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ABSTRACT

The photocatalytic degradation of Malachite green oxalate (MG), a cationic dye, and Eosin
yellow (EY), an anionic dye, was studied and compared using different TiO, catalysts such
as Degussa P25 and Millennium PC: PC500, PC105, PC100, and PC50 in slurry form under
UV irradiation at natural, acidic, and alkaline mediums. The structural properties and phase
composition of the TiO, samples were determined by X-ray diffractometry. The obtained
results indicated that the photocatalytic activity was correlated to the crystalline phase and
the particle sizes of each catalyst; the mixed phase of anatase/rutile (Degussa P25) exhibited
a higher photoactivity to degrade both dyes than pure-phase anatase (Millennium PC). In
addition, TiO, with larger particles and lower surface area (P25 and PC50) performed better
in the degradation of both dyes in comparison with smaller particles and larger surface
area. An enhancement of the degradation efficiency was observed in alkaline medium for
the cationic dye (MG) and in acidic medium for the anionic dye (EY). In an acidic medium,
the various degrees of rate degradation obtained using three different proton sources of pH
(H,S0O,, HC], and HCIO,) are directly related to the presence of the corresponding counter
ions. The effect of various parameters like the presence of ClI°, HCOj;, and H;O, on the
photocatalytic degradation of both dyes, using Degussa P25 as photocatalyst, depends on
several factors such as their concentrations in solution, pH, dye structure, and the previous
adsorption in the dark.

Keywords: Photocatalysis; Adsorption; Dye; Titanium dioxide; H,O,; Inorganic salts

1. Introduction

The release of colored wastewaters in the
ecosystem is a dramatic source of esthetic pollution,
eutrophication, and perturbations in aquatic life. For
the majority of them, their half-lives under sunlight
are greater than 2,000 h [1] and their resistance to bio-
logical and even chemical degradation [2,3] makes

*Corresponding author.

them hazardous for the environment even at low
concentrations.

Currently, chemical methods such as advanced
oxidation processes (AOPs) seem to be more promis-
ing for the treatment of colored industrial effluents.
AOPs were based on the generation of very reactive
species such as hydroxyl radicals (OH) that oxidize a
broad range of pollutants quickly and none selectively.
Among various AOPs, heterogeneous photocatalysis
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on metal oxide semiconductor particles has been
found to be very effective for removing the organic
pollutants from wastewater [4,5]. The key advantage
of the former is its inherent destructive nature: it does
not involve mass transfer [6]; it can be carried out
under ambient conditions and may lead to complete
mineralization of organic carbon into CO..

Among the semiconductors used, titanium dioxide
(TiO,) is considered a very efficient catalyst that,
unlike other semiconductors, is nontoxic, stable to
photocorrosion, low cost, and suitable to work using
sunlight as energy source. Various research works
have been carried out on dye wastewater purification
by TiO, catalyst under UV irradiation [7-9]. The type
of TiO, used plays an important role during the
photocatalytic degradation of dye pollutants, since the
rate of formation of oxidative radicals and the adsorp-
tion of pollutant on the TiO, surface are functions of
the titania size, BET area, crystalline phase, unifor-
mity, etc. [10]. To date, most work performed on the
photocatalytic destruction of dyes by UV /TiO, process
has been performed using Degussa P25. In addition to
P25, there are a number of commercial available TiO,
catalyst materials that could be used for dyes’ destruc-
tion. TiO, from Millennium was less studied than
Degussa P25; they are expected to be photocatalyti-
cally as efficient as P25, or more, since they are 100%
anatase which is the active form of TiO,, whereas P25
contains only 80% of this form. However, the majority
of studies on TiO, reported that P25 appeared to be
the most effective catalyst for the degradation of
organic compounds such as benzenesulfonic acids
[11], metobromuron [12], microcystin-LR [13] and
methabenzthiazuron [14], although its surface area
was lower than that of most of the Millennium TiO,.
However, few studies deal with the use of TiO, from
Millennium for the photocatalytic degradation of dyes
[15].

It is well known that for a photocatalytic process,
adsorption properties of a photocatalyst play an
important role during the degradation process and
that the TiO, photodegradation occurs on or near the
semiconductor surface [16]. Hence, greater the adsorp-
tion, higher is the rate of degradation. Adsorption of
pollutant on the catalyst surface and the efficiency of
the photocatalytic degradation are affected by several
factors, which may include the type of catalyst, efflu-
ent composition, pH, and the type and charge of the
degraded compound.

In the chemical classification method, dyes are
grouped according to certain common chemical struc-
tural features. Cationic and anionic dyes are the two
main groups. It was found that in photocatalytic
degradation, the adsorption level on TiO, is higher for
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dyes with a positive charge (cationic) than for those
with a negative charge (anionic) [8]. This result was
explicated by the ability of the degraded compound to
be adsorbed on the surface of the catalyst.

The present study is primarily concerned with the
photocatalytic degradation of Malachite green oxalate
(MG), a cationic triphenylmethane dye and Eosin
yellow (EY), an anionic xanthene dye, by a series of
titania samples from Degussa (P25) and Millennium
(PC500, PC105, PC100, PC50). Both the investigated
dyes are extensively used in the textile, paper, and
leather industries and medicines. Both are hazardous
compounds [17,18] and suspected to be toxic and car-
cinogen for humans and animals [19,20]. The principal
objective of this investigation is to determine the effect
of the charge of the degraded compound, the type,
and the phase structure of TiO,, and the pH of solu-
tion for the degradation efficiency. This study is also
expected to improve the understanding of the relation-
ship between the photocatalytic degradation reaction
and the adsorption phenomenon of dyes on the cata-
lysts surface, at different pH conditions.

2. Experimental methods
2.1. Materials

Malachite green oxalate (MG) (C.I. 42000, molecu-
lar  formula:  Cs5;Hs4N4Oqp,  molecular  weight
927.01 g moL™Y) and EY (C.I 45380, molecular formula:
CyoHgBrsNa;Os, molecular weight 691.86 g moL ™)
were supplied by Merck reactifs. Their molecular
structures are given in Table 1.

The photocatalyst Degussa P25 was used for the
degradation of MG and EY in most of the experi-
ments. Other photocatalyst powders namely, TiO, Mil-
lennium PC50, PC100, PC105, and PC500 were used
for comparative study. The structural properties and
phase composition of the TiO, samples were deter-
mined by X-ray diffractometry using a BRUKER
ADVANCE D8 diffractometer with Cu (4 = 1.5406 A)
radiation. Results are illustrated in Fig. 1. The mean
crystallite sizes of TiO, samples were evaluated using
the Debye-Scherrer formula:

K
" PBcos 0

D (20) (1)
where D is the mean crystallite size (nm), K is the con-
stant which is taken as 0.90, 4 is the wavelength of the
X-ray radiation, f is the reflection full-width at half
maximum (FWHM), and 8 is the diffraction angle.

The obtained X-ray diffraction patterns were
compared with the standard anatase and rutile
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Table 1
Structures and characteristics of Malachite green oxalate and Eosin yellow
Dye Molecular formula Molecular structure Amax (m)
Eosin yellow (EY) CaoHeBrsNa,Os Br Br 516
Na* O O O O O Na'
Br Br
@)
Malachite green oxalate (MG) Cs,H54N4O015 [ ] 0) 616
@ 0
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Fig. 1. X-ray diffraction pattern of all the samples.
diffractograms. The phase percentage formed was The crystallite size, phase composition, and

determined from the integrated intensity peak at
20 =253° (101) for anatase and 20 =27.4° (110) for
rutile. The percentage of anatase, A, was determined
using Eq. (2) [21]:

A (%) =100/(1 + 1.265Ir /14) 2)
where Iy is the intensity of the rutile peak at 20 = 27.4°

and I, is the intensity of the anatase peak at
26 = 253"

specific surface area of the TiO, samples are given in
Table 2.

Water was purified by Milli-Q system (Millipore)
and was used to prepare experimental solutions. The
natural pH of the aqueous dyes solution is 6.8 and 5.8
for MG and EY, respectively. The pH of the solutions
was adjusted using HCIO4, H,SO,;, and HCI from
Merck and NaOH from Carlo Erba. H,O, and NaCl
were purchased from Labosi and NaHCO; was pur-
chased from Prolabo. The other chemicals used in this
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Table 2
Chemical and physical properties of the photocatalysts
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Composition (%)

Catalyst Anatase/rutile Specific surface (m? g_l) Particle size (nm)
P25 80/20 552 20

PC50 100 45 + 5% 19

PC100 100 80-100? 16

PC105 100 75-95% 24

PC500 100 345 8

“Provided by the particle manufacturer.

study such as HgSO4 KyCr,O;, and Ag,SO, were
obtained from Sigma-Aldrich.

2.2. Procedure and analysis

The photocatalysis and adsorption experiments
were carried out with 50 ml of solution with a desired
dye concentration (10 mgL™) and TiO, loading
(1 gL™") at natural pH and at a temperature of 20°C;
the slurry composed of dye solution and the catalyst
was placed in the reactor and stirred magnetically to
maintain TiO, in suspension. The suspension was left
for 30 min in the dark in order to achieve the maxi-
mum adsorption of the dye onto the catalyst surface.
The reaction vessel was fitted with four Philips
HPW125 (UV-A, Amax = 365 nm) low-pressure mercury
UV lamps. During both dark adsorption and UV-
irradiation periods, samples of 3 ml were taken out
from the reaction mixture at regular time intervals
and filtered on a Millipore filter prior to analysis and
the absorbance was measured at Ay, =616 nm and
Jmax = 516 nm for MG and EY, respectively. A HELIOS
a-UNICAM spectrophotometer was used for measur-
ing absorbance at different time intervals.

In order to determine the extent of mineralization,
samples were taken out at regular time intervals and
the organic content was measured using a chemical
oxygen demand (COD) analyzer. COD was measured
according to the method presented by Thomas and
Mazas [22] using a dichromate solution as the oxidizer
in a strong acid medium. Test solution (2 mL) was
transferred into the dichromate reagent and digested
at 150°C for 2 h. The optical density for the color
change of dichromate solution was determined with a
UV-vis spectrophotometer.

The efficiency of color removal and the dye mineral-
ization were defined by the following equations:

([Dye],—[Dye],)
[Dye] 0

Decolorization (%) = x 100 3)

([cOD],—[COD],)
[COD),

Mineralization (%) = x 100 4)

where [Dye]; and [Dye], are the dye concentrations at
time ¢ and initial concentrations, respectively. [COD];
and [COD], are the COD concentrations at time ¢ and
initial concentrations, respectively.

The amount of dye adsorbed onto the TiO,
(mg g~') was calculated using the following equation:

Qus = = ®

m

where Q,4s is the adsorbed quantity at time ¢
(mg g "), Co is the initial dye concentration (mgL™),
C; is the dye concentration (mgL™") at the moment ¢
of the process of adsorption, V is the volume of the
solution (L), and m is the weight of adsorbent (g).

3. Results and discussion
3.1. Kinetics of the photocatalytic degradation

The elimination of both dyes was studied at two
different experimental conditions: (i) under UV illumi-
nation in the absence of TiO, (photolysis), (ii) under
UV illumination in the presence of TiO, P25 (photo-
catalysis). Fig. 2 shows the kinetics disappearances of
MG and EY by photolysis (UV) and photocatalysis
(UV/TiOy).

As can be seen, irradiation in the absence of P25
showed no significant decolorization. However, in the
presence of P25, a rapid decolorization of MG and EY
occurred by irradiation. This demonstrates that the
photocatalytic experiments occurred in a pure photo-
catalytic regime where photochemical processes can
be neglected.

The decrease in the dyes’ concentration by the
progress of photocatalysis means that ‘OH radicals
and other oxidant formed through photocatalysis
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Fig. 2. Comparison of photolysis and photocatalytic degradation kinetics of MG and EY. In the inset: In(Cy/Cp) = f(#):
(IDyel =10 mg L™", [P25] =1 g L™, I =25 mW cm 2, and at natural pH (6.3 = 0.5)).

attacked the chromophores responsible for the charac-
teristic color of the two dyes and diminished their col-
ors. The removal of the anionic dye (EY) was
obviously faster than the cationic dye (MG). This may
be attributed to several factors. First, it may be due to
the difference in chemical structure of the two dyes,
resulting in difference in absorption characteristics
and in susceptibility to photodegradation. MG has a
more complex chemical structure, making it less pho-
todegradable. The substituent groups have also an
effect on the rate of photodegradation of both dyes;
the presence of —-CHj; group in MG molecular struc-
ture can slightly decrease the reactivity of this dye
[23]. Another reason explaining the fast degradation of
EY may be because EY is an anionic dye and the natu-
ral pH of the aqueous dye solution of EY is 5.8. In this
pH value, the surface charge of TiO, may be positive
(pHpzc = 6.8) and therefore, shows more tendencies to
adsorb a negative species like EY leading to the high-
est effectiveness of this dye in adsorption and photo-
catalysis [24].

The degradation experiments by UV irradiation of
dye aqueous solutions containing TiO, follow the
pseudo-first-order kinetic law with respect to the con-
centration of the dye in the solution (inset in Fig. 2),
according to the equation:

Co
In <a) = kappt

where Cy is the initial concentration of dye (mg LY,
C; is the instant concentration of dye in the sample at
time t (mg L"), kapp is the pseudo-first-order reaction
rate constant (min '), and ¢ is the reaction time (min).

(6)

The degradation rate for both dyes was found to
follow pseudo-first-order reaction kinetics and the
degradation rate was calculated in terms of
mg L™ min™'. The pseudo-first-order reaction rate
constant calculated was 0.081 and 0.116 min~' for MG
and EY, respectively.

3.2. Kinetics of the total mineralization

COD indicates the extent of degradation or
mineralization of organic matter. The kinetics of the
total mineralization have been followed using the
disappearance of the COD. All the experiments were
carried out under the normal reaction conditions at an
intensity of 2.5 mW cm 2, aperture to volume ratio
(A/V) of 0.14 cm®> mL™" of the reactor, dye concentra-
tion of 10 mg L™!, catalyst loading of 1 gL ™", and at a
natural pH of the solutions (pH ~ 6.3 + 0.5); the results
are shown in Fig. 3. The initial COD of MG and EY
dyes was found to be 17.50 and 7.90 mg L™", respec-
tively. After the adsorption equilibrium (30 min), the
COD was found to be 13.47 and 5.79 mg L™ for MG
and EY, respectively. After five hours of the photocat-
alytic reaction, the final COD was found to be 4.25
and 0.64 mg L', respectively. These results indicated
that 76 and 92% of MG and EY were degraded in 5 h,
respectively. Change in COD further confirms the
degradation leading to decrease in the organic content.
The anionic dye (EY) has the smallest COD, which is
first eliminated because it has the smaller number of
carbon atoms (CyoHgBryNay,Os: 1 =20) than the catio-
nic dye (MG) (Cs,Hs4N4O15: 11 = 52). In addition, it is
observed that the COD decreases slower than the
decolorization of the solution for both dyes. Complete
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Fig. 3. Kinetics of COD disappearance of MG and EY by
photocatalytic process with irradiation time: ([Dye]
=10mgL™', [P25]=1gL™!, I=25mWcm > and at
natural pH (~6.3 + 0.5)).

decolorization was achieved within 60 and 45 min, but
the mineralization was only partly achieved 32 and
47% for MG and EY, respectively. This result would
be explained by the fact that the dyes are not directly
mineralized, but transformed in intermediate photo-
products. These generated photoproducts may submit
other cycles of degradation to complete total mineral-
ization. However, it is important to note that the rate
of mineralization of an organic compound depends
upon the area to volume ratio of reactor (A/V ratio)
[25,26].

3.3. Comparison of different photocatalysts at different pH

According to the literature [15,27-30], the photocat-
alytic activity of suspended TiO, in solution strongly
depends on the physical properties of TiO, (e.g. crys-
tal structure, surface area, and particle size). The cata-
lyst particles are generally amphoteric in nature and
the photocatalytic process takes place on the surface
of TiO,. The pH of the solution has a strong influence
on the surface properties of TiO, particle. The influ-
ence of various kinds of TiO, such as P25, PC50,
PC100, PC105, and PC500 (1 gL™") on the adsorption
and the photodegradation of MG and EY (10 mg L™")
at natural (pH ~ 6.3 +0.5), acidic (pH 3), and basic
(pH 9) conditions has been studied, in order to com-
pare their reactivity and investigate the effect of pH
on the photocatalytic efficiency. The pH of the solu-
tions was adjusted at the beginning and measured at
the end of each experiment. For both dyes, pH of the
reaction mixture at acidic medium remains nearly con-
stant during the course of the experiments. However,
at basic medium, pH decreases from 10 to (pH ~ 6.3
+0.5) for all the catalysts, except for PC100 (from 10
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to 4.8 for both dyes). The experimental results of the
adsorbed quantities and the decolorization rate con-
stants of MG and EY at natural, acidic, and basic
mediums are plotted in Figs. 4 and 5, respectively.

The order of the catalyst’s activities, at natural pH,
for the degradation of MG is: P25 > PC50 > PC500 >
PC105 > PC100, the same order was observed at acidic
and basic conditions (Fig. 4); however, except the
good correlation observed between the photocatalytic
activity and the adsorbed quantity of MG at natural
pH, no significant correlation was found at acidic and
basic pH (inset in Fig. 4). In case of EY, the following
activity order was obtained at natural pH: P25 > PC50
> PC100 > PC105 > PC500. Nevertheless, depending
on the pH, this classification was modified. PC500
exhibited the highest adsorption and photoactivity at
acidic medium, whereas, PC100 was more effective in
adsorption and photocatalysis than the other TiO,
samples at basic medium (Fig. 5 and inset shown in
Fig. 5).

These results indicate that the surface and struc-
tural properties (crystalline phase, average crystalline
size, and surface area) of the semiconductor play an
important role in the photocatalytic activity of TiO,
samples. In addition, the pH of the solution plays a
major role in determining the efficiency of photocata-
lyst in the photocatalytic reaction.

The photocatalyst P25 has the highest degradation
kinetics for both dyes at natural pH. The better photo-
catalytic activity of Degussa P25 for the degradation of
large number of compounds has been reported earlier
[28-30]. The main difference between Degussa P25
and Millennium photocatalysts is that P25 consists a
mixture of 80% anatase and 20% rutile, whereas
Millennium photocatalysts are made of a pure anatase
phase. Pure anatase phase is the most active crys-
talline phase in comparison with pure rutile [31]. P25
is made of three phases, a pure anatase phase, a pure
rutile phase, and anatase nuclei inside a rutile layer
phase [32]. The particles of this third phase would be
responsible for the high efficiency of P25. The conduc-
tion band of rutile is considered to be a lower level
than that of anatase. As shown in Fig. 6, the coupling
of two phases allows the vectorial displacement of
electrons from anatase to the rutile particle and
retards the recombination of electron-hole pairs in
anatase. Consequently, electrons and holes are avail-
able more for the reduction and oxidation reactions.

Moreover, the photocatalyst PC50 (100% anatase)
was shown to be the second most efficient catalyst
after P25 for the degradation of both dyes. It is inter-
esting to remark that the two catalysts having the
highest degradation kinetics with both dyes are those
with the largest particles” size: P25 (20 nm) and PC50
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(19 nm), and the smallest surface area: P25 (55 m? g_l)
and PC50 (45 +5m?*g ') of all the TiO, investigated.
Indeed, other studies reported that TiO, with larger
particles and lower surface area performed better in
the degradation of a number of organic compounds
than TiO, with smaller particles and larger surface
area [33,34]. This behavior was attributed to a lower
scattering in the UV range of photocatalysts having
larger particles. This observation is confirmed by the
low activity of two catalysts with highest specific sur-
face area: PC500 (345 m”g ') to degrade both dyes
and PC100 (80 m? g ") to degrade MG, showing that a
large surface area is not always necessarily an
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advantage to degrade a pollutant onto TiO,, as
previously reported. Nevertheless, PC100 has a good
photocatalytic efficiency to degrade EY, this could be
related, as described above, to the decrease of pH in
the presence of PC100 at the end of experiment (4.9),
which leads to electrostatic attraction between the
negatively charged molecule of EY and the positive
surface of PC100.

3.3.1. At different pH

From Fig. 5, it can be seen that the adsorbed quan-
tity and the decolorization rate constant of the anionic
dye EY increase with decrease in the pH exhibiting a
maximum rate of degradation at acidic medium. An
opposite effect of pH is observed for the cationic dye
MG, where the dye adsorption and removal were bet-
ter in alkaline pH than in acidic and natural pH
(Fig. 4). The same trend was observed for all the TiO,
catalysts except for PC100. The strong influence of pH
on the degradation of both dyes depends on the speci-
fic nature of TiO, surface and the intrinsic behavior of
TiO, [35] and also the nature of the dye (anionic or
cationic). The point of zero charge (pzc) of TiO, in
water is at pH ~ 6.0 + 0.8 [11,36]. Thus, at more acidic
pH, the particle surface is positively charged (TiOH;),
while at pH > pzc, it is negatively charged (TiO"). The
functional group present on the dye can be protonated
and deprotonated depending on the pH of the reac-
tion mixture. The better degradation rate in acidic or
basic pH may also be attributed on the basis of the
fact that the structural orientation of the molecule is
favored for the attack of the reactive species under
that condition. Since MG is a cationic dye (positively
charged (=N*(CHa;),)), it is conceivable that at high
pH values, its adsorption is favored on a negatively
charged surface through electrostatic force of attrac-
tion. By contrast, EY is an anionic dye and its adsorp-
tion is inhibited at high pH values because of the
columbic repulsion between the dye with negatively
charged (COO") function and the surface of catalyst
(TiO™). At lower pH, the surface of photocatalyst gets
positively charged (TiOH;), which enhances the
adsorption of the negatively charged EY ions and
decreases the adsorption of the cationic dye MG
(Fig. 7).

3.3.2. Proton sources of acidic pH

The acid used to adjust pH dissociates in water
into protons (H") and ions, these ions can interfere
with the dye degradation efficiency. To investigate the
effect of proton sources of pH on the adsorption and
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Fig. 7. Ionization of titania surface as a function of the pH.

decolorization of both dyes by different types of TiO,
(P25, PC50, PC100, PC105, and PC500), pH was
adjusted at pH 3 using three different acids: sulfuric
acid (HpSO,) (pKa » —3), hydrochloric acid (HCI)
(pK, = —6.3), and perchloric acid (HCIO4) (pK, ~ —8),
(Figs. 8 and 9). The results clearly have shown that
the rate constant of degradation of both dyes depends
on the nature of the acid used and are directly related
to the counter ion of each acid. For all the catalysts
tested, the decolorization rate varies with varying the
anions in the order: SO;~ > Cl™ > ClO; for both MG
and EY dyes. These results are correlated with the
adsorbed quantities for the anionic dye (EY) (inset in
Fig. 9). However, no significant correlation was
observed between the adsorption and the degradation
rate for cationic dye (MG) (inset in Fig. 8).

It is interesting to remark that the degradation rates
of both dyes are inversely correlated with the order of
the dissociation degree of the three acids (HCLO,>
HCI > H,SO,). A high dissociation degree results in an
enhancement in the ions’ concentrations in solution,
which is capable of inhibiting the photocatalytic degra-
dation of dyes due to the reduction of light absorption
by the photocatalyst induced by ions. The enhancement
of the reaction rate in the presence of H,SO, for both
dyes can be also explained by the inhibition of elec-
tron-hole recombination and production of other oxi-
dizing species sulfate radical anions. The sulfate radical
anion (SO} ) is a very strong oxidant (E° = 2.6 eV). This
radical anion can also participate in the degradation
process in the following way [37]:

HzSO4 — 504_ + 2H7L (7)
SO2™ + hiy — SOy 8)
SO; + Dye — SO3™ + Dye intermediate &)

In contrast, if the proton source was replaced by other
acids (HCI1 or HCIO,), retardation of the reaction rates
of both dyes was observed (Figs. 8 and 9). This can be
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explained on the basis that the presence of these ions
scavenges the holes and hydroxyl radicals according
to the following reactions (Eqgs. (10)-(13)), thus causing
a decrease in decolorization [38].

Cl™ + iy — CI (10)
ClI" +"OH — OH +CI' 11
ClO; + Iy — CIO; (12)
ClO; +'OH — CIO; + OH~ 13)

3.4. Effect of H,O, addition

The effect of H,O, addition on the photocatalytic
degradation of both dyes by TiO,-P25 (1gL™") was
studied by varying the concentration of H,O, ranging
from 107* to 107" mol L™" and fixing the dye concen-
tration at 10 mgL™' at natural pH (pH ~ 6.3 + 0.5).
Fig. 10 shows the changes of the rate constant of the
photocatalytic decolorization and the adsorbed
amount of dyes on the photocatalyst (inset in Fig. 10)
as a function of H,O, concentrations.

The decolorization rate of MG and EY increases
with an increase in the H,O, concentration from 1074
to 10°molL™" and a maximum value appears at
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102 mol L™" for both dyes; the shape of the curves of
adsorbed quantity of both dyes is similar to that of
their degradation rates, showing a reasonable correla-
tion between the amount of dyes adsorbed and their
degradation efficiency. The enhancement of decol-
orization by addition of H,O, is due to an increase in
the hydroxyl radical *OH concentration, since it inhi-
bits the ¢ =" recombination, according to the follow-
ing equations [39]:

H,O; + ey — OH™ +OH (149)

H,O0, +0; —"OH+OH™ + 0, (15)
However, a further increase in the H,O, concentration
from 107 to 107" mol L™" decreases the decolorization
rate of EY from 0.175 to 0.032 min~' and the decol-
orization rate constant of MG reaches a plateau. The
excess of H,O, consumes hydroxyl radicals and it per-
forms like hydroxyl radical scavengers, according to
the following equations [40,41]:

H,0, +*OH — HO; + H,0O (16)

HO; +*OH — H,O + O, (17)

3.4.1. At different pH

The effect of initial pH on MG and EY (10 mg L™")
photodegradation and adsorption with the addition of

N. Laid et al. | Desalination and Water Treatment 57 (2016) 19357-19373

an optimal dosage of H,O, (10> mol L") was then
studied at natural (pH ~ 6.3 + 0.5), acidic (pH 3), and
basic (pH 9) conditions; the results are illustrated in
Figs. 11 and 12 for MG and EY, respectively. The varia-
tion of rate constants with initial pH was similar to
photocatalysis experiments without adding H,O,. The
adsorbed quantity and the disappearance of the cationic
dye (MG) increase at basic pH. While, in the case of the
anionic dye (EY), the adsorbed quantity and the
degradation rate were relatively high at acidic pH, and
an optimum degradation was found at natural medium,
similar results have been reported by Chu and Wong
on the Dicamba degradation by the H,O,-assisted
photocatalysis in TiO, suspensions, in a range of pH
from 1 to 11; the reaction rates of Dicamba gradually
increased with increments in the initial pH level, and an
optimal pH was found as 6, and the further elevation of
solution pH retarded the rates [42]. The results obtained
in this study are related to the ionization state of the
catalyst surface and the charge of the dye studied.
Another important point to underline is that the
enhancement of the degradation efficiency of both dyes
by the UV/TiO,/H,0O, process compared to the
UV/TiO; process was more pronounced at natural and
acidic mediums than that at alkaline medium. In an
alkaline medium, H,O, becomes unstable and rapidly
decays into water and oxygen, even in the presence of
UV light [43]. This assumption can be justified by
the rate constant obtained at alkaline pH in the
UV/TiO,/H,0, process of both dyes which was about
the same as that in the photocatalysis experiment
without the addition of H,O,.
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Fig. 10. Effect of H,O, concentration on the photocatalytic degradation of MG and EY. In the inset: effect of H,O,
concentration on the amounts of MG and EY adsorbed on TiO,: ([Dye] = 10 mg L7, [P25] =1 g L™, I1=25mW cm 2, and

at natural pH (6.3 + 0.5)).
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3.5. Effect of inorganic anions addition

Wastewaters and natural water systems contain a
variety of inorganic species that interfere with oxida-
tion reactions of ‘OH with the target contaminants. Of
these, the inorganic anions such as chloride and bicar-
bonate are very common. Bicarbonate ions are fre-
quently found in natural waters, whereas chloride
exists in high concentrations in landfill leachate,
tannery, and dye-manufacturing wastewaters [44]. To
investigate the effect of these salts on the adsorption
and the photocatalytic reaction, NaCl and NaHCOj;
were added at different concentrations from 10~* to

107! mol L' in the solution of MG and EY, results are
shown in Figs. 13 and 14. Furthermore, the effect of
NaCl and NaHCO; at a fixed concentration
(1073 mol LY, was also investigated at different initial
pH: natural (pH ~ 6.3 £ 0.5), acidic (pH 3), and basic
(pH 9) of MG and EY solutions. The results are shown
in Figs. 11 and 12.

3.5.1. Effect of CI”

The effect of Cl° ions on the photocatalytic
degradation of organic pollutants has been discussed
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in many papers [45,46]. In many of them, an inhibiting
effect was reported due to two possible effects. The
first one is the competitive adsorption between the pol-
lutant molecules and ions for the surface active sites
of TiO, which leads to reduced photocatalytic effi-
ciency of the process. The second one is the potential
scavenging function of anions, they can react with
photogenerated holes and consequently reduce the
number of oxidizing species for the degradation of
pollutant molecules. However, the inhibiting or accel-
erating effect of Cl™ ions on the degradation efficiency
depends on several factors such as chloride concentra-
tions, the chemical structure of pollutant, and pH of
solution.

In the present study, the increase in ClI" ion con-
centrations decreases significantly the adsorbed quan-
tity and the decolorization rate constant of EY. In
contrast, in the case of MG, the presence of these ions
enhances decolorization of the dye and maximum
degradation is observed at a low concentration of the
salt (107*mol L™") (Fig. 13). A good correlation was
observed between the adsorption of both dyes on TiO,
surface and the rate of photodegradation in the pres-
ence of Cl” species (inset in Fig. 13).

Inhibition effect of CI” on the photocatalytic activity
of EY is due to the reaction of hydroxyl radicals and
positive holes with chloride anions (Egs. (10) and (11))
that behaved as "OH and K" scavengers resulting in a
prolonged color removal, and the competitive adsorp-
tion between the dye and the anions can be envisaged
to explain the inhibition of EY adsorption [47].

0.4
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The inhibiting effect of CI" only in case of EY but
not in case of MG may be because it is an anionic dye,
whereas MG is a cationic dye; degradation due to
direct attack of holes is not possible in the case of
cationic dyes. In addition, the electrical charges on the
photocatalyst surface are neutralized at the reaction
pH (6.8) of the MG solution (pHy,. = 6.8). Thus, addi-
tion of Cl” has no influence on the adsorption of MG
to TiO, and there is no competition with dye mole-
cules for surface active sites. Most probable hypothesis
may explain the apparent increase of the degradation
of MG is certainly that the chloride radicals CI' that
are formed (Egs. (10) and (11)) can react with the dye.
However, they have a lower oxidation potential than
"OH [48,49].

3.5.1.1. At different pH. Considering Figs. 11 and 12, it
is clear that the effect of chloride ions on the adsorp-
tion and degradations of both dyes is pH dependent.
Furthermore, both the adsorption and the degrada-
tion of EY were inhibited in the presence of Cl  at
different pH mediums studied compared to the dye
only. In addition, this inhibition effect was more
remarked at acidic pH than at natural and basic pH.
However, in the case of MG, an increase in both
adsorption and degradation was observed at different
pH mediums tested compared to dye only, and this
acceleration was less pronounced at acidic pH. These
results are directly correlated with the charge of the
molecule studied and the ionization state of the
catalyst surface.
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3.5.2. Effect of HCO3

In general, the effect of bicarbonate ions” addition
on the dye photocatalytic degradation is difficult to
explain, since it had multiple roles because it acts both
as a scavenger of hydroxyl radical and a source of car-
bonate radical. As shown in Fig. 14, the degradation
of EY decreases with an increase in the bicarbonate
ion concentrations, and a linear correlation was
observed between the adsorbed quantity and the rate
constant of EY degradation (inset in Fig. 14). Contrary
to EY, the addition of bicarbonate ions increases the
rate of MG degradation and an optimum value was
observed at a low concentration of HCO;
(102 mol L), and it takes relatively very high con-
centrations of HCO; (5x102molL™") to reduce
slightly the decolorization rate; these results are corre-
lated with the adsorbed quantity of MG (inset in
Fig. 14).

The inhibition of the degradation efficiency of the
anionic dye EY is due to hydroxyl radical-scavenging
property of bicarbonate ions as shown in the following
equation:

k=85x100M"157!
(18)

HCO; +"OH — H,0 + CO5

Thus, the primary oxidant hydroxyl radical decreases
gradually with the increase in the bicarbonate ions
and consequently, there is a significant decrease in the
photocatalytic degradation [47].

However, in the case of cationic dye MG, the addi-
tion of HCOj has an alkaline effect on the solution of

=1lg L™, I=25mW cm 2 and pH ~ 8.3).

MG; addition of NaHCO; maintains the pH of solu-
tion around 8.3 (HCO; is the predominant species as
pK, (HCO; /CO37) = 10.2). Thus, since MG is a catio-
nic dye, it is positively charged in alkaline medium,
whereas, the surface of TiO, will be negatively
charged which leads to an electrostatic attraction
between MG molecules and TiO, surface and adsorp-
tion could occur [50], and consequently, the efficiency
of the photocatalytic process increases.

3.5.2.1. At different pH. Figs. 11 and 12 show that the
photocatalytic degradation of both dyes in the pres-
ence of HCO; ions is mainly dependent on the solu-
tion pH. In the case of cationic dye, the MG
degradation rate at alkaline medium is larger than that
at natural and acidic mediums (Fig. 11). Since the
adsorption of the dye is high at alkaline pH (inset in
Fig. 11), the degradation is also efficient at these
conditions. This reveals that the adsorption of MG on
the surface of TiO, plays a vital role in the degrada-
tion mechanism. The higher efficiency of degradation
in alkaline medium may be attributed also to the pH-
dependent potential to generate COj3  radicals because
a basic medium has a high content of both HCO; and
CO3~, which can absorb UV radiation and form COj3
by the reactions (19) and (20) [51]. However, at natural
pH (pH 6.3 after addition of bicarbonate ions), only
HCO; ions are present in the solution, the lesser
degradation of MG is due to the low formation of
bicarbonate radical (HCO3).

‘OH + HCO; — HCO; + OH™ (19)
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HCo;, 20

H;0" + COy (20)
In contrast, most of the added carbonate ions are
converted to CO, at acidic pH and a fraction of this
CO, escapes into the atmosphere, reducing the possi-
bility of generating COj; radicals in acidic medium
(Eq. (21)). This can explain the decrease in the degra-
dation of MG in the presence of bicarbonate ions at
acidic medium.

HCOj; + H™ — H,O + CO, (21)
In the case of the anionic dye, it can be seen that the
adsorption and the rate of removal of EY decrease in
the presence of bicarbonate ions in the following order:
acidic > natural > alkaline (Fig. 12 and inset in Fig. 12).
The observed decrease in the photodegradation rate of
EY with the increase in the pH could be explained by
the ability of bicarbonate ions to scavenge both holes
and "OH as functions of pH solution. The inhibition
effect of bicarbonate ions was negligible under acidic
pH (HCO; dissociates) than other mediums.

3.6. Effect of simultaneous presence of HCO; and H,0,

To investigate the simultaneous effect of inor-
ganic anions, such as bicarbonate, on the scavenging
of hydroxyl radicals in the UV/TiO,/H,O, process,
the degradation of MG and EY dyes (10mgL™)
was studied in the presence of HCO; (10~ mol L™)

and H,O, (10 mol LY. As can be seen in Fig. 15,
the rate of degradation of both dyes has been signif-
icantly inhibited in the presence of the mixture of
H,O, and HCO;. The inset of Fig. 15 shows that
the adsorbed quantity of both dyes in the presence
of mixture is also inhibited compared with that
obtained in the presence of only dye. The inhibition
of both dyes’” degradation in the presence of mixture
can be explained by the interaction between H,O,
and NaHCO; during the photocatalytic reaction.
Bicarbonate ions are well known as hydroxyl radical
scavengers; therefore, their excess concentration can
affect the destruction of the target contaminant and
ultimately reduce the effectiveness of the UV/TiO,/
H,O, process. The reaction of '‘OH with HCOj
generates carbonate radicals CO; (Egs. (19) and
(20)), which are equally reactive with reducing spe-
cies in solution. On the other hand, carbonate radi-
cals may react with H,O, to produce other radical
species such as peroxy radicals (HO;) (Eq. (22)),
which may contribute to dye degradation by oxida-
tive action, however, at a much slower rate than the
reaction of *OH.

k=43x10° M 157!
(22)

H,0, + CO; — HCO; + HO,

The presence of HCO; in solution also interferes with
H,0, for UV light, decreasing the fraction it normally
absorbs. This in turn slows down the rate of hydroxyl
radical generation [52].
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4. Conclusion

Both Malachite green oxalate (MG) and Eosin
yellow (EY) dyes are easily degraded by TiO, photo-
catalysis in aqueous dispersion under UV-A irradia-
tion. The fast decolorization and mineralization of the
anionic dye EY compared to the cationic dye MG at
natural pH are indications that the type of dye, its
ionic character, and its molecular formula may be
determining factors influencing the degradation rate.
The mixed crystalline structure, TiO, P25, showed a
higher photoactivity to degrade both dyes than pure
anatase TiO,. In addition, TiO, with larger particles
and lower surface area (P25 and PC50) performed bet-
ter in the degradation of both dyes in comparison
with smaller particles and larger surface area (PC500
and PC100). With almost all the catalysts tested, the
decolorization rate of the anionic dye EY was signifi-
cantly increased at acidic conditions, whereas an
enhancement of the decolorization was found at alka-
line conditions for the cationic dye MG; this opposite
effect is directly correlated with the ionization state of
the catalyst surface and the charge of the molecule
studied. The decolorization rate of both dyes varies
with varying the acid used to adjust the pH in the
order: H,SO, > HCl 2 HCIO4. An enhancement of the
degradation rate constants of both dyes was observed
for the lower concentrations of H;O, in the presence
of P25. Inorganic anions inhibit the adsorption and the
photocatalytic decolorization of EY and contrasting for
MG. The strong inhibiting or accelerating effect of
these ions depends in a complicated way of pH, salt
type, and salt concentration. The rate of degradation
of both dyes has been significantly inhibited in the
presence of mixture of H,O, and HCO;; this is related
to their interaction during the photocatalytic reaction.
In all the experiments, the photocatalytic degradation
of both dyes was generally found to be correlated
with adsorption in the dark.
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