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Abstract Based on our previous work on the green
preparation of Ag-TiO, photocatalyst with bactericidal
activity under visible light, we extended our studies to the
synthesis of TiO,~Fe*" materials with enhanced photo-
catalytic activity for the degradation of recalcitrant organic
pollutants in water. TiO,—Fe®" nanopowders were syn-
thesized using a robust, environmentally friendly proce-
dure. Established amounts of Fe(NO3);-9H,0 and titanium
tetraisopropoxide (TTIP) were mixed using glacial acetic
acid as solvent. Hydrolysis of TTIP-Fe " was accom-
plished using a 30 % (W/V) Arabic gum aqueous solution.
TiO,—Fe®™ nanopowders were obtained by thermal
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treatment at 400 °C. In order to elucidate the structure of
these photocatalysts, microscopic and spectroscopic char-
acterization techniques were applied. The high resolution
transmission electron microscopy (HRTEM) analysis
indicated the presence of uniformly distributed particles
with average particle size of about 9 nm. According to the
HRTEM lattice fringes, ring pattern, and selected area
electron diffraction pattern, the crystalline part of the
samples consists of anatase (PDF 01-086-1157 with the
lattice constant of 3.7852, 9.5139 A and 90°) as dominant
phase. X-ray photoelectron spectroscopy (XPS) was
applied to determine the oxidation state of iron. The XPS
provides evidence for Fe’™ surface species in the TiO,—
Fe** composite. Complete degradation of aqueous solu-
tions (20 ppm) of methylene blue and/or methyl orange
was accomplished after 4 h of treatment using 150 mg of
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TiO,—Fe’ /150 mL of dye solution. The in vitro toxicity of
the materials was tested. The materials showed no toxicity
against human red blood cells.

Introduction

The increasing volume and complexity of wastewater
containing non-biodegradable pollutants discharged into
the environment demand the development of new, power-
ful, clean, and safe decontamination techniques. Visible
light active photocatalysis (doped TiO,) is of special
interest since sunlight can be used as energy source for the
process, reducing wastewater treatment costs, and render-
ing sustainability by saving electricity [1]. Heterogeneous
photocatalysis is based on the use of a wide-band-gap
semiconductor, where photo excitement of a valence band
electron leads to several reactions and production of
hydroxyl radicals (-OH), which are able to oxidize and
mineralize almost any organic molecule, yielding carbon
dioxide (CO,) and inorganic ions [2].

Titanium dioxide (TiO,) is the most widely used catalyst
due to its outstanding electronic properties and chemical
stability. Industrial applications of this material have been
delayed due to its large band gap that confers absorption
properties in the UV region. Recently, numerous reports
regarding doping of titania materials with transition metals
have appeared, aiming at fabricating visible light active
materials [3]. Tron doping has been studied widely since
modification of the spectral response of TiO, into the
visible range through the substitution of Fe®" for Ti*" has
been observed [4]; nevertheless, the results as to whether
iron doping (and the doping level) enhances the photoac-
tivity of materials are contradictory; thus, there is a need to
elucidate the role of iron doping in this material. When
Fe** reduces to Fe*™ due to the trapping of electrons, its
stable electronic configuration (d°) is destroyed and sta-
bility decreases; in this way, the trapped electrons can
easily be transferred to the oxygen adsorbed on the TiO,
surface. This may promote charge transfer and the efficient
separation of the electrons and holes [5]. Avoiding the
electron/hole recombination can significantly improve the
photo-reactivity of TiO,—Fe>* by acting both as hole and
electron traps. However, there exists an optimum dopant
concentration for the best photocatalytic performance of
Fe**-doped TiO,. It has been encountered that doping
levels up to ca. 1 wt% allow the effective introduction of
Fe* cation into the anatase structure along with associated
modifications of the surface acid-base properties of the
material [6].

On the other hand, higher doping levels result detri-
mental to the photoactivity of TiO,—Fe®" materials due to
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segregation of amorphous iron oxides to the surface of the
photocatalyst. In particular, Litter and Navio [7] have
reported the lack of catalytic activity in 10 wt% Fe-doped
anatase under visible light despite optical absorption in that
region. In highly doped materials, the suppression of
photoactivity can be ascribed to a high recombination rate
of generated electron—hole pairs, as a result of the influence
of dopant ions in TiO, matrix. There are some recent
reports on the preparation of Fe(IIl)-Fe,Ti;_,O, nano-
composites that exhibit high photocatalytic reaction rates
under visible light due to the presence of iron ions both at
the surface of the catalyst and in substitutional (for Tit
sites of TiO, lattice [8]. Also, Fe™>-grafted N-doped TiO,
nanoporous spheres were synthesized and fully character-
ized. The nanoporous TiO, spheres were fabricated by a
two-step process (hydrolysis followed by hydrothermal
reaction), and later doping of nitrogen and grafting of Fe™>
were accomplished by treating the sample with NH; in a
closed furnace at high temperatures followed by wet
impregnation procedure (suspension of Fe(NOs3); in etha-
nol) [9]. Iron-doped TiO, materials were prepared by a
microwave-assisted method. Regardless of the nanometric
nature of the materials, crystalline structure, and high
surface area, the photocatalytic activity was very low [10].

Besides the modification of absorption properties, it is
also well known that the catalytic properties of titania can
be tuned by modification of its crystal structure, mor-
phology, surface properties, and size. A chemical approach
in the preparation of transition metal-doped TiO, allows
fine tuning of the TiO, properties by varying the synthesis
conditions. In the current work, Fe”-doped TiO, nano-
powders with different iron contents prepared with a sol—
gel method were characterized using spectroscopic and
microscopic techniques, in order to elucidate their com-
position, size, and crystalline phase. Our selection of Fe>™
as dopant was based on previous reports that indicate that
small amounts of iron cation enhance the photocatalytic
activity of TiO, by acting both as hole and electron traps
[11]. Also, Fe’" ionic radii (69.0 pm) are slightly smaller
than that of Ti*" (74.5 pm), which permits to incorporate
the iron ion into the TiO, lattice, rendering a narrowing in
the forbidden band gap of the TiO,. The visible light
photocatalytic activity of these materials was evaluated for
the degradation of methyl orange (MO) and methylene blue
(MB) in aqueous solution. The influences of several vari-
ables such as amount of catalyst, hydrogen peroxide con-
centration, and initial pH of the solution on the efficiency
of the photocatalytic reaction were experimentally tested.

Mexico as many other countries will face scarcity water
problems; therefore, the implementation of water treatment
technologies that assure safe consumption of recycled
water is pragmatically important. With this fact in mind,
we are interested in the industrial application (tertiary
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treatment of industrial and hospital effluents) of the pho-
tocatalytic process presented. In the last decade, new tox-
icology testing assays have been developed in order to
evaluate toxicity (cytotoxicity, oxidative stress, hemolytic
activity, and DNA damage) of nanomaterials [12—14].
In vitro systems are used to rapidly and inexpensively
predict the effects of nanomaterials at the cellular level.
Regardless of the many publications involving iron-doped
TiO, materials, most of the reports lack the toxicological
evaluation and practical large scale application. In order to
attain large scale production, a practical, simple, and eco-
nomic approach for the development of visible light active
photocatalyst should be implemented. In this work, we
report on the green production, characterization, and toxi-
cological (in vitro toxicity of the materials was evaluated
using human red blood cells) evaluation of visible light
active Fe™ -TiO, materials. Our results clearly demon-
strate the variation on the physicochemical properties and
photocatalytic activity of the materials, resulting from the
level of iron doping within the material. Due to the low
sintering temperature (~400 °C) used, the materials show
small crystallite sizes, high surface areas, and good pho-
tocatalytic activity under visible light. Further studies will
be directed to the fabrication of supported iron-doped
materials, using as starting materials the optimized catalyst
reported in this work. Supported materials will facilitate
the large implementation of the catalyst for the tertiary
treatment of hospital effluents. It is well known that solar-
assisted photocatalytic process depends upon climatic
conditions. Light emitting diodes (LEDs) are considered as
a cheap and reliable source of energy (due to higher effi-
ciency in light-electricity conversion), which replace the
use of UV lamps in many applications and can also con-
tribute to reduce the time and cost of treatment of effluents
on cloudy days. In this work, a home-made LEDs-activated
reactor was employed to determine the photocatalytic
activity of the prepared materials.

Experimental procedures

(A)  Synthesis of TiO»—Fe+ Colloidal solutions of TiO,—
Fe" nanoparticles were synthesized by optimization
of sol-gel process conditions. Different amounts of
Fe(NO3)3-9H,O (in order to prepare materials with
an Fe3+/Ti02 mol ratio = 0.01, 0.03 and 0.05) were
dissolved in 20 mL of glacial acetic acid. Tita-
nium(IV) isopropoxide (10 mL, 0.033 mol) was
slowly added to glacial acetic acid—Fe®" solutions
with continuous stirring. Arabic gum (0.9 g) was
dissolved in 30 mL of double distilled water, and the
mixture was heated to 60 °C for 30 min. Arabic gum
aqueous solution was cooled to room temperature

and then was drop wisely added to titanium-Fe> "
solution under vigorous stirring. The resulting solu-
tion was stirred for 8 h and allowed to dry at 100 °C,
after which it was calcined at 400 °C in air for 4 h.

(B) UV-Visible and diffuse reflectance characterization
The absorption spectra of TiO»—Fe®' colloidal
suspensions were obtained with a Thermo scientific
Helios Omega UV-Vis spectrophotometer. The
technical variables of operation were ambient tem-
perature, scanning range of 300-600 nm, and
0.5 mL of colloidal suspension diluted to 5 mL.

A Thermo Fisher Scientific-Evolution 300 instrument
equipped with an integrating sphere (TFS-Praying Mantis)
for diffuse reflectance measurements of the powders was
used to establish the optical band gap. A BaSO, sample
was analyzed as a reference.

(C) X-ray powder diffraction (XRD) The powder XRD
patterns of the samples were recorded in a Siemens
D-5000 Diffractometer using Cu K, radiation
(4 = 15418 A) at a scanning rate of 0.05°min for
20 ranging from 10° to 85°.

(D) Specific surface area (SSA) determination The
specific surface area of the catalysts was determined
from nitrogen adsorption and desorption isotherms at
77 K using a Quantachrome Autosorb-1 instrument.
Prior to the measurement, all catalysts were degassed
with nitrogen at 200 °C under vacuum for 10 h and
backfilled with helium gas to remove excessive
moisture or adsorbed contaminants on the materials
surface.

(E) Raman characterization Raman spectra of bare and
doped TiO, samples were obtained with a micro-
Raman system using He-Ne laser (632.8 nm) and
10 mW of power at the sample. Raman spectra were
recorded with a monochromator equipped with an
air-cooled CCD camera as detector. Microsampling
was accomplished with a Zeiss 40x objective with a
numerical aperture of 0.75. With this objective, the
laser beam focal point diameter was ca. 2 pm.
Characteristic peaks for anatase were determined
comparing their relative positions with previous
reports.

(F) Microstructural and elemental analysis The mor-
phology and elemental composition of the nanom-
aterials were determined using a Tecnai F20-G*
transmission electron microscope (TEM) (FEI Com-
pany, Hillsboro, Oregon) with electron diffraction
(ED) and X-ray energy dispersive spectroscopy
(EDS) capabilities in order to obtain nanostructural
information, crystalline phase, and elemental com-
position. An atomic-resolved lattice fringe of the
materials was characterized by high resolution TEM
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Table 1 Summary of the amounts of TiOz—FeJr3 (1, 3, and 5 mol%) tested on the evaluation of toxicity toward HRBC

Tube 1 2 3 4 5 6 7 8 9 10
Amount of NMs (mg) 1 2 3 4 5 6 7 8 9 10
Concentration (mg/mL) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

(HRTEM) with a Tecnai F20-T operating at 200 kV
and equipped with slow scan cooled CCD (Gatan)
camera with the digital micrograph software, with
resolution of 1 mega pixel. The digital micrograph
software provided processing and quantification of
the images, and gave an opportunity to perform the
phase analysis in nanoscale during the HRTEM real
time investigation. The HRTEM images were taken
at a direct magnification of 600 thousand magnitudes
with the point resolution of 0.2 nm. The samples
were dispersed in absolute ethanol and deposited
onto the carbon-coated copper grid. An axis ULTRA
XPS (Kratos Analytical Inc., New York, USA) was
employed to determine the elemental composition of
TiOZ—Fe3+ materials. The excitation source was the
K, radiation of an aluminum anode. Further details
of the measurements are described elsewhere [15].

(G) Photocatalytic degradation studies The photocata-
lytic activities of the prepared TiO,—Fe>™ powders
were studied by degradation experiments using MO
and MB as model compounds. 150 mL of dye
solutions were used and treated with 150 mg of
TiO,—Fe’" powders. Pure TiO, powder was also
tested under same conditions for comparison.

Experiments were carried out using a magnetically
stirred tubular reactor and visible light (the reactor contains
three LEDs lamps, LED bulb light, WBH-BL-001, 3W,) at
room temperature and continuous air bubbling. The initial
concentration of the dyes was fixed at 20 mg/L. The pH of
the suspension was adjusted either with 0.1 M HCI or
0.1 M NaOH. After experimental evaluation, the optimum
pH value was found to be 2.5 for MO and 9.5 for MB
degradation. 60-min adsorption time in dark condition was
allowed before the photoreactions. Aqueous solutions of
dyes were illuminated in the presence of air, H,O,, and
TiO,—Fe** (different concentrations of H,O, were evalu-
ated). The evolution of the photocatalytic degradation was
measured by means of UV-Vis spectroscopy. Samples
(5 mL) of the suspension were withdrawn after a fixed
(1 h) time interval. The pH of the sample was adjusted
(from 9.5 to 7) in order to desorb the unreacted dye from
the surface of the catalyst; then, the catalyst was removed
by centrifugation at 4000 rpm for 10 min. The superna-
tants were analyzed for residual dyes concentration using
a spectrophotometer (UV-Vis Helios Omega, Thermo
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Scientific) at 660 nm for MB and 466 nm for MO. Iron
leaching was measured by means of Atomic Absorption
Spectroscopy (AAS, AAnalyst 800, Perkin Elmer).

(H) Toxicity studies In vitro toxicity studies were carried
out using freshly purified erythrocytes and human
whole blood. Heparin-stabilized human blood was
freshly collected. Physiological saline solution (PSS)
was added to test tubes (10 mL of PSS in each tube).
Different amounts of nanomaterials (NMs) were
added to each tube according to Table 1.

A 50 pL sample of whole blood was added to each tube.
All samples were prepared in triplicate, and the suspension
was briefly vortexed before leaving at static conditions at
room temperature for 24 h. Four series of tubes were pre-
pared. One assay was conducted under illumination and the
other in the dark. The temperature of the assays was varied:
37 and room temperature (24 °C). After that, the mixtures
were centrifuged at 1500 rpm for 10 min. The amount of
hemoglobin was determined by UV—-Vis spectroscopy and
measured with the reference wavelength of 525 nm. For
the assays involving erythrocytes, blood samples were
centrifuged at 4000 rpm for 10 min. The cellular package
was separated and washed three times with PSS. 1:5 dilu-
tions of erythrocytes were prepared using PSS. Hemolytic
activity assays were conducted as described for the whole
blood study.

Results and discussion
Optimization of TiO,—Fe" synthesis

In this work, TiO,—Fe** and TiO, nano-structured powders
were synthesized using a green, environmentally friendly,
acid-catalyzed sol—gel technique. The sol-gel method was
explored because this approach easily allows for the tai-
loring of specific features of nano-structured materials. In
turn, this is due to the fact that it permits for the combi-
nation of reagents at molecular level during sol formation
[16]. Particularly, iron cations were introduced in the initial
solution, before gellification, what promotes their lattice
incorporation. One of the serious problems encountered in
colloidal sols is the strong aggregation of particles during
the sol-gel transition. In order to avoid agglomeration,
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Fig. 1 a Synthesis of colloidal
suspensions of TiO,—Fe*" using
Arabic gum as surfactant.

b Colloidal suspensions of
TiO,—Fe™ at different metal
ion (Fe*?) concentration (lef?).
Nanopowders of TiO,—Fe™.
From left to right, TiO,—Fet?
(1 %), TiO,—Fe™ (3 %), and
TiO»-Fe " (5 %). The image
clearly shows that as the Fe ion
concentration increases, the
yellow color of the powders
increases (Color figure online)

Brownian
Movement

Steric
" Stabilization

surface-controlling agents are commonly used, such as
complex-forming agents (i.e., [B-diketonates), amines,
phosphines, or chelating agents. Although the use of
chemical surfactants allows for the production of materials
with very uniform particle sizes in the nanometer range,
some drawbacks accompany its use: cost, toxicity, and the
need of elevated temperatures to remove them. In order to
avoid the aforementioned problems, Arabic gum (a widely
used biopolymer in the food industry) was employed as
bio-emulsifier. Besides the low cost and lack of toxicity of
the polymer, it allows a fine control on the size distribution
of the particles, can be removed at low temperatures and
facilitates the production of coatings (adheres easily to
different substrates).

In our synthesis, the amount of Fe ion was varied as 1, 3,
and 5 mol%, respectively. The resulting colloidal solutions
are stable for months due to steric stabilization by the
dispersing agent (Fig. 1a). It is observed that as the amount
of Fe ion increases, the color intensity of the solution and
powders increases (Fig. 1b), indicating that the prepared
materials are visible light sensitive. It has been reported
that the solubility limit of iron in anatase is about 1 atom%
[6, 17]. Taking into consideration this solubility limit, 3
and 5 % of iron-doped materials exceed the amount of iron
that can be incorporated into the TiO, lattice resulting in
segregation of iron oxides to the surface of the materials.
The literature reports show controversies regarding the
optimal experimentally determined amount of iron doping
able to enhance photocatalytic activity. Zhang et al. [18]
proposed that the optimal doping ratio is dependent not
only on the nature of the doping atom but also on the
morphology and the size of the particles. Bloh and

TiO,-Fe3+

0.3

e | Yo e 3% = 5%
ol

0.2 / \ \\ N

0.15

0.1
0.05 %
0
300 350 400 450 500 550 600
wavelength (nm)

Absorbance

Fig. 2 UV-Vis spectra of colloidal solutions of TiO,~Fe*". The red
shift of the absorption properties of the suspensions is clearly
illustrated as the amount of iron doping increases (Color figure
online)

co-workers developed a mathematical model in order to
explain the complex relationship between doping ratio and
particle size. Applying the model, it is found that in order
to achieve the optimal doping ratio, it is required to have at
least one dopant atom per particle and, on the other hand,
not too many dopant atoms per particle to avoid recombi-
nation centers [17]. The small size (~9 nm) of the iron-
doped TiO, materials reported in this work allows for
doping up to 1 %.

UV-Vis and diffuse reflectance characterization
The absorption properties of the colloidal suspensions were
analyzed by UV-Vis spectroscopy (Fig. 2). Our results

indicate that UV-Vis spectra of iron-doped nanomaterials
are red shifted, corroborating the modification (decrease) of
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Fe(Ill) + e — Fe(Il)"
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Fig. 3 Schematic diagram for Fe’' mediating interfacial charge
transfer in doped TiO,

the forbidden band gap of the produced photocatalysts.
The maximum absorption peak for the TiO,—Fe*™ (5 %)
was found to be 415 nm versus the one encountered for
TiOy»—Fe** (1 %), which is 390 nm. The spectra also
show an increase of absorptive properties at 470 and
520 nm as the amount of doping increases. Our results
evince that the presence of iron renders absorption in the
visible region, it is also easily inferred that the absorp-
tion is directly influenced by the amount of iron doping
in the samples, observing a more pronounced red shift
as the percentage of iron content in the samples
increases.

Absorption in the visible region can be attributed to the
excitation of 3d electrons of Fe** to the TiO, conduction
band (Fig. 3). Zhang and co-workers have reported that in
the metal ion-implanted TiO,, the overlap of the conduc-
tion band due to Ti (d orbital) of TiO, and the metal (d
orbital) orbital of the implanted metal ions could decrease
the band gap of TiO, to absorb the visible light [19].
Besides the red shift in the absorption properties of the
iron-doped TiO, materials, presented in this work, the
formation of new states close to the valance band and
conduction band of TiO, can contribute to an enhanced
photoactivity (decreased e /A" recombination) of the
above-mentioned materials (Fig. 3).

Figure 4 shows the UV-Vis spectra of the undoped
(TiO,) and the doped (TiO,—Fe*™) samples. It can be
clearly observed that the band edge of doped materials
shifts to the visible region (in accordance to the UV-Vis
absorption shown by colloidal solutions). The band edge
for the undoped TiO, sample (prepared using the same
experimental protocol to prepare iron-doped TiO,) appears
at about 403 nm, while the band edges of the iron-doped
TiO, samples shifted to longer wavelength regions with
higher absorption intensity after Fe** doping (1 %). The
light absorption extended to the highest value of 548.7 as
Fe** doping was increased to 5 mol%. The Kubelka—Munk
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Fig. 4 UV-Vis diffuse reflectance spectra of iron-doped and bare
titanium dioxide materials

theory is generally used for analyzing the diffuse reflec-
tance spectra obtained from weakly absorbing samples.
The band gap of bare and Fe*"-doped TiO, samples was
calculated by the Kubelka—Munk function based on the
following equation:

(1-R)

F(R) ==

where R is the absolute reflectance of the sample and
F(R) is proportional to the extinction coefficient («). The
basic Kubelka—Munk model assumes the diffuse illumi-
nation of the particulate coating.

A modified Kubelka—Munk function can be obtained by
multiplying the F(R) function by hv using the corre-
sponding coefficient (n) associated with an electronic
transition as follows: (F(R) * hv)" [20], where n is a con-
stant which determines the type of optical transitions, for
TiO,, n = 1/2 for direct allowed transition. Regarding the
E, values, it was found that as the amount of Fet
increases from 0 to 5 mol%, the band-gap energies
decreased in the range of 3.08-2.26 eV as shown in Fig. 4
and presented in Table 2. It has been reported that iron
doping could form a dopant energy level above the valence
band of TiO, (Fe*™/Fe*" redox pair). The energy level of
Fe*t/Fe* lies below the conduction band level of TiO,.
As a consequence of the introduction of new energy states,
doping of TiO, with Fe*" ions induce band edge bending
(charge-pair generation: Fe>™ — Fe*"; Fe>™ — Fe?™) and
reduces rate of recombination (charge trapping and
recombination), rendering visible light activity in iron-
loaded samples [7]. Electrons that are excited from the
valence band of TiO, by absorbing visible light energy will
be captured by an interband trap site formed by the
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Table 2 Details of the physicochemical properties of the bare TiO,
and TiO,—Fe™ nano-structured powders

Catalyst XRD Crystallite E, SSA
crystalline size (nm)? (mV) (mzlg)
phase

TiO, Anatase 12.69 3.08 110.7

TiOy-Fe 1 % Anatase 8.95 2.71 177.3

TiO>-Fe 3 % Anatase 8.29 2.47 167.6

TiO>-Fe 5 % Anatase 9.52 2.26 165.8

* Particle size was calculated with Scherrer equation using the 101
diffraction peak of anatase

substitution of Fe** for Ti*" [21]. As a result, enhanced
photocatalytic activity is encountered in iron-doped tita-
nium dioxide materials.

X-ray powder diffraction

XRD measurements were performed to identify the crys-
talline phases synthesized by the sol-gel process at calci-
nation temperature of 400 °C and iron concentrations of 1,
3, and 5 mol%, respectively. Figure 5 shows the analysis
of the different samples. The XRD patterns of the samples
show that the major crystalline phase detected in all sam-
ples is anatase, without significant difference in compari-
son with the undoped TiO, sample. No characteristic peaks
of rutile phase or brookite phase are revealed, which means
that Fe®" doping can maintain metastable anatase phase of
TiO, [22]. Additionally, no characteristic peaks were
detected for Fe or any impurities. The absence of the dif-
fraction peaks of Fe,O; may be justified since the amount
of doped Fe* is so low that it cannot be detected by XRD.
The diffraction peaks are remarkably broadened. The
average crystallite sizes of the bare and Fe’'-doped
materials were calculated according to the Scherrer’s
equation (Table 2). The crystallites are very small:
12.69 nm (TiO,), 8.95 nm (TiO,—Fe*t 1 %), 8.29 nm
(TiO,-Fe*" 3 %), and 9.52 nm (TiO—Fe*t 5 %). It is
observed that the crystallite size of the materials decreases
from 8.95 to 8.29 when the iron ions content increases
(from 1 to 3 %). Such an inhibition of the crystallographic
domain growth due to the presence of transition metals
inside the TiO, lattice is well documented in previous
works [23]. In the case of TiOz—Fe3+ 5 %, the crystallite
size increases slightly, suggesting that solubility limit was
reached, and excessive amount of iron was segregated to
the surface of the material in the form of oxide. The lattice
constants “a” and “c” for anatase (a = b # c) crystal
system were determined from the two appropriate reflec-
tions, (101) and (200), using Eq. 1. From Table 3, we can
see the variation on lattice constants as a function of Fe

doping; the modification on the lattice parameters indicates
incorporation of Fe into the lattice.

1 (P+K*) P

— = % + - (1 )
d a c

where d is the lattice spacing, determined by Bragg’s law
in Eq 2.

ni = 2dsin6. (2)

It is important to remark that all lattice parameters
encountered for bare and doped TiO, materials presented
in this manuscript are smaller than the reference (PDF
01-086-1157) material due to the very fine size particle.
The proposed sol—gel method allows fine tuning on the size
of the material, high crystallinity (only anatase), and
incorporation of Fe ions into the TiO, lattice. One of the
main advantages of the XRD technique is that it provides
meaningful ensemble-averaged information about both
medium range, and local, atomic structure in nanosystems.
By characterizing the sample as a whole, this technique is
an essential complement to HRTEM which provides rather
detailed information on only a few particles.

The HRTEM analysis of the samples corroborates that
the small grain size (~9 nm) of the materials is respon-
sible from the broadening of diffraction peaks. HRTEM
examination shows the high crystallinity of the iron-loaded
TiO, nanoparticles. From XRD analysis, we can clearly see
the effects on the lattice parameters of the materials upon
iron doping (Table 3; Fig. S5).

SSA determination

The specific surface areas of bare and iron-doped catalyst
were determined and reported in Table 2. Our catalysts
present high specific surface areas, the highest value cor-
responds to TiO,—Fe™ 1 % (177.3 m*/g), followed by
TiO,-Fe™ 3 % (167.6 m?/g), TiO,—Fe™ 5 % (165.8 m?/
g), and TiO, (110.7 mz/g). As we compare our results with
the previously published ones, we can observe that our
materials exhibit higher surface areas; for instance, Wang
et al. [24] prepared Fe>™—TiO, by plasma oxidative pyro-
lysis. It was encountered that 1, 3, and 5 % iron-doped
materials exhibited SSA values of 30.2, 25.3, and 21 mz/g,
respectively. Another example reports SSA values of 58,
56, and 53 m*/g for 1, 2, and 5 % iron-doped materials
[25]. The small particle size and large specific surface areas
encountered in our materials lead to an increase in the
number of available surface active sites, which conse-
quently results in a higher interfacial charge carrier transfer
rate for photocatalysis and increased photocatalytic
efficiency.
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Fig. 5 XRD diffraction
patterns of iron-doped and bare
titanium dioxide powders
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Table 3 The nominal atomic composition, mean crystallite size, and
anatase lattice parameters obtained from XRD

% Fe D (nm) a=1b(A) c(A) v (A%
0 12.69 3.776 9.367 133.5
1 8.95 3.780 9.442 134.9
3 8.29 3.770 9.241 131.3
5 9.52 3.767 9.251 131.3

Raman analyses

The Raman spectra of the samples confirm the presence of
the anatase form of titania in all the materials. For P25-
TiO,, it has been reported that due to overlapping of A,
and B, bands, the Raman spectrum of the material shows
only five vibrational bands at 140, 188, 388, 507, and
631 cm ™' [26]. Our results are illustrated in Fig. 6. We can
clearly see that the vibrational peaks reveal a slight red
shift: 142, 193, 393, 515, and 640 cmfl, compared to P25-
TiO, materials. The absence of the characteristic vibra-
tional bands at 225, 247, 299, 412, 497, and 613 cmfl,
which correspond to the o-Fe,O; material, or the reso-
nances at 350, 500, and 700 cm™! characteristic of v-Fe,O3
material, suggest no formation of iron oxides.
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Fig. 6 Raman spectra of bare and iron-doped titanium dioxide
powders

Based on these results, we can also discuss that in the
material it will be difficult to detect the trace amounts of
iron oxides materials (assuming they are present) due to the
small portion of iron (1, 3, and 5 %). These results are in
accordance with the results encountered by XRD and
HRTEM analysis.
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Fig. 7 a HRTEM image of bare
TiO,. The image revealing the
(101) lattice fringes (3.60 A)
also showed clearly the highly
crystalline nature of the
nanoparticles. b SAED of bare
TiO, we find that

[101] = 3.49 A,

[004] = 2.38 A,

[200] = 1.87 A,

[105] = 1.71 A. ¢ HRTEM
Image of 5 % Fe*" TiO,. The
image revealing the (101) lattice
fringes (3.56 1&) also showed
clearly the highly crystalline
nature of the nanoparticles.

d SAED of 5 % Fe* TiO, we
find that [101] = 3.51 A,
[004] = 2.37 A,

[200] = 1.83 A,

[107] = 1.26 A

Microstructural and elemental analyses

The high resolution transmission electron microscopy
(HRTEM) analysis indicated the presence of uniformly
distributed particles with average particle size of about
9 nm. (The average size particle was calculated using
Image J program analysis from HRTEM images presented
in supplementary information.) The HRTEM analysis of
TiO, and TiOz—Fe3+ 5 % materials is illustrated in Fig. 7a,
b. The images illustrate the differences in the (101) lattice
fringes encountered for TiO, (3.60 A) and 5 % iron-doped
TiO, (3.56 10\) materials. The images also show the highly
crystalline nature of the nanoparticles. Selected area elec-
tron diffraction (SAED) patterns are presented in Fig. 7c,
d. According to the HRTEM lattice fringes, ring pattern,
and SAED pattern, the crystalline part of the samples
consists of anatase (PDF 01-086-1157 with the lattice
constant of 3.7852 x 9.5139 A and 90°) as dominant
phase. All rings are indexed to anatase phase, for TiO,
[0.349 nm (101), 0.238 nm (004), 0.187 nm (200), and
0.171 nm (105),] and [0.351 nm (101), 0.237 nm (004),
0.183 nm (200), and 0.126 nm (107)] for TiO,—Fe’*-5 %,

without any additional diffraction rings of secondary pha-
ses which confirm the purity of the sample. It is hardly
possible to identify the difference between Fe metal and
Fe** ion from the d-space. Therefore, X-ray photoelectron
spectroscopy (XPS) was applied to determine the oxidation
state of iron. It was found that the XPS provides evidence
for Fe*" surface species in the Fe>™—TiO, composite. The
Fe 2p XPS spectrum of TiO,—Fe*™ materials is shown in
Fig. 8. The line shape and binding energies in the doped
materials match those of Fe,O3 in accordance with previ-
ously presented results by Mangham et al. [27]. It should
be noted that XPS technique measures the elemental
composition only for the surface layer; thus, segregated
iron ions are going to be encountered in the form of iron
oxides. There is no evidence of Fe*" in the synthesized
iron-doped materials [28]. It is difficult to unify the results
encountered for the Fe 2p;/, spectrum, since the peaks are
influenced by ligand field effects due to the Fe environment
(i.e., tetrahedral, octahedral), crystalline disorder at the
nanoparticle surface, and Russell-Saunders coupling of
Fe(II) [29]. Also, one needs to keep in mind that XPS data
are not perfectly homogeneous because of the intrinsic

@ Springer



5318

J Mater Sci (2014) 49:5309-5323

470 465 460 455 450 700 710 720 730 740
Binding energy, (eV) Binding energy, (eV)

Fig. 8 The XPS spectra of Ti 2p and Fe 2p of TiO,—Fe™® materials

inhomogeneity of the atoms and their immediate chemical
environment within each nanoparticle. Taking into con-
sideration the theoretical and experimental results, we can
argue that the Fe 2p XPS spectra for iron-doped TiO,
materials can be ascribed to Fe>" ions. There are not sig-
nificant differences among the spectrum of each individual
synthesized (1, 3, and 5 %) material since the variation in
the amount of iron doping is low. The Fe element in the
samples exists mainly in the 43 oxidation state because
Fe(NO3); was used as iron precursor.

The elemental composition of the nano-structured
materials was elucidated by EDAX analysis. EDAX ana-
lysis was performed in all the samples. Results are sum-
marized in Table 4. Our data indicate that the samples are
pure since they only contain Ti, O, and Fe. The incorpo-
ration of iron ions within the material is lower than the
percentage established in the preparation protocol. From
the table, we can see that the amount of iron incorporated
in the materials is 0.45 (established 1 %), 0.96 (established
3 %), and 1.61 (established 5 %). Taking into consider-
ation the photocatalytic activity of the presented materials,
their composition, and physicochemical properties, we can
conclude that the synthetic method developed in this work
allows for the preparation of ultrafine particles of bare and

Fe-doped TiO, materials. The materials have a uniform
size distribution, large surface areas, and iron ions
immersed into the TiO, lattice. All these properties render
good photocatalytic activity under visible light.

Degradation of the dyes

The photocatalytic degradation of MO and MB was per-
formed using TiO,—Fe" as a catalyst and visible light for
activation. Several parameters (pH, H,O, concentration,
time of reaction, amount of catalyst) were optimized in
order to perform the photocatalytic degradation of MO and
MB. To exclude the possibility that dye degradation was
caused by light radiation and/or H,0,, we did blank
experiments where only dye solutions in the absence of the
catalysts were radiated with visible light in the presence of
H,0,. The dye solutions were saturated by oxygen (air)
before processing. UV-Vis spectroscopic analysis per-
formed at different intervals during the photocatalytic
degradation allowed to follow the chemical evolution of
the solution. Figure 9 shows the rapid decay of the MO
concentration in the aqueous solution.

In heterogeneous photocatalytic process, the first step
for the degradation of pollutants is their adsorption to the
surface of the catalyst. Pollutants will adsorb easily if
appropriate electrostatic interactions are developed within
the surface of the catalyst. Methylene blue presents a
cationic configuration in alkaline solution; at the same
time, it was reported that the point of zero charge (PZC)
of iron-doped TiO, materials oscillates between 7.2
(TiOy/Fe/0.3) to 8.1 (TiO,/Fe/5). Therefore, at pH values
higher than the PZC, the surface of the material becomes
negatively charged; since MB has a cationic configura-
tion, its adsorption is favored in alkaline solution
[25, 30].

In the case of MO, the dye degradation is more efficient
in acidic medium (pH 3.5) due to the better sensibility of
the protonated form of the dye for oxidation process [31]

Table 4 EDAX analysis to

Material Element Wt% At. % K ratio Z A F
determine the chemical
composition of bare TiO, and TiO, OK 40.98 67.52 0.0446 1.0921 0.997 1.0000
iron-doped TiO, materials Ti K 5002 3248 05538 09259 10133 1.0000
TiO,—Fe’t 1 % OK 38.05 64.82 0.0459 1.1023 0.1095 1.0000
Ti K 61.02 34.72 0.5706 0.9266 1.0086 1.0000
Fe K 0.93 0.45 0.0080 0.9194 0.9373 1.0000
TiO,—Fe** 3 % OK 41.32 67.93 0.0530 1.0960 0.1170 1.0000
Ti K 56.54 31.11 0.5270 0.9210 1.0089 1.0000
Fe K 2.04 0.96 0.0176 0.9137 0.9429 1.0000
TiO»-Fe*" 5 % OK 40.65 67.40 0.0525 1.0973 0.1178 1.0001
Ti K 55.97 31.00 0.5215 0.9222 1.0083 1.0021
Fe K 3.39 1.61 0.0292 0.9149 0.9434 1.0000
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Fig. 9 Photocatalytic degradation of MO under visible light (LEDs).
Bare TiO, and iron-doped TiO, materials

and to the adsorption of the protonated form of the dye onto
the surface of the catalyst. Dai et al. [32] elucidated the
mechanism of MO degradation using mesoporous titania
nanoparticles. Different pH values were evaluated (1.5, 2.0,
3.0, and 5.0). The kinetics for the degradation of MO was
evaluated as a function of the pH. The largest rate constant
was observed to be for pH 2.0 which indicates that the best
photocatalytic efficiency can be obtained under those
acidic conditions. In this work, the photocatalytic degra-
dation of MO was also performed at neutral and basic pH
(9.5) for comparison. Our results showed that no degra-
dation occurred at these pH values even after 7 h of pho-
tocatalytic reaction.

The amount of catalyst employed was also optimized.
Different amounts (50, 100, 150, and 200 mg of catalyst/
150 mL of dye solution) of catalyst were evaluated in order
to perform the experiment. Our results indicate that 1 mg
of catalyst/mL of solution facilitates the reaction, removing
the dye relatively faster compared to lower amount of
catalyst. It was also observed that higher concentrations of
catalyst inhibit the photocatalytic degradation since light
cannot penetrate the solution easily. Also, the removal of
the catalyst at higher concentrations becomes cumbersome.
The optimized concentration of H,O, for the removal of
MO was found to be 150 ppm (50 and 100 ppm were also
evaluated) (Fig. 10).

From Fig. 9, we observe that the degradation percentage
for MO is higher for TiO,—Fe’" 1 % when the amount of
H,0,; is 50 ppm using LED reactor. It was also observed
that the reproducibility and efficiency of the experiment are
uniform for all the tested materials. Our results are in
accordance with some previous reports related to this work
[33].
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Fig. 10 Photocatalytic degradation of MB under visible light
(LEDs). Bare TiO, and iron-doped TiO, materials

In order to attain an improvement in the photoactivity of
iron-doped TiO, materials, optimal iron doping should be
achieved, which are mainly dependent on the size of the
materials [17, 34]. Several groups have indicated that the
optimal iron doping is about 0.5 mol % [35]. In our study,
we evaluated photocatalyst with Ti/Fe mol ratios of 1, 3,
and 5 %. We observe visible light response and good
photocatalytic activity of the aforementioned materials on
the degradation of MO and MB dyes. In order to justify our
observations, leaching of iron ions into solution was eval-
uated by means of atomic absorption spectroscopy. It was
encountered that in average the photo-bleaching of iron is
0.6695, 0.6505, and 0.968 ppm for 1, 3, and 5 % iron-
doped titanium dioxide materials. We believe that the
enhanced photoactivity of these materials relates to a
synergistic mechanism that encompasses heterogeneous
photocatalysis mediated by TiO,—Fe®>" materials and Foto-
Fenton like process due to the presence of homogeneous
Fe ' catalyst and acidic media [11].

Methylene blue was photo-degraded using visible light
and iron-doped titanium dioxide catalyst (Fig. 10). We
observe that the rate of degradation was significantly
influenced by the amount of H,O, used as coadyuvant in
the process. We do not observe a marked difference on the
performance of the doped materials for the degradation of
MB. Sadik [36] reported an increase in the decolourization
rate of aqueous solutions of acid orange 7 when H,O, was
added to the system. It was postulated that the enhance-
ment of the rate of dye decolourization using UV/TiO,/
H,0, system may be attributed to the trapping of the
photo-generated conduction band electrons of TiO, by
H,0,, which is more efficient than trapping by O,. It is also
well known that HO, photo-decomposes easily generating

@ Springer



5320

J Mater Sci (2014) 49:5309-5323

hydroxyl radicals (-OH) which participate in the overall
oxidative process. In our system (visible light/TiO,—Fe®*/
H,0,), the presence of H,O, led to a higher rate of deg-
radation due to the synergism of electron scavenging action
of H,O, (Eq. 3) and hydroxyl production by photolysis of

H,0, + ¢~ — HO -4+ HO ™, (3)
H,0, ™ 2HO. (4)

On the other hand, iron ion can act as both hole and
electron traps according to the following reactions (Eqgs. 5—
8): [38]

Fe’™ + e — Fe’', (5)
Fe** + Oy — Fe’™ + 05, (6)
Fe*™ + Ti*" — Fe’™ + Ti*T, (7)
Fe’* + h), — Fe*t. (8)

These reactions could enhance the photocatalytic per-
formance of the photocatalyst when the amount of iron
doping is appropriate. Excessive doping can be detrimental
for the photoactivity of the catalyst, since iron(IIl) ions
could act as additional recombination centers and
quenching electron transfer [39]. In our system, we observe

iron dissolution during the mineralization of MO and MB.
The photo-dissolution of the ions reduces the additional
recombination centers and give rise to a homogeneous
(Fenton like)-heterogeneous photocatalytic system with
improved photoactivity.

Toxicity studies

Despite the numerous laboratory studies and technical
applications of nano-structured titanium dioxide based
materials (NSTDM), studies regarding evaluation of their
toxicity are very scarce [40, 41]. Because their numerous
applications, NSTDM enter the environment and get in
contact with biota and human beings, making imperative to
elucidate their possible health effects. For instance, data
from a wastewater treatment plant showed raw sewage to
contain 10-100 pg/L Ti. Besides, due to low solubility,
titanium containing compounds adsorb to biomass resulting
in the production of bio-solids that present large quantities
of NSTDM [42].

Since NSTDM exert activity upon radiation, light is an
important variable to consider during the evaluation of the
toxicity of these materials. Because hemolysis of erythro-
cytes is a rapid and sensitive method to examine the effects
of micro-structured solids on cell membrane and allows to

VARIABLE

TiO,-Fe*® 1%, Ilumination, 242C, 24 HRS,
RBC 1:5

TiO,-Fe™ 1%, In the dark, 24°C, 24 HRS,
RBC1:5

TiO,-Fe*® 1%, Ilumination, 242C, 24 HRS,

whole blood

TiO,-Fe* 1%, In the dark, 24°C, 24 HRS,

whole blood

RESULTS

Fig. 11 Evaluation of hemolytic activity of TiO,~Fe™ 1 % nano-
structured materials under different conditions. a RBC dilution under
illumination and 24 °C. b RBC dilution in the dark and 24 °C.
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conduct the study under several experimental conditions
(in the dark, under radiation, at variable temperature, etc.),
we decided to initiate a systematic study of the effects
caused by TiO»—Fe®" on mammalians, using human red
blood cells (HRBC) as starting point of the study. Our
results are schematically presented in Fig. 11. It is readily
seen that TiO,—Fe® " nano-structured powders do not exert
toxic effects on HRBC. Despite the small size of the
materials, hemolysis of erythrocytes did not occur even in
radiated solutions after 12 h of exposition. Iron ion is not
present in saline solution after evaluation of hemolytic
activity of the materials.

Different concentrations of TiO,~Fe®" materials were
evaluated; our results indicate that the bare TiO, and iron-
doped TiO, under study do not show toxicity to HRBC at
concentrations up to 1 mg/mL when whole blood is used
for the study. On the other hand, when the study is carried
using isolated erythrocytes suspended in PSS, hemolysis of
cells is observed. The hemolytic activity increases when
the solutions are radiated. The percent of hemolysis
observed increases linearly with the amount of nano-
structured material evaluated. Results are summarized in
Fig. 12. For concentrations up to 1 mg/mL, the following
data were obtained: In the dark, 6.32, 4.5, and 5.9 % of
hemolysis for TiOz—Fe3+ 1, 3, and 5 %, respectively.
Under illumination, 7.51, 7.3, and 9.3 % of hemolysis for
TiOz—Fe3+ 1, 3, and 5 % was observed. It was clearly
observed that bigger amounts of materials result in higher
percent of hemolysis to erythrocytes, but the effect of
increasing doping level cannot be easily inferred at this
point. From UV-Vis analysis, it is found that light

0.11 . : :
ot —e—TilyFe®* 12 light

|| e Ti0,Fe 12 dark |
0.09

[| ——Ti0,Fe¥* 32 light
[ —e—Ti0,Fe** 32 dark
0.07 M| o _Ti0,Fe®" 52 light

Ti0,Fe®* 52 dark

Hemolysis percentage (2)
<
&

0.01 L L . L L L . L
1 2 3 4 5 6 7 8 9 10

Nanomaterial concentration (mg/dl)

Fig. 12 Determination of the percentage of hemolytic activity of
iron-doped TiO, materials. Degree of hemolysis caused by TiO,—
Fe™ nano-structured materials to erythrocytes. The percent of
hemolysis increased as a function of increasing mass concentration
of particles in the PSS/HRBC mixture

absorptivity of TiO,—Fe®™ decreases as 1 >3 > 5 % that
in part explains the higher hemolytic activity of 1 % doped
materials; since these materials present more capacity to
absorb light a higher photocatalytic activity should be
expected. Since HRBCs are present in PSS as “naked”
cells, they are susceptible to oxidative degradation. When
whole blood is evaluated, plasma protects HRBCs from
degradation activity of materials.

Emerging literature suggests that dissolution of nanom-
aterials in biological fluids favors its cellular uptake and can
be directly linked to the toxic effects of the materials [13,
43]. Because photo-dissolution of iron ions was observed
during photocatalytic treatment, the leaching of iron into the
physiological solution was evaluated. Iron ion was not
present in solution; by comparing, during photocatalytic
activity, evaluation iron ion was released and found in the
remaining solution. It is thus expected that photo-bleaching
of iron ions should occur in HRBC/saline solution mixtures.
The absence of iron ion in the remaining solution suggests
that under these conditions, as the iron ion is released,
HRBC uptake it. Because iron is a component of hemo-
globin, this element can be stored in ferritin without causing
deleterious effects on cells. Blood compatibility studies of
nano-structured iron oxides materials report on negligible
hemolysis activity of the materials [44, 45] which is in
agreement with the observed results of this study.

To date, it is difficult to establish a strong relationship
regarding the composition and toxicity of nanomaterials,
since its bioactivity depends on the size, structure, physi-
cochemical, and surface properties. For instance, the
in vivo and in vitro toxicity of rutile TiO,—Fe®" nanorods
was recently evaluated [46]. In vivo toxicity evaluation,
using Wistar rats as model organism, showed that pul-
monary exposure to rutile TiO,—Fe*" nanorods promotes
pulmonary and systemic inflammation, oxidative stress,
and hepatotoxicity. Besides, this material showed direct
toxicity on human lung cancer cells and human hepatoma
cells.

Nowadays, there are no specific testing guidelines for
evaluation of nanotoxicity, so the U.S. EPA or OECD
guidelines for chemical testing are frequently followed.
Due to the lack of standard protocols, experimental con-
ditions are highly variable among research groups, and
results cannot be meaningfully compared when parameters
like dose, exposure time, endpoint assay, and evaluation
model differ [12]. However, according to the “cradle to
grave” approach, all of the impacts of a new technology,
from manufacturing to disposal, are relevant to its sus-
tainability [47]. Since we are looking for the macro scale
application of TiO,—Fe®" supported materials, this study
indicates that the material under study shows no toxicity to
HRBC. The in vivo toxicity of the materials is currently
being evaluated.
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Conclusion

Iron-doped titanium dioxide materials were synthesized
and fully characterized. Electron microscopy analysis
demonstrated the nanometric nature of these materials.
Photo-bleaching of iron ions can be indicative of segre-
gation of iron oxides to the surface of the catalyst. The
amount of iron ions in solution increases as the doping
level increases, indicating that due to the large amount of
iron load in the materials, only a small portion of iron ion
incorporates within the TiO, lattice segregating the excess
to the surface of the materials. Surface iron ions are prone
to photo-dissolution giving rise to a homogeneous (Fenton
like)-heterogeneous (Fe™*-TiO,) mediated mechanism for
the degradation of pollutants. The prepared materials do
not exhibit hemolytic activity against HRBCs. The
obtained results demonstrate potential of iron-doped TiO,
materials to be used in solar-driven water purification
systems.
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