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bstract

A detailed comparative investigation on the discoloration (adsorption) and mineralization (in the presence of UV irradiation) of indigo carmine (IC)
ye over four photocatalysts TiO2-D (from Degussa), TiO2-SG (prepared with a sol–gel method), Mn/TiO2-imp (prepared with an impregnation
ethod) and Mn/TiO2-SG (prepared with a sol–gel method) is presented. The experimental results show that Mn/TiO2-imp gives the highest

hotocatalytic activity. Whoever, the influence of pH, catalyst amount and time on the decolorization rate of IC on Mn/TiO2-imp was thoroughly

iscussed and correlated with ZPC of MnOx species, various exposed species of MnOx and surface properties. XRD, FT-IR and N2 adsorption
easurements were used as characterization techniques over the calcined catalysts at 550 ◦C. Electric conductivity measurements by applying zeta

otential technique provide an insight into the electric static situation of the particles at a given pH.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Indigo carmine (IC) is one of the oldest dyes and still one
f the most important used. Its major industrial application is
he dyeing of clothes (blue jeans) and other blue denim [1].
ndigo carmine is also used for medical diagnostic purposes,
n conjunction with acetic acid the dye facilitate diagnosis of
arrett’s esophagus [2]. It can also help to target biopsies even
etter, since in homogeneously stained or unstained areas seem
o correlate with intraepithelial neoplasia [3]. Indigo carmine,
owever, is not readily metabolized but is rather freely filterable
y the kidneys, giving intravenous injection of indigo carmine
or intra-operative cystoscopy is a safe technique that can detect
therwise undetected intra-operative compromise of the urinary
ract [4].
The dye indigo carmine is considered a highly toxic indigoid
lass of dye and its touch can cause skin and eye irritations to
uman being. It can also cause permanent injury to cornea and

∗ Corresponding author. Tel.: +20 125169213.
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onjunctiva. The consumption of the dye can also prove fatal, as
t is carcinogenic in nature and can lead to reproductive, develop-

ental, neuro and acute toxicity [5]. It has also been established
hat the dye leads to tumors at the site of application [6]. When
dministered intravenously to determine potency of the urinary
ollecting system, it has also been reported to cause mild to
evere hypertension, cardiovascular and respiratory effects in
atients [7]. It may also cause gastrointestinal irritation with
ausea, vomiting and diarrhea [8].

Thus, keeping the toxicity of this dye in view, various attempts
ave been made for the removal of indigo carmine from water
nd wastewater [9–12].

Doping titania with transition metal ions has been tested as a
romising way of improving the photocatalytic activity of semi-
onductor oxides. The incorporation of metal ions into titania
rystal lattice can significantly extend the absorption by the pho-
ocatalysts into visible range. The effect of doping is to change
he equilibrium concentration of electrons or holes [13–15].
Previous studies on the phase transformation characteristics
f doped TiO2 have shown stabilization of both anatase and rutile
hases for different experimental conditions. For examples, the
ork of Arroyo et al. [16] on manganese (Mn2+) doped titania

mailto:iothmana@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2007.01.010
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howed stabilization of the anatase phase for low doping lev-
ls, prior to segregation of the doping to the surface at higher
oncentration and stabilization of the rutile phase.

MnO2 was among the oldest examined metal oxide catalyst
nd found to possess a potential activity in redox reaction. Unfor-
unately, it has been shown that manganese oxides are insoluble
17,18]. However, the amount of manganese dissolved in solu-
ion can be increased considerably in acidic medium with the
ddition of organic compounds such as dyes [19]. But the fur-
her adsorption and oxidation of dye compound on the mineral
articles interface reduce their surface areas and lead to inhi-
ition of the process [20]. In this paper, we have studied the
reparation of Mn on titania by different methods and charac-
erized by X-ray diffraction, FT-IR, particle size distribution, N2
dsorption and electrical conductivity. Finally, the decoloriza-
ion of indigo carmine (IC) in the absence and presence of UV
amp is investigated for all samples.

. Experimental

.1. Materials

Titanium dioxide powder P-25 (TiO2-D) is predominantly
natase it was purchased from Degussa (Germany) and was used
ithout any further treatment. Manganese nitrate [Mn(NO3)2]

Merck), titanium(IV) isobutoxide [Fluka], ethanol and de-
onized water.

Indigo carmine dye [3,3′-dioxo-1,3,1′,3′-tetrahydro-[2,2′]-
i-indolylidene-5,5′-disulfonic acid disodium salt] was deliv-
red from the General Chemical Co. Ltd., Wembley Middlesex,
ngland.

MF C16H8N2Na2O8S2, MW 466.35 g/L. The peak intensity
s at 608 nm; molar absorbtivity is 6309 mol−1 cm−1.

.1.1. Preparation of TiO2 by sol–gel
Titania sol–gel was synthesized exhibiting the molar

atio:Ti(C4H9O4):20 C2H5OH:4H2O:0.001 HNO3
In each case, Ti(C4H9O4) was first dissolved in ethanol

edium forming a solution, water and nitric acid added drop-
ise into the formed sol with a stirring for about 30 min at room

emperature. The prepared sol was left to stand for the formation
f gel. After the gelation was completed, the gels were aged for
4 h at room temperature and then calcined at 550 ◦C for 5 h.
his sample was referred to TiO2-SG.
.1.2. Preparation of Mn/TiO2 by impregnation
Manganese oxide on TiO2-D prepared using an aqueous solu-

ion of Mn(NO3)2. The used amount of solution was necessary
o complete wetness of the sample.

t
m
t
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The reaction temperature was adapted at 80 ◦C for 4 h using
emperature controller type (REX-P 90). The precursor sample
as then dried at 110 ◦C overnight and calcined in air at 550 ◦C

or 6 h. This sample was referred to Mn–TiO2-imp.

.1.3. Preparation of Mn/TiO2 by sol–gel
Manganese loaded on TiO2-D prepared by adding Mn(NO3)2

olution to Ti(IV) isobutoxide at constant temperature 60 ◦C
sing a water/solvent ratio of 4:1. The solids were dried at 120 ◦C
or 12 h and calcined in air at 550 ◦C for 4 h. Mn loading was
0 wt.% in all the prepared samples. This sample was referred
o Mn–TiO2-SG.

.2. Characterization techniques

.2.1. X-ray diffraction analysis (XRD)
The X-ray diffraction patterns for various titania samples

ere obtained using a Bruker axs, D8 advance. Ni-filtered
opper radiation (λ = 1.5404 Å). Bruker generator operating at
0 kV and 10 mA. Spectra was scanned at a rate of 2.5 ◦ min−1

n a 2θ. The phases of TiO2 and MnO2 have been identified by
omparison with GCPDS database. The results were presented
s continues traces of intensity as a function of 2θ.

.2.2. FT-IR absorption analysis
FT-IR spectra were performed using Jasco FT-IR-460 plus,

apan spectrophotometer, over the range of frequencies from
800 to 3300 and 1000 to 450 cm−1 with a resolution of 2 cm−1

dapting the technique of KBr pellets.

.2.3. Surface area measurement
The nitrogen adsorption isotherms were measured at

196 ◦C using a conventional volumetric apparatus. The spe-
ific surface area was obtained using the BET method.

.2.4. Zeta potential measurements
Zeta potentials of suspension samples were measured at room

emperature using a zeta meter 3.0 equipped with a micropro-
essor unit. The unit automatically calculates the electrophoretic
obility of the particle and converting it into zeta potential using
moluchowski equation. A 0.1 g amount of the solid sample was
issolved in 50 ml of 0.001 M NaCl solutions at various pH val-
es for 24 h in a shaking bath. Before measuring, the suspension
as kept for 5 min settling the large particles. Each data point is

n average of approximately 20 measurements. The pH of the
uspension was adjusted using dilute HCl and NaOH [17]. All
olutions were prepared using bidistilled water. The pH of the
uspension was measured using a pH meter (Orion 920A).

.3. Investigation of the catalytic activity of the prepared
atalyst

.3.1. IC dye adsorption

Adsorption experiments of IC on the prepared catalysts in

he absence of ultraviolet irradiation were carried out in a batch
ode. A 250 ml of the IC dye (100 ppm), previously adjusted

o the required pH value with diluted NaOH and HCl solutions,
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as added to a 300 ml beaker containing different amounts of
uspended catalysts. The suspensions were immediately shaken
n an air for 1 h using a magnetic stirrer. Then fellow up the
ptaken amounts of the dye by catalysts that maintained for 1 h
dsorption time.

.3.2. Photocatalytic evaluation
All the experiments were carried out using a horizontal cylin-

er annular batch reactor. IC was selected, as a model for the
hotocatalytic degradation experiments because it is a non-
olatile and common contaminant in the industrial wastewaters.

black light-blue florescent bulb (F18W-BLB) was located at
he axis of the reactor to supply UV illumination. The light inten-
ity after passing through a reaction suspension was 365 nm. The
xperiments were performed by suspending calculated amount
f the catalyst into IC solution (100 ppm). The reaction was
arried out isothermally at 25 ◦C and samples of the reaction
ixture were taken at time intervals for a total reaction time
h. The disappearance of IC was analyzed by UV–vis spec-

rophotometer (JASCO V-570 unit, serial no. 29635) over the
90–800 nm range. Calibration plots based on Beer–Lamberts
aw were established relating the absorbance to the concen-
ration. The decolorization was determined at the maximum
08 nm. Removal efficiency (%) of IC was measured by applying
he following equation:

emoval efficiency (%) = Co − C

Co
× 100

where Co is the original indigo carmine (IC) content and C
s the retained IC in solution.

. Result and discussion

.1. XRD

XRD results in the form of diffraction patterns (intensity ver-
us 2θ), the figure are not given here. Inspection of the obtained
RD patterns and the relevant phase changes would reveal the

ollowing:

TiO2 (anatase phase), as a major phase dominated the bulk
composition of the TiO2-D and Mn/TiO2-imp, whereas the
system TiO2-SG and Mn/TiO2-SG showed the characteristic
diffraction lines of TiO2 (anatase) beside TiO2 (rutile).
Having examined the respective data, one could observe that
the inclusion of Mn in the matrix of supported system give
rise to measurable diminishing in the degree of crystallinity
and crystal size of the presented phases.
It is worth noting that, diffraction peak of Mn is undetectable
in the diffractrograms of Mn containing solids, this could
attributed to the high degree of dispersion of Mn species
and/or the incorporation of Mn ions in the matrix of TiO2-
support material forming solid solution.

There is no relation between the close similarity of the ionic
radii between Mn3+ (0.66 Å) and Ti4+ (0.68 Å) and the change
of lattice parameter of TiO2 lattice. Indeed, this anticipation
has been confirmed experimentally.

•

ig. 1. FT-IR spectra of TiO2-D, Mn/TiO2-imp, TiO2-SG, and Mn/TiO2-SG
n the low frequency region (450–1300 cm−1) and high OH groups region
3600–4000 cm−1).

.2. FT-IR absorption analysis

The FT-IR spectra of the investigated TiO2-D, Mn/TiO2-D,
iO2-SG and Mn/TiO2-SG samples are illustrated in Fig. 1. The
pectra of Fig. 1 point out the following:

The spectrum of TiO2-D displays strong absorption bands at
487 and 555 cm−1 which are due to the vibration of the Ti–O
bond in the TiO2 lattice [22,23].
The peaks centered at 850–910 cm−1 may be assigned to
stretching vibration of O–O for peroxo groups, thus the shoul-
der observed at 660 cm−1 may have been due to the vibration
of the Ti–O–O bond [23].
The spectrum of Mn/TiO2-imp shows the appearance of new
band at 605 cm−1 that was absent in the parent TiO2-D sample
thus, it is reasonable to associate it with Mn–O vibrations
and more specifically to lattice vibrations of MIII–O bonds
[24–27].
Moreover, there is a shift observed of the following bands
to lower wavelength value 555–535 and 850–808 cm−1, in

−1
addition to disappearance of the band located at 910 cm ,
indeed that is related to the interaction between Mn and Ti.
The spectrum of TiO2-SG shows that bands characterized by
anatase (three bands at 532 and 610 cm−1) and rutile (one
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It is obvious in Fig. 2, that the catalytic activity of TiO2-
D higher than TiO2-SG indicating the high effect of surface
hydroxyl population of this sample. This high surface hydroxyl
concentration, due to the existence of large extent of the anatase
I. Othman et al. / Journal of Photochemistry

band at 460 cm−1), which can be assigned to vibration modes
of titanium oxide structure, O–Ti–O [23].
Examining spectra of TiO2-SG and Mn/TiO2-SG, revealed
bands at 610, 532, 500 and 460 cm−1 shifted absorption to
616, 554, 513 and 480 in Mn/TiO2-SG due to the interac-
tion association between Mn and Ti. New band at 655 and
693 cm−1 could be attributed vibration modes of �-MnO2
which assumes a tetragonal structure [24,28].
The IR spectrum of OH groups in the parent TiO2-D shows
bands at 3736, 3715, 3676 and 3663 cm−1 (Fig. 1, these
peaks were assigned to isolated surface hydroxyl groups
[29,30]).
It is worth mentioning that, Mn incorporation cause increase
of the band intensity of the free OH groups of TiO2-D with
a marked increase in wave numbers 3736 (to 3752 cm−1)
together with vanishing those at 3715 and 3676 cm−1. Simul-
taneously, new band at 3630 cm−1 appear in Mn/TiO2-imp.
The former band is indicative for OH groups at Mn atoms on
non-framework positions and represents acidic hydroxyls of
varied strength.
However, the OH groups in TiO2 prepared by sol–gel tech-
nique appeared 3744, 3694 and 3650 cm−1 these bands related
to free hydroxyl groups. The band at 3744 shifted to the higher
at (3768 cm−1) when introduced Mn by sol–gel. The observed
shift of the OH stretch from 3744 to 3768 cm−1 upon intro-
duction of Mn signals a decrease, not an increase in the acidity
of the proton; Brønsted acidity is well known to be accom-
panied by a red shift of the OH stretch This difference shows
that the force constant of the O–H bond is greater for Mn
than TiO2 and this fact implies that the hydroxylic hydro-
gen atom is more protonic for the former than for the latter
[31].

.3. Surface and texturing characteristic of the investigated
atalysts

The different surface characteristics of the investigated solid
amples were determined and the data obtained are cited in
able 1. Inspection of this table reveals the following:
The values of SBET and St are similar to each other, indicating
the absence of ultra-micropores in the solids investigated.
A slight decrease in the surface area of TiO2-D is observed
upon the introducing Mn by impregnation method. Generally,

able 1
extural parameters of variousTiO2 and Mn/TiO2 materials prepared by different
ethods

− (Å) Vp (cm3/g) St (m2/g) SBET (m2/g) Samples

0 0.334 180 183 TiO2-D
5 0.320 141 147 Mn/TiO2imp

0 0.361 217 221 TiO2-SG
9 0.355 268 275 Mn/TiO2-SG

BET: surface area derived from BET-method; St: surface area derived from t-
lot method; Vp: pore volume obtained at single point at P/P0 ∼0.95; r−: pore
adius.

F
o
c
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this decrease is proportional to the blockage of the titania
pores.
Inclusion of Mn in TiO2-SG amount increase of 24% SBET
this measurable increase could not be attributed to a possible
narrowing. Indeed, TiO2-SG and Mn/TiO2-SG are close to
each other (Table 1). So, one mien think about a possible
upward cross in TiO2 lattice via location of Mn ions in the
uppermost surface lyre TiO2.

.4. Catalytic activity

.4.1. Comparison between photocatalysis and
ecolorization in air

The decolorization efficiency of IC on TiO2-D, Mn/TiO2-
mp, TiO2-SG and Mn/TiO2-SG in the absence or presence of
ltraviolet irradiation at pH 2 was shown in Fig. 2. This fig-
re shows a decreasing trend of the catalytic activity in the
bsence ultraviolet decreased from Mn/TiO2-imp > Mn/TiO2-
G > TiO2-D > TiO2-SG. In the manganese-supported on

itania, either by impregnation or sol–gel methods, the photo-
atalytic activity is ca. 10 times higher than the values exhibited
n absence of UV. As it was explained the additional OH radi-
al, which are powerful oxidants, can non-selectively attack the
rganic intermediates to complete mineralization. Considerable
ttention has been paid to, the Mn/TiO2-SG in which there is only
oderate increase in the constant rate, this may be attributed to

he insertion of manganese ions in the lattice of TiO2, increasing
he ability of the TiO2 to produce hole and electrons, which is
very important step in the titania pathway for producing the

ydroxyl radicals.
ig. 2. The efficiency of IC decolorization and photodegradation over vari-
us catalysts. Experimental conditions: pH 2, reaction volume 300 ml, catalyst
ontent 100 mg, reaction time 60 min, and initial dye conc. 100 ppm.
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rate of degradation at different catalyst concentration ranging
from 0.025 to 0.2 g/dm3 as shown in Fig. 6. It was observed that
the degree of photocatalytic efficiency of IC solution increases
with increasing the photocatalyst amount, till 0.1 g. The most
ig. 3. Effect of pH on the photocatalytic efficiency percentages of IC on
n/TiO2-imp. Experimental conditions: reaction volume 300 ml, catalyst con-

ent 100 mg, reaction time 60 min, and initial dye conc. 100 ppm.

hase (100%) even though it was calcined at 500 ◦C, this con-
rmed by FT-IR analysis.

Enhancing the rate of the reaction of the sample upon expo-
ure to UV irradiation supports that the mechanism is initiated
y the HO* radicals stemming from the Mn4+ photoredox
irectly. The oxidation of the dye on Mn/TiO2-SG was inac-
ive upon UV irradiation due to the filling of the holes or the
eduction–oxidation of Mn4+–Mn3+.

.4.2. Effect of pH on the photocatalytic efficiency of IC
The photocatalytic efficiency of IC on Mn–TiO2-imp at dif-

erent pH values was shown in Fig. 3. The pH of the solution
as adjusted with diluted NaOH and HCl. It was found that the
hotocatalytic efficiency of the dye over MnO2/TiO2-imp was
ighly pH dependent, the photocatalytic efficiencies increased
ith decreasing pH values. But at pH > 10, the decolorization of

he dye was negligible. The photocatalytic efficiency dramati-
ally increased as the pH 2.

The photocatalytic oxidation of organic compounds on man-
anese oxide may be carried out in two processes:

1) The diffusion of organic compound to the particle surface
to forming a complex.

2) Exchange of electrons with the reactive surface of MnO2
[32].

For IC, as a hydrophilic substrate, the diffusion of the neutral
pecies is more easily to it, then accumulate at the surface of

nOx in comparison with its corresponding ionic forms. The
eta potential profile of the IC/Mn–TiO2-imp suspension shown
n Fig. 4 may further prove the above explanation to some extent.
he fluctuation of degradation occurred near pH 4, where is the
oint of zero charge (PZC) of MnO2 [33]. Hence, the oxidizing
bility of MnO2 can be sharply enhanced [32]. MnOx surface
s positively charged below pH 4 based on their zpc. IC is a
ianionic dye in aqueous solution and it can keep its dianionic
onfiguration in the pH range 3–11. At low pH range, electro-

tatic interactions between the positive catalyst surface and dye
nions lead to strong adsorption of the latter on the metal oxide
upport.

F
t
i

ig. 4. Zeta potential of IC on Mn/TiO2-imp as a function of solution pH.

.4.3. Effect of time on photocatalytic efficiency of IC
It can be seen that the dye uptake process was found to

roceed through two stages:

1) An initial rapid uptake for the first 5 min was found that 40%
of IC decolorized as shown in Fig. 5.

2) The dye uptake attains saturation during 5–40 min and
finally increases to reaching 100% degradation in 70 min
reaction time. The high value of sorption rate at the ini-
tial period (5 min) may be due to increasing the number
of vacant sites available at the initial stage and as a result
an expected variation in the concentration of adsorbate in
solution and on adsorbent surface (concentration gradient)
tends to enhance the dye sorption rate. As time proceeds,
this concentration gradient decreases due to accumulation
of dye molecules on vacant sites and thus saturation stage
was almost perceived.

.4.4. Effect of catalyst loading on photocatalytic efficiency
f IC

Experiments were performed to study the variations in the
ig. 5. Kinetics of photocatalytic oxidation of IC on Mn/TiO2-imp. Experimen-
al condition: pH 2, T = 25 ◦C, catalyst mass = 100 mg, volume = 300 ml, and
nitial dye conc. 100 ppm.
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ig. 6. Effect of photocatalyst content of Mn/TiO2-imp, on the photocatalytic
egradation of IC. Experimental conditions: pH 2, T = 25 ◦C time = 60 min, vol-
me = 300 ml, and initial dye conc. 100 ppm.

ffective decomposition of IC (90%) was observed with the cata-
yst amount equal to 0.1 g after which (0.15 and 0.2 g of catalyst)
he photocatalytic efficiency decreases.

They concluded that the increase of catalyst amounts pro-
ote the existence of the presence of parallel paths associated
ith catalyst degradation during the catalytic cycle (e.g. dimer-

zation reaction) [34], and thus, increases as the concentration of
he amount of a catalyst increase. However, attaining complete
egradation of the dye at specific catalyst concentration (0.1 g)
ullifies the possibility of the presence of competing paths for
he reaction and indeed suggests a facile pathway for degradation
f such a dye.

. Conclusion

Studies dealing with manganese-supported titanium synthe-
ized by an impregnation and sol–gel technique showed high
hotocatalytic and decolorization activities for the removal of
C dye in the sample prepared by impregnation technique. This
pparent activity can be explained:

1) The decreasing of particle size and type of structural Mn
comparing with (Mn/TiO2-imp and Mn/TiO2-SG).
2) The presence of acidic hydroxyls specifically those located
at 3619 cm−1.

3) The increasing of the pore radius of titanium after Mn incor-
poration comparing with other prepared samples.

[
[
[

[
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4) A relative decrease of crystal size of titanium after the incor-
poration of Mn/TiO2-imp comparing with Mn/TiO2-SG.

5) The reduction–oxidation of Mn4+–Mn3+ on the irradiated
MnOx is probably inhibited by introduced Mn inside lattice.
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