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Abstract
Textile effluents containing synthetic dyes are one of the most important sources of water pollution. Several dyes are toxic to 
the aquatic life and indirectly to humans, and therefore should be treated before rejection to natural water streams. As con-
ventional wastewater treatment systems remain inefficient for treatment of these recalcitrant pollutants, the use of advanced 
oxidation processed is required. The degradation of the Orange G dye was studied using the photo-Fenton process. Results 
showed that the use of experimental kinetics rate constants to optimize the ratio R = [H2O2]/[Fe3+] constitutes a suitable way 
to minimize the occurrence of side reactions. An optimal molar ratio R of 13.8 was found allowing complete degradation of 
Orange G in 4 min and 93.41% total organic carbon (TOC) removal in 180 min. Based on detected intermediates and end-
products, a plausible degradation mechanism of Orange G dye is proposed. Therefore, we demonstrated that the photo-Fenton 
process can be applied efficiently to the removal of toxic/persistent organic pollutants such as synthetic dyes from water.
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Introduction

Anthraquinonic, azo and heterocyclic dyes are those mostly 
used in various industries and found in natural water bod-
ies. Particularly, azo dyes represent 60–70% of the usual 
textile dyes industries (Alinsafi et al. 2007). This sector con-
sumes more than 70% of annual production, estimated about 
7.0 × 105 tons (Shanker et al. 2017) and around 2.8 × 105 tons 
are discharged into the environment through textile effluents 
(Eren 2012). Orange G is an acid azo dye, used as color 
marker, pH indicator, to stain keratin and also widely used 
in food, textile (Divya et al. 2009) and tannery industries. 
Orange G is reported to show some chromosomal damage 
and clastogenic activity as special toxic effects (Verma and 
Kumar 2018). Textile industry is highly polluting due to 
the high dyes concentrations used in dyeing process and the 

toxic nature constituting an environment risk factor (Brillas 
and Martinez-Huitle 2015). The release of colored waste-
waters into the ecosystem is a source of aesthetic pollution 
and also causing perturbation to aquatic life (Akpan and 
Hameed 2009; Nidheesh et al. 2018; Shukla and Oturan 
2015). Moreover, dyes molecules are mostly toxic, carci-
nogenic, mutagenic or allergenic (Srivastava et al. 2004; 
Turhan et al. 2012; Chukowry et al. 2017). Dye effluents 
are generally refractory to bioremediation and conventional 
treatment techniques (Brillas and Martinez-Huitle 2015). 
Their removal from wastewater requires the use of more 
effective processes such as advanced oxidation processes 
(AOPs) based on the generation of highly reactive and 
strongly oxidant species like hydroxyl radicals (·OH), able 
to oxidize any of organic molecules until almost complete 
mineralization (Oturan and Aaron 2014; Saeed et al. 2018). 
Among these processes, the photochemical AOPs have the 
advantage to be non-toxic, speedy and effective (Litter and 
Quici 2010) in which the in situ produced ·OH reacts non-
selectively with organic pollutants either by hydrogen atom 
abstraction, electrophilic addition, electrons transfer or ipso-
substitution (Mousset et al. 2018; Pignatello et al. 2006). 
Therefore, photochemical-assisted Fenton reaction was 
effective for contaminant’s oxidation from aqueous solution 
at optimal pH of around 3. At this pH value, the predominant 
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ferric iron species is Fe(OH)2+ which absorbs strongly UV 
light. Thus, the photoreduction of this species leads to the 
formation of  Fe2+ with the formation of ·OH (reaction 1). 
 Fe2+ reacts with  H2O2 to generate ·OH according to Fenton 
reaction (reaction 2). Fenton reaction is then catalyzed by 
reduction of the photocatalyst  Fe3+ (reaction 1). The photol-
ysis of  H2O2 (reaction 3) constitutes a supplementary source 
for generation of ·OH. However, the contribution of pho-
tolysis of  H2O2 (reaction 3) is lesser compared to reactions 
(1) and (2) because the low absorption coefficient of  H2O2.

Consequently, in addition to the solution pH (optimal at 
around 3, the concentration of  H2O2 and ferric iron (as cata-
lyst) as well as the irradiation light (λ = 240–300 nm) con-
stitute main parameters in photo-Fenton process (Bouafia-
Chergui et al. 2010; Khandelwal and Ameta 2013).

Several studies based on the Fenton-related processes 
have been successfully achieved for the treatment of chemi-
cal dyes in wastewater (Guivarch et al. 2003; Diagne et al. 
2009; Soon and Hameed 2011; Cai et al. 2016; Tiya-Djowe 
et al. 2016). Despite all these studies, just few ones high-
lighted the fate of degradation by-products or is briefly 
discussed whenever the case. Therefore, this work is pro-
posed as a breakthrough in the well-established degrada-
tion mechanism of Orange G oxidation by ·OH generated 
in photo-Fenton (homogeneous photocatalysis) process. 
Optimal conditions for oxidative degradation of Orange G 
and mineralization of its aqueous solution were established 
following an empirical method based on the determina-
tion of apparent rate constants. In addition, the by-products 
resulting from oxidation of Orange G were identified and a 
plausible degradation mechanism was proposed.

Experimental

Chemicals

Orange G dye,  H2O2 (30%) and  Fe2(SO4)3 were purchased 
from Sigma-Aldrich and were used without any purification. 
All solutions were prepared with ultrapure water with resis-
tivity ≥ 18 mΩ cm. Reagent quality  Na2CO3 (CAS 497-19-8) 
and  NaHCO3 (CAS 144-55-8) were used for preparation of 
mobile phase. Sulfuric acid, ammonium acetate and metha-
nol used for liquid chromatography analyses were HPLC 
grade from Sigma-Aldrich.

(1)Fe(OH)2+ + h� → Fe2+ + ⋅OH

(2)Fe2+ + H2O2 → Fe(OH)2+ + ⋅OH

(3)H2O2 + h� → 2⋅OH

Photoreactor

All experiments were performed in 1.3 L working vol-
ume photoreactor, equipped with a low-mercury vapor 
pressure lamp (Heraeus Noblelight-NNI 40/20) emitting 
at 253.7  nm. A recirculation pump (KNF Neuberger) 
allowed homogenization of reaction medium at a maxi-
mum flow rate of 3 L min−1. The pH of Orange G solu-
tion was adjusted to 2.9 ± 0.1 using a pH-meter Cyberscan 
1500 from Eutech instruments. Required catalyst and  H2O2 
amounts are added to the reaction mixture before connect-
ing UV lamp.

Analytical procedures

Orange G concentration was monitored using a Merck 
Hitachi HPLC device equipped with a pump (LaChrom 
L-7100), a diode array detector (LaChrom L 7455) and 
a Purospher STAR RP-18 column under following con-
ditions: mobile phase 40:60 (v/v) methanol/ammonium 
acetate, flow rate of 0.5 mL min−1, detection at 480 nm 
and column temperature of 40 °C.

For the identification of carboxylic acids, the same 
HPLC device was equipped with a column Supelcogel H 
(id = 4.6 mm × 25 mm), using  H2SO4 (1%) at 0.2 mL min−1 
with detection at 220 nm. Identification of aromatic inter-
mediates was performed by GC–MS using an ISQ sin-
gle-quadrupole mass spectrometer coupled with Trace 
1300 Series gas chromatograph equipped with a Trace 
Gold TG-5MS (30 m × 0.25 mm; 0.25 μm) column. For 
this analysis, experiments were performed using 4 mM 
of Orange G solution. Prior to the analysis, 20 mL sam-
ples of treated solution after t = 2, 4, 6 and 10 min treat-
ment were extracted with 30 mL dichloromethane for two 
times. Then, the extracts were concentrated with 3 mL of 
dichloromethane by rotary evaporator at 40 °C. GC–MS 
temperature program was set as follows: the initial value 
of 40 °C is held for 10 min, afterward it is increased up to 
100 °C with a 12 °C  min−1 rate, then to 200 °C with 5 °C 
 min−1 and finally to 270 °C with a 20 °C  min−1 rate fol-
lowed by an isothermal time of 5 min.

Dionex ionic chromatography system ICS-1000 
equipped with an autonomous suppressor (ASRS-Ultra 
II (anions) and CSRS-Ultra II (cations) was used for the 
detection of ions. An anion-exchange column (IonPac 
AS4ASC, 25 cm × 4 mm) was connected to an IonPac 
AG4A-SC column for anions  (SO4

2− and  NO3
−) analy-

sis, while a cation-exchange column (IonPac CS12A, 
25  cm × 4  mm) fitted with an IonPac CG12A column 
guard was used for  NH4

+ analysis. A mixture of 1.8 mM 
 Na2CO3 and 1.7 mM  NaHCO3 at 2 mL min−1 was used as 
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mobile phase for anions, while a 9 mM  H2SO4 solution at 
1 mL min−1 was used for cations, respectively, as mobile 
phase. Mineralization degree of photo-Fenton treated solu-
tions was monitored from total organic carbon removal 
and was performed with a Shimadzu TOC analyzer VCSH 
with ± 2% accuracy using the non-purgeable organic car-
bon method.

Results and discussion

Optimization of the operating parameters

The removal efficiency of organic contaminants from aqueous 
solution by photo-Fenton process depends on several param-
eters such as the initial pH, light irradiation and wavelength, 
the initial concentration of  H2O2 and  Fe3+ as well as their ratio 
 [H2O2]/[Fe3+] and the initial pollutant concentration. The 

effect and limiting values of these parameters were studied in 
detail in Bouafia-Chergui et al. (2010) and Khandelwal and 
Ameta (2013). In this study,  H2O2 and  Fe3+ concentration and 
their ratio are optimized keeping the others parameters con-
stant. As a main parameter in photo-Fenton process, the con-
centration of  H2O2 plays an important role on photo-Fenton 
process efficiency for degradation of organics pollutants in 
water. Therefore, the effect of different initial concentration of 
 H2O2 on oxidative degradation of 0.1 mM Orange G solution 
was studied in the presence of 0.4 mM  Fe3+ (photocatalyst) at 
pH 3 and results are depicted in Fig. 1. As can be seen from 
Fig. 1a, the increase in  H2O2 initial concentration from 1 to 
6 mM improved dye degradation efficiency due to the higher 
amount of ·OH production from reactions (1)–(3). From the 
kinetic point of view, the decay of Orange G follows pseudo-
first-order reaction kinetics with R2 values above 0.988 in all 
the cases. Therefore, the apparent rate constants (kapp) of 0.39, 
0.53, 0.75, 1.05 and 1.01 min−1 were determined from the 

0 1 2 3 4
0.00

0.02

0.04

0.06

0.08

0.10

Orange G concentration (mM)
A

Time (min)
0 60 120 180

0.0

0.2

0.4

0.6

0.8

1.0

TOC decay (actual/initial)
B

Time (min)

0 1 2 3 4
0.00

0.02

0.04

0.06

0.08

0.10

Orange G concentration (mM)
C

Time (min)
0 60 120 180

0.0

0.2

0.4

0.6

0.8

1.0

TOC decay (actual/initial)
D

Time (min)

Fig. 1  Influence of operating parameters on the degradation and min-
eralization of 0.1 mM Orange G (OG) dye solution: Effect of  H2O2 
initial concentration (filled square: 2  mM, filled red circle: 6  mM, 
filled pointed up blue triangle: 8  mM) on degradation kinetics (a) 
and total organic carbon (TOC) removal efficiency (b) in presence of 
0.4  mM  Fe3+ and effect of initial  Fe3+ concentration (filled square: 

0.2  mM, filled red circle: 0.4  mM, filled pointed up blue triangle: 
0.6 mM) on OG decay (c) and total organic carbon (TOC) removal 
efficiency (d) in the presence of 6  mM  H2O2 at pH 3. The results 
obtained from these figures highlight 6 mM  H2O2 and 0.4 mM  Fe3+ 
initial concentrations as optimal values for effective treatment of 
0.1 mM Orange G solution
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slope of the straight lines for 1, 2, 4, 6 and 8 mM of  H2O2, 
respectively, pointing out the value of 6 mM as optimal initial 
 H2O2 concentration. Further increase in  H2O2 concentration 
decreased degradation efficiency due to the competition of the 
following wasting reaction (4) because the increase in its reac-
tion rate in excess of  H2O2.

Similar effects of  H2O2 concentration were also observed 
on the mineralization of Orange G solution in terms of TOC 
removal rate (Fig. 1b). The maximum mineralization degree 
of 92.2% was attained for 6 mM  H2O2 concentration after 
180 min of treatment. Thus, 6 mM was chosen as the optimal 
 H2O2 concentration value for the following experiments.

The effect of initial  Fe3+ concentration on the photo-Fen-
ton efficiency was then investigated at pH 3 and fixed (6 mM) 
 H2O2 initial concentration, and the results are shown in Fig. 1c, 
d.  Fe3+ behaves as photocatalyst in photo-Fenton process; its 
photocatalytic regeneration [reactions (1) and (2)] allows the 
use of low concentrations avoiding ferric hydroxide sludge 
formation. The results shown in Fig. 1c, d highlight 0.4 mM 
initial  Fe3+ concentration as optimal value for treatment of 
0.1 mM Orange G solution. Therefore, the apparent rate con-
stants (kapp) of 0.36, 0.68, 0.85, 1.05 and 0.93 min−1 for 0.1, 
0.2, 0.3, 0.4 and 0.6 mM  Fe3+ concentration, respectively, were 
determined from kinetic analysis. Hence, the value of 0.4 mM 
was selected as the optimal concentration of  Fe3+. For concen-
trations higher than 0.4 mM, the wasting reaction (5) becomes 
competitive and quenches part of generated ·OH.

The effect of  Fe3+ concentration on TOC removal was 
also evaluated as shown in Fig. 1d. The mineralization rates 
are enough high (> 83%) even for lower  Fe3+ concentrations, 
while the highest value of 92.2% is reached for 0.4 mM  Fe3+ 
initial concentration after 180 min irradiation.

Effect of Fenton’s reagent ratio  [H2O2]/[Fe3+]

In the photo-Fenton process, the ratio R = [H2O2]/[Fe3+] is a 
key parameter for optimization because of the ·OH wasting 
reactions (4) and (5) mentioned above due to their high rate 
constants (k4 = 2.7 × 107  M−1  s−1 and k5 = 3.0 × 108  M−1  s−1 
(De Laat and Gallard 1999). To minimize their occurrence, a 
suitable ratio R was established using the apparent rate con-
stants. Figure 2 points out that the relationship between kapp 
and R is a straight line (Eq. 6) as a function of  [H2O2] for a 
fixed  [Fe3+] = 0.4 mM.

 

(4)H2O2 +
⋅OH → HO⋅

2
+ H2O

(5)Fe2+ + ⋅OH → Fe3+ + HO−

(6)kapp = 0.055
([

H2O2

]

∕
[

Fe3+
])

+ 0.224

The variation of R for different  [Fe3+] at  [H2O2] = 6 mM 
is also a straight line (Eq. 7).

At the optimal R value, the straight lines from Eqs. (6) 
and (7) are equal and correspond to the intercept of the two 
straight lines of Fig. 2. At this point, the scavenging rates 
of ·OH by  H2O2 and/or  Fe2+ overdosed are at the lower 
limit and equal, corresponding to analytical derived R ratio 
of 13.8. This result is in agreement with the mathematical 
derived molar ratio of 11 for Fenton oxidation of dou-
ble bond unsaturated organics like azo dyes (Tang 2003). 
On the other hand, the work evaluating the discoloration 
of Acid Blue 161 azo dye by Fenton oxidation and using 
similar data analysis reported an optimal molar ratio of 
14.30 (Trovó et al. 2016).

The complete mineralization of Orange G by ·OH the 
following Eq. (8) can be represented by reaction (8):

From Eq. (8), 8.4 mM of ·OH is required for complete 
mineralization of 0.1 mM of Orange G aqueous solution. 
Assuming the formation ·OH from reaction (1) added to 
the concentration of 6 mM found above for  H2O2 as opti-
mal value seems to be in agreement with the theoretical 
value of 8.4 mM for mineralization of 0.1 mM Orange G 
solution.

(7)kapp = −0.014
([

H2O2

]

∕
[

Fe3+
])

+ 1.176

(8)
C16H10N2O7S2Na2 + 84⋅OH → 16CO2 + 45H2O

+ 2NO−
3
+ 2Na+ + 2SO2−

4
+ 4H+
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Fig. 2  Optimization of Fenton’s reagent molar ratio (R = [H2O2]/
[Fe3+]) for oxidation of 0.1  mM Orange G solution using apparent 
rate constants obtained at 0.4  mM  Fe3+ (filled square) and 6  mM 
 H2O2 (filled pointed up red triangle). The analysis based on the vari-
ation of apparent rates constants highlights an R value of 13.8 (corre-
sponding to 6 mM  H2O2 and 0.435 mM  Fe3+ concentrations) as opti-
mal for effective treatment of 0.1 mM Orange G solution
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Comparative study of various processes involves 
in photo‑Fenton process

Oxidative degradation of Orange G was performed by 3 
different photochemical processes: direct photolysis,  H2O2 
photolysis and photo-Fenton (Fig. 3). To show the effect 
of light irradiation in photo-Fenton process, a supplemen-
tary experiment (Fenton-like reaction) (reaction 9) was car-
ried out without light irradiation. After 4 min of treatment, 
4.0, 27.8, 46.1 and 100% of degradation rate were achieved 
using  UValone,  Fe3+/H2O2, UV/H2O2 and photo-Fenton pro-
cesses, respectively (Fig. 3a) evidencing the catalytic role 
of  Fe3+ under UV light irradiation. On the other hand, TOC 
removal degrees of 5.0, 30.0, 65.8 and 93.4% were attained 
at 180 min of treatment for  UValone, Fenton-like  (Fe3+/H2O2), 
UV/H2O2 and photo-Fenton processes, respectively, at the 
optimal R value established above (Fig. 3b). Once more 
again the effect of light irradiation on catalytic regeneration 
of  Fe2+ and  H2O2 photolysis was demonstrated since photo-
Fenton process provided significantly best results compared 
to Fenton-like reaction.

By‑products analysis and mineralization pathway

From the practical point of view, oxidative degradation 
products may be more harmful than parent pollutant (Oturan 
et al. 2008a, b), and therefore, their analysis is a key fac-
tor so that the treated effluent contains only harmless com-
pounds such as short-chain carboxylic acids. The analysis 

(9)Fe3+ + H2O2 → Fe2+ + HO⋅

2
+ H

+

by ion-exclusion chromatography showed that concentration 
of oxalic and glyoxylic acids reaches their maximum value 
around 20 min of treatment before gradually mineralized 
to  CO2 by ·OH. Formic and fumaric acids were detected at 
trace level while the concentration of oxamic acid increased 
continuously to reach 0.01 mM at the end of 180 min of 
treatment (results not shown). The residual TOC of 1.26 mg 
 L−1 at the end of treatment is composed of remaining car-
boxylic acids, mainly oxalic and oxamic acids. On the other 
hand, the analysis of released inorganic ions pointed out 
that the almost complete S atom is released as sulfate ions at 
180 min of treatment, whereas the total nitrogen concentra-
tion released as majorly  NO3

− (and in a less extend  NH4
+) 

is about 0.1 mM corresponding to about 50% of initial N of 
Orange G. This non-balance in N can be explained by the 
N atom present at the remaining oxamic acid and formation 
of volatile N-species such as  N2 and/or other  NxOy species 
(Ganzenko et al. 2018).

Based on IC and GC–MS results of the present work as 
well as the previous studies (Meetani et al. 2011; Wang 
et al. 2015), a plausible oxidation mechanism of Orange 
G by ·OH during photo-Fenton process is proposed on 
Fig. 4. The various detected intermediates arise from an 
indiscriminate attack of ·OH radical at several sites. How-
ever, the starting identified intermediates such as aro-
matic hydroxyl amines (B and C), nitroso (A and J) and 
phenolic substituted compounds (D, K, L, M) suggested 
oxidative cleavage of high electron density azo bonds as 
the primarily sites of ·OH attack according to the litera-
ture data (Oturan et al. 2008a, b; Brillas and Martinez-
Huitle 2015). Then, the activated sulfonate groups were 
attacked conducting their release as sulfates ions. The 
formed primary intermediates are then oxidized by  O2 and 
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Fig. 3  Comparison of processes for oxidative degradation (A) and 
total organic carbon (TOC) removal of 0.1 mM Orange G (b). (filled 
pointed up triangle): UV alone (filled pointed down triangle): UV/
H2O2 (6 mM), (filled circle):  Fe3+/H2O2  ([H2O2] = 6 mM, R = 13.8), 

filled square: photo-Fenton  ([H2O2] = 6  mM, R = 13.8) for oxidative 
degradation (a) and total organic carbon (TOC) removal. The results 
highlight the superiority of photo-Fenton process
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successive hydroxylation giving rise to hydroxylated aro-
matic intermediates. Further hydroxylation of theses aro-
matics ultimately causes the ring opening, leading to the 
formation of short-chain carboxylic acids that are com-
plexed by Fe(III) in excess at the end of treatment. The 
concomitant mineralization of free carboxylic acids by 
·OH and Fe(III)–carboxylate complexes photo-decarbox-
ylation completes the mineralization process of orange G.

Conclusions

The present work has demonstrated that the persis-
tent organic pollutant like Orange G azo dye can be 
removed effectively from water by photo-Fenton pro-
cess at optimized operating conditions, i.e., 6 mM  H2O2, 
0.435 mM  Fe3+ corresponding to the reagent ratio  [H2O2]/
[Fe3+] = 13.8 for 0.1 mM (45.2 g  L−1) initial dye concen-
tration. Under these conditions, Orange G dye solution was 

Fig. 4  Proposed mineralization reaction pathway of Orange G 
induced by ·OH generated in photo-Fenton process. Aromatic (poly-
hydroxylated and quinone) intermediates undertake oxidative ring 

opening reactions leading to the formation of carboxylic acids that are 
the end organic products before complete mineralization
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completely degraded at only 4 min irradiation, whereas 
93.4% mineralization rate was achieved at 180 min of 
treatment. Identification of aromatic intermediates and 
short-chain carboxylic acids as well as released inorganic 
ions allowed proposing a plausible mineralization pathway 
of Orange G by photo-Fenton generated hydroxyl radicals.
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