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Abstract

Eucalyptus plant leaves aqueous extract was used to produce a green bimetallic Fe/Pd
nanoparticles (G-Fe/Pd NPs) catalyst for the degradation of synthetic oily effluent. Using
Brunauer-Emmett-Teller (BET) analysis, Fourier-transform infrared spectroscopy (FTIR),
particle size, and a zeta potential analyzer, the synthesized G Fe/Pd NPs were evaluated. G-Fe/Pd
NPs have been found to contain nanoparticles, with a mean size of 182 nm and a surface area of
5.106 m?/g. The resulting nanoparticles were then used as a catalyst for a Fenton-like reaction.
The amount of green catalyst G-Fe/Pd NPs (0.125-0.5 g/L), H202 concentration (15-37.5
mmol/L), pH (3-7), and temperature (25-45°C) all have a significant impact on the degradation
efficiency of synthetic oily wastewater. Batch experiments showed that 88.9% degraded
chemical oxygen demand (COD) from synthetic oily wastewater within the optimum conditions
of peroxide concentration, catalyst dose, pH, and temperature which were 30.0 mmol/L, 0.375
g/L, 3, and 45°C respectively along with 60 min contact time. The results of kinetic models
showed that oily wastewater removal followed the Behnajady-Modirshahla-Ghanbary (BMG)
model. Finally, the thermodynamic study of the reaction was also examined and concluded to
endothermic reaction with an enthalpy of 37.39 kJ/mol.

Keywords: Biosynthesis, Fe/Pd bimetals, Fenton-like, Oily wastewater removal,
Kinetic model, and Thermodynamic function.
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1. Introduction:

The industrial sector is a significant contributor to water pollution, as it produces and discharges
various types of toxic compounds into water effluents [1]. Organic pollutants, including
petroleum hydrocarbons, pose a significant threat to the environment and human health when
released into aquatic systems [2]. Unfortunately, petroleum hydrocarbons are persistent organic
contaminants that can have detrimental effects on the environment and can have various negative
effects on both humans and the aquatic ecosystem [3-4]. To mitigate the negative impacts of
petroleum hydrocarbon pollutants, stricter regulations, and wastewater treatment processes are
needed to ensure the effective removal and reduction of these contaminants before they are
discharged into the environment [5]. Currently, several modern techniques of treating oily
wastewater are being consistently used [6-7]. The selection of the appropriate technique depends
on factors like the level of contamination, environmental conditions, and the desired remediation
goals. Advanced oxidation processes (AOPs) have received considerable attention as a potential
strategy compared to conventional methods because of how well they degrade and mineralize
contaminants in wastewater [8]. Heterogeneous Fenton-like oxidation, which relies on the
interaction between solid iron (as a catalyst) and hydrogen peroxide (as an oxidant), produces
hydroxyl free radicals (*OH), a highly reactive species [9-10].

In general, green nanotechnology involves the use of biological sources, such as bacteria, fungi,
or plants, in the production of nanomaterials using a variety of biotechnological methods [11].
The resulting nanoparticles are environmentally safe and devoid of hazardous substances. The
capping and reducing agents such as flavonoids, polyphenols, and other reducing compounds
found in plant extract can convert the metal ion to zero-valent and prevent them from
aggregating [12]. These plant extracts offer several benefits, including the fact that they are

inexpensive, non-toxic, and free of compounds with negative side effects. By using a second
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catalyst like Cu, Pt, Pd, or Ni, bimetal is utilized to shield nanoparticles from oxidizing to stop
this process [13-14].

The purpose of this work is to investigate the removal of synthetic oily wastewater by a Fenton-
like process employing an inexpensive and environmentally safe catalyst. First, green synthesis
of bimetallic iron/palladium nanoparticles (G-Fe/Pd NPs) was achieved by reducing the iron and
palladium salts with an extract from eucalyptus plant leaves. Second, study different
experimental parameters that affect for removal of oily wastewater using a batch Fenton-like
oxidation. The effects of pH, temperature, G-Fe/Pd-NPs dose, and H,O concentration were all
investigated in each step. Thirdly, study the kinetics and thermodynamics of Fenton-like

reactions to ascertain the processes' type and rate of operation.

2. Material and Methods

In this study, all substances were of the analytical grade, and all experimental components

used distilled water. The Ministry of Science and Technology's park was used to harvest the
Eucalyptus leaves, which were then dried at 50°C in an electric oven. While palladium
chloride (PdClz) (Pd 59-60%) was obtained from CDH, India, anhydrous ferric chloride
(FeCl3), hydrogen peroxide (30% weight per weight), and sodium sulfite (Na;SOs) were
purchased from Sigma-Aldrich. The synthetic pollutant was commercial diesel oil from Iraq,
and the emulsifier was sodium dodecyl sulfate (SDS) (C12H2sNasS). The pH was adjusted
using sodium hydroxide (NaOH) and sulfuric acid (H2SO4), both of which were acquired from
AppliChem (GmbH).

2.1. Preparation of the synthetic oily wastewater

Following the steps given in “References [15], and [16]”, we prepared the oily wastewater as
follows:

The synthetic oily emulsion was prepared by gradually adding 15 mL of Iragi diesel oil to 985
mL of distilled water while stirring the mixture at 300 rpm, along with 0.05 g of SDS
emulsifier. After filtering the emulsion solution with Whatman 22-pum filter paper, an
emulsion with a chemical oxygen demand (COD) concentration of 200+11 mgO./L was
obtained.

2.2. Synthesis of green iron/palladium nanoparticles G- Fe/Pd-NPs

The method used for synthesizing the G- Fe/Pd-NPs was somewhat modified from that

disclosed in the earlier work “References [13], and [17]”. The steps were as follows: In an
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electric oven set to 50°C, humid Eucalyptus leaves were gathered and dried. To make the
bioactive extract, 10.0 g of dry, finely powdered eucalyptus leaves powder was dissolved in
250 mL of distilled water. A hotplate set to 85°C was used to heat the solution for 30 minutes.
After that, the extract was cooled to room temperature and filtered through a 0.45-pm
membrane filter to remove the suspended eucalyptus particles. The following step was mixing
1.6 g of solid FeCls with 100 mL of distilled water to produce a solution that contained 0.10
mol/L of ferric chloride. Weighing 0.08 g of solid PdCI; in 100 mL distilled water resulted in
the preparation of another PdCl> solution (4.5 mmol/L). These two solutions were thoroughly
dissolved before; the contaminants were eliminated by filtering them using a 0.45-pm
membrane filter. The combination of solutions of (FeCls and PdCl,) was slowly added to the
Eucalyptus extract solution for 30 min at room temperature while being continuously stirred at
a magnetic stirring rate of 300 rpm. The color of the mixture shifted from yellow to black once
the addition was finished. This proved that Fe®* and Pd?* had been converted into Fe® and Pd°
nanoparticles, respectively. The solution was then brought to a pH of 6.0 and agitated
continuously for 15 minutes. Following an hour of the solution standing, the black precipitate
of Fe/Pd nanoparticles was removed using vacuum filtering and filter paper with a 0.45-um
pore size. The G- Fe/Pd-NPs were dried in an oven at 50°C for the whole night before being

milled into a fine powder.
2.3. Characterization of G-Fe/Pd NPs

To describe the functional groups of the G-Fe/Pd NPs, the Fourier transform infrared
spectroscope (FTIR) was employed. Shimadzu spectrophotometer was used to conduct the
FTIR analysis in the spectrum region of 4000 to 400 cm™. To study the electrophoretic
behavior of the fluid, the Zeta Potential Analyzer model (NanoBrook ZetaPlus) was utilized to
assess the stability of produced G-Fe/Pd NPs. The zeta potential of any nanoparticles might be
positive at low pH levels or negative at high pH values. Zeta potential measurements had a pH
of around 6. Additionally, the particles' sizes ranged from 10 nm to 300 nm, depending on

particle density can be measured by Zeta Plus.
2.4. Batch experiments for removal of oily wastewater

According to the following methodology, batch evaluations were carried out in this study to

evaluate oily wastewater removal effectiveness. In the Fenton-like oxidation studies, the effect

of G-Fe/Pd NPs amount was investigated in the concentration range of 0.125 to 0.5 g/L on the
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oxidation of 1.0 L of a synthetic oily solution containing 200+11 mgO./L of COD at a fixed
concentration of 22.5 mmol/L hydrogen peroxide (H.O2) and pH of 3. Later, at a pH of 3, the
ideal dosage of G-Fe/Pd NPs (0.375 g/L) and the influence of H20. concentration (between
15 and 37.5 mmol/L) on the degradation of oily wastewater were assessed. Three different pH
values (3, 5, and 7) were used in experiments to see which was the most effective for allowing
oily wastewater to degrade. Additionally, the effects of the reaction temperature in the range
of 25-45°C were investigated. The standard photometric method 5220D was used to calculate
the chemical oxygen demand (COD). By comparing instrument response (Absorbance)
against a reference concentration of potassium hydrogen phthalate, as illustrated in Figure (1),
we established a calibration curve using the photometric method 5220D. Then the sample
response with the standard curve was evaluated, to determine the sample concentration. While
degradation efficiency percentage, DE (%) for oily wastewater was calculated according to
Equation (1):

CODy—COD;

DE(%) = COD,

x 100 (1)

where CODy is the initial concentration of COD of the oily wastewater, and COD:; is the

concentration of COD at time t.

0.35

0.3
y =0.0003x + 0.0037
2=
0.25 R2=0.9897

0.2 4

Absorbance

0.05 ~

0 200 400 600 800 1000
COD (mgO2/L)

Fig. (1): Calibration curve for COD

3. Results and Discussion

3.1 Characterization of the catalyst G-Fe/Pd NPs
The zeta potential analyzer was used to assess the green catalyst G-Fe/Pd nanoparticle size.

This method made use of electrophoretic light scattering (ELS), The nanoparticle particles
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had an average diameter of 182 nm. High zeta potential values provide nanoparticle stability
to prevent aggregation, whereas low potential causes flocculation. The overall stability of G-
Fe/Pd-NPs was demonstrated by a moderately negative value at (-31.0 mV) from zeta
analysis, as shown in Figure (2). This stability results from the presence of phenolic chemicals

in the eucalyptus plant leaf extract [18].
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Fig. (2): Zeta analysis (a) potential (b) particles size for G-Fe/Pd-NPs

The findings of the G-Fe/Pd-NPs surface area obtained using the BET approach are displayed
in Table (1). According to the categorization of the IUPAC, which defined the pore size as
macropore (more than 50 nm), mesopore (2 to 50 nm), super micropore (0.7 to 2 nm), and
ultra-micropore (less than 0.7 nm) [13], the pore size for G-Fe/Pd-NPs in this investigation was
50.4 nm, which may be classified as a mesopore. These diameters of holes therefore provide
better stability by acting as a shielding agent to avoid the severe reaction conditions of the

nanoparticles' active sites [18].

Table (1) BET parameters for G-Fe/Pd-NPs

Parameter Value
BET (m?/g) 5.106
Pore size (nm) 50.4
Pore volume (cm?/g) 0.019

In order to ensure that the functional group of the green catalyst G-Fe/Pd-NPs is as shown in
Figure (3), the FTIR is obtained in the band range 400-4000 cm™. The polyphenol compounds
that play a significant role in the reduction of the Fe/Pd metals and subsequent creation of
bimetallic nanoparticles are responsible for the O-H stretching vibrations shown in the band
3392 cm™. The presence of polyphenols in eucalyptus leaves is shown by the C=C group in the
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produced nanoparticles, which can be seen at band 1620 cm™. These substances contribute to
the reduction of G-Fe/Pd NPs production. While bands at 1190 and 1160 cm™ belong to C-OH
bending, respectively, bands at 1433 and 1429 cm™ were associated with the aromatic ring as
seen in Figure (3) “in press” [19]. The (Fe-O) stretching relates to the bands found at 750 cm™,
and the vibration bandwidth between 478 cm™ might be attributed to Fe/Pd nanoparticles [20].
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Fig. (3): FTIR spectra of G-Fe/Pd-NPs

3.2 Effect of the amount of G-Fe/Pd NPs

With doses ranging from 0.125 to 0.5 g/L, the impact of green catalyst G-Fe/Pd NPs loading
on the removal of oily wastewater was investigated. The first stage is maintaining the H.O>
concentration at 22.5 mmol/L and doing several experiments with varying concentrations of
green catalyst to remove synthetic oily solution containing 200+11 mgO./L of COD at
original pH 3 and room temperature. According to Figure (4), after 60 minutes of the Fenton-
like reaction, 75.1% of the oily wastewater was removed using 0.375 g/L of G-Fe/Pd NPs, but
only 59.5% was accomplished using 0.125 g/L of G-Fe/Pd NPs. The increased accessibility of
active sites throughout the whole surface area of the green catalyst G-Fe/Pd NPs may be
responsible for this [12]. There is no significant enhancement in the degradation efficiency

when the amount of the green catalyst is increased. Therefore, we chose 0.375 g/L as the
optimum concentration.
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Fig. (4): Effect of G-Fe/Pd NPs dose

3.3. Effect of H202 concentration

The required amount of hydrogen peroxide (H203) is a crucial factor in achieving the highest
level of oily degradation from aqueous solutions [15]. The first step is maintaining the green
catalyst G-Fe/Pd NPs at its ideal concentration of 0.375 g/L and researching the effects of
various H20> concentrations on the removal of 20011 mgO./L of COD oily aqueous solution
at starting pH 3.0 and room temperature. Figure (5) indicates evidence that the effectiveness
of degradation increased as hydrogen peroxide concentration increased because more
hydrogen peroxide results in a higher generation of the hydroxyl free radical (OH).
According to Figure (5), the values of degradation efficiency after 60 min of Fenton-like rose
from 64.5% to 82.0% when hydrogen peroxide was increased from 15.0 to 30.0 mmol/L,
respectively. Higher concentrations of H.O2 (37.5 mmol/L) do not significantly enhance
removal efficiency; this behavior may be explained by the recombination of hydroxyl radicals

with H202, which will result in the scavenging of *OH radicals [12].
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Fig. (5): Effect of H202 concentration
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3.4. Effect of pH media

As shown in Figure (6), the pH values of 3, 5, and 7 were investigated. It was discovered that

the breakdown of oily wastewater was substantially better at pH 3 than at any other pH. The

decrease in the effectiveness of the reaction happened gradually as the pH rose above 3. For

instance, when the pH rose from 3 to 7 correspondingly, the removal reduced from 82% to
40.0% after 60 min of the Fenton-like reaction. The instability of H.O> and the limited

oxidation capacity of the hydroxyl radical in this environment can be used to explain why the

breakdown of oily wastewater is reduced at pH levels greater than 3 [15]. Accordingly, pH 3

is the optimum for oil degradation when using the green catalyst G-Fe/Pd NPs in a

heterogeneous Fenton-like catalytic system.
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Fig. (6): Effect of pH media on the degradation of oily synthetic wastewater

3.5. Effect of temperature

To remove oily wastewater, the effects of several temperatures (25, 35, and 45 °C) on green
catalyst G-Fe/Pd NPs (0.375 g/L) and H20. (30.0 mmol/L) at pH 3 were also investigated.

Figure (7) demonstrates how the degrading efficiency grew sharply as the temperature rose. Oil

degraded efficiently in 60 minutes at 45 °C, 35 °C, and 25 °C, respectively, at rates of 88.9%,

81.8%, and 75.6%. The mobility of oil pollutants from the solution to the surface of the green

catalyst G-Fe/Pd NPs was enhanced when the temperature was raised, which may explain why

the Fenton-like reaction was largely reliant on temperature [10].
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Fig. (7): Effect of temperature on the degradation efficiency of oily wastewater
3.6. Kinetics and thermodynamic studies
The linear versions of the first-order, second-order, and Behnajady-Modirshahla-Ghanbary
(BMG) kinetic models, as indicated in Equations. (2) to (4), were each used to determine the

degradation rate [8].

lnc— = ky.t First-order (2)
t
1 1
———= k,.t Second-order (3)
C: G

t
—=—=m+b.t BMG 4
() (4)

where ki and ko are the kinetic rate constants of first and second-order kinetic models,
respectively, Co and C; are the concentration of COD (mgO/L) for the oily wastewater, at the
initial and given time t (min). While m and b are two constants concerning initial reaction rate
and maximum oxidation capacity, respectively.

At various concentrations of G-Fe/Pd NPs, Figure 8 displayed the linear plots of the Kinetics data
for the first-order, second-order, and BMG models. Because the correlation coefficient values of
the BMG model are often greater than those of the First and Second-order Kinetic models, all

data are extremely well fit by this model. These findings agree with previous studies [8], [14].
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Fig. (8): Linear plots of kinetics data of the first-order, second-order, and BMG models at

various concentrations of G-Fe/Pd NPs.

The following equations are used for calculating the standard Gibbs free energy change (AG?),

enthalpy change (AH?), and entropy change (AS°®) for the heterogeneous Fenton reaction [18]:

Kqa= (Co— Co)/ Ce X (V/m) ©)
AG® = —RTInK; = AH® — TAS® (6)
InK,; = (AS°/R) — (AH°/RT) @)

where Ce, V, and m are the COD of oily wastewater at equilibrium, the volume of oily solution

in a liter, and the amount of G-Fe/Pd NPs in grams, respectively. These values can be found in

Equation (5). where T is the temperature of the Fenton-like reaction in Kelvin, R is the universal

gas constant (8.314 J/mol.K), and Kgq is the equilibrium constant (L/g). Equation (6) can be used

to get the values of AG®, whereas Figure (9) plot of In Kq vs 1/T can be used to determine the

values of AH? and AS©.
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Fig. (9): Relationship between In Kq against 1/T for thermodynamic constants

The results from Table (2) demonstrate that the Fenton-like reaction is spontaneous and

endothermic, respectively, as demonstrated by the negative values of AG® and the positive

values of AHC. According to Table (2), the reaction's temperature increased the degree of
spontaneity in the Fenton-like reaction. The Fenton-like reaction of oil over green catalyst G-
Fe/Pd NPs results in an increase in randomness at the solid/solution interface, according to the
positive value of AS®. This result is in agreement with a previous study for the removal of

malachite green dye using a Fenton-like (Fe**/H.0;) reaction at a range of temperatures, from 25
to 55 °C [21]. The findings showed the spontaneous and endothermic nature of the malachite
green dye's Fenton-like process.

Table (4) Thermodynamic functions AG®, AH®, and AS°

Temperature Ln Ky AG° AH® AS°
(K) (Lig)  (ky/mol) (kd/mol) (kJ/mol K)
298.15 2.112 -5.236 37.393 0.142
308.15 2.478 -6.348

318.15 3.063 -8.103
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4. Conclusions

In this study, iron/palladium bimetallic nanoparticles (G-Fe/Pd NPs) were produced using an
aqueous extract of eucalyptus plant leaves and utilized to remove synthetic oily wastewater. Zeta
potential is used for evaluating the product's stability while FTIR, BET, and particle size are used
to describe the green catalyst G-Fe/Pd NPs. The surface area of the G-Fe/Pd NPs was 5.106
m?/g, and the average particle size was 182 nm. The effect of process variables on the degrading
efficiency was investigated, including the pH of the medium, temperature, and the concentrations
of G-Fe/Pd NPs, and H20». After 60 minutes of a Fenton-like reaction, the removal efficiency
was 88.9% under the experimental circumstances of 0.375 g/L of G-Fe/Pd NPs, 30.0 mmol/L of
H>0O>, temperature 45°C, and a pH of 3.0. All Fenton-like reaction parameter systems appeared to
fit the BMG model better, according to the kinetic analyses. The Fenton-like reaction is
extremely endothermic and spontaneous, according to research done on the thermodynamic

characteristics of the Fenton-like system.
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