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Effects of Operational Parameters on
Decolorization of C. I. Acid Red 88 by UV/H2O2

Process: Evaluation of Electrical Energy
Consumption

In the present study, effects of operational parameters on the electrical energy con-

sumption for photooxidative process (UV/H2O2) for the decolorization of C. I. Acid Red

88 (AR88) have been investigated. In a series of experiments, 20mg L�1 of AR88 solution

were irradiated in the presence of different concentrations of H2O2 (to find out

optimum amount of H2O2) by UV light intensity of 30Wm�2 for certain irradiation

times. The decolorization of the dye followed pseudo first-order kinetics, and hence, the

figure-of-merit electrical energy per order (EEO) is appropriate for estimating the

electrical energy efficiency. The electrical energy consumption was determined during

the variation of some parameters such as initial H2O2 concentration, initial dye

concentration, UV light intensity, pH, and the gap size of solution. Results showed

that electrical energy could be reduced by optimizing operational parameters.
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1 Introduction

Dyes are among the most important organic pollutants. Trace

amounts of these pollutants in waters (e.g., 1mg L�1) alter the

appearance and clarity of these waters. The release of wastewaters

containing organic dyes into the environment is undesirable, not

only because of their color, but also because many dyes from waste-

water and their breakdown products are toxic to life [1, 2]. A number

of methods including electrochemical treatment [3] and response

surface methodology [4] have been employed to investigate the

decolorization process.

Advanced oxidation processes (AOPs) are destructive techniques

for the removal of organic pollutants such as dyes in various waste-

waters. These processes generally involve UV/H2O2, UV/O3 or UV/

Fenton, UV/TiO2, etc., processes. Among thesemethods, homogenous

chemical oxidation using UV radiation in the presence of hydrogen

peroxide seems to be a very promising technique [5–7]. The

mechanism of destruction of pollutants in AOPs is due to the

formation of a very reactive hydroxyl radical having oxidation

potential of 2.80V. The UV/H2O2 process has some advantages

such as the complete miscibility of H2O2 with water, it is available

commercially, and phase transfer does not occur. Also this

process can be carried out under ambient conditions and complete

mineralization of organic carbon into CO2 may take place [8].

Although, the UV/H2O2 process is one of the most effective methods

for the degradation of the organic compounds [9], it is clear that a

technically efficient process should also be feasible economically

regarding with its initial capital and operating costs and be

practically applicable to environmental problems. Accordingly,

the estimation of the treatment costs is one of the aspects that

need more investigation. Since the UV/H2O2 process is intensively

electric-energy demanding and electric energy represents a

major part of the operating costs, simple figures-of-merit based

on electric energy consumption could provide comprehensive

information.

The relationship between electric energy Eel (kWL�1min�1) and

the overall reaction kinetics of AOPs is defined as the electrical

energy needed to remove a specific amount of substrate. This elec-

trical energy is directly proportional to the electric power and

inversely proportional to the overall rate constant of the process

and volume of treated water [10].

Eel �
Pel

Vkoverall
(1)

where Pel is the power of UV lamp (kW), V is the process reactor

volume (L), and koverall (min�1) is observed overall rate constant.

Hence, Bolton et al. [11] introduced the figure-of-merit ‘‘electrical

energy per mass’’ (EEM) in order to use in the zero-order kinetic

regime and ‘‘electrical energy per order’’ (EEO) to use in the first-

order kinetic regime of AOPs. This idea was accepted by the IUPAC as

a technical report. In the case of small amount of pollutant concen-

tration (similar to our work), the appropriate figure-of-merit is the

electrical energy per order (EEO), and it is defined as the number of

kWh of electrical energy needed to eliminate the pollutant in 1m3

of contaminated water by one order of magnitude [12–14]. For a

batch-type reactor with pseudo first-order kinetic the EEO is calcu-
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lated by using the equation below [14].

EEO ¼ Pelt � 1000

V � 60� logðC0=CÞ
(2)

where t is the irradiation time (min), V is the volume (L) of the water

inside the reactor, C0 and C are the initial and final pollutant

concentrations, respectively [14]. Recently, the values of EEO for

different dyes in UV/H2O2 process have been reported [15, 16]. The

purpose of present work is to study the effect of operational

parameters including hydrogen peroxide and initial dye concen-

trations, UV-light intensity, reactor gap size, and initial pH on

electrical energy consumption by the UV/H2O2 process. The efficiency

of UV/H2O2 process was examined by the decolorization of the

solution containing an azo dye (C.I. Acid Red 88, AR88) as a model

pollutant. Azo dyes are an important class of synthetic textile dyes

which are resistant to biological oxidative degradation [17].

2 Materials and methods

C.I. Acid Red 88 was obtained from Acros (USA). The characteristics of

this dye are given in Tab. 1. Hydrogen peroxide (37%,w/w) and caustic

soda were obtained from Merck (Germany) and HCl was purchased

from Fluka (Switzerland). Solutions of the experiments were pre-

pared by dissolving known amount of the dye in distilled water.

All experiments weremonitored in a batch photoreactor. The dimen-

sions of which were 100 cm length, 35 cm height, and 35 cm width.

UV lamp (30W, UV-C, lmax¼ 254nm, Philips, Holland) was utilized as

a radiation source.

For the photodecolorization of AR88, 100mL of solution with

certain amount of dye and hydrogen peroxide were poured into a

Pyrex reactor (the volume of the reactor was 471mL) and stirred at

200 rpm. The pH of the solution was adjusted using dilute caustic

soda and hydrochloric acid. The pH was reordered by a 140

Corning pH meter (England). The total intensity of light which

reaches to the slurry solution was adjusted by varying the distance

between the reactor and UV lamp and measured with a Lux-UV-IR

meter (Leybold Co., Germany). Then the UV lamp was turned on to

initiate the reaction. During the process, 5-mL samples were taken at

the desired time intervals. The absorbance of AR88 solution was

measured with a spectrophotometer (Ultrospect 2000, Biotech

Pharmacia, UK) at lmax¼ 506nm. To calculate the efficiency of

decolorization in all runs the following equation was employed:

Decolorization% ¼ A0 � A

A0

� �
� 100 (3)

where A0 and Awere initial absorbance and absorbance of the dye in

solution during the process, respectively. The absorbance of dye

containing solution decays during the AOPs due to the chromophore

system destruction (azo band in AR88). Accordingly, the parental

substance remaining in solution and the colored by-products could

potentially contribute to the absorbance. From these considerations,

the absorbance decay followed to evaluate the decolorization effi-

ciency and a calibration plot according to Beer–Lambert’s law was

established in which the absorbance and the concentration are

related.

3 Results and discussion

3.1 Decolorization of AR88 solution with UV/H2O2

process

Figure 1 shows the decolorization percent of AR88 versus irradiation

time for H2O2 alone, UV alone, and combined (UV/H2O2). The figure

shows that for UV/H2O2 process, 96.76% of dye was degraded at

90min of irradiation time. This was compared with 35.77% decol-

orization for the same experiment without H2O2, and the negligible

0.13% of decolorization when process was let to occur in the dark-

ness. This observation is due to the formation of �OH generated after

illuminating H2O2 (Eqs. 4 and 5) [16, 18, 19]. The reaction of hydro-

peroxide (HO�
2) and hydroxyl (�OH) with dye results in the formation

of intermediates (P) (Eqs. (6) and (7)). These intermediates react with

hydroxyl radicals to complete decolorization.

H2O2 �!
hn

2 �OH (4)

H2O2 þ �OH ! HO�
2 þ H2O (5)

Table 1. Characteristic of the dye C.I. Acid Red 88

Dye Group C.I. number lmax (nm) Chemical structure

C.I. Acid Red 88 Mono Azo 15620 506

OH

N N SO3Na
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Figure 1. Effect of UValone, H2O2 alone, and UV/H2O2 in decolorization of
AR88. [AR88]o¼ 20mgL�1, [H2O2]o¼ 500mgL�1, Io¼ 30Wm�2, and pH
neutral.
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Dyeþ �OH ! P (6)

Dyeþ HO�
2 ! P (7)

3.2 Effect of the operational parameters on the

decolorization efficiency and energy consumption

Effect of the addition of hydrogen peroxide at different concen-

trations (100–1250mgL�1) to AR88 (20mgL�1) under UV irradiation

has been shown in Fig. 2. The results showed that the addition of H2O2

from 100 to 850mgL�1 would increase the decolorization percent

from 51.8 to 81.85% after 2min of irradiation. Further addition

of H2O2 concentration above 850mgL�1 had no effect on decoloriza-

tion efficiency. This behavior could be described by consideration of

the two opposing effects of H2O2 in the photooxidation process:

(1) More �OH is available for oxidation of the dye [20–24].

(2) In the high concentration of H2O2 (>850mgL�1 in obtained

results), it could inhibit the reaction due to the scavenging

effect (Eq. (5)) [9]. Because hydroperoxide radicals (HO�
2) are not

as reactive as �OH, enhancement of hydroperoxide causes a

negligible contribution in the dye decolorization.

Pseudo first-order kinetics (Eq. (8)) was employed to evaluate the

kinetics decolorization of AR88.

ln
A0

A

� �
¼ kapt (8)

The apparent reaction rate constants (kap) for AR88 decolorization

with different H2O2 concentration were calculated from the slope of

ln([A0]/[A]) plot versus irradiation time.

In all cases, the coefficient values of correlation were >0.97 which

confirm the proposed pseudo first-order kinetic for the UV/H2O2

process in the AR88 decolorization (Tab. 2). So, from Eqs. (2) and

(8), electrical energy per order (EEO) can be written as follows:

EEO ¼ 38:4Pel
Vkap

(9)

The results (Fig. 3) revealed that EEO decreases with increasing the

concentrations of hydrogen peroxide and gains almost constant

value above desired concentration (850mgL�1).

The influence of light intensity was studied for AR88 decoloriza-

tion and EEO values, the UV-light intensity was varied from 8 to

22Wm�2. The results have been shown in Figs. 4 and 5. It is apparent

that as the light intensity increases decolorization and reaction rate

constants also would increase causing a decrease in EEO values. This

could be attributed to the increase in the number of �OH as a result

of increasing light intensity. The rate of photolysis of H2O2 depends

directly on the incident light intensity, which is confined at low UV

power and more �OH is produced at higher UV power.

Therefore, the decolorization percent and the dye decolorization

would increase [25].
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Figure 2. Effect of hydrogen peroxide concentration in decolorization of
AR88. [AR88]o¼ 20mgL�1, Io¼30Wm�2, irradiation time¼ 2min, and pH
neutral.

Table 2. Pseudo-first order rate constants for decolorization of AR88

(20mgL�1) by UV-light (30Wm�2) in the presence of various amounts of

hydrogen peroxide

No. [H2O2]
(mg L�1)

kap
(min�1)

R2 EEO
(kWhm�3 order�1)

1 100 0.3 0.995 36.44
2 250 0.67 0.970 20.46
3 450 0.8 0.996 16.13
4 650 0.86 0.990 16.28
5 850 0.91 0.998 14.10
6 1050 0.9 1 14.13
7 1250 0.84 1 14.31
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Figure 3. Electrical energy consumption values (kWhm�3) at different
initial concentrations of AR88. [H2O2]o¼850mgL�1, Io¼ 30Wm�2,
and pH neutral.
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Figure 4. Effect of light intensity on decolorization of AR88 at irradiation
time. [AR88]o¼ 20mgL�1, [H2O2]o¼ 850mgL�1, and pH neutral.
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To study the effect of initial AR88 concentration, EEO and kap values

were calculated from the plot of semi-log graph of AR88 concen-

tration versus irradiation time. For different initial concentrations

of AR88, EEO values were calculated from the Eq. (9). As it can be seen

in Fig. 6, decolorization efficiency decreases and EEO increases with

increasing the concentration of AR88 using fixed amount of hydro-

gen peroxide (850mgL�1). An increase in the dye concentration

causes an inner filter effect and UV radiation would not be able

to penetrate into the solution. Therefore, hydrogen peroxide can

only be irradiated by a smaller portion of UV and decreases the

hydroxyl radical concentration and hence decolorization rate.

Figure 7 shows decolorization percent and calculated EEO values of

AR88 with UV/H2O2 process at different gap sizes of the solution.

When reactor gap size increases from 1.4 to 4.2 cm, decolorization

percent decreases from 77.93 to 48.80% (during 2min of irradiation).

These findings may be explained as follows:

UV light absorbed by H2O2 molecules is a major parameter which

affects the AR88 decolorization in the UV/H2O2 process, because the

mechanism of dye decolorization in the UV/H2O2 system is based on

the formation of a very reactive �OH yielded by photolysis of H2O2.

The rate of H2O2 photolysis is reduced by increasing the gap size of

the reactor. So less free radicals can be produced and decolorization

rate decreases [26, 27]. The results reveal that with increasing gap

size EEO values increase. This increase is due to the decrease in

decolorization efficiency and as a result of kap values.

The role of pH on the decolorization efficiency of AR88 in the pH

range 2–10 has been exhibited in Fig. 8. The results show that in

acidic solutions, photodecolorization efficiency was more than that

of alkaline solution. The decolorization rate was very high in acidic

media and in basic pH values, it was low. The photodecolorization

rate of H2O2 varies under various pH conditions and this affects the

efficiency of UV/H2O2 process. Under alkaline conditions hydrogen

peroxide is deprotonated and H2O2=HO
�
2 equilibrium is formed. The

HO�
2 species would react with non-dissociated molecules of hydro-

gen peroxide and produces oxygen andwater instead of formation of

hydroxyl radicals under UV radiation as can be seen in Eq. (10).

Therefore, the instantaneous concentration of �OH is lower than

expected:

HO�
2 þ H2O2 ! H2Oþ OH� þ O2 (10)

Furthermore, the deactivation of hydroxyl radicals is significant

when the solution pH is high, because reaction rate of �OHwith HO�
2

is almost 100 times higher than its reaction with H2O2. Also in

alkaline medium, the H2O2 becomes very unstable and decomposes
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Figure 5. Electrical energy consumption values (kWhm�3) and reaction
rate constants (min�1) at different light intensities. [AR88]o¼ 20mgL�1,
[H2O2]o¼ 850mgL�1, and pH neutral.
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Figure 6.Effect of initial concentration of AR88 on decolorization efficiency
and electrical energy consumption (EEO) of dye. [H2O2]o¼850mgL�1,
Io¼ 30Wm�2, irradiation time¼ 2min, and pH neutral.
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Figure 7. Decolorization percent of AR88 and EEO versus time at different
gap sizes. [AR88]o¼20mgL�1, [H2O2]o¼850mgL�1, Io¼30Wm�2, irra-
diation time¼ 2min, and pH neutral.
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Figure 8. Effect of the initial pH on decolorization of AR88 and EEO.
[AR88]o¼ 20mgL�1, [H2O2]o¼ 850mgL�1, irradiation time¼ 2min, and
Io¼ 30Wm�2.
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which strongly depends on pH. Eq. (11) shows the self-decomposition

of H2O2 and makes the molecule lose its oxidizing properties, and

crucial source of hydroxyl radicals:

2H2O2 ! 2H2Oþ O2 (11)

Acidic condition was done by solution HCl and meanwhile

increasing amounts of conjugated base were added to the

solution. The chloride anion is able to react with hydroxyl radical

leading to inorganic radical ions which perform a much lower

reactivity than hydroxyl radicals [23]. EEO values increased from

6.84 kWhm�3 order�1 at pH 2.02 to 20.64 kWhm�3 order�1

at pH 10, because of the decrease of the kap value (Fig. 8).

4 Conclusions

The findings in this work proved that UV/H2O2 process is a powerful

method to decolorize of AR88 (20mgL�1). Desired concentration

of H2O2 was obtained to be 850mgL�1 at the light intensity

of 30Wm�2 in the batch photoreactor for 20mgL�1 AR 88. The

decolorization efficiency of AR88 was quite dependent upon the

operational parameters like initial H2O2 concentration, initial

AR88 concentration, UV light intensity, reactor gap size, and

initial pH. The decolorization rate of AR88 follows a pseudo first-

order kinetic. The electrical energy consumption per order was

determined at different operational parameters. The required

electrical energy increases with increasing concentration of AR88,

gap size, and pH, but decreases with increasing light intensity and

concentration of H2O2 has a critical effect.
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