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Abstract: Fe’*-doped TiO, composite nanoparticles (Fe’ = 0.01wt %) were successfully synthesized using an incipient
wet impregnation method in order to prevent penetration of the dopant cation into the bulk of TiO,. The prepared
nanoparticles were characterized by SEM, EDX, XRD and TEM. Results show that the size of Fe''/TiO, particles
decreases on doping with Fe’ and their XRD beaks are broaden. Doping Fe’" can control the conversion of TiO, from
anatase to rutile. The photocatalytic degradation of Direct Yellow 50 was used as a model reaction to evaluate the
photocatalytic activity of TiO, and Fe'*-doped TiO, nanoparticles. The doping amount of Fe'* remarkably affects the
activity of the catalyst. The degradation of dye depends on several parameters such as pH, catalyst, substrate and H,O,
concentrations. Electrical energy per order (EE/O) was proposed to assess the relative performance of catalytic system
used. The adsorption of direct yellow 50, onto TiO, Degussa P25 from aqueous solution was investigated. The
experimental data were analyzed by Langmuir and Freundlich models of adsorption. It was found that Langmuir
equation fit better than Freundlich equation. The kinetics of the adsorption with respect to the initial dye concentration,
were also investigated.
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1. Introduction —, and H,O,. These active species can further attack
It has shown a capacious prospect to generate organic dye molecules to cause them decomposed. The
clean environment using photocatalyst. Among the detailed mechanisms for the photocatalytic dye
new oxidation methods called “advanced oxidation degradation using the TiO, photocatalyst have already
processes” (AOPs), heterogeneous photocatalysis using been demonstrated in a number of literatures [2, 4-12].
titanium dioxide (TiO,) as a photocatalyst is highly However, the large band gap (Eg = 3.2 eV) in TiO,,
considered a promising destructive technology for the activated only by ultraviolet (UV) light, low efficiency
treatment of polluted air and water because of a in utilizing solar energy and high recombination rate of
number of advantages [1-6]. Firstly, this process can the photo-generated electron/hole pairs result in the
destroy the polluting compounds by decomposing into low efficiency in utilizing photon and hinder its further
ending non-toxic substances with the aid of light application in industry. In order to solve these
irradiation in UV or near-UV region. Secondly, problems, many methods have been applied to the
environmentally friendly materials can be employed as modification of TiO,, such as modification by noble
a semiconductor photocatalyst, especially the most metal [13, 14], semiconductor junctions [15], polymer-
widely used TiO,. Thirdly, this process can be carried [16] and transition metal-doping [17]. Among these
out under mild conditions, i.e. room temperature and methods, transition metal doping has been studied
atmospheric pressure. Fourthly, it can bring about the extensively, and this technology has been applied to
complete degradation of most organic pollutants, the degradation of dye, nitric oxide, polythene film and
without causing the secondary pollution problems. organic pollutants [13].
Finally, it is currently receiving an increasing attention This work investigates the use of an AOP to
because of the use of sunlight as the clean and break down the azo dye Direct Yellow 50. The action
renewable source of irradiation light with energy equal of TiO, Degussa P25 and Fe’'-doped TiO, (0.01%
to or greater than the band gap energy of the TiO, wt% Fe’") nanoparticles under UV light irradiation at a
photocatalyst (~3.2 eV for the anatase phase TiO,). wavelength of 254 nm will be compared in a
When the photocatalyst absorbs the irradiating light laboratory-scale photoreactor. Direct Yellow 50 has
with suitable wavelengths, the electrons and holes are been selected as a recalcitrant model pollutant because
produced and transferred along the crystalline lattice to it is currently used in paper and textile industries and is
the photocatalyst surface. The electrons and holes present in their effluents. The morphological structure
trapped on the photocatalyst surface can react with of the photocatalysts was examined by scanning
both water and dissolved oxygen molecules to generate electron microscope (SEM), energy dispersive X-ray
several oxygen active species, such as °OH, OH,°, O,° spectroscopy (EDX), transmission electron microscopy
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(TEM) and X-ray diffraction (XRD), and the
degradation of dyes depends on several other
parameters such as pH, concentrations of catalyst,
substrate and H,O,. Electrical energy per order (EE/O)
was proposed to assess the relative performance of
each catalytic system used. It was found that EE/O
decreases with increasing the value of kg, The
adsorption of direct yellow 50 (DYS50), onto TiO,
Degussa P25 from aqueous solution was also
investigated.

2. Experimental

2.1. Dye solutions:

C.L Direct Yellow 50 (DY50) is diazo dye of
the molecular weight 991.82 g/mol (Scheme 1). The
dye is purchased from Ciba-Geigy. It is a water-
soluble dye. The stock solution of DY50 is prepared by
dissolving the accurately weighed amount of dyein 1 L
of deionised water. All working solutions are prepared
by diluting the stock solution with deionised water.

j$0 4
Na0,S S0,Na Na0,S

Scheme 1: C.I. Direct Yellow 50 (DY50)

S0,Na

2.2. Preparation of the Fe’*-doped TiO,:

Doping was performed by an incipient wet
impregnation method in order to prevent penetration of
the dopant cations into the bulk of TiO,, since bulk
doping increases the recombination rate of charge
carriers resulting in a decrease in photocatalytic
activity. 8g TiO, Degussa P25 and appropriate amount
of Fe(NO;);-9H,0 were mixed with definite volumes
of doubly distilled water and stirred for 1h. During this

period, the mixture changed color into a light brownish
beige depending upon the Fe'* concentration. Three
different Fe’"-doped photocatalysts containing 0.01,
0.04 and 0.06 wt% Fe'" were prepared. Then, the
prepared photocatalysts were washed with water three
times, heat-treated at 100°C for 24h to eliminate water,
calcined at 500°C for 4h, ground and sieved [18]. The
photocatalytic activity increases at doping amount of
0.01 wt% Fe’" and then decreases with the further
increase of the amount. So the characterization and
photocatalytic activity of doping amount of 0.01 wt%
Fe’* are only investigated in this study.
2.3. Chemicals for pH adjustment

For the pH adjustment, concentrated reagent
grade sulphuric acid and sodium hydroxide solutions
(Panreac) were used. All solutions were prepared with
deionised water obtained from a Millipore Milli-Q
system.
2.4. The TiO, Degauss P25 (30 nm particle size,
Germany) was used a photocatalyst.

Other chemicals; H,O, and Fe(NO;);-9H,0
from BDH or Merk are used as received.
2.5. Batch type photoreactor

All experiments were conducted in a 500ml
thermostated batch glass reactor (Scheme 2) equipped
with a magnetic stirrer. The light source was low
pressure mercury lamp (2 lamps each of 4 watt) which
basically emits at 254nm, used as artificial light source.
The reaction mixture inside the cell, consisting of
250ml of dye sample and the precise amount of
reagent, was continuously stirred with a magnetic bar
and the temperature fixed at the required level (25°C).
The intensity of the incident light, measured employing
a uranyl actinometer [19], was 0.9675pEinstein x 107
s, All experiments were carried out using 2 UV lamps
each of 4watt at distance 20cm apart from the reaction
mixture.
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Scheme 2: Experimental setup for the photocatalytic dye degradation.
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2.6. Equilibrium studies
2.6.1. Batch equilibrium experiments

Different DY50 concentrations are freshly
prepared in deionzed water. The experiments are
carried out by shaking TiO,, in a conical flask at 25°C
in a thermostatted shaker bath in dark. The amount of
dye in the solution was monitored by UV—Visible
absorption spectroscopy until the absorbance values
at Amax (397nm) remained constant. The initial and
after time and equilibrium dye concentrations (C,, C;
and C, respectively) are determined using a
calibration curve based on absorbance at A,,x 397nm
versus dye concentration in standard DY 50 solutions.
(Egs. 1 and 2) is used to calculate the amount of dye
adsorbed at equilibrium (g.) and at time ¢ (¢,) (mg/g
TiO,) [20].
q.= (Co - CH(V/W) (1
9= (Co— CH(V/W) 2)

In (Egs. 1 and 2) C, , C, and C; are the initial,
equilibrium and at time t solution concentrations
(mg/1), respectively, and V' is the volume of the dye
solution (1) and W is the weight of TiO, (g) used.

2.7. Catalyst characterization:
2.7. 1. Experimental techniques:

The surface morphology of TiO, Degussa
P25 and Fe’*-doped TiO, (0.01% wt% Fe'") samples
were examined using JEOL SEM — 25 scanning
electron microscope. Prior to examination, the
samples were dried under sputter coated gold.

The EDX pattern of TiO, Degussa P25 and
Fe’*-doped TiO, (0.01% wt% Fe’") were examined
using OXFORD link ISIS Energy Dispersive X-ray
Spectroscopy.

The TEM of TiO, Degussa P25 and Fe''-
doped TiO, (0.01% wt% Fe'") measurements were
examined with a JEM-100 CX (JEOL Ltd.).

The X-ray diffraction patterns of TiO,
Degussa P25 and Fe’*-doped TiO, (0.01% wt% Fe'")
samples were measured with a modern Shimadzu
Diffractomater x D-D1 Series. The X-ray copper
target tube was operated at 40KV and 30mA and all
the diffraction patterns were examined at room
temperature and under constant operating conditions.

The absorption spectra were recorded with
UV-9200  UV-VIS  spectrophotometer.  The
absorbance of solutions measured at Ay, (397 nm)
using 1 cm quartz cell.

The pH values of the solutions were adjusted
using  Multimeter; WTW  (Wissenshaftlich-
Technische werkstatten GmbH) InoLab Multi Levll,
ba 12237de; Germany.

3. Results and discussion
3. 1. Morphological and compositional analyses of
TiO, Degussa P25 and Fe**-doped TiO,.
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3.1.1. SEM morphologies of TiO, Degussa P25 and
Fe**-doped TiO;:

Figure 1 shows the SEM micrographs
obtained for the TiO, Degussa P25 and Fe'*-doped
TiO, (0.01% wt% Fe’"). Figure la shows that TiO,
Degussa P25 consists of homogeneous, regular and
polyhedral particles. In contrast, the Fe*'-doped TiO,
consists of smaller particles, with straight edges and
sharp corners.

3.1. 2. EDX spectra of TiO, Degussa P25 and Fe’*-
doped TiO;:

Figure 2 shows the EDX spectra of TiO,
Degussa P25 and Fe’*-doped TiO, (0.01% wt% Fe’").
The obtained amount in EDX analysis is in agreement
with the doping contents. The EDX results also
indicate an almost uniform distribution of Fe'*
cations between the particles.

3.1. 3. TEM of TiO, Degussa P25 and Fe*'-doped
TiOz:

Figure 3 shows the TEM of TiO, Degussa
P25 and Fe*'-doped TiO, (0.01% wt% Fe’™). From
Figures 3, the average particle sizes are 40.3 and 33.7
for TiO, Degussa P25 and Fe’*-doped TiO, (0.01%
wt% Fe’"), respectively The sizes obviously decrease
with doping of Fe’*. These results reveal that the Fe’"
doping restrains the growth of the TiO, crystal grains,
resulting in a decrease in particle size [21] and an
increase in the surface energy, which may cause
agglomeration between the crystal grains.

3.1. 4. XRD analysis of TiO, Degussa P25 and
Fe**-doped TiO,

Figure 4 shows the XRD patterns of TiO,
Degussa P25 and Fe’"-doped TiO, (0.01% wt% Fe’").
The XRD diffractogram of the TiO, P25 (Figure 4a)
shows the presence of both anatase and rutile phases.
The molar fractions of both phases are 79% anatase
and 21% rutile. As shown in Figure 4a, the peaks at
20 25.31, 37.81 and 48.01 elucidate the diffractions
of the (101), (004) and (200) anatase-type TiO, with
the main XRD diffractogram at 25.31. Characteristic
peak of rutile TiO, is found at 20 27.51 [ 22]. It can
be seen from Figure 4 that (1) The presence of iron
catalyzes the anatase to rutile transformation, with
rutile being detected [13]. These results reveal that
the doping Fe’* controls the crystalline conversion of
TiO, from rutile to anatase phase. The diffraction
peaks are remarkably broadened. There are some
factors affecting the broadening of diffraction peaks,
such as the grain size, the defect of the crystal. From
the results of the sample’s TEM, it can be concluded
that the small grain size is one of the factors resulting
from the broadening of diffraction peaks. The
characteristic peaks of Fe,O;3 are not observed in the
studied range of doping amount of Fe’*. One of the
reasons may be the homogeneous dispersion of Fe'*
in the TiO, lattice because of the similar ion radii of
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Fe*" and Ti*', and the other is that the amount of
doped Fe’* is so low that it can not be detected by
XRD or the weak diffraction peaks of Fe,O; are
shielded by the broadened diffraction peaks of TiO,.
3. 2. Parameters affecting the photocatalytic
degradation of DYS50 using TiO,-P25 :

3.2.1. Effect of catalyst loading:

Photocatalytic process of DY50 with
different catalyst loading was investigated after being
submitted to adsorption onto TiO,-P25 surfaces. The
dark experiment results in a decrease on the
absorbance at Ay, 397nm of more than 33%, after
30min suggesting the adsorption of the DY50 onto
TiO, surfaces. Experiments are carried out with
different concentrations of catalyst (0.25, 0.50 1.00
and 1.50 g/l) at fixed DY50 concentration (0.02mM)
and pH 3.0. These experimental conditions are chosen
to analyze the possibility of the simultaneous DY50
photodegradation when adsorbed onto the TiO,-P25
surface and in solution. The color removal efficiency
(Figures 5a) for DYS50 increases from 80.56 % to
92.78 at 65 min of irradiation time when the catalyst
concentration is increased from 0.25 to 1.0 g/l and
then it decreases. These results show that TiO,-P25 is
reasonably effective in photodegrading DYS50, as
denoted by the decrease of the band intensity. It is
clear from the investigations that catalyst loading is
an important factor that can significantly influence
the photocatalytic degradation of DY50. The
experimental kinetic data follow the pseudo first
order kinetic, which is rationalized in terms of the
Langmuire-Hinshelwood = model = modified to
accommodate reactions occurring at a solid-liquid
interface [23]. Plot of In A/A, = -ky, t is given in
Figure 5b. In general a good correlation is obtained,
suggesting that the reaction kinetics follows a pseudo-
first order rate law. The slopes of the straight lines
passing through the origin yield the apparent rate
constants (k,,) depicted in Table 1. This Table also
gives the maximum degradation %.

Hence, the results obtained for the presented
catalyst loading reveal that, the reaction rate constant
increases with increasing catalyst’s loading up to a
level 1.0 g/l which corresponds to the optimum of
light absorption. These results demonstrated that both
UV light and a photocatalyst, such as TiO, are needed
for the effective destruction of DY50, because it has
been established that the photocatalytic degradation
of organic matter in solution is initiated by
photoexcitation of the semiconductor, followed by the
formation of an electron—hole pair on the surface of
catalyst (Eq. (3)). The high oxidative potential of the
hole (hyg') in the catalyst permits the direct oxidation
of organic matter (DY50) to reactive intermediates
(Eq. (4)). Very reactive hydroxyl radicals can also be
formed either by the decomposition of water (Eq. (5))
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or by the reaction of the hole with OH (Eq. (6)). The
hydroxyl radical is an extremely strong, non-selective
oxidant that leads to degradation of organic chemicals
[24-26]:

TiO, + hp — TiO, (ecs +hys') 3)
hyg” +DY50 — oxidation of the DY 50 4
hVB+ +H20 — H+ +°OH (5)
hVB+ +OH — °OH (6)

Moreover, electron in the conduction band (ecg ) on
the catalyst surface can reduce molecular oxygen to
superoxide anion (Eq. (7)). This radical, in the
presence of organic scavengers, may form organic
peroxides (Eq. (8)) or hydrogen peroxide (Eq. (9)):

eCB_ +02 i 002_ (7)
°O, +DY50 — DY50-00- (8
002_ +H02° + H+—> HzOz +02 (9)

Electrons in the conduction band are also responsible
for the production of hydroxyl radicals, which have
been indicated as the primary cause of organic matter
mineralization (Eq. (10)) [2, 27]:

°OH + DY50 — degradation of the DY50 (10)
3. 2.2. Effect of DY50 concentration

Successful application of photocatalytic
oxidation system requires the investigation of the
dependence of photocatalytic degradation rate on the
substrate concentration (C,) [28, 29].

The effect of initial DY50 concentrations is
examined in concentration rang of 0.02 to 0.50mM
after being submitted to adsorption onto TiO, on the
photocatalytic degradation of DY50 under UV light
irradiation. The dark experiment results in a decrease
on the degradation degree calculated at A,z 397nm
after 30min suggesting the adsorption of the dye at
TiO, surfaces. The photocatalytic efficiency of 1.0g/l
of TiO, nanomaterial on the decolorization of DY50
solution is examined at pH 3.0 to analyze the
possibility of the simultaneous DY50
photodegradation. With the increase in the substrate
concentration, the degradation efficiency decreased
from 92.64% to 4.41%.

Moreover, the initial rate of
photodegradation is high at the lower concentration
range but it decreases as concentration increases.
Generally the photocatalytic reaction follows a
Langmuir—Hinshelwood mechanism [23]. The linear
transforms In A / Ay = -k, t are given in Figure 6. In
general a good correlation is obtained, suggesting that
the reaction kinetics follows a pseudo-first order rate
law. The slopes of the straight lines passing through
the origin yield the apparent rate constants (k)
depicted in Table 2. It has been indicated in several
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investigations that as the concentration of the target
pollutant increases, more and more molecules of the
compound are adsorbed on the surface of the
photocatalyst [27]. Therefore, the reactive species
(°OH and °0;) required for the degradation of the
pollutant also increases. However, the formation of
°OH and °0, on the catalyst surface remains constant
for a given light intensity, catalyst amount and
duration of irradiation. Hence, the available OH
radicals are inadequate for pollutant degradation at
higher concentrations. In addition, an increase in
substrate concentration can lead to the generation of
intermediates, which may adsorb on the surface of the
catalyst. Slow diffusion of the generated
intermediates from the catalyst surface can result in
the deactivation of active sites on the photocatalyst
and result in a reduction in the degradation rate. This
is in accordance with the Langmuire Hinshelwood (L-
H) law [23]. Several investigations have described the
dependence of the photocatalytic degradation rates on
the concentration of various phenols and dyes using
the L-H kinetics model [28-30].

3. 2. 3. Effect of the pH value

The photocatalytic degradation of DY50 are
conducted at different pH values (pH = 1.1-9.3) and
dye concentration 0.02 mM at catalyst loading of 1.0
g/l. The degradation degrees of the dye in the
different pH media are given in Figure 7a. Increase of
the dye solution pH from 1.1 to 3.0 increases the
degradation from 74.69% to 92.64% within 65 min of
irradiation time and then it decreases to 36.23% when
the pH increases to 7.0. In alkaline medium (pH = 9)
the degradation degree increases to 50.21%

The interpretation of pH effects on the
efficiency of dye photodegradation process is a very
difficult task because of its multiple roles [6]. First, is
related to the ionization state of the surface. The point
of zero charge (pzc) for titanium dioxide is at pH 6.5.

In acidic solution the pH is lower than pzc
and hence the TiO, surface is positively charged.

pH < pzc : Ti-OH + H' <> TiOH," (11)

In basic solution the surface is negatively charged as
given in following equation:

pH > pzc: Ti-OH + OH" « TiO + H,0O (12)

On the other hand, the dye contain sulphonate group,
so that hydrolyzed molecule behaves as anionic dye.

(dye-SO;Na) — (dye- SO;) + Na' (13)
pH changes can thus influence the

adsorption of dye molecules onto the TiO, surfaces,
an important step for the photocatalytic oxidation to
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take place. Bahnemann et al. [31] have already
reviewed that acid-base properties of the metal oxide
surfaces can have considerable implications upon
their photocatalytic activity. Second, hydroxyl
radicals can be formed by the reaction between
hydroxide ions and positive holes. The positive holes
are considered as the major oxidation species at low
pH, whereas hydroxyl radicals are considered as the
predominant species at neutral or high pH levels [32].
It was stated that in alkaline solution, °OH are easier
to be generated by oxidizing more hydroxide ions
available on TiO, surface, thus the efficiency of the
process is logically enhanced [33]. Similar results are
reported in the photocatalyzed degradation of acidic
azo dyes and triazine containing azo dyes [34— 36].

Moreover, the mechanism of the
photocatalytic reaction in the presence of TiO,
consists of a free radical reaction initiated by UV
light [37]. The mechanism may depend on the ability
of the degraded compound to be adsorbed on the
surface of the catalyst. The extent of such adsorption
depends on many factors, and one of it is the charge
of the degraded compound. It was found that in
photocatalytic degradation, the adsorption level on
unmodified TiO, is higher for dyes with a positive
charge (cationic) than for those with a negative
charge (anionic) [38]. As the charge depends on the
pH of a given solution, it follows that both pH and the
nature of a particular dye influence the photocatalyst
activity [36, 39-41].

The degradation rate of DY 50 increases with
decrease in pH (pH= 3.0)[2]. At pH <6, a strong
adsorption of the anionic dye on the TiO, particles is
observed as a result of the electrostatic attraction of
the positively charged TiO, with the anionic dye. At
pH >6.8 as dye molecules are negatively charged in
alkaline media, their adsorption is also expected to be
affected by an increase in the density of TiO™ groups
on the semiconductor surface. Thus, due to
Coulombic repulsion, the dyes are scarcely adsorbed
[5, 41] and the degradation decreases. It has earlier
been reported that in alkaline medium, there is a
greater probability for the formation of hydroxyl
radical (°OH), which can act as an oxidant, thus
increasing the photodegradation of the dye [42].

The photocatalytic oxidation kinetics of
DYS50 has often been modelled with the Langmuir—
Hinshelwood equation, which also covers the
adsorption properties of the substrate on the
photocatalyst surface. [23].

The semi-logarithmic graphs of the pH
versus irradiation time yield straight lines indicating
pseudo-first order reaction (Figure 7b). The apparent
reaction rate constants (k,) for photocatalytic
degradation of DY50 are evaluated from
experimental data using a linear regression. In all
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cases, r (correlation coefficient) values are higher
than 0.99, which confirm the proposed kinetics for
decolorization of dye in this process. The calculated
apparent reaction rate constants (k,,) are listed in
Table 3.

3. 2. 4. Effect of H,0,

The photocatalytic degradation of DY50 has
been studied at different hydrogen peroxide
concentrations. The effect of varying the initial H,O,
dose from 5- 50 mM for DY50 concentration 0.02
mM at pH 3.0 on the degree of photodegradation is
displayed in Figure 8. Generally the photocatalytic
reaction follows a Langmuir—Hinshelwood
mechanism. The linear transforms In Ay/4 = - ky, ¢
are given in Figure 8b. In general a good correlation
is obtained, suggesting that the reaction kinetics
follows a pseudo-first order rate law. The slopes of
the straight lines passing through the origin yield the
apparent rate constants (k,,) depicted in Table 4. The
degradation rate of DY50 increases with increasing
H,0O,; concentration up to 10 mM, above this value the
degradation rate decreases. H,O, increases the rate of
hydroxyl radical formation through three ways:
Firstly, it could act as an alternative electron acceptor
to oxygen [43] (Eq. (14)), which might restrain the
bulk composite of the photo-excited electrons and
holes. This should consequently increase the rate of
the photocatalytic process. Secondly, the reduction of
H,O, at the conductance band would also produce
hydroxyl radicals. Even if H,O, was not reduced at
the conductance band it can accept an electron from
superoxide again producing hydroxyl radicals (Eq.
(15)). Thirdly, the self-decomposition by illumination
will also produce hydroxyl radicals (Eq. (16) [44]:

e_CB +H202 —OH + °OH (14)
0,"+H,0, — OH +°0H + 0, (15)
H,0, + hv— 2°0H (16)

At high concentration, the hydrogen peroxide
adsorbed on the photocatalytic surface can effectively
scavenge not only the photocatalytic surface formed
°OH radicals (Eqs. (17) and (18) but also the photo-
generated holes (hcg' ) (Eq. (19)) and thus inhibit the
major pathway for heterogeneous generation of “OH
radicals:

0()H + H202 — Hzo + HOZO_ (17)
°*OH+ HO,"—H,0 + 0, (18)
hCB+ + H202—>H+ + HOZO_ (19)

It is worth mentioning here that HO,* radicals are
less reactive than °OH, therefore, have negligible
contribution in the dye degradation. Therefore, the
proper addition of hydrogen peroxide could
accelerate the photodegradation rate of DYS50.
However, in order to keep the efficiency of the added
hydrogen peroxide, it is necessary to choose the
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proper dosage of hydrogen peroxide, according to the
kinds and the concentrations of the pollutants.
3. 2.5. Efficiency of Photodegradation

The evaluation of the efficiency of
photodegradation treatment processes is difficult
because the reaction rate depends on many factors.
Thus, there is need for a figure of merit that can be
used to assess the relative performance of each
system. As a figure of merit, the electrical energy per
order (EE/O) has been proposed, defined as the
electrical energy (in kilowatt hours) required to
reduce the concentration of a pollutant by one order
of magnitude in 1000 US gallons (3785 L) of water.
The EE/O value may be calculated from the
following equation [44- 46]:

EE/O = (P x (t/60)x 3782)/(Vxlog(Cy/Cy)) (20)
where P is the lamp power (in kilowatts), t is the
irradiation time (in minutes), V is the reactor volume
(in litres) and Cy and C, are the initial and final
concentrations over the irradiation time. The EE/O
values are related to the first-order rate constant, k,,
(per minute) by:

EE/O = 145.25 P/ (V x kyp) 21

Data in tables 1-4 show that the value of
EE/O (kWh) decreases with increasing the value of
the k,p. Low values of EE/O are obtained at the best
condition for degradation ([TiO,] = 1.0 g/l, 10.0 mM
H,O,, pH = 3.0 and [DY50] = 0.02 mM). This
indicates that using optimum condition in degradation
of dyes relatively use low operational electric energy.
3.3. photocatalytic degradation of DYS50 using
Fe**doped-TiO,-P25:

The efficiency of Fe'*doped-TiO,-P25 (Fe*"
wt%0.01) has been tested on the photodegradation of
DY50 at [DY50] =0.02mM and pH 3.0 in presence of
1.0 g/l Fe’'doped-TiO,-P25. These experimental
conditions are chosen to analyze the possibility of the
simultaneous DY 50 photodegradation when adsorbed
onto the Fe*"doped-TiO,-P25 surfaces. After 65 min
of photodecolorization, 99.503 % of the yellow color
of the DY50 solution disappeared. Figure 9 shows
degradation degree of DY50 upon irradiation in the
presence of TiO,-P25 and Fe3+doped-Ti02-P25.
Generally the photocatalytic reaction follows a
Langmuir—Hinshelwood mechanism. The value the
calculated rate constant of DY50 photodegradation in
presence of Fe’"doped-TiO,-P25 (Fe’* wt%0.01) is
75.2 x 10”min’1. Compared with the pure TiO,-P25
photocatalyst (60.96x10”min™), enhanced
photocatalytic properties of the Fe’ doped-TiO,-P25
nanoparticles can be observed as expected [47].

Data in Figure 9 shows that practically the
0.01wt% Fe'*-doped TiO, sample expressed higher
initial activities than that of pure TiO, P25. This fact
can be explained by the presence of Fe'* making the
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amount of active sites higher due to the formation of
Fe-O-Ti bond in the TiO, crystal lattice, as well as the
consequent formation of defects on the crystal surface
that plays the role of a trap for preventing electron-
hole recombination [13].

Moreover, metal ion doping influence the
photo activity of TiO, by electron or hole traps. When
trap can cause the formation of some active species
that benefit degradation of dye, dopant introduction is
positive effect. If dopant introduction cannot decrease
ecsg” and hyg" recombination rate, the introduction is
ineffective for the degradation. Fe’* ions have an
intense absorption in the UV—visible light region and
make a red shift in the band gap transition of the Fe’'-
doped TiO; resulting in production of more photo-
generated electrons and holes to participate in the
photocatalytic reactions. However, since ecg and hyg"
recombination can occur quickly above 0.01wt% Fe'*
(preliminary experment not presented), therefore, the
degradation efficiency is low. At an appropriate
doping concentration, Fe’* ions may act a mediator of
the transfer of interfacial charge. The experimental
results show that the presence of a small amount of
Fe’* ions (0.01 wt %) can improve the
photodegradation efficiency. This may be due to the
following reasons. The electron scavenger effect of
Fe3+, which prevents the recombination of ecg” and
hyg” results in increase of the efficiency of
photodegradation process [13]. The possible reaction
can be represented as:

Fe’ + ecg — Fe*' (22)

Choi et al. [17] considered that the transition
from Fe’* to Fe’" corresponds to the transition from
d’ to d°, and Fe’" is relatively unstable due to the loss
of exchange energy and tends to return to Fe'",
resulting in the release of the trapped -electron
becoming easy.However, the Fe’'/Fe’" energy level
lies close to Ti**/Ti*" level. Because of this proximity,
the trapped electron in Fe** can be easily transferred
to a neighbouring surficial Ti*" and combines with
oxygen molecule to initiate the following reaction to
form O, and finally °OH.
Fe’" + 0,— Fe’* + 0%, (23)

Moreover, in the photocatalytic system,
H,0, may also be produced on TiO, surface as well
[13]. The coexistence of Fe*" and H,O, in acidic
media (Fenton’s reaction) may produce °OH that acts
as a strong oxidizing agent. After that, the °OH is
going to react with the DY50 to oxidize it.
Fe’' + H,0,+H" — Fe'" +°OH + OH (24)
3.4. Adsorption Study of DYS50 onto TiO,-P25
surface

Since the photocatalytic degradation of dye
occurs predominantly on the surface of photocatalyst
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[48], studies on the adsorption of the DY50 from
aqueous solution onto TiO,-P25 nanoparticles are
relevant and  important. = The  equilibrium
concentration of the dye (C.) in contact with the
catalyst, instead of that of the feed dye solution,
represents the true dye concentration in solution at the
start of irradiation. For this reason adsorption of the
nanoparticles TiO,-P25 in the dark is tested. It is
observed that most of the adsorption for the
nanoparticles occurs within 30 min.

3.4.1. The effect of contact time and initial dye
concentration on the adsorption of DYS50 onto
TiO,

The adsorption of different initial dye
concentrations onto TiO, is investigated as a function
of contact time in order to determine the equilibrium
time for maximum adsorption. A plot of the amount
of dye adsorbed per gram TiO, (g,) (mg/g TiO,) at
any time versus contact time (¢) is shown in Figure
10. It is found that the adsorption capacity is
concentration dependent and increases with initial
concentration of the DY50. An increase in the initial
dye concentration lead to an increase in the amount of
dye adsorbed onto TiO,. This may be a result of an
increase in the driving force of the concentration
gradient with the increase in the initial dye
concentration [49]. This indicate that the initial dye
concentration plays an important role in the
adsorption capacity of D onto TiO,.

The equilibrium time is the time taken for the
maximum adsorption of dye onto the TiO, surface,
above which the adsorption remains constant. The
equilibrium time was found to be about 30 min at pH
3.0. The adsorption is very fast at the initial stages of
contact time until it remained constant.

3.4.2. Adsorption Isotherm

The correlation of equilibrium adsorption
data by either theoretical or empirical equations is
important in the design and operation of adsorption
systems. Adsorption isotherms demonstrate the
relationships between equilibrium concentrations of
adsorbate in the solid phase ¢, and in the liquid phase
C at constant temperature [50,51].

Adsorption isotherms are described in many
mathematical forms. They are often obtained in the
laboratory using batch tests in which the equilibrium
data are attempted by various isotherm models such
as Langmuir and Freundlich isotherms [52,53].
3.4.2.1. The Langmuir isotherm

The Langmuir isotherm has been widely
used to describe single-solute systems. This isotherm
assumes that intermolecular forces decrease rapidly
with distance and consequently it can predict
monolayer coverage of the adsorbate on the outer
surface of the adsorbent. Further assumption is that
adsorption occurs at specific homogenecous sites
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within the adsorbent and there is no significant
interaction among adsorbed species. The Langmuir
isotherm is given by the following equation [S4]:

q.= ObC,/ (1 +bC,) (25)
a linear form of this expression is:
1/q.= (1/Q) + (1/0bC.) (26)

where ¢, is the amount of dye adsorbed per gram of
TiO, (mg/g); C. denotes the equilibrium
concentration of dye in solution (mg/l), b represents
the Langmuir constant (I/mg) that relates to the
affinity of binding sites and Q is the theoretical
saturation capacity of the monolayer (mg/g). The
values of Q and b are calculated from the intercept
and slope of the linear plot of 1/g., versus 1/C,
(Figures 11). The Langmuir isotherm constants along
with correction coefficients are reported in Table 5.

3.4.2.2. The Freundlich isotherm

Moreover, the Freundlich model is an
empirical equation that assumes heterogeneous
adsorption due to the diversity of adsorption sites.
The Freundlich equation is [54]:

g = Qf Cgl/n (27)
Eq. 6 can be linearized as:
Ing, = InQr + 1/n(InC,) (28)

where ¢, is the equilibrium dye concentration
(mg/g); C, the equilibrium dye concentration in
solution (mg/1); Orand n are the Freundlich constants,
which represent the adsorption capacity and the
adsorption strength, respectively. Oy and I/n can be
obtained from the intercept and slope of the linear
plot of In(q,) versus In(C,). From Figure 12 and Table
5 the magnitude of 1/n quantifies the favorability of
adsorption and the degree of heterogeneity of TiO,
surface. If //n is less than unity, indicating favorable
adsorption, then the adsorption capacity increases and
new adsorption sites occur.

3.4.3. Kinetics of adsorption
3.4.3. 1. First order kinetic model

In order to examine the controlling
mechanism of the adsorption process, pseudo first-
order and pseudo second-order equations are used to
test the experimental data.

The kinetic adsorption data are processed to
understand the dynamics of the adsorption process in
terms of the order of the rate constant. Kinetic data
are treated with the pseudo-first order kinetic model
of Lagergren based on solid capacity [55,56].The
Lagergren first-order model [S5] is given by the
following differential equation:

dq=ki(q.- q,) (29)
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where ¢, and g, refer to the amount of dye adsorbed
(mg/g) at equilibrium and at time ¢ (min),
respectively, and k; (min") is the equilibrium rate
constant of the pseudo-first order reaction. Integrating
Eq. (28) for the boundary conditions ¢ =0 to =t and
q: =0 to q;, gives Eq. (29) which is the integrated rate
law of pseudo-first order reaction.

In(qe; - q)=1Inqe - kit (30)
Values of the rate constant k; and the equilibrium
adsorption capacity g.; could be respectively obtained
from the slope and the intercept of the straight line
representing the adsorption data. Figure 13 shows
representative plots of In (q. - q;) versus t at different
dye concentrations and pH 3.0 in aqueous solution.
Although the correlation coefficients, r; , for the
application of the pseudo first-order model are
reasonably high in some cases, all of the intercepts of
the straight line plots do not yield predicted g.; values
equal, or even values reasonably close to
experimental g, values (Table 6) .
3.4.3. 2. Second order kinetic model

Kinetic data are further treated with pseudo
second-order kinetic model [57, 58].The differential
equation is:
dg: /(2 - q)° = ko dt (1)
Where k, is the equilibrium rate constant of the
pseudo-second order adsorption (g/mg min).
Integration of Eq. (30) for the boundary conditions =
Otof=tand g =0to g, gives

/(qe - q) = kaq' + t/q. (32)

where k, is the equilibrium rate constant of pseudo
second-order adsorption (mg' min™). If pseudo
second-order kinetics is applicable, the plot of #/g,
versus ¢ should show a linear relationship. The plot of
the linearised form of the second-order model at
different dye concentrations and pH 3.0 are given in
Figure 14. The straight lines in the plot of #/q¢ versus ¢
show good agreement of experimental data with the
second-order kinetic model for the DY50 (Table 6).
The slopes and intercepts of plots are used to
calculate the k, and g.,. The correlation coefficients
(r,) for the second order rate kinetic model are higher
than 0.99. The second-order rate constant, k,, and
equilibrium adsorption capacity, g., are calculated
from the intercept and slope of the plots of #/g, versus
t. The calculated ¢, values agree very well with the
experimental data (Table 6). These indicate that the
adsorption of DYS50 obeys pseudo second-order
kinetic model. Hence, this study suggested that the
pseudo-second-order kinetic model better represented
the adsorption kinetics of DY 50 onto cotton fiber.
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Figure 2: EDX spectra of the (a) TiO2 Degussa P25 and (b) 0.01% wt% Fe**-doped TiO,.
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Figure 3: TEM images of (a) TiO, Degussa P25 and (b) 0.01% wt% Fe**-doped TiO,
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Figure 4: XRD diffractograms of the (a)TiO, Degussa P25 and (b) 0.01% wt% Fe’"-doped TiO, (A: anatase
and R: rutile).
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Figure 5: The effect of initial catalyst loading on the degree of degradation (DD%, a) and rate of dye
degradation (b) in presence of [DYS50] =0.02 mM and pH 3.0.
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Figure 6: The effect of initial concentration of the dye on rate of dye degradation in presence of 1.0g/l TiO,
and pH 3.0.
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Figure 7: Effect of pH on (a) the degree of degradation of DY50 and (b) rate of dye degradation. Dosage of
TiO;: 1.0 g/l, irradiation time: 65 min and dye concentration 0.02 mM.
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Figure 8: Effect of H,O, concentrations on (a) the degree of degradation of DY50 and (b) rate of dye
degradation. Dosage of TiO,: 1.0 g/, irradiation time: 65 min and dye concentration 0.02 mM.
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Figure 9: Effect of TiO, Degussa P25 and 0.01% wt% Fe’*-doped TiO, (1.0 g/I)on the degree of degradation of
DYS50. Irradiation time: 65 min, dye concentration 0.02 mM and pH 3.
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Figure 10: Effect of contact time on the adsorption of DYS0 onto TiO, P25 at different dye concentrations at
pH 3.0.
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Figure 11: Langmuir adsorption isotherm plot for the adsorption of DY50 onto TiO,-P25.
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Figure 12: Freundlich adsorption isotherm plot for the adsorption of DY50 onto TiO,-P25.
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Figure 13. Plot of the pseudo first-order kinetics for the adsorption of DY50 onto TiO,- P25 nanoparticles at
different dye concentrations.
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Figure 14: Plot of the pseudo second-order kinetics for the adsorption of DY50 onto TiO,- P25 nanoparticles
at different dye concentrations.

Table 1: Percent degree of degradation (DD %) at A,,,,(397nm) for DYS0 and the values of k(min™) for the
different loading of TiO; in presence of [DY50]= 0.02 mM, time = 65 mins and pH 3.0.

6
[TiO] g1 | DD% | k (min")x10° | tya(min) Ri“i(t;iglﬁ? ﬁ(g_f)w EE/O(cWh) r
0.25 30.568 30.44 227661 0.608 15269 0993
0.5 87.981 31.90 21.72414 0.638 14570 | 0.998
1.00 95.034 60.96 11.36811 1219 7624 0.999
1.50 92.781 3931 17.6291 0.786 11823 | 0.994

Table 2: Percent degree of degradation (DD %) at A,,,,(510nm) for DYS0 and the values of k(min™) for the
different dye concentrations in presence of [TiO,] =1.0 g/l, time = 65 mins and pH 3.0

[DyelmM | DD% | kxI0°(min") | t(min) Xﬁ%‘;ﬁb‘}%ﬁgﬁ EE/O (kWh) r
0.02 95.03 60.96 1136 1.219 76.24 | 0.999
0.05 42.08 10.14 68.34 0.202 45838 | 0.999
0.07 30.08 5.70 121.579 0.114 815.43 | 0.995
0.10 13.23 3.51 197.43 0.007 132421 | 0.997
0.50 4410 0.69 1004.34 0.001 673623 | 0.992

Table 3: Percent degree of degradation (DD %) at A,.«(397nm) for DY50 and the values of k(min™) for the

different pH in presence of [DY50]= 0.02 mM, time = 65 mins. ;

pH DD% kx10° (min) | tip(min) Rm‘(trls(l)l(lf l;i‘lgl?)l;‘m EE/O(kWh) r

1.1 74.698 22.50 30.80 0.450 206.57 0.989
2.2 85.840 39.80 17.41 0.796 116.78 0.999
3.0 95.640 60.96 11.36 1.219 76.24 0.998
4.0 87.341 26.04 26.61 0.520 178.49 0.989
5.2 73.214 24.10 28.75 0.482 192.86 0.985
6.1 66.328 18.50 37.45 0.370 251.24 0.992
7.0 36.239 7.81 88.73 0.156 595.13 0.991
9.3 50.217 11.10 62.43 0.222 418.73 0.998
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Table 4: Percent degree of degradation (DD %) at L,,,x(510nm) for DYS0 and the values of k(min™) for the
different concentrations of H,0, in presence of [DY50]=0.02 mM, [TiO,] =1.0 g/l and pH 3.0.

e DD% k (min™) x10° t»(min) (Iirilfff‘inkgﬁ’l’;ﬁ%ﬁ i}\iﬁ}? r
5 83.975 40.67 8.25 1.679 55.34 0.998
10 99.830 90.17 6.94 1.996 46.55 0.999
25 97.831 83.61 7.08 1.956 47.51 0.999
50 96.040 76.87 7.21 1.920 48.39 0.999
Table 5: Langmuir and Freundlich isotherm constants of adsorption of DY50 onto TiQO,.
Langmuir Freundlich
0 (mg/g TiO,) b (ml/mg) r O (mg/g TiO,) I/n r
961.538 0.0268 0.995 111.163 0.372 0.991

Table 6: Pseudo- first and second order kinetic constants for the adsorption of DY50 onto TiO; - P25 nanoparticles at
different concentrations.

[DY50], Je experimental k, Je1 calculated k; (g/mg ez calculated
(mg/1) (mg/g) (min") | (mg/g) min) x10° (mg/g) '
4.280 308.3515 0.070 | 251.89 0.971 2.466 | 416.667 0.987
11.532 443.2118 0.075 643.55 0.945 6.376 | 645.268 0.977
15.789 534.0218 0.082 642.906 0.954 3.776 | 890.099 0.967
22.274 650.001 0.092 719.099 0.986 4.203 | 1006.099 0.987
108.965 1021.001 0.102 1470.415 0.957 3.936 | 1521.71 0.992
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