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a b s t r a c t
The photo degradation of methyl orange (MO) in water onto TiO2 under UV irradiation is investi-
gated. The parameters (MO concentration, catalyst dose, time, flux intensity and pH) influencing the 
degradation kinetics are studied. The equilibrium adsorption time of MO in the presence of TiO2 is 
reached after 50 min of contact. Addition of H2O2 and NaCl at concentrations ranging from 100 to 
500 ppm shows that the percentage of the photo degradation decreases with increasing the H2O2 
concentration. The best results are obtained for a concentration of 100 mg/L, while NaCl has a neg-
ative effect on the MO photo degradation. The photocatalytic degradation rate was favored at high 
MO concentrations in agreement with the Langmuir–Hinshelwood (L-H) model. The constants kr 
and K for the MO photo degradation are found to be 0.048 mg L/min and 16.246 L/mg, respectively.
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1. Introduction

Photo catalysts have received enormous attention as 
effective and sustainable materials for the removal of inor-
ganic, organic (dyes, pesticides) and carcinogenic pollutants 
from water, which causes hazardous effects on the human 
health and environment and must be converted into harm-
less species as CO2, H2O, etc. [1]. These nano structured 
materials have excellent physical and chemical properties 
making them suitable for applications in nano devices [2]. 
TiO2, In2O3, NiO, SnO2 and ZnO are among the most pop-
ular semiconductors, which attracted a great attention due 
to their chemical stability, low toxicity and especially their 
high photo degradation ability [2]. When a photocatalyst 
is exposed to UV/visible light, electrons (e−) gain energy 

and get transferred to the conduction band leaving CB a 
hole (h+) in the valence band thus VB producing (e− – h+) 
pairs (excitons). TiO2 is a vital nanomaterial, which has 
attracted an impressive consideration due to its new prop-
erties. TiO2 has great merits in the solar conversion and 
photocatalysis of toxic substances in the environmental 
conditions. The inactivity of the preparation and the non-
toxic quality of TiO2 also made it a predominant photocat-
alyst [3–5]. It has a large band gap (Eg ~ 3.2 eV) and only 
a small part of sunlight can be absorbed [6]. However, the 
wide gap permits to generate reactive radicals •OH and O2

•– 
responsible for the mineralization of the organic pollutants.

Water pollution due to the release of various toxic chem-
icals from industrialization and urbanization is a global 
problem and a serious threat for the air, soil and water [7]. 
Among the various notorious toxic chemicals, dyes, organics 
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and pharmaceuticals are very concerned. However, indus-
trial effluents released from the textile, paint, paper, var-
nish, pulp, cosmetics, tannery and plastic are among the 
main causes of the water pollution, as these runoffs com-
prise highly colored substances. Their discharge into the 
hydrosphere is one of the main sources of pollution due to 
their reduced visibility even at low concentrations. This is 
due to their recalcitrant nature, giving undesirable color to 
the water, reducing sunlight penetration and resistance to 
both photochemical and biological attacks; their degrada-
tion products are toxic or even mutagenic and carcinogenic. 
There are many studies carried out on the techniques for 
the removal of dyes including adsorption [8–12], photo-
chemical and biological degradations, coagulation, chemical 
oxidation, reverse osmosis, flotation and adsorption. The 
azo dyes (anionic) with the existence of nitrogen–nitrogen 
double bonds are considered to be the largest and most ver-
satile class of organic dyes [13]. Therefore, their degradation 
is difficult due to their complicated aromatic and meso-
meric structures and poor biodegradability. Methyl orange 
(MO) is a typical water-soluble anionic azo dye whose 
IUPAC name is sodium 4-[[4-(dimethyl amino) phenyl] dia-
zenyl] benzene sulfonate. MO is commonly present in the 
effluents from textile, food, pharmaceutical, printing and 
paper manufacturing industries [14]. Due to its toxicity and 
persistence, its discharge can cause a serious threat to the 
aquatic life. Therefore, it is necessary to find suitable tech-
nologies for its elimination from the environment. Therefore, 
the main objective of the present work is to investigate the 
potential of TiO2 as photocatalyst for the MO degradation 
from aqueous solutions. The effects of the pH, initial MO 
concentration, contact time, and TiO2 dosage that influence 
the degradation processes of MO onto TiO2 are evaluated.

2. Materials and methods

2.1. Materials

Methyl orange (MO) was supplied by Sigma Chemicals 
company (Tunisia), and used as adsorbate in the adsorption 
and photocatalytic tests. Its chemical structure is shown in 
Fig. 1 and the physical and chemical properties are sum-
marized in Table 1. The MO concentrations were analyzed 
with a UV-vis spectrophotometer at the maximum wave-
length (lmax = 464 nm). The studied parameters for the opti-
mization are TiO2 dosage (0.5–1.5 g/L), pH (2.5–10), MO 
concentration (10–30 mg/L) and contact time (0–250 min), 
while the temperature was maintained constant at 25°C. The 
photo-reactor consists of a Pyrex beaker (capacity 250 mL), 
placed in a bath thermostatically controlled at 25°C. Non-
plunging UV radiation comes from a 130 W mercury vapor 
bulb, placed in a stainless steel cooling tube; the suspension 
was agitated by a magnetic stirrer. Dissolved oxygen was 
transferred from the air through the surface of the reac-
tor. The photo degradation experiments were performed 
in a temperature-controlled water bath shaker at 200 rpm. 
The supernatant was titrated using a UV-vis spectropho-
tometer at 464 nm for the determination of the residual 
MO concentration. The photocatalyst used in this study 
was a commercial TiO2 purchased from Ahlstrom firm, 
which consists of PC500 Titania by Millennium Inorganic 

Chemicals (Chemical Plant in Chaignes, 12 Chemin Du Val 
Du Puits, 27120 Chaignes, France) (anatase > 99%), a spe-
cific surface area (350–400 m2/g) and a mean crystallite size 
(5–10 nm). The pH of the solution greatly affects the sur-
face charge of TiO2 and the size of the aggregates; the pH 
for which the surface charge of the oxide is zero (point of 
zero charge: pHPZC) is around 6.5. Before and after this pH, 
the surface of the oxide is charged positively and negatively:

TiOH2
+   →    TiOH + H+    pH < 6.5 (A)

TiOH    →   TiO– + H+    pH > 6.5 (B)

Under these conditions, the photocatalytic degrada-
tion of ionized organic compounds will be affected by the 
pH resulting in repulsive interactions between the ionized 
pollutant and the surface charge of the photocatalyst, thus 
reducing the probability of encountering the photocatalyst.

2.2. Spectrophotometric characteristics of methyl orange 

Fig. 2 shows the UV-visible adsorption spectrum of 
MO in aqueous solution; we can determine the maximum 
wavelength to perform the assay, that is, the wavelength 
for which the dye MO has a maximum absorption (l = 465 
nm). The synthesis reaction of MO can be broken down 
schematically into two main stages:

A first step in which the primary amine is trans-
formed into a diazonium ion by the action of nitrous acid. 
The latter being particularly unstable and sodium nitrite 
(Na+, NO2

–) is in fact used in acid medium:

Table 1
Physicochemical properties of methyl orange

Property Value

Chemical formula C14H14N3NaO3S
Molar mass 327.33 g/mol
Solubility in water 5.20 g/L at 20°C
pKa 3.39
Abbreviation MO
C.I. Acid orange 52

Orange III
No CE p-Dimethylamino-azobenzene sulfonic acid

208–925–3
The free ph of 
methyl orange is

6.5 

Fig. 1. Structure of Methyl Orange.
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O=N–OH + N–RH2 + H+ →  R–N+ ≡ N + 2 H2O (C)

The second step leads the substituted diazonium cation 
to react with a benzene derivative by aromatic electrophilic 
substitution:

R–N+ ≡ N + H–R’ →  R–N=N–R’ + H+ (D)

In our case, we choose R = HO3S–Ph and R’ = Ph–N 
(CH3)2 to form helianthine.

2.3. Adsorption equilibrium study

The pollutant adsorption on the surface of the cata-
lyst is the initial step and essential for the photocatalysis, 
where the heterogeneous process requires contact between 
the molecule MO and the catalyst. Therefore, the inter-
action between the solid photocatalyst and the organic 
molecule in the aqueous phase plays an important role 
in the mechanism of the photocatalytic degradation. Fig. 
3 shows that after 50 min, the concentration is almost 
stabilized (24 mg/L) inside the reactor. To ensure that 
the equilibrium state is effectively reached, the solution 
is left in contact with the catalyst in the dark for 70 min. 
The kinetic laws in such reactions seldom follow proper 
models and hence are inherently more difficult to formu-
late from the data. It has been widely accepted that the 
heterogeneous catalytic reactions can be analyzed with 
the help of the Langmuir Hinshelwood (L-H) Model [15], 
with the following assumptions being satisfied:

• There is limited number of adsorption sites on the homo-
geneous catalyst surface. Only one molecule can be 
adsorbed on one site and a monolayer formation occurs.

• The absorption reaction is reversible in nature. 
• The adsorbed molecules do not react with each 

other [16]. 

According to L-H Model, following steps take place in 
the kinetics mechanism [17] (adsorption of dye onto the 
catalyst surface): surface reaction, desorption of products 
from the surface.

3. Results and discussion

3.1. Influence of the parameters on the degradation 
of Methyl orange

3.1.1. Effect of initial MO concentration

Fig. 4 shows clearly that the MO degradation is faster 
for the low concentrations, below 10 mg/L up to 20 mg/L; 
beyond this concentration, the degradation kinetics is 
greatly reduced. The latter has been generally interpreted 
in terms of the increasing screen effect of the pollutant 
making the photons unavailable for TiO2 or by a strong 
adsorption of the dye which then covers a large part of the 
active sites and reduces the rate of formation of hydroxide 
radicals.

The photo degradation can occur by one or more 
active species whose overall mechanism on TiO2 is as follows:

TiO2 + hν → h+
BV + e–

BC (CB: Conduction band) (E)

O2ads + e–
BC → O2

•– (F)

2O2
•– + 2H2O → H2O2 + 2OH– + O2 (G)

O2ads + e–
BC + H+ → H2O2 (H)

2H2O2ads + e–
BC → OH– + •OH (I)

H2Oads + h+
BV → •OH + H+ (VB: Valence band) (J)

•OHads + h+
BV → •OH (K)

Pollutant + (•OH, O2
•–, h+) → by-products →  

 CO2 + H2O + mineral salts (L)

The efficiency of the photocatalytic reaction generally 
decreases with increasing the initial concentration C0. High 
concentrations C0 lead to an increasing number of MO 
molecules adsorbed on the surface, thus reducing pene-
tration of photons; which decreases the photo degradation 

Fig. 2. Visible adsorption spectrum of methyl orange in 
aqueous solution.

Fig. 3. Determination of the Methyl orange adsorption 
equilibrium time.
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efficiency (Table 2). According to numerous works [18,19], 
the photocatalytic degradation rate of most organic com-
pounds is described by the pseudo-first-order kinetics. The 
pollutant degradation by heterogeneous photocatalysis 
follows rather the L-H model [20,21], where the oxidation 
rate is proportional to the fraction of the catalyst surface cov-
ered by the MO molecules; the L-H model is given by the 
following equation:

r dC
dt

k K C
K C

r=
−

=
⋅ ⋅
− ⋅1  (1)

For low concentrations (C < 10–3 M), the term K·C is 
negligible in front of 1. Therefore, the reaction follows 
pseudo- first-order kinetics [22] and Eq. (1) becomes:

r dC
dt

k K C K Cr=
−

= ⋅ ⋅ = ⋅app  (2)

whose integration of Eq. (2) gives: 

ln app

C
C

K t0 = ⋅  (3)

The initial rate (r0) is given by: 

r
k K C
K C

K Cr
0 01
=

⋅ ⋅
+ ⋅

= ⋅app  (4)

The half-life time (t1/2) is calculated from the following 
equation:

t
K1 2

2
/

ln
=

app

 (5)

where r: photo degradation rate (mg/L min); r0: initial photo 
degradation rate (mg/L min); C: the MO concentration at 

time t (mg/L); kr: constant of the adsorption equilibrium 
(mg/L min); K: kinetic constant of L-H (L/mg); Kapp = kr·K 
apparent rate constant (min–1), that is affected by the 
concentration C0.

The plot ln(C0/C) vs. t for different MO concentra-
tions C0 and various catalyst amounts are illustrated in 
Fig. 4b. The photocatalytic degradation follows perfectly 
the pseudo-first-order kinetic for the concentrations C0 of 
10 and 30 mg/L, the constants Kapp and catalyst amounts 
are reported in Table 2. The Fig. 4b indicates that the dis-
coloration rate increases with increasing C0, which corre-
sponds to L-H adsorption model. A linear expression can 
be occasionally obtained from Eq. (5) by plotting 1/Kapp 
against C0 according to relationship (Eq. (6)) [23]:

1 1 1
0K k
C

k Kr rapp

= ⋅ +
⋅

 (6)

The constants kr (0.048 mg L/min) and K (6.246 L/mg) 
for the MO photocatalytic degradation are determined from 
the slope (1/Kapp) and the intercept (1/kr·K).

3.1.2. Effect of the dose of the TiO2 catalyst

The effect of the quantity of TiO2 on the MO photo 
degradation was carried out for an initial concentration 

Fig. 4. (a) Methyl orange kinetics of degradation at different initial concentrations in the presence of TiO2 (1 g/L). (b) Modeling 
of the degradation kinetics of methyl orange according to the Langmuir–Hinshelwood model.

Table 2
Degradation efficiencies obtained for the different concentra-
tions

C (mg/L) 10 20 30
Kapp (min–1) 0.0156 0.0078 0.0016
R2 0.884 0.977 0.997
R (%) at t1/2 74 53 23
Vo (mg/L min) 0.154 0.156 0.048
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of 15 mg/L and TiO2 dose ranging from 0.5 and 1.5 g/L. 
The degradation kinetics is rapid with the increase in the 
dose up to 1 g/L, above which only a little improvement 
is noted (Fig. 5). This threshold is attributed to the total 
absorption of photons by TiO2 particles, which are closest 
to the light source, the increase in the dose from 1 to 2 g/L 
accompanied by an increase in the number of adsorption 
sites, and in this way an augmentation of the degradation 
rate of MO. The absorption rate progresses slightly with 
the TiO2 dose; this can be explained on the one hand by 
the decreased pH of the medium when the TiO2 amount 
is increased. This, therefore, modifies the state of the TiO2 
surface and alters significantly the adsorption process. On 
the other hand, increasing the TiO2 dose favors the aggre-
gation of particles, which reduces the number of active 
sites. According to Parida et al. [24], the optimal dose of 
TiO2 is 1 g/L for MO concentration of 150 mg/L and an irra-
diation time of 4 h, the constants of the kinetic model for 
the different doses of the catalyst are grouped in Table 3.

3.1.3. Effect of pH on the degradation of the MO dye 

The pH effect on the photocatalytic elimination of MO 
(15 mg/L) by TiO2 (1 g/L) was examined in three pH media: 
2.5, 6.5 and 10 (Fig. 6). The obtained results show that at 
pH 2.5, the degradation of MO is faster; this result can be 
explained by the attraction forces between the dye and the 
surface charge of TiO2, which increases the probability of 
encountering with the photocatalyst. Conversely, at basic 
pH, a drop in the photoactivity is observed due to repul-
sive interactions between the MO species and the surface 
charge, thus reducing the probability of encountering the 
photocatalyst.

3.2. Influence of the addition of NaCl and H2O2 on 
the degradation of MO

Fig. 7 shows that the presence of NaCl inhibits the 
kinetics of the MO photo degradation. The inhibitory effect 
increases slightly with augmenting the NaCl concentration. 

This may be due to the adsorption on the active sites of 
the photocatalyst and/or to its competition with the dye 
to react with the radicals generated, Cl– ions can also trap 
the radical oxidative species.

Ox• + Cl →  Cl• + Ox– (M)

By contrast, the addition of H2O2 accelerates the MO 
degradation, and this can be explained by good sensor 
of electrons of H2O2, which allow it to react with the elec-
trons through a conduction band process according to the 
following reaction:

H2O2 + e–
BC →  OH – + •OH (N)

However, for large H2O2 concentrations, the following 
reaction occurs:

H2O2 + •OH →  H2O + HO2
• (O)

Such reaction exerts a negative effect on the kinetics of 
the photo degradation. Indeed, this reaction consumes the 
hydroxyl radicals (•OH) normally intended for the MO photo 
degradation.

3.3. Influence of light flux

Experiments have shown that above a threshold pho-
ton flux, the reaction rate decreases the reaction order 
from 1 to 0.5. Such decrease may be associated with the 

Fig. 5. Methyl orange degradation kinetics for different TiO2 concentrations.

Table 3
Determination of degradation coefficients at different TiO2 doses

Dose g/L 0.5 1.0 2.0
R (%) (t = 60 min) 23 48 59
R (%) (t = 200 min) 70 74 98
R2 0.978 0.999 0.993
Kapp (min–1) 0.006 0.015 0.024
Vo (g/L min) 0.003 0.015 0.036
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formation of an excess of photogenerated species (e–, h+ 
and •OH). On the other hand, for too large light fluxes, 
we even obtain a zero-order kinetics, indicating that the 
photocatalytic reaction is no longer dependent on the inci-
dent radiation, but mainly on the mass transfer.

4. Conclusion

TiO2 was used as photocatalyst for the detoxification 
of water containing methyl orange as a model pollutant. 
The MO degradation is not directly related to the solar 
radiation intensity and curiously, high degradation rate 
needs a limited number of photon.

In order to carry out the photo degradation tests of 
methyl orange in the presence of TiO2, first we carried out 
adsorption tests to determine the equilibrium time which 
was is 50 min.

The effect of some physical parameters on the kinetics 
of MO degradation has been studied; the results showed 
that TiO2 dose of 0.5 g/L, pH: 2.5, a time of 180 min and 

MO concentration of 10 ppm gave a better performance, 
the experimental results obey the L-H model.

The addition of NaCl has no effect on the kinetics 
while the addition of H2O2 increases the degradation yield. 
The results indicated that the TiO2 catalyst has a better 
performance for the water pollution control.

The photocatalysis is an effective method for the dye 
degradation, on the system TiO2/UV. It is focused on the 
generation of (e−/h+) pairs; both the charge carriers migrate 
to the catalyst surface in the presence of the adsorbed azo 
dyes, where the redox reactions take place. The oxidizing 
radicals attack the azo dye and convert them partially into 
CO2, H2O and inorganic molecules. 
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