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Abstract

Biodegradation experiments were carried out using the fungal strain Phane-
rochate chrysosporium MTCC 787 to reduce the chemical oxygen demand (COD)
and the color of the textile effluent containing Procion Blue 2G.

In degradation, biochemical oxidation (BO) was coupled with an electro oxida-
tion (EO) process before and during sequence. The integrated process was carried
out in three cycles for the effluents containing 10 mL and 20 mL of inoculum
(two different culture concentrations) in aerobic conditions. The overall COD
reduction was 90.6% and 92.4%, respectively, and complete color removal was
achieved at the end of sequential integrated oxidation process. The treated efflu-
ent was subjected to photo-oxidation to remove the microbes so that the water can
be recycled after the removal of total dissolved solids (TDS).

The experimental results showed that the integrated BO with EO is a viable op-
tion to reduce COD and color of the dye solution containing the bio-recalcitrant
reactive dye Procion Blue 2G using the fungal strain Phanerochate chrysosporium
MTCC 787.
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INTRODUCTION 
 
Among various industries, textile industry ranks first in using dyes for coloration 
of fiber. During the past three decades, India has become a major producer of 
dyes and pigments to cater the needs not only of the textile industry but also of 
other industries such as paper, rubber, plastics, paints, printing inks, art and craft, 
leather, food, drug and cosmetics. 

The type of dye in the effluent could vary daily, or even hourly, depending 
upon the variety of recipes, techniques, machinery, raw materials and fabrics. 
Synthetic dyes which are used in textile industries are classified according to their 
most predominant chemical structures, namely  polyene and polymethine, 
diarylmethine, triarylmethine, nitro and nitroso anthraquinone, and diazo. 
Approximately 10,000 different dyes and pigments are manufactured worldwide 
with a total annual market of more than 7×105 tonne (Doble and Kumar, 2005). 

In all classes of dyes, reactive dyes are used for dying more than half of 
the global production of cotton because of their beneficial technical 
characteristics. Reactive dying of 1 kg of cotton requires about 150 L of water, 
0.6 kg of NaCl and 40 g of reactive dyes. Every year more than 80,000 tonne of 
reactive dyes are consumed (Hessel et al., 2007). When reactive dyes are used, the 
effluent has higher color and salts than any other dyes used. The problem of 
relatively high dyestuff concentrations in wastewater particularly arises when 
dyestuff exhaustion and fixation proceed only to a limited degree, typically only 
70–80%, so that between 20 and 30% of the dye is released with the spent dye 
bath and the washing baths that follow. Such a situation is observed particularly 
with reactive dyeing processes where a covalent reaction of the dye with the fiber 
takes place but some of the reactive groups become hydrolyzed during dyeing and 
thus some dye remains unfixed in the dye bath (Bechtold et al., 2006).  

Untreated dye effluent is highly colored and hence reduces sunlight 
penetration and prevents photosynthesis. Many dyes are toxic to fish and 
mammalian life, inhibit growth of microorganisms 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). 

The physical and chemical methods for the treatment of dye-containing 
effluent includes physicochemical flocculation combined with flotation, electro 
flotation, flocculation with Fe(II)/Ca(OH)2, membrane filtration, electro kinetic 
coagulation, ion-exchange, irradiation, electro chemical destruction, 
photochemical precipitation, chemical oxidation, ozonation and adsorption with 
activated carbon. Though some of these physicochemical processes have been 
shown to be effective, their application is limited due to the excess usage of 
chemicals, sludge generation with subsequent disposal problems and high 
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installation as well as operating costs and sensitivity to a variable wastewater 
input (Robinson and McMullan, 2001). 

Despite the existence of a variety of chemical and physical treatment 
processes, bioremediation of textile effluent is still seen as an attractive solution 
due to the necessity to have low volume or absence of secondary hazardous 
substances produced during bio-technological treatment and it is more cost-
effective than other methods; the low cost of biotechnological treatment is largely 
attributed to the small quantities or total absence of added reagents and microbial 
biomass to start up the bio-treatment process. Moreover public acceptance of 
biotechnological treatment is better than chemical or physical treatment. 
Depending on the type of microorganisms being employed, biological treatment 
for decoloration and degradation of textile effluents, may be either aerobic or 
anaerobic, or a combination of both (Bechtold et al., 2006). Many researchers 
tried to degrade the dyes using isolated bacterial (Georgiou et al., 2004; Kalyani et 
al., 2008) and fungal strains (Ambrosio and Campos, 2004; Parshetti et al., 2007). 

However most of the dye stuffs are hardly biodegraded under an aerobic 
environment (Pagga and Brown, 1986). Alternate, possibilities of decolorization 
by anaerobic processes treating azo-reactive dyes are demonstrated in literature 
(Brown and Laboureur,1983; Carliell et al., 1995; Chinwetkitvanich et al., 2000). 

The aromatic amine intermediates which are produced under the anaerobic 
phase are carcinogenic (Baughman and Weber, 1994), but can be further degraded 
under the aerobic steps to become less harmful end products (Brown and 
Hamburger, 1987; Frijters et al., 2006; Supaka et al., 2004). However most of the 
dye stuffs are highly structured polymers with low or no biodegradability (Ganesh 
et al., 1994) and are hard to degrade by biological means alone (Banat and Singh, 
1996; Ramakrishna and Viraraghavan, 1997). Hence, many pre treatment methods 
were tried before biological degradation like catalytic oxidation (Ghoreishi and 
Haghighi, 2003), ozonation (Arslan, 2003), advanced oxidation processes 
(Ledakowicz et al., 2001;Sudarjanto et al., 2006; Tantak and Chaudhari, 2006) but 
again excessive usage of chemicals, sludge generation with subsequent disposal 
problems, and uneconomical factors remain unsolved.  

 In recent years, electrochemical techniques in combination with 
biological processes have received greater attention due to the distinctive 
advantages of electrochemical methods such as, environmental compatibility; the 
main reactant is the electron which is a clean reagent. Versatility, a plethora of 
reactors and electrode materials, shapes, and configurations can be utilized. It is 
noteworthy that the same reactor can be used frequently for different 
electrochemical reactions with minor changes only and the electrolytic processes 
can be scaled easily from the laboratory to the plant, allowing treatment volumes 
ranging from milliliters to millions of liters, respectively. Safety, electrochemical 
methods are generally safe because of the mild conditions usually employed and 
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the small amount and innocuous nature of the added chemicals. Electrodes and 
cells can also be designed to minimize power losses due to poor current 
distribution and voltage drops (Brillas et al., 2003). It was reported that the non-
bio degradable organics (speciality chemicals) present in industrial wastewater 
were successfully degraded by coupling electro oxidation and electro coagulation 
with biodegradation (Basha et al., 2009). In addition to bio-degradation studies, 
dead or living microbial cells are also used to remove the dyes from dye effluents 
by bio-adsorption technique (Sathishkumar et al., 2007; Akar et al., 2006; Ilhan, 
et al., 2008; Faraco et al., 2009).  

In this work, integrated electrochemical and biological oxidation method 
have been attempted to degrade the effluent containing bio recalcitrant synthetic 
reactive dye Procion Blue 2G with a well established fungal strain Phanerochate 
chrysosporium MTCC 787.  

In batch electrochemical reactor, electrochemical oxidation (EO) has been 
carried out as a pre treatment before the biodegradation cycles to increase 
biodegradability and at the end as a post treatment to meet the required standards. 
Biological oxidation was carried out in 3 cycles for two different initial culture 
concentrations at aerobic conditions. In order to remove the micro organisms from 
the treated effluent and to bring the effluent for reusable condition, photo 
oxidation method is carried out at the end as a polishing step.  
 
MATERIALS AND METHODS 
 
The chemicals used for the experiments and analysis are AR grade. Procion blue 
hydrolyzed dye-bath waste was 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 sample, 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 2556 mg L-1. 
When the dye bath was taking longer time to dry, the study sample of required 
concentration was also prepared with the knowledge density of dye bath effluent. 
Simulated dye-bath effluent was prepared according to the following composition 
commonly used in cotton dyeing with Procion Blue. In order to dye 100 g of 
fabric, 4 g of dye was considered. It was dissolved in one litre of double distilled 
water along with the auxiliary chemicals such as 3 g Na2CO3, 1 mL of NaOH 
38°Bé and 10 g of NaCl. After the process of dyeing the effluent was collected 
and characterized, the value of pH was 10.5±0.5; the result is reported in Table 1.  
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Table 1  Characteristics of the Procion Blue 
synthetic effluent 

Parameter Value 

pH 10.5±0.5 

COD (mg L-1) 1200±10 

Suspended solids (mg L-1) 210 ±10 

 
 

 

Figure 1:  Batch electro oxidation setup 
 
Electro Oxidation System  
 
A batch electrolytic cell was used for the electro oxidation (EO) process. The 
schematic diagram of experimental setup is shown in Fig.1. A batch electrolytic 
cell was used for the electrochemical degradation process. The setup consists of 
an undivided electrolytic cell of 200 mL working capacity, closed with a PVC lid 
having provisions to fix the cathode and anode keeping 1.5 cm inter-electrode 
distance titanium substrate insoluble anode, TSIA with Ti/ RuOx–TiOx coating, 
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was employed as anode in the form of expanded mesh. A stainless steel plate (of 
dimension 8 cm x 5 cm x 0.2 cm) was used as the cathode. A multi-output 2A and 
30 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 were 
carried out at 5.0 A dm-2 at room temperature. 
 
Culture Preparation 
 
A fungal strain of P. chrysosporium was obtained in powdered form from 
Microbial Type Culture Collection and Gene Bank (MTCC), Institute of 
Microbial Technology (IMTECH), Chandigarh, India. The strain P. 
chrysosporium was initially grown on malt agar and incubated at 308 K until 
extensive spore growth occurred. Then the fungal culture was inoculated into 250 
mL Erlenmeyer flasks having 100 mL of Potato-Dextrose Broth (PDB) medium 
containing (g L-1) peeled potatoes 200, glucose 20, yeast extract 0.1 and incubated 
for 4 days at 303 K at static condition. This culture was gradually exposed to the 
increasing concentration of dye to acclimatize P. chrysosporium .The successive 
transfers of culture into fresh PDB containing the textile effluent was done at 
303 K in static condition. This acclimatized culture was used for all biochemical 
oxidation (BO) studies. 
 
Biochemical Oxidation System 
 
All BO experiments were carried out at room temperature, by batch mode in 250 
mL Erlenmeyer flasks in shaking conditions (140 rpm) with the help of Orbital 
Shaker.   
 
Irradiation System 
 
In irradiation process, a 120 W medium pressure mercury lamp was used for 
illumination. A 250 mL beaker was placed inside a photo reactor to carryout 
irradiation studies for the treated effluent. There was a provision made in the 
setup for continuous stirring of treated effluent to get uniform radiation. 

 
Experimental Procedure 
 
The approach which was adopted for treating high strength refractory organic 
pollutants in waste water is as shown in the flow chart Fig.2. 
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Figure 2: Flow-chart for treating high strength refractory organic pollutant 
in waste water in an integrated process. 

In the first step a known of operation to improve biodegradability, a 
known quantity (200 mL) of dye solution containing the Procion Blue 2G ( with 
the initial COD of 2556 mg L-1) was taken in EO reactor and subjected to input 
certain quantity of electricity, Q ( 4 or 8 Ah L-1, charge per liter).  In electrolysis, 
NaCl was added to the effluent prior to electrolysis as a supporting electrolyte 
with the concentration of 2.5 g L-1. After electrolysis, the content of the reactor 
was kept idle for 12 h to complete all the chemical reactions.  

In the second step, BO the experiment was started with identified 
inoculum concentrations. A known volume, m (50 mL L-1 or 100 mL L-1 ), of 
acclimatized fungal broth culture was taken into 250 mL Erlenmeyer flask 
containing a 200 mL dye effluent (electrochemically pretreated).  Further, the 
flasks were kept in orbiterary shaker for 5 days in aerobic condition. 1 mL of the 
sample was collected at the initial stage and at the end of electro oxidation 
experiments and was subjected to COD analysis. In bio oxidation studies, 1mL of 
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sample was taken for every 24 h (and also during the culture addition in effluent) 
and subjected to COD analysis. This constitute one cycle. 

In the second cycle, the filtered effluent was treated electrochemically by 
passing 2 or 4 AhL-1 electric charge at the first step of operation. After 12 h of 
electrochemical treatment, 25 mL L-1 of fungal suspension was added to effluents, 
and was again subjected to aerobic oxidation for 5 days. All COD analyses were 
carried out as before. This constitutes the second cycle of the experiment. 

In the third cycle, the effluent was pretreated electrochemically with an 
electrical charge input of 2 Ah L-1. For biochemical operation 25 mLL-1 of fungal 
broth culture was added.  

If the COD value was found to be lesser than the prescribed value in any 
of the each sequential cycles of biodegradation, 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.  0.1 mL of sample 
was collected from both the effluents and spread on agar plates. The biochemical 
activity was observed in spread plates after 3 days to ensure the absence of 
microbes. The effluent can be reused after TDS removal. 

The  treated (containing initial broth culture of 100 mL L-1) and untreated 
effluent samples were collected and subjected to UV-Visible double beam 
spectrophotometer (UV-Visible Varian NIR-500, Japan),  High performance 
Liquid Chromatography (HPLC, Shimadzu) and Fourier Transform Infra-Red 
spectrophotometer (FTIR, Thermo Nicolet Nexus 670 ) analysis.   

 
COD and BOD Analysis 
 
In order to determine the extent of degradation of the effluent chemical oxygen 
demand (COD) was measured. The COD as the name implies is the oxygen 
requirement of a sample of oxidation for organic and inorganic matter. COD is 
generally considered as the oxygen equivalent of the amount of organic matter 
oxidizable by potassium dichromate. The organic matter of the sample was 
oxidized with a known excess of potassium dichromate in a 50% sulfuric acid 
solution. The excess dichromate was titrated with a standard solution of ferrous 
ammonium sulfate solution. COD of all samples were determined by the 
dichromate closed reflux method using thermo reactor TR620-Merck. 

Analysis of biochemical oxygen demand (BOD) was done by Winkler’s 
method, strictly following the American Public Health Association (APHA) 
procedures (Clesceri et al., 1998). Experiments were repeated until the error was 
less than 3%. 
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Determination of BI 
 
The biodegradability index (BI) was defined as the ratio of BOD to COD. The 
value ranged from zero to one. Morais and Zamora (2005) reported that samples 
of biodegradability index smaller than 0.3 were not appropriate for biological 
degradation. According to Chamarro et al (2001) for complete biodegradation, the 
effluent must present a bio- degradability index of at least 0.4. 
 

UV-Visible Spectrophotometer Analysis 
 
For UV-Visible analysis, 5ml 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 
(360-700 nm) using UV-Visible double beam spectrophotometer with a cell 
having 1 cm optical path length. 

 
Extraction and HPLC Analysis 
 
Each 5 ml of untreated and treated effluent were taken, centrifuged at 5 000 rpm 
for 5 min and filtered through a 0.45 µm membrane filter (Millipore). The filtrate 
was then extracted by ethyl acetate. The extract was dried over anhydrous sodium 
sulfate (Na2SO4) and further in rotary evaporator. The obtained solid mass was 
dissolved in methanol (CH3OH) and analyzed by HPLC. A 20 µL sample was 
injected in to Octa Decyl Sinane (ODS -C18) column (4.6 mm ID x 250 mm 
length). 100 % CH3OH was used as mobile phase with the flow rate 60 mL h-1 for 
10 min and UV detector was kept at 254 nm. Subsequently, batch solutions of 
dyes were subjected to chromatographic analysis before and after treatment. 
Under potentiostatic conditions current versus time curves were registered and 
aliquots were taken from the batch solution at determined time intervals. 
Optimum electrolysis time was determined from these curves and by constructing 
the absorption decay curve with time, which presented a plateau after 2 h. The 
detector output was processed with peak simple software. Peak identity 
confirmation of the electrolysis products was achieved by retention time matching 
of injected standards and spectra comparison by spectra index. 

 
Extraction and FT-IR Analysis 
 
As mentioned in the HPLC analysis, samples were prepared for FT-IR analysis. 
The treated and untreated samples were analyzed using FT-IR spectrophotometer. 
To prepare pellets, the samples were grained with 1 mg of pure potassium 
bromide (KBr) and pressing the mixture into very thin disks. The pellets were 
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fixed in sample holder and analysis was carried out. Infrared radiation in the range 
from about 10,000-100 cm-1 was absorbed and converted into energy of molecular 
vibration. The selected IR region was between 400 and 4000 cm-1. Band position 
in IR spectra was presented as wave numbers whose unit is the reciprocal 
centimeter (cm-1). Band intensities can be expressed as transmittance (% T). 
 
MECHANISM AND KINETICS OF MEDIATED ELECTROCHEMICAL 
OXIDATION 
 
Electrochemical Mediated Electrochemical Oxidation 
 
The mechanism of mediated electrochemical oxidation of wastewater is a 
complex phenomenon involving indirect electro oxidation when chloride salts of 
sodium were added to the effluent for better conductivity and generation of HOCl 
or hypochlorite ions (Comninellis, 1994; Vlyssides and Cleanthes, 1997; Panizza 
and Cerisola 2004; Canizares et al., 2004). In the first step, H2O was discharged at 
the anode to produce adsorbed hydroxyl radicals according to the reaction: 
 
 (RuOx-TiOx)  + H2O     (RuOx-TiOx)(

OH)  + H+ + e- (1)
 
In the second step, generally the 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). 
 
(RuOx-TiOx)(

OH)   (RuOx-TiOx+1) + H+ + e-         (2)
 
At the anode surface the active oxygen can be present in two states, either as 
physisorbed adsorbed (RuOx-TiOx)(

OH) or/and as chemisorbed (RuOx-TiOx+1). 
When NaCl was used as supporting electrolyte, chloride ion may anodically react 
with (RuOx-TiOx)(

OH) to form adsorbed OCl- radicals according to the 
following: 
 
(RuOx-TiOx)(

OH) + Cl-  (RuOx-TiOx)(
OCl) + H++2e- (3)

In presence of chloride ion, the adsorbed hypochorite radicals may interact with 
the oxygen already present in the oxide anode with possible transition of oxygen 
from the adsorbed hypochorite radical to the oxide forming the higher oxide 
(RuOx-TiOx+1) according to the following reaction and also (RuOx-TiOx)(

OCl) 
simultaneously reacting with chloride ion  to generate active oxygen (dioxygen) 
and chlorine according to the following reactions: 
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(RuOx-TiOx)(
OCl) + Cl-  (RuOx-TiOx+1)+Cl2+e- (4)

(RuOx-TiOx)(
OCl) + Cl-  (RuOx-TiOx)+½O2 + Cl2+e- (5)

 
The reactions of anodic oxidation of chloride ions, to form chlorine in bulk 
solution as given by equation (4) and (5) are as follows: 
 
Cl2  + H2O  2k H+ + Cl- + HOCl (6)

HOCl        
3

3'

k

k
   H+ +  OCl-  

(7)

Dye + OCl-  4k CO2  + H2O + Cl-  (8)

 
Since organic compounds of the effluent are electrochemically inactive, 

the primary reaction that occurs at the anodes is chloride ion oxidation (equation 
(4) and (5)) with the liberation of Cl2, which is a robust oxidizing agent. As 
regards to the reactions in the bulk, gaseous Cl2 dissolves in the aqueous solutions 
due to ionization as indicated in equations (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 processes, the rates of reactions ri for the sequence are 

 

2Clr = k2[Cl2] (9)

 rHOCl = k2[Cl2]-k3[HOCl]+ ,
3k [H+][OCl-] = 0 (10)

 
OCl

r = k3[HOCl]- ,
3k [H+][OCl-]- k4[Dye][OCl-] = 0 (11)

-rDye= k4 [Dye][OCl-]  (12)

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

2Clr   = -rDye = k4 [Dye][OCl-] (13)

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

2Clr = Cl
r  from 

material balance of equation (6), that is  
 

2Clr = Cl
r = k2[Cl2] = -rDye = k4[Dye][OCl-] (14)
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Where the rate of reaction ri and the rate constants ki (i=2, 3 and 4) were defined 
with respect to bulk and the rate expression for main electrode reaction can be 
written as 
 

,

Cl-r- = ,
Cl2

r  = k1[Cl-] (15)

 
where k1 is heterogeneous electrochemical rate constant. Hence, in the following 
section an attempt has been made to establish a relation between the reacting 
species in bulk and at the electrode surfaces. 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 (assuming 
100% current efficiency) and the characteristic measurable parameter is current 
density, iA, which is IA/Ae. Thus the electrochemical reaction rate (for the 
disappearance of reactant A) can be expressed as  
 
    - ( VR/Ae)d[A]/dt = iA/nF  (16)
 
where IA is the current passed, 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 Coulomb 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 reaction is governed by a simple Tafel type expression, then 
 
 - ( VR/Ae)d[A]/dt = iA/zF= k’[A]exp(bE) (17)
or ,

Cl-r- = ,
Cl2

r  = k1 [Cl-]= ,
1k a[Cl-]sexp(bE) (18)

 
The reaction may be assumed to be under diffusion control as the reacting species, 
Cl- in the electrolyte was dilute. The reactant Cl- was transported for the bulk to 
electrode surface where it underwent electrochemical oxidation to Cl2 and it may 
be transported back to bulk by diffusion reaction in the bulk. Then, 
 
iA /zF = kL([Cl-] - [Cl-]s) (19)

 

Elimination of [Cl-]s using equation (18) and (19) results as 
 
iA /zF = k1[Cl-]  (20)
Where 1/k1 =1/kL +1/ k’a exp (bE) (21)
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From a material balance of species Cl- by taking note of equation (13) and (14) 
we can write  
 
iA /zF = k’[Cl2]  (22)
iA /zF = k’’[Dye][OCl-] (23)
 
During electrolysis, since the constant current was applied, the rate of generation 
of [OCl-] will remain constant under a given set of experimental condition, but it 
varies as the applied current was altered. Then  
 
iA /zF == kL[COD] (24)
Adopting the same classification for the reactors as for conventional reactors, thus 
the electrochemical reaction rate (for removal of COD) can be expressed as 
 
- ( VR/Ae)d[COD]/dt = kL[COD] (25)
Or [COD] = [COD]o exp(−kLat) (26)
 
In electrochemical degradation, the high molecular weight aromatic compounds 
and aliphatic chains were broken to intermediate products for further processing.  
‘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 (cms-1). The 
plot of ln([COD]/ [COD]o) vs t will be linear and from the slope kLa can be 
computed 
 
Biochemical Oxidation 
 
To ensure that the microorganisms will grow, they must be allowed to remain in 
the system long enough to reproduce. This period depends on their growth rate, 
which was related directly to the rate at which they metabolize or utilize the 
waste. If the environmental conditions are controlled properly, the growth rate of 
the microorganisms can ensure effective waste stabilization. In this system, the 
rate of growth of microbial cells can be defined by the following relationship 

 

μX
dt

dX
rg   

(27)

where rg= rate of microbial growth, = Specific growth rate, X = concentration of 
microorganisms. Experimentally it was found that the effect of a limiting 
substrate or nutrient can often be defined adequately using the following 
expression proposed by Monod. 
 

12 International Journal of Chemical Reactor Engineering Vol. 8 [2010], Article A147

http://www.bepress.com/ijcre/vol8/A147



 

Sk

S
μμ

s
m 

  (28)

 
where m= 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. Because the quantity of the new cell produced was 
observed to be reproducible for given substrate, the following relationship has 
been developed the rate of substrate utilization and the rate of growth. 
 

dt

dS
Y

dt

dX
  (29)

 
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 equations 25, 26 and 27 the expression for the rate of substrate 
utilization can be written as follow: 
 

S)Y(k

XS
μ

dt

dS

s
m 

  (30)

 
In equation (28), the term X/Yμm is often replaced by the term C, defined as the 
maximum rate of substrate utilization, the resulting expression is 
 

Sk

CS

dt

dS

s 
  (31)

 
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 maintenance. However, if most of the cells in the bacterial 
system are in lag-growth phase, the solution of equation (29) is 
 

Ct)S(S
S

S
lnk o

o
s 








 (32)

 
Where So is the initial substrate concentration. We can rewrite the equations (30) 
as 
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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 was obtained by dividing slope by intercept. 
 
RESULTS AND DISCUSSIONS 
 
In dye degradation, electro oxidation process with initial charge input of 8 Ah L-1 
was coupled with biodegradation process. Biodegradation experiments were 
carried out in cycles with two different initial volumes (50 mL L-1 and 100 mL L-

1) of acclimatized fungal broth culture as per the protocol shown in Fig.3. The 
results are presented in the Figs 3a, 3b and Table 2.  

 
Effect of Pre Treatment, Biodegradation AND Post Treatment ON COD 
Reduction 
 
It was observed that, in 30 minutes of pretreatment of electro oxidation, the COD 
decreased from 2556 mgL-1 to 1832 mgL-1 (19% reduction) for the applied charge 
of 1.6 Ah. The average value of kLa was computed by the equation (26) which 
was 0.0111s-1.  This was found almost identical for all electro oxidation steps in 
different cycles, as well for post and all other electrolysis steps. Biodegradation 
process was a sequential one and it was carried out in aerobic and conditions in 
three cycles of operation indicated in Figure 3a for 10 mL of inoculum containing 
P. chrysosporium and in Fig. 3b for 20 mL of inoculum.  The figures clearly 
indicate that there were remarkable changes in the course of the degradation 
process by P. chrysosporium by biochemical reaction. The performance was more 
or less same in both the cycles. From Fig. 3a the COD reduction obtained in the 
first degradation environments (aerobic) were 26.9% in the first cycle, 44.6% in 
the second cycle and 37.3% in the third cycles respectively for the effluent 
containing10 mL of inoculum.  Similarly from Fig. 3b the COD reduction 
obtained for second degradation environments were 37.6% in the first cycle, 
44.1% in the second cycle and 47% in the third cycles respectively for the effluent 
containing 20 mL of inoculum.  
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Cycle I    1481        0.59       0.966

Cycle II     903        0.54       0.91

Cycle III    574        0.23      0.911

Figure 3a: Variation  of %COD with time in 3cycles for degradation of 
Procion Blue 2G  using 50 mL L-1 of Phanerochate chrysosporium 

 
As presented in Table 2, the overall percentage COD reduction obtained in 

the combined process treatment of dye-house effluent together with post electro 
oxidation for the effluent containing 10 mL and 20 mL of inoculum were 90.2 and 
91.6 respectively.  

To know the precise behaviour of biodegradation, the data of Figs 4a and 
4b was analyzed for its reaction kinetics. The most widely used two parameters 
Monod kinetic model was taken up for the kinetics analysis of the data. It is 
important to develop an equation which could be accurately representing the 
results and which could be used for design purposes.  

The model relates the variation of substrate concentration with time. It is 
characterized by certain constants, explicitly by maximum rate of substrate 
utilization, C; half velocity constant, ks, which expresses COD removal with time. 
Monod kinetics constants are evaluated from the % of COD removal with time for 
P. chrysosporium and their regression coefficients are also presented in the Figs 
4a and 4b itself.  High regression coefficients (mostly greater than 0.9) 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. chrysosporium in that studied concentration. In 
both the degradation environment as cycle increases maximum rate of substrate 
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utilization, C decreases which may be due to decrease of micro organism 
concentration. 
 
Table 2: 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 2556 2556 
Electrochemical Mediated Oxidation  Cycle I 
Charge input, Q  Ah L-1 8 8 
COD (after Electro Oxidation),  mg L-1 1832 1832 
Biochemical oxidation  Phanerochate chrysosporium 
Inoculums input, m mL L-1 50 100 
COD (after inoculum addition),  mg L-1 1970 2180 
COD (after 5 days of aerobic oxidation), mg L-1 1440 1360 
Electrochemical Mediated Oxidation Cycle II 
Charge input, Q/2 Ah L-1 4 4 
COD (after Electro Oxidation),  mg L-1 1220 1151 
Biochemical oxidation  Phanerochate chrysosporium
Inoculum input, n mg L-1 25 25 
COD (after inoculum addition),  mg L-1 1300 1217 
COD (after 5 days of aerobic oxidation), mg L-1 720 680 
Electrochemical Mediated Oxidation Cycle III 
Charge input, Q Ah L-1 2 2 
COD (after Electro Oxidation),  mg L-1 670 626 
Biochemical oxidation  Phanerochate chrysosporium 
Inoculums input, n mL L-1 25 25 
COD (after inoculum addition),  mg L-1 765 715 
COD (after 5 days of aerobic oxidation), mg L-1 480 379 
Post Electro Oxidation  mg L-1 240 194 
Overall COD Removal  (%) 90.6 92.4 
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Cycle I  1558      0.94     0.916

Cycle II   808      0.48     0.936

Cycle III  457      0.27     0.919

Figure 3b: Using 50 mL L-1 of Phanerochate chrysosporium 

 
Effect of Degradation in UV-Visible Spectra 
 
Decolorization of textile effluent was monitored by UV-Visible 
Spectrophotometer. The changes in absorbance characteristics of untreated and 
treated effluent (initial inoculum concentration 20mL) were investigated over a 
large wavelength interval in degradation process and results are shown in Fig. 4. 
The spectrum of untreated sample exhibits the absorption band at 322 and 282 
nm. The peak at 322 nm in UV region is due to the n-* transition of diamino 
anthraquinone group and in 282 nm, the absorption peak is due to -* transition 
of aromatic ring. The disappearance of  absorption peaks at 322 and 282 nm 
indicates  degradation of Procion Blue 2G. Spectra of treated sample shows peaks 
at 253 and 285,  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.This result shows the cleavage of anthraquinone group and total 
decoloration of dye solution. It is clear from Fig. 4 that the biological treatment 
process combined with EO has effectively reduced the color of the dye effluent.  
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Effect of Degradation in FT-IR Analysis 
 
Biodegradation of textile effluent was monitored by FT-IR spectra and the results 
were shown in Fig. 5 for the untreated and treated dye effluent (initial inoculum 
volume of 20 mL) respectively containing the dye Procion Blue 2G.  It can be 
seen that some structural changes have occurred during the treatment process. The 
IR spectra peak at 3500 cm-1 indicates N-H group stretching for initial sample 
confirmation of amino group.   
 

  
Figure 4: UV-Visible spectra for untreated and treated dye solution 
containing Procion Blue 2G  

 
The appearance of peak at 1628.7 cm-1 indicates the presence of C=C conjugated 

diene group. The other peak at 1398 cm-1 indicates the presence of CH def for 
CH3. After treatment, the peaks were completely disappeared and the peak at 
560.09 cm-1 was shifted to 624.64 cm-1. The appeared peak at 1003.6 cm-1 
suggests the formation of ClO3

-, which may generally be present in the 
hypochlorite solution. Presence of peak at about 624.64 cm-1 belongs to C-Cl 
stretching.  
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Effect of Degradation in HPLC Plot 
 
Fig. 6 shows the HPLC plots for the following two samples: The untreated textile 
dye solution containing the Procion blue 2G was represented by plot ‘a’ and the 
treated effluent sample (initial inoculum volume of 20mL) was represented by 
plot ‘b’, for the residue obtained after BO. Plot ‘a’ indicates the two peaks at 2.6 
and 3.2 min with respect to 4.8 V and 1.3 V. No peaks were observed in plot ‘b’. 
With respect to treated dye effluent no product information was available from the 
HPLC analysis.  
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Figure 5: Infrared absorption bands for the untreated and treated dye 
solution containing the Procion Blue 2G 
 
Effect of Irradiation on Microbial Population 
 
The samples were incubated for 3 days for the microbial growth and the samples 
were subjected to spread plate analysis. The absence of microbes visually ensured 
for the samples taken after 5 h of irradiation. Hence, it was clear that the treated 
effluent brought in to reusable condition by 5 h of irradiation. 
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Figure 6: HPLC chromatogram of untreated and treated dye solution 
containing the textile dye Procion Blue 2G 
 
CONCLUSIONS 
 
The experimental results show that the integrated biological oxidation with electro 
chemical oxidation  is a viable alternate to reduce COD and complete color 
removal of the dye solution containing the bio-recalcitrant reactive dye Procion 
Blue 2G using fungal strain P.chrysosporium. The main advantage of this method 
is the ‘clean’ and economically attractive electro oxidation process used prior and 
after biological oxidation to degrade a bio recalcitrant compound. In 15 d of 
biodegradation using fungal cell suspension the overall more than 90% COD 
could be reduced with complete color removal of the dye effluent in the end of the 
integrated treatment.  

After a post electro oxidation in the end of the cycle, the effluent was 
again subjected to irradiation to remove the microbial populations present in the 
effluent so that the treated water can be recycled for process after removal of 
TDS.   
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Thus this treatment system seems to be quite effective and an economical 
option for the treatment of recalcitrant compounds like dyes, as the cost in the 
chemical treatment is considered. Further, as the sludge generation was almost 
negligible, the savings in cost of handling and disposal of hazardous sludge also 
adds to economy of treatment. 

 
ABBREVIATIONS AND SYMBOLS USED 

 
Abbreviations  
& Symbols  

Unit Name 

EO  Electro Oxidation  
BO  Biochemical Oxidation  
TDS  Total Dissolved Solids  
PDB  Potato-Dextrose Broth 
BI  Biodegradability Index  
Ae dm2 Electrode Area 
a cm-1 Specific Electrode Area  
COD mg L-1 Chemical Oxygen Demand  
BOD mg L-1 Biochemical Oxygen Demand  
n  Number of Electrons 
F C or As mol-1 Faraday (96,500 As mol-1) 
iA A dm-2 Current Density 
X g L-1 Microorganisms Concentration  
Y g g-1 Maximum Yield Coefficient 
S mg L-1 Growth-Limiting Subs. Concn. 
C mg L-1h-1 Max. Rate of Subs. Utilization 
ks mg L-1 Half Velocity Constant, 
ki moln-1Ln-1·s-1 Rate Constants (n order) 
kL cm s-1 Mass Transfer Coefficient  
rg  Rate of Microbial Growth 
rsu mg L-1h-1  Substrate utilization rate 
VR mL Reactor Volume 
 h-1 Specific Growth Rate 
m h-1 Maximum Specific Growth Rate 
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