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Abstract Sonochemical decolourisation of reactive orange 107 (RO 107), through adsorption and
degradation processes, in the presence of ultrasound (US), amorphous TiO2 and rare earth (REs) ions
(La+3, Pr+3, Gd+3, Ce+3) in the aqueous solution, has been examined in the concentration range 8 – 32 mg/L
of dye, which was decolorized to about 50% in the presence of US+TiO2+REs in 50 min. The rate of
decolourisation, estimated spectrophotometrically, decreased in different experimental conditions in the
order; US+TiO2+Gd > US+TiO2+La > US+TiO2+Ce > US+TiO2+Pr > US+TiO2 > US+Gd > US+La >
US+Ce > US+Pr > TiO2 > US respectively. Decrease in the concentration of dye has been fitted to the
Langmuir, Freundlich and Temkin adsorption isotherms. Equilibrium results showed that the rate of
decolourisation followed pseudo second order kinetics. The mechanism of dye adsorption process was
determined from the Webber-Morris model of intraparticle diffusion and Boyd kinetic model. The
decolourisation of dye was maximum in systems containing rare earth cations. The adsorption of dye RO
107 enhanced on the surface of TiO2 through electrostatic attraction, resulting into sand witched structure
between TiO2, REs and Dye molecule.
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I. Introduction
Dyes are quite frequently used in textile and leather industries globally, which are also mostly non-biodegradable
and toxic, therefore, their presence causes a serious problem even in low concentration. The effluents from the
industries may contain upto 15% of the dye used [1]. Due to high solubility, synthetic dyes are common pollutants
and may frequently be found in minute quantities in industrial water [2-3], which not only creates an aesthetic
problem, but also quite often lead to toxicity and carcinogenicity [4]. Methods like adsorption, filtration,
biological methods and flocculation decolourise dyes only incompletely [5]. However, rare earths have recently
been shown to facilitate removal of dye [6]. Hence ultrasound in combination with rare earths and an adsorbent
surface, TiO2, has been undertaken to examine the decolourisation of a recalcitrant dye, RO 107.
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Fig.1. Structure of Reactive Orange 107

Increased mass flow enhances adsorption, which is an efficient and common technique for the removal of dyes
from wastewater [7]. Several natural adsorbents such as wood powder [8], fly ash [9], coconut husk [10], lignin
[11], banana stalks [12], have been used and reported.  Decolourization of dye using TiO2 in the presence of
ultrasound has been found to be better purification method compared to other conventional chemical methods [13-
17]. We report here the degradation of Reactive Orange 107 (RO 107) on TiO2 surface in the presence of
ultrasound and rare earth ions for the decolourisation. RO 107 (water solubility 100g/L at 250C) [18] is an azo
based reactive dye, which binds to textile fibre covalently and thus is highly recalcitrant.[19] Its pKa is 4.1 at 250c.
Although RO 107 is not a toxic dye but its effect on rats could be lethal (LD50, mg/kg, ≥ 5000) and may cause
skin and eye irritation to humans [20].
The rare earth ions initially facilitate complex formation with dye molecules, whereas in the following steps the
ultrasound promotes transfer and adsorption of these complexes onto the surface of TiO2.The nature of adsorption
has been examined through Langmuir [30], Freundlich [31] and Temkin [32] adsorption isotherms, whereas, the
mechanism has been investigated through Weber–Morris [33] and Boyd [34] models. Ultrasound is known to
generate acoustic cavitation [21-24], involving nucleation, growth and collapse of the micro bubbles through
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implosion.  Inward collapse of bubbles create sites for micro reactors with high temperature (>4000K), pressure
(>1000 atm) and mass flow (>500 m/s). Dissolved gases in the water act as the first site of nucleation for
cavitating bubbles [25-26]. Such active sites are responsible for the homogenous splitting of water into ●OH and
●H radicals followed by the formation of a series of free radical reactions within and outside bubbles [27].

II. Experimental Section
Materials and Method

RO 107 [99.9% purity] was received as gift from M/s Spectrum Dyes and Chemicals, Surat, India. Chlorides of
Lanthanum, gadolinium, praseodymium and cerium [Indian Rare Earths Ltd, 99.99%], (REs), were kept under
vacuum for 2hr before use.

Preparation and characterisation of adsorbent (TiO2)

Titanium (IV) isopropoxide, Sigma Aldrich (> 97%) was used to synthesise Nanostructured TiO2 through the
hydrolysis in de-ionised water by the known method [28]. 2mL of (nBuO)4Ti was hydrolysed by pouring into
large excess of water (50ml) and sonicating the suspension for 10 minutes. The titania was recovered through
filtration and dried in an oven at 700C for 12 hrs. The (nBuO)4Ti , upon hydrolysis in aqueous solution, produced
TiO2 as under;

O2HTiOOHH4CTi(OH)OHTiBuO)( 2294424 n (1)

The weak and broadened diffraction peaks at small angles were present in XRD spectra (Fig.2), indicating the
presence of an amorphous phase with low crystallinity, which was, nevertheless, beneficial to achieve better
adsorption of pollutant in the aqueous solution.

Fig. 2 XRD spectra of TiO2 Fig. 3 Raman Spectra of TiO2

Raman spectra of TiO2 exhibited bands at 410, 516 and 639 cm-1 (Fig.3), but the peaks were less intense and not
very sharp indicating partial crystallinity along with amorphous phase. The first two bands were assigned to B1g
and last band was assigned to Eg mode of vibration of the anatase titania phase. From the nitrogen adsorption –
desorption isotherm of TiO2, the average pore diameter, pore volume and BET surface area have been calculated
to be 22 – 23 Å, 0.264 cm3g-1 and 475.33 m2g-1 respectively.

Methodology

A stock solution (1000 mg/L) of RO 107 was prepared in tripled deionised water. In 10 mL of dye solution,
0.02ml of TiO2 and 5mL of 20mg/L RE3+ ions were added and this solution was sonicated for 10 to 50 minutes
using Vibronics Processor, operating at fixed frequency and power of 20 kHz and 250W respectively. Sonicated
solutions were filtered through Sartorius filter disks (grade 393) and were followed through spectrophotometric
determination for the concentration of residual amounts of dye using Shimadzu UV-Visible spectrophotometer,
1601PC.

Decolourisation
The % decolourisation of RO 107 has been calculated using the following equation;

% Dye Removal =
C0-Ct

Ct
(2)

Where Co is the initial concentration of dye (8 mg/L) and Ct is the concentration of dye after time t (50 min).The
degradation pathway of RO 107 was studied using electro spray ionization mass spectra (ESI-MS) and
experiments were performed on a Water Q- TOF micro Y A-260 (Micromass) tandem quadruple orthogonal TOF
instrument, fitted with a lock spray source. The analysis was carried out with capillary voltage of 2220 V, sample
cone of 30 V, source temperature of 110ºC and syringe rate of 10µl respectively.
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III. Results and Discussion
As can be seen through the spectral changes in different experimental conditions (Fig.4), the combined effect of
ultrasound and TiO2 was additive compared to their application separately. Due to the cavitational effect of US,
the de-aggregation of the TiO2 particles increased, resulting into the enhanced surface area (475.33 m2g-1) and thus
also greater adsorption activity. In the presence of US, the addition of REs shifts the absorption spectral peak of
dye from 410 nm to 417 nm, due to the complexation of dye with RE ions. However, in the last condition
involving US and TiO2 in the presence of REs, the decolourisation of dye was maximum due to the enhancement
of adsorption of dye on RE-TiO2 agglomerates as a result of a chemical complexation [29] between RE and the
dye. The rare earth ions possess a number of vacant f-orbitals, which may accept lone pair of electrons from the
N-, O- and S- donor atoms present in the dye molecules. Positively charged complex species (Dye – REs) are
transported and get attached to (-) vely charged surface of TiO2 under the influence of the ultrasound. This
increases adsorption initially. However, the cavitational effect of ultrasound and the free radicals, thus produced,
subsequently degrade big dye molecules to smaller fragments later.

Fig.4 UV-Vis spectra for decolourisation of RO 107 at C0=8 mg/L; TiO2= 184 mg/L and RE (Gd+3) =20 mg/L for 50 min
The percent decolourisation of RO 107, under different conditions and time intervals has been given in Table 1
and represented graphically in Fig. 4.

CONDITIONS

%  DECOLORISATION AT
DIFFERENT TIME INTERVALS ( In minutes)

10 min 20 min 30 min 40 min 50 min

TiO2 9.0 9.4 25.9 29.6 31.6

TiO2+Ce
19.7 25.1 26.7 35.3 36.2

TiO2+Gd
44.4 45.6 46 48 51

TiO2+La
40.7 41.9 42.3 43.2 43.6

TiO2+Pr
20.5 31.6 32.0 32.9 38.2

US
6.5 9.4 27.5 29.2 33.3

US+ TiO2+Ce
41.1 41.9 44.4 46.5 55.9

US+ TiO2+La
40.3 54.7 55.5 56.3 65.0

US+ TiO2+Pr
27.9 30.0 30.4 30.8 31.6

US+Ce
25.1 27.5

28.3 32.0 33.7

US+Gd 34.9 36.2 37 37.4 53

US+La 32 32.5 32.9 35.3 36.2

US+Pr 15.6 30.0 32.5 37.0 38.6

US+TiO2 27.1 28.3 30.8 32.9 39.0

US+TiO2+Gd 57.2 59.6 60.4 65.0 69.9

Table 1:% Decolourisation of RO 107 under different conditions and time intervals
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Fig. 5.Graph showing dye decolourisation of RO 107 at C0=8 mg/L; TiO2= 184 mg/L and RE (Gd+3) =20 mg/L at different conditions for 50
min
Adsorption Isotherms
The experimental results were fitted into Langmuir, Freundlich and Temkin isotherms. The time at which
adsorption reaches equilibrium is 50 min. Isotherm constants of Langmuir, Freundlich, Temkin are based on their
regression values (R2), respectively, that were obtained to fit the isotherm equation.
Langmuir isotherm shows the equilibrium between adsorbate and adsorbent in the system. The linearalised form
of Langmuir isotherm [30] is given by the following equation;

m/qeqCbm1/qe/qeqC  (3)

where Ceq is the equilibrium concentration of dye (mg/L), qe is the amount of dye adsorbed at equilibrium (mg/g),
qm is the maximum specific uptake corresponding to the site saturation and b is the Langmuir constant related to
energy of adsorption. Langmuir constants qm and b were calculated from the slope and intercept between 1/qe and
1/Ce (Table 2). The essential characteristic of the Langmuir isotherms can be expressed in terms of a
dimensionless constant or equilibrium parameter, RL, which is defined as;

obC1/(1LR  ) (4)
where, Co (mg/L) is the initial concentration of the dye. From the value of RL, the nature of adsorption can be
interpreted as irreversible (RL = 0), favourable (0<RL<1), linear (RL =1) or unfavourable (RL > 1). In the present
study, the RL values were found to be between 0 and 1 (Table 2) indicating the favourable adsorption.
Logarithm form of Freundlich adsorption isotherm [31] is given as;

eqnlogCFlogKelogq  (5)

where Ceq is the equilibrium concentration (mg/L), qe is the amount of dye adsorbed at equilibrium (mg/g) and KF

and n are constants incorporating all parameters affecting the adsorption process, such as adsorption capacity and
intensity respectively. The values of KF and n were calculated from the intercept and slope of   log qe and log Ceq

(Table 2). Values of ‘n’, lying between 0 and 10, has been reported to be indicative of favourable isotherm [31], as
also found in our study. (Table 2).
Temkin isotherm [32], describes the adsorption potentials of adsorbent and adsorbate and is given by the
following equation:

eqlogCbaeq  (6)

where Ceq is the concentration of dye at equilibrium (mg/L), qe is the amount of dye adsorbed per unit weight of
adsorbent (mg/g), a & b are constants related to adsorption capacity and intensity of adsorption respectively and
were calculated from the intercept and slope of the plot of qe versus log Ce (Table 2).Table 2, summarises all
parameters of the three adsorption isotherms.

Experimental
conditions

Langmuir Freundlich Temkin
qm

(mg/L)
RL R2 KF

(mg/g)
n

(Lmg-1)
R2 a

(mg/g)
b

(Lmg-1)
R2

US+TiO2

TiO2

32.73
28.49

7.04
0.37

0.95
0.99

9.87
5.73

0.94
1.02

0.99
0.99

10.29
2.43

45.01
43.25

0.95
0.96

US+TiO2+Pr
TiO2+Pr

52.46
45.45

0.32
0.75

0.95
0.92

16.82
2.087

1.30
0.41

0.95
0.99

16.35
10.81

6.01
188.63

0.98
0.93

US+TiO2+ Ce
TiO2+ Ce

68.49
47.38

0.28
0.88

0.98
0.96

23.09
13.62

0.28
0.21

0.87
0.96

22.23
12.80

26.89
105.78

0.93
0.92

US+TiO2+ La
TiO2+ La

75.18
48.49

0.51
0.63

0.92
0.96

23.98
14.64

0.20
2.13

0.98
0.94

23.54
13.93

14.34
57.17

0.98
0.98

US+TiO2+ Gd
TiO2+ Gd

81.42
49.42

0.14
0.71

0.92
0.98

27.81
14.88

0.03
0.68

0.97
0.99

25.13
14.71

3.05
16.34

0.97
0.91

Table.2 Isotherm parameter for the adsorption of RO 107 dye at different experimental conditions
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Adsorption kinetics
The kinetics of adsorption of dye on the TiO2 surface has been found to be pseudo second order and following the
equation;

et/q1/htt/q  (7)
where, qe is the amount of dye adsorbed at equilibrium (mg/g), qt is the amount of dye adsorbed at time t (mg/g),
h= kqe

2; k is the second order adsorption rate constant (g mg-1min-1). The k2 and qe values, shown in Table.3, were
obtained from the slope and intercept of linear plot of t/qt versus t.

Experimental conditions Pseudo second order
qe(cal.) mg/g R2

US+TiO2

TiO2

14.96
8.38

0.99
0.89

US+TiO2+Pr
TiO2+Pr

20.15
12.08

0.99
0.99

US+TiO2+Ce
TiO2+Ce

21.39
13.18

0.99
0.74

US+TiO2+La
TiO2+La

22.91
17.15

0.99
0.99

US+TiO2+Gd
TiO2+ Gd

24.89
17.28

0.99
0.99

Table.3 Kinetic model and other statistical parameters for adsorption of RO 107 dye
Adsorption Mechanism

The mechanism of kinetic adsorption can now be understood by applying the experimental data to the Weber and
Morris intra-particle diffusion [33] and Boyd kinetic Models [34].

Weber Morris Kinetic model

The intraparticle diffusion model [30] is expressed by equation (8)

c1/2tpktq  (8)

where kp is the intraparticle rate constant (g mg-1 min-1) and c is the intercept (Table 4) obtained from the linear
plot of qt versus t1/2. According to Weber Morris (1963), if the plot of qt against the square was linear and passed
through the origin, then intraparticle diffusion would have been the sole rate limiting step. But since the linear plot
did not pass through the origin, there was some degree of boundary layer control and intraparticle diffusion was
not the rate limiting step.

Boyd –Kinetic Model
Boyd kinetic model [34] is given by the equation (9)

F)ln(10.4977Bt  (9)
where F = q/qe, represents the fraction of dye adsorbed at any time t, Here qe represents amount of dye adsorbed at
equilibrium (mg/g) and q represents the amount of dye adsorbed at any time t(min) and Bt is a mathematical
fraction of F.
The linear plot of Bt versus t can be employed to test whether sorption was controlled by film diffusion or particle
diffusion. A straight line passing through origin indicates that the slowest step in the adsorption process would be
intraparticle diffusion and if otherwise, the adsorption would proceed through film diffusion. In our studies, the
plots were linear but did not pass through the origin as predicted from intercept ‘c’ (Table 3) and therefore  the
adsorption process was controlled only by the film diffusion.

Experimental
conditions

Weber and Morris Intraparticle
diffusion Model

Boyd Kinetic
Model

Kp C R2 C R2

US+TiO2

TiO2

2.88
0.97

10.54
2.34

0.97
0.92

1.09
0.33

0.78
0.94

US+TiO2+ Pr
TiO2+ Pr

0.32
0.15

16.21
7.503

0.86
0.87

0.62
0.2

0.85
0.86

US+TiO2+ Ce
TiO2+ Ce

0.33
0.16

16.84
9.091

0.96
0.94

0.74
0.4

0.97
0.82

US+TiO2+ La.
TiO2+ La

0.65
0.17

18.34
16.30

0.92
0.98

1.05
1.0

0.91
0.96

US+TiO2+Gd
TiO2+ Gd

0.98
0.65

22.47
17.65

0.98
0.93

1.06
1.39

0.98
0.92

Table. 4 Intraparticle diffusion and liquid film diffusion rate constants coefficients
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For the determination of the sonolytic degradation pathway of RO 107 and identification of possible intermediate
products, the sample was sonicated for 2 hr and examined immediately by Electrospray ionization mass
spectrometer (ESI-MS). Major intermediates during the degradation process were proposed by using m/z values
of the mass spectra. The ESMS analysis showed peaks at m/z values 106, 187, 201, 369, 383, 465, 506 and the
possible matching structures for above mass values have been proposed in scheme 1, through two different paths.
The first path of sonochemical degradation of RO 107 involves the dehydrogenation of parent molecule with the
generation of product having mass (m/z =520), followed by the removal of ketone group and ethanamine, forming
products with masses (m/z=506) and (m/z=465) respectively. The addition of hydroxyl radical to an azo bond
gives products with m/z values 278, 187 and m/z 383, respectively, followed by removal of sulphonyl group of
fraction with m/z value 187 to form benzene 1,4 diamine(m/z = 106),followed by the decomposition of benzene
1,4 diamine  to form  2Z-but-2-ene(m/z=55.12) and further decomposed to form prop1-ene(m/z=43.11). The
second path in scheme 1 is proposed to begin with the removal of sulphonyl group leading to formation of an
intermediate with mass (m/z=383) and followed by the deamination to form a product with mass (m/z=369).
Further degradation takes place by the attack of hydroxyl radical at azo bond to form a product with mass
(m/z=278) and 2-[(4-aminophenyl) sulfonyl] ethanol with mass (m/z=201), followed by subsequent degradation
using hydroxyl radical to form 4 methyl aniline with mass (m/z=106.19) and further it is degraded to form prop1-
ene (m/z=43.11).

Sonochemical Degradation Pathway of RO 107
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Raman Analysis
Amine NH deformation Vibrations for Amines: Raman spectra of RO 107 recorded after sonicating the
solution alterered slightly results in NH deformation of moderate IR bands and weak Raman bands. Particularly in
the far IR regions ranging from 1320 - 1345 cm-1, a new peak of medium weak intensity at 1320-1342.5 cm-1, and
in the far IR regions ranging from 1280 – 1320 cm-1,a new peak of medium weak intensity subdued at 1290 cm-1

corresponds to  medium  weak C-N bond[35] stretching indicates the presence of amine intermediate species. This
indicates the breaking of azobond and formation of amine intermediates (Fig.6), This is in conformity with our
conclusions in the comparative LC-MS pattern.

C-N 1345-1320 medium weak stretching.

C-N 1320-1280 Medium Strong Stretching.

Fig. 6.Raman Analysis of RO 107

IV. Conclusion
From the results of our study, the 50 % decolourisation of RO 107, in the presence of ultrasound, TiO2

and Rare earths occured in 50 mins. The degradation proceeds through following three steps;
(i).complexation of dye molecule with REs (ii).Migration of RE-Dye complex from the bulk to the
surface of TiO2 and subsequent adsorption and finally (iii).Sonochemical degradation of dye molecule as
a result of ultrasonic cavitation and subsequent formation of free radicals H• and •OH in aqueous
medium leading to the mineralisation of dye. Adsorption followed all the adsorption isotherms well, but
the Langmuir and pseudo second-order kinetic models gave better explanation of the adsorption
processes involved in the decolourisation of sample solution. RE-TiO2 had higher adsorption capacity
(qm) than TiO2 alone, both in the absence and presence of ultrasound. Boyd kinetic model plot confirmed
that the external masss transfer was the slowest step in the adsorption process. LC-MS studies shows that
RO107 dye was only partly degradaed sonolytically through the evolution of Prop-1-ene and the
formation of amines was conformed by Raman analysis.
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