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Abstract In this study, ZnO/HAP nanocomposite with

excellent photocatalytic activities was successfully synthe-

sized by sol–gel method and used for degradation of 2-mer-

captobenzoxazole (MBO) as model of odorous mercaptan

compound in water. To optimize the performance of ZnO/

HAP photocatalytic capabilities, ZnO/HAP loading (0.05–

0.3 g/L), irradiation time (15–180 min), pH (3–11) and initial

concentration of MBO (10–100 ppm) were investigated. At

neutral pH of 7, the highest amount of the MBO (99.45 %)

was degraded by ZnO/HAP nanocomposite through photo-

catalytic oxidation process within 2 h of irradiation time. A

maximum adsorption capacity of 197.64 mg g-1 was

obtained for ZnO/HAP under optimized conditions. BET

results indicated that ZnO/HAP had a surface area of

182.36 mg2g-1 which was much greater than pure ZnO

nanoparticles (31.2 mg2g-1). TEM image demonstrated a

spherical shape structure of ZnO/HAP with average particle

size of 25 nm in diameter. The XRD patterns revealed the

principal components of ZnO/HAP including HAP and ZnO.

FTIR spectrum results supported formation ZnO and HAP by

their stretching mode in composite. Comparison of photocat-

alytic activity of ZnO/HAP with pure ZnO and HAP nano-

particles had clearly recognized that latter is the most active

photocatalyst in the degradation of MBO using UV light as

source energy. The reason for greater activity of ZnO/HAP

was due to its larger specific surface area (182.36 m2g-1) and

high generation of active HO� and O�2�
2 species.

Keywords Nanocomposite � 2-Mercaptobenzoxazole �
ZnO/HAP � Photodegradation

Introduction

Mercaptans are unpleasant odorous organosulfur pollutants

which are produced by the wood-pulping industry, manure

and sewer systems as exhaust gases in natural environments

(Greyson 1990; Leh and Chan 1973). Environmental Pro-

tection Agency of United States (EPA) estimates that over

450 tons of mercaptan may be lost annually into the envi-

ronment with great impact on human health. So removal of

organosulfur compounds from aqueous solution has been one

of the major investigations in the last decades (Habibi and

Sheibani 2012). Among them, the pollution of the environ-

ment by 2-mercaptobenzoxazole (MBO) is always of great

concern for aquatic organisms. MBO is widely used in

industries as rubber vulcanization or corrosion inhibitor

(Allaouia and Wong-Wah-Chung 2010). Some studies on the
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environmental behavior and the biodegradation of MBO

indicated that in environmental conditions it is very stable and

cannot completely mineralized (Allaouia and Wong-Wah-

Chung 2010; Habibi and Sheibani 2012). To the best of our

knowledge, very few works were reported specifically on the

removal of MBO (Antonopoulou et al. 2014; Habibi and

Sheibani 2010; Parham and Khoshnam 2013). Hence, in

aspect of established toxicity, low biodegradability and per-

sistence of MBO in natural compartments, further work on its

elimination and/or mineralization needs to be addressed.

ZnO nanoparticles (Nps) is well-known photocatalyst

(Chong et al. 2010; Georgekutty et al. 2008; Hariharan 2006)

for the degradation of several environmental contaminants due

to its chemical inert, high photosensitivity, high electron

mobility, stability, large band gap (3.37 eV) and non-toxic

properties (Bahnemann 1991; Deng et al. 2008; Yusoff et al.

2014). Likewise, ZnO Nps are identified as the most promising

sorbent due to their high metal uptake (Ali 2012; Mahdavi

et al. 2012; Mohammad Vaseem and Hahn 2010; Sheela et al.

2012). Since the photocatalytic reaction occurs on the surface

of ZnO Nps, its photocatalytic activity can increase through

immobilization of the catalyst onto a substrate that improves

its surface properties (Bai et al. 2013; Saravanan et al. 2013).

In this connection, hydroxyapatite (HAP), with nominal

composition Ca10(PO4)6(OH)2, can be considered as valuable

candidate for supporting material due to its bio-compatibility

and excellent adsorption properties toward diverse water pol-

lutants (Azzaoui et al. 2014; Hokkanen et al. 2014). Mean-

while, HAP was recognized for its high potential in trapping

and retention of toxic heavy metals (Liu et al. 2013; Xie et al.

2013; Zhao et al. 2014b) and photocatalytic decomposition of

toxic organic materials (Bouyarmane et al. 2013; Wei et al.

2014) in polluted water. Yet, no report has been published on

removal of organic MBO pollutant from water via ZnO/HAP

nanophotocatalyst. So, following our pervious studies on

synthesis of Nps (Buazar et al. 2012; Kassaee and Buazar

2009; Kassaee et al. 2008), in this paper, ZnO/HAP nano-

composite was synthesized using simple and cost-effective

sol–gel procedure. The effect of parameters such as ZnO/HAP

doses, initial concentration of MBO, irradiation time and pH

were investigated on the photooxidation of MBO in water

under UV irradiation. Owing to the adsorption properties of

HAP and the photocatalytic properties of ZnO, the results

demonstrated that photodecomposition of MBO on ZnO/HAP

surface was much faster than pure ZnO and HAP Nps.

Materials and methods

Materials

Zinc acetate dihydrate (Zn(CH3COO)2�2H2O)

(99.99 %,w/w), 2-propanol (C3H7OH) (99.99 %,w/w), pure

ethanol (CH3CH2OH), 2-aminoethanol (MEA, C2H7NO),

calcium nitrate (Ca(NO3)2.4H2O) and di-ammonium hydro-

gen phosphate ((NH4)2HPO4) were of analytical grade and

purchased from Merck (Darmstadt, Germany). 2-Mercapto-

benzoxazole (CAS No. 2382-96-9, Fluka, Swiss) is used as

organic pollutant (Fig. 1). Deionized (DI) water is used for

rinsing and for makeup of all aqueous solutions.

Sol–gel synthesis of ZnO/HAP nanocomposite

ZnO/HAP nanopowder was synthesized using the sol–gel

technique (Hayat et al. 2011). Typically, appropriate

amount of zinc acetate (0.018 mol) is solved in 20 mL of

2-propanol for 1 h, then 20 mL of MEA was added to a

solution of zinc acetate. Sol was stirred in hot water bath at

65 �C for 1 h, then water was added drop-wise to the above

solution under vigorous mechanical stirring (1,400 rpm)

for 10 min. The white precipitate was produced instantly.

Separately, mixture solution consisting of 0.034 mol

(Ca(NO3)2.4H2O) and 0.023 mol (NH4)2HPO4 with pH

adjusted to 11 were added drop-wise to the obtained pre-

cipitate solution within 30 min. The resulting white sus-

pension was heated at 90 �C for 1 h and then the sol

mixture was aged for 24 h without stirring. The obtained

precipitate was washed several times with ID water then

dried in an oven at 90 �C for 3 h and finally ground with

mortar.

Characterization of ZnO/HAP

The morphology and size of the synthesized ZnO/HAP

nanocomposite were probed on Leo 912 AB transition

electron microscope (TEM) at an accelerating voltage of

120 kV. Infrared spectra of chemical compositions of as

prepared ZnO/HAP nanocomposite were recorded on

Fourier transform infrared spectroscopy (FTIR, Brucker

Tensor 27) spectrometer using a KBr wafer. Crystal

structure and the size of nanocomposite were obtained

from X-ray diffraction (XRD) on a Xpret Pro-Philips dif-

fractometer with CuK (k = 1.5405 Å) radiation at a

scanning speed of 2/min from 10 to 80 (2h). The Brunauer–

Emmett–Teller (BET) specific surface area of the synthe-

sized materials is determined by nitrogen adsorption–

desorption at 77.30 K using an ASAP2450 apparatus.

Photocatalytic experiments

The photodegradation procedure of MBO was conducted in

a photoreactor (Fig. 2). Firstly, 25 mL sample of waste-

water containing 20 ppm of MBO and 10 mg of ZnO/HAP

Nps with the initial pH of 4 was prepared and kept in the

darkness for 30 min. Afterward, the prepared mixture was

exposed to UV irradiation using UV lamps under
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continuous stirring (500 rpm) at room temperature (25 �C).

The engaged UV lamps were two 8 W low-pressure mer-

cury lamps (Philips, k = 365 nm) which were placed 5 cm

above a jar containing the polluted water. All photodeg-

radation experiments were conducted in a batch reactor.

After illumination for different times (8 samples, see

Fig. 7), the suspension is sampled and the degradation

process of MBO is monitored by UV/Vis absorbance. To

ensure repeatability, three trials of degradation of MBO

were done for each experiment. According to the change in

the concentration of MBO, The removal percentage (%R)

of MBO versus time is defined as Eq. 1:

%R ¼ C0 � Ct

C0

� �
� 100 ð1Þ

where Co is the initial concentration of MBO, Ct is the

concentration of MBO at certain reaction time t (min).

Results and discussion

Characterization of ZnO/HAP nanocomposite

FTIR analysis

FTIR spectroscopy is useful technique to prove formation

of the ZnO/HAP Nps. Analysis of ZnO/HAP by FTIR

demonstrated that all characteristic bands of ZnO and HAP

appeared in the IR spectrum. For example, characteristic

peaks of O–H bending at 23,600 cm-1, O–H stretching at

3,386 and stretching mode of PO4
-3 groups at 1,050 and

1,348 cm-1 (Amer et al. 2014). Moreover, the new band at

570 cm-1 could be attributed to the adsorption peak of

ZnO species in ZnO/HAP nanocomposite (Fig. 3) (Zhang

et al. 2011).

XRD

XRD patterns of ZnO/HAP nanocomposite revealed

principal components of HAP and ZnO (Fig. 4a).

According to the XRD pattern no impurities could be

found in the particles confirming that the product was

exclusively ZnO/HAP composite. The crystallinity of

the HAP was confirmed by the reflections observed at

typical 2h values of 25.87�, 31.76�, 39.8�, 46.6� and

49.5� (JCPDS cards No. 74-565) (Zhao et al. 2014a).

Meanwhile, the main peaks at 36.60� (101), 47.65�
(102) and 62.70 (103) were attributed to hexagonal

structure of ZnO Nps (JCPDS cards No. 89-0510). The

particles diameter is determined from the diffraction

peak broadening using Scherrer’s equation (Birks and

Friedman 2004):

D ¼ Kk=COSh ð2Þ

where D is the crystal size of the Nps, the value of the

coefficient K is 0.90, h (radian) is the diffraction angle, k is

the X-ray wavelength (1.5405 Å), and b is the width of

XRD peak at half height. The average crystallite size of

ZnO and HAP according to the most intensive diffraction

peak at 2h = 25.87� and 2h = 36.60� are 12 ± 1.2 and

20 ± 1.2 nm, respectively (Fig. 2). These results were

consistent with the IR observations (Fig. 3)

TEM analysis

TEM image clearly indicated that the synthesized ZnO/

HAP Nps appeared rather monodisperse and have an

average size of about 25 nm in diameter. Moreover, it

consists of less agglomeration of spherical particles, con-

firming the formation of nanocomposite which is important

for further advanced applications (Fig. 4b). Probably, HAP

makes a shell layer around ZnO particles to avoid its

growth and retains a stable dispersion compared to those

without any protection (Giannakopoulou et al. 2012).

Fig. 1 Physical state and

structure of

2-mercaptobenzoxazole (MBO),

kmax = 294 nm, molecule

weight (Mw = 151.19 gmol-1)

Fig. 2 Schematic representation of the UV photoreactor equipments
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BET analysis

According to BET results, ZnO/HAP nanostructure dem-

onstrated the isotherm of type IV, with a hysteresis loop at

relative pressure (P/P�) between 0.4 and 1.0, showing the

existence of mesoporous structures (Fig. 5) (Mohamed and

Aazam 2013). Meanwhile, the calculated values for ZnO/

HAP nanocomposite including BET specific surface area

(SSA, 182.36 mg2g-1), total pore volume (0.0329 cm3g-1)

and mean pore diameter (7.182 nm) indicated that our

nanocomposite has a much greater surface area than pure

ZnO Nps (31.2 nm) (Table 1). These results confirmed

TEM and XRD findings (Figs. 5, 4). Consequently, higher

specific surface areas and porous structures of ZnO/HAP

nanophotocatalyst enhanced its photocatalytic performance

toward organic MBO pollutant rather than pure ZnO Nps

(Tables 1, 2) (Giannakopoulou et al. 2012). Moreover,

SSA of ZnO/HAP was greater than other reported catalysts

in literature (Sakthivel et al. 2003), indicating its higher

photocatalytic activity.

Effect of pH

The effect of solution pH on the photocatalytic perfor-

mance of the ZnO/HAP nanoadsorbent was detected in the

initial pH range of 3–11. The degradation efficiency of

MBO increased first and then decreased slightly with rising

pH from 8 to 11 (Fig. 6a). The photocatalytic degradation

of MBO reaches maximum at neutral pH = 7. The impact

of pH on the adsorption capacity of the ZnO/HAP can be

explained on the basis of the point of zero charge of ZnO

and proton concentration (Sakthivel et al. 2003). The point

of zero charge of ZnO was reported as 9.0 (Neppolian et al.

1998). At alkaline condition (pH[ 9), with the decrease of

number of protons in the solution there are not enough

protons to trap photo-electrons, which could restrain the

production of hydroxyl groups. Subsequently, the nano-

adsorbent affinity toward MBO becomes weak gradually.

In contrast, at lower pH\ 9, electrostatic interactions

between MBO anions and the positive catalyst surface lead

to strong adsorption of the former on the ZnO/HAP catalyst

(Sakthivel et al. 2003).

Design of experiments and statistical analysis

A series of experiments were carried out to understand

the effects of various operating parameters on the deg-

radation of MBO and to find out the most influential

parameters affecting the process. Based on the single

factor study, three parameters—photocatalyst dose, initial

concentration of MBO and pH—were found to influence

the reaction most. The Box–Behnken design of experi-

ment method, which has been used along with RSM for

the optimization of various experimental processes, was

used to design the experiments required for the optimi-

zation (Zhang et al. 2010). The ranges and levels of

independent variables considered in the design are shown

in Table 3. The experimental results were fitted to a

quadratic polynomial model for three parameters repre-

sented by Eq. 1.

Fig. 3 FTIR spectrum of

prepared ZnO/HAP

nanocomposite
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Y ¼ b1Aþ b2Bþ b3C þ b11A
2 þ b22B

2 þ b33C
2 þ b12AB

þ b23BC þ b31CA ð1Þ

where, Y represents the response variable, b1; b2; b3 the

coefficients of the independent variables,b11; b22; b33 qua-

dratic coefficients,b12;b23; b31 interaction coefficients and

A, B, C are the independent variables studied.

The predicted values of % were obtained by substituting

the values of the parameters considered from Table 4 into

Eq. 2.

Y1 ¼ 92:6 þ 0:37A� 13:26Bþ 3:44C þ 0:22AB� 0:1AC

þ 1:72BC � 3:74A2 � 3:04B2 � 4:27C2 ð2Þ

The designed experiments along with experimental and

predicted values of the two responses are shown in Table 4.

The actual and the predicated values of degradation are in

agreement with each other. Moreover, It is found that at

pH = 7, the highest amount of MBO (*90.50) is

photodegraded by ZnO/HPA nanophotocatalyst. These

results further are consistent with Fig. 6b findings.

Effect of ZnO/HAP loading

To obtain the optimum dosage of ZnO/HAP, a series of

experiments were carried using various amounts of

nanophotocatalyst, from 10 to 200 mg L-1, in the solution

of MBO (Fig. 6b). The results demonstrated that the rate of

photodestruction of MBO increase linearly with ZnO/HAP

loading up to 50 mg L-1. This is attributed to the high

number of active sites on photocatalyst surface which in

Fig. 4 a XRD pattern and b TEM micrograph of the ZnO/HAP nanocomposite recorded at 20,000 magnifications
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turn increase the amount of hydroxyl and superoxide rad-

icals (Bandekar et al. 2014). Above this loading, increase

in turbidity of the solution reduces the UV light penetration

throughout the solution (Hameed et al. 2011). Accordingly,

degradation rate of MBO by nanocomposite would

diminish. Therefore, an optimal dosage of ZnO/HAP

photocatalysts for the degradation of MBO was adjusted at

50 mg L-1.

Effect of initial concentration of MBO

In order to investigate the effect of initial concentration of

MBO on the photocatalytic degradation efficiency of ZnO/

HAP, an experiment was carried out by varying the initial

concentration of MBO from 10 to 100 mg L-1 at pH = 7

and room temperature (25 �C) (Fig. A1). The results

depicted that the highest rate of degradation of MBO was

achieved at the optimal initial concentration of 20 mg L-1.

Beyond this value, the rate of degradation of MBO con-

siderably decreases. It was assumed that at higher con-

centration, there are a fewer active sites on the

nanoadsorbent surface, hence, the hydroxyl and oxygen

radicals attacking the MBO molecules decrease with

increase in concentration of MBO (Sakthivel et al. 2003).

Moreover, the Figs. 6b, A1 results further were confirmed

by correlation graph of removal of MBO and optimal ratio

of catalyst loading/MBO (Fig. 7). Evidently there is good

linear correlation between optimal ratio of catalyst loading/

MBO and removal efficiency of MBO pollutant. Approx-

imately, at catalyst loading/MBO = 200 the highest value

of MBO is photo-eliminated. These results indicated that

fewer values of both ZnO/HAP nanocatalyst and MBO

pollutant highly influence the removal efficiency of MBO

in solution. These observations are in agreement with

Figs. 6b and A1 results.

Effect of irradiation time

Figure 8 represents the relationship between the removal of

MBO with the irradiation time using ZnO/HAP nanop-

hotocatalyst. It was found that the rate of MBO degradation

considerably increases with increase in irradiation time, so

that the concentration of MBO was reduced to more than

85 % within 2 h. Apparently, with increase in irradiation

time, the formation of strong HO• and O�2
2

• radicals

increases and thus by breaking different bonds in the MBO
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Fig. 5 a N2 adsorption–desorption isotherm, b pore size distribution

curves, and c BET plot of ZnO/HAP nanocomposite

Table 1 BET surface characteristics of the ZnO/HAP and pure ZnO

nanoparticles

Nanoadsorbent BET

(mg2g-1)

Pore volume

(cm3g-1)

Pore size

(nm)

Reference

ZnO/HAP 182.36 0.0329 7.182 This work

Pure ZnO 31.2 0.12 15.81 Georgekutty

et al. (2008)

Table 2 Comparison of photocatalytic activity of nanoadsorbents on

degradation rate of MBO

Nanoadsorbent Removal % Reference

ZnO/HAP 99.45 This work

ZnO 50.8 This work

HAP 41.8 This work
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molecule, lead to its full degradation in the course of time

(Elmolla and Chaudhuri 2010; Hayat et al. 2011; Tian et al.

2012).

Effect of initial concentration of MBO on absorption

capacity of ZnO/HAP

The absorption capacity of adsorbent was determined

under optimized conditions (pH = 7, irradiation

time = 120 min, stirring speed = 400 rpm) by batch

method (Parham et al. 2012). 50 mg of ZnO/HAP

nanophotocatalyst was added to a 25-mL solution con-

taining 20 mg L-1 of MBO and stirred for 1 h. Removal

percent and adsorbed amount of MBO was probed by

cold vapor atomic absorption measurement of the sam-

ple solution before and after removing process. The

adsorption capacity of ZnO/HAP was calculated using

the following equation:

qe ¼
c0 � ctð ÞV

M
ð3Þ

where qe is the amount of MBO adsorbed on the ZnO/HAP

(mg g-1), C0 and Ct are concentration of MBO in solution

before and after adsorption (mg L-1), V is the volume

(L) and M is the amount of the ZnO/HAP used in the

reaction. The loading capacity of nanocomposite was

determined to be about 198 mg g-1. It was found that with

increasing concentration of MBO, the absorption rate is

increased accordingly (Fig. A2).
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Fig. 6 a Effect of various

solution pH and b effect of the

ZnO/HAP loading on the

degradation of MBO (initial

concentration: 20 mg L-1,

irradiation time: 2 h and 25 mL

solution of MBO)

Table 3 The levels and ranges of variables in Box–Behnken statis-

tical experiment design

Independent variables Symbol Coded variable level

Low -1 Center 0 High ?1

Catalytic dose (g L-1) A 0.01 0.05 0.1

Initial concentration

of MBO (ppm)

B 10 20 40

pH C 5 7 9
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Photocatalytic mechanism

Figure 9 elucidates the mechanism of photocatalytic

oxidation of MBO using ZnO/HAP nanophotocatalyst.

After immobilizing ZnO Nps on the surface of HAP, the

latter, being major contributor to the photodegradation of

MBO. On the other hand, after modifying ZnO by HAP,

the SSA and the concentration of hydroxyl groups con-

siderably increase. In a typical photocatalytic reaction,

photogenerating electrons and holes are captured by O2

and H2O absorbed by ZnO forming superactive •OH and

O��
2 oxidants. Hence, the enhanced photodegradation of

MBO can be promoted by the increase in the concen-

tration of surface hydroxyl groups and molecular oxygen.

Accordingly, the increase in amount of hydroxyl not

only increases the trapping sites for photogenerated

holes, but also can increase the trapping sites for

photogenerated electrons by adsorbing more molecular

oxygen, resulting in more hydroxyl radicals to participate

in the photocatalytic reaction. Consequently, ZnO/HAP

exhibited the highest photocatalytic activity than all the

other reported nanophotocatalysts (Fig. 9) (Mohamed and

Aazam; Sakthivel et al. 2003).

Comparison of photocatalytic activity of ZnO/HAP

with ZnO and HAP nanoparticles

In order to evaluate the efficiency of ZnO/HAP nanop-

hotocatalyst, identical experiments were also carried out

with ZnO, and HAP nanoparticles on the photocatalytic

degradation of MBO and the results were illustrated in

Table 2. Evidently, the results indicated that the highest

removal efficiency of MBO (99.45 %) occurred by ZnO/

HAP using UV light as energy source. The trend of pho-

tocatalytic activity of our studied nanophotocatalysts for

degradation of MBO was ZnO/HAP[ZnO[HAP

(Table 2). Obviously, doping ZnO in HAP matrix was

expected to enhance the surface area, hydroxyl radicals

species and improve photocatalytic performance of ZnO/

HAP rather than pure ZnO and HAP Nps (see Table 1)

(Giannakopoulou et al. 2012; Sakthivel et al. 2003).

0

10

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500
Catalyst loading /MBO 

R
em

ov
al

 (%
)

Fig. 7 The correlation between

photodegradation of MBO and

optimal ratio of ZnO/HAP

loading and the initial MBO

concentration

Table 4 Box–Behnken experiments along with actual and predicted

values of responses

MBO removal (%)

Run Catalytic dose

(g L-1)

Initial concentration

of MBO (ppm)

pH Actual Predicted

1 0.01 10 7 85.20 85.92

2 0.1 10 7 85.36 85.22

3 0.01 40 7 71.83 71.97

4 0.1 40 7 72.87 73.15

5 0.01 20 5 80.45 80.68

6 0.1 20 5 81.52 81.62

7 0.01 20 9 83.85 87.76

8 0.1 20 9 83.52 88.29

9 0.05 10 5 79.78 76.83

10 0.05 40 5 79.25 66.88

11 0.05 10 9 69.89 70.00

12 0.05 40 9 57.24 57.19

13 0.05 20 7 90.53 90.60

14 0.05 20 7 90.82 90.60

15 0.05 20 7 90.44 90.60
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Conclusions

The ZnO/HAP nanocomposite with high photocatalytic

activities was observed to be an efficient photocatalyst for

degradation of odorous MBO in water. The chemical com-

position, morphology, size, phase structure and specific sur-

face area of ZnO/HAP are characterized by FTIR, TEM, XRD,

SEM, and BET techniques, respectively. The results showed

that MBO was completely photodegraded within 120 min by

ZnO/HAP at the optimum conditions: pH = 7, adsorbent

loading = 50 mg and initial concentration of MBO =

20 mg L-1. The results demonstrated that photodecomposi-

tion of MBO on ZnO/HAP surface was much faster than pure

ZnO and HAP Nps using UV light as source energy. It is hoped

that our prepared ZnO/HAP nanophotocatalyst with higher

specific surface areas offers superior photoreaction procedure

for organic pollutants decomposition.
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