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Abstract The treatment of distillery effluent was inves-

tigated experimentally by various advanced oxidation

processes such as Fenton and ozone with different com-

bination of UV and H2O2 system. The effect of operating

parameters such as hydrogen peroxide concentration, initial

effluent pH and Fe2? concentration on Fenton system for

the percentage color and chemical oxygen demand removal

has been studied. The energy per order was also calculated

for the advanced oxidation process. The ozone-photo-

Fenton system has been observed that 100 % color and

chemical oxygen demand removal compared with other

process studied in the present investigation within 4 h of

treatment time. Electrical energy per order has been cal-

culated for all the process and found that ozone-photo-

Fenton shows lesser energy consumption of about

0.01 kWh/m3 order1, for the complete color and chemical

oxygen demand removal.

Keywords Advanced oxidation processes � Distillery
effluent � Color removal � Chemical oxygen demand �
Electrical energy per order

Introduction

Distilleries are one of the most polluting industries gener-

ating large volumes of high strength wastewater. These

effluents are containing highly colored, COD, BOD, TDS

and other organic matter. To meet the environmental

standards and regulations, treatment of effluent is must

before letting out to the environment. Research has been

carried out on the treatment of distilleries wastewater.

Various conventional methods have been adopted such as

biological flocculation (Zhang et al. 2009), nanofiltration

(Rai et al. 2008), activated carbons (Satyawali and Bala-

krishnan 2007), bioelectrochemical process (Mo-

hanakrishna et al. 2010), ozonation-based process

(Sreethawong and Chavadej 2008; Lucas et al. 2010;

Asaithambi et al. 2012), electro-oxidation (Piya-areetham

et al. 2006; Thakur et al. 2009), membrane-based nanofil-

tration and reverse osmosis (Nataraj et al. 2006) and

electrocoagulation (Ponselvan et al. 2009). However,

conventional methods found to be techno-economically

non-feasible for the treatment of organic pollutant present

in the effluent. Hence, it is necessary to investigate an

alternative process for effective and economical treatment

method. Nowadays, ‘‘Advanced Oxidation Processes’’

(AOPs) have been received great attention for the removal

of organic pollutant present in the various industrial

effluents. AOPs are often employed as a pretreatment

method in an integrated system and also able to enhance

the biodegradability of contaminants through converting

recalcitrant contaminants into smaller and consequently

more biodegradable intermediates.

Various oxidation methodologies such as photocata-

lytic process, Fenton and photo-Fenton process and cat-

alytic ozone process have been widely used for the

treatment of effluent. The AOPs are characterized by the
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production of hydroxyl radicals which are nonselective

character and are able to oxidize and mineralize most

organic and inorganic pollutants to produce H2O, CO2

and inorganic ions. (Mandal et al. 2010). However, the

lifetime of �OH is extremely short (t B 10-3 s) and once

the hydroxyl radicals have formed, they can give rise to

several elementary reactions. The AOPs are also operated

at ambient temperature. Various techniques have been

adopted for the treatment of industrial effluent, but limited

studies have been focused on distillery effluent treatment

by AOPs. Present study focuses the decolorization and

degradation of distillery effluent. Some literature shows

the decolorization and degradation studies using AOP.

Modirshahla and Behnajady studied the degradation of

Malachite green using UV/H2O2 process, and the result

shows that 300 mg/l of H2O2 is the optimum dosage for

the treatment. Saritha et al. (2007) compared various AOP

for the degradation of 4-chloro-2-nitro phenol, and the

result shows that removal rate was higher for the UV/

Fenton process. Bin and Sobera-Made (2012) studied UV,

UV/H2O2 and O3 process for the treatment of antibiotic

substance present in the wastewater, and the effective

removal of COD and TOC was observed for the O3

process. Grcic et al. (2010) investigated photocatalytic

oxidation and Fenton oxidation process for the treatment

of wastewater containing reactive azo dyes, Reactive

Violet 2 and Reactive Yellow 3 and inferred that Fenton

process rate is faster than the photocatalytic process.

Various dye solutions like Reactive Black 5, Direct Red

28 and Direct Yellow 12 for treatment using UV, UV/

H2O2 and UV/H2O2/Fe
2? process and reported that photo-

Fenton process increases the decolorization and mineral-

ization within short irradiation time by Bali et al. (2004).

Few researches focused on distillery effluent treatment

using AOP. Asaithambi et al. (2012) studied ozone-

assisted electrocoagulation for the treatment of effluent,

and they observed ozone-assisted electrocoagulation was

more effective than electrocoagulation and ozonation

alone. The photodegradation of effluent in the presence of

solar radiation and the result shows 79 % color removal

under the optimum conditions of H2O2, pH and catalyst

by Vineetha et al. (2013). Sreethawong and Chavadej

(2008) experimented treatment in the presence of immo-

bilized iron catalyst using ozonation, and the result shows

that the presence of catalyst enhances the color and COD

removal.

The aim of the present work was to investigate the

performance of different advanced oxidation process for

the color and COD removal and electrical energy per order

to treat the distillery effluent. Different types of AOPs such

as UV/H2O2, H2O2/Fe
2?, UV/H2O2/Fe

2?, O3, O3/Fe
2?, O3/

UV, O3/UV/H2O2, O3/UV/Fe
2? and O3/UV/Fe

2?/H2O2

were employed and also considering the effect of various

operating parameter such as initial H2O2 concentration,

initial Fe2? concentration and pH of effluent by the system

of UV/H2O2, and electrical energy per order was also

calculated. Among the different AOP , energy efficient

process has been identified for the high color and COD

removal of the distillery effluent.

Materials and methods

Material

The effluents are collected from nearby distillery indus-

tries. The characteristic of the effluent is shown in

Table 1. All the chemicals used in the present study are

purchased from Merck Company. Hydrogen peroxide

(50 % w/w) is used as oxidant reagent, iron(II) sulfate

heptahydrate (FeSO4�7H2O) as source of Fe2? catalyst.

Sulfuric acid and sodium hydroxides are used to adjust

the pH of the solution, and ferrous ammonium sulfate,

K2Cr2O7 and Na2SO3 are used for the analysis of treated

solution. The double distilled water is used to prepare

the entire solution.

Experiment

The experimental setup for the present investigation is

shown in Fig. 1. It consists of photochemical reactor and

ozone generator. The photochemical reactor made of

borosilicate glass (Heber Scientific Company, Chennai)

with the capacity of 600 ml. The reactor is surrounded

with a water-cooling jacket to remove the heat produced

by the lamp and to maintain a constant temperature. The

reactor also covered with an aluminum foil to avoid light

radiation to the outside. The reactor is placed on mag-

netic stirrer to maintain a uniform concentration. At the

top of the reactor, there are inlets for feeding the effluent

and a port for withdrawing samples and also monitoring

Table 1 Characteristics of wastewater

S. No. Parameters Range of values

1 COD 80,000–90,000 mg\L

2 BOD 7,000–8,000 mg\L

3 TSS 15.44 g\L

4 TDS 5,550–5,750 mg\L

5 Color Dark brown

6 Odor Burn sugar
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the temperature. The source of UV irradiation is a 16 W

low-pressure mercury vapor lamp with maximum emis-

sion of 254 nm has placed in a quartz tube. The lamp

tube is being immersed in the effluent to be treated. The

O3 has been generated from the laboratory scale O3

generator (Ozoneteck, Chennai) and bubbled through the

distillery effluent at the bottom of the photochemical

reactor through a ceramic diffuser. Ozone gas-flow rate

and concentration are being controlled at 3 L\min and

2 g\h. O3 concentrations are determined using an

iodometeric method. All the experiments are carried out

for 4 h, and samples are collected at different time

intervals and quenched with Na2SO3 to arrest the reac-

tion. Then, the sample is filtered using a Whatman 40

filter paper. To determine color removal, UV–Visible

absorbance is used with the fixed wavelength

(k = 290 nm) and the COD of the samples is determined

using the dichromatic closed reflux method, strictly fol-

lowing the APHA (1995). The effluent COD concentra-

tion has been diluted using water and brings to

1,500 mg\L for the experiment.

The energy consumption was also determined using the

following formula. Electrical energy per order determina-

tion for the AOPs can be calculated by the following

equation.

EE=O ¼ Pel � t � 1000

V � 60� log Ci

Cf

� � ð1Þ

where EE/O is the electrical energy per order (kWh/m3

order1), Pel is the electrical power input (kW), t is the

irradiation time (min), V is the volume of effluent used (L),

Ci and Cf is the initial and final effluent concentration

(ppm).

The decolorization and degradation of distillery industry

effluent was investigated using the pseudo-first-order

kinetic model, as shown in Eq. (2)

log
Ci

Cf

� �
¼ kt ð2Þ

k is the pseudo-first-order rate constant for the decay of the

effluent concentration (min-1).

Combining the above two equation simply gives an

equation for the electrical energy determination in the form

EE=O ¼ 38:4 � Pel

V � k ð3Þ

Results and discussion

UV/H2O2 process

In this process, influence of hydrogen peroxide con-

centration and pH on percentage color and COD

removal of the distillery effluent has been studied. The

concentration of H2O2 is an important factor affecting

the performance of the process, and the amount is

directly connected to the generation of hydroxyl radi-
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cals. The effect of H2O2 concentration on the per-

centage color and COD removal for the distillery

effluent is shown in Fig. 2a with an initial effluent

COD concentration of 1,500 mg\L for the irradiation

time of 4 h. It can be noticed from the figure, the

concentration of H2O2 increases from 35 to 100 mM,

the decolorization and COD removal are increased

from 46.9 to 90 % and 34.8 to 83.3 %, respectively.

However, when the H2O2 dosage increased above

100 mM, the decolorization and COD removal effi-

ciency have been decreased slightly. This is may be

due to the fact that at higher concentration of H2O2

scavenging of HO� radicals will occur. The similar

mechanism has been reported by Yuan et al. (2012).

The following reaction shows (Gul and Yildirim 2009)

hydrogen peroxide scavenging of HO� radicals.

H2O2 þ HO� ! HO�
2 þ H2O ð4Þ

HO�
2 þ HO� ! H2Oþ O2 ð5Þ
It is important to remark that HO2

� is less reactive than

HO�, and thus an increased amount of H2O2 has dimin-

ishing the HO� formation. To achieve higher degradation

and decolorization rate, the concentration of H2O2 should

be at optimum dosage. The electrical energy per order

was calculated based on the various concentration of

H2O2 used as shown in Fig. 2b. The electrical energy per

order is decreased from 0.6895 to 0.1645 kWh/m3 with

increasing initial H2O2 concentration from 35 to

125 mM, it is due to the generation of more and more
�OH radicals; however, electrical energy per order tends

to increase slightly with increasing initial concentration

of H2O2 above 125 mM, the reason may be due to

coincident �OH consumption at high H2O2 concentrations

(Saien et al. 2012).

The effect of initial effluent pH on the decolorization

and COD removal of distillery effluent is shown in

0

20

40

60

80

100

35 50 62.5 75 100 125 150

R
em

ov
al

 E
ff

ic
ie

nc
y,

 (
%

)

Color removal, (%)

COD removal, (%)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 25 50 75 100 125 150 175

E
E

/O
(k

W
h/

m
3 )

Initial H 2O2 concentration (mM)

Initial H 2O2 concentration (mM)

a

b

Fig. 2 a Effect of H2O2 concentration on color, COD removal and

b electric energy per order in UV/H2O2 process. (Experimental

conditions: initial COD concentration: 1,500 ppm; initial pH 7; UV

lamp: 16 W and 254 nm; time: 240 min)
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Fig. 3 a Effect of effluent pH on color, COD removal and b electric

energy per order in UV/H2O2 process. (Experimental conditions:

initial COD concentration: 1,500 ppm, H2O2: 100 mM, UV lamp:

16 W and 254 nm; time: 240 min)
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Fig. 3a for the system of UV/H2O2. It is observed from

the figure that pH increases from 1 to 7 the percentage

color and COD removal increased from 48.78 to

96.43 % and 42.3 to 91.59 %, respectively. Further

increasing the pH from 7 to 11, color and COD removal

percentage decreased from 96.43 to 90.5 % and 91.59 to

80.76 %, respectively. Increasing of pH yielded two

opposing effects: one the generation of more hydroxyl

radical since the molar extinction coefficient of hydro-

peroxide anion (HO2
-), the ionic form of H2O2 at high

pH, was higher than that of H2O2 and the other the

hydroperoxide anion (HO2
-) could also scavenge the

hydroxyl radicals by the following equation (Poyatos

et al. 2010).

HO�
2 þ� OH ! HO�

2 þ OH ð6Þ
The reaction rate of HO2

- reacted with �OH was

faster than that of H2O2, the scavenging rate of �OH

was also increased with pH increased. Finally, the

comparisons with the pH effect, neutral and weak

alkaline solution were more suitable to carry out the

UV/H2O2 oxidation reaction. Electrical energy per

order has studied with an initial COD concentration of

1,500 ppm, 100 mM of H2O2 concentration with irra-

diation of time 4 h for different pH is shown in

Fig. 3b. It can be observed form the figure, the elec-

trical energy per order is decreased from 0.5358 to

0.08845 kWh/m3 order with increasing initial effluent

pH from 1 to 7. Hence, increasing the initial effluent

pH from 7 to 11, the electrical energy per order also

increases from 0.08845 to 0.1787 kWh/m3 order. The

above results showed that neutral conditions produce

more hydroxyl radicals compared with acid and alkali

condition.

Photo-Fenton system

The Fenton process is an economically feasible and

attractive method for the treatment of industrial efflu-

ents. Figure 4 shows the effect of Fe2? concentration

on percentage color and COD removal for the Fenton

process. It can be observed from Fig 4, the color and

COD removal increases with increase in Fe2? con-

centration from 0.06 to 0.25 mM. This is due to the

fact that Fe2? acts as a catalyst in the Fenton process.

But by further increasing the concentration of Fe2?

above 0.25 mM, the percentage color and COD

removal decreases because of Fe2? acting as self-

scavengers and also iron precipitation occur. The effect

of Fe2? concentration on color and COD removal for

the UV/H2O2/Fe
2? system is shown in Fig. 5a. It can

be ascertained from the figure, color and COD removal

increases with increase in Fe2? concentration from 0 to
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0.25 mM. By increasing the concentration from 0.25 to

1 mM, the color and COD removal decreases. This is

due to the addition of large amounts of Fe2? ions can

function as direct scavengers of hydroxyl radicals by

increasing the rate of formation of H2O
� radicals. The

effect of initial Fe2? concentration on electrical energy

per order is shown in Fig. 5b. Experiments are con-

ducted by varying Fe2? from 0.0625 to 1 mM with an

initial COD concentration of 1,500 ppm, 100 mM of

H2O2 concentration with irradiation of time 4 h. When

the concentration of Fe2? is increased from 0.0625 to

0.25 mM, the electrical energy per order decreased

from 0.1365 to 0.039737 kWh/m3 order. Further

increasing the initial concentration of Fe2? from 0.25

to 1 mM, the electrical energy per order increase from

0.039737 to 0.11491 kWh/m3 order1. The above results

indicating that optimum conditions of Fe2? and H2O2

with irradiation process to produce more hydroxyl

radicals compared with other conditions.

UV-ozone process

Ozone is a strong oxidants having the potential of 2.08 V,

reacts with organic directly or indirectly. Previous research

has proved that ozone alone degrades the pollutant less

effectively. Hence, ozone combined with AOPs will

degrade the pollutant effectively and efficiently. AOP using

ozone and ultraviolet radiation begins with the photolysis

of the ozone, which produces the formation of hydroxyl

radical as shown in the following reaction

O3 þ H2Oþ hv ! H2O2 þ O2 ð7Þ
H2O2 þ hv ! 2�OH ð8Þ
H2O2 þ OH� ! HO�

2 þ H2O ð9Þ

The aqueous medium saturated with ozone is radiated

with ultraviolet light at a wavelength of 253.7 nm. In this

wavelength, the excitation coefficient for gas-phase ozone

is 3,300\M\cm, a value much greater than that of hydrogen

peroxide (18.6\M\cm) Poyatos et al. (2010). The Fig. 6

shows the color and COD removal of distillery effluent of

various AOPs with ozone process. It can be observed from

the figure, ozone alone shows 39.62 and 29.12 % of color

removal and COD, respectively. Ozone coupled with

photo-Fenton process gave better results of 100 % color

and COD removal within 4 h of reaction process.

Comparisons between various processes

The comparison of different advanced oxidation process is

to determine the best color and COD removal performance

and the most efficient process for the removal of pollutant.

The comparison of various AOPs was reported for the

treatment of distillery effluent in Table 2. It is observed

from the Table, the color and COD removal of distillery

effluent by different AOPs in the descending order as fol-

lows: color and COD removal of O3\O3/UV\O3/

Fe2?\O3/UV/Fe
2?\H2O2/Fe

2?\UV/H2O2\O3/UV/
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Fig. 6 Comparison of ozone with various processes on color and

COD removal

Table 2 Comparison various AOP

Various

process

Color

removal

(%)

COD

removal

(%)

Electrical energy

determination

(kWh/m3 order1)

O3 39.62 29.17 0.64

O3/UV 50.92 41.67 1.19

O3/Fe
2 53.95 48 0.64

O3/UV/Fe
2? 57.71 59 0.76

H2O2/Fe
2? 55.97 53.85 –

UV/H2O2 73.72 66.67 0.27

O3/UV/H2O2 81.72 92 1.04

UV/H2O2/Fe
2? 100 99.99 0.097

O3/UV/Fe
2?/H2O2 100 100 0.01
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H2O2\UV/H2O2/Fe
2?\O3/UV/Fe

2?/H2O2. The electri-

cal energy per order of the various processes is also shown

in Table 2. It can be observed that higher electrical energy

per order values corresponding to lower efficiency of the

system and the founded electrical energy per order (kWh/

m3 order1) values in the decreasing order are O3/UV\O3/

UV/H2O2\O3/UV/Fe
2?\O3\O3/Fe

2?\UV/H2O2\
UV/H2O2/Fe

2?\O3/UV/Fe
2?/H2O2. However, the selec-

tion of the process based on economical aspect, required

equipments, operational problems, secondary pollutants

and energy consumption etc. From the study the lowest

energy consumption for highest pollutant removal is

observed for O3/UV/Fe
2?/H2O2 process. Hence, this pro-

cess can be applied for the treatment of industrial effluent.

Conclusion

In this investigation, treatment of distillery effluent has

been studied using various advance oxidation process such

as UV/H2O2, H2O2/Fe
2?, UV/H2O2/Fe

2?, O3, O3/Fe
2?, O3/

UV, O3/UV/H2O2, O3/UV/Fe
2? and O3/UV/Fe

2?/H2O2.

Effect of various operating parameter has been studied

extensively for the color and COD removal for the dis-

tillery effluent. Electrical energy per order was also eval-

uated for the various AOP for the distillery effluent

treatment. It can be concluded for the investigation that

individual process performs less efficiently for the treat-

ment of effluent, and if it is coupled with ozone and photo-

Fenton process, it performs more efficiently than the

individual process. For the present process, O3/UV/Fe
2?/

H2O2 shows 100 % color and COD removal with the lesser

energy consumption of 0.01 kWh/m3 order1 compared with

all other process. Hence, AOP process will be a suitable

process for the treatment of highly organic effluents.
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