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Abstract:

This research paper studies the use of an environmentally and not expensive method to degrade
Orange G dye (OG) from the aqueous solution, where the extract of ficus leaves has been used to fabricate
the green bimetallic iron/copper nanoparticles (G-Fe/Cu-NPs). The fabricated G-Fe/Cu-NPs were
characterized utilizing scanning electron microscopy, BET, atomic force microscopy, energy dispersive
spectroscopy, Fourier-transform infrared spectroscopy and zeta potential. The rounded and shaped as like
spherical nanoparticles were found for G-Fe/Cu-NPs with the size ranged 32-59 nm and the surface area
was 4.452 m?/g. Then the resultant nanoparticles were utilized as a Fenton-like oxidation catalyst. The
degradation efficiency of OG dye highly depends on H.O, concentration (1.7-5.28 mM), catalyst dose (0.4-
1.6 g/L), pH (2-7), initial OG concentration (25-75 mg/L), and temperature (20-50 °C). Batch experiments
showed that 94.8 % of 50 mg/L of OG dye was removed within the optimum peroxide concentration, dose,
pH and temperature which were 3.52 mM, 1 g/L, 3, and 40°C respectively along with 30 min contact time.
The results of kinetic models showed that OG removal followed the second-order model. Finally, the
thermodynamic study of reaction was also examined and concluded to endothermic reaction with 29.725

kJ/mol activation energy.

Keywords: Fenton-like, Green synthesis, Iron/copper nanoparticles, Kinetics, Orange G dye.

Introduction:

Globally, dyes are produced up to thousands of
tons yearly and used by many industries such as
textile, leather, and printing. However, the release
of these materials into effluent water impacts the
ecosystem and causes pollution due to entering
some risky elements in their production ®. Further,
dyes harm the esthetic of water, prevent absorption
of sunlight, and photosynthesis 2. Some literature
confirmed that the azo structure contains benzene
rings and the increase of these rings leads to rising
toxicity . Orange G dye (OG) is one of the common
synthetic azo dyes, it is easily dissolved in water
and has been used to color textile products such as
wool and silk. On the other hand, OG is a highly
toxic anionic dye, the hazardous of this dye can be
imputed to the azo group which is existing in its
structure, furthermore, direct exposure to OG dye
can impact the human digestive or respiratory *.
Therefore, various methods and technologies have

been used for treating dyes in wastewater. In the last
few decades, the removal of dyes was accomplished
using classical methods such as sedimentation and
equalization °. Recently, various technologies and
techniques have been used for treating wastewater
polluted with dyes including adsorption, chemical
coagulation, ions exchange, membrane separation,
photocatalysis and electrocoagulation ©, however,
these technologies have their drawbacks represented
by the formation of undesirable intermediates,
expensive, and restricted in some applications 7. In
the most recent decade, advanced oxidation
technologies (AOTSs) have emerged as potential
alternative techniques to eliminate the organic
contaminants derived from industrial effluents,
these techniques provided a significant solution for
removing the wastewater dyes and have the ability
to treat the components that are resistant to
traditional treatment technologies and without
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generating secondary wastes 8 The AOTs are
performed by the activation of hydrogen peroxide
(H20,) and produced highly reactive and non-
selective species like hydroxyl radicals ((OH), these
compounds have the capability to oxidize the
organic pollutants existing at high concentrations *
10 Among the ATOs treatment methods, Fenton’s-
reagent has taken major attention due to the
simplicity and eco-friendly of this method, it
depends on the reaction between Fe?* ions and H,O,
for producing very reactive compounds named
hydroxyl radicals . However, there are some
limitations with using Fe?* ions related either by
ferrous precipitation at the low pH or °"OH
scavenging for using a high concentration of H20,,
thereby, the Fe?* replaced by zero-valent iron (ZVI)
nanoparticles which have proved a good catalyst to
overcome the drawbacks. Therefore, the Fenton-like
reactions are promising good techniques for the
degradation of complex organic pollutants 2.
Different methods are used to synthesize ZVI
such as the physical method that includes milling,
vacuum sputtering, and thermal decomposition.
Moreover, the chemical method uses borohydride
(NaBH,) as a reduction agent. These two methods
may need a piece of sophisticated equipment,
difficult conditions to control during the experiment,
long procedures, and toxic capping agents.
Therefore, the biological method is a promising
technique to overcome these problems while
achieving a safe and suitable procedure to synthesize
nanoparticles, treatment technology from plant
extract and microorganisms which have been used as
an alternative to physical and chemical methods 3.
The biological synthesis using leaf extract of plants is
shown to be a more promising technique due to
economic feasibility and are not complex synthetic
procedures. Plant leaves contain an extremely large
amount of both capping and reducing agents like
flavonoids, polyphenols, and other reducing
components that have the ability to reduce the salts to
zero-valent and prevent them from agglomeration.
The abundance of plants that do not have chemicals
with bad side effects, non-toxic, have high efficiency
and are not expensive, have been approved to be
used in synthesizing green nanoparticles which are
going to be utilized in treating wastewater ** *°. One
of the most abundant evergreens in several Asian
countries and the United States is the ficus tree. It
belongs to the Moraceae family and can grow up to
30 meters in its normal habitat . Ficus contains
numerous bioactive compounds such as phenolic,
flavonoids, alkaloids and tannins. These components
are critical to the creation of ficus-zero valent iron
nanoparticles (F-Fe°) because they do not have
negative or toxic side effects. They are also

biodegradable, environmentally safe, and can act as
capping and reducing agents . Although iron
nanoparticles (Fe-NPs) has become widely used as a
promising metal in treatment processes for the
removal of various environmental contaminants 8,
the reactivity of (Fe-NPs) may be impacted by the
development of an oxide layer around particle
surfaces °. To prevent this reaction, bimetal has been
widely used to protect nanoparticles from oxidizing
by adding a second catalyst such as Cu, Pt, Pd, Ni to
Fe-NPs . The mutual effect of two metals improves
the properties of nanoparticles over the use of just
one metal (monometallic); therefore, bimetallic
nanoparticles have become of great interest to
researchers 2° 2, Due to the economically and safely
uses of copper compared to Pd and Ni, it has been
used for coating the catalyst to enhance the rate of
decolourization *°. The novel idea of removing OG
by using a catalyst of bimetallic Fe/Cu nanoparticles
synthesized by ficus leaves can be ascribed to the
significance of using green chemistry methods that
represent an alternative environmentally and not
expensive ways, furthermore, the bimetallic catalyst
of nanoparticles is more effective than mono-metal in
the removal of various contaminants %,

In this study, green synthesis of iron/copper
nanoparticles (G-Fe/Cu-NPs) was prepared using the
extract of the ficus plant. Then the effects of
experimental factors such as concentration of H.O,
pH, the initial concentration of dye, temperature, and
the dose of catalyst on the degradation of anionic
Orange G dye using Fenton-like reactions have been
investigated.

Materials and Methods:
Chemical and reagents

The purity of all chemicals utilized was high
(99.9 %), ficus leaves were collected from the
University of Baghdad, Irag. OG was purchased
from Central Drug House (BDH) Company, and
Table 1 shows the properties of this dye. Ferrous
sulfate heptahydrate (FeSO4.7H.0) was purchased
from BDH company and copper sulfate
pentahydrate (CuSO4-5H20) was purchased from
Fluka AG company. The change of pH was adjusted
using 1.0 M H,SO, and 1.0 M NaOH solutions. The
wavelength Amax Was specified using a UV/VIS
spectrophotometer.
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Table 1. Physicochemical characteristics of

orange G dye (OG).

Properties of (OG) dye

Molecular structure ONa

oo )
CH
o [

NaO*%
o}

Molecular formula C16H10N2Na07S;
Molecular weight (g/mole) 452.37
Solubility in water Soluble in water

Maximum wavelength (nm) 478

Catalyst Preparation

The G-Fe/Cu-NPs was prepared following
the same procedures showed in the previous study
2 with some modifications as follows:
Step 1: Fresh ficus leaves were washed several
times using tap water, and then washed with
distilled water to eliminate any impurities or dust,
followed by drying in an oven at 60 °C.
Additionally, they were cut using mortar and pestle
into small pieces with sifting using a 2.5mm sieve.
Step 2: The ficus leaf extract is prepared in 150 ml
of deionized water with 20 g of ficus leaf pieces
which were then boiled at 70°C for 20 min and then
filtered using filter paper to remove suspended ficus
particles. Finally, the filtrate is refrigerated at 4°C
until used as a reducing and capping agent.

Ficus leaves Plant Extract

Step 3: A solution of 1.494 g of FeSO4.7H,0 and
0.7g of CuS04.5H,0 salts were dissolved in 100 ml
of deionized water. After the salts had completely
dissolved, the filtration process using a filter paper
was followed to remove any impurities. To develop
the synthesis of G-Fe/Cu-NPs, 100 ml of extract
from step 2 was added dropwise to the 100 ml of Fe
(1) / Cu (1) mixture. After several drops of ficus
extract were added, the mixture’s color changed
gradually from yellow, brown, and finally to black
indicating the metals equivalent were reduced to
zero-valent and the formation of G-Fe/Cu-NPs
completed. The remaining ficus extract is added to
accelerate the reduction. In addition, the mixture is
stirred continuously at 300 rpm by using a magnetic
stirrer for 15 min. The black precipitate of G-Fe/Cu-
NPs nanoparticles was separated by vacuum
filtration using filter paper and immediately
washing process was involved using distilled water
three times, followed by rinsing with absolute
ethanol. The washing and rinsing processes are
important steps in the synthesis because they
prevent the fast oxidation of nanoparticles. The G-
Fe/Cu-NPs were then dried overnight at ambient
temperature and then ground by mortar and pestle to
a fine powder. Fig. 1 illustrates the green synthesis
of G-Fe/Cu-NPs.

-
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FeS04.7H,0 CuS04.5H,0 Iron & Copper NPs Paper

Extract

Figure 1. Schematic illustration of G-Fe/Cu-NPs synthesis.

Analytical Methods

Before starting the experiments, a
calibration curve for standard OG solution was done
to locate the maximum wavelength (Amax) Of dye
and the equation that joined the absorbance with
concentration. Thus, the Amax 0Ff OG was found to be
478 nm as shown in Fig.2.

According to the below formula the removal
efficiency (RE) was calculated:
x 100 |

Co _Ct

RE % =

o
Where the C, is the initial concentrations and C; is

the OG concentration at time t.
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Figure 2. UV-Vis analysis for various concentrations of OG solutions (a) Absorption and (b)
Calibration curve.

Batch Fenton-like Experiments

In Fenton-like processes, the experiments
would be carried out to evaluate the OG removal
efficiency. A working solution of 50 mg/L of OG
was prepared by dissolving 0.05 g of dye in 1L
deionized water, followed by adjusting pH by using
1.0 (by 1.0 M H:SO4 and 1.0 M NaOH) before
adding G-Fe/Cu-NPs and H;O,. Some operating
parameters were changed including hydrogen
peroxide concentrations ranged (1.7- 5.28 mmol/L),
G-Fe/Cu-NPs dosage ranged (0.4-1.6 g/L), pH
ranging from (2-7), the range of initial OG
concentrations were (25-75 mg/L), contact time
interval up to 120 min, the temperature ranged from
(20-50 °C), and coexisting NaCl from (0.5 — 50 g).
A particular amount of G-Fe/Cu-NPs was
supplemented to the OG solution followed by
mixing for 1 minute to homogenize the catalyst,
after that, the H,O, at a certain concentration was
added and agitated at 300 rpm using a magnetic hot
plate. The parameters were optimized separately by
maintaining all operating conditions constant except
for the one that wants to optimize. During each run,
10 ml samples were taken at a regular time and
mixed with prepared 200 pl of 1M NaySOs in the
vial, then they were analyzed by UV/VIS
spectrophotometer after filtering them using 0.22
um membrane filter. The purpose of adding Na,SOs
is just to quench the reaction & The removal
efficiency was measured using Eq. 1.
Mechanism of Reaction

The possible mechanism of the reaction
between iron/copper nanoparticles and hydrogen
peroxide can be expressed by approaching the
hydrogen peroxide to the nanoparticle and reacts
with these particles, followed by oxidizing the zero-
valent iron/copper to form Fe*2 and Cu* where the
electrons of iron and copper nanoparticles
transferred from NPs to H,O,, as a result, the
iron/copper ions are activated by hydrogen

peroxide, thereby, to generating *OH as illustrated
by the following equations 2*:

Fe® + H,02 + H*— Fe?* + 2H,0 2
2CU° + H,0, + H*—> 2Cu* + 2H,0
Fe?* + H,0, — Fe¥* + «OH + OH"
Fe3* + H,0, —» Fe?* + H + «OH
Cu* + H202 — Cu®" + «OH + OH'
Cu*?2 + H,0; — Cu* + H* + «O.H

~N N0 bW

In the electrochemical regard, the presence
of copper ions contributes to reducing Fe*® to Fe*?
(Eg. 8) due to variance in potential between
Fe*¥/Fe*? (0.77V) and Cu*?/Cu* (0.17V). This
reaction is very important in improving the
decomposition of H)O, and accelerates the
pollutants degradation process. Therefore, the *OH
formation and the oxidative process kinetics are
highly developed in the presence of bimetallic
iron/copper as a catalyst 2.

Fe** + Cu* — Fe** + Cu*? ,4E°=0.6 V .8

Results and Discussion:
Characterization of G-Fe/Cu-NPs

Some techniques are utilized to prove the
chemical classification, structure, size, and surface
area of nanoparticles. The morphology, topography,
and average size of these nanoparticles were
characterized by a scanning electron microscopy
(SEM) model. The EDAX technique is a
confirmatory method wused to ensure the
identification and chemical classification of each
particle, the EDAX detector and SEM model was
(TESCAN MIRA 3, Czech Republic). In addition,
AFM  characterization is very helpful for
determining the morphology of nanoparticle
surfaces, it measures the contact force between the
tip and surface, the model of AFM test which was
tested on the G-Fe/Cu-NPs is (TT-2, USA).
Furthermore, the XRD system is also utilized to
investigate the crystallinity of the materials. The
major picks using the XRD system can accurately
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determine the crystalline nature of nanoparticles,
the XRD test was already applied on the
nanoparticles using (Philips X'pert diffractometer)
model. In addition, FT-IR spectroscopy is widely
used to confirm the structure of unidentified
compounds, as well as to determine the functional
group of numerous materials, especially for
biomaterials, and (Shimadzu, Japan) was the FT-IR
spectroscopy model in this work. The BET
technique determines the specific surface area, the
size radius of average pore, average porosity radius,
and pore volume of nanoparticles, the G-Fe/Cu-NPs
subjected to the BET test by the device model
(TriStar 11 Plus Version 2.03, USA). At last, zeta
potential is widely used to inspect the potential
stability of the colloid nanoparticles. The high
positive or negative zeta potential for colloids tends
to be stable electrically while low zeta potential for
colloids is flocculated or coagulated.

As a result, the variances in the color of the
solution from yellow, brown, and then to black
indicate the reduction process happened and
formation of G-Fe/Cu-NPs, as well as the variation
in the pH before and after the reduction process,
where the pH of the ficus extract was 5.42 and the
pH of the mixture after reduction was 3.24. As a

D3 =32.73 nm

‘\/./
D1=46.85nm

)

D2 =59.17 nm

result, along the reduction route, the pH of the
solution declines and goes to the higher acidic
range.

The scanning electron microscopy (SEM)
images showed that the synthesized G-Fe/Cu-NPs
were porous and shaped like spherical with
diameters ranging from 32-59 nm (Fig. 3a and
Fig.3b). Additionally, the porous and hollows in the
nanoparticles improve dye removal. Moreover, the
size variation of NPs created was due to the
variation of the local concentration of the ficus
extract which was responsible to reduce the metal
ions.

The Energy Dispersive Spectroscopy (EDAX)
of nanoparticles presented in Fig. 4b contains
further information about the synthesis of G-Fe/Cu-
NPs, where the place of atomic distribution and
chemical composition of the catalyst was
demonstrated by the intense peaks of Fe, Cu, C, and
0O, 5.51 wt%, 3.33 wt%, 48.67 wt%, and 42.49 wt%,
respectively. The finding of adjoint elements such
as C and O signals resulted mainly from the ficus
extracts that contain organic compounds such as C
and O molecules which play a major role in the

reduction and stabilizing process of G-Fe/Cu-NPs
25,15

L00-LKa.

DKo

CuLa
FeKo,

4 JReL
] Fekp %% oup ey

10.00

Figure 3. (a) SEM images of G-Fe/Cu-NPs, (b) EDAX of the prepared G-Fe/Cu-NPs sample.

According to the atomic force microscopy
(AFM) images of G-Fe/Cu-NPs, the high rough
surface through hills and valleys shape with a nano-
rough texture and homogenous of nanoparticles can
be seen in Fig. 4 which indicates the amorphous and

granular shape of G-Fe/Cu-NPs. This roughness
enhances the capability of the surface of the
nanoparticles to adsorb dye ions. Furthermore, the
average size distribution of G-Fe/Cu-NPs tested by
AFM ranged between (7.5-23 nm).
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Figure 4. Atomic force microscopy (AFM) characterization for G-Fe/Cu-NPs.

The FT-IR for preparing G-Fe/Cu-NPs is
taken in the band range 400-4000 cm* to ensure the
functional group of these nanoparticles as depicted
in Fig. 5, the O-H stretching vibrations illustrated in
the band between 3220-3430 cm? belong to
polyphenol compounds which play an important

of bimetallic nanoparticles *°. The amide group in
the prepared nanoparticles can be noticed at band
1614 cm? which indicate the presence of
flavonoids, polyphenols and proteins in ficus leaf,
these compounds attribute to reduce the formation
of G-Fe/Cu-NPs ¢,

role in reducing the Fe/Cu metals and then synthesis

82.5

O-H stretching
3430 cm'!

75.0 H

67.5 -

%T

60.0

52.5 —

45.0

37.5

1515 ¢cm'! band
Amide group N

1446 cm™ band
(€=C) sequences |

1614 cm™ band __|
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C-OH bending
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Carbonyl groups

T T T
4000 3600 3200 2800

T
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wavenumber (cm™)

Figure 5. FTIR spectrum of prepared G-Fe/Cu-NPs samples.

The C=C sequences at 1446 cm? are
attributed to the aromatic ring, while the bands at
1396 and 1244 cm? is related to C-OH bending,
respectively 2. The band observed at 823 cm? is
related to the (Fe-O-Fe) stretching, and the vibration
broadband ranged between 549-403 cm™' could be
assigned as Fe/Cu nanoparticles ?’. The peaks
ranged from 1174 to 1070 cm™ are caused by the
carbonyl groups (C-O-C) stretching, these groups
have the capability to prevent nanoparticles
agglomeration by producing capping agents 2. The
phenolic compounds of ficus leaf extract adsorbed
on the prepared nanoparticles are confirmed by the
mentioned peaks. Furthermore, these phenolic

compounds provide more stability to the
nanoparticles when they were adsorbed on the
surface of particles and act as a capping agent 2. As
a result, the FT-IR analysis proved the ability of the
ficus leaf for doing the stabilizing and reducing
functions for G-Fe/Cu-NPs.

The XRD curve of synthesized nanoparticles is
revealed in Fig. 6 which is not including any sharp
peaks indicating there is no crystal structure in this
case, even with a wide range of diffraction peaks
(from 20°-25°). The above result proves that the
bimetallic G-Fe/Cu-NPs prepared by the green
method are amorphous *. The XRD result is in
agreement with what had been concluded by 3% 0,
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Figure 6. X-Ray diffraction (XRD) of G-Fe/Cu-
NPs sample.

Table 2 shows the results of G-Fe/Cu-NPs
surface area obtained by the BET technique. In this
analysis, the pore size for G-Fe/Cu-NPs was 40.4
nm which can be classified as mesopore according
to the classification of the IUPAC that categorized
the pore size as macropore ( >50 nm), mesopore (2
to 50 nm), super-micropore (0.7 to 2 nm) and ultra-
micropore ( <0.7 nm). Thus, as the catalytic
performance is highly dependent on accessible pore
channels due to their benefits for the diffusion of
material, these sizes of pores provide more stability
by acting as a shielding agent to prevent the harsh
reaction conditions of the nanoparticles’ active sites
27

Table 2. BET parameters for G-Fe/Cu-NPs

Parameter Value
BET (m?/qg) 4.452
Pore size (nm) 40.4
Pore volume (cm®/g) 0.0108

The high values of zeta potential provide
the stability to nanoparticles for resisting the
aggregation, while the small potential leads to
flocculate. As shown in Fig. 7, a high negative
value at (-51.47 mV)was obtained from zeta
analysis provides good stability of G-Fe/Cu-NPs,
this stability derives from existing phenolic
compounds in the ficus leaf extract 7,

1.0 = ‘

~|

0.8 -

Power
1

1 1 1 1 1 Ll Ll I 1 1 1
- 600 - 200 200 600

Zeta Potential (mV)
Figure 7. Zeta potential analysis for sample of G-
Fe/Cu-NPs.

Effect of Parameters on the Degradation
efficiency of OG dye
Effect of H.O2 Concentration

The existence of proper amounts of H20- in
a satisfied concentration is a crucial matter in the
Fenton-like reactions for generating the highly
active "OH radicals *?, therefore, the influence of
H.O, concentrations was investigated. Initially, one
experiment was carried out by adding a certain
amount of H,O without adding any amounts of the
catalyst to examine if any reaction may be observed
between OG solution with H,O,, and the result
showed not. The concentration of H,O, was
changed in the range 1.7-5.28 mmol/L by keeping
the rest of the experimental factors constant (G-
Fe/Cu-NPs dosage 0.4 g¢/L, pH 4, initial OG
concentration 50 mg/L, temperature 30°C, and
agitation speed 300rpm). The results showed that
the removal rates of OG were 30.9, 47.1, 72.8, 65.9,
and 56.6 % for concentrations 1.7, 2.64, 3.52, 4.4,
and 5.28 mmol/L respectively, at 120 min period
time. As illustrated in Fig. 8, the efficiency
increased with increasing H,O, from 1.7 to 3.52
mmol/L and this was attributed to more production
of very reactive "OH radicals.

80 -
60
o
™
40 1
7
—4— H202 =1.7 mmol/L
20 —k— H202 = 2.64 mmol/L
—@— H202 = 3.52 mmol/L
1 —A— H202 = 4.4 mmol/L
—— H202 = 5.28 mmeol/L
0 T T T T

(o) 20 40 60 8IO 1(I)0 120
Time (min)

Figure 8. Effect of H.O. concentration at the

dose of G-Fe/Cu-NPs, initial OG concentration,

pH, temperature, and agitation rate were 0.4g/L,

50 mg/L, 4, 30°C, and 300 rpm.

Nevertheless, it can be noticed that with the
continuous rising of H>O. concentration (as in 4.4
and 5.28 mmol/L) the removal efficiency decreased.
The diminish of efficiency, in this case, can be
explained by recombination of ‘OH with H,O, that
led to gradually reducing the number of "OH
radicals in the solution and replaced with less
reactive HO2" 7 as illustrated in the following
equation:

H.O; + ‘'OH — H,0 + HOy" .9

In general, the removal efficiency of OG

increases with increasing as the hydrogen peroxide
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concentration till reaching critical concentration and
then the removal drops down. However, the excess
of H,O, of more than critical concentration would
lead to a phenomenon known as a scavenging effect
where the removal of dye decreases. Therefore, the
H,O, amount of 3.52 mmol/L was selected as the
optimum concentration for subsequent experiments.
This result was in agreement with a previous
conclusion of removal Acid Black 1 reported by .
Effect of Catalyst Doses

The catalytic activity of the G-Fe/Cu-NPs
prepared by ficus leaves extract was also studied.
Therefore, a set of experiments was carried out by
changing the dosage of nanoparticles in the range
0.4-1.6 g/L with maintaining the rest of operating
conditions as H;O. concentration, pH, initial OG
concentration, temperature, and agitation speed at
3.52 mmol/L, 4, 50 mg/L, 30°C, and 300 rpm
respectively. Accordingly, the removal rates of OG
were 86.5, 87.6, 91.6, 83.7, and 69.3 % for doses
0.4, 0.7, 1.0, 1.3, and 1.6 g/L respectively, at
120 min period time. Fig. 9 clearly shows that the
removal efficiency of OG increased with the rising
amount of G Fe/Cu-NPs up to a certain dose,
thereby the performance decreased with a higher
catalyst amount indicating the uselessness of adding
more quantities than the critical limit. The reason
was related to the presence of ficus polyphenols
compounds surrounded the catalyst surface, these
compounds may be discharged to a working
solution and reacted with "OH radicals 8. On the
other hand, the low amount of G-Fe/Cu-NPs led to a
decrease in the removal performance of OG due to
the low ‘OH radicals’ concentration at this catalyst
dose **. Hence, the optimum catalyst dosage for the
current study was 1 g/L. Similar behaviour in the

removal of malachite green was found by *.
100 +

e

®

—— G-Fe/Cu-NPs = 0.4 g/L
—atb— G-Fe/Cu-NPs = 0.7 g/L
—@— G-Fe/Cu-NPs = 1.0 g/L

—de— G-Fe/Cu-NPs = 1.3 g/L
—®— G-Fe/Cu-NPs = 1.6 g/L

0 v % L] L L) )/ L) 12 L) . L] 1 v
(o] 20 40 60 80 100 120
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Figure 9. Effect of G-Fe/Cu-NPs dosage at H,0,
concentration, initial OG concentration, pH,
temperature, and agitation rate were 3.52
mmol/L, 50 mg/L, 4, 30°C, and 300 rpm.

Effect of pH

In the Fenton-like process, the removal of
organic pollutants is highly influenced by pH value,
due to its impact on the catalyst performance,
stability of H,0,, and the generation of very
reactive ‘OH radicals. Fig. 10 demonstrates the OG
removal efficiency at various pH 2, 3, 4, 5, and 7
along with 120 min, whereas the other experimental
factors were kept constant. The OG removal
efficiencies were 76.1, 92.5, 91.6, 17.3, and 9.3 %
respectively. The results revealed that the removal
efficiency of OG was decreased with raising the pH
of the solution, and the best removal performance of
OG was at pH 3. The explanation of this behavior
belongs to the Fenton-like mechanism and
production of "OH, where the reaction between Fe°
with H,O: is enhanced at the low pH values through
the ions exchange to generating Fe*? as the ions
surrounded the surface of catalyst that in turn react
with  H,O, and producing free radicals "OH. In
addition, the high acidic medium at the pH below 3
led to provide excessive amounts of H* ions which,
in turn, contributed to reducing the number of very
reactive "OH and therefore decreasing the
degradation efficiency *. The reduction of "OH
leads to the inability of converting Fe*® to Fe*
efficiently %. Furthermore, the ferrous ions and
hydrogen peroxide are unstable at higher pH values
(above 4), therefore, the catalyst would be
precipitated and generate complex byproducts
(ferric hydroxo complexes) which thereby leads to
decomposition of the HO, and lowering the
removal efficiency *. Notably, the removal of OG
dye at these higher pH values was conducted by
coagulation or sorption, not the oxidation process 3
%, Several studies have reported the same

conclusion such as “° and .
100+
1 o é e & 2

\D 60 —a— pH=2
:IJ _ —— pH=3
Y —tt— pH= 4
40-. e PH= 5
1 —o— pH=7

20 R . %

o T T T T T T

0 20 40 60 80 100 120

Time (min)
Figure 10. Effect of pH at G-Fe/Cu-NPs dosage,
H,O, concentration, initial concentration,
temperature, and agitation rate were 1.0 g¢/L,
3.52 mmol/L, 50 mg/L, 30°C, and 300 rpm.
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Effect of Initial OG Concentration

Generally, the degradation rate is a function
of the initial concentration of dye, which make it a
crucial parameter to be considered for effective
Fenton-like. Thus, several OG concentrations of 25,
35, 50, 65, and 75 mg/L were used to investigate the
impact of these concentrations on degradation
efficiency. The other experimental factors were
fixed (G-Fe/Cu-NPs=1.0 g/L, pH=3.0,
temperature=30 °C, agitation speed=300 rpm) and
removal rates were 97%, 93.8%, 92.5%, 85%, and
76.3% respectively. Therefore, it is concluded along
the 30 min of reactions that the removal efficiency
of OG decreased from 94.4% to 75.5 as the increase
of dye concentration from 25 to 75 mg/L thereby
led to lowering the concentration of radicals Fig. 11.
As a result, the degradation of OG diminishes with
increases in the dye concentrations, which indicated
that the production and scavengers of high reactive
'OH could be affected by the higher dye
concentration, where the ‘OH radicals scavenging
effects occur slightly when the dye concentration
rising without exceeding the optimum "OH radicals
value 4. Therefore, this study selected 50 mg/L as
the optimum initial concentration. Similar results
were reported by .

100+ - gy
N —h— A
80+ W a
3 601
B c =25
¢ ——C, mg/L
401 ——C_=35mg/L
—a—C_ =50mg/L
20 ——C_ =65 mg/L
——C,=75mg/L
o T T d T v T T T T T v T
o 20 a0 60 80 100 120

Time (min)
Figure 11. Effect of initial OG concentration at
G-Fe/Cu-NPs dosage, H2O. concentration, pH,
temperature, and agitation rate were 1.0 g/L,
3.52 mmol/L, 3, 30°C, and 300 rpm.

Effect of Inorganic Salts

As a matter of fact, the real wastewater
commonly contains amounts of inorganic salts such
as NaCl which may impact the performance of dye
degradation through the heterogeneous Fenton
process. Therefore, various concentrations of NaCl
were used to investigate the influence of the
presence of these salts on OG dye degradation.
Based on this purpose, 0.5, 10, and 50 g/L were
introduced with maintaining the experimental
conditions  constant  (G-Fe/Cu-NPs=1.0 g/L,
H»0,=3.52 mmol/L, pH=3, initial concentration=50

mg/L, temperature=30°C). As shown in Fig. 12, the
removal of OG efficiencies for the above NaCl
concentration were 90%, 85.5%, and 77.5
respectively. It should be noted that the removal
efficiency under the same conditions and without

the presence of NaCl was 92.5%.
1001

°\° 603
E ]
e —o— Without NaCl
] —a— NaCl = 0.002 mol/L
20 —a—NaCl = 0.171 mol/L

—— NaCl = 0.856 mol/L

o 2'0 4IO 6I0 8I0 1 (I)O 1 éO
Time (min)

Figure 12. Effect of presence NaCl on the

removal OG at catalyst dose, H20;

concentration, initial OG concentration, pH,

temperature, and agitation rate were 1.0 g¢/L,

3.52 mmol/L, 50 mg/L, 3, 30°C, and 300 rpm.

It was obvious that the presence of CI -
anion had a negative impact on the OG removal
performance, and this effect is directly proportional
to increasing the concentrations of these
compounds. The decrease in the rate performance
was attributed to the accumulation of CI- -anion on
the G-Fe/Cu-NPs surface which led to blocking the
active sites on this surface, another reason may
belong to OH radicals scavenging by the effect of
ClI- anion #? according to the below equation:

Cl"+°'OH — CI' + OH~ ... 10

The same behaviour of removal of sulfanilic acid
azochromotrop dye by the Fenton process was
reported by *.

Effect of Temperature

Temperature plays an important role in dye
degradation via a Fenton-like process. Therefore,
further experiments were carried out to examine
various temperature effects on the OG degradation
by heterogeneous Fenton-like reaction. For this
purpose, different temperatures (20, 30, 40, and 50
°C) were used with maintaining the other
experimental conditions fixed (H.O, = 3.52
mmol/L, catalyst dose =1.0 g/L, pH =3, initial OG
concentration=50 mg/L, agitation speed =300 rpm).
The results revealed that the removal efficiencies
for the studied temperature were 87.2%, 92.5%,
95.3%, and 90.3% respectively at the end of 120
min as shown in Fig. 13. It can be notified that the
raising in temperature led initially to improving the
removal performance, moreover, the removal
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efficiency of dye increased during the first 10 min
from 72.7 to 92.1 % for the temperature range of 20
to 50 °C. Therefore, the increase of removal
performance was attributed to an increase in the rate
of production of high reactive ‘OH radicals *,
where rising in the temperature could be led to
motivate hydrogen peroxide and react efficiently
with G-Fe/Cu-NPs which thereby growing the rate
product of hydroxyl radicals “°. Besides, the rate of
"OH radical and OG dye interactions was enhanced
by the increasing temperature resulting in rapid
degradation %. Anyway, it was evident that the rate
of color removal at the end of 120 min diminished
from 92.1 to 90.3% by the cause of decomposition
of hydrogen peroxide at 50 °C reaction temperature
8 These results agree with research papers
published for the Fenton-like degradation of
methylene blue 6.

100:

=3

F
}
+

—k— Temperature = 20 °C
—A— Temperature = 30 °C
—a— Temperature = 40 °C

—— Temperature = 50 °C

% 2o 4o 60 80 100 120

Time (min)

Figure 13. Effect of temperature on the removal
OG at G-Fe/Cu-NPs dosage, H20; concentration,
initial OG concentration, pH, and agitation rate
were 1.0 g/L, 3.52 mmol/L, 50 mg/L, 3, and 300
rpm.

Kinetic of degradation OG by Fenton-like
reactions

The kinetic models are used to analyze the
degradation rate of pollutants. The mechanism of
*OH radical-mediated is the major function of the
Fenton process for degradation of dye, where the
reaction between catalyst and hydrogen peroxide
can produce *OH radicals which thereby attack the
compounds of dye #’. Hence, Fenton-like kinetics
models were engaged to estimate the decolorization
data, including the zero-order, first-order, and

second-order #1. Moreover, the Fenton-like process
includes many-step reactions which made it a
complex process . Therefore, the removal kinetics
of OG by the Fenton-like was investigated at the
varying period time 0-30 min with experimental
conditions such as concentration in the range of
(25-75 mg/L), H20. concentration of (1.7-5.28
mmol/L), a dosage of nanoparticles (0.4 - 1.6 g/L),
initial pH (2 - 7), temperature (20 - 50°C), and co-
existing NaCl (0.5 - 50 g/L) respectively for each
factor. In order to investigate the above Kinetics,
Table 3 shows the kinetic equations were used:

Table 3. Kinetic equations

Model Equation Parameters
Zero- C,= C,— kot Ko: zero-order rate
order constant (M. min1),

t: time (min)
First- InC, K first-order rate
order =InC, — kqt constant (mint)
Second- 1 ko:  second-order rate

1
order ¢ C, constant (g/mg.min)

The value of ko can be calculated from the
slope of C; against t, the values of these parameters
with the regression coefficient were inserted in
Table 4. Obviously, the values regression
coefficient R? for all studied parameters of this
model were not high enough indicating that they are
poorly fitted with the zero-order model. On the
other hand, the value of ki can be obtained from the
slope of the natural logarithm of C; versus t. As
illustrated in Table 4 that the first-order was not
fitted of degradation OG by the Fenton-like process
due to had low values of R? For the second-order
kinetic model, the value of k, can be calculated
from the slope of 1/C; versus t graph. It can be seen
from Table 4 that the linear fitting value of the
regression coefficient R? for the second order is
higher than those for zero-order and first-order,
which indicates that second-order kinetic model is a
fitted model for OG Kkinetic degradation by the
Fenton-like process catalyzed by G-Fe/Cu-NPs.
Further, Fig. 14 shows the second-order kinetics for
all studied parameters.
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Figure 14. Second-order kinetic model for (a) initial OG concentration, (b) H,O, concentration, (¢) G-
Fe/Cu-NPs doses, (d) pH, (e) temperature, and (f) co-existing inorganic salts.

Moreover, Table 4 shows that the increase
of initial OG concentration from (25 to 75 mg/L)
led to a decrease in the rate constant (0.166 to 0.007
M™.min?) attributed to lowering the hydroxyl
radicals. Besides, when the amount of H.O, was
raised of (1.7 to 3.52 mmol/L) the removal of OG
increased and that ascribed to increase the *OH. In
contrast, the excess amount of peroxide (from 3.52
to 5.28 mmol/L) led to a decrease in the rate
constant for the reason of <OH scavenging.
Additionally, the high amount of catalyst resulted in
an increase in the degradation rate due to increasing
the concentration of *OH. Otherwise, high G-
Fe/Cu-NPs concentrations resulted in a decrease in
the degradation rate, this was attributed to
scavenging the *OH by the high amount of Fe*? 4,
Furthermore, the k» increased with increasing the

temperature due to enhancing the reaction between
G-Fe/Cu-NPs and H;O; at the higher temperature
thereby more formation of *OH. Otherwise, because
of the thermal decomposition of H.0,, the rate of
degradation was decreased at a temperature higher
than 313K.

In conclusion, the kinetic behaviors of
degradation OG followed two stages, the first one
was fast degradation due to the reaction between
hydrogen peroxide and ferrous ions, while the
second stage is the slow progress of decolorization
which can be attributed to accumulation of ferrous
ions and decline their activity “°.  Furthermore,
Table 4 demonstrates that the second-order kinetic
was the best fitted for OG degradation as evident
from the higher values of correlation coefficient
(R?). The same results had been concluded by *°.
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Table 4. The kinetics parameters for the Fenton-like reactions of the degradation OG.

RE% RE% Zero-order First-order Second-order

Parameter after after Ko ) ) ky ) kz ) )

30 min  120min (M-lr)mn' R (min) R (g/m?.mln R
Initial 25 94.4 97 0.066 0.447 0.076 0.668 0.166 0.941
0G 35 93 93.8 0.15 0.526 0.075 0.792 0.066 0.986
Concentration 50 90.2 92.5 0.233 0.566 0.067 0.803 0.028 0.977
(mg/L) 65 82 85 0.291 0.717 0.054 0.877 0.0122 0.978
9 75 75.5 76.3 0.327 0.738 0.044 0.872 0.007 0.952
Average R? 0.599 0.802 0.967
1.7 50.9 535 0.134 0.52 0.017 0.576 0.002 0.641
Initial H,0, 2.64 61.7 76.7 0.148 0.561 0.025 0.655 0.004 0.762
Concentration 352 851 865 023 0754 0059 0935 0019  0.933
(mmol/L) 4.4 71 776 019 0602 0034 0728 0007  0.851
5.28 69.9 75.8 0.193 0.63 0.033  0.768 0.007 0.875
Average R? 0.613 0.732 0.812
0.4 85.1 86.5 0.236  0.754  0.059  0.935 0.019 0.933
0.7 84.2 87.6 0.228 0.718 0.054 0.921 0.016 0.976
G-Fe/Cu-NPs 1.0 80.8 916 0234 067 0068 0921 0012 0975
Doses (g/L) 13 80.7 838 0258 072 0048 0906 0011  0.982
1.6 63.5 69.3 0.17 0.88 0.03 0.952 0.006 0.962
Average R? 0.748 0.927 0.966
2 73.4 76.1 0.17 0.521 0.034 0.639 0.008 0.784
3 90.2 92.5 0.233 0566  0.067  0.803 0.028 0.978
Initial pH 4 89.8 91.6 0.234 0.671 0.068 0.921 0.028 0.975
5 14.6 17.3 0.042 0.851 0.005 0.867 0.0005 0.881
7 7.3 9.3 0.024  0.945  0.002 0.95 0.096 0.951
Average R? 0.711 0.836 0.914
20 86.5 87.3 0.252  0.739  0.061  0.943 0.019 0.979
Temperature 30 90.2 92.5 0.233 0566  0.067  0.803 0.028 0.977
(°C) 40 94.8 95.3 0.243 0543  0.087  0.854 0.058 0.995
50 94.7 90.3 0.22 0.47 0.078  0.718 0.052 0.964
Average R? 0.579 0.829 0.979
0 94.8 95.3 0.243 0543  0.087  0.854 0.058 0.995
NaCl 0.1 90.2 92.5 0.235 0577 0.069 0.773 0.03 0.865
(g/L) 10 94.8 95.3 0.208 0.636  0.054  0.828 0.018 0.95
50 94.7 90.3 0.182 0.674 0.033 0.804 0.006 0.916
Average R? 0.607 0.814 0.931

Thermodynamic of OG Degradation by Fenton-
like Reactions

The degradation of OG via heterogeneous
Fenton-like reaction a catalytic by G-Fe/Cu-NPs
was investigated at various temperatures (293, 303,
313, and 323 K) to determine the reaction
spontaneity and the nature of the reaction. These
properties of the OG degradation process can be
found from the thermodynamic parameters of
standard Gibbs free energy (AG°), standard
enthalpy (AH®), and standard entropy (AS°) that
calculated by Eyring equation **:

(L) - [zn(kf)+(g)]_%’f.; 1

Where k is the rate controls the reaction 2,
T is the absolute temperature (K), ks is the constant
of Boltizman (1.3806 %102 J/K), R is a general
constant for gases (8.314 J/mol.K), and h is the
Plank’s constant (6.6026 x10%*J.s).

Hence, AS° and AH° can be obtained
through the intercept and slope of graph In(k/T)
versus 1/T of Eyring equation as depicted in Fig.
15a, thereby AG° would be found from the below
equation:

AG® = AH° — T AS° 12
Furthermore, the activation energy can be obtained
from the Arrhenius equation shown below

Ink = InA Eq 13
nK = n —ﬁ
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Where E, is the activation energy (kJ/mol),
and A is the Arrhenius constant (J/mol/K). Ea

-8
= -3267.8 x + 1.559
R? = 0.832
-8.5-
[ ]
~ ®
|—
]
29 -
G
- )
-9.5-
o
[a]
-10 T T T T T T T v
0.3 0.31 0.32 0.33 0.34 0.35
1/T (1073

In (k)

represents the slope of plot between Ink versus 1/T
as shown in Fig. 15b.

T y =-357.3 x + 8.29
2.8s] ° R” = 0.856
4 o
-3.24
-3.6 1
-3.961
Ib
_l U 1 I 1 J
0.308 0.315 0.32 0.33 0.34
1/T(102)

Figure 15. Thermodynamic parameters () In(k/T) against 1/T for determination of thermodynamic
properties, and (b) Ink against 1/T to estimate E, at initial concentration of 50 mg/L, H,0,=3.52
mmol/L, pH=3, and 300 rpm with a catalyst dose of 1.0 g/L.

In the current case, the rate constant of
second-order (k») is the rate controls of the reaction.
Therefore, the thermodynamic parameters of OG
degradation are illustrated in Table 5.

Table 5. Thermodynamic parameters for the
removal of OG.

Parameter Value
AG° (kJ/mol) 84.03
AH° (kJ/mol) 27.168
A8° (J/mol.K) -185

Ea (kd/mol) 29.725

A 3.97 x 10°

The results for different studied temperatures
illiterate that the Gibbs free energy AG® had a
positive value and lied in the range 81.259 - 86.8
kJ/mol (the average was 84.03 kJ/mol), thus
confirms the nonspontaneous reaction nature, on the
other hand, the positive value obtained for
AH° (27.168 kJ/mol) indicated that process of
degradation OG via Fenton-like was an endothermic
process, in addition, the value of (AS°) was negative
(-184.6 J/mol.K) which indicated the endergonic
process. This result is consistent with the previous
study of pretreated pulping effluent by the Fenton-
like process reported by %2 Moreover, the
Fenton-like reaction needed not high energy barrier
as revealed from the value of Ea (29.725 kJ/mol)
this value of energy agreed with the research article
studied by *.

Conclusion:

In this work, Iron/copper nanoparticles are
prepared by green synthesis using the extracts of
ficus leaves and applied for the processing of
orange G dye from wastewater. The good stable,

amorphous, rounded and shaped as spherical of G-
Fe/Cu-NPs are found with the size ranged 32-59 nm
and the surface area was 4.452 m?/g. The maximum
degradation efficiency of OG is 94.8% in the first
30 min and reaches 95.3% at the final 120 min
contact time. It is found that the best value of the
heterogeneous Fenton parameters such as hydrogen
peroxide concentration, G-Fe/Cu-NPs dose, pH,
initial OG concentration, and the temperature is
3.52 mmol/L, 1g/L, 7, 50 mg/L, and 40 °C
respectively. The kinetic study exhibits that the
degradation of OG by Fenton-like reactions
catalyzed by G-Fe/Cu-NPs fit the second-order
kinetic model. Also, the reaction thermodynamic
parameters clarify the non-spontaneity nature,
endothermic process, and endergonic process.
Finally, the wvalue of activation energy
(29.725 kJ/mol) illustrates that the Fenton-like
reaction need not be as a high energy barrier.
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