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Optimization, kinetics and thermodynamics studies for
photocatalytic degradation of Methylene Blue using cadmium

selenide nanoparticles

Parvin Gharbani@®'®, Ali Mehrizad? and Seyyed Amir Mosavi®

In this study, the photocatalytic degradation of Methylene Blue was investigated using CdSe nanoparticles. CdSe nanoparticles
were synthesized via a simple method and were characterized by FTIR, XRD, FESEM, BET, DRS and EDS techniques. The
photocatalytic performance of the CdSe nanoparticles was optimized using Response Surface Methodology (RSM) under visible
light. The independent variables involved initial pH, MB concentration, photocatalyst dosage, and irradiation time were evaluated
and the optimum photodegradation efficiency of MB dye removal was achieved ~ 92.80% at pH = 8, 20 mgL ' of MB concentration,
0.02 g 50 mL~" of CdSe dosage, and 20 min of irradiation time. Also, the photodegradation of MB by CdSe is obeyed pseudo-first-
order kinetic model (k = 0.038 min~"). The thermodynamic results revealed that the photocatalytic degradation of MB is
spontaneous and endothermic. Also, the evaluation of various scavengers confirmed that the MB photodegradation was mainly

done by photogenerated holes and hydroxyl radicals.
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INTRODUCTION

Colored effluents produced by various industries, including textile,
paper, printing, rubber, and plastic industries can cause many
significant problems to the environment, if discharged to the
environment before treatment'. Discharge of such effluents to
receiving waters causes toxicity to ecosystems as well as the
possibility of bioaccumulation in the environment?. Dyes are
stable chemically and due to having stable complex chemical
structures can remain without change in the environment for a
long time and cause turbidity and unpleasant odor in water>,
Methylene Blue dye (MB) (Supplementary Fig. 1) is a multi-core
aromatic (M =319.85 gmol~"; C;6H;gN5SCl) that not only causes
acute toxic effects but also induces serious health problems such
as shortness of breath, chest pain, burning sensation, nausea,
vomiting and diarrhea®. There are many techniques for the
removal of dyes from water and wastewaters such as adsorption,
biodegradation, ionic exchange, fenton reactions, and advanced
oxidation processes”. The advanced oxidation processes (AOPs)
are based on the oxidation of the water pollutants using powerful
oxidants such as H,O,, ozone, photocatalysts, ultraviolet radiation
and etc. The photocatalytic process uses a renewable energy
source in the treatment of pollutants and can significantly reduce
highly toxic compounds to less harmful compounds. so, it is an
effective, environmentally friendly, and economic process®.

The removal and decomposition of organic pollutants in the
photocatalytic process is based on the excitation of the electrons
from the valance band and their transfer to the conduction band.
Therefore, the transfer of electrons causes a hole in the valance
band and the production of hydroxyl radicals’. Photocatalysts as
semiconductors catalyze many types of reactions such as water
decomposition, hydrogen transfer, metal deposition, disinfection,
and detoxification of water, and removal of contaminants®.
Different metal oxide semiconductors such as TiO,, ZnO, CuQ,
CuO,, and WO; are the most common catalysts that are widely

used to degrade organic compounds due to their unique
properties such as high photocatalytic activity and high optical
and chemical stability®. However, these catalysts have challenges,
including low quantum performance, wide bandgap energy, low
conductivity, toxic effect, optical corrosion, and recombination
rate®. In recent years, extensive researches have been carried out
in lI-IV semiconductors. Unique optical and electrical properties of
Zn0O, CdS, CdSe, ZnSe, and ZnS semiconductors have found broad
applications especially in nanoscale'®.

CdSe is one of the most important semiconductors in the
construction of nanostructured solar cells due to its optoelectronic
properties. In addition to applications in laser diodes, catalysts,
light-emitting diodes, solar cells, and biological labels, CdSe
nanoparticles can play an important role as a photocatalyst with
regulated bandgap energy''. Various methods have been
proposed for the synthesize of CdSe nanoparticles including
sonochemistry, electrochemical deposition, sol-gel, micro and
nanoemulsions, hydrothermal, solvothermal methods and etc'2.

Design-Expert provides powerful tools for providing an ideal
experiment on a process, mixture, or combination of factors and
components. The major types of Design-Expert are: Full Factorials,
Fractional Factorials, Screening Experiments, Response Surface
methodology and EVOP(evolutionary operations). Response Sur-
face methodology is one of the two major DOE techniques for
optimizing processes. Compared to classical techniques, RSM can
both evaluate the interactions between the operational variables
tested and reduce the number of experiments'>. Recently, the
design of experiments and analysis of results using response
surface methodology (RSM) is developed in many studies' .
RSM is a mathematical and statistical method that is applied to
design experiments, optimization and study the effect of
independent variables on the response that can lead to a
purposeful and reliable conclusion.
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The aim of this work is a facile synthesis of CdSe photocatalyst
via a thermal treatment method. The advantage of this method is
flexibility, cheapness, ease, reproducibility, and synthesis of high
purity nanoparticles without the use of additional chemicals. Then,
the response surface methodology was applied to model and
recognize the effect of independent variables on the removal of
MB and to optimize the removal process using the photocatalytic
process under visible light in a batch system. This method
provides a logical distribution of design points throughout the
design area and measures the adequacy of the model by
performing a fitting weakness test'®. The effects of four
independent variables including, initial pH, irradiation time, initial
MB concentration, and photocatalyst dosage were investigated.
RSM was used in order to extract the model, find the interactions
of the variables, and optimize the process'®. The kinetic and
thermodynamic and the effects of scavengers have also been
studied.

RESULTS AND DISCUSSION
Characterization of CdSe

Figure 1a shows the FTIR spectra of prepared CdSe. The observed
peaks at 3414, 2954, and 1642 cm ' correspond to N-H, C-H, C=0
stretching vibrations, respectively. Also, bending vibrations of C-H
in the methylene group are seen at 1438 cm~'. The peak located
at 1111 cm™ " is also related to the vibrations of the C-C ring and
the peak at 603 cm~' corresponds to the bending of C-N=02°2",

The XRD pattern of prepared CdSe is presented in Fig. 1b.
According to the synthesized CdSe was almost in crystalline form
and the observed peaks correspond to the plates of hexagonal
structure (010), (002), (011), (012), (110), (013), (020), (112), (021),
(004), (022), (014), (023), (120), (121), (114), (015), (122), (024), (030),
(031), (123), (032), (006), (025), (016), (124), (033) (JCPDS file No: 98-
009-4990) of CdSe (Supplementary Table 1)*2. Using Eq. (16) and
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Fig. 1 Fourier transform infrared (FTIR) and X-ray powder
diffraction (XRD) of CdSe nanoparticles. a FTIR and b XRD.
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(17), theoretical density and specific surface area of CdSe were
obtained 3.21 gcm~3 and 26.70 cm?g~’, respectively. The results
showed that the synthesized CdSe has a high surface area and so
it has a greater ability to provide photooxidation of electron-hole
pairs inactive sites. The surface morphology of synthesized CdSe
was investigated with FESEM (Fig. 2a). The FESEM analysis shows
the formation of spherical-shaped CdSe nanoparticles with an
average size of about 70 nm. So, the nanometer particle size of the
synthesized CdSe is confirmed. EDS analysis of the CdSe was also
used to identify the elemental composition of synthesized CdSe.
Figure 2b indicates the presence of 15.7% Cd and 84.3% Se
elements in the sample confirming the formation of CdSe. Also,
the Se/Cd ratio was obtained about 5.36. BET analysis was used to
determine the specific surface area and Supplementary Fig. 2
shows N, adsorption-desorption isotherms of the CdSe nanopar-
ticles. According to IUPAC classification, the synthesized CdSe
nanoparticles belong to Il type isotherm indicating a non-porous
or microporous structure. Also, the specific surface area for CdSe
was obtained at about 26.71 m? g~', that confirms the high active
surface for prepared CdSe.

One of an is an important parameter in photocatalysts is finding
the band gap from the UV-Vis absorbance of photocatalyst'. UV-
Vis Drs technique and the Kubelka-Munk equation were used to
study optical properties and calculate the bandgap of CdSe,
respectively.

From the UV-Vis spectrum (Fig. 3a) the band gap value (Fig. 3b)
of CdSe was obtained about 2.55ev, which confirms the high
photocatalytic properties of the synthesized CdSe. So, it can be
used as a strong photocatalyst in the visible region due to the
generation of high electron-hole pairs.

Results of photocatalytic degradation

30 experiments (including 5 central points) were performed for
selected 4 independent factors at 5 levels by CCD design and
results are presented in Supplementary Table 2. According to, the
maximum and minimum removal of MB were 96.98 and 57.98%,
respectively.

The coefficients of parameters were analyzed using ANOVA
(Table 1). F-value is used to compare the variance of the model
with the remaining variance. As seen in Table 1, F-value = 99.64
confirms the significance of the model and indicates the
performance of the model. On the other hand, the prob Prob >
F less than 0.0001 indicates the model was statically significant.
Therefore, a quadratic polynomial equation was used to predict
the efficiency of photocatalytic removal of MB as a function of
independent factors (Eq. 1):

R= +77.38+ 1.36A + 0.64B + 1.88C + 2.19D — 2.28AB — 4.48AC
+6.37AD — 5.54BC — 2.10BD + 2.01CD + 0.35A% + 0.02B2
+0.28C% — 0.39D?

(1

Here, A, B, C, and D are coefficients of linear factors, A%, B2, C* & D?
are coefficients of quadratic factors and AB, AC, AD, BC, BD & CD
are coefficients of interaction factors.

Prob > F values less than 0.05 of A (MB concentration), C (initial
pH), D (irradiation time) factors also indicate the significant effect
of these factors. On the other hand, the P-value of AB, AC, AD, BC,
BD, CD interactions, was less than 0.05, so all have significant
impacts on the model. In the case of quadratic forms, none of
them had no significant effects on the MB removal efficiency and
could be eliminated.
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Fig. 2 Field emission scanning electron microscopy (FESEM) and Energy Dispersive Spectroscopy (EDX) of CdSe nanoparticles. a FESEM

and b EDX.

As result of Table 1 and elimination of insufficient factors, Eq. (1)
was simplified as Eq. (2):

R= +77.38+1.36A 4 1.88C+ 2.19D — 2.28AB — 4.48AC + 6.37AD
—5.54BC — 2.10BD + 2.01CD
@)

Also, the values of R? and R’adj were 0.984 and 0.9799,
respectively, and quite close to 1, confirming that the obtained
model can predict MB removal efficiency. The F-value of lack of fit
was 0.87, indicating that it was not significant, and the model is
best fitted with the experimental data. Adeq Precision shows the
signal-to-noise ratio and indicates the efficiency of the model for
predicting the response, which is more favorable than 4?3, In this
model, the number 46.581 confirms a sufficient signal.

Published in partnership with King Fahd University of Petroleum & Minerals

Validity of the model

Validation of a model in the analysis of experiments depends on
some assumptions, such as normal distribution of residuals, the
variance of constant (32), and the independence of the residues
from each other?. Figure 4a shows a graph of the actual values
versus the predicted values. Normal distribution of data in a straight
line confirms that the errors are properly distributed. The plot of
residual values versus the predicted ones is shown in Fig. 4b. It
indicates a random distribution without significant trends invariance.
The level of coverage under Chi-square statistics for Bartlett’s test
was also zero, which indicates the appropriate status of this indicator
(if the appropriate status is determined, the area covered by
statistics is less than 5%). Also, the Internally Studentized Residuals
diagram of the model in Fig. 4c shows no unusual points. The
residual normal diagram of the model in Fig. 4d. confirms the
residues follows the normal distribution.
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Fig. 3 Ultraviolet/Visible (UV-Vis) spectrum and Diffuse reflec-
tance spectroscopy (DRS) of CdSe nanoparticles. a UV-Vis and
b DRS.

Two-factor plots

Three-dimensional diagrams analyze the interaction between vari-
ables in MB photocatalytic removal, as shown in Fig. 5a and b. Figure
5a shows that the removal percentage of MB increases from 69.70%
to 81.57% by increasing the photocatalyst dosage from 0.01 to 0.05g
50 mL™". In fact, by increasing photocatalyst dosage, more active sites
were increased, and more electron-hole pairs were generated.
Subsequently, more active hydroxyl radicals are generated that
enhance the mass transfer and photocatalytic degradation of MB.
Meanwhile, by increasing photocatalyst dosage, more available
surface area is generated. Both phenomena improved the removal
of MB2 As shown in Fig. 5a, MB decomposition increases by
increasing MB concentration (5-25 mg L~") from 69.70 to 85.52%. The
initial dye appears to provide the driving force to overcome the mass
transfer resistance between CdSe and MB, and the dye molecules
adsorbed on the CdSe surface are play the main role in dye
degradation*. The effect of irradiation time on photodegradation of
MB was investigated and the results are shown in Fig. 5b. It has been
observed that with increasing irradiation time, MB degradation
increases'®. In fact, due to the availability of many active sites, the rate
of destruction increases. Following an increase in irradiation time, the
photocatalyst is exposed to visible light for a long time and creates
more radicals for the degradation of MB. One of the key factors in the
photocatalytic process is pH. It affects the surface charge of the
photocatalyst?®. Here, the effect of pH on MB degradation in the
range of 2-10 is studied. As result, degradation efficiency is increased
with increasing pH. The relationship between the pH of the solution
and MB removal percentage is shown in Fig. 5b. The results
confirmed that the degradation of MB is approximately 88.95 % at
pH = 10, while the degradation efficiency of less than 72.41% was
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Table 1. Analysis of variance.
Source Sum of df Mean Square F Value p-value
Squares Prob > F

Model 19442 14 138.87 99.64 <0.0001
A-Dye 4461 1 4461 32.01 <0.0001
concentration
B-Dosage 984 1 9.84 7.06 0.0179
C-pH 85.16 1 85.16 61.11  <0.0001
D-Time 114.8 1 114.8 82.37 <0.0001
AB 8349 1 83.49 5991 <0.0001
AC 32086 1 320.86 230.22 <0.0001
AD 648.34 1 648.34 465.2 <0.0001
BC 490.73 1 490.73 352.11 <0.0001
BD 7085 1 70.85 50.84 <0.0001
cD 6444 1 64.44 46.24 <0.0001
AN2 338 1 3.38 243 0.1401
BA2 0.023 1 0.023 0.017 0.8988
CA2 208 1 2.08 149  0.2407
DA2 419 1 4.19 3.01 0.1034
Residual 2091 15 1.39
Lack of Fit 13.29 10 1.33 0.87 0.602
Pure Error 761 5 1.52
Cor Total 1965.11 29
Std. Dev. 1.18 R-Squared  0.9894
Mean 7759 Adj 0.9794

R-Squared
CV. % 1.52  Pred 0.9555

R-Squared
PRESS 87.52 Adeq 46.581

Precision

obtained at pH=2, due to the amphoteric nature of most
semiconductor oxides. The physics of the semiconductor surface
significantly depends on the pH of the solution and the dimensions of
the agglomeration. The relationship between pH and photocatalytic
degradation can be described as the pHzpc of the CdSe (pHzpc = 8.1).
In fact, when pHzpc > pH, the surface charge of CdSe is positive and
vice versa at pHzc < pH, the surface charge of CdSe is negative.
Therefore, CdSe absorbs MB as a cationic dye at pH above 8.1. This is
due to the electrostatic adsorption between the cationic dye and the
negatively charged surface CdSe. In the photocatalytic oxidation
process (Fig. 6), the photogenerated electrons and holes produce
superoxide radicals and hydroxyl radical ions, respectively. Then MB
molecules are adsorbed onto the CdSe surface and photogenerated
holes initiate the oxidation of MB. Reactive oxygen species (ROS), i.e,,
ie, O, +hj, + OH ~, decompose MB to minerals as Eqs. (3-6)*:

CdSe + hv — ez, + h, 3)
e+ 0y, — 05 @
hy, + H,0 — CdSe + H* + OH ~ (5)
MB + (0, + hjf, + OH ™) — CO, + H,0 + NO, ©)

However, the presence of many hydroxyl ions in an alkaline
solution causes the formation of abundant hydroxyl radicals and
as a result, causes more degradation of MB at higher pHs. On the
other hand, at acidic pH, electrostatic repulsion between positive
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surface charges of CdSe and MB molecules reduces the adsorption
of MB on the surface of CdSe nanoparticles. In addition, the high
amount of produced H™ at acidic conditions reduced percent
hydroxy! radicals and reduced the degradation percentage?’.

Optimization

From an economic point of view, optimization of photocatalytic
degradation conditions of MB can be achieved by considering
independent variables (MB concentration, initial pH, irradiation
time, and photocatalyst dosage) and removal efficiency as
maximum using Design-Expert” Version 11 Software. The predicted

Published in partnership with King Fahd University of Petroleum & Minerals

of MB removal was 92.80% under following conditions: pH = 8, MB
concentration =20 mgL~", CdSe dosage=0.02g 50mL~" and
irradiation time =20 min. On the other hand, the experimental
result of MB removal was about 90.87%, which implies a
performance design by RSM.

Usability and stability of the photocatalyst

The usability and stability of the photocatalyst are important for
long-term applications. Photocatalyst particles are recovered by
centrifuge and collected for new cycles. The reusable performance
of CdSe for ten MB degradation cycles (20 mg L") was investigated

npj Clean Water (2022) 34
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Fig. 5 3D plots of MB photocatalytic degradation interactions.
a Photocatalyst dosage vs. Dye concentration. b Irradiation time
vs. pH.

(Supplementary Fig. 3). After ten cycles, the photocatalytic activity of
CdSe decreased from 89.87% to 58.76% (31.11%). This decrease in
photocatalytic activity can be attributed to the following reasons: (1)
Some photocatalyst may be lost during the recovery phase (washing
and drying), which reduces the efficiency in the next cycle and thus
reduces the catalytic activity of the surface. (2) The catalytic surface
activity of the photocatalyst gradually decreased after each cycle
due to the blockage of pores and active sites by MB and its
intermediates®,

Kinetics

A Langmuir-Hinshelwood (L-H) kinetic model (Eq. 7) was used to
describe the photocatalytic degradation kinetics of MB by plotting
of In (C/Co) versus time®. Where C, and C are the MB
concentrations in solution at initial any time, respectively, and k
is the pseudo-first-order rate constant. The obtained value of k
(0.038 min~") along with the correlation constants (R*> = 0.994) is
calculated for the kinetic photodegradation of MB.

Go
ln— = —k 7
nc t (7)
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Thermodynamic

In order to study the thermodynamics of the photocatalytic
process, enthalpy changes (AH®), entropy changes (AS°) and Gibbs
free energy (AG®) were obtained using the Egs. (8-10).

de
K = Je
c=c (8)
AH® /1 AS°
InKc = — z (T) + R 9)
AG® = —RTInK¢ (10)

Here, R (8.314Jmol~"K™") is the universal gas constant, T (K) is
temperature and Kc (mLg™") is the equilibrium constant of reaction
and is obtained from Eq. 9. By plotting the In Kc in terms of 1/T (van
Hoff diagram) and obtaining the line equation, the AH®° and AS°
values can be calculated using the slope and intercept of the
diagram, respectively (Supplementary Fig. 4). AG® can be calculated
at the desired temperatures using Eq. 10%°. Thermodynamic variables
were calculated at different temperatures and the results were
collected in Supplementary Table 3. A negative AG® indicates that the
adsorption process is spontaneous and feasible in nature?®. Also, a
positive AH°® value confirmed that this reaction is endothermic in
nature. In general, AH® between 2.1 and 20.9 kJmol~" indicates
physical adsorption, while values between 80 and 200 kJ mol~’
confirm chemical adsorption®. In this study, the value of AH° was
obtained at 17.96kJmol™" that indicates that photocatalytic
degradation of MB is a physical process. Also, the positive AS°
confirmed the increase in randomness on the liquid-solid interface
during the photocatalytic degradation process. This revealed the
photocatalytic removal process is performed through the electro-
static connection between the MB and CdSe and via physical
adsorption. Also, a positive AS° showed a high affinity for MB
adsorption onto the CdSe resulting in high degradation efficiency.

The activation energy of all photocatalytic process was
measured by Arrhenius equation (Eq. 11)%°:

k:Aexp(—%) (11)

Here, A, R, T, k, and Ea represent the frequency factor, gas constant
(Jmol=1 K1), solution temperature (K), rate constant, and activa-
tion energy (Jmol™"), respectively. This represents the minimum
energy required to complete the photocatalytic reaction. Activa-
tion energy indicates a physical or chemical process of degrada-
tion. Low activation energies (0 to 40 kJmol~") indicate a physical
adsorption process, while higher activation energies (40 to
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800 kJmol~") indicate a chemical adsorption process3'. The value
of E, is obtained at 13.896 kJmol~', i.e., <40kJmol~', which
indicated the photocatalytic degradation of MB occurs via the
physical process.

Scavengers

The effects of scavengers including isopropanol (hydroxyl radicals
scavenger), chloride (hole scavenger), ascorbic acid (superoxide
scavenger), and nitrate (electron scavenger)®? on photocatalytic
degradation of MB (20 mgL~") was investigated at pH = 8. The
results are compared in Supplementary Fig. 5. A comparison
between the activities of the scavenging agents confirms that the
greatest reduction in the photocatalytic activity of CdSe is
achieved by chloride ions and isopropanol. This process confirms
that the photogenerated holes and hydroxyl radicals are the most
important than the superoxide and electrons in the photocatalytic
degradation of MB.

METHODS
Materials

Selenium powder, Methylene Blue, hydrochloric acid, and Sodium
hydroxide were purchased from Merck Company. Cadmium nitrate,
ethylenediamine (EDA), and polyvinyl pyrrolidone (PVP) were prepared
from Sigma-Aldrich.

Preparation of CdSe

Typically, 0.0315 g of Se (0.4 mmol) was dissolved in 80 ml of EDA at 200 °C
for 2 h until the black color appeared (sample A). In another flask, 2 g of
polyvinylidene pyrrolidine was dissolved in 70 ml of distilled water as a
capping agent and was stirred at 70°C for 150min. to obtain
homogeneous solutions (sample B). Then 0.094g of Cd(NOs),. 4H,0
(0.4 mmol) and selenium ethylenediamine (sample A) were added into the
PVP solution (sample B) to make a homogeneous solution while stirring.
The obtained solution was left to dry at 70 °C and was crushed by a mortar
until it became powder. Then it was calcinated in a tube furnace at 500 °C
under a flow of nitrogen at 50 cm® min~" for 90 min?2.

Response surface methodology model

RSM is a technique that is widely used mathematical and statistical
methods for optimization of specific response influenced by variables3. In
fact, relationships between response and input factors are determined by
RSM3*, In RSM, the selection of levels is crucial for any factor. The level of
each factor should also be coded on a +/—1 basis for good regression
analysis. For this, Eq. 12 can be used:
X — [Xmax;rxmin}

X= (12)

o]

Where, X is the factor code, x represents the actual factor value, and X,
and Xnmax are the minimum and maximum factor values, respectively'®3°,
The experimental design was performed based on Design-Expert” Version
11 Software using RSM. The effect of four independent factors including
initial MB concentration, pH of the solution, irradiation time, and
photocatalyst dosage were considered at five levels (-2, —1, 0, 1, 2). A
second-order polynomial equation is used to study the effect of
independent variables on MB removal (Eq. 13):

k k kK
2
y=B+ Zﬁ/xi + ZBHXI + Z Z Byxix 13)
= i=1 =1 =1
Here, y is the predicted responses, Bo, B, Bii & Bj; are constant, linear effect,
square effect, and interaction effect coefficients, respectively, and x; and x;
refer to independent variables.

Photocatalytic experiments

Then photocatalytic experiments were performed on a 100 ml crystal-
lizer containing 0.01-0.05g 50ml~' of photocatalyst with various
concentrations of MB. Also, photocatalytic experiments were performed
with tungsten-halogen lamps (300 watts) with a UV cut filter (>420 nm).
The mixture was sonicated for 10 min. before the lamp was turned on.
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Then, the lamp was turned on to start the photocatalytic degradation of
MB. After the reactions were completed, the samples were filtered, and
adsorption of total solutions was recorded at a maximum wavelength of
664 nm using a UV-Vis spectrophotometer3®, Equation (14) was used to
calculate the MB removal:

R(%) _ 190k, 109 (14)
[Co

[Clo is initial and [C], is at any time concentration of MB (mg L"),

respectively.

The Debye-Scherrer Eqg. (15) was used to estimate the size of CdSe
particles, where D is the particle size; K is constant (0.89), A is the
wavelength of radiation (1.5406 A°); B is the full width at half maximum of
the peak and 6 is the diffracted angle of the peak®’.

KA
" BcosO

(15)

The average size of prepared CdSe has obtained about 70 nm that was
in good agreement with FESEM results. Also, the theoretical density of
prepared CdSe was calculated from Eq. (16):

&M
P~ Na3
Where, p is theoretical density, N is Avogadro number, M is the molecular
mass of the sample, and “a” is the lattice parameter®®. Determination of
specific surface area is a significant parameter in adsorption, hetero-
geneous catalysis, and surface reactions. Sauter's Eq. (17) is used to
calculate of the specific surface area of the sample.

o 6000
specific surfacearea = —— (17)
pxD
Where, p and D are theoretical density and particle size of the sample,
respectively.

(16)

Stability and reusability

The stability and reusability of CdSe in the batch system were evaluated in
10 cycles. The precipitated catalyst was washed with deionized water in
each experiment and dried at 50 °C for reuse.

Analytical procedure

The analytical procedure of synthesized CdSe nanoparticles is presented in
Text 1s.
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