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ABSTRACT

The aim of this study was to investigate the effects of number of sulphonic groups on solar
photocatalytic degradation of Acid Orange 7 (AO7), Orange G (OG), New Coccine (NC),
Reactive Black 5 (RB5) and Reactive Green 19 (RG19) in aqueous solution. The data
obtained for photocatalytic degradation of AO7, OG, NC, RB5 and RG19 were well fitted
with the Langmuir–Hinshelwood kinetic model. The pseudo-first-order rate constant of
RG19 with six sulphonic groups was the highest among the dyes in this study. Results
showed that photocatalytic degradation rate of the azo dyes increased following the
increase of the number of sulphonic groups of the dyes in the sequence of: AO7 <OG<NC
<RB5 < RG19.
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1. Introduction

Textile, pulp and paper mills, printing and leather
industries are the primary sources in the discharge of
partially treated dyes contained in the wastewater.
The dye effluents that are released have one or more
azo bonds such as Reactive Green 19 (RG19), Orange
G (OG) and New Coccine (NC) [1]. These dyes will
become toxic and hazardous to human and aquatic life
when they are released into the environment in high
concentration. There are many treatment techniques
that can be employed for dye removal such as

adsorption [2], coagulation and flocculation [3],
biological processes [4] and membrane filtration [5].
However, most of the treatment techniques could only
transfer the azo dyes from one phase to another, and
they also generate plenty of chemical and biological
sludge, which requires additional operating cost for
further disposal [6].

The treatment technique of solar photocatalysis
with a combination of solar energy and photocatalyst
from semiconductor attracts the attention of research-
ers due to its higher treatment efficiency. It could be
considered as a green technology compared with other
methods [7]. The selection of semiconductor as photo-
catalyst for mineralization of azo dyes is important*Corresponding author.
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because the band gap energy of the semiconductor
would affect the efficiency in colour removal.
Although ZnO and TiO2 have the same band gap
energy, it was reported that ZnO was more effective
in dye removal compared with TiO2 under solar irra-
diation [7]. There are many reports on the photocata-
lytic degradation of azo dyes such as synthesis of
nanophotocatalysts with different methods [8,9], dop-
ing to increase the reactivity of photocatalyst [10],
effects of various operating parameters [11,12] and
determination of the intermediate products [13]. How-
ever, study on the effects of the number of sulphonic
groups in azo dyes on the photocatalytic degradation
rate has still not well documented. The main objective
of this study was to investigate the effects of sul-
phonic groups of the dyes on the solar photocatalytic
degradation rate. A total of five azo dyes: Acid
Orange 7 (AO7), OG, NC, Reactive Black 5 (RB5) and
RG19 with different number of sulphonic groups were
selected in this study.

2. Materials and methods

2.1. Chemical

Five azo dyes: AO7, OG, NC, RB5 and RG19 were
supplied by Acros Organic and Sigma Aldrich. The
chemical structure and molecular weight of all dyes
are shown in Table 1. Zinc oxide (ZnO) was supplied
by HmBG with molecular weight of 81.37 g/mol. All
chemicals were analytical graded and used without
further purification. The water used in sample prepa-
ration and dilution was ultrapure water.

2.2. Photocatalytic procedures

The stock solutions of the five azo dyes: AO7, OG,
NC, RB5 and RG19 were prepared in concentrations of
1.0 g/L at pH 9. The experimental set-up is shown in
Fig. 1. The photocatalytic degradation of dyes was con-
ducted in 1,000mL beakers, well mixed with magnetic
stirrer and exposed to solar light irradiation. In each
experiment, an appropriate amount of azo dyes from
stock solution was diluted to 500mL with ultrapure
water. The concentration of azo dyes tested in this
study was 100mg/L. The amount of ZnO added as
photocatalyst into the azo dye solutions was 0.1 g. The
solar photocatalytic process was conducted for 5 h and
about 15mL of water sample was collected from the
beakers with a syringe at interval time of 0, 0.5, 1, 1.5,
2, 3, 4 and 5 h. The collected water samples were
filtered to remove the ZnO particles. The clear water
samples would be analysed to determine the concen-
tration of AO7, OG, NC, RB5 and RG19 by UV–Vis

spectrophotometer (Hitachi U-2800, Japan). The maxi-
mum absorbance wavelength (λmax) of AO7, OG, NC,
RB5 and RG19 was set at 486, 512, 536, 597 and 627
nm, respectively. The mineralization of azo dyes was
monitored through changes in UV–vis spectrum and
chemical oxygen demand (COD). The COD value was
determined by HACH DR2800 spectrophotometer.

3. Results and discussion

3.1. Photocatalytic degradation of dyes

Most of the photocatalytic research was carried out
under UV light irradiation in laboratory [14–16]. How-
ever, in this study, natural sunlight was the main
source of irradiation. Sunlight contains 4% of UV light
and 43% of visible light [17], the photocatalytic degra-
dation of dyes in this study was mainly due to visible
light irradiation. Five azo dyes (AO7, OG, NC, RB5
and RG19) with initial concentration of 100mg/L were
placed under direct solar light irradiation and in a
dark place, respectively, with 0.1 g ZnO for 5 h. As
shown in Fig. 2(a), the concentration of AO7, OG, NC,
RB5 and RG19 was reduced to 79.5, 65.6, 10.9, 0 and 0
mg/L, respectively, after 5 h irradiated with solar
light. The colour removal could achieve 100% for RB5
and RG19 within 3 h of solar light irradiation whereas
only 13, 25 and 69% in the case of AO7, OG and NC,
respectively. This showed that the combination
between ZnO and solar energy could degrade the azo
dyes and the solar energy was sufficient to activate
the catalyst [18]. The main oxidizing species involved
in the photocatalytic oxidation by ZnO were positive
holes (h+) and hydroxyl radical (OH•) [18,19]. Richard
et al. [20] reported that the main process at low sub-
strate concentration was mainly due to the oxidation
by OH• whereas the oxidation by positive holes (h+)
was at high substrate concentration.

The azo dye removal also occurred in the absence
of solar light through the adsorption process on the
ZnO surface as shown in Fig. 2(b). AO7, OG, NC, RB5
and RG9 with the number of sulphonic groups of one,
two, three, five and six, respectively, showed removal
efficiency of 1, 5, 10, 12 and 13% within 5 h of contact
time. This indicates that the number of sulphonic
group could contribute to the adsorption capacity of
the azo dye onto the surface of ZnO. Although, in the
study of the effect of molecular structure conducted
by Tanaka et al. [19] showed that the photodegrada-
tion rates of diazo dyes (Acid Black 1 and Congo Red)
were lower compared with the monoazo dyes (OG
and AO7) in this study, the results showed that
sulphonic groups play an important role in the
degradation of azo dyes. As shown in Fig. 2(a), the
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degradation rate of diazo dyes (RB5 and RG19) was
higher compared with monoazo dyes (AO7, OG and
NC). Furthermore, it could be observed that the
removal efficiency increased in the sequence of
AO7 <OG <NC <RB5 < RG19, while the number of
sulphonic groups also increased following the same
sequence: AO7 <OG <NC <RB5 < RG19. Hence, this
attested that the enhanced degradation rate of azo
dyes in this study was affected by the increasing num-
ber of sulphonic groups in the dyes. The interaction
between ZnO and dye can cause adsorption of the
dye molecule onto the surface of ZnO. The higher
number of sulphonic groups in dye molecule will lead
to the higher photocatalytic degradation rate. The
results obtained in this study were compatible with
the study of Wang [21] who investigated the photocata-
lytic degradation of eight commercial dyes with different
structure and substitute groups. He reported that
Reactive Brilliant Red (K-2G) with four sulphonic groups
exhibited higher photodegradation rate that Reactive
Brilliant Red (K-2BP) with three sulphonic groups.

Langmuir–Hinshelwood kinetic model was used to
describe the photo-oxidation kinetics of the dyes due
to the involvement of adsorption process in the heter-
ogeneous photocatalytic oxidation process [22–24]. The
Langmuir–Hinshelwood model is shown as below:

Rate ¼ � dC

dt

� �
¼ kKC

1þ KC
(1)

where C is the concentration of azo dye (mg/L), t is
the irradiation time, k is the reaction rate constant
(mg/L h) and K is the adsorption coefficient of dye
onto the photocatalyst particle (L/mg). For low con-
centrations of dyes (KC≪ 1), KC in the denominator
can be neglected and integrated with respect to time t.

ln ðC0=CÞ ¼ kKt ¼ kapp � t (2)

When a plot of ln (C0/C) vs. time results in a straight
line, its slope is the pseudo-first-order decolourization
constant (kapp). kapp is the apparent rate constant
calculated from the curves (per h). C0 is the initial
concentration of azo dye (mg/L).

Table 2 depicts the kapp and correlation constant
(R2) value for five azo dyes under solar photocatalytic
process. The data obtained from photocatalytic degra-
dation of AO7, OG, NC, RB5 and RG19 followed the
Langmuir–Hinshelwood model. As shown in Table 2,
the pseudo-first-order rate constant of five dyes
increased which showed that the degradation rate of
dye increased with the increasing number of
sulphonic groups in the azo dye molecule. As
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suggested by Konstantinou and Albanis [25], the
expression for the rate of photomineralization of
organic substrates such dyes with irradiated TiO2 fol-
lows the Langmuir–Hinshelwood law for four possible
situations: reaction (a) occurs with both of species
being in solution, (b) occurs between a radical in solu-
tion and an adsorbed substrate molecule, (c) takes
place between two adsorbed substances and (d) takes
place between a radical which linked to the surface
and a substrate molecule in solution. The photocata-
lytic degradation rate of azo dye may also be affected
by other factors such as molecular structure and
weight [26], number of azo bonds [19] and adsorption
capacity onto the catalyst [19]. However, the result of
this study showed that the number of sulphonic
groups in a dye molecule played an important role in
determining sequence of photocatalytic degradation
rate. Besides the first-order process and azo bond
breakage, the intensity of solar light also needs to be
taken into consideration. This was reported by Tsu-
chiya et al. [27] who stated that the concentration of
the active oxygen species, which was proportional to

the UV intensity, would affect the decomposition rates
of azo dye. The degradation of azo dye followed a
multi-step reaction where intermediate products were
produced when azo bond was attacked by hydroxyl rad-
icals, which delocalized the electron in the double bonds
to connect the left and right parts of the π-electron [27].

3.2. Wavelength scan

Fig. 3 illustrates the changes of UV–vis spectra for
AO7, OG, NC, RB5 and RG19, respectively, in an
aqueous solution with 100mg/L concentration. There
are peaks for all dyes AO7 (483, 308 and 228 nm), OG
(477, 329 and 247 nm), NC (505, 331 and 215 nm), RB5
(600, 392, 306 and 254 nm) and RG19 (628, 419, 258
and 216 nm), respectively. The maximum wavelength,
λmax of RG19 declined till the baseline of the spectra
within 5 h of solar light irradiation compared with the
AO7. This showed that the degradation rate of RG19
rapidly decreased compared with AO7. This might
suggest that the number of sulphonic groups plays a
significant role in the degradation rate of the dyes
than the number of azo bonds in the dye molecule. As
shown in Fig. 3(d) and (e), the peaks at UV region
were decreased till the baseline within 5 h of solar
light irradiation, which indicated the destruction of

CB e-

hv Eg

VB

Pollutant
hv

photocatalyst
CO

2 
+ H

2
O + (inorganic species)

Fig. 1. Schematic diagram for experimental set up.

(a) (b)

Fig. 2. Photocatalytic degradation of azo dyes (a) with and (b) without solar light irradiation.

Table 2
Kinetic photocatalytic degradation of AO7, OG, NC, RB5
and RG19 at concentration 100mg/L

Dyes kapp (h
−1) R2

AO7 0.046 0.926
OG 0.087 0.955
NC 0.383 0.975
RB5 0.783 0.984
RG19 1.177 0.993

Notes: (R2 is correlation constant)
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benzene ring of the dyes. The photocatalytic degrada-
tion of azo dye involved the breakdown of azo bond
at the initial stage followed by the mineralization of
the intermediate compounds such as aromatic amine
and phenolic as reported by previous studies [19]. As
reported by Khezrianjoo and Revanasiddappa [28], the
decrease of adsorbance peaks relating to the –N=N–
double bond of the azo dye revealed decolourization
of dyes in the presence of ZnO in suspension. The
decrease of all adsorption peaks in AO7, OG, NC, RB5
and RG19 also may indicate the mineralization of dyes
under photocatalytic process. The colour of azo dyes
is determined by azo bond linkage and their associ-
ated auxochromes and chromophores. The interaction
between solar light and ZnO results in cleavage of

dye molecule followed by the formation of molecules
containing benzene- and naphthalene-type rings [29].
This study also proved by Guettaı̈ and Amar [30] in
their studies regarding the photocatalytic degradation
of methyl orange (MeO) in the presence of titanium
dioxide in aqueous suspension. They found that the
adsorption maxima for both MeO and intermediates
products disappeared after 5 h irradiation which indi-
cated that photocatalytic degradation destroyed both
conjugate systems (including –N=N–) and intermedi-
ate products. Ong et al. [31] had found that sulphate
ions were released after 1 h of photocatalytic degrada-
tion of AO7 under solar light irradiation. This indi-
cated that the solar photocatalysis could mineralize
azo dyes.

(a) (b)

(c)

(e)

(d)

Fig. 3. UV–vis spectrum analysis of photocatalytic degradation of (a) AO7, (b) OG, (c) NC, (d) RB5 and (e) RG19.

2234 W.F. Khalik et al. / Desalination and Water Treatment 55 (2015) 2229–2236



3.3. Mineralization curve

The mineralization curve can be determined by
COD. The COD test is widely used as an effective
method to measure the organic strength of wastewater
as reported by Gupta et al. [32] and they observed dras-
tic drop of COD values on the photocatalytic degrada-
tion of tartrazine, which indicated good potential of
this technique to be employed. As shown in Fig. 4, the
COD values for AO7, OG, NC, RB5 and RG19
decreased to 52, 35, 17, 9 and 2mg/L, respectively,
after 12 h of solar light irradiation. The time interval for
COD analysis was longer compared with photocatalytic
activity in order to ensure the complete mineralization
of the azo dyes. As the COD value decreased with the
solar light irradiation time, the results showed that the
intermediate formed from the reduction of the azo
bond was then further mineralized by the photocata-
lytic reactions. This was also studied by Stylidi et al.
[13] who used TiO2 as a catalyst in order to investigate
the pathways of solar light-induced photocatalytic deg-
radation towards azo dye. The complete decolouriza-
tion of AO7, OG, NC, RB5 and RG19 occurred within 5
h, whereas complete mineralization required more than
12 h. This might be due to the formation of intermedi-
ate product and competitiveness between intermediates
and parent dye molecules in the photocatalytic
degradation process [33]. Soutsas et al. [34] reported
that as the initial dye concentration increased, the deg-
radation efficiency (%) will be affected due to the
increase of intermediate product formed from the reac-
tion. From the results, the degradation efficiency of
AO7, OG, NC, RB5 and RG19 was 54.8, 66.7, 81.7, 90
and 97.6%, respectively. The final products resulted
from complete mineralization of each dye were
inorganic ions such as carbon dioxide (CO2), water
(H2O), nitrates ion (NO�

3 ), natrium ion (Na+), sulphate
ion (SO2�

4 ) and hydrogen ion (H+) [35–37].

4. Conclusion

Solar photocatalytic degradation of azo dyes: AO7,
OG, NC, RB5 and RG19 was investigated, respectively,
in aqueous solution with ZnO as a photocatalyst. It
was observed that RG19, with the highest number of
sulphonic groups, was decolourized within 3 h under
solar light irradiation. The solar photocatalytic degra-
dation of AO7, OG, NC, RB5 and RG19 followed the
Langmuir–Hinshelwood kinetic model. The pseudo-
first-order rate constants of AO7, OG, NC, RB5 and
RG19 were 0.046, 0.087, 0.383, 0.783 and 1.177, respec-
tively, which showed the increase of degradation rate
following the increase number of sulphonic groups in
the azo dye molecules. Results from the UV–vis
analysis and COD measurement confirmed the
mineralization of the azo dye molecule under solar
photocatalytic process.
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