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� Diatomite/silicalite-1 composite was
prepared by a mild pre-modification
in situ coating route.

� This novel synthesized route
increased the zeolite loading amount
onto diatomite.

� The composite got macro-meso-
microporous structure with high
specific surface area.

� The composite exhibited excellent
static and dynamic benzene
adsorption behavior.

� The composite presented good
reusability for benzene adsorption.
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A novel, hierarchically porous diatomite/silicalite-1 composite with a high benzene removal efficiency
was prepared via a facile coating process. Silicalite-1 nanoparticles (Sil-1nano) were synthesized in situ
on the surface of the pre-modified diatomite support by using a mild, low-temperature reflux reaction
method. The obtained composite possessed a hierarchically porous structure, involving micropores and
stacking mesopores from the silicalite-1 nanoparticles, and it retained the macropores from the diatomite
support. The specific surface area and micropore volume of the composite were 348.7 m2/g and
0.127 cm3/g, respectively, with a zeolite loading amount of up to 60.2%. The diatomite/silicalite-1 com-
posite exhibited considerably higher static and dynamic benzene adsorption capacities (94.9 mg/g (Sil-
1nano) and 246.0 mg/g (Sil-1nano) respectively) per unit mass of zeolite than did the synthesized Sil-1nano
and commercial ZSM-5. Moreover, the introduced macroporosity of the diatomite reduced the mass
transfer resistance of the nanoparticles because of their improved dispersity, and it provided more pos-
sible entryways for benzene molecules, leading to better penetration of benzene than for Sil-1nano or com-
mercial ZSM-5. The composite showed steady reversibility after 4 adsorption cycles, further
demonstrating the promise of such a novel synthesized adsorbent for the removal of volatile organic
compounds in industrial applications.
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1. Introduction

In recent years, the emissions of volatile organic compounds
(VOCs) from industrial processes have received considerable atten-
tion because of the severe environmental hazards they create.
Most VOCs are toxic, carcinogenic, or even mutagenic and are the
primary contributors to photochemical pollution and secondary
organic aerosols [1–4]. Various technologies have been developed
for VOC abatement, such as catalytic oxidation [5], adsorption
[6], membrane separation [7] and biofiltration [8]. Of these avail-
able techniques, adsorption is widely accepted as the most effec-
tive VOC removal method because of its flexible operation
(possible even at low concentrations), low costs and low energy
consumption [6,9]. A key solution for the problems associated with
this method is to seek out an alternative adsorbent with a high
VOC removal efficiency.

Activated carbon has conventionally been used as a gas adsor-
bent because of its high porosity and low cost [10,11]. However,
its poor thermal stability and limited modification flexibility pre-
vent its industrial application in VOC adsorption. In addition, it is
difficult to regenerate the active material because the organic gas
molecules adsorbed in the slit-like micropores of activated carbon
are difficult to desorb [12]. Silicalite-1, the most well-known
aluminum-free MFI-type zeolite, exhibits a significant adsorption
capacity for VOCs because of its abundance of microporous struc-
tures with high specific surface areas and well-developed
hydrophobicity [13,14]; in particular, silicalite-1 nanoparticles,
are characterized as having high thermal and chemical stabilities
and favorable reusability. Compared with activated carbon, the
orderly straight or zigzag channels (sinusoidal pore size of
0.54 nm and elliptical pores with a pore size of 0.51 nm � 0.57 nm)
of the micropores are advantageous for the desorption of gas mole-
cules [15].

However, two major issues still exist in the application of
silicalite-1 nanoparticles as adsorbents: (i) nanoparticle agglom-
eration is widely known to lower the effective surface area and
reduce reaction activity, leading to a low VOC adsorption capac-
ity; and (ii) silicalite-1 nanoparticles exhibit monomodal microp-
orosity with a pore size smaller than 1 nm. These structural
micropores of silicalite-1 readily limit the diffusion and mass
transfer of certain macromolecules such as m-xylene and o-
xylene [16–18]. Coating the silicalite-1 nanoparticles onto macro-
porous supports for the fabrication of the hierarchically porous
composite is an alternative strategy to overcome these problems.
Nanoparticles dispersed on a macroporous support are capable of
diminishing their agglomeration. In addition, the macroporous
structure of the support shortens the diffusion path and reduces
the resistance to gas penetration, increasing the mass transfer
efficiencies of guest molecules. Various porous materials, includ-
ing a-alumina [19,20], stainless steel [21], porous carbon discs
[22] and ceramics [23], have been developed as supports for the
preparation of hierarchically porous composites. Nonetheless,
the pre-synthesis or pretreatment process of such supports may
increase the synthesis costs of the composites. Moreover, the
low porosities, poor thermal stabilities or inferior renewable per-
formance constrain their application in industrial processes. Con-
sequently, identifying desirable porous supports that are
economically viable and have high porosities and recyclability is
important for improving the VOC adsorption performance of
silicalite-1 nanoparticles.

Diatomite is considered a good candidate for the preparation of
hierarchically porous composites [24–31] because it occurs natu-
rally and has a well-developed porosity. Diatomite, also known
as diatomaceous earth or kieselgur, is a fossil assemblage of diatom
shells composed of amorphous hydrated silica (SiO2�nH2O) and is
classified as opal-A in mineralogy. It is characterized by a macrop-
orous structure with pore sizes ranging from nanometers to
micrometers [32–34]. As a fine-grained, low-density biogenetic
sediment that is non-toxic and readily available in ton quantities
at low cost, diatomite has been studied to evaluate its feasibility
as a support for nanoparticle coating. Several reports have pre-
sented various preparation methods for zeolite nanoparticles
coated onto diatomite. Anderson et al. [35,36] proposed a process
involving ultrasonically loading silicalite-1 seeds onto diatomite,
followed by a hydrothermal growth process of the seeds. The
obtained composite showed a low specific surface area (SBET,
29.2 m2/g) and micropore volume (Vmicropore, 0.01 cm3/g). Wang
et al. [28] proposed the layer-by-layer (LBL) zeolite deposition
method in which silicalite-1 nanoparticles were assembled onto
diatomite via electrostatic attraction. The resulting composite pos-
sessed an improved SBET and Vmicropore of 44.0 m2/g and 0.016 cm3/
g, respectively, but the loading amount of zeolite remained low, at
10%. To increase the zeolite loading amount, Wang et al. [29] then
developed the LBL technique, and an effective vapor-phase trans-
port (VPT) treatment was subsequently used to supplement the
LBL procedure. The zeolite loading amount of the composite
reached 51.4%, after a 10-day hydrothermal reaction and the com-
posite also exhibited an excellent benzene adsorption capacity
(46.0 mg/g). However, the extraordinarily long preparation period
(more than 10 days) and laborious procedures constrain the indus-
trial application of the synthesized adsorbent. In addition, the rig-
orously high temperature and pressure conditions required in the
VPT treatment pose certain risks, making it less suitable for
large-scale production. Thus, a facile synthesis method for
silicalite-1 coating is urgently needed.

The VOC adsorption performance and industrial application of
the adsorbents are typically evaluated in terms of the adsorption
capacity, diffusion and mass transfer efficiency, and reusability.
Adsorption capacity [37,38] has been recognized as the most com-
mon metric for testing the adsorption performance because of its
ease of measurement, whereas the diffusion efficiency and
reusability of adsorbents are rarely studied. Fletcher et al. [39,40]
investigated the adsorption–desorption kinetics for vapors on acti-
vated carbon. Dou et al. [12] reported the mass transfer efficiency
of benzene over carbon–silica composites. However, to date, few
reports have systematically investigated the mass transfer effi-
ciency of diatomite/zeolite composites, and there are no related
reports regarding their reusability.

Therefore, the objective of this study is to develop a facile
method for the preparation of a diatomite/silicaite-1 composite
and to systematically assess the feasibility of applying such a novel
synthesized adsorbent for the removal of VOCs. In the present
study, silicalite-1 nanoparticles were synthesized in situ on the sur-
face of the modified diatomite through a simple and mild low-
temperature reflux reaction, yielding a diatomite/silicalite-1 com-
posite with a high zeolite loading amount. Several techniques (X-
ray diffraction, scanning electron microscopy, mercury intrusion
tests and N2 adsorption–desorption isotherms) were used to inves-
tigate the morphology and texture of the composite. Benzene was
used as the model organic compound to systematically evaluate
the adsorption–desorption performance of the obtained
diatomite/silicalite-1 composite. Benzene, a typical VOC, is primar-
ily released from building and decoration materials in indoor envi-
ronments and leads to massive environmental problems in
industrial and domestic settings [41,42]. In this work, the benzene
adsorption capacity of the novel synthesized composite was stud-
ied. The diffusion and mass transfer kinetics and reusability were
systematically investigated as well. A static benzene adsorption–
desorption test was conducted using an accurate, intelligent gravi-
metric analyzer, and we adopted a method involving breakthrough
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curves and experimental installations to evaluate the diffusion per-
formance and reusability of the adsorbent.
2. Experimental

2.1. Reagents and materials

Tetraethoxysilane (TEOS, 99%) and poly(diallyldimethylammo-
nium chloride) (PDDA, 20% aqueous solution), used as a silicon
source for the zeolite synthesis solutions and the surface modifier
of diatomite, respectively, were purchased from Aldrich. The tem-
plate agent, tetrapropylammonium hydroxide (TPAOH, 25% aque-
ous solution), was provided by Zhejiang Kente Chemical Co. Raw
diatomite powder (denoted as Dt) was obtained from the Changbai
deposit in Jiling Province, China, and its chemical composition was
determined by chemical analysis to be as follows: 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.
Distilled water (18.2XM cm) was used in all of the experiments.
Commercial MFI-type high-silicon molecular sieves (denoted as
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. In situ synthesis of the diatomite/silicalite-1 composite

Fig. 1 shows the processing route for the synthesis of the
diatomite/silicalite-1 composite. A zeolite precursor suspension
with a TEOS:TPAOH:H2O molar ratio of 1:0.36:19.2 was prepared
[43]. In this process, 32.6 ml of TPAOH (25% aqueous solution)
was slowly added to 13.76 ml of distilled water, followed by the
cautious dropwise addition of TEOS. The suspension was continu-
ously stirred and incubated for 24 h at room temperature to allow
full hydrolysis of the silicon source.

Prior to the synthesis, 3 g of Dt was submerged in 160 ml of a
0.5% PDDA solution, stirring vigorously for approximately 3 h to
allow surface modification. It was then dried and mixed with the
zeolite precursor suspension. The mixture was transferred to a
Fig. 1. Schematic diagram for the synthesis
beaker under heating reflux in a silicon oil bath at 101 �C for
72 h. The obtained solid was centrifuged (4000 rpm for 5 min)
and rinsed with distilled water three or four times to remove the
superfluous silicalite-1 nanoparticles. Then, the solid was dried at
80 �C overnight and subsequently calcined at 550 �C for 6 h. The
final resulting sample was denoted as M-Dt/Sil-1nano. Pure
silicalite-1 nanoparticles without the addition of diatomite and
the diatomite/silicalite-1 composite without pretreatment of dia-
tomite were also prepared and are Sil-1nano and Dt/Sil-1nano,
respectively.
2.3. Characterization methods

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance diffractometer 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. The diffractometer scanned at a rate
of 3� (2h)/min.

Scanning electron microscopy (SEM) images were obtained
using a ZEISS Supra 55 field emission scanning electron micro-
scope. Transmission electron microscopy (TEM) images were
acquired using a JEOL JEM-2100 electron microscope operating at
an acceleration voltage of 200 kV. The specimens were pretreated
through the following procedure: the sample was ultrasonically
dispersed in ethanol for 5 min, and then, a drop of the suspension
was dropped onto a carbon-coated copper grid, which was left to
stand for 10 min before being placed in the microscope.

Mercury intrusion tests to evaluate the macropore size distribu-
tion of the samples were conducted on a Micromeritics AutoPore
IV 9500 porosimeter in the pressure range of 0.1–60,000 psi. A
Micromeritics ASAP 2020 system was used to measure the N2

adsorption–desorption isotherms at liquid nitrogen temperature
(77 K). All of the samples were degassed at 300 �C under vacuum
for 12 h before the measurement. The specific area (SBET) was cal-
culated from the N2 adsorption data using the multi-point Bru
nauer–Emmett–Teller (BET) equation. The total pore volume
(Vtotal) was determined at a relative pressure of ca. 0.99, and the
micropore pore volume (Vmicropore) was obtained via the HK
of the diatomite/silicalite-1 composite.



Fig. 3. XRD patterns of Dt, Dt/Sil-1nano, M-Dt/Sil-1nano, Sil-1nano and commercial
ZSM-5.
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method. The micropore surface area (Smicropore) of the composite
was evaluated using the t-plot method. The non-local density func-
tional theory (NLDFT) model [44,45], which determines both the
micropore and mesopore size distributions, was used to evaluate
the hierarchically porous structure of the composite in the range
of 0–20 nm.

2.4. Static benzene adsorption and desorption tests

The benzene adsorption–desorption equilibrium tests for vari-
ous samples were conducted using an intelligent gravimetric ana-
lyzer (IGA-002, Hiden Isochema Instrument) with a sensitivity of
0.1 lg at room temperature (25 �C). The apparatus possesses an
ultra-high vacuum system and can accurately control the subtle
weight changes of the samples by changing the pressures [12].
Sample with a mass of 50 mg per run was heated at 300 �C for
12 h under vacuum before the start of the test to remove the impu-
rities and avoid the adsorption of water. The static benzene adsorp-
tion capacity was recorded by altering the pressure until it
approached the saturated vapor pressure.

2.5. Dynamic benzene adsorption measurements

The dynamic benzene adsorption and desorption performance
was measured with a constant-flow method at a constant temper-
ature (25 �C) using an instrument set-up equipped with an online
gas chromatography device (GC), as shown in Fig. 2. Before the
measurement, samples were degassed at 300 �C for 4 h to remove
physically adsorbed water and other organic impurities, and the
apparatus was purged with N2 for 4 h. Then, 0.5 g of the sample
was placed in the sample tube mounted on the adsorption reaction
bed (Fig. 2). The total flow rate of benzene was controlled at
3 ml min�1 with a split ratio of 1:1. During the benzene adsorption
process, organic benzene vapor carried by N2 flowed through the
sample tube and was adsorbed onto the sample. The residual con-
centration of benzene was recorded by a GC equipped with a flame
ionization detector. After the reaction, the quartz tube containing
the sample was heated again at 300 �C for 4 h, and the entire pro-
cess was repeated 4 times to evaluate the reusability of the novel
synthesized composite.

3. Results and discussion

3.1. Characterization of the M-Dt/Sil-1nano composite

Fig. 3 shows the XRD patterns of various samples. The XRD pat-
tern of raw Dt is characterized by a broad peak centered at approx-
imately 21.8� (2h) with a d-spacing of 0.409 nm, revealing the main
phase of amorphous opal-A, which corresponds to the literature
[32]. The weak peak centered at 26.6� (2h) is ascribed to the small
Fig. 2. Schematic diagram of the dynamic benzene adsorption instrument.
quantity of quartz impurity (less than 4 wt% according to a semi-
quantitative determination). The synthesized Sil-1nano and pur-
chased commercial ZSM-5 (Fig. 3) consist mainly of crystalline
MFI-type silicalite zeolite with peaks centered at 7.8�, 8.8�, 14.8�,
17.6�, 23�, 23.6�, and 24.4� (2h), which are indexed as the (011),
(200), (301), (400), (501), (033) and (133) reflections, respec-
tively, based on Powder Diffraction File No. 44-0696. The broad-
ened diffraction lines of Sil-1nano compared with commercial
ZSM-5 (micrometer-sized particles) can likely be attributed to its
synthetic nanometer-sized particles. The characteristic reflections
of the MFI-type zeolitic structure appeared in the obtained M-Dt/
Sil-1nano and were in accordance with that of Sil-1nano, indicating
the existence of silicalite-1 nanoparticles in the novel synthesized
composite. Compared to Sil-1nano, the relatively narrow diffraction
lines of M-Dt/Sil-1nano are ascribed to the micron-sized particles of
the diatomite, implying that the silicalite-1 nanoparticles success-
fully coat the support. In addition, the diffraction intensity of the
M-Dt/Sil-1nano is lower than those of Sil-1nano and commercial
ZSM-5, likely due to the lower zeolite content (compared with pure
silicalite-1 nanoparticles) resulting from the coating process of
silicalite-1 onto diatomite. The lower diffraction intensity of Dt/
Sil-1nano (Fig. 3) compared to that of M-Dt/Sil-1nano indicates that
the pretreatment of diatomite, the PDDA modification, facilitates
the coating of silicalite-1 nanoparticles onto the diatomite surface.

As shown by the SEM images in Fig. 4a1, the dominant diatoms
of raw Dt, categorized as the Coscinodiscus Ehrenberg (Centrales),



Fig. 4. SEM images of (a1), (a2) Dt; (b1), (b2) M-Dt/Sil-1nano; and (c) Dt/Sil-1nano; and TEM image of (b3) M-Dt/Sil-1nano.
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are discshaped with highly developed macropores. Their macrop-
ore diameter (0.1–0.8 lm), varying regularly from the edge (100–
250 nm) of the disc to the center (250–800 nm) was clearly
observed at a higher magnification (Fig. 4a2). The surface of the
diatomite remained smooth without any impurity adhesions. The
relatively uniform particle diameter (20–40 lm) and thickness
(1.2–1.8 lm) of the diatom frustules were not visible in the SEM
images. Fig. 4b1 and b2 provide the SEM images of the obtained
M-Dt/Sil-1nano composite after the in situ coating process. The sur-
face of Dt was coated with nanoparticles with particle sizes of
80 nm, which is in accordance with the particle sizes observed
for the synthesized sphere-shaped Sil-1nano, as shown in the insert
of Fig. 4b1. This result illustrates that the silicalite-1 nanoparticles
were successfully coated on the surface of the diatomite. As
observed at a higher magnification (Fig. 4b2), the 80-nm
silicalite-1 nanoparticles were entirely and homogeneously dis-
tributed on the surface of Dt, forming the M-Dt/Sil-1nano compos-
ite. The macropores of the M-Dt/Sil-1nano composite were clearly
visible having pore sizes of 100–200 nm. The decreased central
macropore sizes compared to those of the Dt support is ascribed
to the fact that some silicalite-1 nanoparticles (80 nm) coated the
inner walls of the central macropores. This result is in good agree-
ment with the transmission electron microscope result in Fig. 4b3,
showing that the macropores of the Dt support were distinctly in
the M-Dt/Sil-1nano composite with a layer of Sil-1nano coated on
the inner edge of the pores. The inserted SEAD patterns of a crystal
in Fig. 4b3, matching the crystalline structure previously reported
for MFI zeolite [46], further confirmed the coating of silicalite-1
nanoparticles onto diatomite.

The SEM image of the Dt/Sil-1nano composite without the pre-
modification of the diatomite (Fig. 4c) revealed that only a small
amount of silicalite-1 nanoparticles were inhomogeneously coated
onto the diatomite, and the macropores of this support were nearly
blocked by the nanoparticles. The complete and homogenous coat-
ing of silicalite-1 nanoparticles in M-Dt/Sil-1nano (Fig. 4b1 and b2)
compared to that in Dt/Sil-1nano (Fig. 4c) is due to the pre-
modification mechanism. That is, the surface of the diatomite
was negatively charged [47–49] in the alkaline silicalite-1 precur-
sor solutions (pH = 12.5), which allows a barrier between it and the
negatively charged silicalite-1 nuclei to develop [50] during the
pre-hydrolysis process because of the electrostatic repulsion, lead-
ing to large bare areas of diatomite with no silicalite-1 coating. In
contrast, after PDDA modification, the surface charge of the diato-
mite changed from negative to positive [51] (Zeta potential value
was shown in Supplementary Table S1), which is beneficial for
the directional adhesion of the negatively charged silicalite-1
nuclei (Supplementary Table S1) resulting from electrostatic
attraction. Thus, more silicalite-1 nuclei were dispersed onto diato-
mite, contributing to the following homogeneous in situ crystal-
lization of the nuclei.

As shown in Fig. 5a, the typical N2 adsorption–desorption iso-
therm of raw Dt featured type II curves with a minor H3 hysteresis
loop according to the IUPAC classification [24], which indicates the
existence of small quantities of mesopores in the Dt. The extremely
small amount of N2 adsorption at relatively low pressures (P/
P0 6 0.1) is caused by the filling of few micropores, and the rapidly
increased adsorption quantities when P/P0 � 1.0 suggest abundant
macroporosity. This trend is in agreement with the SEM images
(Fig. 4a2), indicating that Dt possesses highly developed macrop-
ores. The Sil-1nano in Fig. 5b shows type IV adsorption–desorption
isotherm curves with an evident H3 hysteresis loop, which is an
indication of the formation of mesopores from the stacking voids
of the Sil-1. The initial rapid increase in the amount of N2 adsorp-
tion when P/P0 6 0.1 followed by a mild stage is ascribed to the fill-
ing of the micropores by the nanoparticles, and the sharp increase
in the adsorption quantity at P/P0 � 1.0 is mainly due to the exter-



Fig. 5. N2 adsorption–desorption isotherms of (a) Dt; (b) Sil-1nano; (c) ZSM-5 and
(d) M-Dt/Sil-1nano.

Fig. 6. (a) Microporous and mesoporous size distributions of Sil-1nano, ZSM-5 and
M-Dt/Sil-1nano; (b) macroporous size distributions of Dt and M-Dt/Sil-1nano.
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nal adsorption caused by the agglomeration of silicalite-1 nanopar-
ticles. The commercial ZSM-5 (Fig. 5c) exhibited similar adsorp-
tion–desorption isotherm curves with Sil-1nano. The additional
hysteresis loop appearing at P/P0 � 0.15 reflects the formation of
minor mesopores in the ZSM-5. The M-Dt/Sil-1nano composite in
Fig. 5d displays the same type IV curves and H3 hysteresis loop
as the Sil-1nano and ZSM-5. The steep increase in the amount of
N2 adsorption at P/P0 6 0.1 suggests massive micropores in the
composite corresponding to Sil-1nano and further demonstrates
the coating of silicalite-1 nanoparticles onto diatomite. However,
the hysteresis loop of the M-Dt/Sil-1nano composite (P/P0 � 0.4) is
larger than that of Sil-1nano (P/P0 � 0.6), implying a more extensive
mesoporous distribution of the composite. Moreover, the gradual
increase in the amount of N2 adsorption when P/P0 approaches
1.0 compared to that of Sil-1nano is ascribed to the alleviated
agglomeration of the silicalite-1 nanoparticles resulting from the
surface coating process, improving the dispersity of the nanoparti-
cles, which may facilitate VOC adsorption.

The microporous and mesoporous size distributions of various
samples calculated from the NLDFT method [45] are illustrated in
Fig. 6a. The major population centered at 0.6 nm, which occurred
in all samples, is attributed to the inherent micropores of the
MFI-type zeolite. The small population centered at 1.2 nm in Sil-
1nano and M-Dt/Sil-1nano is ascribed to the stacking voids of the
smaller silicatite-1 nanoparticles. The only significant population
centered at 2.9 nm is assigned to the mesopores in ZSM-5, which
is in good agreement with the additional hysteresis loop in the
N2 adsorption–desorption isotherm curves (Fig. 5c), indicating
the formation of minor mesopores. Mesoporous populations cen-
tered at 13.1 and 16.8 nm in Sil-1nano are attributed to the stacking
voids of larger silicalite-1 nanoparticles. The broader mesoporous
size distributions for M-Dt/Sil-1nano compared to those of Sil-1nano

and ZSM-5, with additional mesoporous populations centered at
2–6, 10.4, 13.1 and 16.8 nm respectively, are due to the alleviated
agglomeration and improved dispersity of the Sil-1nano nanoparti-
cles via the in situ coating synthesis onto the diatomite supports.

The mercury intrusion results displayed in Fig. 6b reflect the
macroporous size distributions of the Dt and M-Dt/Sil-1nano com-
posite. The macropore populations centered at 0.14, 0.23 and
0.7 lm, respectively are ascribed to the intrinsically macroporous
structure of Dt, and the 3.2 lm population belongs to the stacking
macroporous voids of the diatom shells. For the M-Dt/Sil-1nano
composite, the macropore populations centered at 0.28 and
0.43 lm indicate that the macroporosity is maintained in the Dt.
The disappeared or reduced macropore populations of the Dt
support in M-Dt/Sil-1nano suggest a decrease in the inherent
macropores of the Dt support, which likely results from a diminish-
ment of the macroporous space as the silicalite-1 nanoparticles
(80 nm) coat the internal surface of the Dt support. The macropore
populations centered at 1.6 and 7.2 lm are attributed to the stack-
ing voids following the coating with silicalite-1. The pore size dis-
tribution results indicate that the resulting M-Dt/Sil-1nano
composite possesses hierarchically porous structures, inherent
micropores and stacking mesopores from the silicalite-1 nanopar-
ticles, and the inherent and stacking macropores from the diato-
mite support. These results indicate the possibility of a favorable
mass transfer performance because of the introduction of a macro-
porous structure in the composite.

As the silicalite-1 nanoparticles were introduced into the com-
posite in the in situ coating process, the SBET and Vmicropore values of
the M-Dt/Sil-1nano composite (348.7 m2/g and 0.127 cm3/g, respec-
tively, Table 1) are noticeably higher than those of raw Dt (24.0 m2/
g and 0.009 cm3/g). The slightly higher SBET and Vmicropore values of
the M-Dt/Sil-1nano compared to those of commercial micron-sized
ZSM-5 (330.7 m2/g and 0.124 cm3/g, respectively, Table 1) are
attributed to the nano-sized silicalite-1 coated onto diatomite.
The Smicropore of the M-Dt/Sil-1nano composite (163.6 m2/g, Table 1)
calculated from the t-plot surface area is lower than that of ZSM-5
(273.7 m2/g) and Sil-1nano (302.5 m2/g), which is ascribed to the
certain amount of zeolite loading on the composite compared with
the pure zeolites. However, the Sexternal of the composite, as listed



Table 1
N2 adsorption–desorption results for Dt, M-Dt/Sil-1nano, Dt/Sil-1nano, ZSM-5 and Sil-1nano.

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

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

c (%)

Dt 24.0 4.3 20.2 0.051 0.009 –
M-Dt/Sil-1nano 348.7 163.6 185.1 0.365 0.127 60.2
Dt/Sil-1nano 186.9 73.4 113.5 0.176 0.072 32.1
ZSM-5 330.7 273.7 57.8 0.216 0.124 100
Sil-1nano 503.3 302.5 207.3 0.720 0.196 100

Wzeolite% = [Vmicropore (composite) � Vmicropore (Dt)] � 100%/Vmicropore (Sil-1nano).
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 the composites was calculated from the micropore volumes using the equation.

Fig. 7. Static benzene adsorption–desorption isotherms of various samples.
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in Table 1, is higher than that for ZSM-5 and is similar to Sil-1nano,
indicating the improved dispersity of the composite. The SBET and
Vmicropore values of the M-Dt/Sil-1nano composite are also consider-
ably higher than those of Dt/Sil-1nano (186.9 m2/g and 0.072 cm3/
g), which is a result of more silicalite-1 nanoparticles coated onto
the diatomite via the PDDA modification pre-treatment. This is
consistent with the SEM results showing that large bare areas of
diatomite existed in Dt/Sil-1nano (Fig. 4c) as well as with the con-
siderably higher amount of zeolite loading on the M-Dt/Sil-1nano
(60.2%) than on the Dt/Sil-1nano (32.1%, Table 1). Notably, the
amount of zeolite loading on the M-Dt/Sil-1nano composite is
approximately 6 times higher than that on the diatomite/MFI-
type zeolite composite reported byWang et al. (10%) [28], and even
higher than the composite synthesized using a 10-day hydrother-
mal method (51.2%) [29]. This higher amount of loading can be
ascribed to the superiority of the in situ coating process versus
the conventional LBL deposition technique. The electrostatic
attraction between modified diatomite and smaller amorphous
silicalite-1 nuclei (10–20 nm, tested in our previous study) [52]
in the in situ coating process is stronger than that between diato-
mite and crystalline silicalite-1 nanoparticles (80 nm), facilitating
the attraction of nuclei to the diatomite surface to reach a charge
balance and leading to the improved homogeneity of the resulting
M-Dt/Sil-1nano composite in the following crystallization process.
The advantageously higher zeolite utilization efficiency of the M-
Dt/Sil-1nano synthesized through a facile in situ method implies a
higher VOC removal efficiency in the novel composite.

3.2. Benzene adsorption performance of the M-Dt/Sil-1nano composite
3.2.1. Static benzene adsorption isotherms of the composite
Fig. 7 shows the static benzene adsorption isotherms of various

samples at room temperature (25 �C). The benzene adsorption iso-
therm of raw Dt is type II with a small hysteresis loop, which is in
good agreement with the N2 adsorption–desorption isotherms in
Fig. 5a, indicating the limited number of micropores existing in
Dt. Raw Dt displayed an extremely low benzene adsorption equi-
librium capacity with a value of 1.0 mg/g, which results from that
of Dt. The uptake of such small benzene molecules only depends on
disordered diffusion because of its macroporosity with a low
Vmicropore (0.009 cm3/g), leading to the low adsorption capacity.
Both the Sil-1nano and ZSM-5 in Fig. 7 exhibited type I benzene
adsorption isotherms. The initial rapidly increasing amount of
benzene adsorption at low absolute pressures (less than 10 mbar)
is attributed to the microporous filling of benzene molecules
caused primarily by their inherent micropores. The steadily
increasing amount of benzene adsorption under absolute pressures
exceeding 20 mbar is ascribed to the stacking mesoporous filling of
the benzene molecules. Because of the external adsorption caused
by an agglomeration of the nanoparticles, the Sil-1nano showed a
steeper adsorption trend than ZSM-5 when the absolute pressure
approached 120 mbar. The static equilibrium capacities of Sil-1nano

and ZSM-5 for the adsorption of benzene are 94.7 and 66.5 mg/g,
respectively. The M-Dt/Sil-1nano composite exhibited type IV
adsorption isotherm curves, and the benzene amount increased
steadily throughout the adsorption process. The flatter adsorption
curves of the M-Dt/Sil-1nano composite compared to those of Sil-
1nano and ZSM-5 are attributed to the enhanced dispersity of the
nanoparticles resulting from the Sil-1nano nanoparticle coating
the diatomite and forming a hierarchically porous structure, which
contributes to the steady increase in the amount of benzene
adsorbed. M-Dt/Sil-1nano possessed a static benzene adsorption
capacity of 57.1 mg/g, substantially exceeding that of the
diatomite/silicalite-1 composites prepared by Wang et al.
(46.0 mg/g) [29]. This higher capacity is achieved because the
pre-modification in situ coating route facilitates the alleviation of
the agglomeration problem and increases in the loading amount
of the silicalite-1 nanoparticles compared with the conventional
LBL technique. Considering the zeolite loading amount of 60.2%,
the normalized static benzene adsorption capacity of the compos-
ite per unit mass of zeolite reached 94.9 mg/g (Sil-1nano), which is
considerably higher than that of commercial ZSM-5 and slightly
higher than that of Sil-1nano, indicating the excellent static benzene
adsorption capacity of the novel synthesized M-Dt/Sil-1nano
composite.
3.2.2. Dynamic benzene adsorption behaviors of the composite
The breakthrough measurements are described as intuitive

reflections of the dynamic performances of the adsorbents in a
continuous VOC adsorption process [53]. The breakthrough curves
for all samples are shown in Fig. 8, and these curves were fitted



Fig. 8. Breakthrough curves of Dt, M-Dt/Sil-1nano, ZSM-5 and Sil-1nano for benzene
adsorption.
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using the Yoon and Nelson model based on the following equation
[54]:

t ¼ sþ 1=k½Ct=ðC0 � CtÞ� ð1Þ
where t is the breakthrough time, C0 and Ct (mmol/L) are the initial
injected benzene concentration and detected effluent benzene con-
centration adsorbed at time t respectively, Ct/C0 reflects the relative
benzene concentration variations during the breakthrough process,
s is the time when the breakthrough concentration reaches half of
the initial concentration (Ct = 0.5C0), and k is the rate constant
determined by the diffusion and mass transfer characteristics.

The dynamic benzene adsorption capacities (q, mg/g) of various
samples calculated by the integration of the surface areas from the
acquired breakthrough curves were based on the following equa-
tion [55,56]:

q ¼ M=ð1000m1Þ
Z t2

t1

FðC0 � CtÞdt ð2Þ

whereM (g/mol) is the molecular mass of benzene, m1 (g) is the ini-
tial weight of the adsorbents before the test, t1 (min) is the break-
through time without the column, t2 (min) is the breakthrough
time with the packed column, and F (mL/min) represents the N2

flow rate. The dead space was obtained by running blanks without
the column.

A longer breakthrough time for the adsorbent in the VOC
adsorption process typically indicates a higher dynamic capacity
[57,58]. As shown in Fig. 8, all of the curves increased sharply over
time with the breakthrough time decreasing in the order of Dt
(�19 min) < M-Dt/Sil-1nano (�28 min) < ZSM-5 (�38 min) < Sil-
1nano (�47 min). Therefore, the dynamic benzene adsorption
capacities follow the order of Sil-1nano > ZSM-5 > M-Dt/Sil-1nano >
Dt, correlating well with the dynamic benzene adsorption capacity
values shown in Table 2. This result is in good agreement with the
Vmicropore values of these samples in Table 1, suggesting that the
microporous filling of the benzene molecules is a considerable crit-
Table 2
The Yoon and Nelson equation parameters for Dt, M-Dt/Sil-1nano, ZSM-5 and Sil-1nano.

Sample q (mg/g) qs (mg/g) k (min�1) s (min) R2

Dt 73.7 – 0.313 24.98 0.976
M-Dt/Sil-1nano 148.1 246.0 0.143 47.93 0.980
ZSM-5 173.9 173.9 0.140 60.62 0.998
Sil-1nano 207.7 207.7 0.107 71.48 0.997
ical step in the adsorption process. However, M-Dt/Sil-1nano
showed a lower dynamic adsorption capacity (148.1 mg/g) than
the commercial ZSM-5 (173.9 mg/g) despite having a higher
Vmicropore value. This result is likely due to the appearance of
abundant mesopores (2.9 nm) approaching the microporous
region, thus providing similar openings for benzene molecules.
Regarding the zeolite loading amount of the M-Dt/Sil-1nano com-
posite of 60.2%, the normalized dynamic benzene adsorption
capacity of the composite (qs, mg/g) reached 246.0 mg/g, which
is considerably higher than those of commercial ZSM-5
(173.9 mg/g) and Sil-1nano (207.7 mg/g) in accordance with the
results of the static benzene adsorption capacity (Fig. 7), thus indi-
cating the higher zeolite utilization efficiency of the novel synthe-
sized composite. In the composite, silicalite-1 nanoparticles are
dispersed on the surface of the diatomite support, which improves
their dispersity and stability, and provides a higher probability of
obtaining full contact between the nanoparticles and benzene
molecules. Such full contact enables a higher zeolite utilization
efficiency for the composite than for pure Sil-1nano because of the
alleviation of agglomeration of the nanoparticles.

The post-breakthrough curve of the M-Dt/Sil-1nano, as shown in
Fig. 8, is considerably shorter than those of ZSM-5 and Sil-1nano,
implying a lower mass transfer resistance and a superior diffusion
behavior for the synthesized composite. These improvements are
due to the introduction of macroporosity in the M-Dt/Sil-1nano

composite from the Dt, as already indicated by the macropore size
distribution in Fig. 6b, resulting in a reduction in the mass transfer
resistance and facilitating the diffusion rate for gas penetration.
Furthermore, the improved dispersity of the silicalite-1 nanoparti-
cles via the coating process onto Dt provides more pathways for
benzene molecules, promoting a rapid breakthrough process. The
parameters of the Yoon and Nelson model are listed in Table 2.
The rate constant value of the M-Dt/Sil-1nano composite
(0.143 min�1) is higher than those of commercial ZSM-5
(0.140 min�1) and Sil-1nano (0.107 min�1), and the post-
breakthrough time at Ct = 0.5C0 of the composite (47.93 min) is
shorter than those of commercial ZSM-5 (60.62 min) and Sil-1nano

(71.48 min). These results further demonstrate the remarkable dif-
fusion and mass transfer performance of the novel synthesized
composite for benzene adsorption.

3.2.3. Reusability of the composite for benzene adsorption
The evaluation for the cycling ability of the adsorbent is an

important factor for industrial applications. The breakthrough
Fig. 9. Benzene adsorption breakthrough curves of the M-Dt/Sil-1nano composite
cycled 4 times.



Table 3
Yoon and Nelson equation parameters for various cycles.

Cycles q (mg/g) qs (mg/g) k (min�1) s (min) R2 Efficiency (%)

First 148.1 246.0 0.143 47.93 0.980 –
Second 139.7 232.1 0.146 45.89 0.983 94.3
Third 135.2 224.6 0.163 45.00 0.987 91.3
Fourth 143.4 238.2 0.143 47.93 0.990 96.8
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process of benzene adsorption over the novel M-Dt/Sil-1nano com-
posite was conducted 4 times (Fig. 9). The fitting parameters of
these 4 cycles are presented in Table 3. The overlapping fitted
breakthrough curves of the composite presented good repro-
ducibility over 4 cycles of benzene adsorption (Fig. 9), and the
recycling efficiency of the composite for benzene adsorption
remained relatively steady, exceeding 90% according to the integral
of the curves from the baseline [31,54]. The diffusion and mass
transfer properties of the M-Dt/Sil-1nano composite did not change
significantly, as indicated by the slightly increased diffusion rate
constants and constant s values, thus demonstrating the promising
industrial application prospects of the novel synthesized
diatomite/silicalite-1 composite.

4. Conclusions

In this study, a hierarchically porous diatomite/silicalite-1 com-
posite for VOC removal was prepared using a facile pre-
modification in situ coating process, resulting in a coating of
silicalite-1nanoparticles ondiatomitewitha zeolite loadingamount
of up to 60.2%. The diatomite/silicalite-1 composite possessed a
hierarchically porous structure with considerably higher SBET and
Vmicropore values than for the diatomite/MFI-type zeolite composite
reported in previous studies. The prepared diatomite/silicalite-1
composite exhibited a considerably higher static benzene adsorp-
tion capacity and an enhanced benzene diffusion performance com-
pared to those of pure synthesized silicalite-1 nanoparticles (Sil-
1nano) and commercial ZSM-5. The breakthrough curve results indi-
cate that the composite displayed a lower mass transfer resistance
and considerably faster penetration rate than Sil-1nano and commer-
cial ZSM-5, arising from the macroporosity in the composite reduc-
ing the resistance to gas penetration. The improved dispersity of the
silicalite-1 nanoparticles provides more pathways for the benzene
molecules. The diffusion and mass transfer properties of the com-
posite remained relatively steady after 4 adsorption cycles. With
its facile preparation, meaningful benzene adsorption performance,
andhigh reusability, this novel adsorbent,which canbe easily scaled
for industrial production, is a suitable candidate for the control of
VOC emissions in industrial applications.
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