the gradually saturated clustering of benzene molecules in the
mesopores of Sil-PCS. In the entire adsorption region, Sil-PCS nano-
composites exhibit significantly higher rate constants (0.01–
0.025 s�1) for the corresponding adsorption increment than ZSM-
5 and SilSYN. The faster benzene adsorption on Sil-PCS monoliths
compared with that on ZSM-5 and SilSYN powders may be because
the benzene molecules that entered through the 3D reticulated
structure of the Sil-PCS monoliths can flow in the 3D direction,
which facilitates benzene adsorption and the mass transfer process
on Sil-PCS. This result also means that these newly synthesized
nanocomposites exhibit adsorption and mass transfer behaviors
that potentially give them an advantage over ZSM-5 and SilSYN as
the adsorbent in adsorption applications. The desorption rate con-
stants of Sil-PCS exhibit a trend similar to the adsorption rate con-
stants at the corresponding relative pressures. Additionally, the
rate constant values of Sil-PCS for the desorption steps (0.01–
0.02 s�1) are higher than those of ZSM-5 (0.001–0.015 s�1) and
SilSYN (0.001–0.009 s�1), indicating the potential advantage of Sil-
PCS with respect to the removal of molecular benzene from the
hierarchical nanocomposites in adsorption applications. The
improved adsorption and desorption kinetic performance of the
Sil-PCS nanocomposites make them more promising materials in
VOC adsorption applications, for example, as an adsorbent in the
adsorption rotor [60], compared with the commercial ZSM-5 and
SilSYN.
4. Conclusions

Monolithic nanocomposites of diatomite-based hierarchically
macroporous ceramics with microporous Sil-1 coatings for
benzene adsorption were prepared. The hierarchically porous
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nanocomposites possess 3D reticulated structures with a macropo-
rous structure obtained from the porous ceramic support and
microporous and mesoporous structures generated from the inher-
ent pores and stacking voids of MFI-type Sil-1, respectively.

A simple method was used to synthesize hierarchically porous
nanocomposites, where a facile in situ process for coating MFI-type
Sil-1 onto the surface of PDDA-modified diatomite-based ceramic
monoliths was conducted for the first time. Sil-1 nanoparticles
were homogenously coated onto the surfaces of the ceramic sup-
ports, and the obtained nanocomposites possessed a high SBET

and Vmicropore, alleviating the agglomeration problem and improv-
ing the dispersity and stability of Sil-1.

The synthesized hierarchically porous nanocomposites exhib-
ited excellent benzene adsorption performance, with much higher
normalized benzene adsorption capacities than the commercial
ZSM-5 and synthesized Sil-1 adsorbents. The adsorption–desorp-
tion kinetic equations of the Sil-PCS nanocomposites fit well with
the LDF model, indicating that the benzene diffusion through a bar-
rier to enter the micropore and stacking mesopores of Sil-1 is the
rate-determining step. The Sil-PCS nanocomposites also display
high benzene adsorption–desorption kinetic rate constants, which
indicates a superior adsorption and desorption mass transfer rate
due to the effective benzene diffusion in the 3D reticulated pore
walls of the Sil-PCS monoliths. The benzene adsorption–desorption
results demonstrate that the hierarchically porous monoliths are a
promising material in VOC adsorption applications.
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