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This study aims to investigate the fabrication and property of cellulose/Ag/AgCl hybrids. In this article,
preparation of cellulose/Ag/AgCl hybrids was reported using the cellulose solution, AgNOs, AlCl;-6H,0
with ultrasound agitation method. The cellulose solution was synthesized by the dissolution of the
microcrystalline cellulose in NaOH/urea aqueous solution. Influences of the experimental parameters
of ultrasound treatment time and ultrasonic intermittent on the hybrids were investigated. The phase,
microstructure, thermal stability, and morphology of the hybrids were characterized by X-ray pow-

ﬁi{jllav!i?irsdg der diffraction (XRD), Fourier transform infrared (FTIR) spectrometry, thermogravimetric analysis (TGA),
Cellulose differential thermal analysis (DTA), and scanning electron microscopy (SEM). Results showed the success-
AgCl ful synthesis of cellulose/Ag/AgCl hybrids with good thermal stability. Moreover, the hybrids displayed
Ag desirable antimicrobial activities. Compared with other conventional methods, the rapid, green, and
Ultrasound environmentally friendly ultrasound agitation method opens a new window to the high value-added

Antimicrobial activity applications of biomass.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

As a green method, ultrasound agitation has been receiving
more and more attentions due to its many important applica-
tions in organic synthesis, materials and organometallic chemistry,
and industrial manufacturing process (Mason & Lorimer, 2010;
Shchukin, Radziuk, & Mohwald, 2010; Yang, Zhu, Tong, & Wang,
2007). With the help of ultrasonic irradiation, the production and
modification of hybrids can be completed without high tempera-
tures, high pressures, and long reaction times (Bang & Suslick, 2010;
Suslick & Flannigan, 2007). Furthermore, ultrasound agitation is
also applied in biomedical field (Ferrara, Pollard, & Borden, 2007;
Gao, Fain, & Rapoport, 2005; Ng & Liu, 2002), dairy processing (Liu,
Chi, Yang, & Xu, 2006), and food industry (Chemat & Khan, 2011;
Knorr, Zenker, Heinz, & Lee, 2004; Patist & Bates, 2008; Zheng &
Sun, 2007). The most notable effects of ultrasound agitation are
consequences of acoustic cavitation (the formation, growth, and
implosive collapse of bubbles), which can be categorized as pri-
mary sonochemistry (gas-phase chemistry occurring outside the
bubbles) and physical modifications (caused by high-speed jets
or shock waves derived from bubble collapse). These conditions
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are distinct from other conventional synthetic techniques such as
photochemistry, wet chemistry, hydrothermal synthesis, and flame
pyrolysis (Xu, Zeiger, & Suslick, 2013). Therefore, ultrasound agita-
tion method has been accepted as a promising way for the synthesis
of functional materials. During the last two decades, ultrasound
agitation method has been widely applied to synthesize various
functional materials, such as grapheme (Shen, Zhai, Lu, Wang, &
Zheng, 2012), porous platinum electrodes (Kloke, Stetten, Zengerle,
& Kerzenmacher, 2011), hollow BaF, nanonest (Geng, Jiang, Lu,
& Zhu, 2011), Ag nanoclusters (Xu & Suslick, 2010), CdSe and
CdS nanoparticles (Li et al., 2003), and gold nanoparticles (Okitsu,
Ashokkumar, & Grieser, 2005).

Cellulose-based hybrids have the synergetic effect from biopoly-
mers and inorganic materials (Olsson et al., 2010), and provide
the possibility for the enhancement of multifunctional properties
(Eichhorn, Dufresne, & Aranguren, 2010). According to the previous
study, magnetic bacterial cellulose/Ag hybrids with high antimicro-
bial activity were obtained using polydopamine as a reducing agent
and stabilizer (Sureshkumar, Siswanto, & Lee, 2010). Cellulose/AgCl
hybrids with excellent antimicrobial activity were synthesized
using cellulose solution and AgNO;3; in N,N-dimethylacetamide
solvent (Li et al., 2012). Cellulose/CaCO3 hybrids with good bio-
compatibility were synthesized using cellulose, CaCl,, and Na;CO3
in ethylene glycol (Fu, Dong, Ma, Li, & Sun, 2013). Bacterial cellu-
lose/hydroxyapatite hybrids with a 3-dimensional network were
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fabricated by a biomimetic process (Wan et al., 2006). As a pho-
tosensitive material, AgCl/Ag hybrids exhibit high photocatalytic
activities and good reusability for decomposing organic pollutants
such as methyl orange, rhodamine B, and methyl blue under the
irradiation of common fluorescent lamp or direct sunlight (Dong,
Liang, & Gong, 2012). Until now, many efforts have been placed
on the synthesis of the AgCl-based hybrids (Hu et al., 2009), such
as the AgCl/Ag nanocubes with high visible-light-driven photocat-
alytic performance was successfully synthesized by a sonochemical
process (Chen, Yoo, & Huang, 2012; Li et al., 2007). Silver is well-
known for its excellent antibacterial activities against bacteria and
other microorganisms and has been utilized for the antibacterial
applications for thousands of years (Hong, Park, Sul, Youk, & Kang,
2006; Maria et al., 2009; Pinto et al., 2009; Sharma, Yngard, & Lin,
2009). Recently, the AgCl/Ag hybrids were reported to display good
antibacterial properties on Escherichia coli, Staphylococcus aureus,
and Bacillus subtilis (Dong et al., 2012). In the previous study,
our group discovered that the cellulose/Ag/AgCl hybrids had bet-
ter antimicrobial activity, compared with cellulose/Ag hybrids (Li
et al., 2011). The detail formation of the cellulose/Ag/AgCl hybrids
needs to be further explored. However, there have been only few
reports on the research of cellulose/Ag/AgCl hybrids. For example,
Liu, Yang, Wang, Shi, and Jiang (2012) fabricated the antimicro-
bial bacterial cellulose/Ag/AgCl hybrids by using Gluconacetobacter
xylinum as a versatile biofactory.

Herein, we report an ultrasound agitation method for the syn-
thesis of cellulose/Ag/AgCl hybrids using cellulose solution, AgNO3,
and AlCl3-6H,0 in NaOH/urea solvent. The microcrystalline cellu-
lose was firstly dissoluted in NaOH/urea aqueous solution in order
to form dispersed cellulose solution. As is known, NaOH/urea aque-
ous solution is an excellent solvent system to dissolve cellulose
(Cai, Liu, & Zhang, 2006). It is very important to synthesize the
hybrids with inorganic materials homogeneously dispersed within
the cellulose matrix. Based on the chemical and physical effects
of high intensity ultrasound, hybrids with AgCl/Ag nanoparticles
dispersed homogeneously in the cellulose matrix were obtained.
Furthermore, the cellulose/Ag/AgCl hybrids displayed a good ther-
mal stability and a desirable antimicrobial activity. In the literature,
a “biologic” route to fabricate bacterial cellulose/Ag/AgCl nanocom-
posite is reported by using microorganism for 72-168 h (Liu et al.,
2012). In the present study, microcrystalline cellulose/Ag/AgCl
hybrids were obtained by a rapid, green, and environmentally
friendly ultrasound agitation method for 10-35 min.

2. Experimental
2.1. Preparation of hybrids from cellulose, Ag, and AgCl

All chemical materials and solvents used in the experiments
were analytical grade reagents, and were used without further
purification. All experiments were conducted under air atmo-
sphere. Cellulose solution was prepared as previously described
in the literature (Jia, Li, Ma, Sun, & Zhu, 2010). In a typical syn-
thesis, a solution with NaOH/urea/H,0 of 7:12:81 by weight was
prepared. Then microcrystalline cellulose (MCC, 3.24 g) was imme-
diately dispersed into the solvent system (100 mL) under vigorous
stirring, and then the suspension solution was cooled to —12 °C for
12h.

For the synthesis of cellulose/Ag/AgCl hybrids, AgNO5 (0.17 g),
AlCl3-6H,0 (0.24 g), and deionized water (30 mL) were added into
the above cellulose solution (10 mL) under vigrous stirring. The
above solution was subjected to sonication (Xin-Zhi, JY92-2D, Ti-
horn, 20 kHz, 80 W/cm?2) at ambient condition with a high-density
ultrasonic probe immersed directly in the solution. During the
ultrasonic irradiation, the reaction time was 10, 15, 20, 25, 30,

and 35 min, respectively. The as-prepared products were separated
from the solution by centrifugation, washed with deionized water
and absolute ethanol several times and dried at 60°C in air for
further characterization.

Moreover, the effect of cellulose on the products was also inves-
tigated, the sample was prepared using the mixture of AgNOs,
AlCl3-6H,0, and NaOH/urea aqueous solution (7:12 in wt%, 10 mL,
without MCC) by ultrosound agitation method, and kept the other
conditions the same.

2.2. Characterization

X-ray powder diffraction (XRD) patterns were performed in 260
range from 10 to 70° on a Rigaku D/Max 2200-PC diffractometer
with Cu Ka radiation (A=0.15418 nm) and graphite monochro-
mator at ambient temperature. Fourier transform infrared (FTIR)
spectra of the cellulose/Ag/AgCl hybrids were taken on a Thermo
Scientific Nicolet iN10 FTIR Microscope (Thermo Nicolet Corpora-
tion, Madison, WI, USA) in the range of wavenumber from 4000
to 675 cm~1. The morphologies of hybrids were examined using a
Hitachi 3400 N scanning electron microscopy (SEM) operating at
15KkV. All samples were Au coated prior to examination by SEM.
Thermogravimetric analysis (TGA) and differential thermal analy-
sis (DTA) were applied to test the thermal stability of samples with
a STA-449F3 Luxx simultaneous TGA/DTA apparatus (Netzsch Co.,
Selb, Germany)atascan rate of 10 °C min~! from room temperature
to 600°C under N, atmosphere.

2.3. Antimicrobial activity studies

The antimicrobial activities of hybrids from cellulose, Ag, and
AgCl were investigated against E. coli as the model Gram-negative
bacteria and S. aureus as the model Gram-positive bacteria by the
disc diffusion method. In the inhibition zone experiment, nutrient
agar was poured into disposable sterilized Petri dish and solidified.
Then 100 L of E. coli and 100 L of S. aureus were streaked over the
dish and spread uniform. After that, circular pieces of the control
and the test samples were gently placed on Petri dishes. This was
done for both the bacterial strains (E. coli ATCC HB101 and S. aureus
ATCC 25923). The hybrids from cellulose, Ag, and AgCl were cut
into a disc shape with 1.4cm diameter, sterilized by autoclaving
at 120°C for 20 min, and placed on E. coli-cultured and S. aureus-
cultured agar plates, which were then incubated at 37 °C for 24 h.
Finally, the inhibition zone was monitored.

3. Results and discussion
3.1. The phases, morphologies, and microstructures of hybrids

Fig. 1 shows the X-ray powder diffraction (XRD) patterns of the
typical samples synthesized by ultrasound agitation method using
AgNOs3, AlCl3-6H,0, and cellulose solution (dissolution the MCC in
NaOH/urea solution) at 90°C for 10, 15, 20, 25, 30, and 35 min,
respectively. One can see that the (111),(200), and (220) planes
of crystallized Ag with a cubic structure (marked with * in Fig. 1,
JCPDS 04-0783) and the other diffraction peaks were attributed to
the well-crystallized AgCl with a cubic structure (JCPDS 31-1238).
No obvious peaks of cellulose were observed, which might be due
to the strong peak intensities of AgCl and Ag crystals. No peaks
from impurities such as AIOOH or Al(OH)3; were observed, too. The
results of XRD indicated the successful preparation of AgCl and
Ag crystals. Moreover, slight differences were observed among the
XRD patterns. When the reaction times were 10, 15, and 20 min, the
major phase was AgCl crystals and the minor phase was Ag crys-
tals (Fig. 1a-c). However, when the reaction times were increased
to 25, 30, and 35 min, Ag crystals was obtained as the major phase
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Fig. 1. XRD patterns of the cellulose/Ag/AgCl hybrids synthesized by ultrasound
agitation method for (a) 10 min; (b) 15 min; (¢) 20 min; (d) 25 min; (e) 30 min and Fig. 2. FTIR spectra of pure MCC and cellulose/Ag/AgCl hybrids synthesized by ultra-
(f) 35 min, respectively. sound agitation method for (a) 10 min; (b) 20 min and (c) 30 min, respectively.

Fig. 3. SEM images of cellulose/Ag/AgCl hybrids prepared by ultrasound agitation method for (a) 10 min; (b) 15min; (c) 20min; (d) 25 min; (e) 30 min and (f) 35 min,
respectively.
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and AgCl crystals was obtained as the minor phase (Fig. 1d-f). It
is also obviously to observe that the AgCl peak intensities gradu-
ally decreased and the Ag peak intensities gradually increased with
the increasing reaction times. These results demonstrated that the
relatively long reaction time favored for the synthesis of Ag crys-
tals. Long reaction time favored the precipitate of cellulose, which
provided a matrix for the synthesis of Ag from Ag*. Moreover, the
cellulose is a weak reducing reagent. Long reaction time maybe pro-
vides more energy for the synthesis of Ag. Of course, the intrinsic
reducing procedure needs to be further explored.

As a very useful tool, FTIR has been widely used in studying
functional groups of samples. Fig. 2a-c shows the FTIR spectra
of the hybrids from cellulose, AgCl, and Ag by ultrasound agita-
tion method for 10, 20, and 30 min, respectively. For comparison,
the FTIR spectrum of the pure MCC was also shown in Fig. 2. The
band at ~3449 cm~! belongs to stretching vibration in OH group.
The band at ~2900 cm™! is indicative of the asymmetrical stretch-
ing vibration of C—H in pyranoid ring. The band at ~1639 cm! is
attributed to the bending mode of adsorbed water. The band at
~1430cm!is the consequence of the CH, bending. The adsorption
band at ~1319cm™! is assigned to the C—C and C—O skeletal vibra-
tions. The C—0 antisymmetric bridge stretching exhibits a signal at
~1159 cm™!. The weak peak at ~1073 cm™! can be attributed to the
characteristic stretching mode of the C—O in the cellulose. The band
at ~903 cm! is characteristic of B-glycosidic linkages between the
glucose units, which demonstrated the existence of cellulose in the
products. One can observe that the peak intensities of cellulose dra-
matically decreased in the hybrids (Fig. 2a-c), compared with that
of pure MCC, indicating the interactions between the cellulose and
AgCl/Ag crystals.

The morphologies and dispersion of the hybrids were investi-
gated by SEM. Fig. 3 shows the SEM micrographs of the samples
prepared by ultrasound agitation method for 10, 15, 20, 25, 30,
and 35min, respectively. It is known that the good dispersion
of inorganic nanoparticles within the cellulose matrix is impor-
tant in the applications of cellulose-based hybrids (Cherian et al.,
2011). When the reaction time was 10min, one can see a few
inorganic particles with cubic-like shape and size of ~50 nm were
dispersed on the surface of cellulose (Fig. 3a). When the reaction
time was increased to 15 min, large amounts of inorganic particles
were observed and they were embedded homogenously into the
cellulose matrix. However, the size of inorganic particles were dra-
matically decreased (Fig. 3b). When the reaction time was extended
to 20 min, inorganic particles were apparently agglomerated; some
of them were embedded in the cellulose matrix and some of them
were dispersed on the surface of cellulose (Fig. 3¢). Moreover, the
size of inorganic particles synthesized for 20 min became larger
than that for 15 min. No obvious differences were observed within
the SEM images of samples synthesized for 25 and 30 min (Fig. 3d
and e). When the reaction time was increased to 35 min, a slight
decline in the number of inorganic particles occurred (Fig. 3f). From
Fig. 3, one can get an overview of the changing process of inorganic
particles in the hybrids.

The influences of ultrasonic intermittent on the hybrids were
also investigated. The samples were prepared for 30 min with an
ultrasonic intermittent at on 2 s/off 1s, on 2s/off 3s, on 2s/off 4s,
respectively. Fig. 4a—c showed the XRD patterns of the as-prepared
hybrids. All the hybrids consisted of mixed phases of AgCl and Ag
crystals (Fig. 4a—c). It is worth pointing out that the peak intensities
of AgCl crystals were dramatically increased with the increasing off
time; conversely, the peak intensity of (11 1) plane in Ag crystals
decreased. This result demonstrated that longer off time favored
the synthesis of AgCl crystals and the ultrasonic intermittent played
an important role in the growth of Ag crystals. This can be assigned
to the consequences of acoustic cavitation and physical modifica-
tions caused by high-speed jets and shock waves (Xu, Zeiger, &
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Fig. 4. XRD patterns of cellulose/Ag/AgCl hybrids synthesized by ultrasound agita-
tion method for different intermittent: (a)on 2 s/off 1 s; (b)on 2 s/off 3 s; (c) on 2 s/off
4s and (d) AgCl/Ag hybrids synthesized without MCC dissolution in NaOH/urea
aqueous solution.

Suslick, 2013). The influence of cellulose on the phases of hybrids
was explored in the paper, as was shown in Fig. 4d. One can see that
the sample synthesized without MCC consisted of mixed phases
of well-crystallized AgCl with a cubic structure (JCPDS 31-1238,
major phase) and Ag with a cubic structure (JCPDS 04-0783, minor
phase). There is only a weak peak of (11 1) plane in Ag crystals was
observed, indicating that cellulose played an important role in the
process of reducing Ag+ to metal Ag. This result is in good accord
with the previous researches in the literature, which reported that
cellulose has the ability to reduce metal ions (Friedrich & Taubert,
2008). It can be explained as follows, with the high temperature
of ultrasound agitation, most of the (-(1,4) glycosidic linkages
between the glucose units in the cellulose were broken; and then,
large amounts of glucose units with plenty of reducing ends were
obtained. These reducing ends can be helpful in reducing Ag+ to
metal Ag. The schematic representation of the formation process
of the cellulose/Ag/AgCl hybrids was shown in Fig. 5.

The corresponding SEM images of samples using different ultra-
sonic intermittent were shown in Fig. 6. When the ultrasonic
intermittent off time was 1s, inorganic particles were observed
to be dispersed on the surface of cellulose (Fig. 6a). By increasing
the ultrasonic intermittent off time to 2's, one could observe that
inorganic particles were embedded in the cellulose matrix clearly
(Fig. 6b). When the ultrasonic intermittent off time was increased to
3s, cellulose with block-like shape was obviously observed and one
canalso see inorganic particles which were dispersed on the surface
of cellulose (Fig. 6¢). Compared with Fig. 6¢, no obvious differences
were observed when the ultrasonic intermittent off time was fur-
ther increased to 4s (Fig. 6d). Based on the SEM micrographs, one
can conclude that the ultrasonic interment has no significant effect
on the morphology and dispersion of the as-prepared hybrids.

3.2. The thermal stability and antibacterial activity of hybrids

The thermal stability of the hybrids from cellulose, AgCl, and Ag
was further explored with TGA and DTA. TGA and DTA curves of
the cellulose/Ag/AgCl hybrids synthesized by ultrasound agitation
method for 10, 20, and 35 min are shown in Fig. 7, respectively.
From Fig. 7, one can observe that all the samples showed obvious
weight loss from 217 to 340°C in the TGA curves, accompanied by
exothermic peaks at about 273, 279, and 305 °C in the DTA curves
(Fig. 7B). This can be due to the thermal degradation and complete
decomposition of cellulose in the hybrids. The total weight losses
of hybrids synthesized for 10, 20, and 35 min were ~54%, ~52%, and
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Fig. 6. SEM images of the cellulose/Ag/AgCl hybrids prepared by ultrasound agitation method for different ultrasound intermittent at: (a) on 2 s/off 1s; (b) on 2 s/off 2's; (c)

on 2 s/off 3s and (d) on 2s/off 4s.

~59% from room temperature to 600 °C in the TGA curves (Fig. 7A),
respectively. One can also observe that the hybrids fabricated for 10
and 20 min had similar weight losses as well as thermal degradation
temperatures. Nevertheless, the hybrids synthesized for 35 min
exhibited relatively low total weight loss at ~59% and relatively
high thermal degradation temperature at ~305°C (Fig. 7c), indi-
cating that the ultrasonic time had slight effect on the thermal
stability of hybrids. Based on the results, one can conclude that cel-
lulose/Ag/AgCl hybrids synthesized with longer reaction time had

relatively high thermal stabilities. This result was due to the reac-
tion between the cellulose and Ag/AgCl particles. Due to the thermal
procedure, cellulose decomposed and residue left was Ag/AgCl par-
ticles. When the cellulose/Ag/AgCl hybrids were obtained using
relatively long ultrasonic irradiation time, the concentration of
Ag/AgCl particles was relatively low, inducing relatively high ther-
mal stabilities.

The antibacterial activity of the hybrids from cellulose, AgCl, and
Ag was also shown in Fig. 8. Pure MCC was used as control. From the
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Fig. 7. TGA and DTA curves of cellulose/Ag/AgCl hybrids synthesized by ultrasound agitation method for (a) 10 min; (b) 20 min and (c) 35 min, respectively.

images of control in Fig. 8, no inhibition zone was observed, indi-
cating that the pure MCC did not have any antimicrobial activities
and that cellulose was only used as matrix for the dispersion of AgCl
and Ag crystals. The inhibition zones of the sample synthesized by
ultrasound agitation method for 10 min for E. coli and S. aureus were
2.0 and 3.0 mm, respectively (Fig. 8a and b). The inhibition zones of
the hybrids from cellulose, AgCl and Ag synthesized by ultrasound
agitation method for 30 min for E. coli and S. aureus were 2.0 and
2.5mm, respectively (Fig. 8c and d). These results confirmed that
the AgCl/Ag nanoparticles had good antimicrobial activities. More-
over, the antimicrobial activity against E. coli was lower than that

against S. aureus, which might be assigned to the differences in cell
walls between Gram-negative and Gram-positive bacteria (Feng
et al., 2000). According to the results of antimicrobial experiments,
one can conclude that the hybrids synthesized with shorter reac-
tion time exhibited better antimicrobial activities, indicating that
the ultrasonic times have slight effect on the antimicrobial activi-
ties of hybrids from cellulose, AgCl, and Ag. It is worth noting that
when the samples were placed on the dishes with bacteria, some
convex protrusions appeared, as shown in Fig. 8. This bulge phe-
nomenon can be assigned to the water swelling of hybrids. Based
on the results of antimicrobial activity, one can conclude that the

Fig. 8. Antimicrobial activities of the cellulose/Ag/AgCl hybrids synthesized for (a and b) for 10 min and (c and d) 30 min: (a and c) E. coli and (b and d) S. aureus.
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hybrids from cellulose, AgCl, and Ag exhibited good antibacterial
activity, which may be a promising antibacterial candidate for the
applications in biomedical field and public health area.

4. Conclusions

In summary, the hybrids from cellulose, AgCl, and Ag with excel-
lent antimicrobial properties have been successfully synthesized
by the ultrasound agitation method. Experimental results indi-
cated that the AgCl/Ag nanoparticles were dispersed in the cellulose
matrix. The ultrasonic time in the preparation process had slight
influence on the thermal stability of cellulose/Ag/AgCl hybrids.
The cellulose/Ag/AgCl hybrids exhibited a desirable antibacterial
activity against both E. coli (Gram-negative bacteria) and S. aureus
(Gram-positive bacteria). These hybrids might be a promising
antibacterial candidate for the applications in biomedical field and
public health area. This synthetic strategy reported here opens a
new window to the high value-added applications of cellulose.
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