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A B S T R A C T

Multifunctional photocatalyst system of meso-tetra(4-carboxyphenyl)porphyrin (TCPP) with different metal centers
[Mn(II), Fe(III), Cu(II), Zn(II) and metal-free] adsorbed on titania-silica-iron oxide magnetic photocatalyst nano-
composites (TSI) that united superparamagnetic behavior and high photoactive activity under visible light irradiation
have been prepared. The superparamagnetic nanocomposites have been characterized and analyzed using UV-visible
absorption spectroscopy, X-ray diffractometry (XRD), transmission electron microscopy (TEM), Fourier transform in-
frared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). The results showed that copper(II)tetra(4-
carboxyphenyl)porphyrin -sensitized titania-silica-iron oxide nanocomposites (CuTCPP-TSI) can effectively degrade
methylene blue (MB) and kill Escherichia coli (E. coli) under irradiation with an incandescent lamp. The magnetic
photocatalysts could be used at least four times without regeneration. Therefore, the CuTCPP-TSI nanocomposites can
be applied in catalytic photodegradation and used for magnetically-guided antibacterial applications.

1. Introduction

Titania (titanium dioxide) has been the most widely used photo-
catalyst due to its various superior properties such as high photo-
catalytic activity under ultraviolet (UV) region, high chemical stability,
low toxicity and environmental friendliness [1]. However, the titania
nanoparticles need to be activated by the UV irradiation to excite the
titania nanoparticles to photoactive materials. Unfortunately, only a
very small fraction (4–6%) of the solar spectrum is in UV region,
whereas 45% of the solar spectrum falls in visible region [2]. Thus,
there is a motivation to develop an efficient visible light-responsive
photocatalysts to extend their spectral response to longer absorption
wavelength. Titania nanoparticles can be modified using various
methods [2] such as metals doping, non-metal doping, and surface
sensitization by organic dyes. Among these methods, the sensitization
method can effectively extend the range of visible light absorption.

Porphyrins are organic dyes with high chemical stability in com-
parison to other dyes, and their redox properties can be easily tuned
using metal complexation [3]. Metallopophyrins are considered as ef-
ficient sensitizers to harvest light on the surface of titania. Because of an
extensive system of delocalized π electrons, porphyrins exhibit very
strong absorption in the visible light. The sensitization of titania na-
noparticles by porphyrins is also considered as an effective approach to
improve visible spectral absorption and photocatalytic degradation of

organic pollutants such as methylene blue [4], luminol [5] and atrazine
[6] under visible irradiation as previously reported.

Other than photodegradation of organic pollutants, photocatalysis is an
efficient technology to eliminate bacteria from aquatic environment. Titania
particles have been examined as efficient alternatives to inactivate a variety
of harmful bacteria [7]. When titania photocatalysts are illuminated with
UV irradiation, TiO2 achieves strong oxidizing power and can generate re-
ductive oxygen species (ROS) such as OH% and O2

%−. Some studies have
confirmed that these ROS could destroy the outer membrane of the Es-
cherichia coli (E. coli) cell, and finally the cell itself [7,8]. Recently, advances
in bacterial disinfection using visible light activated-titania photocatalytic
materials are also reviewed here. A 5%Cu-doped TiO2/glass fibers was used
for the disinfection of E. coli in bioaerosols under visible light irradiation [9].
Under a moderate level of humidity, the highest disinfection efficiency of E.
coli was reported as 87.8%. For another study, Zargari et al. produced TiO2-
3%graphene nanocomposite sensitized with SnTCPP and investigated that
more than 99% of the E. coli cells were killed within 260 min under the
visible light irradiation [10].

However, the use of titania slurry is still limited mainly because it is
difficult to separate and recover these nanoparticles from the liquid phase
[1,11]. In order to solve the separation problem, some researchers prepared
composite photocatalysts with magnetic nanoparticle cores and titania
shells [11]. In our previous study [12], we found that the titania-coated
magnetic microspheres showed lower photoactivity than the titania-silica-
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iron oxide (TSI) nanocomposites due to the enhanced rate of recombination
of electron and hole when iron oxide was in direct contact with titania as
iron oxide core becomes the recombination center of photogenerated elec-
trons and holes. We observed that the amorphous silica interlayer could
prevent the direct electrical contact between the magnetic core and the ti-
tania shell, and thus increase the photocatalytic activity of the composite
photocatalyst.

In this research, we demonstrate the procedures for preparing visible
light-active photocatalysts with superparamagnetic character by attaching
TCPP with different metal centers onto TSI nanocomposites. It has been
studied that TCPP can be especially strongly adsorbed onto the surface of
titania nanoparticles under stirring at 60 °C overnight [6]. The photo-
catalytic activities of the nanocomposites were then investigated by mea-
suring the degradation of methylene blue solution upon visible light irra-
diation compared with bare TSI nanocomposites. The effects of metal center
of TCPP on the photocatalytic efficiency were studied, and the optimal
condition for the photodegradation of methylene blue was obtained. Finally,
bactericidal activity of these nanocomposites against E. coli under visible
light was tested to demonstrate the applications in visible light disinfection
using the magnetically removable photocatalyst.

2. Experimental section

2.1. Materials

Iron (III) chloride hexahydrate (FeCl3·6H2O), 1-octadecene, Igepal
CO-520, Tetrabutyl orthotitanate (TBOT), Tetra(4-carboxyphenyl)por-
phyrin (TCPP), N,N’-dimethylformamide (C3H7NO, DMF) were pur-
chased from Aldrich. Tetraethyl orthosilicate (TEOS) and cetyl-
trimethylammonium bromide (C19H42BrN, CTAB) were purchased from
Fluka. All chemical reagents were analytical grade.

2.2. Synthesis of magnetic nanocomposites

Syntheses of titania-silica-iron oxide nanoparticles were performed ac-
cording to our previous work [12]. Briefly, iron oxide nanoparticles were
firstly prepared using FeCl3·6H2O and oleic acid as the main precursors for
iron-oleate complex. Then, the complex was thermally decomposed at
320 °C for 30 min under nitrogen flow, and the iron oxide nanoparticles
were precipitated using ethanol [13]. The silica-coated iron oxide nano-
particles were prepared by the reverse microemulsion method using 600 μL
of tetraethyl orthosilicate (TEOS) as silicon source. In a typical synthesis,
Igepal CO-520 was dispersed in cyclohexane, and then iron oxide nano-
particles were added to the solution. Ammonium hydroxide solution was
used as a catalyst. The reaction was stirred for 16 h at room temperature.
The product was collected by centrifugation and washed with ethanol. The

coating of titania on the iron oxide/silica surface to obtain titania-silica-iron
oxide nanocomposites was done according to the following procedure.
Hexanol, cetyltrimethylammonium bromide (CTAB) and water were formed
into micelles in hexanol, before tetrabutyl orthotitanate (TBOT) was added
into the solution. The reaction mixture was refluxed at 80 °C for 24 h. After
refluxed, the sample was collected by centrifugation and washed with DI
water and ethanol.

Metalloporphyrins (MTCPPs) were prepared by refluxing TCPP with
metal sources (copper(II) chloride dihydrate, zinc(II) acetate dihydrate,
iron(III) chloride, manganese(II) acetate) in dimethylformamide (DMF)
at 150 °C for 2 h. DMF was removed, and MTCPPs were precipitated by
adding water. The precipitate was dissolved in NaOH solution and re-
precipitated by adding HCl solution. MTCPP were obtained after dis-
solved in ethanol and evaporated [6].

In order to form MTCPP-TSI nanocomposites, metalloporphyrin com-
plexes were dissolved in ethanol solution, and then titania-silica-iron oxide
nanocomposites were added into the solution. The mixture was con-
tinuously stirred overnight at 60 °C. The products metalloporphyrin-sensi-
tized titania-silica-iron oxide nanocomposites (MTCPP-TSI) were collected
using centrifugation and washed with ethanol. Overall process for the pre-
paration of the magnetic nanocomposites is shown in Fig. 1.

2.3. Characterization methods

X-ray Electron Diffraction (XRD) characterization was performed using a
D/MAX 2200 X-ray diffractometer (Rigaku, Japan) with Cu-Kα radiation at
an accelerating voltage of 40 kV and an applied current of 30 mA. The XRD
patterns of the composites, iron oxides and titania nanoparticles were re-
corded at 2θ in a range of 20°–70°. TEM images were taken using a JEOL
2100 microscope (Japan) operated at 120 kV. One drop of the colloidal
solutions, prepared by dispersing a small amount of nanoparticles in ethanol
using an ultrasonic treatment for at least 2 min, was placed onto a Formvar-
coated copper grid and dried at room temperature for TEM measurement.
The images were used to study the sizes and morphology of particles and
the thickness of the coating of the layers. The selected area electron dif-
fraction pattern was taken by a Hitachi transmission electron microscope
(HT7700). Absorption spectra of solutions were measured on a HP 8453
(Agilent, USA) UV-vis spectrophotometer. A Malvern Zetasizer Nano ZSP
was used to measure the hydrodynamic size distribution of the nano-
composites. The X-ray photoelectron spectrometer (XPS) was performed by
PHI5000 Versa Probe II (ULVAC-PHI, Japan) using monochromated Al Kα
radiation, and the binding energies were corrected using adventitious
carbon (C1s at 284.6 eV). The Fourier transform infrared spectrometry (FT-
IR) performed using a Nicolet 6700 FT-IR spectrometer operating in trans-
mission mode was used to confirm the functional groups on all samples. The
transmission spectra were obtained after a mixture of sample and KBr

Fig. 1. Scheme for the synthesis of metalloporphyrin-sensitized titania-silica-iron oxide nanocomposites.
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powder was pressed into a pellet. The magnetization of samples was carried
out at room temperature using a vibrating sample magnetometer
(Lakeshore model 730908, USA).

2.4. Photocatalytic degradation measurement

The photocatalytic activity of the synthesized nanocomposites was
investigated by measuring the degradation of methylene blue solution
upon visible light irradiation and compared with the TSI nanoparticles.
A 100 W incandescent lamp is used as the visible irradiation light
source. For each photocatalytic experiment, 10 mg of photocatalyst
nanoparticles is dispersed in a 30 mL aqueous solution of 7 ppm me-
thylene blue. The suspension was kept in a dark chamber for 1 h to
obtain an adsorption-desorption equilibrium among the catalyst, water
and the dye before irradiation. At given intervals of visible light irra-
diation, samples were collected after the catalyst was separated from
the solution using a magnet. The photocatalytic ability of the MTCPP-
TSI nanocomposites was compared with the TSI nanocomposites by
determining the photodegradation of methylene blue measured by the
decrease of the dye absorbance at 664 nm.

The reusability of the catalyst was investigated by repeating the pho-
tocatalytic cycles of the selected MTCPP-TSI showing the highest efficiency.
The reused catalyst experiment was done according to the measurement of
photocatalytic activity mentioned earlier. The catalyst was collected from
methylene blue solution using a magnet. The photocatalytic cycle was re-
peated for four times. Various concentrations of methylene blue ranging
from 5 ppm to 15 ppm (5 ppm, 7 ppm, 10 ppm, 15 ppm) were used to de-
termine photocatalytic activity for degradation of 30 mL methylene blue
solution under visible light irradiation (3 h), while the amount of photo-
catalysts was kept constant at 10 mg for each testing.

2.5. Antibacterial activity

The bacteria killing assay was performed as previous described with
slight modification [12]. Culture of E. coli cells were grown aerobically
in 5 mL Luria-Bertani (LB) broth at 37 °C with 150 rpm shaking for
overnight. The bacterial cells were sub-cultured into a fresh LB broth
and grown until reaching an optical density at 600 nm of 0.5. The ex-
ponential phase cells were harvested by centrifugation at 7000 rpm for
10 min and then resuspended in sterilized normal saline (0.9% sodium

chloride). The bacterial suspensions were treated with CuTCPP-TSI
magnetic nanocomposites illuminated by a 100 W incandescent lamp at
37 °C for 3 h. After irradiation, survival cells were enumerated by viable
cell count method. The colony-forming units (CFU) were scored after
incubation at 37 °C for overnight. The cells treated with light alone
were used as a control experiment and conducted in parallel.

3. Results and discussion

The metalation of porphyrin was determined by UV-vis spectro-
scopy. The UV-vis absorption band maxima of metal-free porphyrin
(TCPP) and metalloporphyrins (MTCPPs) are compared in Fig. 2. For
metal-free porphyrin (TCPP) in ethanol, the strong Soret band appears
at 416 nm, and four Q bands are at 513, 547, 591, 644 nm. The Soret
band and Q band are caused by the electron transition of a1u(π)–eg*(π)
and a2u(π)–eg*(π) of porphyrin structure, respectively [14]. The Soret
band of TCPP was shifted to a higher or shorter wavelength depending
on metals in the porphyrin. Compared to metal-free porphyrin (TCPP),
the absorption bands of CuTCPP and FeTCPP present a blue shift.
However, comparison between metal-free porphyrin (TCPP), MnTCPP
and ZnTCPP, the absorption bands of MnTCPP and ZnTCPP present a
red shift, which agrees well with the previous report [6]. The insertion
of different transition metals into the TCPP (free-base porphyrin) causes
changes to the absorption features both intensity and wavelength [14].
The red shifted Soret absorption bands were observed in the out-of-
plane metalloporphyrins as Mn2+ and Zn2+ are borderline metallo-
porphyrins. In contrast, the blue shifted UV–Vis absorption bands are
presented in the in-plane metalloporphyrins such as Fe3+ and Cu2+

substituents in porphyrin. Because the positions of Fe3+ and Cu2+ are
fixed within the cavity of the porphyrin ligand, the atomic orbitals of
the metal centers are able to overlap more strongly with the highest
occupied molecular orbitals (HOMO) of the ligand, resulting in the
reduction in the energy level of HOMO without the change in level of
the lowest unoccupied molecular orbitals (LUMO). Therefore, the en-
ergy gaps of the ligand in FeTCPP and CuTCPP increase as observed as
the decrease in the absorption wavelengths. On the contrary, for the
out-of-plane metalloporphyrins, the atomic orbitals of the metal centers
bounded weakly with the HOMO but have more interaction with
LUMO. The unchanged HOMO and lower LUMO energy level leads to
an increase in the wavelengths [15].

Fig. 2. UV-Vis absorption spectra of (a) TSI, (b) TCPP and TCPP-TSI, (c) MnTCPP and MnTCPP-TSI, (d) FeTCPP and FeTCPP-TSI, (e) CuTCPP and CuTCPP-TSI, and (f)
ZnTCPP and ZnTCPP-TSI nanocomposites.
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The absorption spectra of porphyrins adsorbed onto titania surface
nanocomposites are similar to those of the corresponding free por-
phyrins spectra with a small red shift likely due to the interaction be-
tween TSI magnetic composites surface and the carboxylate groups of
porphyrins. Metalloporphyrin-sensitized TSI nanocomposites (MTCPP-
TSI) exhibited a new absorption band falling in the range of the solar
spectrum better than the TSI magnetic nanocomposites. The absorption
spectra of the MTCPP-TSI composites suggested that the nanocompo-
sites can utilize visible light for photocatalytic application.

To better understand the interaction between TSI and MTCPPs, IR
spectroscopy was used in the comparison between the bonds in TSI and
MTCPP-TSI. In the FT-IR spectrum of TSI magnetic composites (Fig. 3a),
all the prominent signals were corresponding to the bonds in titania,
silica and iron oxide. The absorption band at 3440 cm−1 was attributed
to OeH stretching of titania. The band at 1627 cm−1 was assigned to
the bending vibration of OeH group [16]. The asymmetric SieOeSi
stretching band can be observed at 1101 cm−1. The small broad band at
565–580 cm−1 was indicative of the stretching mode of FeeO in iron
oxide, even though it was in a low concentration. The stretching vi-
bration peak of Ti-O-Ti band belong to titania appeared at 467 cm−1

[16]. As shown in Fig. 3(b–f), MTCPP-TSI nanocomposites exhibited
two new peaks appearing at 1630 and 1384 cm−1, which were assigned
to the asymmetric (overlap with the bending vibration of OeH bond)
and symmetric stretches of eCOO– [4,16]. The observation of carbox-
ylate group suggested that metalloporphyrin molecules were success-
fully chemisorbed as carboxylates on the surface of TSI magnetic
composites.

The crystal structure of TSI and MTCPP-TSI were characterized by
XRD as shown in Fig. 4. The MTCPP-TSI nanocomposites (Fig. 4b–d)
featured mixed diffraction peaks of strong signals from magnetite
(JCPDS no. 19-0629) and weaker signals from anatase titania (JCPDS
no. 21-1272) [12], indicating the higher crystallinity of iron oxide
phase than anatase titania, while the amorphous silica did not show any
signals. After the modification with metalloporphyrins, the character-
istic diffraction peaks of all composites in XRD patterns do not exhibit
any shifts in peak shape, confirming that the modification has no in-
fluence on the crystal structure of TSI magnetic nanocomposites
(Fig. 4a). However, no refraction peaks were observed for metallopor-
phyrin molecules in all XRD patterns, indicating that the metallopor-
phyrins did not stay as separated phases, but rather stayed as a thin
layer coating on TSI. From the XRD studies, it can be confirmed that the
composites can have both the ferrimagnetic character of magnetite
phase and the photocatalytic property from the anatase phase. In ad-
dition, crystalline size of magnetite could be estimated from the parent
peak of the (3 1 1) plane using the Debye-Scherrer equation. The

Fig. 3. FT-IR spectra of (a) titania-silica-iron oxide nanocomposites (TSI), (b)
TCPP-TSI nanocomposites, (c) MnTCPP-TSI nanocomposites, (d) FeTCPP-TSI
nanocomposites, (e) CuTCPP-TSI nanocomposites, (f) ZnTCPP-TSI nano-
composites.

Fig. 4. X-ray diffraction patterns of (a) TSI nanocomposites, (b) TCPP-TSI na-
nocomposites, (c) MnTCPP-TSI nanocomposites, (d) FeTCPP-TSI nanocompo-
sites, (e) CuTCPP-TSI nanocomposites, (f) ZnTCPP-TSI nanocomposites (g)
JCPDS no. 19-0629 (magnetite phase), (h) JCPDS no. 21-1272 (anatase phase).

Fig. 5. The TEM images of (a) TSI and (b) CuTCPP-TSI nanocomposites.
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calculated crystalline sizes of all nanocomposites were reported in
Table S1 showing the size range of 5.33–6.28 nm, indicating that the
preparation process and the presence of MTCPPs did not much affect
the size of magnetic nanoparticles.

To observe the sizes and morphology of the nanocomposites, TEM
was used in comparing TSI and a selected representative MTCPP-TSI,
CuTCPP-TSI. From TEM image in Fig. 5, both nanocomposites are of
similar sizes and structures. TSI nanocomposites displayed a core-shell
structure with a uniform size. The dark gray iron-oxide nanoparticles
(core) had a mean diameter of about 8–10 nm. Silica interlayer and
titania layer (gray shell) were completely coated on the iron oxide

nanoparticles as has been investigated in our previous study [12]. After
the composite has undergone the surface modification with CuTCPP,
CuTCPP-TSI nanoparticles displayed uniform spherical shape, with an
average diameter of about 26.5 nm. Moreover, the selected area elec-
tron diffraction pattern of CuTCPP-TSI (Fig. S1 in Supplementary) ex-
hibited the five distinct ring pattern that is characteristic of the mag-
netite nanocrystallites. The d-spacings matched well with the major d-
spacings of magnetite phase and agreed well with the results from XRD.
TEM image of CuTCPP-TSI nanoparticles indicated that these compo-
sites were of core-shell structure, which is similar to that of the TSI
composites. These results demonstrated that the surface modification of

Fig. 6. High-resolution XPS spectra of (a) Cu 2p of CuTCPP and CuTCPP-TSI, (b) Mn 2p of MnTCPP and MnTCPP-TSI, (c) Fe 2p of FeTCPP and FeTCPP-TSI, and (d) Zn
2p of ZnTCPP and ZnTCPP-TSI nanocomposites.
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TSI with CuTCPP did not affect the structure and the aggregation of the
TSI nanocomposites.

To investigate the stability of the nanocomposites when dispersed in
water-based solution, hydrodynamic sizes of the nanocomposites were
analyzed using a Malvern Zetasizer Nano ZSP. According to the dy-
namic light scattering (DLS) size measurements from Table S2 and Fig.
S2 in Supplementary, the average hydrodynamic particle sizes of
CuTCPP-TSI and TSI were both less than 150 nm with a small increase
in the size of the nanocomposites after attached with CuTCPP. From the
hydrodynamic size and size distribution of the nanocomposites, no sign
of large aggregation was observed in the dispersion of the

nanocomposites during the time of measurement, suggesting that the
homogeneous dispersion of the nanocomposites could be obtained
during the use of the nanocomposite photocatalysts.

XPS analysis was used for determining the surface chemical com-
position and oxidation state of transition metal ion in metallopor-
phyrins before and after forming the composites with TSI. The XPS
spectra of different metals in MTCPPs modified on composite surface
and the corresponding free metalloporphyrins were provided in Fig. 6.
The high resolution XPS spectra of Cu, Mn, Fe, Zn were detected in
CuTCPP and CuTCPP-TSI, MnTCPP and MnTCPP-TSI, FeTCPP and
FeTCPP-TSI, ZnTCPP and ZnTCPP-TSI, respectively. The binding en-
ergies indicated the oxidation state of metals in the prepared metallo-
porphyrin TSI composites. For CuTCPP and CuTCPP-TSI, two separate
peaks located at 934.5 and 954.4 eV were due to Cu (2p3/2) and Cu
(2p1/2) transitions, respectively. These binding energies correspond to
Cu2+ [9]. For MnTCPP-TSI spectra, two peaks can be found at Mn (2p3/

2) and Mn (2p1/2), which were assigned to Mn2+. For FeTCPP-TSI na-
nocomposites, the Fe (2p3/2) peak and the Fe (2p1/2) peak of FeTCPP in
FeTCPP-TSI sample appeared at binding energies of 710.7 and
724.1 eV, respectively. These result indicated the existence of Fe3+ in
FeTCPP-TSI magnetic samples. The binding energies of 1021.9 and
1045.1 eV for Zn (2p) also confirmed the oxidation state of Zn (Zn2+)
[17]. For all the XPS spectra, it can confirm the presence of metal
(Cu2+, Mn2+, Fe3+, Zn2+) in the metalloporphyrin composites, and it
was found that loading of porphyrin molecules on to the titania surface
did not significantly change the oxidation state and the coordination of
the metals in MTCPPs. These results not only confirmed the metallo-
porphyrins on the TSI composites, but also supported the UV-vis ab-
sorption spectra results.

The magnetic properties of the CuTCPP-TSI were investigated in
comparison to iron oxide nanoparticles using a vibrating sample mag-
netometer as magnetization curves in Fig. 7. Both of the materials
showed superparamagnetic behavior at room temperature, as there was
no coercivity observed. The saturation magnetization (Ms) of the iron
oxide (I) nanoparticle was 58 emu/g corresponding to magnetite na-
noparticles with excess oleic acid surfactant [18], whereas CuTCPP-TSI
nanocomposites were 19 emu/g. After the coating process, the Ms va-
lues of the materials were obviously reduced, which was mainly due to
the diamagnetic content in the nanocomposites.

The photocatalytic activity of the MTCPP-TSI that contained dif-
ferent metal centers was defined by measuring the photodegradation of
methylene blue (MB) in aqueous solution under visible light irradiation.
As shown in Fig. 8, the photodegradation of MB by TSI and MTCPP-TSI
magnetic photocatalysts with different metal centers and free-metal on
the porphyrin exhibited significant differences in the photocatalytic
behaviors. The CuTCPP-TSI magnetic composites showed the best
photocatalytic performance in that it could degrade 98% MB within 3 h
of irradiation, while the photodegradation rate of MB by TSI was only
2.9% under the same condition. For the photodegradation rate of
ZnTCPP-TSI, MnTCPP-TSI, FeTCPP-TSI, and TCPP-TSI were 58%, 36%,
29%, and 21%, respectively. All MTCPP-TSI nanocomposites exhibited
enhanced photocatalytic activity compared to TSI nanocomposites. The
degradation of MB was increasing in the order of CuTCPP-TSI >
ZnTCPP-TSI > MnTCPP-TSI > FeTCPP-TSI > TCPP-TSI, which is in
agreement with previous reports of photocatalytic results of metallo-
porphyrin anchored on titania [5], resulting from that metallopor-
phyrin anchored on titania particles can efficient generation of O2

%−.
However, we could observe a little difference in the absorbance of

MTCPPs of different types, indicating that the dyes attached on TSI
were of a little difference in weight ratio. To get rid of the effect from
the quantity of the dyes and understand the effect of the type of metal
centers on the photocatalytic activity, we calculated the percentage of
dyes covering on TSI using the absorbance at λmax of each dye sub-
tracted with the background from TSI absorbance. When comparing the
photocatalytic activity based on the same amount of porphyrin, the
percentage of degradation methylene blue per percentage of porphyrin

Fig. 7. Magnetization versus magnetic field curves of the (a) iron oxide (I)
nanoparticles, and (b) Cu(II) porphyrin-sensitized titania-silica-iron oxide
(CuTCPP-TSI) nanocomposites.

Fig. 8. Degradation of methylene blue with TSI, TCPP-TSI, MnTCPP-TSI,
FeTCPP-TSI, CuTCPP-TSI, and ZnTCPP-TSI nanocomposites under visible light
irradiation.
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dye covered on TSI nanocomposites was calculated to 32%, 13%, 18%,
17% and 6% for CuTCPP-TSI, ZnTCPP-TSI, MnTCPP-TSI, FeTCPP-TSI,
and TCPP-TSI, respectively. Among different metal porphyrins, the
photodegradation increased in the following order: CuTCPP-
TSI > MnTCPP-TSI, FeTCPP-TSI > ZnTCPP-TSI > TCPP-TSI based
on the same amount of porphyrin on composites. These results in-
dicated that metalloporphyrin containing a central metal ion with un-
filled d orbitals showed higher photocatalytic activity when compared
with the same amount of porphyrin dye. ZnTCPP-TSI with a filled d
orbital has reached a stabilized condition, and thus it is difficult to
accept or transfer external electron, leading to the low efficiency for
photogenerated electrons and holes [6,19,20]. It has been discussed in
previous study that CuTCPP exhibits short lifetime of excite state and
forms the redox Cu(II)/Cu(I)/Cu(II) loop that is able to catch the gen-
erated electron from photoactivation. [21] These electrons can transfer
to oxygen molecules, resulting in an increase in the radical species in
the solution. The findings from MTCPP-TSI photocatalysts study sug-
gested that the CuTCPP-TSI nanocomposites showed highest photo-
catalytic efficiency in the degradation of methylene blue under visible
irradiation.

The effect of initial concentration of methylene blue on the photo-
degradation efficiency was studied using various methylene blue con-
centrations ranging from 5 to 15 ppm with a constant nanocomposite
weight of 10 mg. Methylene blue solution is fixed at 30 mL for 3 h ir-
radiation time. As a trend in Fig. 9a, the photodegradation efficiency
decreased with an increase in methylene blue concentration. As the
initial concentration of methylene blue increased, but constant nano-
materials were dispersed in MB solution, radicals generated from the
composites were likely not enough to degrade MB at high concentra-
tion, resulting in the decrease in photodegradation efficiency. More-
over, at high concentration of methylene blue, the visible light

penetrated less into methylene blue solution, resulting in reduction of
the radicals formed. Thus, the photocatalytic activity decreased when
increasing methylene blue concentration.

For the investigation of reusability of CuTCPP-TSI nanocomposites,
after completing photocatalytic oxidation the catalysts were separated
out of the reaction mixture by magnetic separation using an external
magnetic field, and the composites were easily reused. The photo-
degradation was examined in each cycle of reused composites without
regeneration process. As shown in Fig. 9b, only a small decrease in
degradation rate was observed after four successive cycles. From these
observation, the photocatalytic activity of the CuTCPP-TSI nano-
composites exhibited no significant decrease after several reaction cy-
cles without regeneration of the catalyst. After four cycles, the CuTCPP-
TSI nanocomposites still decomposed methylene blue with only a slight
loss of photocatalytic activity because of the incomplete degradation in
previous reaction that could lead to by-product deposition onto the
composite surface. Diffuse reflectance UV-vis absorption spectra of the
CuTCPP-TSI after used for four cycles (Fig. S3 in Supplementary) re-
vealed that the Soret band of CuTCPP-TSI remained at around 415 nm
similar to the fresh one, indicating that the CuTCPP was attached on the
TSI with high stability for the photocatalysis reaction. Moreover, a new
broad signal at around 662 nm could be the residues from methylene
blue photodegradation that obscured the Q band of CuTCPP, supporting
the rationale for the loss of photocatalytic activity of the nanocompo-
sites.

Moreover, the nanocomposites were tested for the bactericidal ac-
tivity using Gram negative pathogen E. coli as a testing model as pre-
viously described [12]. We hypothesized that irradiated CuTCPP-TSI
nanocomposites produces reactive oxygen radicals, including super-
oxide anions and hydroxyl radicals that are highly toxic to bacteria cells
causing oxidative damages to macromolecules such as nucleic acids,

Fig. 9. The photodegradation of methylene blue upon visible light irradiation using CuTCPP-sensitized titania-silica-iron oxide nanocomposite (CuTCPP-TSI) (a) in
different concentration of methylene blue, and (b) at different cycles of reused CuTCPP-TSI.
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proteins, and membrane lipids, which can lead to bacterial cell death.
This notion was supported by the ability of the light activated nano-
composites to degrade methylene blue (Fig. 9) because it has been re-
ported that hydroxyl radical and superoxide anions are main species
accounted for methylene blue degradation [22]. The exponential cells
were treated with various concentrations of nanocomposites and acti-
vated with visible light, compared to non-activated nanocomposites.
The results revealed that the visible light-activated CuTCPP-TSI nano-
composite could efficiently kill the bacteria. The 90% of the bacteria
were killed by 17.5 mg/L of nanocomposites, whereas the bacteria were
dramatically killed (99.9%) when the nanocomposite concentration
was increased to 20.0 mg/L. This antibacterial activity was also con-
centration-dependent. In addition, the nanocomposite also possessed
the bactericidal activity without visible light irradiation due to the
nature of the nanocomposite, which made of the copper and titanium.
These metals are known as the toxic substances for the bacteria. As the
result shown in Fig. 10, only 20.0 mg/L of nanocomposites killed E. coli
significantly. Thus, the bacterial killing activity is more effective upon
activation of nanocomposites with visible light.

4. Conclusions

Tetra(4-carboxyphenyl)porphyrin with different metal centers [Mn
(II), Fe(III), Cu(II), Zn(II)] loaded on the surface of titania-silica-iron
oxide nanocomposites (TSI) has been successfully prepared and in-
vestigated for their photocatalytic activity by the degradation of me-
thylene blue (MB) under visible light irradiation. Under this condition,

the results showed that TSI sensitized by CuTCPP can efficiently de-
grade 98% of methylene blue solution due to enlargement of the wa-
velength response for utilization of sunlight energy. The four-cycled
reuse of the CuTCPP-TSI results suggested the great reusability of the
magnetic photocatalyst. Furthermore, these magnetic photocatalyst
exhibited high antibacterial reactivity. Because CuTCPP-TSI nano-
composites exhibit magnetic responses and high photocatalytic activity,
CuTCPP-TSI can possibly be used in organic pollutant degradation and
the eradication of bacteria under magnetic control and separation. By
using the visible light activated the nanocomposite will lead to the
variety of the application without sophisticated equipment.
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Fig. 10. The bactericidal activity of CuTCPP-TSI
against E. coli. (a) The exponential cells were treated
with non-activated and visible-light-activated
CuTCPP-TSI nanocomposites at 0 mg/L (black bar),
17.5 mg/L (light gray bar) and 20.0 mg/L (dark gray
bar) for 3 h then, the cells were 10-fold serial diluted
and spotted on agar plate. The survival cells were
counted after incubation at 37 °C for 24 h. The sur-
viving fraction is defined as the number of colony
forming units (CFU) of nanocomposites treated con-
ditions divided by the untreated control. Data shown
are mean SD of at least three independent experi-
ments. The asterisk (*) indicated statistically dif-
ferent (p-value < 0.5, paired t-test). (b) The image of
representative plate of nanocomposites-treated bac-
teria.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jmmm.2018.11.090.
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