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a  b  s  t  r  a  c  t

A  green,  straightforward,  microwave-assisted  method  of synthesizing  silver  nanoparticles  in  an  aque-
ous medium  was  developed  using  bamboo  hemicelluloses  as  stabilizer  and  glucose  as  reducer.  The
effects  of  irradiation  time  as  well  as  initial  concentrations  of hemicelluloses,  glucose,  and  AgNO3 on
the  silver  nanoparticle  formation  were  studied.  The  silver  nanoparticles  were  characterized  by UV–vis
spectroscopy,  transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  and  X-ray  photoelectron
eywords:
ilver nanoparticles
emicelluloses
lucose
icrowave

queous medium

spectroscopy  (XPS).  The  results  indicated  the  formation  of  spherical,  nanometer-sized  particles.  The  reac-
tion parameters  significantly  affected  the  formation  rate,  size  and  distribution  of  the  silver nanoparticles.
The  average  particle  size  was  8.3–14.8  nm  based  on  TEM  analysis.  XRD  analysis  revealed  that  the  particles
calcined  at  300 ◦C  were  face-centered  cubic.  XPS  characterization  showed  that  silver  Ag(0)  coexisted  with
silver Ag(I).  The  synthesis  process  of silver  nanoparticles  was  rapid  and  eco-friendly.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

The stabilizing agent, reducing agent, and reaction medium are
he three key factors for the efficient synthesis of metal nanopar-
icles. Stabilizing agents such as thiols (Zhou, Khoury, Qu, Dai,

 Li, 2007), triphenylphosphine (Conte, Miyamura, Kobayashi, &
hechik, 2009), polyvinylpyrrolidone (Hou, Dehm, & Scott, 2008),
nd citrate (Zhang, Li, Goebl, Lu, & Yin, 2011) have been utilized
o synthesize metal nanoparticles. However, stabilizers used in the
hemical synthesis of metal nanoparticles are often toxic, difficult
o dispose, and reduce the utilization of particles. On the other hand,
he majority reducing agents reported include sodium borohydride
NaBH4) (Conte et al., 2009; Hou et al., 2008) and hydrogen gas (H2)
Saliger, Decker, & Prü�e, 2011). All of them are highly reactive
nd pose potential environmental as well as safety risks. Finally,
ost synthetic procedures reported rely heavily on organic sol-

ents (Conte et al., 2009; Zhou et al., 2007), inevitably leading to
erious environmental problems.

Over the past 10 years, studies have focused on the use of
iological compound solutions in synthesizing and stabilizing

etal nanoparticles. Biological syntheses of metallic nanoparticles

hat utilize plant extracts for green synthesis have been exten-
ively carried out (Castro et al., 2011; Gangula et al., 2011; Li,

∗ Corresponding author. Tel.: +86 791 88333816; fax: +86 791 88333281.
E-mail address: yangasxjh@yahoo.com.cn (A. Yang).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.08.073
Zhang, Xu, & Zhang, 2011; Vidhu, Aromal, & Philip, 2011). Vidhu
et al. (2011) reported the green synthesis of silver nanoparticles
using the aqueous seed extract of Macrotyloma uniflorum,  and the
obtained particles have anisotropic morphology and a size of about
12 nm.  Some high-potential plant extracts are polyhydroxylated
biomacromolecules, such as starch and plant polysaccharides. They
present interesting dynamic supramolecular associations facili-
tated by inter- and intramolecular hydrogen bonding that result
in molecular level able to act as templates for nanoparticle growth
(Li et al., 2011; Raveendran, Fu, & Wallen, 2003; Vigneshwaran,
Nachane, Balasubramanya, & Varadarajan, 2006). Li et al. (2011)
developed a new method for constructing silver nanoparticles
using triple helical polysaccharide (lentinan) dissolved in water as
matrix. The binding interaction between polysaccharides and metal
nanoparticles is weak compared with the interaction between
typical thiol-based copulating agents and nanoparticles. Thus the
stabilizing agent polysaccharides can be easily removed and sep-
arated (Raveendran et al., 2003). Several polysaccharides have
been evaluated as protecting and capping agents for the prepa-
ration of metal nanoparticles (Bilgainya, Khan, & Mann, 2010;
Kong, Wong, Gao, & Chen, 2008; Li et al., 2011; Raveendran et al.,
2003; Vigneshwaran et al., 2006). However, studies describing the
utilization of renewable biomass hemicelluloses are limited. Hemi-

celluloses are some of the most abundant polymers in plant cells.
In a previous study, our laboratory confirmed that hemicelluloses
from bamboo (Phyllostachys pubescens Mazel) exist as helical chains
or random-coil chains in an aqueous solution (Peng, Wang, et al.,

dx.doi.org/10.1016/j.carbpol.2012.08.073
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yangasxjh@yahoo.com.cn
dx.doi.org/10.1016/j.carbpol.2012.08.073
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012). The bamboo hemicelluloses consist of arabinoxylans, which
re rich in hydroxyl groups (Peng, Wang, et al., 2012). Thus, par-
icles are encapsulated by the special structure and the numerous
ydroxyl groups.

In the present work, a green, microwave-assisted synthesis of
ilver nanoparticles was developed. Renewable biomass bamboo
emicelluloses were used as stabilizing agent, nontoxic biochem-

cal glucose was utilized as reducing agent, and distilled water
erved as reaction medium. The effects of the reaction conditions
n the synthesis of silver particles were studied. The obtained
articles were analyzed by UV–vis spectroscopy, transmission
lectron microscopy (TEM), X-ray diffraction (XRD), and X-ray pho-
oelectron spectroscopy (XPS). The advantages of this methodology
nclude the non-requirement of solvents as well as ability of both
tabilizing and reducing agents to be produced from renewable
iomass.

. Materials and methods

.1. Materials

Hemicelluloses were obtained from bamboo (P. pubescens
azel) using the same separation method as that in our earlier

aper (Peng, Hu, et al., 2012). The hemicelluloses were sequen-
ially extracted and purified. The fully dried bamboo powder (100 g,
0–100 mesh) was first dewaxed with toluene–ethanol (2:1, v:v,
L/mL) for 6 h in a Soxhlet apparatus. The dewaxed bamboo pow-

er was partially delignified with 0.6% NaClO2 at pH 4.2–4.7 for 2 h
t 75 ◦C under stirring, and holocellulose was obtained. The holocel-
ulose was sequentially treated with hot water (85 ◦C) for 3 h under
tirring. The obtained solid residue was extracted with 2% KOH at
5 ◦C for 3 h under stirring with the ratio of dry matter to liquor
:20 (w/v, g/mL), and then filtrated. The pellet was further extracted
ith 5% NaOH at room temperature for 12 h, and the alkaline fil-

rate was obtained. The ratio of dry matter to liquor was also 1:20
w/v, g/mL). After the alkaline filtrate was neutralized to pH 5.5 with
cetic acid, the acid filtrate was concentrated at reduced pressure,
nd the solubilized hemicelluloses were isolated by precipitation
n three volumes of 95% ethanol. Finally, the hemicellulose pellet

as washed with 70% ethanol and freeze-dried for further use. Sil-
er nitrate (AgNO3) and glucose were analytical reagent grade. The
amboo hemicelluloses were used as stabilizer and glucose was
sed as reducing agent. All solutions were prepared with deion-

zed water (R = 18.2 M�)  that was prepared by ultrafiltration with
 Milli-Q water purification system (Millipore, Bedford, MA,  USA).
ll glass wares were thoroughly cleaned with water and dried in
n oven.

.2. Preparation of silver nanoparticles

In a typical preparation, the hemicellulose powder and glu-
ose powder were dispersed in 20 mL  aqueous solution containing
gNO3 precursor in a 100 mL  beaker. The solution was  then irradi-
ted by microwaves at a constant power of 40 W in a microwave
ven (Sineo Microwave Chemical Technology Co., Ltd., China). After
eaction completion, the solution was immediately cooled down
o room temperature. Next, the solution was adjusted to 20 mL  by
dding a small amount of distilled water to compensate for the loss
f water during microwave irradiation before analysis. The reaction
ynamics for the formation of silver nanoparticles was  systemati-

ally investigated by varying the irradiation time from 50 s to 140 s,
nitial hemicellulose concentration from 0.5 mg/mL  to 6.0 mg/mL,
lucose concentration from 1.0 mg/mL  to 5.0 mg/mL, and AgNO3
oncentration from 0.001 mmol/mL  to 0.007 mmol/mL.
olymers 91 (2013) 348– 355 349

Representative silver nanoparticles were prepared under the
following conditions: 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glu-
cose, 0.004 mmol/mL AgNO3, 120 s microwave irradiation time, and
calcination at 300 ◦C for 1 h in air after complete lyophilization. The
obtained black powder containing silver and carbon was further
characterized by XRD and XPS techniques.

2.3. Characterization

2.3.1. UV–vis spectra
UV–vis absorption spectra were obtained using a LabTech

300563 UV–visible spectrophotometer within the range of
200–600 nm.  Before UV–vis measurements, the solutions obtained
after irradiation for different times were diluted in five volumes of
water (solution:water, 1:5, mL/mL); other solutions were diluted
in 10 volumes of water (solution:water, 1:10, mL/mL).

2.3.2. TEM
The morphology and size of the silver nanoparticles were inves-

tigated by TEM using a JEM 2010 instrument at an accelerating
voltage of 200 kV. The sample for TEM analysis was prepared by
placing a drop of silver nanoparticle solution onto a carbon film
supported on a copper grid, followed by water evaporation in air at
room temperature.

2.3.3. XRD
XRD was recorded on a Bruker D-8 powder X-ray diffractometer

using CuK� radiation (� = 0.15418 nm)  over a 2� range of 20◦–90◦

with a step size of 0.02◦.

2.3.4. XPS
The exposed silver surface species were determined by XPS

on an AXIS ULTRA DLD spectrometer with AlK� radiation
(h� = 1486.71 eV) and a spectrometer resolution of energy of
0.48 eV. The peak positions were corrected for sample charging
by setting the C 1s binding energy at 284.8 eV. XPS analysis was
conducted at 150 W and a pass energy of 16 eV.

3. Results and discussion

Fig. 1A shows the preparations of silver nanoparticles in aque-
ous medium. After microwave treatment, the solutions became
clear without any suspended solid material, indicating that the
hemicelluloses were completely dissolved in water. When only
hemicelluloses (2.0 mg/mL) or glucose (2.0 mg/mL) were added
to the AgNO3 solution (0.004 mmol/mL), the solution remained a
colorless salt solution even after irradiation for 120 s. However,
after microwave irradiation for 120 s, Ag+ reduction was  visually
confirmed because the colorless AgNO3 solution changed to yel-
low with the simultaneous addition of hemicelluloses (2.0 mg/mL)
and glucose (2.0 mg/mL) (Raveendran et al., 2003; Vidhu et al.,
2011; Zhang et al., 2011). Due to Mie  scattering, the colloidal
silver nanoparticles exhibited absorption from 390 to 420 nm
(Kleemann, 1993). Thus, the observed typical surface plasmon res-
onance (SPR) band at about 415 nm (Fig. 1B) further confirmed
the formation of silver nanoparticles when both hemicelluloses
and glucose were added to the AgNO3 solution (Raveendran et al.,
2003). The symmetric plasmon band indicated that the solution
did not contain many aggregated particles. The results indicated
that hemicelluloses or glucose alone cannot reduce the Ag salt.
These phenomena suggested that silver nanoparticles can be
synthesized by the combination of bamboo hemicelluloses and bio-

chemical glucose without externally added seed crystallites. Both
hemicelluloses and glucose are involved in the reduction process
to produce carbohydrate-conjugated silver nanoparticles. These
carbohydrate-conjugated silver nanoparticles have potential uses
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ig. 1. Photograph of silver particle preparations obtained (A) and corresponding U
20  s ((a) 0.0 mg/mL  glucose, 2.0 mg/mL  hemicelluloses; (b) 2.0 mg/mL  glucose, 0.0

s antibacterial agents because they are not capped by toxic chem-
cals. They can also be applied in medicine as well as the textile
nd pharmaceutical industries. The advantages of using microwave
rradiation are the rapid heating rate, ability of uniformly heating
he solution, increased reaction kinetics, as well as the formation of

 special reaction system that enables selective crystallization and
omogeneous nucleation (Kong et al., 2008).

.1. Effect of reaction parameters on the synthesis of silver
anoparticles

The samples obtained under different microwave irradiation
imes with 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glucose, and
.004 mmol/mL  AgNO3 are shown in Fig. 2. The formation of silver
anoparticles started within 50 s, demonstrating that the reduc-
ion reaction was very fast. Interestingly, the sample color gradually
hanged from colorless to light yellow, yellow, red, and deep red
ith increased microwave treatment time. The differences among

olors of noble metal nanoparticle solutions can depend on the
ifferent sizes, shapes, surrounding environment, and structure
f particles (Castro et al., 2011; Li et al., 2011). The color change
uggested the formation of more silver nanoparticles.

Fig. 3A shows the UV–vis spectra of the silver nanoparticle solu-
ions obtained after irradiation at different times. The strongest
PR band occurred at 415 nm without any shift in the peak wave-
ength. The maximum absorbance as a function of irradiation time
lso increased in intensity. These results implied that the silver
anoparticle content increased with increased irradiation time.

 new peak as a shoulder also appeared at about 445 nm in the
ong-wavelength band when the AgNO3 solution containing hemi-
elluloses and glucose was irradiated for more than 120 s. The
ppearance of a new peak can be due to the anisotropic nature
f the particles (Vidhu et al., 2011). This finding suggested that the
ize, shape, and surrounding environment of the synthesized silver
anoparticles possibly changed when the solution was microwave

rradiated for more than 120 s (Li et al., 2011).
Fig. 3B depicts the UV–vis spectra of the silver nanoparticle solu-

ions obtained with different initial hemicellulose additions. The
pectra exhibited unique resonance wavelength at approximately
15 nm,  which was associated with the formation of nanopar-
icles because all their electronic oscillations were equivalent.
he absorption peak intensity rapidly increased with increased
emicellulose concentration from 1.0 mg/mL  to 2.0 mg/mL. With

ncreased hemicellulose concentration, the increased number of
ydroxyl groups facilitated the complexation of Ag+ to the molec-

lar matrix, whereas the increased number of aldehyde terminals
ided the reduction of the same. However, further increased hemi-
ellulose concentration from 4.0 mg/mL  to 6.0 mg/mL  resulted in
ecreased the peak intensity, which suggested that the number of
 spectra (B) with initial precursor AgNO3 0.004 (mmol/mL) and irradiation time of
L  hemicelluloses; (c) 2.0 mg/mL glucose and 2.0 mg/mL hemicelluloses).

particles was  reduced. A possible reason was  that there was a satu-
ration point between the hemicelluloses and AgNO3, which implied
that the concentrated hemicelluloses inhibited the reduction of the
AgNO3 precursor, and thus decreased the particle formation rate.

The UV–vis spectra of silver nanoparticle solutions with dif-
ferent initial glucose concentrations are shown in Fig. 3C. The
absorption peak was centered at around 413–424 nm for the
samples. The SPR band was broader at lower glucose concentra-
tions, indicating the presence of silver nanoparticles with broader
size distribution. The absorption peak also became sharper as
the amount of glucose increased, and there was a corresponding
enhancement in the absorption band intensity.

The effect of AgNO3 concentration on the final silver nanoparti-
cles was also evaluated. Fig. 3D presents the UV–vis spectra of silver
nanoparticles synthesized with different initial AgNO3 concentra-
tions by maintaining a constant concentration of 2.0 mg/mL for both
hemicelluloses and glucose. Fig. 3D shows that the seven samples
exhibited the same maximum absorption peak at 415 nm corre-
sponding to the SPR, and that the peak intensity at 415 nm gradually
increased with increased AgNO3 concentration when the concen-
tration ranged from 0.001 mmol/mL  to 0.005 mmol/mL. However,
a further increase to 0.007 mmol/mL AgNO3 resulted in weaker
peak intensity. Therefore, the AgNO3 concentration in solution also
affected the shape and size of the formed silver nanoparticles.

3.2. Characterization of the silver nanoparticles

3.2.1. TEM analysis
To understand better the effects of the synthesis conditions on

the shape and size of silver nanoparticles, TEM was used to evalu-
ate the morphology and size of some representative silver particles
obtained. Fig. 4 presents the TEM images of silver nanoparticles
obtained under different conditions. Fewer silver nanoparticles
were observed in the solution irradiated for only 50 s (Fig. 4A)
than in that irradiated for 120 s (Fig. 4C). Multiple lattice fringes
can be clearly observed under high-resolution TEM (Fig. 4B). The
lattice spacing of the silver nanoparticles was 0.246 nm, in accor-
dance with the lattice spacing of the {1 0 0} plane of silver (Li et al.,
2011; Taleb, Petit, & Pileni, 1997). These results further confirmed
the formation of the crystalline nature of the silver nanoparticles.
Compared with the preparation containing an initial hemicellu-
lose amount of 2.0 mg/mL (Fig. 4C), the preparation with 6.0 mg/mL
hemicelluloses contained much less silver nanoparticles (Fig. 4D).
A possible explanation for this phenomenon can be the nanocubic
morphology resulting from the slow formation rate of silver par-

ticles due to the concentrated hemicellulose concentration. This
finding was  consistent with the UV–vis analysis results, which
showed that the absorption peak intensity of the obtained sam-
ple with an initial hemicellulose concentration of 6.0 mg/mL was
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ig. 2. Photograph of silver nanoparticles obtained after microwave irradiation at di

eaker than that of the obtained sample with 2.0 mg/mL  hemicel-
uloses (Fig. 3B). Obvious aggregation also occurred and resulted in
he formation of silver nanoparticles that were larger than 67 nm
Fig. 4E) when a lower amount of glucose was used (1.0 mg/mL).
n the other hand, considerably more silver nanoparticles with

arger sizes were observed when the silver nitrate concentration
as increased to 0.007 mmol/mL  (Fig. 4F). The TEM images showed

hat the silver nanoparticles had better distribution. The shape
f the particles was spherical in all TEM images. Both small and
arge particles were also observed. A possible reason for this result

as that during the microwave process, smaller particles trans-
ormed with subsequent crystallization into larger particles, which
nvolved the nucleation and growth processes of larger particles
rom smaller ones (Castro et al., 2011). The silver nanometallic crys-

als remained within the nanometer-size range possibly because
he hemicelluloses prevented the crystals from growing into larger
ggregates.
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t times (2.0 mg/mL  hemicelluloses, 2.0 mg/mL glucose, and 0.004 mmol/mL AgNO3).

The statistical results are given in Fig. 5 by counting 300 silver
nanoparticles in TEM images. Most of the samples presented parti-
cle sizes ranging from 4.29 nm to 24.29 nm,  except for the sample
with an initial glucose concentration of 1.0 mg/mL. When the solu-
tion that contained 2.0 mg/mL  hemicelluloses, 2.0 mg/mL glucose,
and 0.004 mmol/mL  AgNO3 was irradiated for 50 s, the obtained sil-
ver nanoparticles presented a bimodal distribution that centered at
4.29 and 10.00 nm (Fig. 5A). The number of particles with sizes rang-
ing from 4.29 to 10.00 nm accounted for 75.46%. On  the other hand,
when the glucose concentration was  increased to 2.0 mg/mL, fewer
tiny particles (particle size 4.29 nm)  formed and the size distribu-
tion centered at 11.43 nm (Fig. 5B). Both Fig. 5A and B show that
more than 90% of the particles ranged from 4.29 nm to 14.29 nm,
implying the possible size selectivity of the template of hemicel-

luloses. Over 70% of the particles were in the narrow size range
from 7.14 to 14.29 nm when the initial hemicellulose concentra-
tion was 0.6 mg/mL  (Fig. 5C). By comparison, Fig. 5D presents the
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Fig. 4. TEM images of the synthesized silver nanoparticles: (A) 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glucose, 0.004 mmol/mL AgNO3, and irradiation time of 50 s; (B) typical
high-resolution TEM image of image a; (C) 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glucose, 0.004 mmol/mL  AgNO3, and irradiation time of 120 s; (D) 6.0 mg/mL  hemicelluloses,
2.0  mg/mL glucose, 0.004 mmol/mL AgNO3, and irradiation time of 120 s; (E) 2.0 mg/mL hemicelluloses, 1.0 mg/mL glucose, 0.004 mmol/mL AgNO3, and irradiation time of
120  s; (F) 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glucose, 0.007 mmol/mL AgNO3, and irradiation time of 120 s.
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idest particle size distribution and appeared to be more polydis-
ersed that the number of particles with size larger than 25 nm,
ccounting for 10.08%. After the solution containing 2.0 mg/mL
emicelluloses, 2.0 mg/mL  glucose, and 0.007 mmol/mL  AgNO3 was
icrowave irradiated for 120 s, the obtained silver particle size cen-

ered at 14.29 nm (Fig. 5E). However, compared with Fig. 5B, some
articles with sizes larger than 20.00 nm were observed when the

nitial AgNO3 concentration was increased from 0.004 mmol/mL  to
.007 mmol/mL  (Fig. 5E).
Table 1 summarizes the average silver particle sizes obtained
rom the TEM images. The average particle size of silver nanopar-
icles obtained with initial glucose concentration 2.0 mg/mL  was
.98 nm,  which was much smaller than that of the particles
(14.72 nm)  produced through reduction by glucose with an initial
concentration of 1.0 mg/mL, as indicated in Table 1. The possible
reason for this result was  that higher concentrations of the reducing
agent induced faster nucleation rates that resulted in smaller parti-
cle sizes (Kim, Connor, Song, Kuykendall, & Yang, 2004). Increasing
the hemicellulose concentration from 2.0 mg/mL to 6.0 mg/mL also
resulted in larger average particle sizes. The results of the compar-
ison of silver nanoparticles synthesized by microwave irradiation
for 50 s (8.39 nm)  and 120 s (9.98 nm)  suggested that the size of

the silver nanoparticles increased with increased treatment time
because of aggregation (Kong et al., 2008). The average particle size
of the silver nanoparticles (14.00 nm)  was  found to be larger at the
higher initial AgNO3 concentration of 0.007 mmol/mL. A potential
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Fig. 5. Histograms of the particle size distribution of silver nanoparticles prepared: (A) 2.0 mg/mL  hemicelluloses, 2.0 mg/mL glucose, 0.004 mmol/mL AgNO3, and irradiation
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h 120 s.
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ime  of 50 s; (B) 2.0 mg/mL  hemicelluloses, 2.0 mg/mL  glucose, 0.004 mmol/mL  A
.004  mmol/mL  AgNO3, and irradiation time of 120 s; (D) 2.0 mg/mL  hemicelluloses
emicelluloses, 2.0 mg/mL glucose, 0.007 mmol/mL AgNO3, and irradiation time of 

eason was that at low initial AgNO3 concentrations, the amount of
he stabilizing agent hemicelluloses was sufficient to stabilize the

rst particles formed in solution. With increased AgNO3 concentra-
ion, the silver nanoparticle size also increased because they were
ot sufficiently capped by hemicelluloses, causing them to become

able 1
izes of the synthesized silver particles based on TEM images.

Sample Experimental conditions

Hemicelluloses (mg/mL) Glucose (mg/mL) 

A 2.0 2.0 

B  2.0 2.0 

C  6.0 2.0 

D 2.0  1.0 

E  2.0 2.0 
 and irradiation time of 120 s; (C) 6.0 mg/mL hemicelluloses, 2.0 mg/mL glucose,
g/mL  glucose, 0.004 mmol/mL  AgNO3, and irradiation time of 120 s; (E) 2.0 mg/mL

thermodynamically unstable and for aggregates. The TEM analy-
sis showed that the initial hemicellulose concentration, glucose

concentration, AgNO3 concentration, and microwave irradiation
duration significantly affected the silver particle size and distribu-
tion.

Particle size (nm)

AgNO3 (mmol/mL) Time (s)

0.004 50 8.39
0.004 120 9.98
0.004 120 11.35
0.004 120 14.72
0.007 120 14.00



354 H. Peng et al. / Carbohydrate Polymers 91 (2013) 348– 355

9080706050403020
0

200

400

600

800

1000A

(222)

(311)(220)

(200)

(111)

C
P

S

2-Theta (º) 

380375370365360

1260

1280

1300

1320

1340

1360
B

371.7

365.4

In
te

n
si

ty
 (

C
o
u
n
ts

/s
ec

)

Binding energy (eV)

Fig. 6. XRD pattern (A) and XPS spectrum (B) of the silver nanoparticles after thermal treatment at 300 ◦C for 1 h under air atmosphere.
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microwave irradiation time had obvious effects on the amount of
silver nanoparticles produced and on their average particle sizes
Fig. 7. Schematic illustration of hem

.2.2. XRD and XPS analyses
The representative silver nanoparticle sample obtained after

he solution containing 2.0 mg/mL  initial hemicellulose amount,
.0 mg/mL  glucose, and 0.004 mmol/mL  AgNO3 was microwave

rradiated for 120 s and calcined at 300 ◦C for 1 h in air after full
yophilization. The formed black powder containing silver and car-
on was further analyzed using XRD and XPS techniques. The XRD
esults are given in Fig. 6A. A typical XRD pattern of the silver
anoparticles with face-centered cubic (fcc) structure had reflec-
ions at 38.2◦ (1 1 1), 44.3◦ (2 0 0), 64.5◦ (2 2 0), 77.4◦ (3 1 1), and
1.6◦ (2 2 2) (Dubey, Lahtinen, & Sillanpää, 2010; Li et al., 2011). The
eak corresponding to the (1 1 1) plane was more intense than the
ther planes, suggesting that the (1 1 1) plane was in the predom-
nant orientation. From the Debye–Scherrer equation, the average
ilver particle size was estimated to be 14.52 nm, which was  higher
han that of the TEM observation result (9.98 nm). A possible reason
as that during the thermal treatment at 300 ◦C for 1 h, agglomera-

ion occurred and resulted in larger silver nanoparticles. However,
he silver nanoparticles remained highly nanoscale. The lattice con-
tant calculated from the XRD pattern was 4.0897 Å, in agreement
ith a previous report (a = 4.086 Å; Joint Committee on Powder
iffraction Standards file no 04-0783).

The XPS spectrum showed double peaks containing a low energy
and (Ag 3d5/2) at 365.4 eV and a higher energy band (Ag 3d3/2) at
71.7 eV (Fig. 6B). The two peaks can be attributed to the coexis-
ence of the reduction state Ag(0) (binding energy at 365.4 eV) and
he oxidation state Ag(I) (binding energy at 371.7 eV) after thermal
reatment of the synthesized silver nanoparticles–carbohydrate
omplex, although the complex was calcined at 300 ◦C for 1 h in air.

he reduced state of Ag (0) had higher content than the oxidized
tate of Ag (I), as shown by the peak areas in the XPS spectrum.
lose-stabilized silver nanoparticles.

3.3. Proposed mechanism of silver nanoparticle formation

Hemicelluloses are known to be rich in hydroxyl functional
groups. The extensive number of hydroxyl groups in this type of
natural hetero-polysaccharides can facilitate the complexation of
silver ions to the molecular matrix (Raveendran et al., 2003). Subse-
quently, these silver ions were reduced to elemental silver by the
powerful reducing aldehyde groups of glucose. As a result, these
reducing aldehyde groups were oxidized to carbonyl groups. The
non-covalent interaction between the hemicellulosic polysaccha-
rides and Ag was stronger than that among the silver nanoparticles
themselves (Li et al., 2011). These formed silver nanoparticles can
probably be capped and stabilized by the hemicelluloses matrix
through the high electronegativity of the hydroxyl groups. This pro-
cess led to the production of silver particles nanometers in size. The
schematic illustration of hemicellulose-stabilized silver nanoparti-
cles is shown in Fig. 7.

4. Conclusion

In this study, a simple and efficient method for the green
synthesis of well-distributed spherical silver nanoparticles was
developed. The synthesis was carried out in an aqueous medium
treated by microwaves using bamboo hemicelluloses as stabilizing
agent and glucose as reducing agent. The amounts of hemicelluloses
and glucose, as well as the initial AgNO3 concentration and
and particle size distributions. The average particle sizes of the dif-
ferent preparations were found to range from 8.39 nm to 14.72 nm.
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onger irradiation times led to higher hemicellulose concentra-
ions. Increased AgNO3 concentration corresponded to increased
verage particle size. Higher glucose concentrations resulted in
maller particle sizes. The utilization of renewable materials such
s hemicelluloses and glucose for the synthesis of silver nanopar-
icles in an aqueous medium offers numerous benefits, including
co-friendliness and compatibility with biomedical, pharmaceuti-
al, and textile applications. Microwave irradiation can accelerate
he formation rate of particles.
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