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Abstract: Heterogeneous photocatalysis has been studied with various semiconductor materials for
the efficient degradation of various water pollutants; however, there is the challenge of wide-bandgap
photocatalyst materials, which limits their application under visible-light irradiation. Herein, a
ZnO@MgO core—shell nanocomposite was synthesized using co-precipitation and applied to the
photocatalytic degradation of MB dye under visible-light irradiation. MB degradation was optimized
using the response surface methodology, resulting in 95.948% and ~91% predicted and actual MB
removals, respectively, at a 10 mg/L MB concentration, 1000 mg/L catalyst dose, pH 10, and time of
115.7 min. The degradation kinetics were studied, and it was found that the degradation followed
pseudo-first-order kinetics with a rate constant of k = 0.07593 min~—!. A cost-benefit analysis was
undertaken, and the operating costs were estimated based on the optimized conditions at $7.6/m?
with a payback period of 3.2 years.

Keywords: magnesium oxide; methylene blue dye; photocatalytic degradation; optimization;
reaction kinetics; operating costs

1. Introduction

Methylene blue (MB), commonly used in the textile industry, is a heterocyclic aromatic
basic cationic dye that is highly soluble in water and forms stable solutions at room
temperature. Therefore, its release into the environment has harmful effects on aquatic and
human life. Its exposure in high concentrations could result in respiratory issues, abdominal
disorders, blindness, and mental disorders, amongst others [1]. Aquatic life is not spared
because MB causes a reduction in sunlight penetration into the marine environment [2].
This slows down the photosynthetic processes of aquatic plants, resulting in low dissolved
oxygen levels, ultimately killing aquatic life and affecting the marine ecosystem’s balance.
Hence, it is of great importance that the wastewater contaminated by MB is adequately
treated to prevent its exposure to the environment.

Conventional treatment techniques, such as adsorption, phytoremediation, coagu-
lation/flocculation, and others, have been applied for the removal of MB from aqueous
solutions. Due to the stable nature of MB, these have shown shortcomings in terms of their
viability, impact on the environment, and effectiveness [3]. Therefore, advanced treatment
techniques, such as advanced oxidation processes (AOPs), are being studied for the efficient
removal of MB.

Heterogeneous photocatalysis is one of the most efficient AOPs that can degrade
organic pollutants such as MB by generating reactive oxygen species (ROS), such as *OH,
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from a series of oxidation and reduction reactions. ROS repeatedly attack and degrade
MB by converting it into simpler molecules, such a CO; and H,O; this sequence of reac-
tions can take place at standard temperatures and pressures [4]. This technique does not
generate large amounts of sludge, the photocatalyst material can be cheap, non-toxic, and
reusable [5], and the reaction rates are relatively high [6]. Several semiconductor materials,
such as ZnO and MgO, have been studied as photocatalysts and have displayed reasonable
photocatalytic activity. However, there is still the need to identify photocatalyst materials
that can display superior activity.

In this study, a ZnO@MgO core—shell nanocomposite material was synthesized, char-
acterized, and applied to the photocatalytic degradation of MB under simulated solar
UV-visible-light irradiation. The process was optimized using response surface method-
ology (RSM), and the resulting optimized conditions were used to carry out an economic
analysis. To the best of our knowledge, there have been no published papers that have
synthesized and applied this material.

2. Materials and Methods
2.1. Materials

Magnesium chloride hexahydrate (MgCly-6H;0) (99%) was purchased from the
tekkim kimya group of companies (Turkey), zinc sulfate heptahydrate (ZnSO4-7H;0)
was purchased from the el nasr pharmaceutical chemicals company in Egypt, purified
sodium hydroxide pellets (NaOH) (97%) were purchased from SD fine—chem limited
(India), the sulfuric acid (H,SO4) (97%) and methanol (CH3OH) (99.8%) were purchased
from piochem in Egypt, and the methylene blue powder (MB) (99%) was purchased from
the alpha chemical group, Egypt.

2.2. Preparation of Methylene Blue Solution

A 500 ppm stock solution of MB dye was prepared by dissolving 500 mg of MB dye
powder into 1 L of distilled water. This stock solution was stored in a cool, dry environment
and then diluted to the desired concentrations for use in the experimental runs.

2.3. Photocatalyst Synthesis

MgO nanoparticles were synthesized using a 0.5 M precursor solution of MgCl,-6H,O
following the method used by the authors of [7]. The obtained dried powder was then
calcined in a muffle furnace at 800 °C for 3 h to obtain the MgO nanoparticles.

To synthesize the ZNO@MgO core—shell nanocomposite, the as-synthesized MgO
nanoparticles were dispersed into a solution of ZnSO,-7H,O and stirred vigorously to keep
the MgO nanoparticles in suspension. The synthesis steps proceeded as in the case of MgO;
however, the obtained white powder was calcined at 350 °C for 3 h to obtain the ZnO@MgO
core-shell nanocomposite. The synthesis procedures are summarized in Figure S1.

2.4. Characterization

A UV-Vis diffuse reflectance spectrum (UV-Vis DRS, Jasco v-570 spectrometer, Jasco
Inc., Tokyo, Japan) analysis was carried out in order to determine the optical bandgap
energy of the catalysts. The MB dye concentration was measured using a UV spectropho-
tometer (Jasco V-630 spectrophotometer, Jasco Inc., Tokyo, Japan) set at a wavelength of
664 nm.

2.5. Photocatalytic Degradation
2.5.1. Degradation Experiments

The photocatalytic degradation experiments involved the dilution of the MB stock
solution to the desired concentration and adjusting the pH by adding NaOH or H,SO4
until the desired pH was achieved. The catalyst was then added into the MB solution and
placed in the reactor under constant stirring in the dark for 1 h to allow for an adsorption-
desorption equilibrium. After an adsorption-desorption equilibrium was achieved, a
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2 mL sample was extracted and centrifuged to separate the catalyst from the solution
and the concentration; C, was measured. The light in the reactor was switched on and
photocatalytic degradation was allowed to proceed for the desired amount of time, t,
after which another 2 mL sample was extracted and the final MB concentration, C, was
measured. MB removal, R%, was calculated using the formula given by Equation (1):

G-

R%
Co

x 100 1)

2.5.2. Statistical Analysis

The experimental design and optimization of parameters were carried out with design
expert 13 software using a Box-Behnken design (BBD). It was used to study the effects of
four selected independent variables, A (dye concentration), B (catalyst dose), C (pH), and D
(time), on MB dye removal. The BBD generated a total of 29 experimental runs comprising
five center points. A second-order polynomial, given by Equation (2), was used to study
the effects of the variables on the removal of MB and to show how each of the variables
affect each other:

n n—1 yn n 2
y = Co+ Zi:l CiXj + Zi:l Z‘.:iJrl CijXiXj + Zi:l CiiXi~, (2)

where y is the MB removal, n is the number of independent variables, ¢, is a constant, ¢;, Cij,
and c;; are the first-order constant, quadratic, and linear interaction coefficients, respectively,
x; and Xj are independent variables, and x;2 is a square effect.

To verify the adequacy of the generated model and each of the independent variables,
an analysis of variables (ANOVA) was performed, and the significance of each parameter
was denoted by a p-value less than 0.05. The model significance was also verified using
the coefficient of determination (R?) values. Once the model was verified, optimization of
parameters was carried out using numerical optimization, and the degradation kinetics
were studied.

3. Results and Discussion
3.1. UV-Vis DRS

Figure 1a shows the absorbance spectrum of ZnO@MgO core—shell nanocomposite.
Moreover, an indirect Tauc plot [8] was drawn as shown in Figure 1b.
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Figure 1. (a) Absorbance spectrum and (b) Tauc plot of the ZnO@MgO core—shell nanocomposite.
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The plot was derived from the UV-Vis DRS analysis results using the equation given
by Equation (3):
[F(R)hv]" = A(hv — Eg), 3)

where F(R), hv, A, and Eg are the Kubelka-Munk function, incident photon energy, pro-
portionality constant, and bandgap energy, respectively, and n is ! /5. The extrapolation of
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the linear section of the graph revealed that the optical bandgap energy of the ZnO@MgO
core—shell nanocomposite was 2.90 eV. The theoretical bandgap energy of pure ZnO has
been identified in the literature to be around 3.33 eV [9], whereas that of pure MgO has been
identified as 4.8 eV [10]. The reduction in the energy bandgap of the nanocomposite shows
successful bandgap narrowing by the core—shell combination of the two materials. The
reduced bandgap can facilitate better electron excitation within the visible-light irradiation
range (400-800 nm) compared with the pure ZnO and MgO separately.

3.2. Optimization, Validation, and Kinetics

An ANOVA was carried out (Table S1) and the model generated had a p-value < 0.05
as well as relatively high adjusted and predicted R? values of 0.9939 and 0.9826, respectfully,
which had a difference of less than 0.2. This validated the generated model as significant
and suitable to be used for further analyses. The analysis also showed that all of the four
independent variables were significant to the degradation of the MB dye.

A second-order polynomial governing MB removal based on the independent vari-
ables was generated as shown in Equation (4):

R% = 9.56 — 29.84A + 2.84B 4 13.18C + 2.71D — 1.99AB — 14.05AC — 2AD + 6.05BC + 1.37BD+

4
8.72CD + 19.56A2 + 1.43B% — 1.40C2 + 1.01D?, @)

Numerical optimization of the variables was carried out by maximizing the desired
MB removal and reducing the reaction time. The analysis generated 100 possible optimized
conditions, of which the one selected displayed an MB removal of 95.948% in 115.7 min for
a dye concentration of 10 mg/L, catalyst dose of 1000 mg/L, and pH 10. The generated
contour plots showing the interactions of the independent variables are shown in Figure S2.

A validation run was carried out at the optimized conditions and a removal efficiency
of 90.858% was achieved. Samples of 2 mL were extracted and analyzed at 15 min intervals,
and the C/C, curve was plotted as shown in Figure 2a. The degradation kinetics were
then studied in order to determine the reaction rate constant, where the MB removal was
checked for fitness with zero-order, half-order, first-order, and second-order degradation
kinetics.
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Figure 2. (a) MB removal, (b) pseudo-first-order degradation kinetics (reaction conditions: MB
concentration = 10 mg/L, catalyst dose ~ 1000 mg/L, pH = 10, and time = 115.7 min).

The reaction rate constant(s), k, were calculated as the slopes of the zero-order, half-
order, first-order, and second-order kinetics curves given by the equations in Table S2 [11].

The R? values of each model showed that the MB removal in this study was compatible
with pseudo-first-order degradation kinetics (Figure 2b) with a reaction rate constant of
0.07593 min ™.
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3.3. Effects of Operational Parameters

The effect of the independent variables on the removal of the MB dye was studied and
the graphs generated are shown in Figure S3.

3.3.1. Effect of Dye Concentration

The effect change in MB concentration was investigated by varying the dye concen-
tration from 10 to 100 mg/L (Figure S3a). As the MB concentration was increased, the
removal efficiency decreased. The decrease in the removal efficiency could be a result of the
blocking of active sites on the photocatalyst surface with increased dye concentrations [12],
which results in reduced interactions between photons and active sites and ultimately
limits the generation of ROS for MB degradation. Another reason for this reduction is
that when the dye concentration is high, light penetration to the photocatalyst surface is
reduced [13]. Photon energy will be absorbed by the dye molecules instead of the catalyst
material. Additionally, the newly generated intermediates that will be formed during the
photocatalytic reaction will compete with the parent dye molecules for the reactive radicals.

3.3.2. Effect of Catalyst Dose

In order to study the effect of catalyst dosage on the photocatalytic degradation of MB
dye, the concentration of ZnO@MgO in the degradation experiments was varied from 100
to 1000 mg/L (Figure S3b). It was observed that the removal efficiency increased as the
catalyst dosage was increased from 100 mg/L to 1000 mg/L. The increment in removal
efficiency can be attributed to the increased number of active sites at higher catalyst dosages.
This increase allows for more catalyst—photon interactions, followed by the generation of
more ROS to degrade the MB dye [12].

3.3.3. Effect of pH

The effect of pH on the photocatalytic removal of the dye was studied at pH ranges
of 3 to 10 (Figure S3c). The results showed that the removal efficiencies improved with an
increase in the solution pH value. The trend displayed is acceptable given that MB dye is
a cationic dye (positively charged), and when the solution pH exceeds the point of zero
charge (PZC) pH of 10.44 (Figure S4) the catalyst surface charge becomes negative [14].
When the catalyst was added to a neutral MB dye solution the pH increased to about 11,
and when the initial MB concentration is set to 10 the solution pH would further increase
to about 11.55, making the surface charge of the catalyst negative. The opposite charge of
the catalyst to the MB dye molecules will result in greater attraction of MB to the catalyst
surface. This attraction will increase MB-ROS interactions, resulting in higher removal
efficiencies.

3.3.4. Effect of Time

The effect of time on MB removal was studied by varying the time between 60 and
180 min (Figure S3d). It was observed that MB removal and time displayed a directly
proportional relationship. Further increases in the reaction time caused an obvious increase
in the MB removal efficiency. This is due to prolonged contact time [15] between the
generated ROS on the photocatalyst surface and the MB dye.

3.4. Economic Evaluation

In order to estimate the feasibility of the up-scale synthesis and application of the
ZnO@MgO core-shell nanocomposite for dye removal, an economic analysis was carried
out where the capital costs, operating costs, and possible revenues were estimated as
shown in Table S3 based on the optimized parameters of the lab experiments. The analysis
assumes a daily wastewater inflow of 80 m3, which is suitable for a roughly medium-sized
treatment plant.

The capital costs included the costs of the photocatalytic reactor and all its components,
catalyst synthesis apparatus, plant infrastructure construction costs, contractor charges,
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and contingencies calculated using the equation given in Table S4. The total capital costs
were then estimated to be about USD 2,941,149.22.

The operational costs were also estimated and comprised expenses such as electricity,
the cost of chemicals, water bills, statutory obligations such as taxes and workers’ salaries,
and equipment repair as well as maintenance costs. The total annual operational cost
estimate amounted to USD 182,443.56, which gave a running cost of USD 7.6/ m?3 of influent
water. The possible revenues identified were the removal of dye from the water, the
sale of the synthesized catalyst material, and the reuse of the treated effluent for on-site
applications. The estimate of the total revenues was USD 1,097,416.73. Finally, the capital
costs, operational costs, and revenues were used to derive the payback period, and it was
estimated to be 3.2 years.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ECP2023-14636/s1, Figure S1: Catalyst synthesis pro-
cedure; Figure S2: Interaction of parameters towards MB removal; Figure S3: Effect of operational
parameters on MB removal: (a) effect of dye concentration; (b) effect of catalyst dose; (c) effect of pH;
and (d) effect of time; Figure S4: PZC of the core-shell nanocomposite; Table S1: ANOVA table; Table
52: Equations governing the kinetic modeling; Table S3: Cost-benefit analysis; Table S4: Capital cost
estimation formulae. References [16-18] are cited in the supplementary materials.
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