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In this article, the effects of temperature on the formation of macroporous zinc oxide bundles and its
photocatalytic activity under a variety of experimental conditions were reported. Thermal decomposi-
tion of zinc oxalate dihydrate yields hexagonal wurtzite-type ZnO bundles. Increased the decomposition
temperatures resulted in decreased time required for bundle formation, with a corresponding increase in
nanoparticles agglomeration. ZnO bundle formation was facilitated up to 200 °C after complete decom-
position of zinc oxalate into ZnO at 400°C in 15 min. However, low temperature (such as 100 °C) was not

gi)(zjwords: facilitated nanobundle formation, suggesting the importance of temperature on ZnO bundles formation.
Bundles In addition, nitrogen adsorption experiments confirmed the presence of macroporous structure in the
Photocatalyst bundles. The photocatalytic decolorization and adsorption of methylene blue dye (MB) on ZnO bundles

were investigated under UV light irradiation. The adsorption and decolorization efficiency of macrop-
orous bundles were higher than the fused bundles. In conclusion, ZnO bundles are efficient and easily

Methylene blue

recyclable photocatalyst.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide is a well-known wurtzite type wide-band gap
semiconductor and currently gained attention because of its
electronic properties. Recently, the study of one-dimensional
(1D) nanostructural ZnO has attracted much interest owing
to its low cost, unique electrical, optoelectronic and lumines-
cent properties with many potential applications [1-5]. The
synthesis and application of new ZnO nanostructures is on
the cutting edge of today’s research in nanotechnology. Such
attempts in nanomaterial growth must be improved from natu-
rally occurring processes in order to be scalable for their practical
applications.

Photocatalytic processes in polluted air and water can degrade
the concentration of contaminants through the use of UV-irradiated
inorganic oxides. In recent years, novel heterogeneous metal
oxide semiconductor materials, for example, TiO, and ZnO, were
developed, which attracted considerable attention due to their
photocatalytic ability to degrade various environmental pollutants
[6-10]. ZnO is a most effective process, like TiO,, in photocat-
alytic decolorization under UV irradiation. Certain studies have
confirmed that ZnO exhibits a better efficiency than TiO; in photo-
catalytic decolorization of select dyes even in aqueous solutions
[11-13]. Other advantages of ZnO application were reported an
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absorption capacity with larger fractions of solar spectrum com-
pared to TiO, [14].

Synthetic dyes are major industrial pollutants as a water con-
taminant [15]. Textile wastewater frequently introduces intensive
color and toxicity residues into aquatic systems. Due to the com-
plex aromatic structures and stability of these dyes, conventional
biological treatment methods are at times ineffective as a pollutant
degrader [16,17]. In many applications, ZnO was used to form fine
powder particulates suspended in water. In spite of the simplicity of
this technique, it is still necessary to recover the ZnO powders after
photocatalytic water treatment. Researchers have used other meth-
ods to immobilize ZnO powders on a supporting material while
searching for a new, easily recoverable photocatalyst process to off-
set the cost of recovery operations, and possible powderloss [18,19].
Earlier, we reported the fabrication of easily recyclable, wurtzite
ZnO bundles and their catalytic activity in catalytic ozonation pro-
cesses using 2-ethoxy ethyl acetate (2-EEA) as a model pollutant
[1].

ZnO bundle synthesis under optimum experimental condition is
necessary for large scale production and for energy saving purposes.
Since we previously reported that the decomposition temperature
played a crucial role in the formation of bundles, the practical effects
of temperature on bundles formation needed further investigation.
Although zinc oxalate was used as a starting material for the prepa-
ration of ZnO, no research results were available for ZnO bundle
fabrication [20-22]. The aim of the present investigation was to
study the ZnO bundle formation under a variety of experimental
conditions, including adsorption and photocatalytic efficiency rates
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using MB as a model pollutant under UV light irradiation. MB dye
is not regarded as an acutely toxic component, but it has various
harmful effects. Acute exposure to MB will cause increased heart
rate, vomiting, shock, Heinz body formation, cyanosis, jaundice and
quadriplegia and tissue necrosis in humans. Although MB is fre-
quently seen in some medical uses in large quantities, it can also
be widely used in coloring paper, dyeing cottons, wools, coating for
paper stocks, etc.

2. Materials and methods

2.1. Chemicals

Methylene blue dye was obtained from Merck chemical com-
pany, Germany. Oxalic acid (anhydrous) (99%) and zinc nitrate hexa
hydrate (99%) were purchased from SHOWA Chemical Co., Japan.

2.2. Preparation of zinc oxalate dihydrate

Aqueous solutions of equal volume of 0.4 M zinc nitrate hexa
hydrate and of 0.6 M anhydrous oxalic acid in deionized water (Milli
q-Plus, resistance = 18.2 M2) were brought to their boiling points
and the former was added rapidly to the latter; the mixture was
stirred often as it cooled down to room temperature. The precip-
itate is rather fine and uniform in dimension. The crystals were
washed several times with distilled water, air-dried for over night,
and dried 100°C for 3 h. The sample was kept for further analysis
in polyethylene cover.

2.3. Synthesis of ZnO bundles

About 1 g of zinc oxalate dihydrate was taken in a porcelain dish
and kept inside the muffle furnace. The furnace was heated at the
rate of 20°C/min to reach the desired decomposition temperature.
After desired time, the furnace was allowed to cool down auto-
matically to room temperature. The synthesized ZnO bundle was
collected and used for further analysis.

2.4. Photocatalytic reactor

The photocatalytic decomposition experiments were studied
in an immersion type photoreactor which was assembled in our
laboratory as shown in Fig. 1. This module consists of a double-
walled glass vessel with its outer circulation space connected to a
water bath for maintaining desired temperatures. Open borosili-
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Fig. 1. Schematic diagram of photocatalytic reactor under UV light irradiation.

cate glass tubes of 200 ml capacity, with a 30 cm height and a 6cm
diameter, were used as reaction vessels. Required quantities of dye
solution with catalyst were placed in the inner reactor as a decom-
position experiment. In the center of cylindrical reactor, a lamp
was placed inside the quartz tube (19 cm height, 2 cm diameter) in
open-air conditions. A low-pressure mercury lamp (Pen-Ray, UVP
Inc.) was used for irradiation purpose, which predominantly emits
sole wavelength at 254nm and has an intensity of 5.5mW/cm?
measured by UVX radiometer, UVP Inc. The temperature of the
experimental solution was maintained at 25 °C by circulating water
during the experiments. The aforementioned apparatus was placed
in a magnetic stirrer for complete mixing of the catalyst with dye
solution. In all cases, 50 ml of the MB dye solution (100 mg/1) con-
taining appropriate quantity of the ZnO was used. The suspension
was stirred for 30 min in the dark for the attainment of adsorption
equilibrium. At specific time intervals, 4 ml of the sample was with-
drawn and centrifuged to separate the catalyst. One milliliter of the
centrifugate was diluted to 25 ml and its absorbance at 665 nm was
measured. The maximum absorbance intensity at the wavelength of
665 nm was experimentally determined using a spectrophotome-
ter (Spectronics, Genesys 5, USA) and it is used to monitor the
decolorization of methylene blue (C.I. number 52015, molecular
formula =C;gH1gN3CIS-H,0, molecular weight=355.89). The cali-
bration curve obtained using solutions of known concentrations
of the studied MB and was linear with a high correlation coeffi-
cient (R%) 0.999. From this calibration curve, the initial and final
concentration of MB was calculated as necessary.

2.5. Adsorption of MB on ZnO bundles

All adsorption experiments were carried out using a 5 mg/l of MB
with 1 g/l of catalyst prepared at a neutral pH 6.9. Approximately
25 ml of dye solution with catalyst was collected in a polyethylene
bottle and kept in a thermo-stated mechanical shaker for 24 h at
25°C. After adsorption process, the catalyst was filtered and cen-
trifuged from interfering concentration measurement. In order to
avoid any photoreaction of ZnO on MB, the samples were kept in
the dark for the entire period of the experiment.

2.6. Analytical methods

The X-ray diffraction (XRD) patterns were recorded using a MAX
SCIENCE MXP3 diffractometer and Cu Ka radiation and 26 scanned
angle from 25° to 80° at the scanning rate of 2° per min. The surface
area, pore size and pore volume of the ZnO bundles were mea-
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Fig. 2. XRD of ZnO powder and bundles formed at various decomposition temper-
atures.
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Table 1

Surface analysis of ZnO bundles formed at various temperatures.

Sample no. BET surface area (m?/g) Single point total pore volume (cm?/g) Adsorption average pore width (4V/A by BET) (A)
1 11.9 0.37 125.9

2 1.2 0.001 65.6

3 1.0 0.001 50.7

4 23.9 0.121 202.4

5 18.8 0.097 207.3

[1] Bundles formed in 12 h at [2] 400°C, [3] 600°C, [3] 800 °C and after complete decomposition of the starting material at 400°C in 15 min and then calcination at [4] 300°C
in12h, [5]200°Cin 12 h.

50.0um
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Fig. 3. FE-SEM pictures of ZnO formed after 12 h at (A) 400°C (a; x 1k, ay x 50k), (B) 600°C (b; x 1Kk, by x 25Kk), (C) 800°C (¢ x 1K, ¢z x 25Kk), (D) 1000°C (d; x 1k, d; x 50k).



M. Muruganandham et al. / Journal of Hazardous Materials 172 (2009) 700-706 703

sured by nitrogen adsorption at 77 K using an accelerated surface
area and porosity apparatus (ASAP 2010, Micromeritics). Prior to
analysis, 1-2 g of powder was degassed at 473 K for 2 h. High res-
olution transmission electron microscope (HR-TEM) images were
recorded using a JEOL JEML-2010 high resolution transmission
electron microscope. Samples for HR-TEM were prepared by ultra-
sonically dispersing the ZnO into ethanol, then a drop of this
suspension placed onto a copper grid and air dried. The work-
ing voltage of TEM was 200KkV. The morphology of the catalyst
was examined using a Hitachi S-4800 cold field emission scanning
electron microscope (FE-SEM). Before FE-SEM measurements, the
samples were mounted on a carbon platform then placed in the
scanning electron microscope for subsequent analysis at various
magnifications.

3. Results and discussion
3.1. Effect of temperature on the ZnO bundles fabrication

In our earlier reports we found that the thermal decomposi-
tion of zinc oxalate dihydrate at 400°C in 12h would result in
ZnO bundles. The current study focused on ZnO bundles formation
at various temperatures using similar analytical techniques. XRD
results of ZnO bundle synthesized at 400, 600, 800 and 1000°C

are presented in Fig. 2. It is noted that all XRD peaks of bundles
are well matched with standard ZnO powder. The XRD patterns
of ZnO formed at four different temperatures were quit similar and
good agreements with hexagonal standard ZnO (JCPDS Card No. 89-
0511). The crystallographic phase of these ZnO bundles belongs to
the wurtzite-type ZnO (SG: P63mc). Characteristic peaks of ZnO at
31.68, 34.36, 36.18 and 56.56, corresponds to (100), (002),(101)
and (110) diffraction peaks of wurtzite ZnO, indicating that the
ZnO shell possess a hexagonal crystal structure. The relatively high
intensity of the (10 1) peak is indicative of anisotropic growth and
implies a preferred orientation of the crystallites. It is interesting
to note the morphology of ZnO bundles formed at various temper-
atures as shown in Fig. 3a shows that the ZnO bundles formed at
400°C, which are consist of nanoparticles with size ranging from
10 to 70nm and no nanoparticles aggregation noted. However,
nanoparticles were agglomerated at higher temperature and the
degree of agglomeration increased with increasing temperatures
from 400 to 1000°C as shown in Fig. 3b-d. To understand sur-
face properties of ZnO bundles formed at various temperatures, the
nitrogen-adsorption experiments were performed and the results
are presented in Table 1. As expected, increasing the decomposi-
tion temperature, the surface area, pore size, and pore volume of
the bundles were decreased due to agglomeration of nanoparticles.
After complete decomposition of zinc oxalate into ZnO at 400°C in

Fig. 4. FE-SEM pictures of ZnO formed after decomposition at 400°C in 15 min followed by calcined at 12h at (A) 100°C (a; x 1k, a; x 50k), (B) 200°C (b; x 1k, by x 20k), (C)

300°C(cy x 1Kk, ¢z x 20Kk).
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Fig. 5. HR-TEM particle size analysis of ZnO bundles formed at (a) 200 and (b) 300°C.

15min and followed by calcinations at 100, 200, and 300°C over
12 h was studied and the results are present in Fig. 4. Bundles were
formed at temperatures of 200 and 300°C with the particle size
about 1-25 nm with an average of 13.2 and 5-40 nm with an aver-
age of 20.42 nm were noted respectively, as shown in Fig. 5a and b.
However, calcinations at 100 °C was not facilitated effective bundle
formation, which demonstrates the importance of calcination tem-
peratures for bundles formation. These results suggest that particle
size can be controlled by the calcination temperature. However,
no nanoparticles were noted at higher temperature and therefore
we do not present the particle size at higher decomposition tem-
perature. The particle size in the bundles depends on calcination
temperature. Surface analysis of ZnO bundles formed at various
temperatures is presented in Table 1. Nitrogen adsorption isotherm
results confirmed the presence of macrospores with an average
pore size around 20 nm and pore volume noted at about 0.1 cm3/g.
These macrospores formed in-between the nanoparticles and adja-
cent chains in the bundles. The surface area, pore volume, and pore
size of the bundles increased with decreased calcination tempera-
tures due to particle agglomerization. Bundles could be produced
in a short time when the synthesis temperatures increased over
400°C. Bundles were also formed within 1h and 5min at 450
and 600°C as shown in Fig. 6. Although bundles are formed in a
short time, nanoparticles size and agglomeration of particles were
increased when compared to bundles formed at lower tempera-
ture. ZnO bundle formation was also tested by using various zinc
oxalate dihydrate prepared at different methods which yielded

similar ZnO bundles. These results confirmed that the bundle for-
mation could not be affected by the preparation method of zinc
oxalate.

3.2. Adsorption of MB on bundles

Adsorption experiments were conducted to understand MB
adsorption on various ZnO bundles formed at different tempera-
tures. Generally, adsorption of dye on the catalyst surface depends
on charge of dye molecules and surface charge of the catalysts. Since
MB is a cationic dye, it would behave as a cationic molecule at pH
6.8 (natural pH). The point of zero charge position depends on the
acid-alkali character of surface hydroxyl groups. For zinc oxide, the
value of this parameter is in a wide range from 6.9 to 9.8 [22]. There-
fore, the ZnO surface is positively charged in pH<6.9 whereas it
is negatively charged under alkaline conditions (pH>9.5). At pH
6.8, both surfaces of zinc oxide and MB dye behave as positively
charged molecules. Therefore, the adsorption of dye on the bundles
would be relatively limited. The adsorption results are presented
in Fig. 7. MB adsorption slightly decreased when the bundles syn-
thesis temperature increased, due to the decrease of the surface
area of catalyst as seen in Table 1. Higher adsorption of MB was
noted on noncoalescent nanoparticles formed at the early stage
of decomposition in the presence of polar surfaces [1]. Polar sur-
faces favors higher adsorption rates due to electrostatic attraction
between negatively charged surface terminations with positively
charged dye.
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S

Fig. 6. FE-SEM pictures of ZnO formed at (A) 600°C in 5min (a; x 1k, ay x 10k), (B) 450°Cin 1h (b1 x 1k, by x 10k).
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Fig. 7. Adsorption of MB dye on ZnO bundles formed at various experimental condi-
tions. [MB]=5mg/l, pH=6.8, [catalyst] =25 mg, temperature=25°C. [1] Calcination
at400°Cin 12 h, [2] after complete decomposition of the starting material at 400 °C
in 15min, [3] calcination at 600°C in 12h, [4] calcination at 800°C in 12h and
after complete decomposition of the starting material at 400°C in 15 min and then
calcination at [5] 200°C in 12 h, [6] 300°C in 12 h.

3.3. Photocatalytic decolorization of MB dye

All photocatalytic decomposition experiments were carried out
under similar experimental conditions using 100 mg/1 of dye solu-
tion with ZnO bundles catalysts. No buffer was added into the
reaction mixture, avoiding the addition of anions that may have
interfered with processes occurring on catalytic surfaces [23]. For
this reason, all experiments were conducted at a neutral pH (5.1).
Before UV irradiation, aqueous dye solution containing photocat-
alyst were stirred magnetically in the dark for 30 min to achieve
adsorption/desorption equilibrium among dye, photocatalyst, and
dissolved oxygen and the results are shown in Fig. 8. Photolysis
of MB in the presence of UV light was tested in the absence of
catalysts. About 26.5% of decolorization was noted in 60 min. Addi-
tionally, about 39.7% of MB decolorization was observed in the
presence of the catalyst, demonstrating the effectiveness of pho-
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Fig. 8. Photocatalytic decolorization of MB using ZnO bundles synthesized at various
experimental conditions. [MB]=100mg/l, pH=5.1, [catalyst]=50mg, tempera-
ture=25°C. [1] Photo bleaching of dye by UV light in the absence of photocatalyst,
[2] calcination at 400°C in 12 h, [3] after complete decomposition of the starting
material in 15 min, [4] calcination at 600°C in 12 h, [5] calcination at 800°Cin 12h
and after complete decomposition of the starting material at 400°C in 15 min and
then calcination at [6] 200°C in 12 h, [7] 300°Cin 12 h.

tocatalyst. It is worth noting that bundles formed at 400 °C resulted
in higher photocatalytic activity than all other bundles prepared at
various temperatures. This is due to the formation of well crystal-
lized porous bundles. The combination of semiconductor and UV
light generates highly reactive compounds, namely hydroxyl rad-
icals which eventually degrade the pollutants, and the details of
mechanism have been well documented in the literature [24]. The
photocatalytic activity of bundles is different from adsorption prop-
erties, indicating that adsorption is not an important process for
photocatalytic activity of ZnO bundles.

4. Conclusion

ZnO bundles fabrication by using thermal decomposition of zinc
oxalate at various temperatures have been studied. XRD results
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showed that well crystallized, hexagonal wurtzite phase ZnO bun-
dles were formed at all decomposition temperature. Increasing the
decomposition temperature over 400 °C caused particle agglomer-
ation resulting in fused bundles at high temperatures. The particle
size in the ZnO bundles can be controlled by varying decomposition
temperatures of the starting material. About 13.2 and 20.4 nm of
average particle size was noted at 200 and 300 °C, respectively. ZnO
bundles formed in a short time when decomposition temperatures
increased over 400 °C. ZnO bundles surface property such as surface
area, pore volume and pore size, depends on synthesis tempera-
tures. Adsorption and photocatalytic decomposition results noted
a relationship between surface properties of the bundles. Higher
methylene blue adsorption and photocatalytic decolorization were
noted on bundles formed at 400 and 300 °C, respectively compared
to bundles formed at other temperatures.
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