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Degradation of Safranin by a ZnO/CdS Photocatalyst under
LED Light
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A ZnO/CdS photocatalyst was prepared using the sol-gel synthesis technique. The performance
of the photocatalyst was evaluated using a Safranin solution assisted by 21-Watt LED visible
light. The ZnO/CdS was characterized by field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD) and ultraviolet-visible-near-Infrared spectrophotometry
(UV-Vis-NIR). This study found that the band gap of ZnO was successfully modified from 3.30
eV to 2.46 eV by combining it with CdS in a composite photocatalyst. The ZnO/CdS
photocatalyst exhibited excellent crystallinity and formed a morphology similar to coral as a
result of its very intricate three-dimensional geometric structure. The photocatalytic degradation
displayed a remarkable level of activity, influenced by operational parameters including the
initial concentration, pH of the safranin solution, and the amount of catalyst. The ZnO/CdS
photocatalyst destroyed up to 100 % of the safranin dye solution within 120 min of reaction time
using 0.5 g of ZnO/CdS photocatalyst and 300 mL of 5 mg/L of safranin solution, at pH 9.
ZnO/CdS has potential as a highly efficient photocatalyst for the degradation of organic
pollutants, particularly safranin solution, under LED visible light irradiation.
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An alarming 300 to 400 million tons of untreated
organic pollutants are generated annually, leading to
widespread water pollution issues, particularly in
proximity to industrial zones [1]. Organic matter,
along with various trace pollutants, can pose a
significant threat to the environment. This substantial
volume of untreated organic wastewater exacerbates
water pollution concerns, particularly in areas with
pharmaceutical, textile, food, and agriculture
industries. To address this pressing issue, intensive
research efforts have been made to identify and
develop innovative technologies aimed at controlling
environmental pollution and enhancing overall
environmental well-being.

The conventional treatment processes for
organic wastewater such as filtration, adsorption, ion
exchange, membrane processes, and activated sludge
have contributed to several problems such as rapid
saturation, clogging of the reactors, expensive
regeneration, deactivation of beads by particulates and
organic matter, and possible sludge bulking and
foaming [2, 3]. Therefore, photocatalysis has

garnered attention due to its potential to degrade
organic compounds and produce more environmentally
friendly substances [4].

ZnO is a conventional photocatalyst renowned
for its optical properties and high chemical and
thermal stability [5, 6]. However, due to its fast
electron-hole recombination and huge bandgap of 3.37
eV, it can only be activated by UV light. Numerous
chemical modification techniques have been introduced,
including doping, semiconductor coupling, and support
material insertion, to increase ZnQO’s light reactivity
and harvesting capacities [3].

CdS is a semiconductor that has a high optical
absorption coefficient towards visible light that
can be utilized in multiple applications such as
photodetectors [7], photodiodes [8] and solar cells [9].
Based on a previous study, the CdS bandgap energy
was reported to be around 2.42 eV [10], making it a
suitable candidate to be deposited on ZnO, which
theoretically provides a sufficient bandgap so that it
can be activated under low-energy visible light.
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This study aims to enhance the capability of a
ZnO/CdS photocatalyst to be absorbed and activated
by a low energy consumption visible light from a
21-Watt LED. This is used to initiate the photo-
degradation of safranin molecules. The selection of
specific parameters was in line with our previous work
[11], where screening of the variables was done. In this
study, the photocatalysis was evaluated using different
initial concentrations of pollutant solution (5, 10 & 15
mg/L), amounts of photocatalyst (0.1, 0.5 & 1.0 g) and
pH of safranin solution (pH 3, 7 & 9). In addition,
control tests such as adsorption and degradation of
safranin molecules were performed as well.

EXPERIMENTAL
Chemicals and Materials

Cadmium sulfide (CdS, Sigma Aldrich, 98 %), sodium
hydroxide (NaOH, R&M Chemicals, 99 %), ethylene
glycol ((CH20H)2, R&M , 98 %), zinc chloride
(ZnCly, Sigma Aldrich, 98 %), safranin (C20H1gN4Cl,
Sigma Aldrich) and hydrochloric acid (HCI, R&M
Chemicals) were used as received without further
purification.

Preparation of ZnO/CdS Photocatalyst by Sol-gel
Method

16 g of NaOH was added to 200 mL of ethylene glycol
solution and stirred until the NaOH was completely
dissolved to obtain 2 mol/L NaOH (Solution A). Then,
27.26 g of ZnCl, was added to 200 mL of ethylene
glycol and stirred until completely dissolved to obtain
1 mol/L ZnCl; (Solution B).

Solution A and solution B were mixed and
stirred for 30 minutes to form zinc oxide, the ZnO sol
precursor. After that, the ZnO sol precursor was
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heated at 95 °C for 3 hours to obtain a homogenous
solution [12]. Finally, 16.26 g of CdS was added to the
ZnO sol, stirred for 1 hour at ambient temperature and
heated up to 80 °C. The sol-gel was cooled and heated
up to 80 °C again, and this process was repeated twice
to ensure a sol-gel like structure. Later, the product
was heated to 450 °C to remove the solvent, crystallize
and solidify the gel-like texture for 2 hours and
subjected to continuous annealing and then cooled
to room temperature to obtain the ZnO/CdS
photocatalyst [13].

Characterization of ZnO/CdS Photocatalyst

The crystallinity of the ZnO/CdS product was
analyzed by XRD (X'Pert Pro model PW 3040/60).
The morphology of the ZnO/CdS photocatalyst was
determined by FESEM (JEOL, model JSM-7600F)
and HRTEM (JEOL, JEM-2100F). The bandgap of the
photocatalyst was determined by a PerkinElmer
Lambda 950 UV-Vis-NIR instrument.

Photocatalytic Activity of ZnO/CdS

Figure 1 shows the fabricated photocatalytic reactor
with a 300 mL working volume and an internal
diameter of 7.50 cm and depth of 14.00 cm. A cooling
system was used during the reaction to maintain a
constant temperature. This reactor was equipped with
a 21-Watt Philips LED cool daylight visible lamp.

About 300 mL of the desired initial concentration
of safranin solution was added to the reactor container,
with the ZnO/CdS photocatalyst. To facilitate the
equilibrium adsorption and desorption between the
photocatalyst and the dye molecule, the solution was
stirred in the dark for 30 minutes. Approximately 3
mL of dye solution was drawn out at 10 minute
intervals and centrifuged to separate the photocatalyst.

Figure 1. Fabricated photocatalytic reactor equipped with a cooling system and light source fitting.
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The solutions were analyzed using a ThermoScientific
Genesys 20 UV-Visible spectrophotometer. This was
accomplished by measuring the absorbance of
safranin at a wavelength of 520 nm. The percentage
of degradation was determined by equation (1):

Degradation of Safranin = [(C, - C{)/C,]*100% (1)

Ct represents the irradiation concentration at
time t, while Co refers to the initial safranin dye
concentration.

RESULTS AND DISCUSSION

In this work, powdered ZnO/CdS was prepared using
the sol-gel technique, and its characterization was
carried out using XRD, FESEM and UV-Vis-NIR for
the crystallinity, morphology and optical analyses,
respectively. Figure 2 shows the XRD diffractogram
of ZnO/CdS, based on JCPDS file 01-075-1526. The
XRD patterns had planes of (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), (202) and
(104) at 26 of 32.07°, 34.46°, 36.53°, 47.79°, 57.16°,
63.10°, 67.07°, 68.49°, 69.77°, 72.67°, 77.64° and
81.65°, respectively, consistent with the hexagonal
crystals of ZnO. The CdS peaks matched JCPDS file
00-001-0783, a hexagonal crystal system with planes
of (100), (002), (101), (102), (110), (103), (112),
(004) and (300) at 26 of 25.06°, 26.67°, 28.40°,
36.96°, 43.92°, 48.10°, 52.23°, 54.94° and 80.68°,
respectively. The crystallite size (L) of the ZnO/CdS
photocatalyst was determined by employing the
Debye—Scherrer equation (2).

crystallite size (L) = (kA)/(B cos 0) 2

Where A is the wavelength of the CuKa used,
is the full width at half maximum of the diffraction
angle considered, K is a shape factor, 0.9, and 0 is the
angle of diffraction. Thus, ZnO/CdS was a powder
with a crystallite size of 54.95 nm that, based on the
sharp peaks of the XRD diffractogram, showed high
purity as well as high crystallinity. The high ZnO/CdS
peak intensities implied a high degree of crystallinity,
which results in an orderly arrangement of molecules
which is needed to improve photocatalytic activity
when free e and h* reach the surface of the
photocatalyst along the same route length [11].

The morphology of ZnO/CdS obtained using
FESEM is shown in Figure 3(a), (b) and (c). Round
pellets with an average size of 146 um were observed
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in the FESEM image. According to Ong et al. [14], a
3D nanostructure has more benefits than a 2D
structure because this morphology gives a large
surface area and solid construction. Additionally, a 3D
nanostructure is more compact than a 2D structure. It
has the potential to adsorb more molecules on the
photocatalyst's surface, hence increasing the rate at
which the catalyst degrades the substance. A 3D
structure can also harvest and absorb more irradiated
light to activate the photocatalyst. The internal
structure and morphology of ZnO/CdS was
investigated further using HRTEM images (Figure
3(d) and (e)) which confirmed the interplanar
spacings of 0.26 and 0.35 nm that correspond to
the (002) and (100) planes of the hexagonal
crystal structures of ZnO and CdS, respectively.
This preferred orientation was also confirmed by
XRD data analysis.

Table 1 shows the values for total pore volume,
mean pore diameter and specific surface area of
Zn0O/CdS from the N2 sorption analysis. The ZnO/CdS
had a specific surface area and pore volume of 39.2531
m? gt and 0.0824 cm? g, respectively, with an
average pore diameter of 20.6503 nm, which is in the
mesoporous range.

Bandgap analysis was used to determine the
optical characteristics of the ZnO/CdS photocatalyst.
The UV-Vis-NIR spectrophotometer was utilized to
determine the reflectance and the wavelength region
where the photocatalyst showed the strongest
absorption of light energy. A Tauc plot was utilized
to determine the bandgap of the photocatalyst by
applying equations (2) to (4) [15]. Figure 4(a) shows
the reflectance edge of the ZnO/CdS photocatalyst at
around 499 to 561 nm, which is in the visible light
region. The Tauc plot for ZnO/CdS shown in Figure
4(b) identified the bandgap of ZnO/CdS as 2.46 eV.
The bandgap is the energy difference between the
valence band of the highest occupied molecular
orbital (HOMO) and the conduction band of the
least unoccupied molecular orbital (LUMO). The
performance of a photocatalyst strongly depends on
its electronic band structure and bandgap energy. A
large band gap and electron-hole recombination ratio
are the main hindrances for visible light response
and high photocatalytic performance. The goal is to
narrow the band gap of the catalyst to improve
optical absorption in the visible wavelength region.
The effective band gap for absorbance of photons
from LED visible light is about 2.58 to 2.46 eV,
based on a previous study [11].

Table 1. Surface porosity characteristics of ZnO/CdS.

Total pore volume Mean pore diameter Specific surface area  Type of pore
(cm®g?) (nm) (m”g™)
0.0824 20.6503 39.2531 mesoporous
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Figure 2. XRD diffractogram of ZnO/CdS (green and red lines indicate the corresponding peaks of ZnO and
CdS, respectively).

Figure 3. FESEM images of the ZnO/CdS photocatalyst at (a) 1000X (b)5000X and (c) 10000X, and HRTEM
images at (d) 100kX and (e) 1.5MX magnification.
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Where a is the material's absorption coefficient,
h is Plank's constant, A is the proportionality constant,
v is the frequency of light, Eq is the bandgap energy,
and x is ¥z for direct transition mode materials.

a=klin (M) (3)

R=Rmin

Where Kk is a constant, Rmax represents the
greatest reflectance, and Rmin represents the lowest
possible value for reflectance.

(ahv)? = A'(hv — Ey) (4)
Where A’ is a constant.

Thus, the Tauc plot was plotted as (o/hv)?
versus Av. The value of the bandgap energy was
obtained by extrapolation of the linear part and where
the point meets the abscissa.

The catalytic activity of ZnO/CdS was analyzed
via degradation of safranin at a range of initial
concentrations, photocatalyst amounts and pH values
of safranin solution, as shown in Figure 5(a), (b) and
(c), respectively. It was observed that the degradation
decreased when the concentration of Safranin was
increased from 5, 10 and up to 15 mg/L, respectively
in 110 min as shown in Figure 5(a). In the beginning,
the safranin molecules were adsorbed on the surface
of the ZnO/CdS photocatalyst, reaching adsorption-
desorption equilibrium. However, the supplied photon
from the light source generated electrons and holes in
the ZnO/CdS photocatalyst, which were subsequently
used for the degradation of safranin molecules.
Moreover, the reason for less activity with larger
amounts of safranin is that the photocatalyst becomes
a limiting reagent as it requires more charge carriers to
react with large amounts of pollutant molecules [16].

An optimum amount of the photocatalyst is
important to ensure the maximum catalytic activity

towards the reactant. In this work, about 0.1 g, 0.5 g
and 1.0 g of photocatalyst were used to catalyse the
reaction. As shown in Figure 5(b), 0.5 g catalyst
escalated the degradation from 46.86 to 79.64 %
showing that the extra amount of catalyst caused
more charge carriers to be produced. This increases
the probability of effective collisions between charge
carriers and pollutant molecules and increases
the photocatalytic reaction yield [17]. However,
photodegradation reached a plateau when the dosage
was increased to 1.0 g. This is due to light screening
and scattering effects at high dosages, resulting in
a reduction in luminous transmission through the
solution [18].

Meanwhile, Figure 5(c) shows the effect of pH
with pH 3, 7 and 9 representing acidic, neutral, and
basic Safranin solutions, respectively. The most
favourable condition for the ZnO/CdS photocatalyst
was the basic solution, as about 99.15 % Safranin was
degraded. Based on a previous study [11], the point
of zero charge (pHpzc) for ZnO/CdS was found at
pH 3.51, which was positively charged. Thus, the
photocatalyst surface only attracts the negative
charge of a basic Safranin pollutant through strong
electrostatic attraction and promotes degradation.
The degradation at pH 7 and 3 were recorded at
about 54.97 and 63.98 %, respectively, due to
greater availability of positive charges in the solution
which create electrostatic repulsion forces with the
photocatalyst surface, thus, reducing the degradation
of safranin molecules [19].

To investigate the critical processes of
adsorption and photolysis, a series of reactions were
conducted over a duration of 140 minutes. The
purpose of the adsorption process was to evaluate
the capacity of ZnO/CdS to adsorb safranin. As
illustrated in Figure 5(d), a notable decline in
Safranin concentration was observed. Specifically,
the concentration dropped from an initial 5 mg/L to
2.69 mg/L as shown by the 46.23 % reduction in
Safranin concentration during the adsorption. This
result shows that the ZnO/CdS photocatalyst exhibited
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a strong affinity for safranin molecules. This adsorption
phenomenon occurred because of the photocatalyst’s
morphological properties, including its 3D shape and
large specific surface area.

The purpose of photolysis was to evaluate the
ability of the light source to break down safranin
molecules. Based on Figure 5(d), the degradation of
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safranin was only 0.25 % in 140 min. This finding
strongly implies that the employed light source
exhibited limited effectiveness in breaking down
and degrading the Safranin pollutants present in
the solution. In other words, the light source did
not possess the necessary capacity to efficiently
reduce the concentration of safranin in the
photolysis reaction.
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Figure 5. (a) The effect of initial concentration of safranin dye solution. (Reaction conditions: 0.1 g of ZnO/CdS
photocatalyst, 300 mL of Safranin dye solution, untreated pH and 21-Watt LED lamp), (b) The effect of different
catalyst loads on the degradation of safranin dye solution. (Reaction conditions: 300 mL of 5 mg/L safranin
solution, untreated pH, ZnO/CdS photocatalyst and 21-Watt LED light), (c) The effect of safranin dye solution pH
on photocatalysis. (Parameters: 5 mg/L initial concentration of Safranin solution and 0.5 g of ZnO/CdS
photocatalyst), (d) The percentage reduction difference of safranin under optimized conditions (ll), adsorption
(A) and photolysis (m) within 140 minutes. (Optimized conditions: 0.5 g of ZnO/CdS photocatalyst and 5 mg/L
initial safranin solution at pH 9), (e) Photocatalytic reaction kinetics of ZnO/CdS for removal of safranin.
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Hence, this confirms that the photocatalytic
reaction involving ZnO/CdS followed a two-stage
process:

(i) Adsorption Stage: Initially, safranin pollutants
were adsorbed to the surface of the ZnO/
CdS photocatalyst. In this stage, the safranin
molecules adhered to the photocatalyst's
surface, forming a sort of molecular layer;

(i)  Photodegradation Stage: During this phase,
visible light was introduced as an external
energy stimulus. The energy from the light
triggered the generation of charge carriers,
specifically e~ and h*, within the ZnO/CdS
material. Electrons were excited by the
incoming photons from the light source and
simultaneously, the creation of holes occurred,
essentially leaving behind vacancies in the
electron structure of the ZnO/CdS. These
charge carriers, both electrons and holes,
actively participated in the breakdown of
safranin molecules.

The proposed heterojunction mechanism for
the degradation of safranin solution by the ZnO/CdS
photocatalyst can be divided into three key phases: (i)
generation of e” and h* through photogeneration, (ii)
formation of active species, and (iii) degradation of
safranin.

Theoretically, the simultaneous occurrence
of e” and h* generation is expected when LED
visible light irradiation interacts with the ZnO/CdS
photocatalyst. Initially, photons from the light source
striking the ZnO/CdS photocatalyst surface lead to the
excitation of e- from the valence band (VB) to the
conduction band (CB), leaving behind the h* in the
VB. This process is summarized in equation (5).

Degradation of Safranin by a ZnO/CdS
Photocatalyst under LED Light

The formation of active species involves multiple
pathways:

1. Photogenerated e- and h* at CB and VB,
respectively, are utilized for the redox reaction.

2. The h* reacts with water molecules, yielding
OH- radicals and hydrogen ions (H*) at the
VB. The subsequent reaction of hydroxyl ions
(OH") with h* generates OHe radicals, identified
as the primary active species responsible for
pollutant degradation, as in equations (6) to (7).

3. At the CB, e reacts with diffused oxygen (O>)
to form +O.", which, in turn, reacts with H+
ions, producing hydroperoxyl radicals (*OHz).
This leads to the formation of hydrogen
peroxide (H203), and the generation of an
abundance of OH" ions and OHe radicals, which
significantly contribute to the degradation of
safranin molecules, as in equations (8) to (14).

In line with our previous paper [11], the
degradation by the ZnO/CdS photocatalyst may be
attributed to the inhibition of electron-hole pair
recombination through a charge transfer process in the
ZnO/CdS composite photocatalyst.

The kinetic rate of degradation was investigated
through the pseudo first order Kinetic equation (15):

In (%) = kt (15)

where k is the rate constant, C, is the initial safranin
concentration, and C; is the safranin concentration
with visible light irradiation at time t. Figure 5(e)
shows the photocatalytic reaction rate constant for
ZnO/CdS. The value of k was 0.00304 min™ which
indicates that photocatalytic efficiency can be achieved
for safranin reduction.

(i) Photogenerated charge carriers
ZnO/CdS + hv — h* at VB + e  at CB (ZnO/CdS) (5)
(i) Active species formation
At VB,
h* + H,0 — OH" + H* (6)
h*+ OH — «OH @)
Simultaneously, at CB,
e+ 0; — 0y (8)
Oz + H* — HOp* 9)
HO2+ + HOz+ — H20; + O (10)
H20; + Oz¢" — *OH + OH + Oy (11)
H.0; + & — +OH + OH" (12)
(iii) Safranin degradation
CxH19CIN4 + «OH — CO; + H,0O (13)

CyH19CINg + Oy — CO7 + H,O

(14)
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The excited electrons could reduce, while holes
could oxidize safranin, breaking it down into less
harmful byproducts. These charge carriers play a
critical role in the degradation of safranin molecules.
The 5 mg/L safranin reached maximum adsorption
onto 0.5 g of the ZnO/CdS photocatalyst surface at
30 minutes without any light energy. Once this
adsorption saturation point was reached, the
photocatalytic process continued to be effective when
exposed to visible light. The light-driven process
facilitated the removal of previously adsorbed safranin
molecules by leveraging the activity of the generated
charge carriers. In essence, the photocatalyst harnessed
energy from visible light to initiate chemical reactions
that led to the degradation of safranin, ultimately
reducing its concentration in the solution [20].

CONCLUSION

Up to 99.15 % of the safranin dye solution was
destroyed within 110 min using 0.5 g of the ZnO/CdS
photocatalyst and 300 mL of 5 mg/L of safranin dye
solution at pH 9. This was due to the improved photo-
response capacity of ZnO in the visible region based
on the band gap decrease and 3D morphology after a
CdS visible light absorber was introduced. This work
proves that a simple sol-gel ZnO/CdS photocatalyst
can degrade safranin molecules, showing potential for
real-world applications in wastewater treatment.
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