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Abstract

In current study the photocatalyst ZnO was prepared by complexation of zinc acetate with sodium diethyl dithiocarbamate
trihydrate, and calcined at 750 °C. The ZnO nanoparticles were characterized by DLS, Zeta potential, SEM, EDX and FTIR.
The ZnO nanoparticles (NPs) were applied for photocatalytic degradation of Eriochrome black-T (EBT) dye by UV, visible
and mercury light irradiation sources. The experimental conditions were optimized by univariate and multivariate techniques,
and it was revealed that degradation of dye by ZnO NPs surface was dependent on source of light and pH of dye solution.
The degradation of EBT dye at pH 11 showed highest degradation rate 99.64% with UV light. The ZnO was calcined at 450,
600, 750 and 900 °C, but the calcination temperature 750 °C showed better degradation rate for EBT. The highest degrada-
tion was found at 15 mg dose and 5 ppm concentration. The effects of Na*, Ca**, K*, Mg?* on the degradation, were studied
and these salts had no effect on degradation rate. The degradation obeyed pseudo second order kinetics model as compared
to pseudo first and zero order models and Langmuir isotherm model fitted more as compare to other models. The effects of
variables were examined by factorial design of 18 experiments by cantered Draper-Lin small composite model. The degrada-
tion of EBT dye in real samples collected from River Indus, tape water and domestic wastewater and spiked with 20 pg/mL,
indicated that the dye degraded upto 82-86% with relative standard deviations (RSD) within 2% (n=3).
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Introduction

During last a few decades, the fast growth of industrializa-
tion has caused overdoing of textile dyes, pesticides, anti-
biotics and fertilizers and these pollutants are discharged
in the environment. These pollutants have carried great
risk to human life and ecosystems by bioaccumulation,
ecotoxicological effects and antibiotic resistance [1, 2].
Organic dyes are colored and durable compounds and are
extensively utilized in industrial manufacture of dying
agents, textile, leather, paint, clothing, rubber, biologi-
cal imaging, plastic paper making and food processes etc.
Though, due to the utilizing a large volume of organic
dyes are causing damage to human lungs, kidneys, organs
and carcinogenic effects. The most common organic dyes
are EBT, MO, MG, Congo red (CR), MB, and so on [3,
4]. Under the background of environment deterioration
and energy crisis, photocatalysis is most inspired and
effective approach for the conversion of solar-chemical
energy in green-chemical fields such as photodegradation
of organic contaminants. The photocatalysis procedure
comprises two chief aspects, migration and separation
of photo-electrons and the holes under irradiation, and
interaction among reactants and active component. The
most critical issue in the photocatalysis is to enable the
active component to contribute in photochemical reaction
under the evidence of maximum contact active positions
and adsorption reactants [5]. Photocatalysis is expediently
being used for the degradation of dyes pollutants into CO,,
H,O0, colorless products and minerals without producing
any secondary pollutant. Metal oxide semiconductor nano-
materials, like ZnO [6], TiO, [7], Fe,0; [8], CdS [9], and
ZnS [10], are applied as a photocatalyst. These are effec-
tive, environment-friendly and cost-efficient materials and
may be applied to improve environmental difficulties. It is
described that amongst many semiconductors, zinc oxide
(ZnO) shows good competence in the degradation of many
dyes, as compared to titanium oxide (TiO,) as photocata-
lyst, because ZnO is low cost with high catalytic efficiency,
nontoxic in nature with large band gap (3.37 eV) [11-13].
The effect of many parameters like UV light intensity, pH
of the medium, amount of photocatalyst, initial concentra-
tion of dye [14, 15] and doping have been reported [16].
The morphology of zinc oxide (ZnO) nanoparticles can be
manipulated by modifying the reaction parameters includ-
ing the temperature, pH, concentration of solution, com-
plexing agent and heating duration. Different morpholo-
gies of ZnO particles like nanoprisms [17], nanorods [18],
nanoflowers [19], nanosheets [20] and nanodisks [21] have
been synthesized and reported. Eriochrome Black T (EBT)
is most significant azo dyes that is used in dyeing wool,
silk, multifibres, nylon, and is also used for estimations of
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Mg?*, Ca**, and Zn** by complexometric titrations.. The
EBT is harmful dye even if it is present as a middle prod-
uct naphthaquinone and is carcinogenic. Hence, EBT dye
is a serious concern around the whole globe for its active
treatment from wastewater [22]. The main objective of the
current research work was to prepare zinc oxide (ZnO)
nanoparticle by chemical precipitation using complexation
method and apply for the degradation of EBT dye under
optimized conditions. The work also examined the degra-
dation of EBT from real samples.

Materials and Methods
Chemical and Reagents

Zinc acetate and sodium diethyldithiocarbamate were pur-
chased from Merck, Darmstadt, Germany. All chemicals
applied were of reagent or analytical grade.

Preparation of ZnO Nanoparticle

For the preparation of ZnO NPs, 2.74 g of zinc acetate
dihydrate (Zn(CH;CO,),-2H,0) was dissolved in 250 ml
deionised water to prepare (0.05 M) (solution A). 5.63 g of
sodium diethyldithiocarbamate trihydrate dissolved in deion-
ized water (500 mL) (0.1 M) (solution B). The solution B
was added dropwise into zinc acetate solution A at constant
stirring and then mixture was continuously stirred for two
hour. The white precipitate obtained was centrifuged for
15 min at 3500 rpm and washed several time with deionized
water. The zinc complex of diethylditiocarbamate was ini-
tially prepared as reported following general procedure [23].
The white precipitate was dried at 70 °C for 24 h. Finally,
ZnO NPs were obtained by calcination of the precipitate at
different temperatures 450, 600, 750 and 900 °C in muffle
furnace.

Characterisation of ZnO Nanoparticles (NPs)

The ultraviolet and visible spectra of ZnO NPs were exam-
ined by double-beam spectrophotometer (Hitachi 220 (Pvt)
Ltd, Tokyo, Japan) using dual 1 cm silica cuvettes. The
FT-IR spectra of ZnO nanoparticles (NPs) were noted on
FT-IR (Thermo Scientifc™ Nicolet™ iS10) spectrometer
through Attenuated total reflectance (ATR) accessory and
spectra were noted within 4000—-600 cm™! using OMNIC™
Software. The morphology and elemental composition of
ZnO (NPs) were noted using SEM and EDX (JEOL JSM-
6490 LV) instrument at Center for Pure and Applied Geol-
ogy, University of Sindh, Jamshoro. The DLS and zeta
potential of ZnO NPs were measured using Zeta sizer
Nano-ZS Malvern Inc, London UK from Department of
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Metallurgy and Materials Engineering, Mehran University
of Engineering and Technology, Jamshoro.

Preparation of Eriochrome Black T Dye Solution

EBT dye (0.10 g) was dissolved in 100 ml deionized water
to prepare 1 mg/mL (1000 ppm) solution. Further solution
were prepared from stock by appropriate dilution by deion-
ized water. The structural formula of EBT dye is shown in
(Figure S1). The dye wastewater sample was also collected
from (Archroma company limited Jamshoro) and used for
photodegradation without any purification.

Photocatalytic Activity

The photocatalytic efficiency of ZnO NPs were assessed
with a degradation of EBT using UV fluorescent light irra-
diation (Black light, compact fluorescent, made in China)
40-W lamp with wavelength 365-nm, mercury lamp (Leo
Star) 160 W and visible light 100 W (Jeyo, blub). In a rep-
resentative process, 10 mg of ZnO NPs were added to 50 mL
of solution containing 20 pg/mL EBT dye concentration and
pH was adjusted to 11. Then, solution was kept in the dark
for 10 min and was stirred. The solution was irradiated for
30 min. The space between lamp and reactor was 10 cm and
dye reaction solution was stirred continuously. The 5 mL of
EBT dye sample was taken at 10 min interval and instantly
centrifuged at 5000 rpm for 5 min to isolate the photocata-
lyst particles. Finally, absorbance of dye sample was noted
at UV Visible spectrophotometer (Hitachi model 220) at
545 nm wavelength. The degradation rate (1) of EBT dye
was calculated as below:

where C, indicates initial concentration of EBT dye and Ct
stand for final concentration of dyes at different irradiation
times.

Kinetics Models

The kinetic models pseudo zero order, first and second order
were applied to describe the degradation process of EBT
dye. These models were calculated as below:

r = —dC/dt = K 00 C
r = —dC/dt = Ko C

r = —dC/dt = K o2 C

where r express the rate of EBT degradation (mol
L~! min~!), C express the concentration at given time

interval (mol L"), kphoto, 0 is zero order rate constant (mol
L™ min™"), K o, is the first-order rate constant (min™"),
and k is the second-order rate constant (L mol~! min™")
[24].

The non-linearized equation of zero, first, and second-
order kinetics were calculated by following equations.

photo,2

C= CO - kphoto;Ot

C= CO - kphoto;l t

C= CO - kphoto;Zt

where C, showed initial concentration dye solution. Nonlin-
ear regression was applied to evaluate the parameters used
in the zero, first and second-order kinetics expressions [24].

Isotherm Models

Langmuir linear isotherm model was used to examine the
maximum degradation amount of EBT dye and it was cal-
culated by below equation:

Ce/qe =1/Q,b + Ce/Q,

where ge is degradation quantity at equilibrium in mg/g, Ce
stand for initial concentration of EBT dye, Q, is maximum
degradation capacity and b denotes Langmuir equilibrium
constant as mL/mg.

The modified Freundlich model describes obtained data
in expressions of diffusion-controlled and ion exchange pro-
cess. A Freundlich model shows a heterogeneous surface
binding.

Log = (1 —C/CO) =logk+blogt

The C,, and C represent the concentration of dye in solu-
tion at time O and t, respectively, k indicates rate constant,
where b constants whose chemical importance is not clearly
determined [25].

Design of Experiments for Optimization

The factorial design was applied to examine the important
variables and their values. It is a design by which interac-
tion between all parameters may be examined. The present
work examined factorial design of 18 experiments by cen-
tered Draper-Lin small composite model. The independent
levels of variables, were three coded levels such as—1, 0
and + 1 for low, medium and high values of individual var-
iables used for design the experiments (Table 1) and exam-
ine the interactive effects of variables such as pH, con-
centration of dye, catalyst dose and degradation time [26,
27]. In the present study multi-variant method was applied
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Table 1 Experimental design Trial Coded values

for photocatalytic degradation

of EBT dye by the ZnO A B C D

nanoparticles
1 -1 +1 -1 +1
2 +1 -1 +1 +1
3 -1 -1 -1 -1
4 0 -1 0 0
5 -1 -1 +1 -1
6 +1 0 0 0
7 +1 -1 -1 +1
8 +1 +1 +1 -1
9 0 0 -1 0
10 -1 +1 +1 +1
11 +1 +1 -1 -1
12 0 +1 0 0
13 -1 0 0 0
14 0 0 0 +1
15 0 0 0 -1
16 0 0 +1 0
17 0 0 0 0
18 0 0 0 0

Table2 Levels of factors used in experimental design for the photo-
catalytic degradation of EBT dye by the ZnO nanoparticles

Independent variables Coded levels

-1 0 +1
pH, A 4 7 11
Concentration (mg/L), B 5 15 25
Amount (mg), C 5 15 25
Time, (min), D 10 20 30

for optimization of parameters to examine the interactive
effects of parameters. For the experimental design four
variable were taken within the range, pH 4-11, dye con-
centration 5-25 pg/mL, catalyst dose 5-25 mg/50 mL and
time 10-30 min for each trail (Table 2).

Results and Discussion

The zinc complex of diethylditiocarbamate was initially
prepared as reported following general procedure [23].
The colourless precipitates obtained were separated by
centrifugation. The dried precipitates were then heated in
furnace at different temperatures. The obtained ZnO NPs
were then characterized using different techniques.
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Characterization of Synthesized ZnO Nanoparticles
Scanning Electron Microscopy (SEM)

The SEM is a useful technique for the higher resolution of
surface imaging to know the nanostructures at microscopic
level that uses electron beam for the surface imaging. Larger
field depth and higher magnification makes SEM images
beneficial to know surface topological information of several
nano particles and depends on electron density of surface
[28]. The four different SEM images were analyzed 100 um,
50 um, 20 um and 10 um (Fig. 1). The SEM images clearly
showed the existence of synthesized ZnO nanoparticles.
The nanoparticles were spherical, oval in shape, aggregated
porous powder like morphology and some individual parti-
cles were also observed. The agglomeration could be con-
vinced by densification resulting of narrow space among the
particles. The SEM image showed mostly particles of ZnO
NPs were in small size but some particles appeared with
higher particle sizes also. The figure b showed cloud point
structure. The figure ¢ and d particle size were achieved at
higher zoom 20 and 10 um.

Dynamic Light Scattering (DLS) Analysis

The distribution of particle size was analyzed by DLS tech-
nique. The DLS is an instruments generally used for the
measuring of the particle size of disperse solution to analyze
the thickness of nanoparticles with the real size of the metal
nanoparticles [29]. The DLS results showed one peak 100%
particles size of 88.1 nm (Fig. 2). Therefore results indicated
that most of particles size were less than 100 nm.

Zeta Potential (ZP) Analysis

Zeta potential (ZP) measurement was carried out to know
the surface charge and also stability of zinc oxide nanopar-
ticles (ZnO NPs) [30]. The zeta potential average results
showed —31.45 mV, peak one showed —21.40 mV in 95.0%
and peak two showed —62.71 mV in 5.0% (Fig. 3). The zeta
potential results revealed that ZnO nano particle indicated
good potential.

FTIR

FTIR spectroscopy is a great technique used for the char-
acterization and identification of materials and compounds
by examining their unique modes of vibration [28]. The two
spectra of FTIR of ZnO NPs were obtained before calcina-
tion and after calcination. The spectrum before calcination
showed a number of peaks, due to the complexing reagent
used for preparation of ZnO NPs. The peaks at 2900 cm™!
showed C-H stretching, peak at 1500 c¢cm~!indicated C=N,
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Fig. 1 SEM images of ZnO
nanoparticle a 100 pm, b
50 pm, ¢ 20 um and d 10 um
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Fig.2 Dynamic light scattering (DLS) analysis of ZnO
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Fig.3 Zeta potential analysis of ZnO

peak at 1447 cm™~! indicated CH2, at 1377 cm™! for CH3,
and at 1072 cm™! for C=S groups (Fig. 4a). The ZnO NPs
after calcination showed peak at 666 cm™" revealed the metal
oxide in the NPs (Fig. 4b).

Energy Dispersive X-Ray (EDX)

The EDX is a powerful technique used for the find out the
elemental composition of the nanoparticles or any other
materials. The EDX of prepared ZnO was examined and the
assigned peaks were for Zn and O, without any contamina-
tion peaks. The percentages by weight of Zn and O were
77.92% and 22.08%, respectively (Fig. 5). The result confirm
that synthesized ZnO nanoparticles were was pure and no
other element present in the prepared nanoparticles.

Photocatalytic Activity

Photocatalytic Activity of ZnO for the degradation of EBT
dye was examined. The effects of the concentration of dye,
dose of photocatalyst, pH, calcination temperature, time of
irritation, different light source and effect of interfering ions
were investigated.

Among the several approaches, photocatalysis is very
effective approach which is producing clean energy (H,),
fix ecological problems, and most significantly, all these
conversions are driven through infinite solar energy. The
power of solar light is about 100 mW/cm? (107 photons per
square centimeter), means that there are around 100 pho-
tons to arrive at one atom in one second. The absorption
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of semiconductor photocatalyst materials being generally
in the ultraviolet region. Hence, it is interest to find ways
to increase the absorption ability in wavelength range as
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well as improving the absorption strength. There are sev-
eral strategies developed to make efficient photocatalyst, like
doping, size modulation, band gap engineering, morphology
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and loading by metal and non-metals [31]. For better under-
standing the photocatalysis processes, the measurement of
intermediate products is very crucial to assess the degrada-
tion way. Though, the real-time study of intermediate yields
during the experiment is still quite difficult. The half-life
of many intermediate product is short and challenging to
be detected, and many intermediate products are not easily
recognized using many analytical instruments and methods.
Simultaneously many types of intermediate species exist-
ing and it is impossible to be identified quantitatively by
real-time analytical methods and instruments. Most reported
works mostly focus on the assessment of the comparative
contribution of active species for degradation of organic
impurities. The mechanism of degradation is assumed from
qualitative analysis of active species by adding of different
scavengers. Until no any report is available for quantitative
examination of intermediate yields in photo-degradation
processes [32].

Initial Concentration (ppm)

The initial concentration of Eriochrome black T (EBT) dye
was changed from 5 to 30 ppm at an interval of 5 ppm. The
photocatalytic degradation of EBT dye was examined for
30 min at optimized conditions (Figure S2). The photocata-
lytic degradation of EBT decreased from 99.73%, 99.64%,
99.11%, 98.43%, 90.72% and 84.21%, at 5, 10, 15, 20, 25
and 30 pg/mL respectively. Therefore, photocatalytic deg-
radation effectiveness of EBT was greater at the lower con-
centration of dye and was acceptable upto 20 pg/mL. This
may be described that more and more molecules of dye were
degraded on the surface of the ZnO photocatalyst at lower
concentrations than at higher concentrations. Moreover,
photons were blocked before reaching in the photocatalyst
surface at higher concentrations, therefore, the degradation
by photons were reduced and use of 20 ppm concentration
of the dye was examined.

Dosage of ZnO

The photocatalytic degradation rate of the EBT dye
(20 pg/mL) was examined with ZnO photocatalyst
(10-30 mg/50 mL). The photocatalytic degradation effi-
ciency of EBT was 80.35%, 99.32%, 99.65%, 99.83%,
91.26%, and 84.57% at 5, 10, 15, 20, 25 and 30 mg/50 mL
of ZnO respectively (Figure S3). When photocatalyst ZnO
amount was increased, more active sites were achieved on
photocatalyst surface up to certain concentrations with
the increase in the formation of radicals. However, further
higher dosages of ZnO did not increase the degradation rate
of EBT dye. Therefore, 10 mg of ZnO dose was selected for
further study [33, 34].

Initial pH of Solution

The pH of dye solution is a main factor in degradation pro-
cesses. The pH of solution was adjusted with NaOH and
HCI1 (0.1 N). The photocatalytic degradation rates of EBT
dye on ZnO were 68.79%, 77.88%, 80.94%, 90.28%, 97.95%,
95.30% and 86.21% at pH levels of 4.0, 6.0, 8.0, 10.0, 11, 12
and 13 respectively (Figure S4). The photocatalytic degra-
dation was higher when initial pH level of dye solution was
basic. But was low at acidic pH levels. The highest photo-
catalytic degradation of EBT dye was found at 11 pH. This
phenomenon might be recognized to the compositions of
Eriochrome black T dye and photocatalyst surface-charge
properties. At acidic pH level, the low photocatalytic deg-
radation rate of dye was achieved due to negligible electro-
static attraction among dye owing to protonations of anions
and positively charged photocatalyst surface, resulting in
decrease the degree of photocatalytic degradation. But at
high pH, high electrostatic attraction occurred among dye
anions and photocatalyst surface, resulting in high pho-
tocatalytic degradation of dye. The point of zero charge
(PZC) of zinc oxide (ZnO) is around pH 9 [35]. The ZnO at
pH < PPZC, surface of ZnO is positively charged (at acidic
pH level) which reduces the active sites existing for deg-
radation or adsorption of the cationic dye such as EBT. At
pH > Pzpc, the surface of ZnO is negatively charged (at basic
pH 10). Hence at the basic pH, the hydroxyl group on sur-
face at ZnO is raised which facilitates degradation of EBT
dye as well as its self degradation [36].

Calcination Temperature Study

The ZnO photocatalyst was prepared at different calcina-
tion temperatures (450, 600, 750 and 900 °C) to compare of
the activities of ZnO NPs. The self degradation blank test
of EBT was also noted. The degradation rate of EBT was
very low in blank condition and was 3.12%. The degrada-
tion rate of EBT over ZnO initially increased upto 750 °C,
then reduced with rise in the calcination temperature up to
900 °C. The degradation of different calcination of 450 °C,
600 °C, 750 °C, 900 °C were 94.09%, 95.76%, 99.83% and
74.40% respectively (Figure S5). The degradation rate of the
ZnO versus EBT dye followed order 750 °C > 600 °C > 450
°C>900 °C after irradiation of UV light for 30 min, which
may be associated to the photocatalyst ZnO particle size.

Comparison of Different Light Sources

The photocatalytic activity of ZnO was assessed through
photoreaction method using degradation of EBT dye with
the help of fluorescent black light, for UV irradiation using
wavelength 365-nm, mercury lamp 160 W and visible light
100 W. The 10 mg of photocatalyst ZnO was added to 50 mL
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dye solution with a concentration of 20 pg/mL. The photo-
catalytic degradation of dye with fluorescent black light was
99.24%, mercury 94.02 and with visible 46.89% (Figure S6).
The results showed that fluorescent black light degradation
rate was faster than mercury and visible light.

Time Study

At the optimized conditions with the concentration of
dye 15 pg/mL, the effect of time was observed from 10 to
50 min. The highest photocatalytic activity was achieved
upto 30 min, and after that no significant degradation was
achieved. The degradation was observed from 79.58, 90.84,
99.23,99.24 and 99.23% at 10, 20, 30, 40 and 50 min respec-
tively (Figure S7). Therefore 30 min time was selected for
degradation.

Effect of Parameters on the Photocatalytic Activity
of EBT Dye

Interference Study

The essential salt were used to check their interference
on photocatalytic degradation of EBT dye. The 1000 pg/
mL (1 mL) of Na*, K*, Ca**, Mg?*, CI~ and SO,*~ were
added to 50 mL of the solution and then solutions were
used for degradation at optimized conditions. The degrada-
tions observed were with Ca®* 99.06%, Na* 98.00%, Mg>*
97.76%, K* 96.96%, C198.20% and SO, 97.80% (Figure S8).
The degradations were in order Ca>* >Na®™ >Mg** >K*.
The interference study showed that the salts did not interfer-
ence in the photocatalytic degradation rate.

Photodegradation of Dyes Wastewater

The real dye wastewater samples were also collected and
checked their photodegradation. The real dye wastewater
sample was collected from (Archroma company limited
Jamshoro) and used for photodegradation without any puri-
fication. The highest photodegradation was obtained on
fluorescent light 71.08%, mercury lamp 65.12% and vis-
ible light 27.26%. The results revealed the dyes wastewater
effected the degradation because dye wastewater contained
complex mixture of many dyes which reduced the degrada-
tion efficiency.

Spiked Real Sample Analyses

The three samples were collected from tape water, River
Indus and wastewater. The samples were spiked to 20 pg/mL
of EBT dye and each prepared sample was used for photo-
degradation at optimized conditions (10 mg of ZnO catalyst,
the fluorescent UV light irradiation time 30 min and pH
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11). The photocatalytic activity with EBT dye varied from
85.37%, 88.25% and 82.63% in River Indus water, tape water
and wastewater (Figure S9). The results revealed that degra-
dation of EBT dye decreased in real water and wastewater,
may be due to the different substances present in these water
samples interfered the efficiency of degradation.

Photocatalytic Degradation Kinetic Models

The kinetic models were used for the photodegradation of
EBT to know the order and speed of reaction [37]. The three
kinetic models pseudo zero order, first and second order
were used. The EBT dye degradation plot did not obeyed
pseudo zero order with coefficient of determination (R?
0.8651 (Figure S10a), pseudo first order also less fitted with
R? (0.9084) (Figure S10b), while the pseudo second-order
expression better fitted with improved R? value (0.9628)
for EBT dye degradation by ZnO (Figure S10c). According
to kinetics models reaction parameters (Table S1), the rate
constant decreases with increasing initial concentration and
irradiation time.

Isotherm Models

The Modified Langmuir isotherm model describes the mon-
olayer adsorption and molecules follow successive photocat-
alytic degradation [25, 38]. The modified Langmuir isotherm
model fitted the kinetic model with linear correlation coef-
ficient of R>=0.989 (Figure S11a). The modified Freundlich
model, is used to know the heterogeneous diffusion, and Fre-
undlich model also fitted the kinetic model with R?=0.9548
(Figure S11b). The Dubinin—Radushkevich (D-R) isotherm
did not fitted in the kinetic model with R?>=is 0.895 (Figure
S11c). Moreover, the kinetic model estimated the resem-
blance in the photocatalytic activity. The present work
obeyed Langmuir models more as compared to Freundlich
and Dubinin—Radushkevich isotherm models (Table S2).

Comparison of Degradation Efficiency with Other
Nanoparticles

There are a number of nanoparticles applied for the photo-
catalytic degradation capability of EBT dye. These nano-
particles have different degradation capability for EBT dye
(Table 3). Nevertheless these nanoparticles have disad-
vantages which are associated to longer time degradation
process. Amongst the reported nanoparticles, the new syn-
thesized ZnO exhibited good or comparable photocatalytic
activity to many other nano materials. The present ZnO has
advantages of low operating cost, eco-friendly, simplicity
and excellent degradation efficiency [39-46].
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Table 3 Comparison the photocatalytic degradation capacities of nanoparticles versus EBT dye

Name of nanoparticles Dyes Photocatalytic degrada-  Degradation time References
tion capability (Minutes)
Titanium oxide (TiO,) Nanofibers EBT 77% 100 Zhu and Jiang [39]
Tin oxide (SnO,) nanoparticles EBT 77.00% 270 Najjar et al. [40]
NH,-Si0,/Cu nanocomposite EBT 83% 50 Sarker et al. [41]
Cobalt chromite (CoCr,0,) nanoparticles EBT 90% 90 Fardood et al. [42]
Cobalt oxide (Co;0,) nanoparticles EBT (39.4%) 40 Adekunle et al. [43]
CoO-CuFe,0, double layered nanoparticles EBT 99.4% 90 Ifebajo et al. [44]
Cerium oxide (CeO,) nanoparticles EBT 99.23% 120 Mishra et al. [45]
Neodymium zirconate (Nd,Zr,05) nanostructures EBT 84% 50 Zinatloo-Ajabshir
and Salavati-
Niasari [46]
Zinc Oxide (ZnO) nanoparticles EBT 99.63% 30 Present study

Mathematical Modeling

The mathematical modeling by adopting response surface
process is increasing in field of chemistry and applied
sciences.

The Response Surface (3D) Graphs

The response surface (3D) graphs were plotted to know the
combined effects of factors on the degradation. The surface
height of (3D) graph displays magnitude of the predicted
degradation capacity of the catalyst [26, 27]. The response
surface graph shows the degradation of EBT dye by ZnO as
catalyst. The 3D plot (Fig. 6a) exposes the joined result of
pH and concentration on degradation efficiency, the degra-
dation decreased with increase in the concentration of EBT.
The pH is important factor and influences the degradation
capacity, the degradation of dye increased at higher pH
level. The plot (Fig. 6b) shows joint outcome of dose of ZnO
nanoparticles and pH, the degradation capacity of EBT dye
increased at increasing the pH level upto 11 and ZnO dose
upto 20 mg then decreased slightly. The plot (Fig. 6¢) also
shows joined outcome of time and pH, the degradation of
EBT dye enhances with the rise in pH and increases with the
irraditation time upto 30 min. The plot (Fig. 6d) shows that
an increase in the concentration of EBT dye decreases the
degradation % and an increase in the ZnO dose upto 20 mg
increases the degradation and decreases the degradation effi-
ciency at higher dose. The plot (Fig. 6e) displays interactive
outcome of irraditation time and concentration, the degrada-
tion capacity of EBT dye decreases at higher concentration
and increases at increasing the irraditation time. The plot
(Fig. 6f) shows that increase in the catalyst dose increases
the degradation % of dye upto 20 mg after that degradation
efficiency decreases because active sites were consumed and
no more dye could be degraded, and degradation efficiency
of dye increased at increasing the irradiation.

Analysis of Variance (ANOVA)

The statistical importance of model was examined by analy-
sis of variance (ANOVA). The significance of parameters
may be predictable by the magnitude of F-ratio and P-values
as indicated in the ANOVA (Table S3). The higher value
of F and lower values of P (0.05) indicates the significance
and acceptance of hypothesis [26, 47]. The F-ratios varied
from 0.15 to 35.05 and P-value from 0.027 to 0.739. Vari-
able (A, pH), (AC, pH and dose of photocatalyst) and (BD,
concentration of dye and time) were significant (P =0.05).
The variables (B, concentration of dye), (D, time of irradia-
tion) and (CD, dose of photocatalyst and time of irradiation)
were also significant at P=0.1(90%).

Standardized Pareto Chart

There are 2 types of pareto chart standardized and unstand-
ardized, the unstandardized chart indicates the decreasing
order of absolute levels of effects, while the standardized
chart shows that each standardized effects is divided by its
standard error and changed into t-statistics and then stand-
ardized effects are organized in decreasing order of their
absolute levels (Fig. 7) [27]. The standardized chart shows
reference line at specified important value that is usually 5%
(a%), the effects which exceed this line will be measured as
statistically important effects. The pareto plot is displayed
in to different colors to separate the negative (inverse effect)
and positive (direct effects) [48, 49]. The pareto chart effect
are labeled as pH (A), concentration of dye (B), dose of
catalyst (C) and irradiation time (D). The pareto plot for
degradation of EBT dye showed that interaction terms pH
(A), (AA), Time (D), (BD), (AC), (CC) and (BB) showed
positive significant effects on degradation of EBT dye and
these variable correlated to each other. The CD, DD and B
concentration showed negative significant effects on deg-
radation capacity of the catalyst (increasing the amount of
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Fig.6 Response surface (3D) graphs

Fig.7 Standardized Pareto chart
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dose and concentration decreasing the degradation efficiency
of EBT dye), other variables effects did not cross the refer-
ence line therefore these variables are not significant.

Normal Probability Plot Effects

The normal probability plot is applied to know the real effects
and isolated them from noise. The standardized effects points

@ Springer

are designed from lower to higher order (positive or negative
values). If the signals which are falling along the reference
line or close to line will be considered as a noise and have no
any effects on the response while if signals falls away from the
references line will be considered as real signals and resemble
to significant effects. The normal probability charts of effects
for the degradation of EBT dye showed majority of points
away from the reference line such as A, AA, B, BD, CC, CA, C
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Fig. 8 Normal probability plot of effects

and AB demonstrating significant effects (negative or positive)
on the degradation capacity of the catalyst (ZnO). But a few
points falls along with reference line indicating as a noise and
no significant effect on the response (Fig. 8) [48, 49].

Conclusion

The ZnO photocatalyst was prepared by complexation with
diethyldithiocarbamate, followed by different calcination tem-
peratures 450, 600, 750 and 900 °C. The calcination tempera-
ture 750 °C showed better photocatalytic degradation capabil-
ity as compared to others. The three different sources of light
were compared for the photo degradation capability of EBT
dye, the fluorescent UV light showed highest photo degrada-
tion % as compared to visible and mercury light. The degra-
dation rate of EBT dye increased, with rise of photocatalyst
dosage until 20 mg dose. The basic condition pH 11 was more
favorable for degradation than acidic condition and showed
highest photo degradation of EBT dye. The present study
obeyed pseudo second order kinetics model and isotherm
model Langmuir more fitted as compared to other models. The
photocatalyst ZnO indicated a comparable photodegradation
of EBT dye with reported works in shorter time (30 min). The
factorial design was applied to examine the important vari-
ables and their effects.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10876-022-02293-8.
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