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ABSTRACT

The solar photocatalytic activity of AgBr—ZnO was investigated for the degradation of
Naphthol Blue Black (NBB) in aqueous solution. Removal of azo dyes from wastewater is a
challenging process, since these dyes are nonbiodegradable. Presence of a visible light
absorbing component, AgBr, makes this catalyst solar active. AgBr-ZnO is found to be more
efficient than commercial ZnO and prepared ZnO for solar degradation of NBB azo dye. The
effects of operational parameters, such as the amount of photocatalyst, dye concentration,
and initial pH on photo mineralization have been analyzed. The optimum pH and catalyst
amount for the efficient removal of dye are found to be 11 and 3gL ", respectively. Increase
of initial dye concentration decreased the degradation rate. The mineralization of NBB has
also been confirmed by chemical oxygen demand measurements. The higher photocatalytic
activity of AgBr-ZnO towards NBB degradation in solar light is explained by a mechanism

involving band energy levels of AgBr and ZnO. The catalyst was found to be reusable.
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1. Introduction

Semiconductor oxides are acknowledged as the
most important photocatalysts, since they have many
advantages to other materials, such as stability, high
activity, and low cost. The photocatalytic degradation
of organic pollutants in water and air using TiO, and
ZnO has been the focus of research due to their
unique ability in the environmental detoxification
[1-9]. ZnO, with a band gap=3.2eV, has become
promising in the past few years because of its distinc-
tive optoelectronic, photocatalytic, and photochemical
properties [10,11]. In some cases, ZnO has revealed
better photocatalytic activity than TiO, [12-17].

In photocatalysis, use of ultraviolet light for the
treatment of huge quantity of industrial effluents is not
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feasible or economical. In the countries where ample
amount of sunlight is available, photocatalysis
involving sunlight will be a more economical and eco-
friendly process. Therefore, there is a need of an
effective photocatalyst which can degrade organic
pollutants under sunlight or visible light irradiation. In
order to enhance the solar activity of semiconductor
oxides, many efforts have been taken to modify ZnO/
TiO, by loading some metals/nonmetals/anions
[18-24]. Recently, modification of the semiconductors
with metal halides such as AgBr and AgCl has been
found to enhance the visible light activity and certain
other properties, such as stability and mesoporosity
[25,26]. This makes semiconductor photocatalysis as an
efficient chemical method of solar energy utilization.
Azo dyes are the most important class of synthetic
organic dyes used in the textile industry and so they
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are common industrial pollutants [27,28]. More than
half of the global production of synthetic textile dyes
are compounds having azo chromophore (-N=N-) in
their molecular structures. During dyeing process 15%
of the dye is lost and released in the effluent. These
colored compounds in textile effluents should be
removed before discharging into water bodies as they
cause toxic effects on the ecosystem. Naphthol Blue
Black (NBB) is one of the azo dye used widely in the
dyeing industries. Earlier we reported the preparation
and characterization of AgBr-ZnO and its catalytic
activity in the dye degradation using UV light [29].
Characterization study revealed the higher visible light
absorption of AgBr-ZnO than ZnO. Hence, present
work focuses on solar photocatalytic activity of AgBr
loaded ZnO for the degradation of NBB.

2. Experimental
2.1. Materials

The commercial azo dye NBB obtained from
Aldrich was used as such. The chemical structure and
absorption maxima are given in Fig. 1. Oxalic acid
(99%) and zinc nitrate hexahydrate (99%) were
obtained from Himedia chemicals. AgNO; and NaBr
were obtained from sigma Aldrich. The double
distilled water was used to prepare the experimental
solutions. The pH of the solutions before irradiation
was adjusted using H,SO4 or NaOH. K,Cr,Oy (s.d.fine),
Ag,50, (s.d.fine), ferroin indicator (s.d.fine), HgSO,,
and FeSO47H,0O (Qualigens) were used as received.
AgBr-ZnO was prepared by the coprecipitation of
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Fig. 1. The chemical structure and absorption maxima of
NBB.
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Zinc oxalate and AgBr, followed by calcination by a
reported procedure [29].

2.2. Characteristics of AgBr—ZnO

Characterization of 444wt% AgBr-ZnO by
Fourier transform infrared (FT-IR) spectra, X-ray
diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive spectroscopy, diffuse
reflectance spectra, photoluminescence spectra, cyclic
voltammetry, and Brunauer Emmett and Teller (BET)
surface area measurements and its photocatalytic
activity for the degradation of Acid Black 1 (AB 1) by
UV light were reported earlier [29]. XRD analysis of
AgBr-ZnO reveals that there are five peaks with 20
values of 31.06°, 44.44°, 55.14°, 64.58°, and 73.62°
corresponding to AgBr. The band gap of bare ZnO
and AgBr-ZnO are found to be 3.0 and 2.7 eV, respec-
tively. XPS analysis reveals that Ag in the catalyst is
present in the form of Ag®. Crystalline size of AgBr-
ZnO is found to be 51.3nm which is larger than the
size of prepared ZnO (30.1 nm). Morphology of AgBr—
ZnO has been further analyzed by field emission
scanning  electron  microscope (FE-SEM) and
High-resolution transmission electron microscope
(HR-TEM) images.

Fig. 2(a) and (b) shows FE-SEM images of AgBr-
ZnO with 200 and 100k magnifications. AgBr—ZnO
exhibits a hexagonal structure at higher magnification
of 200k (Fig. 2(a)). AgBr is seen as small unshaped
particles in both magnifications (Fig. 2(a) and (b)).
HR-TEM images of AgBr-ZnO at different magnifica-
tions are shown in Fig. 3(a—c). ZnO particles are in the
range from 20 to 100nm. The hexagonal structure of
ZnO present in AgBr-ZnO is also confirmed by
HR-TEM images. It can be seen that AgBr nanoparti-
cles (indicated by arrow marks in Fig. 3) are well
dispersed on the surface of ZnO.

2.3. Irradiation procedure

All photocatalytic experiments were carried out
under similar conditions on sunny days between
11am and 2pm. An open borosilicate glass tube of
50mL capacity, 40cm height and 12.6 mm diameter
was used as the reaction vessel. Fifty milliliters of
NBB (2x10"*M) with the appropriate amount of
catalyst was irradiated in the open air and continu-
ously aerated by a pump to provide oxygen and for
the complete mixing of reaction solution. A time lag
of 30min was provided prior to illumination and the
adsorption equilibrium was attained within 30 min.
During the illumination time no volatility of the



Fig. 2. FE-SEM images of (a) AgBr-ZnO (x200k) and (b)
AgBr-ZnO (x100k).

solvent was observed. At specific time intervals,
2-3mL of the sample was withdrawn and centrifuged
to separate the catalyst. One milliliter of the sample
was suitably diluted and the concentration of dye was
determined by measuring its absorbance at 306 nm,
using a calibration graph. Each experiment was
repeated thrice and the average value was taken as
final concentration of the solution at time “t”. In the
case of additives, the same procedure was followed.
To find out the influence of additives on the degrada-
tion, experiments with the catalyst containing 0.1 M of
anions/cations or 0.01 M oxidants were carried out.

2.4. Solar light intensity measurements

Solar light intensity was measured using LT Lutron
LX-10/A digital Lux meter for every 30min and the
average light intensity over the duration of each exper-
iment was calculated. The solar intensity (1,250 x 100
+100 Lux) was nearly constant during the experiments.

Fig. 3. HR-TEM images of AgBr-ZnOAgBr-ZnO; (a) 20nm
(b) 50nm and (c) 100 nm (— AgBr).

2.5. Analytical methods

UV absorbance measurements for the determination
of dye concentration were done with Hitachi-U-2001
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spectrometer. FE-SEM images were obtained using a
JEOLJSM-6701F FE-SEM. HR-TEM images were taken
using a JEOL JEML-3010 with the working voltage of
300keV. chemical oxygen demand (COD) measure-
ments were done according to standard methods [15].

3. Results and discussion
3.1. Photodegradability of NBB

The photocatalytic activities of the AgBr-ZnO cata-
lysts with 25.7, 34.1, 40.9, 44.4, and 50.9 wt.% of AgBr
loading were evaluated by the degradation of NBB
under solar light. Catalyst loaded with 44.4wt.% of
AgBr shows a highest percentage of degradation for
NBB (Table 1). Further increase of AgBr content
decreased the percentage of degradation. Hence,
44.4wt.% of AgBr is found to be the optimum concen-
tration of AgBr in ZnO.

Experiments with 44.4wt.% AgBr-ZnO, bare ZnO,
and commercial ZnO for NBB degradations were
carried out. Fig. 4 shows the percentage of NBB
remaining during degradation process with different
catalysts. It has been observed that almost complete
degradation of the pollutants takes place at the time
of 90 min with AgBr—ZnO under solar light. This was
contrasted with 6% decrease in dye concentration that
occurs for the same experiment performed with
AgBr-ZnO in the absence of solar light and this may
be due to the adsorption of the dye on the surface of
the catalyst. Negligible degradation (0.2%) was
observed, when the reaction was allowed to occur in
the presence of solar light without any catalyst. These
observations reveal that solar light and photocatalyst
are needed for effective destruction of NBB. When the
photocatalyst bare ZnO and commercial ZnO were
used under same conditions only 51.8 and 84.8%
degradations occurred, respectively. This shows that
solar/AgBr-ZnO process is more efficient in NBB
degradation than solar/bare (prepared) ZnO and
solar/Commercial ZnO processes. Since, the degrada-
tion was effective with AgBr-ZnO, the influence of

Table 1
Effect of different wt.% AgBr on ZnO for the degradation
of NBB under solar light

Wt.% of AgBr

% of degradation

25.7 38.1
34.1 43.5
40.9 47.3
444 50.8
50.9 421

Notes: [NBB]=2x10"*M, catalyst suspended=2g L', pH=11,
airflow rate=8.1mLs™}, irradiation time =30 min.
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Fig. 4. Photodegradability of NBB: [NBB]=2x10"* M,
pH=11, catalyst suspended =2 g LY, airflow rate=8.1mLs™ -

operational parameters had been carried out to find
out the optimum conditions.

The photocatalytic degradation of NBB dye with
AgBr-ZnO obeys pseudo-first-order kinetics. At low
initial dye concentration the rate expression is given by

d[C]/dt = K[C] (1)

where k' is the pseudo-first-order rate constant. The
dye is adsorbed onto the AgBr-ZnO surface and the
adsorption/desorption equilibrium is reached in
30min. After adsorption, the equilibrium concentra-
tion of the dye solution is determined and it is taken
as the initial dye concentration for kinetic analysis.
Integration of Eq. (1) (with the limit of C=Cy at t=0
with Cy being the equilibrium concentration of the
bulk solution) gives Eq. (2),

In(Co/C) = K't @)

where C; is the equilibrium concentration of dye and
C is the concentration at time t. Rate constant “k” was
determined from the plot of In (Cy/C) vs t.

3.2. Effect of operational parameters
3.2.1. Effect of solution pH

The effect of pH on the photodegradation of NBB
was studied in the pH range 3-12 for AgBr-ZnO and
bare ZnO (Fig. 5). It is observed that the raise in pH
from 3 increases the degradation rate constant of NBB
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Fig. 5. Effect of solution pH: [NBB]=2 x 10 *M, catalyst
suspended=2g L', airflow rate=81mLs !, irradiation
time =30 min.

up to 11 and then decreases. The optimum pH for
efficient NBB removal on AgBr-ZnO is 11 which is
less than the optimum pH 12, observed with UV-A
light (Iyy=1.381 x 10 °einsteinL™'s™") [29]. ZnO can
react with acids to produce the corresponding salt at
low acidic pH values. At high pH value AgBr-ZnO
surface is negatively charged by means of adsorbed
OH™ ions. The presence of large quantities of OH™
ions on the particle surface as well as in the reaction
medium favors the formation of ‘OH. As seen in
Fig. 5 the degradation rate constant increases, slightly
from pH 3 to 5 and then decreases. The optimum pH
for bare ZnO is 5. Degradation efficiency with bare
ZnO is less than AgBr-ZnO in neutral to alkaline pH
range (pH 7-12). This shows that AgBr-ZnO is more
efficient than bare ZnO in the neutral and alkaline
pH.

3.2.2. Effect of catalyst loading

Experiments were carried out to find out the opti-
mum catalyst loading for efficient degradation by
varying the amount of AgBr-ZnO from 1 to 5gL~'
(Fig. 6). NBB degradation increases with the increase
in catalyst amount from 1 to 3gL~". Further increase
of catalyst amount decreased the rate constant of deg-
radation. The increase in dye degradation rate up to
3gL ™" is due to the increase in the amount of catalyst
which increases the number of dye molecules
adsorbed, whereas the decrease in the degradation
efficiency of NBB above 3gL™' may be due to the
light reflectance by catalyst particles. It is found that
the optimum catalyst loaded for solar process 3gL™")
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Fig. 6. Effect of catalyst loading: [NBB]=2x 10 *M,

catalyst=44.4 wt.% AgBr—ZnO, pH =11, airflow rate=8.1mL s,
irradiation time =30 min.

is less, as compared to the degradation using UV-A
light 4gL™") [29].

3.2.3. Effect of initial dye concentration

The effect of various initial dye concentrations on
the degradation of NBB on AgBr-ZnO surface has
been investigated (Fig. 7). Increase of dye concentra-
tion from 1 to 5x 10 *M decreased the rate constant
from 0.0301 to 0.0064min"" for degradation in 30 min.
The rate of degradation relates to the ‘OH radical for-
mation on the catalyst surface and probability of -OH
radical reacting with dye molecule. For all the initial
dye concentrations, the catalyst amount and light

0.04

0.03 4

k (min™)

0.01 4

0 1 2 3 4 5 6
Initial dye concentration (x 10~ M)

Fig. 7. Effect of initial dye concentration: pH =11, 44.4 wt.‘?

AgBr-ZnO suspended=3g L™, airflow rate=81mLs,
irradiation time =30 min.
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Table 2
Effect of oxidants on photodegradation of NBB with
AgBr-ZnO by solar light

6577

Table 4
Effect of anions on photodegradation of NBB with
AgBr-ZnO by solar light

Oxidants % of degradation
AgBr-ZnO 53.7

AgBr-ZnO + oxone 55.9

AgBr-ZnO + KIO, 5.0

AgBr-ZnO + H,O, 48.0

Notes: [NBB]=2x10"* M, 444wt% of AgBr-ZnO sus-
pended=3g L pH=11, oxidants=0.01M, airflow rate=8.1mL s7Y,
irradiation time =30 min.

intensity are same. Since, the generation of hydroxyl
radical remains constant, the probability of dye mole-
cule to react with hydroxyl radical decreased. At high
initial dye concentrations, the path length of photon
entering into the solution also decreases [23,29].

3.2.4. Effect of additives

The effect of oxidants such as H3K505S; (oxone),
KIO,, and H,0; in addition to molecular oxygen on
the degradation kinetics of the NBB was investigated
at pH 11 under solar light. It was found that the addi-
tion of these oxidants except oxone, decreases the
photodegradation of NBB (Table 2). The high degree
of degradation in this process with oxone is due to
the formation of highly reactive radical intermediates
by oxone (Egs. (3) and (4)).

HSO; 2 80; +OH (3)

SO; +H,0 —OH + SO} + H- (4)

ZnO on irradiation with aqueous dye solution
produces hydrogen peroxide. Hence, by the addition

Table 3
Effect of transition metal ions on photodegradation of NBB
with AgBr—ZnO by solar light

Cations % of degradation
AgBr-ZnO 53.7
Fe™* 45.5
Cu* 14.6
Mn** 239
Mg>* 63.7
Notes: [NBB]=2x10"*M, 444wt% of AgBr-ZnO sus-

pended=3g L pH=11, cations=0.1M, airflow rate=8.1mL s
irradiation time =30 min.

Anions % of degradation
AgBr-ZnO 53.7
NaHCO; 33.0
N32CO3 28.2
NaCl 74.0
NHQSO4 69.7
Notes: [NBB]=2x10"*M, 444wt% of AgBr-ZnO  suspen-

ded=3 gL’l, pH=11, anions=0.1M, airflow rate=8.1mL s

irradiation time =30 min.

of Hy,O,, optimum concentration of H,O, is exceeded.
This is the reason for the inhibition of photodegrada-
tion by the addition of H,O,. The decrease in the
mineralization efficiency of dye with KIO, is mainly
due to its hydroxyl radical scavenging effect [30].

Table 3 shows the effect of addition of metal ions
like Fe?*, Cu®*, Mn?*, and Mg2+ (0.1 M) as sulfates at
pH 11. Except Mg®* all the metal ions decrease the
rate of degradation. Addition of metal ions generally
decreases the efficiency of the catalyst due to blocking
of active sites of catalyst by adsorption. In case of
Mg**, interaction of dye with Mg>* may decrease the
adsorption.

Table 4 shows the effect of addition of inorganic
anions like bicarbonate, carbonate, chloride, and sulfate
of sodium salts at pH 11. The degradation efficiency of
solar/AgBr-ZnO was significantly decreased in the
presence of HCO; and CO3~ whereas addition of Cl~
and SO}~ enhanced the degradation rate. Addition of
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Fig. 8. Catalyst reusability: [NBB] = 2x10* M, pH=11,
444 wt% AgBr-ZnO suspended=3g LY, airflow
rate=8.1mL s ..
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Scheme 1. Proposed degradation pathway of NBB with AgBr-ZnO.

inorganic anions generally decreases the efficiency of
TiO, and ZnO due to hydroxyl radical scavenging
property. But in case of AgBr—ZnO, C1~, and SOi_, ions
may interact with the AgBr in the catalyst. Due to the
mixed interactions of these anions with the catalyst, the
trend observed is different. The decrease in the degra-
dation efficiency with HCO; and COg_ is due to their
hydroxyl radical scavenging property.

3.3. Catalyst stability

Degradation was carried out with the used catalyst
for four cycles. Fig. 8 shows the percentage of dye
remaining at each cycle. Although the degradation
efficiency of AgBr-ZnO is slightly decreased after
each cycle, the catalyst exhibited 80.5% activity after
three successive cycles under the solar irradiation.
These results indicated that AgBr-ZnO catalyst
remained effective and reusable under solar light.

3.4. COD analysis

To confirm the mineralization of NBB, the degra-
dation was also analyzed by COD values. The COD
value of 1,344 ppm for 2 x 10~* M dye concentration
decreased to 89.6 ppm (93.3% dye degradation) after
1h of irradiation with AgBr—ZnO. Mineralization of
dye was also revealed by the formation of CO, during
degradation. CO, evolution was tested by the precipi-
tation of CaCO; when the evolved gas was passed
into lime water.

3.5. Mechanism of the degradation

Band energy levels for AgBr and ZnO with respect
to NHE are shown in Scheme 1. Since, there was no
leaching of AgBr from the catalyst and the catalyst

was found to be more solar light active as compared
to bare ZnO and commercial ZnO; a mechanism based
on the band energy levels of AgBr and ZnO is pro-
posed for the degradation of dye. Electrons generated
by solar light are transferred from CB of AgBr to CB
of ZnO. This electron transfer process is faster than
electron-hole recombination in AgBr. The electrons in
CB of ZnO produce O*~ which degrades the dyes.
The holes in the AgBr and the holes produced in ZnO
by photoexcitation react with H,O and “OH to pro-
duce 'OH radicals for the degradation of the dye. A
similar mechanism has also been reported earlier for
AgBr-TiO; [31].

4. Conclusions

AgBr-ZnO is found to be more efficient than com-
mercial and bare ZnO for degradation of NBB azo
dye under solar light. The optimum pH and catalyst
amount for the efficient removal of dye are found to
be 11 and 3gL ", respectively. Increase of initial dye
concentration decreased the degradation rate. Except
oxone, other oxidants decrease the degradation of
NBB. Except Mg2+, all metal ions Fe**, Cu?', and
Mn** inhibit the degradation efficiency of AgBr-ZnO.
The catalyst was found to be reusable. Reusability of
the solar active catalyst makes this process more eco-
nomical and eco-friendly. COD measurements confirm
93.3% mineralization of NBB molecule. The higher
photocatalytic activity of AgBr-ZnO towards NBB
degradation in solar light is explained by a mecha-
nism involving band energy levels of AgBr and ZnO.
Since, less amount of catalyst is required for solar pro-
cess 3gL ") as compared to UV process (4gL~"); this
catalyst will be much useful for solar treatment of dye
wastewater.
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