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h i g h l i g h t s

� Diatomite/zeolite composites prepared by vapor-phase transport and desilication.
� Desilication introduced mesoporosity and formed terminal silanol groups.
� The composites exhibited hierarchical porosity.
� The composites exhibited excellent benzene adsorption capacity.
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a b s t r a c t

Hierarchically porous diatomite/MFI-type zeolite composites were prepared by transforming the natural
diatomaceous silica into MFI-type zeolite by a vapor-phase transport method, followed by a desilication
treatment. The morphology and macroporosity of the diatomite were well preserved in the parent
diatomite/MFI-type zeolite composite (Dt/Z). Treatment of Dt/Z by desilication in aqueous 0.2 M NaOH
solution at 60 �C for 1 h resulted in a mesopore size distribution centered at approximately 7 nm, without
significantly altering the macroporosity and microporosity of the resulting composite. Further desilica-
tion treatment (10 h) broadened the mesopore size distribution, whereas the macropores sourced from
the diatomite support were significantly damaged and a fraction of the micropores was narrowed to
approximately 0.49 nm. Under the optimal desilication condition (1 h), the desilication-treated Dt/Z
sample (Dt/Z-A1h) exhibited a higher adsorption capacity, better affinity, and faster adsorption kinetics
toward benzene than the parent Dt/Z, as evaluated via a gravimetric method using an Intelligent
Gravimetric Analyzer. The excellent benzene adsorption performance of Dt/Z-A1h was attributed both
to the increase in porosity and the formation of terminal silanol groups on the surface of newly developed
pores after the desilication treatment.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Volatile organic compounds (VOCs) are the most common air
pollutants emitted from the chemical, petrochemical, pharmaceu-
tical, building materials, and printing industries. Most VOCs are
toxic or even carcinogenic (such as benzene) and are the main
sources of photochemical reactions in the atmosphere, which lead
to various environmental hazards [1,2]. Many technologies are
available for VOCs control, such as adsorption [3], condensation
[4], membrane separation [5], catalytic oxidation [6,7], and biologi-
cal treatment [8], among which adsorption is the most applicable
technology because of the flexibility of the system, low energy,
and inexpensive operation costs [3,9].

Activated carbon has long been recognized as the most versatile
adsorbent due to its low cost and excellent adsorption capacity
[10]. However, several drawbacks are associated with its use in
adsorption processes, such as hygroscopicity, pore clogging, and
low thermal stability [11]. Hence, extensive efforts have been
focused on finding alternative adsorbents [12–15]. MFI-type zeo-
lites with low Al content or purely siliceous form (silicalite-1) have
been proposed as potential VOCs adsorbents due to their high
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hydrophobicity/organophilicity, large surface area, and superior
thermal stability [16,17]. However, these zeolites possess only
micropore channels [18], resulting in both relatively slow mass
transport and a high price, which is caused mainly by the need
to use expensive organic templates and inorganic sources during
the preparation process. These limitations have greatly hindered
their use in adsorption processes.

Diatomite, also known as diatomaceous earth or kieselguhr, is a
fine-grained, low-density biogenic sediment, consisting of amor-
phous hydrated silica (SiO2�nH2O) derived from opalescent frus-
tules of diatoms [19,20]. Diatoms are unicellular algae,
microscopic plants that existed during tertiary and quaternary
periods. One unique feature of diatoms is their highly developed
porosity and, in particularly, a macroporous structure with pore
sizes ranging from the nanometric to micrometric domains
[21–24]. Diatomite is relatively inexpensive because diatomaceous
silica is the most abundant form of silica on Earth, and there are
significant diatomite reserves worldwide. In previous investiga-
tions, diatomite has been used as a support to prepare diatomite/
zeolite composites (supported zeolites) by offering two major
advantages [25–27]: its macroporous structure can improve the
efficiency of mass-transport and diffusion processes; and being
made of silica, diatomite can act as an inexpensive inorganic silicon
source for zeolite growth. For example, Anderson et al. [25] pre-
pared a diatomite/ZSM-5 composite through the hydrothermal
treatment of an ultrasonic seeded diatomite in a clear synthesis
solution containing an adscititious silicon source and observed a
high diffusion rate of water; Wang et al. [26] prepared a hierarchi-
cally structured diatomite/MFI-type zeolite composite through a
more economical and effective vapor-phase transport (VPT)
method, in which the diatomaceous silica was partially trans-
formed into zeolite. Although the overall diffusion performance
of the aforementioned composites was improved due to the intro-
duction of macroporosity by the diatomite support, the intracrys-
talline diffusion rate of diatomite-coated zeolite crystals may
only yield a minor improvement compared to pure (unsupported)
zeolites. Therefore, a possible strategy to further improve the diffu-
sion performance of diatomite/zeolite composites is to enhance the
intracrystalline diffusion rate of diatomite-coated zeolite crystals.

Post-synthesis treatment of parent zeolites can increase the
porosity due to the appearance of defect sites in the zeolite frame-
work. Thus, it can improve the gas transport characteristics of zeo-
lites. Well-known post-treatments include steaming at relatively
high temperatures [28], acid leaching [29], and, more recently,
alkaline treatment [30]. Alkaline treatment selectively removes
silicon from the zeolite framework, whereas steaming and acid
leaching lead to dealumination. Dealumination is mainly used to
stabilize the zeolite structure or to create Lewis acidity, and
increase in porosity is rather limited [31]. The desilication treat-
ment is a more efficient method to induce mesoporosity in zeolite
crystals [32,33]. As inferred in the above-mentioned studies, it
would be of interest to combine the coating of zeolite crystals on
the surface of diatomite with the desilication treatment to achieve
an improvement on the mass-transport and diffusion efficiency.
However, to the best of our knowledge, related studies have not
been reported to date.

In this study, a diatomite/MFI-type zeolite composite was pre-
pared through a VPT process, thus introducing macroporosity in
the zeolite material. Then, the composite was treated by desilica-
tion in an alkaline medium to create mesopores in the zeolite
crystals coated on the surface of the diatomite. Treatment of the
parent diatomite/MFI-type zeolite composite in aqueous 0.2 M
NaOH solution at 60 �C for 1 h resulted in a mesopore size
distribution centered at approximately 7 nm, without significantly
altering the macroporosity and microporosity of the resulting com-
posite. Thus, the desilication-treated diatomite/MFI-type zeolite
composite exhibited a special trimodal porosity: macroporosity
sourcing from the diatomite support, mesoporosity created by
desilication treatment, and microporosity of MFI-type zeolite. This
is a significant optimization in the pore structure compared with
the previous reported diatomite [25–27] or other substrate (e.g.,
porous stainless steel, porous glass or solid foam monoliths) sup-
ported zeolites [34–36], which could be helpful for the improve-
ment of the adsorption performance of such materials. Benzene
was used as a model pollutant to evaluate the adsorption perfor-
mance of the resulting composites for VOC. Benzene was specifical-
ly chosen, because it is released from multiple sources (e.g.,
petrochemical plants, petroleum tanks, coke ovens, printing office,
and Chinese-style cooking) and has been proven to be carcinogenic
[1,8]. The benzene static adsorption capacity and adsorption kinet-
ics on the resulting composites were studied based on a gravimetric
method using an Intelligent Gravimetric Analyzer (IGA), which
have rarely been reported in previous studies concerning the simi-
lar diatomite/zeolite composites [25–27]. The influences of
desilication on the structure and the benzene adsorption perfor-
mance of the prepared composites were investigated.
2. Experimental

2.1. Reagents and materials

Tetraethoxysilane (TEOS, 99%) and diallyldimethylammonium
chloride (PDDA, 20 wt% in the water) were purchased from Aldrich.
Tetrapropylammonium hydroxide (TPAOH, 25 wt% in the water)
was obtained from Zhejiang Kente Chemical Co., Ltd. Sodium
hydroxide pellets (AR Grade) were purchased from Nanjing Chemi-
cal Reagent Co., Ltd. All reagents were used as received without any
further purification. Distilled water was used in all experiments.
The raw diatomite was obtained from Qingshanyuan diatomite
Co., Ltd. (Jilin provinces, China), and purified via a sedimentation
method [37]. The chemical composition (wt%) of the purified diato-
mite (hereafter denoted as Dt) is as follows: SiO2, 85.76; Al2O3,
5.60; Fe2O3, 1.74; K2O, 0.99; CaO, 0.33; MgO, 0.01; Na2O, 0.20;
TiO2, 0.26; ignition loss, 4.64.
2.2. Preparation of the diatomite/MFI-type zeolite composite

The diatomite/MFI-type zeolite composite (Dt/Z) was prepared
via a VPT process as previously reported by Wang et al. [26]. The
aqueous suspension of 80-nm silicalite-1 seeds (Sil-1) was prepared
following a procedure described in the literature [38]: a synthesis
mixture with a molar ratio of 25SiO2:9TPAOH:480H2O:100EtOH
was heat-treated in a polypropylene bottle under reflux in a silicone
oil bath at 100 �C for 48 h. TPAOH acted as template; here, the silica
source was TEOS, and EtOH (Ethanol) was the hydrolysis product of
TEOS. A layer-by-layer electrostatic assembly technique was used
to perform the seeding process [39]. Typically, 0.5 g of diatomite
powder was immersed in 25 mL of 5 wt% PDDA solution for
30 min, and then, the solid phase in the resultant mixture was cen-
trifuged (4000 rpm for 5 min) and washed four times with distilled
water to remove the excess polyelectrolyte. Next, the modified
sample was added to 25 mL of pH 9.5, 1.5 wt% Sil-1 suspension
and left in contact with this solution for 30 min. The excess of Sil-
1 was removed by washing four times with 0.10 M ammonia solu-
tion and centrifugation at 4000 rpm for 5 min. This layer-by-layer
seeding procedure was performed only once, producing Sil-1
monolayer-seeded diatomite samples. Subsequently, 0.5 g of the
seeded sample was placed on a porous Teflon board, that was
placed horizontally in the middle of a Teflon-lined stainless steel
autoclave and 5 g of a liquid mixture of ethylenediamine, triethy-
lamine, and H2O with a molar ratio of 2:9:6 was injected into the



452 W. Yu et al. / Chemical Engineering Journal 270 (2015) 450–458
bottom of the autoclave. The autoclave was then placed in an oven
at 180 �C and heated for 10 days, ensuring the maximal transforma-
tion of diatomaceous silica to zeolite [26]. Afterward, the as-synthe-
sized sample was calcined at 550 �C in air for 6 h (heating rate of
5 �C min�1) to remove the organic template. The resultant sample
was denoted as Dt/Z.
2.3. Desilication treatment

The desilication treatment of the Dt/Z composite was per-
formed in NaOH solution at 60 �C. Typically, 0.5 g of Dt/Z compos-
ite was vigorously stirred in 10 ml of 0.2 M NaOH solution for
different periods of time (1–10 h). The resulting samples were
washed thoroughly with distilled water before being dried at
80 �C overnight. The obtained products were denoted as Dt/Z-Anh,
where n indicates the desilication treatment time in hours.
2.4. Characterization methods

The XRD patterns were recorded using a Bruker D8 Advance
diffractometer with Ni filter and CuKa radiation (k = 0.154 nm), a
generator voltage of 40 kV and a current of 40 mA. The scan rate
was 3� (2h)/min. N2 adsorption–desorption isotherms were mea-
sured with a Micromeritics ASAP2020 system at liquid-nitrogen
temperature. Samples were outgassed at 350 �C for 12 h before
measurement. The total surface area of the sample, SBET, was calcu-
lated from the nitrogen adsorption data using the multiple-point
Brunauer–Emmett–Teller (BET) method [40], and the total pore
volume, Vtotal, was evaluated based on nitrogen uptake at a relative
pressure of approximately 0.99. The micropore surface area, Smicro,
and micropore volume, Vmicro, were derived from the t-plot method
[41]. The mesopore size distribution was calculated according to
the Barrett–Joyner–Halenda (BJH) model [42], and the micropore
size distribution was determined using the Saito–Foley (SF) model
for cylindrical pore geometry [43] applied to the adsorption branch
of the isotherm. SEM micrographs were acquired using a ZEISS
SUPER 55 field emission scanning electron microscope. Diffuse
reflectance Fourier transform infrared (DRIFT) spectra were
obtained using the Praying Mantis™ diffuse reflection accessory
of a Bruker Vertex-70 Fourier transform infrared spectrometer at
room temperature. The spectra were collected over the range of
600–4000 cm�1 with 64 scans at a resolution of 2 cm�1 using KBr
as the background.
Fig. 1. XRD patterns of (a) Dt, (b) Dt/Z, (c) Dt/Z-A1h, (d) Dt/Z-A3h, (e) Dt/Z-A5h, and
(f) Dt/Z-A10h.
2.5. Benzene adsorption tests

The benzene adsorption performance of the obtained samples
was evaluated using an IGA (IGA-002, Hiden Isochema Instrument)
with a sensitivity of 0.1 lg. This apparatus is an ultrahigh vacuum
system, that allows isotherms and the corresponding kinetics of
adsorption to be determined by setting pressure steps [44]. Before
the measurements, the adsorbent sample (approximately 50 mg
for each run) was outgassed at 350 �C for 8 h under vacuum condi-
tions to remove the excess water and impurities absorbed in the
pores. During sorption measurements, the pressure was altered
with the set pressure points and the mass uptake was measured
in real time using a computer algorithm. After equilibrium was
established for a desired pressure value, the vapor pressure was
increased to the next set pressure value, and the subsequent
uptake was measured until equilibrium was reestablished. The
increase in weight due to adsorption for each pressure step was
used to calculate the kinetic parameters for adsorption using an
appropriate kinetic model [45]. The adsorption experiments were
carried out at a temperature of 25 �C.
3. Results and discussion

3.1. Characterization of the Dt support and Dt/Z composite

The XRD pattern of Dt (Fig. 1a) revealed the main phase of non-
crystalline opal-A with a characteristic broad peak centered at
21.8� (2h). Quartz impurity was also observed in the Dt sample
(Fig. 1a), and its content (wt%) was semi-quantitatively determined
as approximately 4%. The newly appeared characteristic reflections
of the MFI-structured zeolite at 8.0�, 8.8�, 23.3�, 24.0�, and 24.4�
(2h) [46] in the XRD pattern (Fig. 1b) indicated the presence of
an MFI-type zeolite in the Dt/Z composite.

As indicated by the SEM image (Fig. 2a), the dominant diatom of
the Dt sample, which is classified in the genus Coscinodiscus Ehren-
berg (Centrales), is disk-shaped and has a highly developed macro-
porous structure. The diatom frustules are relatively uniform in
diameter (20–40 lm) and thickness (1.2–1.8 lm; SEM images
not shown). The surface of the diatom frustule appeared to be
extremely smooth when observed at a high magnification
(Fig. 2b). Fig. 2c shows the SEM image of the Dt/Z composite, which
illustrates that, the original disk morphology and the macroporous
structure of diatomite are both preserved after VPT treatment of
the Sil-1 seeded diatomite sample. As shown in Fig. 2d, the surface
of the diatom frustule is completely coated with a layer of MFI-
type zeolite crystals, whose morphology was converted to quad-
rate crystals from the original sphere of Sil-1 (Supplementary
Fig. S1). The average size of the zeolite crystals increased from
approximately 80 nm to 200 nm. Because no additional silica
source was added to the reaction system, the diatomaceous silica
must have acted as a silica source for the growth of the zeolite
crystal coating on the surface of the diatom frustules.

The N2 adsorption–desorption isotherm of Dt is characterized as
a type II isotherm with an H3 hysteresis loop (Fig. 3a) according to
the IUPAC classification [47]. The hysteresis is associated with the
filling and emptying of the mesopores by capillary condensation,
indicating the existence of mesopores in the Dt. In addition, the
sharp increase in the amount of N2 adsorbed near the relative pres-
sure of 1 corresponds to the adsorption by macropores [48,49]. The
type IV N2 isotherm of the Dt/Z sample (Fig. 3b) is indicative of the



Fig. 2. SEM images of (a and b) Dt and (c and d) Dt/Z.

Fig. 3. N2 adsorption–desorption isotherms of (a) Dt, (b) Dt/Z, (c) Dt/Z-A1h, (d) Dt/Z-
A3h, (e) Dt/Z-A5h, and (f) Dt/Z-A10h.

Table 1
Textural properties of Dt, Dt/Z, and the desilication-treated samples (Dt/Z-Anh).

Sample SBET

(m2/g)
Smicro

(m2/g)
Smeso

a

(m2/g)
Vtotal

(cm3/g)
Vmicro

(cm3/g)
Vmeso

a

(cm3/g)

Dt 16.8 8.7 6.7 0.042 0.004 0.019
Dt/Z 295.7 234.9 8.7 0.164 0.095 0.016
Dt/Z-A1h 286.9 190.2 37.1 0.255 0.077 0.061
Dt/Z-A3h 285.4 188.3 36.8 0.256 0.076 0.060
Dt/Z-A5h 288.9 192.7 35.9 0.255 0.078 0.059
Dt/Z-A10h 280.4 182.7 35.5 0.249 0.074 0.058
Sil-1 509.8 397.4 48.3 0.720 0.155 0.188

a BJH cumulative adsorption surface area and volume of pores between 2.0 and
50.0 nm.
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newly generated porosity in the material, the steep rise at low rela-
tive pressures corresponds to the filling of zeolitic micropores, and
the hysteresis loop implies the intercrystalline mesopores space.
The SBET and Smicro value of Dt/Z are 295.7 and 234.9 m2/g, respec-
tively, which are significantly larger than those of the Dt support
(Table 1). This indicated that the majority of the surface area of
Dt/Z is due to the micropores, and that the contribution from the
mesopores is relatively low. The BJH cumulative adsorption surface
area of pores between 2.0 and 50.0 nm, Smeso, is only 6.7 m2/g
(Table 1). The content of MFI-type zeolite in the Dt/Z composite
was 58.7%, calculated from the micropore volume (Table 1) by
using the equation Wz = [Vmicro(Dt/Z) � Vmicro(Dt)]/Vmicro(Sil-1)
[26], where Wz is the zeolite content.

3.2. Effects of desilication on the structure of Dt/Z-Anh

All of the desilication-treated samples exhibited XRD patterns
similar to that of the Dt/Z sample (Fig. 1), indicating that the lattice
structure of the MFI-type zeolite was still preserved. The intensity
of the characteristic peaks of MFI-structured zeolite decreased
with the desilication treatment time, indicating the loss of crys-
tallinity upon desilication treatment. This result is due to the



Fig. 4. SEM images of (a) Dt/Z-A1h, (b) Dt/Z-A3h, (c) Dt/Z-A5h, and (d) Dt/Z-A10h.

Fig. 5. (a) SF micropore size distributions of (a1) Dt/Z, (a2) Dt/Z-A1h, (a3) Dt/Z-A3h, (a4) Dt/Z-A5h, and (a5) Dt/Z-A10h; (b) BJH mesopore size distributions (adsorption branch) of
(b1) Dt/Z, (b2) Dt/Z-A1h, (b3) Dt/Z-A3h, (b4) Dt/Z-A5h, and (b5) Dt/Z-A10h. (b3), (b4), and (b5) are shifted 0.02, 0.04, and, 0.06 cm3/g upward, respectively, for clarity.

454 W. Yu et al. / Chemical Engineering Journal 270 (2015) 450–458
removal of Si from the framework and the creation of additional
mesopores in the MFI-type zeolite crystals [30,50].

The overall morphological and macroporous changes of Dt/Z
during the desilication treatment were revealed by SEM. Fig. 4
shows the SEM images acquired after the desilication treatment
of Dt/Z for the time range of 1–10 h. No obvious change in the disk
morphology and macroporous structure of Dt/Z was observed for
the 1 h treatment (Fig. 4a). Upon further desilication treatment
(3 h), the diatom frustules began to dissolve and the zeolite coating
became incomplete (Fig. 4b). Some zeolite crystals that were
dropped from the diatom frustules can be found in the SEM image
of Dt/Z-A3h (Fig. 4b). After 5 h of desilication treatment, the disk
morphology and macroporous structure of diatomite were sig-
nificantly damaged (Fig. 4c and d). All of the diatom frustules were



Fig. 6. Benzene adsorption isotherms of (a) Dt, (b) Dt/Z, (c) Dt/Z-A1h, and (d) Dt/Z-A10h (red solid lines for simulated based on Henry’s law equation). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Equilibrium adsorption capacities qe (mg/g) and Henry modal parameters of benzene
on Dt, Dt/Z, Dt/Z-A1h and Dt/Z-A10h.

Samples Equilibrium adsorption
capacities qe (mg/g)

Model parameters

Henry constants H
(103 mg/g)

R2

Dt 11.1 0.043 0.954
Dt/Z 60.8 0.536 0.998
Dt/Z-A1h 62.5 2.019 0.941
Dt/Z-A10h 50.1 1.830 0.951
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dissolved, and the zeolite crystals congregated together in the
Dt/Z-A10h sample (Fig. 4d).

The mesopore and micropore changes due to the desilication
treatment were studied by N2 adsorption measurements. Upon
desilication treatment, the development of a distinct hysteresis
loop in the N2 adsorption–desorption isotherm was observed
(Fig. 3c–f), indicating the generation of new mesopores in the
desilication-treated sample. The steep increase at low relative
pressures still corresponded to the filling of zeolitic micropores
(Fig. 3c–f). The N2 adsorption–desorption isotherm of Dt/Z-A1h

exhibited a more distinct hysteresis loop (Fig. 3c) than that of Dt/
Z, suggesting that a substantial amount of mesopores formed after
the desilication treatment for 1 h. A further increase in the treat-
ment time did not significantly change the entire profile of the iso-
therms as shown in Fig. 3.

Fig. 5a shows the SF micropore size distributions of the desilica-
tion-treated samples. A narrow peak at 0.531 nm, which corre-
sponded to the mean micropore diameter of the MFI-type zeolite
channels [18], was observed in the micropore size distribution of
Dt/Z (Fig. 5a1). Desilication treatment for 1 h broadened the micro-
pore size distribution of Dt/Z-A1h, and the mean micropore dia-
meter decreased to 0.520 nm (Fig. 5a2). When the desilication
treatment time reached 3 h, a micropore size distribution centered
at 0.493 nm was observed (Fig. 5a3), indicating that desilication
created new micropores that were significantly narrower than
those of the parent zeolite. These narrower micropores were
derived from a fraction of the micropore channels of the MFI-type
zeolite that rearranged upon the desilication treatment. As illus-
trated by Fig. 5a4 and a5, the micropore size distributions below
0.5 nm broadened with the increase in desilication treatment time,
indicating that more of the narrower micropores were created.
These results were in good agreement with previous observations
of ZSM-5 zeolite [51].

Fig. 5b shows the BJH mesopore size distributions of the
desilication-treated samples. A relatively narrow mesopore distri-
bution centered at approximately 7 nm was observed after 1 h
desilication treatment (Fig. 5b2). The Smeso and Vmeso value of Dt/
Z-A1h are 37.1 m2/g and 0.061 cm3/g, respectively, which are
approximately 3 times greater than those of Dt/Z, whereas the
Smico and Vmico value decreased by only approximately 20%
(Table 1). A longer treatment time shows a gradual broadening of
the mesopore size distributions (Fig. 5b), and the Smeso value of
the desilication-treated sample exhibits a slight decrease after
3 h of desilication treatment (Table 1). Based on the SEM and the
pore (micropore and mesopore) size distribution results, the
optimal desilication time for introducing mesopores while keeping
the macroporous and microporous structure of Dt/Z was 1 h.

3.3. Effects of desilication on the benzene adsorption performance of
Dt/Z-Anh

The desilication-treated diatomite/MFI-type zeolite composites
Dt/Z-A1h with trimodal porosity and Dt/Z-A10h with bimodal poros-
ity were adopted here as representative samples to estimate their
benzene adsorption performance when compared with Dt/Z and
Dt. Fig. 6 presents the adsorption isotherms of benzene on Dt,
Dt/Z, Dt/Z-A1h and Dt/Z-A10h. The Henry’s law [52,53] was used
to fit the adsorption data in the very-low-pressure region (the area
in the dashed rectangle in Fig. 6), where interaction between
adsorbed molecules could be neglected and only interactions
between adsorbed molecules and the adsorbent surface remained
[53]. The Henry’s law is described by the following equation:

q ¼ H
p
p0

ð1Þ

where q (mg/g) is the amount of absorbed benzene at the relative
pressure p/p0 and H (103 mg/g) is the Henry constant, which reflects
the adsorption affinity between a benzene molecule and the adopt-
ed sample surface. As shown in Table 2, the H values for all Dt/Z
composites were significantly larger than that for Dt. This result
was due to the microporosity of the Dt/Z samples, and the fact that
the micropores had a high adsorption energy [54]. The H values for
Dt/Z-A1h and Dt/Z-A10h were significantly larger than that for Dt/Z
(Table 2), indicating that the desilication treatment strengthened
the adsorption affinity between the benzene molecule and the sur-
face of the Dt/Z composites.

As shown by the results of DRIFT spectra (Supplementary
Fig. S2), the desilication treatment of Dt/Z resulted in an increase



Fig. 7. Variation of Mt/Me versus time for benzene adsorption on (a) Dt (p/p0 = 0.00786–0.0156), (b) Dt/Z-A1h (p/p0 = 0.00781–0.0156), and (c) Dt/Z-A10h (p/p0 = 0.00778–
0.0156); (d) variation of rate constants with relative pressure on Dt, Dt/Z-A1h, and Dt/Z-A10h.
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in the relative intensity of the band at 3745 cm�1, which was asso-
ciated with terminal silanol groups of MFI-type zeolite [55]. This
result indicated that terminal silanol groups were formed on the
newly developed pore surface after the desilication treatment. After
benzene adsorption, the intensity of the band at 3745 cm�1

decreased and, accordingly, a new band at 3652 cm�1 became well
resolved (Supplementary Fig. S2). This new band is assigned to the
stretching vibrations of perturbed terminal silanol groups formed
by hydrogen bonding to benzene [56]. Thus, the improved adsorp-
tion affinity between the Dt/Z composites and a benzene molecule,
due to the desilication, can be explained by the formation of termi-
nal silanol groups on the newly developed pore surface of the
desilication-treated samples, which provided adsorption sites and
had a high affinity to benzene molecule through hydrogen bonding.

The equilibrium adsorption capacity of benzene (qe) for Dt/Z is
60.8 mg/g, which is significantly larger than that for Dt (Table 2).
This result is attributed to the adsorption of benzene by MFI-type
zeolite coated on the surface of Dt. MFI-type zeolite possess micro-
pore channels in the range of 0.51–0.57 nm (sinusoidal channels
with 0.54 nm circular cross sections interconnected with straight
channels with 0.51 nm � 0.57 nm elliptical cross sections) [18]. It
adsorbs benzene with molecular diameter of 0.5 nm [57,58]. Dt/
Z-A1h exhibited a larger qe value than Dt/Z (Table 2). This increase
in qe value was due to the formation of mesopores in Dt/Z-A1h

(Fig. 5b2) after 1 h of desilication treatment, resulting in increase
in both the Vmeso and Vtotal values (Table 1). Moreover, the micro-
pores of Dt/Z-A1h can also adsorb benzene molecule, because the
micropores size of Dt/Z-A1h is larger than the molecular diameter
of benzene (Fig. 5a2). This result was in accordance with the fact
that the static VOC adsorption capacity is proportional to the total
pore volume [59]. However, Dt/Z-A10h exhibited a lower qe value
than Dt/Z-A1h (Table 2), although the Vmicro, Vmeso, and Vtotal of
Dt/Z-A10h are comparable to those of Dt/Z-A10h (Table 1). This
result was due to the narrowing of a fraction of the micropores
in Dt/Z-A10h, as already indicated by the micropore size
distribution (Fig. 5a5). The narrowed micropores with a pore size
of 0.493 nm (Fig. 5a5) cannot adsorb molecules as large as benzene.

Adsorption kinetics is of fundamental importance in applica-
tions of adsorbents in actual situations [60]. The mass relaxation
curves obtained by pressure increment could be used to calculate
the adsorption kinetics [45]. The linear driving force (LDF) model,
which was followed for substantial parts of the adsorption iso-
therms of benzene on microporous material [60] and mesoporous
silica material [44], was used to fit the mass relaxation curve of the
adopted samples. The LDF model for adsorption is described by the
following equation:

Mt

Me
¼ 1� e�kt ð2Þ

where Mt is the uptake at time t, Me is the equilibrium uptake for
the given pressure increment (Mt = Me at equilibrium), and k is
the rate constant [60].

Fig. 7a–c display the typical mass relaxation curves of Mt/Me

versus time for the adsorption of benzene on Dt/Z, Dt/Z-A1, and
Dt/Z-A10, respectively, and the corresponding profiles were fitted
using the LDF model. All three graphs show that the adsorption
kinetics correspond well with the LDF model, with a correlation
coefficient (R2) P 0.998. The adsorption kinetics follow the LDF
model over the relative pressure range of 0–0.709, and the detailed
simulation results are provided in Supplementary Table S1. This
result suggests that benzene diffusion through a barrier is the
rate-determining step [45]. The barrier may be caused by the mole-
cular being similar to the micropore size of the MFI-type zeolite or
by a surface diffusion resistance.

A comparison of the LDF adsorption rate constant of benzene
with relative pressure on Dt/Z, Dt/Z-A1, and Dt/Z-A10 is shown in
Fig. 7d. In the initial uptake region, the adsorption rate constants
for Dt/Z-A1h and Dt/Z-A10h are significantly larger than those for
Dt/Z (Fig. 7d). This observation can be attributed to (i) the meso-
pores created by desilication allowing for high accessibility during
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adsorption; (ii) the terminal silanol formed after desilication treat-
ment having a high affinity for the benzene molecule. For all sam-
ples, the adsorption rate constant initially decrease to a plateau
when the relative pressure is larger than 0.4. This decrease in rate
constants can be attributed to the development of clusters of mole-
cular benzene in the micropores of the adsorbents [61]. The
increase in rate constants for Dt/Z-A1h, when the relative pressure
is greater than 0.6 is likely related to the mass transport of macro-
pores. This comparison between the adsorption rate constant of Dt/
Z and that of the desilication-treated samples indicated that a
desilication treatment improved the diffusion of Dt/Z composites,
resulting in higher adsorption efficiency.

4. Conclusions

Hierarchically porous diatomite/MFI-type zeolite composites
were prepared. A diatomite/MFI-type zeolite composite (Dt/Z)
was prepared through a vapor-phase transport method, followed
by a desilication treatment to increase the porosity of Dt/Z. The
results have proven that optimization of the desilication treatment
of the parent Dt/Z leads to an increased mesoporosity and pre-
served macroporosity and microporosity. The desilication-treated
sample exhibited a higher adsorption capacity and better affinity,
as well as faster adsorption kinetics toward benzene than the par-
ent Dt/Z, due to the increase in porosity and the formation of ter-
minal silanol groups on the newly developed pore surface after
the desilication treatment. Thus, combining the coating of zeolite
crystals on the surface of diatomite with a controlled desilication
by an optimal desilication treatment may allow for a new approach
in the preparation of promising benzene adsorbents.
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