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Fabrication of high-density silver nanoparticles on
the surface of alginate microspheres for application in
catalytic reaction’

Jun You, Chengcheng Zhao, Jinfeng Cao, Jinping Zhou', and Lina Zhang

In this work, we presented an environmentally-friendly approach for the immobilization of
high-density silver nanoparticles (Ag NPs) on the negatively charged surface of alginate (AL)
microspheres. Quaternized cellulose (QC)-Ag nanocomposites are subsequently deposited onto
the surface of AL microspheres through the electrostatic interaction between QC and AL. The
density of Ag NPs immobilized on the surface of AL microspheres could be altered by varying
the Ag content in QC-Ag nanocomposites. Optical microscope, X-ray diffraction, X-ray
photoelectron spectra, thermogravimetric analysis, transmission electron microscopy and
scanning electron microscopy were employed to follow all preparation steps and to
characterize the resulting functional surfaces. The catalytic activity of the composite
microspheres was evaluated by the reduction of p-nitrophenol to p-aminophenol by NaBH,.
The results demonstrated that the obtained microspheres exhibited excellent catalytic activity
with a high reaction constant of 2.75 min™'. This was a significant enhancement compared to

other Ag catalysts reported in the literature.

1. Introduction

In recent years, there has been increased interest in the development
of Ag/polymer composites due to their significant potential for
application in the fields of sensors,'” biochemistry,™* photoelectric™®
and catalysis.”” The polymer matrixes not only provides better
stabilization for Ag NPs, but also endows them with a variety of new
functions. For instance, Lu et al. immobilized high-density Ag NPs
onto the surface of a temperature-sensitive polymer film and the
particle spacing of the supported Ag NPs was shown to be easily
adjustable using temperature-controlled substrate shrinkage.'® A
variety of approaches have been reported for the synthesis of
Ag/polymer composites, such as the direct blending of pre-made Ag
NPs with a polymer matrix using a common blending solvent or
through in situ reduction of silver salt dispersed in polymeric matrix
with the use of an external reducing agent.''* However, in most
cases, Ag NPs were mainly embedded inside the polymer matrix,
which were unfavorable for the application in the fields such as
catalysis and bacteriostasis '*'>

The direct deposition of metal nanoparticles on the surface of
solid matrix has been regarded as one of the most efficient way to
solve the above problem. Several routes have been proposed for the
fabrication of core-shell composites, including sputtering methods,'®
self-assembly'™"® and electroless plating.'”* Self-assembly has
presented advantages over other methods due to its environment-
friendly process, ability to create uniform coatings over small areas,
simple equipment, low cost and ease of morphological manipulation
for metal namoparticles.ﬂ‘22 More recently, Goli et al. reported a
simple and green method for the attachment of Ag NPs to
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polypropylene fibers mediated by electrostatic interactions between
the positively charged surface and the negatively charged Ag NPs.
The Ag/polymer composites exhibited excellent antibacterial activity
with 100% removal efficiency.” However, the degree of surface
coverage was relatively low in most cases. Usually, higher Ag
content of the hybrid materials means higher catalytic and
bacteriostatic activities. To achieve an exciting property, it is
significant importance to improve the degree of the surface coverage
of Ag NPs on the polymer substrate.'® On the other hand,
consideration should also be given to the stability of Ag coating
under different chemical conditions (such as acid/base), due to the
dissociation of Ag NPs from the surface may also reduce the
properties of the hybrid materials. In order to accomplish these
purposes, a suitable capping agent should be selected for the
preparation of charged silver colloidal solution with high Ag content.

As one of the most common polysaccharides, cellulose is an
almost inexhaustible polymeric raw material with fascinating
structure and properties.”* However, the applications of cellulose
have previously been restricted owing to its insolubility in common
solvents. Therefore, chemical modification continue to play an
important role in improving cellulose utilization in polymeric
materials. > Thus, novel cationic polyelectrolyte, quaternized
cellulose (QC), was homogeneously synthesized from cellulose in
NaOH/urea aqueous solution for wide application.””' More recently,
our work identified QC as an ideal protective agent for Ag NPs due
to the “electrosteric stabilization” provided by its cationic chains.
The prepared QC-Ag nanocomposites showed a high Ag content of
up to 93% with high stability in water.** In this work, a simple
procedure was reported for the construction of core-shell
Ag/polymer composites for improving coverage of Ag NPs by using
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QC-Ag nanocomposites with high Ag content. Alginate (AL)
microspheres were prepared and chosen as a model for the polymer
matrix. Then, Ag NPs were immobilized effectively on the surface
of AL microspheres through electrostatic interactions. Finally, a
systematic investigation into the structure and catalytic activities of
the QC-Ag coated AL microspheres (QC-Ag@AL) was conducted.

2. Experimental section

2.1. Materials

Cellulose was supplied by Hubei Chemical Fiber Group Ltd.
(Xiangyang, China). The viscosity-average molecular mass (M,) was
determined to be 5.1x10* g/mol. Water-soluble QC was
homogeneously synthesized in NaOH/urea aqueous solution,?’ the
substitution degree (DS) of the quaternary ammonium group was
determined to be 0.73 by using elemental analysis. All of the
chemical regents (AgNO3, NaBH,, CaCl,, sodium alginate etc.) were
purchased from Sinopharm Chemical Reagent Co., Ltd., and used
without further purification. Deionized water (Millipore) was used
for all experiments.

2.2. Fabrication of AL microspheres

AL microspheres were prepared by an emulsification technique
modified from the work of Zhu et al.** A well-mixed suspension
containing 300 g of isooctane with 6.8 g of dissolved Span 85 was
dispersed in a reactor. The resulting suspension was stirred at 800
rpm for 30 min. Subsequently, 200 g of the 1.5wt% sodium alginate
solution was added into the suspension at room temperature. After
stirring for 1 h at 1500 rpm, a solution containing 3.6 g of Tween 85
in 20 g of isooctane was added to the emulsion and stirred for
another 1 h at the same speed to achieve stable water/oil emulsion
droplets. Next, 20 mL of CaCl, solution (5 wt%) was added to
promote the formation of ionic crosslinking, which was followed by
stirring for 20 min. AL microspheres were washed with deionized
water and then with alcohol five times to remove residual isooctane
and surfactant. Finally, the AL microspheres were freeze-dried or
stored in deionized water at 0—5 °C for further use.

2.3. Preparation of QC-Ag nanocomposites

Water-soluble QC-Ag nanocomposites were prepared in accordance
with the previous work.*? Briefly, 10 mL of 2.428x10? mol/L
AgNO; solution was introduced into QC solution of a certain
concentration under magnetic stirring, which was followed by the
immediate addition of 7.5 mL of 0.1 mol/L NaBH, solution and
further stirring for 1 h. The resulting solution was then dialyzed with
regenerated cellulose tubes (M, cutoff 8000) against distilled water
for 5 days. The purified QC-Ag solution was lyophilized to obtain
dry QC-Ag nanocomposites for further use. As listed in Table S1,
five QC-Ag nanocomposites, coded as QC-Agl to QC-Ag5, were
prepared by changing the initial QC concentration from 0.05 to 1
mg/mL.

2.4. Deposition of Ag NPs on AL microspheres

QC-Ag nanocomposite solution was prepared at a concentration of 2
mg/mL in deionized water. AL microspheres were then added and
incubated at room temperature under magnetic stirring. Adsorption
was allowed to proceed for 30 min, after which the suspension was
centrifuged to separate the microspheres from the remaining
unabsorbed QC-Ag solution. The resultant microspheres were
ultrasonicated and rinsed copiously with deionized water to remove
the loosely bound Ag NPs. Finally, the microspheres were freeze-
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dried or stored in deionized water at 0-5 °C. By changing the QC-
Agl to QC-Ag5 nanocomposites, five composite microspheres were
obtained and coded as QC-Agl@AL to QC-Ag5@AL, respectively.
According to the same method, AL microspheres were immersed
into 2 mg/mL QC solution to prepare QC@AL microspheres.

2.5. Characterization

Optical micrographs of the microspheres were observed using an
optical microscopy with a single reflex camera (EX20, Sunny,
China). The content of Ag in the QC-Ag@AL microspheres was
determined by using inductively coupled plasma mass spectrometry
(ICP-MS) (Agilent, Tokyo, Japan). FT-IR spectra were performed
on a Nicolet 5700 Fourier transform infrared spectrometer. The test
specimens were prepared by the KBr-disk method. X-ray diffraction
(XRD) measurements were conducted on a XRD diffractometer
(XRD-6000, Shimadzu, Japan). The patterns with Cu Ko radiation (4
= 0.15406 nm) at 40 kV and 30 mA were recorded in the region of
20 from 30 to 85° with a step speed of 1°/min. Thermogravimetric
analysis (TGA) was performed on a DSC-200PC (NETZSCH,
Germany) in an air atmosphere at a heating rate of 15 °C/min from
30 to 800 °C. X-ray photoelectron spectra (XPS) were recorded on
an ESCALAB 250Xi (Thermo Scientific) X-ray photoelectron
spectrometer, using monochromatic Al Ka (1486.6 eV) radiation as
the excitation source. Charge neutralization was required to prevent
surface charge buildup. Binding energy was charge corrected to
284.6 eV for Cls. Scanning electron microscopy (SEM) images
were taken on a field emission scanning electron microscope
(FESEM: Zeiss Sigma). The samples were first sputtered with gold
for SEM measurement. TEM images were observed on a JEM-2100
(HR) electron microscope, using an accelerating voltage of 200 kV.
The freeze-dried QC-Ag@AL microspheres were embedded in
epoxy resin Epon812 (Shanghai Bioscience, Shanghai, China). After
that, the embedded specimen was sectioned by a LKB-8800
ultratome using a diamond knife to prepare approx.80 nm-thick
sections. These samples were deposited on the copper grid for the
further TEM measurement.

2.6. Catalytic activity assays

The catalytic activity of QC-Ag@AL microspheres was evaluated in
the reduction of p-nitrophenol (Nip) to p-aminophenol (Amp) in a
quartz cell at 15 °C. More specifically, 2 mL of p-nitrophenol
solution (2x10*mol/L) was mixed with 1.87 mL of QC-Ag@AL
microspheres dispersion. Subsequently, 0.13 mL of fresh NaBH, (3
mol/L) solution was added. Reactions were started after the addition
of NaBHj, solution, and they were monitored through the decreasing
absorbance at 400 nm using UV-vis spectroscopy. The number of
QC-Ag@AL microspheres in the reaction solution was 9.3x10°
particles per mL (about 45.8 mg/mL for QC-Ag5@AL).

3. Results and discussion

3.1. Preparation of QC-Ag NPs and AL microspheres

Ag NPs were synthesized by the chemical reduction of AgNO; with
NaBH,; in the presence of QC as a capping agent. For the
hydrophilicity and strong electrostatic repulsion of the QC chains,
QC-Ag nanocomposites owned high Ag content and stability, as
well as good solubility in water (Table S1). Fig. 1 depicts the UV-vis
spectra of Ag NPs prepared under different QC concentrations. In
order to more clearly illustrate the difference of Ag content in QC-
Ag nanocomposites, the concentration of QC for each sample was
adjusted to 0.05 mg/mL. As shown in Fig. 1, the maximum
absorbance of QC-Ag solution, which corresponds to the

This journal is © The Royal Society of Chemistry 2014
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concentration of Ag NPs,**** increased rapidly with a decrease of

QC concentration from 1 to 0.05 mg/mL. The absorption of QC-Ag5
solution was about 18 times higher than that of the QC-Agl solution.
On the other hand, the absorption peak observed at ~400 nm in Fig.
1 corresponds to the typical surface plasmon resonance absorption of
spherical Ag NPs with sizes ranging between 10 and 30 nm.'"**
TEM image of QC-Agl NPs in the inset of Fig. 1 reveals an average
size of 10.1 nm, which concurs with the UV-vis data.
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Fig. 1 UV-vis spectra of the prepared QC-Ag nanocomposites
solution, the concentration of QC was adjusted to 0.05 mg/mL in
each sample. Inset shows the TEM image of QC-Agl nanoparticles
(scale bar: 50 nm).
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Fig. 2 Morphology of AL microspheres: (a) optical micrographs, (b)
particle size histograms and (c, d) SEM images.

QC-Ag nanocomposites are positively charged; therefore they
would preferably interact with the negatively charged surfaces. To
this purpose, AL microspheres were prepared by an emulsification
technique and chosen as the polymer matrix. The optical
micrographs and the corresponding size distribution obtained by
coulter counter measurements (N=200 particles counted) are shown
in Fig. 2a and b. AL microspheres in a swollen state had an average
diameter of around 40.4 pm. They exhibited spherical shape, and the
size distribution fitted the Gaussian distribution. SEM images also
proved AL microspheres had the spherical shape and homogeneous

This journal is © The Royal Society of Chemistry 2014
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distribution (Fig. 2¢). In addition, the microspheres exhibited well
stability in deionized water and a smooth surface (Fig. 2d), which
could be further utilized in QC-Ag assembly to construct core—shell
Ag/Polymer composites.

3.2. Immobilization of Ag NPs on AL microspheres

Fig. 3 shows the optical micrographs and digital photographs of AL
microspheres coated with QC and QC-Ag nanocomposites.
Adsorption of QC-Ag nanocomposites could be easily monitored
through color variations: both AL microspheres and QC@AL
microspheres were colorless, whereas they assumed a yellow color
after interaction with QC-Ag nanocomposites. Moreover, increasing
Ag content resulted in a deep yellow/darker color of the QC-
Ag@AL microspheres. This could be explained by the fact that the
degree of the surface coverage of the AL microsphere gradually
increased as we expected before.”* Actually, from QC-Agl@AL to
QC-Ag5@AL microspheres, the Ag content was determined by ICP-
MS to be 1.11, 2.03, 4.88, 9.70 and 12.5 wt%, respectively, which
gradually increased with increasing Ag content of QC-Ag
nanocomposites. On the other hand, the microspheres presented
good spherical shape and no significant change in size, indicating
that the coating process did not destroy the AL microspheres.
Overall, the Ag NPs were successfully immobilized on the surface of
the AL microspheres.

Fig. 3 Optical micrographs and photographs (Inset) of AL
microspheres coated with (a) QC and (b) QC-Agl, (c) QC-Ag2, (d)
QC-Ag3, (e) QC-Ag4, (f) QC-Ag5 nanocomposites.

FT-IR measurements were performed to monitor the coating
process of the AL microspheres. However, as shown in Fig. S1 in
the Supporting Information, no obvious difference was observed.
This may be attributed to the low content of QC/QC-Ag in the
composite microspheres. XPS is one of the most sensitive surface
analytical techniques, which could provide useful information on the
nature of the surface composition of the materials.*® Fig. 4a shows
the wide-range XPS spectra of AL, QC@AL and QC-Ag5@AL
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Fig. 4 XPS analysis of AL, QC@AL and QC-Ag5@AL microspheres.(a) The wide-range XPS spectra; (b) Cls spectra; (c) Ols spectra and

(d) Ag3d spectrum.

microspheres. In the whole range of binding energy, AL
microspheres had three clear peaks: Cls, Ols and Ca2p. The calcium
element may come from the ionic crosslinking agent (Ca®") interact
with carboxyl group. After immerging in the QC solution, the peak
corresponding to Ca2p disappeared, indicating that the microsphere
surface was successfully covered by QC. Upon coating with QC-Ag
nanocomposites, two pairs of new peaks were observed, attributing
to the Ag3d and Ag3p of the Ag NPs immobilized on the
microspheres.

Fig. 4b and 4c illustrate the curve fitting of high-resolution
multiplex scan spectra of Cls and Ols region in each microsphere.
As shown in Fig. 4b, four peaks (284.6, 286.2, 288.3, and 290.5 V)
were observed in the spectrum of AL microspheres, corresponding to
the carbon of alkyl (C—C/C—H, absorbed), alcoholic/ether
(C—0-C/C—0H), carboxyl (COO’) and the coordinated alcohol
groups with Ca®" ions, respectively.”” In the spectrum of QC@AL
microspheres, the peaks at 288.3 eV shifted to 287.7 eV, the peak at
290.5 eV disappeared and a new peak at 285.7 (C-N) was observed
as compared to AL.*" This clearly indicated that AL microspheres
were covered by QC through electrostatic interaction. However, after
coating with QC-Ag nanocomposites, the peak corresponding to the
carboxyl group completely disappeared and the spectrum was similar
to that of pure QC (Fig. S2). The thickness of Ag NPs shell in QC-
Ag5@AL microspheres was determined to be ~150 nm (see TEM
data below), which was far beyond the analytical depth of XPS
measurement (5-10 nm). Thus, the signal detected by XPS may
entirely come from QC-Ag nanocomposites. A similar phenomenon
was observed in the spectra of the Ols region as shown in Fig. 4c.
The results verified that Ag NPs were immobilized on the AL
microspheres as a consequence of electrostatic interaction between
QC and AL.

Fig. 4d shows the high-resolution multiplex scan spectrum of the
Ag3d region of QC-Ag5@AL microsphere. The spectrum exhibited
two specific peaks with binding energies of 367.9 and 373.9 eV,
which were attributed to Ag3ds, and Ag3d;), electrons of Ag0. The
spin energy separation was identified as 6.0 eV, which was
characteristic of Ag NPs. Fig. 4d is the fine spectra of Ag, no
information of silver oxide is found. The aforementioned peaks

4| J. Name., 2014, 00, 1-8

further confirmed the successful deposition of Ag NPs onto the
surface of AL microspheres.

{ ] — i

Fig. 5 SEM images of the surface of AL microspheres coated with (a)
QC and (b) QC-Agl, (c) QC-Ag2, (d) QC-Ag3, (¢) QC-Ag4, (f) QC-

Ag5 nanocomposites. Insert illustrates the morphology of the

corresponding microspheres (scale bar: 50 pm).

3.3. Morphology and structure of QC-Ag@AL microspheres.

Fig. 5 shows SEM images of the AL microspheres coated with QC
and QC-Ag nanocomposites. The inserts display the morphology of
the corresponding microspheres, indicating their spherical shape as

This journal is © The Royal Society of Chemistry 2014
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well. Following coating with QC, the smooth surface of AL
microspheres became rougher and small particulate structure could
not be observed (Fig. 5a). Ag NPs could be clearly seen in Fig. 5b-f
in the form of small particles, which revealed that they were
immobilized and well dispersed on the surface of AL microspheres.
Moreover, the coverage degree of Ag NPs on the matrix surface
gradually increased with increasing Ag content in the coated QC-Ag
nanocomposites. And finally, the inter-space between Ag NPs
narrowed to form an almost continuous and compact Ag nanoshell
(Fig. 5%). It is worth noting that the QC-Ag@AL microspheres were
ultrasonicated in the preparation process for more than 1 h. Ag NPs
still provided continuous coverage on the AL microsphere surface,
which attested to the good adhesion between the Ag NPs and
polymer substrate.*’ In many cases, an increase in the density of Ag
NPs on the matrix surface always lead to obvious growth of the
particle size.*** In this work, the Ag NPs had already formed before
the immobilization process. For the high protective efficiency of QC,
Ag NPs maintained relative small particle size even under a very low
polymer concentration. Therefore, the size of Ag NPs changed
slightly as shown in Fig. 5.' The SEM results presented direct
evidence for the successful immobilization of high-density Ag NPs
on the surface of AL microspheres.

500 nm

Fig. 6 (a) Optical micrographs of the ultrathin slices of the QC-
Ag5@AL microspheres. TEM images of AL microspheres coated
with (b) QC-Agl, (c) QC-Ag2, (d) QC-Ag3, (e) QC-Agd and (f)
QC-AgS5 nanocomposites. The scale bar in the insert is 50 nm.

Fig. 6a displays the optical micrographs of the ultrathin slices of
the QC-Ag5@AL microspheres. A series of distinct lines could be
observed which corresponded to the surface of microspheres. This
clearly indicated that the Ag NPs were only immobilized on the
surface of the substrate. TEM images of the area around the surface
of the QC-Ag@AL microspheres are displayed in Fig. 6b-6f. An
increase of Ag content in the coated QC-Ag nanocomposites led to a
gradual increase in the thickness of the nanocomposites shell and the
density of Ag NPs. On the other hand, spherical Ag NPs were well-
dispersed on the surface of AL microspheres when the Ag NPs
density was not too high (Fig. 6b-d). With an increase in the amount

This journal is © The Royal Society of Chemistry 2014
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of immobilized Ag NPs on the surface, the inter-space between Ag
NPs became narrower and a structure which was similar to the
aggregate of Ag NPs occurred (Fig. 6e,f). A control experiment was
performed to investigate the structure. As is well known, AL
microsphere is a pH sensitive matrix that has a tendency to swell
under basic conditions. As a result, AL microsphere surface will
expand in all directions and carry the nanoparticles on its surface to a
further contact.'® If Ag NPs have formed aggregates, it is hard for us
to separate them by this method. As shown in Fig. S3 of the
Supporting Information, the color of the microspheres lightened after
immersing in 0.1 M NaOH solution, indicating that Ag NPs
immobilized on the surface of AL microsphere did not form
aggregates. Moreover, it also indicated that the Ag coating on the
microspheres was stable under acid and base conditions.

am (a)
e QC-AZS@AL
% QC-Agd@AL
=
& QC-Ag3@AL
&
30 40 50 60 70 80
26 (degree)
b
100 QC-AgS@AL ( )
QC-Agd4@AL
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-
=0
-
Z 404
20
1}

T T T T T T T
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Temperature ('C)

Fig. 7 (a) XRD patterns and (b) TG curves of QC@AL and QC-
Ag@AL microspheres.

The deposition of Ag NPs could also be verified from the XRD
data. As shown in Fig. 7a, five diffraction peaks were clearly
observed at 26 of 38.1, 44.3, 64.4, 77.4 and 81.6°, corresponding to
the diffraction of the (111), (200), (220), (311) and (222) crystalline
planes of cubic phase of Ag, respectively.” Ag,O peaks were not
observed in the diffraction patterns, indicating that the Ag NPs in
QC-Ag@AL microspheres were not oxidated. Moreover, it was clear
that the intensity of Ag crystal peaks gradually increased with the
increase of Ag content in the coated QC-Ag nanocomposites, which
indicated that the density of Ag NPs on the microsphere surface
increased. This result was further supported by the TGA
measurement as shown in Fig. 7b. The increase of remaining residue
of QC-Ag@AL at 800 °C validated the increase of Ag content in
composite microspheres. However, Ag NPs were only enriched on
the microsphere surface and the thickness of the coating was only
50-150 nm. Thus, the great improvement of Ag NPs density on the
surface slightly affected the Ag content in the microspheres. As a
result, the increase of remaining residue at 800 °C was relative low,
as compared with our previous work.>> Moreover, the Ag content of
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QC-Ag@AL microspheres calculated from the TG measurement
matched well with those determined by ICP-MS.
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Fig. 8 (a) Variation in UV-visible absorption spectra for the Nip
reduction from O to 400 s in the presence of QC-Agl@AL
microspheres, (b) linear relationship of In(C/Cp) as a function of
time.

3.4. Catalytic properties of QC-Ag@AL microspheres

The reduction of Nip to Amp by NaBH,4 was used as a model system
to quantitatively evaluate the catalytic activity of the QC-Ag@AL
microspheres. This reaction has become one of the model reactions
for evaluating the activity of the catalysis in different substrates. The
reduction is a thermodynamically feasible process involving E, for
Nip/Amp = -0.76 V and H3;BOs/BHy = -1.33 V versus NHE, which
is kinetically restricted. However, this reaction can be catalyzed by
noble metal nanoparticles, and the reaction kinetics can be monitored
by a simple way based on spectroscopic measurements.***’ The
Nip/NaBH, mixture solution showed absorption at 400 nm, and the
maximum absorption peak remains unaltered over time in the
absence of catalysis. As shown in Fig. 8a, the addition of a small
amount of QC-Ag@AL microspheres led to a rapid reduction of Nip
as illustrated by a decrease in the absorption peak at 400 nm and
concomitant appearance of a new peak at 300 nm corresponding to
Amp (the reduction product of Nip). The color of the mixture
solution faded by degrees and the absorption peak at 400 nm
completely disappeared in about 400 s, indicating a near total
conversion of Nip to Amp. It is worth noting that an initial induction

time (%) before the onset of the rapid catalytic reaction was observed.

It has been suggested that #, usually relates to the diffusion-
controlled adsorption of substrates (combined with NaBH,) onto the
metal NPs surface.48’49Moreover,a linear correlation in the In(Cy/Cy)
versus reduction time ¢ plot was observed as shown in Fig. 8b,
indicating that the reaction followed a first-order rate law.

Fig. 9 illustrates a comparison of the catalytic activity of different
QC-Ag@AL microspheres. In order to more clearly illustrate the
difference between them, the concentration of each sample was

6 | J. Name., 2014, 00, 1-8

adjusted to the same (9.3x 10 microspheres per milliliter). QC@AL
microspheres were used as a control and no reaction was observed.
A slight decrease in the absorption was mainly attributed to the
adsorption of Nip ion by the polymer matrix."* As shown in Fig. 9a,
an increase in Ag density on the microsphere surface led to both an
increase in the catalytic reaction rate and an obvious decrease in 7.
This could be explained by the fact that the rate constant (k) value
generally increased with an increase of the catalyst concentration for
the heterogeneous catalysis.5 % Linear relationships between In(Cy/Cp)
and reaction time were further obtained (Fig. 9b), where k of the
highest value was calculated as 2.75 min™ for QC-Ag5@AL. As
summarized in Table 1, the reaction constant is much larger than
those reported in the recent literatures with other Ag catalysts.

(a) *

2.04

—=— QC@AL
—e— QC-Agl@AL
—A— QC-Ag2@AL
—¥— QC-Ag3@AL
—4— QC-Agd@AL
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Fig. 9 (a) Extinction at the peak position for Nip (400 nm) as a
function of time in the presence of QC-Ag@AL microspheres. (b)
The relationship between In(C/Cy) and reaction time with different
QC-Ag@AL microspheres.

Table 1 A comparison of the kinetic constant (k) value for NaBH,
reducing Nip as reported in recent literature using different catalysts
based on Ag NPs

CNaBH, CCatalyst

Catalyst M) (mg/L) k (min™") Ref.
Ag@AMH 0.05 4 beads 0.27 12
Cellulose/Ag 0.1 200 0.78 14
Ag/MFC 0.1 800 1.03 51
Fe,0O;@Ag 0.14 / 0.9 52
AgNPs/ESM 0.03 1143 0.25 53
Ag-PPy 0.3 750 0.066 54
P2VP-Ag 0.013 thin film 0.03 55
QC-Ag@AL 0.1 45.8 2.8 This work

The catalytic stability of QC-Ag4@AL microspheres was further
tested and the results are illustrated in Fig. S4a of the Supporting

This journal is © The Royal Society of Chemistry 2014
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Information. Nip was added to the cuvette after the reduction was
over in each cycle, which allowed the reaction to proceed again.
Interesting, the delay of reaction disappeared in the second and later
cycles. It is suggested that the adsorption rate of Nip on the surface
of catalysts is the predominant factor in the induction period. The
adsorption of Nip might play an important role in activating the
reaction.* The reduction started immediately because it had been
activated in the first cycle. The reaction rate constant k for each
cycle is calculated and illustrated in Fig. S4b of the Supporting
Information. Compared with the first cycle, the £ value increased
obviously in the second cycle. As mentioned in Fig. S3, QC-
Ag@AL microspheres swelled under basic condition, which carry
the nanoparticles on its surface to a further contact. Thus the contact
area between Ag NPs and Nip increased, which led to the increase in
catalytic activity of QC-Ag microspheres. However, with further
increasing the number of recycle times, the catalytic activity
decreased. It suggested that the catalytic reduction product (Amp)
can directly adsorb onto the QC-Ag@AL microspheres interface,
because Amp have a strong affinity for the Ag NPs surfaces and
electrostatic attraction for QC. This adsorption process may block
the reactant (Nip) from reaching the Ag NPs surface, thus causing
the reduction in catalytic activity for each cycle.'>""

4. Conclusions

Water-soluble Ag NPs were prepared by using QC as a protective
agent, and AL microspheres were prepared through an
emulsification technique. High-density of Ag NPs were further fixed
to the surface of AL microspheres based on the high Ag content in
QC-Ag nanocomposites and electrostatic interaction between AL
and QC. The coverage degree of Ag NPs on the microsphere surface
gradually increased with an increase of Ag content in the coated QC-
Ag nanocomposites. QC-Ag@AL microspheres exhibited high
catalytic activity for the reduction of Nip in NaBH,; medium,
attributing to the high-density of Ag NPs on the surface. This
method provides a significant potential for application to the
immobilization of Ag NPs on other negative charged surfaces.
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Graphical Abstract

Fabrication of high-density silver nanoparticles on the surface of

alginate microspheres for application in catalytic reaction

Jun You, Chengcheng Zhao, Jinfeng Cao, Jinping Zhou," and Lina Zhang
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High-density of silver nanoparticles immobilized on the surface of alginate

microspheres exhibit excellent catalytic activity for reduction of p-nitrophenol.
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