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a b s t r a c t

The objective of the present work was to reduce chemical oxygen demand (COD), color of textile effluent
containing dye Procion Blue 2G and recycle the treated effluent. To achieve this objective, the degradation
potential of bacterial strain Pseudomonas aeruginosa was tested. In degradation, the ‘clean’ electro-oxida-
tion (EO) process was combined with bio-treatment such that an electro-oxidation step was included
between two bio-degradation treatments. Bio-oxidation process was carried out under aerobic and
anoxic conditions. Results showed more than 90% reduction in COD and complete removal of color at
the end of two cycles of combined oxidation process with a post electro-oxidation. The treated effluent
was then subjected to photo-oxidation to remove the microbes so that the water can be recycled after the
removal of total dissolved solids (TDS).

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Untreated dye effluent is highly colored and hence, reduces
sunlight penetration, preventing photosynthesis. Many dyes are
toxic to fish and mammalian life; they inhibit growth of microor-
ganisms, and affect flora and fauna. They are also carcinogenic in
nature and can cause intestinal cancer and cerebral abnormalities
in the fetus (Doble and Kumar, 2005).

About 60% of reactive dyes applied onto cotton fabrics and yarn
are hydrolyzed and discharged as effluent. The dye house releases
two types of wastewater, viz., dye bath water and wash water/rinse
water. The dye bath water mainly consists of complex dyestuff and
various intermediate complexes. It was noticed that in a typical fac-
tory the effluent from the dye bath had COD 5000–6000, TDS 52,000,
SS 2000 mg L�1 and pH 9. After dyeing, the fabrics are washed by
rinsing in water to remove the excess dye present. The wastewater
generated due to this operation is commonly called as ‘wash water’
having the value of COD 400–860, TS 4000, TDS 3200 mg L�1 and pH
8. The extent of environmental pollution due to dye bath water is
very high.

The physical and chemical methods for the treatment of dye-
containing effluent includes coagulation (Sanghi et al., 2006), floc-
culation (Mishra and Bajpai, 2005), membrane filtration (Ostar-
Turk et al., 2005), electro-kinetic coagulation (Yang and McGarra-
han, 2005), ion-exchange (Karcher et al., 2002), electro-chemical

destruction (Bandara et al., 2007), photochemical precipitation
(Lucas and Peres, 2006) chemical oxidation (El-Daly et al., 2005) ,
ozonation (Lackey et al., 2006) and adsorption with activated car-
bon (Orfao et al., 2006). Though some of these physicochemical
processes have been shown to be effective, their application is lim-
ited due to the excess usage of chemicals, sludge generation with
subsequent disposal problems, high installation as well as operat-
ing costs and sensitivity to a variable wastewater input (Robinson
et al., 2001).

Many researchers have been tried to solve this problem using
living or dead microorganisms (Yesilada et al., 2002; Bayramoglu
et al., 2006; Arıca and Bayramoglu, 2007; Kumari and Abraham,
2007; Khalaf, 2008).

Another physical method has been one using ultraviolet light
irradiation. Exposing effluent to ultraviolet light destroys patho-
gens. The beneficial factor is that, ultraviolet light treatment has
no residual effect (Cheremisinoff, 2002).

Despite the existence of a variety of chemical and physical
treatment processes, bioremediation of textile effluent still seems
to be more cost-effective than other methods. The low cost of bio-
technological treatment has been largely attributed to the small
quantities or total absence of added reagents and microbial bio-
mass to start up the bio-treatment process. Biological treatment
for decolorization and degradation of textile effluents may be
either aerobic, anaerobic, or a combination of both, depending on
the type of microorganisms being employed (Bechtold et al.,
2006). Due to the large variability of the composition of textile
wastewaters, most of the traditional and individual physical,
chemical and biological methods for treatment are inadequate.
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Hence, current research has been focused on a combination of
physical or chemical treatment processes with biological methods
for treating effluents in a cost-effective manner (Garcia-Montano
et al., 2006; Ghoreishi and Haghighi, 2003; Ledakowicz et al.,
2001; Lucas et al., 2007). However these combinations with biolog-
ical methods have been either costly or merely transfer the pollu-
tants from one phase to another phase.

Among these various physical or chemical combinations with
biological methods, the electrochemical techniques have been
receiving greater attention in recent years due to their distinctive
advantages such as environmental compatibility, versatility, scala-
bility and safety (Brillas et al., 2003). Previously, it has been re-
ported that the non-bio degradable organics present in specialty
chemicals industry wastewater have been treated successfully by
coupling electro-oxidation and electro-coagulation with bio-oxida-
tion (Basha et al., 2009).

In this present work, a single strain, Pseudomonas aeruginosa
were used instead activated sludge because the use of a pure cul-
ture system ensures that the data are reproducible and that the
interpretation of experimental observations is easier. The detailed
mechanisms of bio-degradation can be determined using the tools
of biochemistry and molecular biology, and these tools may also be
used to up regulate the enzyme system to give modified strains
with enhanced activities. Activated sludge contains mixed cultures
only provide an average macroscopic view of what is happening in
the system and results are not easily reproduced, making thorough,
effective interpretation is difficult. The free cells of P. aeruginosa,
was used for the bio-degradation of the dye effluent containing
Procion Blue 2G with the combination of electro-oxidation. Bio-
degradation experiments were sequentially carried out in cycles
for two different degradation environments (aerobic and anoxic)
and for the two different cell concentrations.

In this study, degradation of dye effluent was a sequential treat-
ment process consisting of pre electro-oxidation, aerobic-anoxic-
aerobic bio-oxidation as one cycle and a post electro-oxidation.
The treated effluent again was subjected to irradiation to remove
the microbial populations present in the effluent.

2. Methods

The chemicals used for the experiments and the analysis tech-
niques were of AR grade.

2.1. Dye solution preparation

Procion Blue hydrolyzed dye-bath waste has been collected
from a dyeing industry located in Tiruppur, Tamilnadu, India, and
was dried by keeping it in a hot air oven. To prepare the study sam-
ple, the dried dye sample was dissolved in double distilled water
(2000 mg L�1). The color of the effluent was purple blue with a
high alkaline pH range of 8–10. The COD of the effluent was found
to be 2579 mg L�1. When the dye bath was taking longer time to
dry, the study sample of required concentration has also been pre-
pared with the known density of dye bath effluent.

2.2. Culture preparation

A culture of P. aeruginosa was obtained from Microbiology Lab-
oratory, Bharathidasan University, Trichy. The bacterial cultures
have been grown in 250 mL Erlenmeyer flasks with 100 mL of
nutrient broth medium, containing (g L�1) of peptone 5, NaCl 5,
beef extract 3 and incubated for 24 h at 303 K at static condition.
The acclimatization has been done by gradually exposing P. aeru-
ginosa to the increasing concentrations of dye as per earlier report
(Kalme et al., 2006).

2.3. Electrochemical oxidation system

A batch electrolytic cell has been used for the electrochemical
degradation process. The schematic diagram of experimental setup
has been depicted elsewhere (Basha et al., 2009). The setup con-
sists of an undivided electrolytic cell of 200 mL working capacity,
closed with a PVC lid having provisions to fix the cathode and an-
ode keeping 1.5 cm inter-electrode distance. The titanium sub-
strate insoluble anode (TSIA with Ti/RuOx–TiOx coating) was
employed as anode in the form of expanded mesh. A stainless steel
plate (of dimension 8 � 5 � 0.2 cm) was used as the cathode. A
multi-output 2 A and 35 V, DC power source (with ammeter and
voltmeter) was connected to the cell. Stirring was done with a
magnetic stirrer. All the electro-oxidation studies have been car-
ried out at 5.0 A dm�2 at room temperature.

2.4. Biochemical oxidation system

All the bio-degradation experiments have been carried out at
room temperature in batch mode in 250 mL Erlenmeyer flasks kept
in shaking condition (140 rpm) with the help of rotary shaker for
aerobic oxidation and kept in static condition for anoxic degrada-
tion. Anoxic conditions will occur if the rate of oxidation of organic
matter by bacteria is greater than the supply of dissolved oxygen.
When the sampling is done the flasks were agitated. Only to re-
strict the oxygen supply agitation was not done during the anoxic
degradation stage (for 5 d) under anoxic condition.

2.5. Irradiation system

In irradiation process, a 120 W medium pressure mercury lamp
has been used for illumination. A 250 mL beaker was placed inside
a photo reactor to carryout irradiation studies for the treated efflu-
ent. Continuous stirring was done by magnetic stirrer.

2.6. Experimental procedure

The mode of operation that has been adopted for treating high
strength refractory organic contaminants in wastewater has been
as shown in the flowchart Fig. 1. A known quantity (200 mL) of
dye effluent containing the Procion Blue 2G (with the initial COD
of 2579 mg L�1) has been taken in electro-oxidation reactor and
subjected to input of certain quantity of electricity, Q (4 or
8 Ah L�1, charge per liter), in the first step of operation to improve
biodegradability.

In electrolysis, NaCl has been added to the effluent prior to elec-
trolysis as a supporting electrolyte with the concentration of
2.5 g L�1. After electrolysis, to subside all the chemical reactions,
the content of the reactor was kept idle for 12 h.

In the second step, biochemical oxidation experiment has been
started with known inoculum concentrations. A known volume, m
(50 mL L�1 or 100 mL L�1), of acclimatized bacterial broth culture
was taken into 250 mL Erlenmeyer flask containing a 200 mL dye
effluent (electrochemically pre-treated). Further, the flasks were
kept in orbiterary shaker for 5 days in aerobic condition. In the
third step of operation, the flask is (added with 25 mL L�1 of accli-
matized bacterial broth culture if required) subjected to anoxic
degradation for 5 days in static condition.

The sample of 1 mL has been collected at the initial stage and at
the end of electro-oxidation experiments and subjected to COD
analysis. In bio-oxidation studies, 1 mL of sample has been taken
for every 24 h (and also during the culture addition in effluent)
and subjected to COD analysis. In biochemical operation 0.1 mL
of sample has been collected from the effluent every day and
spread on agar plates to ensure the presence of microbes. This con-
stitute one cycle.
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In the second cycle, the filtered effluent has been treated elec-
trochemically by passing 2 or 4 Ah L�1 electric charge at the first
step of operation. After 12 h of electrochemical treatment, 25 or
50 mL L�1 of P. aeruginosa broth culture has been added to efflu-
ents, again subjected to aerobic oxidation for 5 days and to anoxic
degradation (after adding 25 mL L�1 acclimatized bacterial broth
culture if required) for 5 days in static condition. All COD analysis
was carried out as before. This constitutes the second cycle of the
experiment.

In the third cycle, the effluent was pre-treated electrochemi-
cally with an electrical charge input of 2 Ah L�1. For biochemical
operation 25 mL L�1 of bacterial broth culture was added.

If the COD value was found to be less than the prescribed value
in any of the each sequential cycles of bio-degradation, the treated
effluent was separately subjected to post electro-oxidation for
maximum of an hour. The effluent was sequentially subjected to
irradiation separately for one hour. The sample of 0.1 mL was col-
lected from both the effluents and spread on agar plates. The ab-
sence of microbes in treated effluent is ensured when the
microbial growth was not observed in spread agar plate for 3 days
and the effluent could be sent for TDS removal. The treated effluent
could be reused after TDS removal.

2.7. Analytical measurement

The sample of 1 mL has been collected at each step of the
cycle and subjected to COD analysis. Samples of 10 mL have been
taken from the raw, pre-treated, biologically treated (containing
initial broth culture) and post treated (containing initial broth
culture) effluent and were subjected to UV–visible spectroscopy
(UV) and Fourier Transform Infrared Spectroscopy (FT-IR)
analysis.

2.7.1. Determination of COD, BOD and Biodegradablity index (BI)
COD of all samples were determined by the dichromate closed

reflux method using thermo reactor TR620-Merck and BOD by
Winkler’s method, strictly following the APHA (Clesceri et al.,
1998). Experiments were repeated until the error was less than
3%. The biodegradability index is defined as the ratio of BOD to
COD. The value ranges from 0 to 1. Morais and Zamora (2005) re-
ported that samples with biodegradability index smaller than 0.3
are not appropriate for biological degradation. According to Cham-
arro et al. (2001) for complete bio-degradation, the effluent must
present a bio degradability index of at least 0.4.

2.7.2. Extraction and FT-IR analysis
Each 5 ml of untreated and treated effluent was taken, centri-

fuged (5000 rpm) and filtered through a 0.45 lm membrane filter
(Millipore). The filtrate was then extracted three times using
diethyl ether. The extract was dried over anhydrous Na2SO4 and
further evaporated to obtain solid mass in a rotary evaporator. To
prepare the pellets, the dried solid masses were mixed with
spectroscopically pure KBr. The pellets were fixed in sample holder
and the analyses were carried out in the mid IR region of
400–4000 cm�1 using Thermo Nicolet Nexus 670 FT-IR
Spectrophotometer.

2.7.3. UV–visible Spectrophotometer analysis
For UV-analysis, 5 mL of treated and untreated samples were

taken and centrifuged at 12,000 rpm for 10 min. The supernatant
of untreated and treated samples were analyzed by monitoring
the changes in its absorption spectrum using UV–visible
spectrophotometer (V-530, Japan) with a cell having 1 cm optical
path length.

Fig. 1. A generalized flow chart for treating high strength refractory organic contaminants in wastewater.
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3. Results and discussions

3.1. Electrochemical oxidation

The mechanism of electrochemical oxidation of wastewater is a
complex phenomenon involving coupling of electron transfer reac-
tion with a dissociate chemisorptions step. The electrochemical
oxidation of organic contaminants on noble oxide coated catalytic
anode (RuOx–TiOx) is as follows:

In the first step, H2O is discharged at the anode to produce
adsorbed hydroxyl radicals according to the reaction

ðRuOx—TiOxÞ þH2O! ðRuOx—TiOxÞð�OHÞ þHþ þ e� ð1Þ
In the second step, generally the adsorbed hydroxyl radicals may
interact with the oxygen already present in the oxide anode with
possible transition of oxygen from the adsorbed hydroxyl radical
to the oxide forming the higher oxide (RuOx–TiOx+1)

ðRuOx—TiOxÞð�OHÞ ! ðRuOx—TiOxþ1Þ þHþ þ e� ð2Þ
At the anode surface the active oxygen can be present in two states,
either as physisorbed adsorbed (RuOx–TiOx)(�OH) or/and as chemi-
sorbed (RuOx–TiOx+1). When NaCl is used as supporting electrolyte,
chloride ion may anodically react with (RuOx–TiOx)(�OH) to form ad-
sorbed OCl� radicals according to the following:

ðRuOx—TiOxÞð�OHÞ þ Cl� ! ðRuOx—TiOxÞð�OClÞ þHþ þ 2e� ð3Þ

In presence of chloride ion, the adsorbed hypochlorite radicals may
interact with the oxygen already present in the oxide anode with
possible transition of oxygen from the adsorbed hypochlorite radi-
cal to the oxide forming the higher oxide (RuOx–TiOx+1) according to
the following reaction and also (RuOx–TiOx)(�OCl) simultaneously
react with chloride ion to generate active oxygen (dioxygen) and
chlorine according to the following reactions:

ðRuOx—TiOxÞð�OClÞ þ Cl� ! ðRuOx—TiOxþ1Þ þ Cl2 þ e� ð4Þ

ðRuOx—TiOxÞð�OClÞ þ Cl� ! ðRuOx—TiOxÞ þ
1
2

O2 þ Cl2 þ e� ð5Þ

The reactions of anodic oxidation of chloride ions to form chlorine
in bulk of solution as given by Eqs. (4) and (5) are as follows:

ðCl2—H2OÞ!k2 Hþ þ Cl�HOCl ð6Þ

HOCl $k3

k30
Hþ þ OCl� ð7Þ

Dyeþ OCl� !k3 CO2 þH2Oþ Cl� ð8Þ

Since organic compounds of the effluent are electrochemically
inactive, the primary reaction that occurs at the anodes is chloride
ion oxidation (Eqs. (4) and (5)) with the liberation of Cl2, which is a
robust oxidizing agent. As regards to the reactions in the bulk, gas-
eous Cl2 dissolves in the aqueous solutions due to ionization as
indicated in Eqs. (6) and (7). The hypochlorite ions can oxidize
the long chain hydrocarbons to lower ones thereby improving
the biodegradability to an extent, especially during the early stage
of the treatment. The pseudo steady state theory can be applied to
each of the intermediates products (HOCl and OCl�) taking part in
the bulk solution. Taking all other reactions as irreversible pro-
cesses, the rates of reactions ri for the sequence are

� rCl2
¼ k2½Cl2� ð9Þ

rHOCl ¼ k2½Cl2� � k3½HOCL� þ k03½H
þ�½OCl�� ¼ 0 ð10Þ

� rOCl� ¼ k3½HOCl� � k03½H
þ�½OCl�� � k4½Dye�½OCl�� ¼ 0 ð11Þ

� rDye ¼ k4½Dye�½OCl�� ð12Þ

From the above equations we can easily deduce the following
expression:

�rCl2
¼ �rDye ¼ k4½Dye�½OCl�� ð13Þ

Finally as regards to the bulk solution it is also to be noted that �rCl2

= rCl� from material balance of Eq. (6), that is

�rCl2 ¼ rCl� ¼ k2½Cl2� ¼ �rDye ¼ k4½Dye�½OCl�� ð14Þ

Where the rate of reaction ri and the rate constants ki (i = 2, 3 and 4)
are defined with respect to bulk and the rate expression for main
electrode reaction can be written as

�r0Cl ¼ r0Cl2
¼ k1½Cl�� ð15Þ

where k1 is heterogeneous electrochemical rate constant. Hence, in
the following section an attempt has been made to establish a rela-
tion between the reacting species in bulk and at the electrode sur-
faces. The basic relationship applicable to all electrochemical
reactions is Faraday’s law that relates to the amount of substance
reacted at the surface to the charge (IAt) passed is MAIAt/nF (assum-
ing 100% current efficiency) and the characteristic measurable
parameter is current density, iA, which is IA/Ae. Thus the electro-
chemical reaction rate (for the disappearance of reactant A) can
be expressed as

�ðVR=AeÞd½A�=dt ¼ iA=nF ð16Þ

where IA is the current passed in time t, MA is the molecular weight,
n is the number of electrons transferred per mole of reaction, Ae

electrode area, VR reactor volume and F is the Faraday (96,500 Cou-
lomb or As/mol). It has to be noted �rA = �d[A]/dt = iAa/nF, where a
is specific electrode area (Ae/VR). Assuming the main electrode reac-
tion is governed by a simple Tafel type expression, then

� ðVR=AeÞd½A�=dt ¼ iA=zF ¼ k0½A� expðbEÞ ð17Þ
or � r0Cl� ¼ r0Cl�2

¼ k1½Cl�� ¼ k1a½Cl��s expðbEÞ ð18Þ

The electrochemical oxidation of Cl� ion to Cl2 at the anode causes
depletion of Cl� ion near the anode. The reactant Cl� is transported
from the bulk of electrolyte to electrode surface due to concentra-
tion gradient, for further reaction. This process may be assumed
to be under diffusion control. Then,

iA=zF ¼ kLð½Cl�� � ½Cl��sÞ ð19Þ

Elimination of [Cl�]s using Eqs. (18) and (19) results as

iA=zF ¼ k1½Cl�� ð20Þ
Where 1=k1 ¼ 1=KL þ 1=k0a expðbEÞ ð21Þ

From a material balance of species Cl� by taking note of Eqs. (13)
and (14) we can write

iA=zF ¼ k0½Cl2� ð22Þ
iA=zF ¼ k00½Dye�½OCl�� ð23Þ

During electrolysis, since the constant current is applied, the rate of
generation of [OCl�] will remain constant under a given set of
experimental condition, but it varies as the applied current is
altered. Then

iA=zF ¼ kL½COD� ð24Þ

Adopting the same classification for the reactors as for conventional
reactors, thus the electrochemical reaction rate (for removal of
COD) can be expressed as

� ðVR=AeÞd½COD�=dt ¼ kL½COD� ð25Þ
Or ½COD� ¼ ½COD�o expð�kLatÞ ð26Þ

where a is the specific electrode surface (cm�1), defined as the ratio
of active electrode surface to the electrolyte volume and kL, the
mass transfer coefficient (cm s�1).
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3.2. Effect of pre treatment, bio-degradation and post treatment on
COD reduction

In dye degradation, electro-oxidation process with initial charge
input of 8 Ah L�1 was coupled with bio-degradation process.

In 30 min of pretreatment of electro-oxidation, it was observed
that the COD decreased from 2579 to 1832 mg L�1 (29% reduction)

for the applied charge of 1.6 Ah. The average value of mass coeffi-
cient (kL) was computed by the Eq. (26) which is 0.001188 cm/s.
This was found almost identical for all electro-oxidation steps in
different cycles, as well for post and all other electrolysis steps.

Bio-degradation experiments were carried out in cycles for two
different P. aeruginosa inoculum volumes (50 and 100 mL L�1) and
for two degradation environments (aerobic and anoxic) as per the
protocol shown in Fig. 1. The results are presented in Fig. 2a, b and
Table 1.

Bio-degradation process was a sequential one and it was carried
out in both aerobic and anoxic conditions in two cycles of opera-
tion indicated in Fig. 2a for 10 mL of inoculum containing P. aeru-
ginosa and in Fig. 2b for 20 mL of inoculum. The figures clearly
indicate that there are remarkable changes in the course of the
degradation process by P. aeruginosa by biochemical reaction. The
performance is more or less same in both the cycles. From Fig. 2a
the COD reduction obtained for two degradation environments
(aerobic and anoxic) were 21% and 24% in first cycle and 36% and
23% in second cycles respectively for the effluent containing10 mL
of inoculum. Similarly from Fig. 2b the COD reduction obtained for
two degradation environments (aerobic and anoxic) as 27% and
47% in first cycle and 30% and 23% in second cycles respectively
for the effluent containing 20 mL of inoculum.

As presented in Table 1, in the second cycle of degradation
scheme, the overall %COD reduction obtained in the combined pro-
cess treatment of dye-house effluent together with post electro-
oxidation for the effluent containing 10 and 20 mL of inoculum
are 90.2 and 91.6, respectively.

To ensure that the microorganisms will grow, they must be al-
lowed to remain in the system long enough to reproduce. This per-
iod depends on their growth rate, which is related directly to the
rate at which they metabolize or utilize the waste. If the environ-
mental conditions are controlled properly, the growth rate of the
microorganisms can ensure effective waste stabilization. In the
system the rate of growth of bacterial cells can be defined by the
following relationship:

rg ¼
dX
dt
¼ lX ð27Þ

where rg, rate of bacterial growth; l, specific growth rate; X, concen-
tration of microorganisms. Experimentally it has been found that
the effect of a limiting substrate or nutrient can often be defined
adequately using the following expression proposed by Monod.

         k      C      Rs
2 

mg/L   mg/Lh  

0

10

20

30

40

50

60

0 20 40 60 80 100 120
Time (h)

%
 o

f C
O

D
 R

em
ov

al

Aerobic Cycle I    1593    0.478      0.998

Anoxic Cycle I      1158    0.347     0.986

Aerobic Cycle II       553    0.387    0.976

Anoxic Cycle II         442    0.132    0.983

       ks         C          R2  

    mg/L    mg/Lh 

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120
Time (h)

%
 o

f C
O

D
 R

em
ov

al Aerobic-Cycle I  1514    0.454    0.998  

Anoxic-Cycle I    1193     0.358    0.986

Aerobic-Cycle II   706    0.494     0.976

Anoxic-Cycle II     515     0.154     0.983

a

b

Fig. 2. Variation of %COD with time in two cycles for two degradation environ-
ments (aerobic and anoxic) using two volumes of P. aeruginosa inoculum (a)
50 mL L�1 and (b) 100 mL L�1.

Table 1
Performance of combined process treatment of dye-house effluent.

Parameters and operating conditions Units Environment I Environment II

Pollutant Procion Blue 2G – Hydrolyzed dye
Batch reactor holdup, VR mL 200 200
Initial COD mg L�1 2579 2579

Electrochemical mediated oxidation Cycle I
Charge input, Q Ah L�1 8 8
COD (after electro-oxidation) mg L�1 1832 1832
Biochemical oxidation Pseudomonas aeruginosa
Inoculums input, m mL L�1 50 100
COD (after inoculum addition) mg L�1 1920 2020
COD (after 5 days of aerobic oxidation) mg L�1 1520 1475
COD (after 5 days of anoxic process) mg L�1 1152 782

Electrochemical mediated oxidation Cycle II
Charge input, Q/2 Ah L�1 4 4
COD (after electro-oxidation) mg L�1 971 660
Biochemical oxidation Pseudomonas aeruginosa
Inoculum input, m/2 mg L�1 25 50
COD (after inoculum addition) mg L�1 1020 800
COD (after 5 days of aerobic oxidation) mg L�1 653 560
COD (after 5 days of anoxic process) mg L�1 502 431
Post electro-oxidation mg L�1 253 217
Overall % of COD Removal 90.2 91.6
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l ¼ lm
S

ks þ S
ð28Þ

where lm , maximum specific growth rate; S, concentration of
growth-limiting substrate in solution; ks , half-velocity constant,
substrate concentration at one-half the maximum growth rate. Be-
cause the quantity of the new cell produced has been observed to be
reproducible for given substrate, the following relationship has
been developed the rate of substrate utilization and the rate of
growth

dX
dt
¼ �Y

dS
dt

ð29Þ

Y, maximum yield coefficient (defined as the ratio of the mass of cell
formed to the mass of substrate consumed). rsu = dS/dt = substrate
utilization rate. Combining the Eqs. (25)–(27) the expression for
the rate of substrate utilization can be written as follow:

dS
dt
¼ �lm

XS
Yðks þ SÞ ð30Þ

In Eq. (28), the term lmX=Y is often replaced by the term C, defined
as the maximum rate of substrate utilization, the resulting expres-
sion is

dS
dt
¼ � CS

ks þ S
ð31Þ

In bacteria systems used for wastewater treatment, the distribution
of cell age is such that not all the cells in the system are in the log-
growth phase. Consequently, the expression for the rate of growth
must be corrected to account for the energy required for cell main-
tenance. However, if most of the cells in the bacterial system are in
log-growth phase, the solution of Eq. (29) is

ks ln
S
So

� �
þ ðS� SoÞ ¼ �Ct ð32Þ

Where So is the initial substrate concentration. We can rewrite the
Eq. (30) as

ln S
So

� �
ðS� SoÞ

¼ � C
ks

t
ðS� SoÞ

� 1
ks

ð33Þ

The plot of ln(S/So)/(S � So) vs. t/(S � So) will be linear if the above
kinetics (Monod) follows. From the intercept, half-velocity constant
can be computed and the maximum utilization rate of substrate is
obtained by dividing slope by intercept.

The model relates the variation of substrate concentration
with time. It is characterized by certain constants, explicitly by
maximum rate of substrate utilization, C, substrate affinity
constant, ks, which expresses COD removal with time. Monod
kinetics constants are evaluated from the % of COD removal with
time for P. aeruginosa and their regression coefficients are also
presented in Fig. 2a and b itself. High regression coefficients
(mostly greater than 0.98) were found for the two sets studies.
This suggests that two parameters Monod kinetics model is very
suitable for describing the kinetic model for the removal of COD
by biochemical oxidation using P. aeruginosa in that studied
concentration.

3.3. FT-IR spectra analysis

In degradation experiments, the treated effluent (containing
20 mL inoculum) samples were taken from the end of each treat-
ment (pre-treated, bio-degraded and post treated) and subjected
to FT-IR analysis. The spectrum results were compared with the
control. The selected dye molecule for this study possess 1,4-dia-
mino anthraquinone and trichloro triazine moiety with two

sulfonic acid groups. From the spectra of untreated sample, C–H
stretching absorption was found at 2936, 2853 cm�1. Characteris-
tic absorption peak at 1641 cm�1 is due to the carbonyl group in
diamino anthroquinone. The absorption peak at 1558 cm�1 is due
to –N@C–. The peaks at 1485, 1413 cm�1 are due to the aromatic
carbon stretching; 1142 cm�1 absorption peak is due to SO3H
group; 622 cm�1 absorption peak is due to C–Cl. The above absorp-
tion peaks are characteristic peaks for the Procion Blue 2G. From
the spectra for pre-treated sample, the –N@C– characteristic peak
disappeared at 1558 cm�1. From the results, it is evident that the
trichloro triazine moiety may be degraded in electro-oxidation
process. The spectra of bio-degraded sample, the characteristic
peaks of SO3H group completely disappeared at 1142 cm�1 and
other functional groups were degraded in the bio-degradation pro-
cess. The spectra of post treated sample, shows the absorption
peaks at 1638, 1373, 1146, 1034 and 609 cm�1. These peaks were
due to the presence of simple aliphatic acid during the mineraliza-
tion process of the dye molecule. The experimental results are
found to be identical with these results (up to 90% removal of
COD).

3.4. Effect of combined degradation on UV–visible spectra

The UV–visible spectra for untreated, pre-treated, bio-degraded
and post treated samples are taken. The spectrum of untreated
sample exhibits the absorption band at 322 and 282 nm. The peak
at 322 nm is due to the n–p* transition of diamino anthraquinone
group and 282 absorption peak is due to p–p* transition of
aromatic ring. The decrease in absorption peaks at 322 and
282 nm indicates a rapid degradation of Procion Blue 2G. The
decrease in the intensity of n–p* transition is due to the degrada-
tion of triazine moiety in electro-oxidation process. Spectra of
bio-degraded sample shows the decrease in the intensity of p–p*
transition which confirms the degradation of Procion Blue 2G.
Spectra of post treated sample shows peaks at 253, 285 and
325 nm, it may be due to the simple aliphatic acids such as acetic
acid, oxalic acid etc., present in the final stage of degradation
processes of Procion Blue 2G.

From COD, FT-IR and UV–visible spectrophotometer analysis
results, the integrated technology of electro-oxidation with biolog-
ical oxidation was found to be effective in the degradation and
decolorization of Procion Blue 2G.

3.5. Effect of irradiation on microbial population

From spread plate analysis, the absence of microbes in treated
effluent is ensured when the microbial growth was not observed
in spread agar plate for 3 days of microbial growth for the sample
taken after 1 h of irradiation and the irradiated effluent could be
sent for TDS removal. The treated effluent could be reused after
TDS removal.

4. Conclusion

The integrated electro and biochemical degradation process for
the dye solution containing Procion Blue 2G removed the complete
color and more than 90% of overall COD at the end of the treatment
when initial charge of 8 Ah L�1 applied for the experiments to en-
hance bio-degradation.

Hence, it was concluded that the free bacterial cells of P. aeru-
ginosa have enough potential to treat the bio recalcitrant dye by
the way of electro and bio-degradation by integration.

Further, the possibility to recycle the treated effluent, less cost
compared to chemical treatment and negligible sludge generation
also adds to economy of treatment.
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