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ARTICLE INFO ABSTRACT

Keywords: Noble metals supported on substrates have been proven as highly efficient catalysts for the reduction of nitro-

Au nanoparticles compounds. However, their large-scale applications are still limited by the problems of fouling and transport

Montmorillonite during the mass production process. Herein, we first fabricated a spherical montmorillonite (Mt) substrate via

21;?:?1 microspheres spray drying technique, followed by the deposition of Au NPs through polydopamine chemistry to synthesize
Y

spherical Au nanoparticles supported Mt (Au@Mt) microspheres. The Au loading is 14.5 wt%, whereas the
specific surface area of the Au@Mt microspheres is 47.3m? g~ !, endowing the prepared Au@Mt microspheres
with excellent catalytic activity to the reduction of 4-nitrophenol (4-NP) in the presence of NaBH, with the
optimized apparent reduction rate constant higher than 1.05min~'. Furthermore, the microspheres can be
easily recycled with self-sedimentation without any devices involved and showed excellent stability and re-
cyclability for at least 20 cycles without almost unchanged spherical morphology and catalytic performance. Our
straightforward strategy to solve the issue of the mass production process through granulation of amorphous
nanomaterial substrate facilitates the practical application of these catalysts in the reduction of nitro-com-

4-nitrophenol

pounds.

1. Introduction

Recently, noble metal nanoparticles have been the subject of sig-
nificant scientific and industrial interest due to their unique catalytic
properties compared with bulk noble metals (Han et al., 2017; Wang
et al.,, 2017b; Yang et al., 2017). Among them, Au nanoparticles (Au
NPs) have been proven as the most efficient catalyst in a series of
oxidation and reduction reactions under mild conditions, exhibiting the
significant advantages of outstanding catalytic performance, environ-
mental-friendly process, and easy operation (Dhakshinamoorthy et al.,
2017; Manzoli et al., 2017; Zugic et al., 2016). Until now, two key is-
sues have been encountered in the attemps of employing Au NPs in
pratical catalytic application; indeed, aggregation and recyclablity have
been widely considered due to their small size and high surface energy
of Au NPs, which heavily affect their catalytic performances and the
cost of the catalytic process (Liu et al., 2014). To solve these problems,
various materials with the common character of possessing large sur-
face area, easy recovery, and environmental stability, such as polymers
(Lucia et al., 2017), carbon materials (Ribeiro et al., 2017), silica
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materials (Fang et al., 2017), metal oxides (Ruiz and Gianfranco, 2017),
and magnetic materials (Wang et al., 2017a), have been used as sub-
strates to support Au NPs. In addition, substrates with the adsorption
capacity towards reactants are highly desirable due to the enhanced
opportunity for increasing the surface contact between catalyst and
reactants (Ma et al., 2015). Through tailoring the surface property of
substrates, not only the strong interactions between Au NPs and sub-
strates can be enhanced, but also the adsorption capacity of substrates
towards catalytic object can be increased; as a result, the catalytic ac-
tivity and recyclability of the catalyst can be improved.

One-step generation of Au NPs on the substrates through poly-
dopamine (PDA) chemistry provides a facile and effective strategy to
reduce and stabilize Au NPs due to the strong adhesion and the ex-
cellent reducing capacity of PDA to reduce Au precursor to Au NPs (Lee
et al., 2007). Recently, PDA-functionalized hybrid nanomaterials were
applied as novel catalysts to reduce nitro compounds (Arup Kumer
et al., 2015; Cao et al., 2015; Luo et al., 2014; Ye et al., 2016; Zeng
et al., 2013). For example, Luo et al. fabricated Au NPs supported on
PDA-coated graphene catalyst for reduction of 4-nitrophenol (4-NP)
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(Luo et al., 2014). Zeng et al. reported a core-shell Fe;0,@PDA@Au
catalyst for the catalytic reduction of nitrobenzene (Zeng et al., 2013).
These catalysts demonstrated enhanced adsorption of 4-NP with the
help of PDA and high catalytic activity. Moreover, these catalysts could
be easily recovered and reused through a magnetic or centrifugal se-
paration.

Despite all the claimed advantages, this promising technique is now
limited in the laboratory scale and has yet to be promoted to industrial
scale. The challenges, in the authour's opinion, are mainly focused on
the mass production and recovery process of the catalyst from the re-
active solution without any devices involved. For the production pro-
cess to be industrially available, the regular morphology and flowability
of catalyst are crucial because the amorphous morphology of catalyst
not only would result in heavy reactor fouling but would also block the
line and, thus, affect the product transport (Yawei et al., 2011). For the
recovery process, the relatively large size and sedimentation of catalyst
in the reactive solution are significant since the catalyst can be easily
recovered from the bottom of treating pond through self-sedimentation
without any device involved (Ohta et al., 1980). However, the mor-
phology and sedimentation of the catalyst cannot be found in the lit-
erature.

Montmorillonite (Mt) was employed here as the substrate due to its
large surface area, excellent adsorption ability, self-sedimentation in
the reactive solution, and, most importantly, the fact that it can be
granulated (Stunda-Zujeva et al., 2017). We first fabricated a spherical
Mt substrate via a spray drying technique, followed by the deposition of
Au NPs through polydopamine chemistry to synthesize spherical Au
nanoparticles supported Mt (Au@Mt) microspheres. The model nitro-
compound, 4-nitrophenol (4-NP), was selected to evaluate the catalytic
performance of Au@Mt microspheres in the present of NaBH,. Fur-
thermore, the recyclability and morphological stability were also in-
vestigated in the catalytic process. To the best of our knowledge, this is
the first report of fabricated Au@Mt microspheres used as a catalyst for
reduction of 4-NP, providing a promising candidate in the large-scale
treatment of wastewater containing nitro compounds.

2. Materials and methods
2.1. Materials

Dopamine hydrochloride (DA) was purchased from Sigma Aldrich
(St. Louis, MO, USA). Hydrogen tetrachloroaurate hydrate
(HAuCl4H,0), 4-nitrophenol (4-NP), and sodium borohydride (NaBH,)
were obtained from Sinopharm Chemical Reagent Co. Ltd. (China). 1 M
Tris-HCI buffer (pH = 9.0) was received from Beijing Solarbio Science
& Technology Co., Ltd., China. Montmorillonite (Mt) was kindly sup-
plied by the Fenghong Co. Ltd. (Anji, China). All chemicals and reagents
were of analytical grade and used as received. Deionized water was
used throughout the work.

2.2. Granulation of Mt

Spherical Mt was fabricated via a spray-drying technique.6.0 g of Mt
was dispersed in 100 mL of ethanol under 60-min sonication to obtain
the suspension. The suspension was fed into a spray-dryer (YC-015,
Shanghai Pilotech Instrument & Equipment Co. Ltd). The condition of
spray-drying was 50 mLmin~" feed rate, 110 °C drying temperature,
and 1 atm compressed-air supply pressure. The yield of spherical Mt
was around 45%.

2.3. Synthesis of spherical Au nanoparticles supported on Mt microspheres

Spherical Au nanoparticles supported on Mt microspheres (Au@Mt)
were synthesized through in situ growth of Au NPs on the surface of
PDA-coated Mt Typically, 0.5g DA was added into 100 mL DI water
containing 5.0 g granular Mt and 10 mM Tris-HCI buffer. The pH was
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adjusted to 8.5 using 0.1 M of NaOH solution. After shaking at ambient
conditions for 6 h, the PDA-coated microspheres were filtered from the
suspension and further washed with 25% isopropyl alcohol-water so-
lution for three times. Then, the PDA-coated Mt was dispersed in 50 mL
of an aqueous solution 50 mM of HAuCl, at ambient conditions under
dark for 6h using a rotator (MX-RL-Pro, SCILOGEX, USA). After the
filter separation, the brown microspheres were dried in a vacuum oven
at 60 °C for 24 h to obtain the final product Au@Mt.

2.4. Characterizations

FTIR spectra were taken in KBr pressed pellets on a Perkin-Elmer
2000 Fourier transform infrared spectrometer (Connecticut, US). Cold-
field-emission scanning electron microscopy (SEM, Jeol S4800, Japan)
with an accelerating voltage of 5kV was used to observe the mor-
phology. Thermogravimetric analysis (TGA) measurements were per-
formed on Pyris TGA-7A (Perkin-Elmer, US) in the air with a purge rate
of 50 mLmin . X-ray diffraction (XRD) patterns were recorded on a
Bruker D8-Advantage powder diffractometer (Karlsruhe, Germany)
using Cu Ka radiation (40kV, 110 mA). X-ray photoelectron spectro-
scopy (XPS, Thermo Escalab 250Xi, Thermo Fisher Scientific, US) was
used to examine the surface composition with monochromatic Al Ko
excitation (hv =1486.6eV) on a spot size of 500 um. Nitrogen ad-
sorption experiments on samples were carried out at 77 K with an
ASAP2020 (Micromeritics, US). BET surface area, pore size, and pore
volume were evaluated via the conventional analysis of the nitrogen
isotherms. The UV absorption spectra of the samples were obtained on a
UV-vis spectrometer (PERSEE UT 1810, Shanghai, China).

2.5. Adsorption experiment

20 mg of each microsphere were added to 100 mL of 100 mgL ™" 4-
NP aqueous solution under constant stirring at room temperature.
UV-vis absorption spectra of 4-NP at different intervals were recorded
to monitor the adsorption process. The removal percentage of 4-NP is
calculated following the Eq. (1) (Wang et al., 2017c¢):

Ry_np = (M) X 100%

Co (€]

Where Ry4.np is the removal percentage of 4-NP, the C, (mg L~ 1 and

C; (mg L™1) are the initial dye concentration and the equilibrium con-
centration, respectively.

2.6. Catalytic reduction of 4-NP

The catalytic reduction of 4-NP in the presence of NaBH, was car-
ried out to assess the catalytic activity and reusability of the Au@Mt
microsphere. 1 mL 4-NP (250 mg L.~ 1) and 2 mL NaBH, (0.1 M) aqueous
solutions were mixed with 7 mL deionized water, followed by the ad-
dition of 2mg Au@Mt microspheres. The yellow-green color of 4-NP
vanished as the reaction proceeded; the process was monitored at
400 nm using a UV-vis spectrometer. After the whole reduction process
was completed, the Au@Mt microsphere was separated from the mix-
ture with self-sedimentation and, then, reused in the next cycle. The
concentrations of Au@Mt, 4-NP, and NaBH, were investigated to in-
fluence their apparent reduction rate constants.

3. Results and discussion
3.1. Synthesis and characterization of the Au@Mt microspheres

Spray-drying is a common technique to fabricate granulation in
industry (Loghman-Estarki et al., 2013). PDA has exhibited strong ad-
hesion towards substrates and excellent capacity to reduce Au precursor
to Au NPs (Lee et al., 2007). Therefore, a simple approach was applied
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Spray-drying x

—

Mt/Ethanol Suspension Spherical Mt

to fabricate spherical Au NPs supported Mt microspheres via PDA
chemistry, as shown in Scheme 1. Mt was firstly mixed with ethanol
and, thus, granulated via a spray-drying technique. Then, the spherical
Mt was added to dopamine solution at pH 8.5. After 8-h polymerization
under shaker, the PDA-coated spherical Mt was washed thoroughly and
collected through filtration. After that, the PDA-coated spherical Mt
was then dispersed in HAuCl, solution under rotator in the dark for
12 h. The final product was collected and dried to obtain Au@Mt.
Through granulation process, not only the regularity of the product
can be improved and the fouling can be decreased, but also the flow-
ability of the product can be enhanced, thereby the transport in the
product-line can be facile achieved (Stunda-Zujeva et al., 2017).
Therefore, the morphology of product is an essential step to successfully
implement the large-scale production. SEM was employed to observe
the morphologies of Mt through granulation process, PDA@Mt, and
Au@Mt microspheres. As shown in Fig. 1, the Mt through spray-drying
exhibits a spherical particle morphology with an average diameter of
20 pm. The XRD pattern (inset in Fig. 1a) illustrates the (001) diffrac-
tion peak at 26 = 7.23 °, corresponding to a basal distance of 0.96 nm,
in agreement with the result of pristine Mt in our previous work (Wang
et al., 2017c). These results indicate an unchanged lamellar structure of
Mt after the granulation process. The nitrogen adsorption-desorption
isotherms of the spherical Mt obtained at 77 K are shown in Fig. 1d. The
nitrogen adsorption and desorption isotherms of spherical Mt exhibit a
regular pore structure of a mesoporous material, giving a BET specific
surface area of the spherical Mt at 60.6 m* g~ ! and a total pore volume
of 0.38cm™3/g. The specific surface area and total pore volume of
spherical Mt in our experiment are much higher than that of Mt as
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Scheme 1. Synthesis and characterization of the
Au@Mt microspheres, including the first step of
spray drying and the second step of PDA coating and
dispersion into the HAuCl, solution.

Spherical Au@Mt

received (8.3m?g~!, Fig. S1) and as reported in the literature

(9.0m>g ™1 (Gil et al., 2011), suggesting the efficient pore-making of a
spray-drying process. As the spherical Mt was well prepared, the fab-
rication of Au NPs supported Mt microspheres easily fixed the Au NPs
on the spherical Mt for catalytic reduction of 4-NP. As shown in Fig. 1c,
the morphology of spherical Mt is unchanged after the supported pro-
cess. Small bright particles with a average diameter of 40 nm can be
observed on the surface of spherical Mt and are associated to the Au
NPs peak via XRD shown in Fig. S2 (Zeng et al., 2013). The XRD pat-
terns (inset in Fig. 1b) show the (001) diffraction peak at 26 = 5.56 °,
corresponding to a basal distance of 1.56 nm after coating with PDA,
suggesting that the coating on each side of Mt layer is 0.3 nm. However,
after generating Au NPs, the diffraction peak position of (001) of Mt did
not change. It may be only illustrated that most of Au NPs existed in the
outside surface of aggregated silicate layers (inset in Fig. 1c). Compared
with the spherical Mt, the specific surface area and total pore volume of
Au@Mt microspheres slightly decrease to 47.3m?*g~ ! and 0.31 cm ™3/
g. The loading of Au NPs on Au @Mt microspheres is calculated to be
14.5 wt% from the weight loss differences of Mt, PDA-coated spherical
Mt (PDA@Mt), and Au@Mt microspheres as shown in Fig. S3. Fur-
thermore, the details of calculation for Au loading amount by TGA
results are shown in the supplementary data. The Au loading in our
experiment is much higher than that on Fe3O, substrate (4.3 wt%)
(Zeng et al., 2013), suggesting the efficient Au NPs deposition on
spherical Mt The high Au loading and large specific surface area of Au@
Mt microspheres indicate good adsorption and catalytic reduction
capability towards organic dyes.

6 9 12
2 Theta (Degree)

amal

d

—a— Mt
—+ PDA@MVIt
—— Au@Mit

00 02 04 06 08 10
Relative Pressure (P/P,)

Fig. 1. SEM images of the spherical Mt (a), PDA@Mt (b), Au@Mt microspheres (c), and N»-sorption profiles of the spherical Mt, PDA-coated spherical Mt, and Au@
Mt microspheres (d), with inset XRD patterns, demonstrating the ordering state of silicate layers; the nanoparticles size of Au NPs.
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Fig. 2. The adsorption kinetics of 4-NP on the spherical Mt, PDA-coated
spherical Mt, and Au@Mt microspheres.

3.2. Adsorption of Au@Mt microspheres

The adsorption capability towards organic dyes can remarkably
improve the catalytic activity of noble metal catalysts due to the en-
hanced contact between the catalyst and organic dyes (Zhang et al.,
2014). 4-NP was chosen as the model dye. The band of 4-NP is known to
appear at 400 nm; therefore, the change of the 4-NP peak during the
adsorption process is feasibly monitored via time-dependent UV-Vis
absorption spectra (Zhang et al., 2014). All three kinds of samples,
including the spherical Mt, PDA-coated spherical Mt, and Au@Mt mi-
crospheres, exhibit a similar adsorption behavior with three stages.
After an initial fast adsorption process, the adsorption gradually in-
creases and finally reaches the equilibrium. Although the three samples
present a similar fast adsorption process, the gradual adsorption stages
are different due to the difference of the intra-particle diffusion-rate
controlling step. As shown in Fig. 2, compared with the spherical Mt,
the intra-particle diffusion stage is shortened for PDA@Mt due to the
adsorb 4-NP by mi-t stacking interaction between 4-NP and PDA. The
deposition of Au NPs on PDA@Mt significantly prolongs the intra-
particle diffusion rate. At last, all three samples reach the equilibrium
stage. The max adsorption of PDA@MLt is similar with that of spherical
Mt, whereas Au@Mt microspheres show a relative lower adsorption
capability because Au NPs occupy the surface of PDA@Mt and, thus,
reduce the adsorption capacity of 4-NP.

3.3. Catalytic properties of Au@Mt microspheres

The catalytic capacity of Au@Mt microspheres was evaluated
through the color variation of 4-NP undergoing reduction in the pre-
sence of NaBH,. At the beginning of 4-NP reduction, the peak at 400 nm
decreases its intensity. Accordingly, a new peak at 300 appears due to
the formation of 4-aminophenol (4-AP). Therefore, the catalytic re-
duction process of 4-NP was monitored by its time-dependent absor-
bance change using UV-vis spectroscopy. As shown in Fig. 3a, with the
prolonged reduction of 4-NP progressing, the absorbance peak of 4-NP
at 400 nm rapidly decreases to zero in 7 min, while a new peak at
300 nm appears and gradually increases. Accordingly, the green-yellow
color of 4-NP solution concomitantly disappears. The catalytic time of
Au@Mt microspheres in the reduction of 4-NP is much less than the Au
NPs reported in the literature, revealing the high catalytic efficiency of
the prepared Au@Mt microspheres. The catalytic rate is highly related
to the surface area of Au NPs supplied for the electron relay from NaBH,
to 4-NP. Therefore, the reaction kinetics of the reduction of the 4-NP
under different catalytic conditions are calculated by monitoring their
time-dependent UV-Vis absorption spectra. From these spectra, the
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pseudo-first-order reaction kinetics are used to calculate the reaction
rate constant. From the linear relation of In(C,/Cy) with the reaction
time, the apparent reduction rate constant (K) of 4-NP is obtained.
Fig. 3b shows that K increases linearly from 0.08 min~! to 0.95 min ™"
with the Au@Mt microspheres concentration increasing from
200mgL~! to 1000 mg L. ™!, when the concentrations of NaBH,4 and 4-
NP are fixed at 0.02 M and 250 mg L™, respectively. The increased K is
mainly due to the increased total available surface area of Au NPs.

K is also determined by the surface coverage degree by each re-
actant, according to the following Eq. (2) (Wunder et al., 2011):

K= kSG4_NPGBH4— (2)

Where k is the molar rate constant per square meter of the catalyst,
S is the total available surface area of Au NPs, 04_yp and 6py,~ are the
surface coverage degree by 4-NP and BH,; The competition between 4-
NP and BH, ™~ on the surface of Au NPs can affect K. The excess of 4-NP
results in the decrease of K, while the excess of NaBH, leads to the
increase of K due to the limited surface area of Au NPs. K decreases
linearly from 1.05min"! to 0.08 min~! with 4-NP concentration in-
creasing from 100 mg L. ™! to 350 mg L' (Fig. 3c). According to Eq. (2),
K decreases with the increase of 4-NP and is mainly due to the in-
creasing 6, np and the decreasing 6py, that reduce the rate of electron
relay from NaBH,4 to 4-NP. On the contrary, as shown in Fig. 3d, the
increasing 8py,” and the decreasing 64 _ yp improve the rate of electron
relay from NaBH, to 4-NP. Above all, these results indicate that K of the
so-prepared Au@Mt can be optimized by tailoring the composition of
Au NPs, 4-NP, and NaBH,. Interestingly, the K (1.05 min~?) in our
fabricated Au@Mt microspheres is much higher than the value on other
substrates (0.23 min "' (Luo et al., 2014) and 0.63 min~' (Zeng et al.,
2013) for graphene oxide and Fe30y, respectively) reported in the lit-
eratures. Furthermore, the K over the Au weight of catalyst was cal-
culated as 60 s~ '/g Au, which is similar with that of reported (90s~ /g
Au, (Luo et al., 2014)). In addition, the turnover frequency (TOF) of
catalyst was calculated as 0.22min~!, according to the moles of or-
ganic dye catalytic reduced by per mole of Au under the consumed
time, which is higher than that of previous reported (0.10 min~?, (Luo
et al., 2014)). The superior high catalytic activity of Au@Mt micro-
spheres can be attributed to two factors: (1) the well-dispersed and
highly stable Au NPs on the chemically stable Mt support, and (2) the
large surface area and strong adsorption capacity of granular Mt
(Fig. 4a).

3.4. Recyclability examination

Recyclability is one of the most critical properties of a catalyst to
maintain their efficient catalytic performances for practical applica-
tions. The successive 20 catalytic cycles of Au@Mt microspheres were
carried out to determine its recyclability. Fig. 4b shows that the cata-
lytic performances of Au@Mt microspheres are almost unchanged even
after 20 cycles. Furthermore, the K slightly decreases 10% from the 1st
to the 20th cycle, as displayed in Fig. 4c. In addition, the SEM image of
Au@Mt microspheres after 20 cycles exhibits well-maintained structure
and morphology, which provides an undeniable evidence for the ex-
cellent stability of the prepared catalyst (Fig. 4d). The outstanding re-
cyclability and stability of our prepared Au@Mt microspheres mainly
depend on the stability of Mt and PDA-coating because Mt and PDA are
very stable in the aqueous solution (Xie et al., 2014). Therefore, all
these advantages of Au@Mt microspheres indicate a great potential in
large-scale application.

4. Conclusions

By fabricating spherical nanomaterials through spray drying tech-
nology, the issues of fouling and transport during the mass production
were successfully solved. We synthesized and characterized Au@Mt
microspheres, by systematically investigating their stability, catalytic
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Fig. 3. Time-resolved UV-Vis spectra of 4-NP solutions (a). The apparent reduction rate constant (K) of 4-NP varies as a function of the concentration of Au@Mt

microspheres (b), 4-NP (c), and NaBH, (d) concentration, respectively.

performance, and recyclability. The prepared Au@Mt microspheres
presented a high catalytic performance towards 4-NP in the presence of
NaBH, due to well-dispersed Au NPs on the spherical Mt substrate and
the strong 4-NP adsorption capacity of spherical Mt Furthermore, the
microspheres can be easily recycled with self-sedimentation without
any devices involved and showed excellent stability and recyclability

a

)
R

Cycle Number

for at least 20 cycles, with almost unchanged spherical morphology and
catalytic performance. Our straightforward approach to solving the
problem of the production process through granulation of amorphous
nanomaterials may pave a new way to massively produce high-per-
formance catalysts for practical applications.

Fig. 4. Mechanism of the catalytic reduction and degradation of 4-NP with Au@Mt microspheres (a), the changes of reduction efficiency (b), apparent reduction rate
constants K of Au@Mt microspheres in the reduction of 4-NP with the prolonged cycle number (c), and the SEM images of Au@Mt microspheres after 20 cycles (d).
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