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Abstract

Methylene blue is the main component of several stains such as Wright—-Giemsa and
Leishman stain that are used in histology and hematology laboratories. 97.8% of
methylene blue from medical laboratory wastewater were photodegraded with the
aid of MgO nanoparticles as photocatalysts and direct solar irradiation as a renewa-
ble source. The rate of photodegradation was 0.0184 min~!. The direct precipitation
method was used as a simple and low cost method to synthesize MgO nanoparticles
in the size range of 2.5-11.3 nm as estimated from X-ray diffraction peaks. The
optical band gap energy was reduced to 4.25 eV. The photoluminescence spectra
of MgO nanoparticles show four bands corresponding to F and F* oxygen vacancy
defects. The effects of the operational parameters (MgO dose, initial pH, irradiation
source energy, initial concentration of the dye and temperature) were evaluated on
the efficiency and rate of the photodegradation. The efficiency of the synthesized
MgO nanoparticles was compared with TiO, and ZnO nanoparticles as well.
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Introduction

Significant water pollution results from dye manufacturing industries from which
2% is lost and industrial finishing step of coloring products from which only a
part of the dye is used and the rest of the dye entering rivers and lake through dis-
charge [1]. Methylene blue (MB) is the main component of several stains, such as
Wright-Giemsa stain, that are used in medical laboratories to demonstrate micro-
scopic life in a brilliant color. It is also used to stain peripheral blood and bone mar-
row aspirate smears [2]. The presence of dyes in water is highly hazardous even
in very low concentrations [3] and need to be treated, preferably on site before
discharge to sewage, rivers and lakes. Ideal wastewater treatment should mineral-
ize the dye completely to CO, and H,O [4]. Conventional techniques used in the
treatment of polluted water such as precipitation [5], adsorption [6], evaporation [7],
or membrane filtration are powerful techniques [8]. These methods accumulate the
pollutants or convert them from one phase to another but not destroying the pollut-
ant. Among the destructive methods such as biodegradation [9], chemical oxidation
[10], the catalytic photodegradation technique has attracted researchers to develop
efficient and economic photocatalyst [11]. Catalytic photodegradation is a hetero-
geneous reaction with a solid phase acting as the light absorbing photocatalyst and
a liquid or gaseous phase that contain the organic pollutant. A typical mechanism
of photodegradation involve the excitation of electrons from the valence band (VB)
to the conduction band (CB) of the photocatalyst and formation of holes in the VB
which are designated as h:rb. The freely moving electron in the CB (ec‘b) and h:h can
either recombine and dissipate the absorbed photon energy as thermal energy, or
reacts further to produce reactive species like hydroxyl radical (OH’) and superox-
ide ion (0'2_). These reactive species can oxidize organic molecules unselectively.
TiO, is the most widely studied photocatalyst due to its high efficiency [12]. On
the other hand, the overall process of catalytic photodegradation is governed by
the operational parameters like catalyst dose, initial pH, initial concentration of the
organic pollutant, temperature, and radiation intensity [3]. Solar radiation is a free
natural source of radiation that have an average of 1366 W/m? power at the top of
the atmosphere. Only one quarter of this power is reaching the earth surface (342 W/
m?) in sunny days [13]. TiO, is the most widely used photocatalyst. The high band-
gap energy of TiO, (anatase ~3.2 eV) is one of the main drawbacks of its applica-
tion (UVA radiation is needed for TiO, activation) (5% of the solar energy) [14]. To
overcome this drawback, metal ion doped (e.g., Au) and non-metal (e.g., N) doped
TiO, were studied widely. TiO, has low affinity toward organic pollutants (hydro-
phobic pollutants) and hence low adsorption and slow rate of photodegradation
which is another limitation of TiO, photocatalyst. Aggregate formation, difficulty in
separation and recovery of the TiO, after photodegradation are further limitation of
the TiO, applications [15]. Various metal oxides were used as dynamic photocata-
lyst materials for the degradation of organic contaminants [16] such as ZnO [17],
TiO, [18], a-Fe,05 [19], CuO [20], and WO; [21]. Magnesium oxide (MgO) has
been widely used in various applications such as antibacterial material, refractory
material in industry, and catalysis. MgO is a versatile metal oxide material, with
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different properties like large band gap, excellent thermodynamical stability, low
refractive index and low dielectric constant [22]. Surface properties such as surface
area, porosity and surface morphology of MgO nanoparticles (MgO-NPs) plays a
crucial role in determining its efficiency as a photocatalyst [23]. The surface prop-
erties of MgO-NPs and their morphology are largely determined by the method of
synthesis, such as sol—gel [24] hydrothermal [25], sonochemical [26]. Most of the
synthesis methods do not apply to industrial scale because they need high technol-
ogy, high temperature and different chemicals as templates or surfactants [27]. The
physical, chemical, electronic, optical and catalytic properties are much dependent
on the size and shapes of the nanoparticles. Therefore, wide-bandgap metal oxide
nanomaterials with controllable size and morphology became an interested field of
research [28]. The controlled growth process is very important to obtain the desired
particle size and morphology of the nanomaterial. The simplicity of the process
makes it easier to be applied in an industrial scale. Direct thermal decomposition
procedure was utilized to synthesize crystalline ZnO microflowers with excellent
photocatalytic activity [29]. Direct precipitation method for the synthesis of MgO-
NPs have several advantages such as simplicity in technology, one-step process,
industrial scale production and low cost [30]. The complete separation of the photo-
catalyst (TiO,, ZnO, etc.) is one of the disadvantages of catalytic photodegradation
in batch system. Attempts to overcome this problem was made by immobilization
of the photocatalyst as a thin film on different substrates [31]. Most titanium com-
pounds are not water soluble and therefore, the precursors used for the synthesis of
TiO, nanoparticles are limited and more expensive than other metal oxides. Most of
magnesium compounds have good solubility in water and they are much cheaper.
The synthesis of TiO, nanostructures need higher technology and more steps, which
add further cost to its production.

In the present work, we have focused on the direct, template free and surfactant
free synthesis of MgO nanostructure via direct precipitation of Mg** ions with a
strong base and evaluating its efficiency as a photocatalyst for the degradation of a
medical waste stain (methylene blue) under direct solar and UV light irradiation.

Materials and methods

Magnesium nitrate hexahydrate, sodium hydroxide, methylene blue, methanol, and
hydrochloric acid were obtained from Merck, Germany. The chemicals used were
of analytical reagent grade and used without further purification. Titanium diox-
ide (particles size 25 nm) was purchased from Cheng Du Micxy chemical Co. Ltd.,
China. Zinc oxide (particle size 10-30 nm) was obtained from SkySpring nanomate-
rials Inc., Houston, USA. Methylene blue (C,(H,3CIN;S) (A, =665 nm) was used
as a model dye pollutant of clinical labs. The MB concentrations were measured
using Cary 60 UV—Vis spectrophotometer from Agilent. 200 mg/L stock solution of
MB was prepared and the working solutions were prepared by dilution with distilled
water. The initial pH was adjusted with dilute HCI (0.1 M) or NaOH (0.1 M) using
a pH-meter.
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Synthesis of MgO-NPs

Magnesium oxide nanoparticles were synthesized using magnesium nitrate
(MgNO;-6H,0) as a source of Mg?* ion with sodium hydroxide as the OH~
source. For the typical experimental procedure, 0.2 M MgNO;-6H,0 was dis-
solved in 100 mL of distilled water. 0.5 M sodium hydroxide solution was added
drop wise to the prepared magnesium nitrate solution with continuous stirring.
The white precipitate of magnesium hydroxide appeared in beaker after few
minutes. The stirring was continued for 60 min. Then the white precipitate was
filtered and washed three times with methanol and distilled water and dried at
100 °C for 3 h. The dried powder was then crush to very fine powder using an
agate mortar. Finally, the fine powder of MgO was obtained by calcination at
500 °C for 2 h.

Characterization

X-ray diffraction (XRD) analysis was recorded using A PANalytical X’Pert PRO
diffractometer (Cu-K,, radiation A=1.5406 A, generated at 40 kV and 40 mA). The
samples were investigated from 2° to 80° 20 with a step size of 0.0260° 26 and a
measuring time of 40 s/step. The surface morphology of the as-synthesized MgO-
NPs was analyzed using scanning electron microscope (SEM) model MIRA3 TES-
CAN equipped with energy dispersive X-ray (EDX). The instrument was accelerated
with a voltage of 30 kV. Cary 60 UV-Vis spectrophotometer was used to obtain the
spectrum of the as-synthesized MgO-NPs in the range of 200-500 nm to estimate
the optical band gap.

Photocatalytic degradation studies

For all the photocatalytic degradation experiments, an open top glass cell of cylin-
drical shape (15 cm diameter) was used. The cell was fixed inside a thin plastic dish
that was thermally controlled with the aid of a chiller (water jacketed). The whole
system was mounted on magnetic stirrer to face the light source (direct sunlight or
UV source). Two UV light sources of 254 and 365 nm were provided using Chro-
mato-Vue Cabinet, model C-75 (15 W, inner dimensions: 43 cm LengthXx35 cm
Width and 13 cm Height). Catalytic photodegradation studies were performed using
150 mL of the MB solution of 10 mg/L (except for the initial dye concentration
study) and 0.1 g of the MgO-NPs (except for the catalyst dose study). In order to
attain the adsorption—desorption equilibrium of methylene blue on MgO-NPs, the
suspensions were stirred in the reactor in dark for 30 min. 4 mL aliquots were col-
lected after 30 min in the dark, and after irradiation, at different time intervals for
the kinetic studies. The portions were centrifuged (4500 rpm) for 10 min and from
the absorbance (at 665 nm) of the supernatants, the concentration of the remained
methylene blue were determined.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2019) 128:1127-1139 1131

6000 -
(a)
5000
4000

3000

Counts

2000

1000 ™

0

10 20 30 40 50 60 70 80
20 ]

Fig. 1 X-ray diffraction pattern (a) and SEM image (b) of the MgO-NPs

Table 1 XRD data for particle

: Peak position (26) FWHM Particle
size measurement size (nm)
36.9 3.298 2.5
429 0.891 9.6
62.2 0.825 11.3
74.7 0.881 11.4
78.6 0.973 10.6

Medical lab wastewater treatment

The washing waste from the preparation of bacterial slides contains relatively high con-
centration of methylene blue (Leishman stain) [32]. The wastewater was collected from
three clinical laboratories and diluted with distilled water (1:1). 150 mL of this real
sample was introduced to the reaction vessel with 0.1 g of the MgO-NPs, stirred in dark
for 30 min for adsorption—desorption equilibration then irradiated with direct sunlight
for catalytic photodegradation process. Aliquots of the mixture were taken out at differ-
ent time of the irradiation for analysis.

Results and discussion
Characterization of MgO-NPs

The crystal structure of the as-synthesized MgO-NPs was determined with powder
XRD (Fig. 1a) which shows major reflections at 20 =36.91°, 42.94°, 62.20°, 74.68°
and 78.58° corresponding to (111), (200), (220), (311) and (222) planes of MgO
nano-cubes [33, 34]. Table 1 shows the main diffraction peaks that were used to cal-
culate the average particle size of the nano-MgO using the Debye—Scherrer equation
(Eq. D) [35].
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KA
b= pcosé M)

here K is a dimensionless shape factor (K=0.9), 1 is wavelength (nm) of the XRD,
and g is full width at half maximum height (FWHM) of the diffraction peak at an
angle 6 (in Radians). The particle size distribution was observed in a narrow range
between 2.54 and 11.35 nm (Table 1). The average particle size was found to be
9.06 nm.

The energy dispersive X-ray (EDX) image (Fig. S1) shows the presence of
small percentage (2.03%) of Ca in addition to the main components (Mg=47.65%
and O=50.31%). The SEM micrograph (Fig. 1b) shows small sized cubic MgO
particles between 16.8 and 25.7 nm with an average size of 20.0 nm.

The optical band gap energy was estimated from the Tauc relation (Fig. S2) as
4.25 eV. Similar results were obtained for nano-MgO [36, 37]. Bulk MgO has a
bandgap of 7.8 eV [38, 39]. The blue shift can be explained on the basis of very
small size of the synthesized MgO-NPs as confirmed by the XRD results above.

The photoluminescence spectra (PL) of the dispersed MgO-NPs (Fig. 2)
excited at 325 nm shows four emission peaks centered at 360, 494, 517 and
545 nm. The rapid evaporation and incomplete crystallization may generate vari-
ous structural defects, contributing to the observed emissions in MgO nanopar-
ticles. It has to be mentioned that bulk MgO does not show PL activity because
MgO is a typical wide band gap insulator (7.8 eV) and it have low concentration
of the native defects in bulk MgO [40]. The peaks centered at 360 and 517 nm
corresponds to the F* and F oxygen vacancy defects that are vacancies contain-
ing one and two electrons respectively [41]. The high intensity emission peak at
360 nm may also be ascribed to the scattering from the voids between the nano-
MgO particles. The higher the defect concentration, the higher the PL intensity
[42].

Furthermore, a high concentration of native defects for MgO-NPs may result
in the higher recombination of oxidative species and decrease of photoactivity.

Fig.2 Photoluminescence (PL)
spectra of the as-synthesized
MgO-NPs excited at 325 nm 1
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As the photocatalytic activity occurs on the surface of the catalyst and the first
step is likely to be an adsorption process, it is obvious that the surface area has a
great role on the rate of the photocatalysis. Although in some studies no correla-
tion was found between adsorption of dye and photocatalytic degradation [43].

Photocatalysis studies

It is important to study the kinetics of the photocatalytic degradation and the various
effects governing the degradation rate to make the research applicable to environ-
ment. Fig. 3a shows the decrease in the intensity of the absorption spectra of MB
vs irradiation time under direct sunlight. No detectable photo-degradation of MB
was observed in the absence of the MgO-NPs under direct sunlight. Very low con-
centrations of the dye were used for the photodegradation studies, therefore pseudo
first-order kinetic model was considered (Eq. 2) [44] using non-linear regression
(Fig. 3b) with the aid of OriginPro software for estimation of the kinetic parameters
(Table 2). The as-synthesized MgO-NPs was compared to nano-ZnO (10-30 nm)
and nano-TiO, using different light sources (365 nm and 254 nm UV lamps of
10 W power, and direct sunlight). Evaluation of the as-prepared MgO-NPs as a
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Fig.3 Time dependent absorption spectra of MB (0.1 g MgO-NPs, pH 6.0, direct sunlight) (a), non-
linear regression pseudo-first order kinetics (b) and k; and degradation % after 1 h and 2 h irradiation (c)
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Table2 Evaluation of photodegradation efficiency and pseudo first-order rate constants for MB using
different photocatalyst and irradiation source

Radiation source Photocatalyst Degradation (%) Kk, (min~") R?
365 nm TiO, 71.1 0.012+1.7x1073 0.908
ZnO 94.0 0.019+1.2x1073 0.993
MgO 26 2.7x1075+£1.3x107 0.390
254 nm TiO, 89.2 0.025+4.0x 107 0.993
ZnO 93.0 0.016+1.4x1073 0.986
MgO 16.2 0.001 +£5.2x107 0.959
Direct sunlight TiO, 100 0.067 +£6.0x 1073 0.978
ZnO 100 0.057+3.6x1073 0.987
MgO 96.7 0.018+1.5x1073 0.971

photocatalyst was done via the comparison of degradation % and pseudo first-order
rate constants (Fig. 3c).

C,=C ekl 2)
here C, and C, are the dye concentration initially and at t time passed over pho-
todegradation respectively. At room temperature, the MgO-NPs under low energy
photons of 365 nm shows very low degradation % and rate (k,), while TiO, and ZnO
nano-particles presented more than 70% degradation in 2 h. As the energy of the
photons increased to 254 nm wavelength, MgO efficiency presented slightly better
performance (Table 2), while under higher energy photons of direct sunlight, the
nano-MgO showed comparable efficiency after 2 h irradiation but lower rate of deg-
radation compared to nano-ZnO and TiO, photocatalyst (Fig. 3c). The comparison
between different irradiation sources (energy of a photon) is reasonable if their total
power applied on the surface of the reaction mixture were the same. About 1/4 of
the UV irradiation from the source is directed to the bottom of the cabinet. The inte-
rior area of the cabinet and the cylindrical reaction cell are 0.15 m? and 0.0177 m?
(=~ 8:1) respectively. This shows that about 1/30 of the UV light touches the sur-
face of the reaction mixture (0.5 W). The UV part of the direct sunlight [12] is
20-30 W/m?. The contact area with the reaction mixture is 0.0177 m2. Thus, about
0.5 W UV energy reaches the surface of the mixture but contains wide range of UV
frequencies.

It is reported that MB may transform to colorless leuco form (unstable) by tak-
ing photo-excited electrons with the action of UV light. The blue color of MB may
reappear if the colorless sample exposed to air to form the oxidized blue MB [3]. To
insure irreversible degradation, the samples (after photocatalytic experiments) were
exposed to air overnight and no blue color appeared, which confirms the catalytic
photodegradation process.
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Fig. 4 Effect of catalyst dose (a), initial MB concentration (b) and initial pH (c) on the photocatalytic
degradation efficiency of MB after 120 min irradiation of direct sunlight irradiation using 0.1 g MgO-
NPs

Effect of operational parameters

The effects of photocatalyst dose (MgO-NPs), initial MB concentration, initial pH
on the degradation % and k; were studied using 150 mL MB at room temperature
(Fig. 4). The effect of MgO-NPs dose was studied in the range of 0.05 to 0.3 g.
An increase of the percentage degradation and k; was observed with increasing the
amount of MgO-NPs from 0.05 to 0.1 g probably due to the increase of the surface
area of the photocatalyst and higher adsorption that leads to higher degradation per-
centage and rate (Fig. 4a). A further increase of the amount of MgO causes lowering
of the degradation percentage slightly which may be due the formation of aggre-
gates of MgO-NPs that cause lowering of the surface area and active sites. Another
process that may contribute in lowering the efficiency is the restriction of light by
higher amounts of the MgO-NPS [45].

The experiments were carried out using various initial concentration of MB
(5-50 mg/L) to explore the effect of the initial concentration of MB. The degrada-
tion percentage and rate (k;) decreased with increasing the initial concentration of
MB (Fig. 4b). As the concentrations of the dye (MB) increase, significant amount of
the solar light is likely absorbed by the MB molecules rather than the catalyst [46].

The photocatalytic activity was investigated at various initial pH from 3.0 to 11.0
(Fig. 4c). The results show a slight increase (80% to 97%) in the degradation effi-
ciency of as the pH increased from 3.0 to 11.0 respectively. The change of the pH
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has effect on the surface groups of the photocatalyst as it is related to the point of
zero charge (PZC) and it determines the size of aggregates. The PZC of MgO is
reported as 11.6 [47]. pH change has effect on the functional groups of dye mol-
ecules also which is related to the pK, values of the dye. Below pH 11.6, where
pH<PZC (as in the present case), the MgO-NPS surface would be positively
charged. Increasing pH reduces the positive charge on the surface of the MgO-NPs
and hence decreasing electrostatic repulsion between the cationic MB molecules and
the MgO-NPs surface. Increasing pH enhances OH" generation [48].

The effect of temperature on the rate constant (k,) is better reflected by the activa-
tion energy, which is in turn estimated from the Arrhenius equation (Eq. 3). The rate
constant at 298 and 318 K were determined from their kinetic plots (Fig. S4), from
which the activation energy was estimated using the integrated form of Arrhenius
equation (Eq. 4).

k =Ae_E”/RT (3)
Ink, E, T,
= @)
Ink; R T,

here E, is the activation energy and A is the pre-exponential factor. The activation
energy was found to be 32.9 kJ/mol, which is very close (but slightly higher) to the
values of catalytic photodegradation of MB using TiO, photocatalyst under UV. The
mechanism by which organic pollutants decompose through hydroxyl radical reac-
tion have comparable activation energies. This suggests a reaction mechanism that is
controlled by hydroxyl radical reaction [3, 49].

Application on real samples

Medical laboratories (hematology or histopathology) use different stains to develop
distinguishable color in the cell under investigation. The cells maybe bacteria, blood
cells or bone marrow. Traditionally, a glass slide is covered with a thin layer of the
specimen (i.e. blood) and dried at room temperature. Then few drops of the stain are
applied to the slide and washed with distilled water after 2—3 min. The wastewater
of three laboratories were collected and their mixture was used as a real sample for
catalytic photodegradation experiments. The concentration of MB of the wastewater
sample was 33 mg/L. The sample was diluted (1:1 with distilled water) to become
16.5 mg/L. The MB concentration has reduced to 16.2 mg/L (1.3% removal) after
equilibrium adsorption in dark place for 30 min and then to 0.35 mg/L (97.8% deg-
radation) after 2 h of solar irradiation (S 5).

Conclusion
MgO-NPs was synthesized by a simple chemical precipitation method without the

use of template or surfactant. The particle size distribution of the MgO-NPs was
between 2.5 and 11.35 nm. 4.25 eV was observed for the optical band gap energy.
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Photocatalytic experiments showed that the as-synthesized MgO-NPs have good
efficiency compared to ZnO and TiO, nanoparticles using direct solar irradiation.
The photocatalytic activity was attributed to the presence of native F and F* oxy-
gen vacancy defects at the surface of the MgO-NPs. The optimum catalytic photo-
activity was at low concentration of the dye while initial pH has small effect on the
efficiency of degradation. 97.8% photodegradation of 1:1 diluted medical lab waste-
water was achieved in 2 h of direct irradiation of sunlight using the as-synthesized
MgO-NPs. The current study shows that direct sunlight can be used as a powerful
renewable source of radiation to degrade various organic pollutant without the need
of high technology or cost effective equipment.
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