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Abstract−The effect of surfactants on the performance of BiOCl-ZnO nanoparticles was investigated in the photocat-
alytic degradation of an organic pollutant. BiOCl-ZnO nanoparticles, modified with cetyl trimethyl ammonium bro-
mide (CTAB) and polyethyleneglycol-20000 (PEG) as two kinds of surfactants, were used as photocatalysts. The
photocatalysts were characterized by SEM, XRD, FTIR and DRS analyses. Characterization of the photocatalysts indi-
cated the positive role of the surfactants in increasing the surface area of the photocatalysts. The experimental results
demonstrated that PEG had more impressive effect than CTAB on the photocatalytic performance. The effects of
important operational parameters, such as initial pollutant concentration, catalyst dosage and pH, on the degradation
efficiency were studied. About 96.3% of the organic pollutant removal from synthetic wastewater was obtained at opti-
mal conditions under visible irradiation. Equilibrium data were well fitted to the Langmuir isotherm equation.
Keywords: Photocatalytic Degradation, Organic Pollutant, Surfactant, BiOCl-ZnO Nanoparticles

INTRODUCTION

Many industries, such as plastics, textile, paper and pulp, generate
waste water streams that contain a considerable amount of organic
dyes. If these compounds are released into main water resources
without any prior treatment, they can disturb the ecological balance
in the environment. They have mutagenic and carcinogenic effects
on aquatic organisms. Thus, at the end of the food chain, they are
considered as a threat to human life. These contaminants are stable
and non-biodegradable because of their chemical structure com-
plications. Although there are several methods for water treatment,
such as sedimentation, ion exchange, coagulation, adsorption, their
use is limited due to their high operating costs [1,2].

Most recently, some alternative methods, including advanced
oxidation processes (AOPs), have been widely applied for the pur-
poses of treating. Their extensive applications are owing to their
ability to remove non-biodegradable organic components, generate
very reactive and oxidizing free radicals, especially hydroxyl radi-
cals, and no need to dispose of residual sludge [3-8]. Among these
alternative methods, the photocatalytic process proves its potential
in mineralizing toxic organic and inorganic compounds in either
liquid or gas phases [9]. The popularity of this process in environ-
mental remediation is due to its non-toxic nature, low operating
cost and high efficiency. Semiconductor photocatalysts play a key
role in this regard [10].

In recent years, BiOX (X=Cl, Br, I), as new types of semicon-
ductor materials, have attracted attention for environmental treat-
ment due to their uniquely layered structure, chemical stability and
outstanding photocatalytic activity [11-17]. They exhibit several excel-

lent chemical and physical properties, such as optical, electrical,
anisotropic structural, luminescent and mechanical properties, and
have been extensively used in cosmetics, solar cells and photoelec-
trochemical devices [18]. A substantial number of experiments
have indicated that BiOX semiconductors display stronger photo-
catalytic performance than TiO2 (P25, Degussa) in degrading organic
pollutants under UV-vis light irradiation [19]. Zhang et al. [20]
revealed that BiOCl exhibited better performance than TiO2 (P25)
in the photocatalytic degradation of methyl orange (MO) dye at
three-cycles. Simultaneously, they discussed the electronic band
structure of BiOCl while using first-principles methods based on
the density functional theory (DFT) [20]. They found that the open
crystal structure and the indirect optical transition of BiOCl played
crucial roles in its excellent photocatalytic activity [18,20-22].

The inability of absorbing visible light is one of the most import-
ant defects of these compounds. Coupled with metal oxide semi-
conductors, along with surfactants having polymeric matrix, is a
potential strategy to deal with this problem. Dominant advantages
of these nanocomposites include excellent corrosion strength, low
density, good fatigue resistance, low thermal expansion and desir-
able thermal insulation.

As a result, we selected BiOCl from other bismuth oxyhalides,
as an effectual photocatalyst, for degrading organic dyes due to its
high activity and low recombination rate of photogenerated elec-
trons and holes [23]. Moreover, for improving photonic applications
of BiOCl in ultraviolet-visible (UV-vis) region, and constructing a
visible-driven photocatalyst, it was coupled with ZnO/surfactant
composites [24,25]. The influence of polyethylene glycol-20000 (PEG)
and Cetyltrimethyl ammonium Bromide (CTAB), as two types of
surfactants, was investigated on BiOCl-ZnO nanoparticle perfor-
mance for the first time. Also, the influences of parameters, such
as pH, initial pollutant concentration and dosage of photocatalyst,
were evaluated on the degradation of the organic pollutant.
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MATERIALS AND METHODS

1. Materials
The reactants used in this study, such as bismuth nitrate penta-

hydrate (Bi(NO3)3·5H2O), potassium chloride (KCl), zinc nitrate
hexahydrate (Zn(NO3)3·6H2O), sodium chloride (NaCl), Polyeth-
ylene glycohol-20000 (PEG), Cetyltrimethyl ammonium Bromide
(CTAB), Methylene blue (MB) as an adsorbate (Methylene blue
(C16H18N3SCl), a basic blue dyestuff with CI Classification No.
52015), accompanied by distilled water as solvent, were all pur-
chased from Merck Co.
2. Photocatalyst Preparation

ZnO powder was synthesized via the precipitation method. First,
2.0 g of zinc nitrate and 1.0 g of the surfactant were dissolved in
water. Next, sodium hydroxide solution (0.5 M) was slowly added
into the above solution during 15min. After that, the resultant sus-
pension was heated to 50 oC for 1.5h. Vigorous stirring was applied
during the addition of NaOH. The precipitate was separated by
centrifuge, washed with distilled water, and finally dried at 70 oC
for 24 h in a vacuum dryer.

BiOCl nanoparticles were prepared according to the method
proposed by Jiang et al. [26]. In detail, 1.0 mmol of Bi(NO3)3∙5H2O
and 1.0mmol of KCl were added in 15mL of distilled water at room
temperature. After that, the slurry was stirred for 30 min, and then
poured into a Teflon-lined stainless autoclave. The autoclave was
heated at 160 oC for 24h under autogenous pressure, and then cooled
to room temperature. The resulting sediments were collected, thor-
oughly washed with ethanol and deionized water, and dried at 60 oC
in air.

For preparation of BiOCl-ZnO-Surfactant photocatalyst, 1.0 g
of BiOCl white powder and 1.0 g of ZnO powder were dissolved
in water. The suspension was maintained under vigorous stirring
for 24 h. Eventually, the composed sediment was separated by a
centrifuge, and dried at 70 oC for 10 h.
3. Photocatalyst Characterization

The morphology and particle size of the samples were analyzed
by field emission scanning electron microscopy (FESEM, Leo 440i).
The crystallography and phase structure of the composites were
identified by X-ray diffraction (XRD, PANalytical X’Pert Pro, Cu-
Kα: λ=0.154 nm). Fourier transform infrared (FT-IR) spectra were
recorded using Alpha FTIR spectrometer (Burker in Germany) at
room temperature. Also, UV-vis diffuse reflectance spectra (DRS)
(V-670 in Japan) were obtained to determine the band gap energy
of the photocatalyst particles.
4. Photocatalytic Activity Test

To assess the photocatalytic activity of the obtained samples, de-
gradation of methylene blue under visible illumination was carried
out in a self-designed photocatalytic reactor. The photoreactor was
made of a glass tank, with an effective volume of about 1,000 mL.
A mechanical stirrer, with the speed of 60 rpm, was used for stir-
ring the dye stock solution. A specified amount of the catalyst
(BiOCl-ZnO=0.5 g) was added to 500 mL of the dye diluted solu-
tion (Methylene Blue=20 ppm). First, before irradiation, the sus-
pension was stirred for a given time (usually 15-30 min) in the dark
to reach adsorption equilibrium, as deduced from steady state con-
centrations. Then, it was continuously irradiated by a 125 W high

pressure mercury lamp (Osrum GmbH, Germany) for 3 h. To fil-
ter out most of UV radiation through all radiation spectra of the
lamp, a glass bulb with a special cover was used. Thus, the short wave
ultraviolet radiations (UV-C and UV-B rays) were mostly retained,
and the long wave ultraviolet radiation (UV-A ray) was reduced.
The content of the tank was continuously agitated to maintain the
experimental environment homogeneous. Specified amounts of
the solution were collected, as samples, at equal time intervals, and
centrifuged to remove any suspended solid catalyst particles. Finally,
these samples were analyzed by UV-vis spectrophotometer (Shi-
madzu, UV-1601P). The degradation percentage of methylene blue
was calculated by using the equation below:

(1)

In which Co is the initial dye concentration, and C is the dye con-
centration after treatments.

RESULTS AND DISCUSSION

1. Characterization of BiOCl-ZnO Nanocomposite
The morphologies of pure BiOCl-ZnO and BiOCl-ZnO modi-

fied with the surfactants were investigated by SEM, as shown in
Fig. 1. The sheet-like and tetragonal characteristic of BiOCl can be
clearly seen from this figure [26]. The thickness of prepared BiOCl
nanosheets and ZnO nanoparticles was between 50-70 nm and
20-70 nm, respectively (Fig. 1(a) and (b)). As can be seen, the sur-
face of BiOCl sheets is not clean and smooth because of attached
ZnO nanoparticles to the sheet surface (Fig. 1(c)). The agglomera-
tion of ZnO particles on the surface of BiOCl, which reduces the
uniformity and the photocatalytic active site of the catalyst surface,
is obvious in this figure. Consequently, reducing the photocatalytic
efficiency, after coupling BiOCl nanosheets with ZnO nanoparti-
cles, is expected. The images of BiOCl-ZnO modified with the sur-
factants (Fig. 1(d) and (e)) confirm the enhancement of the pho-
tocatalyst surface area, as an effective factor for increasing the pho-
tocatalytic degradation.

The hydrothermal synthesis, which displays practical applica-
tions in the catalytic field, is a strong method for preparing nano-
composites, such as alloys and homogeneous compositions. X-ray
diffraction (XRD) pattern of BiOCl-ZnO nanoparticles is demon-
strated in Fig. 2. It exhibits typical diffraction peaks corresponding
to the hexagonal structure of ZnO and the tetragonal phase of
BiOCl, which are in acceptable agreement with the literature val-
ues of (JCPDS card no. 80-0075) and (JCPDS card number 06-
0249), respectively. The sharp peaks indicate a high degree of crys-
tallization for the products. Furthermore, due to the high content
of BiOCl toward ZnO, the peaks of BiOCl are increased. More-
over, no other crystalline impurities were detected, which confirms
the high purity of the products.

Fig. 3 shows the FT-IR spectra of BiOCl-ZnO, BiOCl-ZnO-CTAB
and BiOCl-ZnO-PEG samples. The peaks at about 525 cm−1 and
434cm−1 are attributed to Bi-O stretching mode and Zn-O stretch-
ing vibration, respectively [25,27]. The sharp peak at 3,414 cm−1 is
attributed to O-H bond stretching vibration, which can be related
to the adsorbed water on the surface. It is obvious that the diagram

Degradation %( ) = 
Co − C

Co
-------------- 100×



772 R. Halvaeifard and S. Sharifnia

March, 2018

has not changed in desired spectra after removing CTAB by wash-
ing the catalyst. Unlike CTAB, PEG is a stable surfactant and can-
not be easily washed away from the photocatalyst structure. Moreover,
the peaks at 2,365, 1,641 and 1,374cm−1, corresponding to the stretch-

ing vibration of CH2, carboxylate (COO−) and -CH, respectively, con-
firm the presence of PEG in the photocatalyst structure [28].

Fig. 4 presents the UV-vis diffuse reflectance spectra (DRS) of
BiOCl-ZnO and BiOCl-ZnO modified with the surfactants. It reveals

Fig. 1. SEM images of pure BiOCl-ZnO and BiOCl-ZnO modified with the surfactants: (a) BiOCl nanosheets, (b) ZnO nanoparticles, and
(c) pure BiOCl-ZnO, (d) BiOCl-ZnO modified with CTAB, and (e) BiOCl-ZnO modified with PEG.
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that the presence of PEG has more positive effect than CTAB on
the absorption peak. This observation has a consistent with the
Moradi et al. [29] report. The band gap energy of the samples was
computed using Eq. (2).

(2)

where hυ and λ are the energy (eV) and wavelength (nm) of a
photon, respectively. As a result, the calculated band gap energy of
BiOCl-ZnO, BiOCl-ZnO-CTAB and BiOCl-ZnO-PEG is 3.55,
3.35 and 3.05 eV, respectively. This observation demonstrates that
the incorporation of PEG makes BiOCl-ZnO as a visible light respon-
sive photocatalyst.
2. Photocatalytic Performance

To assess the effect of the surfactants on photocatalytic proper-
ties of the prepared photocatalysts, the photocatalytic degradation

of methylene blue was carried out under visible light illumination.
The activity of synthesized BiOCl-ZnO modified with the surfac-
tants (PEG and CTAB), compared with the pure BiOCl, ZnO, and
BiOCl-ZnO samples, is illustrated in Fig. 5. It is obvious that the
photocatalytic performance of BiOCl-ZnO-PEG is better than that
of BiOCl-ZnO-CTAB, BiOCl-ZnO nanoparticles, and pure BiOCl
and ZnO, in the both presence and absence of irradiation.
3. Kinetic of MB Disappearance

The kinetic of MB disappearance by three synthesized catalysts
is discussed in Fig. 6. It follows an apparent first-order kinetic model,
which is in agreement with the linear transformation of − ln(C/
Co)=f(t). In this regard, the Langmuir-Hinshelwood mechanism was
used as follows (Eq. (3)):

(3)

where r is the rate of a reaction (mg/L min), K is the rate constant

hυ eV( )  = 
1240
λ

-----------

r = kθ  = 
kKC

1+ KC
--------------- kKC  = kappC≈

Fig. 2. XRD pattern of BiOCl-ZnO-PEG.

Fig. 3. FTIR spectra of the photocatalysts: pure BiOCl-ZnO, BiOCl-
ZnO-CTAB, and BiOCl-ZnO-PEG.

Fig. 4. (a) UV-vis diffuse reflectance spectra of BiOCl-ZnO and
BiOCl-ZnO modified with the surfactants. (b) The plot of
(αhυ)2 versus photon energy (hυ).

Fig. 5. The degradation efficiency of MB (20 mg/L) catalyzed by
different photocatalysts.
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BiOCl-ZnO-CTAB and BiOCl-ZnO. This is due to more photo-
catalytic activity of BiOCl-ZnO-PEG toward BiOCl-ZnO-CTAB
and BiOCl-ZnO under visible light irradiation as discussed earlier.
4. Effect of Initial Concentration of MB

The effect of varying the initial dye concentration from 10 to
30 ppm on the photocatalytic degradation of methylene blue is ex-
hibited in Fig. 7. The experiments were done in natural pH and
catalyst dosage of 1 g/L. As can be seen, the rate of photocatalytic
degradation increases with increasing the concentration of the dye
from 10 to 20 ppm. It is owing to the probability enhancement of
the interaction between extra methylene blue molecules near the
surface and the oxidizing species, which leads to an increase in the
degradation efficiency. In contrast, by increasing the initial dye
concentration up to 30 mg/L, the degradation efficiency clearly de-
creases. Owing to the absorbance of light photons by pollutant mole-
cules in the solution, the production of the charge carriers is faced
with serious restrictions through the lack of sufficient light for activa-
tion of the catalyst. On the other hand, this further increase in the
initial dye concentration causes more adsorption of methylene
blue molecules on the photocatalyst surface, which not only results
in occupancy of more active sites, but also is a barrier for direct
accessing of hydroxide ions and oxygen molecules to the catalyst
surface. Hence, the generation of OH• and O2

−• radicals, which are
required for the degradation of methylene blue molecules, decreases.
Consequently, the higher the initial concentration of methylene blue
(more than 20 ppm) the lower the degradation efficiency.
5. Effect of Catalyst Dosage

The effect of the photocatalyst dosage on the photodegradation
of the dye was studied in the range of 0.5-1.5 g/L. The experiment
was done at the natural pH, and the initial dye concentration of
20 ppm. The results are shown in Fig. 8. As can be concluded, by
altering the photocatalyst dosage from 0.5 to 1 g/L, the degrada-
tion efficiency increases and reaches its maximum value at 1 g/L.
increasing the necessary catalytic active surface by increasing the
catalyst dosage can explain this observation. However, by adding
the catalyst dosage more than 1 g/L, the degradation efficiency de-
creases. It is due to the overlapping of catalyst particles, and the opac-

of photocatalysis (mg/L min), k is the rate constant of the reaction
(L/mg), and C is the concentration of methylene blue (mg/L) at
any time of t (min). Table 1 shows the removal efficiencies, rate con-
stants and R2 of BiOCl-ZnO-CTAB, BiOCl-ZnO-PEG and BiOCl-
ZnO after 120 min of visible light irradiation. It was observed that
the rate constant of BiOCl-ZnO-PEG was higher than that of both

Fig. 6. The Langmuir-Hinshelwood kinetic in the photocatalytic de-
gradation of MB by three synthesized catalysts (BiOCl-ZnO,
BiOCl-ZnO-CTAB and BiOCl-ZnO-PEG).

Table 1. The kinetic parameters of MB photodegradation

Photocatalyst Photodegradation
efficiency of MB (%) K R2

BiOCl-ZnO-PEG 74.40 0.011 0.992
BiOCl-ZnO-CTAB 34.72 0.003 0.909
BiOCl-ZnO 14.24 0.001 0.777

Fig. 7. The effect of MB initial concentration on the degradation effi-
ciency of MB at natural pH and BiOCl-ZnO-PEG dosage of
1 g/L.

Fig. 8. The effect of BiOCl-ZnO-PEG dosage on the degradation effi-
ciency of MB at natural pH and MB initial concentration of
20 ppm.
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ity of the reaction environment, which prevents from reaching suf-
ficient light to the catalyst surface, and producing the oxidizing
species. Hence, the optimum value of 1 g/L BiOCl-ZnO-PEG was
used in the next investigations.
6. Effect of pH

pH of a solution is a key parameter in a photocatalytic reaction.
The pH values influence the electrostatic interaction between a cata-
lyst surface and contaminant molecules (MB), the concentration
of generated hydroxyl radicals and the reaction of superoxide and
hydroxyl radicals, which are formed on the catalyst surface, with con-
taminant species. The surface coverage and the absorption behav-
ior of a nanoparticle depend on its iso-electronic point. When pH
is lower than its isoelectric point (IEP), the surface charge of the
nanoparticle will be positive. In contrast, at higher pH values, it is
negatively charged [30]. Therefore, the degradation strongly depends
on pH of the solution. In this study, the influence of pH alteration
in the range of 3 to 10 on the degradation of MB dye was investi-
gated, and the results are shown in Fig. 9. In this part, the catalyst
dosage, and the initial concentration of dye were considered 1 g/L
and 20 ppm, respectively. In all experiments, pH was adjusted by
adding an appropriate amount of 0.01 N HCl or 0.01 N NaOH
solutions. It is obvious that the adsorption capacity increases by
increasing pH values up to 9.5. MB is a cationic dye, and exists in
the form of positively charged ions in an aqueous medium. Thus,
in an acidic solution, a competition takes place between excess
H3O+ ions and dye cations, which causes a decrease in the adsorp-
tion capacity, and minimizes the degradation rate. At high values
of pH, although the negative surface charge will hinder the cre-
ation of holes, the formation of OH•, via oxidation of OH−, becomes
convenient. Therefore, positively charged MB ions can locate at
adsorbent sites, and generate a highly concentrated environment
around the catalyst, which causes relatively high degradation effi-
ciency. At pH values higher than 9.5, the dye degradation is inhib-
ited because of the competition between hydroxyl ions and dye
molecules in the adsorption process on the catalyst surface. As a
result, the degradation efficiency is reduced [31].
7. Stability of the Photocatalyst

Stability of photocatalysts is a very important factor for indus-

trial applications. In this study, it was examined by reusing the
consumed BiOCl-ZnO-PEG nanocomposite in the degradation
experiments of MB under same conditions for three times. For
this purpose, after centrifugal separation, the catalyst was washed
with distilled water and immediately reused for more runs with-
out any treatment. The results are shown in Fig. 10. In accordance
with this figure, only a slight decrease, by about 8.5%, is found after
three repetitions, which is most likely because of washing some of
PEG molecules from the structure of the photocatalyst. These ob-
servations prove the excellent reusable performance and consider-
able stability of the catalyst, which maintains the photocatalytic effi-
ciency high.

CONCLUSIONS

We investigated the effect of different surfactants, such as CTAB
and PEG, on the performance of BiOCl-ZnO nanoparticle, as a
photocatalyst for the organic pollutant removal under visible light.
It is concluded that the performance of PEG in the structure of
BiOCl-ZnO nanoparticles is more effective than CTAB. This may
be because of the coverage of nanoparticles by PEG molecules, as
a polymer layer. They create middle levels between conduction and
valence bands of the nanoparticles, which reduces the bandgap
energy, and causes the activation of the photocatalysts in the visi-
ble region. In the survey of the effect of methylene blue concentra-
tion, catalyst dosage and solution pH, the optimum conditions
were 20ppm, 1g/L and 9.5, respectively. Photodegradation of methy-
lene blue using BiOCl-ZnO-PEG photocatalyst at optimal condi-
tions indicated that 96.3% of methylene blue can be removed in a
short period of irradiation time. Moreover, this catalyst demon-
strated considerable stability, and maintained its photocatalytic effi-
ciency high after three replications.
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