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Abstract

The existence of artificial dyes in water is a significant environmental concern, as it can lead to poor water quality. The
use of photodegradation becomes an increasingly popular method for treating water. In this study, the photodegradation
of Reactive Red 66, Reactive Red 120 dyes and textile wastewater was studied under UV and visible light. To enhance the
photoresponse of the Iron (II, III) oxide, modifications were made to the graphene oxide. Iron (II, III) oxide and its nanocom-
posite photocatalysts were subject to characterization techniques; including FT-IR, Raman, XRD, DRS, zeta potential VSM,
SEM, EDAX, and AFM. A series of experiments were conducted to optimize several parameters in the photodegradation
process. Under optimal conditions, the removal efficiency of Reactive Red 66 and Reactive Red 120 dyes using Iron (I, III)
oxide was found to be 94.8, and 88.5%, respectively. Also, removal percentage of these dyes using Iron (II, III) oxide/GO
nanocomposite has been 95.2, and 91.3%. After three days of exposure to visible light, the removal percentage of Reactive
Red 66 using Iron (I, III) oxide and Iron (IL, III) oxide/GO was 85.7 and 92.1%, respectively. Similarly, the percentage of
Reactive Red 120 removal using Iron (II, IIT) oxide and Iron (I, III) oxide/GO under visible light after three days were 81.9
and 85.0%, respectively. The dye removal efficiency was determined in textile wastewater by measuring BOD and COD.
Kinetic studies demonstrated that the photocatalytic reactions followed the pseudo-second-order. Additionally, the reusability
of the prepared photocatalyst was also evaluated.

Keywords Iron (II, IIT) oxide nanoparticles - Graphene oxide matrix - Photodegradation - Organic dye pollutants - Textile
wastewater

Introduction

Various industries rely heavily on synthetic dyes, including
printing, textiles, and painting. Unfortunately, the release
of these dyes into water effluents poses a major health risk
globally, impacting both the environment and human health
(Lellis et al. 2019). Of particular concern are textile dyes,
as they often consist of organic compounds (Benkhaya
et al. 2020). In addition, synthetic dyes are typically non-
biodegradable, creating a significant risk to human health
(Al-Tohamy et al. 2022). In recent years, many techniques
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have been explored to eliminate from wastewater, includ-
ing adsorption, irradiation, chemical oxidation, coagula-
tion, electrochemical procedures, membrane routes, and
biological processes (Samsami et al. 2020; Naik et al. 2021;
Theerthagiri et al. 2021, 2022; Li et al. 2021). Among these
approaches, adsorption and degradation has emerged as a
promising strategy for remediating synthetic dye removal
from wastewater due to its wide range of applications and
ability to operate under various conditions (Dutta et al.
2021). Iron-based oxides, in particular, have garnered signif-
icant attention in research due to their exceptional properties,
including reusability, non-toxicity, high adsorption capac-
ity, long-term stability, affordability, and ease of removal
from solution without producing secondary pollution. Iron
particles are remarkably effective for treating wastewater,
owing to their inherent magnetism, which allows for the use
of a magnetic field to extract contaminants from wastewa-
ter (Kim and Choi 2017; Aragaw et al. 2021). Additionally,
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anionic organic dyes containing -7 aromatic bonds, sulfite,
and amino groups can form weak interactions with the sur-
face of iron particles (Goswami et al. 2023).

Alternatively, synthesizing magnetic photocatalyst nano-
particles has been a growing area of interest in recent years.
This can be achieved through a variety of methods, includ-
ing co-precipitation, hydrothermal, sol—gel, sonochemical,
microwave, and emulsion techniques (Diez et al. 2022; Park
et al. 2018). Iron (II, III) oxide and its composite nanoparti-
cles have demonstrated their effectiveness as photocatalysts
for various molecules, including Methylene Blue, Methyl
Red, Congo Red, Methylene Orange, Levofloxacin, Rhoda-
mine B, Malachite Green, and Cr(VI) (Villegas et al. 2020;
Tung and Daoud 2009; Solomon et al. 2012; Mangrulkar
et al. 2012; Kumar et al. 2016; Hu et al. 2011; https:, , doi.
org, 10.4028, www.scientific.net, MSF.688.376. xxxx; Rab-
bani et al. 2015; Hosseinian et al. 2011; Reza et al. 2016;
Giri and Das 2016; Mishra et al. 2016). The use of the UV/
nano-Iron (II, IIT) oxide system can enhance the photo-
degradation efficiency of the organic pollutants due to the
transfer of photo-generated electrons. This process results
in the separation of electrons and holes. The holes act as
strong oxidants, which can oxidize OH™ and H,0 molecules
adsorbed on the Iron (I, IIT) oxide surface, generating HO®
free radicals. These radicals, in turn, are adsorbed onto the
Iron (II, IIT) oxide surface, where they act as strong oxidants
that not only oxidize the adsorbed organic compounds but
also diffuse into the bulk solution to oxidize other organic
compounds. Following a sequence of oxidative processes,
the organic compound can ultimately be transformed into
harmless products such as CO,, H,0, and NH; (Bibi et al.
2021; Afari et al. 2023; Sheshmani and Nayebi 2019). The
availability of visible light as an energy source opens up
opportunities for utilizing natural sunlight, which is abun-
dant and environmentally friendly. This characteristic makes
visible light photocatalysis particularly appealing for appli-
cations such as environmental remediation, water purifica-
tion and air pollution control.

Chemical modification of iron oxide using graphene
oxide has been found to increase its photocatalytic prop-
erties (Sheshmani et al. 2017; Li et al. 2013; Suresh
et al. 2018). Iron (II, IIT) oxide/graphene oxide exhibits
photocatalytic activity due to a combination of factors,
such as its high surface area and unique electronic prop-
erties. Graphene oxide provides a large surface area for
adsorption of organic pollutants, while Iron (II, III) oxide
nanoparticles act as electron acceptors to facilitate pho-
tocatalytic reactions. Several studies have demonstrated
the photocatalytic activity of Iron (II, III) oxide/graphene
oxide for the degradation of various organic pollutants,
including dyes and pharmaceuticals. For example, Iron
(II, III) oxide/graphene oxide nanocomposites have been
shown to effectively degrade dyes such as Rhodamine B
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and Methylene Blue under visible light. In addition, Iron
(II, IIT) oxide-graphene oxide has been demonstrated to be
effective in the degradation of pharmaceuticals (Sheshm-
ani 2013; Vinodhkumar et al. 2020; Pervez et al. 2020;
Jiao et al. 2015; Wang et al. 2018). Overall, the photocata-
lytic properties of Iron (II, IIT) oxide-graphene oxide make
it a promising material for the development of advanced
water treatment technologies and other environmental
applications.

To date, there have been limited scientific studies on the
use of proposed magnetic nanocomposites for degradation
of Reactive Red 66 (R66) and Reactive Red 120 (R120)
dyes. The objective of this research is to create magnetic
oxide nanoparticles and Iron (II, III) oxide/graphene oxide
composite that can effectively eliminate R66 and R120
from aqueous solutions. This research offers a compre-
hensive exploration of the preparation of composite, along
with morphological and crystallographic characteriza-
tions, as well as kinetics, with the sole aim of demonstrat-
ing the potential application of magnetic nanocomposite.
The Iron (II, III) oxide and Iron (IL, IIT) oxide/GO compos-
ites produced in this study have several advantages, such
as low cost, high removal capacity, and effortless regenera-
tion using only a magnet, which eliminates the need for
additional steps to separate the adsorbent. Consequently,
the materials investigated here exhibit environmentally
friendly photocatalyst properties and provide an alterna-
tive solution for addressing wastewater issues.

Materials and methods
Materials

This study employed ferric chloride (FeCl;) with a
purity of 98% from Merck, ferrous chloride tetrahydrate
(FeCl,-4H,0) with a purity of 98% from Merck, and aque-
ous ammonia (NH;(aq)) with a concentration of 25% and
a purity of 99.99% from Merck. Also, Sigma-Aldrich pro-
vided commercial graphite flakes with a particle size of
150 mesh and a purity of 99.5%. Reactive Red 66 (R66)
and Reactive Red 120 (R120) dyes were procured from
Nordex International and D.Z.E Dye Company in the
UK. Reactive Red 66 is a monoazo reactive dye that has
a molecular formula of C,,H,sBrN,Na,04S,, a molecular
weight of 629.37 gmol ™!, and a CAS registry number of
12,226-33-4. Reactive Red 120 is a diazo reactive dye
that has a molecular formula of C,,H,,CI,N;,Nas0,,Ss,
a molecular weight of 1469.98 gmol ™!, and a CAS regis-
try number of 61,951-82-4. These reactive dyes are com-
monly utilized in the textile industry, and their chemical
structures are illustrated in Fig. 1.
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Fig. 1 The chemical structures of a R66 and b R120 dyes

Characterization techniques

Thermo AVATAR equipment was employed to carry out
Fourier transform infrared spectroscopy (FT-IR) meas-
urements over the 500—4000 cm™! range. This technique
can provide information about the chemical composition.
Around 10 mg of the samples were blended with KBr to
produce a transparent pill for FT-IR measurements. A
Raman Takram, PSOCOR10 TEKSAN apparatus was uti-
lized to determine the vibrational modes, with an exci-
tation source of 532 nm and laser power varying from
0.5-70 mW. The spectra were within the 100-200 cm™!
range. A PHILIPS PW1730 with Cu Ka radiation was
applied to measure Powder X-ray diffraction (XRD) pat-
terns, and the intensity data was gathered over a 20 range
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from 10 to 80°. The Joint Committee of Powder Diffrac-
tion Standard (JCPDS) database files were used to index
the patterns.

Zeta potential measurements were conducted using a Zeta
Horiba instrument, Zeta-Dls Zetasizer, Malvern, Cambridge,
UK. The samples were loaded into vials for the zeta poten-
tial analyses. This technique was used to measure the sur-
face charge of particles in a suspension. By determining the
magnitude and sign of the zeta potential, this method can
provide information about the stability of the suspension and
its potential for interacting with other surfaces or dyes. The
magnetic properties of the samples were studied by meas-
uring magnetic hysteresis loops using a vibrating sample
magnetometer (VSM) in the LBKFB 1.4 T equipment.VSM
analysis involves placing a small sample of the material in
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a magnetic field and measuring the resulting magnetization
while varying the strength of the field. Diffuse reflectance
spectroscopy, DRS S-4100 SCINCO, was applied to deter-
mine the optical properties of a material in the ultraviolet,
visible, and near-infrared regions of the electromagnetic
spectrum. The intensity and wavelength of the scattered light
can provide information about the electronic structure of the
material, including band gap energy.

The FEG electron microscope, the TESCAN MIRA III
model, examined the morphology and particle size in scan-
ning electron microscope (SEM) mode. To obtain optimal
resolution, all samples were gold-sputtered. The SEM unit
was equipped with an Energy Dispersive Spectroscopy
(EDS) system. EDX analysis can provide in-depth informa-
tion about the composition of samples at the microscopic
level. Information about surface properties, including topog-
raphy and roughness, was provided by atomic force micros-
copy, the AFM Vecco model.

Preparation of the Iron (ll, lll) oxide
and nanocomposite

A co-precipitation method was employed to prepare the
magnetic Iron (II, IIT) oxide nanoparticles, ferric chloride
(FeCl,), ferrous chloride tetrahydrate (FeCl,+4H,0), and
aqueous ammonia (NH;(aq)) were utilized as starting mate-
rials. Fe®* and Fe?* were employed as iron precursors in a
2:1 molar ratio, and each was dissolved in 15 mL of dis-
tilled water. Aqueous ammonia was added to the iron solu-
tion until the pH reached 12, and stirring was carried out for
one hour under a N, gas atmosphere at room temperature.

The GO was prepared using the Staudenmaier method
(Chen et al. 2020). Initially, sulfuric acid (18 mL) and nitric
acid (9 mL) were cooled in an ice bath. Next, graphite
powder (1 g) was added with stirring until well dispersed.
Slowly, potassium chlorate (11 g) was added over a one-
hour period. An increase in temperature should be avoided.
The mixture was stirred for 4 days at room temperature.
Once the reaction was complete, the mixture was filtered
and poured into 100 mL of deionized water. The product was
then washed with deionized water until the pH was 6, after
which it was vacuum-dried.

Iron (II, III) oxide-based graphene oxide was prepared
by adding Iron (II, IIT) oxide (0.2 g) into 20 mL of distilled
water to graphene oxide (0.5 g) in an ultrasound bath. The
mixture was stirred for 4 h and then washed thoroughly with
distilled water before being dried at 60 °C for one hour.

Degradation studies
The effectiveness of magnetic nanocomposites in degrad-

ing R66 and R120 dyes was evaluated through batch photo-
degradation experiments. The experiments were performed
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using a 25 mL solution containing the dyes at a concentra-
tion of 20 mgL~! and at a temperature of 25 °C (Afari et al.
2023; Sheshmani and Nayebi 2019). Magnetic nanocom-
posites (0.05 g) were added to the solution and vigorously
stirred at 150 rpm for 30 min at pH values ranging from 2
to 9 to ensure extensive dye removal. The mixture was then
separated, and the dye concentration was measured using
UV-Vis spectroscopy with a Cary 60 instrument from Agi-
lent Technologies (USA). Each adsorption experiment was
repeated twice to compare the adsorption behavior of R66
and R120 dyes and Iron (I, IIT) oxide and Iron (I, III) oxide/
GO composites.

Results and discussions

Structure determination by FT-IR, Raman, zeta
potential, and XRD

The co-precipitation of the aqueous solution containing
FeCl; and FeCl,-4H,0 in a basic medium results in the for-
mation of iron(IIl) hydroxide (Fe(OH);) and oxyhydroxide
(a-FeOOH). Subsequently, the oxyhydroxide nucleate can
be converted into Iron (II, III) oxide.

The FT-IR spectra of the Iron (II, IIT) oxide nanoparti-
cles are depicted in Fig. 2. The bands observed at 440 and
588 cm™~! were attributed to Fe—O bond vibrations, which are
associated with the tetrahedral and octahedral sites of Iron
(II, IIT) oxide. The spectra also revealed the stretching and
bending of O-H groups from water molecules at 3417 and
1617 cm™', respectively. Also, the presence of Iron (II, III)
oxide nanoparticles with O—H hydroxyl bonds on unsatu-
rated surface Fe atoms at the same positions is mentioned
above. The FT-IR analysis of Iron (II, IIT) oxide/GO nano-
composite revealed several characteristic peaks. The broad
absorption band at 3390 cm™~! corresponds to the stretching
vibration of O-H groups from moisture and adsorbed water
molecules. The peak observed at 1733 cm™! is attributed
to the stretching vibration of the carbonyl group (C=0) of
carboxylic acid groups in graphene oxide, while the peak
at 1624 cm™! is due to the stretching vibration of the C=C
bond in graphene oxide. The Fe—O bond vibration in Iron
(IL, IIT) oxide is represented by the peak observed at 440 and
577 cm™!. These peaks confirm the presence of both Iron (II,
IIT) oxide and graphene oxide in the nanocomposite (Fig. 2).

Several characteristic peaks are observed in the Raman
spectrum of GO, including the D, G, 2D, D', and D+ G
peaks. The D peak (around 1350 cm™') represents the
breathing mode of sp2 carbon atoms, often associated
with defects and disorder in the graphene lattice. The G
peak (around 1580 cm™!) corresponds to the E,, mode of
sp>-bonded carbon atoms and indicates GO’s graphitic struc-
ture. The 2D peak (around 2700 cm™Y) is a second-order
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Fig.3 Raman spectra of Iron (II, IIT) oxide/GO nanocomposite

scattering process of the G peak and is a sensitive indicator
of the number of graphene layers and the degree of stack-
ing. In addition to these three main peaks, other peaks may
also be observed in the Raman spectrum of GO, such as the
D’ (around 1620 cm™") peak and the D+ G peak (around
2930 cm™!). The Raman spectra of Iron (II, III) oxide pre-
sented two characteristic peaks observed at around 669 and
485 cm™!, corresponding to the Ay, and E, modes of Iron
(II, IIT) oxide, respectively. These peaks are attributed to
the symmetric stretching and bending vibrations of the oxy-
gen ions, respectively (Poh et al. 2012). The presence of
these two peaks confirms the successful synthesis of Iron
(IL, III) oxide. Figure 3 displays the Raman spectra of Iron
(I, IIT) oxide/GO, showing characteristic peaks at approxi-
mately 1329 and 1583 cm™!, corresponding to the D and

1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

G bands of graphene oxide, respectively (Shebanova and
Lazor 2003). Additionally, peaks are observed at around 687
and 446 cm™!, indicating the presence of the A, and E,
modes of Iron (II, III) oxide, respectively, in the graphene
oxide matrix. These peaks provide evidence for the suc-
cessful synthesis of Iron (II, IIT) oxide-graphene oxide. The
position and intensity of these peaks can provide valuable
information about the level of oxidation, functionalization,
and structural defects present in the Iron (II, III) oxide/GO.

Several factors, such as the pH of the solution, the size
and shape of the particles, and the presence of surface coat-
ings or functionalization, can influence the zeta potential of
Iron (II, IIT) oxide and Iron (II, IIT) oxide/GO. As a result,
the zeta potential of Iron (II, III) oxide is not a fixed value
and can vary depending on the specific conditions of the
system. Iron (II, IIT) oxide nanoparticles typically exhibit a
negative surface charge owing to the presence of hydroxyl
and/or oxygen groups on their surface. Therefore, the over-
all surface charge of the Iron (II, III) oxide-graphene oxide
composite will depend on the concentration and distribution
of the two components. The magnitude of the zeta potential
varies between -10 and -100 mV, depending on the specific
conditions of the system (Fig. 4).

The XRD diffraction pattern of Iron (II, IIT) oxide is
presented in Fig. 5, with the primary diffraction planes
observed at 20=30.1, 35.5, 43.0, 53.2, 57.1, and 62.7°,
which correspond to the (220), (311), (400), (422), (511),
and (440) planes, respectively. These peaks were identified
and indexed to the standard pattern of magnetite with JCPDS
98-011-128. The Iron (II, III) oxide/GO nanocomposite’s
XRD pattern is presented in Fig. 5. The observed diffraction
peaks at 20 values of 30.2, 35.6, 43.1, 53.4, 57.2, and 62.8°
correspond to the (220), (311), (400), (422), (511), and (440)
planes, respectively, of Iron (II, III) oxide. Additionally, the
peak at 10.5° corresponds to the (002) plane of graphene
oxide, indicating the presence of both Iron (II, IIT) oxide and

@ Springer



2020

Chemical Papers (2024) 78:2015-2032

0.9+

0.8 I

0.5+

Intensity (a.u.)

0.4+
0.3+

|
I
0.7+ {
06! }
\
|
: 1
02! ]
o. 1—: | \

0.0- 11t

e T L R (S
-400 -300 -200 -100 0 100 200 300 400 500

Zeta Potential (mV)

Fig.4 Zeta potential of Iron (I, III) oxide/GO nanocomposite

GO in the nanocomposite. These characteristic peaks serve
as evidence for the presence of both Iron (II, III) oxide and
GO in the prepared nanocomposite.

Studies on optical and magnetic properties

The ultraviolet differential reflectance spectroscopy (UV-
DRS) method was used to study the band gap measurements
and optical properties of Iron (II, III) oxide and Iron (II,
IIT) oxide/GO. The absorption peak and band gaps for each
material are shown in Fig. 6.

The magnetic properties were analyzed using a Vibrat-
ing Sample Magnetometer (VSM). Magnetic hysteresis
loops (MS) were measured at room temperature, as shown
in Fig. 7. The Iron (II, III) oxide sample has a magnetic
moment of approximately 55 emu/g, which is significantly
higher than the value of 12.5 emu/g observed for Iron (II,
IIT) oxide/GO. The presence of graphene oxide can lead to
changes in the magnetic property of the Iron (II, IIT) oxide/

Fig.5 XRD pattern of Iron 3000 -
(I1, IIT) oxide and Iron (II, IIT)

oxide/GO 2500

2000 -

1500

Intensity (a.u.)

1000 -

500 +

GO compared to Iron (II, IIT) oxide alone. This point indi-
cates the decoration of Iron (II, III) oxide particles on gra-
phene oxide.

Studies on morphological aspects

SEM-EDS analyses were performed to investigate the sol-
id’s morphology and composition. The SEM images of the
Iron (11, IIT) oxide sample showed particles with a spherical
shape (about 20 nm in particle size) and rough surface mor-
phology (Wang et al. 2013). Additionally, the EDS elemental
analysis revealed that the sample was composed of 67% Fe
and 33% O (Table 1). SEM images and atom mapping are
shown in Fig. 8.

Figure 9 displays SEM images of graphene oxide, which
typically reveal sheets with wrinkles and folds. The thick-
ness of these sheets can vary from 14-24 nm. The GO
sheets’ wrinkled and folded structures are attributed to the
presence of oxygen-containing functional groups that disrupt
the sp? carbon network of graphene and introduce defects
into the structure.

The SEM images of Iron (II, III) oxide/GO exhibited
similar morphologies to those of the Iron (IL, III) oxide sam-
ple, with spherical particles decorating the graphene oxide
sheets. However, some particles tended to agglomerate, as
shown in Fig. 10. The EDS analysis confirmed that the sam-
ple had a composition of 14.08% Fe, 39.77% O, and 46.15%
C, indicating successful incorporation of iron into the struc-
ture (Table 2). Figure 11 shows the atom mapping of Iron
(IL, III) oxide/GO as well as the EDS analysis. The presence
of both Fe species and graphene sheets in the composite is
consistent with FT-IR, XRD, and Raman analysis.

AFM imaging can reveal the topography of Iron (II,
III) oxide/GO, along with the size and distribution of the
nanoparticles within the graphene oxide matrix. Typically,
AFM images of Iron (II, IIT) oxide/GO exhibit a mostly flat
surface with occasional bumps or features corresponding

Iron(1I, IIT) oxide

Iron(1I, IIT) oxide/GO
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Fig.7 VSM analysis of Iron (II, III) oxide and Iron (IL, III) oxide/GO

to the nanoparticles. Additionally, the height distribution
of surface features can be represented by a histogram gen-
erated from the AFM data (Fig. 12).

Analyzing the AFM images makes it possible to quan-
tify various surface parameters, such as surface topogra-
phy, roughness, and the size and distribution of surface
features. Statistical parameters such as RMS roughness or
Ave roughness can be used to measure the roughness of a
surface, while parameters such as Median Ht can be used
to measure the size and distribution of nanoparticles or
other surface features (Table 3).

Rp(v) refers to the radius of curvature as a function of
the vertical position (v) of the cantilever. Rms rough is the
root mean square height of the surface features or rough-
ness on a sample. Ave roughness is assigned to the average
height of the surface features or roughness on a sample.
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Table 1 Energy dispersive
X-ray spectroscopy (EDAX)
analyses of Iron (II, IIT) oxide

Fig.8 SEM images, atom map-
ping of Iron (II, III) oxide, and
EDS analysis
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Fig. 9 SEM images of GO

SEM HV: 15.00 kv WD: 14.01 mm
SEMMAG: 20.00 kx  Det: SE 2pm
View field: 10.83 ym  Date(m/d/y): 08/04/22

Median Ht refers to the median height of the surface fea-
tures or roughness on a sample.

Dye removal studies
Dye removal studies using Iron (I, lll) oxide

This study investigated the effect of initial pH, photocata-
lyst dosage, dye concentration, and contact time on the deg-
radation of R66 and R120 dyes using Iron (II, III) oxide
and Iron (II, IIT) oxide/GO as photocatalysts. Dye removal
experiments were conducted by varying the initial pH from
2 to 9, with a constant initial dye concentration of 20 mg/L,
Iron (II, III) oxide dosage of 0.05 g, and a UV irradiation
time of 30 min. The results presented in Fig. 13 indicate
that high pH values (alkaline conditions) led to a decrease
in the photodegradation percentage of R66 and R120 dyes.
Under acidic conditions, an abundance of H* ions leads to
an increase in the surface charge of the photocatalyst (Ashori
et al. 2016; Aghabozorg et al. 2006; Soleimannejad et al.
2005). The maximum uptake values of R66 and R120 were
achieved at pH =2 using Iron (II, III) oxide, with values of
82% and 61.96%, respectively. These findings emphasize the
importance of controlling the pH when using Iron (II, III)
oxide nanoparticles for dye degradation. The effect of Iron
(II, TIT) oxide dosage (ranging from 0.05 to 0.09 g) on the
photodegradation of R66 and R120 was also investigated,
with results indicating that an increase in the photocatalyst
dosage led to a corresponding increase in the degradation
percentage. Specifically, at a dose of 0.08 g Iron (II, III)
oxide, degradation percentages of 87.63% and 60.07%
were observed for R66 and R120 dye removal, respectively
(Fig. 13).
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These results suggest that the dye molecules are rapidly
absorbed during the initial stage, with further occupation of
the sites occurring as the reaction progresses. This, in turn,
leads to a decrease in the interactions between the photo-
catalyst and the azo dye. Therefore, the findings suggest that
excess photocatalysts can lead to active site saturation. The
dye concentration in a solution is a critical factor affecting
the efficiency of dye removal. Typically, higher dye concen-
trations make it more challenging to remove the dye from
the solution. This is because there are more dye molecules
per unit volume at higher concentrations, which can lead
to saturation of the photocatalyst sites and a decrease in
the available surface area for dye removal. In this study,
an initial concentration of 30 mg/L increased the removal
percentage of R66 to 85.1%. In comparison, for an initial
dye concentration of 20 mg/L, the removal percentage of
R120 was 68.1% (Fig. 13). The contact time between the dye
solution and the adsorbent material is an important factor
affecting dye removal efficiency. During the adsorption pro-
cess, dye molecules transfer from the solution to the surface
of the composite. At the beginning of the photodegradation
process, the concentration gradient between the solution
and the photocatalyst surface is high, resulting in a rapid
dye removal rate. As the adsorption-photodegradation pro-
gresses, the concentration gradient decreases, and the rate
of adsorption slows down until equilibrium is reached. In
this study, the maximum removal of Red 66 (91.84%) was
achieved after 90 min of contact time, while the maximum
removal of R120 (83.22%) was achieved after 75 min of
contact time (Fig. 13).
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Fig. 10 SEM images of Iron (II,
III) oxide/GO
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Table2 Energy dispersive Elt Line Int K Kr W% A% ZAF  Pk/Bg LConf HConf
X-ray spectroscopy (EDAX)
analyses of Iron (I, III) oxide/ C Ka 1103 05172 02393 4615 5839 05185 7791 4454 4775
GO O Ka 1050 02453 0.1135 3977 3778 02853 4996 3836  41.19
Fe Ka 585 02375 0.1099  14.08 3.83 07804 12.58 1341 1475
1.0000 04627 100.00  100.00

Dye removal studies using Iron (lI, 1ll) oxide/GO

Figure 14 provides information on the impact of various
factors, such as pH (2-9), Iron (II, III) oxide/GO dosage
(0.03-0.09 g), dye concentration (5-50 mg/L), and contact
time (10-90 min), on the removal of dye. This figure shows
that alkaline conditions reduced the photodegradation of
R66 and R120 dyes. Iron (II, III) oxide/GO achieved the
highest uptake values for R66 and R120 at pH =2, reach-
ing 88.4, and 70.2%, respectively. Also, the highest deg-
radation percentages were achieved using 0.04 and 0.05 g
Iron (II, III) oxide/GO, resulting in 92 and 90% removal
for R66 and R120, respectively. According to the results
presented in Fig. 14, the removal percentage of R66 and
R120 increased to 95.26 and 89.37% at an initial concentra-
tion of 20 mg/L. The figure shows that the highest removal
of Red 66 (93.57%) occurred after 60 min of contact time,
while the maximum removal of R120 (91.38%) was achieved
after 75 min.

Continuing the experiment, the dye removal percent-
ages were measured using Iron (II, III) oxide and Iron (II,
III) oxide/GO under UV and Visible light irradiations, as
illustrated in Fig. 15. The data comparison revealed that the
presence of Iron (II, III) oxide on the GO surface enhanced
the photodegradation process.

Dye removal kinetic

Adsorption efficiency can be assessed using kinetic mod-
els, such as the pseudo-first-order and pseudo-second-
order equations. The first-order kinetic model is frequently
employed to describe dye adsorption, and Eq. 1 represents
this model:

In(qe = q,) = Inq, — kit ey

where q, and q, refer to the adsorption capacity at equilib-
rium and at different times, respectively, and the rate con-
stant of the adsorption process’s pseudo-first-order model is
denoted by k; (min™?).

The pseudo-second-order model identifies chemisorption
as the rate-limiting step, while adsorption can take place at

sites where no interactions between the adsorbates occur.
The equation representing this model is expressed in Eq. 2:

tg, = 1/kq + tqe )

where k, (g:-mg~'-min~") is the rate constant of pseudo-sec-
ond-order adsorption.

The parameters obtained from the pseudo-first-order
model have R? values of 0.873 and 0.840 using Iron (II,
III) oxide on Red 66 and Red 120 removal. On the other
hand, the R? values for the second-order kinetic model
using Iron (II, IIT) oxide are 0.952 and 0.999 (Fig. 16). The
pseudo-first-order model yielded parameters with R? values
of 0.56 and 0.93 for the removal of Red 66 and Red 120,
respectively, using Iron (II, IIT) oxide/GO. In contrast, the
second-order kinetic model using Iron (II, IIT) oxide/GO
produced R? values of 0.99 and 0.99, as shown in Fig. 17.
These results suggest that the pseudo-first-order model is not
highly accurate. Therefore, the most optimal outcomes are
achieved using the pseudo-second-order.

The identification of a pseudo-second-order kinetic model
in photocatalytic reactions holds practical implications for
the design and optimization of photocatalytic processes. This
model implies that the rate of the photocatalytic reaction is
primarily determined by the concentration of both the reac-
tants and the catalyst surface sites available for adsorption.
Practically, this insight allows researchers and engineers to
better understand and control the reaction kinetics in photo-
catalytic systems. By manipulating the reactant concentra-
tions and the surface area or loading of the photocatalyst, it
becomes possible to enhance the reaction rate and improve
the overall efficiency of the process.

Dye removal from textile wastewater

To eliminate any suspended particles, the textile wastewa-
ter was filtered through 0.45 mm mesh filter paper, and the
resulting solution was treated with a photocatalytic reaction
under optimal conditions. The reaction successfully resulted
in a colorless solution. To determine the initial and final
concentrations, a standard solution was prepared by mixing
R66 and textile wastewater. Five volumetric flasks (50 mL)
were filled with the clear wastewater solution (25 mL), and
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Fig. 11 Atom mapping of Iron
(1L, III) oxide/GO and EDS
analysis
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Fig. 12 AFM images of Iron (11, III) oxide/GO, as well as its histogram

varying values of the standard R66 solutions (0, 1, 2, 4, and
4 mL from 100 mg/L dye) were added to each flask. The
flasks were then filled with distilled water to the mark line.
Then, the flasks were shaken thoroughly until homogenous.
The spectrophotometer was used to measure the absorbance
of the samples, and a calibration chart was plotted based
on the adsorption values of all samples. The line equation
was determined using Microsoft Excel, and the unknown
sample’s concentration (x value) was calculated by setting
y=0in the y=mx+b equation. The Iron (II, IIT) oxide/GO
photocatalyst’s removal efficiency for the textile wastewater
was found to be 90%, as shown in Fig. 18.

BOD and COD analysis

BOD and COD measurements were used as indicators of
organic pollution in the textile wastewater. The presence of

Table 3 The results of AFM analysis

Rp-v (nm) 331.2 Mean Ht (nm) 139.5
Rms rough (nm) 46.55 Median Ht (nm) 135.7
Ave rough (nm) 35.54

dyes in the wastewater is often accompanied by other organic
contaminants, such as residual chemicals and organic byprod-
ucts from textile manufacturing processes. By measuring BOD
and COD, we could assess the overall organic load in the
wastewater sample before and after the photocatalytic treat-
ment. A reduction in BOD and COD values after the treatment
indicates the degradation and mineralization of organic pol-
lutants, demonstrating the effectiveness of the photocatalytic
process in removing organic contaminants.

The Iron (II, IIT) oxide/GO photocatalyst is an effective
solution for the treatment of textile wastewater. Results showed
that it can reduce textile wastewater’s BOD and COD values
from 1910 and 620 mg/L to 19.5 and 27.16 mg/L, respec-
tively. This indicates the removal of organic pollutants, both
biodegradable and non-biodegradable, from the wastewater.
The results suggest that Iron (IL, III) oxide/GO photocatalyst
can be a cost-effective and environmentally friendly solution
for the treatment of textile wastewater.

Regeneration and recycling of Iron (ll, lll) oxide/GO
The ability to regenerate and recycle the photocatalyst is

crucial in water treatment. In this study, Iron (II, III) oxide/
GO was collected after the dye removal reaction and washed
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thoroughly with distilled water. The recovered Iron (II, IIT)
oxide/GO was then dried in an oven at 50 °C for 1 h and
reused under optimal dye removal conditions. The nanocom-
posite was used for three cycles to investigate its reusability,
and the results are shown in Fig. 18. Notably, the removal
percentage remained around 59% and 38% after two cycles
(Fig. 19).

Conclusions

This study investigated the photodegradation of Reactive
Red 66 and Reactive Red 120 dyes, as well as textile waste-
water, under UV and visible light using magnetic oxide
nanoparticles and graphene oxide matrix composites. The
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Fig. 16 Kinetic studies of a, b Pseudo-first-order and ¢, d Pseudo-second order using Iron (II, III) oxide on Red 66 and Red 120 dyes
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Fig. 17 Kinetic studies of a, b Pseudo-first-order and ¢, d Pseudo-second order using Iron (II, III) oxide/GO on Red 66 and Red 120 dyes
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Fig. 18 Photograph of the textile wastewater a before and b after dye
removal

Iron (II, IIT) and Iron (II, IIT)/GO photocatalysts were char-
acterized using various techniques such as FT-IR, Raman
spectroscopy, XRD, DRS, zeta potential measurements,
VSM, SEM, EDAX, and AFM. The results showed that the
Iron (II, IIT) oxide/GO composite had better photocatalytic
activity than Iron (II, III) alone, with removal efficiencies
of 95.2% and 91.3% for Reactive Red 66 and Reactive Red

@ Springer

120 -
100 A 92,94 mR66
_ 81,09 mR120
§ 80 -
= 59.3
2 60 A
5
38.05
5 40 A
>
a
20 - 15
N
0 4 T T
1 2 3
Run

Fig. 19 Reusability investigation of Iron (II, IIT) oxide/GO towards
R66 and R120 dyes removal

120, respectively. The photocatalytic reactions followed the
pseudo-second-order model, and the prepared photocatalysts
were found to be reusable. The study also demonstrated that
the optimized parameters, such as pH value, photocatalyst
dosage, initial dye concentration, and irradiation time,
played a critical role in enhancing the photodegradation
efficiency. Overall, the results suggest that the magnetic
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oxide nanoparticle/graphene oxide matrix composite can
be an effective and efficient method for the degradation of
organic dye pollutants and textile wastewater under UV—vis-
ible irradiation.
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