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a b s t r a c t
This paper describes a novel method for the preparation of ZnO nanoneedles and ZnO/benton-
ite nanocomposite with the assistance of a household microwave irradiation and their successful 
application for the photocatalytic degradation of 1:2 metal complex dye Acid blue 193 under solar 
energy. The products were analyzed by transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), diffuse reflectance spectra and X-ray diffraction. The results confirm that 
synthesized ZnO nanoneedles are highly crystalline having a hexagonal wurtzite structure. TEM 
and SEM images show that wurtzite ZnO nanoneedles are well impregnated and homogeneously 
supported on the bentonite surface. The optical gap of ZnO nanoneedles was found to be 3.08 eV. 
The highest degradation efficiency of 1:2 metal complex dye Acid blue 193 was obtained at pH 8 for 
ZnO nanoneedles and ZnO/bentonite nanocomposite. In the kinetic study, the results for catalysts 
showed that the experimental data were fitted the pseudo-first-order model.
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1. Introduction

Challenges associating with the effective treatment of 
wastewater from the textiles industry are well known, as it is 
a large source of water contamination [1]. Able to solve these 
challenges could lead to a tremendous positive impact on 
the development of the textile industry, especially in devel-
oping countries such as Vietnam where it is an important 
source of income and jobs. In general, from an economic 
view, a successful treatment method needs to be inexpensive, 
in both initial capital and ongoing operational cost.

One key in treat textile wastewater is how to remove 
effectively residue dyes. There are many methods available 
to solve this problem, each with its own advantages and 
disadvantages [2–4]. Among the known methods, advanced 
oxidation processes (AOPs) have been considered as one 

of the promising candidates because this method can effi-
ciently oxidize a wide range of organic compounds found 
in water and wastewater [5–9]. In recent years, AOP based 
on heterogeneous catalysis using metal oxides as catalysts 
has attracted attention due to their acid–base and redox 
properties [10–16]. Among the various metal oxides, ZnO 
has been employed as a promising heterogeneous catalyst 
for various organic transformations, owing to its high activ-
ity, low cost, and environment-friendly. Further, ZnO has 
a diverse structural morphology, allowing its total surface 
areas to be fine-tuned by varying synthesis conditions to 
obtain different shapes which show significant difference 
from photocatalytic performances [17–20]. However, the 
disadvantages of the heterogeneous photocatalysis by using 
ZnO as well as other metal oxides in nanostructure are dif-
ficult to recover by sedimentation and filtration processes. 
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To overcome this difficulty, the catalysts are immobilized 
on the surface of some supporters such as activated car-
bon, bentonite, etc. This allows to enhance photocatalytic 
activity and to be recoverable and, potential, reusable with 
the operation and economic advantages [21–25].

For these reasons, the present study was carried out on 
synthetization of ZnO nanoneedles and immobilization 
of ZnO onto the purified bentonite surface via microwave 
irradiation. The study also performed to characterize and 
evaluate the photocatalytic activity of the products which 
are capable of decolorizing 1:2 metal complex dye Acid 
blue 193 under solar energy.

2. Experimental

2.1. Material and method

2.1.1. Dye solution preparation

Molecular structure and UV/vis spectra of 1:2 metal 
complex dye Acid blue 193 (MF: C20H13CrN2NaO5S; MW: 
468.3785 g/mol) is shown in Figs. 1a and b, respectively. The 
stock of dye solution was prepared by dissolving 0.1 g of Acid 
blue 193 in 100  mL of distilled water. Working solutions at 
specific concentrations in the range from 5 to 20 mg/L were 
prepared by diluting the stock solution with distilled water.

2.1.2. Purification of raw bentonite

Raw bentonite was supplied by JSC Mineral & Building 
Materials LAM DONG, Vietnam. Raw bentonite was treated 
based on the method published procedure [26] with some-
what modification. 10 g of the raw bentonite were suspended 
in 500 mL distilled water and stirred magnetically for 24 h. 
The supernatant of the dispersion was separated by centrif-
ugation at 4,500 rpm for 2 min to collect a fine suspension. 
This process is repeated 2–3  times. The final solid was col-
lected after a second centrifugation step at 10,000  rpm, 
and then dried at 120°C for 6 h.

2.1.3. Preparation of ZnO nanoneedles and ZnO/bentonite 
nanocomposite

100  mL of 0.45  M solution of zinc acetate 
(Zn(CH3COO)2·2H2O) were added dropwise into a glasses 
beaker containing 100  mL of 0.9  M solution of sodium 

hydroxide under constant stirring. The mixture obtained 
was then irradiated in a household microwave oven at 
800 W for 15 min. The solid formed was washed with dis-
tilled water and centrifugation at 10,000  rpm until the pH 
of the liquid phase was 6–6.5. The precipitates were dried 
at 150°C for 24  h. For the preparation of ZnO/bentonite 
nanocomposite, the procedure was performed as above, 
but the NaOH solution was thoroughly mixed with 10 g of 
purified bentonite.

2.1.4. Characterization of ZnO nanoneedles and 
ZnO/bentonite nanocomposite

The characteristics of ZnO nanoneedles and ZnO/
bentonite nanocomposite were analyzed by transmission 
electron microscopy (TEM Model: JEOL JEM-1400, USA), 
scanning electron microscope (FT-SEM Model: Hitachi 
S-4800, Japan), and X-ray diffractometer (XRD Model: Bruker 
D8 Advance), respectively. The point of zero charge (pHzpc) 
of ZnO nanoneedles and ZnO/bentonite nanocomposite 
was determined by acid/base titration method [27].

2.2. Photocatalytic activity test

All photocatalytic experiments were conducted on 
sunny days from 9 am to 3 pm in March and April of the 
year to minimize the variation of solar intensity. Specific 
amounts of ZnO nanoneedles (0.15–1.5 g/L) and ZnO/ben-
tonite nanocomposite (0.5–3.5  g/L) were added into each 
of borosilicate glass conical flasks containing 200 mL of 1:2 
metal complex dye Acid blue 193 at specific concentrations 
(5–20  mg/L). pH of the solutions was adjusted to desire 
values (4–10) using diluted H2SO4 and NaOH solutions. 
The reaction mixture was stirred with a magnetic stirrer and 
kept under sunlight for 180 min. Every 20 min, 5 mL of each 
solution was taken and centrifuged at 10,000  rpm to sepa-
rate the catalyst. The concentration of the Acid blue 193 in the 
liquid phase was determined by UV-Vis spectrophotometry 
(Model UH415AD UV-Vis-NIR spectrophotometer).

3. Results and discussion

3.1. Characterization of the products

Figs. 2a and b show the TEM image of a ZnO nanon-
eedles crystal and ZnO/bentonite nanocomposite, respectively. 

Fig. 1. (a) Structure and (b) UV/Vis spectra of 1:2 metal complex dye Acid blue 193.
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From Fig. 2a, it is clear that products are needle-shaped 
having straight sides and a wurtzite structure growing 
along the (001) direction, consisting of the result of X-ray 
diffraction (XRD) spectra of the product (Fig. 4c). The nee-
dles dimension is 100.0–118.3 nm in length, 16–19.2 nm in 
diameter at the main body, and 10.3–10.6  nm in diameter 
at the end of the needles. Fig. 2b shows ZnO nanoneedles 
dispersed on the surface of bentonite. Figs. 3a–c shows the 
surface morphology of ZnO nanoneedles, purified benton-
ite and ZnO/bentonite nanocomposite, respectively. The 
surface morphology of ZnO nanoneedles exhibits regula-
tion shape and relative uniformity. The SEM images of ZnO 
nanoneedles, purified bentonite and ZnO/bentonite nano-
composite are presented in Figs. 3a–c. Fig. 3b shows that 
the purified bentonite has a pore structure, suitable for ZnO 
immobilization. As seen in Fig. 3c, the result is reflected in 
the wurtzite ZnO which is well impregnated and homo
geneously supported on the purified bentonite surface.

The XRD patterns of raw bentonite, purified benton-
ite, ZnO nanoneedles and ZnO/bentonite nanocomposite 
are shown in Figs. 4a–d, respectively. Figs. 4a and b show 
an increase in the intensity of the characteristic peaks for 
smectite minerals of the purified bentonite (Fig. 4a) that 
could not observe in the raw bentonite (Fig. 4b). A peak at 
15° in the XRD for the raw bentonite indicates that the sam-
ple from Lam Dong province was contaminated by kaolin-
ite. However, this peak increased intensity in the purified 
bentonite showing the purification process did not help 
reduce this impurity. XRD patterns for the ZnO nanonee-
dles (Fig. 4c) and ZnO/bentonite nanocomposite (Fig. 4d) 
confirm that ZnO is a single-phase hexagonal nanocrystal 
structure. Fig. 4d shows mixed phases and contains peaks 
of ZnO and bentonite, indicating the successful impreg-
nation of ZnO onto the purified bentonite surface. As a 
reference, all the diffraction peaks observed in the XRD 
spectra in Fig. 4c for the ZnO nanoneedles are either iden-
tical or close to JCPDE card No. 36–1451 [28,29].

Fig. 5 shows the UV-Vis diffuse reflectance spectra (DRS) 
of ZnO nanoneedles and ZnO/bentonite nanocomposite. 
From the results, it can be seen that the ZnO nanoneedles 
sample only has an absorbance at 393 nm corresponding to 
the ground excitonic state of ZnO. The presence of this peak 
also reflects the high crystalline nature of the nanoneedles 
with defects. However, ZnO/bentonite nanocomposite has a 

broader absorbance range in the visible light region ranging 
from 400 to 700 nm with a small and wide peak at 510 nm 
which confirms the formation of ZnO/bentonite in the het-
erostructures. This allows ZnO/bentonite nanocomposite 
to utilize both the ultraviolet and visible region of the solar 
light spectrum, leading to remarkably enhance its photocata-
lytic activity. Bandgap energy of ZnO nanoneedles prepared 
by our method was found to be 3.08  eV, using Tauc’s rela-
tion [30] (plot not shown here). This value is smaller than 
those that have been reported [20].

3.2. Photocatalytic activity test for ZnO nanoneedles and ZnO/
bentonite nanocomposite under solar energy

The photocatalytic activity of ZnO nanoneedles and 
ZnO/bentonite nanocomposite was evaluated via degrada-
tion of 1:2 metal complex dye Acid blue 193 (10  mg/L) at 
pH 5 and 0.5  g/L of catalysts under solar light irradiation 
condition. Fig. 6 shows that, for the blank test, without the 
presence of the catalysts, 1:2 metal complex dye Acid blue 
193 concentration did not change after 200  min exposure 
to sunlight. In the presence of purified bentonite, approxi-
mately only 60%, probably due to the adsorption of dye onto 
the bentonite surface. However, in the presence of either 
ZnO nanoneedles or ZnO/bentonite nanocomposite, a signif-
icant reduction in the dye concentration was observed. The 
dye’s degradation efficiency was found to be 76.0% for ZnO 
nanoneedles and 87.0% for ZnO/bentonite nanocomposite. 
It is interesting that the photoactivity of ZnO/bentonite nano-
composite is significantly higher than that of ZnO nanon-
eedles. This could be explanted that the adsorption of dye 
on bentonite surface of ZnO/bentonite nanocomposite sur-
face can cause a synergistic effect that enhances the removal 
efficiency of 1:2 metal complex dye Acid blue 193 [31].

3.3. Effect of pH

pH of the solution typically has an important role in 
the process as it impacts the surface charge of the catalyst 
surface and the charge of pollutant ions existing in an aque-
ous solution [32,33]. The pHzpc of ZnO nanoneedles and 
ZnO/bentonite nanocomposite were found to be 8.9 and 
9.5, respectively (the plots not shown here). At low pH, 
1:2 metal complex dye Acid blue 193 mainly exits in anion 

  

(a) (b)

Fig. 2. TEM image of (a) a single crystal of ZnO nanoneedles and (b) a single particle of ZnO/bentonite nanocomposite.
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(a)

(c)

(b)

Fig. 3. The surface morphology of (a) ZnO nanoneedles, (b) purified bentonite and (c) ZnO/bentonite nanocomposite.

 
Fig. 4. XRD spectra of (a) raw bentonite, (b) purified bentonite, (c) ZnO nanoneedles and (d) ZnO/bentonite nanocomposite; 
(Q: quartz; K: kaolinite; M: montmorillonite).
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species that could be attracted to the positively charged 
surface of catalysts due to electrostatic interaction. Thus, 
the adsorption in this pH range is an important factor in 
the photocatalytic process, especially for the hetero-system 
ZnO/bentonite. However, at high pH environment, the 
adsorption can be reduced but more hydroxyl radical (•OH) 
form from hydroxide ions, leading to an increase in the 
degradation rate according to the following reactions [34]:

ZnO h ZnO e hCB VB� � � � �� �� 	 (1)

h dye dyeVB
� ��� � 	 (2)

h OH OHVB
� �� � 	 (3)

To elucidate the pH effect, experiments were conducted 
in a pH range from 4 to 10, at constant 1:2 metal complex 
dye Acid blue 193 (10 mg/L) and catalyst dose of 0.5 g/L of 
catalysts. The results are presented in Figs. 7a and b show 
that at pH 8, the degradation efficiencies of 1:2 metal com-
plex dye Acid blue 193 reaches more than 90% for ZnO 
nanoneedles (Fig. 7a) and 94.0% for ZnO/bentonite nano
composite (Fig. 7b) after 180 min of exposure to sunlight.

3.4. Effect of initial 1:2 metal complex Acid blue 193 
concentrations

Figs. 8a and b show the degradation rate in different 
initial concentrations of 1:2 metal complex dye Acid blue 
193 (5, 10, 15 and 20  mg/L) at pH 8 for ZnO nanoneedles, 
and ZnO/bentonite nanocomposite, respectively. From 
the results obtained, it could be seen that the degradation 
rate was inversely proportional with the increase in ini-
tial concentrations of 1:2 metal complex dye Acid blue 193 
for both catalysts. Two reasons that lead to an undesirable 
consequence are (i) when the concentration of the dye in 
solution is high, dye molecules are adsorbed on the cat-
alyst’s surface resulting in the active sites on the catalyst 
surface being obscured, reducing the amount of free active 
radicals; (ii) the light penetration is strongly reduced as 
high initial concentration of dye increases. This leads to 
very few photons can reach to the catalyst surface [35].

3.5. Effect of catalytic dose

Figs. 9a and b show the variation of the degradation 
rate of 1:2 metal complex dye Acid blue 193 (10 mg/L) using 
different amount of ZnO/bentonite nanocomposite and ZnO 
nanoneedles. pH of the reaction solutions was adjusted to 
8 for both ZnO/bentonite nanocomposite and ZnO nanon-
eedles. The degradation rate increased within the range 
0.15–1.5  g/L of ZnO nanoneedles s (Fig. 9a), and, slightly 
wider, from 0.5 to 3.5 g/L of ZnO/bentonite nanocomposite 

 
Fig. 5. UV-Vis DRS of ZnO nanoneedles and ZnO/bentonite 
nanocomposite.

Fig. 6. Photocatalytic activity of ZnO nanoneedles and ZnO/ben-
tonite nanocomposite for degradation of 1:2 metal complex dye 
Acid blue 193 (10 mg/L) at pH 8 and 0.5 g/L of catalysts under 
solar light irradiation condition.

(a)

Fig. 7. Effect of pH on the photocatalytic degradation rate of 
1:2 metal complex dye Acid blue 193, (a) for ZnO nanoneedles 
and (b) for ZnO/bentonite nanocomposite.
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(Fig. 9b). The photocatalytic degradation rate was reduced 
when the catalytic amount used outside of those ranges 
(lower than 0.5  g/L for ZnO nanoneedles or higher than 
3.5  g/L for ZnO/bentonite nanocomposite). This indicates 
that too much catalyst loading could reduce the depth of 
light penetration into the solution [36].

3.6. Photodegradation kinetics

It was observed that the photodegradation rate was 
inversed proportional with the increase in initial concentra-
tions of 1:2 metal complex dye Acid blue 193 for both cat-
alysts and catalysts dose for both catalysts (Figs. 8a and b, 
Figs. 9a and b). In order to evaluate the experimental data 
and describe the photocatalytic process, the pseudo-first-or-
der and the pseudo-second-order kinetic models are used 
to evaluate the experimental data. The integrated forms of 
the two kinetic models are described as Eqs. (4) and (5) [37]:

The pseudo-first-order model:

ln
C
C

k t
t

0
1

�

�
��

�

�
�� � obs 	 (4)

The pseudo-second-order model:

1 1

0
2C C

k t
t

� � obs
	 (5)

where C0 and Ct are the concentrations of 1:2 metal complex 
Acid blue 193 at an initial time and time t; kobs1 (1/min) and 
kobs2 (L/mg  min) are degradation reaction rate constants of 

the pseudo-first-order and the pseudo-second-order models, 
respectively.

The kobs1 and kobs2 can be determined by plotting 
ln(C0/Ct) or 1/Ct vs. t (Fig. 10a for data from tests using ZnO 
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Fig. 8. Effect of initial concentrations of 1:2 metal complex dye 
Acid blue 193 on the photocatalytic degradation rate at pH 8, 
0.5 g/L of catalysts, (a) ZnO nanoneedles and (b) ZnO/bentonite 
nanocomposite.
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Fig. 9. Effect of catalytic dose on the photocatalytic degrada-
tion rate of 1:2 metal complex dye Acid blue 193 (10  mg/L), 
at pH 8, (a) for ZnO nanoneedles and (b) for ZnO/bentonite 
nanocomposite.
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Fig. 10. The plots of ln(C0/Ct) vs. time for the photocatalytic 
degradation processes of 1:2 metal complex dye acid blue, 
(a) ZnO nanoneedles and (b) ZnO/bentonite nanocomposite.
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nanoneedles and Fig. 10b for ZnO/bentonite nanocompos-
ite). Plots of 1/Ct vs. t for both catalysts not shown here.  
The calculated parameters for both kinetic models are given 
in Table 1. This evaluation shows that the pseudo-first-order 
model is the better fit to describe the photodegradation data 
of 1:2 metal complex dye Acid blue 193 using both catalysts.

4. Conclusion

ZnO nanoneedles and ZnO/bentonite nanocompos-
ite were successfully synthesized with the assistance of 
a household microwave irradiation. The products were 
characterized by TEM, SEM, XRD and DRS methods. The 
obtained results confirm that ZnO nanoneedles are hexag-
onal wurtzite structures and homogeneously supported on 
the purified bentonite surface. Both ZnO nanoneedles and 
ZnO/bentonite nanocomposite exhibit high photocatalytic 
activity via the decolorization of 1:2 metal complex dye 
Acid blue 193. The experimental data were found to be 
fitted the pseudo-first-order kinetic model for both catalysts.
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