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A B S T R A C T

Allophane/diatomite (Allo/Dt) nanocomposite with a hierarchically porous structure was prepared via an in situ
hydrothermal method. This hierarchically porous structure consists of i) micropores remaining from the initial
stacked coating allophane particles; ii) mesopores formed by the transformation of the macropores of diatom
frustules due to the filling of allophane particles in the inner walls, and iii) preserved macropores of diatom
frustules. The coating amount of allophane particles in Allo/Dt nanocomposite was 59.1%, leading to a specific
surface area of 155.9m2/g, which was substantially higher than that of diatomite (17.9 m2/g). The benzene
adsorption performance and related adsorption mechanisms of Allo/Dt nanocomposite were investigated. The
larger benzene dynamic adsorption capacity of 121.6 mg/g, compared to that of the synthetic allophane
(105.9mg/g), resulted from the adequate adsorption space provided by the hierarchically porous structure.
Moreover, Allo/Dt nanocomposite displayed a higher efficiency for benzene adsorption in mesopores of the
coating allophane particles because of their improved dispersity. These results demonstrated that the fabrication
process of Allo/Dt nanocomposite can overcome not only the aggregation of allophane but also diatomite's
shortcoming of low specific surface area, making the nanocomposite to be a promising adsorbent for the
treatment of volatile organic compounds.

1. Introduction

The emission of volatile organic compounds (VOC), the most
common air pollutants produced by petrochemical, chemical, phar-
maceutical, and printing industries, has become a serious environ-
mental problem, because they are toxic, hazardous, and even carcino-
genic. VOC are the main sources of the photochemical reaction, and
they can trigger the formation of secondary organic aerosols, which are
harmful to human health (Pöschl, 2005; Kroll and Seinfeld, 2008;
Hallquist et al., 2009). Hence, technologies for VOC control have
gained much attention. Many technologies have been proposed for VOC
control, such as membrane separation (Belaissaoui et al., 2016), oxi-
dation (Kamal et al., 2016), biological treatment (Doble, 2006), and
adsorption (Amari et al., 2010; Yu et al., 2015a) which is the most
applicable technology because adsorption are low cost operation, low

energy use, and flexible systems (Yu et al., 2015b).
The application of adsorption technology is dependent on the ad-

sorbents used. Among the most commonly used adsorbents, activated
carbon is the most versatile, owing to its low cost and excellent ad-
sorption capacity. However, its utility is restricted by drawbacks such as
fire risk, pore clogging, and regeneration difficulties (Zhao et al., 1998).
Compared with activated carbon, synthetic zeolites such as SBA-15
(Dragoi et al., 2009) and ZSM-5 (Song et al., 2004; Serrano et al., 2007)
have the advantages of controllable pore sizes and good chemical sta-
bility for VOC adsorption. However, the synthesis process of zeolites is
complex, and their cost is very high, which hinder their wide applica-
tion. Therefore, increasing awareness is focused on the development of
adsorbents with low cost, good adsorption performance, and desirable
thermal stability. Raw clay minerals with special porous structure have
been proposed as alternative adsorbents, due to their excellent heat
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resistance and low cost (Deng et al., 2017).
Allophane (1-2SiO2·Al2O3·5-6H2O), a natural clay mineral wide-

spread throughout the world, is a hydrated aluminosilicate. It has a
hollow spherical structure with an outer diameter of 3.5–5.0 nm and a
perforated wall about 0.7–1.0 nm thick (Nishikiori et al., 2009;
Matsuura et al., 2013), meaning that the sphere contains a 1.5–3.6 nm
diameter interior void. The wall of the hollow sphere is proposed to be
composed of a curved gibbsite-like sheet with monomeric SiO4 tetra-
hedra attached to it (Parfitt and Hemni, 1980; Johan et al., 1997). The
wall surface features hydroxyl groups or hydration water and
0.3–0.5 nm-sized defect pores (Nishikiori et al., 2011). Due to the am-
photeric ion-exchange activity, originating from the special wall
structure, and the high specific surface area (SSA), allophane shows a
high ability to adsorb ionic and polar pollutants such as Cu2+ (Okada
et al., 2005), phosphate (Johan et al., 1997; Jara et al., 2006), arsenate
(Arai et al., 2005), and acetate (Hanudin et al., 1999). In the field of
VOC adsorption, adsorbents with large SSA and abundant micropores,
which are regarded as important adsorption sites (Yang et al., 2014),
usually display good adsorption performance. Although, high SSA of
allophane and its well-developed microporous structure, including the
defect pores and interior void, should be great advantages for VOC
adsorption, the study on VOC adsorption of allophane has not been
reported to date. Also, the adsorption performance of allophane and the
related mechanisms are still not clear up to now. It is noteworthy that
natural allophane is generally associated with other clay minerals such
as imogolite and halloysite, which makes it difficult to obtain samples
with a high purity. And, synthetic allophane, which is pure and can be
readily obtained in large quantity, is suitable for the investigation of the
adsorption performance of allophane.

Diatomite, also known as diatomaceous earth or kieselgur, is a fossil
assemblage of diatom frustules with highly developed mesoporosity
and/or macroporosity (Liu et al., 2012). It can be obtained easily at
very low cost and possesses excellent thermal and mechanical stability
(Yuan et al., 2013), and thus it is widely used as an adsorbent to remove
aqueous pollutants, such as heavy metal ions (Dong and Zhang, 2013),
dyes (Lin et al., 2007), arsenate (Pantoja et al., 2014), and methyl
tertiary butyl ether (Aivalioti et al., 2010). Regarding VOC adsorption,
diatomite shows relatively low mass transfer resistance and a rapid
diffusion rate, due to its macroporous structure (Yuan et al., 2016).
However, the VOC adsorption capacity of diatomite is limited by its
relatively low SSA (Yuan et al., 2015b). Previous studies have shown
that diatomite is an excellent support, and it thus would seem possible
to fabricate composites with high SSA and outstanding adsorption
performance by using diatomite as a support to coat nanoparticles
(Yuan et al., 2010; Hadjar et al., 2011).

In this study, an allophane/diatomite (Allo/Dt) nanocomposite was
obtained, creating a hierarchically porous structure combining the ad-
vantages of the high SSA and well-developed microporous structure of
synthetic allophane (Allo) and the excellent supporting property of
diatomite (Dt). X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), selected-area electron
diffraction (SAED), N2 adsorption-desorption, Fourier-transform in-
frared (FTIR) spectroscopy and diffuse reflectance infrared Fourier-
transform (DRIFT) spectroscopy were adopted to characterize the
structural features and surface properties of Allo/Dt nanocomposite.
Benzene, a commonly used solvent in industrial processes which ranks
at the top of the list of VOC pollutants, was selected as a model organic
pollutant to investigate the dynamic adsorption performance of Allo/Dt
nanocomposite and the related adsorption mechanisms via break-
through curve method.

2. Experiment

2.1. Materials

Poly(diallyldimethylammoniumchloride) (PDDA, 20mass% in

water) was purchased from Aldrich. Sodium orthosilicate (Na4SiO4)
was provided by Alfa Aesar. Aluminum chloride hexahydrate
(AlCl3·6H2O, 99%) was supplied by Guangzhou Chemical Reagent Co.,
Ltd. Raw diatomite was obtained from Qingshanyuan Diatomite Co.,
Ltd. (Jilin province, China) and purified using the sedimentation
method (Yuan et al., 2006).

2.2. Preparation of Allo and Allo/Dt nanocomposite

Allo was synthesized following the previously reported procedure
(Ohashi et al., 2002). Aluminum chloride hexahydrate and sodium or-
thosilicate were prepared at an initial concentration of 100mmol/L as
Al-source and Si-source solutions, respectively. Next, the Al-source and
Si-source solutions were mixed together rapidly at an Al/Si molar ratio
of 4/3 with stirring for 1 h. Subsequent centrifugation was conducted at
a speed of 4000 rpm for 10min to remove the byproduct NaCl, yielding
allophane precursor gel. The gel was then autoclaved at 100 °C for 48 h.
Subsequently, the autoclaved gel was repeatedly washed with distilled
water until it reached a neutral pH, and then freeze-drying and grinding
were performed to obtain the allophane powder.

The synthesis steps of Allo/Dt nanocomposite were as follows: first,
2.0 g of Dt was added into 80mL of 0.5mass% PDDA solution, and the
dispersion was stirred vigorously for approximately 1 h to allow surface
modification. It was then dried and mixed with 400mL of the Al-source
solution. To guarantee the Al/Si molar ratio was 4/3, 300mL of the Si-
source solution was added into the dispersion at a rate of 10mL/min,
accompanied by stirring at a speed of 500 rpm. The mixture was further
stirred for 1 h at room temperature after the Si-source solution was
completely added. Finally, Allo/Dt nanocomposite was synthesized
after centrifugation, hydrothermal reaction, washing, freeze-drying and
grinding were performed in the same manner as in the preparation of
Allo.

2.3. Characterization methods

Major element oxides were analyzed using a Rigaku RIX 2000 X-ray
fluorescence spectrometer (XRF) on fused glass beads. Calibration lines
used in quantification were produced by bivariate regression of data
from 36 reference materials encompassing a wide range of silicate
compositions. Analytical uncertainties were mostly between 1% and
5%.

The XRD patterns were recorded on a Bruker D8 Advance dif-
fractometer with a Ni filter and Cu-Kα radiation (λ=0.154 nm) using a
generator voltage of 40 kV and a current of 40mA. The scan rate was 3°
(2θ)/min.

N2 adsorption-desorption isotherms were measured with a
Micromeritics ASAP2020 system at liquid‑nitrogen temperature. To
completely remove the physically adsorbed water, the samples were
outgassed at 120 °C for 12 h before measurements (Du et al., 2018). The
SSA (SBET) of the samples were calculated from the nitrogen adsorption
data using the multiple-point Brunauer-Emmett-Teller (BET) method
(Brunauer et al., 1938), and the total pore volume (Vtotal) was estimated
based on the nitrogen uptake at a relative pressure of approximately
0.97. The microporous surface area (Smicro) and micropore volume
(Vmicro) of the samples were derived from t-plot method. Barrett-Joyner-
Halenda (BJH) method (Gregg and Sing, 1982) was used to calculate
the mesoporous surface area (Smeso) and mesopore volume (Vmeso). The
non-local density functional theory (NLDFT) model (Thommes et al.,
2015) was used to determine the micropore and mesopore size dis-
tributions of Allo and Allo/Dt nanocomposite.

Scanning electron microscope (SEM) micrographs were obtained
using a SU8010 cold field emission scanning electron microscope
(FESEM, Hitachi, Japan). The specimens for SEM observation were
anchored on the surface of the conducting tape, and then transferred
directly into the microscope.

Transmission electron microscopy (TEM) and selected-area electron
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diffraction (SAED) analyses were carried out using a FEI Talos F200S
field-emission transmission electron microscope operating at an accel-
erating voltage of 200 kV. The specimens for TEM observation were
prepared using the following procedure. The sample was ultrasonically
dispersed in ethanol for 5min, then a drop of sample dispersion was
dropped onto a carbon-coated copper grid, which was left to stand for
10min and transferred into the microscope.

Fourier-transform infrared (FTIR) spectra were recorded on a
Bruker Vertex 70 IR spectrometer. The specimens used for FTIR mea-
surement were prepared by mixing 0.9mg of sample powder with
80.0mg of KBr and pressing the mixture into a pellet. For each FTIR
measurement, 64 scans were collected over the range of
400–4000 cm−1 at a resolution of 4 cm−1. Diffuse reflectance infrared
Fourier-transform (DRIFT) spectra were obtained on the diffuse re-
flectance attachment. A portion of the powder was packed lightly into a
4mm inner-diameter micro sample cup for DRIFT spectra collection,
and the spectra were collected over the range of 600–4000 cm−1 with
64 scans and a resolution of 4 cm−1 and normalized against a KBr
background reference.

2.4. Benzene adsorption test

The benzene adsorption performance of the samples was evaluated
using an in-line gas chromatography apparatus (Fig. 1) (Hu et al.,
2009). Before the adsorption process, the samples were heated at 120 °C
in a muffle oven for 2 h, which was able to remove most of the physi-
cally adsorbed water molecules and small organic impurities adsorbed
in pores. During the adsorption measurement, the organic saturator
with benzene was immersed in a water bath at 30 °C. Each powder
sample weighed approximately 0.5 g and was loaded in a glass column.
The column was fed with a dry nitrogen stream containing benzene
vapor at 3.00mL/min, which could be adjusted by Mass Flow Con-
troller (MFC). The concentrations of benzene in both the column in-
fluent and effluent were quantified using a gas chromatograph (Agilent
7820A) with a flame ionization detector (FID). The experiment was
stopped when the adsorption equilibrium was reached. After the ad-
sorption, the glass column containing the sample was heated at 120 °C
for 12 h to ensure the complete desorption of adsorbed benzene mole-
cules and then retested. This process was repeated for 4 times to eval-
uate the regeneration performance of Allo/Dt nanocomposite.

The benzene adsorption capacity (q, mg/g) of the adsorbents was
calculated by integrating the area above the acquired breakthrough
curve after subtracting the area attributed to the system dead volume,
according to the following equation.

=q
m
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where M (g/mol) is the molecular mass of benzene, m (g) is the initial
mass of the adsorbents before the test, t1 (min) is the breakthrough time
without the samples, t2 (min) is the breakthrough time with the packed
column, C0 and Ct (mmol/L) represent the influent and measured ef-
fluent benzene concentrations, respectively, and F (mL/min) is the N2

flow rate. The dead space was obtained by performing blank runs
without the column.

The breakthrough curves were fitted using Yoon and Nelson model
(Yoon and Nelson, 1984).
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where t (min) is the breakthrough time, Ct and C0 are the outlet and
inlet concentrations of the stream through the adsorbent column, τ
(min) is the time when the breakthrough concentration reached half of
the initial concentration (Ct=0.5C0), and k is a mass transfer coeffi-
cient.

3. Results and discussion

3.1. Compositional and morphological characteristics of Allo/Dt
nanocomposite

The XRD pattern of Dt (Fig. 2a) revealed the main phase of non-
crystalline opal-A with a characteristic broad reflection centered at
4.1 Å. Quartz impurity with a content of approx. 4%, which was semi-
quantitatively determined, was also present. The XRD pattern of Allo
(Fig. 2a) showed a broad reflection at 3.3 Å and a weak one at 2.3 Å.
The former reflection corresponded to an interference between neigh-
boring SiO tetrahedra (Henmi et al., 1981). The latter weak reflection
might arise from a structure similar to the imogolite local structure (Du
et al., 2017). These results were consistent with the diffraction pattern
of allophane synthesized by Ohashi et al. (2002). In the XRD pattern of
Allo/Dt nanocomposite (Fig. 2a), a broadened reflection at 3.7 Å could
be observed as well as a weak characteristic reflection of allophane at
2.3 Å. The broadening of the reflection at 3.7 Å could be attributed to
the overlapping of the corresponding characteristic reflections of dia-
tomite and allophane. These results indicated the existence of re-
maining diatomite and allophane in the Allo/Dt nanocomposite.

The FTIR spectra of Dt, Allo, and Allo/Dt nanocomposite are dis-
played in Fig. 2b, and the assignments of each vibration are based on
previous reports on diatomite and allophane (Farmer et al., 1979;
Parfitt, 1990; Iyoda et al., 2012; Bishop et al., 2013; Yuan et al., 2013).
The spectrum of Dt (Fig. 2b) presented a broad band centered at
3436 cm−1 in the hydroxyl region (3000–4000 cm−1) and a weak one
at 1635 cm−1, which could be ascribed to the OeH stretching and OeH
deformation of physically absorbed water, respectively. The band at
1100 cm−1 corresponded to the in-plane SieO stretching, and the band
at 800 cm−1 reflected the symmetric SieO stretching. The vibration at
470 cm−1 was caused by Si–O–Si deformation. In the spectrum of Allo
(Fig. 2b), the broad band at 3468 cm−1 was due to the OeH stretching
vibrations of SieOH, AleOH, and associated adsorbed water. The ap-
pearance of the OeH deformation vibration at 1635 cm−1 confirmed
the existence of adsorbed water in Allo. In addition to the bands at 3468
and 1635 cm−1, three bands at 966, 565, and 430 cm−1 could be ob-
served in the spectrum of Allo (Fig. 2b). They were all characteristic
bands of allophane (Thill, 2016; Du et al., 2018) and could be ascribed
to SieO stretching vibration, Al-O-Si deformation (Rampe et al., 2012),
and O-Si-O bending vibration, respectively. The spectrum of Allo/Dt
nanocomposite (Fig. 2b) showed the characteristic bands of both Dt
(1100, 800 and 470 cm−1) and Allo (a shoulder at 966 cm−1 and a
weak band at 565 cm−1), confirming the presence of diatomite and
allophane. Moreover, the emergence of the bands at 3449 and
1635 cm−1 demonstrated the existence of a certain amount of hydroxyl
groups and/or adsorbed water in Allo/Dt nanocomposite, indicating
that Allo/Dt nanocomposite was hydrophilic.

As shown in Table 1, the Al2O3 content of Dt was 2.49%, and its Al/
Si molar ratio was only 0.03. These results indicated that there was a
small amount of Al in Dt, which could be ascribed to the structural Al in
diatomite. Allo had the highest Al2O3 content (37.76%, Table 1), and its
Al/Si molar ratio was 1.3, implying that Allo was a mixture of unitFig. 1. Schematic diagram of experimental set-up. MFC: mass flow controller.
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particles or of structures within particles of Al-rich allophane and Si-
rich allophane (Parfitt, 1990; Du et al., 2018). The Al2O3 content and
Al/Si molar ratio of Allo/Dt nanocomposite (22.48% and 0.41, re-
spectively) increased significantly compared with those of Dt (2.49%
and 0.03, respectively), due to the existence of allophane. In addition,
the coating amount of allophane in Allo/Dt nanocomposite was 59.1%,
which was calculated based on Al2O3 and SiO2 content and the Al/Si
molar ratio of Dt, Allo, and Allo/Dt nanocomposite.

As shown in the SEM image in Fig. 3a, the dominant diatom in Dt,
classified as Coscinodiscus Ehrenberg (Centrales), was disc-shaped, and it
had highly developed macropores with regular pore diameters
(0.1–0.8 μm). The diatom frustules were relatively uniform in particle
diameter (20–40 μm) and thickness (1.2–1.8 μm), as determined in
previous work (Yuan et al., 2013). The SEM image of Allo (Fig. 3b)
displayed a great number of spherical particles with diameters of tens of
nanometers, and these particles aggregated severely, forming numerous
pores with irregular and non-uniform channels. The TEM image of Allo
given in Fig. 3c revealed a hollow structure in the spherical particles,
and a broad and isotropic halo in the SAED pattern of the spherical
particles (inset in Fig. 3c), indicating that these spherical particles were
amorphous. These results were in accordance with the allophane syn-
thesized by Iyoda et al. (2012). Fig. 3d provided the SEM images of
Allo/Dt nanocomposite and showed that the surface of the diatom
frustule were completely coated with spherical particles. These sphe-
rical particles correspond to the allophane particles, according to the
analysis results of XRD and FTIR (Fig. 2a and b). As observed at a higher
magnification (Fig. 3d), the allophane particles coated on the surface of
diatom frustule in Allo/Dt nanocomposite dispersed much better
(Fig. 3b), indicating the improvement of dispersity of allophane

particles due to the support of diatomite. Additionally, some macro-
pores of the diatom frustules were preserved in Allo/Dt nanocomposite,
and some mesopores were introduced by the transformation from the
macropores of diatom frustules, due to the filling of allophane particles
in the inner wall. These results demonstrated that Allo/Dt nano-
composite had a hierarchically porous structure. The TEM images of
Allo/Dt nanocomposite (Fig. 3e) clearly displayed the filled allophane
particles and confirmed the existence of the hierarchically porous
structure.

3.2. Hierarchically porous structure of Allo/Dt nanocomposite

The N2 adsorption-desorption isotherms of Dt, Allo, and Allo/Dt
nanocomposite are shown in Fig. 4a. The isotherm of Dt was char-
acterized as type II with H3 hysteresis loop, according to the IUPAC
classification refined by Thommes et al. (2015). The hysteresis loop was
associated with the filling and emptying of mesopores by capillary
condensation, indicating the existence of mesopores arising from the
diatom frustules. The sharp increase in the amount of adsorbed N2 near
the relative pressure of one (P/P0=1) corresponded to adsorption by
the macropores of diatom frustules. The isotherm of Allo could be
classified as type I(b) with the smallest H4 hysteresis loop, corre-
sponding to limited mesopores. The mesopores of Allo might be formed
by the disordered stacking of allophane particles. The rapidly increased
adsorption quantities at relatively low pressure (P/P0 < 0.1) suggested
the presence of massive micropores. As previous studies of the mor-
phology and structure of allophane had shown, there were 0.3–0.5 nm-
sized defect pores on the wall surface and an interior void with a dia-
meter of 1.5–3.6 nm in the sphere (Ohashi et al., 2002; Montarges-

Fig. 2. (a) XRD patterns and (b) FTIR absorbance spectra of Dt, Allo, and Allo/Dt nanocomposite.

Table 1
Chemical compositions of Dt, Allo, and Allo/Dt nanocomposite.

Sample Chemical compositions (mass %)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 L.O.I.*

Dt 89.52 2.49 0.24 0.12 0.18 0.48 0.68 0.15 5.91
Allo 34.32 37.76 0.01 0.01 0.05 0.27 0.01 0.01 27.40
Allo/Dt nanocomposite 54.80 22.48 0.10 0.07 0.17 0.46 0.46 0.04 21.20

L.O.I.* denotes loss on ignition.
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Pelletier et al., 2005; Kawachi et al., 2013). Therefore, if the nitrogen
molecules could penetrate the defect pores into the interior void, the
hysteresis loop of the isotherm of Allo should belong to type H2, which
is related to the ink-bottle pore structure (Thommes et al., 2015).
However, the hysteresis loop of the isotherm of Allo was type H4, which
is associated with aggregated particles. These results indicated that the
nitrogen molecules cannot get through the defect pores due to ham-
pering from the hydroxyl groups and/or adsorbed water on the surface,
as the FTIR spectrum of Allo indicated (Fig. 2b), and the micropores of
Allo could mainly be attributed to the stacking of allophane particles.
Moreover, the amount of the adsorbed N2 near P/P0=1, also increased
sharply, implying the existence of macropores in Allo. These macro-
pores could be ascribed to the stacking of aggregates of allophane
particles. After the compounding of diatomite and allophane, the iso-
therm of Allo/Dt nanocomposite changed to type IV(a) with a H4
hysteresis loop. Moreover, the hysteresis loop of Allo/Dt nanocomposite
formed at a lower pressure (P/P0≈0.4) compared with those of Dt and
Allo, suggesting that Allo/Dt nanocomposite had a more extensive
mesopore size distribution than Dt and Allo. The mesopores of Allo/Dt
nanocomposite might result from the stacking of the coating allophane
particles and the transformation of the macropores of diatom frustules,

owing to the filling of allophane particles in the inner wall, as the SEM
(Fig. 3d) and TEM (Fig. 3e) images revealed. The N2 adsorption
quantity of Allo/Dt nanocomposite at relatively low pressures (P/
P0 < 0.1) was less than that of Allo, implying fewer micropores in
Allo/Dt nanocomposite than in Allo. The rapid increase of the amount
of adsorbed N2 near P/P0=1, could be attributed to the preserved
macropores of diatom frustules in Allo/Dt nanocomposite.

Fig. 4b displays the NLDFT pore size distribution (PSD) curves of
Allo and Allo/Dt nanocomposite in the range from 0.35 to 50.00 nm.
However, the PSD curve of Dt was not shown in Fig. 4b, because dia-
tomite is mainly characterized by macroporosity, and the pore dis-
tribution centers of Dt were very inconspicuous. As exhibited in Fig. 4b,
the PSD curve of Allo revealed some micropore distribution centers
(0.63, 0.88, 1.03, 1.56, and 1.75 nm, respectively) and a mesopore
distribution center (27.30 nm), indicating the existence of a great
number of micropores and a small amount of mesopores in Allo. This
result was in accordance with the N2 adsorption-desorption isotherms
of Allo (Fig. 4a), which showed steeply increased adsorption quantities
at relatively low pressures (P/P0 < 0.1) and the smallest hysteresis
loop. The micropores and mesopores of Allo could all be attributed to
the stacking of allophane particles. Compared with the PSD curve of

Fig. 3. SEM images of (a) Dt, (b) Allo, and (d) Allo/Dt nanocomposite; and TEM images of (c) Allo and (e) Allo/Dt nanocomposite.

Fig. 4. (a) N2 adsorption-desorption isotherms and (b) NLDFT pore size distribution (PSD) curves of Dt, Allo, and Allo/Dt nanocomposite.
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Allo, the amount of micropore distribution centers on the PSD curve of
Allo/Dt nanocomposite decreased, but many more new mesopore dis-
tribution centers appeared, especially some relatively small mesopores
with pore sizes of< 5 nm (2.03, 2.43, and 3.58 nm, respectively). These
results indicated that Allo/Dt nanocomposite not only retained the
micropores of allophane particles but also had an extensive mesoporous
structure, which was consistent with the results of N2 adsorption-des-
orption isotherms (Fig. 4a). The reduction of micropores could be at-
tributed to the decrease of the relative content of allophane. However,
the emergence of newly formed mesopores might be explained by the
improved dispersity of the coating allophane particles, which con-
tributed to the formation of mesopores with smaller pore sizes, and the
transformation of macropores resulting from the filling of the allophane
particles in the inner wall of diatom frustules, which could be observed
in the SEM (Fig. 3d) and TEM (Fig. 3e) images.

As shown in Table 2, the SBET of Dt of 17.9m2/g was the lowest
among the three samples, because diatomite is characterized by a
macro/mesoporous structure (Yuan et al., 2010). In contrast, Allo had
the highest SBET (242.6m2/g) and Smicro (183.8m2/g) as shown in
Table 2. These results indicated that the SBET of Allo was mainly due to
the micropores. However, the SBET of Allo was lower than the theore-
tical value (~1000m2/g) calculated from geometry of allophane, owing
to the small size of defect pores and the special surface of allophane (Du
et al., 2018). The diameter of N2 molecule (0.36 nm) is larger than the
smallest diameter of the defect pores (0.35 nm) that there might be
steric effects for N2 molecule to detect the surface of the interior void of
allophane. In addition, as shown in the FTIR spectrum of Allo (Fig. 2b),
a certain amount of hydroxyl groups and/or adsorbed water existed on
the surface, which prevented N2 molecules from penetrating into the
void through the defect pores, making the N2 adsorption technique fail
in well detecting the surface of interior void.

Despite having the highest SBET and Smicro, Allo showed the lowest
Smeso (2.0m2/g) and Vmeso (0.009 cm3/g) (Table 2), suggesting that Allo
had the least developed mesoporous structure among these three
samples. This result was consistent with the N2 adsorption-desorption
isotherms of Allo displaying the smallest hysteresis loop (Fig. 4a). As
the allophane particles were introduced into the Dt, the SBET and Smicro

of Allo/Dt nanocomposite (155.9 and 95.3m2/g, respectively) were
distinctly higher than those of Dt (17.9 and 5.5m2/g, respectively), but
were still lower than those of Allo (242.6 and 183.8m2/g, respectively),
indicating the less developed microporosity of Allo/Dt nanocomposite
compared with Allo. However, the Smeso of Allo/Dt nanocomposite
(29.5 cm2/g) was noticeably higher than those of Dt and Allo (9.5 and
2.0 m2/g, respectively) because of enhanced mesoporosity, owing to the
improved dispersity of the coating allophane particles and the trans-
formation of some macropores of diatom frustules into mesopores.

3.3. Benzene adsorption performance of Allo/Dt nanocomposite and related
mechanisms

The breakthrough curves of Dt, Allo, and Allo/Dt nanocomposite
(Fig. 5) were used to evaluate their dynamic benzene adsorption ca-
pacity (q value, Table 3). As Table 3 indicates, the q value of Dt was the
lowest (74.5 mg/g), because the adsorption reaction of Dt was mainly
caused by surface adsorption, and Dt had the smallest SBET,

corresponding to the smallest number of adsorption sites. The q value of
Allo (105.9mg/g) was higher than that of Dt (74.5mg/g, Table 3),
owing to its largest SBET and massive micropores. Allo/Dt nano-
composite showed the largest q value (121.6mg/g), even though its
SBET and Smicro (155.9 and 95.3m2/g, respectively, Table 2) were lower
than those of Allo (242.6 and 183.8m2/g, respectively, Table 2). These
results implied that not all the micropores of Allo acted as adsorption
sites for benzene molecules, although the pore sizes of most micropores
(0.63, 0.88, 1.03, 1.56 and 1.75 nm) were larger than the kinetic dia-
meter of benzene molecule (0.59 nm). The reason might be that the
micropores of Allo derived from the disordered stacking of allophane
particles, and their channels were very inhomogeneous, as the SEM
image (Fig. 3b) showed. It was much easier for the micropores to adsorb
nitrogen molecules, which have a smaller size of 0.36 nm than benzene
molecules. In addition, the surface of allophane particles was hydro-
philic, owing to the existence of hydroxyl groups and/or adsorbed
water, and it exhibited poor adsorption affinity for the hydrophobic
benzene molecules (Yu et al., 2015c). Concerning Allo/Dt nano-
composite, its hierarchically porous structure could provide adequate
space for benzene adsorption, especially the abundant mesopores,
which could adsorb benzene molecules by capillary condensation.
Moreover, in the consideration of the allophane coating amount of
Allo/Dt nanocomposite of 59.1%, the normalized dynamic benzene
adsorption capacity of Allo/Dt nanocomposite (qs value, Table 3) in-
creased to 205.8mg/g, which was almost twice that of Allo (105.9mg/
g, Table 3). This result indicated the higher allophane utilization

Table 2
Porous parameters of Dt, Allo, and Allo/Dt nanocomposite.

Samples SBET (m2/g) Vtotal (cm3/g) Smicro
a (m2/g) Vmicro

a (cm3/g) Smeso
b (m2/g) Vmeso

b (cm3/g)

Dt 17.9 0.031 5.5 0.002 9.5 0.029
Allo 242.6 0.120 183.8 0.075 2.0 0.009
Allo/Dt nanocomposite 155.9 0.144 95.3 0.039 29.5 0.055

a The microporous specific surface area and micropore volume were calculated using the t-plot method.
b The mesoporous specific surface area and mesopore volume were calculated using the BJH method.

Fig. 5. Breakthrough curves of (a) Dt; (b) Allo; (c) Allo/Dt nanocomposite.

Table 3
Dynamic adsorption capacity (q) and Yoon and Nelson equation parameters for
benzene adsorption of Dt, Allo, and Allo/Dt nanocomposite.

Sample q (mg/g) qs(mg/g) k τ (min) R2

Dt 74.5 – 0.317 25.11 0.979
Allo 105.9 105.9 0.445 35.35 0.990
Allo/Dt nanocomposite 121.6 205.8 0.120 39.28 0.973
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efficiency of Allo/Dt nanocomposite. In this nanocomposite, the allo-
phane particles were distributed uniformly on the surface of the dia-
tomite supports, resulting in improved dispersity of the coating allo-
phane particles. Therefore, the coating allophane particles could more
fully come into contact with the benzene molecules, which enables
higher allophane utilization efficiency for Allo/Dt nanocomposite than
for Allo.

To detect interactions between benzene molecules and these three
absorbents, DRIFT characterization was performed. The obtained
samples after Dt, Allo, and Allo/Dt nanocomposite adsorbed benzene
were named Dt-Ben, Allo-Ben, and Allo/Dt-Ben, respectively. As shown
in Fig. 6a and b, no significant change occurred between the DRIFT
spectra of Dt and Dt-Ben, indicating that no benzene molecules were
detected on the surface of Dt-Ben. This result might be due to the lowest
benzene adsorption capacity of Dt. However, the characteristic vibra-
tional bands of benzene, including CeH stretching (3093, 3070 and
3039 cm−1) and C]C stretching (1479 and 673 cm−1) of the aromatic
rings (Palazov, 1973; De Mallmann and Barthomeuf, 1988; Du et al.,
2002), appeared on the DRIFT spectra of Allo-Ben (Fig. 6d) and Allo/
Dt-Ben (Fig. 6f). This result confirmed that benzene adsorption oc-
curred in Allo and Allo/Dt nanocomposite. Apart from the emergence of
the characteristic vibrational bands of benzene, other bands on the
spectra of Allo-Ben and Allo/Dt-Ben are the same as those on the
spectra of Allo (Fig. 6c) and Allo/Dt nanocomposite (Fig. 6e), indicating
that chemical bonds were not formed and the adsorption type of

benzene on Allo and Allo/Dt nanocomposite belongs to physical ad-
sorption.

The evaluation for the regeneration performance of VOC adsorbents
is an importance factor for their industrial application. The break-
through process of benzene adsorption over Allo/Dt nanocomposite
was performed for 4 times (Fig. 7). As Fig. 7 displayed, the break-
through curves of Allo/Dt nanocomposite exhibited a relatively good
repeatability over 4 cycles of benzene adsorption. In addition, the re-
cycling efficiency of Allo/Dt nanocomposite after 4 cycles of benzene
adsorption could still reached 89.5% (Table 4). These results indicated
the good regeneration performance of Allo/Dt nanocomposite, which
might be attributed to its hierarchically porous structure and adsorption
type (physical adsorption). The hierarchically porous structure, espe-
cially the macropores, is conducive to the desorption of benzene mo-
lecules, and the force of physical adsorption is generally weaker than
that of chemical adsorption, which is favourable to the regeneration of
VOC adsorbents. Therefore, compared to activated carbon that mainly
possessed micropores and could interact with VOC molecules by similar
chemical behaviour through the surface functional groups (GarcıÁ
et al., 2004; Lillo-Ródenas et al., 2005), Allo/Dt nanocomposite might
have great advantages in regeneration.

The porous structure of VOC adsorbents plays an important role in
their adsorption performance. Previous studies have investigated the
dynamic adsorption of benzene by various clay minerals, such as kao-
linite (Kaol), halloysite (Hal), and montmorillonite (Mt); and the

Fig. 6. DRIFT spectra of (a) Dt; (b) Dt-Ben; (c) Allo; (d) Allo-Ben; (e) Allo/Dt nanocomposite; (f) Allo/Dt-Ben.
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reported dynamic adsorption capacity of Kaol, Hal, and Mt. were 56.7,
68.1 and 141.2mg/g, respectively (Deng et al., 2017). This study has
found that the dynamic adsorption capacity of Allo/Dt nanocomposite
(121.6mg/g, Table 3) was higher than that of Kaol (56.7mg/g) and Hal
(68.1 mg/g), but lower than that of Mt (141.2mg/g). These results were
due to the different porous structures of these samples. According to the
study of Deng et al. (2017), the microporosity of Kaol was so small that
its benzene adsorption mainly occurred at the external surface, and its
SBET was very small (17.9m2/g). Therefore, the dynamic adsorption
capacity of Kaol (56.7 mg/g) was lower than that of Allo/Dt nano-
composite. Hal had a mesoscopic lumen with a diameter of ~20 nm and
some slit-shaped micropores resulting from dehydration (Yuan et al.,
2012, 2015a; Deng et al., 2017), but because the size of the lumen was
considerably bigger than the diameter of benzene molecule (0.59 nm),
the effect of capillary condensation of Hal was weaker than that of Allo/
Dt nanocomposite with various small mesopores (2.09, 2.43 and
3.58 nm, Fig. 4b). Furthermore, the slit-shaped micropores of Hal could
not accommodate benzene molecules. Thus, the dynamic adsorption
performance of Hal was also poorer than that of Allo/Dt nanocompo-
site. Mt. showed a higher dynamic adsorption capacity (141.2mg/g)
than Allo/Dt nanocomposite, because its interlayer micropores were
available for benzene adsorption, while only some of the micropores of
Allo/Dt nanocomposite could host benzene adsorption. However, it is
worth noting that Mt. would exhibit a sieving effect for VOC adsorption
(Deng et al., 2017). In other words, Mt. could only adsorb VOC mole-
cules with a diameter smaller than the size of the interlayer micropores.
Therefore, Allo/Dt nanocomposite might have better adsorption per-
formance than Mt. in the adsorption of VOC molecules with the size
larger than that of the interlayer micropores of Mt., due to the existence
of hierarchically porous structure. An investigation of the effect of VOC
molecule size on the VOC adsorption performance of Allo/Dt nano-
composite is currently underway.

4. Conclusion

In this study, allophane/diatomite nanocomposite with a hier-
archically porous structure was prepared, and its dynamic adsorption of
benzene and the related adsorption mechanism were investigated.
Allophane particles were well distributed on the surface of diatom
frustules and filled in the inner wall of macropores, resulting in the
formation of a hierarchically porous allophane/diatomite nanocompo-
site with relatively high SBET. The prepared allophane/diatomite na-
nocomposite exhibited higher dynamic benzene adsorption capacity
and allophane utilization efficiency than synthetic allophane. The
hierarchically porous structure of allophane/diatomite nanocomposite
makes it have the potential to adsorb VOC of various sizes and become
an efficient VOC adsorbent.
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