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Abstract. Water, the primary source of life, is contaminated with various organic/inorganic impurities in the course of
development. Organic dyes, a waste product from dying industries, have evolved as one of the major contributor to water
pollution. The present work involves the photocatalytic degradation of malachite green dye as a model substrate using
zinc oxide nanoparticles (ZnO NPs) and its composite with b-cyclodextrin (b-CD). ZnO NPs are found to be a worthy
catalyst due to their bandgap and easy availability. The role of b-CD in ZnO photocatalyst is explored. With ZnO NPs,
electron–hole recombination takes place very easily; hence, to restrict this recombination b-CD has been used. We have
characterized the synthesized nanomaterials by using powder X-ray diffraction, Fourier transform infrared, thermogravimetric analysis, diffuse reflectance spectroscopy (DSR), scanning electron microscopy and transmission electron
microscopy (TEM). Various parameters, such as the concentration of dye, pH and amount of catalyst have optimized for
the photocatalysis process. More basic medium adsorption is more favourable than degradation, which decreases the
reusability of the catalyst. Based on the photodegradation efficiency and rate constant (k), we observed that ZnO–b-CD
showed better photocatalytic activity than ZnO NPs. The plausible mechanism for photocatalytic degradation has also
been reported with the help of photoluminescence spectra and scavenger activity.
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Introduction

A prompt increase in water pollution, because of contamination by non-biodegradable pollutants originating from
various industries, is creating a consequential problem [1].
The most common water pollutants are organic dyes. These
affect the photosynthesis process and also cause skin irritation, allergy, cancer, etc. in humans [2]. Around 15% of
the dyes, released along with textile effluents during the
dying process, are causing pollution [3]. Various physicochemical, biological processes, etc. have been developed for
treatment of dyes and each of them has advantages and
disadvantages [4]. A most appealing method is semiconductor photocatalysis as it harnesses solar energy. This
method has high removal efficiency of dyes, low cost and
ease synthesis of catalyst [5]. Literature reported that various metal oxides like Fe2O3, ZnO, TiO2, Co3O4, etc. are
used as photocatalyst for dye degradation [6–8]. Out of
these, TiO2 and ZnO have been observed as promising
catalysts. Zinc oxide nanoparticles (ZnO NPs) can remove
both cationic and anionic dyes and also have good

adsorption capacity, reusability, selectivity and antibacterial
property [9]. There are two ways to modify the metal oxide
NPs; first is doping with other metals, non-metals and metal
oxides, and the second method involves the synthesis of the
composite of metal oxides with macromolecules or polymers [10]. b-Cyclodextrin (b-CD), a common host molecule, has been explored for the modification of
photocatalyst, energy transfer, drug carrier and photoelectric activity [11]. b-CD is a biodegradable oligosaccharide.
A modified form of b-CD has also been used in photocatalytic degradation of polychlorinated biphenyls from
transformer oil [12], cell imaging [13], decolouration of
ethyl violet dye [14], oil spill remediation [15], antiseptic to
avoid skin diseases [16] and the removal of persistent
organic pollutants like perfluorooctanoic acid, perfluorooctane sulphonate and Cr(VI) [17].
It also acts as a mediator between the surface of the
photocatalyst and the guest molecules. b-CD-based metal
oxides (like TiO2, ZnO, Fe2O3) function as electrondonating and hole capturing moieties and also enhance the
photocatalytic activity by reducing charge hole
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recombination. In addition, b-CD uses the solar energy to a
greater extent up to visible light, while metal oxides usually
limit to UV rays only [18]. Thus, herein, we are reporting
the photocatalytic activity of ZnO and ZnO–b-CD
nanocomposites. Malachite green (MG) dye has been chosen as a model substrate to optimize the photocatalytic
activity of synthesized materials. Mechanism of photocatalytic degradation is also proposed.

2.

Materials and methods

2.1

Materials

MG (molecular formula: C52H54N4O12; kmax 618 nm) and
b-CD were obtained from Fischer Scientific. All other
chemicals were of the analytical grade, received from Fischer Scientific and CDH, and were used as such as without
any further purification. Deionized water was used as a
solvent.

2.4

Preparation

ZnO NPs were prepared by the sol–gel method using zinc
nitrate as precursor and citric acid as a capping agent. The
1:1 molar ratio of zinc nitrate/citric acid was stirred at 70C
until the formation of gel was completed. The obtained gel
was heated at 130C for 12 h and powder formed. It was
then calcined at 500C for 12 h under ambient conditions.
The following reaction took place during this process, as
given in equation (1) [19].
ZnðNO3 Þ2  6H2 O þ C6 H8 O7  H2 O þ 4O2
! ZnO þ 2NO2 þ 6CO2 þ 11H2 O

ð1Þ

A solution of 1:5 molar ratio of ZnO and b-CD is prepared in aqueous medium [20]. The prepared solution was
stirred for 24 h at room temperature, followed by filtration
and finally obtained ZnO–b-CD nanocomposite. The thermogravimetric analysis revealed that the decomposition
temperature of b-CD lies between 200 and 450C.

2.3

Characterization

ZnO and ZnO–b-CD phase composition have been analysed
by powder X-ray diffraction (PXRD) patterns (Bruker D8
Advance) with CuKa radiations (k = 0.154060 nm). The 2h
range for PXRD patterns was selected from 10 to 70 (with
a step size of 0.02 and time of 1 s per step). The study of
the average size and morphology of the NPs was examined
by the use of scanning electron microscopy (SEM, Jeol
6390 LA/Oxford). Functional groups of the NPs were
identified in the range of 400–4000 cm–1 by FT-IR instrument of Thermo Nicolet Avtar, and UV–visible absorption
spectrum was recorded by Cary 5000 NIR double beam
spectrophotometer. Perkin Elmer STA 6000 was used to
determine the weight loss of a sample in the temperature
range from room temperature to 750C with at a heating
rate of 10C min–1. Photoluminescence spectra is recorded
by Horiba fluoro max-4 to study the mechanism of the
photocatalytic reaction.
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Results and discussion

PXRD is a characterization technique that is used to measure the crystallinity of the synthesized compounds. XRD
pattern of samples (figure 1) matched with the ZnO are
reported (JCPDS # 36-1451). Diffraction peaks of ZnO NPs
are observed at 31.1, 34.4, 36.3, 47.7, 56.5, 62.6,
67.9 and 68.8 with corresponding planes (100), (002),
(101), (102), (110), (103), (112) and (201), respectively.
ZnO–b-CD shows high crystallinity. It exhibits all peaks
similar to ZnO NPs without shifting in position along with
additional peaks at 8.31, 18.11 and 23.78 corresponding
to planes (141), (180) and (042) of b-CD [20]. The crystallite size was calculated by Debye Scherrer’s equation as
shown in equation (2) and found to be 28.76 and 25.96 nm
for ZnO and ZnO–b-CD, respectively.

Photocatalytic experiment

A quantity of 0.01 g/10 ml of ZnO/ZnO–b-CD was added in
MG (1  10-5 M) at pH 7 then irradiated with incandescent
lamp (which works in the wavelength range of 400–700nm)
under simulated visible light irradiation (30 W m–2). The
solution was stirred for 1 h in dark to attain adsorption–
desorption equilibrium. A 5 ml of aliquot was collected
from the reaction mixture at a regular interval of 30 min,
centrifuged and absorbance was measured at 618 nm (kmax).
Control experiments were also conducted in dark and in the
absence of catalyst.

Figure 1.

PXRD of ZnO NPs and ZnO–b-CD.
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The Fourier transform infrared spectra (figure 2) showed
a broad peak around 3442 cm–1 and one more peak at 1632
cm–1, which attribute stretching vibration of –OH and
deformation of H–O–H bond of the water in both samples
[19]. The peak at 1383 cm–1 corresponds to the bending
vibration of –CH group of ZnO–b-CD. The peaks at 1165
and 1022 cm–1 correspond to –C–O and –O– bonds present
in ZnO–b-CD spectra. The peak at 2924 cm–1 is –CH2 of
metal organic chain formed during synthesis [14].
The diffuse reflectance spectroscopy (DRS) data (figure 3) suggests that the reflectance of ZnO–b-CD is higher
than ZnO. This is attributed to the charge transfer from
b-CD to Zn (II) as O-atom has free lone pair in its

Figure 2. Fourier transform infrared spectra of (a) ZnO NPs and
(b) ZnO–b-CD.

Figure 3. DRS of (a) reflectance spectra and (b) Tauc plot.
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nonbonding orbital. The ZnO and ZnO–b-CD showed
absorption maxima at 395 and 392 nm, respectively [21].
The bandgap for both materials has been calculated by
Kubelka–Munk equation (3)
F ð RÞ ¼

ð1  RÞ2 K Ac
¼ ¼
S
S
2R

ð3Þ

where, K = absorption coefficient; R = reflectance;
S = scattering coefficient; c = concentration; A = absorbance.
The value of bandgap has been calculated and found to be
3.14 and 3.17 eV for ZnO and ZnO–b-CD, respectively,
from Tauc plot. There is no significant difference between
the bandgap of ZnO and ZnO–b-CD; however, latter is
capable to restrict the electron–hole recombination and also
have good adsorption tendency.
Thermogravimetric analysis was used to determine the
thermal properties of ZnO NPs and its nanocomposite with
b-CD (figure 4) in the temperature range of 30 to 750C
with a heating rate of 20C min–1. The weight loss of 2, 6
and 7% were observed, which attributed to moisture
removal and above 200C, associated with the decomposition of functional groups in the case of ZnO–b-CD [21].
There is no remarkable loss of mass occurring in ZnO NPs;
hence proved thermal stability of ZnO NPs, as shown in
figure 4.
Morphological studies were performed by using SEM
and transmission electron microscopy analyses. Both
materials showed almost similar morphology as revealed by
SEM (figure 5a). It is also observed that the surface of the
ZnO–b-CD composite is loosely packed in nature, so it can
provide more active sites and can enhance photocatalytic
activity. However, there is some difference in the external
frontier of ZnO NPs and ZnO–b-CD composites. The reason behind this observation may be an aggregation of particles of ZnO and b-CD on the surfaces. It can provide a
superior adsorption environment and a more active site for
the photocatalytic reaction. The capping agent, citric acid,
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Figure 4. Thermogravimetric analyses of (a) ZnO NPs and
(b) ZnO–b-CD.

which forms a chelate with four coordinating sites results in
a nearly spherical shape by surface functionalization. The
transmission electron microscopy (figure 5b) showed that
both materials are spherical. The polycrystalline nature with
the symmetrical orientation of both materials has been
indicated by the selected-area electron diffraction pattern, which has sharp spots. The average size of ZnO and
ZnO–b-CD have been found to be 80 and 60 nm, respectively. It can be seen that the size of ZnO NPs is different

Figure 5.
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before and after composite formation with b-CD and it
attains uniformity.
The given figure 6 presents the fluorescence spectrum of
both the catalysts at an excitation of 310 nm. In fluorescence emission spectrum, the intensity can be used to
analyse the recombination of holes and electrons. For more
effective separation of photogenerated cavitation, the
intensity should be lower. The broad spectra deconvulated
into three peaks at 386, 405 and 429 nm. [21]. The peak
around 386 nm in both the sample is attributed to near band
edge emission due to recombination of free excitons via a
process of exciton–exciton collision. The blue luminescence
at 405 nm has been attributed to the surface zinc vacancy.
The emission at 420 nm has been attributed to the transition
between defects at grain boundaries and the valence bands,
lattice defects that are related to oxygen vacancy, zinc
vacancy and interstitial oxygen. Hence, decrease in intensity of photoluminescence spectrum positively support
faster degradation of composite material as compare to pure
one.

3.1

Photocatalytic activity using MG dye

The % degradation of MG was calculated by equation (4)
and is given in figure 7a and b.
%Degradation ðPDÞ ¼ 100 

A0  A
A0

Morphological studies: (a) ZnO SEM; (b and c) ZnO TEM; (d) ZnO-b-CD SEM and (e and f) ZnO–b-CD TEM.

ð4Þ
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adsorption–desorption equilibrium is attained and shows
a drastic change. After that, readings were taken at 30
min interval.

3.2

Figure 6. Photoluminescence spectra of (a) ZnO and (b) ZnO–bCD.

The degradation of MG follows first-order kinetics,
which is given by equation (5)
ln

A0
¼ kt;
A

ð5Þ

where A0 is initial concentration and A concentration at
time t.
The ZnO–b-CD showed 84% degradation, whereas
74% degradation of MG was observed when ZnO was
used with R2 values as 0.91 and 0.90, respectively
(figure 7a and b). The tendency of b-CD for the trapping
of radicals has been observed [22]. During first 60 min,

Effect of different parameters

The photocatalytic degradation of the MG dye was performed with 0.5 9 10-5 to 2.5 9 10-5 M dye concentration
(figure 8). It was observed that the degradation of MG dye
increases with an increase in dye concentration. During the
degradation process, few of the active sites of the catalyst
might be covered by dye or degradation products. These
sites are also available for hydroxyl radicals.
The effect of pH has also been studied in the pH range of
5-9 (figure 9a and b). It was observed that the removal
efficiency is maximum in basic medium. In highly basic
medium, the dye removed completely by adsorption; hence,
highly basic medium favours adsorption than degradation.
To attain maximum degradation and catalyst reusability,
experiment has been carried out at neutral pH. This is
attributed to the fact that the formation of Zn(OH)42– is
optimum in the basic medium, which favours the formation
of hydroxyl radicals [22] and increase in the degradation
process.
The effect of catalyst amount has also been studied in the
range of 0.003 to 0.02 g (figure 10a and b).The catalyst
amount has also been found to control the rate of photocatalytic activity. It was observed that the photoactivity
increases with an increase in the catalyst amount. This is
attributed to the fact that the higher catalyst amount has a
greater number of active sites that increase the rate of
degradation.

Figure 7. (a) Determination of rate constant and (b) photocatalytic degradation.
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Figure 8.

(a) Variation in concentration of the dye and (b) photocatalytic degradation efficiency.

Figure 9.

Variation in the (a) pH and (b) photocatalytic degradation of the dye.

Plausible mechanism

For photocatalysis, ZnO NPs are preferred over other
materials due to their narrow bandgap. The narrow band is
the basic requirement to use visible light and to restrict the
charge-hole recombination in order to enhance the efficiency of the degradation. b-CD could be easily adsorbed
on the ZnO surface due to the presence of hydroxyl groups.
Then b-CD would capture the holes and the formation of
a stable inclusion complex with ZnO. The stability of ZnO/
b-CD is mainly affected by the photogeneration of radicals
and it also pro-long the electron–holes recombination
(figure 11).
The reaction between b-CD and –OH is very fast and
the lifetime of •OH is quite short. Therefore, those
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radicals generated in the proximity could react with bCD. b-CD derivatives is as scavengers for superoxide
anion radical (O2–) produced during photocatalytic
process. The reaction between ZnO and b-CD dominates over trapping of superoxide radicals in the present case. MG dye molecule begins to combine with
ZnO/b-CD, and at equilibrium MG dye molecule enters
into the cavity of b-CD. After adsorption of the radiation, dye injected electron that transfer from the
valence band (VB) of the dye to the conduction band
(CB) of ZnO and dyes degradation are initiated [22].
The presence of superoxide radicals was observed by
inhibitor superoxide dismutase. It was clearly observed
that in the presence of inhibitor, photocatalytic rate was
affected.
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Variation in (a) the amount of catalyst and (b) photodegradation efficiency.

Figure 11. Proposed mechanism for the degradation of MG
using ZnO–b-CD.

5.

Effect of scavengers

Scavenger experiment was carried out on the dye solution
(1 9 10-5 N) with ZnO and ZnO–b-CD (0.1g/100ml).
Scavengers (10–3 mol l–1) used were EDTA for h?, isopropyl alcohol (IPA) for OH- and silver nitrate for O2-.
Degradation % was found to be 73.17 for ZnO and 83.20 for
ZnO–b-CD. It was found that degradation rate was
decreased from 73.17 to 38, 55.2 and 51.3 for EDTA, IPA
and AgNO3 for ZnO. For ZnO–b-CD, it was found to be
83.2 to 7.45, 62.7 and 46.3 for EDTA, IPA and AgNO3,
respectively, and results are summarized in figure 12. In all
the cases degradation was found to decrease, which states
that the scavengers effect the formation of h?, OH- and
O2-. It is already mentioned in the mechanism that these
intermediates are formed and play a vital role during the
degradation. These results indicated that both the charge
carriers and radicals are responsible for the photocatalytic
degradation [23].

Figure 12. Effect of different scavengers on photocatalytic
degradation.

6.

Conclusions

The ZnO and ZnO-b-CD have been synthesized and studied
for their photocatalytic activity by using MG dye as a model
substrate. The SEM showed nearly similar morphology for
both materials. The polymorphous crystallinity, as well as
their morphology of both materials, has been revealed by
TEM. The DRS spectra of ZnO–b-CD showed a small shift
in the band gap towards the blue region with higher
absorption intensity as compared to ZnO NPs. The degradation follows first-order kinetics and found to be dependent
on pH, amount of catalyst as well as the concentration of
dye. The degradation was carried out at neutral pH to avoid
adsorption. The photocatalytic degradation efficiency can
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be increased and the time consumed can be decreased by
increasing pH of the solution. It has been observed that at
pH 9, the solution becomes colorless during adsorption
itself. Results are supported with photoluminescence and
scavenger studies.
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