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ABSTRACT

A novel magnetically recoverable Au nanocatalyst was fabricated by the simple adsorption-reduction of
Au(IIl) ions on chitosan-coated iron oxide magnetic nanocarrier. Au nanoparticles with a mean diameter
of 3.14 nm were well loaded on the surface of magnetic nanocarrier because chitosan layer provided an
effective driving force in the formation and stabilization of Au nanoparticles. The resultant magnetically
recoverable Au nanocatalyst exhibited excellent catalytic activity to the reduction of 4-nitrophenol (4-
NP) with sodium borohydride. The rate constants evaluated in terms of pseudo-first-order kinetic model
increased with increasing the amount of Au nanocatalyst, decreasing the initial 4-NP concentration, and
increasing the temperature. Also, the kinetic data suggested that this catalytic reaction was diffusion con-
trolled owing to the presence of chitosan layer. In addition, catalyst reuse showed no trace of deactivation
or poisoning during the catalytic and separation processes, revealing the stable nature and good catalytic
ability of this nanocatalyst.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nitrophenols are among the most common organic pollutants in
industrial and agricultural wastewaters. Many processes have been
developed for their removal such as adsorption [1], microbial degra-
dation [2], photocatalytic degradation [3], microwave-assisted
catalytic oxidation [4], electro-Fenton method [5], electrocoagu-
lation [6], electrochemical treatment [7] and so on. On the other
hand, 4-aminophenol (4-AP) is an important intermediate for the
manufacture of analgesic and antipyretic drugs. They can be syn-
thesized by the catalytic hydrogenation of 4-nitrophenol (4-NP) in
ethanol at relatively high temperature and high hydrogen pressure
[8,9]. However, due to the reasons of energy saving, safe opera-
tion, and avoiding the use of organic solvents, it may be interesting
and meaningful to develop the process for the conversion of 4-NP
to 4-AP in aqueous solution under mild condition. Also, the pro-
cess maybe could be used for the treatment of wastewater which
contains mainly 4-NP without complicated composition.

In the past two decades, nanotechnology has been developed
quickly in various fields. Nanoparticles have potential applications
in chemistry, physics, electronics, biology, and medicine due to
their unique characteristics different from bulk materials. One of
the interesting studies of nanoparticles is of noble metal nanopar-
ticles. Metal particles with size in nanometer regime have higher
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Fermi potential which leads to the lowering of reduction potential
value, and hence metal nanoparticles can function as a catalyst for
many electron-transfer reactions [10-12]. In the previous studies,
the reduction of aromatic nitro compounds or dyes catalyzed by
the noble metal nanoparticles stabilized with surfactant or den-
drimer has been reported [13-19]. However, the recovery of noble
metal nanoparticles from such stabilizers-containing systems is not
easy and also makes the process of monitoring the reaction by a
UV/VIS spectrophotometer extremely difficult due to the presence
of suspended nanoparticles in reaction solution.

Magnetic carriers have been extensively used in the fields of
metal ions and dyes recovery, drug delivery, enzyme immobiliza-
tion, protein and cell separation, and so on [20-27], since magnetic
separation technique possesses the advantages of rapidity, high
efficiency, and cost-effectiveness. Recently, magnetic nanoparticles
have emerged as robust, readily available, high-surface-area het-
erogeneous supports in catalytic transformations. They possess the
added advantage of being magnetically recoverable, thereby elimi-
nating the requirement for either solvent swelling before or catalyst
filtration after the reaction [28].

The science of catalysis by gold is an area of considerable scien-
tific exploration particularly with respect to developing new gold
catalysts [29-33]. As has been known, the Au nanoparticles sup-
ported on the magnetic nanocarrier can serve as the electron relay
between 4-nitrophenolate ion (oxidant) and BH4~ (reductant), and
electron transfer occurs via the Au nanoparticles [34,35]. Although
a few studies on the catalytic properties of supported metal cat-
alysts in colloidal solutions have been reported [36,37], relatively
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Fig.1. Anillustration for the fabrication of magnetically recoverable Au nanocatalyst
by the adsorption-reduction of Au(lII) ions on chitosan-coated iron oxide magnetic
nanocarrier.

less efforts have been made on the fabrication and catalytic proper-
ties of metal nanoparticles supported on the magnetic nanocarrier.
Recently we have developed a chitosan-coated magnetic nano-
adsorber which has been shown to be quite useful for the recovery
of metal ions (Cu(lI), Co(Il), and Au(Ill)) and dyes from the aqueous
solutions and also suitable as a multifunctional magnetic nanocar-
rier for cancer therapy [20-24]. So, in the present study, we further
developed a novel magnetically recoverable Au nanocatalyst by the
simple adsorption-reduction of Au(IIl) ions on the chitosan-coated
magnetic nano-adsorber as illustrated in Fig. 1. Its catalytic activ-
ity for the reduction of 4-NP to 4-AP with sodium borohydride was
studied. Its reusability and the corresponding kinetic and thermo-
dynamic properties were also investigated.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate was the product of J.T. Baker
(Phillipsburg). Ferrous chloride tetrahydrate, chitosan (low-
viscous), sodium borohydride, and 4-nitrophenol were obtained
from Fluka (Buchs). Ammonium hydroxide (29.6%) was supplied by
TEDIA (Fairfield). Carbodiimide was purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Hydrogen tetrachloroaurate was supplied by
Alfa Aesar (Ward Hill). All chemicals were of guaranteed or analyti-
cal grade reagents commercially available and used without further
purification. The water used throughout this work was the reagent-
grade water produced by a Milli-Q SP ultra-pure-water purification
system of Nihon Millipore Ltd., Tokyo.

2.2. Fabrication of magnetically recoverable Au nanocatalyst

Chitosan-coated magnetic nanocarrier was prepared according
to our previous work [20]. Fe304 nanoparticles were prepared by
co-precipitating method and chitosan was carboxymethylated. For
the binding of carboxymethyl chitosan, 100 mg of Fe304 nanopar-
ticles were first added to 2 mL of buffer A (0.003 M phosphate, pH
6, 0.1 M NaCl). Then, the reaction mixture was sonicated for 10 min
after adding 0.5 mL of carbodiimide solution (0.025 g/mL in buffer
A). Finally, 2.5 mL of carboxymethyl chitosan solution (50 mg/mL
in buffer A) was added and the reaction mixture was sonicated for
60 min. The product was recovered from the reaction mixture by
a permanent magnet, and then washed with water and ethanol.
The resultant chitosan-coated magnetic nanocarrier has a mean

diameter of 13.5 nm, 4.92 wt% chitosan, and an isoelectric point of
5.95. The characterization methods and other properties could be
obtained in our previous works [16,17,19,20].

The magnetically recoverable Au nanocatalyst was fabricated
as follows. First, 105.17 mg magnetic nanocarrier (i.e., 5.17 mg chi-
tosan on 100 mg Fe304) obtained according to the above was added
to 5mL of hydrogen tetrachloroaurate solution. The maximum
amount of Au(Ill) ions that could be adsorbed on the magnetic
nanocarrier was studied in an aqueous solution of pH 2 at 25°C
by taking a fixed amount of magnetic nanocarrier and varying the
concentration of Au(Ill) ions. The concentrations of Au(Ill) ions
in solution before and after the adsorption process were deter-
mined by using a GBC Avanta atomic absorption spectrometer.
After adsorption equilibrium, the magnetic nanocarrier was recov-
ered by a permanent magnet with a surface magnetization of 6000
gauss, and then dispersed in 5mL of deionized water. Secondly,
in the aqueous media containing Au(lll) ions-adsorbed magnetic
nanocarrier, excessive NaBH, solution (50 mL, 0.01 M) was added
and the reaction was carried out for about 10 min. The resultant
magnetically recoverable Au nanocatalyst was recovered by using
an external magnetic field, and then dispersed in 5 mL of deionized
water. Its size and morphology were observed by transmission elec-
tron microscopy (TEM) performed on a JEOL Model JEM-1200EX at
80 kV.

2.3. Catalytic reduction of 4-NP

To investigate the catalytic reduction of 4-NP, 0.5 mL of solution-
containing magnetically recoverable Au nanocatalyst was mixed
with 4-NP and the volume of the mixture was adjusted to 10 mL
with deionized water. Then 5mL of NaBH, solution was rapidly
injected under constant stirring. The yellow color of solution grad-
ually vanished, indicating the reduction of 4-NP. The concentration
of 4-NP was determined spectrophotometrically at a wavelength
of 400 nm using a Hitachi U-3000 spectrophotometer. For recy-
cling experiment, Au nanocatalyst was colleted by using an external
magnetic field after the reaction, washed two times with deionized
water, and then reused.

3. Results and discussion
3.1. Basic properties of magnetically recoverable Au nanocatalyst

The abundant nitrogen content of chitosan enables it to effec-
tively uptake high amount of metal ions via ion exchange or
chelating processes, depending on the nature of metal ions and
the pH of solution [38-40]. Fig. 2 shows the adsorption capacity
of chitosan-coated magnetic nanocarrier for Au(lll) ions. It was
found that the amount of Au(Ill) ions adsorbed increased with
increasing the initial concentration of Au(Ill) ions. When the initial
Au(III) ion concentration was 1000 mg/L, the uptake of Au(III) ions
by the chitosan-coated magnetic nanocarrier was more than 95%
(4.93 mg). Using the Au(lll) ions-adsorbed magnetic nanocarrier
obtained under this condition as a source, Au nanoparticles-
conjugated magnetic nanocarrier could be effortlessly formed by
the addition of reducing agent because the electrostatic attrac-
tive force between the amino groups in chitosan and the Au(III)
ions in solution provided an effective driving force in the forma-
tion and stabilization of these metal nanoparticles [41-44]. Fig. 3
shows the TEM image of the chitosan-coated magnetic nanocarrier
after the adsorption-reduction of Au(Ill) ions. It was obvious that Au
nanoparticles with a mean diameter of about 3.14 nm were capped
on the surface of chitosan-coated magnetic nanocarrier, revealing
that the magnetically recoverable Au nanocatalyst has been suc-
cessfully fabricated. Since the Au(lll) ions adsorbed were reduced



666 Y.-C. Chang, D.-H. Chen / Journal of Hazardous Materials 165 (2009) 664-669

Au adsorbed (mg)

[35]
I

0 " 1 " [ i ] " 1 " 1 i
0 200 400 600 800 1000 1200
Initial Au concentraion (mg/L.)

Fig. 2. Effect of initial Au(IlI) ion concentration on the adsorption amount of Au(III)
ions on chitosan-coated magnetic nanocarrier at pH 2 and 25°C.

to Au nanoparticles completely, the loading of Au nanoparticles on
the magnetic carrier could be calculated to be 47 mg/g.

3.2. Catalytic ability of magnetically recoverable Au nanocatalyst
for 4-NP reduction

For the study of catalyst-mediated reduction of 4-NP, the reduc-
tion process was conducted in the absence of Au nanocatalyst at
first. It was observed that the yellow color of solution deepened
after the addition of NaBH,4 and a red shift of the peak from 317 to
400 nm occurred. This was due to the formation of 4-nitrophenolate
ions in alkaline condition by the action of NaBH,4 [45]. The inten-
sity of the absorbance remained unchanged at 400 nm even after
several days, which revealed that no reduction of 4-NP occurred.
However, in the presence of Au nanocatalyst complete reduction of
4-NP to 4-AP by NaBH4 was observed within few minutes (Fig. 4),
revealing that the resultant Au nanocatalyst indeed possessed
excellent catalytic activity to the reduction of 4-NP. In addition, it
was also found that the concentration of 4-NP decreased with time
while Au nanocatalyst was replaced by the Au(Ill) ions-adsorbed

Fig. 3. A typical TEM image of the Au nanoparticles capped on the chitosan-coated
magnetic nanocarrier.
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Fig. 4. Plots of 4-NP concentrations at different time intervals during the reduction
process with NaBH4 in the presence of Au nanocatalyst (O) or Au(IIl) ions-adsorbed
magnetic nanocarrier (¢). [Au]o =0.49 mg, [4-NP] =1 x 103 M, [4-NP]/[NaBH4] =0.3,
30°C.

magnetic nanocarrier. This was due to the reduction of Au3* to Au®
by NaBH4 to form Au nanoparticles on the magnetic nanocarrier,
leading to the reduction of 4-NP. However, the rate was slower
than that obtained in the presence of preformed Au nanocatalyst.
This may be attributed to the facts that NaBH4 was partially con-
sumed for the reduction of Au3* to Au?, less Au nanoparticles were
available because they were in situ synthesized during the reaction,
and the reduction of 4-NP was initialized after the formation of Au
nanoparticles.

[4-NP] x10% (M)

Time (min)

-10

In [4-NP] (M)

1 N I "
4 6 8

[N

Time (min)

Fig. 5. Plots of the concentration of 4-NP versus time for the reduction of 4-NP
with NaBHy at different amounts of Au nanocatalyst (a) and the plots of In [4-NP]
versus time (b). [Au]p=0.09 (¢), 0.18 (O), 0.32 (O), 0.38 (A), and 0.49 (V) mg. [4-
NP]=1 x 103 M, [4-NP]/[NaBH4] =0.3, 30°C.
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Table 1

Pseudo-first-order rate constants and turnover frequencies for the reduction of 4-NP by NaBH, in the presence of magnetic recoverable Au nanocatalyst.

10* x [4-NP] (M) [Au]o (mg) T(°C) 102 x k (min~1) Correlation coefficient Turnover frequency (mmol/(gs))
1 0.09 30 313 0.995 0.35
1 0.18 30 374 0.993 0.18
1 0.32 30 61.8 0.983 0.11
1 0.38 30 70.3 0.983 0.09
1 0.49 30 74.8 0.993 0.07
2 0.49 30 41.7 0.976 0.14
5 0.49 30 38.1 0.980 0.34

10 0.49 30 10.0 0.967 0.38
2 0.49 20 23.0 0.994 0.12
2 0.49 40 88.2 0.957 0.14

3.3. Kinetics for catalytic reduction of 4-NP

Fig. 5(a) shows that the plots of the concentration of 4-NP ver-
sus time at different amounts of Au nanocatalyst. It was obvious
that the concentration of 4-NP gradually decreased due to the
reduction of 4-NP to 4-AP and the reduction rate increased with
the increase in the amount of Au nanocatalyst. The plots of In [4-
NP] versus time yielded good linear correlations as indicated in
Fig. 5(b), revealing that the NaBH4-reduction of 4-NP catalyzed by
Au nanocatalyst followed the pseudo-first-order kinetics. The val-
ues of pseudo-first-order rate constants (k), correlation coefficients
and turnover frequencies determined were listed in Table 1. These
datarevealed that pseudo-first-order rate constants increased with
increasing the amount of Au nanocatalyst but the turnover fre-
quencies decreased. That is, high catalyst concentration raised the
reduction rate of 4-NP but decreased the specific activity of catalyst.

The effects of initial 4-NP concentration and temperature on the
reduction of 4-NP with NaBH, in the presence of Au nanocatalyst
were shown in Figs. 6 and 7, respectively. Similar trends as observed
in Fig. 5 were obtained. The values of pseudo-first-order rate con-
stants, correlation coefficients and turnover frequencies were also
shown in Table 1.1t was found that, with the increase in the initial 4-
NP concentration, the pseudo-first-order rate constants decreased
but the turnover frequencies increased. In addition, the pseudo-
first-order rate constants increased with increasing temperature
but the turnover frequencies showed no significant changes. By
using the Arrhenius equation, the activation energy could be calcu-
lated to be 51.2 kJ/mol.

The rate of electron transfer at the metal surface can be influ-
enced by the diffusion of 4-NP to the metal surface, interfacial
electron transfer, and the diffusion of 4-AP away from the surface

80
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40
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Fig. 6. Plots of the concentration of 4-NP versus time for the reduction of 4-NP with
NaBHj at different initial concentrations of 4-NP. [4-NP]=1 x 10-3 (¢), 2 x 10~3 (00),
5x 1073 (O), 1 x 1072 (A) M. [Au]o = 0.49 mg, [4-NP]/[NaBH4]=0.3, 30°C.

[19]. The observed rate constant can be expressed as [19,46]:

1 1 (1 R H
o~ 3 (7 D) (
where R is the radius of metal nanoparticles, D is the diffusion coef-
ficient, and ket is the rate constant for electron transfer. Because
smaller metal particles possess higher redox potential value which
may accelerate the electron transfer [11], it was assumed that the
heterogeneous charge transfer was faster than diffusion for the Au
nanoparticles-catalyzed reduction of 4-NP with NaBH4 owing to
the small diameter of Au nanoparticles (3.14 nm). Thus, Eq. (1) could
be reduced to the Smoluchowski expression:

kobs = 4DR (2)

The rate constant is proportional to the diffusion coefficient, but
the diffusion coefficient is inversely proportional to the concentra-
tion of 4-NP and proportional to the square root of temperature [47].
This Smoluchowski expression was consistent with the observa-
tions in the studies on the effects of initial 4-NP concentration and
temperature. So, it could be recognized that the NaBH4-reduction of
4-NP by the magnetic recoverable Au nanocatalyst developed in this
work was diffusion controlled. This was similar to those observed
in the reduction of 4-NP by dendrimer encapsulated-metal (Ah, Pt,
and Pd) nanoparticles [19], and the diffusion-controlled mecha-
nism could be attributed to the chitosan layer on the surface of
iron oxide nanoparticles where Au nanoparticles were formed and
stabilized.

3.4. Reusability of magnetically recoverable Au nanocatalyst

Fig. 8 shows the reusability of the magnetically recoverable Au
nanocatalyst for the reduction of 4-NP with NaBH4. It was observed

[4-NP] x104 (M)

] I
4 6 8
Time (min)

2

Fig. 7. Plots of the concentration of 4-NP versus time for the reduction of 4-NP
with NaBH4 at different temperatures. Temperature =20 (), 30 (0), and 40 (O) °C.
[Au]p =0.49 mg, [4-NP]=2 x 10-3 M, [4-NP]/[NaBH4] =0.3.
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Fig. 8. Reusability of the magnetically recoverable Au nanocatalyst for the reduc-
tion of 4-NP with NaBH4. [Au]o = 0.49 mg, [4-NP] =2 x 10~3 M, [4-NP]/[NaBH4]=0.3,
30°C.

from the recycle study that the efficiency of Au nanocatalyst to
reduce 4-NP almost remained unchanged even after the 11th recy-
cle. It could be suggested that the magnetically recoverable Au
nanocatalyst was not deactivated or poisoned during the catalytic
or separation processes. Also, the Au nanocatalyst could be recov-
ered almost completely. Compared with other metal nanoparticles
which are generally oxidized on the surface in alkali condition lead-
ing to activity loss [46], the Au nanocatalyst developed in this work
was stable and exhibited excellent catalytic ability.

4. Conclusions

A novel magnetically recoverable Au nanocatalyst was fab-
ricated by the adsorption-reduction of Au(Ill) ions on the
chitosan-coated iron oxide nanoparticles. The product could be
easily recovered by the application of an external magnetic field
and the Au nanoparticles supported on the magnetic nanocarrier
had a mean diameter of 3.14 nm. The catalytic ability of the resul-
tant magnetically recoverable Au nanocatalyst was demonstrated
by the study on the reduction of 4-NP to 4-AP with NaBH4. The
reduction reaction followed the pseudo-first-order kinetics and
was diffusion controlled. The rate constant increased while the
amount of Au nanocatalyst increased, the initial 4-NP concentra-
tion decreased, or the temperature increased. Furthermore, the
Au nanocatalyst was found to be quite stable with excellent cat-
alytic ability even after 11 recycles. This work may be useful in
developing the process for the conversion of 4-NP to 4-AP in aque-
ous solution under mild condition, and will be also helpful for
the development and applications of magnetically recoverable Au
nanocatalysts.
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