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Abstract: Green magnetite nanoparticles (NPs) are synthesized, characterized and employed for
degradation Methylene Blue (MB) from aqueous solutions. The effect of the concentrations of the NPs and
MB on NPs yield and removal efficiency is optimized and modeled using two factorial central composite
experimental design. The analysis of variance confirmed that the concentration of iron metal salts seemed
more significant than plant extract. The developed mathematical model is estimated with high R2
reflecting its accuracy. The results proved that the removal efficiency of MB increases up to an optimum
of 82.07 % when using 0.17 g of the nano photo catalyst versus 10.8 ppm of MB with sunlight irradiation
time of 200 min. The dye degradation kinetic results revealed that photo catalytic degradation follow
pseudo-first-order model. Response Surface Methodology proved as an efficient tool for optimization and
modeling the processes of NPs production and removing of organic pollutants from aqueous solutions.
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1. Introduction

Among the diverse exploration of innovative aspects in the field of science and engineering,
nanomaterials got immense interest across the globe including the nanoparticles due to its unique
physicochemical properties, the high specific surface area and surface energy in addition to its
guantum detention (Hussain et al., 2016). Nanoparticles have endless applications in different fields
including industry (Klebowski et al., 2018)(Sanguansri et al., 2006)(Alanazi et al., 2010)(Maekawa et
al., 2012) and environment(Salman Ali et at., 2020).

Nanoparticle could be generated following the top-down approach or bottom-up approach(Schroéfel et
al., 2014). Nanoparticles can be of different types, the metallic(Venkatesh et al., 2018)(Khanna et al.,
2007)(X. F. Zhang et al., 2016)(Li et al., 2014)(Kim et al., 2003), metal oxide-based(Wu et al.,
2008)(Chen et al., 2008)(S. Wang et al., 2019), alloy- based (Huynh et al., 2020)(J. Zhang et al.,
2020)(Gilroy et al., 2016).

NPs as all nanomaterials could be synthesized through various routes (physical, chemical, and
biological).
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Physical and chemical methods are costly and toxic to the environment(Sagadevan et al., 2022) , while
the biological route is an eco-friendly technique could be carried out using low energy requirements
and low-costs(Pantidos et at., 2014) without using hazardous chemicals that produce toxic by-
products. It involves using organisms ranging from bacteria to fungi and plants (Keat et al.,
2015)(Jayaseelan et al., 2012).Plant extracts have been proposed and tested in numerous experimental
works (Reverberi et al., 2017)(Gericke et al., 2006). Plants have shown potential capacity for
phytoremediation of heavy metals (Iravani et al., 2011)in addition to its capability to be used as
reducing agent in biosynthesis of NPs throughout its phytochemicals composition.

On the other hand, the treatment of pollutants in water and air is a great challenge. Nanomaterials
confirmed its importance for the environmental remediation, they act as are excellent adsorbents,
catalysts and sensors due to their high specific surface area and reactivity (Chowdhury et al., 2016).

Due to the augmented development of dye industries, these industries became one of the most
significant sources of organic water pollutants that enhance negative effects on the environment and
human lives. In this direction several methods have been used for removing dyes from aqueous
solutions, among these methods photocatalytic degradation (de Oliveira Guidolin et al.,
2021)(Rajamanickam et al., 2016)(Jiang et al., 2018)are considered encouraging technologies for
treating organic pollutants.

Photocatalysis implies the combination of photochemistry with catalysis(Keat et al., 2015) (Asanithi
et al., 2012). Environmental remediation using photocatalysis for degradation of toxic pollutants from
waste water have been studied intensively. The effect of many aspects, including catalyst
concentration, pollutant concentration, solution pH, and radiation time on the Kkinetics (Silva et al.,
2022) (Krsti¢ et al., 2021), adsorption isotherm (Foo et al., 2010)and thermodynamics(Tripathi et al.,
2019)(Elfeky et al., 2020) of pollutant degradation have been investigated. The photodegradation is a
positive development to reduce waste and minimize environmental pollution (Cui et al., 2020).The
situation will help to improve wastewater management at minimal cost for the highest quality of water
(Anjum et al., 2019).

Different metal oxides including TiO2, ZnO, Fe;03, CdS and ZnS have been investigated as
photocatalysts for degradation of organic pollutant (Jadoun et al., 2021) (Schrdfel et al., 2014).In
connection, the green synthesis of nanocatalyst could be of great interest to reduce the negative impact
of the synthesis when toxic and hazardous chemicals are used for catalyst synthesis(Sharma et al.,
2019) (Liao et al., 2004) .

On the other hand, Optimization is the method used to improve the performance of systems and to
increase the yield of the processes without increasing the cost. Response surface methodology (RSM)
is one of the efficient tools used for this purpose. It involves the use of a sequence of designed
experiments to obtain an optimal response through linear models and second-degree polynomials. It is
useful also for modeling and analysis of problems in which a response of interest is influenced by some
variables(Ba et al., 2007) (Khoshnamvand et al., 2018) (Kumari et al., 2019) (Oehlert et al.,
2000)(Amir et al., 2016)(Ngo et al., 2012). In NPs field, RSM have been used for modeling the NPS
production process as well as optimization of the parameter affecting the production processes (Beg et
al., 2002) (Gadekar et al., 2019) (Nikaeen et al., 2020). In addition RSM was used in optimization and
modeling the removing of pollutants from waste water by absorption .(Gadekar et al., 2019)
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Among the metal oxides NPs, magnetite (Fe304) NPs paid lot of interest owing to its low toxicity and
high biocompatibility(Roy et al., 2019)(Ibafiez et al., 2012)(Assa et al., 2016). In the current work,
Magnetite NPs are synthesized using green route. The yield of the NPs is optimized and modeled using
RSM. Methylene blue is used as a reference pollutant to evaluate the photocatalyst tendency of the
prepared green NPs. MB is toxic and quite harmful when it exceeds specific concentrations, it is not
biodegrade this making its removal from wastewater a challenging task (He etal., 2013).In this regard,
it is essential to develop effective, low-cost, and novel materials for MB and other organic dye removal
from aqueous solutions.

In the current work green magnetite NPs are synthesized, characterized and used as photo catalyst to
remove methylene blue dye from aqueous solutions using natural sunlight. The NPs yield and its
tendency to remove MB is optimized and modeled. The kinetics and of removal are investigated and
the mechanism is demonstrated.

2. Experimental Part
2.1 Raw Materials

Iron (111) chloride hexahydrate (FeCI3.6H20) and iron (I1) chloride Dihydrate (FeCI2.2H20) Sodium
hydroxide (NaOH) was purchased from Fluka. All chemicals were used without any further
purification. Pomegranate peels was collected and cut to small fragments (average particle size....)
and then stored in sealed containers for experimentation.

2.2 The Pollutant

MB dye was chosen as a reference pollutant for the photo catalysis experiments. Stock solutions of
100 mg/L dye were prepared with distilled water and the required concentrations were obtained by
diluting.

2.3 Preparation of Green NPs

A green method was used to synthesize magnetite Fe304 NPs. The green approach is an eco-friendly
technique to synthesis nanoparticles where it is not harmful to the human health and the environment
(Patifio-Ruiz et al., 2021)(Saif et al., 2016)(Nurbas et al., 2017).The pomegranate peels were mixed
with distilled water then extracted by reflux for 3 hours at 600C. The extract was cooled then filtered
twice and kept sealed at 50C. Separately, 0.2 M iron (I11) chloride hexahydrate (FeCI3.6H20) and 0.1
M iron (1) chloride dihydrate (FeCl2.2H20) solutions were prepared. Two factorial central composite
experimental design with 10 sets of experiments was adopted to optimize and model the effect of the
amounts of the plant extract (8.3-64.2) ml and the iron salts (25-66.2) ml on the yield of the NPs. The
preparation procedure for all the experiments include mixing equal volumes of the iron salts solutions
and the plant extract. The pH of the mixture was then adjusted to 11-11.5 by adding the freshly
prepared 1.0 M of NaOH drop-wise to the solution while constant stirring continuously. After that, the
solution stirred on a hot plate at 60<C for 1 h for the completion of the reaction. The creation of Fe304
nanoparticles was confirmed by altering the color of the mixed solution from light brown to dark black.
The prepared NPs were purified by washing three times with Ethanol, the pure solid NPs were dried
in an oven at 100 °C for 24 h. Then, the dried NPs were used for characterization. Table 1 shows the
adopted experimental design for magnetite NPs preparation.
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Table 1: The actual levels for the operating variables used for preparation the green magnetite NPs.

Exp. No. 1* 2 3 4 5 6 7 8 9
Plant extract (ml) |25.0 | 10.0 | 64.2 | 8.3 |40.0 | 25.0 | 10.0 | 40.0 | 23.8
Fe salts (ml) 45.0 | 60.0 | 45.0 | 45.0 | 60.0 | 66.2 | 30.0 | 30.0 | 25.0
NPs yield (g) 29 |33 |40 |32 |50 |39 |25 |31 |10

*repetitions
2.4 Photo Catalysis Experiments

The photo catalysis experiments were carried out to evaluate the photo catalysis performance of the
green prepared NPs. The photo calysis experiments were completed based on the experimental design
illustrated in Table 2. The effect of the photo catalyst (Green NPs) dose (0.03-0.17) g and MB
concentration (2.9-17) mg/l on removal efficiency was investigated.

Table 2: Experimental design, actual levels of the operating variables

Exp. No. 1 2 3 4 5 6 7 |8 9
Catalyst dose (g) 0.17 /0.1 |005(0.15 [{0.05|0.1 |01 |0.15|0.03
MB concentration | 10 17 |5 5 15 29 |10 |15 10
(Ppm)
Removal 85 | 69 | 32 55 58 | 18 | 76 | 61 | 72
efficiency %
(Irradiation

time=200min.)
*repetitions

25 ml of different initial concentrations of MB solutions were added to the predetermined amount of
NPs (photo catalyst). The sealed mixtures were exposed to sunlight during continuous stirring at 300
rpm. The aqueous samples were taken at pre-set time intervals, filtered and their concentrations were
determined by UV-6100A spectrophotometer at the maximum absorption wavelength of 664 nm. The
removal efficiency was calculated based on an adopted calibration curve for MB (Figure 1) which
explains the relation between absorbance and the concentrations of MB solutions prepared by using
eight successive concentrations from MB for range between 2-17 mg/L.

0 5 10 15 20

Absorbance
o

MB conc. (ppm)

Figure 1: MB calibration curve
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The removal efficiency was calculated using the following equation:

% Removal= (Co- Ct/Co) x 100 [1]

Where Co= Initial concentration of MB (mg/L) and Ct= concentration of MB (mg/L) at time t.

On another hand, The MB degradation mode under the photo catalysis for each experiment was
identified by plotting the ratio of the concentration of MB at any sunlight exposure time to its initial
(C/Co) against the irradiation time. In addition, the degradation rate at certain time gt (ppm/g) was
calculated for all the experiments for the samples sunlight irradiated after100 and 200 min. using the
following equation:

gt =V (Co- Ct)/m [2]

Where Co= Initial concentration of MB (mg/L) and Ct= MB concentration (mg/L) at time t.

The dye degradation kinetic data are adjusted by the adapted models of pseudo-first-order and pseudo-
second-order.

3. Results and Discussion
3.1 Characterization of the Green Magnetite Fe304 Nanoparticles

The prepared magnetite Fe304 NPs were characterized by UV-VIS spectroscopy, scanning electron
microscopy (SEM), Energy Dispersive X-ray (EDX) and (TEM). The optical properties and band gap
in the 200-700 nm wavelength range were studied with a UV-Vis spectrophotometer. The geometry
and morphology of Fe304 NPs were investigated using SEM and TEM.

Figure 2 shows the characterization techniques and the results of a typical sample of green magnetite
NPs. Figure 2a show the UV-Visible spectra of Fe304 nanoparticles biosynthesized using
pomegranate peels extract. The result showed a maximum absorption peak around 350 nm; this
indicates the formation of Fe304 NPs. Similar UV results for magnetite NPs were found in
literature(Yew et al., 2016)(Abdallah et al., 2021)(Sathishkumar et al., 2018).

Figure 2b and 2c shows the Scanning electron microscopy (SEM) and TEM images Fe304 NPs
respectively. The SEM image shows that the NPs are with spherical, cubic-like shape with remarkable
agglomerate morphologies. Figure 2d shows the particle size distribution of Fe304 NPs. The particles
have a narrow size range, with a mean average size of 113 nm.

Regarding the elemental composition, the Energy Dispersive X-ray (EDX) plot shows that iron and
oxygen are the primary components of the NPs structures.
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Figure 2: Characterization of FesO4 NPs. a: UV spectra, b: SEM image, ¢: TEM image, d: Particle
size distribution, e: Energy Dispersive X-ray (EDX) image

3.2 MB Degradation Mode and Rate and Removal Efficiency

The MB degradation mode under the photo catalysis process is illustrated by plotting the ratio of the
concentration of MB at any sunlight exposure time to its initial (C/Co) for each experiment against the
irradiation time. Typical plots are seen in Figure 3.
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Figure 3: Mode and profile of Photolytic degradation of MB using green Magnetite NPs. (a):
Exp.no.4, (b): Exp. No. 7.

It is obvious to note that the photo degradation of the dye increases with increasing sunlight irradiation
time. It can be seen that the degradation ratio significantly decreased with the increasing the irradiation
time during the initial degradation time and then remained decrease but with lower rate. The situation
may be attributed to that at the beginning of degradation, a large number of active sites on the surface
of NPs could be used, causing a fast degradation rate. However, more and more active sites became
occupied by the MB molecules with the increasing irradiation time. Furthermore, a strong repulsive
force may be generated between the degraded MB ions and the undegraded MB ions, making the
remaining sites more and more difficult to occupy. However, the inflection point varies for each
experiment. This indicates that both the concentration of the photo catalyst and MB had an obvious
effect on the degradation ratio of MB. During the beginning of degradation, the larger the MB
concentration, the more the contact chance between the MB molecules and NPs, resulting in a higher
degradation rate. The enhanced photocatalytic activity may be related to the synergetic adsorption—
photocatalytic degradation effect of the green NPs. After a certain sunlight exposure time, the MB
degradation moves to a steady state. An increasing MB concentration will increase the driving force
for the photo catalysis and, of course, would promote the degradation. The phenomena were highly
approved by plotting the degradation rate at certain time gt (ppm/g) versus the concentration of MB at
constant catalyst dose.

Figure 4a shows that at constant dose of the photo catalyst (0.1g), the rate of degradation at 100 min
and 200 min increases with increasing the concentration of MB. Nevertheless, the degradation rate is
affected by both the concentration of MB and the photo catalyst dose as illustrated in Figure 4b.
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Figure 4: (a): MB degradation rate versus concentration at constant photo catalyst dose, (b):
Degradation rate at sunlight exposure for 100 and 200 min. versus the designed experiments.
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The removal efficiency showed the same trend as shown in Figure 5.
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Figure 5: Removal efficiency % versus no. of experiments.

The MB molecules, will gain a positive charge after dissolution in water, will be degraded more and
faster with a subsequent increase in the percentage color removal.

3.3 ANOVA Results for MB Degradation Rate and the Removal Efficiency of the Photo
Catalyst

In this work the central composite design (CCD) approach of RSM was used based on two independent
variables (the volume of pomegranate extract and the volume of the Fe salts). Ten different
experiments were developed including six volume levels of plant extract (8.3, 10.0, 23.8, 25.0, 40.0
and 64.2) ml and five volume levels of the solutions of Fe salts concentration (25.0, 30, 45.0,60.0 and
66.2) ml.

The Pareto chart was established to examine the absolute magnitude, importance, and interactions of
the standard effects of the two independent variables on the green NPs yield. Figure 6a showed that
the two operating variables are significant reflecting by drawing the reference line on the graph,
however, the volume of Fe salts seemed more significant. The positive sign of the effects of the two
factors indicated that the NPs yield increases with increasing the volumes of the two variables. Figure
6b justified the effects. The 3D response surface of the effect of the two variables is shown in figure
6¢, while the non-oval-shaped contour estimated response surface lines in Figure 6d predicts that there
is no interaction between the factors and the response. The former situation is justified by parallel lines
of the interaction plots of Figure 6e. The experimental data have been analyzed to evaluate the
normality of actual values versus predicted for NPs yield. Figure 6f shows the normal probability plot
which indicates that all the plotted points for the NPs yield are very close to the fitted distribution line
which reflected that the experimental data were in good correlation with the predicted model outcomes,
thus the generated response model is applicable and acceptable for estimating the NPs yield
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Figure 6. Pareto chart (2), standardized effects plot (b). 3-D estimated response surface (c), 2-D
counter plots (d), Interaction plots (e), Normal probability plot (f) for NPs yield.

The results of the analysis of variance (ANOVA) performed on NPs yield resulted in the following

mathematical model:

NPs Yield (g) = 4.01 - 0.104*E - 0.05*S+ 0.002*E"? + 0.001*E*S + 0.001*S"?

Where E is the plant extract volume (ml)and S is the volume of Fe salts (ml).

[3]

The polynomial estimated with a P-values <0.05 that imply the model and parameter are significant
and the developed model is of high accuracy. The model’s fitness and adequacy is reflected by the
computed high coefficients of determination (R2) = 95.75 % and adjusted coefficients (R2adj) =90.41
%. which indicate the models' predictive capacity?

The model was estimated with optimum NPs yield of 5.91 g produced from the reaction of 46.21 ml
of plant extract with 66.21 ml of each Fe salt.
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The ANOVA results for removal efficiency of the photo catalyst (NPs) for MB are illustrated in Figure
8. The Pareto chart (figure 8a) showed that MB concentration has the top significant effect compared
to the photo catalyst, however, the removal efficiency increases with increasing the amount of the
photo catalyst and MB, but regarding the MB it increases to an optimum level then decreases as
illustrated in Figure 8b. The reason may be attributed to decreasing the number of active sites on the
surface of NPs as more active sites became occupied by the MB molecules.
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Figure 7: Pareto chart (a), standardized effects plot (b). 3-D estimated response surface (c), 2-D
counter plots (d), Interaction plots (e), Normal probability plot (f) for removal efficiency.
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The effect of the load of the photo catalyst and the concentration of MB is obvious in the 3D-estimated
response surface plot (Figure 8c). The non-interaction effect of the operating variables with the
response is clarified in the non-oval-shaped contour response surface lines in Figure 8d and the parallel
lines of the interaction plots in Figure 8e. The normal probability plot showed that all the plotted
points for the removal efficiency are close-fitting to the distribution line which indicated the high
tendency of the generated model to explain the experimental results

The generated mathematical model is described in the following polynomial equation:

Removal efficiency % = -60.13 + 40.10*C + 19.50*M - 4.5%C2 - 2.0*C*M - 0.75*M? [4]
Where C is the photo catalyst (g). M is the MC conc.(mg/l)).

The model’s fitness and adequacy is approved such as the polynomial estimated is with a P-values
<0.05 and high coefficients of determination (R2) = 90.13 %.

The optimum removal efficiency % estimated by the model is 82.07 could be reached with an optimum
photo catalyst load of 0.17 g and 10.8 mg/| MB.

3.4 Effect of pH on Removal Efficiency

The effect of pH on removal efficiency of MB by the photo catalyst was studied by using the optimum
catalyst dose (0.17g) and MB concentration (10.8 mg/l) estimated from ANOVA at different pH
(3,5,7,9 and 11.2). NaOH (0.1N) and HCI (0.1N) were used to adjust the pH. The pH was measured
by using pH-meter. The pH is the important factor which controls the removal process of the dyes
(‘Yaseen & Scholz, 2019)(Gutiérrez et al., 2001)(Hashim et al., 2019).As elucidated in Figure 8 shown
effect of various PH in removal efficiency. the dye removal was minimum at pH 3, but it increased as
the pH was increased from 2 to 11.2. The situation is attributed to that at low pH, the dye become
protonated. The neutralization of the negative charges at the surface of the catalyst cause a decrease
in the removal efficiency in the acidic media owing to the electrostatic repulsion between the
protonated dyes and positively charged photo catalyst sites. Increasing the pH will facilitate the
diffusion process and provides more active sites (negative charge groups) at the surface of the catalyst
thus facilitating greater dye removal. Similar trends were observed in the literature (Nguyen & Fogler,
2005)(Gros et al., 1976).

84
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Figure 8: removal efficiency % in versus no. of PH (9,7,5).
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3.5 MB Degradation Kinetics

Kinetics study is important to the photo catalysis process because it depicts the degradation rate and
adsorption of pollutant and controls the residual time of the whole photo catalysis process (J. Wang et
al., 2017)(Giovannetti et al., 2016)(Kurajica et al., 2018)To explore the kinetics of the photo catalysis
process, the experimental data were fitted to the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models.

The linear forms of the pseudo-first-order and the pseudo-second-order are represented by:

In(ge —q: ) = Ing, — K1t [5]

t 1 t

ki a _ [61

where K 1 (min—1) and K 2 (g'mg—1-min—1) are the rate constants of the pseudo-first-order and
pseudo-second-order, respectively.

The pseudo-first-order kinetic model is based on the assumption that the adsorption process of MB
molecules is the physical adsorption. The second-order model is based on the assumption that the
adsorption process is the chemical adsorption. The parameters of kinetic models and the correlation
coefficient (R 2) values were obtained by linear regression. They are listed in Table 3.

Table 3: The parameters of the kinetic models estimated.

Pseudo- first order Pseudo-second order
Co Time | Qe Ki R? Qe Kz R?
(mg/l) | (min) | mg/g min- mg/g min-t

4.05 60 15.788 | 0.011 0.97 |16.99 0.0259 | 0.83

120 16.67 | 0.00835 16.18 | 0.0274
140 16.8 0.00845 16.85 | 0.0276
160 16.9 0.0107 16.90 | 0.462

As can be seen, the R 2 values obtained from the pseudo-first-order were consistently higher than those
from the pseudo-second-order. In addition, the ge values coincided with the expected ge values (ge,
exp). That indicates that the adsorption of MB molecules and its degradation perfectly obeys the
pseudo-second-order model meaning the controlling rate step is chemisorption (Vasiljevic et al.,
2020)(Xu et al., 2014)(Kundu et al., 2019).

4. Conclusions

Magnetite NPs synthesized by plant mediated method is a cost effective, safe and ecofriendly
nanomaterials have unique optical and photo catalysis properties that highly candidate them for
environmental remediation including degradation of organic dyes pollutant such as MB from agueous
solutions as well as wastewater. The optimization of the synthesis process revealed that both plant
extract concentration and the metal salts have significant effect of the yield of NPs, however the metal
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salt concentration seemed more significant. Also, the rate of adsorption and degradation of the dye
increases with increasing the concentration of dye. The parameters of kinetic models confirmed that
the adsorption of MB molecules and its degradation perfectly obeys the pseudo-first-order model
meaning the controlling rate step is chemisorption rather than physical adsorption.
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