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a b s t r a c t

In this work, we describe a novel facile and effective strategy to prepare micrometer-long hybrid
nanofibers by deposition of CdS nanoparticles onto the substrate of hydrated bacterial cellulose
nanofibers (BCF). Hexagonal phase CdS nanocrystals were achieved via a simple hydrothermal reaction
between CdCl2 and thiourea at relatively low temperature. The prepared pristine BCF and the CdS/BCF
eywords:
acterial cellulose
dS nanoparticle
anofiber

hybrid nanofibers were characterized by transmission electron microscopy (TEM), X-ray diffraction
(XRD), thermogravimetric analysis (TGA), UV–vis absorption spectroscopy (UV–vis), and X-ray photoelec-
tron spectroscopy (XPS). The results reveal that the CdS nanoparticles were homogeneously deposited
on the BCF surface and stabilized via coordination effect. The CdS/BCF hybrid nanofibers demonstrated
high-efficiency photocatalysis with 82% methyl orange (MO) degradation after 90 min irradiation and

sults
nsive
hotocatalyst good recyclability. The re
robust visible light respo

. Introduction

Environmental pollution and destruction on a global scale have
ttracted much attention to the necessity of new, safe and clean
hemical technologies and processes [1]. Photocatalysis is an effi-
ient, attractive, and clean technology for pollutant abatement
ither in aqueous media or in the gas phase [2]. Crystalline cadmium
ulfide (CdS) is now regarded as one of the most attractive visible
ight-driven photocatalysts due to its relatively narrow bandgap
2.42 eV), fitting well within the solar spectrum [3,4]. However,
he direct application of CdS particles within the industrial sector
s limited by the high cost of the concomitant filtration facilities
or CdS recovery [5]. For this reason, a variety of CdS nanos-
ructures such as nanocrystals, nanowires and nanoribbons have
een explored with arrested precipitation approach, templating
gainst inorganic (such as porous anodized aluminum oxide (AAO),
arbon nanotube, SiO2 and charcoal) [6–8] or organic (such as liq-
id crystals, micelles and polymer) substrates [9,10]. Specifically,

igh-quality substrate-supported CdS nanoparticles have exhibited
xcellent properties for various applications due to high specific
rea and low dimensionality [11,12]. Recently organic–inorganic
ybrids have emerged as a new type of composites with interest-
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indicate that the CdS/BCF hybrid nanofibers are promising candidate as
photocatalysts.

© 2011 Elsevier B.V. All rights reserved.

ing mechanical, optical, electrical and thermal properties, rather
different from those of the starting materials. The immobilization of
CdS on petrochemicals-derived polymer substrates including PVP,
poly(ethylene glycol) (PEG)–block–poly(ethylene imine) (PEI) and
nafion membrane has been the focus of many efforts [13–15].

Recent developments for cleaner, sustainable chemistry are
being driven by a shift from petrochemical-based feedstocks to
environmentally friendly biomaterials [16,17]. Among them, bacte-
rial cellulose (BC) produced by fermentation of Acetobacter xylinum
is of great interest due to its unique specific structure [18,19] and
properties such as good mechanic properties, good chemical stabil-
ity, high purity, high crystallinity and good compatibility [20–22].
The ultra fine three-dimension networks endow BC with well-
separated nano- and microfibrils (width < 100 nm), distinct tunnel
and pore structure, which create extensive specific area. Hence, BC
has found wide applications for both biomaterials and template
or matrix for the synthesis of various inorganic nanostructures
[23,24].

Recently, we reported the preparation of TiO2/BC hybrid
nanofibers as UV light-sensitive photocatalyst [25], Pd–Cu/BC
nanofibers as catalyst for water denitrification [26], and Pt
nanoparticle-embedded BC membrane for fuel cell application
[27]. As an extension of our research efforts to develop BC-

inorganic hybrid nanofibers based functional materials, we report
herein our research work in the preparation of morphology-
controlled CdS nanocrystals and the potentiality of CdS/BC hybrid
nanofibers as high-efficiency photocatalyst. The hybrid nanofibers
were prepared by hydrothermal method. The resulting CdS/BCF

dx.doi.org/10.1016/j.jhazmat.2011.02.048
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ybrid nanofibers were characterized by X-ray diffraction (XRD),
ransmission electron microscopy (TEM), and X-ray photoelectron
pectroscopy (XPS) techniques. The excellent photocatalytic activ-
ty of the novel CdS/BCF hybrid nanofibers under visible light was
lso demonstrated.

. Experimental

.1. Preparation of hybrid CdS/bacterial cellulose fiber

The pristine BC substrate was synthesized and purified as
eported [25]. The BC fibers were rinsed with deionized water (pH
) and stored at 4 ◦C for use. The preparation of CdS/BC hybrid
anofiber involves a hydrothermal reaction as a key step. The as
repared BC fibers were first immersed into a mixture solution
f ethanol and water (50:50, v/v). A following solvent exchange
rocess was performed by stepwise increasing the ethanol con-
ent up to 99% to remove disordered water. The ethanol-saturated
C fibers were centrifuged before adding into 200 mL hydrother-
al reaction mixture solution of CdCl2, thiourea in ethanol. The

eaction was carried out at 30 ◦C for 2 h with mechanical stirring
ca. 200 rpm). Subsequently, the mixture solution was transferred
nto a teflon tube fit within a stainless steel autoclave. The auto-
lave was then sealed and heated for either 3 h, 5 h or 7 h in a
reheated oven (180 ◦C). The reaction mixture was centrifuged
o obtain the titled CdS/BC hybrid nanofibers. The fibers were
urther washed with deionized water and ethanol three times
eparately, and finally dried overnight in vaccuo at 60 ◦C. For
rystallization comparison, pristine CdS particles were prepared
sing the similar 5 h-hydrothermal process in the absence of BC
ber.

.2. Characterization of hybrid fiber

The morphology of pristine BC, CdS/BC hybrid nanofibers and
ristine CdS particles was investigated by means of TEM (JEM-
100). The crystallinity and the phase composition of samples were
haracterized by XRD (Bruker D8 ADVANCE). UV–visible spectra
ere recorded on a Cary 5000 spectrophotometer equipped with

n integrated sphere accessory for diffusive reflectance spectra.
-ray photoelectron spectroscopy (XPS) measurements were per-

ormed on a PHI-5300 X-ray photoelectron spectrometer with an
g K� excitation source (1253.6 eV). Thermogravimetric analyses

TGA) were performed on a Boyuan DTU-2C thermogravimetric
nalyzer from 30 to 600 ◦C at a heating rate of 10 ◦C min−1 in air
ow.

.3. Photocatalytic experiment

Methyl orange (MO) is commonly considered as a representa-
ive organic dye in textile effluents, which can easily be monitored
y optical absorption spectroscopy. Herein, MO was applied as
odel contaminant in the photocatalytic decomposition to inves-

igate the photocatalytic activity of the CdS/BC hybrid nanofibers.
set of photocatalytic degradation experiments were performed
ith the following procedure: suspensions of the hybrid nanofibers

200 mg) in MO aqueous solution (20 ppm) were placed in a quartz
eactor (200 mL), which was equipped with a 300 W xenon lamp
ight source with the cutoff wavelength � < 420 nm. Prior to the
hotoreaction, the solution was magnetically stirred in the dark for

h to reach adsorption/desorption equilibrium; then the stirring

eaction solution was irradiated by the vertically incident visi-
le light. During the photoreaction, samples were taken at every
0-min interval and centrifuged to obtain clear solutions for photo-
ptical analysis.
aterials 189 (2011) 377–383

3. Results and discussion

3.1. Morphology of CdS/BCF hybrid nanofibers

The TEM images of bare BC nanofibers and the CdS/BCF hybrid
nanofibers are presented in Fig. 1. The TEM image of Fig. 1a
shows a sideview of the BC nanofibers biosynthesized by Ace-
tobacter xylinum NUST5.2, with an average diameter of about
30 nm and a length ranging from micrometers up to dozens
of micrometers. TEM images of the CdS/BCF hybrid nanofibers
obtained by hydrothermal reaction for 3 h, 5 h and 7 h are shown
in Fig. 1b–d, respectively. As shown in Fig. 1b, the deposited CdS
nanocrystals were well-dispersed on BC surface with a 10–20 nm
diameter. The CdS obtained after 5 h hydrothermal reaction exhib-
ited larger particle size (ca. 30–50 nm in diameter). For prolonged
reaction duration (7 h), the prepared CdS nanoparticles achieved
significantly increased dimension (diameters ranging from 150 to
200 nm) and obvious aggregation of the nanoparticles were clearly
observed (Fig. 1d). Fig. 1e shows the TEM images of pristine CdS
particles formed without BC substrate, with the size varying in
the range of 0.5–1 �m. These cubic CdS particles tend to aggregate
into small clusters. It is evident that BC fibers can provide confined
template during CdS growth.

It is worthy mentioning that the crystal growth sites along BCF
are identical in Fig. 1b–d due to the same reaction system employed.
Scheme 1 illustrates the entire procedure of the fabrication of
CdS/BCF. At the beginning, when BCF was added into the CdCl2
ethanol solution, the Cd2+ coordinate with two adjacent C2 and C3-
hydroxyl groups in the same glucose units along the BC backbone
[28]. Subsequently, when thiourea was added into the colloidal
mixture, the Cd2+ was chelated with thiourea to form colorless
quadridentate chelate. Finally, upon heating, thiosemicarbazide is
attacked by the strong nucleophilic O atoms of H2O molecules
leading to the weakening of the C S double bonds. Heated at ele-
vated temperature, the C S bond will be broken, and the S2− anion
will slowly generate, which then reacts with Cd2+ to form CdS
particles [28,29]. The as-prepared CdS nanoparticles were stabi-
lized on the BCF surface via coordination effect between CdS and
hydroxyl groups of BCF, as shown in Scheme 1. This stability mech-
anism is similar to that of CdS nanoparticles capped by chitosan
or cellulose [28,29]. This growth mechanism is in good agreement
with the above-presented TEM photographs and the following XRD
studies.

The crystallographic behavior of the deposited CdS nanoparti-
cles was further investigated by X-ray diffraction (XRD). From the
XRD spectra shown in Fig. 2, broad peaks are observed at 2� val-
ues of 14.5◦, 16.6◦, and 22.5◦, which are characteristic peaks for BC
fibers and can be assigned to the crystallographic plane of (1 0 0),
(1 1̄ 0) and (2 0 0) reflection of BC, respectively [30,31]. Apart
from the diffraction peaks of BC, there are several distinct peaks
for the CdS/BC hybrid nanofibers. All of the rest diffraction peaks
match well with those of the perfect hexagonal wurtzite-structured
CdS. The hexagonal wurtzite-structured CdS crystals present lattice
parameters of a = 4.14 Å and c = 6.72 Å, in a good agreement with
the literature values (JCPDS Card, No. 41-1049) [32,33]. No extra
peaks are detected in these patterns, indicating clean CdS/BC com-
posites achieved without any impurities. It should be noted that
the diffraction peaks increase in intensity with narrower breadth
when deposited CdS nanoparticles with longer hydrothermal reac-
tion. The broader diffraction peaks for the CdS/BC hybrid fiber also
lead to smaller average particle size as calculated by the Scherrer

equation. The calculation results, which estimated the average size
to be 26.4 nm, 58.7 nm and 239.1 nm for CdS/BC hybrid fiber of 3 h,
5 h and 7 h, are in good agreement with TEM measurements. Com-
pared with the diffraction pattern of sample (CdS/BCF), an extra
diffraction peak at 30.6◦ was observed for pristine CdS particles. As
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ig. 1. TEM images of pristine BC nanofibers (a) and the CdS/BCF hybrid nanofiber
articles prepared with hydrothermal reaction for 5 h without BC substrate.

s known, the hexagonal structure CdS has no characteristic diffrac-

ion peak at 30.6◦. According to JCPDS No: 10-0454, cubic structure
f CdS typically has a characteristic peak at 30.6◦ corresponding to
he (2 0 0) plane. It clearly indicates that two crystalline phases,
ubic and hexagonal phases, coexist in pristine CdS particles. It
s interesting that the hexagonal phase for CdS was obtained at
ared with hydrothermal reaction for 3 h (b), 5 h (c), and 7 h (d). (e) Reference CdS

such a low temperature in our hydrothermal route. According to

Sun and Li [34], the temperature at which CdS nanocrystal changes
from the amorphous phase to the hexagonal phase at 180 ◦C and a
nearly complete hexagonal phase was at 240 ◦C in their hydrother-
mal method. It is evident that BC fibers can induce the growth of
hexagonal phase CdS nanocrystals.
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lemon to bright yellow, and further to deep yellow as the reac-
tion time prolongs from 3 h to 5 h, and further to 7 h (Fig. 4b).
Compared with CdS bulk material, which shows maximum absorp-
tion peak around 520 nm, all of the CdS/BCF hybrid nanofibers
Scheme 1. Schematic illustration of th

Further evidence of the high crystal quality was obtained using
-ray photoelectron spectroscopy (XPS). From Fig. 3a–b, the bind-

ng energies of S 2p3/2, Cd 3d3/2 and Cd 3d5/2 are identified at
61.2 eV, 411.9 eV and 404.7 eV, respectively, which is consistent
ith the reported values in the literature [35,36]. These results fur-

her confirmed the nanocrystals are pure CdS, as proven in the XRD
pectra. By estimation of the peak areas of the selected XPS peaks,
he Cd-to-S atomic ratio at the surface was determined to be 1.09,
hich was close to the theoretical values, indicating that almost all
recursor Cd2+ ions have transformed into CdS nanoparticles.

.2. Photo-optical measurements

The as-prepared hybrid nanofibers present the typical band-
o-band absorption in the visible spectral region because of the
ncorporated CdS nanoparticles, whereas the empty BCF matrix
oes not show any prominent optical absorption in the similar
pectral region (Fig. 4a). The color of the empty BCF matrix is milky.
t is noteworthy that the CdS/BC composites exhibit red-shifted
bsorption spectra with prolonged reaction time. When heating
ime increased from 3 h to 5 h, the corresponding composites show
maximum absorption peak at 475 nm and 483 nm, respectively.

urther prolonging the reaction time to 7 h, the composites display

much red-shifted maximum absorption peak (498 nm), accom-
anying a significant increase in the absorbance intensity. The
ed-shifted and intensified absorption spectra at longer reaction
ime could result from the increased mean particle size of CdS crys-

ig. 2. X-ray diffraction (XRD) patterns of CdS/BCF hybrid nanofibers prepared at
80 ◦C for 3 h, 5 h, and 7 h, respectively. Reference CdS particles prepared with
ydrothermal reaction for 5 h without BC substrate assigned as 5 h CdS.
paration of CdS/BC hybrid nanofibers.

tals due to further crystalline growth during the afterward reaction
time. These results are coincident with those obtained from TEM
photographs and XRD patterns. As observed by naked eyes, the
ethanol solution of dispersed composites changed in color from
Fig. 3. XPS analysis of the CdS/BCF hybrid nanofibers: (a) S-2p binding energy spec-
trum and (b) Cd-3d binding energy spectrum.
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order kinetics can be represented as follows:

r = −dC

dt
= − k′KC

1 + KC
(1)
ig. 4. (a) UV–vis absorption spectra of BC nanofibers and CdS/BCF hybrid nanofibers
repared at 180 ◦C for 3 h, 5 h, and 7 h. (b) Photograph image of the nanofibers and
dS/BCF hybrid nanofibers prepared at 180 ◦C for 3 h, 5 h, and 7 h.

ave shown considerable blue-shifted absorption spectra due to
uantum confinement [37]. Similar behavior was observed in
he synthesis of CdS nanopaticles by using double-hydrophilic
lock copolymers of solvating PEG block and binding PEI
lock [14].

The thermal stability of the pristine BC fibers and CdS/BC hybrid
anofibers (hydrothermal reaction 5 h) was evaluated by thermo-
ravimetric analysis (TGA) in air flow (Fig. 5). It is apparent that
dS/BC hybrid nanofibers exhibited better thermal stabilities than
C fibers, as weight loss less than 5% on heating to 340 ◦C for the

ormer and 270 ◦C for the latter. Upon continuous heating up to
00 ◦C, pure BC degrades completely, leaving only minute amounts,
hile 40% of the sample still remains in CdS/BCF. Black ashes were

btained after the measurement of CdS/BCF.
The photocatalytic activities of the CdS/BC hybrid nanofibers

ere evaluated by photocatalytic degradation of MO under visible
ight irradiation. As a control, the activity of commercial photocat-
lyst P25 and pristine CdS particles were also tested under same
onditions. Results of the photocatalytic evaluation are shown in
ig. 6a. Obviously, the removal rate of photocatalytic degradation
f MO with the CdS/BCF hybrid nanofibers (5 h hydrothermal reac-
ion) is much higher than that of commercial photocatalyst P25
nd pristine CdS particles. In order to get the accurate kinetic data,

inetic experiments were carried out after 60 min dark reaction
o assure the adsorption equilibrium was reached. It is well-
nown that photocatalytic oxidation of organic pollutants obeys
angmuir–Hinshelwood kinetics [38]. This kind of pseudo-first-
Fig. 5. TGA traces of BC nanofibers and CdS/BCF hybrid nanofibers (hydrothermal
reaction 5 h) recorded at a heating rate of 10 ◦C min−1 under air flow.
Fig. 6. Effect of illumination time on the degradation of MO in the presence of
CdS/BCF under visible light irradiation (top panel) and plot of ln(C/C0) versus irra-
diation time (bottom panel).
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ig. 7. The decrease of MO concentration with visible light irradiation by recycling
se of CdS/BCF.

here r is the rate of dye mineralization, k′ is the rate constant,
is the dye concentration, and K is the adsorption coefficient. By

ntegration, Eq. (1) can be arranged into the following:

n
(

C

C0

)
= −kt (2)

here C0 is the initial concentration of the MO solution and k is a
ate constant.

According to Eq. (2), rate constant k can be given by the slope of
tting curves, when plotting ln(C/C0) against. The degradation data
f MO in the presence of CdS/BCF hybrid nanofibers, commercial
hotocatalyst P25 and pristine CdS particles are plotted in Fig. 6b,
hown with the linear fitting curves. The reaction rate constants for
dS/BCF hybrid nanofibers, commercial photocatalyst P25 and CdS
re 0.012 min−1, 0.0104 min−1, and 0.00013 min−1, respectively.
he results illustrate that the CdS/BCF to be a better photocatalyst
han P25 in the visible light irradiation.

From a practical viewpoint, it is utmost necessary to evaluate
he stability and reusability of CdS/BCF. The photocatalytic exper-
ments were repeated 5 times with the same catalyst at 20 mg/L

O concentration in the presence of 200 mg/L catalyst. After each
xperiment, the catalyst was taken out by the filtration, washed
nd recycled. The results showed that the catalytic activity of the
atalyst had a slight decrease after 5 cycles and the results were
hown in Fig. 7. The degradation rates for 5-cycle reuses were 82%,
0.4%, 78.6%, 78%, and 77.3%, respectively, after 90-min irradiation.
he photocatalytic reactivity of the present photocatalyst is just
lightly reduced in stirred aqueous solution, indicating that cycling
sage of the photocatalyst is possible and its stability in treating
olluted water is satisfactory.

. Conclusions

In summary, a facile approach to fabricate CdS/BCF hybrid
anofibers with high photocatalytic activity has been proposed.
anocrystals of CdS with well-defined hexagonal wurtzite struc-

ure were obtained with size controllable by reaction time.
he as-used hydrothermal method is effective to achieve CdS-
mbedded BC hybrid composites. The results of TEM, XRD and
PS analysis confirmed the growth process of CdS nanoparticles.

ed-shifted absorption spectra on the hybrid nanofibers synthe-
ized at increased reaction time indicate the crystalline growth of
dS nanoparticle at the original crystalline nuclei. The photocatal-
sis ability of the newly developed CdS/BCF hybrid nanofibers was
valuated by MO degradation. The results indicate that the robust

[

[

aterials 189 (2011) 377–383

BCF-supported CdS nanoparticles are effective in photocatalysis of
organic dyes like MO. In addition, shape and size controlled CdS
cemented on renewable BC nanofibers offer the potentialities as
recyclable photocatalyst in the area of the catalytic processes.
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