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HIGHLIGHTS

® Novel hierarchical diatomite zeolite composites prepared by a NaOH etching method.
® NaOH etching enlarged macropores of frustule and increased coated zeolite contents.
® The composites exhibited good macro-/microporosity and high specific surface area.
® The composites exhibited excellent performance for benzene adsorption.
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ABSTRACT

Hierarchically porous diatomite/MFI-type zeolite (Dt/Z) composites with excellent benzene adsorption
performance were prepared. The hierarchical porosity was generated from the microporous zeolite
coated at the surface of diatom frustules and from the macroporous diatomite support. A facile NaOH
etching method was employed for the first time to treat the frustule support, followed by hydrothermal
growth of MFI-type zeolite at the surface of frustules previously seeded with nanocrystalline silicalite-1
(Sil-1). NaOH etching enlarged the pores on diatom frustules and further increased the coated zeolite con-
tents (W,). The central macropore size of the diatom frustules increased from approximately 200-500 nm
to 400-1000 nm after NaOH etching. The W, could reach 61.2%, while the macroporosity of the compos-
ites was largely preserved due to more voids for zeolite coating being formed by NaOH etching. The
Dt/Z composites exhibited higher benzene adsorption capacity per unit mass of zeolite and less mass
transfer resistance than Sil-1, evaluated via a method of breakthrough curves. These results demonstrate
that etching of a diatomite support is a facile but crucial process for the preparation of Dt/Z composites,
enabling the resulting composites to become promising candidates for uses in volatile organic compounds
emission control.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

of photochemical reactions in the atmosphere leading to various
environmental hazards [1,2]. Many technologies are available for

Volatile organic compounds (VOCs) are the most common air
pollutants emitted from chemical, petrochemical, pharmaceutical,
building materials, and printing industries. Most VOCs are toxic
or even carcinogenic (such as benzene) and are the main sources
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VOCs control, such as adsorption [3], condensation [4], membrane
separation [5], oxidation [6], and biological treatment [7], among
which adsorption is the most applicable technology because of the
flexibility of the system, low energy, and inexpensive operation
costs [3,8].

Activated carbon has long been recognized as the most versatile
adsorbent due to its low cost and excellent adsorption capacity [9].
However, several drawbacks, such as hygroscopicity, pore clogging,
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and low thermal stability are associated with its use in adsorp-
tion processes [10]. Hence, extensive efforts have been focused
on finding alternative adsorbents [11-15]. MFI-type zeolites with
low Al content or purely siliceous form (silicalite-1) have been
proposed as potential adsorbents due to their high hydropho-
bicity/organophilicity, large surface area, and superior thermal
stability [16,17]. However, these zeolites possess only micropore
channels (sinusoidal channels with 0.54 nm circular cross sections
interconnected with straight channels with 0.51 nm x 0.57 nm
elliptical cross sections [ 18]), resulting in both relatively slow mass
transport and their high price, which is caused mainly by the need
to use expensive templates during the preparation process. These
limitations have greatly hindered their use in adsorption processes.

To overcome the diffusion limitation, hierarchically porous
structured zeolites, which integrate at least two levels of poros-
ity (meso-/micropores or macro-/micropores) within a single body,
have been developed to improve the diffusion performance of such
adsorbent. The general route for synthesizing such materials is
the template-directed method. In this method, the zeolite crystals
closely contact a sacrificial template (such as polystyrene beads
[19], differently structured carbon materials [20-22], surfactants
[23]) that is later removed by calcination or extraction to obtain
a hierarchically porous structure. However, the materials synthe-
sized by this method often exhibit inferior mechanical strength,
limiting their practical application. Moreover, the removal of a large
amount of template is not only a waste of resources but also harm-
ful to the environment. Coating or supporting zeolite crystals at the
surface of a permanent support to fabricate hierarchically porous
structured composites (supported zeolites) is an alternative strat-
egy to avoid the above problems. These composites can benefit in
their application from both the zeolitic function (e.g., adsorption
or catalytic performance) and the function of the supports (e.g.,
mechanical stability, pressure drop reduction, or mass transport).
Various materials including porous stainless steel [24], porous glass
[25], solid foam monoliths [26,27], ordered mesoporous silicates
[28], and porous minerals [29-31] have been used as permanent
supports. Among these materials, diatomite is a particularly attrac-
tive support [32]. Diatomite, also known as diatomaceous earth or
kieselgur, is a fossil assemblage of diatom frustules, characteristics
of which are highly developed porosity, and a particularly macrop-
orous structure; thus, these materials can improve the efficiency of
the mass-transport and diffusion processes [33]. Diatom frustules
are mainly composed of amorphous hydrated silica (SiO-nH,0),
which is categorised as non-crystalline opal-A according to the
mineralogical classification [34,35]. Composed of diatomaceous sil-
ica, which is the most abundant form of silica on earth, diatomite
can also act as inexpensive nutrients for the growth of zeolites
[36,37].

There have been several reports of the use of diatomite as a sup-
port for the synthesis of diatomite/zeolite composite. For example,
Anderson et al. [30] synthesized a diatomite/MFI-type zeolite com-
posite and observed a high diffusion rate of water, and Lu et al.
[38] prepared a diatomite/silicalite-1 composite for the effective
removal of methyl tert-butyl ether from a water system. How-
ever, the aforementioned composites show low specific surface
area (Sger, 29.2 m2/g for Anderson et al. and 45 m?/g for Lu et al.)
and micropore volumes (Viicropore, 0-010 cm3/g for Anderson et al.
and 0.018 m?2/g for Lu et al.) due to the low amounts of zeolite coat-
ing on the diatomite (w/w, 5% for Anderson et al. and 12% for Lu
et al.). To grow more zeolite crystals on diatomite, the synthesis
by Anderson et al. lasted for 72 h [30]. However, the characteristic
array of submicron pores and even the larger internal voids of the
diatomite were blocked by the overgrowth zeolite crystals, result-
ing in a decrease of the diffusion channels. This is perhaps a primary
reason why there has been no report on VOCs emission controlling
by using diatomite/zeolite composites as adsorbents.

In this work, for the first time, we proposed a facile NaOH etching
method to treat a diatomite (Dt) support, followed by hydrother-
mal growth of MFI-type zeolite at the surface of the etched diatom
frustules previously seeded with nanocrystalline silicalite-1 (Sil-1)
to prepare diatomite/MFI-type zeolite (Dt/Z) composites. The pre-
pared Dt/Z composites possessed hierarchically porous structure,
generating from the microporous zeolite coated at the surface of
diatom frustules and from the macroporous diatom frustules as the
support. Among the VOCs, benzene is an important chemical feed-
stock and gasoline ingredient. Its emissions from multiple sources
(e.g., petrochemical plants, printing office, Chinese-style cooking,
and the installations where benzene is used as a solvent) have to
be carefully controlled, due to its proven human carcinogenicity
[39,40]. Herein, benzene was used as a model pollution to evaluate
the VOCs adsorption performance of the resulting composites via
a method of breakthrough curves. The influences of NaOH etching
on the morphology and architecture changes of diatom frustules
as well as on the structure and benzene adsorption performance of
the Dt/Z 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 Chem-
ical Reagent Co., Ltd. Distilled water was used in all of the
experiments. Raw diatomite was obtained from Qingshanyuan
Diatomite Co., Ltd. (Jilin province, China) and purified using the
sedimentation method [41]. The chemical composition (wt%) of
the purified diatomite (Dt) is: SiO,, 85.76; Al,03, 5.60; Fe; 03, 1.74;
K0, 0.99; Ca0, 0.33; MgO, 0.01; Na,0, 0.20; TiO,, 0.26; ignition
loss, 4.64.

2.2. NaOH etching and preparation of Dt/Z composites

In a typical etching procedure, 1g of Dt was placed in a plas-
tic beaker and mixed with 20 mL of pH 13.5 NaOH solution under
moderate stirring. After a 72 h reaction at room temperature, the
etched sample was collected by centrifugation and washed repeat-
edly with distilled water until achieving neutrality, dried at 80°C
overnight, and ground into a powder in a mortar. The obtained
product was denoted Dt-E.

The Dt/Z composites were prepared by the following steps: an
suspension of Sil-1 with an average size of 80 nm was prepared
according to a previously reported procedure [42]. A layer-by-layer
electrostatic assembly technique was used to perform the seed-
ing process [43]. The Sil-1 seeded samples were denoted Dtseeged
or Dt-Egeeqeq- For hydrothermal growth, 0.5 g of Sil-1 seeded sam-
ple was placed at the bottom of a PTFE-lined stainless steel
autoclave, and 25mL of a clear synthesis solution (composition
25Si0,:3.04TPAOH:1454H,0) was added such that the sample was
immersed. The autoclave was then placed in an oven at 106 °C and
heated for several days. This composition and temperature were
chosen to reduce the self-nucleation of the reaction mixture, and
thus, facilitate the crystal growth to form a coherent zeolite film at
the surface of the diatom frustules [44]. After hydrothermal treat-
ment, the as-synthesized samples were washed repeatedly, dried
at 80°C overnight, and calcined at 550°C in air for 6 h to remove
the organic template, producing the Dt(Dt-E)/Z, composites, where
n indicates the hydrothermal treatment time in days; for example,
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Dt-E/Z; refers to the diatomite/MFI-type zeolite composite that was
prepared by treating the Dt-Egeedeq hydrothermally for 1 day.

2.3. Characterization methods

Various characterization techniques including X-ray powder
diffraction (XRD), N, adsorption-desorption isotherms, Mercury
intrusion porosimetry (MIP), Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), selected-area electron
diffraction (SAED), and solid-state magic-angle-spinning (MAS)
NMR were employed to monitor the Dt/Z composites preparation
process. The detailed characterization procedures are stated in the
Supplementary material.

2.4. Benzene adsorption tests

The benzene adsorption performance of the obtained samples
was evaluated using an in-line gas chromatographic apparatus
[45,46]. The detailed benzene adsorption test procedures are stated
in the Supplementary material.

The benzene adsorption capacity (g, mmol/g) of the adsorbents
was calculated by integrating the area above the acquired break-
through curve after subtracting the area attributed to the system
dead volume according to the following equation:

5]
Q=/ F[Co — Cpyldt (1)

51

where t; (min) is the breakthrough time without the column, t,
(min) is the breakthrough time for the packed column, Cy and C,
(mmol/L) represent the influent and measured effluent benzene
concentrations, respectively, and F (mL/min) is the nitrogen flow
rate. The system dead volume, which is the sum of volumes extra-
neous to the column in the flow path, was obtained by blank runs
without the column.

The breakthrough curves were fitted using the Yoon and Nelson
model (Eq. (2)) [47].

1, Coy
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where t (min) is the breakthrough time, T (min~!) is the time
required for 50% adsorbate breakthrough (time for C=0.5Cy), and
k is a rate constant that depends on the diffusion characteristics of
the mass transfer zone.

3. Results and discussion

3.1. Morphology and architecture changes of diatomite rendered
by NaOH etching

The XRD pattern of Dt (Fig. 1a) revealed the main phase of non-
crystalline opal-A with the characteristic broad peak centered at
21.8° (26). Quartz impurity was also observed in the Dt sample
(Fig. 1a), and its content (wt%) was semi-quantitatively determined
to be approximately 4%. The XRD pattern of Dt-E (Fig. 1b) was sim-
ilar to that of Dt, indicating that the NaOH etching did not alter the
diatomite mineral structure.

As indicated by the SEM image (Fig. 2a), the dominant diatom
of the Dt sample, which is classified in the genus Coscinodiscus
Ehrenberg (Centrales), is disk-shaped and has a highly developed
macroporous structure. The diatom frustules are relatively uniform
in diameter (20-40 pm) and thickness (1.2-1.8 wm; SEM images
not shown). For comparison, diatom frustules with similar sizes
and pore distribution were selected from Dt and Dt-E for analysis.
Here, Coscinodiscus frustules with approximately 35 wm diameters
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Fig. 1. XRD patterns of (a) Dt; and (b) Dt-E.

were used as an example (Fig. 2a and b). Two types of macrop-
orous structure existed in the diatom frustule: macropores with a
pore size of approximately 200-500 nm in the center of a diatom
frustule (Fig. 2a;) and others with smaller pore sizes ranging from
100 to 250 nm at the edges of the diatom frustule (Fig. 2a,). After
NaOH etching, the disk-shaped morphology of the diatom frustule
was well preserved, while the edge macroporous structure of the
diatom frustule disappeared, and the size of the central macropores
clearly increased (Fig. 2b). The diameters of the central macrop-
ores increased to 400-1000 nm (Fig. 2by), and a sawtooth-shaped
structure appeared at the edge of the diatom frustule (Fig. 2b;).

The mercury intrusion results revealed three macropore size
distributions in the Dt (Fig. 2c). One primary population appeared
at approximately 3.20 wm, and two small populations appeared at
approximately 0.22 and 0.12 pm. These populations mainly cor-
respond to the pores formed by the stacking of diatom frustule
particles and the inherent macropores of the diatom frustules,
respectively. The two small populations disappeared after NaOH
etching, as observed in the pore size distributions curve, and one
very broad population appeared, ranging in size from 0.20 to
1.00 pwm (Fig. 2¢). The broad population may be due to the destruc-
tion of the pores walls thinned by NaOH etching when subjected to
the pressure of mercury intrusion. This result is consistent with the
above-mentioned SEM observation, indicating that NaOH etching
increased the central macropore size of the diatom frustules.

The Sger of Dt was 16.8 m2/g, which decreased to 13.2 m?/g after
NaOH etching (Table 1). This decrease might have resulted from the
disappearance of edge macropores, as indicated by the SEM images
(Fig. 2b). The N, adsorption-desorption isotherm of the Dt is char-

Table 1
Porous parameters, average zeolite particle sizes, and zeolite contents of Dt, Dt-E,
Sil-1, and Dt/Z composites.

Sample  Sger Viotal Vinicropore Zeolite w,P
(m?/g) (cm?/g) (ecm?/g) crystal (%)
size? (nm)
Dt 16.8 0.042 0.006 - -
Dt-E 132 0.028 0.005 - -
Dt/Z, 101.2 0.130 0.039 100 16.8
Dt/Z, 130.2 0.128 0.051 150 23.0
Dt/Z4 336.1 0.170 0.129 800 62.8
Dt-E/Z, 88.5 0.114 0.034 100 148
Dt-E/Z, 149.7 0.158 0.058 150 27.0
Dt-E/Z, 3254 0.176 0.125 600 61.2
Sil-1 509.8 0.720 0.196 80 100.0

2 The value was estimated according to the SEM images.

b The zeolite content of the composites, W,, was estimated form the micro-
pore volume based on the following equation:W; = Vpicropore[Dt(Dt — E)/Z;] —
Vmicmpore[Dt(Dt - E)]/Vmicropore(su‘] )
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Fig. 2. (a) SEM images of Dt; (b) SEM image of Dt-E; (c) Mercury intrusion dates of Dt and Dt-E; (d) N, adsorption-desoption isotherms of Dt and Dt-E.

acterized as a type Il isotherm with an H3 hysteresis loop (Fig. 2d),
according to the IUPAC classification [48]. The hysteresis is asso-
ciated with the filling and emptying of the mesopores by capillary
condensation [49], indicating the existence of mesopores in the Dt.
In addition, the sharp increase in the N, adsorbed amount near the
relative pressure of one corresponds to the adsorption by macrop-
ores [50]. The entire profile of the isotherm of Dt-E did not clearly
change compared with that of Dt (Fig. 2d) except for the decreased
total nitrogen adsorption and weakened hysteresis, suggesting the
diminishment of some mesopores on diatom frustules due to NaOH
etching.

3.2. Effects of NaOH etching on the preparation of Dt/Z composites

The XRD pattern of Sil-1 is presented in Fig. 3. The diffraction
pattern is consistent with the diffraction pattern for silicalite (MFI-
type zeolite, Powder Diffraction File No. 44-0696) [19]. Compared
with the diffraction patterns of micrometer-sized silicalite-1 [51],
the diffraction lines of nano-sized Sil-1 are broadened. The newly
appeared characteristic reflections of MFI-structured zeolite at 8.0°,
8.8°,23.3°, 24.0°, and 24.4° (26) indicated that an MFI-type zeolite
was present in the composites (Fig. 3). In addition, the intensities
of the characteristic reflections of the MFI-type structure obviously
increased with hydrothermal growth times (Fig. 3), indicating the
growth of the nanocrystalline zeolite.

The morphological changes occurring during the preparation
steps of Dt/Z composites were revealed by SEM. As shown in the
SEM image (Fig. 4a inset), Sil-1 possessed a spherical morphology
with an average diameter of 80 nm. After the seeding process, nano-
sized Sil-1 particles were coated homogeneously on the surface of
diatom frustules as well as on the inner wall of central macrop-
ores (Fig. 4a and d). The sizes of the central macropores of both
Dtgeeded and Dt-Egeedeq decreased by approximately 160 nm due to
the nanocrystals coating the surface of the inner pore wall (Fig. 4a

(011)

Dt-E/Z4

(b) Dt-E/Z>

(@) DUZ2

5 10 15 20 25 30 35 40
26/°

Fig. 3. XRD patterns of (a) Dt/Z; (b) Dt-E/Z;; (c) Dt/Z4; (d) Dt-E/Z4; and (e) Sil-1.

and d). The edge macropores of Dtgeegeq Were almost blocked by the
Sil-1 particles because the diameters of the macropores were sim-
ilar to the sizes of the Sil-1 particles (Fig. 4a). After hydrothermal
treatment for 1 day, the nanoparticles grew only slightly (Table 1),
and the macroporosity of Dt/Z; and Dt-E/Z; remained similar to the
corresponding seeded samples (SEM images not shown). Further,
hydrothermal treatment (2 days) clearly enlarged the MFI-type
particles. As displayed in Fig. 4b and e, the sizes of the MFI-type
particles in Dt/Z, and Dt-E/Z, grew to approximately 150 nm. The
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Fig. 4. SEM images of (a) Dtseedeq (inset: Sil-1); (b) Dt/Zy; (c) Dt/Z4, (d) Dt-Egeedeq; () Dt-E/Z,; and (f) Dt-E/Z4.

size of the central macropores of Dt/Z, decreased to approximately
280 nm as the nanocrystals grew, and the macropores in the edge
region were completely blocked by the grown zeolite particles
(Fig. 4b). However, more macroporosity was present in sample Dt-
E/Z,, and the size of the macropores was as large as approximately
500 nm at this stage (Fig. 4e). Hydrothermal treatment for 4 days
significantly enlarged the zeolite particles. A continuous zeolite film
was formed on the surface of the diatom frustules by the inter-
growth of zeolite crystals. In addition, isolated crystallites could
also be observed in both Dt/Z4 and Dt-E/Z4; these crystallites had
the typical hexagonal prism shape of micro-sized silicalite-1 crys-
tals [52] (Fig. 4c and f). As shown in Fig. 4c, the macroporosity of
the diatoms was completely lost for the Dt/Z,4 sample at this stage.
However, both the disk morphology and the macroporosity were
preserved for the Dt-E/Z4 sample, although the size of macropores
dramatically decreased (Fig. 4f).

A TEM image of Dt-E/Z, (Fig. 5a) reveals that the diatom frus-
tule surface was completely and homogeneously covered with
nanoparticles and that the macroporous structure of diatomite
remained clearly visible. The circular streaking in the SAED pattern
(inset of Fig. 5a) indicates that randomly orientated, crystalline zeo-
lite nanocrystals coated the surface of the diatom frustules. A TEM
image of Dt-E/Z4 shows a dense film (dark regions) of intergrown
zeolite particles (Fig. 5b). Prism-shaped crystals can be observed
with clear grain boundaries on the edges of the dark regions that

had been very difficult to distinguish in the SEM image (Fig. 4f).
The SAED patterns of a crystal (inset of Fig. 5b) matched the SAED
patterns of a previously reported MFI zeolite crystal [53], further
confirming that the MFI-type zeolite was coated on the surface of
the diatom frustules.

The type IV N, adsorption-desorption isotherms of the Dt/Z;
and Dt-E/Z, samples were indicative of their microporosity
(Fig.6a).The steep increase at low relative pressures, corresponding
to the filling of zeolitic micropores, and the hysteresis loop implied
the intercrystalline mesopores space. However, a sharper increase
was observed near the relative pressure of one in the adsorption
isotherm of Dt-E/Z; compared with that of Dt/Z, (Fig. 6a), which
implied that more macroporosity was present in Dt-E/Z,. The N,
adsorption-desorption isotherms of samples Dt/Z, and Dt-E/Z,
showed that a greater quantity of N, was adsorbed by these samples
at low relative pressures than that adsorbed by Dt/Z, and Dt-E/Z,
(Fig. 6a), indicating that more micropores existed in Dt/Z4 and Dt-
E/Z4. However, the quantity of N, adsorbed by Dt/Z4 and Dt-E[Z4
with the increase in relative pressure became dramatically small
near the relative pressure of one (Fig. 6a) because of the loss and
decrease of macroporosity in the samples Dt/Z4 and Dt-E/Z4 due to
the blocking of the frustule pores, as revealed by the SEM images
(Fig. 4c and f).

Fig. 6b shows the micropore and mesopore size distributions
of the Dt/Z composites. The major micropore population centered

2o I

Fig. 5. TEM images of (a) Dt-E/Z; (inset: SAED pattern of the area in the dashed circles); (b) Dt-E/Z, (inset: SAED pattern of the area in the dashed circles).
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of Dt/Z composites.

at approximately 0.58 nm is ascribed to the inherent micropores
of MFI-type zeolite. The small micropore populations in the range
of 0.60-1.50 nm for Dt/Z, and Dt-E/Z, are attributed to the stack-
ing of smaller zeolite particles. The Dt/Z composites exhibit wide
distribution of the mesopore sizes (Fig. 6b), supporting the pro-
posal that the mesopores were derived from the intercrystalline
mesopores space. It is noteworthy that Dt/Z4 and Dt-E/Z4 exhib-
ited smaller mesopore size distribution range (2.00-5.00 nm) than
those of Dt/Z, and Dt-E/Z; (2.00-5.00 nm and 5.00-20.00 nm). This
result is due to the diminishment of intercrystalline mesopores
space as the growth of zeolite crystals.

The Sger and Viicropore Values of all the Dt/Z composites were
significantly higher than those of the corresponding supports (Dt
and Dt-E) (Table 1) due to the introduction of micropore in the com-
posites by zeolite. Note that the Sger and Viyjcropore 0f Dt-E[Z4 was as
high as 325.4 m2/g and 0.125 cm?3/g, respectively (Table 1), which
was 6.2 and 6.9 times larger than those of the diatomite/silicalite-
1 composite prepared by Lu et al. (Sger, 45 m?/g and Vimicropore
0.018 cm3/g) [38]. The amount of zeolite coated at the surface of the
etched diatom frustules for Dt-E/Z4 (zeolite content, W, %) could
reach 61.2% [38] (Table 1), while the macroporosity was largely
preserved (Fig. 4f). This result was due to the availability of more
voids for zeolite coating being formed by NaOH etching. Moreover,
as shown in Table 1, the balance of zeolite content versus pore vol-

ume of the composites could be controlled by simply adjusting the
time of hydrothermal growth.

295i MAS NMR spectra of the Dt-E/Z composites with the
lowest (Dt-E/Z;) and highest zeolite contents (Dt-E/Z4) (Table 1),
respectively, were compared with those of Dt and Sil-1 (Fig. 7).
As shown in Fig. 7a, three peaks were observed at —112.04 ppm,
—102.68 ppm, and —92.07 ppm in the 22Si MAS NMR spectrum
of Dt, which can be assigned to the siloxane bridge (Q* silicon,
i.e., Si(0OSi)s), single silanols (Q3, Si(0Si)3(OH)), and germinal
silanol (Q2, Si(0Si),(OH),) of diatomaceous silica, respectively
[33]. For Sil-1, two resonances with chemical shifts of —101.61(1)
and —113.80(II) were observed (Fig. 7b) and were attributed to
Q3 silicons(l) and Q* silicons(Il), respectively. The Q* resonance
envelope sharpens, and a fine structure resulting from the 24
crystallographically inequivalent sites for Si in the framework
was visible [54,55]. Seven Gaussian-shaped peaks could be dis-
tinguished by curve-fitting in the chemical shift range of the Q*
silicons(II) (Fig. 7b), which are most likely attributable to seven
different crystallographic sites for Si in the Sil-1 framework [55].
The Q* and Q3 peaks in the 29Si MAS NMR spectra of Sil-1 were
sharper than those of Dt due to the higher degree of crystallinity of
Sil-1 than that of Dt. In the 29Si MAS NMR spectra of Dt-E/Z; and
Dt-E/Z4, the resonances at approximately —112.00 ppm became
more intense than that of Dt with the increase of zeolite contents in
the composites (Fig. 7c and d). This result occurred because these
resonances contributed to the Q% silicons of both the diatoma-
ceous silica and the MFI-type zeolite. The exact position, relative
area, and assignment of each chemical shift signal of Dt-E/Z;
and Dt-E/Z4 are listed in Supplementary Table S1. The fractional
populations of MFI-type zeolite (W,/, %) were 15.3% and 67.1% in
Dt-E/Z; and Dt-E/Z4, respectively, calculated using the equation
Wy = (A(Q4) +A(Q3 ))zeolite/((A(Q4) +A(Q3 ))zeolite + (A(Q4) +A(Q3)
+A(Q?))giatomite )» Where A is the peak area of the Q' group. This
result was similar to the above-mentioned values calculated using
the micropore volumes (Table 1), confirming the zeolite contents
in the composites.

3.3. Performance of Dt/Z composites for benzene adsorption

The breakthrough measurement is a direct method designed to
clarify the dynamic adsorption performance of VOCs at low concen-
tration [11,56]. Fig. 8 presents the breakthrough curves of benzene
on different adsorbents. The g values of Dt, Dt-E/Z;, Dt-E/Z,, Dt-
E/Z4, and Sil-1, were 0.087, 0.238, 0.308, 0.649, and 1.034 mmol/g
(Table 2), respectively, which followed the same order as Viicropore
of the adsorbents (Table 1). This result revealed that the presence
of micropores in the adsorbents was an important parameter for
the adsorption of VOCs at low concentrations, which is in good
accord with previous reports in the literature [56]. However, the
q value of Dt-E/Z; (0.238 mmol/g) was larger than that of Dt/Z;
(0.216 mmol/g), even though Viyicropore Of Dt-E/Zq (0.114 cm3/g)
was smaller than that of Dt/Z, (0.128 cm3/g).

Table 2
Adsorption capacity (q) and Yoon and Nelson equation parameters for benzene
adsorption on various adsorbents.

Samples Adsorption capacity Yoon and Nelson parameters
q (mmol/g) gs(mmol/g) 7 (min) k R?

Dt 0.087 - 13 0.170 0.985
Dt/Z, 0.216 0.939 33 0.071 0.972
Dt-E/Z; 0.238 1.608 42 0.120 0.982
Dt-E/Z, 0.308 1.141 55 0.107 0.993
Dt-E/Z4 0.649 1.060 125 0.052 0.991
Sil-1 1.034 1.034 201 0.035 0.977
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Fig. 7. 2°Si MAS NMR spectra of (a) Dt; (b) Sil-1; (c) Dt-E/Z;; and (d) Dt-E/Z4 (dotted lines for experimental and solid lines for simulated).

To compare the benzene adsorption efficiency of the Dt/Z com-
posites with pure zeolite, the adsorption capacity normalized to
the actual zeolite content, g5, was calculated based on the values of
W, (Table 1) and q (Table 2). The contribution from the diatomite
support (Dt or Dt-E) to the gs values of the Dt/Z composites was
overlooked here. The reasons were as follows: (i) the surface of the
diatomite support was covered by a layer of zeolite particles or by
a continuous zeolite film (as shown by SEM and TEM results); thus,
it is difficult for benzene molecule to reach the surface adsorption
site of diatomite; (ii) the benzene adsorption on diatomite was very
minor relative to that on zeolite (Table 2). As shown in Table 2, all

1.0
0.8
0.6
@
b
QO 0.4 (a) = Dt
(b) e Sil-1
(c) & Dt-E/Z:
0.2 (d) v Dt-E/Z2
(e) x Dvz2
(f) & Dt-E/Zs
0.0 Vel () — Model
—_——————————————
0 50 100 150 200 250 300 350

t/ min

Fig. 8. Breakthrough curves and mathematic models for (a) Dt; (b) Sil-1; (c) Dt-
E/Zy; (d) Dt-E/Z;; (e) Dt/Z,; and (f) Dt-E/Z4 (normalized to 0.2 g solid) at 25°C. Dry
nitrogen with benzene vapor (Co = 1.51 mmol/L, P/Py = 0.27) was passed through the
column at 1.00 mL/min during sorption.

the Dt-E/Z composites exhibited higher gs value than Sil-1, indi-
cating that the Dt-E support increased the adsorption efficiency of
zeolite. This result is suggested to be due to the zeolite particles
coated on the surface of the etched diatom frustules obtaining bet-
ter dispersion than pure microporous Sil-1. Compared with Dt-E/Z;
and Dt-E[Z,4, Dt-E/Z; possessed the largest gs value (1.608 mmol/g),
which was 1.6 times that of Sil-1 (Table 2). This result most likely
occurred because the zeolite particles in Dt-E/Z; had the largest
external surface area due to their having the smallest particle size
(Table 1), leading to the highest adsorption capacity per unit mass
of zeolite [52]. Note that the g5 value of Dt-E/Z, was 22.5% greater
than that of Dt/Z, (Table 2). Because the size of the zeolite particles
in Dt-E/Z, was similar to that in Dt/Z;, (Fig. 5b and e), this higher
gs was attributed to the preservation of more macroporosity in the
Dt-E/Z, sample due to the support Dt-E having more voids avail-
able for zeolite coating after NaOH etching. Therefore, the reason
why Dt-E/Z; exhibited a larger q value than Dt/Z, was proposed to
be due to more macroporosity and smaller zeolite crystal size of
Dt-E/Z;.

All of the post-breakthrough curves of the Dt/Z composites
for benzene adsorption increased more rapidly than that of Sil-1
(Fig. 8), indicating less diffusion resistance in the Dt/Z composites
during the adsorption process [15,57]. This result was due to the
macroporosity of the Dt/Z composites introduced by the diatomite
supports facilitating the fast diffusion and transport of gas. This
finding was further confirmed by the larger rate constants (k) for
the Dt/Z composites compared with that for Sil-1 (Table 2). The
rate constant k for benzene adsorption in Dt-E/Z; was larger than
that in Dt/Z, (Table 2), indicating less diffusion resistance in Dt-
E/Z,. This result was due to the presence of more macroporosity
in Dt-E/Z,, as already indicated by the SEM observations (Fig. 4b
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and e). These results indicated that enlargement of the pores on
diatomite support through NaOH etching could improve the ben-
zene adsorption performance of Dt/Z composites. The prepared
Dt/Z composites exhibited higher benzene adsorption capacity per
unit mass of zeolite and less mass transfer resistance than Sil-1.

4. Conclusions

In this study, diatomite/MFI-type zeolite composites with high
and hierarchical porosity were prepared by a facile method. For
the first time, a NaOH etching method was proposed to treat the
diatomite support, followed by hydrothermal growth of MFI-type
zeolite at the surface of the etched diatom frustules previously
seeded with nanocrystalline silicalite-1. NaOH etching yielded dual
effects on optimising the porosity parameters of the Dt/Z com-
posites: (i) more of the support macroporosity was preserved; (ii)
substantial microporosity was introduced via a well-distributed
coating of zeolite without blocking the macropores in the frustules
due to the enlargement of the pores on frustules by etching. The
breakthrough curves results indicated that the prepared Dt/Z com-
posites exhibited higher benzene adsorption capacity per unit mass
of zeolite and less mass transfer resistance than pure microporous
nanocrystalline silicalite-1. With excellent benzene adsorption per-
formance, the hierarchically porous diatomite/MFI-type zeolite
composites can be regarded as a good benzene adsorbent, but
further investigations concerning adsorption of other VOCs for
emission control require to be performed.
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