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a b s t r a c t 
Titanium(IV) oxide powders doped with nanocrystalline iron were synthesized by a sol–gel method. 
The function of iron is twofold: (i) it serves to improve the absorption of photons by TiO2 and (ii) it 
inhibits the recombination of electron–hole pairs in excited states. Iron content varies from 0 to 0.8 wt% 
of the powders being prepared. The surface morphology, phase transformation, surface characteristics 
and absorption bands of the nanoparticles prepared for this exercise were examined. The physico-
chemical properties of the nanoparticles prepared for the prepared catalysts were examined by special 
instrumental analytical methods: transmission electron microscopy for the surface morphology, X-ray 
diffraction for the phase transformation, Brunauer–Emmett–Teller for surface characterization and 
UV–visible spectroscopy for determination of absorption bands. The phase transformation of TiO2 from 
anatase to rutile was catalyzed by iron. It was observed that: (i) the grain size of TiO2 decreased with 
increasing iron content; (ii) the surface area of catalysts increased with increasing iron(III) oxide load-
ing, up to 0.6 wt%; (iii) beyond 0.6 wt%, the surface area decreased with increasing iron content and 
(iv) the rate of photocatalytic degradation of trinitrotoluene was optimal at an iron content of 0.6 wt%.
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1. Introduction

Transition metal doped TiO2 is regarded as an efficient 
photocatalyst, because addition of transition metal ions 
increases the optical absorption towards the visible light 
region and decreases the band gap comparing with that of 
pure TiO2 (3.1 eV). The large absorptive areas in the solid 
matrix of TiO2 may be due to charge transfer from the 3d 
orbitals of the transition metal ions to the TiO2 conduction 
band [1–5]. Several published literatures have studied the 
effect of transition metal ions in TiO2. Ola and Maroto-Valer 
[2] reported that, the incorporation of V, Cr and Co ions in 

TiO2 matrix resulted in a red shift of the absorption which 
was due to defect centers created by the substitution of Ti4+ 
with metal ions. 

Furthermore, an appropriate amount of doped ions of 
TiO2 can inhibit electron–hole recombination and narrow its 
band gap, remarkably improving the photocatalytic activity 
of TiO2. Fe3+ has been proved to be a successful dopant ion due 
to its stable half-filled electronic configuration [2,6]. According 
to the crystal field theory, Fe3+ has a valence electronic config-
uration of 3d5. When these ions trap electron/hole, the spin 
states change from high spin of five unpaired electrons to low 
spin of four unpaired electrons. The trapped electron/hole 
will be transferred to surface adsorbed water molecules to 
restore its spin energy, there by inhibiting the recombination 
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of photogenerated electron–hole pairs. This inhibition in the 
recombination rate of electron–hole pairs increases the life 
time of the catalyst. A lot of research has been carried out to 
investigate the photocatalytic properties of doped TiO2. A 
great variety of organic and inorganic pollutants [7–12] were 
decomposed by redox reactions on the surfaces of these cata-
lysts. In addition, trinitrotoluene (TNT) and TiO2 absorb only 
UV light because their band gap energy is too high. In order 
to improve its ability of absorption, visible light sanitization of 
TNT has been studied extensively [13]. In heterogeneous pho-
tocatalysis, certain metal oxides in water upon adsorption of 
UV radiation, readily generate hydroxyl radicals which are the 
most reactive species having the highest oxidation potential 
for breaking complex organic bonds [14]. These metal oxides 
are semiconductors and used as photocatalysts. Electrons in 
the photocatalyst are promoted from the valence band to the 
conduction band, producing electron–hole pairs [15]:

Aground state + hν → Aexcited state  (1)

where e–
cb and h+

vb are the electrons in the conduction band 
and the electron vacancy in the valence band, respectively. 
The electron–hole pair then moves up to the catalyst surface, 
where it can enter into a redox reaction with other species on 
the catalyst surface. In aqueous media, h+

vb reacts with surface 
bound H2O to produce •OH radicals, whereas e–

cb reacts with 
O2 to produce superoxide radical anion of oxygen. As such, 
photocatalytic reaction is said to be a surface phenomenon. 

H2O + h+
vb → •OH + H+ (2)

O2 + e–
cb → •O2

– (3) 

The above redox reaction prevents the recombination of 
the electron–hole pair produced in Eq. (1). The •OH radical 
also reacts with water to form more •OH radicals, as seen in 
the Eqs. (4) and (5). The •OH radicals and O2

– anion produced 
in Eqs. (2)–(5) then react with the TNT to break it down into 
innocuous end products (Eqs. (6) and (7)).

2[O•
2]– + 2H+ → H2O2 + O2 (4)

2H2O2 → 2•OH (5)

•OH + TNT → TNToxidized (6) 

TNT + e–
cb → TNTreduced  (7) 

Finally, when titanium dioxide (TiO2) is illuminated with 
light of band gap energy, electrons in conduction band (e–

cb) 
and holes in valence band (h+

vb) are produced according to 
Eq. (1). These charge carries can recombine, or the holes can 
be scavenged by oxidizing species (e.g., H2O, –OH), and elec-
tron by reducible species (e.g., O2). The hydroxyl radical is a 
highly reactive oxidizing reagent and can decompose most 
organic contaminants (Eqs. (8) and (9)).

h+
vb + •OH → •OH (8)

e–
cb + O2 → •O2

– (9)

As a photocatalyst functioning in diverse chemical envi-
ronments of wastewaters, TiO2 has certain advantages besides 
its favorable band gap energy and catalytic efficiency. The 
structural integrity of the solid matrix is evinced by its insol-
ubility and resistance to chemical and biological attacks. TiO2 
is non-toxic and can be obtained commercially at low cost 
[16]. These factors have combined to make TiO2 a successful 
photocatalyst for the degradation of pollutants [17]. It has 
been reported that the addition of Pt [18], Cr3+ [19], Cu2+ [20], 
Fe3+ [21–26] or other cations into anatase titania can improve 
its photoactivity. Among them, Fe-doped TiO2 system is con-
sidered as a potential candidate for photocatalyst, and it has 
been reported that the photocatalyst improved with optimal 
Fe content [21,23]. Various methods have been used to syn-
thesize Fe-doped TiO2 nanoparticles, such as sol–gel method 
[24], impregnation [23] and hydrothermal method [21,25,26]. 

In this paper, preparation of TiO2 mixed oxides by sol–gel 
method in different molar ratios of Fe2O3/TiO2, and their cata-
lytic activities were tested for the degradation of wastewater 
containing TNT coming from Military Factory (Abou Zaabal 
Co., for specialized chemicals F/18). 

2. Experimental

2.1. Materials

All chemicals used in this study were analytical grade 
reagents. 

2.1.1. Physical characterization of the prepared catalysts

Identification of the prepared catalysts was examined by 
powder X-ray diffraction (XRD) diffraction analysis using 
analytical  X-ray  diffractometer,  Cu  Kα  radiation  of  wave-
length λ = 1.5406 Å, rating of 40 kV, 40 mA, step size = 0.02, 
and scan step time of 0.4 s in the 2θ range 10–80. 

The morphology of the samples was examined by 
transmission electron microscopy (TEM; Tokyo, Japan) on a 
JEOL JEM-2000EX (Tokyo, Japan) at an accelerating voltage 
of 100 kV and scanning electron microscopy (SEM). The 
emission SEM (Tokyo, Japan) was performed with a JEOL 
5400 (Tokyo, Japan). 

The surface area was determined from nitrogen adsorp-
tion–desorption isotherms at liquid nitrogen temperature 
(77 K) using a Quantachrome AS1W in version 2.01 instru-
ment. The samples were outgassed for 3 h at 150°C. The 
Brunauer–Emmett–Teller (BET) method was used for surface 
area calculation, while pore-size distribution (pore diameter 
and volume) was determined by the Barrett–Joyner–Halenda 
method. 

Diffuse reflectance spectroscopy and visible-ultraviolet 
spectra were obtained by diffuse reflectance spectroscopy 
using a Shimadzu UV-2401 PC instrument. BaSO4 was the 
reference sample and the spectra were recorded in the range 
200–800 nm. 

For photocatalytic activity measurement, high perfor-
mance liquid chromatography (HPLC) using HPLC Waters 
600 apparatus, equipped with an auto sampler (Waters 717 
plus) and a dual wavelength absorbance diode array detec-
tor (Waters 4487) set at 254 nm was used with C18 5 µm, 
4.6 mm × 250 mm column (part no. 186004117) purchased 
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from Water, USA. The mobile phase was HPLC grade 
water/acetonitrile (30/70) operating at a rate of 1 cm3/min 

a 100 ppm TNT standard stock solution. Dilutions of these 
stock standards were made to give 90–10 ppm TNT standards. 
These standards were then injected into the HPLC for each 
TNT kinetic run, and a calibration curve was thus obtained. 

2.2. Preparation of photocatalysts

The mixed oxides were prepared by the sol–gel technique 
using titanium isopropoxide and Fe(III) acetylacetonate as Ti 
and Fe precursors, respectively. In a typical preparation, Ti 
isopropoxide was added dropwise to the solution of propanol 
and HNO3 at room temperature with constant stirring. Fe(III) 
acetylacetonate was similarly dissolved in propanol then 
mixed with the solution of Ti isopropoxide with vigorous stir-
ring. The prepared sol was left to stand and form gel, which 
was aged for 5 d at room temperature then calcined at 550°C 
for 5 h. (Table 1) The TNT samples were collected from Military 
Factory (Abou Zaabal Co., for specialized chemicals F/18). 

2.3. Photocatalytic activity experiments

A quartz photoreactor was used in this study, in which 
tungsten halogen lamp with an emission of l (300–800) nm 

was positioned inside the cylindrical quartz vessel sur-
rounded by a circulating water jacket (quartz) for cooling 
as shown in Scheme 1. The photodegradation experiments 
were carried out by dissolving TNT in deionized water at the 
desired concentration 1 × 10–4 mol/dm3. The catalyst loading 
was 0.5 g/L and appropriate quantities of the suspensions 
(500 mL) were magnetically stirred in the dark for 30 min 
to reach an adsorption/desorption equilibrium between the 
photocatalyst and TNT. All experiments were performed at 
25°C ± 1°C at pH 7. In order to remove photocatalyst particles 
before analyses, samples were filtered through 0.45 µm pore 
size cellulose acetate filters. The concentration of the TNT 
was analyzed by HPLC (Fig. 1) [27–30].

3. Results and discussion

3.1. X-ray diffraction

Fig. 2 represents the XRD pattern used for the current 
mixed oxides calcined at 550°C for 5 h in air. It is observed 
that all catalysts obtained at different TiO2/Fe2O3 molar ratios 
of mixed oxides contain both anatase and rutile phases. 
The XRD pattern for sample I (TiO2 prepared under similar 
conditions and heat treated at 550°C) consists of very sharp 
peaks of the anatase phase with no indication of the pres-
ence of rutile phase. The mass fraction of anatase and rutile 
is calculated from the (101) reflection of anatase at 2θ = 25.48° 
and the (110) reflection of rutile at 2θ = 27.5°. The crystallite 
size of these phases calculated applying Scherer’s equation 
D  =  0.9l/βcosθ, where D is the thickness of crystallite, l is 
X-ray wavelength, β is full width at half maximum and θ is 
Bragg’s angle (Table 1). 

All diffractograms show the presence of tetragonal titania 
with no iron containing phases. Therefore, the formation of 
mixed phases at 550°C can be attributed to the fact that the 
presence of iron may have catalyzed the transformation of 
anatase phase to rutile phase. These results are also supported 
by the reported data given by Aboul-Gheit et al. [30]. As can 
be seen from the XRD patterns samples II, III and VI have 
peaks of rutile stabilized. In fact, as the Fe3+ (0.55 Å) radius is 

Table 1
Crystal size of pure TiO2 and Fe(III) incorporated TiO2 catalysts 
at different loading

Sample Fe(III) loading (%) Crystal size (nm) from XRD 

I 0 47.4
II 0.2 29.5
III 0.4 49.9
IV 0.5 27.2
V 0.6 20.5
VI 0.8 24.7

Fig. 1. Quartz photoreactor [29].
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Fig. 2. XRD patterns of the mixed oxides.



S.M. Ahmed et al. / Desalination and Water Treatment 104 (2018) 241–249244

almost equal to that of Ti4+ (0.605 Å) [31], the substitution of 
iron in the matrix of TiO2 is a favorable process and easier in 
rutile due to the open channels present in this structure. Many 
reports about the structural studies of Fe(III)/TiO2 system [32] 
have revealed that Fe3+ enters the TiO2 lattice substitution. 
During the preparation of mixed oxides by sol–gel process, 
titanium alkoxide hydrolysis quickly to Ti hydroxide and 
Fe(III)–acetylacetonate remained as it is because its hydrolysis 
requires drastic reflusking with an organic base like sodium 
ethoxide. Therefore, in the mixed sol, TiO2 was coated com-
pletely with Fe(III) acetylacetonate complex [33]. During heat 
treatment at 550°C, the preadsorbed Fe precursor decomposes 
to Fe2O3 from which a certain fraction enters into the TiO2 lat-
tice. However, the XRD data does not show the presence of 
Fe2O3 particles in the mixed oxide system. XRD data are not 
particularly sensitive to the distribution of Ti and Fe in oxides. 
Since X-rays are scattered by electron density, and since 
Ti and Fe are surrounded by approximately the same number 
of electrons, they are difficult to accurately distinguish in an 
XRD experiment [34].

3.2. FTIR spectra of mixed oxides samples 

Fig. 3 shows that pure TiO2 spectrum (I) is similar to the 
other mixed oxides (for samples II–VI) which were doped 
with different ratios of Fe2O3 all samples show absorption 
band at 871 cm–1 of TiO2 anatase and their small peaks are 
around 1,625, 1,492 and 1,325 cm–1 for samples II, III and VI 
were detected. These peaks are attributed to the TiO2 rutile 
phase. It is noticed that there are no obvious peaks for Fe2O3. 
This indirectly indicates that Fe2O3 is dissolved into the TiO2 
lattice and forms a solid solution. These results are in agree-
ment with the XRD data. The IR stretching vibration occur-
ring in the region 2,200–2,400 cm–1 can be attributed to CO 
molecules which adsorbed on the surface of the bimetallic 
nanoparticles. Toshima and Yonezawa [35] explained that 
IR spectroscopy of CO on the surface gave some informa-
tion about the surface structure of bimetallic nanoparticles. 
By comparison of IR spectra of CO on a series of bimetal-
lic nanoparticles at various metal compositions. Hence, the 
surface microstructure of bimetallic nanoparticles can be 
elucidated.

3.3. UV–Vis spectra 

UV–Vis spectra of the prepared catalysts are shown 
in Fig. 4, where the increase of absorption at wavelength 
280 cm–1 can be assigned to the absorption band of anatase 
TiO2. The presence of iron gives absorption in the visible 
region below 400 nm which increases with increasing the 
iron content, in consistency with the changes in the color of 
the samples from white to yellow or light brown. The spectra 
of Fe-doped TiO2 nanoparticles displayed a red shift in the 
band gap transition with the increase of Fe content. It has 
been reported that this shift resulted from the incorporation 
of iron ions into the TiO2 nanoparticles prepared by the sol–
gel method [36]. Red shifts of this type could be attributed to 
the excitation of 3d electrons of Fe(III) to the TiO2 conduction 
band where the charge transfer gives rise to a band at 400 nm 
which enhances absorption in the visible region. It has been 
reported [22] that doping TiO2 with transition metals extends 
the absorption of TiO2 in the visible region of the solar spec-
trum [37–39].

3.4. Surface area and crystalline size

The influence of Fe(III) loading on the BET surface area, 
pore volume and pore-size distribution was investigated. 
Fig. 5 shows the N2 adsorption–desorption isotherms of the 
pure TiO2 and Fe(III)/TiO2 powders prepared at different 
Fe(III) loadings ranging from 0 to 0.8%. It is noted that all 
catalysts displayed isotherms of type IV, signifying that the 
catalyst powder contained mesopores with sizes ranging 
from 2 to 50 nm. BET surface area, pore volume and average 
pore-size distribution of each catalyst are given in Table 2. 
It shows that an increase of Fe(III) loading initially led to an 
increase in the BET surface area of the catalyst. Pure TiO2 had 
a surface area of 44.55 m2/g and an incorporation of 0.6% of 
Fe(III) significantly increased the surface area to 112.17 m2/g. 
However, a further increase of Fe(III) leads to reduction of 
the BET surface area from 112.17 to 48.58 m2/g when Fe(III) 
loading was increased from 0.6% to 0.8%.

The average pore diameter of the catalysts is found to 
be in mesoporous size range (Table 2). The formation of 
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Fig. 3. FTIR spectra of the prepared catalysts. Fig. 4. UV–Vis spectra of the prepared nanocatalysts.
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mesoporous structure in the prepared catalysts was attributed 
to the aggregation of TiO2 crystallites [40]. Small mesopores 
are attributed to the finer intra-aggregated pores formed 
between TiO2 grains or primary particles (represented by the 
hysteresis loop in the lower P/P0 range from 0.4 to 0.7 in Fig. 5). 
Large mesopores are ascribed to the larger inter-aggregated 
pore (hysteresis loop in the higher P/P0 range from 0.7 to 1.0). 
The results show that the addition of low loading of Fe(III) 
might prevent the pore walls from experiencing excessive 
collapse or distortion by limiting the grain growth during 
heating. This result may be helpful to explain the larger 
BET surface area and the more uniform pore distribution 
of Fe(III)-doped TiO2 at 0.6% with an average pore diame-
ter equal to 3.709 nm. A further increase of Fe(III) loading to 
0.8% Fe(III) would lead to a decrease of average pore diam-
eter to 1.65 nm. It was suggested that the incorporation of 
Fe(III) into TiO2 could restrain the growth rate of the parti-
cles during heat treatment [41]. Thus, Fe(III)-doped TiO2 
possessed larger BET surface area and more uniform pore 

distribution as compared with the pure TiO2. Therefore, 
the surface properties of the mesoporous catalyst would be 
improved with a suitable amount of Fe(III) ions loaded [42].

3.5. TEM studies

Surface morphology and distribution of particles are 
shown in the TEM image photograph. The TEM photographs 
of the samples heat treated at 550°C are shown in Fig. 6. It is 
clear that the samples have nanocyrstalline nature. The pre-
pared nanoparticles of TiO2 (sample I) was tetragonal, with 
diameters ranging from 30 to 50 nm, while samples II and 
III were more uniform semispherical with an average par-
ticle sizes of 15–30nm. The TEM of samples V and VI were 

Table 2
Properties of pure TiO2 and Fe(III) incorporated TiO2 catalyst at different loading

Sample Fe(III)  
loading (%)

Properties

BET surface area (SBET, m2/g) Total pore volume (cm3/g) Average pore diameter (dp, nm)

I Pure TiO2 0 44.55 0.1220 7.443
II 0.2 Fe/TiO2 0.2 51.21 0.2573 3.671
III 0.4 Fe/TiO2 0.4 60.64 0.1567 3.712
IV 0.5 Fe/TiO2 0.5 73.65 0.2691 3.709
V 0.6 Fe/TiO2 0.6 112.17 0.2769 3.708
VI 0.8 Fe/TiO2 0.8 48.58 0.1541 1.654

Fig. 5. N2 adsorption–desorption isotherm of pure TiO2 and 
Fe(III)/TiO2 catalyst with different Fe(III) loading.

(I) (II) 

(III) (IV) 

(V)  (VI) 

Fig. 6. TEM of mixed oxides.
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cubic-shaped with particle sizes ranging from 15 to 25 nm. 
These values are in good agreement with the XRD crystallite 
size results.

3.6. Photodegradation of TNT

The transition metal ion used as dopants enhances the 
attachments of the functionalized organic pollutants to the 
doping ion active sites [43].

It is very important to determine the mechanism of pho-
tosensitization and the recombination of excited electron–
hole pairs affected by depositing transition metal oxide on 
the surface of TiO2 to enhance the photocatalytic activity. To 
evaluate the photocatalytic activity of the mixed oxides and 
to determine the optimum content of Fe, the photodegrada-
tion characteristic of TNT over mixed oxide has been inves-
tigated. A suspension of the catalyst and pollutant in water 
was stirred in the dark for 30 min to reach adsorption equi-
librium. The degree of degradation in the TNT concentration 
due to adsorption was about 2%–3%. The TNT photodegra-
dation over mixed oxides is shown in Fig. 7. The rate con-
stant of photodegradation of TNT increased with an increase 
in Fe(III) content at below 0.6 wt%, but it decreased with 
increasing Fe(III) content at above 0.6 wt%. This suggests that 
the optimum content of Fe(III) is 0.6 wt%. Choi et al. [44] pro-
posed that it appeared to be an optimal dopant concentration, 
above which the observed photoactivity decreased. On the 
basis of the relevant band position of Fe(III) and TiO2, Fe(III) 
clusters at lower wt% act as a separation center. The photo-
generated electrons are transferred from TiO2 to the Fe(III) 
conduction band and the holes accumulated in the TiO2 
valence band. Hence, photogenerated electrons and holes 
are efficiently separated. However, Fe(III) clusters at higher 
wt% act as a recombination center and the recombination 
rate between electrons and holes increase exponentially with 
increasing Fe(III) wt% because the average distance between 
trap sites decreases particle. Therefore, from data in Fig. 7 it 
can be concluded that Fe(III) doping on TiO2 enhances the 
photocatalytic activity and an optimal content of 0.6 wt% 
Fe(III)/TiO2 which leads to the best photocatalytic perfor-
mance for TNT degradation. The enhancement in the pho-
tocatalytic degradation activity of various organic substrates 
upon iron doping of titania is in line with observations by 
Ranjit and Viswanathan [45]. It also can be proposed that 
iron doping, promotes phase transformations which modify 
electron–hole properties. Kokila et al. [46] had reported that 

the presence of metal ions on the surface of the photocatalyst 
particles improves the rate of electron transfer to O2 and con-
sequently has a beneficial effect on the photo-oxidation rate 
of organic species. The more number of pores increases the 
hydroxyl content. In heterogeneous photocatalysis, the illu-
mination of semiconductor produces electrons (e–) and holes 
(h+). The holes (h+) are combining with OH ions and there 
is formation of hydroxyl radicals (h+

vb + OH– → •OH). These 
surface hydroxyl radicals formed on the surface of the pho-
tocatalyst are oxidizing species which ultimately affects the 
photocatalytic activity. Also stated that these dopants exist 
only as the recombination center for the electron/holes, thus 
having no noticeable effect on the reaction rate [47].

The reaction rate constants (k) of the prepared catalysts 
for photodegradation of TNT were calculated according to 
the following formula: ln(C0/Ct) = kt, where C0 and Ct are the 
concentrations of TNT in the primary stage of experimental 
and after (t) minutes irradiation Fig. 8. As shown in Fig. 9, k 
first increases with increasing the Fe-doping concentration, 
then reaches to an optimum value when Fe-doping concen-
tration is 0.6%. Further increasing the amount of Fe above 

Fig. 7. Photocatalytic degradation of TNT using different mixed 
oxides.
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this level shows detrimental effects on the photodegradation 
of TNT [48].

The photocatalytic degradation mechanism of TNT was 
through oxidation of methyl group followed by decarboxyl-
ation of aromatic acid then mineralization of nitro groups. 
The final products of the cleavage of aromatic rings were for-
mic and oxalic acids and nitrates. These by-products could be 
degraded gradually into final products of organic acids, water 
and carbon dioxide. Therefore, the degradation mechanism of 
photo-Fenton of TNT can be proposed as shown in Scheme 1.

4. Conclusions

Photocatalysis of the degradation of TNT using TiO2 is 
shown to be enhanced by doping with iron up to 0.6 wt%. 
Parallel analysis by different characterization techniques 
(XRD, FTIR, UV–Vis and TEM) reveal that such an improve-
ment is related to the effective introduction of Fe3+ ions in 
the TiO2 structure. At higher iron content up to 0.8 wt%, the 
catalytic activity decreased mainly due to diffusion limita-
tion in the catalyst pores, since the pore volumes of the 0.6 
and 0.8 wt% Fe/TiO2 catalysts are 0.2769 and 0.1541 cm3/g, 
respectively.
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