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ABSTRACT: In this work, the construction of two heterojunction photocatalysts by
coordinative anchoring of M(salophen)Cl complexes (M = Fe(III) and Mn(III)) to rutile
TiO2 through a silica−aminopyridine linker (SAPy) promotes the visible-light-assisted
photodegradation of organic dyes. The degradation efficiency of both cationic rhodamine B
(RhB) and anionic methyl orange (MO) dyes by Fe− and Mn−TiO2-based catalysts in the
presence of H2O2 under sunlight and low-wattage visible bulbs (12−18 W) is investigated.
Anionic MO is more degradable than cationic RhB, and the Mn catalyst shows more activity
than its Fe counterpart. Action spectra demonstrate the maximum apparent quantum
efficiency (AQY) at 400−450 nm, confirming the visible-light-driven photocatalytic reaction.
The enhanced photocatalytic activity might be attributed to the improved charge transfer in
the heterojunction photocatalysts evidenced by photoluminescence (PL) and electro-
chemical impedance spectroscopy (EIS) analyses. A radical pathway for the photo-
degradation of dyes is postulated based on scavenging experiments and spectral data. This
work provides new opportunities for constructing highly efficient catalysts for wastewater treatment.

■ INTRODUCTION
The environmental and health problems of pollution have
raised public concerns. Unintentional exposure to various
organic and inorganic pollutants may have various harmful
effects on the human body and a deleterious effect on the well-
being of mankind.1 Accordingly, in today’s scientific world, the
removal of pollutants has easily become the center point of
research efforts. Given the massive discharge of chemicals and
subsequent pollution from various sources such as metallurgy,
textile, paper, tannery, and paint industries, the conventional
treatment is mostly ineffective and not environmentally
compatible.2 In recent years, semiconductor-mediated photo-
catalysis as a cost-effective, environmentally friendly, and
modern technology has grown rapidly for the degradation of
effluents.3,4 Among heterogeneous photocatalysts, titanium
dioxide (TiO2) as a promising semiconductor photocatalyst
has been widely used in wastewater treatment because of its
unique photoelectric properties, high chemical stability, low
cost, and safety for both humans and the environment.5 It has
been widely used in water and air purification, hydrogen
production, electrode material, solar cells, cancer therapy, and
self-cleaning of antibacterial materials.6−14 Among TiO2
polymorphs, anatase-phase TiO2 and anatase−rutile-mixed
TiO2 are believed to have superior photocatalytic activity.

15 As
a photocatalyst, one major disadvantage of TiO2 is that it can
only be activated by irradiation with ultraviolet (UV) light, i.e.,
only 5% of the solar energy compared to visible light, owing to

its relatively wide band gap (3.2 eV for anatase). Thus, any
shift in its optical response from UV to the visible spectral
range will have a remarkable positive effect on the practical
application of the material. Another problem comes from the
transformation from the metastable anatase phase to the
thermodynamically stable rutile phase. Thus, it seems that the
high stability and smaller band gap (3.05 eV) of the rutile
phase extending the absorbance threshold for harvesting more
visible light than anatase meet the requirement for practical
applications.15 Besides, due to the rather fast recombination of
electron−hole pairs, the quantum efficiencies of TiO2 in
energy conversions are rather poor, leading to the poor
photoactivity of TiO2 even in the UV region.16 To improve the
photocatalytic ability and widen application fields, different
preparation methods and a lot of modification methods have
been tried, which have been reviewed in several articles.15−17

Modification of TiO2 with a Schiff base,18,19 ascorbic acid
(vitamin C),20−23 g-C3N4,

24,25 dendrimer,26,27 and boron28 is
one of the efforts of our research groups in this area. To extend

Received: September 15, 2022
Accepted: December 29, 2022
Published: January 17, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

3821
https://doi.org/10.1021/acsomega.2c05971

ACS Omega 2023, 8, 3821−3834

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdolreza+Rezaeifard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masoumeh+Rezaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Narges+Keikha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maasoumeh+Jafarpour"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pinghua+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hualin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hualin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c05971&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05971?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05971?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05971?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05971?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05971?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/4?ref=pdf
https://pubs.acs.org/toc/acsodf/8/4?ref=pdf
https://pubs.acs.org/toc/acsodf/8/4?ref=pdf
https://pubs.acs.org/toc/acsodf/8/4?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c05971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


our modification methods and inspired by heme-containing
enzymes, recently, we designed a new organosilicon linker
(SAPy) by condensation of (3-oxopropyl)trimethoxysilane
with 4-aminopyridine (Scheme 1) capable of coordinating to
metal complexes of easily made salen- or salophen-type ligands
with widespread applications in catalysis.29 SAPy-function-
alized maghemite nanoparticles (γ-Fe2O3) were successfully
used for the coordinative anchoring of M−salophen complexes
(M = Fe, Mn) (M(III)(salophen)Cl@SAPy/Fe2O3).

29 How-
ever, these magnetic nanocatalysts showed a moderate activity
toward oxidative degradation of organic dyes in an aqueous
solution of H2O2.

29 When we replaced γ-Fe2O3 with TiO2
(Scheme 1, M(salophen)Cl@SAPy/TiO2), promising results
were obtained for visible- and sunlight-assisted degradation of
organic dyes, inducing us to present this work. Both cationic
and anionic organic dyes are degraded in an aqueous solution
of H2O2 in the presence of both Fe(III) and Mn(III)salophen-
modified TiO2 nanocomposites. Sunlight and low-wattage
visible light bulbs are quite effective in inducing the as-
prepared photocatalysts in the dye’s degradation process at
desired times. Different factors affecting the photocatalytic
performance are investigated, and the photoefficiency of the
system is assessed by action spectra. The reusability and
stability of the photocatalyst are also examined, and a possible
photochemical mechanism for the degradation process is
proposed.

■ EXPERIMENTAL SECTION
The procedures for the preparation of (3-oxopropyl)-
trimethoxysilane (Scheme 1), SAPy (Scheme 1), TiO2, and
Fe(III)- and Mn(III)(salophen)Cl are given in the Supporting
Information.
Fabrication of SAPy/TiO2. In total, 1.0 g of TiO2

nanoparticles (Supporting Information) were mixed with 10
mL of ethanol to produce a homogeneously mixed solution.
Then, 1.0 g of the SAPy ligand (Supporting Information)29 in

10 mL of ethanol was added dropwise to the TiO2 suspension
followed by sonication of the mixture for 2 h at 60 °C. The
mixture was refluxed for a further 12 h. Finally, the
composition was isolated by centrifugation and washed with
ethanol, and the resulting precipitate was kept under vacuum at
60 °C for 8 h.
Fabrication of Fe(III)(salophen)Cl@SAPy/TiO2. To 1.0 g

of the SAPy/TiO2 nanohybrid in 10 mL of ethanol was
gradually added 0.5 g of Fe(salophen)Cl (M = Fe, Mn) (a
period of 10 min) under ultrasonic agitation at 60 °C followed
by refluxing for a further 12 h. Afterward, the product was
centrifuged and washed with ethanol followed by drying for 8 h
at 60 °C (Scheme 1).
Procedure for Photocatalytic RhB Degradation. In a

general procedure, 50 mL of aqueous solution with pH = 3
containing the required concentration of RhB, 5 mg of
M(III)(salophen)Cl@SAPy/TiO2 (M = Fe, Mn), and 62 μL
of H2O2 solution (30%) was stirred under visible light. The pH
was adjusted by the addition of appropriate amounts of NaOH
or HCl solution. At given intervals, an appropriate amount of
the suspension was taken out and filtered to remove the solid
particles before analysis. The concentration of RhB was
measured using a spectrophotometer set at a wavelength of
maximum absorbance (λmax) of 554 nm. The decoloration ratio
(DC%) of RhB was calculated using eq 1.

= ×C C CDC ( )/ 1000 t 0 (1)

where C0 (mg/L) and Ct (mg/L) are the initial and final RhB
concentrations, respectively. The same procedure was
conducted for methyl orange at a wavelength of maximum
absorbance (λmax) of 517 nm.
Procedure for Determining the Photoefficiency. A

full-spectrum 40 W CFL bulb was used as an irradiation
source. The filters used in this work are a blue filter
(LEYBOLD-HERAEUS GMBH 46811) with lux = 1000 to
irradiate with λ ∼ 450 nm; a green filter (LEYBOLD-

Scheme 1. Preparation of M(salophen)Cl@SAPy/TiO2 (M = Fe, Mn) Heterojunction Nanocomposites for Photocatalytic
Degradation of Dyes
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HERAEUS GMBH 46807) with lux = 1200 to irradiate with λ
∼ 530 nm; a solution mixture of Cu(OAc)2, methyl orange,
and NaNO2 with lux = 3720 to irradiate with λ ∼ 570 nm; a
solution mixture of Fe(EDTA), KMnO4, and Cu(OAc)2 with
lux = 3300 to irradiate with λ ∼ 630 nm; and a solution
mixture of methylene blue, phenol red, and KMnO4 with lux =
3200 to irradiate with λ ∼ 760 nm. The degradation of RhB
was carried out by the procedure mentioned in the previous
section.30

■ RESULTS AND DISCUSSION
Catalyst Characterization. The successful preparation of

the Fe(salophen)Cl@SAPy/TiO2 hybrid was initially con-
firmed by the detection of its composing elements (C, N, O, Si,
Cl, Ti, and Fe) using energy-dispersive X-ray spectrometry
(EDS) with elemental mapping at the microstructural level by

scanning electron microscopy (SEM, Figure 1). The uniform
distribution of the elements can be observed in the hybrid.
Based on the ICP-OES analysis, the precise Fe content of

the fabricated hybrid was found to be 1.23% corresponding to
0.22 mmol/g.
X-ray photoelectron spectroscopy (XPS) analysis provided

further proof of Fe(salophen)Cl@SAPy/TiO2 fabrication and
useful information about the chemical environment and
oxidation state of the elements. The high-resolution XPS
spectra of C 1s, O 1s, N 2p, Fe 2p, Cl 2p, Si 2p, and Ti 2p of
the as-prepared hybrid are given in Figure 2. The two C 1s
signals with binding energies (BEs) of 284.05 (C−C and C�
C) and 285.4 (Csp2−N) were detected.31 The N 1s spectrum
revealed three signals at 397.65, 399.45, and 400.8 eV
corresponding to pyridinic and salophen nitrogens as
uncoordinated and coordinated to a transition metal.32−34

The O 1s spectra are deconvoluted into three signals at 529.35,

Figure 1. Energy-dispersive X-ray spectrometry (EDS) and elemental mapping at the microstructural level by scanning electron microscopy (SEM)
of Fe(salophen)Cl@SAPy/TiO2.
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529.5, and 531.45 eV. The signals at 529 eV are assigned to O
atoms bonded in the Ti−O linkage because the Ti−O linkage
is a dominant species. The signal with the higher binding

energy at 531.45 eV is assigned to the coordinated phenolic
oxygen of the salophen ligand or O atoms bonded in the Si−
O−Ti linkage.32,35

Figure 2. XPS survey and high-resolution spectra of C 1s, N 1s, O 1s, Fe 2p, Cl 2p, Si 2p, and Ti 2p of Fe(salophen)Cl@SAPy/TiO2.
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The Fe 2p spectra contain two main peaks at 710.55 and
723.9 eV corresponding to Fe 2p3/2 and Fe 2p1/2 of Fe3+,
respectively, along with some contribution of Fe2+ (708.9 and
718.35 eV).36 This was further supported by the Cl 2p spectra.
The main signal with the largest area centered at a binding
energy of 198.65 eV demonstrates inorganic chlorine (BE <
199 eV)37 from a chloride salt with Fe3+.38,39 Si 2p exhibited
three signals at binding energies of 98.6, 101.75, and 102.8 eV,
indicating the covalent bonding of Si in Si−C, Si−O, and Si−
O−Ti, respectively.40 Main signals of Ti 2p are observed at
binding energies of 458.25 eV (2p3/2) and 463.8 eV (2p1/2) for
TiO2.

24

The FT-IR spectra and powder X-ray diffraction (PXRD)
pattern of Fe(salophen)Cl@SAPy/TiO2 are depicted in Figure
3 in comparison with precursors. In the FT-IR spectra (Figure
3I), the major bands appeared at 450−775 cm−1 in all
presented spectra assigned to the stretching vibrations of the
Ti−O group, demonstrating the presence of TiO2 in all three
materials (Figure 3Ia−c). The broad peaks at 3410 and 1643
cm−1 in Figure 3Ia correspond to the surface-adsorbed water
and hydroxyl groups on bare TiO2, respectively.

20 Figure 3Ib
confirms the successful fabrication of the TiO2/SAPy
composite. A peak at 2953 cm−1 is attributed to the stretching
vibrations of the aliphatic C−H propyl groups of SAPy. The
appearance of the peak at 1655.7 cm−1 in Figure 3Ib is
assigned to the C�N frequency of the imine bond of SAPy.29

After the attachment of SAPy to the surface of TiO2, this band
shifted to 1656.6 cm−1 (Figure 3Ic). The sharp bands at 1035
and 1135 cm−1 in SAPy rationalized to the Si−O groups in the
linker structure (Figure 3Ib), which shifted slightly to 1032

and 1131 cm−1, respectively, after coordination to the
Fe(salophen)Cl complex (Figure 3Ic). Strong evidence for
the attachment of the Fe(salophen)Cl complex on the TiO2
nanoparticles was provided by the emergence of a new band at
1602.5 cm−1 (Figure 3Ic), which is characteristic of the imine
bonds of the salophen ligand of Fe(salophen)Cl (Figure S1).
Other new peaks appeared at 700−800 and 1300−1580 cm−1

(Figure 3Ic), which are consistent with those of neat
Fe(salophen)Cl (Figure S1).29

Figure 3II shows the comparative X-ray diffraction patterns
of TiO2/SAPy (b) and Fe(salophen)Cl@SAPy/TiO2 (c) in
the diffraction angle range of 10−80°. The characteristic
diffraction peaks at 27.3° (110), 36° (101), 41° (111), 54.2°
(211), 56.7° (220), 62.6° (002), 64° (310), 69 (301), and
69.6° (112) (JCPDS 88-1175) approved the rutile phase (R in
Figure 3IIb) of TiO2 nanoparticles alongside a trace amount of
the anatase phase (A in Figure 3IIb) after calcination at 700
°C. Moreover, TiO2 preserved its crystalline structure during
the subsequent surface modification.41

Transmission electron microscopy (TEM) and FE-SEM (C)
images depicted in Figure 4 revealed cubic particles with sizes
ranging between 30 and 60 nm for the Fe(salophen)Cl@
SAPy/TiO2 nanocomposite.
The thermal behavior of the fabricated nanocatalyst was

analyzed through thermogravimetric analysis (TGA) from
ambient temperature to 800 °C. The TGA curve of
Fe(salophen)Cl@SAPy/TiO2 nanoparticles given in Figure
S2 demonstrated its stability up to 250 °C, and the organic
parts were removed completely at 600 °C.

Figure 3. (I) FT-IR spectra of (a) TiO2, (b) TiO2/SAPy, and (c) Fe(salophen)Cl@SAPy/TiO2. (II) XRD pattern of (b) SAPy/TiO2 and (c)
Fe(salophen)Cl@SAPy/TiO2; “‘R”’ represents the rutile phase and “‘A”’ represents the anatase phase.

Figure 4. TEM (A, B) and FE-SEM images of the Fe(salophen)Cl@SAPy/TiO2 nanocomposite.
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Degradation of Dyes. The photocatalytic degradation of
RhB as a cationic dye and MO as an anionic dye was
conducted in the presence of the Fe(salophen)Cl@SAPy/TiO2
catalyst and H2O2 as a green oxidant under blue LED (12 W)
irradiation as a visible light source. UV−vis spectroscopic
analysis was performed at different intervals during the
photocatalytic degradation to follow the chemical evolution
of the solution. The first step for the degradation of pollutants
in a heterogeneous photocatalytic process is their adsorption to
the surface of the solid catalyst. We left the samples in the dark
for ∼60 min and measured the absorbance every 15 min until
it was nearly constant. Then, we transferred them into light
and measured the absorbance. In the solution with pH = 3 as
the optimized pH in this work (vide infra), adsorption of
cationic RhB by Fe(salophen)Cl@SAPy/TiO2 was almost
negligible (5%), while 52% of anionic MO was adsorbed on
the as-prepared nanocomposite in the dark after 60 min.
Accordingly, to avoid errors resulting from the removal
adsorption of MO in different control experiments, the
reaction conditions were optimized using RhB solution. To
exclude the possibility that dye degradation was caused by light
radiation and/or H2O2, we performed blank experiments
where only RhB solution in the absence of the catalyst was
radiated with visible light in the absence and presence of H2O2.
In the absence of a photocatalyst and H2O2, the RhB
concentration remained almost unaltered after 4 h and
decreased slightly in the presence of H2O2 under catalyst-
free conditions (Table 1 entry 1). The Fe(III)salen complex

has been well described as an effective photocatalyst for the
degradation of cationic dyes such as RhB under high-power
500 W visible light;42 nevertheless, the use of the salophen
counterpart, Fe(III)salophen, in this work that uses a low-
intensity 12 W blue LED did not improve the efficiency (entry
2, 29% after 4 h). Although discrepancies in ligand structures
(salen vs salophen) and significant differences in power,
intensity, and wavelength range of used bulbs are responsible
for such contradistinction in activity, the nature of the true
catalyst is a very important issue that has not been well
addressed.42 The oxidative degradation of ligands, difficulties
in separating the products, and contamination by residual
catalysts are major problems often encountered in the
oxidation reactions catalyzed by metal−organic complexes.
The fixation of the metal−organic complexes onto different
supports to obtain heterogeneous catalysts helps to minimize
the problems of industrial disposal and waste treatment. For
practical applications of heterogeneous systems, the lifetime of
a catalyst and its recovery and reusability are very important
factors.43−48 The attachment of Fe(III)salophen to TiO2 via

SAPy in this work produced a heterogeneous catalyst,
(Fe(salophen)Cl@SAPy/TiO2), which promoted the RhB
photodegradation activity of TiO2 from 62% (entry 3) to
100% (entry 6) and reduced the reaction time from 4 to 2.25
h, i.e., almost double the yield in half the time. Meanwhile, as
will be discussed later, the Fe(III)salophen seems to preserve
its structural integrity during the reaction. The nonoxidative
degradation activity of Fe(salophen)Cl@SAPy/TiO2 was
inferior (entry 5), demonstrating the direct involvement and
key role of H2O2 in the reaction mechanism (vide infra), a sign
for a photo-Fenton system.49 In the photo-Fenton process, the
photodegradation of dyes by Fe3+ and H2O2 under visible light
involves the excitation of the dye followed by the reduction of
Fe3+ to Fe2+, where the excited dye helps the reduction. Then,
the classical Fenton reaction occurs to produce hydroxyl
radicals. These radicals are the key species, which facilitate the
degradation of the dyes.50,51 For a neat iron(III) complex, the
photo-Fenton process involves two basic steps. The first step is
the photoreduction of iron(III) to iron(II) by photoinduced
metal−heteroatom bond cleavage52 or by ligand-to-metal
charge transfer.53 However, for the iron(III) complex attached
to TiO2 like the present system, the photoreduction of
iron(III) to iron(II) by photoinduced TiO2 is a more likely
process.54,55 The reaction of H2O2 with iron(II) to produce
reactive hydroxyl radicals is the second step.50,51 Thus, one can
conclude that the synergistic effect between Fe(salophen)Cl
and TiO2 promotes the visible light photoactivity of the as-
prepared heterojunction nanocomposite (Fe(salophen)Cl@
SAPy/TiO2) in the presence of H2O2.
Several parameters (pH, H2O2 concentration, time of

reaction, amount of the catalyst) were optimized to perform
the photocatalytic degradation of RhB (Figure 5). It is well
known that the photocatalytic degradation of an organic
pollutant solution is affected significantly by pH, which is
caused by the charges and the adsorption behavior of pollutant
molecules on the surface of catalysts.56 The effect of pH on the
photodegradation efficiency of RhB was examined in the range
of 2−9 under a blue LED in the presence of Fe(salophen)Cl@
SAPy/TiO2/H2O2. As shown in Figure 5A, the photo-
degradation was more efficient in acidic solutions than in
alkaline media. The best performance was obtained at pH 3
(92%/2 h), and after that, the removal efficiency decreased
significantly and reached 38% at pH 9. The faster formation of
Fe(II) in acidic media may be a good reason for such an
exhibition29 because the classic Fenton reaction occurs in the
presence of Fe(II) to produce hydroxyl radicals from H2O2.
However, the stability of the Fe(III)salophen complex in acidic
pH42 is an important issue that should be taken into account.
The effect of the catalyst amount on the photodegradation

efficiency was screened, and the results are depicted in Figure
5B. As expected, the photodegradation performance increased
with an increase in Fe(salophen)Cl@SAPy/TiO2 concen-
tration up to 5 mg. Nevertheless, a further increase in the
catalyst loading did not improve noticeably the reaction
performance caused by a decrease in the accessible active sites
on the catalyst surface resulting from the agglomeration of the
catalyst nanoparticles. However, limited light penetration
resulting from the increased scattering effect may be
effective.56,57 As mentioned earlier, the presence of H2O2 is
indispensable to triggering the reaction, and the rate and
efficiency of photocatalytic degradation are affected by the
concentration of H2O2.

56,58 Accordingly, some experiments
with different concentrations of H2O2 were carried out using

Table 1. Comparing the Catalytic Activity of
Fe(salophen)Cl@SAPy/TiO2 with Parent Materials

a

entry catalyst oxidant DC% time (h)

1 catalyst-free H2O2 23 4
2 Fe(salophen)Cl H2O2 29 4
3 TiO2 H2O2 62 4
4 TiO2/SAPy H2O2 71 4
5 Fe(salophen)Cl@SAPy/TiO2 - 5 4
6 Fe(salophen)Cl@SAPy/TiO2 H2O2 100 2.25

aFifty milliliters of an aqueous solution of 2 ppm RhB with pH 3.0
containing 62 μL of H2O2 and 5 mg of the catalyst was run under a 12
W blue LED.
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Fe(III)(salophen)@SAPy/TiO2 under blue LED light, and the
results are given in Figure 5C. To reach the effective RhB
photodegradation at the desired time, the system required 12
mM H2O2 (62 μL/50 mL), and the use of a less amount of the
oxidant prolonged the reaction. As will be demonstrated in the
next sections, H2O2 increases the formation rate of hydroxyl
radicals in two ways: (1) the reduction of H2O2 at the
conduction band and (2) self-decomposition by illumination.
At low concentrations, H2O2 enhances the degradation of
compounds due to more efficient generation of hydroxyl
radicals and inhibition of electron−hole pair recombination.
However, when the concentration of H2O2 increases, the
electron acceptor reacts with hydroxyl radicals and acts as a
scavenger of the photoproduced holes. In addition, in the
presence of a high concentration of peroxide, OH radicals
preferentially react with the excess of H2O2. This undesirable
reaction competes with the destruction of the dye

chromophore; meanwhile, the radical−radical reaction must
also be taken into account.59

Finally, the potential of the title photocatalytic system for
removing different RhB concentrations was evaluated. Based
on the results presented in Figure 5D, to reach the best
catalytic performance using Fe(salophen)Cl@SAPy/TiO2
under optimized conditions (50 mL of an aqueous solution
of RhB with a pH of 3.0 containing 62 μL of H2O2 and 5 mg of
the catalyst under a 12 W blue LED), the RhB concentration
should be 2 mg/L. At a lower concentration of the dye, H2O2
competes with the dye molecules for the reaction with active
species such as OH radicals. On the other hand, at higher dye
concentrations, dye molecules are adsorbed on the surface of
the catalyst, and a significant amount of irradiation light is
absorbed by the dye molecules rather than the photocatalyst
particles. The generation of hydroxyl radicals decreases, since
the active sites are occupied by dye molecules. The adsorbed

Figure 5. Effect of the initial pH (A), catalyst amount (B), oxidant amount (C), and dye concentration (D) on the degradation rate of RhB at an
irradiation time of 1 h except for (A), which was run for 2 h (ultrasonic time: 5 min), pH = 3 except for (A), 5 mg of the catalyst except for (B),
H2O2: 62 μL except for (C), and 2 mg L−1 RhB except for (D).

Table 2. Effect of the Dye Structure and the Metal Center of the Salophen Complex on the Photocatalytic Activitya

Time (min) for 100% DC

dye light sourceb Fe(salophen)Cl@SAPy/TiO2 Mn(salophen)Cl@SAPy/TiO2

RhB Reptile lamp 180 60
sunlight 30 30

Actinic BL 60 30
blue LED 135 50

MO Reptile lamp 10 25
sunlight 3 5

Actinic BL 60 10
blue LED 135 30

aFifty milliliters of an aqueous solution of 2 ppm RhB with pH 3.0 containing 62 μL of H2O2 and 5 mg of the catalyst was run under different light
sources. bReptile lamp, LT NARVA (18 W, full range visible light + 4% UV), Actinic BL TL-D Philips (15 W, λ = 366−400 nm), and blue LED,
AC86, Z.F.R (12 W, λmax = 505 nm).
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dye on the photocatalyst also inhibits the reaction of adsorbed
molecules with the photoinduced positive holes or hydroxyl
radicals, since there is no direct contact of the semiconductor
with them.60 Moreover, as the initial concentration of the dye
increases, the requirement of an active site needed for the
degradation also increases. Since illumination time and amount
of the catalyst are constant, the OH radical (primary oxidant)
formed on the surface of the photocatalyst is also constant. So,
the relative number of free radicals attacking the dye molecules
decreases with an increasing amount of the dye.61 It is notable
that the title photocatalytic system proved to be amenable to
scalability so that a relatively high RhB concentration of 50
ppm was removed thoroughly using a 25-fold scale procedure
at the same time.
Effect of the Dye Structure and the Metal Center of

Salophen Complexes. The optimized conditions were
employed to assess the photocatalytic activity of Fe(salophen)-
Cl@SAPy/TiO2 in the degradation of RhB and anionic azo
dye MO under different visible light sources, and the results
are summarized in Table 2. All visible light sources were quite
effective in the RhB degradation, and sunlight was the best
(100% DC at 30 min), featuring true visible- and sunlight-
driven photocatalysis. The photocatalytic degradation of the
MO anionic dye was obviously superior to that of RhB,
knowing that no color fading occurred in the MO aqueous
solution after UV and visible light irradiation under catalyst-
free conditions.62 MO faded rapidly within 10 and 3 min
irradiation of the Reptile lamp and sunlight, respectively,

whereas fading of RhB took 180 and 30 min, respectively,
under the same conditions. The superior photocatalytic
degradation of MO to that of RhB may be mainly caused by
the high adsorptivity of anionic MO (52% in darkness) by
Fe(salophen)Cl@SAPy/TiO2 based on the results obtained in
the darkness. Moreover, it is known that MO degradation is
more efficient in an acidic medium (pH ∼3) due to the better
sensibility of the protonated form of the dye for the oxidation
process.63

More interesting results were obtained when Fe(III) was
replaced by Mn(III) in the salophen complex. The resulting
nanocomposite Mn(III)(salophen)Cl@SAPy/TiO2 (see the
Supporting Information for characterization, Figures S3−S7)
effectively degraded both dyes faster than its Fe(III)
counterpart; meanwhile, the adsorption amounts of RhB and
MO were 5 and 15%, respectively, in darkness. For example,
RhB degradation took 60, 30, and 50 min under the Reptile
lamp, Actinic BL, and blue LED, respectively, which are
significantly less than those in the presence of the Fe(III)
counterpart (180, 60, and 135 min, respectively). Almost the
same activity was observed for the degradation of MO, which
was thoroughly and effectively removed under the photo-
catalytic influence of Mn(III)(salophen)Cl@SAPy/TiO2 in
less than 10 and 30 min under the Actinic BL and blue LED,
respectively. These findings extended the capability scope of
this photocatalytic system for the degradation of different types
of dyes using different metal centers. Comparing the results
with those obtained by the relevant magnetically recoverable

Figure 6. (A) DRS spectra (black curve) and the Tauc plot (inset) of Fe(III)(salophen)Cl@SAPy/TiO2, and its action spectra (blue dots) for RhB
degradation under CFL light. (B) PL spectra of TiO2 and Fe(III)(salophen)Cl@SAPy/TiO2 excited at 355 nm; (C) electrochemical impedance
spectroscopy using a three-electrode assembly in 2.5 mM K4[FeCN6]·3H2O, 2.5 mM K3[FeCN6], and 0.5 M Na2SO4 solution;

64 (D) dependence
of the photodegradation of RhB on the irradiation wavelength catalyzed by Fe(salophen)Cl@SAPy/TiO2; and (E) the action spectra of the
photocatalytic reaction in which the light-driven conversion is plotted against the irradiation wavelength. The reactions were exposed to CFL light
equipped with cutoff filters for 120 min under optimized conditions.
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catalysts (M(III)(salophen)Cl@SAPy/γ-Fe2O3) in our pre-
vious report29 is worthwhile and confirmed the superiority of
the present photocatalytic system. RhB was degraded in
moderate yields of 56 and 46.5% in the presence of Mn(III)-
and Fe(III)(salophen)Cl@SAPy/γ-Fe2O3, respectively, after
70 min,29 and was removed thoroughly within 30 min under
sunlight in the presence of both Fe(III)- and Mn(III)-
(salophen)Cl@SAPy/TiO2. Moreover, we found that Mn-
(III)(salophen)Cl@SAPy/γ-Fe2O3 is inferior in MO degrada-
tion even at a higher temperature of 50 °C (unpublished
results), while Mn(III)(salophen)Cl@SAPy/TiO2 prepared in
this work degraded it quite in less than 30 min at room
temperature under low power visible light sources. These
results affirmed well the superiority of the TiO2-based
M(III)salophen catalyst presented in this work over its
magnetic counterpart reported in our previous work.29 Thus,
the effective synergistic effect between TiO2 and M(salophen)
Cl facilitates the charge transfer in the heterojunction
photocatalysts, promoting the photocatalytic activity under
visible and sunlight irradiation, as will be discussed in the next
section.
Photochemical Investigations. The diffuse reflectance

UV−vis spectra of Fe(salophen)Cl@SAPy/TiO2 (DRS, Figure
6, black curve) were recorded to assess the visible light
absorption ability and band gap value. It may show the effect of
TiO2 surface modification on the photophysical properties of
the fabricated nanocomposite. The absorbance edge of the as-
prepared Fe(salophen)Cl@SAPy/TiO2 shifted to 425 nm
corresponding to a band gap value of 2.92 eV (E (eV) =
1239.8/425 nm), which was consistent with the value obtained
by the intercept of the tangents to the Tauc plot (2.93 eV).
However, the band gap value of the as-prepared hybrid is too
close to that of bare rutile TiO2 (3.05 eV),15 to justify its
superior photocatalytic activity. The effective carrier’s separa-
tion in the heterojunction M(salophen)Cl@SAPy/TiO2 hybrid
is an important factor in improving photoactivity and can be
easily evaluated by photoluminescence (PL) spectroscopy.
Quenching of the PL intensity (excited at 355 nm) by 71%
obviously showed the efficient electron−hole separation
resulting from the charge transfer between the TiO2 core
and M(salophen)Cl through the SAPy linker, which is
expected to increase the photochemical activity of the
fabricated hybrid (Figure 6B).24 This was further supported
by electrochemical impedance spectroscopy (EIS) measure-
ments (Figure 6C).64 Typically, a semicircle with a larger
radius refers to a higher charge transfer resistance of the
electrode. Therefore, the EIS result depicted in Figure 6C
concluded that the charge transfer resistance (Rct) of the
Fe(salophen)Cl@SAPy/TiO2 electrode is smaller than that of
TiO2, confirming the higher conductivity and charge transfer in
the as-prepared hybrid than those in bare TiO2.

65

The wavelength-dependent photocatalytic performance of
Fe(salophen)Cl@SAPy was screened in the degradation of
RhB exposed to a full-spectrum CFL lamp equipped with
cutoff filters (Figure 6A blue dots). The apparent quantum
efficiency (AQY) that expresses the photoefficiency of the
system is defined as AQY = N/I0 (N, decomposed RhB
molecules, molecules per s; I0, the volumetric flux of photons,
photons per second).63 It was screened for the RhB
decomposition at different wavelengths in the visible light
region (400−800 nm) considering the contribution of the
thermal effect. The photoefficiency of RhB decomposition
showed a maximum value at about 400−450 nm and then

decreased (Figure 6A blue dots), which is consistent with the
diffuse reflectance absorption spectrum (Figure 6A black
curve). These results demonstrated that the RhB decom-
position performance was wavelength-dependent and sug-
gested that the photocatalyst was efficient in the visible light
region under the conditions used in this study.66,67

We also investigated the relative contribution of thermal and
photochemical processes in the RhB degradation reaction
(Figure 6D). The photochemical reactions were performed
under a 40 W CFL lamp equipped with cutoff filters. Light
contributed to the conversion efficiency was determined by
subtracting the conversion in the dark from the total
conversion under the light. Without any filter, the degradation
reaction of RhB can reach 100% within 120 min (Figure S8).
When the wavelength ranges were limited to 450−800, 500−
800, 550−800, and 600−800 nm, the efficiency decreased to
37, 13, 10, and 7.5%, respectively. The contribution of 400−
450 nm light accounts for about 66% ((95 − 32)/95 × 100) of
the total light-induced yield. Also, light in wavelength ranges of
450−500, 500−550, 550−600, and 600−800 nm accounts for
25, 3, 2.6, and 2.6% of the light-induced yield, respectively
(Figure 6D).68 These values are well consistent with the DRS
of the title nanocomposite (Figure 6E). Light in the
wavelength range of 400−450 nm provides the most
photoinduced conversion for RhB degradation, which is in
excellent agreement with DRS and action spectra presented in
Figure 6A and E. It can be attributed to the strong absorption
of Fe(III)(salophen)Cl@SAPy/TiO2 below 400 nm (337 nm),
which was further confirmed by exposing the reaction to
ACTINIC BL light (λ = 366−400 nm). RhB faded within 60
min, which is half the time needed for CFL and one-third the
time needed for Reptile light; both of them possess almost full
visible light spectra, confirming once again that the best
performance of RhB degradation is around 400 nm.
Process Features and Mechanistic Aspects. To

elucidate the active species and reaction mechanism, some
control experiments were performed in the presence of
common scavengers. As shown in Figure 7A, DC% reduced
significantly to 39, 33, and 28% in the presence of t-Butyl
alcohol (TBA), ammonium oxalate (AO), and ascorbic acid
(AA) as efficient scavengers of hydroxyl radicals (•OH), holes
(h+), and superoxide radicals (O2

•−), respectively, indicating
the effective involvement of •OH, h+, and O2

•− in the reaction
mechanism.69 Knowing that the electron paramagnetic
Resonance (epr) is not applicable to capture the radical
species in this reaction media,42 the involvement of OH
radicals in the reaction mechanism was established by the
reaction of terephthalic acid (nonfluorescent) with OH
radicals, yielding fluorescent 2-hydroxyl terephthalic acid
(HTA).70 As shown in Figure 7B, upon excitation of a
reaction mixture containing H2O2 and the catalyst at 315 nm,
the PL intensity grew gradually at 455 nm resulting from the
formation of 2-hydroxy terephthalic acid, testifying the
generation of OH radicals during the reaction. By removing
H2O2 from the reaction mixture under the same conditions,
the PL intensity at 455 nm decreased significantly (Figure 7C),
which was due to a decrease in the OH radical concentration.
This result demonstrated that OH radicals are generated
mainly from H2O2, testifying to the classic Fenton
reaction.50,51

Based on these results and the relevant mechanism reported
previously,50−55 a radical mechanism can be proposed as eqs
2−5. The use of Fe(III)salophen can improve the separation of
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photoproduced e−−h+. The Fe(III) species, of course,
coordinated with the salophen ligand plays a very important
role in the electron transfer process. As outlined in eqs 2 and 3,
the photoinduced oxidation of H2O2 by iron(III)salophen
yields HO2

•, whereas the reduced metal salophen (Fe(II)-
salophen) is oxidized by H2O2 and O2

•− via a dark process to
generate •OH, both of which are active species for dye

degradation (eq 5).54,71 It was not possible to detect the
photoreduced Fe3+ species during the reaction caused by its
rapid reoxidation by H2O2. Thus, the involvement of iron
centers in the reaction mechanism was assessed by the Fe 2p
XPS spectra of the used catalyst after the reaction (Figure S9).
The signal at 708.9 eV in the fresh catalyst (Figure S9)
corresponds to some sharing of Fe2+ shifted partially to 709.1
eV in the used catalyst; nevertheless, a significant reduction in
the intensity of Fe2+ signals compared to Fe3+ signals (711.3
eV) was observed. Further, the Fe3+ signals of the fresh catalyst
centered at 711.3 (2p3/2) and 723.68 eV (2p1/2) shifted
partially to the higher binding energies of 711.52 and 725.15
eV, respectively, after the reaction (Figure S9). Thus, the
oxidation role of Fe centers seems inevitable.
On the other hand, the dye molecule can rapidly capture the

valence band holes or, alternatively, react with surface OH
radicals (eqs 4 and 5).55 The more effective interaction of
anionic dye MO with the positive species of Ti−OH+· may be
further evidence for its higher degradation efficiency. However,
the more negative HOMO and LUMO of MO than those of
RhB,72 facilitating the reduction of Fe(III) to Fe(II) through
charge transfer from the excited dye (MO) to Fe(salophen)Cl
attached to TiO2 nanoparticles, should be taken into account
for the rapid degradation of MO under visible light irradiation.
Thus, the excited M(salophen)Cl and dye molecules act as
electron relay mediators to improve the overall electron
transfer efficiency in the heterojunction photocatalyst, leading
to the significant promotion in the visible-light-driven
degradation efficiency.

The chromophore structure of activated RhB+· is efficiently
destroyed by the abovementioned radical species produced
using the visible-light-assisted Fe(salophen)Cl@SAPy/TiO2/
H2O2 system, as detected by the GC−MS analysis of the
filtrate (Figure S10). The lack of any peak with a molecular
mass of 433 and the emergence of many peaks with low
intensities pertinent to the smaller organic molecules
confirmed the efficient destruction of RhB.42,73 The predom-
inant peak that appeared at a retention time of 15.6 min
corresponds to an intermediate with a molecular mass of 281
(Figure S10), demonstrating the cleavage of the RhB
chromophore.74 As evidenced by m/z values of 259, 241,
207, 147, 129, 112, 83, and 57, the prolonged reaction
degrades the aromatic intermediates into small organic
molecules via ring opening.73−75 Thus, M(salophen)Cl@
SAPy/TiO2 is efficient enough to degrade successfully the
chromophore of the dye in the presence of H2O2 under low-
wattage visible bulbs.
Stability and Reusability of the Catalyst. The

reusability and stability of the photocatalyst are two key
factors for industrial applications.43−48 Initially, the heteroge-
neous nature of the catalyst was confirmed by a filtration
experiment (Figure S11A). For this purpose, the reaction
mixture was exposed to a blue LED for 30 min while stirring,
and after that, it was filtered off. DC% was 25% at this time.
Then, the filtrate was allowed to stir under the blue LED for a
further 105 min, and DC% reached ultimately 36%, almost
equal to that under catalyst-free conditions (Table 1, entry 1).

Figure 7. (A) Effect of different radical scavengers on RhB
degradation in the presence of Fe(salophen)Cl@SAPy/TiO2 and
H2O2 under blue LED light irradiation (TBA: t-butyl alcohol, AO:
ammonium oxalate, and AA: ascorbic acid). (B, C) The photo-
luminescence spectra of 2-hydroxy-terephthalic acid formed by the
reaction of terephthalic acid (TPA) with in situ-generated •OH
radicals at different irradiation times in the presence (B) and in the
absence (C) of H2O2.
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ICP-OES analysis provided more evidence for the hetero-
geneity of the catalytic system as well as the stability of the
catalyst during the reaction. The Fe content of the used
catalyst was found to be 1.19%, featuring the negligible
leaching of Fe(III)salophen (3.25%) during the reaction.
These promising results induced us to evaluate the recyclability
of the catalytic system. At each step after the completion of the
reaction, the catalyst was washed with distilled water, dried
under vacuum, and used directly without further purification.
The catalyst proved to preserve its activity during at least four
runs. DC% reached 98, 95, and 91% after the second, third,
and fourth runs, respectively, within 135 min under blue LED
light (Figure S11B). More important is the structural stability
of Fe(salophen)Cl@SAPy/TiO2 during the photocatalytic
reactions, which was confirmed by a comparison of the EDX
and FT-IR spectra of the used and fresh catalyst (Figure
S11C,D). However, some changes in the Fe signals in the XPS
spectra of Fe 2p (Figure S9) and a significant reduction in the
intensity of Fe2+ signals raise some questions regarding the
possible changes in the coordination environment of Fe
centers that should be further investigated.
Thus, the high degradation activity of the M(III)(salophen)-

Cl@SAPy/TiO2 heterojunction photocatalyst toward both
cationic and anionic dyes using visible and sunlight irradiation
as safe energy sources and H2O2 as a green oxidant along with
desired recyclability and scalability qualifies all requirements of
an efficient photocatalytic system for environmental cleanup
and makes it a promising candidate for industrial applications.
These benefits are further highlighted when the results and
reaction conditions presented in this work are compared with
the previously relevant published works. Some of them use
high-wattage UV and visible light (150−300 W), some employ
concentrated H2O2 (50−400 mM), and most of them are just
applicable for the degradation of RhB as a cationic dye (Table
S1).

■ CONCLUSIONS
In summary, M(salophen)Cl (M = Fe(III) and Mn(III))
anchored coordinatively on rutile TiO2 via the SAPy linker
(M(III)(salophen)Cl@SAPy/TiO2) promoted efficiently the
photocatalytic activity to degrade efficiently organic dyes under
visible light. TEM and SEM images proved the nanostructured
morphology of the as-prepared catalyst (30−60 nm). The
degradation of cationic RhB and anionic MO dyes under
sunlight and low-wattage visible light irradiation was carried
out in the presence of both Fe(III)- and Mn(III)-based
catalysts. Low-wattage visible light sources were effective in
inducing the photocatalyst for degradation of dyes, and
sunlight showed the best performance featuring visible- and
sunlight-driven photocatalysis. Adsorption of MO on the title
catalysts was more (15−52%) than that of RhB (5%) with the
Fe(III)-based catalyst (52%) higher than that of the Mn(III)
counterpart (15%). The photocatalytic degradation perform-
ance of MO was superior to that of RhB under the same
conditions, and the Mn(III)-based catalyst showed more
activity than its Fe(III) counterpart toward both cationic and
anionic dyes. The wavelength-dependent photocatalytic
efficiency of the title photocatalyst was in excellent agreement
with UV−vis spectra (DRS) and the light in the wavelength of
400−450 nm provided the most photoinduced conversion for
RhB degradation. The photoluminescence (PL) and electro-
chemical impedance spectroscopy (EIS) analyses revealed the
improved charge transfer between the TiO2 core and the

M(III)salophen complex through the SAPy linker, which
caused the effective carrier’s separation in the hybrid
heterojunction, promoting its photocatalytic activity. Pathways
for the photocatalytic degradation of dyes by M(III)-
(salophen)Cl@SAPy/TiO2 and Ti−OH were proposed
according to active species determined by scavenging experi-
ments and spectral data. The catalytic system was amenable to
scalability and recyclability, and the photocatalyst preserved its
activity and stability during the reaction. Thus, this catalytic
system is expected to be applied in the practical treatment of
wastewater on a large scale in the future.
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