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Abstract

In this study, in order to prepare magnetic nanocomposite, TiO, nanoparticles and Fe;O, nanoparticles are uniformly
synthesized on the surface of graphene oxide by hydrolysis and hydrothermal methods, respectively. The efficiency of the
synthesized nanocomposite (MGO@ Fe;0,) for the photocatalytic decomposition of methyl orange is investigated and com-
pared with the magnetic hybrid without graphene oxide (Fe;0,@ TiO,). FTIR and VSM analysis are used to characterize the
synthesized nanocomposite and hybrid. FTIR analysis confirmed the bond vibrations in TiO, and Fe;O, molecules present
in both photocatalytic samples. VSM analysis shows the superparamagnetic properties of the synthesized photocatalysts.
Investigating the effect of irradiation time and photocatalyst concentration on the ability to remove methyl orange by mag-
netic photocatalysts showed that both parameters have a positive effect, although based on the results of statistical analysis,
irradiation time is more effective than photocatalyst concentration. It is also observed that despite the independent operating
parameters having a significant effect on the photocatalytic activity of nanocomposite and hybrid, the mutual interaction

between individual factors in nanocomposite and hybrid behaves differently.
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Introduction

Due to the growth of human societies and the development
of various industries, including chemical and textile indus-
tries, human health and the environment are under serious
threat. This is due to the release of wastewater from such
industries into water systems (Abbasi 2018, 2019). The pres-
ence of toxic pollutants such as dyes can be one of the effec-
tive factors in the occurrence of cancer in humans. There-
fore, one of the most important duties of humans to preserve
the health of the environment is to prevent the discharge of
wastewater into water systems and also to reduce the amount
of pollution in the wastewater of such industries (Ghaderi
et al. 2018; Yuan et al. 2012). So far, several methods have
been investigated to reduce the amount of wastewater pol-
lution, which can be mentioned as membrane filtration,
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ion exchange, adsorption, and advanced oxidation process
(AQP) (Abbasi 2020; Zhu et al. 2015). In recent years, the
advanced oxidation method has attracted the attention of
researchers due to its cost-effectiveness and easy application
as one of the widely used methods to remove dye organic
pollutants. The advanced oxidation method is based on the
use of a semiconductor as a photocatalyst. The semiconduc-
tor used must have the ability to be excited and also produce
electron—hole pairs in the valence layer and the conduction
layer, respectively (Abbasi and Hasanpour 2017; Kim et al.
2015). The most commonly used photocatalysts are ZnO
and TiO,. One of the effective factors in choosing the pho-
tocatalyst is the stability of the produced electric charges.
Considering that the recombination rate of generated elec-
tron—hole pairs in oxide semiconductors is very fast, there-
fore, its stability decreases significantly (Gao and Sun 2014;
Reddy et al. 2015). Therefore, one of the recent challenges is
the use of techniques to increase the stability of load carri-
ers. Connecting semiconductor photocatalysts on the surface
of materials with a porous structure that have a high surface-
to-volume ratio, significant electron transfer speed, and high
absorption ability is one of the effective methods to increase
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the stability of produced electron—hole pairs and photocata-
lytic activity (Abbasi et al. 2017a, b; Abdel-Messih et al.
2013). Due to the honeycomb structure as well as unique
properties, graphene oxide (GO) has been considered as a
potential candidate for the basis of semiconductor photo-
catalysts (Fan et al. 2021; Gan et al. 2018; Tao et al. 2023).
Despite the fact that the use of graphene oxide increases the
speed of electron transfer, improves the stability of elec-
tron—hole pairs, and increases the decomposition rate of
organic pollutants, the separation of photocatalysts, includ-
ing photocatalysts based on carbon materials, from aqueous
suspensions is very complicated and difficult. Therefore, in
order to overcome this problem and facilitate the separation
process, the use of magnetic nanoparticles such as Fe;O,
in the photocatalyst structure is considered as an effective
and practical method (Benjwal et al. 2015). The connection
of Fe;O, nanoparticles on the surface of graphene oxide
causes the separation of graphite sheets and this prevents the
accumulation of graphene oxide sheets. Therefore, the con-
tact surface of the photocatalytic nanocomposite increases
significantly. The presence of Fe;O, nanoparticles in the
structure of the photocatalyst reduces the cost of separation
and also enables the reuse of the photocatalyst.

In this research, a new type of magnetic nanocomposite
based on graphene oxide is synthesized so that TiO, photo-
catalytic nanoparticles and Fe;O, magnetic nanoparticles are
uniformly attached on the surface of graphene oxide which
contains functional groups containing oxygen. The photo-
catalytic activity of the synthesized magnetic nanocompos-
ite is studied to destruction of methyl orange (MO) as an
organic dye pollutant.

Materials and methods
Synthesis of photocatalytic samples

The synthesis of magnetic nanocomposites based on gra-
phene oxide includes several steps. In the first step, magnetic
Fe;O, nanoparticles should be synthesized uniformly on the
surface of graphene oxide (Novin Nano Negasht Company,
Iran). For this purpose, the method presented in the previous
reports of this team is used (Abbasi 2021a, b; Abbasi et al.
2020). Briefly, a mixture of Ethylene glycol (EG, C,HO,,
99.9%) and graphene oxide with a unit weight ratio is used.
The amount of ethylene glycol and graphene oxide used in
this step is equal to 45 mg. In order to obtain a uniform
mixture, it is mixed using an ultrasonic bath for 30 min.
Next, 0.225 g of ferric acetylacetonate (Fe(acac);, Merck)
is added to the homogenized suspension and placed in an
ultrasonic bath for 30 min. Then, 1.5 g of ammonium acetate
(NH,Ac, NH,CH;CO,, 99.9%) is added to the mixture and
after 30 min of mixing; it is transferred to an autoclave. In
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order to start the process of forming magnetic Fe;0, nano-
particles on the surface of graphene oxide, the autoclave
is transferred to an oven with a temperature of 200 °C for
24 h. After finishing the heating process inside the oven, the
autoclave is removed from the oven to reach the ambient
temperature. After opening the autoclave lid, the mixture
inside is separated using a strong magnet and after washing
the prepared magnetized graphene oxide (MGO) is dried at
60 °C for 12 h.

The second step includes the synthesis of photocatalytic
TiO, nanoparticles on the surface of MGO. The hydrolysis
method presented in previous reports (Abbasi et al. 2015) is
used to synthesize TiO, photocatalytic nanoparticles on the
surface of MGO. Therefore, 0.1 g of MGO prepared in the
previous step is dispersed in 100 ml of distilled water and
placed in an ultrasonic bath for 30 min to create a uniform
mixture. In order to nucleate and synthesize TiO, nanopar-
ticles, tetra chloride titanium (TiCl,, 99%, Merck) is used
as a precursor. Add 0.8 ml of the precursor drop by drop to
the uniformed mixture on the magnetic stirrer. The mixing
process is carried out for 5 h at ambient temperature, and
then, the temperature is increased to 60 °C, and it is mixed
at this temperature for 12 h. At the end, the processed mix-
ture is filtered, washed and calcined for 3 h at 350 °C. The
obtained sample is coded as MGO @TiO,. The characteriza-
tion of the synthesized samples is determined using Fourier
transform infrared (FTIR, Tensor 70) and vibrating sample
magnetometer (VSM, Meghnatis Daghigh Kavir Co., Iran).
FTIR analysis has the ability to determine functional groups
as well as vibrations between atoms. VSM analysis is also
used to determine the magnetic properties of samples.

Photocatalytic decomposition of organic dye
pollutant

The photocatalytic degradation of methyl orange as an
organic pollutant using synthesized photocatalytic samples
is investigated in a reactor equipped with a cooling system to
reduce the temperature of the light source. The light source
used to excite the electrons of the capacitance layer of pho-
tocatalysts is a medium pressure mercury vapor lamp. In the
design of the used reactor, the light source should be placed
exactly in the middle of the mixture containing the pollut-
ant and photocatalyst so that the amount of radiation to the
mixture is completely uniform. The concentration of methyl
orange in all investigated effluents is equal to 10 ppm. While
the concentration of synthesized photocatalysts in different
experiments is variable and equal to 0.05%wt, 0.1%wt and
0.2%wt.

In each experiment, 80 ml of aqueous methyl orange
solution with a concentration of 10 ppm is used, and
the effect of the type and concentration of synthesized
photocatalysts is investigated. The prepared suspensions
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containing a certain concentration of each of the Fe;O0,@
TiO, and MGO @TiO, magnetic photocatalysts are mixed
for one hour in the reactor, whose light source is turned off,
using an ultrasonic bath to establish the balance of absorption
and desorption. Then, by draining 2 ml of the mixture
and removing the photocatalysts inside it using a magnet,
the amount of absorption of the pollutant is measured at
wavelength of 464 nm using a spectrophotometer (Perkin
Elmer Company). The recorded absorbance is considered
as A,. Next, the UV lamp inside the reactor is turned on
and the suspension is irradiated. At time intervals of every
5 min, 2 ml of the suspension is drained and after separating
of photocatalysts using a magnet, the amount of absorbance
is measured (A,). The pollutant removal efficiency can be
calculated using Eq. (1) (Abbasi 2021a, b, 2023a).

AO B Az
RE (% ) = ——— x 100 (1)
Ag

In order to perform statistical analysis, sufficient accuracy
should be applied in measuring the amount of responses.
Therefore, to ensure this issue, all measurements are
repeated three times and the average recorded values are
reported. The statistical analysis of the results is done based
on analysis of variance using Design-Expert version 7.0.0
software.

Results and discussion
Characterization of synthesized photocatalysts

Figures 1 and 2 show the FTIR analysis of Fe;0,@TiO, and
MGO@TiO, photocatalysts, respectively. As can be seen,
several characteristic peaks have been created, which are
attributed to the bonding vibrations of different atoms in
the structure of photocatalysts. Considering that the bond
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Fig.2 FTIR spectra of MGO@TiO,

vibrations between titanium and oxygen atoms (Ti—O)
in the structure of TiO, nanoparticles are in the range of
430-550 cm™! (Abbasi 2022), therefore, the peak appear-
ing in this range can be attributed to the presence of TiO,
nanoparticles. In addition to the characteristic peak related
to TiO, nanoparticles, a characteristic peak is observed at
wavelength 586 cm™! (Fig. 1) and wavelength 549 cm™!
(Fig. 2). These peaks can be caused by stretching vibrations
of iron and oxygen bonds (Fe—O) in Fe;O, nanoparticles
(Abareshi et al. 2010). Therefore, the presence of these
peaks confirms the presence of magnetic Fe;O, nanopar-
ticles in both synthesized photocatalysts. The vibration of
oxygen and hydrogen bonds (H-O) in the hydroxyl func-
tional groups causes a relatively broad peak in the wave-
length range of 3400 cm™' (Dastan et al. 2017). As can
be seen from Figs. 1 and 2, a broad peak appeared in the
same wavelength range in both figures. Therefore, there are
hydroxyl functional groups on the surface of both synthe-
sized samples, which increases the stability in aqueous solu-
tions. In both Figs. 1 and 2, the characteristic peak formed
in the wavelength range of 1625-1640 cm™' can be attrib-
uted to deformative vibration of the bond between titanium
and hydroxyl (Ti—-OH) stretching (Chougala et al. 2017).
The characteristic peak appearing in this range can also be
related to the water absorbed on the surface of the photocata-
lysts. Due to the presence of graphene oxide in the structure
of the MGO @TiO, photocatalyst, the peak appearing at the
wavelength of 1625 cm™! which can be seen in Fig. 2 can
be attributed to sp>-hybridized of C=C (Dastan et al. 2016).

The magnetic hysteresis curves of Fe;0,@TiO, and
MGO@TiO, photocatalysts are shown in Figs. 3 and 4,
respectively. Considering the absence of hysteresis in the
presented magnetic cycles of both synthesized photocata-
lysts, the superparamagnetic property of both synthesized
photocatalysts can be confirmed. By exposing the mag-
netic photocatalysts under a magnetic field, their moments
are placed along the applied field. When all moments of
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Fig.4 Magnetization cycle for MGO@TiO,

photocatalysts are aligned with the magnetic field, the mag-
netization reaches its highest value, which is considered as
saturation magnetization (Ms). The investigation of satu-
ration magnetization of photocatalysts shows that Fe;0,@
TiO, and MGO@TiO, photocatalysts have saturation mag-
netization equal to 30.5077 emu/g and 17.15 emu/g, respec-
tively. The lower saturation magnetization of the MGO @
TiO, compared to Fe;0,@TiO, can be attributed to the dif-
ference in the composition of the two photocatalysts. In fact,
due to the presence of more non-magnetic nanoparticles in
the structure of the MGO @TiO, (including titania and gra-
phene oxide) compared to Fe;0,@TiO, (magnetic titania),
the degree of saturation magnetization also decreases in the
second sample.
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Fig.5 The variation of MO removal efficiency with respect to time in
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Fig.6 The variation of MO removal efficiency with respect to time in
the presence of MGO@TiO,, influence of photocatalyst’s concentra-
tion

By reversing the magnetic field, it is possible to return
the magnetization to the turning point. However, some tor-
ques lose the ability to align with the magnetic field and
deviate. While other torques remain aligned with the field
which is considered as remnant magnetization. The residual
magnetization value of the first and second photocatalysts
is 1.8965 emu/g and 0.1024 emu/g, respectively. Also, the
coercive field value of both photocatalysts is zero. According
to the values of residual magnetization and coercive field of
these two photocatalysts, the superparamagnetic property of
both photocatalysts is confirmed. The obtained results agree
with the results of previous reports (Ma et al. 2013).

Removal efficiency investigations

The effect of irradiation time and photocatalyst concentra-
tion on the removal efficiency of methyl orange in the pres-
ence of Fe;0,@TiO, and MGO@TiO, as photocatalysts is
shown in Figs. 5 and 6, respectively. It is quite clear that the
irradiation time of the aqueous suspension containing methyl
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orange and photocatalyst has a positive effect on the removal
efficiency. In fact, the increasing effect of irradiation time is
independent of the type of applied photocatalyst and also its
concentration. Therefore, in all concentrations of the pho-
tocatalyst, increasing the irradiation time causes a decrease
in the concentration of methyl orange and, as a result, an
increase in the decomposition efficiency. The increasing
effect of irradiation time can be attributed to the produced
electron—hole pairs. In fact, when the photocatalysts are
exposed to the radiation of the UV light source, considering
that the energy of the light source embedded in the photore-
actor is more than the band gap energy of the photocatalyst,
therefore, the exposure of the photocatalyst to the UV light
causes the valence layer electrons to be excited. By stimulat-
ing the photocatalyst valence layer electrons, the electrons
have the ability to separate from this layer and transfer to the
conduction layer (WANG et al. 2009). For each electron that
is transferred from the valence layer to the conduction layer,
an electron is created in the conduction layer and a hole
is created in the valence layer, respectively. The produced
electron—hole pairs are the main factor in the decomposition
of various organic pollutants. In fact, the generated electrons
have the ability to react with dissolved oxygen in the sus-
pension and produce reactive oxygen radicals (O,). Also,
holes can react with water and form active hydroxyl radicals
(OH) (Abbasi 2023a, b; Abbasi et al. 2022). The created
radicals are very active in absorbing all kinds of dye organic
pollutants as well as their decomposition. Therefore, with
the increase in the number of electron—hole pairs produced,
which is caused by the increase in the irradiation time, the
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decomposition rate of methyl orange also increases signifi-
cantly. The mechanism of photocatalytic reactions is shown
schematically in Fig. 7. In addition to the significant effect of
time on the decomposition of methyl orange, the significant
role of the concentration of Fe;O,@TiO, and MGO@TiO,
can be deduced in Figs. 5 and 6, respectively. Changing the
concentration of the photocatalyst in the range of 0.05% by
weight to 0.2% by weight causes a decrease in the concen-
tration of the pollutant and an increase in the decomposi-
tion efficiency, which can be attributed to the increase in
the effective contact surface of the photocatalyst with light
radiation. In fact, increasing the contact surface leads to an
increase in the number of excited electrons that have the
ability to transfer from the valence layer to the conduction
layer. Therefore, it dramatically increases the number of
electron—hole pairs and subsequently increases the number
of active oxidizing radicals, including hydroxyl and oxygen
radicals (Roozban et al. 2017a, b).

The comparison of the changes in the removal efficiency
of methyl orange using Fe;0,@TiO, and MGO@TiO, at dif-
ferent weight fraction can be seen in Fig. 8. According to the
results, it can be seen that the removal efficiency of methyl
orange in the presence of MGO@TiO, is much higher
than the Fe;0,@TiO,. The higher photocatalytic activity
of MGO@TiO, can be related to the presence of graphene
oxide sheets in the photocatalyst structure. The presence of
graphene oxide reduces the accumulation of TiO, nanoparti-
cles, and this leads to the uniform distribution of single nan-
oparticles on the surface of graphene oxide. Considering that
the amount of agglomeration of TiO, nanoparticles in the

Fig.7 Schematic of photocatalytic reactions for organic pollutants decomposition
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Fig.8 Comparison the photocatalytic activity of Fe;0,@TiO, and
MGO®@TiO, to degradation of methyl orange at different weigh frac-
tion of photocatalyst

MGO@TiO, is much less than the Fe;0,@TiO,, therefore,
the active surface of the photocatalyst which is exposed to
the radiation of the light source as well as methyl orange has

a significant increase. This causes a significant increase in
the amount of oxidizing radicals as well as the photocatalytic
activity of the MGO@TiO, compared to the Fe;O0,@TiO,.

Statistical investigations

Statistical studies are used to analyze and confirm experi-
mental results. In order to investigate pollutant decomposi-
tion in the presence of different photocatalysts as well as the
effect of operating parameters, the data of the analysis of
variance (ANOVA) table provide useful information regard-
ing the changes in the removal rate of methyl orange. The
analysis of variance table of methyl orange decomposition
using Fe;0,@TiO, and MGO@Ti0O, is presented in Tables 1
and 2, respectively. The results presented in these two tables
are based on a confidence level of 5%. Therefore, if any
of the operational parameters such as irradiation time and
photocatalyst concentration or mutual interaction between
the main factors have a p value lower than the confidence
level, they are considered as an important and significant
factor (Abbasi et al. 2020; Abbasi et al. 2017a, b). Accord-
ing to the p value of both main single factors presented in
Tables 1 and 2, it can be concluded that the irradiation time
and the concentration of both photocatalysts have a signifi-
cant effect on the removal of methyl orange. While the inter-
action of time and concentration does not show the same
behavior in the removal of methyl orange using Fe;0,@TiO,
and MGO@TiO,. Another significant statistical proctor is
F-value. The F-value of each parameter indicates its impor-
tance and influence on the response (Ekrami-Kakhki et al.
2018). By comparing the F-values of the independent factors
presented in Tables 1 and 2, it can be seen that the F-value
of the irradiation time is much higher than the concentration
of the photocatalyst. This shows that the effect of irradiation
time on the removal of methyl orange using both photocata-
lysts is much higher than the concentration. The proposed
model in statistical analysis has the ability to estimate the
changes in methyl orange removal efficiency by changing
significant factors. The suggested statistical models using
Fe;0,@TiO, and MGO@TiO, have P-value less than 0.05.
Therefore, the adequacy of the models is acceptable, and it
can be expected that the values estimated by these two mod-
els are consistent with the laboratory values. It should be

Table 1 Analysis of variance

Sum of square Df Mean squares F-value p value

% contribution

for MO decomposition in the Source

presence of Fe;0,@TiO, Model 20,753.18
A (Time) 19,407.33
B (Weight fraction)  1210.71
A-B 135.14
Pure error 147.90
Total 20,901.07

23 902.31 292.85 <0.0001 - Significant

7 277248 899.81 <0.0001 92.85 Significant
605.36 196.47 <0.0001 5.79 Significant

14 9.65 3.13 0.0016  0.65 Significant

48 3.08 - - 0.71 -

71 - - - - -
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Table 2 Analysis of variance for MO decomposition in the presence of MGO@TiO,

Source Sum of square Df Mean squares

F-value P-value % contribution

Model

A (Time)

B (Weight fraction)
A-B

Pure error

Total

30,619.63 9
29,354.90 7
1264.73 2
125.21 14 8.94
362.87 48 7.56
31,107.71 71 -

3402.18
4193.56
632.36

432.18 <0.0001
532.70 <0.0001 94.37
80.33 <0.0001 4.04

1.18 0.3183 0.4 Not significant

- - 1.17 -

Significant
Significant
Significant

kept in mind that due to the insignificance of the interaction
of the main factors (A-B) in Table 2, the proposed model
by the MGO@TiO, does not have an interaction parameter.
The percentage of participation of the main factors in the
proposed models can be seen in Tables 1 and 2. As it can be
seen, the irradiation time has the most contribution in the
presented models, which is completely consistent with the
results of the F-value.

Model adequacy study based on graphical statistical
analysis

According to the results of statistical analysis and analysis of
variance tables, it is observed that the changes in the removal
efficiency of methyl orange can be predicted with respect to
the irradiation time, photocatalyst weight fraction and also
the interaction between them. Therefore, in order to ensure
the results of the values estimated by the proposed models, it
is important to check the adequacy of the models. One of the
methods of checking the adequacy of the presented models
is the graphical analysis method. In this method, the correct-
ness of the assumptions made for analysis of variance should
be examined. The most important assumption made for anal-
ysis of variance is normal distribution and independence of
residuals (Namvar-Mahboub and Pakizeh 2014). The normal
distribution curve of methyl orange removal efficiency using
the Fe;0,@TiO, and MGO@TiO, is shown in Figs. 9 and
10, respectively. As can be seen, the changes of the normal
probability with respect to the studentized residuals are on a
straight line, and the existence of any relationship, including
the S-shape, is negated. Therefore, we can confidently con-
firm the normal distribution of the error, which can confirm
the adequacy of the presented models.

Figures 11 and 12 show the outlier T plot for presented
modes using Fe;0,@TiO, and MGO@Ti0O,, respectively.
According to these two Figures, it is possible to determine
the deviation between the residuals or the error with the
removal efficiency. What is evident is that all the experi-
mental data in Fig. 11 are within the allowed range and only
one of the design data in Fig. 12 is outside the range. Placing
this point outside the range can be due to measurement error
during the test. Due to the small number of these points, it
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Fig.9 Normal distribution curve of residuals for removal efficiency
using Fe;0,@TiO,

can be ignored. Therefore, it is clear that all the points used
in the statistical analysis and leading to the creation of a
proposed model have had the necessary and sufficient accu-
racy. Therefore, the models that have been proposed based
on statistical analysis to estimate the removal efficiency of
methyl orange are adequate.

Conclusions

A magnetic nanocomposite composed of graphene
oxide, TiO, nanoparticles, and Fe;O, nanoparticles
is synthesized to investigate the efficiency of methyl
orange decomposition as an organic pollutant, and its
photocatalytic activity is compared with the photocatalyst
without graphene oxide. Examining the results showed
that the presence of graphene oxide in the photocatalyst
structure significantly increases the decomposition
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Fig. 11 The outlier T plot for Fe;0,@TiO, model

efficiency, and the main reason for this increase is
the role of graphene oxide in the uniform distribution
of photocatalytic nanoparticles and preventing their
agglomeration during the synthesis process. Statistical
studies of the results based on analysis of variance showed
that the irradiation time and the concentration of magnetic
photocatalysts have a significant effect on the removal
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Fig. 12 The outlier T plot for MGO@TiO, model

efficiency of methyl orange. According to the confirmation
of the adequacy of the proposed statistical model, the
changes of photocatalytic activity can be estimated with
high accuracy in relation to the irradiation time and
photocatalyst concentration.
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