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Several literature studies have defined the doping technique of ZnO with a Cd (transition metal) for photocataly-
sis applications. Despite this, the properties and the mechanism behind it have never been completely explained.
The present work outlines the effect of Cadmium ion doping on structural, optical, electrochemical impedance
and photocatalytic properties of ZnO and Cd-ZnO nanoparticles prepared via simple precipitation method. The

Degradation . . . . . ) o
Phgtocatalyst prepared Cd-ZnO was characterized using advanced techniques such as powder X-ray diffraction, field-emission
Zinc oxide scanning electron microscope fitted with energy dispersive X-ray diffraction, UV-visible absorbance spectroscopy

and electrochemical impedance were performed on modification of glassy carbon electrode (GCE) with multi-
walled carbon nanotubes decorated with ZnO and Cd-ZnO. Moreover, Cd-ZnO NPs displayed superior electro-
chemical performance than undoped ZnO NPs. Experiments revealed that, as compared to ZnO and higher dopant
concentration, the photodegradation of crystal violet was enhanced by the use of 0.5 mol% Cd-ZnO catalyst. The
implantation of Cd is assisted by faster carrier separation and transfer efficiency. Tauc’s plots illustrate that the
incorporation of Cd ion has decreased the optical band-gap of ZnO samples. After Cd doping, the valence and
conduction band of ZnO were modified, contributing to the development of O,", resulting in a significant im-
provement in photodegradation. Mulliken atomic charges and molecular properties computed at B3LYP/6-31G
level of theory. The HOMO-LUMO band gap of alleged photocatalysts was calculated using density function the-
ory (DFT). Further to support our hypothesis on degradation of the dye using Cd-ZnO was confirmed by the IR
and Mass spectral studies. Computational prediction of toxicity of degraded organic molecules was estimated
by Toxicity Estimation Software Tool (TEST) by United States Environmental Protection Agency. FTIR and Mass
spectroscopy confirm the 100% degradation of CV-dye under UV chamber (6 W) after 30 min at basic medium.
The enhanced electrochemical and photocatalytic efficiency of Cd doped ZnO nanoparticles suggest that they
have dual activity in energy and water treatment applications.

1. Introduction fore releasing it into water resources, it may cause serious health effects

to humans. To maintain a continuous supply of these critical nutrients to

As the global textile dyeing industry expands, more fresh water re-
sources are contaminated, with harmful compounds entering rivers,
ponds, and lakes through numerous pathways, endangering the natural
environment’s harmonious growth (Aqeel et al., 2020). Because polluted
water is usually present in large amounts and contains deep coloring
agents with significant toxicity, if we do not clean it appropriately be-

all kinds of life, dye-containing waste water must be treated (Yuan et al.,
2019; Spitaleri et al., 2019; Mittal et al., 2014). According to reports,
15% of synthetic industrial wastes, particularly textile and pharmaceu-
tical wastes, are unintentionally mixed with the main water streams
(Jayaraman et al., 2020). Because the contaminated matrix in the water
stream gradually reduces sunlight penetration, disrupting the biological
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process in the aquatic environment, so environmental protection has be-
come a high priority (Zhu et al., 2009). Because of the inertness of dye
molecules in waste water to light, heat, and oxidative agents, decoloriza-
tion becomes a major challenge (Ghosh et al., 2015). Chemical, phys-
ical, and biological treatment approaches for polluted dye water have
all proved effective in the past. Various removal methods such as lig-
uid membrane separation (Daas and Hamdaoui, 2010), biological treat-
ments (El-Naas et al., 2009; Zhang et al., 2011), oxidation (Gomes et al.,
2008), electrolysis (Xie et al., 2019), adsorption (Chen et al., 2020),
chemical catalytic degradation (Chimupala et al., 2020) and few com-
monly used methods such as ultra-filtration, desalination and reverse
osmosis (Yuan et al., 2019; Spitaleri et al., 2019; Mittal et al., 2014). Var-
ious removal strategies, such as liquid membrane separation, are now
being researched in a number of studies. However, the effectiveness of
degradation, environmental implications, and costs of various chemical
and physical techniques vary. These procedures can sometimes elimi-
nate dangerous pollutants, but they can also result in the production of
unwanted substances and health concerns (Zhang et al., 2019). Photo-
catalysis is a much more comparable and efficient approach than all the
others. When light is allowed to fall on the catalysts, they quickly de-
colorize the dyes, especially textile dyes, utilizing sunlight as the energy
source and oxygen from the atmosphere as the oxidant, hazardous com-
pounds are broken down into non-toxic compounds. During the photo-
catalytic process, an efficient photocatalyst may operate as an effective
material, and researchers have always found it difficult to develop the
desired shape, size, and porosity while keeping costs low (Wang et al.,
2013; Kong et al., 2019; Sakib et al., 2019). The researchers are employ-
ing visible light sensitive band gap materials for more efficient photo-
catalytic degradation. Titanium dioxide (TiO,) (Xie et al., 2019), Zinc
oxide (ZnO) (Venkatesha et al., 2012), Copper oxide (CuO) (Sakib et al.,
2019), Ferric oxide (Fe,03) (Boruah et al., 2017), Zinc sulphide (ZnS)
(Soltani et al., 2012) and Cadmium Sulphide (CdS) (Soltani et al., 2012)
belong to a class of photocatalysts, amongst them at ambient temper-
ature, ZnO is an n-type semiconductor with a high band gap of 3.36
eV that processes excitonic optically driven ultraviolet (390 nm) lasing
action. ZnO has high radiation hardness, thermal properties, effective
transparency, structural stability, biological compatibility, and efficient
UV-range optical absorption (Pirsaheb et al., 2020). As a result, ZnO
has the wide range of potential applications, including solar cells, op-
toelectronics, antimicrobial goods, and photocatalysis. ZnO responds to
just 5% of UV energy in the sun spectrum and 0.1 percent of UV radia-
tion in indoor illumination because of its good biocompatibility, strong
redox properties (Neelgund and Oki, 2019; Kiriarachchi et al., 2019;
Shafi et al., 2019; Lavand and Malghe, 2015) and large band gap. Incor-
poration of transition metal ions is an efficient tool to tailor the desired
properties in order to utilize the maximum sunlight, and slight changes
in physical and chemical properties at nano levels (Vidyasagar et al.,
2011). Herein, we have reported the rapid photocatalytic degradation of
CV using Cd-ZnO nanoparticles. Despite the fact that several researchers
have developed Cd-ZnO catalyst, but the photocatalytic degradation of
CV has not been thoroughly studied. The implementation of Cd ions into
ZnO cause defects and improve visible harvesting ability of ZnO. The IR
and mass spectral experiments confirmed our hypothesis on dye degra-
dation, the spectral results are considered to be in close agreement with
theoretical values.

2. Experimental section
2.1. Materials

The organic dyes Crystal violet (CAS number: 548-62-9), Alizarin
Red S (ARS) (S. D. Fine-Chem. Ltd., India), Zinc acetate [Zn (CH3COO),.
H,0] (98.7 %, HiMedia), cadmium chloride monohydrate [CdCl,. H,O]
(99.1 % HiMedia), Sodium hydroxide [NaOH] (98 % HiMedia) and
ethanol [C,H50H] (99.9 %, S. D. Fine-Chem. Ltd.) were procured and
used without further purification. All of the compounds employed in
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this work were of analytical grade, and the research was carried us-
ing deionised water was used throughout the study. The organic dyes
Crystal violet (CV) & Alizarin Red S (ARS) were used without further
purification (S. D. Fine-Chem. Ltd., India).

2.2. Preparation of ZnO and Cd-ZnO nanoparticles

In the present work, ZnO and Cd-ZnO [0.5, 1.0, 1.5 and 2.0 at
mol% of Cd] nanoparticles were synthesized via PVA assisted chemi-
cal method. 1.0 g of zinc acetate was taken in 100 ml ethanol and kept
for constant stirring for 24 h. 25 ml double distilled water was added
drop wise (9-10/min) and pH was recorded at 6.01. Then 0.4 N NaOH
was added drop wise (8-10/min) to obtain pH 10 under slow stirring
for 24 h. The resultant precipitate was washed in an ultrasonic bath
twice with deionised water and ethyl alcohol. Finally, the powder was
dehydrated in an oven at 60 °C and subsequently annealed at 500 °C (8
°C/min) for 2 h. The similar protocol has been followed for the prepara-
tion of Cd-ZnO samples [0.5, 1.0, 1.5 and 2.0 at mol% of Cd] with the
addition of cadmium chloride monohydrate (CdCl,. H,0) solution drop
wise (9-10/min) to the mixture of zinc acetate (ZnC,HgO,) and ethyl
alcohol.

2.3. Characterization of powder samples

Powder X-ray diffractometer (BRUKER: D8 advance) connected with
Cu-Ka radiation at = 0.154 nm in the range of 26 values 10°-80° was
recorded to analyze the crystalline nature of prepared ZnO and Cd-
ZnO nanoparticles. The size distribution and surface morphology of the
nanoparticles were captured using Carl Zeiss AG-ULTRA 55 field emis-
sion scanning electron microscope (FE-SEM) equipped with an energy
dispersive X-ray spectroscopy (EDAX). A UV-Visible spectrophotometer
was recorded to quantify the optical absorbance using model USB 4000,
Ocean Optics, USA. Using KBr pellets, IR spectra were recorded using a
Perkin Elmer spectrum RX-1model spectrophotometer. Shimadzu LCMS
2010A software and the ESI ionization technique were used to obtain
mass spectra.

2.4. GCE surface modification technique

The GCE (0.070 cm?) was carefully polished with 0.3 mmol and 0.05
mmol alumina, followed by successive sonication with 1:1 deionised wa-
ter and ethanol for 3 minutes to achieve a mirror-like surface. Then, 0.5
mmol of a ZnO and 0.5 mol% MWCNTs (Multi-walled carbon nanotubes)
hybrid suspension was dropped on the clean surface of a glassy carbon
electrode (GCE), which was prepared by dispersing ZnO and MWCNTs
in a dry DMF/Nafion mixture with the aid of ultrasonic treatments fol-
lowed by drying under an infrared light. Similar technique has been fol-
lowed to prepare 0.5 mol% Cd-ZnO/GCE and Cd-ZnO/GCE/MWCNTs
electrode for comparison.

2.5. Photochemical measurements

Without further purification, the organic dyes (CV and Alizarin Red
S) were procured from S. D. Fine-Chem. Ltd., India) were used. Through-
out the study, deionised water was employed. A 6W UV-A lamp was
used in a constructed reactor (Philips, India). At 365 nm, the maximum
emission intensity was achieved. The dye solution and catalyst mixture
were irradiated perpendicular to the solution at room temperature. Be-
tween the source and the solution, a 16-cm gap was maintained. To
analyze photo degradation, a 50 mL dye solution with appropriate con-
centrations of CV (10 mg/L) and ARS (10 mg/L) was placed in a 100
mL beaker. The effect of pH on dye photo degradation was studied over
a pH range of 2.0 to 12.0, and the pH of the solution was changed us-
ing NaOH/H,SO, solutions and a pH meter (Equiptronics, Elico-LI 120).
Experiments were also carried out with catalyst doses ranging from 0.5
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Fig. 1. (a) X-ray diffraction pattern of bare ZnO and Cd-ZnO (0.0 < X < 2.0
mol%) crystals calcinated at 500 °C and (b) Insight view of shifting peak posi-
tions of ZnO and Cd doped ZnO (1 0 0), (0 0 2) and (1 0 1) planes.

mg to 3.0 mg/50 ml. A double beam UV-1800 ultraviolet-visible spec-
trophotometer was used to measure absorbance in 1 cm quartz cuvettes
(Shimadzu, Japan).
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2.6. In silico eco-toxicity prediction

Because transitional compounds are produced during photocatalytic
degradation, it is critical to know their chemical structure and forecast
their toxicity. In the recent past, several research have progressively
used in silico based toxicity tools/programs that are based on computer
simulation (Williams et al., 2017; Singh et al., 2021). Toxicity Estima-
tion Software Tool (TEST) is a computer program that estimates the tox-
icity of chemical compounds using one of the several advanced Quanti-
tative Structure Activity Relationships (QSARs) technologies developed
by the US Environmental Protection Agency. It takes user input in the
form of a chemical structure drawing window or a simple SMILES text
file. Without the use of additional programs, such as chemical descrip-
tors, the data is processed for toxicity prediction (Martin et al., 2012).
The CompTox Compounds Dashboard is a single-window knowledge-
base with 875,000 chemicals that can be searched for toxicity and ex-
posure information. To limit the need of animal models for chemical
study, the EPA has combined use, physicochemical attributes, expo-
sure, environmental fate and transport, in vitro bioassay, and in vivo
toxicity. Chemical identities, classifications, and genes/assays related
to high-throughput data may all be used to search it. The fish (Fathead
minnow) (LC50) 96-hr, water flea (D. magna) (LC50) 48-hr lethal concen-
tration (50 % ), and Hymenostome (T. pyriformis) (IGC50) 48-hr Inhibi-
tion Growth Concentration (50 %) tests were all specifically predicted
because the results of these tests are the most widely used methods to
predict ecotoxicological endpoints.

3. Results and discussion
3.1. Structural characteristics (PXRD)

Fig. 1 shows the powder x-ray diffractograms of undoped and Cd-
ZnO samples at different concentrations peak positions (26) and rela-
tive peak intensities are consistent with the JCPDS card No.: 79-0208
(a = 0.3264 nm and ¢ = 0.5219 nm). The figures illustrate the phase
purity of ZnO and Cd-ZnO (Cd = 0.0 to 2.0 %) and shows a typical

-m-a(100) n r
-m- c(002) /
n

Fig. 2. The change in the d spacing (a), Dis-
location density (b), Lattice parameter (c) and
Lattice strain (d) of ZnO with different cad-
mium concentration.

(@002 G-op Ausuaq uonedosiq

T T
1.0 15 20 25

mol% of Cadmium

T T T T

-m- Lattice Parameter a (100)
-m- Lattice Strain ¢ (002)

J/

- 0.0040

I 0.0038

- 0.0036

- 0.0034

- 0.0032

(200) > ureng WL

- 0.0030

2.840 : : T T T T T
a) =12
n——=n I 2.620 < b u
=
28351 — 11
# o
o= ~ 104
S L2ets S
£ 28%1 o N
@ N & 9
= >~ -
S 2825 L2610 & 5, g
- £
= g =
= & 577
28201 =
S E = A
. 2053 2 4] ”
/ g
2815 =
u
. L 2,600 g
— = 4
2z
2810 0 . . ; . a T T
05 0.0 05 10 15 20 25 05 00 05
Cd mol% at different concentration
3.290 r ; ; ; ; 526 0.0050
5 A A i d
S ) -m- Cell Constant a (10 0) - ) u
= 257 -m- Cell Constant ¢ (0 0 2) &
F525 2 o005
- = I~ 1
' [}
< 3280 8
. -~
5 F524 8 2 [
£ 32754 5 o000
£ K-
£ 5270+ Lss @ &
&
g 2 ‘2 0.0035 -
8 3.265 - pig>
2 Lo
£ 523 %
5 3200 £ 20,0030
3255 [ 1 n [ F5.21
. . . . . 0.0025 :
05 0.0 05 10 15 20 25 -05

mol% of Cadmium

T T T
0.0 05 10 15
mol% of Cadmium

. 0.0028
20 25



M.F. Sanakousar, Vidyasagar. C.C, Victor M. Jiménez-Pérez et al.

Table 1

Data on 20, peak intensity, FWHM, d-spacing and relative intensity in %.

Journal of Hazardous Materials Advances 2 (2021) 100004

mol % Cd doping (hkl) Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [A] Rel. Int. [%]
ZnO (100) 31.7957 16754.26 0.2668 2.8121 55.89
002 34.4639 26630.43 0.2868 2.60025 88.83
0.5 mol% Cd-ZnO (100 31.7905 22816.66 0.2145 2.81255 63.08
002) 34.4527 16872.4 0.2081 2.60106 46.64
1.0 mol% Cd-ZnO (100) 31.7222 20377.63 0.1755 2.81845 62.45
002 34.386 14789.85 0.2083 2.60596 45.33
1.5 mol% Cd-ZnO 100 31.5226 15175.7 0.2678 2.83584 60.66
002) 34.192 11289.73 0.2452 2.6203 45.13
2.0mol% Cd-ZnO (100) 31.5036 12185.99 0.2944 2.83751 61.45
(002) 34.1909 9710 0.2759 2.62038 48.96
Table 2
Data on Lattice constants, lattice strain, unit cell volume, Bond length and c/a ratio of bare ZnO and Cd-ZnO nanoparticles by Debye-Scherrer Method.
SampleAt
different Cd Unit Cell Bond Length  c/a
mol% Lattice Constants (A) Debye-Scherrer Method Volume (A)3 @A) ratio
Dislocation density (5)
Lattice Strain (¢) x1073 x1073 Crystal Size (nm)
a (100) ¢ (002) a (100) ¢ (002) a (100) ¢ (002) a (100) ¢ (002)
ZnO 3.2471 5.2005 1.12 1.196 0.956 1.089 32.35 30.30 47.48 5.559 1.601
0.5 mol% Cd 3.2475 5.2021 0.9 0.868 0.618 0.573 40.24 41.76 47.51 5.561 1.601
1.0 mol% Cd 3.2544 5.2119 0.737 0.869 0.414 0.575 49.17 41.71 47.80 5.572 1.601
1.5 mol% Cd 3.2745 5.2406 1.125 1.17 0.964 0.797 32.21 35.42 48.66 5.602 1.601
2.0 mol% Cd 3.2764 5.2407 1.237 1.151 1.165 1.009 29.3 31.48 48.71 5.603 1.601

diffraction intense peaks at 26 = 31.62°, 34.28°, 36.12°, 47.39°, 56.45°,
62.71° and 67.77°, which corresponds to (1 0 0), (0 0 2), (1 0 1), (1
02),(110),(103)and (11 2)Bragg’s reflection planes of wurtzite
hexagonal crystal structure and additional impurity peaks correspond
to ZnO, and Zn(OH), were not detected. Two additional peaks of (1 1
1) at 32.82° and (2 0 0) at 38.16° belonging to cubic phase were found
for 2.0 mol% Cd dopant as star marked in the (Fig. 1 and 2), which in-
dicates the presence of a new phase or nucleating centres or segregation
of Cd ions within the ZnO lattice (Joishy et al., 2018). The variation of
major (1 0 0), (0 0 2), and (1 0 1) planes as a function of incorpora-
tion was observed to verify the appropriate distributions of Cd?* ions
in the ZnO lattice. Cadmium ions incorporation affects the d-spacing,
lattice parameters, and unit volume of Cd-ZnO, as observed by the dif-
ference in diffraction angles. The XRD data was used to calculate the
lattice parameters for ZnO and Cd-ZnO crystals (Table 1). A 3.2471 A
and 5.2005 A were found to be the lattice constants a and c for ZnO,
respectively. In the case of Cd-ZnO, the lattice constant a increases to
3.2475 A and c increases to 5.2021 A, indicating that increasing Cd
doping enhances lattice constants (Table 2). Because the Cd?* ion has
a greater ionic radius (0.97 A) than the Zn2* ion (0.74 A), Cd>2+ ions
are doped homogeneously in substitution mode only into the ZnO lat-
tice and causes a modify in the lattice constants following Cd doping.
The peak intensity of (1 0 0), (0 0 2), and (1 0 1) increased as the full
width at half maximum (FWHM) decreased at 0.5 and 1.0 mol percent
Cd2+ doping, indicating a possible change in crystal size. Additional Cd
peaks were absent due to the high solubility of Cd?* in ZnO (Tables 2
and 3). However, the relative peak height and FWHM of the ZnO doped
at 1.5 and 2.0 mol% are slightly decreased compare to the sample doped
at 0.5 mol%, indicating deterioration in crystal size and quality. As the
Cd doping (0.5 to 1.5 %) increases, all the diffraction peak positions
faintly shifted towards higher diffraction angle indicating the distortion
of particularly a-axis (1 0 0) and contraction in the Cd-ZnO lattice due to
pressure stress. However, at higher Cd%>* doping percentage (2.0 mol%),
all the XRD peaks shifted towards a low diffraction angle indicate the
Cd-ZnO lattice expansion due to tensile stress (Jiang et al., 2016). This
attributed evidently that the Cd doping deformed a-axis of ZnO crystals.
Further we have calculated the lattice strain, dislocation density, crys-

tal size, unit cell volume, bond length and c/a ratio for undoped and
Cd doped ZnO samples from Debye-Scherrer Method and William-Hall
Method, the percentage dependence of Cd with lattice parameter a and
¢ for undoped and Cd doped ZnO crystals (Figs. 2 and 3) and tabulated
in Tables 2 and 3. However, the William-Hall method yields crystallite
sizes consistently smaller than those obtained from Scherrer’s method.
The small divergence in the crystallite size due to using most intense
peak in the Scherrer’s equation, whereas William-Hall approach an av-
erage value of several peaks, but calculations are found to be closely
matched (Fig. 4). This proved that micro-strain is inversely proportional
to crystalline size (Tables 2 and 3). By inspecting all the graphs, it is
clear that with increasing Cd dopant the crystalline quality of the sam-
ples have been changed, which may be affected by the saturation of new
nucleating centres at ZnO lattice.

Bragg’s law was used to calculate the lattice parameters for hexag-
onal wurtzite ZnO and Cd-ZnO crystals (2dsinf = ni): (Yathisha et al.,
2016)

14 h* + hk + k* . I?

d> 3 a’ ¢’

The average crystalline size was calculated from the Scherrer’s equa-
tion
0.94
(D)

= Pcosb

where 1=wavelength (Cu-Ka 1.5406 A), 0= Bragg’s diffraction angle and
p= Full width at half maxima in radians along (1 0 0) and (0 0 2) planes.
Unit volume (V) = 0.866 x a? x cwhere a is the lattice constants and
V is the unit volume in (A3)
Bond length of ZnO is given by

Bond length (L) = \/% +(% —u2) + ¢* (Vidyasagar et al., 2018)

2
where u = 3“? +0.25 is the hexagonal structure of ZnO’s potential pa-
rameter.
Micro strain (¢) = fcos0/4
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Table 3
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Data on lattice strain, dislocation density and crystal size bare ZnO and Cd-ZnO nanoparticles by William-Hall Method.

William-Hall Method

Sample At different Cd mol % X i i . i ) Band gap
Lattice Strain (¢) x1073 Dislocation density (§) x107° Crystal Size (nm) (eV)
a (100) ¢ (002) a (100) ¢ (002) a (100) ¢ (002)
ZnO 1.12 1.196 1.0424 1.188 30.97259 29.01298 3.11
0.5 mol% Cd 0.900492 0.86761 0.6738 0.6255 38.52392 39.98399 2.75
1.0 mol% Cd 0.736891 0.8686 0.4512 0.6692 47.07681 39.9384 2.60
1.5 mol% Cd 1.124997 1.023005 1.0516 8.6963 30.83609 33.91038 2.78
2.0 mol% Cd 1.236798 1.151093 1.2710 1.1010 28.04864 30.13701 2.75
Cell Constants Debye-Scherrer Method Lattice Strain el Constants William-Hall Method Lattice Strain Fig. 3. Comparison of Debye-Scherrer Method
3.280 3.280 “11s
o0 a) 002) " 2] b) 002) " and Willium-Hall Method for the cell constants,
32754 o |, 32154 o |, Lattice strain (a) and Crystal size, Band gap of
521520 AT 21520 002 ZnO with different Cd concentration.
5204 k14 204 F1
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Crystal Size

) ) 2 )
Band Gap (eV) Band Gap (eV)

Dislocation density (§) = 1/D>?
Using the William-Hall equation, the lattice strain and crystalline
size of each sample were calculated:

0.94

ﬂcosB:D +4esinf

WH
where Dy is the average crystalline size, ¢ is Bragg’s diffraction angle
and ¢ is the strain and g is the FWHM (in radians). The plot of cos vs
4sin (Fig. 4) in the William-Hall method provides a straight line with
0

the intercept (D‘i ) equal to crystalline size and slope (¢) equal to
WH

micro-strain.

3.2. SEM and EDAX analysis

The absence of close packed morphology in the FESEM micrograph
of pure ZnO displays the polycrystalline structure (Fig. 5).

The configuration of various sub-micrometer crystallites shows ag-
glomeration in specific locations of the Cd-ZnO powder is also obvi-
ous in the images. There is a variation in surface morphology among
Cd-ZnO particles and pure ZnO. Pure ZnO and Cd-ZnO semiconducting
nanoparticles were originated to have crystallite sizes of around 31 and
67 nm, respectively. Due to agglomeration, determining the exact grain
size from FESEM images is more difficult than determining the sizes us-
ing XRD data. The EDAX spectrum of ZnO is indicating the purity of the
samples (Fig. 5¢) and the presence of Zinc, Oxygen and Cadmium were
observed in Cd-ZnO (Fig. 5d).

Band Gap (eV)

(N

Band Gap (eV)

3.3. UV-visible spectral analysis

At room temperature, the UV-Visible spectra in the wavelength range
280-800 nm as a function of Cd concentration were recorded (Fig. 6). In
comparison to bare ZnO, the optical absorption edge of Cd-ZnO (0.5
mol%) has been shifted distantly towards longer wavelength region
(Fig. 6). ZnO has an optical absorption range of 340-400 nm, whereas
Cd-ZnO samples have a broad absorption range of 340-400 nm in the
UV region with extended shoulder peak in the visible region of 450-
500 nm. The absorption edge has a large red shift when Cd doping
increases (0.5 to 1.5 mol%). This reveals the major light absorption at
visible region and also exhibits low absorbance in the UV region with
decreasing band gap for the Cd doped samples (Cd = 0.5 - 1.5 mol %)
(Chithambararaj et al., 2013). This attribution of optical absorption de-
pends on several factors: a) secondary electronic state formation through
Cd?* and transition of electrons between partially forbidden bands, b)
may be delocalized s- or p-type related electrons of Zn and O inter-
act via spin exchange and c) after incorporation, the energy distribu-
tion of the allowed states changes. It was also found that the calculated
band gap of 2.0 mol% Cd-ZnO increases, which may be attributed to the
Burstein-Moss phenomenon caused by an increase in carrier concentra-
tion (Vidyasagar et al., 2011). Fermi level moves into the conduction
band when carrier concentration is increased by 2.0 mol% Cd-ZnO. In
dopants, electrons may jump to energy levels above the Fermi level of
the conduction band, where optical gap will be corresponding to E (ac-
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tual Eg) + dE (Moss-Burstein effect) (Obeid et al., 2019). The energy
band gap was calculated using (ahv)!/™ :A(hv—Eg), Where h is Plank’s
constant (6.626 x 1073* J s), A is an energy-independent constant, a is
the absorption coefficient, n is the optical transition of semiconductor
and E, is the optical band (eV). The absorption coefficient was deter-
mined with the following formula: « = 2.3030(A)/t, where t thickness
of the sample (Obeid et al., 2019). The band gap (Eg) (eV) for all the sam-
ples was calculated by projecting the linear component of the shoulder
curves to the x-axis, as shown in Tauc’s plots (Fig. 7). The optical band
gap values determined for as prepared ZnO, 0.5, 1.0, 1.5, and 2 mol%
Cd-ZnO are 3.11, 2.75, 2.60, 2.78, and 2.75 eV, respectively (Table 3).
During thermal breakdown process, the band gap of ZnO lowers up to
1.0 mol% of Cd doping compare to defects free ZnO. The band gap of
ZnO, on the other hand, rises from 1.5 to 2.0 mol% of Cd doping due
to the Moss-Burstein effect, as observed by Mazhdi et al (Mazhdi and
Tafreshi, 2020).

3.4. Electrochemical impedance studies

Electrochemical impedance spectroscopy (EIS) measurements were
used to investigate electrochemical characteristics. EIS has also been
used to characterize the modified electrodes’ interface properties (Figs. 8

and 9). At higher frequencies, the half circle section corresponds to par-
tial charge-transfer process and charge-transfer resistance is represented
by the semicircle diameter (Rct). The Rct value for ZnO/GCE was around
76.80 Q, which was substantially higher than the Rct value for bare GCE
(46.7 Q) (Fig. 8a), suggesting that the redox probe’s electron-transfer
kinetics were inhibited at the electrode interface. When compared to
the ZnO/GCE (Fig. 8b) modified electrode, the Rct value was dramati-
cally reduced from 76.80 to 26.6 Q, implying a significantly lower the
charge-transfer resistance at the ZnO/MWCNTs/GC modified electrode
(Fig. 8c). The electrode’s charge-transfer resistance (R,;) is a significant
characteristic, where semicircle diameter of EIS is commonly known to
be equivalent to R, in the Nyquist diagram. The EIS of several elec-
trodes is seen in (Fig. 9). The high-frequency region of the 0.5 mol%
Cd-ZnO/MWCNTs/GC electrode exhibits a very small semicircle (curve
¢ =4.26 Q). R, increased after loading the 0.5 mol% Cd-ZnO/GC elec-
trode probe compared to the 0.5 mol% Cd-ZnO/MWCNTs/GC electrode
(curve b = 13.8 Q). It’s conceivable that the 0.5 mol% Cd-ZnO/GCE
probe created a barrier that hindered electron transmission. Because
the captured 0.5 mol% Cd-ZnO/GC electrode with its non-electroactive
characteristics obstructs electron transport, the semicircle increased sig-
nificantly (curve a = 10.6 Q) when the semicircle was blocked by a bare
GC electrode (curve a = 10.6 Q). R, increased much more after subse-
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Fig. 5. FESEM images of (a) pure ZnO
nanoparticles, (b) 0.5 mol% Cd-doped ZnO
nanoparticles and EDAX spectrum of (c) Pure
ZnO and (d) 0.5 mol% Cd-doped ZnO.
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quent deposition onto the bare GC electrode surface (curve a), indicating
that the 0.5 mol% Cd-ZnO/MWCNTs/GC electrode restricted electron
transfer.

3.5. Quantum chemical calculations

Using the Gaussian 09 program, the B3LYP/6-31G density functional
theory method with 6-31G (d,p) basis set is applied to refine the geo-
metrical structure of Cd-ZnO (Chandraboss et al., 2014; Aljawfi et al.,
2020). The excitation energy was computed using TD-DFT, and the
HOMO/LUMO energies were studied using optimized structures at the
B3LYP/6-31G stage (Banu and Dheivamalar, 2020; Hadipour et al.,
2015). Furthermore, chemical parameters, dipole moment (8.6601D),
polarizability, band gap (E, = 2.3560 €V), electron affinity (A = 3.3650
eV), global hardness (7 = 1.1780), global softness (S= 0.5890), electro
negativity (y = 4.5430), chemical potential (u = -4.5430), electrophilic-
ity index (w = 8.7601), ionization potential (I =5.7210 eV) and Mulliken
charge distribution of each atom (Cd = 0.238234, Zn = 0.230170 and
O = -0.468403) in the different sites of Cd-ZnO (Fig. 10 and Table 4)
were measured using Gaussian 09 software. Chemical systems’s initial
ionization and electron affinity are determined by the negative orbital

energies of HOMO and LUMO below the Fermi level. HOMO and LUMO,
as well as the band gap energy, are shown in a 3D frontier molecular
orbital (FMOs) image. Fig. 11 depicts the HOMO and LUMO distribu-
tions of Cd-ZnO calculated using the B3LYP/6-31G level. A high band
difference exists in the semiconductor ZnO nanoclusters. The HOMO
and LUMO are concentrated on the Cd atoms in the Cd-ZnO system,
indicating that Cd doping enables the formation of new energy levels
closer to the Fermi level. Cd-ZnO has a HOMO and LUMO energy of -
5.7210 and -3.3650 eV, respectively, and an E, of 2.3560 eV. Red and
green depict the positive and negative phases, respectively. The differ-
ence in energy between HOMO and LUMO may be used to calculate the
optical band gap energy. Cd-ZnO clusters have lower band gap energy
than ZnO NPs, implying that they are less stable and need less energy to
excite an electron from the HOMO to the LUMO state. The theoretical
calculated findings are closely related to the Tauc’s plot, where Cd-ZnO
NPs are attributed for the low band difference and red shift (Fig. 7). The
Mulliken charge values were quantified using the B3LYP/6-31G levels
of theory. Table 4 shows the Mulliken atomic charges in Cd-ZnO. The
oxygen atoms in Cd-ZnO clusters have a negative charge, indicating that
they are donor atoms. The positive charge of Zn and Cd atoms in Cd-ZnO
clusters make them acceptor atoms. The reactivity and active site of the
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Table 4
Theoretical results of ZnO and Cd-ZnO compound.

be 1.17 eV, and its high negative chemical potential (-4.54 eV) implies
softness and high polarizability, as well as the fact that it decomposes
spontaneously. The high levels of electronegativity and electrophilicity

Zn0 Cd-ZnO
indicate that it has an impact on withdrawing electrons.

HOMO -0.21024  -0.21024
-0.16977 -0.12366 . .
Eyouo (6V) 5791 5791 3.6. Photocatalytic experiment
Eyumo (eV) -2.6029 -3.365
EHOMO - ELUMO gap (eV) 3.1181 2.356 UV-Visible absorption spectra obtained during CV degradation in
Ionization Potential (1) (eV) ~ 6.9779 5.721 aqueous solution at ambient temperature were utilized to investigate
Electron affinity (4) (eV) 4.6197 3.365 the photocatalytic activity of Cd-ZnO nanostructures. Before each expo-
Global hardness (7 ) 1.1791 1.178 . . . . .
Global Softness ( S) 0.5895 0.589 sure, a stirred combination of dye solution and catalyst was placed in
Chemical potential () _5.7988 4543 the dark for 1 hour to create equilibrium between the dye molecule’s
Electro negativity ( ) 5.7988 4.543 adsorption and desorption processes on the catalyst’s surface. The dye
Electrophilicity index (@ ) 14.2594 8.7601 solution containing photocatalyst was subjected to UV irradiation by 06
Do/lumken atomic charges 0.468403 W mercury lamp and collected during irradiation at routine time inter-
7n 0.230170 vals to determine photocatalytic behaviour. A sample (5 ml) was ob-
cd 0.238234 tained at specific time intervals and centrifuged for 03 minutes at 2500

compounds are determined by the HOMO and LUMO energies. Negative
chemical potential readings indicate that the molecule is spontaneously
disintegrating. The compound’s chemical hardness was determined to

rpm to separate catalyst particles from the aqueous phase to determine
the degree of decolorization.

3.6.1. Photocatalytic activity evaluation
In order to investigate the catalytic behavior of pure ZnO and Cd-
ZnO NPs, photocatalytic degradation of the two chromophoric dyes, CV
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Fig. 8. EIS data of modified electrode in 0.5 M H,SO, Electrolyte solution: Inset
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(a) bare GCE, (b) /GCE/0.5 mol% Cd-ZnO and (c¢) GCE/ MWCNTs/0.5 mol% Cd-
ZnO.

b)

Fig. 10. Optimized structure of 0.5 mol% Cd-ZnO calculated at B3LYP/6-31G
level of theory.

(cationic dye) and Alizarine Red (anionic dye), with the 06 W (mercury-
lamp) UV light irradiation at the same optimal conditions was used. CV
and AR at 663 and 560 nm respectively have been monitored using the
characteristic absorption values of pure and doped ZnO NPs for photo-
catalytics. Fig. 12a and b demonstrate the percentage degradation rate of
CV dye as a function of irradiation time for various Cd mol% doped ZnO
NPs, as well as the variation of C/Co v/s irradiation duration, where Co
is initial dye concentration and C is the dye concentration at the time
of measurements. Fig. 13a shows the percentage degradation rate of
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Fig. 11. Coloured 3D frontier molecular orbital (FMOs) diagram of HOMO-
LUMO with ZnO band gap energy and 0.5 mol% Cd-ZnO.

Alizarin Red S (ARS) dye with different Cd mol% doped ZnO NPs as a
function of irradiation time. The results illustrated that, Cd-ZnO series
NPs can degrade about 53 to 67% of ARS dye. Fig. 13b shows that a
significant degradation rate was observed in the direct 06 W UV light
in the absence of catalyst and the degradation rate was up to 84.0 %
in 120 minutes. These results indicate that the Cd-ZnO series of com-
pounds could be used effectively to degrade cationic dyes not anionic
dyes. Samples of pure and Cd-ZnO were able to degrade CV dye as seen
in a decrease in the characteristic absorption and decolouration, which
showed that chromophoric dye groups were lost and converted to aro-
matic intermediates. Fig. 12a revealed that more than 80% of the dye is
degraded within 120 minutes in the Cd-ZnO sequence of NPs. In com-
parison with higher doped concentrations Cd-ZnO and pure ZnO, major
degradation of 0.5 mol% Cd-ZnO has been observed, with a dye degra-
dation of about 94.67% over the same time. This rapid initial degrada-
tion by 0.5 mol% Cd-ZnO is an indication of the higher absorption co-
efficient of the doped NPs. The degradation profile indicates for cationic
dyes that the higher concentration of Cd dopants is prohibitive as the
Cd phase in the ZnO lattice (Fig. 12a and b and Table 2) and interfaces
which make it possible to migrate from a localized to a non-localized
charging centre. As a result, certain defect sites operate as active re-
combination centres for the electron-hole. Furthermore, photocatalysts
are responsible for the agglomeration of particles and the changes in the
size of the crystals.

3.6.2. Cd doping concentration effect

Fig. 12a shows the % degradation of CV over pure and different
mol% of Cd-ZnO NPs, under 120 min illuminations. Results revealed
that, the degradation of CV over Cd doped ZnO NPs follows the degra-
dation order as 0.5 mol% > 0 mol% > 2.0 mol% >1.5 mol % >1.0 mol%
Cd-ZnO NP’s. The degradation efficiency of CV reaches 90.04% over 0.5
mol% Cd-ZnO in 90 min and 85.17% over pure ZnO, and 73.94% over
1.0 mol% Cd-ZnO, and 71.01% over 1.5 mol% Cd-ZnO, and 77.24% over
2.0 mol% Cd-ZnO NPs. As a result 0.5 mol% Cd implantation improves
ZnO’s photocatalytic activity in the photodegradation of CV, due to the
increased charge separation potential (Table 5). Excessive Cd incorpo-
ration leads increase in electron-holes recombination rate, resulting in
a loss in photocatalytic activity, and may possibly be attributed to the
bulkiness of the presence of Cd-ZnO NPs. For reaching high degrading
efficiency, 0.5 mol% Cd-ZnO NPs may be more effective. As the propor-
tion of dopant in the photocatalyst increases, the efficiency of the pho-
tocatalyst decreases. This might be due to multiple trapping of charge
carriers at higher dopant concentrations, such as 1.0 mol% (Cd), 1.5
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Table 5

Tllustrates the effect of Cd doping, effect of dose and effect of pH in terms of percentage Degradation.

% degradation

Time
. Effect of Cd (%) Effect of dose (mg) Effect of pH
(min)
0 0.5 1 1.5 2 0.5 1 2 3 2 4 6 8 10 12

30 56.88 66.14 36.88  5.82 4256 69.2 66.14 79.6 69.6 71.28  48.62  44.04 59.81 64.4 100
60 7357 7587 6385 6201 6091 776 7587 86.27 77.73 8212 7339 80 85.87 100 100
90 85.17 90.4 73.94 71.01 77.24 87.2 90.4 95.6 88.53 88.26 83.3 85.13 88.44 100 100
120 9247 9213 79.08 8l.1 86.23 90.4 9215 100 88.53 9215 93.76  86.23 94.31 100 100

mol% (Cd), and 2.0 mol% (Cd), easier for recombination and only few
charge carriers reaching the catalyst surface to initiate dye degradation.
At higher Cd doping concentration, exhibit less photocatalytic activity
due to the excessive Cd addition will cause photogenerated electrons
and holes to recombine resulting in a decrease in photocatalytic activ-
ity, and may also due to the bulkiness of the presence of Cd on ZnO NPs.
0.5 mol % Cd-ZnO NPs may be more efficient for achieving high degra-
dation efficiency (Li et al., 2014; Raza et al., 2016). Hence, the order
of the photocatalytic activities of the Cd-ZnO with different Cd doping
concentration is as follows 0.5 mol %> 0 mol % > 2.0 mol % >1.5 mol
%>1.0 mol % Cd-ZnO NP’s

3.6.3. Catalyst dose effect

The influence of catalyst dose on CV degradation was investigated
using various amounts of catalyst ranging from 0.5 mg to 3.0 mg to opti-
mize CV degradation efficiency while maintaining a CV concentration of
10.0 mg/L. Fig. 14 depicts the catalyst degradation efficiency of CV. In-
creased amounts of catalyst, ranging from 0.5 mg to 2.0 mg, resulted in
increased photocatalytic degradation, indicating that the rate of degra-
dation improves as the amount of catalyst increases. This could be be-
cause the number of active sites on the surface catalyst has increased.
Hence the degradation depends on the amount of catalyst. However,

10

at a given agitation rate, the reaction mixture with a higher catalyst
dose from 2.0 to 3.0 mg cannot be homogenised effectively; as a re-
sult, the active centres become inactive, leading to decreased catalytic
activity. Because the higher catalyst dose blocks irradiation from pen-
etrating into the solution, resulting in a reduction of catalytic activity.
The rate of degradation of dye was almost constant when the amount
of catalyst exceeds 2.0 mg. The 100% degradation was achieved with
0.5 mol % Cd-ZnO NPs in the same period (Adeel et al., 2021; Isai and
Shrivastava, 2019).

3.6.4. pH effect

The pH is a most significant factor which can affect the degradation
process of dye on the surface of the photocatalyst. By adding appropri-
ate concentrations and volume of 0.1M H,SO, and NaOH, the effects
of different pH values ranging from 2.0 to 12.0 (acidic, neutral, and
basic pH values) on dye degradation efficiency were investigated, and
the findings were reported in Fig. 15. In an acidic media, CV degra-
dation efficiency was found to be good, while in a basic media, it was
found to be high. The degradation efficiency levels of CV were increased
from 85.68% at pH 8.0 to 100% at pH 10.0 with the pure ZnO NPs and
reaching 100 % in less than 60 minutes at pH 12.0. Whereas, 0.5 mol%
Cd-ZnO degrades CV dye of about 94 % at pH 8, 100 % at pH 10 & 12
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Table 6 of Cd doping with 2 mg catalyst at pH 10 and 12 has a high degradation
The rate constant values of the degradation process. efficiency in 60 min and 30 min compared to 1.0, 1.5 and 2.0 mole % of
Catalyst load (mg/L) 05 1 15 9 Cd doped ZnO, respectively. The theoretical physicochemical properties
of CV dyes are tabulated in Table 7.

K rate const x 1072 / min ZnO 1.25 1.94 2.04 2.06

0.5 mol % Cd-ZnO 1.35 1.75 3.11 1.19 L

1.0 mol % Cd-ZnO 195 121 165 1 3.6.5. Kinetics study

1.5 mol % Cd-ZnO 0.83 1.03 176 0.89 The rate of CV degradation by pure and doped series was confirmed

2.0 mol % Cd-ZnO 1.08 1.6 131 111 by a fractional-order kinetics the rate constant can be determined by

Initial conc. of dye mg/L 10 10 10 10

in 60 & 30 minutes, respectively. Due to the intense bonding between
OH and metal at alkaline pH, the photocatalyst surface is negatively
charged at high pH, and the dye cations were electrostatically drawn
further towards the catalyst surface as the number of reducing electrons
increased, resulting in good CV dye degradation. At alkaline pH, hy-
droxyl radicals are the most common species. Since, the dye concentra-
tion has decreased whereas the amount of -OH has increased. As a result,
attacks by these radicals with a high oxidation potential occur more fre-
quently (Isai and Shrivastava, 2019; Kenchappa Somashekharappa and
Lokesh, 2021). From Tables 5 and 6 it is clearly indicates that 0.5 mol %

11

using following equation. This equation can be used to express the
Langmuir-Hinshelwood equation (Singh et al., 2020).

InC/C, = —kt

Where K: represents rate constant of the photocatalytic reaction, C,
is the initial concentration of the CV dye, and C is the concentration
of CV at time t. Fig. 16 illustrated that the photocatalytic degradation
of CV by the Cd-ZnO NPs confirms the fractional order reaction. All
the R correlation coefficient values were found to be 0.9858, 0.8914,
0.9939, 0.8796 and 0.9995 shows higher than 0.9 for pure ZnO, 0.5 mol
% Cd-ZnO, 1.0 mol % Cd-ZnO, 1.5 mol % Cd-ZnO and 2.0 mol % Cd-
ZnO photocatalysts respectively (Fig. 16), but 2 mg of photocatalyst has
more effective and maximum degradation. This confirms the fractional
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order kinetic model for CV photocatalytic degradation and that the slope
of the linear curve is rate constant k. The rate constant values of the
degradation process were calculated and presented in Table 6.

3.6.6. In situ capture experiment

According to literature, super oxide and hydroxyl radicals, as well
as holes generated in the photocatalytic reactions, have a significant
impact on the degradation of organic pollutants. In order to better un-
derstand the mechanism of photocatalytic degradation of CV dye in the
presence of Cd-ZnO NPs. Different scavengers are used to trap active
species in order to identify the species responsible for CV degradation
(Fig. 17). 1 mM t-Butanol, p-Benzoquinone and EDTA-2Na were used
as a scavengers in this study to remove’OH, O," and h* respectively.
With the addition of these three scavengers, the degradation rate is re-
duced. p-Benzoquinone (super oxide radical scavenger) had only a mi-
nor effect on the dye degradation rate, indicating that the super oxide
radical is not the primary reactive species in the dye degradation pro-
cess. EDTA-2Na (holes scavenger) had a minor effect on degradation
process, implying that holes were secondary reactive species. However,
adding t-Butanol (hydroxyl radical scanvenger), reduced the dye degra-
dation significantly, suggesting that hydroxyl radical is the primary reac-
tive species in the dye degradation process. The percentage of reactive
species is as follows: t-Butanol (27.75%), EDTA-2Na (39.14%) and p-
Benzoquinone (48.75%). As a result, hydroxyl radical and holes are reac-

12

tive species than super oxide radicals in the photocatalytic degradation
of CV dye (Zheng et al., 2019; Mirzaeifard et al., 2020; Ghoderao et al.,
2019).

3.6.7. Photocatalytic degradation mechanism

From Fig. 18 we propose a possible mechanism for the photocatalytic
degradation based on scavenger experiments. Three important steps are
involved in the photocatalytic degradation process. The first is charge
separation, the valence band (VB) holes (h*) and conduction band (CB)
electrons (e~) are generated when the energy from UV light falls on the
surface of Cd-ZnO, separating the electron and hole. Second, the excited
electrons are transffered to the surface of Cd while holes remains in the
ZnO, as a consequence, doping with Cd metal slows down the recombi-
nation. The photocatalytic activity is effectively increased by prevent-
ing electron-hole pair recombination. Third there is, the redox process
which invloves the reaction of electrons. The Cd?* trap electrons from
the ZnO’s CB and convert them to Cd* . Becauase the Cd* ion is so un-
stable, it reacts with an oxygen molecule to form Cd%* ion with super
oxide radical. The Cd possess a +2 oxidation state and a 4d'° electronic
configration, which is stable. The stable electronic configration of the
Cd?* is distributed as it traps the electron. As a result, the trapped elec-
trons are finally transffered to an oxygen molecule, resulting in superox-
ide radicals and the hole in the ZnO NPs. The highly reactive hydroxyl
radicals are formed when photoinduced holes in ZnO’s VB react with
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Fig. 16. A plot of rate constant verses concen-

tration of catalyst.
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water molecules or surface hydroxyl groups. Highly reactive hydroxyl
radicals are responsible for the degradation of CV dye and the possi-
ble steps are given below (Phuruangrat et al., 2015; Ghoderao et al.,
2019; Zhang and Zeng, 2012; Khayyat et al., 2012; Zhai et al., 2014;
Dumrongrojthanath et al., 2021).

The possible mechanism

ZnO + hv e cg+htyy

e"cp +Cd*TCdt

Cd* +0,Cd* +0,~

h*yg +H,O0 OH+H"

H* +OH~ 'OH

"OH+h*+CVDye

184 186 1.88 190 1.92 194 196 1.98 2.00

13

2,02

Fig. 14f shows the UV-Visible spectra of CV dye solution as a function
of reaction time for 0.5 mol% Cd-ZnO. At the start of the experiment,
prior to the oxidation process, the absorption spectrum of CV in wa-
ter was characterized by primary peak in the visible region (584 nm)
and two secondary peaks in the UV region (250 and 300 nm), as shown
in these spectra. The chromophore was attributed to the peak at 584
nm, whereas the aromatic structures of the molecules were assigned to
the peaks at 250 and 300 nm (He et al., 2010; Abbas et al., 2020). The
apparent peaks faded with time due to the oxidative cleavage of the aro-
matic rings. The breakdown of the dye molecule and its intermediates
was thought to be indicated by a decrease in absorbance at 250 and 300
nm.

3.6.8. Photocatalyst stability

By exposing the catalyst to five photodegradation experiments with
the same concentration of CV dye and measuring percentage degrada-
tion, the stability of the photocatalyst sequence pure ZnO and differ-
ent Cd mol% doped ZnO was assessed to determine the degradation
efficiency of the catalyst. The catalyst was washed with deionized wa-
ter and alcohol after each degradation step to eliminate any adsorbed
CV on the surface, and then dried in an oven. Fig. 19 shows that the



M.F. Sanakousar, Vidyasagar. C.C, Victor M. Jiménez-Pérez et al. Journal of Hazardous Materials Advances 2 (2021) 100004

Table 7
Theoretical physicochemical properties of before and after degraded dye products.

B H.C
N H;C\N/CHs ~v

O |
g (J
-

NH,

H,

Physicochemical properties

Crystal Violet Degraded Products
Formula Cy5H3, CINg Cy;sHyyN CisHgN,
Molecular weight 407.98 g/mol 211.30 g/mol 226.32 g/mol
Num. heavy atoms 29 16 17
Num. arom. heavy atoms 12 6 6
Fraction Csp3 0.24 0.2 0.2
Num. rotatable bonds 4 2 2
Num. H-bond acceptors 0 0 1
Num. H-bond donors 0 0 1
Molar Refractivity 128.45 71.71 74.42
TPSA 9.49 A2 3.24 A2 29.26 A2
Log Po/w (iLOGP) -3.09 2.98 2.65
Log S (ESOL) -2.88 -3.75 -2.96
Solubility - 3.79e-02 mg/ml ; 1.79e-04 mol/ 2.48e-01 mg/ml ; 1.10e-03 mol/1
Class Soluble Soluble Soluble
Log S (Ali) -0.52 -3.66 -2.78
Solubility - 4.67e-02 mg/ml ; 2.21e-04 mol/1 3.75e-01 mg/ml ; 1.66e-03 mol/1
Class Soluble Soluble Soluble
— Catalyst efficiency
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100 ~ Degradation of CV using 100
g different scavengers
‘g 80
= 80 4 =
= g
S . =
L X604 ® 60
= = =
© 48.75% o
s 2 . a
= 404 39.14% S 0.
~—
5 27.75% 0.0 % Cd
S 2 0.5% Cd
= 20 1 1.0 % Cd
R B 5% cd
0 2.0%Cd
Blank BQ EDTA  t-BuOH 0- -
1 3 4 5
Scavengers Number of Cycles

Fig. 17. Effect of scavengers on degradation of CV using BQ for super oxides,
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I Fig. 20. FTIR analysis of degraded CV dye so-
[ lution.
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Fig. 21. Mass spectra of CV dye’s possible frag-
mentations generated using 0.5 mol% Cd-ZnO
catalyst after degradation.
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photocatalyst exhibited significant stability even after five cycles, with
a maximum CV degradation of 88.12 %, 95.0 %, 86.0 %, 90.54 %t,
and 84.84 %, respectively, with pure ZnO to different Cd mol% doped
ZnO. The loss of the photocatalyst due to washing between cycles may
explain the decrease in degradation efficiency. Because of the pho-
tocatalyst’s stability, it can be reused several times, lowering the ex-
pense of effluent treatment (Jayaraman et al., 2020). Table 9 comparing
the maximal degradation capacities (%) of crystal violet (Abbas et al.,
2020; Djellabi et al., 2015; Rao Akshatha et al., 2020; Li et al., 2020;
Lin et al., 2016; Ma et al., 2018; Cherrak et al., 2020; Bargozideh and
Tasviri, 2018; Vinosel et al., 2019; Sharma et al., 2012; Mittal et al.,
2014; Mohamed et al., 2018; Dargahi et al., 2020; Ahmad et al., 2021;
Kossar et al., 2020; Rahmat et al., 2019) with literature degradation per-
cent values for other catalysts. The maximal degradation capacities of
Cd-ZnO for crystal violet at 30 minutes are greater than those of other
materials, which might be related to Cd-ZnO nanoparticles’ larger spe-
cific surface and band gap alignment (Table 10).

4. FTIR and Mass spectra analysis

Remarkable evidence for the complete oxidative cleavage of the dye
was observed in both functional group and fingerprint region (4000 to
400 cm~!) of degraded CV dye. Form literature IR spectrum of untreated
dye absorption peak at 1583 cm~! (C=C stretching) indicate presence of
mono-substituted and para-disubstituted benzene rings, peaks at 1164
em~! (C-N Stretching aromatic amine) and 2920 cm~! (Alkene C-H
stretching) respectively (Abdi et al., 2020; Ameen et al., 2013). Spec-
trum of degraded CV dye sample has shown greater variation as break-
ing of the various functional groups and distracting the various bond of
the dye molecule after exposing to 06 Watt UV lamp using 0.5 mol%

C
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Fig. 22. Possible reaction intermediates after the photocatalytic reaction using
06 Watt UV light illumination.
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Prediction of eco-toxicity based on LCgj ,,q IGCs, using toxicity estimation software tool (TEST), developed by the US

Environmental Protection Agency.

EPA-TEST (Consensus method)

EPA-CompTox Chemicals Dashboard
(Consensus method)

Fathead T. pyriformis Fathead D.magna T. pyriformis
minnow (96 D.magna IGC;5, (48 minnow (96 LC50 (48 IGC;, (48
Compounds hr) LCs, (48 hr) hr) hr) hr) hr)
C1 - 5.27 5.14 N/A N/A N/A N/A
Log10(mol/L)
mg/L 2.05 2.8 N/A N/A N/A N/A
T™M1 - 4.74 5.29 4.41 4.95 5.22 4.51
Log10(mol/L)
mg/L 3.95 11 8.42 2.423 1.311 6.589
TM2 - 5.41 5.07 5.02 4.96 5.53 5.01
Log10(mol/L)
mg/L 0.91 2.0 2.23 2.524 0.675 2.23

Dye molecule: C1; Transformed molecule I: TM1; Transformed molecule II: TM2; N/A: Not available.

Table 9

Comparison of maximum degradation capacities of CV dye using different catalysts.

Degradation %

Irradiation source Irradiation Time (min) Ref.

Catalysts Methods of preparation
TiO, Montmorillonite Impregnation method 97.1
Fe;0,/5n0, Hydrothermal method 83
Fe;Se, & Bi,Se; Composites with chitosan Solvothermal process 100
Ga,Zr,- W, 0, Pechini 100
method
Gadolinium doped bismuth ferrite (Gd:BFO) Auto combustion method 84.5
3D MnO, nanofibrous mesh Hydrothermal method 97
MoS,/Wurtzite ZnS Hydrothermal method 98.5
Ag,S/PbBiO,Br Hydrothermal method 94.4
SrFeO,,,/g-C3N, Sintering method 95
Ag;P0,/Bi,WO,4-0.3 Hydrothermal method 90
Nano TiO,/Diatomite composite Sol-gel method 99.17
BiSI/MoS, Hydrothermal method 80
TG capped ZnS Precipitation method 87
Mn dopped and PVP capped ZnO NP’s Precipitation 100
method
Grafted sodium alignate/ZnO/GO Hummer’s method 94
Ce,(MoO3), Microemulsion method 89
0.5 mol% Cd doped ZnO Precipitation method 100

UV light 350 54
uv 180 55
Sunlight 150 60
Visible light 300 53
Visible light 180 61
Visible light 90 62
Visible light 40 63
Visible light 60 64
Visible light 720 65
Visible light 180 66
UV light 735 67
Visible light 240 68
Visible light 180 56
UV- Visible light 180 57
Sunlight 300 58
Visible light 300 59
UV Chamber 30 Present work
(06 W)

Cd-ZnO catalysts (Fig. 20). Broad peak at about 3836 cm~! (OH stretch-
ing) is assigned for stretching vibration of OH group of water molecule.
The absorption peak at about 2362 cm~!(N-H stretching) and absence
of 1360 cm~1(C=N) IR confirms the degradation of C=N into primary
amine. Literature report reveals that molecular mass of the CV dye was
found to be m/z 407.9. Mass spectrum of the degraded CV dye shown
strong prominent signal at m/z 374, 224.9 and 210.1 multiple signals
in mass spectrum confirms the multiple reaction intermediates due to
breaking of the bonds (Fig. 21) and path way of degradation is shown
in Fig. 22.

5. In silico eco-toxicity analysis

The EPA-TEST and EPA-CompTox Chemicals Dashboard were em-
ployed for the prediction of the eco-toxicity end points of the chem-
ical compounds in this study. Fathead minnow, D. magna and T. pyri-

16

formis were considered to predict and analyse the eco-toxicity levels
based on the 50% lethal concentrations (LCsg) and the results were com-
piled in Table 8. Based on the prediction results we can note that the
molecule (C1) and transformed molecule (TM2) exhibited eco-toxicities
in the similar order of scale in the TEST prediction whereas the trans-
formed molecule TM1 showed slightly high toxicity in Fathead min-
now comparatively. In case of Computational Toxicology (CompTox)
Chemicals Dashboard (Grulke et al., 2019; Ferri et al., 2017) the pre-
dicted values of C1 were unavailable. Further prediction of TM1 and
TM2 molecules in D. magna LCs, (48 hr) yielded highly conserved
scale of order indicating lower toxicity, in comparison with fish as ex-
pected. Prediction of T. pyriformis IGCs, (48 hr) resulted in varied tox-
icity levels in TM1 and TM2 where TM2 exhibited low toxicity. By
the application of both the EPA TEST program and the knowledgebase
demonstrated TM2 to be relatively less eco-toxic compared with C1 and
TM1.
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Table 10
Comparison of maximum degradation capacities of different dyes using Cd-ZnO catalysts.
Irradiation Irradiation
Cd-ZnO with concentration ~ Process condition Pollutant source Degradation % time (min) Ref.
(4%) Cd-ZnO Dose: 20 mg (Ghoderao et al., 2019)
Conc.: — MB Sunlight 84 30
(50 ml)
Cd-ZnO Dose: 0.04g/L (Zhang and Zeng, 2012)
Conc. 10ppm MB Visible light 80 200
Cd-ZnO Dose:150 mg AO uv (Khayyat et al., 2012)
Conc.: 0.3 M (Acridine (250 W) 92.4 90
orange)
(3%) Cd-ZnO Dose: 0.2 g
Conc.: 11075 mol/L (100ml) MB uv 89 240 (Dumrongrojthanath et al.,
(asw) 2021)
(5%) Cd-ZnO Dose: 90 mg (Zhai et al., 2014)
Conc.:5*10° M (100 ml) RhB uv 98 180
ow
(0.5%) Cd-ZnO Dose: 2 mg
Conc.: 10 ppm (50 ml) Ccv uv 100 30 Present Study
&w)

6. Conclusions

We reported our complete characterizations of the Cd-ZnO catalyst in
this paper to make researcher more aware of the mechanism of Cd-ZnO’s
improved photodegradation efficiency. This work describes the ZnO and
various mol% Cd doped ZnO photocatalysts for CV degradation. The im-
plantation of Cd into the ZnO lattice was confirmed using XRD, EDAX,
UV-Vis spectroscopy, and quantum theoretical measurements using den-
sity function theory. Because the fundamental crystal size, band gap,
carrier separation and transfer performance are considered to be the
most important elements impacting Cd-ZnO’s photoactivity. The photo-
catalytic degradation of crystal violet demonstrated that 0.5 mol% Cd
implantation considerably improved ZnO photocatalytic activity. After
Cd doping, optical band gap of ZnO was modified, resulting in -O,~ pro-
duction and a significant increase in photodegradation. Mulliken atomic
charges and molecular characteristics were determined at the B3LYP/6-
31G level of theory. The HOMO-LUMO band gap of alleged photocat-
alysts was calculated using density function theory. The influence of
experimental factors such as catalyst recycling, catalyst dosage, and pH
on photocatalytic activity was investigated. The US Environmental Pro-
tection Agency’s Toxicity Estimation Software Tool (TEST) was used to
calculate the toxicity of degraded CV dye. After 30 minutes at pH 10-12,
mass spectroscopy confirms that CV-dye has completely degraded and
divided into small mass signals. These results propose that the Cd-ZnO
compounds might be employed to breakdown cationic dyes successfully.
The increased electrochemical and photocatalytic performance of these
nanocomposites suggests that they have dual activity in waste water
treatment and energy applications.
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