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Facile self-assembly of Au nanoparticles on a magnetic
attapulgite/Fe;0, composite for fast catalytic
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In this paper, we employed a simple and efficient electrostatic
self-assembly strategy to fabricate superparamagnetic attapul-
gite/Fes04/Au nanoparticles (APT/Fe304/AuNPs) nanocompo-
sites with a well-dispersed distribution of AuNPs using natural
chitosan (CTS) as a “bridge”. The “toruloid”” APT/Fe30,4 composite
with negative surface charges was firstly prepared by a one-step
solvent-thermal reaction between APT, FeCl; and ethylene glycol,
and then the positively charged CTS was used as a ““double sided
tape” to tightly adhere APT/Fe30, and AuNPs through electro-
static interaction. UV-vis, XRD and TEM analyses proved that the
“toruloid” structure was formed, and AuNPs were successfully
attached on the APT surface with good dispersion. The formation
of the “toruloid” composite structure can not only bring stronger
magnetism, but also facilitate the attachment of AuNPs. The APT/
Fe304/AuNPs nanocomposite shows excellent catalytic activity,
which can rapidly catalytically decolor a solution of Congo red (20
mg L™") within 2 min at a low dosage of 0.3 g L™". In addition, the
nanocomposite shows strong magnetism with a maximum
magnetization rate of 33.6 emu g~'. This makes the nanocompo-
site prone to be magnetically separated and recycled.

1. Introduction

Gold nanoparticles (AuNPs) have received considerable attention
in many frontier fields such as biomedicine," sensing,” electro-
nics,® smart materials,* surface-enhanced Raman scattering,” solar
cell,’ and catalysis,” etc. by virtue of their large surface area-to-
volume ratio and higher interfacial activity. However, AuNPs are
prone to aggregate due to the higher surface energy,® which greatly
attenuates their activities and limits their extensive applications.
The immobilization of AuNPs on a nano-carrier provides an
efficient approach to restrain aggregation, enhance stability, and
reduce the cost.” The AuNPs may uniformly distribute and anchor
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on the carriers (i.e., carbon nanotubes,'® graphene,'" nanofiber,"
cellulose,” nanotubes,” nanospheres,’> and nano-gel,'® and
Fe;0," etc.) with no risk of aggregation, and many hybrid
materials have been developed. It was found that the structure,
properties and stability of such materials can be flexibly adjusted
by altering the type and surface character of the carriers.

Recently, natural nanoscale clay minerals, as a ‘green
material”, were considered as the preferred and promising carriers
of AuNPs because they have plentiful surface groups and charges
as well as abundant, low-cost, non-toxic and eco-friendly
advantages.'® The hybrid materials derived from nanoscale clays
and AuNPs were especially concerned in the fields of catalysis due
to the intrinsic higher stability and surface activity of clays." The
Si-O-Al or Si-O-Mg framework and Si-OH or Al-OH groups of
clays may provide a Lewis active site, which facilitates to accelerate
the transfer of electrons and enhance the catalytic activity of
AuNPs. Hence, nano-clays were considered as an ideal and
advantageous carrier of the catalyst. Of these, attapulgite (APT,
called as palygorskite) is a special and representative natural one-
dimensional nanoscale hydrated magnesium aluminum silicate
clay mineral, with a 2 : 1 layer-ribbon composition, nanorod-like
crystal structure, interpenetrated channel and plentiful Si-OH
groups.”® It was frequently used as a reinforce filler of
nanocomposites,” adsorbents®® and carriers.”® As a carrier, the
greater aspect ratio and surface charges of APT allow the assembly
of various organic molecules, metal ions or nanoparticles onto its
surface. The loading of Pd-CuO, Ag-AgBr, CeO,/ZrO, nanoparti-
cles on APT generate hybrid materials with satisfactory catalytic
activities, low-cost and eco-friendly advantages.”* The combination
of APT with magnetic Fe;0, nanoparticles also produce composite
that is prone to be separated from solution.” It is expected that
the combination of APT, Fe;O, and AuNPs can build new
nanocomposite with excellent catalytic properties, stable structure,
recyclable and eco-friendly advantages. However, there are rare
researches on the design and development of such nanocomposite
materials.

For this purpose, we employed a simple and efficient
electrostatic self-assembly strategy to anchor AuNPs onto the
magnetic APT/Fe;0, composite, using chitosan (CTS) as the green
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“bridge”. The “toruloid” APT/Fe;O, nanocomposite with negative
charges was firstly prepared through a one-step solvent-thermal
reaction, and then the positively charged CTS was used as a
medium to adhere APT/Fe;O, and AuNPs by strong electrostatic
interaction. The structure, morphologies and magnetism of the
nanocomposite were characterized by UV-vis spectroscopy (UV-vis),
X-ray diffraction (XRD), transmission electron microscopy (TEM),
and vibrating sample magnetometry, and the catalytic activity was
systematically evaluated using the catalytic reducing action of CR
as the model system.

2. Experimental
Materials

APT with the composition CaO 1.29%, Al,O3 9.69%, Na,O 0.48%,
MgO 10.94%, SiO, 51.75%, 0.99% K,O and 5.04% Fe,0;,
determined by a Minipal4 X-Ray fluorescence spectrometer
(PANalytical Co., Netherland), was produced by Mingguang
minerals located on Anhui, China. Chitosan (CTS) with a degree
of deacetylation (DD) of 90% and molecular weight of 600 kDa was
from Yuhuan Ocean Biology Company (Zhejiang, China).
FeCl;-6H,0, ethylene glycol, sodium acetate, acetic acid, poly
(ethylene glycol), chloroauric acid (HAuCl,) and sodium borohy-
dride (NaBH,) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), and used without further purification.
Congo red (CR) was purchased from Alfa Aesar and used as
received. All other reagents used were of analytical grade and all
solutions were prepared with ultrapure water (18.25 MQ cm).

Preparation of APT/Fe;0, composite

The APT/Fe;0, composite was prepared by a modified procedure
described previously.”® Generally, FeCl,-6H,0 (2.0 g) was dissolved
in 60 mL ethylene glycol to form a clear solution, and then the
precipitator sodium acetate (5.0 ) and the surfactant poly(ethylene
glycol) (1.2 g) were added. After the mixture solution was stirred
for 60 min, 0.6 g APT was added and the mixture was further
stirred for 3 h to form a homogeneous suspension. Finally, the
mixture was transferred into a 100 mL Teflon-lined stainless steel
autoclave, and reaction at 180 °C for 12 h. After cooling the
autoclave to room temperature, the obtained black product (APT/
Fe;0,) was magnetically separated, and successively washed with
methanol and ultrapure water 5 times, respectively, and the
product was dried at 40 °C under vacuum.

Self-assembly of AuNPs onto APT/Fe;0,

AuNPs were prepared by reducing HAuCl, using NaBH, in the
presence of sodium citrate. Typically, 10 mL of the HAuCl,
solution (1%, m/v) was added to 900 mL ultrapure water in a
beaker. Then, 20 mL of the aqueous solution of sodium citrate (1
wt%) was added. After stirred for 5 min, 10 mL of the freshly
prepared NaBH, solution (0.075 wt%) was rapidly added, and the
purple-red solution was obtained and cured for 2 h. The
concentration of AuNPs sols is 0.3129 mmol L™,

The self-assembly of AuNPs on APT/Fe;O, can be easily achieved
using CTS as the “bridge”. Typically, 1 g of the negatively charged
APT/Fe;0, was soaked in 500 mL 0.1 wt% CTS solution, and then
stirred at room temperature for 24 h to reach the saturation

11516 | RSC Adv., 2013, 3, 11515-11520

adsorption of APT/Fe;O, for CTS. The resultant CTS-modified
Fe;0,/APT was separated by a magnet and successively washed
with 1% aqueous solution of acetic acid and ultra-pure water 3
times. Then, the purple-red solution of AuNPs was gradually
added to the beaker containing CTS-modified APT/Fe;0,. Due to
the rapid adsorption of CTS-modified APT/Fe;O, for AuNPs, the
added solution will immediately become colorless. The addition
process was continued until the solution does not fade again with
adding the solution of AuNPs (adsorption saturation was reached).
The resultant black-purple APT/Fe;O,/AuNPs product was mag-
netically separated and washed with ultrapure water, and then
dried at 50 °C under vacuum.

Evaluation of catalytic activity

Catalytic reduction reaction of CR was used to evaluate the
catalytic activity of the nanocomposite. Typically, 0.03 g APT/
Fe;0,/AuNPs nanocomposite was added into 100 mL CR solution
(20 mg L") with and without 15 mmol L™ NaBH,. After set time
intervals, the nanocomposites were instantly separated from the
solution by suction filtering through a filter (0.45 pm). The UV-vis
spectra of the solution were scanned at 25 °C in the range 300-800
nm and the absorbance was determined at 504 nm using a quartz
cell (1 cm path length). The absorbance was defined as a criterion
to evaluate the decoloration efficiency.

The solid was collected, washed with distilled water 3 times and
dried under vacuum, and then used for another catalytic cycle.
The same procedure was repeated 10 times to evaluate the
reusability of the nanocomposites.

Calculation of reduction rate constants

The catalytic reduction rate of dyes catalyzed by APT/Fe;O,/AuNPs
nanocomposites was calculated using the following equation.

Ln(C/Co) = —Kopst 1)

where C (mg L) is the concentration of dye at time ¢, C, (mg
L™") is the initial concentration of dye, and K, is the first
order rate constant.?”

Characterization

UV-vis spectra were determined using a UV-visible spectrophot-
ometer (SPECORD 200, Analytik Jera AG). XRD patterns were
collected on a Philip X'Pert Pro diffractometer using Cu-Ko
radiation of 1.5406 A (40 kv, 30 mA). The morphologies of the
samples were observed using a JEM-1200 EX/S transmission
electron microscope (TEM) (JEOL, Tokyo, Japan), and the sample
was ultrasonically dispersed in absolute ethanol and dropped onto
a micro grid before observation. Zeta potentials were determined
on a Malvern Zetasizer Nano system with irradiation from a 633
nm He-Ne laser (ZEN3600).

3. Results and discussion

APT/Fe;0,/AuNPs nanocomposites

The AuNPs were successfully prepared using sodium citrate as a
stabilizer, and their formation was proved by surface plasmon
resonance peak at 520 nm (UV-vis spectra) (Fig. 1).>®* The AuNPs
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Fig. 1 The UV-vis spectra of AuNPs and APT/Fe304/AuNPs.

with negative charges (functionalized by -COO ™ groups) can self-
assemble onto CTS-modified APT/Fe;0, to form a nanocomposite,
and the electrostatic interaction is the main driving force
(Scheme 1). The Zeta potentials of APT/Fe;O, and AuNPs are
—22.8 and —23.4 mV, respectively. After modifying APT/Fe;0, with
CTS, the positively charged CTS polymer chains may attach on the
surface of APT/Fe;0,, and the CTS-modified APT/Fe;0, becomes
electropositive with a Zeta potential of +55.6 mV. The positively
charged surface may strongly adsorb negatively charged AuNPs to
form a stable combination, and the appearance of an absorbance
peak at 530 nm on the UV-vis spectra of APT/Fe;0,/AuNPs also
proved the attachment of AuNPs (Fig. 1).

Fig. 2 shows the XRD curves of APT, APT/Fe;0, and APT/Fe;0,/
AuNPs, which provided a direct evidence for the attachment of
AuNPs on the APT/Fe;0, composite. As can be seen, APT shows a
characteristic diffraction at 20 = 8.41° (d = 1.0493 nm, 1 1 0), 20 =
13.75° (d = 0.6443 nm, 2 0 0), 20 = 16.42° (d = 0.5401 nm, 1 3 0), 20
=19.89° (d = 0.4466 nm, 0 4 0) and 20 = 21.48° (d = 0.4138 nm, 3 1
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Scheme 1 The proposed formation mechanism of APT/Fe304/AuNPs.
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Fig. 2 (a) XRD patterns of APT, APT/Fes04 and APT/FesO4/AuNPs; and (b) the
standard XRD pattern of Fe30y4.

0).>° After solvent-thermal reaction, the new diffraction peaks at 20
=18.28 (d = 0.4855 nm, 1 1 1), at 20 = 30.18° (d = 0.2962 nm, 2 2 0),
35.57° (d = 0.2525 nm, 2 0 0), 43.13° (d = 0.2098 nm, 4 0 0), 53.408"
(d = 0.1714 nm, 4 2 2) and 57.04° (d = 0.1615 nm, 5 1 1) were
observed in the XRD curves of the product, which could be
ascribed to the characteristic diffraction peaks of the face-centered
cubic phase of Fe;0,,>° with the space group Fd3m and lattice
parameters @ = b = ¢ = 0.8391 nm (JCPDF No. 88-0315). This
indicates that the APT/Fe;O, composite was formed during the
solvent-thermal reaction. The characteristic diffraction peaks of
AuNPs at 20 = 38.26° (1 1 1) and 45.05° (2 0 0)*' (JCPDF No. 04-
0784), also appeared in the XRD curves of the nanocomposite.
This indicates that the AuNPs were attached on the surface of the
APT/Fe;0, composite, which is consistent with the UV-vis results.
Whereas the position of 1 1 0 characteristic diffraction peaks of
APT (the basal plane of the APT structure) has no obvious change,
indicating the crystal structure of APT has not been destroyed
during the synthesis process.

Fig. 3 shows the TEM images of APT/Fe;O, and APT/Fe;0,/
AuNPs. It can be clearly observed that the black spherical Fe;O,
was anchored on the external surface of APT to form a “toruloid”
compound structure (Fig. 3a). The advantage of such a structure is:
the Fe;0, spheres only occupy a small fraction of the APT surface,
and so the surface properties of APT can be retained to a greater
degree. Some organic matters can be observed on the surface of
both APT and Fe;0,, indicating that the APT/Fe;O, composite was
successfully modified with CTS (Fig. 3b). After contact with
negatively charged AuNPs, the -NH;" groups of CTS-modified APT/
Fe;0, composite may attract AuNPs by electrostatic interaction
and form a stable compound structure, which can be confirmed
by the appearance of nanoparticles on the surface of CTS-modified
APT/Fe;0, composite (Fig. 3b). This result reveals that the AuNPs
can be successfully anchored on the APT/Fe;O, composite using
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Fig. 3 TEM images of (a) APT/Fe30,4 and (b) APT/Fe30,4/AuNPs.

CTS as a medium, and the nanocomposite was fabricated by a
simple and mild approach.

The magnetic hysteresis loop for APT/Fe;O0,/AuNPs is shown in
Fig. 4. Neither remanence nor coercivity is observed, indicating the
superparamagnetic property of the nanocomposite.*® The satura-
tion magnetization of the nanocomposite is 33.6 emu g ', which
is enough to guarantee the thorough separation of the nanocom-
posite from the solution by a magnet after the catalytic reaction
(the inset in Fig. 4).

Catalytic properties

The incorporation of AuNPs endows the APT/Fe;O, composite
with excellent catalytic properties. In this section, the catalytic
activity of the APT/Fe;O,/AuNPs nanocomposite was evaluated
using the catalytic reduction of an anionic dye CR as a model
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Fig. 4 The magnetic hysteresis loops of APT/Fe30,4/AuNPs. The inset indicates the
catalytic decoloration effect and the efficient magnetic separation.
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Fig. 5 (a) The plots of absorbance against time for CR dye reductions catalyzed by
APT/Fe304/AuNPs (initial CR concentration, 20 mg L~"; initial NaBH, concentration,
15 mM; initial dosage, 0.3 g L™"); and (b) the dependent UV-vis spectra for the
reduction of CR by NaBH, in the presence of APT/Fe304/AuNPs.

reaction. As shown in Fig. 5(a), the addition of NaBH, to CR
solutions does not affect the absorbance of CR solution. This
indicates that BH, ions cannot reduce the CR dye in the absence
of the nanocomposite. After only adding the nanocomposite

N10\ Lo
Hf@ O
-0 N B

o
O /g u
NaG o
0f | r{ Reductlon “ ——
N10N OP HZO N z
O NH, . et

”s
o
AuNPs

APT/Fe;0, supp011el' \

Scheme 2 Proposed mechanisms for the catalytic reduction of CR dye by NaBH4
using APT/Fe30,4/AuNPs as the catalyst (OP represents the oxidative product).
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Table 1 Comparison of decoloration efficiency for CR dye using various decoloration protocols

Decoloration protocol Materials Dosage (g L) Initial conc. (mg L™ 1) Decoloration time Ref.
Photocatalytic Chitosan/nano-CdS 1.5 20 180 min 33a
Photocatalytic TiO, 1.0 55 480 min 33b
Anaerobic & catalysis Anaerobic aludge + AQDS 1.5 209 33d 33c
Enzyme Laccase/CS/glass beads 0.1 200 192 h 33d
Photochemical UV/H,0, 1.7 50 60 min 33e
Adsorption KxXxMnO,/TiO, 1.0 10 120 min 33f
Adsorption Ca-bentonite 2.0 100 180 min 33g
Catalytic reduction APT/Fe;0,4/AuNPs 0.3 20 2 min This work

(without NaBH,;), the absorbance was slightly decreased due to the
weak adsorption of the nanocomposite for CR dye. No obvious
decoloration was observed. This indicates that the catalyst and the
reductant are essential to the reducing decoloration of the CR dye.
However, when the APT/Fe;O,/AuNPs nanocomposite was added
to the CR solution containing BH, ™ ions, the absorbance of the
solution at 504 nm was rapidly decreased to the value close to zero
within 2 min (Fig. 5¢), and the red color of the solution was rapidly
faded (as is also intuitively shown by the digital photos shown in
Fig. 4 and Scheme 2). The experimental data was fitted by eqn (1)
for calculating the rate constant Kyps. The plots of —In(Ci/Co) vs ¢
give better straight lines. The K, value can be calculated by the
slop of straight line (Fig. 5b), and the K, value is 0.1662 s~ (R =
0.9989) for the nanocomposite. Table 1 listed the conventionally
used approaches for the decoloration of CR dye and their
decoloration efficiency. By contrast, the catalytic reduction using
APT/Fe;0,/AuNPs as the catalyst can decolor CR solution within
shorter time, which reflects the relatively higher decoloration
efficiency. These results indicate that the nanocomposite can be
used a highly-efficient catalyst for the reducing decoloration of the
CR dye.

It can also be noticed from Fig. 5c that the absorbance of the CR
at 350 nm was shifted to 359 nm along with the disappearance of
the absorbance peak at 540 nm, which implies that the azo CR
molecules were reduced to form a new product. Scheme 2 shows
the proposed catalytic reduction mechanism. It was shown that
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Fig. 6 The catalytic properties of the nanocomposite after repeating 10 times.
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the AuNPs trigger the reducing decoloration of CR solution by
relaying electron from the BH, donor to AuNPs, and then
conveying electrons to the acceptor CR molecules.** As a result,
the azo double -N=N- bonds were reduced as the -N-N- bonds,
and the color of CR was faded.**

As a catalysis material, the reusability of the nanocomposite is
especially important for its practical application. Fig. 6 shows the
reducing percentage of dye after catalytic reduction at the time 2
min, repeated for 10 cycles. It can be observed that the reducing
ratio has no obvious decrease, and the reduction percentage still
reached 98% of the initial values. This indicates that the
nanocomposite has satisfactory cycling stability and can be used
as potential catalysis materials for various applications.

4. Conclusion

Superparamagnetic APT/Fe;O,/AuNPs nanocomposites with a
well-dispersed distribution of AuNPs on the surfaces of the APT/
Fe;0, composite were fabricated by a facile self-assembly
approach using CTS as the green “bridge”. UV-vis, XRD and
TEM analysis proved that the APT/Fe;O, composite with
“toruloid” morphology was formed by one-step solvent-thermal
reaction, and the AuNPs were tightly anchored on the surface of
APT/Fe;0, without aggregation. The “toruloid” structure com-
posed of APT “string” and Fe;O, “beads” can not only bring
strong magnetism, but also restrain the surface activity of APT to a
greater degree. CTS was uniformly attached on the surface of APT/
Fe;0,, which facilitates the assembly of AuNPs with uniform
distribution. The nanocomposites can be used as a highly active
and recyclable catalyst for the catalytic reducing decoloration of
CR dye, and the CR solution (20 mg L") was rapidly decolored
within 2 min at a low dosage of 0.3 g L™". The catalytic activity has
no obvious decrease after being used for 10 cycles. As a whole, the
reported method is quite simple, and the strategy can be extended
for the fabrication of various nanoparticles/clays matrix nanocom-
posites with different structures, properties and eco-friendly
advantages, and their application fields can be extended to
separation, hydrogen storage, drug delivery, electrode materials for
fuel cells, and so on.
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