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Abstract In this work, we demonstrate a novel and
simple approach for fabrication of the complex three-
dimensional (3D) diatomite/manganese silicate nano-
sheet composite (DMSNs). The manganese silicate
nanosheets are uniformly grown on the inner and outer
surface of diatomite with controllable morphology using
a hydrothermal method. Such structural features en-
larged the specific surface area, resulting in more cata-
lytic active sites. In the heterogeneous Fenton-like reac-
tion, the DM SN exhibited excellent catalytic capability
for the degradation of malachite green (MG). Under
optimum condition, 500 mg/L MG solution was nearly
93% decolorized at 70 min in the reaction. The present-
ed results show an enhanced catalytic behavior of the
DMSNSs prepared by the low-cost natural diatomite
material and simple controllable process, which indi-
cates their potential for environmental remediation
applications.
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Introduction

Massive synthetic organic contaminants, including
dyes, antibiotics, and industrial chemicals, threaten hu-
man health by discharging into the aquatic environment
without treatment. Many methods, such as adsorption,
extraction, and biological treatment, are used to remove
the organic contaminants before discharging into natural
environment (Fu et al. 2016; Liu et al. 2014; Ventura-
Camargo Bde et al. 2016). Recently, the application of
advanced oxidation processes (AOPs) based on hetero-
geneous Fenton-like catalysis is an attractive option for
the removal of the organic contaminants (Jiang et al.
2018; Subramanian and Madras 2016). In particular,
manganese-based compounds with the peculiar proper-
ties including abundant existence, environmental benig-
nity, facile fabrication, and low cost have been regarded
as a promising heterogeneous Fenton-like catalyst to-
ward the degradation reaction due to the remarkably
versatile redox chemistry of Mn (Bai et al. 2016;
Zhang et al. 2014a). Considerable efforts have been
devoted to fabricating manganese-based nanomaterials
as Fenton-like catalyst, such as Mn3;O4, MnO,,
MnOOH, and MnSiO; (Chen and He 2008; Yin et al.
2010; Zhan et al. 2015). However, their catalytic perfor-
mance is still inefficient probably due to lack of surface
active sites and long electron diffusion pathways,
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limiting the improvement of the catalysis efficiency.
Thus, it is desirable to explore the catalysts, which have
a high specific surface area and porosity.

To address this issue, the use of solid materials as
supports for immobilization of manganese-based
nanomaterials seems to be of practical significance be-
cause it can inhibit the aggregation of neighboring
nanoparticles to expose more effective surface active
sites (Lee et al. 2016; Zhang et al. 2014c). Meanwhile,
three-dimensional (3D) porous architectures attracted
significant attention owing to their high specific surface
area, fine-defined interior voids, low density, and good
permeation property, which could significantly enhance
catalyst loading, enlarge contact area, and shorten elec-
tron diffusion pathways in the catalysis (Berruyer et al.
2017; Yu et al. 2017). For instance, Zeng and co-
workers (Yec and Zeng 2014) showed the manganese
silicate nanospheres supported by silica spheres with
nanobubble-shell 3D structure, exhibiting an ideal ef-
fective decomposition of dyes. Gao and co-workers
(Gao et al. 2017) studied the preparation of MnSiO3
3D mesoporous silica spheres and its promising appli-
cation in environmental remediation; the as-prepared
MnSiO; 3D structure nanomaterials showed a good
ability to remove pollutant in waste water. However,
the preparation procedures of the sophisticated 3D po-
rous support materials are always complicated and the
cost of that is expensive, which severely hampers the
further applications.

Diatomite is a kind of natural material with complex
3D architectures, which is typical of natural siliceous
rocks containing mass of the amorphous silica (Li et al.
2015). Their hollow pill-box structure, large inner space
with micro- and nano-scale porosity, high surface area,
chemical inertness, low cost, nontoxicity, and low-density
biogenetic sediment make diatomite a promising material
for many applications (Guo et al. 2016; Le et al. 2017;
Zhang et al. 2014b). It is not surprising that these unique
3D structures with combination of macro- and
mesoporosity have been considered as a promising carrier
and template to overcome the shape challenges of many
synthetically prepared catalyst for environmental remedi-
ation (Yuan et al. 2016). Moreover, the amorphous silica
on the surface of diatomite makes it an excellent nonme-
tallic template, since SiO, has been explored as a familiar
one in self-assembly hard template method, especially
important in fabricating nanomaterials.

Hence, in this study, we proposed a facile surfactant-
free approach for fabricating 3D structure diatomite
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decorated by manganese silicate nanoparticles with con-
trollable morphology using a hydrothermal method.
Furthermore, the application of the optimum diatomite/
manganese silicate nanosheets as Fenton-type catalysts
for degradation of the MG dye was investigated. The
diatomite/manganese silicate nanosheets (DMSNs) ex-
hibited prominent ability for degradation of the MG dye
from contaminated water.

Experimental section
Synthesis of diatomite/MnSiO3; (DMSNs)

All chemicals were of analytical-reagent quality and
were used without further purification. In a typical syn-
thesis, 153 mg of MnSO4-H,O and 200 mg of sodium
maleate were dissolved in 20 mL of deionized water at
room temperature. After stirring for about 20 min,
50 mg of purified diatomite was added to the above
solution, stirring for another 20 min to form a homoge-
neous suspension at pH 8.2. The mixture was transferred
into a 50-mL Teflon-lined stainless steel autoclave main-
tained at 180 °C for hours. After heating, the autoclave
was cooled naturally to room temperature. Finally, the
product was washed with deionized water and ethanol
for times and dried at 60 °C to yield the DMSNs. The
DMSNSs prepared for 6 and 12 h were designated as
DMSNSs-1 and DMSNs-2, respectively.

Material characterization

The morphological and energy dispersive spectrometer
analyses were examined on a focused ion beam (Zeiss
Auriga FIB/SEM). The powder X-ray diffraction
(XRD) patterns were collected on an X-ray diffractom-
eter (D/max 2500, Cu K«) with scattering angles. The
functional groups in the sample were measured by Fou-
rier transform infrared (FT-IR) spectroscope (Nicolet),
where the spectra were performed in KBr pellets and
recorded in the spectral region from 4000 to 400 cm .
The N, adsorption/desorption analysis was performed
on a micromeritics instrument (ASAP 2020) at 77 K,
and the pore size distributions were calculated from the
adsorption branch by the Barrett—Joyner—Halenda
(BJH) method. The X-ray photoelectron spectra (XPS)
were detected by an X-ray photoelectron spectrometer
(ESCALAB250Xi) using Al Ko X-ray as the radiation
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source. The binding energy scale was calibrated which
referred to carbon 1s peak at 284.6 eV.

Fenton-like degradation experiments

The catalytic performance of DMSNs was evaluated by
the oxidative degradation of MG dye via a Fenton-like
chemical reaction. Typically, 100 mL of MG solution
(500 mg/L) was prepared in a 250-mL glass beaker under
a fixed temperature of 30 °C. Then, 30 mg of DMSNs
was added into the above solution with constant magnetic
stirring (around 550 rpm) for 30 min to reach absorption—
desorption equilibrium. Subsequently, H,O, was added
to the obtained suspension. At predetermined time inter-
vals, a 4 mL suspension was withdrawn and the solid
catalyst was separated immediately from the solution by
centrifugation. The concentrations of MG in the course of
degradation were measured at the maximum absorption
wavelength (617 nm) by using the UV—vis spectropho-
tometer (Shimadzu, UV-2450).

Results and discussion
Structure and morphology

The overall fabrication process of 3D DMSNs involves
three main steps, as illustrated in Scheme 1. First, a
small portion of the SiO, phase from the surface of
diatomite is hydrolyzed in situ to form H4SiO,, and at
the same time, surface active sites are generated for the
adsorption of Mn carboxylate species. Second, the

active sites and Mn?* decrease the activation energy
for decomposition of the carboxylate. Then, the carbox-
ylate groups decompose into CO, which serves as a soft
template for the deposition of manganese silicate
through ion exchange of Mn®* with H,SiO4 (Yec and
Zeng 2014). Third, these reactions would continue to
form a thin film of porous manganese silicate nanosheet
coating on the surface of diatomite during the thermal
treatment process. Meanwhile, the solution pH de-
creased from 8.2 to 7.1 and 6.2 after the 6- and 12-h
hydrothermal process, respectively, indicating that more
H* ions were formed in the solution due to the exchange
of Mn* with H,SiO,.

The typical X-ray diffraction (XRD) patterns of the
diatomite, DMSNs-1, and DMSNs-2 are presented in
Fig. 1. It can be seen from the curve of the diatomite
that the diffraction peaks at 20 of 21.9, 28.4, 31.4,
36.1, 42.6, 44.8, 47.0, 48.6, and 57.1° are in good
agreement with the standard pattern of the SiO, phase
(JCPDS card no. 39-1425), corresponding to (101),
(111), (102), (200), (211), (202), (113), (212), and
(301) planes (Zhang et al. 2014d). The diffraction
peaks from DMSNs-1 and DMSNs-2 at 18.0, 28.9,
32.3, 38.1, 44.2, 50.7, 58.4, and 59.8° are in clear
accordance with the standard pattern of the manga-
nese silicate phase (JCPDS card no. 12-0181); mean-
while, the peaks attributed to the diatomite are obvi-
ously discovered in the patterns of the DMSNs-1 and
DMSNSs-2. It indicates the existences of diatomite and
MnSiO; (Ling et al. 2016), and that the surface of
diatomite is coated with MnSiOs, which is in accor-
dance with the initial design.
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Fig. 1 XRD patterns of diatomite, DMSNs-1, and DMSNs-2

The scanning electron microscope (SEM) demon-
strates the morphology of the samples. Figure 2 shows
the SEM images of the diatomite and the DMSN samples
obtained after hydrothermal treatments for 6 and 12 h,
respectively. In Fig. 2a, the original diatomite presents
porous disk-like shape with a diameter of circa 20 um.
As precisely observed from Fig. 2b, the surface of the
original diatomite is relatively smooth. The comparative
SEM images of DMSN samples in Fig. 2c, e exhibit a
fairly rough surface and coating layer, which reveals that
the MnSiO; were in situ reaction on the surface of
diatomite with directional growth process. After 6 h of
hydrothermal treatments, the MnSiO3 on the surface of
DMSNs-1 exhibits monodisperse, uniform, and spherical
morphologies from the high-magnification SEM image
in Fig. 2d. With the additional hydrothermal time from 6
to 12 h, as shown in Fig. 2e, a thicker layered film
composed of MnSiOs is uniformly grown on the diato-
mite to form a coating on the surface. Moreover, the
higher magnification SEM image in Fig. 2f reveals that
the MnSiO3 nanosheet morphology was formed from a
small particle structure. The MnSiO; nanosheets with
means of size 50 nm are interconnected with each other
to form a very thin porous framework on diatomite,
which is important for their function for proposed 3D
composite. As seen from the SEM images of broken
DMSNs-2 (Fig. S1), it is also confirmed that MnSiO;
nanosheets are deposited inside the pores and inside the
diatomite structures, which demonstrates that the modi-
fication process occurred on both internal and external
diatomite surface. To reconfirm the mass percentage of
MnSiO; in the DMSNSs of varied treatment time, the
samples were analyzed by EDS, as shown in Fig. (S2).

@ Springer

The EDS elemental mapping confirms that the presence
of Mn wt% increases from 9.68 to 12.59%, which means
the mass percentage of MnSiO; in the DMSNs-1 and
DMSNs-2 is estimated to be 17.6 and 22.9%, respective-
ly. Such uniformly grown and higher loading capacity of
MnSiOs is propitious to improve the Fenton-like catalyt-
ic reaction by providing rich active sites.

The porosity and pore structure parameters of the
original and the MnSiO;-modified diatomite were con-
firmed by nitrogen adsorption desorption isotherm and
BJH pore size distribution. Upon the deposition of
MnSiO; onto the diatomite, the specific surface area
and pore volume increases evidently from circa
1.19m*g " and 0.0022 m*-g " for the original diatomite
to circa 36.93 m*g ' and 0.0411 m>g ' for the
DMSNSs-2, respectively (Table 1). This results indicate
the slowly growth of MnSiO; nanosheets on the surface
of diatomite need time to effectively deposit on the
surface areas of the diatomite. As shown in Fig. 3a, the
H;-type hysteresis loop in the isotherm of DMSNs-1
and DMSNs-2 caused by the slit-shaped pores resulting
from aggregates of plate-like particles grows larger with
the increasing reaction time, which also indicates the
formation of the MnSiO; nanosheet morphology. The
type IV isotherm of DMSNs-2, together with a capillary
condensation step in the relative pressure range from 0.4
to 0.9, indicates that the DMSNs-2 is representative of
large-pore mesopore structure (Dong et al. 2014). The
prepared DMSNs-2 with more mesoporous structure
can promote diffusion of reactants and products, which
is beneficial to acquire a higher catalytic activity. Seeing
the pore size distributions of the diatomite, DMSNs-1
and DMSNs-2 from Fig. 3b, it is noted that the synthe-
sized MnSiOj; nanosheets have a widen pore size distri-
bution with the range of around 10 nm, which might be
beneficial for the adsorption and mass transfer in the
liquid system. These results further demonstrate that the
high surface area and porous channels of DMSNs-2
should enhance catalytic performance by providing
more reaction sites and facilitating the diffusion of pol-
lutant and product into/out of the catalyst.

The surface properties of the DMSNs-2 are the
main factors for the degradation of organic pollu-
tions in heterogeneous catalytic Fenton reaction
(Zhang et al. 2016b). The FTIR spectrum of the
DMSNs-2 is shown in Fig. 4a. The absorbance at
1086 cm™ ! is ascribed to the Si—O bond (Xiao et al.
2016). Two peaks at 790 and 477 cm ' correspond
to the symmetrical stretching vibrations of Si—O-Si



J Nanopart Res (2018) 20: 123 Page 50f 10 123

Fig. 2 SEM images of a, b diatomite; ¢, d DMSNs-1; and e, f DMSNs-2

Table 1 Surface area features determined from BET analysis for ) ] ] ) )
the diatomite, DMSNs-1, and DMSNs-2 samples bond and symmetrical stretching vibration of Si-O

bond (Gao et al. 2015). The peak at 620 cm ' is

Samples (SIESCIE(; surface area zﬁge Y?)lume z?r;e) size attributed to the lattice vibration of Mn—O bond,

: : further confirming the growth of manganese silicate
Diatomite  1.1855 0.002167 8.2391 (Hao et al. 2016). The peak around 3439, 1579,
DMSNs-1 24.6326 0.030846 5.0541 and 1392 cm ' is ascribed to the hydrogen-bonded
DMSNs-2 36.9292 0.041066 4.8316 hydroxyl groups of adsorbed water molecules, the

bending vibration of absorbed water and the
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deformation vibrations of Mn—OH, respectively have advantages over catalytic Fenton reaction and
(Shang et al. 2016). These surface hydroxyl groups catalytic decomposition.
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The surface element composition of the DMSNs-2
was further investigated by XPS measurement. As
shown in Fig. 4b, the binding energies at 102.6 eV
was attributed to the Si 2p from Mn—O-Si, which is
lower than that of the Si 2p in pure SiO, (Qu etal. 2012).
In Fig. 4c, the O 1s spectra exhibit asymmetric peaks,
indicating the existing of different degrees of oxygen
contribution on the DMSNs-2 surface. The O 1s peaks
could be deconvoluted into two peaks, with the binding
energies at 531.8 and 530.2 eV corresponding to Mn—
O-Si and O—H respectively (Zhang et al. 2016¢). The
Mn 2p3/2 peaks were fitted into two curves in Fig. 4d.
The binding energies at 641.3 and 643.2 eV were
indexed to Mn(Il) and Mn(Il) (Zhang et al. 2016c¢).
The Mn 2p1/2 peak is found at 653.3 eV. The peaks at
647.2 eV are the satellite peak of Mn 2p (Zhu et al.
2018). The presence of the satellite peak reflects the
occurrence of Mn(Il) (Tan et al. 2016). In this Fenton
reaction process, the electrons from the surface Mn(III)
or Mn(IT) induce H,O, decomposition to active
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hydroxyl radical to degrade pollutant. Thus, it is expect-
ed that DMSNs-2 with rich versatile manganese valence
could probably exhibit the promising catalytic proper-
ties in Fenton system.

Fenton-like catalytic degradation of malachite green

The potential absorptive and catalytic properties of the
as-synthesized DMSNs-2 in environmental remediation
at different systems were evaluated. The variation of
MG concentration with time was presented in Fig. Sa.
As seen in Fig. 5a, the H,O, can hardly oxidize MG in
absence of catalysts in 70 min. When the original diat-
omite was used as a catalyst, the degradation efficiency
of MG is less than 10% in 70 min. When the original
diatomite and the DMSNs-2 were used as adsorbents in
absence of H,0O,, the concentration of MG rapidly de-
creased within 20 min and the degree of decoloration
holds at 3 and 20% respectively with increasing reaction
time. These results indicate the loading of MnSiO; on
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the diatomite supplies highly absorptive properties of
MG molecules due to large specific surface area of
DMSNs-2, which should be also favorable of the cata-
lytic decomposition of MG. Upon further addition of H,
O, oxidant into the MG- and DMSNs-2-mixed solution,
the decoloration of MG was promoted, while the
DMSNs-2 was employed as a heterogeneous Fenton
catalyst in this system. The resultant solution can be
decolored by 70% in 30 min and 93% in 70 min. These
results suggest that the MG decoloration is caused by
DMSNs-2 absorption and then H,O,-induced oxidation
catalyzed by the DMSNs-2. To understand and clarify
the changes in molecular structure of MG in the pres-
ence of DMSNs-2/H,0, system, UV-vis spectra chang-
es in the dye solution over various time intervals are
shown in Fig. 5b. Clearly, the main absorption peak of
MG molecules locating at 617 and 424 nm decreases
rapidly with extension of the exposure time. Further
exposure leads to no absorption peak at 617 nm in the
whole spectrum. Besides, new absorption peak at
334 nm was observed with increasing the exposure time,
which indicates the complete catalytic degradation of
MG, and the generation of intermediate products. As
seen in Fig. 5c, an increase of the DMSNs-2 dosage
from 0.1 to 0.3 g/L could enhance the MG degradation
efficiency. However, further increasing the DMSNs-2
dosage did not improve the degradation efficiency sig-
nificantly. It showed that the overdose of catalyst could
not further greatly improve the degradation efficiency of
MG with the limited amount of H,O, in the system
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Fig. 6 Recycled performance of DMSNs-2 for degradation of
malachite green dye under Fenton-like reaction. (reaction condi-
tion [Malachite green] = 500 mg/L, [catalysts] = 0.3 g/L, [H,0,] =

30 mM)
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(Zhang et al. 2016a). Therefore, considering the eco-
nomic factor, the right catalyst amount should be
adopted in the real applications. The kinetics of MG
degradation as a function of DMSNs-1 and DMSNs-2
catalyst were investigated. According to the results (Fig.
5d), the MG degradation reaction of the both DMSNs-1
and DMSNs-2 catalyst followed pseudo-first-order ki-
netics. In comparison, the DMSNs-2 catalyst leads to
higher reaction rate constant. The enhancement of the
kinetic rate may be attributed to the increasing reactive
sites from higher exposed surface areas and more porous
structure. These results reveal that the DMSNs-2 is a
fairly catalyst in the Fenton-like reaction and is a hope-
ful catalyst in the practical applications.

The reusability of a catalyst is a key factor for its
application. Therefore, it is necessary to investigate the
reusability of the DMSNs-2 from the economic and
environmental perspective. In this study, the DMSNs-2
was separated by a simple centrifugation and reused
without further treatment after each cycle experiment.
As shown in Fig. 6, the DMSNs-2 shows very fine
repeatability in the first two rounds. Afterwards, the
DMSNs-2 exhibits little loss of catalytic activity in the
last three rounds but still keeps almost 90% catalytic
activity. This drop could be attributed to the less acti-
vated site due to the coverage of area by intermediate
products. Conclusively, the DMSNs-2 shows well
recyclability.

Conclusion

In summary, the fabrication of novel 3D porous archi-
tecture manganese silicate nanosheet catalyst supported
on natural diatomite structures is demonstrated. The
analysis of the structure and morphology confirms that
manganese silicate nanoparticles are uniformly grown
on the inner and outer surface of diatomite, which
significantly enlarges the specific surface area and po-
rosity. The DMSNs used as a heterogeneous Fenton-like
catalyst exhibited excellent catalytic activity in degrada-
tion of MG dye from an aqueous solution. The use of
DMSNS s resulted in nearly 93% of decolorization of
500 mg/L MG dye at 70 min of reaction under best
conditions. Owing to simplicity and low cost of present-
ed synthetic approach based on natural diatomite mate-
rial, these results indicate evident potential diatomite-
based composites for environmental remediation
applications.
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