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Nanostructured zinc oxide (ZnO) was successfully synthesized by
precipitation method using the extract of Cylea barbata Miers
(CBM) leaves as a soft template after 3 h of calcinations in furnace
at 500°C in the open air. Characterization results showed that the
nanostructured ZnO had hexagonal wurtzite structure with space
group P63mc and nano-scale particle diameter. It was suggested that
the existence of polysaccharide galacturonic acid as the major bio-
molecular component in the CBM extract induced the formation of
the nanostructured ZnO. Preliminary study results through activity
testing of adsorbtion for Congo red (CR) dye removal from aqueous
solution showed that the nanostructured ZnO exhibited excellent
adsorption property, indicating that its adsorption activity was better
than that of the commercial ZnO. Regeneration study of the
nanostructured ZnO indicated that it could be reused while it
sadsorption activity was kept excellent with removal efficiency >
85% even up to five times of the cycling experiments.

1. Introduction

ultraviolet photodiode based on ZnO nano-wire
[2]. It has also been reported as an active

As a semiconductor material, nanostructured
zinc oxide (ZnO) has attracted considerable
interest in both academic and research institutes
because it exhibits tremendou sphysical and
chemical properties, which are significantly
different from the ZnO bulk particles. As a
versatile semiconductor the nanostructured
ZnO has been used as a material for solar cell
[1], semiconductor device [2], environmental
remediation [3], and biomedical treatment [4].
In solar cell application, ZnO was found to
increase the performance of hybrid solar cell
device [1]. For semiconductor device
application, it has been used for the synthesis of

material for remediation purposes, including
heavy metal and toxic dyes removal from
aquatic environment [3, 5]. In the biomedical
application, the efficiency of the nanostructured
ZnO has been reported as an anti-microbial
agent to treat pathogenic bacteria [4, 6].

To date, a number of methods for the synthesis
of nanostructured ZnO, including microwave-
assisted [7], sol-gel [8], ultrasonication [9],
solvo/hydrothermal [10], surfactant-assisted
[11], sonochemical [12] and electrochemical
deposition [13], have been reported. Among
these methods, surfactant- assisted

Corresponding author:
E-mail address: oman.zuas@lipi.go.id (Oman Zuas).


mailto:oman.zuas:@lipi.go.id

0. Zuas et al, Journal of Advanced Materials and Processing, Vol.3, No. 1, 2015, 39-50 40

method is preferred because of its simplicity.
Further, the surfactant used as the capping
agents in this method can suppress the particle
growth, so nano size of ZnO particle can be
achieved. The employed templates in the above
process may include cetyltrimethyl ammonium
bromide [14], polyethylene glycol [15, 16],
polyvinyl pyrrolidone [17], poly acrylic acid
[18], and sodium dodecyl sulfate [19].
However, surfactant-based templates suffer
from several disadvantages, including high
price, poor mechanical strength, and time-
consuming template removal. Recently, the use
of Dbio-template resourced from nature
including albumen [20], cotton fibers [21],
gelatin [22], palm olein [23], microbial cells
[24], rice [25], and virus [26] for the synthesis
of nanostructured ZnO has been reported and
emerged as an alternative to the conventional
methods. The specific advantages of this
bio-inspired method in comparison with the
conventional surfactant-assisted ones include:
i) it involves an inexpensive route because the
bio-template can be easily obtained from an
abundant resource in nature while keeping the
process to be green and environmentally
friendly; ii) it generates the nanostructured ZnO
with improved mechanical properties; iii) it can
be easily scaled up for a large production scale.
Despite the fact that the usage of several
resources in nature for the synthesis of
nanostructured ZnO has been pointedly
achieved, exploring  other  bio-inspired
templates in the area is still facing challenges.
It is a widely acceptable idea that synthesis of
metal oxide is generally designed to achieve an
active material that is otherwise not reactive
[27]. Thus, the purpose of this study is not only
to synthesizethe nanostructured ZnO but also to
evaluate its activity. In general, colored
synthetic dyes are commonly used in many
industries such as cotton textile, plastic, wood
pulp and paper. The occurrence of colored dye
in aquatic environment is mostclosely related to
the improper method used for discharging of
the industrial effluents. The presence of colored
dye effluents can potentially threat the aquatic
ecosystem  Dbecause they are  aesthetic
pollutants, resistant to aerobic digestion, stable
to both light heat and oxidizing agents, and
they can hinder the light penetration required

for the aqueous biological processes [28, 29].
In addition, the colored effluents may contain
some harm chemicals that are toxic,
carcinogenic, or mutagenic to aquatic life
[28-30]. Here, we report a work on the
synthesis of nanostructured ZnO using an
aqueous extract of Cyclea barbata Miers
(hereafter abbreviated as CBM) leaves as
bio-template. The synthesized nanostructured
ZnO was then characterized using thermo
gravimetric analyzer (TGA),
X-ray diffraction (XRD) analysis, Fourier
transform infrared (FTIR) spectroscopy,
Brunauer- Emmett -Teller (BET) surface
analysis, and scanning electron microscopy
(SEM). The activity of the nanostructured ZnO
as adsorbent for removal of dye wastewater
pollutant was evaluated with Congo red (CR)
as the colored dye model.

2. Experimental

2. 1. Materials

Commercially available chemicals were used
without further purification. The chemicals
include ammonia solution (NH,OH, 25%,
Merck, Germany), zinc acetate dihydrate
(Zn(CH3C00),-2H,0, 98%, Merck, Germany),
Congo red dye (C.I. 22120, 97% Sigma-
Aldrich, Germany) having a molecular
structure as presented in Fig. la. Fresh CBM
leaves (Fig. 1b) were collected from a farm in
Kota Tangerang, Banten, Indonesia. Deionized
water was used in all experimental runs.

2. 2. Experimental Design

2. 2. 1. Preparation of the CBM leaves extract
The CBM leaves extract used in this study was
prepared through the following simple
procedure. Typically, fresh CBM leaves were
thoroughly washed twice with 200 mL of
deionized water in order to remove the dust
particles. 5 g of free-dust CBM leaves was then
transferred into a household blender containing
150 ml of deionized water. After 30 second of
blending, the blended CBMs leaves were sieved
through a 106 mesh wire net to obtain the CBM
aqueous extract for further immediate use.

2. 2. 2. Synthesis of the nanostructured ZnO
The nanostructured ZnO was synthesized by a
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Fig. 1. Cyclea barbata, Miers leaves (a), and the molecular structure of CR dye (b). (For interpretation of the
references to color in this figure the reader is referred to the web version of the article.)

simple precipitation method using the leaf
extract of CBM as a bio-template with NH,OH
as a precipitating agent. In a typical procedure,
4.45 g of Zn(CH3COO0),-2H,0 was dissolved in
100 mL of the CBM leaves extract in a 250 mL
beaker glass under vigorous stirring to obtain a
mixture solution containing the CBM leaves
extract and Zn(CH;COO0),-2H,0, giving
solution 1. After stirring for 10 min,
Zn(CH3C00),-2H,0 in solution | was slowly
precipitated using the NH4OH solution (25%
v/v) until the pH of the solution reached the
value of 10, giving solution Il. This solution
was continuously stirred for 10 min, followed
by incubating in an oven at 65°C for 18 h. After
incubation, the liquid of solution Il was
discarded by centrifugation at 2200 rpm for 5
min to obtain the CBM gel containing zinc
hydroxides [CBM-Zn (OH), gel]. The CBM-Zn
(OH), gel was washed three times with
deionized water followed by washing with 50
mL of ethanol. The washed CBM-Zn (OH), gel
was dried in an oven at 105°C for 2.5 h and
then at 120°C for 1 h to produce the precursor
of nanostructured ZnO (the as-prepared
synthesized sample). Finally, nanostructured
ZnO was obtained by calcining the as-prepared
synthesized sample at 500°C for 3 h.

2. 2. 3. Characterization

Thermal gravimetric analysis (TGA) of the
as-prepared synthesized sample was carried out
ona Mettler-Toledo TGA 85le. The sample
was placed in an alumina crucible and heated in

(b)
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the temperature ranging from 25 to 700°C at a
heating rate of 5°C/min under a nitrogen
atmosphere. For the synthesized nanostructured
Zn0O, the XRD data were recorded on a Rigaku
X-ray at 40 kV and 100 mA with Cu-Ka as the
radiation source. The 26 was scanned in the
range from 25°o 75t a speed of 1.2°/min. The
FTIR spectra of all samples under investigation
were recorded on a Shimadzu IR Prestige DSR-
8000 spectrometer using potassium bromide
(KBr) media in the wavenumber ranging from
400 cm* to 4000 cm™* at a scanning rate of 4
cm /min. The specific surface area of the
synthesized  nanocomposite  samples  was
determined using a multi-points BET method
from the N, adsorption-desorption isotherm on
a Quantasorb sorption system-Quantachrome
Corporation surface area analyzer. Before the
BET analysis, the nanostructured ZnO sample
was dried at 120°C overnight and then out-
gassed at 300°C for 3 h. Morphological
analysisof the synthesized nanostructured
ZnOwas conducted on a JEOL SEM (JSM-
6400V) operated at 20 KV with gold sputtered
on sample.The TEM image of the synthesized
nanostructured ZnO was recorded on a TEM-
2100F high resolution TEM operating at 200
kV. The nanostructured ZnO for TEM analysis
was dispersed in ethanol, sonicated and then
one drop of the suspensions was deposited onto
a 300 mesh copper grid.

2. 2. 4. Dye adsorption evaluation
Adsorption studies of the CR dye by
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Fig. 2. The TGA thermograph of the as-prepared synthesized sample.

nanostructured ZnO were conducted using
batch experimental methods. In general, a
certain amount (mg) of nanostructured ZnO
was transferred into a 15 mL capped glass tube
containing 10 mL of the CR dye solution. The
tube was then placed in a Cetromat WR
temperature-controlled water bath shaker and
agitated fora certain duration under specified
conditions (130 rpm and 30 + 1°C). Afterward,
supernatant solution was separated from the
adsorbent by centrifugation at 2200 for 5 min
using IEC Centra CL2 Thermo centrifuge. In
order to determine the residue of the CR dye in
the solution, the absorbance of supernatant
solution ~was measured at  maximum
wavelength  (Amas): 500 nm using Hitachi
U-2000 UV-Vis  spectrophotometer. The
concentration of the CR dye remaining in the
solution was calculated by inserting the
absorbance of individual sample solutions into
a calibration curve expression, which was
obtained by plotting the CR dye standard
solutions versus their concentration. A high
linearity of the calibration curve was obtained
by measuring a series of the CR dye standard
solution ranging from 2.5-10 mg/L, giving an
expression: A = 0.0355C-0.0036, where A and
C are the absorbance and concentration of the
CR dye standard solutions, respectively. The
coefficient regression (R? of the calibration
curve expression was found to be 0.9988.The
percentage removal (%R) of the CR dye was
calculated using the following expression:

(Co _Ct)

t
where C, (mg/L) is the initial concentration of
the CR dye solution and C; is the concentration
of CR dye after time t (mg/L).

%R = X100 [1]

3. Result and discussion

3. 1. Characterization of the nanostructured
ZnO

Thermal gravimetric analysis (TGA) technique
is commonly used to investigate mass loss of
the heat treated materials as a function of
increasing temperature. Fig. 2 shows the TGA
thermograph of the as-prepared synthesized
sample. As can be seen in Fig. 2, the first broad
TGA exothermic peak was observed in the
temperature range of 25-175 oC, which may
indicate the mass loss due to the evaporation of
the surface adsorbed water [31], attributing to a
mass loss of 41.35%. The second TGA
exothermic peak was observed at the
temperature range of 175-4250C, indicating the
mass loss caused by the decomposition of
hydroxyl groups and organic molecules
chemically bonded to the material surface [32].
This peak occurred with a mass loss of 3.07%.
The last TGA exothermic peak was found in
the temperature range of 425-500°C, giving a
mass loss of 1.58%. A small decreasing of the
material mass can be assumed due to the
change of the ZnO phase from amorphous to
crystalline phase. From the TGA thermograph
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Fig. 3. The XRD pattern of the commercial ZnO (a), the synthesized nanostructured ZnO calcined at 500 oC
(b), and the XRD pattern of the ZnO according to the JCPDS Card No 36-1451(c). (For interpretation of the
references to color in this figure the reader is referred to the web version of the article.)

data it can be concluded that the suitable
temperature for calcination of the as-prepared
synthesized sample to obtain nanostructured
ZnO is 500°C.

Fig. 3 shows the XRD pattern of the sample
under this study. Fig.3a shows the XRD pattern
of the commercial ZnO, which is included for
comparison only. As can be seen from Fig. 3a,
the XRD of the commercial ZnOhas well-
defined diffraction peaks at about 31.81°,
34.45°, 36.29°, 47.57°, 56.63°, 62.89°, 66.43°,
67.95°, 69.07°, and 72.69°. These diffraction
peaks are assigned to (100), (002), (101), (102),
(110), (103), (200), (112), (201), and (004)
planes, respectively. Very similar XRD peak
pattern was observed for the nanostructured
ZnO (Fig. 3b), although its peak height was
found to be lower than the commercial ZnO.
Interestingly, all of the diffraction peaks in both
commercial and synthesized nanostructured
ZnO can be indexed to the hexagonal
wurtzite structure with space group of P63mc
by comparison with the data from JCPDS Card
No. 36-1451as shown in Fig. 3c [33]. No
diffraction peaks arising from any impurity can
be detected in the pattern, which confirms that
the grown products are pure ZnO. Fig. 4a, 4b
and 4c show the FT-IR spectra of the as-
prepared synthesized sample, the
nanostructured ZnO, and the commercial ZnO,
respectively. From Fig. 4a, it can be seen that

the FTIR of the as-synthesized sample shows
some characteristic peaks of polysaccharides in
the form of polygalacturonic acid as the main
component of the CBM extract [34]. The bands
at around 2930 cm™ indicate the presence of the
O-CHj3 stretching from methyl esters. The
absorption band around 1760-1745 cm™ is
assigned to the ester group, while the band at
around 1640-1620 cm™ is attributed to the free
carboxylic groups (1640-1620 cm™) [35]. The
O-H (vO-H) bending vibration of the
physisorbed water is observed with the peak at
around 3400 cm™ [27]. All these bands almost
disappear in the FT-IR spectrum of the
nanostructured ZnO after calcination at 500°C
for 3 h (Fig. 4b), indicating the polysaccharides
component has been eliminated during
calcination. In addition, some typical bands of
the ZnO can be observed in Fig. 4b. A
stretching vibration mode of Zn-O (vZn-0) in
the nanostructured ZnO is observed at about
430 cm™. The peak at around 1064 cm.; might
be attributed to C=C stretching mode. The peak
of the C-O bond is observed at around
1706 cm™. The broad band at around 3340 cm™
is assigned to the existence of hydroxyl group
(-OH) on the surface of the sample. The peak at
around 2480 cm™ indicates the existence of
CO, molecules in air. Those bands at around
2800-3000 cm™a redue to the C-H stretching
frequencies [36, 37]. Moreover,
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Fig. 4. The FT-IR spectra of the as-prepared synthesized sample (a), the nanostructured ZnO calcined at
500 °C for 3 h (b), andof the commercial ZnO (c). The commercial ZnO is included for comparison only. (For
interpretation of the references to color in this figure the reader is referred to the web version of the article.)

the FT-IR spectrum of the nanostructured ZnO
(Fig. 4b) has a pattern similar to pure
commercial ZnO (Fig. 4c). This finding is an
agreement with the XRD data, ensuring that the
synthesized material obtained is ZnO.

The typical nitrogen adsorption—desorption
isotherm of nanostructured ZnO and its
corresponding  pore-size  distributions are
shown in Fig. 5a and 5b, respectively. As
shown in Fig. 5(a), the adsorption—desorption
isotherm of nanostructured ZnO is identified as
type IV, showing a mesoporous material
characteristic [38]. The BET surface area of
nanostructured ZnO is about 54 mZ/g, which is
obviously larger than that of commercial ZnO
powder with a BET surface area of about 3.3
m?%g [39]. The BJH pore-size distribution
ranges from 13 nm to 75 nm with an obvious
maximum at about 42 nm. Conclusively, all
these data indicates that the nanostructured
ZnO may have strong adsorption behavior. The
SEM image of the nanostructured ZnO showed
that the ZnO particles were almost spherical in
shape (Fig. 6). From the high resolution TEM
image of the nanostructured ZnO particle (inset
of Fig. 6), the grain boundary of the
nanostructured ZnO can be clearly observed
with a clear crystal diameter of about 10-20
nm, which is smaller than the commercial ZnO
with average particle size of about 500 nm [39].
As can be seen from the image (inset of

Fig. 6), most of the particles' shapes consist
of several spheres attaching together. The
main component of CBM is polygalacturonic
acid, which is a polysaccharide compound. It
has  been  previously reported that
polysaccharide can play an important role
when they are used in the synthesis of metal
oxide based materials, because they can act
as capping, functionalizing, stabilizing,
poring and/or coordinating agents [25]. Besides,
the hydroxyl groups of the polysaccharides
might be involved in intra- and/or intermolecular
supramolecular association or might be
coordinated with transition metal ions,
preserving the particle highly aggregated
[40]. Moreover, this template-assisted
method is considered as a soft-templating
method since CBM was used to synthesize
mesoporous ZnO nanostructures. Based on
the discussion above, a possible mechanism
for the formation of the nanostructured ZnO
may be suggested as shown in Fig. 7 and the
description is as follows. The self-assembly
of the CBM extract and organization of zinc
ion over the CBM extract formed a solid and
stable inorganic-organic hybrid (Fig. 7a).
The addition of NH,OH leads to formation
of the Zn(OH),-CBM  extract and
NH4(CHsCOO) aqueous solution (Fig. 7b).
The removal of the NH, (CH;COO) aqueous
solution yields wet solid CBM-Zn(OH), gel
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Fig. 5. Nitrogen adsorption-desorption isotherm for the nanostructured ZnO (a), and pore size distribution plot (b).

Fig. 6. SEM imageof the nanostructured ZnO calcined at 500 oC for 3 h (Inset: TEM image)

(Fig. 7c). The drying of wet solid
CBM-Zn(OH), gel produced dry solid CBM-
Zn(OH), (Fig. 7d). The removal of the CBM
template by the calcination of dry solid CBM-
Zn(OH), at 500°C for 3 h produced phase-pure
nanostructured ZnO (Fig. 7e).

3. 2. Adsorption Testing for CR Removal

A simple re-calculation allows to plot the
percentage removal as the functions of contact
time (Fig. 8a). It was shown that adsorption
increases rapidly inthe initial stages. This rapid
adsorption process might be due to rapid
attachment of the CR dye to the surface of the
nanostructured  ZnO. Increasing of the
adsorption is kept gradual until equilibrium is
reached and then remains constant. It can be
observed that the remaining percentage

removal becomes asymptotic to the time axis
after 90 min of shaking. Moreover, the amount
of the CR dye adsorbed showed no significant
difference when the contact times were longer
than 100 min. This duration, i.e. 100 min, was
found to be sufficient for reaching the
adsorption equilibrium of the CR dye.

In addition, the synthesized nanostructured
ZnO was compared to a commercial ZnO
powder for their removal efficiency. It was
found that the removal efficiency of the
nanostuctured ZnO was 58.49 %, which was
higher than that of the commercial ZnO
(Fig. 8b). Normally, some good adsorbent can
be used several times after regeneration by
removing the adsorbate from the surface of
adsorbent. Hence, regeneration of the used
adsorbent is essential. However, incomplete
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removal of the adsorbate from the adsorbent
surface may lead to adsorbent deactivation,
which suffers its activity. Therefore, the
reusability of the nanostructured ZnO is under
consideration. To reuse the adsorbent, the
nanostructured ZnOparticles were heat treated
at 400°C for 2 h. A complete removal oftheCR
dye moleculesfrom the nanostructured ZnOwas
confirmed by changing the color of powdered
particle from red (Fig. 9a) to yellowish powder

(Fig. 9b). In this study, five experimental
cycles were conducted under the same
experimental conditions and the results are
presented in Fig. 9¢c. As can be seen from Fig.
9c, from the first to the fifth cycle, a markedly
stable activity of the nanostructured ZnO is
observed. This result indicates that heat
treatment of the nanostructured ZnO is quite
suitable to remove the CR dye molecules from
the surface. The heat treatmentof the reused
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adsorbent may only remove the CR dye
molecules from the adsorbent surface, but it did
not  significantly  alter  the  adsorbent
characteristics, because the treatment process of
the reused adsorbent was receiving a significant
lower temperature (i.e., 400°C) than the
calcination temperature in the synthesis process
of the nanostructured ZnO (i.e., 500°C). Hence,
the activity of the nanostructured ZnO has been
continuously well maintained.

4. Conclusion
Nanostructured ZnO was successfully synthesized

by bio-templating method using an extract of
the Cyclea barbata Miers leaves. The
synthesized nanostructured ZnO has a well-
defined spherical morphology and good
crystalline nature with hexagonal wurtzite
structure and space group of P63mc. The
synthesized nanostructured ZnO was tested for
its potential use as an adsorbent for CR dye
removal from water through batch adsorption
process. The nanostructured ZnO can rapidly
adsorb the CR dye and its performance was
found to be higher than the commercial ZnO. In
addition, the cycling experiment test showed
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that the nanostructured ZnO is markedly stable
and its activity was Kkept continuously
maintained after being used for several times.
The result of this study indicates that
nanostructured ZnO is a promising adsorbent
material for the removal of synthetic dyes from
aqueous solution. However, more detailed
study to understand the environmental effects
(adsorbent  dose, temperature, pH, ionic
strength, dye concentration, etc.) on the
removal behavior of the nanostructured ZnO, as
well as the Kkinetic investigations are also
interesting to be done.
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