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Photocatalytic degradation of 4-nitrophenol was investigated using Fe-doped (1, 3, 5 and 8 wt.% Fe) TiO,
catalysts under UV light irradiation in aqueous dispersions in the presence of H,0,. Photocatalysts with
the lowest Fe content (1%) showed a considerably better behavior with respect to the unloaded TiO, and
the catalysts with higher Fe contents. Photocatalytic degradation was studied under different conditions

such as amounts of 1% Fe-TiO, catalyst, H,0, dose and initial pH of 4-NP solution. The results indicated
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that about 67.53% total organic carbon of a solution containing 20 mgL-! 4-NP was removed at pH 6.17
by using 4.9 mM of H,0, and 0.4 g L~ of the catalyst in a 2-L batch photo-reactor, the complete degrada-
tion of 4-NP occurring after 60 min. It was also observed that catalytic behavior could be reproduced in
consecutive experiments without a considerable decrease of the UV/Fe-TiO,/H,0, process efficiency.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

4-Nitrophenol (4-NP) is a toxic and bio-refractory pollutant
which can cause considerable damage to the ecosystem and human
health. It can damage the central nervous system, liver, kidney and
blood of humans and animals. 4-NP and its derivatives are used in
the production of pesticides, and as insecticides and herbicides [1].
Nitroaromatics are used in the production of explosives, and 4-NP is
used in the production of many synthetic dyes [2]. Therefore, 4-NP
and its derivatives are common pollutants in many natural water
and industrial wastewater.

The conventional methods in industrial wastewater
treatment are biological oxidation and physico-chemical
processes (e.g. activated carbon adsorption, nano-filtration,
coagulation-flocculation). Biological process results not suffi-
ciently efficient since 4-NP is hardly removable due to its high
stability and solubility in water. Physico-chemical processes have
the main disadvantage that they are not destructive and they only
transfer the contamination from one phase to another; hence, sec-
ondary wastes are produced and further treatments are necessary
[3,4].
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During the past two decades, advanced oxidation processes
(AOPs) have been shown to be potentially advantageous and useful
in the treatment of wastewater pollutants. Highly reactive and non-
selective hydroxyl radicals that have the ability to oxidize most of
the toxic and hazardous organic species in industrial effluents [5]
are produced by AOPs in sufficient quantities. The UV/TiO,/H;0,
process, for instance, has been applied successfully to mineralize
organic contaminants transforming them into inorganic species or
converting them into organic species readily biodegradable [6,7].
Heterogeneous photocatalysis by TiO, is gaining more importance
in the last years, due to the fact that the used photocatalyst (often
TiO, in the anatase form [8]) is inexpensive, nontoxic, abundantly
available and (photo)stable. However, some limitations to the pho-
tocatalytic activity are the charge carrier recombination occurring
within nanoseconds [9], the band edge absorption threshold less
than 400 nm (wide band gap: 3.2 eV) and the low photon utiliza-
tion efficiency [10]. Hence, the recent research is focused on the
development of modified semiconductor photocatalysts to increase
the efficiency of AOPs [11-14]. Also, it is experimentally found that
the presence of iron in Fe-TiO, catalysts enhances the photocat-
alytic activity of TiO, by acting both as hole and electron traps
[10].

A few researchers have reported the degradation of 4-NP by
AOPs, including O3, Fenton reagent, photo-Fenton and electro-
Fenton methods, UV/H,0,, UV/TiO,/H,0,, UV/TiO, and ultrasonic
irradiation [15-21], etc. However, to our knowledge, there has
been little research investigating the degradation of 4-NP by the
UV/Fe-TiO,/H,0, process.
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So that, aim of this study was to investigate the applicability
of Fe-doped TiO, as heterogeneous photo-Fenton catalyst for the
minimization of the organic content in model wastewater contain-
ing 4-NP. The effect of Fe content in Fe-TiO, (1, 3, 5 and 8 wt.% Fe)
on the photocatalytic activity was investigated and the Fe content
was optimized. The influence of various parameters such as amount
of Fe-TiO, catalyst, H,O, dose and initial pH of 4-NP solution on
the efficiency of the process was assessed. The efficiency of the
system was evaluated by following the concentration of 4-NP and
total organic carbon (TOC) under irradiation; the (photo)stability of
Fe-TiO, catalyst was checked by carrying out consecutive experi-
ments.

2. Materials and methods
2.1. Reagents

4-Nitrophenol was obtained from Aldrich and used without
further purification. The hydrogen peroxide solution (30%) and
Fe(NO3)3°9H,0 were purchased from Aldrich. Solutions were pre-
pared by dissolving the required quantity of 4-NP in water obtained
by a New Human Power I water purification system.

2.2. Preparation of Fe-TiO

TiO, (anatase phase, specific surface area 8 m?/g), provided by
Tioxide Huntsman, was dried, crushed and sieved to obtain parti-
cles with a diameter smaller than 0.1 mm. Loading was performed
by impregnating TiO, with aqueous solutions of Fe(NO3)3-9H,0
by an incipient wetness impregnation method as described in the
following. The mixture (TiO, and Fe(NO3)3) was stirred at room
temperature during 24 h. Subsequently the catalysts were dried
overnight at 393 K by using an oil bath. Finally, the catalysts were
calcined for 5 h in a furnace whose temperature was increased from
room temperature to 350°C. After calcinations, the catalysts (1, 3,
5 and 8%) Fe-TiO, were stored in a desiccator. The percentage of
metal was calculated as [(weight of metal)/(weight of TiO, )] x 100.

2.3. Characterization of Fe-TiO,

X-ray diffraction patterns of the Fe-TiO, photocatalysts, per-
formed by using a powder diffractometer (Model: Ultima* Rigaku)
equipped with a Cu Ka radiation, were used to determine the iden-
tity of any phase present and their crystallite size. The accelerating
voltage and current used were 40 kV and 26 mA, respectively. The
20 ranged from 20° to 80°. The average crystallite size of catalysts
was obtained by means of the Scherrer equation [D=0.891/8cos 6,
where D is the crystallite size (nm), A is the wavelength (nm), 8 is
the corrected full width at half maximum (radian) and € is the Bragg
angle (radian)]. The morphology of the Fe-TiO, photocatalysts was
studied by using a scanning electron microscopy (SEM) Zeiss Evo
40.

2.4. Photo-reactor and procedures

The photoreactivity experiments were carried out by using a
photo-reactor (ECO 12 H) kindly supplied by Novus srl-Brindisi
(Italy). An UV lamp, with a monochromatic radiation at 340 nm
and radiant flux of 100 wW cm~2, was housed in a double-walled
quartz sleeve inside the glass reactor. The reactor was placed in a
box made of stainless steel to prevent loss of UV light. 4-NP solution
in a glass vessel (2.5 dm3) was pumped into the photo-reactor after
oxygenation by bubbling air. The experimental setup is sketched in
Fig. 1.
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Fig. 1. Setup of the photocatalytic system. 1. Batch photo-reactor containing the
solution of 4-NP/water and the suspended photocatalyst. 2. Pump for the recircula-
tion of the solution/photocatalyst suspension. 3. Photo-reactor for the UV irradiation
which consists of a lamp irradiating two fluoropolymer tubes having UV trans-
parency.

For irradiation experiment, 2dm?3 of 4-NP suspension were fed
into the glass vessel. The suspension was stirred magnetically for
1h in the dark. The pH of the reaction mixture was the natural
pH of dissolved 4-NP (about 6.17) except for experiments studying
the influence of pH for which the pH was adjusted by using H,SO4
or NaOH solutions. A defined content of H,0, was added to the
mixture and the lamp was switched on to initiate the reaction. At
fixed intervals of time, 5 mL of sample were withdrawn and filtered
by using 0.45 wm nylon filters to remove catalyst particles before
analyses of the solution.

2.5. Analysis

The degradation of 4-NP was measured with UV-vis spec-
trophotometer (Cary 100 Scan, VARIAN) at 316nm. Different
calibration curves calculated at different pH values of 3, 4, 5, 6
and 8 depending on the pH value measured when the sampling
were used. The extent of mineralization of the 4-NP was deter-
mined on the basis of total organic carbon measurement using a
TOC analyzer (IL550 TOC-TN, HACH-LANGE). Measurements of Fe3*
in solution were measured according with the UNI-EN-ISO 11885
method using an ICP spectrometer THERMO SCIENTIFIC iCAP 6000
SERIES.
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Fig. 2. XRD patterns of Fe-doped and undoped mixed crystal TiO, powders.
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Fig. 3. SEM images of (a) TiO, and (b) 1% Fe-TiO, calcined at 350°C for 5 h.

3. Results and discussion
3.1. Catalyst characteristics

The XRD diffractogram patterns of the samples (0, 1, 3, 5
and 8%) Fe-TiO, calcined at 350°C for 5h are shown in Fig. 2.
The XRD patterns of Fe-doped TiO, samples almost coincide
with that of the bare TiO, sample. It can be noticed that the
presence of anatase TiO, type structure in all Fe loaded TiO, cat-
alysts, without significant difference with the bare TiO, sample.
This finding can be explained by considering that the Fe3* con-
tent in the Fe-TiO, samples is below the detection limit or that
amorphous iron oxides species are very dispersed onto the sur-
face of TiO, particles. Another explanation is that all Fe3* ions
might substitute Ti#** ions and insert into the crystal lattice of
TiO, (at least only into the very top layers of the crystallites,
due to the relatively low temperature of heating at which the
diffusion extent of the ions cannot be very significant) because
the radius of Fe3* (0.69A) is similar to that of Ti* (0.745A)
[22-24]. The crystallite size of the catalysts was calculated from
the line broadening. The diameters are 50.5, 45.9, 50.3, 50.0 and
49.7nm for samples with 0, 1, 3, 5 and 8wt.% iron content,
respectively. Analysis of SEM picture (Fig. 3) shows that 1% Fe-
doped TiO, catalyst contains a higher number of irregular shaped
particles. Moreover, the sizes of the Fe-doped particles, consist-
ing of aggregates of tiny crystals, are smaller compared to that
of the bare TiO, sample, in agreement with the XRD results.
The presence of Fe3* ions seems to hamper the growth of TiO,
particles.
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Fig. 4. Effect of Fe content in Fe-TiO, on degradation efficiency of the process ([4-
NP]p=20mgL-!, pH=6.17, [Hy0;]o =4.9 mM, catalyst amount=0.4gL-1).

3.2. Effect of Fe content in Fe-TiO,

Compared to pure TiO,, the Fe-TiO, catalysts exhibited a sig-
nificant increase in 4-NP photodegradation efficiency as shown in
Fig.4 where Cy and Care the concentrations of 4-NP before and after
starting the light irradiation, respectively. It can be observed that
the presence of iron species influences the photocatalytic activ-
ity. At the beginning, the photocatalytic activity of the catalysts
decreased with the increase of Fe3* loaded onto TiO,, while after
45 min it increased by further increasing the Fe3* content, except
for the 1% Fe-TiO, sample. This finding can be explained by tak-
ing into account the occurrence of a high iron ions leaching into
solution. All of the doped samples showed to be more photoactive
than bare TiO, and the optimal amount of Fe3* is 1%.67.53% TOC of a
solution containing 20 mg L~! 4-NP, for instance, was removed after
60 min of irradiation by using the 1% Fe-TiO, sample. The beneficial
effect of the presence of Fe3* species on the photocatalytic activity
could be due to the role of Fe3* species acting as h*/e~ traps, thus
hindering the recombination rate and enhancing the photocatalytic
activity. The detailed reaction steps are as follows [25,26]:

Fe3* + e~ — FeZt (1)
Fe" + Opags) — Fe3™ + 05~ (2)
Fe2+ + Ti*" — Fe3+ + Ti** (3)
Fe3* + h,t — Fedt (4)
Fe*t + OH™ — Fe3t + HO* (5)

It should be noted, however, that Fe3* ions can also act as recombi-
nation centers for the h* /e~ pairs when their concentration is high,
according to the following reactions [25]:

Fe3t + e~ — Fe?t (6)
Fe?t + hy,t — Fe3t (7)

Consequently the presence of iron species, especially at low lev-
els, inhibits the recombination rate of h*/e~ pair and enhances the
photocatalytic activity. When the amount of iron ions is increased,
they become recombination centers resulting in lowered photocat-
alytic activity. It has been also proved that the excess of deposited
iron on TiO, can form Fe(OH)2* species, with a greater absorption
of the incident light in the range 290-400 nm with respect to bare
TiO,. This competition in photon absorption subtracts photon to
TiO, and can be considered responsible (along with other factors
as above reported) for the decrease of the photocatalytic activity of
the Fe-TiO, samples [27].

When other published investigations [25,26] are scrutinized it
can be noticed that the effect of iron species content in Fe-TiO, on
the photocatalytic activity is not obvious. The differences in photo-
catalytic activity are likely due to differences in BET-surface areas.
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Fig. 5. Effect of photocatalyst loading on degradation efficiency of the process ([4-
NP]p=20mgL-!, pH=6.17, [H,0,]o =4.9 mM, photocatalyst: 1% Fe-TiO,).

In fact, the specific surface areas of the samples used in refs. [25,26]
(51-76.3m?/g [25] and 65.1-85.6 m2/g [26]) are much larger than
that of ours (only about 8 m?/g). Moreover other morphological
and physico-chemical parameters, as for instance impurities, lat-
tice mismatches and density of surface hydroxyl groups, can affect
not only the adsorption extent of the starting molecule and/or
the intermediates, but also the recombination rate and thus the
lifetime of the photoproduced electron-hole pairs. Further investi-
gation will be aimed to characterize more deeply the surface of the
photocatalysts in order to obtain insights on this point.

3.3. Effect of catalyst loading

To determine the effect of the catalyst loading, a series of exper-
iments was carried out by varying the amount of catalyst from 0.1
to 0.5gL-1. The influence of photocatalyst loading on degradation
efficiency versus time is reported in Fig. 5. It can be observed that
the efficiency of the heterogeneous photo-Fenton process increased
by increasing the photocatalyst amount up to 0.1gL-!, and the
removal efficiency was nearly constant from 0.1gL~! to 0.4gL"1,
then decreased above 0.4gL~!. A very small amount of photocat-
alyst showed to be sufficient for the occurrence of heterogeneous
photo-Fenton degradation of 2 L of 20 mg L~! of 4-NP. The enhance-
ment of the removal efficiency was due to the increase of active
sites available for the photo-Fenton catalytic reaction as the load-
ing of Fe-TiO, increased up to the optimum value; higher values,
instead, gave rise to more important phenomena of light screening
and scattering, decreasing the penetration depth of the light into
the suspension [28-30]. Consequently, the overall number of pho-
tons reaching the photocatalyst surface decreased as well as the
number of photo generated active sites producing *OH radicals by
decomposition of H,0, molecules [31].

3.4. Effect of the initial concentration of H>0,

The heterogeneous photo-Fenton degradation of 4-NP has been
studied at different H,O, concentrations and the results are sum-
marized in Fig. 6. The removal efficiency of 4-NP increased with
increasing the concentration up to 5.9 mM. For higher concentra-
tions no significant additional improvement was observed. The
beneficial effect can be attributed to the increase of the concen-
tration of hydroxyl radicals generated by photolytic peroxidation
(UV and H,0,), as shown in the following equations (see Eqgs. (8)
and (11)).

H,0, + hv — 2°0H (8)

1.2
E —8&— [H,0,]=0.98mM
1 —&— [H,0,]=2.9mM
—&— [H,0,]=3.9mM
i —— [H,0,|=4.9mM

—¢— [H,0,]=5.9mM
1 —o6— [H,0,]=6.9mM
—&— [H,0,]=7.9mM

C/C,

0 20 40 60 80 100
Time (min)

Fig.6. Effectofinitial concentration of H,0, on degradation efficiency of the process
([4-NP]o=20mgL~', pH=6.17, catalyst amount [1% Fe/TiO,]=0.1gL").

Hy0; +eq; — *OH + OH™ 9)
H,0, + Fe?t — Fe3t 4+ *OH + OH™ (10)
RH + *OH — H,0 + R’ — further oxidation (11)

At the highest concentrations, the reaction between H,0, and
strong oxidant *OH radicals and/or h,;,* became more relevant (see
Eqgs. (12) and (13)) and as a consequence no subsequent improve-
ment on the heterogeneous photo-Fenton oxidation rate can be
noticed because the produced HO, radicals are less reactive than
both *OH radicals and h*;, [32].

Hy0, + 2hvb+ — 0y + 2H* (12)
H,0, + *OH — HO,* + H,0 (13)

3.5. Effect of the initial pH

pH plays an important role in photocatalytic abatement of vari-
ous pollutants [33,34]. The influence of pH of 4-NP solution on the
UV/Fe-TiO,/H,0, process efficiency was studied by using six vari-
ous initial pH values (3.56, 3.89, 4.28, 5.15, 6.43 and 8.23) without
changing or checking them throughout all the process. In Fig. 7, the
obtained results for 4-NP degradation as a function of the initial pH
of the solution at various reaction times are displayed. The degrada-
tion efficiency decreased rapidly with increasing the pH value. This
can be explained by considering that (i) under strong alkaline con-
dition, CO, produced during the 4-NP degradation was converted

—e— pH=8.23
1 —8— pH=6.43
- —&— pH=5.15
08 —— pH=4.28
—%— pH=3.89
—e— pH=3.56

c/c,

Time (min)

Fig. 7. Effect of initial pH on degradation efficiency of the process ([4-
NPJo=20mgL-1, [Hy0;]o =3.9mM, catalyst amount [1% Fe/TiO,]=0.1gL"1).
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Table 1

Changes in pH of the 4-NP solution during the process?.
Degradation time (min) pH
0 6.43 5.15 4.28 3.89 3.56
10 6.73 6.6 4.75 4.58 4.18
30 6.25 5.66 4.43 4.39 4.13
60 5.97 5.58 4.65 4.53 4.6
90 6.35 5.86 5.43 5.23 53
120 6.62 6.23 5.97 5.89 5.89

2 [4-NP]p=20mgL~1, [H,02]o =3.9 mM, catalyst amount [1% Fe/TiO,]=0.1gl-%.

to CO32~ and HCO3~, both of which are able to react with hydroxyl
radical by the following reactions [35]:

C03%~ +°*0OH — CO3*" + OH k=3.9x108M 15! (14)
HCO3~ +°*OH — CO3*~ +H,0 k=8.5x10°M 15! (15)

The inorganic radical anions show a much lower reactivity than
*OH and they do not take part in the 4-NP mineralization. Moreover
a drastic competition between 4-NP and the anions with respect to
*OH can be envisaged; (ii) alkaline conditions favoured the disso-
ciation of hydrogen peroxide to form HO,~ as shown in the Eq.
(16):

H,0, — H027+H+ (16)

HO, ™ reacts with a non-dissociated molecule of H,0, according
to Eq. (17) which leads to oxygen and water, instead of hydroxyl
radicals under UV radiation. Therefore, the instantaneous concen-
tration of *OH is lower than that expected.

HO,™ +H;0, — H,O0+ 05 + OH™ 17)

This effect is more important when the pH of the solution is high.
HO, ™ ions, in fact, have a higher reactivity than hydrogen peroxide
with hydroxyl radicals, resulting in a decrease in their number [36].

*OH+HO;™ — Hy0+0,* k=7.5x10°M's! (18)
*OH + H,0; — H,0 + HO,* k=2.7x 10’ M~ !s~! (19)

It can be observed in Table 1 the increase of pH during the first
10 min of irradiation time, due to the increase of the concentration
of OH~ generated by decomposition of hydrogen peroxide (see Egs.
(9) and (17)), and a subsequent drop from 10 to 30 min, due to the
formation of acidic species some of which can be produced by the
oxidative demolition of organics deriving from the degradation of
4-NP. The increase of pH is also observed after ca. 40 min to reach
final values always higher than the initial one in a narrow range
close to 6 pH units.

3.6. Stability of Fe-TiO,

As well known, the photostability of the catalytic systems is one
of the important factors for practical application. For this reason,
recycling experiment where carried out using 1% Fe-TiO, photo-
catalyst in order to determine its stability. In particular, the 1%
Fe-TiO, of the photocatalysts was recovered by filtration from the
solution after treatment, washed with ultra-pure water, dried at
110°C overnight and then reused under the same reaction con-
ditions ([4-NP]g=20mgL~1, pH=6.17, [H,0;]p =4.9 mM, catalyst
amount [1% Fe/TiO,]=0.4gL-1). After three runs, the photocata-
lyst was calcined at 350°C for 5h and then tested again. 67.53%,
64.17%, 62.32% and 66.26% TOC of 4-NP solution were removed by
multi-run consecutive experiments, respectively. The results indi-
cate that the photoactivity of 1% Fe-TiO, was virtually unchanged
after four consecutive experiments.

Moreover, the catalytic behavior could be reproduced after that
the photocatalysts were subjected to calcinations, due to decom-
position of the adsorbed intermediates and the restoration of the

adsorption sites. This finding indicates the absence of significant
deactivation.

Finally, very low amounts of Fe3* ions dissolved in solution
(1-8 ppb) were detected by ICP measurement carried out for
selected experiments. These amounts can be considered negligible
compared with the total amount of Fe3* deposited onto the TiO,
surface (1-40 ppm). For this reason, although a possible contribu-
tion of the homogeneous Fenton reaction occurring in the process
can be not excluded; however, this contribution can be considered
negligible compared with the contribution of the heterogeneous
photo-Fenton process.

4. Conclusions

Fe-TiO, can efficiently catalyze the degradation of 4-NP under
UV light irradiation in the presence of H,0,. The photocatalyst
1% Fe-TiO, was found to be more efficient than bare TiO,. Cat-
alyst and H,0O, concentration, initial pH of 4-NP solution are
important variables on the process efficiency. The optimum con-
centrations of catalyst and H,O, for enhanced efficiency are
0.1gL-! and 4.9mM, respectively. The degradation of 4-NP by
the UV/Fe-TiO,/H,0;/process is more favorable in acidic than in
alkaline pH. Under these optimum conditions, this process can be
effectively applied for the treatment of wastewater containing 4-
NP. It is also observed that catalytic behavior could be reproduced
in consecutive experiments without a considerable drop in the
process efficiency. Moreover, the releasing of Fe3* in solution was
demonstrated be negligible occurring the heterogeneous photo-
Fenton process.
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