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a b s t r a c t
The photocatalytic degradation of the Acid Orange 10 was carried out in a static reactor used 
for direct photolysis under polychromatic external lighting. Acid Orange 10 (Orange G: OG), 
is used in silk, wool products and dyeing. It is a recalcitrant dye, which resist to oxidation and 
thermal degradation, and persists in the aquatic environment. The photodegradation is one of 
the most studied processes over the last two decades and its large-scale application has grown 
steadily. As we will see below, the entity that absorbs light is a semiconductor characterized by 
a narrow forbidden band. The photodegradation of OG onto TiO2 material has been investi-
gated at batch conditions. The effects of contact time (0–60 min), initial pH (3–11), adsorbent dose 
(0.1–1 g/L), and OG concentration (10–40 mg/L) on the OG oxidation by TiO2 have been studied. 
High light intensity increases the degradation efficiency. The experimental results have shown 
that the photocatalytic efficiency is proportional to the dose of catalyst, which above a thresh-
old value becomes almost constant and depends on the pH. The adsorption is an important step 
controlling the apparent kinetic constant of the photocatalysis. The photodegradation rate was 
favored for high OG concentrations in agreement with the Langmuir–Hinshelwood model with 
constants Kr and Kad are respectively 0.4780  L  mg/min and 0.7823  L/g. The degradation rates 
are pH and temperature dependent with a high degradation at high temperatures. TiO2 has a 
better activity for the OG degradation, compared to many catalysts available in the literature.
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1. Introduction

The discharge of colored effluents is a common phe-
nomenon in industries of textile, leather, plastics, paper, 
food and cosmetics. According to a first estimate, more than 
10,000 different dyes and pigments are used industrially, 
and over 0.7  million tons of synthetic dyes are produced 
annually worldwide [1]. Among the available synthetic spe-
cies, the azo dyes are the largest group used in the textile 

industry with 60%–70% [2]. About 10%–25% of textile dyes 
are lost during dyeing process, and ~ 20% are directly dis-
charged as water effluents in different environmental com-
ponents [3]. Unfortunately, most dyes escape conventional 
wastewater treatment processes and persist in the environ-
ment due to their high stability to light, temperature, water, 
detergents, as well as chemicals and microbial attacks [4]. 
The discharge of dye-containing effluents into the aquatic 
environment is undesirable, not only because of their color, 
but also because their breakdown products are highly 
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toxic [5–7], carcinogenic or mutagenic [8]. Therefore, many 
approaches were used for the dyes removal from effluents 
including adsorption [9–13], coagulation, ozone treatment, 
photo-Fenton, biological discoloration, hypochlorite treat-
ment and advanced oxidation processes (AOPs) [14–19]. 
Generally, we can classify them into three categories: 
chemical, physical and biological methods, each having its 
advantages and disadvantages. For adsorption, the prob-
lem is only displaced and additional treatments are in fact 
necessary to separate the purified effluents or to regener-
ate the adsorbents. By contrast, the photochemical or pho-
tocatalytic processes of degradation have been found to be 
effective for such chemicals [20,21]. In recent years, AOPs 
have been studied for the treatment of textile effluents and 
the processes were based on powerful oxidizing agents 
such as hydroxyl and superoxide (•OH and O2

•–) radicals. 
The most common AOP mechanism involves the use of UV 
light in the presence of H2O2, TiO2, O3 and Fenton’s reagent. 
This technique is one of the processes studied over the past 
20 y and its large-scale application has grown steadily. The 
entity that absorbs the light is a semiconductor character-
ized by a narrow band gap semiconductor, in this respect, 
several photocatalysts have been tested: TiO2, ZnO, CeO2, 
BaTiO3, CdS, ZnS. TiO2 is by far the most studied, because it 
exhibits photochemical stability and photocatalytic activity 
in a wide pH range. It has led to the degradation of dif-
ferent kinds of molecules and in particular dyes. It is used 
either in powder form or in a thin films deposited on dif-
ferent substrates. Dyes are known to cause allergic derma-
titis, skin irritation, cancer and mutation. In this category, 
Acid Orange 10 (OG) is a typical acid azo dye used in the 
food and textile applications and has been detected in the 
discharged wastewater. It is a sulfonated azo molecule, 
used in silk, wool products as well as in the manufacture 
of in-wood ink and organic dye. There are relatively few 

reports on the OG degradation and in the present article, it 
was attempted to determine its degradation by a combined 
process namely TiO2/UV treatment. The degradation was 
studied to elucidate the effect of various operating param-
eters such as pH, initial dye concentration (Co), TiO2 dose 
and intensity/light source, in chamber surface in a batch 
photoreactor. The main objective of this study is to enhance 
the contribution of the heterogeneous photodegradation in 
the water decontamination such as: the effectiveness of the 
method, the economic cost of the study, the quality of the 
TiO2 catalyst compared to others as well as its regeneration 
and finally to provide pilot tests on an industrial scale.

2. Materials and methods

The dye used in the present study is the Acid Orange 10 
(OG), molecular weight C16H10N2Na2O7S2 and 452.38  g/mol 
purchased from Biochem–Chemopharma (purity 99.99%); 
the chemical and physical proprieties of OG are reported 
in Table 1. its UV/Visible spectrum (50 mg/L) at natural pH 
(=5.8) has three bands of variable intensity at 248, 332 and 
476 nm. The pH affects the behavior of OG in basic medium, 
where we observe a change in the color of the solution, turn-
ing from yellow (pH < 11.5) to orange red (pH < 11.5). Under 
these conditions, we noted relatively a significant decrease 
of the most intense band (476 nm). On the other hand, up to 
pH 11.5, we did not observe any change neither on the color 
(yellow) or the bands positions.

The stock solution was prepared by dissolving 1 g of OG 
in 1  L of double-distilled water and kept in the dark. The 
working solutions (10, 20 and 40 mg/L) were prepared daily 
by dilution of the stock solution. All other chemicals used 
were of analytical grade.

The heterogeneous photocatalysis is influenced by 
the pH, catalyst concentration, initial concentration (Co) of 

Table 1
General characteristics of Acid Orange 10 (OG)

Title Properties

Dye name Orange-G
Abbreviation OG 
Generic name Acid Orange 10
Color Index (C.I.) 16,230 5
Appearance Orange to red-orange powder
Chemical formula C16H10N2Na2O7S2

Molecular Weight (g/mol) 452.37
λmax (nm) 490
Toxic fumes Carbon monoxide, carbon dioxide, nitrogen oxides, sulfur oxides

Chemical structure

 



M. Abbas, M. Trari / Desalination and Water Treatment 250 (2022) 288–297290

pollutant, light flux, ions in solution, crystallinity of the cat-
alyst, etc. [22–25]. However, the interaction of these factors 
is not easy to control. The search for optimal conditions for 
removing pollutants is thus relatively complex because it 
depends on several factors.

TiO2 purchased from Ahlstrom firm consists of Titania 
by Millennium inorganic chemicals. Fig. 1 gives the N2 
adsorption–desorption isotherm at 77 K on TiO2; the insert 
shows the average pore size distribution calculated by 
the BJH equation of the desorption part of the isotherm. 
The average pore diameter distribution is ~ 5  nm, in the 
same range as the elementary particles. These pores cor-
respond to interstices between the solid particles since the 
small single-crystal elementary particles are not porous 
on their surface. The characteristics of TiO2 are the fol-
lowing: specific surface area 400 m2/g, pHpzc: 6.5, crystal-
line phase containing 80% anatase and 20% rutile, and 
mean crystallites sizes in the range (5–10  nm). The pH 
determines the surface properties of solids as well as the 
state of the pollutant as a function of its pKa and charac-
terizes the water to be treated. In general, when a com-
pound is partially ionized or carrying charged functions, 
it is necessary to consider the electrostatic interactions 
with TiO2. pH is an important factor in photocatalysis and 
its variation modifies the surface charge of the catalyst, 
the speciation of the reagent and the balance of radicals 
reactions [26]. For all types of catalysts, there is always a 
pH called the zero charge point (pzc) where the surface 
charge is zero and can be determined experimentally. 
It depends on the catalyst and previous works showed 
the speciation of TiO2 (pzc  =  6.5) surface as a function 
of pH [27]. The reactions on the TiO2 surface of are as  
follows:

Ti-OH H Ti-OH pH pHpzc� ��� �
2 	 (A)

Ti-OH HO Ti-O H O pH pH2 pzc� � ��� � 	 (B)

The TiO2 surface is positively charged in acidic solution 
related to the fixation of protons and negatively in basic 
medium (Fig. 2). The surface charge influences the dye 
adsorption and can either promote or inhibit the adsorp-
tion, depending on the pH value. Consequently, when the 
pH of the solution is different from pHpzc, the surface is 
charged and this has a significant effect on the degrada-
tion rates. For neutral species, the degradation is almost 
insensitive to the pH variation. After 30 min. of shaking in 
the dark, to homogenize the suspension and allow rapid 
adsorption equilibrium, the irradiation was set up. Samples 
of 3 mL of suspension were taken as a function of time. The 
aliquots were filtered through cellulose acetate filters with 
a porosity of 0.45 mm. The filters are for single use under 
the following conditions: (Irradiation: 254  nm, lamp type 
used in the experiments: UV-C, P = 30 W and volume of the 
reactor is 1 L). The degradation was studied at three pHs, 
adjusted by addition of HCl (Merck, purity 97%) or NaOH 
(Carlo Erba, purity 98%). All solutions were prepared 
with bi-distilled water.

3. Results and discussion

3.1. Mechanism of photocatalysis

The absorption by the photocatalyst by energetic pho-
tons (hn  >  Eg) results in the formation of electron/hole (e–/
h+) pairs respectively in the conduction band (CB) and 
valence band (VB) which constitute reactive radicals 
(resp. O2

•– and •OH) responsible of the photodegradation 
of organic compounds. Hydroxyl radicals (•OH) are pro-
duced by oxidation of water or adsorbed hydroxide ions, 
depending on pH, on the semiconductor surface, while 
radicals are obtained from superoxide radical SO2

•–, formed 
by reaction of O2 with electrons [28]. The (e–/h+) pairs react 
with the molecules adsorbed on the TiO2 surface. The 
photoelectrons can reduce an electron acceptor (oxidant) 
and the holes can oxidize an electron donor (reducer)  
(Fig. 3).

 
Fig. 1. The N2 adsorption/desorption isotherms and pore size distribution curves of TiO2.
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TiO h e hBC BV2 � � �� �� 	 (C)

The singlet oxygen and the superoxide ions play a 
secondary role in photocatalysis in the case of a highly 
hydrated or hydroxylated TiO2 surface, trapping of h+ 

gives surface-linked radicals HO•.

OH h HO� � �� � 	 (D)

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

TiO h h eBV BC2 � � �� �� 	 (E)

O e Oads BC2 2� �� �� 	 (F)

2O H O H O OH O2 22 2 22 2�� �� � � � 	 (G)

O e H H OBC 22 22 2� � �� � 	 (H)

2H O e OH OHads BC2 2 � � �� � � 	 (I)

H O h OH Hads BV2 � � �� � � 	 (J)

� � �� �OH h OHads BV 	 (K)

Pollutant OH O h by-products

CO H O Mineral salts2

� � � �
� � �

� �� �, ,2

2 	 (L)

The degradation occurs mainly by •OH, one of the most 
powerful oxidant (2.3 VSHE), generated by hole valence band 
process of TiO2 (below), which react with the dye with 
a kinetic controlled by diffusion.

The heterogeneous photocatalysis is a complex process 
that is the subject of much research. As with any process 
including heterogeneous reactions, the photo-electrochemi-
cal process can be divided into five steps [29–31]:

•	 The transfer of reactive molecules dispersed in the fluid 
to the surface of the catalyst

 
Fig. 2. Predominance charges in the photocatalyst TiO2.

 
Fig. 3. Principle of photocatalysis.
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•	 The adsorption of the reactive molecules on the TiO2 
surface of the catalyst

•	 Reaction on the surface of the adsorbed phase
•	 Desorption of the reaction products
•	 Removal of the reaction products from the interface 

solution/catalyst.

3.2. Photocatalysis of the Acid Orange 10

The photolysis of OG at 254  nm was carried out in 
aqueous medium with an initial concentration (Co) equal 
to 50  mg/L in a static reactor. The pH initially measured 
is 5.8. The results obtained show that the compound is 
not photolysable at 254  nm. Thus, after 300  min of irra-
diation, the percentage of discoloration is only 5.3% but 
reached in the presence of TiO2/UV an abatement of 95%. 
We also note that the OG solution has not undergone any 
change during these 300 min of direct photolysis (Fig. 4). 
The Mott–Schottky characteristic of TiO2 indicates n-type 
comportment, due to oxygen vacancies, with a conduc-
tion band made up of Ti4+: 3d orbital (–0.75  VSHE), more 
cathodic than the O2/O2

•– level, yielding O2
•– formation. 

Concomitantly, the valence band derived from O2–: 2p char-
acter (2.45  VSHE) is more anodic the •OH/H2O level, thus 
yielding the formation of the radical •OH. The latter is 
mainly responsible of the OG oxidation [32]

4. Influence of analytical parameters

4.1. Effect of initial OG concentration

The experiments of OG discoloration by energetic pho-
tons (UV; 254 nm), that is, the photolysis was carried out at 
different concentrations Co in the range (10–40 mg/L). The 
optical density measurement was carried out at 476  nm, 
corresponding to the entity (–N=N–). The results obtained 
under these conditions allowed us to conclude that OG 
becomes photolysable when the dose in the substrate 
decreases (Fig. 5). In a restricted area of OG concentrations, 

the reaction rate is proportional to the concentration Co, 
which follows a first order kinetic model. This is in agree-
ment with the Langmuir–Hinshelwood (L-H) model if the 
solution is sufficiently diluted and/or the adsorption of 
the organic compound is weak. In this model, the deter-
mining step corresponds to the reaction of an adsorbed 
molecule with a reactive specie like •OH radical or photo 
hole (h+) where a saturation is observed. Fig. 5 illustrates 
the results for different OG concentrations Co between 
10 and 40 mg/L in the presence of TiO2 (1 g/L) at free pH. 
The pace remains broadly unchanged from one concentra-
tion to another and we observe an exponential decay with 
a first order kinetic in all cases. As expected, the curves 
clearly show that the discoloration of the solution takes 
a longer time as long as the initial OG concentration is 
high. This observation results in a continuous decrease of 
the rate constant k (Table 2). Previous studies showed that 
the pollutant degradation by heterogeneous photocatal-
ysis obeys rather the L-H model, where the degradation 
rate is proportional to the fraction of the catalyst surface 
covered by the substrate molecules and is given by [33]:

v dC
dt

K K C
K C

r�
�

�
� �
� �1

	 (1)

For low concentrations (C < 10–3 M), the term KC is negli-
gible in front of 1. Therefore, the reaction follows a pseudo- 
first-order kinetic:

v dC
dt

K K C K Cr�
�

� � � � �app 	 (2)

The integration of equation gives:

ln app

C
C

K to � � 	 (3)

 
Fig. 4. Direct photolysis of the Acid Orange 10 (OG) (OG: 50 mg/L, λirr = 254 nm, t = 300 min).
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The initial rate (vo) is expressed by the relation:

v
K K C
K C

K Co
r

o�
� �
� �

� �
1 app 	 (4)

where vo is the initial photodegradation rate (mg/L  min), 
C the pollutant concentration at time t (mg/L), Kr the adsorp-
tion equilibrium constant (mg/L  min), K the L-H kinetic 
constant (L/mg) and Kapp (=Kr·K) the apparent rate constant 
(min–1) which is dependent on Co. The plot ln(Co/C) vs. t 
for different OG concentrations (Co) and various catalyst 
amounts are illustrated in Fig. 6. The photocatalytic degra-
dation follows perfectly the pseudo-first-order kinetic for in 
the Co range (10–40 mg/L), the constants Kapp (Table 2) indi-
cate that the discoloration rate increases with raising Co, in 
agreement with the L-H adsorption model. A linear expres-
sion is occasionally obtained by plotting Kapp

–1 against Co:

1 1 1 1
v K C K Ko r o r

� � �
�

	 (5)

4.2. Effect of mass of catalyst

The increase in the catalyst amount in suspension (Fig. 7) 
is synonymous with the augmentation of the illuminated 
surface, leading to a greater number of active sites and in 
this way to a large number of (e–/h+) pairs. Therefore and 

as expected, a greater quantity of •OH with a better effi-
ciency were obtained. However, beyond a threshold mass, 
which corresponds to the complete absorption of photons 
coming from the light source, a plateau region is reached 
which corresponds to a saturation of photo-electrochemical 
sites. This limit is function of the engineering and depends 
on the geometry of the reactor and the working condi-
tions. It is therefore necessary to determine the optimum 
value for which the quantity of catalyst is minimal and the 
reaction rate is the greatest. Let’s recall that, for higher cat-
alyst doses, the reaction rate will even decrease due to the 
screen effect and possible agglomeration of the particles; 
the light scattering also accounts for the decline in the pho-
toactivity. The plot ln(Co/C) vs. t for different OG concen-
trations (Co) and various catalyst amounts are illustrated 
in Fig. 8. The plot of (1/vo) against (1/Co) for OG and TiO2 
gives linear relationship (Fig. 9). From the slope (1/Kr) and 
the intercept (1/Kr·K), the constants KC and K for the photo-
catalytic degradation of OG and are deduced (Table 3).

4.3. Influence of light intensity

Our experimental device consists of an irradiation 
enclosure that can adapt one, two or three lamps as exter-
nal light sources. This characteristic was used to examine 
the effect of the intensity of the incident photon flux (Io) on 
the OG discoloration (5  mg/L). For this, we irradiated the 
OG dye by varying the power of the lamp. As expected, the 

 
Fig. 5. Influence of the concentration of Acid Orange 10 on the kinetics of degradation (OG: 10–40 mg/L, λirr = 254 nm, t = 300 min, 
TiO2: 1 g/L).

Table 2
Determination of the degradation constants at different concentrations of Acid Orange 10 (OG)

Co(MO) (mg/L) Kapp (min) R2 Vo (min g/L) Co(TiO2)
 (g/L) Kapp (min) Vo (min g/L) R2

10 0.04237 0.9950 0.4237 0.1 0.0476 0.00476 0.9876
20 0.02248 0.9996 0.4496 0.5 0.00297 0.00297 0.9970
30 0.01154 0.9648 0.0.4617 1.0 0.000729 0.000729 0.9985
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curves (Fig. 10) indicate that the percentage of elimination 
increases as the flux intensity increases. This result was pre-
dictable because of the higher number of incident photons 
and therefore a faster degradation of the dye OG.

4.4. Influence of pH

The influence of pH on the kinetic of OG degrada-
tion by heterogeneous photocatalysis has been studied 
at three pH (3, 7 and 10) adjusted by addition of HCl or 
NaOH (0.1M). The irradiation was carried out on solutions 

with a OG concentration of 50  mg/L in presence of TiO2 
(1 g/L). The evolution of the initial degradation rates as a 
function of the pH (Fig. 11) indicates that the latter plays 
an important role in the kinetics of photodegradation. The 
pH effect is directly linked to the electrical state of the 
catalyst surface and the OG adsorption; its pzc is equal 
to 6.5. Indeed, in basic medium and knowing that the 
surface charge of TiO2 is negative, OG with two sulfonic 
groups, is easily ionized and therefore becomes a solu-
ble anion. There is therefore an attraction toward the OG 
which is thus far from the negative surface of TiO2. The 

 
Fig. 6. Modeling of degradation kinetics according to the Langmuir–Hinshelwood model (L-H) (OG: 10–40 mg/L, λirr  =  254  nm, 
t = 300 min, TiO2: 1 g/L).

 
Fig. 7. Influence of the TiO2 dose on the degradation kinetics. (OG: 50 mg/L; λirr = 254 nm, t = 300 min, TiO2: 0.1–1 g/L).
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existence of these attraction forces also leads to an increase 
in the photodegradation kinetic of this substrate at basic 
pH where we observe an enhance photoactivity.

5. Conclusion

The photocatalytic degradation of the Acid Orange 10 
(OG) was carried out in a static reactor under polychro-
matic external lighting. This study has shown that TiO2 can 
be employed as effective photocatalyst for the Acid Orange 
10 removal, the adsorption equilibrium time was reached 
within 35  min. TiO2 has a chemical stability over a wide 

pH range and photoactivity towards various molecules, 
including dyes.

The elimination of solution of Acid Orange 10 (OG), 
an organic compound used in the textile industry, was car-
ried out by adsorption/photo catalytic degradation. The 
advanced oxidation process involves the active species gen-
erated upon irradiation namely the radicals •OH and O2

•–.
These specie induce highly oxidizing properties exploited 
for the destruction of the dye. Qualitative analysis performed 
immediately after the discharge revealed the presence in 
solution of mineral ions derived from the degradation of the 
parent molecule.

 
Fig. 8. Modeling of the degradation kinetics according to the Langmuir–Hinshelwood model (L-H) for the different doses of TiO2 
(TiO2: 0.1–1 g/L, λirr = 254 nm, t = 300 min, OG: 50 mg/L).

 

Fig. 9. Determination of photocatalytic constants. (a) (TiO2: 0.1–1 g/L, λirr = 254 nm, t = 300 min, OG: 50 mg/L) and (b) (OG: 10–40 g/L, 
λirr = 254 nm, t = 300 min, TiO2: 1 g/L).
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The photo degradation kinetic was affected by the ini-
tial OG concentration, in agreement with the Langmuir–
Hinshelwood model. The parameters influencing the dye 
degradation are the pH, irradiation flux and catalyst dose. 
A better yield was obtained under optimal conditions (pH: 3, 
TiO2 dose: 1 g/L, low concentration, and high light flux).

TiO2-based heterogeneous photocatalysis, used for water 
treatment, due to its advantages such as low cost, non-tox-
icity and efficiency under UV light. It promotes the photo-
degradation of a wide range of indoor pollutants at room 
temperature where the use of additives is not necessary.
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Fig. 10. Influence of the irradiation intensity on the degradation kinetics (OG: 5 mg/L; λirr = 254 nm, t = 300 min).

Table 3
Adsorption and photocatalytic coefficients

Constants Orange-G TiO2

Kr (L mg/min) 0.4780 0.0125
Kad (L/g) 0.7823 0.6196

 
Fig. 11. Influence of pH on degradation kinetics (OG: 50 mg/L; λirr = 254 nm, t = 300 min, TiO2: 1 g/L).
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