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Abstract In the current work, the commercially available

ZnO photocatalyst was used to investigate the photode-

coloration of Acid yellow 99 (AY99) dye under solar light

radiation. Promising enhancement of photodecoloration of

AY99 dye was also achieved by the addition of b-cyclo-

dextrin (b-CD) with the ZnO (ZnO–b-CD). The effects of

process parameters such as initial concentration, pH, cat-

alyst loading, and illumination time on the extent of de-

coloration were investigated. The optimum catalyst loading

was observed at 2.0 g/L. The higher photoactivity of ZnO–

b-CD/solar light system than ZnO/solar light system can be

ascribed due to the ligand to metal charge transfer (LMCT)

from b-CD to ZnII. The complexation patterns have been

confirmed with UV–visible and FT-IR spectroscopy and

the interaction between ZnO and b-CD has been charac-

terized by FE-SEM, powder XRD analysis, and UV–visible

diffuse reflectance spectroscopy.
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Introduction

Synthetic dyestuffs are extensively used in textile,

printing industries, paper, and dye houses due to their

ease of production, variety of colors, and fastness com-

pared to natural dyes. Many commercially available dyes

are known and approximately 1 million tons of these

dyes are produced annually worldwide. It has been

estimated that more than 10 % of the total dyestuff used

in dyeing processes is released into the environment

(Habibi and Esfahani 2007). Therefore, they are neither

readily degraded nor removed by conventional waste-

water treatment. Further, their hydrophilicity limits their

removal by coagulation/flocculation, which, in any case,

produces large amounts of sludge with consequent dis-

posal problems. However, since even low levels are

clearly visible and exert a significant environmental

impact, it is necessary to develop effective treatment

methods (Habibi et al. 2007).

Various methods are available for the treatment of

polluted water. Biological treatment is cost-effective and

the majority of dyes are only adsorbed on the sludge and

are not degraded. Physical methods such as ion exchange,

adsorption, air stripping etc., are also ineffective and they

simply transfer the pollutants to another phase rather than

destroying them (Sauer et al. 2002). Photocatalysis is an

alternative or complementary technology for the treatment

of polluted water that has been widely reported (Byrne

et al. 2002). The application of illuminated semiconductors

for the decomposition of organic contaminants in water has

been successfully used for a wide variety of compounds.

Over the years, a large number of semiconductors have

been used as photocatalysts. The most commonly studied

photocatalysts are TiO2, ZnO, and CdS. ZnO appears to be

a suitable alternative to TiO2 since its photodegradation

mechanism has been proven to be similar to that of TiO2

(Rao et al. 2009). Recently, various reports have shown

that ZnO is one of the potential photocatalyst materials. For

instances, scientists found that ZnO nanoparticles exhibit

higher rate than that of TiO2 nanoparticles (Velmurugan

and Swaminathan 2011; Tian et al. 2012).
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ZnO is a direct wide bandgap (3.37 eV) semiconductor,

is deemed to be one of the most important semiconductor

photocatalysts because of its high photosensitivity and

stability (Li and Wang 2011). However, despite its great

potential, the photocatalytic efficiency remains very low

because of the fast recombination of the photogenerated

electron–hole pairs in the single phase semiconductor

(Hoffmann et al. 1995). Moreover, the wide bandgap

semiconductors can only be excited by UV light, which

occupies \10 % of the total energy of the solar radiation

(Liao et al. 2006). Therefore, the development of visible-

light-driven photocatalysts with high energy transfer effi-

ciency has become one of the most challenging tasks in

these days. Therefore, a number of efforts have been

attracted to inhibit the recombination of electron–hole pairs

and improve charge transport via coupling the wide band

gap semiconductor photocatalysts with other materials (Li

and Wang 2011), such as metal-doped ZnO composite

(Kong et al. 2010; Mohan et al. 2012), polymer modified

ZnO composite (Qiu et al. 2008), carbon nanotube (CNTs)

(Saleh et al. 2011) or graphene—ZnO composites (Fu et al.

2012; Luo et al. 2012).

b-Cyclodextrin (b-CD) is an another material for

enhancing the photocatalytic activity of semiconductor

photocatalyst. CD-modified semiconductor nanocompos-

ites have attracted renewed interest since Willner and

colleagues observed that b-CD could stabilize TiO2 col-

loids and facilitate interfacial electron transfer processes

(Willner and Eichen 1987). Cyclodextrins (CDs) are non-

reducing cyclic maltooligosaccharides produced from

starch by cyclodextrin glycosyltransferase and are com-

posed of a hydrophilic outer surface and a hydrophobic

inner cavity. CDs can form inclusion complexes with

organic pollutants and organic pesticides to reduce the

environmental impact of the chemical pollutants (Ishiwata

and Kamiya 1999; Lu et al. 2004; Velusamy et al. 2014;

Wang et al. 2006; Zhang et al. 2009, 2010, 2011, 2012,

2013). In this study, the activity of ZnO and the effect of

addition of b-CD with ZnO on photocatalytic decoloration

of Acid Yellow 99 (AY99) dye solutions under solar light

radiation have been studied and the results are documented.

Materials and methods

Materials

The commercial organic dye AY99 (kmax = 445 nm)

received from Loba Chemie was used as such. The semi-

conductor photocatalyst ZnO was purchased from Merck

Chemicals. ZnO had a particle size 0.1–4 lm and surface

area 5 m2/g. b-Cyclodextrin was received from Himedia

Table 1 Physical properties of Acid Yellow 99 dye and b-cyclodextrin

Name Acid Yellow 99 dye b-Cyclodextrin

Molecular formula C16H13CrN4NaO8S C42H70O35

Molar weight 496.35 1,135.0

Appearance Yellow powder White powder

pH 5.4 (acidic dye) –

kmax 445 nm –

Structure
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chemicals. All other chemicals were of the Analytical

grade received from Merck and used without further

purification. Double distilled water was used to prepare all

the experimental solutions. The physical properties and

structures of AY99 dye and b-CD are shown in Table 1.

Characterization

FE-SEM was used to investigate the morphology of the

samples b-CD, ZnO, and ZnO–b-CD. FE-SEM images

were obtained on a Carl ZEISS (RIGMA Series, Germany)

microscope taken at an accelerated voltage of 2 kV. X-ray

diffraction patterns of powder samples were recorded with

a high resolution powder X-ray diffractometer model RICH

SIERT & Co with Cu as the X-ray source (k = 1.5406 9

10-10 m). UV–Vis diffuse reflectance spectra were recor-

ded on a Shimadzu 2550 UV–Vis diffuse reflectance

spectrophotometer with BaSO4 as the background between

200 and 700 nm. UV–visible spectra were recorded by a

UV–visible spectrophotometer (Shimadzu UV-1700) and

the scan range was from 400 to 700 nm. FT-IR spectra

were recorded using (Shimadzu 8400S) in the region

4,000–400 cm-1 using KBr pellets.

ZnO–b-CD preparation for characterisation

To study the interaction of b-CD on ZnO surface, a sus-

pension containing 2.0 g/L ZnO and 10.0 g/L b-CD was

magnetically stirred for 24 h and then centrifuged, later the

solid phase was collected. After being centrifuged, the

solid phase of the suspension was cautiously washed with

double distilled water until no b-CD was detected in the

supernatant liquid by phenolphthalein colorimetry (Zhang

et al. 2012). Eventually, the ZnO–b-CD sample was dried

at 50 �C. The sample prepared in this way was used for

FE-SEM, XRD, and UV–DRS analysis. The calculated

adsorption capacity of b-CD onto ZnO is 1.176 lmol/g as

calculated by Langmuir isotherm model.

For studying the inclusion complex between b-CD and

AY99 dye, equimolar ratio of solid AY99 dye and b-CD were

dissolved in minimum amount of water was magnetically

stirred for 24 h and then the complex was dried at 50 �C. This

complex was characterized by FT-IR spectral analysis.

Photocatalytic decoloration experiment

In the photodecoloration of AY99 dye under solar light

irradiation, sun light is used as an irradiation source. The

intensity of sun light on the day of irradiation was measured

using Lux meter. Exactly, 50 ml of the reaction solutions was

taken in clean wide mouth glass vessels which were kept at a

distance of 20 cm between each. The direct sun light radia-

tion was allowed to fall on the reaction solutions during noon.

The pH values of dye solutions were adjusted using digital

pen pH meter (Hanna Instruments, Portugal) depending on

desired values with HCl and NaOH solution as their effect on

the adsorption surface properties of ZnO is negligible. The

pH of the dye solutions was adjusted before irradiation pro-

cess and it was not controlled during the course of the

reaction. Prior to irradiation, ZnO suspensions were kept in

dark for 10 min to attain adsorption–desorption equilibrium

between dye and ZnO system. The reaction vessels were

taken out at different intervals of time and the solutions were

centrifuged. The supernatant liquid was collected and labeled

for the determination of concentrations for the remained dye

by measuring its absorbance (at kmax = 445 nm) with visible

spectrophotometer (Elico, Model No. SL207). In all the

cases, exactly 50 mL of reactant solution was irradiated with

required amount of photocatalysts.

By keeping the concentrations of AY99 dye-b-CD as

constant with the molar ratio of 1:1, the effects of the other

experimental parameters on the rate of photocatalytic de-

coloration of AY99 dye solutions were investigated. The

natural pH of AY99 dye solution was 5.4 and the irradia-

tion time was fixed as 120 min.

Decoloration kinetics

The photocatalytic decoloration process of AY99 dye tends

to follow pseudo-first order kinetics in the presence of

catalysts used in this study. The regression curve of natural

logarithm of AY99 dye concentration vs. illumination time

shows a straight line using the formula,

ln Co=Ctð Þ ¼ kt

where Co and Ct represent the initial concentration of the

corresponding AY99 dye in solution and that of illumina-

tion time of t, respectively, and k represents the apparent

rate constant (min-1) (Chun et al. 2001; Zertal et al. 2004;

Rao et al. 2009).

Dissociation constant measurements

The dissociation constant (KD) value for the complexation

between b-CD and AY99 dye can be calculated using the

Benesi–Hildebrand equation (Velusamy et al. 1996).

C½ � S½ �=DODð Þ ¼ C½ � þ S½ �=Deð Þ þ KD=Deð Þ

where,

[C], [S] represent the concentrations of the b-CD, AY99

dye molecules, respectively, at equilibrium. DOD, the

increase in absorption upon addition of b-CD; De, the

difference in molar extinction coefficients between the

bound and the free AY99 dye; KD, dissociation constant.

KD can be obtained from the ratio of the intercept (KD/

De) and the slope (1/De) from the linear plot of [C] [S]/
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DOD versus {[C] ? [S]}. The determined KD value is

4.8846 9 10-5 M.

Results and discussion

Field emission scanning electron microscopy

Figure 1 depicts FE-SEM micrograph of the bare b-CD,

bare ZnO, and ZnO–b-CD, respectively. Bare b-CD shows

amorphous surface. The surfaces of bare ZnO and ZnO–b-

CD exhibit a similar morphology which indicates that the

morphology of ZnO has not been affected by its com-

plexation with b-CD. However, the external frontier of the

ZnO–b-CD was noticeably different from ZnO. This may

due to the aggregation of ZnO and b-CD particles as the

surfaces of the particles are very loose. This kind of surface

arrangement can provide a superior adsorption environ-

ment and more active site for the photocatalytic reaction.

X-ray powder diffraction analysis

The X-ray powder diffraction patterns of b-CD, 1:1 physical

mixture ZnO–b-CD, and ZnO are presented in Fig. 2a–c,

respectively. XRD pattern of the sample is summarized in

Fig. 2. All the diffraction peaks of samples can be indexed as

the wurtzite structured hexagonal ZnO with lattice (JCPDS,

No. 36-1451), which indicated that the sample is pure ZnO.

The high intensities of the XRD peaks of the sample suggest

that the ZnO phase used in this work is highly crystalline.

Diffraction peaks at 31.73�, 34.45�, 36.28�, 47.51�, and

56.68� correspond to (100), (002), (101), (102), and (110)

planes of ZnO, respectively. Moreover, the addition of b-CD

do not cause any shift in peak position of that of ZnO phase.

The results also demonstrated that the ZnO conserved their

wurtzite crystal features. Addition of b-CD causes no effect

on the crystalline feature of ZnO.

UV–visible diffuse reflectance spectra

The diffuse reflectance spectra of ZnO and ZnO–b-CD

catalysts are provided in Fig. 3, respectively. As shown in

the Fig. 3b, ZnO–b-CD has slightly higher absorption

intensity in the visible region compared to the bare ZnO

(Fig. 3a), this is attributed to charge transfer ligand to

metal charge transfer (LMCT) from b-CD to ZnII.

UV–visible and FT-IR spectral analysis

The molecular structure of b-CD allows various guest

molecules with suitable dimensions to form host/guest

inclusion complexes. In this study, the inclusion complex

between b-CD and AY99 dye was characterized with

UV–visible spectrum as given in Fig. 4. Figure 4 depicts

that the absorbance of inclusion complex increases with

increasing the concentration of b-CD (Wang et al. 2006).

Though IR measurements are not employed for detecting

inclusion compounds (due to the superposition of host and

guest bands), in some cases where the substrate has charac-

terstic absorbance in the regions where b-CD does not

absorb, IR spectrum is useful. From the FT-IR spectra

(Fig. 5), it was observed that the peaks corresponding to

monosubstituted benzene (1,596, 1,544 and 1,514 cm-1) for

the AY99 dye molecule (Fig. 5b) are presented in the 1:1

physical mixture of b-CD-AY99 dye complex (Fig. 5c),

whereas hidden in the b-CD-AY99 dye 1:1 complex

(Fig. 5d). Moreover, it contains all the absorption peaks

related to b-CD (Fig. 5a). It is interesting to note that the

spectrum of a physical mixture of b-CD and AY99 dye

resemble more of the AY99 dye peaks than that of a complex

spectrum. It clearly confirms that there is an inclusion of the

AY99 dye molecule inside the b-CD cavity in such a way

that, the complexation between the AY99 dye molecule and

b-CD has been proved by the FT-IR spectral data (Fig. 5).

Effect of initial dye concentration

The photocatalytic decoloration of AY99 dye was carried

out at different initial concentrations ranging from

5.04 9 10-5 to 30.22 9 10-5 M in ZnO and ZnO–b-CD

systems. The percentage removal of AY99 dye was

decreased with increase in the concentration of dye. Nev-

ertheless, the decoloration efficiency decreases because the

photogeneration of holes or hydroxyl radicals on the cat-

alyst surface is reduced (Guettai and Amar 2005). Under

these conditions, the active sites of the catalyst are covered

by dye molecules and degradation products, which com-

pete with H2O and OH• to be adsorbed on the same sites,

resulting in the lower formation of OH• radicals, the

principal oxidant indispensable for high degradation effi-

ciency (Sahel et al. 2007). In addition, the significant

amount of light radiation that may be screened by dye

molecules should be taken into account, since less photons

reach the photocatalyst surface to further generate OH•

(Guettai and Amar 2005; Camarillo and Rincon 2011).

Effect of initial pH

The solution pH appears to play an important role in the

photocatalytic process of various pollutants (Krishnakumar

et al. 2012). The effect of pH on the photodecoloration of

AY99 dye was studied in the pH range 1–11. The Zero

Point Charge (pzc) for ZnO is 9.0 ± 0.3. ZnO surface is

positively charged below pH 9, whereas it is negatively

charged above pH 9 based on their pzc (Bansal and Sud

2011). AY99 is an acidic dye in aqueous solution.
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At acidic pH range, the removal efficiency is less and it

is due to the dissolution of ZnO. Because ZnO is ampho-

teric in nature and is dissolved at lower pH, forming salts.

At higher pH, it forms zincates such as [Zn(OH)4]2. In the

basic pH, ZnO surface is negatively charged by means of

adsorbed OH- ions. The presence of large quantities of

OH- ions on the particle surfaces as well as in the reaction

medium favors the formation of OH• (Sobana and

Swaminathan 2007). All these factors are responsible for

higher decoloration efficiency in basic pH.

Effect of amount of photocatalyst

The influence of the photocatalyst concentration from 0.5

to 3.0 g/L for AY99 dye on the photodecoloration

Fig. 1 FE-SEM images of a Bare b-CD b Bare ZnO c ZnO–b-CD
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Fig. 4 UV–visible spectral analysis. a b-CD, b AY99 dye, c 1:1
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efficiency was investigated. The observed results revealed

that the photodecoloration efficiency increases with

increase in ZnO concentration. This can be explained in

terms of availability of active sites on the catalyst surface

and the penetration of solar light into the suspension. The

total active surface area increases with increasing catalyst

dosage. Hence, the optimum amount of catalyst for pho-

tocatalytic decoloration of AY99 dye was found to be

2.0 g/L. All the process parameters were performed with

this concentration of ZnO.

Effect of illumination time

Illumination time plays an important role in the decolor-

ation process of the pollutants. The illumination time was

varied from 30 to 180 min. The remaining concentration is

decreased with an increase in the illumination time. It was

observed that nearly 98.0 % decoloration of AY99 dye

solution is achieved with in 180 min.

Figure 6 shows the maximum percentage removal of

AY99 dye with various operational parameters. It is

observed that ZnO–b-CD/Solar light system exhibits better

photocatalytic decoloration efficiency than that of ZnO/

Solar light system.

Mechanism of the effect of b-CD on photodecoloration

The proposed mechanism for the photocatalytic decolor-

ation of AY99 dye by excitation of ZnO/b-CD is shown in

Fig. 7. Since b-CD has higher affinity on ZnO surface than

dye molecules, b-CD molecules could be adsorbed on ZnO

surface and engage the active sites. b-CD would capture

holes on active ZnO surface resulting in the formation of

stable ZnO/b-CD inclusion complex. So, the inclusion

complex reaction of b-CD with dye molecules should be

the key step in photocatalytic decoloration in ZnO sus-

pension containing b-CD. Dye molecules form inclusion
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complex resulting in the indirect photodecoloration to be

the main reaction channel (Zhang et al. 2009). AY99 dye

molecules enter into the cavity of b-CD, which is linked to

the ZnO surface in the equilibrium stage and they absorb

light radiation followed by excitation. An electron is rap-

idly injected from the excited dye to the conduction band

of ZnO. Another important radical in illumination of ZnO–

b-CD is the superoxide anion radical (•O2-). The dye and

dye cation radical then undergo degradation.

b-CD/ZnO could show significant photocatalytic activ-

ity mainly because b-CD could trap the photo generated

holes resulting in the lower eCB
- /hVB

? recombination (Zhang

et al. 2010). In general, the lifetimes for the excited states

of unreacted guests are prolonged when incorporated inside

the cavity of CDs. Therefore, cyclodextrin facilitates the

electron injection from the excited dyes to the ZnO con-

duction band and thereby enhances the decoloration

(Zhang et al. 2011).

Conclusion

In this work, we carried out a detailed study of the effect of

b-CD on the photodegradation of AY99 dye in ZnO sus-

pension. XRD analysis exposes that ZnO conserved their

wurtzite crystal features during the irradiation. Addition of

b-CD does not cause any shift in peak position of that of

ZnO phase. The results also demonstrated that the wurtzite

ZnO conserved their wurtzite crystal features. UV–visible

diffuse reflectance spectra exhibit that b-CD addition leads

to a significant effect on the optical characteristics of ZnO.

ZnO–b-CD system has faintly superior absorption intensity

in the visible region compared to the bare ZnO system.

Hence, photodecoloration of AY99 dye in ZnO–b-CD/solar

light system exhibits better photocatalytic decoloration

efficiency than that of ZnO/solar light system. This work

provides essential information on the promotion effects of

b-CD on the photodegradability of ZnO on dye in aqueous

solution.
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