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leic, malonic, fumaric and succinic acid, are formed during UV irradiation of 
dyes. Hence, the significant drops of the solution pH in neutral medium by 2.5 
pH units and in weak acidic and basic medium by almost 2 pH units are probably 
due to the formation of organic and inorganic acids as degradation products of 
RO16. The effect of these degradation products on the solution pH was more pro-
minent in neutral and weak acidic medium, which could be expected. On the 
other hand, in strong basic medium, weak organic acids were not formed in 
sufficient amounts for neutralization of the base. 

 
Fig. 3. UV–Vis spectral changes of RO16 as a function of irradiation time: a) 0, b) 1, c) 2, d) 3 

and e) 4 min. c0(RO16) = 50.0 mg dm-3, c0(H2O2) = 25.0 mmol dm-3, pH 7.0±0.2, UV light 
intensity: 1950 μW cm-2, temperature: 25±0.5 °C. Inset: tautomeric forms of RO16. 

The conductivity of the dye solution was found to increase progressively 
during the irradiation from 39 to 102 μS cm–1 (Fig. 5). In the first 4 min of irra-
diation, when the dye solution was still colored, the conductivity slightly in-
creased from 39 to 42.3 μS cm–1; however, after complete decolorization had 
been achieved (about 6 min) and the main chromophore (–N=N–) in the dye mo-
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lecules destroyed, the conductivity rapidly increased and reached a value of 102 
μS cm–1 at the end of the experiment. The increase of conductivity with time can 
also be associated with the formation of the above-mentioned acid products in 
solution as well as with the formation of other mineralization products, such as 
NH4+, NO3–, NO2– and SO42–.18 

 
Fig. 4. Changes in pH during irradiation. c0(RO16) = 50.0 mg dm-3, 

c0(H2O2) = 25.0 mmol dm-3, UV light intensity: 1950 μW cm–2, 
temperature: 25 ± 0.5 °C. 

The effect of the initial H2O2 concentration 

The concentration of hydrogen peroxide is an important parameter that in-
fluences the efficiency of dye removal by the UV/H2O2 process. Due to the low 
molar absorption coefficient of H2O2 at 254 nm (18.6–19.6 L mol–1 cm–1),19 an 
excess of H2O2 is theoretically required to produce sufficient •OH radicals. Nu-
merous authors have reported that the concentration of H2O2 may either enhance 
the photoreaction rate or inhibit it due to the scavenging action of peroxide, de-
pending on the concentration.20–24 Therefore, an optimum concentration of H2O2 
in the reaction course must be reached. In order to determine the effect of H2O2 
concentration on the decolorization rate, doses of H2O2 in range of 10 up to 100 
mM were added. The applied UV light intensity was 730 μW cm–2, because of 
the very fast decolorization at the maximal value (1950 μW cm–2), which made 
the investigation of this operational parameter difficult. The other parameters 
were kept constant. The apparent rate constants vs. different initial concentrations 
of H2O2 are summarized in Fig. 6. This plot shows that kapp considerably in-
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creased from 0.142 to 0.331 min–1 with increasing hydrogen peroxide concen-
tration from 10 to 20 mM. At the low concentration of H2O2, a relatively low 
concentration of hydroxyl radicals was formed for dye oxidation, which resulted 
in a low decolorization rate. However, with increasing peroxide concentration, 
more hydroxyl radicals were generated upon its photodissociation (reaction (2)). 
On further increasing of the peroxide concentration to 40 mM, the apparent cons-
tant rate reached a plateau and stayed almost unchangeable. 

 
Fig. 5. Changes in conductivity during irradiation. c0(RO16) = 50.0 mg dm-3, 
c0(H2O2) = 25.0 mmol dm-3, UV light intensity: 1950 μW cm–2, pH 7.0±0.2, 

temperature: 25 ± 0.5 °C. 

At an initial peroxide concentration above 40 mM, the apparent rate constant 
decreased from 0.329 to 0.18 min–1 on decreasing the H2O2 dose from 40 to 100 
mM. When the initial peroxide concentration was very high, the generated •OH 
radicals mostly reacted with the excess peroxide and produced hydroperoxyl ra-
dicals HO2• (reaction (9)), which are less reactive than •OH, and the rate of dye 
removal decreased:25 

 H2O2 + •OH → H2O + HO2•, k = 2.7×107 M–1 s–1 (9) 

The generated •OH can also react with HO2• and produce water and oxygen 
(reaction (10)) or dimerize to H2O2 (reaction (11)).25,26 In this way, the concen-
tration of •OH available for dye degradation also decreased: 

 •OH + HO2• → H2O + O2, k = 6.6×109 M–1 s–1 (10) 

 •OH + •OH → H2O2, k = 5.5×109 M–1 s–1 (11) 
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Fig. 6. The effect of the initial H2O2 concentration on the rate of RO16 decolorization. 

c0(RO16) = 50.0 mg dm-3, pH 7.0±0.2, UV light intensity: 730 μW cm-2, 
temperature: 25±0.5 °C. 

Therefore, the optimum range of the hydrogen peroxide concentration giving 
the maximum RO16 decolorization rate was from 20 to 40 mM. These values are 
related to the optimum value of relative molar ratio of the H2O2 concentration to 
that of the dye (H2O2/RO16) between 246 and 493. Many authors noticed the 
existence of an optimal molar ratio between peroxide and dye that leads to a 
faster decolorization rate. Muruganandham and Swaminahan27 reported that the 
optimal initial peroxide concentration for the decolorization of the chlorotriazine 
reactive azo dye, Reactive Orange 4, in a batch photoreactor was about 20 mM 
([H2O2]0/[RO4]0 = 40, c(RO4) = 5×10–4 mol L–1, pH 3.0, UV light power: 64 
W). Neamtu et al.28 reported approximately the same optimal concentration of 
peroxide (24.5 mM) for the decolorization of 100 mg L–1 initial concentration of 
three reactive azo dyes, Reactive Red 120, Reactive Black 5 and Reactive Yellow 
84 ([H2O2]0/[RR120]0 = 360, [H2O2]0/[RB5]0 = 243, [H2O2]0/ [RY14]0 = 470, 
respectively) in a batch photoreactor. On the other hand, Aleboyeh et al.22 inves-
tigated the critical effect of the peroxide concentration in the decolorization of 
the three commercial dyes (Acid Orange 8, Methyl Orange, Acid Blue 74) in a 
continuous photoreactor and found that the optimal peroxide/dye molar ratio was 
different in each case ([H2O2]0/[AO8]0 = 55, [H2O2]0/[MO]0 = 65, [H2O2]0/  
/[AB74]0 = 70). This confirms the importance of determining the optimal initial 
peroxide concentration for UV/H2O2 decolorization for each dye and for every 
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experimental condition. In this study, an initial H2O2 concentration of 25 mmol 
dm–3 was used in all the subsequent experiments. 

The effect of pH 

The initial pH of dye solutions is also an important parameter for optimizing 
the operational conditions, since the colored effluent from textile industry could 
have different pH values. The influence of pH on the rate of decolorization of the 
RO16 azo dye by UV/H2O2 process was investigated at seven different pH va-
lues: 2.0, 3.0, 4.0, 5.0, 7.0, 9.0, and 10.0 during 10 min of treatment time, using 
50 mg dm–3 dye solutions and 25 mM H2O2. The first tests run were realized by 
adjusting the acidic pH (2.0, 3.0, 4.0 and 5.0) with four inorganic acids (HCl, 
HNO3, H2SO4 and H3PO4) and the changes in the decolorization rate are shown 
in Fig. 7. In all cases, a decrease of the decolorization rate from pH 5 to 2 is 
evident. On acidification of the solution, amount of added conjugated bases in-
creased (Cl–, NO3–, SO42– and PO43–). These anions are able to react with hyd-
roxyl radicals leading to inorganic radical ions which exhibit a much lower reac-
tivity than •OH, hence they did not participate in the dye decolorization. There is 
also a drastic competition between the dye and the anions with respect to •OH: 

 Cl– + •OH → ClHO•– (12)  
 HNO3 + •OH → NO3• + H2O (13) 

 HSO4– + •OH → SO4•– + H2O (14) 

 H2PO4– + •OH → HPO4•– + H2O (15) 

 
Fig. 7. Effect of pH adjustment with different mineral acids on the rate of RO16 

decolorization. c0(RO16) = 50.0 mg dm-3, c0(H2O2) = 25.0 mmol dm-3, 
UV light intensity: 730 μW cm-2, temperature: 25±0.5 °C. 
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The lowest values of the apparent rate constant in all cases were obtained at 
pH 2, where the greatest concentration of inorganic anions was added to adjust 
the pH. On increasing the pH value from 3.0 to 5.0, the concentrations of added 
inorganic anions decreased and, as a result, the values of kapp increased slightly. 
Hence, the scavenging effect decreases with decreasing concentration of added 
inorganic anions. A comparison of the process efficiency in the pH range from 2 
to 5 suggests the following increasing scavenging effect phosphate < sulfate < ni-
trate < chloride. 

Jaysona et al.29 reported that the rate constant for the interaction between 
•OH and Cl– was k = 4.3×109 M–1 s–1 (reaction (12)). Katsumura et al.30 inves-
tigated the reactivity of NO3• and obtained a value for the rate constant for the 
reaction •OH with NO3– of 1.3×108 M–1 s–1 (reaction (13)). The results of Jiang 
et al.31 and Maruthamuthu et al.32 showed that HSO4– and H2PO4– react with 
•OH at a lower rate (k = 4.7×105 M–1 s–1 and k = 2×104 M–1 s–1, respectively) 
than NO3– (reactions (14) and (15)). Therefore, the obtained scavenging effects 
of the anions used in this study are in agreement with the values of the rate cons-
tants given in the mentioned literature.29–32 

On the other hand, in a study of Galindo et al.33, which considers the pho-
tochemical degradation of Acid Blue 74, a different order of scavenging effects 
of the anions was shown. They found that the sulfate anion was the strongest 
•OH scavenger, followed by nitrate and phosphate anions, while the chlorides 
were the weakest scavenger. This decay in the rate of Acid Blue 74 degradation 
in the presence of sulfate anions was explained by possible aggregation of dye 
molecule, when a strong electrolyte such as sulfuric acid was added. •OH radi-
cals show less affinity to aggregated dye than to single molecules. The results of 
the present investigation demonstrated that the scavenging effect of the anions 
was predominant, as no significant effect of aggregation of the dye molecules 
could be expected with the applied concentrations of the mineral acids.34 

The other test runs were performed by adjusting the pH with NaOH at 7.0, 
9.0 and 10.0 (Fig. 8). A decline of apparent rate constants from 0.342 min–1 at 
pH 7 to 0.151 min–1 at pH 10.0 was observed, which can be a consequence of the 
following possible reasons.  

First, at alkaline pH, the concentration of the conjugate base of H2O2 in-
creases (reaction (16)): 

 H2O2 → HO2– + H+, pKa = 11.6 (16) 

This anion (HO2−) reacts with a non-dissociated molecule of H2O2, which 
leads to oxygen and water, instead of producing hydroxyl radicals under UV ra-
diation (reaction (17)). Therefore, the instantaneous concentration of •OH is 
lower than expected: 

 HO2– + H2O2 → H2O + O2 + OH– (17) 
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Furthermore, the deactivation of •OH is more important when the pH of the 
solution is high. The reaction of •OH with HO2− is approximately 300 times 
faster than its reaction with H2O2 (reactions (18) and (19)). 

 •OH + HO2– → H2O + O2•–, k = 7.5×109 M–1 s–1 (18) 

 •OH + H2O2 → H2O + HO2•, k = 2.7×107 M–1 s–1 (19) 

The reactivity of O2•− and HO2• with organic pollutants is much lower than 
that of •OH. They preferentially disproportionate and produce hydrogen peroxide 
and dioxygen (reaction (20)): 

 O2•– + HO2• + H2O → H2O2 + O2 + OH– (20) 

 
Fig. 8. Effect of pH on the rate of RO16 decolorization. c0(RO16) = 50.0 mg dm-3, 

c0(H2O2) = 25.0 mmol dm-3, UV light intensity: 730 μW cm-2, temperature: 25±0.5 °C. 

On the other hand, several authors have reported that the peroxide self-de-
composition rate, which is strongly pH dependent, partly contributes to the de-
crease of the kapp values in alkaline medium (reaction (21)):27,35 

 2 H2O2 → 2 H2O + O2 (21) 

Chu36 investigated the self-decomposition rate of peroxide and found that its 
first order self-decomposition constants are 2.29×10–2 and 7.4×10–2 min–1 at pH 
7.0 and 10.5, respectively. The photodecomposition of peroxide by UV light at 
the same pH values was also investigated by this author. By comparing the re-
sults at alkaline pH values, it was concluded that the decrease of the H2O2 con-
centration was significantly caused by its self-decomposition; hence, a decay 
pathway not involving free radicals must occur. 
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Both of the two proposed peroxide decomposition pathways in alkaline me-
dium, the first leading to the formation of the HO2– and the second the self de-
composition of H2O2 leading to the formation of water and oxygen, can occur 
simultaneously, which results in a decrease in the •OH concentration and, conse-
quently, a decrease in the dye decolorization rate. 

It is important to note that the pH of the dye bath for reactive dyes depends 
on the textile fiber and in industrial applications, the dyeing of cellulosic fibers is 
performed in alkaline dye baths, while dye baths for wool are acidic. The results 
presented in this paper indicated that removal efficiency of RO16 dye is higher at 
neutral pH values; hence, effluents from the textile industry must be neutralized 
for treatment by the UV/H2O2 process in order to achieve the maximal decolori-
zation rate. 

The effect of initial dye concentration 

The effect of the initial RO16 concentration on the efficiency of dye degra-
dation was investigated in the concentration range from 20–80 mg dm–3 and the 
results are presented in Fig. 9. It appears that with increasing initial dye concen-
tration, the efficiency of dye removal almost linearly decreases. The results indi-
cate that the apparent rate constant decreases from 0.382 min–1 for a dye concen-

 
Fig. 9. Effect of the initial concentration of RO16, 20 (◄), 30 (▲), 40 (▼), 50 (■), 60 (□), 
70 (●) and  80 mg dm-3 (○) on its decolorization. c0(H2O2) = 25.0 mmol dm-3, pH 7.0±0.2, 

UV light intensity: 730 μW cm-2, temperature: 25±0.5 °C. Inset represents kapp at 
different initial dye concentrations. 
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tration of 20 mg dm–3 to 0.096 min–1 for a dye concentration of 80 mg dm–3. 
Similar results were already reported by Behnajady et al.37 At high dye concen-
trations, most of the UV light was absorbed by the dye instead of by the peroxide 
because of its higher molar extinction coefficient at 253.7 nm. Hence, the dye 
solution becomes increasingly impermeable to UV light, which inhibits photoly-
sis of the peroxide. This is very important from the application point of view and 
the UV/H2O2 system would be more effective for relatively dilute dye solutions. 

The effect of UV light intensity 

The influence of UV-light intensity on the decolorization of RO16 azo dye 
was monitored by varying the light intensity from 730 up to 1950 µW cm–2 and 
the results are shown in Fig. 10. It is evident that the apparent rate constant in-
creased linearly with increasing UV light intensity. This result is consistent with 
those of previous studies, in which an increase in the decolorization rate with in-
creasing UV light intensity was generally observed.38 Such an effect is expected 
because photodissociation of peroxide is initiated by its absorption of UV light; 
hence, increases in the UV light intensity enhance the production of hydroxyl 
radicals. 

 
Fig. 10. Effect of UV light intensity, 730 (●), 1150 (▲), 1510 (■), 1750 (▼) and  1950 µW 
cm-2 (□) on the decolorization of RO16. c0(RO16) = 50.0 mg L-1, c0(H2O2) = 25.0 mmol dm-3, 

pH 7.0±0.2, temperature 25±0.5 °C. Inset represents kapp at different UV light intensities. 
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CONCLUSIONS 

The results presented in this paper showed that the UV/H2O2 process could 
be efficiently used for the decolorization of aqueous solutions of the azo dye Re-
active Orange 16. It was found that the rate of decolorization is significantly af-
fected by the initial pH, the initial hydrogen peroxide concentration, the initial 
dye concentration and the UV light intensity. The decolorization follows pseudo 
first order reaction kinetics. Peroxide concentrations in the range from 20 to 40 
mM appear as optimal. Color removal was observed to be faster in neutral pH 
solutions than in acidic and basic ones. The hydroxyl radical scavenging effect of 
the examined inorganic anions increased in the order phosphate < sulfate < nit-
rate < chloride. Pseudo-rate constant (kapp) decreased as the initial dye concen-
tration increased, but it increased linearly with increasing UV light intensity and 
attained a maximal value at the highest applied intensity. The complete removal 
of color, after selection of optimal operational parameters, was achieved within 6 
min of UV irradiation, which indicates that it is a highly efficient process. 
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И З В О Д  

ОБЕЗБОЈАВАЊЕ ТЕКСТИЛНЕ АЗО БОЈЕ РЕАКТИВНИ ОРАНЖ 16 
UV/H2O2 ПРОЦЕСОМ 

ЈЕЛЕНА МИТРОВИЋ, МИЉАНА РАДОВИЋ, ДАНИЈЕЛА БОЈИЋ, ТАТЈАНА АНЂЕЛКОВИЋ, 

МИЛОВАН ПУРЕНОВИЋ и АЛЕКСАНДАР БОЈИЋ 

Odsek za hemiju, Prirodno–matemati~ki fakultet, Univerzitet u Ni{u, Vi{egradska 33, 18000 Ni{ 

У раду је проучавана ефикасност деколоризације реактивне азо боје реактивни оранж 
16 (RO16) UV/H2O2 процесом у фотореактору са UV лампама максимума емисије на 253,7 
nm. При оптималним условима (25 mM иницијална концентрација пероксида, pH 7, 
интензитет UV зрачења 1950 μW cm-2) потпуно уклањање иницијалне концентрације боје 
(50,0 mg dm-3) је постигнуто за мање од 6 min. Испитиван је утицај параметара UV/H2O2 
процеса, као што су иницијална pH вредност, иницијална концентрација водоник-пероксида, 
иницијална концентрација боје и интензитет UV зрачења на ефикасност деколоризације боје. 
Највећа ефикасност процеса постигнута је при иницијалној концентрацији пероксида у рас-
пону од 20 до 40 mМ, изнад које је процес инхибиран његовим ефектом хватача радикала. 
Процес деколоризације је ефикаснији у неутралној средини. Са повећањем иницијалне 
концентрације боје расте и ефикасност процеса као и са повећањем интензитета UV зрачења.  

(Примљено 16. фебруара, ревидирано 3. августа 2011) 
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