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Abstract

Photocatalytic degradation of pollutants is considered to be an effective green method to remove organic dyes from
contaminated water. This research work presents the synthesis of a magnetically recoverable ruthenium-magnetite (Ru/
Fe3;0,4) nanocomposite for the photocatalytic degradation of methylene blue (MB) in an aqueous solution under UV and
sunlight radiation. The magnetic Ru/Fe;O4 nanocomposite is synthesized in a single step using the chemical co-precipi-
tation method. The synthesized nanocomposite sample is characterized by various techniques, including, XRD, FT-IR,
SEM, TEM, TEM-EDX, XPS and VSM whereas the photocatalytic degradation of MB is analyzed by the UV-Vis
spectrophotometer. The formation of ruthenium nanoparticles in magnetic Fe;0,4 has been confirmed by TEM, TEM-EDX
and XPS studies. The catalytic activity of the synthesized Ru/Fe;O4 nanocomposite is evaluated by photodegradation of the
MB dye aqueous solution under UV and sunlight radiation. The influences of various operation parameters on photo-
catalytic degradation such as pH, dye initial concentration and catalyst dosage are examined. The results revealed a
complete photocatalytic degradation of MB in the aqueous solution occurred by exposure to both UV and sunlight
radiation. Furthermore, the photocatalytic degradation of MB under UV light is faster than sunlight. The photocatalytic
degradation reaction of MB is found to be consistent with the pseudo-first-order kinetics. The strong ferromagnetic nature
of Fe;0,4 enables the nanocomposite to be separated from the solution for recycling and has a photocatalytic efficiency of
greater than 90% for up to five cycles. The synthesized Ru/Fe;0, photocatalyst efficiently degrades MB dye, so it can be
used as a potential catalyst for the removal of MB in aqueous solutions.
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Introduction

Water pollution is one the major environmental problem
throughout the world. Ground water and surface waters are
becoming polluted and this is due to population growth in
recent years. Water pollution is mainly caused through
contamination of water which arising from dyes, textile
industries, fertilizers, industrial chemicals, food and
domestic wastes [1]. Water contaminated with organic dyes
can lead to high toxicity, which can have harmful and
carcinogenic effects on living beings, even in small quan-
tities [2]. Furthermore, metabolites derived from organic
dye compounds are more harmful than parent dye mole-
cules [3]. Some organic pollutants have been reported to be
biologically purified in natural water sources [4], while
most dye pollutants are not degradable and are not bio-
logically purified [5]. Therefore, these pollutants remain in
the environment for a long time, causing toxic effects not
only on humans but also on ecosystems. Methylene blue
(MB) is a thiazine dye that has a wide range of industrial
applications, including as a dye to tone up silk colors,
cotton, wool, leather, paper and jute, and as a food coloring
additive [6, 7]. MB dye is also used in the aquaculture
industry as a chemotherapeutic and anti-malarial agent [8].
Due to its hydrophilic nature and complex aromatic
structures it is not degraded by conventional water purifi-
cation process and is also stable to temperature, light, water
etc. The accumulation of MB dye in the environment is
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highly toxic and can cause serious environment pollution.
Hence, hazardous organic dyes should be eliminated from
industrial effluents.

In recent decades, many methods have been reported to
remove the organic dye contaminants from water and
aqueous effluents. Some techniques have been used effec-
tively such as coagulation and flocculation [9], membrane
processes [10], biological treatment [11], adsorption pro-
cess [12], ion exchange [13], photosensitized chemical
oxidation [14], photocatalytic degradation [15] and elec-
trochemical treatment [16]. Nevertheless, some drawbacks
ofthese methods are the production of secondary waste
products, which cannot be retreated or dumped [17, 18], as
well as high costs, time consumption, and partial effec-
tiveness [19]. Among these diverse methods, photocataly-
sis has attracted considerable attention to the degradation
of dyes in industrial effluents [20, 21]. Photocatalysis is an
advanced oxidation process that oxidizes toxic pollutant
dyes into small inorganic molecules (CO, and H,0) in the
presence oflight and purifies the wastewater. Moreover, this
reaction is thorough and does not cause secondary pollu-
tion [22]. So, photocatalysis is an interesting and alternate
method which can be used for the degradation of dyes in
wastewater and also for cleaning the environment [20, 21].

In recent years, nanoparticles (NPs) have been used to
eliminate toxic dyes from wastewater and have shown
significant advancement due to their high adsorption
properties, large surface area, faster rates of equilibrium
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and low resistance to diffusion [20, 21, 23]. Among a wide
variety of nanomaterials for environmental applications,
the magnetite (Fe;O,) based NPs have received much
attention due to magnetic properties. Magnetic nanostruc-
tures can be altered by applying a magnetic field [24],
which can lead to numerous applications such as magnetic
resonance imaging, lithium storage capacity, drug delivery
systems, cancer treatment, photocatalysis, biological sep-
aration, wastewater treatment, hyperthermia, etc. [25-27].
At the same time, Ruthenium (Ru) NPs have been shown to
be potential catalysts for different catalysis-based appli-
cations [28-31]. Ru NPs can increase the efficiency of
photo-excited electron—hole pair separation due to their
quantized nature and thereby enhance the photocatalytic
activity of nanocomposites. In the literature, some Fe;0,
and/or Ru based nanocomposites have been reported in
recent years for photocatalytic degradation of dyes
[32-36]. Dtugosz et al. [32] synthesized Fe;0,/ZnO NPs
for photocatalytic degradation of anionic and cationic dyes,
and it has been observed that dyes undergo high pho-
todegradation as their molar mass increases. Shanker’s
research group [33] developed recyclable g-C;N4-Fe;Oy
nanocomposites to show improved photocatalytic activity
and Sahoo et al. [34] reported a separable g-C3;N,/Fes.
O,/porous Ru nanocatalyst for photodegradation of water-
soluble azo dyes and aromatic amines. The photocatalytic
degradation was performed under visible light in both
studies [33, 34]. Ru-TiO, semiconducting NPs were syn-
thesized by the Kulkarni research team [35] for the pho-
tocatalytic degradation of bromothymol blue and they
studied the effect of BTB amount, Ru-TiO, dosage, UV
light intensity and pH on the degradation rate. Recently, a
sonochemical activation-assisted biosynthesis of Au/Fe;O,4
NPs has been reported for sonocatalytic degradation of
methyl orange [36]. There are no reports on Ru/Fe;O4 NPs
for photocatalytic degradation of dye pollutants in the lit-
erature survey.

The current works describes a chemical co-precipitation
technique for the synthesis Ru/Fe;O4 nanocomposite in a
single step. The chemical co-precipitation method has
many advantages such as variety of precursor selections to
choose as starting materials, easy handling, a high degree
of homogenization together with a small particle size,
ambient processing temperatures, cost effective and easy to
set-up and large scale production compared to other syn-
thesis methods like sol-gel, hydrothermal, auto combus-
tions etc. [37, 38]. The synthesized Ru/Fe;O4
nanocomposites were characterized by various instruments
to study morphology, chemical, structural and magnetic
properties. Then, photocatalytic activity of as-synthesized
Ru/Fe;0,4 nanocomposites was performed on the degrada-
tion MB dye using various operational parameters,
including irradiation time, effect of pH of the MB solution,

initial MB concentration, amount of photocatalyst, and
kinetics of photodegradation.

Experimental
Preparation of Ru@Fes;04 Nanocatalysts

A chemical co-precipitation method was employed to
synthesize Ru@Fe;0, nanocomposites in a single step,
briefly described as: The prepared solutions, 0.05 M of
ruthenium trichloride hydrate (RuCl;.H,O, Aldrich-40.1%
Ru) and 0.1 M of ferric nitrate nonahydrate (Fe(NO;);.
9H,0, Aldrich) were mixed in a beaker under uniform
stirring at room temperature. Then, a 0.1 M Na,COj;
solution was added drop wise to the reaction solution, and
the pH of the resultant solution was 9. The reaction mixture
was stirred magnetically for 24 h and the resulting pre-
cipitate was allowed to settle. A magnet field was applied
using a magnet to isolate the precipitate for the washing
step. The isolated precipitate was filtered, washed several
times using deionized water and then dried under vacuum
at 50 °C overnight. Finally, the dried precipitate was cal-
cined at 300 - C under nitrogen (N,) atmosphere for 3 h to
produce a black powder material of Ru@Fe;0,
nanocomposite particles.

Characterization of the Nanocatalysts Sample

The X-ray diffraction (XRD) technique was performed by
Philips X’pert MPD 3040 with Cu Ka radiation over a 260
range from 20° to 80° at 2.5° per minute. A Nicolet FT-IR
400 spectrometer (Nicolet iS10, SCINCO, USA) was used
to obtain the Fourier Transform Infrared (FTIR) spectra
and the sample was prepared by KBr pellet method. The
surface morphology of the nanocomposite was recorded by
a field emission scanning electron microscope (FE-SEM-
MIRA II, LMH) operating at an accelerated voltage of
20 kV. A transmission electron microscope (TEM, JEM-
2100F, JEOL, Japan) was executed to see the morphology
of nanocomposites and energy dispersive X-ray (EDX)
analysis was carried out to ascertain the elemental analysis
of the sample. The X-ray photoelectron spectroscopy
(XPS) was carried out by a MultiLab2000 (Thermo VG
Scientifc, USA). The pore size distributions, pore volume
and surface area were determined by N, adsorption—des-
orption isotherms using Autosorb-1 equipment (Quan-
tachrome, USA). The pore size distribution and surface
area were measured by Brunauer—-Emmett-Teller (BET)
method. The UV-Vis spectra were acquired by a Lambda
950 spectrometer (Perkin Elmer). A vibrating sample
magnetometer (VSM, Lakeshore 7304) was used to
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estimate the magnetic properties of Ru@Fe;0,4 magnetic
nanocomposite samples at room temperature.

Photocatalytic Degradation

To assess the photocatalytic degradation performance of
as-synthesized Ru@Fe;0, nanocomposites, the pho-
todegradation experiments were conducted on MB dye
solution at room temperature in the absence of light and in
the presence of sunlight and UV-light (Philips 8 W, E, .«
= 254 nm). The typical photocatalytic degradation was
carried out as follows: a required amount of magnetic
nanocomposite photocatalyst was added to a 100 mL of
MB dye aqueous solution (30 mg/L). Subsequently, the
resulting suspension was stirred magnetically in the dark
for 30 min to establish the adsorption—desorption equilib-
rium between photocatalyst and MB dye. The samples
were then subjected to sunlight or UV light lamp in sepa-
rate experiments. The photocatalytic degradation of the
MB dye reaction was monitored at various time intervals
by recording the absorbance at A, of the MB dye at a
specific wavelength using UV—Vis spectrophotometer. All
the measurements were conducted in duplicate and per-
formed a third time when necessary. A similar experi-
mental procedure was used for control experiments. The
photocatalytic degradation rate can be calculated as
follows:

Degradation rate (%) = [(Agp—A/Ap)] x 100
Degradation rate (%) = [(Co—C/Cp)] x 100

where A, represents the initial absorbance of the MB
solution, A shows the absorbance of the MB solution after
light irradiation at time t, Cy is the initial concentration of
the MB solution and C is the concentration of the MB
solution after light irradiation at time t.

Results and Discussions

Characterization of Ru/Fe;0, Magnetic
Nanocomposite

The Ru/Fe;0,4 magnetic nanocomposite was synthesized in
a single step using a chemical co-precipitation technique.
The obtained sample of Ru(OH);.Fe(OH), was reduced in
a nitrogen atmosphere at 300 °C to get pure Ru/Fe;0,
nanocomposites. The chemical reactions that occur during
the formation of Ru/Fe;O4 nanocomposites are represented
in the following equations:
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Fe(NO3);+RuCl; + Na,COs(aq) — Ru(OH),.Fe(OH)

X

(1)
Fe(OH),— Fe;04 + H,O (2)
2 Ru(OH);— 2 RuO, + Hy + 2 H,0 (3)
RuO, + 2 H, — Ru + 2 H,0 (4)

The results of the synthesized nanocomposite are dis-
cussed as follows.

The crystalline nature and crystal phase of as-synthe-
sized Ru/Fe;0O4 nanocomposite were examined by powder
XRD experiments and results are shown in Fig. la. The
typical XRD pattern of the nanocomposite displays the
various well defined diffraction reflections detected at (20):
30.1, 35.4, 43.2, 53.5, 57.1, 62.8 and 74.3° correspond to
crystalline planes of (220), (311), (222), (400), (422),
(511), (440) and (533), respectively [39]. The peaks
appeared sharp and strong, indicating the formation of well
crystallized Fe;0, with a cubic lattice structure. Apart from
Fe;04, no peaks representing to Ru were detected in the
XRD pattern of Ru/Fe;O4 nanocomposite. This indicates
that the metallic Ru nanoparticles were uniformly dis-
persed to obtain Ru/Fe;O,4 photocatalysts after calcinating
the nanocomposite sample in the nitrogen environment.
Furthermore, no other peaks of contaminants were found in
the XRD pattern, suggesting the formation of highly pure
Ru/Fe;0,4 photocatalysts.

The FTIR spectrum of magnetic Ru/Fe;04 nanocom-
posite was presented in Fig. 1b. In the FTIR spectrum, a
characteristic absorption band observed at 566 cm™' is
assigned to the vibration of Fe—O of Fe;O4 [40]. Apart
from this, two other peaks were detected at 1624 cm ™' and
3410 cm ™' related to the stretching vibration of hydroxyl
groups (-OH) [41, 42] absorbed on the surface of
nanocomposite. The existence of these hydroxyl absorption
peaks is due to absorption of moisture during testing of the
nanocomposite sample.

The morphology of the synthesized Ru/Fe;O4
nanocomposites was examined by FE-SEM. The SEM
images at two different magnifications are displayed in
Fig. 2a & b. SEM pictures clearly show nanocomposite
particles that are uniformly distributed with small size and
it has been observed that these particles are spherical in
shape. The TEM image of the magnetic Ru/Fe;Oy4
nanocomposite sample was shown in Fig. 2¢ which reveals
that the Ru NPs are highly dispersed over Fe;O4. Also, the
synthesized Ru/Fe;O, nanocomposite has an aggregated
form of structure and this aggregation may be due to
magnetic dipole—dipole interactions between the nanosized
particles [43]. The analysis for distribution of particle size
was performed to measure the bulk features of the aggre-
gated NPs. As per the analysis the average diameter of the
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Fig. 1 a XRD pattern and b FT-IR spectrum of Ru/Fe;O, nanocomposite
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Fig. 2 a, b SEM images, ¢ TEM image (inside the circles show the formed Ru NPs) and d TEM-EDX spectrum of Ru/Fe;0, nanocomposite

particle was estimated to be 31.5 nm and the Ru NPs size
was not in uniform (between 5 to 8 nm) but the Ru NPs
were well dispersed. This further indicates that the Ru
species fused on magnetite during calcination. Figure 2d
displays the TEM-EDX spectrum of Ru/Fe;04 nanocom-
posite, which confirms the dispersed Ru metal content of

9.04 wt %, 61.42 wt % of Fe and 22.03 wt % of O in the
magnetic Ru sample.

XPS is a powerful technique that can be used to examine
the chemical composition of nanomaterials. Figure 3a & b
provides high resolution (HR) XPS spectra of Fe 2p region
and Ru 3d region. As seen in HR-XPS spectrum (Fig. 3a),
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Fig. 3 HR-XPS spectra: a Fe 2p region and b Ru 3d region of nanocomposite, ¢ N, adsorption desorption isotherms and d Pore size distribution

of Ru/Fe;0,4 nanocomposite

the Fe 2p region shows two peaks at binding energies
709.9 eV and 724.2 eV which belong to Fe 2p;, and Fe
2p1,2, respectively. The energy difference between these Fe
2ps» and 2py,, peaks (spin—orbit splitting) is close to the
standard value, which ensures the formation of Fe;O4 NPs
[44, 45]. The formation of Ru species and its oxidation
state in the Ru/Fe;O, nanocomposite are confirmed by
XPS. The HR-XPS spectrum (Fig. 3b) of the nanocom-
posite sample shows two prominent Ru peaks at binding
energies of 284.1 and 297.2 eV. These two peaks can
readily be attributed to Ru(0) 3d3,, and 3ds,, respectively,
indicating the existence of metallic Ru(0) in its elementary
state by comparison with the values of metallic ruthenium
[46, 47].

The BET method can be used to measure the specific
surface area and porous nature of the magnetic Ru/Fe;O4
photocatalysts by estimating the amount of nitrogen gas
adsorbed on the surface of photocatalysts. Figure 3¢ shows
the nitrogen adsorption—desorption isotherm and Fig. 3d
displays the pore size distribution curve of Ru/Fe;Oy4
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photocatalysts. The BET specific surface area and pore
volume of the Ru/Fe;04 photocatalysts were observed to
be 90.5 m* g~ and 0.16 cm® g !, respectively. A type-IV
isotherm was observed which indicates the mesoporous
nature of the synthesized photocatalysts. The pore size
distribution plot (Fig. 3d) shows well-developed meso-
pores with a diameter of 12.2 nm, which supported the
porous nature of the Ru/Fe;0,4 photocatalysts according to
the BJH model. This suggests that the properties of syn-
thesized photocatalysts could provide more active sites for
the occurrence of photocatalytic reactions.

The UV-Vis DRS spectrum of the Ru/Fe;04
nanocomposite was displayed in Fig. 4a. The DRS method
was performed to study the optical absorption behavior and
to determine the band gap energy for photocatalysts. It can
be seen in Fig. 4a, wide absorption was observed in the
range of 250 nm to 402 nm within 500 nm for Ru/Fe;O,
nanocomposite. The band gap energy of Ru/Fe;O4
nanocomposites was calculated by Tauc and Davis-Mott
relation [48] as given below.
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Fig. 4 a UV-Vis DRS, b Tauc plot and ¢ magnetization curve of Ru/Fe;0, nanocomposite

(chv)"= K (hv— Ey)

where o is the absorption coefficient, hv is the incident
photon energy, K is the energy independent constant, E, is
the band gap energy and n = 1/2 corresponding to the
allowed direct transitions. The E, is calculated from plot-
ting (othv)” against hv, by extrapolating the straight line
portion of the curve to the zero coefficient value. The Tauc
plot (Fig. 4b) suggested that the band gap energy for Ru/
Fe;0,4 nanocomposites is 2.78 eV. This could allow for
better UV light-harvesting capability of Ru/Fe;O4
nanocomposites for photocatalytic applications.

VSM was performed to study the magnetic behavior of
Ru/Fe;0,4 photocatalysts at room temperature. The curve of
magnetization versus magnetic field (hysteresis loops) of
the photocatalysts was presented in Fig. 4c. The absence of
hysteresis at the room-temperature magnetization was
observed that reveals the superparamagnetic character of
the synthesized Ru/Fe;O,4 photocatalysts. Using an external
field of 10 kOe, the saturation magnetization value of Ru/

Fe;0, photocatalysts was determined to be 62.6 emu g~ ".

These magnetic Ru nanocomposites exhibited negligible
coercivity and remanence, indicating the distinctive role of
superparamagnetic materials. Moreover, these superpara-
magnetic Ru/Fe;04 nanocomposites can be easily sepa-
rated from the liquid medium by applying a magnetic field
using a permanent magnet. This suggests that magnetic Ru
nanocomposites have an excellent magnetic responsivity
and redispersibility, which is beneficial for their chemical
and biological applications.

Photocatalytic Degradation of MB

The photocatalytic activity studies of the synthesized Ru/
Fe;O,4 nanocomposite are evaluated by measuring the
degradation of MB in an aqueous solution under UV light
and sunlight irradiation. The photocatalytic reaction solu-
tion was left for 30 min to achieve absorption—desorption
equilibrium under dark conditions. The time-dependent
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Fig. 5 a Photocatalytic degradation of MB using Ru/Fe;0, catalysts and b effect of pH on the photocatalytic degradation of MB

photocatalytic degradation curves of the MB dye solution
in UV and sunlight irradiation are shown in Fig. 5a, which
demonstrates that the rate of degradation increases with
increasing irradiation time. The complete (100%) MB dye
photocatalytic degradation was observed within 120 and
150 min, respectively, during UV and sunlight exposure.
Control experiments, including MB dye in the dark, in UV
and sunlight without addition of Ru/Fe;O, catalysts were
performed to find out if any degradation had occurred. As
seen in Fig. 5a, almost no degradation occurs under dark
conditions, but degradations of 8% and 5% were observed
under UV and sunlight irradiation, respectively. These
experiments suggest that very poor photocatalytic degra-
dation is possible only in the absence of Ru/Fe;0,4 photo-
catalysts in both UV and Sunlight. This clearly evidences
that Ru/Fe;O,4 photocatalysts are required for photodegra-
dation of MB pollutant. Also, a solution containing Ru/
Fe;0, photocatalysts along with MB dye was kept in the
dark, and it was observed that the degradation solution was
stable in the dark and no noticeable adsorption took place.
This indicates that the degradation process of MB occurs
only under UV/sunlight exposure with Ru/Fe;O, photo-
catalysts. From the results of photocatalytic degradation
with respect to time, it can be concluded that both UV and
sunlight degradations achieved superior photocatalytic
degradation efficiency towards MB dye by the prepared
Ru/Fe;04 composites. And greater photocatalytic degra-
dation was observed in UV light compared to sunlight.
Further, the effects of other operational parameters, such as
the pH of the MB dye solution, the MB dye concentration
in the solution, the kinetics of the photocatalytic reaction
and the amount of Ru/Fe;O4 photocatalyst in the solution
were investigated on the MB dye degradation efficiency.
Besides, the mechanism of photocatalytic degradation and
reuse of the Ru/Fe;O, photocatalysts are researched and
discussed.
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The pH of the degradation solution is an important
parameter on the efficiency of the photocatalytic reaction.
The effect of pH on the degradation efficiency of MB in
UV and sunlight was investigated within the pH range of 3
to 11. The pH of the photodegradation solutions was
adjusted using dilute aqueous HCI and NaOH solutions. As
seen in Fig. 5b, photocatalytic degradation increases with
pH, which clearly represents higher pHs (alkaline medium)
giving better results than the neutral pH and the acid
medium. The highest degradation percentage of MB at
alkaline pH values can be explained as follows: in an acidic
medium (pH < 7) photocatalysts get H ions and become a
positively charged surface and methylene blue is a cationic
dye, so, both acquire a positive charge, resulting in less
adsorption. On the other hand, as the pH of the degradation
solution increases, the concentration of hydroxyl ions
increases, resulting in enhanced radical hydroxyl forma-
tion. These hydroxyl radicals are very reactive and act as
oxidizing agents in the advanced oxidation processes, and
are more favorable for greater photocatalytic activity at
higher pHs [49]. In addition, the electrostatic attraction
between the cationic MB species and the negatively
charged Ru/Fe3;0,4 photocatalysts enhances the adsorption
rate of the MB species on the surface of Ru/Fe;0,4 photo-
catalysts. This leads to a positive effect on the photocat-
alytic degradation of MB dye. Therefore, alkaline pHs are
optimized for MB photocatalytic degradation for studies.

In the process of photocatalytic degradation, the degra-
dation efficiency depends on the amount of analyte dye
adsorbed on the surface of the photocatalyst [50]. The
effect of the initial concentration of MB on its pho-
todegradation was carried out by varying the initial con-
centration from 5 to 20 ppm by keeping a fixed amount of
Ru/Fe;0,4 photocatalyst and the pH of the degradation
solution. Figure 6 shows the degradation curves in both
UV and sunlight irradiation with respect to different
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degradation of MB in ¢ UV light and d in Sunlight

concentrations of MB. The results show that the photo-
catalytic degradation decreased with increasing MB con-
centration from 5 to 20 mg in both light exposures. A low

concentration of 5 mg achieves the highest photocatalytic
degradation and at higher concentrations the degradation
efficiency decreases. The increased concentration of MB
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completely occupies the active sites, which leads to the
saturation of the Ru/Fe;O, photocatalyst surface and
reduces the number of photons reaching the Ru/Fe;O,
surface [51]. This results in decrease of the generation of
highly reactive hydroxyl radicals, which reduces the per-
centage of photocatalytic degradation.

The photocatalyst dosage is a significant parameter that
can determine and achieve an effective photocatalytic
degradation reaction. The effect of the Ru/Fe;O, photo-
catalyst amount on the degradation of MB was investigated
using different photocatalyst concentrations of 5, 10, 15, 20
and 25 mg/L, by maintaining constant experimental con-
ditions of 5 mg/L of MB dye concentration and pH 11.
Figure 7a & b illustrates the effect of photocatalyst dosage
on the degradation efficiency. It has been observed that by
increasing the amount of Ru/Fe;O, photocatalyst, the
photocatalytic degradation of MB increases. This is likely
to be as the concentration of photocatalyst increases, the
number of active sites on the surface of photocatalyst
increases, leading to an increased generation of hydroxyl
radicals and superoxide radicals [52]. These radicals are
responsible for the actual photodegradation of the MB dye.
The photocatalytic degradation increased to a certain dose
of catalyst, then decreased slightly. This refers to the
blockage of light radiation to the photocatalytic reaction
due to the excess concentration of the photocatalyst. The
other possible way is the excess amount of photocatalysts
makes the photocatalysts to aggregate due to their high
surface energy and surface area. As a result, the effective
surface area of the photocatalyst decreases, resulting in a
decrease in degradation performance.

Kinetics of MB Dye Degradation

Figure 7c, d presents the kinetic plots for the photocatalytic
degradation of MB dye containing different amounts of Ru/
Fe;04 photocatalysts under UV light and sunlight radia-
tion, respectively. Kinetic plots are constructed by plotting
—In(C/Cy) versus irradiation time (t, min) to estimate the
photodegradation efficiency of MB using the following
relation:

—ln(C/Co) =kt

where C, represents the initial concentration of MB dye
(mg/L), C indicates the concentration of MB dye after

irradiation time ‘t’, and ‘k’ is the degradation rate constant
(min~!). It can be seen from the kinetic plots (Fig. 7c & d)
that a linear relationship between -In(C/Cy) and irradiation
time was found for the degradation of MB. Further, the
photocatalytic degradation reaction of MB follows the
pseudo first-order kinetics of the Langmuir—Hinshelwood
model [53]. The degradation rate constants were estimated
using the slopes of the regression lines and are listed in
Table 1. The k value of 15 mg/L of the photocatalyst was
shown to be higher than 10 mg/L. Also, the reaction rate
constants under UV and sunlight irradiation are compared
and show that the k value of UV light is larger than sun-
light. This is due to the enhanced diffusion of MB mole-
cules on the Ru/Fe;0,4 surface, leading to faster electron—
hole pair separation and increasing degradation efficiency
accordingly [54]. The results suggest that an increase in the
dosage of Ru/Fe;0,4 nanocomposite photocatalyst from 10
to 15 mg/L increases the degradation rate of MB. More-
over, the additional loading of the photocatalyst may lead
to a change in the photocatalytic degradation efficiency.
This could be explained by the fact that the increased
catalyst addition prevents light absorption and separation
of charge carriers.

Identification of Reactive Oxidation Species

To explain the possible mechanism of photocatalytic
degradation, it is necessary to identify the major reactive
species involved in the photocatalytic process [55]. The
photocatalytic oxidation process requires different reactive
species such as holes (h™), hydroxyl (¢OH) and superoxide
radicals (O, ). For this study the photocatalytic experi-
ments were performed under the same conditions in the
presence of different scavengers. Ammonium oxalate
(AO), isopropyl propanol (IPA) and benzoquinone (BQ) as
scavengers of h™, eOH and 0, species, respectively,
were used to investigate the photocatalytic degradation of
MB dye solution. Figure 8a displays the % MB dye
degradation under UV/sunlight exposure before and after
the addition of scavengers to the photocatalytic degradation
solution. The results indicate that the addition of IPA sig-
nificantly reduced the rate of degradation in both UV and
sunlight irradiation, i.e. the photocatalytic degradation
process progressed more effectively with eOH radicals.
Using BQ, a lower rate of degradation was observed

Table 1 Kinetic parameters for

photocatalytic degradation of Light source Amount of photocatalyst (mg/L~") k (min~") R?
MB dye uv 10 0.0385 0.989
15 0.0513 0.993
Sunlight 10 0.0294 0.981
15 0.0402 0.990
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Fig. 8 a Effect of scavengers on photocatalytic degradation of MB (5 mg/L) and b photodegradation of MB using Ru/Fe;0, photocatalysts on

repeated cycles

compared to IPA, indicating that O, species also con-
tribute to photocatalytic reactions. The addition of AO did
not have a large effect on MB dye degradation. However,
the performance of h* towards MB dye degradation cannot
be completely eliminated. From these results two reactive
species, ®OH radicals and to some extent O, radicals play
major role in the photocatalytic degradation of MB using
Ru/Fe;04 photocatalysts.

Mechanism of Photocatalytic Degradation

In the photodegradation reaction, the catalytic action of
photocatalysts plays an important role. The reaction
mechanism provides significant support for photocatalytic
reactions that occur during the photodegradation process.
The degradation efficiency of the photocatalytic process
depends on the catalyst, nature of dye and the environment
in which the reaction takes place. In this work, Fe3Oy is
used as a base material to support Ru NPs, which differ in
the energy levels between the valence band and the con-
duction band under UV/sunlight exposure. The difference
in energy levels between Fe;O, and Ru leads to the for-
mation of electrons, which move from the surface of Ru to
Fe;0,4. The potential difference between the valence band
holes (h™) or the conduction band electrons (¢”) of Fe;O,
and Ru (two semiconductor materials) leads to electron
migration. The transfer of photo-generated e~ from Ru
(conduction band) to Fe;O, (valance band) and h™ from Ru
(valance band) to Fe;0,4 (valance band) may be thermo-
dynamically favorable. The recombination of photo-gen-
erated e” and h' is effectively decreased, which allows the
nanocomposite to function longer and also enhances its
photocatalytic ability [56].

Under the irradiation of UV/Sunlight, the electron-hole
(e7/ h™) pairs generated on the nanocomposite photocata-
lyst surface react with H,O to obtain hydroxyl (¢OH) and
superoxide radicals (#0O,"), which are required for the
degradation of dye pollutants [57]. The relevant reaction
formulas are given as follows:

Ru/Fe;04 + hv — e~ + h'(Generation of e~/ h*pairs)
H,O + h* — OH + H' (Photo — oxidation reaction)

O, +e
‘0;/-OH + MB — Intermediates — CO, + H,0

— -0, (Photo - reduction reaction)

The generation of hydroxyl and superoxide radicals is
essential for the degradation dye pollutants during photo-
catalytic process. These highly reactive radicals formation
occurs only under UV/Sunlight irradiation. In addition, the
properties of the intermediate and decomposition com-
pounds, including the size and charge of the material, have
a significant impact on the degradation efficiency. The
charge of the compounds in the degradation solution
affects the adsorption on the surface of the photocatalyst.
The availability of pores on the photocatalyst surface in
various sizes is favorable for the adsorption of MB inter-
mediates of different sizes.

Recycling of the Ru/Fe;0, Photocatalysts

Recycling of photocatalysts plays a major role in practical
applications [58]. The Ru/Fe;O,4 photocatalysts were sep-
arated from the photodegradation reaction solution by
applying an external magnetic field. The isolated photo-
catalysts were washed with deionized water and dried in an
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oven set at 90 °C after every cycle of use. The recovered
photocatalysts were again used for photodegradation of
MB dye under similar experimental parameters. To
examine the recyclability of Ru/Fe;O, photocatalysts, the
degradation efficiency was monitored for five cycles and
the results are shown in Fig. 8b. The Ru/Fe;O,4 photocat-
alyst exhibits reproducible results and the degradation
efficiencies of MB up to four cycles are 94%. There after a
decrease in the photocatalytic degradation efficiency was
observed. The reduction of photodegradation might be
because of the loss of few Ru/Fe;O, nanocomposite par-
ticles into the solution and also adsorbed MB intermediates
in the pore channels or on the photocatalyst’s surface to
reduce the absorption of light [59].

Conclusion

In summary, magnetic Ru/Fe;O, photocatalysts were suc-
cessfully synthesized in a single step by simple chemical
co-precipitation method. The synthesized magnetic photo-
catalyst was characterized by different techniques and
confirmed the formation of Ru NPs on Fe;O4, by TEM,
TEM-EDX and XPS. The photocatalytic activity of syn-
thesized nanocomposites was tested for degradation of MB
dye in aqueous solution under UV and sunlight light
radiation by varying several working parameters. It was
found that a complete degradation of MB occurred in 120
and 150 min irradiation of UV and sunlight, respectively,
and better photodegradation was observed under UV light.
The photocatalytic degradation is likely to be greater in
alkaline medium than in neutral and acid media. Further-
more, the degradation -efficiency was increased by
increasing the irradiation time and photocatalyst dosage,
and decreased by increasing the initial MB concentration.
An appropriate mechanism for the photocatalytic degra-
dation of MB was given, in which the photodegradation
process requires the formation of highly reactive hydroxyl
and superoxide radicals. The developed Ru/Fe;O, mag-
netic photocatalysts were easily separated from the solution
using an external magnetic field and reused for up to five
successive cycles without significant loss of photocatalytic
activity. So, the synthesized magnetic Ru/Fe;0y4
nanocomposite is an efficient photocatalyst for the degra-
dation of MB under UV and sunlight irradiation.
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