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Abstract 

The objective of the current project was to establish an economical method utilizing peels of 

kinnow (Citrus reticulata) and lemon (Citrus limon) for decolorization of synthetic dyes and 

industrial effluents. Firstly, both peroxidases extracted from Citrus reticulata (CRP) and Citrus 

limon (CLP) were characterized in terms of kinetic and thermodynamic parameters. The 

optimum pH for both the enzymes was determined to be 6.0 whereas the temperature optima 

were 55 and 45 0C, respectively for CRP and CLP. The values of Km and Vmax for guaiacol 

oxidation for CRP were recorded to be 0.66 and 380 µmol/mL/min, whereas for CLP they were 

recorded as 2.70 mM and 2222 µmol/mL/min, respectively. Results regarding thermostability 

showed that both enzymes were fairly stable at 60 0C but at 80 0C, CRP retained 58 % while 

CLP retained 37 % of its activity after 60 min. The energy of activation for thermal denaturation 

was found to be 95.85 and 77.27 kJ/mol for CRP and CLP, respectively. Metal ions like, Mg2+, 

Cd2+, Cu2+, Al3+ and one of the surfactants, Lemon max behaved as activator whereas Co2+, Ni2+, 

Hg2+, Triton X-100, Tween-80, SDS, Brite total, Surf excel, Rin behaved as an inhibitor for both 

CRP and CLP. Besides this, inhibitory effect of urea, sodium azide and EDTA was also reported 

for both CRP and CLP. Secondly, both the enzymes were utilized for degradation of synthetic 

dyes.  

Using CRP, 88.92 % decolorization was achieved for Remazol brilliant blue R (RBBR) at pH, 

temperature, enzyme dose, H2O2, dye and p-coumaric acid concentarion of 4.0, 35 0C and 18 

U/mL, 0.125 mM, 50 mg/L, 0.1 mM, respectively within 5 min. Whereas for Golden yellow 

PRA (GYPRA) pH of 2.0, temperature of 40 0C,  enzyme does of 24 U/mL, H2O2 concentration 

of 0.375 mM dye concentration of 100 mg/L and vanillin concentration of 0.05 mM were 

determined as optimum to attain 95.98 % decolorization within 5 min. On the other hand, CLP 

decolorized 85.97 % of Brilliant yellow (BY) and 96.34 % of Crystal violet (CV) respectively at 

pH 5.0 and 4.5, temperature 50 and 45 0C, enzyme dose 24 and 42 U/mL, dye concentration 

18.75 and 7.5 mg/L, syringaldehyde 0.025 mM and p-coumaric acid 0.5 mM, at 0.25 mM H2O2 

with in 10 and 5 min. The degradation products of BY and CV were also identified by LC/MS 

analysis. The optimizations and interactive effects of pH, enzyme dose and dye concentration for 

% decolorization of all four dyes were also investigated by RSM through CCD. The CLP was 

also employed for complete degradation of two effluents under the optimized conditions of pH 

2.0 and 3.0, temperature 45 and 40 0C, enzyme dose 18 and 24 U/mL and time of incubation of 



vii 
 

20 and 60 min, respectively for Effluent 1 and 2. Finally, phytotoxicity of the effluents and their 

degraded samples was also evaluated for Zea mays. It was observed that the degraded effluent 

samples were less toxic than the original ones.  
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Chapter 1 

                                                                                  Introduction 

 

The ever-increasing world’s population and its rapid adoption of an industrial based life 

style have certainly led to an enhanced anthropogenic impact on the environment. The 

textile industries are discharging lots of different toxic compounds to the environment at 

different operational stages. These effluents can percolate in to the aquifer and deteriorate 

the quality of underground water or wherever it is thrown without proper pre-treatment 

into the water bodies. Consequently, such hazardous compounds not only affect aquatic 

life but also become a reason of serious problems related to human health (Ashoka et al., 

2002).   

Since the discovery of first synthetic dye in 1856, more than 100,000 dyes have 

been synthesized world wide, with over 700,000 metric tons per annual production. There 

are almost 8000 chemical products which are being related to dyeing process and are 

listed in Colour index (Society of Dyers and Colourists 1976).  These synthetic reactive 

dyes covalently bond with the fabric as they are having chromophoric groups e.g., azo, 

anthraquinone, triarylmethane, heterocyclic etc. along with reactive groups viz., 

trichloropyrimidine, vinyl sulphone, chlorotriazine, etc. (Sumathi and Manju, 2000; 

Keharia and Madamvar, 2003). These dyes are such designed to resist sunlight, water, 

sweat, some chemicals as well as microbial degradation and some of which are 

considered to be noxious and carcinogenic in nature for living beings. Synthetic dyes are 

widely used in textile, printing, paper, cosmetics, pharmaceutical and leather industries 

(Forgacs et al., 2004). It is estimated that due to inefficient dyeing processes almost 10-15 

percent of the unused dye stuff is directly entering into the wastewater, ultimately finding 

its way in to the environment (Brown et al., 1981, Zollinger, 1987; Spadarry et al., 1994; 

Robinson et al., 2001). Therefore, the proper handling of industrial disposals having dyes 

becomes very much essential before their ultimate discharge into the environment. 

Several physicochemical methods involved in treatment of textile and dye stuff 

industrial effluents include adsorption, coagulation, ozonation, precipitation, chemical 

treatment, irradiation, AOPs, etc. In the past, besides these methods, dye decolorization 

has also been induced by UV light in the presence of Fe (III) ion and humic acid as well 

as by solar photolysis of ferrioxalate in aquous solution.  But none of them is much 

efficient because most of them are costly, incapable to treat a large variety of dyes, 
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produce noxious pollutants, generate large amount of sludge thus creating disposal 

problem and also require intensive energy (Hai et al., 2007; Ramchandran et al., 2013). 

On the other hand, biological methods utilizing microbes to treat dyes for decolorization 

purpose have been considered more suitable as being less expensive, eco friendly and 

demand less chemicals as well (Koller et al., 2000). Both aerobic and anaerobic methods 

have been employed in this regard (O’Neill et al., 2000) but the drawback associated with 

anaerobic method is that the reduction of azo dyes leads to more toxic products than the 

original dye. However, aerobic methods involving white rot fungi are considered more 

promising as they can totally degrade the dyes but are rather slow and generally need 

some days of treatment (Conneely et al., 1999; Heinfling-Weidtmann et al., 2001; 

Parshetti et al., 2007).  

 Now a days, the focus of most recent research is shifted towards enzymatic 

treatment of dye contaminated industrial wastes as a more practical substitute of the 

above mentioned conventional methods (Wesenberg et al., 2003; Tauber et al., 2008; 

Wagner and Nicell, 2003, Boucherit et al., 2013). The catalytic action of enzymes is 

highly efficient and selective compared to chemical catalysts due to higher reaction rates, 

milder reaction conditions and greater stereo specificity. They can also alter the qualities 

of a given waste to make it more amenable for treatment. In addition to this some other 

advantages associated with this method include; less energy requirement, short treatment 

time, easily controllable process, can operate over a wide range of temperature, pH and 

ionic strength, even catalyze degradation of dyes present in a very less concentration, less 

chances of inhibition by toxic compounds and decreased sludge volume (Bhunia et al., 

2001; Shaffiqu et al., 2002; Lopez et al., 2002; Mohan et al., 2005; Akhtar and Husain, 

2006).  

 As dye molecules exhibit diverse structures so they are only degraded by few 

enzymes. These biological catalysts have mechanistic feature in common, i.e., all of them 

are redox active molecules hence exhibiting rather wide/broad substrate specificities. 

These enzymes generate very reactive free radicals that pass through complex or 

complicated series of spontaneous cleavage/breakdown reactions. In this regard, 

Peroxidases, belonging to the class of oxidoreductases are considered very much 

important (Lu et al., 2012; Kalsoom et al., 2013). 

 Peroxidases (EC 1.11.1.7) are enzymes that catalyze oxidation of a vast variety of 

aromatic compounds (dyes) at the expense of H2O2. The superfamily of peroxidase has 

been classified into three classes on the basis of their origin, amino acid sequence and 
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capability to bind with metal. All of them are having a commom haem formed of Fe (III) 

and protoporphyrin IX, share a very similar sort of 3-D structure (Welinder, 1992, 

Edwards et al., 1993) but show low similarity in their primary amino acid sequence.  

Class I comprises of intracellular plant peroxidases and prokaryotic enzymes from 

chloroplasts and mitochondria such as cytochrome c peroxidase, ascorbate peroxidase and 

catalase-peroxidase (Smulevich et al., 2006). Class II consists of extracellular fungal 

peroxidases such as Lignin peroxidase and Manganese peroxidase (Moreira et al., 2005) 

that include monomeric glycoproteins involved in the degradation/breakdown of lignin 

and have been most extensively studied for decolorization of dyes. While class III 

corresponds for secretory plant peroxidases (approximately 300 amino acids), involved in 

several tissue specific functions including; hydrogen peroxide removal from cytosol and 

chloroplasts, oxidation of noxious compounds, cell wall biosynthesis, wound healing, 

ethylene biosynthesis etc. These peroxidases are also monomeric glycoproteins having 4 

conserved disulphide bridges and need two Ca2+ ions for their activities (Schuller et al. 

1996). These are present in tonoplasts, vacuoles, plasmalemma including outside and 

inside of the cell wall.  

 The molecular weight of most plant peroxidases falls between 40-50 kDa (Vamos-

Vigyazo, 1981). In higher plants they exist in large number of isoenzymes (acidic, basic 

or neutral) on the basis of their isoelectric points. It is quite a bit complicated to allocate 

particular functions to each isozyme due to their poor specificity of substrate; thus show 

wide applications in different areas such as chemical synthesis, medicine, in the analysis 

of food, chemicals, clinical and environmental samples (Agostini et al., 2002). 

 Peroxidases by following a multi step reaction treat dyes and other specific 

recalcitrant pollutants and remove them by precipitation or transformation to other less 

hazardous products. The first step in enzymatic mechanism of action involves the 

oxidation of the native ferric enzyme forming an unstable intermediate called as 

compound-I (having oxoferryl centre and porphyrin radical cation) resulting into 

reduction of H2O2 to H2O. In the second step, the electron donor substrate (e.g., dye) is 

oxidized by Compound-I converting to Compound-II, along with release of a free radical. 

In the third and final step, Compound-II is further reduced by a second molecule of 

substrate, regenerating the native state of the enzyme along with release of another free 

radical (Dunford and Stillman, 1976). 
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                                                 k1 
heme[Fe(III)](Peroxidase)+ H2O2 → heme[O=Fe (IV)- R+.] (Compound I) + H2O       (1)          
                                                           k2 
heme[O=Fe(IV)- R+.] (Compound I) + S → heme[(O=Fe (IV)] (Compound II) + S.

           (2)   

 
                                                                               k3                                                  

heme[O=Fe(IV)](Compound II)  + S  → heme[Fe (III)] (Peroxidase) + S.
                         (3) 

 

Where k1, k2 an k3 are the rate constants which respectively correspond for formation of 

compound I, reduction of compound I and reduction of compound II. The equation 1 

involves transfer of two electrons while 2 and 3 both for one electron. The kinetic and 

equilibrium data depicted equation 1 as irreversible whereas 2 and 3 as reversible 

(Yamazaki et al., 1981). The resulting free radicals by coupling reaction may form 

oligomeric and polymeric products (Veitch and Smith, 2001). 

Horseradish peroxidase (HRP) is the most extensively studied peroxidase. It has 

vast diagnostic, biosensing and biotechnological applications (Regalado et al., 2004). The 

availability and cost of commercially available HRP restricts its applications. Peroxidase 

activity has been investigated in a range of fruits such as melon (Rodriguez-Lopez et al. 

2000), orange (Clemente, 2002), peach (Neves, 2002), strawberry (Gülen et al., 2008), 

apple (Singh et al., 2010) and papaya (Pandey et al., 2012) etc. However these 

investigations have been unsuccessful in terms of identifying peroxidases able to knock 

out HRP as the preferred plant peroxidase in biotechnology. The availability of highly 

stable and active peroxidases from sources other than horseradish would go a long way 

towards the development of a catalytic enzyme with broad commercial and environmental 

applications. 

Citrus represents one of the most important and widely grown crops in the world 

and Pakistan is one of the major citrus producing countries. So the focus of current 

project was to explore potential of very economical, partially purified peroxidases 

extracted from the peels of kinnow and lemon for degradation of different synthetic dyes 

as well as real effluents. Enzymes were characterized and different parameters were 

optimized for degradation of dyes and real effluents.  Along with this, the phytotoxicity of 

raw as well as treated effluents with the use of Zea mays as bioindicator was also 

examined. 
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Aims and objectives 

Keeping in view the importance of peroxidase, this project is designed with the following 

objectives: 

 Isolation of peroxidase from citrus varieties. 

 Partial purification of peroxidase. 

 Kinetic and thermal characterization of peroxidase. 

 Investigation of potential of peroxidase from citrus for decolorization of textile 

dyes. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



 6

Chapter 2 

                                                                     Review of Literature 

2.1. Peroxidase 

Peroxidase is widely distributed among higher plants and isoenzymes of peroxidase exist 

in a variety of tissues of several species thus exhibiting multiple functions. 

During the early years of the 20th century, work of Alexei Nikolaevich Bach (1857–1946) 

and Robert Chodat (1865–1934), at the University of Geneva, promoted research on 

peroxidase from the horseradish roots and other plant sources. Although, Bach and his co 

worker got a crude preparation of the enzyme from horseradish and later on the crude 

enzyme was finally purified through the studies of Richard Willsta¨tter (1872–1942) and 

Hugo Theorell (1903–1982). Other advances related with the description of heme group, 

carbohydrate as component of the enzyme, intermediate compound formation and kinetic 

study of the reaction with H2O2 took place during the period of 1920 to 1945 (Veitch, 

2004). 

As peroxidase is considered as a thermostable enzyme and it is also easy to find out its 

activity by using simple chromogenic reactions, so it has been used as a model enzyme to 

study protein structure, enzymatic reactions and enzyme functions. It has also been used 

in several practical applications (Sasumo et. al., 2001). For example, it has been applied 

in the clinical, biochemical, biotechnological and industrial fields, and in the synthesis of 

useful compounds (e.g. various aromatic chemicals) (Srinivas et al. 2002). Because of its 

wide catalytic activities, this enzyme could be exploited for the detoxification and 

remediation of various aromatic pollutants; for example, phenols, aromatic amines, and 

dyes that have contaminated wastewater from the effluents of textile, printing, paper and 

pulp industries (Jadhav et al. 2009). 

Peroxidase has been extracted from different plant sources including soybean, 

bittergourd, turnip, sweet potato, white radish, cabbage, cauliflower, strawberries, apples, 

oranges, peaches, papaya, melon, mango, date palm etc. So a brief overview of the 

characterization of peroxidases from divese sources in terms of different parameters is as 

follows: 

2.2. Characterization of peroxidase: 

2.2.1. Optimum pH 
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pH is one of the influential factors in the expression of enzymatic activity as it changes 

the states of ionization of amino acid side chains or the ionization of the substrate (Voet 

and Voet, 1990). 

A range of different pH optima (acidic to neutral) have been reported for activity 

of peroxidase extracted from different sources. For example, Sakharov et al. (2002) 

isolated acidic peroxidase from African palm oil depicting maximum activity at pH of 3.0 

using ABTS as substrate. Afterwards using the same substrate, Kamal and Behere (2003) 

reported pH optimum of 5.5 for Soybean seed coat peroxidase. They revealed that the 

overall conformational flexibility of the peroxidase at optimum pH was due to maximum 

reduction of secondary elements (ß strands and ß turns) thus causing further exposure of 

heme to the solvent. The same optimum was also reported in case of peroxidases from 

Citrus jumbhiri (Mohamed et al., 2008), artichoke heads (Sergio et al., 2009) and 

cauliflower (Kalsoom et al., 2010) using guaiacol as substrate.  

Gouvêa et al. (2007) found pH 6.0 as optimum for peroxidase extracted from the 

leaves of Copaifera langsdorffii and Anbuselvi et al. (2013) reported pH 6.5 as optimum 

for Tulsi and Neem peroxidases. On the other hand, neutral pH was also reported in the 

previous literature for peroxidases extracted from two Salvia species viz., S. virgata Jacq 

and S. viridis L. using guaiacol as substrate. It was also revealed that activities of the 

peroxidases were also dependent on the concentrations of the buffers as well as the 

substrate used (Dogan et al., 2007). Same optimum was also achieved for Olea europaea 

peroxidase (Saraiva et al., 2007) and horseradish peroxidase (Christopher et al., 2010). In 

another investigation, an anionic peroxidase (Cu-induced) showing maximum activity at 

pH 8 was also revealed in the roots of sunflower (Jouili et al., 2008).  

 Later on, acidic peroxidases showing pH optima of 3.8, 4.0, 4.6 and 5.0 were 

isolated from different sources including vanilla bean (Ma´ rquez et al., 2008), turnip 

(Motamed et al., 2009), Papaya latex (isoform, POD-A) (Chen et al., 2012) and leaves of 

Sapindus mukorossi (Singh et al., 2011). Recently, Balasubramanian and Bapoothy 

(2013) isolated two isoenzymes of peroxidase from Tender coconut water (TCWP 1 and 

TCWP 2) showing pH optima at 4.5 and 5.0, respectively. Whereas, Nadaroglu et al. 

(2013) observed pH 6.0 as optimum for Rocket peroxidase. 

2.2.2. Optimum temperature and thermostability 

Temperature is one of the key factors affecting the activity of enzymes and it also plays a 

crucial role in order to decide various industrial applications of the enzymes. With the 

increase in temperature, the activity of the enzyme increases and so does the reaction 
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speed up until an optimum level, where enzyme behaves most efficiently. But afterwards, 

with increasing temperature, enzymatic activity starts decreasing due to denaturation 

effect (Shuler and Kargi, 1992). 

Peroxidase is considered as one of the most thermostable enzymes in plants 

(Deepa and Arumughan, 2002). Although, various different temperature optima and 

thermostability trends have been reported for peroxidases extracted from different 

sources. For example, Geng et al. (2001) found 80 0C as the optimum temperature for 

soybean seed hull peroxidase. At this optimum the enzyme showed an activity almost 3 

times higher than that at room temperature. On the other hand, Neves (2002) purified a 

peroxidase from peach showing its maximum activity at 40 0C. The enzyme depicted 

thermostability in the temperature range of 60-75 0C with a sharp inactivation at 75 0C. 

Afterwards, Valderrama and Clemente (2004) isolated soluble and ionically bound, 

anionic and cationic isoenzymes from peel and pulp of two apple cutivars (Gala and Fuji) 

and observed their thermostable behaviour in the range of 65-80 0C. They were of the 

view that cationic isoenzymes were more thermostable as compared to anionic ones, in 

case of both the cultivars. Later on, Dubey et al. (2007) characterized ionically bound 

peroxidases from four cultivars of apple (Royal delicious, JK, Red delicious, Golden 

delicious and Golden delicious HP). The optimum temperature for three cultivars was 

recorded to be 50 0C with the exception of Golden delicious HP, for which it was 60 0C. 

In the same year, Saraiva et al. (2007) reported optimum and denaturation temperature of 

34.7 0C and 36.5 0C, respectively for an anionic isozyme of olive peroxidase. Similarly, 

an optimum of 35 0C was revealed for Copaifera langsdorffii peroxidase (Gouvêa et al., 

2007) and turnip peroxidase (Motamed et al., 2009) but the former showed stability up to 

50 ºC and the later up to 55 0C. 

Mohamed et al. (2008) characterized a cationic peroxidase isozyme (POII) from 

Citrus jumbhiri with an optimum at 40 0C. However, it followed a biphasic 

thermodynamic profile.  Almost, 70 to 80 % activity of the isozyme was lost with in 5-15 

min in the range of 50-70 0C whereas totally lost at 90 0C. Similarly, in the same year, 

two isoenzymes of spring cabbage peroxidase were also isolated depicting the same 

optimum of 40 0C. But considering thermostable behaviour, the anionic isozyme showed 

much higher thermostability between 40-50 0C (60 % of residual activity after 144 h) than 

the cationic one (Belcarz et al., 2008). Besides this, Mohamed et al. (2011) found the 

same optimum for peroxidase isolated from horseradish cv. Balady (anionic isozyme) but 

exhibiting 87, 51 and 29 % of residual activity at 50, 60 and 70 0C, respectively. In 
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addition, peroxiadse from S. bicolor and A. sativum showed most active behaviour at 

same temperature but lost complete activity at 80 and 90 0C. However, I. batatas and R. 

sativus were most active at 30 0C but completely inactive at 100 0C (Diao et al., 2011). 

On the other hand, Zizania latifolia peroxidase exhibited optimum of 40 0C but retained 

just 2.21 % of its activity at 60 0C after 60 sec (Luo et al., 2012). Whereas rocket 

peroxidase depicting the same optimum, retained almost 35.0 and 19.2 % of its activity at 

70 and 80 0C, respectively (Nadaroglu et al., 2013).  

Ghaemmaghami et al. (2010) working on soybean seed coat peroxidase reported an 

optimum of 65 0C. The enzyme retained more than 95 % of its activity between 55-75 0C 

and more than 70 % between 45-85 0C.  Al-senaidy and Ismael (2011) chartacterized a 

peroxidase from leaves of date palm exhibiting maximum activity at 55 0C and 

thermostablity up to 75 0C (with 42 % activity loss). For Santalum album peroxidase 

maximum % relative activity was revealed at 60 0C. Which started decreasing after 60 0C 

up to 80 0C (Kumar et al., 2011). Similarly, peroxidase from Jatropha curcas leaves 

showed the same optimum and was quite thermostable as it retained 70 % of its activity 

even after 60 min of incubation at 70 0C (Cai et al., 2012). Besides this, lettuce stem 

peroxidase exhibiting an optimum of 45 0C, depicted a moderate thermostability at 60 0C 

(Hu et al., 2012). Afterwards, Chaurasia et al. (2013) reported an optimum of 60 0C for 

beet juice peroxidase with most stable behaviour at 45 0C.  In this case, the energy of 

activation for thermal denaturation was recorded to be 38.6 kJ/mol/K. 

Das et al. (2011) reported thermostable behaviour of a cationic peroxidase from a 

hemi parasitic plant which retained almost one fourth of its activity at 80 0C even after 10 

min of incubation. While, Eze (2012) determined the kinetic and thermodynamic 

parameters for thermal inactivation (30-80 0C) of peroxidase extracted from African oil 

bean. It was found that the enzyme showed thermostability up to 60 0C (t1/2= 3.01 min) 

after which a drastic decrease in activity was observed until 80 0C (t1/2= 0.81 min). The 

thermodynamic parameters revealed the oxidation reaction as non spontaneous, 

endothermic and reversible type. Afterwards, H. brasiliensis cell suspension peroxidase 

depicting 57 % of relative activity at 70 0C even after 30 min of incubation was also 

reported (Chanwun et al., 2013). 

On contrary to all above reports, Ma´ rquez et al. (2008) characterized a cold 

active peroxidase from vanilla bean, exhibiting maximum activity at 16 0C and retaining 

78 and 26 % of its activity at 5 and 40 0C, respectively. 
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2.2.3. Effect of substrate 

Michaelis-Menten Kinetics is the most established model in order to study the enzyme 

catalyzed reactions. The term Km (Michaelis-Menten constant) stands for the 

concentration of substrate, required for an enzyme to reach one half of its maximum 

velocity (Vmax) and is also a measure of substrate’s affinity towards enzyme. While Vmax is 

the only one kinetic constant of enzymes, where all the enzyme active sites are saturated 

by substrate (Kumar et al., 2011). 

Deepa and Arumughan (2002) demonstrated the substrate specificity of oil palm leaf 

peroxidase and reported Km values of 0.84, 1.0 and 3.96 mM, respectively for pyrogallol, 

ABTS and guaiacol. However, Km values of 9.56 and 1.77 mM were determined for 

ABTS and H2O2, respectively, for marula peroxidase (Mdluli, 2005). Whereas for 

Copaifera langsdorffii peroxidase reported Km for guaiacol and hydrogen peroxide were 

0.04 and 0.39 mM, respectively (Gouvêa et al., 2007). Later on, Mohamed et al. (2008) 

studied the substate specificity of a cationic isozyme of peroxidase from Citrus jumbhiri 

for guaiacol, o-phenylenediamine, catechol, pyrogallol and o, dianisidine and found o-

phenylenediamine, the best with Km of 2.85 mM and Vmax of 23.2 µmol/mL/min.  

Using guaiacol as substrate, Ma´ rquez et al. (2008) revealed Km of 3.8 mM for 

vanilla bean peroxidase and Belcarz et al. (2008) depicted 6.41 and 13.89 for cationic and 

anionic isoenzymes of spring cabbage peroxidase, respectively. Whereas, Km of 0.263 

mM with corresponding Vmax of 33.3x105 Enzyme Unit/mL/min (EU/mL/min) was 

reported for Jerusalem artichoke peroxidase (Sat, 2008). In another study, a high Km of 

141.64 mM was reported for cauliflower bud peroxidase (Köksal and Gülçin, 2008). 

Later on, for peroxidases from cauliflower leaves and Turkish black radish, the Km and 

Vmax values were reported to be 7.14 mM and 204.1 μmol min-1 (Kalsoom et al., 2010) 

and 0.036 mM and 38728 EU ml-1 min-1 (Sisecioglu et al., 2010), respectively. Besides 

this, the Km and Vmax values were respectively determined to be 5.83 mM and 709.6 

mM/min/mg protein for a peroxidase isolated from a hemi parasitic plant (Das et al., 

2011)  and  17.34 mM and 1234 EU/ml. min for spinach peroxidase (Koksal, 2011).  

In some other reports, Km values for guaiacol and hydrogen peroxide were 

determined to be 0.77 and 0.045 mM for date palm leaves peroxidase (Al-senaidy and 

Ismael, 2011), 2.9 and 5.6 mM for tree legume peroxidase (Pandey and Dwivedi, 2011) 

1.05 and 0.186 mM for Spindus peroxidase (Singh et al., 2011) and 2.0 and 0.2 mM for 

gourd fruit juice peroxidase (Yadav et al., 2011), respectively. 
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Chen et al. (2012) determined the substrate specificity for an isozyme of Papaya 

(POD-A) using different hydrogen donor substrates in the order; OPD > pyrogallol > 

catechol > quercetin> ABTS. It was observed that the rate of oxidation of OPD was 3-28 

times faster than all other substrates tested, following a ping pong mechanism with Km of 

2.8 mM. Whereas in some other reports, Km for guaiacol as substrate was 0.17 mM for 

Jatropha curcas peroxidase (Cai et al., 2012), 10 mM for Zizania latifolia peroxidase 

(Luo et al., 2012), 4.74 mM with corresponding Vmax of 10585 U/mL/min for lettuce stem 

peroxidase (Hu et al., 2012) and 900 μM for beet juice peroxidase (Chaurasia et al., 

2013). 

Recently, Nadaroglu et al. (2013) determined a high Km of 375.74 mM with 

corresponding low Vmax of 0.314 μmol/L.dak for rocket peroxidase and Bursal (2013) 

reported a relatively low Km of 15.8 mM with corresponding high Vmax of 3840 

EU/mL.min for Beta vulgaris (Subspecies cicla) peroxidase.  

2.2.4. Effect of metal ions 

Onsa et al. (2004) demonstrated the effect of different metal ions on the activity of two 

peroxidase isoenzymes of Metroxylon sagu and found Fe3+, Al3+ and Ca2+ as strong 

activators whereas Zn2+ as moderate inhibitor. Dubey et al. (2007) checked the effect of 

metal ions on ionically bound peroxidases from four cultivars of apple (Royal delicious 

JK, Red delicious, Golden delicious and Golden delicious HP) and found that Cu2+ and 

Fe2+ enhanced the activity of peroxidase in all four cultivars. However, Mn2+ and Mg2+ 

both enhanced the peroxidase activity from Royal delicious whereas Golden delicious JK 

activity was enhanced by both Mg2+ and Zn2+. On the other hand, Golden delicious HP 

activity was only enhanced by Zn2+. Afterwards, Sat (2008) evaluated the inhibiting effect 

of Fe2+, Fe3+, Co2+, Sr2+, Zn2+, Hg2+, Ni2+, Al3+and Pb2+ on peroxidase from Jerusalem 

artichoke.  In another study on vanilla bean peroxidase, Ca2+, Mg2+ and Cu2+ showed 

slight inhibition while Hg2+ and Fe2+ showed strong inhibitory effect (Ma´ rquez et al., 

2008). 

Ajila and Rao (2009) revealed that the activity of black gram husk peroxidase was 

enhanced  in the presence of 5 mM concentration of Li+, Zn2+, Ba2+,  Mg2+, Ca2+ and Fe3+ 

while moderately inhibited by Cd2+, Mn2+, Al3+, K+ and Na+. Later on, Al-senaidy and 

Ismael (2011) reported the effect of metal ions on date palm leaves peroxidase and found 

Mn2+ , Mg2+ , Ca2+, Fe2+ and Zn2+ as stimulator and Cd 2+ as mild inhibitor.  Similar kind 

of report was presented for Santalum album peroxidase, where 2.0 µM concentration of 

Fe2+, Mn2+ , Mg2+ , Cu2+ and Zn2+ stimulated the relative activity of peroxidase to 533, 
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215, 195, 180 and 140 %, respectively  (Kumar et al., 2011). Whereas, Singh et al. (2011) 

reported Ca2+ and Cu2+ as potent activators and Mn2+ and Mg2+ as mild inhibitors of 

Spindus peroxidase. However, activity of tree legume peroxidase was enhanced by 50 

mM concentration of Mn2+ and Ca2+ but inhibited at higher concentration. On the other 

hand, Na+ even at a concentration of 4 M did not inhibit tree legume peroxidase activity 

(Pandey and Dwivedi, 2011). In case of horseradish cv. Balady (Anionic isozyme), 5 mM 

Fe3+ stimulated the activity of peroxidase to 160 % whereas Hg2+ at the same 

concentration caused complete inactivation of the enzyme (Mohamed et al., 2011). Later 

on, Hu et al. (2012) revealed the inhibitory effect of Zn2+, Fe3+, Cu2+, Mn2+ and Ca2+ for 

lettuce stem peroxidase. 

 Recently, Balasubramanian and Bapoothy (2013) tested the effect of different 

metal ions on two isoenzymes of Tender coconut water peroxidase. It was observed that, 

Mn2+ at a concentration of 1 mM, enhanced the activity of TCWP1 and TCWP2 to 116 

and 121 %, respectively. Whereas, Ni2+, Mg2+ and Zn2+, at a concentration of 10 mM 

reduced the activity of both isoenzymes from 76-84 %. In another investigation, Mikami 

et al. (2013) reported the effect of trivalent metal ions on activity as well as stability of 

buckwheat peroxidase. It was noticed that in presence of 1 mM concentration of Al3+ and 

Fe3+, 56.1 and 83.6 % of peroxidase activity was retained, respectively, even after 186 h 

of exposure but totally inactivated in their absence. On the other hand, 1.67 mM 

concentration of Co2+, Ni2+, Cu2+ and Ba2+ stimulated the activity of rocket peroxidase to 

205, 193, 135 and 106 %, respectively. However, Hg2
2+,  Mn2+, K+  and Zn2+ caused 

inhibition to about 50 % whereas Fe2+  and Ca2+ to about 60 % (Nadaroglu et al., 2013). 

2.2.5. Effect of surfactants 

Fatima et al. (2007) demonstrated that pre-incubation of HRP and BGP with SDS for 60 

min resulted in 83 % loss and 200 % enhancement in the initial activity of HRP and BGP, 

respectively. Later on, Kalsoom et al. (2010) reported the effect of different surfactants 

including SDS, Triton X-100 and Tween 80, along with some other commercial 

detergents, on the activity of cauliflower peroxidase. Among all, SDS remarkably reduced 

(with only 15 % residual activity) whereas commercial detergents of Sufi and Lemon max 

enhanced the activity of peroxidase up to 126 and 182 %, respectively. Similarly, vanilla 

bean peroxidase activity was reduced by SDS (Ma´ rquez et al. 2008). In another study, 

Jatropha curcas peroxidase was enhanced by 0.5 % of SDS and Triton X-100 but 4 mM 

concentration of both of them caused 10.1 and 19.8 % of inhibition (Cai et al., 2012). On 

the other hand, SDS caused a strong inhibition for rocket peroxidase (Nadaroglu et al., 
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2013) whereas slight inhibition in case of H. brisilensis cell suspension peroxidase 

(Chanwun et al., 2013). 

2.2.6. Effect of inhibitors 

A brief over view of compounds (urea, sodium azide and EDTA) exerting inhibiting 

effect on peroxidases extracted from different sources is as follows: 

Liu et al. (1999) reported the effect of one of the chaotropic agents urea on the 

activity of peroxidase extracted from hull of soybean (glycine max var HH2). It was 

observed that urea up to a concentration of 4.84 M did not pose inhibitory effect on the 

enzyme but at 8.0 M concentration, 90 % of enzymatic activity was lost. Comparing 

peroxidases from bitter gourd (BGP) and horseradish (HRP), Fatima et al. (2007) 

reported BGP to be remarkably stable against urea as compared to HRP as it retained 88 

% while HRP retained only 30 % of its initial activity on exposure to 8.0 M urea after 120 

min. In another report, 4.0 M urea caused almost 68 % of activity loss in case of soluble 

bitter gourd peroxidase within 120 min (Matto and Husain, 2009). 

Johri et al. (2005) reported that sodium azide and EDTA both at a concentration 

of 1 mM exerted 55–75 % and 5–15 % inhibition, respectively, for four peroxidase 

isoenzymes of Withania somnifera.  At the same 1 mM concentration of both sodium 

azide and EDTA, activity of vanilla bean peroxidase was completely inhibited by sodium 

azide but decreased in presence of EDTA (Ma´ rquez et al. 2008). Similarly, Ajila and 

Rao (2009) revealed 95 and 33 % inhibition of black gram husk peroxidase, respectively, 

by 5 mM sodium azide and 20 mM EDTA. In another study, only 0.1 mM concentration 

of sodium azide reduced the activity of a cationic peroxidase from a hemi parasitic plant 

up to 90 %. Although, on contrary to the above investigations, the same enzyme showed 

enhanced activity in presence of EDTA with maximum enhancement of 121.2 % with 5 

mM of EDTA (Das et al., 2011). Similarly, EDTA showed no inhibitory effect for 

Zizania latifolia peroxidase (Luo et al., 2012) and horseradish cv. Balady peroxidase 

(anionic isozyme) at a concentration of 1 mM. However, at 5 mM concentration, it 

showed slight inhibiting effect for horseradish cv. Balady peroxidase (70 % relative 

activity) (Mohamed et al., 2011) but proved to be a very strong inhibitor of rocket 

peroxidase (3.2 % relative activity) at a concentration of 1.67 mM (Nadaroglu et al., 

2013). 

Yadav et al. (2011) reported sodium azide as a competitive inhibitor of gourd 

juice peroxidase. On the other hand, for tree legume peroxidase, it showed no inhibitory 

effect (Pandey and Dwivedi, 2011). However, 16 mM of it completely inhibited the 
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activity of beet juice peroxidase (Chaurasia et al., 2013). In some other reports as well it 

was proved to be a strong inhibitor e.g., for peroxidase from papaya (Chen et al., 2012) 

and H. brisilensis cell suspension peroxidase (Chanwun et al., 2013).  

2.3. Physicochemical and biological methods employed for 

decolorization of dyes 

Decolorization of dye effluents have been a concern to the scientific community for quite 

some time. The classical techniques include the adsorption method, which has been 

extensively documented in the literature (Martin et al., 2003; Nasuha et al., 2010). 

Similarly physical methods based on coagulation, flocculation and sedimentation of dyes 

are another set of effective means for the removal of sulfur and disperse dyes (Riera-

Torres et al., 2010; Shakir et al., 2010; Zodi et al., 2010).  Filtration methods 

(ultrafiltration, nanofiltration) and reverse osmosis have also been explored for water 

reuse and chemical recovery (Al-Bastaki, 2004; Capar et al., 2006; Amini et al., 2011). 

An effective means of decolorization of dye containing effluent is the application of the 

Advanced Oxidation Processes (AOPs). Various AOPs include photolysis (Wu et al., 

1999; Luo et al., 1999; Al-Hamedi et al., 2009; Elmorsi et al., 2010), Fenton process 

(Abdessalem et al., 2010), ozonation (Turhan et al., 2012), photocatalysis (You et al., 

2012), radiation induced degradation (Rauf and Ashraf 2009) and sonolysisis (Wang et 

al., 2011).  

The conventional treatment processes have several shortcomings such as being unsuitable 

for use when the effluent contains high concentrations of the target pollutants, high 

running cost and low efficiency of removal (Stanisavljević and Nedić, 2004). Hence, 

alternative treatment processes based on biotechnological principles have gained 

popularity in recent years. Enzymatic treatment systems are simpler and easy to operate in 

comparison to the microbial treatment systems. The catalytic action of enzymes is 

efficient, selective, have higher reaction rates and require mild reaction conditions 

compared to chemical catalysts. Oxidative enzymes are extensively employed to remove 

color from effluent by oxidative degradation of colored compounds. Reduction of 

peroxides at the expense of electron donating substrates makes peroxidases useful in 

oxidative breakdown of synthetic dyes (Preethi et al., 2013). 

2.4. Implication of plant peroxidases in dye decolorization:  
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Peroxidases extracted from different sources of plants have been utilized for the 

decolorization of wide range of synthetic dyes from polluted water. They actually 

catalyze the biotransformation/degradation of these dyes either by simple precipitation or 

by opening up the aromatic ring structure of dyes. The most common sources of plant 

peroxidases previously employed for decolorization purpose include; horseradish, 

soybean, turnip, bitter gourd, tomato, white radish, pointed gourd etc (Celebi et al., 2013; 

Ali et al., 2013; Matto and Husain, 2009; Akhtar et al., 2005 a;; Matto and Husain, 2008;  

Satar and Husain, 2009 a; Jamal et al., 2013) A brief overview of the factors affecting the 

process of decolorization is given as under: 

2.5. Factors affecting dye decolorization by peroxidase 

2.5.1. Effect of pH on decolorization of dyes: 

Peroxidases extracted from different sources showed different pH optima with different 

dyes. For example, 67 % of Acid Black 10 BX was decolorized by HRP at pH 2.0 

whereas the same enzyme performed better at pH 4.0 for the decolorization of Lanaset 

Blue 2R (59 %) (Ulson de souza et al., 2007) and Direct Yellow-12 dye (70 %) 

(Maddhinni et al., 2006). While in case of a disperse dye (Disperse Red 343) it performed 

most efficiently at pH 5.0 (Schmitt et al., 2012). On the other hand, in case of degradation 

of RBBR and Cibracron Red the activity of same enzyme was strongly inhibited above 

pH 6.0 (Knutson, et al., 2005). In contrast to all these results Gholami-Borujeni et al. 

(2013), reported 80 and 94 % decolorization of azo dye (AB-25) at pH 7.0 for 1 U/mL 

crude and purified horseradish peroxidase, respectively. Akhtar et al. (2005 b) performed 

experiments on decolorization of Reactive dyes (Reactive Blue 4, Reactive Blue 160, 

Reactive Blue 171, Reactive Orange 4, Reactive Orange 86, Reactive Yellow 84, 

Reactive Red 11 and Reactive Red 120) mediated by bitter gourd peroxidase (BGP) and 

got maximum results in pH range of 3.0-4.0, after which a decreasing trend in 

decolorization was observed with increasing pH up to 6.0. Although, a very little increase 

in decolorization was noticed again at pH 7.0. Similarly, Satar and Husain (2011) 

reported the effect of pH on decolorization of Disperse dyes (Disperse Brown 1 and 

Disperse Red 17) mediated by BGP and found it most efficient for decolorizing dyes in 

acidic range, with maximum result at pH 3.0. Matto and Husain (2007) revealed  

decolorization of four direct dyes including Direct Yellow 4, Direct Blue 80, Direct Red 

23 and Direct Red 239 mediated by Turnip peroxidase and obtained maximum results in 

the pH range of 5.0-5.5. Whereas for direct dyes, Solar Flavine 5G and Solar Blue A, 
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maximum decolorization was obtained at pH 4.0 by white radish peroxidase (Bhatti et al., 

2012). Marchis et al. (2011) reported almost 95-96 % degradation of Remazol turquoise 

blue G 133 by soybean peroxidase, after 4 h of treatment. However, in basic medium (pH 

8.0), the percentage decolorization decreased to almost zero. Besides this, in order to get 

the better understanding of the effect of pH on the enzymatic reaction, they also worked 

on kinetics of the reaction.  

 Husain et al. (2010) performed work on decolorization of textile effluents 

by utilizing Fenugreek peroxidase and got maximum results in the buffer of pH 5.0. 

Similarly, maximum decolorization of tannery effluent by BGP was recorded in the pH 

range of 5.0-6.0 (Sivakumar et al., 2010). 

2.5.2. Effect of temperature on decolorization of dyes 

Matto and Husain (2007) determined the effect of different temperatures (30-80 0C) on 

decolorization potential of direct dyes by Turnip peroxidase and found maximum results 

at 30 0C (approximately 60 % ). After this optimum level a decreasing trend in 

decolorization was observed. Shim et al. (2007) recorded the decolorization potential of 

HRP in the range of 10-35 0C for orange II. The maximum results were obtained at 35 0C, 

both for free as well as immobilized enzyme. Decolorization of Fluorescein and 

Erichrome Blue Black R were carried out at 25, 45 and 65 0C by horseradish peroxidase 

enzyme. In case of the Fluoriscene, the optimum temperature was recorded to be 25 0C, 

after which removal efficiency was decreased. While for the other dye the enzyme 

performed better until 45 0C but at 65 0C a slight decrease in dye removal potential was 

observed (Pirillo et al., 2010). Jamal et al. (2011a), studied a wide range of temperature 

(20-90 0C) for decolorization of azo (Reactive Black 5, Reactive Red 120, Congo Red,  

Reactive Red 2) and anthraquinone dyes (Reactive Blue 4 and Remazol brilliant blue R) 

by pointed gourd peroxidase. They got maximum decolorization efficiency at 40 0C in 

case of both type of dyes. While utilizing cauliflower bud peroxidase, the same optimum 

was obtained for decolorization of recalcitrant synthetic dyes including Disperse Orange 

25, Disperse Black 9, Reactive Black 5, Reactive Red 2 and Reactive Blue 4 (Jamal et al., 

f2011 b). Later on, Schmitt et al. (2012) reported maximum decolorization of Disperse 

Red 343 mediated by horseradish peroxidase (HRP) at 50 0C.  

In case of decolorization of textile effluent by Momordica charantia (Matto et al., 2009) 

and textile carpet effluents by Brassica rapa (Husain and Kulshrestha, 2009) peroxidase, 

the optimum temperature was recorded to be 40 0C. Afterwards, Preethi et al. (2013) 
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reported 30 0C as optimum temperature for decolorization of Acid blue 113 from tannery 

waste by horseradish peroxidase.   

2.5.3. Effect of time of incubation on decolorization of dyes 

Enzyme/substrate contact time is also one of the important parameters for decolorization 

of dyes by peroxidases.  It has been reported that time of reaction has a direct link to the 

structure of different dyes (Ulson de Souza et al., 2007).  

 Shaffiqu et al. (2002) mentioned that peroxidase of Saccharum spontaneum leaf 

completely decolorized Procion Green HE-4BD and Supranol Green,  while  >77 % to 

Chrysoidine, Direct Blue, Procion Brilliant Blue H-7G, all with in 1 h.  The other species 

Ipomea palmate peroxidase degraded dyes less efficiently e.g. Crystal violet, Supranol 

Green, Methyl Orange were respectively decolorized to 36, 68 and 26 % with in 2-4 h, 

while Chrysoidine, Brilliant Green and Direct Blue were respectively degraded to 44, 54 

and 15 % with in 1-2 h of treatment. Jamal et al. (2011a) reported decolorization of 

Rective Red 120, Reactive Red 2, Congo Red, Reactive Black 5, RBBR and Reactive 

Blue 4 to be maximum at 2 h of incubation with Trichosanthes diocia peroxidase. Akhtar 

et al. (2005 b) performed work on eight reactive dyes used in textile industry and found 

that out of eight, four started decolorization after 1 h with Momordica charantia 

peroxidase. Although more colour was removed with the increase in incubation time but 

the rate of decolorization was slow. At the end of 4 h  the % decolorization recorded was; 

28 % for Reactive Red 120, 31 % for Reactive Blue 171, 71 % for Reactive Blue 160 and  

88 % for Reactive Blue 4. While the remaining four dyes were still recalciltrant even at 

the end 4 h. In another study, Sivakumar et al. (2010) reported 4 h of incubation time to 

be optimum for decolorization of tannery effluent by bittergourd peroxidase.  On the 

other hand, Jamal et al. (2010) mentioned 90 min of incubation time as the optimum for 

decolorization of Reactive Orange 15 by pointed gourd peroxidase. Mohan et al. (2005) 

performed experiment on acidic azo dye (Acid Black 10 BX) and got maximum dye 

removal with horseradish peroxidase with in 45 min. After this time the reaction 

proceeded slowly with very slight colour removal up till 90 min. Similarly, Arslan (2011) 

also reported 79 % decolorization of azo dye by horseradish peroxidase in 45 min. Reis 

da Silva et al. (2010) performed work on decolorization of reactive dyes mediated by the 

same enzyme and got best results with in 1h for decolorization of Reactive blue 52 (99 

%), Reactive blue 198 (77 %), Reactive Red 55 (94 %) and Reactive blue 19 (97 %). 

Whereas only 5 min were enough for 96 % decolorization of Reactive blue 19 and 

Reactive blue 52.  Bhatti et al. (2012) got maximum decolorization of Solar Flavine 5G 
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and Solar Blue dye with in 40 min by white radish peroxidase. Silva et al. (2013) 

performed experiments on soybean peroxidase mediated decolorization of anthraquinon 

dye (Remazol brilliant blue) and got 60 % decolorization with in 2 min which increased 

up to 80 % only after 13 min. 

2.5.4. Effect of enzyme concentration on decolorization of dyes 

Removal of dyes is dependent on the amount of the enzyme added in a reaction mixture 

and its contact time. As enzyme, being a catalyst has finite life time and to achieve 

maximum removal, there is always an optimum relationship between enzyme dose and 

substrate. In order to study the influence of concentration of enzyme on the reaction, the 

reaction must necessarily be kept independent of the concentration of substrate; so that 

any change in the amount of the product being formed would be a function of the dose of 

the enzyme.  

Mohan et al. (2005) performed experiments for optimization of dose of 

horseradish peroxidase for decolorization of Acid Black 10BX in the range of 0.735 to 

4.41 U/mL. A gradual increase was reported in dye colour removal (62-84 %) with 

increasing the enzyme dose up to 2.205 U/mL. After which incresing enzyme dose 

showed a negligible impact (0.5 %) on color removal.  Akhtar et al. (2005 b) utilized 

0.133–0.339 EU/mL of bitter gourd peroxidase for decolorization of eight textile dyes. 

They observed complete decolorization in case of Reactive blue 4 with an enzyme dose of 

0.399 EU/mL. Four dyes were also treated with step wise addition of enzyme (0.133 

EU/mL after every 60 min). After 3rd addition of enzyme, Reactive Blue 160 was 

decolorized completely while 56 and 39 % decolorization was attained in case of 

Reactive Blue 171 and Reactive blue 120, respectively. In case of non textile dyes 

maximum percent decolorization attained was; 96 % for Evans Blue, 86 % for Celestine 

blue, 57 % for Coomassie Brilliant Blue R 250 as well as Naphthalene Blue 12 B and 51 

% for Eriochrome Black T, using 0.167 EU/mL of Bitter gourd peroxidase. Ulson de 

Sauza et al. (2007) evaluated the effect of increasing dose of horseradish peroxidase 

enzyme for decolorization of Remazol turquoise blue G 133 % and Lanaset blue 2R in the 

range of 2.985–29.85 U/mL. Maximum decolorization percentage (58 %) was obtained 

with an enzyme dose of 14.985 U/mL.  However, only 4 % increase in decolorization was 

achieved by doubling the dose of the enzyme.  

Matto and Husain (2009) optimized the concentration of bitter gourd peroxidase 

enzyme for decolorization of textile effluent and found 0.28 U/mL as the optimum dose. 

Whereas, Sivakumar et al. (2010) treated tannery effluent with the same enzyme (0.2-1.0 
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mL) and got maximum results with 0.6 mL (4500 U) concentration. Jamal (2010) treated 

Disperse orange 25 with different concentrations of pointed gourd peroxidase and got 

maximum decolorization with 0.45 EU/mL of enzyme. Above this concentration there 

was no significant impact recorded on decolorization percentage. Husain et al. (2010) 

reported 68 % decolorization of textile effluent with 0.4 U/mL of fenugreek peroxidase. 

Afterwards, Jamal et al. (2011b) revealed 88 % decolorization of reactive and disperse 

dyes with 0.36 U/mL of Brassica oleracea peroxidase. Bhatti et al. (2012) demonstrated 

the decolorization of Solar Flavine 5G and Solar Blue A by changing the dose of 

Raphanus sativus peroxidase from 6-14 U/mL and found 12 U/mL as the optimum. 

Kalsoom et al. (2013) described the effect of dose of Soybean peroxidase on 

decolorization of a diazo dye; Trypan Blue. It was observed that with increasing the 

amount of enzyme from 10-80 U/mL, there was a gradual increase in the percentage of 

decolorization from 16-64 % which levelled off at 80 U/mL.  

2.5.5. Effect of substrate (dye) concentration on decolorization of dyes 

 The dye which acts as a substrate in the enzyme catalyzed dye degraded reactions, its 

concentration has a direct influence on these reactions. If the concentration of the dye is 

gradually increased and amount of the enzyme is kept constant, the rate of reaction would 

go on increasing until a saturation point is reached, where any further increase in the dye 

concentration would no longer affect the rate of the reaction. So a lot of research has been 

carried out in this regard. For example, Mohan et al. (2005) carried out studies at different 

concentrations of the Acid Black 10 BX (5-40 mg/L), keeping all other parameters as 

constant. They reported 30 mg/L as the optimum dye concentration for horseradish 

catalyzed dye degraded reaction. Whereas Maddhinni et al. (2006) performed 

experiments by using the same enzyme and dye concentrations as described by Mohan 

and his co-workers. But they found 25 mg/L as the optimum concentration in case of 

Direct yellow 12 dye. Pirillo et al. (2010) recorded maximum decolorization of 

Fluorescein and Eriochrome Blue Black R by horseradish peroxidase enzyme at a 

concentration of 50 mg/L of dye in both cases. Maximum decolorization of Solar Flavine 

5G and Solar Blue A was observed at 20 mg/L of dye by 12 U/mL of white radish 

peroxidase enzyme (Bhatti et al., 2012). While 10.83 U/mL of turnip peroxidase  

maximally decolorized 40 mg/L of Reactive Blue in 50 min (Silva et al., 2012). Later on, 

Kalsoom et al. (2013) observed Soybean peroxidase catalyzed degradation of Trypan 

Blue dye by changing dye concentration with in the range of 10-80 mg/L. It was found 

that the removal was most effective at 10 mg/L of dye. Although, with subsequent 
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increase in dye concentration a relatively slow dye removal was observed. Similarly, 

Silva et al. (2013) also performed experiments with soybean peroxidase and obtained 

85.7 % of dye removal in case of Remazol brilliant blue R by using 40 mg/L of it. They 

also revealed that 34.2 mg/L of the dye was actually converted to its degradation 

products.  

2.5.6. Effect of hydrogen peroxide concentration on decolorization of dyes 

Hydrogen peroxide being a co-substrate of the peroxidase enzyme, takes part in its 

catalytic cycle by oxidizing the native enzyme to form an intermediate which 

subsequently accepts the dye molecule (aromatic compound) in order to carry out its 

oxidation and converting it into a free radical form.  

Mohan et al. (2005) utilized H2O2 in the range of 0.1-0.8 μL/L and found 0.6 μL/L 

concentration as optimum for maximum colour removal of 20 mg/L of Acid Black 10 BX 

using horseradish peroxidase enzyme. Similarly, using the same enzymatic source (1.8 

U/mL), Maddhini et al. (2006) conducted experiments on Direct Yellow-12 dye (10 

mg/L) by varying the concentration of H2O2 (1.0-3.0 μL/L) and found maximum dye 

removal with 2 μL/L of H2O2.  In another study using the same enzyme, Ulson de Souza 

et al. (2007) evaluated the fact that whether H2O2 is necessary or not for degradation of 

Remazol turquoise blue G 133 %, Lanaset blue 2R and textile effluent. They also 

optimized the dose of H2O2 in the range of 1×10−3 to 1.2×10−2 mmol /L. It was concluded 

that in the absence of hydrogen peroxide there was no colour removal and at a 

concentration of 2×10−3 mmol/L maximum decolorization (59 %) was observed.  

Kulshrestha and Husain (2007) also reported the same amount of H2O2 as optimum for 

decolorization of Lanaset Blue 2R and Remazol turquoise blue G mediated by HRP. 

While 0.72 mM of H2O2 was reported as optimum for decolorization of textile effluent 

mediated by Momordica charantia peroxidase enzyme and concentration above 1.08 mM 

served as an inhibitor of the enzyme (Matto and Husain, 2009). Jamal (2010) found 0.8 

mM H2O2 as optimum for decolorization of Disperse Orange 25 mediated by pointed 

gourd peroxidase. Same amount of H2O2 was considered optimum for decolorization of 

Solar Blue A by white radish peroxidase while Solar Flavine 5G required 0.7 mM for 

maximum decolorization (Bhatti et al., 2012). Similarly, in the previous literature, 0.7 

mM of H2O2 was considered optimum for 68 % decolorization of textile effluent mediated 

by Fenugreek seed peroxidase (Husain et al., 2010). Kalsoom et al. (2013) optimized 

dose of H2O2 for different concentrations of Trypan Blue (10-80 mg/L) using Soybean 

peroxidase enzyme. It was found that 64 µM of H2O2 was optimum for 10-40 mg/L of dye 
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while 80 mg/L dye required higher concentration of H2O2. Utilizing 64 µM H2O2 by step 

wise addition, more than 90 % decolorization was attained after 5th step within 15 min. 

Silva et al. (2013) performed experiments on decolorization of RBBR mediated by 

soybean peroxidase utilizing different concentrations of H2O2. It was found that in the 

range of 20–60 µmol/L, the percentage of colour removal was observed to be 9.34-56.4 

%. Whereas maximum performance was obtained in the range of 100-200 µmol/L. 

However, in the range of 900-1100 µmol/L, it showed inhibitory effect.  

2.5.7. Effect of redox mediators on decolorization of dyes 

Redox mediators are of vital importance especially in case of degradation of recalcitrant 

dye molecules by peroxidases. These mediators not only enhance the range of the 

substrates but also offer different modes of attack on the substrate, thus enhancing the 

efficiency of degradation of certain recalcitrant molecules. It is obvious from the previous 

literature that the most common mediator used for the decolorization purposes mediated 

by plant peroxidases is 1-Hydroxybenzotriazole (HOBT). Although, a brief overview 

with respect to effect of different mediators is given as under:   

Akhtar et al. (2005 b) reported drastic enhancement in the rate of degradation of textile as 

well as non textile dyes in presence of mediator by Momordica charantia peroxidase. 

Textile dyes including; Reactive Yellow 84, Reactive Orange 86, Reactive Red 11 and 

Reactive Orange 4, considered recalcitrant were decolorized up to 70, 80, 78, 98 %, 

respectively, in the presence of 1.0 mM HOBT and 0.399 U/mL enzyme with in 2 h. 

Whereas, non textile dyes including; Rhodamine 6G, Violet 6B, Coomassie Brilliant Blue 

G 250, Carmine, Methylene Blue, Methyl Orange, were completely degraded in the 

presence of same concentration of HOBT. As no precipitate formation was noticed so it 

was concluded that the decolorization might have been possible due to breaking of 

aromatic ring structure of dyes. Matto and Husain, (2007) checked the potential of 

different redox mediators for the decolorization of direct dyes including Direct Yellow 4, 

Direct Red 23, Direct Blue 80 and Direct Red 239 by turnip peroxidase. Six redox 

mediators employed in this study included: HOBT, vanillin, alpha naphthol, L-histidine, 

catechol, violuric acid, bromophenol, quinol, gallic acid and 4-nitrophenol. It was shown 

that 0.6 mM concentration of HOBT/Violuric acid was most effective for all of the four 

dyes being studied.  Matto and Husain, (2009) investigated the effect of various redox 

mediators for decolorization of effluent mediated by Momordica charantia peroxidase. 

1.0 mM of HOBT was proved to be the best (70 % decolorization) mediator out of all 

studied mediators. In another study, the potential of six redox mediators (VA, phenol, 
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VLA, syringaldehyde, α-naphthol, HOBT) was observed for the decolorization of textile 

effluent by peroxidase from Trigonella foenum-graecum seeds. In this case also 1.0 mM 

of HOBT was found to be the most effective (68 %) for decolorization (Husain et al., 

2010). Jamal (2010) reported 61.2 % decolorization of Disperse Orange 25 by pointed 

gourd peroxidase in the presence of 0.2 mM of HOBT. In further studies on 

decolorization of Reactive Orange 15 by the pointed gourd peroxidase, Jamal et al., 

(2010) reported 74.6 % decolorization with 1.0 mM of HOBT. The same co workers 

performed experiments on decolorization of azo and antraquinone dyes by pointed gourd 

peroxidase in presence of riboflavin and Anthraquinone 2,6 disulfonate (AQDS) as 

mediators.  The riboflavin was considered as more effective than AQDS with 98.6-74.2 % 

decolorization for azo dyes and 92.4-62.5 % decolorization for anthraquinone dyes using 

0.2 and 0.1 mM of riboflavin, respectively (Jamal et al., 2011a). In another study on 

decolorization of synthetic dyes by Brassica oleracea bud, approximately 85-90 % of 

decolorization was attained with 0.8 mM HOBT among all mediators being studied 

(Jamal et al., 2011 b). 

2.6. Phytotoxicity  

Phytotoxicity tests are performed in order to verify the efficiency of the enzyme as an 

environmentally safe biocatalyst. As being an environmental biocatalyst the enzyme 

should efficiently remove colour and reduce toxicity.In this context, Satar and Husain 

(2009b) reported Alium cepa test in order to check the toxicity of white radish mediated 

decolorized products of Reactive Blue 171 and Reactive Red 120. Root length (cm) and 

% inhibition was calculated both for control and treated samples. The untreated Reactive 

Blue 171 showed 96 % root length inhibition whereas the treated one showed 90 % 

inhibition. In case of Reactive Red 120, 78 % root length inhibition was recorded in 

comparison to control which showed 88 % inhibition. So the toxicity was reduced in both 

types of degraded samples. Similarly, Satar and Husain (2011) performed Alium cepa test 

in order to check the phytotoxicity of bitter gourd peroxidase treated disperse dyes 

following the method of Fiskesjo (1985). The parameter calculated was growth inhibition 

of Alium cepa roots. It was reported that toxicity was reduced from 92 % to 77 % and 

87.5 % to 70 % in case of DR 17 and DB 1, respectively. Silva et al. (2012) performed 

growth inhibition tests for Lettuce seeds. Root length and LC50 values were calculated 

and it was observed that the Reactive blue 21 samples which were not treated with turnip 

peroxidase showed less toxicity as compared to the treated one ( LC50 74.60 %). So it was 
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concluded that increase in toxicity was due to the release of Cu2+ after enzymatic 

treatment. In another study, Lettuce seeds were utilized in order to perform the 

phytotoxicity test for Soybean peroxidase treated Remazol brilliant blue R samples. It 

was observed that before enzymatic treatment, there was no radical growth inhibition but 

after treatment, a considerable increase in inhibition was noticed by increasing the 

concentration of the reaction media which resulted in 28 % of IC50 value. It means the 

phytotoxicity was increased in the enzyme treated samples (Silva et al., 2013). 
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Chapter 3 

                                                                Materials and methods 

All the experimental work reported in this manuscript was conducted in Environmental 

Chemistry laboratory, Department of Chemistry and Biochemistry, University of 

Agriculture, Faisalabad, Pakistan. While some analyses related to metabolite study were 

conducted in Department of Horticultural Science and Plant Biology, University of 

Minnesota, USA.   

3.1. Chemicals 

All analytical grade chemicals were purchased from Sigma-Aldrich Chemical Co., (USA) 

and Merck (Germany) with the exception of few dyes including Red P2B, Black B, L-

Yellow VFG, Orange P3R and Golden yellow PRA which were a sole gift from Haris 

Dyes and Chemical industries. While Crystal violet was a product of Applichem and 

Remazol brilliant blue R was from Chem Cruz (Santa Cruz Biotechnology, Inc.).  

3.2. Isolation of Peroxidase from fruit peels 

The fruits of Citrus reticulata (Kinnow) and Citrus limon (Lemon) were obtained from 

Citrus garden, University of Agriculture Faisalabad and local fruit market of Faisalabad, 

respectively. The peels were removed from the fruits and were thoroughly washed with 

distilled water. Then the peels were cut into small pieces and 10 g of each was 

homogenized in 100 mL of 100 mM phosphate buffer pH 7.0 using a blender. The 

homogenate was filtered through Whatman filter paper No. 1 and filtrate was centrifuged 

at 10,000 x g for 15 min. After centrifugation, the supernatants were pooled and the 

remaining residue was re-extracted with extraction buffer by centrifuging the residue as 

above. The supernatants were pooled and assayed for peroxidase activity and protein 

contents (Bhatti et al., 2006). 

3.3. Peroxidase assay 

Peroxidase activity was determined colorimetrically using spectrophotometer (Cecil 

7200) following the formation of tetraguaiacol (Amax=470 nm, Ɛ= 26.6 mM-1cm-1) with 

slight modification in the earlier reported assay method (Liu et al., 1999; Bhatti et al., 

2006). The reaction mixture contained 1mL of 100 mM acetate buffer 

(CH3COOH/CH3COONa, pH 5.0), 1 mL of 15 mM guaiacol, 1mL of 1.6 mM H2O2 and 

60 μL of enzyme extract. 
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One unit of peroxidase activity was defined as the amount of enzyme catalyzing the 

oxidation of 1 μmol of guaiacol in 1min. 

3.4. Protein quantification 

Total protein in the samples was quantified by using the Bradford micro assay with 

bovine serum albumin (BSA) as the standard protein (Bradford, 1976). The method is 

described as follows: 

Stock solution of BSA was prepared by dissolving 25 mg BSA in 25 mL of distilled 

water (1 mg/mL). Standard solutions of different concentrations 0.0, 0.01, 0.02, 0.04, 

0.06, 0.08, 0.1, 0.12 and 0.14 mg/mL were prepared by further dilutions of the above 

stock solution in distilled water. Bradford micro assay was performed by incubating 100 

µL BSA solution and 900 µL Bradford reagent for 5 min at room temperature and then 

measuring the absorbance at 595 nm by a spectrophotometer (Cecil 7200). Standard curve 

was plotted between concentration of BSA and absorbance.  

The standard factor was obtained by using the following formula: 

Standard factor =Concentration /Absorbance 

 Different values were obtained at different concentrations by using the above formula 

and the mean standard factor was found out to be 0.317 (Fig. 3.1) which was used for 

protein quantification. The standard curve was quite linear with a good R2 value of 

0.9886. 

y = 2.5983x + 0.0129
R² = 0.9886
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Fig. 3.1 Standard curve for protein estimation 
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3.5. Partial purification of peroxidases 

Solid ammonium sulphate (561g) was added to 1L crude extract each of Citrus reticulata 

and Citrus limon peels in order to get 80 % saturation. Both of them were left over night 

at 4 ºC. After that both were centrifuged at 10,000 x g for 15 min at 4 ºC, the precipitates 

obtained were then dispensed in 100 mM phosphate buffer of pH 7.0 and dialyzed against 

5-6 changes of 25 mM phosphate buffer with continuous stirring in order to remove salt. 

The dialyzed enzymes were assayed and further used for kinetic and thermal 

characterization. 

3.6. Characterization of peroxidases 

Peroxidases extracted from Citrus reticulata and Citrus limon were characterized in terms 

of different parameters including pH, temperature, substrate concentration, surfactants, 

metal ions, inhibitors and chelating agent (Bhatti et al., 2007). 

3.6.1. Effect of pH on activity of peroxidases 

The effect of pH on activity of Citrus reticulata and Citrus limon peroxidases herein 

abbreviated as CRP and CLP, respectively, was determined by assaying the enzymes 

using different pH buffers (2.0-10.0) at 30 0C, following the same procedure as 

mentioned in section 3.3. The buffers used were acetate (CH3COOH/CH3COONa,  

phosphate (KHPO4/K2HPO4), glycine/HCl, glycine/ NaOH and Tris/ HCl.  

3.6.2. Effect of temperature on activity of peroxidases 

The effect of temperature on activity of CRP and CLP was determined by incubating the 

enzymes at different temperatures ranging from 25-80 0C under standard assay conditions 

(Bhatti et al., 2007). The energy of activation (Ea) was calculated by Arrhenius plot.  

Where, Ea = Activation Energy of guaiacol oxidation 
 
3.6.3. Effect of substrate concentration 

CRP and CLP were assayed in the reaction mixtures containing variable amounts of 

guaiacol (0.5-30 mM) while keeping H2O2 concentration as constant. The data were 

plotted to determine the values of kinetic constants Vmax and Km. 

3.6.4. Kinetics of thermal denaturation 

Kinetics and thermodynamics of irreversible thermal denaturation for CRP and CLP were 

determined by placing the enzymes at elevated temperatures. Aliquots were collected at 

different time intervals, cooled on ice for 2-3 h (Bhatti et al., 2007) and assayed for 

enzyme activities at 30 0C as mentioned before. This procedure was repeated for 5 

different temperatures ranging from 60-80 0C for CRP and CLP, respectively. The data 
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was fitted to pseudo-first order plots. For calculation of thermodynamic parameters 

Eyring,s equation derived from transition state theory was taken into account as reported 

by Bhatti et al. (2007). The equation is as follows: 

 

kd=(kbT/h)e(-ΔH0/RT).e(ΔS0/R).............................. (1) 

Where, 

 h (Plank,s Constant) = 6.63x10-34Js 

Kb (Boltzman,s constant) =R/N = 1.38 x10-23JK-1 

R (gas constant) = 8.314JK-1mol-1 

N (Avogadro,s No.) = 6.02x1023 

T = absolute temperature 

 

ΔH0 (enthalpy of activation) = Ea – RT………………………….   (2) 

 

ΔG0 (free energy of activation) = -RT ln (kdh / kbT)……………… (3) 

 

ΔS0 (entropy of activation) = (ΔH0- ΔG0) / T……………………..  (4) 

 

Energy of activation for thermal denaturation was determined from Arrhenius plots. 

3.7. Effect of surfactants  

Surfactant effect was determined by incubating the enzyme with different surfactants (1 

%) for 1 h and then performing enzyme assays under the same conditions as mentioned in 

the text. The activities of CRP and CLP in assay buffer without any surfactant was taken 

as control (100 %) for the calculation of percent residual activity. 

3.8. Effect of metal ions 

Metal ion effect was determined by incubating the enzymes with 2 mM solution of each 

metal ion for 1h and then assaying the enzyme by the same procedure as mentioned 

before. 

3.9. Effect of urea  

CRP and CLP were incubated with 8.0 M urea for varying times at 30 0C. Peroxidase 

activities were determined at the indicated time intervals by assaying the enzymes as 

mentioned before. The activities of the enzymes without incubation with urea were taken 

as control (100 %) to calculate the % residual activities. 
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3.10. Effect of Sodium azide  

Sodium azide effect was determined by incubating the CRP and CLP with different 

concentrations (0-0.3mM) of sodium azide for 1h and then assaying the enzyme as 

mentioned in section 3.3. 

 

3.11. Effect of EDTA 

EDTA (chelating agent) effect was determined by incubating the enzymes with different 

concentrations (0-0.3) of EDTA for 1h and then assaying the enzymes as mentioned in 

section 3.3. 

 

 3.12. Screening of synthetic dyes for decolorization with Citrus 

reticulata peroxidase (CRP) 

Eight synthetic dyes including Red P2B (λmax=520), Black B (λmax=596), Remazol 

brilliant blue R (λmax=591), L-Yellow VFG (λmax=415), Orange P3R (λmax=483), 

Malachite Green (λmax=617.5), Methyl Green (λmax=631.5) and Golden yellow PRA 

(λmax=416) were treated with CRP. In case of each dye 25 mg/L of dye solution was 

incubated with 18 units of CRP in the presence of 50 mM pH 5.0 buffer, 0.25 mM of 

H2O2 at 40 0C for 45 min, in a shaking water bath (Model # PA 9/250 U ) at 100 rpm. All 

the treated samples were placed in a boiling water bath for 10 min in order to quench the 

reaction. After that all the treated samples were centrifuged at 10,000 rpm for 5 min and 

supernatant thus collected was used to check the decrease in absorbance as compared to 

control (Untreated dye sample) on spectrophotometer (Cecil 7200) at their respective 

λmax. 

The % decolorization was calculated by using the following formula: 

% Decolorization = [(Ai-Af)/Ai) * 100] 

where,  

Where Ai = Absorbance of untreated dye  
           Af = Absorbance of CRP treated dye 

 

3.12.1. Selection of synthetic dyes for decolorization with CRP 

Two dyes were selected for decolorization with CRP. These included; Remazol brilliant 

blue R and Golden yellow PRA, both of which are here in abbreviated as RBBR and 

GYPRA, respectively. 
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The molecular structures of both of these dyes are as follows: 

 

 

 

Fig. 3.2: Molecular structure of Remazol brilliant blue R (λmax
 591) 
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Fig. 3.3: Molecular structure of Reactive Golden yellow PRA (λmax
 416) 

 

3.13. Decolorization of Remazol brilliant blue R (RBBR) and Golden 

yellow PRA (GYPRA) mediated by CRP 

Different parameters were optimized for the decolorization of RBBR and GYPRA by 

CRP in order to get maximum decolorization (%). 

3.13.1. Optimization of pH for decolorization of RBBR and GYPRA 

RBBR (50 mg/L) and GYPRA (75 mg/L) were treated with CRP (18 U/mL) in the 

buffers of different pH (2.0-9.0) in presence of 0.25 mM H2O2 at 40 0C for 45 min. The 

strength of buffer used was 50 mM in each case.  The reaction was quenched by heating 

for 10 min in a boiling water bath. All the samples were centrifuged and supernatant thus 
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collected was used for measuring absorbance of treated samples as compared to control 

(prepared at different pH) at their respective λmax. 

3.13.2. Optimization of temperature for decolorization of RBBR and GYPRA  

For the optimization of temperature, 50 mg/L of RBBR (buffer pH 4.0) and 75 mg/L of 

GYPRA (buffer pH 2.0) were treated with 18 U/mL of CRP in the presence of 0.25 mM 

H2O2 at 40 ºC for 45 min, under different temperatures ranging from 25-70 0C. The 

untreated dye samples at different temperatures were considered as control for calculation 

of % decolorization. 

3.13.3. Optimization of time of incubation for decolorization of RBBR and GYPRA 

RBBR (50 mg/L) and GYPRA (75 mg/L) were treated with 18 U/mL of CRP in their 

respective optimized buffers in the presence of 0.25 mM H2O2 at 35 and 40 0C, 

respectively for different time intervals (5, 10, 15, 20, 30, 45, 60, 90, 120 min). After 

every time interval the aliquots were removed, heated for 10 min to quench the reaction 

and then centrifuged, after that the absorbance and scanning spectra of supernatants were 

recorded. The untreated dye solutions were considered as control (100 %).  

3.13.4. Optimization of CRP dose for decolorization of RBBR and GYPRA 

In order to optimize the dose of CRP required for efficient decolorization of both the 

dyes, 50 mg/L RBBR and 75 mg/L GYPRA were treated with increasing dose of CRP 

ranging from 3.0-36 U/mL, in their respective optimized buffers in the presence of 

0.25mM H2O2 at 35 and 40 0C for 60 and 20 min, respectively. The treated dye samples 

were heated for 10 min in a boiling water bath to quench the reaction and then centrifuged 

before monitoring decrease in absorbance at their respective λmax. The untreated dye 

solution was considered as control for calculation of % decolorization. 

3.13.5. Optimization of H2O2 for decolorization of RBBR and GYPRA 

For the optimization of H2O2 concentration, 50 mg/L of RBBR (buffer pH 4.0) and 75 

mg/L of GYPRA (buffer pH 2.0) were treated with 18 and 24 U/mL of CRP, respectively, 

in the presence of increasing concentrations of H2O2 ranging from 0.063-0.5mM for 

RBBR (at 35 0C) and 0.063-1.0 mM for GYPRA (at 40 0C) for their respective optimized 

time of incubation. The untreated dye samples at different H2O2 concentrations were 

considered as control for calculation of % dye decolorization. 

3.13.6. Optimization of dye concentration for decolorization of RBBR and GYPRA 

To study the effect of dye concentration on the process of decolorization, different 

concentrations of RBBR (25-150 mg/L) were treated with 18 U/mL of CRP, 0.125 mM 

H2O2 at 35 0C similarly different concentrations of GYPRA (25-250 mg/L) were assayed 
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in the presence of 24 U/mL of CRP, 0.375 mM H2O2 at 40 0C for their respective 

optimized buffer (pH 4.0 for RBBR and pH 2.0 for GYPRA) and time of incubation (60 

min for RBBR and 20 min for GYPRA). The treated dye samples were heated (10 min), 

and centrifuged before monitoring decrease in colour at their respective λmax. The 

respective controls (100 %) at different dye concentrations were also prepared for 

calculation of % decolorization. 

3.13.7. Screening of redox mediators for decolorization of RBBR and GYPRA 

Redox mediators enhance the catalytic activity and specificity of enzymes to a wide range 

of recalcitrant compounds. So different mediators were used in order to check their role in 

dye decolorization by CRP enzyme. These mediators included p-coumaric acid, HOBT, 

syringaldehyde, vanillin, syringic acid, veratryl alcohol and pyrocatechol. 

For this experiment 50 mg/L of RBBR was treated with pH 4.0 buffer, 18 U/mL CRP, 

0.125 mM H2O2 and 0.05 mM mediator at 35 0C for 60 min. Whereas 100 mg/L of 

GYPRA was incubated with pH 2.0 buffer, 24 U/mL CRP, 0.375 mM H2O2 and 0.05 mM 

mediator at 40 0C for 20 min. Two types of controls were made in this case for 

calculation of % decolorization, one having no mediator but enzyme while the other 

having mediator but no enzyme. 

3.13.8. Optimization of concentration of selected mediators for decolorization of 

RBBR and GYPRA 

RBBR (50mg/L) was treated with different concentrations of p-coumaric acid and 

GYPRA (100mg/L) was treated with different concentrations of vanillin both mediators 

were taken in the range of 0.025-0.5 mM, under the same conditions as mentioned in 

section 3.13.7. The controls for each dye solution were made with respect to each 

mediator for the calculation of % decolorization. 

3.13.9. Optimization of time of incubation for decolorization of RBBR and GYPRA 

in presence of mediators 

Both RBBR (50 mg/L) and GYPRA (100 mg/L) were treated with CRP in presence of  

0.1 mM p-coumaric acid and 0.05 mM of vanillin respectively under the optimized 

conditions of pH, temperature and H2O2 concentration as mentioned  in section 3.13.7 and 

aliquots were collected after 2.5, 5, 10, 15, 20, and 30 min. These aliquots were heated for 10 

min to quench the reaction and then centrifuged, after that the absorbance of supernatants was 

noted. The untreated dye solutions were considered as control for calculation of % 

decolorization.  

3.13.10. Effect of metal ions on decolorization of RBBR and GYPRA by CRP 
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In this set of experiments, the CRP (18 U/mL for RBBR and 24 U/mL for GYPRA) was 

first independently incubated with 1 mM concentration of each metal ion for 60 min. 

Then 50 mg/L of RBBR and 100 mg/L of GYPRA were treated with 100 µL of the above 

solution in the presence of H2O2 (0.125 mM for RBBR and 0.375 mM for GYPRA), 50 

mM buffer (pH 4.0 for RBBR and pH 2.0 for GYPRA), mediator (0.1mM of p-coumaric 

acid for RBBR and 0.05 mM vanillin for GYPRA) under optimized condition of 

temperature and time of incubation. After that the reaction was stopped (heating for 10 

min) and then centrifuged before monitoring absorbance at specific wavelength of each 

dye. Two types of controls for each dye solution were made one having no metal ion but 

having enzyme while the other having no enzyme but having respective metal ion, for the 

calculation of % decolorization. 

 

3.14. Screening of synthetic dyes for decolorization with Citrus limon 

peroxidase (CLP) 

For the screening experiment nine synthetic dyes including; Brilliant Yellow (λmax 402), 

Congo red (λmax 499), Crystal violet (λmax=590), Fuchsin acid (λmax=543), Fuchsin basic 

(λmax=542), Malachite green (λmax=617.5), Methyl green (λmax=631.5), Methylene blue 

(λmax 664.5) and Rodamine B (λmax=554) were treated with CLP. 12.5mg/L of each dye 

solution was incubated with 12 units of CLP in the presence of 50 mM (pH 5.0) buffer, 

0.25 mM of H2O2 at 40 0C for 30 min, in a shaking water bath ( Model # PA 9/250 U ) at 

100 rpm. All the treated samples were placed in a boiling water bath for 10 min in order to 

stop the reaction. After that all the treated samples were centrifuged (10,000 rpm for 5 min) 

and supernatant was taken in order to check the decrease in absorbance as compared to 

control (untreated dye sample) on spectrophotometer (Cecil 7200) at their respective λmax. 

The % decolorization was calculated by using the same formula as described in section 3.12. 

3.14.1. Selection of synthetic dyes for decolorization with CLP 

Two synthetic dyes; Brilliant yellow and Crystal violet were selected for further 

experiments which are herein abbreviated as BY and CV, respectively. Different 

parameters were optimized in order to obtain maximum decolorization by CLP in case of 

both the dyes. The structures of these dyes are as followed:   
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Fig. 3.4: Molecular structure of Brilliant yellow (λmax
 402) 
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Fig. 3.5: Molecular structure of Crystal violet (λmax
 590) 

 

 

3.15. Decolorization of Briliant yellow (BY) and Crystal violet (CV) 

mediated by CLP: 

3.15.1. Optimization of time for decolorization of BY and CV with CLP 

BY (12.5 mg/L) and CV (6.25 mg/L) were treated with 12 U/mL of CLP  in the presence 

of pH 5.0 buffer, 0.25 mM of H2O2, for different time intervals (5, 10, 15, 20, 30, 45, 60 

min) at 40 0C . After every time interval the aliquots were removed, heated for 10 min to 

quench the reaction and then centrifuged, after that the absorbance and scanning spectra 
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of supernatants were recorded. The untreated dye solutions were considered as control 

(100 %).  

3.15.2. Optimization of pH for decolorization of BY and CV with CLP 

Dye solutions of BY (12.5 mg/L) and CV (6.26 mg/L) were independently incubated with 

12 U/mL of CLP in the presence of 50 mM concentration of different pH buffers (pH 2.0-

7.0 for BY and pH 3.0-9.0 for CV) and 0.25 mM H2O2 for 45 min at 40 0C. The samples 

were heated for 10 min to stop the reaction, centrifuged and thus supernatant obtained 

was used for monitoring absorbance at specific wavelength of dye. The untreated dye 

solutions were taken as control at different pH buffers for the calculation of % 

decolorization. 

3.15.3. Optimization of temperature for decolorization of BY and CV with CLP 

Dye solutions of BY (12.5mg/L) and CV (6.26 mg/L) were independently incubated with 

12 U/mL of CLP in the presence of respective optimized buffers (pH 5.0 for BY and pH 

4.5 for CV) and 0.25 mM H2O2 for 45 min at different temperatures ranging from 25-70 

0C. The samples thus heated to quench the reaction (10 min) and centrifuged were used to 

note change in colour at specific λmax of dyes. Untreated dye solutions at different 

temperatures were considered as controls for the calculation of % decolorization. 

3.15.4. Optimization of enzyme dose for decolorization of BY and CV with CLP 

Both of the dye solutions (12.5mg/L of BY and 6.25 mg/L of CV) were independently 

incubated with different concentrations of CLP (6.0-48 U/mL) in the presence of 0.25 

mM H2O2 , respective optimized buffers, temperatures and time of incubation. Then the 

treated samples were heated and centrifuged prior to recording colour removal at specific 

λmax of each dye. Untreated dye solution was considered as control for the calculation of 

% decolorization.  

3.15.5. Optimization of H2O2 concentration for decolorization of BY and CV with 

CLP 

Dye solutions of BY (12.5 mg/L) and CV (6.25) were independently incubated with 

varying concentrations of H2O2 (0.063-0.75 mM) under optimized conditions of CLP 

dose (24 U/mL for BY and 42 U/mL for CV), buffers, temperatures and time of 

incubation. Then the reaction was quenched and samples were centrifuged prior to  

monitoring absorbance at specific λmax of each dye. Untreated dye solutions having 

different H2O2 concentrations were used as controls for the respective samples for 

calculation of % decolorization. 
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3.15.6. Optimization of dye concentration for decolorization of BY and CV with CLP  

For the optimization of dye concentration, varying concentrations of dyes BY and CV 

both in the range of 5.0-50 mg/L were incubated with 24 and 42 U/mL of CLP, 

respectively, in the presence of 0.25 mM H2O2 and optimized condition of pH, 

temperature and time of incubation. All the treated samples were then heated for 10 min 

(to quench the reaction) and centrifuged prior to reading their absorbance. The untreated 

dye samples of different concentrations (5.0-50 mg/L) were taken as control for their 

respective samples for calculation of % decolorization.  

3.15.7. Effect of metal ions on decolorization of BY and CV by CLP 

To check the effect of metal ions on the process of decolorization by the CLP, 24 U/mL 

(for BY) and 42 U/mL (for CV) of the enzyme were first independently incubated with 1 

mM concentration of different metal ions for 60 min. Then 18.75 mg/L of BY and 7.5 

mg/L of CV were treated independently with 100 µL of the above respective solution in 

the presence of 0.25 mM H2O2, 50 mM buffer (pH 5.0 for BY and 4.5 for CV), under 

optimized condition of temperature and time of incubation. After that the samples were 

heated (to stop the reaction) and centrifuged before monitoring absorbance at specific 

wavelength of each dye. Two types of controls were made in this case for calculation of 

% decolorization, one having no metal ion but enzyme while the other having metal ion 

but no enzyme.  

3.15.8. Screening of redox mediators for decolorization of BY and CV with CLP  

Seven different redox mediators including p-coumaric acid, HOBT, syringaldehyde, 

vanillin, syringic acid, veratryl alcohol and pyrocatechol were screened in order to check 

their effect on decolorization by CLP.  

For this experiment 18.75 mg/L of BY and 7.5 mg/L of CV were independently treated 

with 24 and 42 U/mL CLP in buffer of pH 5.0 and 4.5, at 50 and 45  0C, respectively, in 

the presence of 0.25 mM H2O2 and 0.05 mM of mediator for 45 min. The reading was 

noted after quenching and centrifuging the experimental samples as explained in previous 

sections. Two types of controls were made in this case for calculation of % 

decolorization, one having no mediator but enzyme while the other having mediator but 

no enzyme. 

3.15.9. Optimization of concentration of selected redox mediator for decolorization 

of BY and CV by CLP  

BY (18.75mg/L) was treated with different concentrations of syringaldehyde (0.013-0.5  mM) 

and CV (7.5 mg/L) was treated with different concentrations of p-coumaric acid (0.013-1.0 
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mM) under the same conditions as mentioned in section 3.15.8. The controls contained 

different concentrations of the respective mediators for calculation of % decolorization. 

3.15.10. Optimization of time of incubation for decolorization of BY and CV in 

presence of mediators 

Both BY (18.75 mg/L) and CV (7.5 mg/L) were treated with CLP in presence of 0.025 

mM syringaldehye and 0.5 mM p-coumaric acid respectively under the optimized 

conditions of pH, temperature and H2O2 concentration as mentioned in section 3.15.8 and 

aliquots were collected up till 30 min with the interval of 2.5, 5, 10, 15, 20 and 30 min. 

These aliquots were heated for 10 min to quench the reation and then centrifuged, after 

that the absorbance of supernatants was noted. The untreated dye solutions were considered 

as control (100 %).  

 

3.16. Analysis of degraded products of Brilliant yellow and Crystal 

violet: 

3.16.1. UV Visible scanning spectra 

The samples obtained after maximum decolorization (section 3.15.10) of Brilliant yellow 

and Crystal violet by CLP were centrifuged at 10000 rpm for 5 min and then the 

supernatant obtained was scanned by using spectrophotometer (Cecile 7200). The 

changes in the absorption spectrum in the wavelength range of 300–800 nm were 

recorded in order to monitor decolorization process. 

3.16.2. LC-MS analysis 

The biodegradation products of Brilliant Yellow and Crystal violet were analyzed by LC–

MS analyses. The control and enzyme treated samples (section 3.15.10) were filtered 

through 0.45 µm syringe filter prior analysis. The LC–MS system used was a Waters 

Corporation (Milford, MA) Acquity UPLC pump and an Acquity SQD single quadrupole 

mass spectrometer. The column used for Brilliant yellow degraded products was Waters 

Acquity BEH C18 (2.1 mm × 100 mm, 1.7 µm particle size) while for Crystal violet 

degraded products was Waters Acquity T3HSS (2.1 mm × 100 mm, 1.8 µm particle size). 

The column temperature was set at 40 0C. The standard eluent A consisted of 50 mM 

glacial acetic acid/ammonium acetate buffer at pH 4.5 and standard eluent B consisted of 

acetonitrile with 0.1 % formic acid. The gradient used was; initial: 2 % B, 0.5min: 2 % B,  

5.0 min: 98 % B, 6.5min: 98 % B, 7.0 min: 2 % B and 9.0 min: 2 % B, with a flow rate of 

0.45 mL/ min. The other LC–MS settings were: capillary voltage: 3 kV; cone voltage: 50 
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V (for BY) and 60 V (for CV); source temperature: 150 ºC; desolvation temperature: 350 

0C and sample temperature was set at 4 0C. The volume of sample injected was 2.0 µL.  

In case of BY the mass spectra were acquired in negative ion mode over the mass range 

of 100 to 650 m/z while in case of CV mass spectra were acquired in positive ion mode 

over the mass range of 100-450 m/z. Complete system control and data evaluation were 

done with MassLynx V4.1 software. 

 

3.17. Optimization using response surface methodology 

Response surface methodology (RSM) is a combination of mathematical and statistical 

techniques used for developing, improving and optimizing processes. It is an empirical 

modelling technique used to evaluate the relationship between a set of controllable 

experimental factors and observed results. This optimization process involves three major 

steps: (i) performing statistically designed experiments, (ii) estimating the coefficients in 

a mathematical model, and (iii) predicting the response and checking the adequacy of the 

model (Box and Hunter, 1952). Central composite design (CCD) is an effective design 

used for sequential experimentation, provides a reasonable amount of information for 

testing the goodness of fit, and does not require an unusually large number of design 

points there by reducing the overall cost associated with the experiment (Korbhati et al., 

2007). 

On the basis of the classical study three important parameters, pH (A), enzyme dose (B) 

and dye concentration (C) were chosen as the independent variables and percentage 

decolorization was the dependent response variable. A 23 full factorial CCD for the three 

variables each at five levels, consisting of 8 factorial points, 6 axial points and 6 

replicates at the centre points were employed, indicating that altogether 20 experiments 

were required, as calculated from the following equation (Azargohar and Dalai, 2005): 

 

                                     20632222 3  c
n nn  

 
 
where N is the total number of experiments required and n is the number of factors. 

Table 3.1a-3.1d, represent the experimental range and levels of independent variables in 

case of all the four dyes studied. In case of RBBR and GYPRA, pH (3.5-4.5 for RBBR 

and 2.0-3.0 for GYPRA) enzyme dose of CRP (15-21 U/mL for RBBR and 21-27 U/mL 

for GYPRA) and dye concentration (25-75 mg/L for RBBR and 50-125 mg/L for 
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GYPRA) were taken as independent variables while the other parameters like H2O2 

concentrations (0.125 mM for RBBR and 0.375 mM for GYPRA), temperature (350 C in 

case of RBBR and 40 0C in case of GYPRA) and time of incubation (60 min for RBBR 

and 20 min for GYPRA) were kept as constant.  Similarly in case of BY and CV pH (4.0-

6.0 for BY and 4.0-5.0 for CV), enzyme dose of CLP (21-27 U/mL for BY and 39-45 

U/mL for CV) and dye concentration (12.5-25 mg/L for BY and 6.25-12.5 mg/L for CV) 

were taken as independent variables while the other parameters like H2O2 concentrations 

(0.25 mM), temperature (50 0C for BY and 45 0C for CV) and 45 min of time of 

incubation were kept constant.  

 

 

Table 3.1a: Levels of different process variables in coded and un-coded form for 

                  decolorization of Remazol brilliant blue R 

 

         

        Variable 

 

Code 

Range and levels  

-1.682 -1 0 +1 +1.682 

 

               pH 

 
A 

 

3.16 

 

 

3.5 

 

 

4.0 

 

 

4.50 

 

 

4.84 

 

    Enzyme dose 

         (U/mL) 

 

B 

 

12.95 

 

 

15 

 

 

18 

 

 

21 

 

 

23.05 

 

 

  Dye concentration  

(mg/L) 

 

C 

 

7.96 

 

25 

 

 

50 

 

 

75 

 

92.04 
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Table 3.1b: Levels of different process variables in coded and un-coded form for 

                 decolorization of Golden yellow PRA 

         

        Variable 

 

Code 

Range and levels  

-1.682 -1 0 +1 +1.682 

 

               pH 

 
A 

 

1.66 

 

 

2.0 

 

 

2.5 

 

 

3.0 

 

 

3.34 

 

  Enzyme dose 

         (U/mL) 

 

B 

 

18.95 

 

 

21 

 

 

24 

 

 

27 

 

 

29.05 

 

 

  Dye concentration  

(mg/L) 

 

C 

 

24.43 

 

50 

 

 

87.50 

 

 

125 

 

150.57 

 

 

 

 

Table 3.1c: Levels of different process variables in coded and un-coded form for 

                  decolorization of Brilliant yellow 

 

         

        Variable 

 

  Code 

Range and levels  

-1.682 -1 0 +1 +1.682 

 

               pH 

 
A 

 

3.32 

 

 

4.0 

 

 

5.0 

 

 

6.0 

 

 

6.68 

 

     Enzyme dose 

         (U/mL) 

 

B 

 

18.95 

 

 

21 

 

 

24 

 

 

27 

 

 

29.05 

 

 

  Dye concentration  

(mg/L) 

 

C 

 

8.24 

 

12.50 

 

 

18.75 

 

 

25 

 

29.26 
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Table 3.1d: Levels of different process variables in coded and un-coded form for 

                   decolorization of Crystal violet 

 

         

        Variable 

 

Code 

Range and levels  

-1.682 -1 0 +1 +1.682 

 

               pH 

 
A 

 

3.66 

 

 

4.0 

 

 

4.5 

 

 

5.0 

 

 

5.34 

 

     Enzyme dose 

         (U/mL) 

 

B 

 

36.95 

 

 

39 

 

 

42 

 

 

45 

 

 

47.05 

 

 

     Dye concentration  

(mg/L) 

 

C 

 

4.12 

 

6.25 

 

 

9.38 

 

12.50 

 

14.63 

 

 

3.17.1. Statistical analysis 

The Design Expert Software (Stat Ease, Trial Version 7.0.0) was used for regression and 

graphical analysis of the data obtained. The centre points are used to determine the 

experimental error and the reproducibility of the data. 

For statistical calculation independent variables were coded as: 

iii XXXx  /)( 0 ………………………………..(1) 

Where, Xi represents experimental value of variable, X0 represents centre point of Xi and 

ΔXi shows step change in Xi, xi  is coded value for ith independent variable. 

Each variable was used to develop an empirical model which correlated the response to 

three variables using a second degree polynomial equation as given by the following 

equation: 

  

where Y is the predicted response, xi, xj, . . ., xk  are the input variables, which affect the 

response (Y), x2i , x2 j , . . ., x2 k are the square effects, xixj, xixk and xjxk are the interaction 

effects, β0 is the intercept term, βi (i=1, 2, . . ., k) is the linear effect, βii (i=1, 2, . . ., k) is 

the squared effect, βij (i=1, 2, . . ., k; j=1, 2, . . ., k) is the interaction effect and ε is a 

random error (Goksungur et al., 2005; Aksu and G¨onen, 2006; Aksu et al., 2002). 
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Statistical analysis of the model was performed to evaluate the analysis of variance 

(ANOVA) and the coefficient of determination (R2) was calculated to find out the 

goodness of fit of the model. 

3.17.2. Validation of the regression model 

In order to verify the validity of regression equation, additional experiment was 

performed in triplicate under the optimum conditions obtained through Central composite 

RSM. 

3.18. Decolorization of effluents by CLP  

CLP was applied to check the decolorization of effluents collected from different 

industries of Faisalabad. 

3.18.1. Effluents collection, processing and dilution 

Five different effluents i.e. 1, 2, 3, 4 and 5 were respectively collected from, Arzoo 

Textiles, Sweety textiles, Kamal Textiles, Interloop Ltd. and Arif textiles. All of them 

were centrifuged at 10,000 rpm for 15 min and collected supernatants were further diluted 

to different ratios with the exception of Effluent 4. Effluent 1, 2, 3 and 5 were 

respectively diluted to 1:50, 1:5, 1:4, 1:2 times with distilled water in order to get their 

absorbance with in range of spectrophotometer. Then the λmax corresponding to all five 

effluents was scanned using Cecil 7200 spectrophotometer which was found to be 574.5, 

521, 582, 514.5 and 524.5 nm, respectively for Effluent 1, 2, 3, 4 and 5.  

3.18.2. Screening of effluents 

Screening experiment was conducted by treating 375µL of corresponding dilution of each 

effluent with 12 U/mL of CLP, 0.25 mM H2O2 (375µL) at 40 0C for 30 min in presence of 

50 mM pH 5.0 buffer (375µL). The total reaction volume was 1.5 mL. The reaction was 

stopped by heating for 10 min and insoluble product was removed by centrifugation at 

10,000 rpm for 5 min and decrease in absorbance was noted at specific λmax of each 

effluent. In all the experiments effluent decolorization was calculated as follows: 

Decolorization (%) = (A0-At/A0)*100 

Where,  

A0 is the absorbance of the untreated effluent and At is the absorbance of the treated 

effluent. 

3.19. Optimization of decolorization conditions for selected effluents    

Two effluents; Effluent 1 and 2 were selected for optimization of decolorization 

conditions by CLP. The following parameters were optimized for both of these effluents:  
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3.19.1. Optimization of pH for decolorization of Effluent 1 and 2 

The optimum pH for decolorization of CLP catalyzed textile effluents was monitored by 

using buffers of different pH ranging from 2-10. The molarities of each buffer were 50 

mM. The diluted Effluent 1 and 2 (375 µL each) were treated with CLP (12 U/mL) in the 

same manner as described in previous section (3.18.2) in presence of buffers having 

different pH. The reaction was quenched and decrease in absorbance was noted at specific 

wavelength of each effluent (574.5 nm for Effluent 1 and 521 nm for Effluent 2) after 

centrifugation of reaction mixture. Untreated effluent in each buffer was considered as 

control (100 %) for the calculation of % decolorization at respective pH. 

3.19.2. Optimization of temperature for decolorization of Effluent 1 and 2 

The optimum temperature for decolorization of textile effluents was determined by 

independently incubating diluted Effluent 1 and 2 (375µL each) with 12 U/mL of CLP, 

0.25 mM H2O2 in presence of respective optimized 50 mM glycine HCl buffer (pH 3.0 

for Effluent 1 and pH 2.0 for Effluent 2) at different temperatures (25-70 0C) for 30 min. 

The reaction was stopped and absorbance was noted in the same manner as described 

earlier. Untreated effluents at different temperatures were considered as control (100 %) 

for the calculation of % decolorization (Husain et al., 2010). 

3.19.3. Optimization of enzyme dose for decolorization of Effluent 1 and 2 

375 µL of each diluted Effluent 1 and 2 was independently incubated with increasing 

dose of CLP (3-30 U/mL) in the presence of 0.25 mM H2O2 , optimized buffer and 

temperature (45 ºC for Effluent 1 and 40 0C for Effluent 2) for 30 min. The % 

decolorization was calculated by taking effluents without enzyme treatment as control 

(100 %). 

3.19.4. Optimization of time of incubation for decolorization of Effluent 1 and 2 

Diluted effluents (375 µL) were independently incubated with optimized dose of CLP (18 

U/mL for Effluent 1 and 24 U/mL for Effluent 2) in the presence of 0.25 mM H2O2, 

glycine HCl buffer at optimized temperature for different time of incubation up to 60 min. 

The aliquots were collected after 5, 10, 15, 20, 30, 45 and 60 min, heated to stop the 

reaction and then centrifuged. The decrease in absorbance was noted at specific 

wavelength of each effluent. The effluents without enzyme treatment were considered as 

control (100 %) for calculation of % decolorization. 
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3.20. Phytotoxicity evaluation 

The toxicity of treated and untreated effluent samples (effluent 1: Arzoo Textiles; effluent 

2: Sweety textiles) was evaluated by measuring the phytotoxicity effect of their solutions 

on maize (Zea mays) seeds following the method of Zucconi et al. (1985) with some 

modifications. 

The Germination index (GI), which combines measures of relative seed germination (G 

%) and relative root elongation (L %), was used to evaluate the toxicity of effluents and 

their degraded product samples. The germination index accounts for both low toxicity, 

which affects root growth and high toxicity, which affects germination.  

The phytotoxicity of treated and untreated samples was evaluated by the seed germination 

technique (Zucconi et al. 1981, Tam and Tiquia, 1994 and Tiquia et al., 1996).First, the 

maize seeds (Zea mays) were surface sterilized by immersion in 75 % alcohol for 3 min 

followed by transferring in 0.001 % HgCl2 solution for 2 min with periodical agitation 

and finally thoroughly washed with sterilized distilled water to get rid of toxic chemicals 

(Rovira, 1956). Then, 5.0 mL of treated and untreated samples were applied to pre 

sterilized filter paper in a pre sterilized petri dish and after that, 10 seeds were placed on 

the filter paper. All experiments were run in triplicate. The Petri dishes were sealed with 

paper tape to minimize water loss while allowing air penetration and then were incubated 

in the dark for 72 hours at room temperature (5.0 mL of sample was applied after 24 h in 

order to make sure that the seeds remain immersed in treated and untreated samples). The 

seed germination percentage and root length of the plants in the solutions were 

determined. The seed germination in distilled water was used as control. The percentage 

of seed germination, root elongation and germination index (GI) was calculated according 

to Zucconi et al., (1985) as follows: 

 

Seed germination %   =   No. of seeds germinated in sample    x100 

                                         No. of seeds germinated in control     

            

 Root length %     =           Mean root length in sample             x100 

                                           Mean root length in control     

                

Germination Index =    Seed germination (%) x Root elongation (%) 

                                                                  100 
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Chapter 4 

                                                                Results and Discussion 

 

4.1. Isolation and partial purification of CRP and CLP 

Peroxidases from peels of kinnow (CRP) and lemon (CLP) were isolated with 100 mM 

phosphate buffer (pH 7.0) using a blender with short intermissions. The enzyme assays 

were performed and specific activities of crude CRP and CLP were recorded to be 270.29 

and 304.60 U/mg of the protein, respectively. Then the crude enzymes were partially 

purified by 80 % ammonium sulphate precipitation and after that centrifuged at 10000 x g 

for 15 min at 4 ºC. In both the cases the residues showed the maximum activity. This was 

in accordance to many other previous reports. For example, peroxidases extracted from 

Cauliflower (Kalsoom et al., 2010) and Raphanus sativus (Bhatti et al., 2012) were 

partially purified at 80 % saturation level and negligible activity was reported in the 

supernatant while residue showed the maximum activity. The residues thus obtained for 

both CRP and CLP after centrifugation step were dissolved in 90 mL of 100 mM 

phosphate buffer (pH 7.0) and then subjected to dialysis. The process of dialysis was 

conducted using dialysis tubing within 8 h by 5-6 changes of 25 mM phosphate buffer 

(pH 7.0). After performing partial purification step, the specific activities of CRP and 

CLP were increased to 382.92 and 479.28 U/ mg of protein, with 1.42 and 1.57 fold 

purification, respectively. In previous literature, after ammonium sulphate fractionation 

1.57 fold purification was obtained in case of Brassica rapa peroxidase (Motamed et al., 

2009) and specific activity of partially purified tomato peroxidase increased from 0.2394 

to 0.546 U/mg (Zia et al., 2001). While in case of peroxidase extracted from tubers of 

Jerusalem artichoke, 2.49 fold purification was attained after dialysis step with increase in 

specific activity from 246.2-612.1 EU/mg (Sat., 2008). 

 

4.2. Characterization of CRP and CLP 

CRP and CLP were characterized in terms of various kinetic and thermodynamic 

parameters. 

4.2.1. Effect of pH on activities of CRP and CLP 

The effect of pH on activity of CRP and CLP was determined by assaying the enzyme 

using buffers of different pH (2-10) and results are shown in Figs. 4.1a and 4.1b. 
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Fig. 4.1a: Effect of pH on activity of CRP  
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Fig. 4.1b: Effect of pH on activity of CLP  
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It is apparent from Figures 4.1 a and b, that both CRP and CLP showed a gradual increase 

in activity from pH 2.0-4.0, after that there was a sharp increase in activity going from pH 

4.0-5.0 with optimum around pH 6.0. After the optimum pH, there was a gradual decrease 

in activity with increasing pH from 6.0-8.0 and then a sharp decline in activity was 

observed from pH 8.0-10.0. The optimum at pH 6.0 shows that peroxidase has better 

functioning in acidic environment. Which was due to fact that, at this pH, the heme 

binding to the active site of enzyme was most stable. Whereas the loss or decrease of 

enzyme activity at low and high pH was due to instability of heme binding to the enzyme 

active site (Adams, 1997). Moreover the change in pH affects the dissociation of amino 

acids that are involved in substrate binding and enzyme catalysis. Therefore, an optimum 

pH is necessary for proper working of a biocatalyst. 

Similar optimum was also obtained for peroxidases isolated from different sources e.g., 

Ipomoea cairica (L) SW. (Lin et al., 1996), strawberry (Civello et al., 1995), Turnip 

(Singh et al., 2002), Metroxylon sagu (Onsa et al., 2004), broccoli (Thongsook and 

Barrett, 2005), horse radish and bitter gourd (Fatima et al., 2007), spring cabbage head 

(cationic fractions) (Belcarz et al., 2008),  soybean seed coat (Ghaemmaghami et al., 

2010), Turkish black radish (Sisecioglu et al., 2010), Euphorbia cotinifolia (Kumar et al., 

2011), Ipomea batatas (Diao et al., 2011), carrot and eggplant (Suha et al., 2013).  

4.2.2. Effect of temperature on activities of CRP and CLP 

The temperature-activity profiles of CRP and CLP are shown in Fig. 4.2a and 4.2b, 

respectively. 

The results in Fig. 4.2a indicated that the optimum temperature for the activity of CRP 

was 55 0C, although there was not much decrease in activity up till 80 0C. Whereas, in 

case of CLP (Fig. 4.2 b), the maximum activity was obtained at 45 0C and beyond 65 0C, 

a significant loss in activity took place, this indicated low themostability of CLP as 

compared to CRP. A wide variability regarding optimum temperature of peroxidase has 

been noticed from diverse sources. For example, peroxidaseses extracted from Vanilla 

bean (Marquez et al., 2008), cauliflower (Köksal and Gülçin, 2008) A. sativum (Marzouki 

et al., 2005) and Citrus jambherri peel (Mohamed et al., 2008) showed optima at 16, 30, 

35 and 40 0C, respectively. Chick pea peroxidase (Bhatti et al., 2006), lettuce stem 

peroxidase (Hu et al., 2012), tender coconut water peoxidase, isozyme 2 

(Balasubramanian and Boopathy, 2013) and beet juice peroxidae (Chaurasia et al., 2013) 

showed temperature optima of 45 0C. In case of Leucaena leucocephala (Pandey and 

Dwivedi, 2011) and date palm leaves peroxidase (Al-Senaidy and Ismael, 2011), 55 0C 
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was considered as the optimum temperature. Whereas temperature optima for peroxidases 

of Sapindus mukorossi leaves (Singh et al., 2011), spinach leaves (Koksal, 2011), S. 

melongena (Vernwal et al., 2006) were considered as 50, 60 and 84 0C,  respectively.  

The energy of activation for the oxidation of guaiacol was also calculated for both CRP 

(Fig. 4.3a) and CLP (Fig.4.3b) and was found to be 8.75 and 8.15 kJ/mol, respectively. In 

previous literature, the activation energy for ionically bound peroxidase from peach fruit 

was found to be 42.03 kJ/mol (Neves, 2002) while for Raphanus sativus peroxidase it was 

reported to be 25.44 kJ/mol (Bhatti et al., 2012). These results suggest that less energy is 

needed for enzyme-substrate complex formation in the case of CRP and CLP.  
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Fig. 4.2a: Effect of temperature on activity of CRP 

(Results are Mean±S.E of two replicates) 
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Fig. 4.2b: Effect of temperature on activity of CLP 

(Results are Mean±S.E of two replicates) 
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      Fig. 4.3a: Arrhenius plot for the activation energy of guaiacol oxidation by CRP 
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          Fig. 4.3b: Arrhenius plot for the activation energy of guaiacol oxidation by CLP 

 

4.2.3. Effect of substrate concentration and determination of kinetic parameters (Km 

and V max) 

In order to determine substrate specificity, Km and Vmax values for guaiacol as substrate 

were determined by Line weaver-Burk plot. Effect of guaiacol on the peroxidase activity 

was determined by varying the concentration of guaiacol while keeping a fixed and 

saturated concentration of second substrate H2O2.  

The Km and Vmax values for CRP and CLP were calculated respectively from Fig. 4.4a and 

4.4b. It is obvious from the data that Km values for CRP and CLP were reported to be 0.66 

and 2.70 mM with corresponding Vmax values of 380 and 2222 µmol/mL/min, 

respectively. The lower value of Km for CRP depicted its higher affinity for guaiacol as 

compared to CLP. 

Peroxidases have different Km and Vmax depending upon sources e.g. in case of Citrus 

jambherri peel POII (Mohamed et al., 2008), Turkish Black radish (Sisecioglu et al., 

2010) and Horseradish cv. Balady (Mohamed et al. 2011), Km values of 5, 0.036 and 16.4 

mM with corresponding Vmax values of 18, 38728.17 and 0.71 µmol/mL/min were 

respectively found for guaiacol as substrate. 
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                Fig. 4.4a: Effect of guaiacol concentration on activity of CRP 
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              Fig. 4.4b: Effect of guaiacol concentration on activity of CLP 
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4.2.4. Thermostability and thermodynamics of thermal denaturation 

Thermostability is the ability of enzymes to resist against thermal unfolding in the 

absence of substrate while thermophilicity is the capability of enzymes to work at 

elevated temperatures in the presence of substrate. Actually the stability of enzyme at 

elevated temperature may lead to high productivity thus making thermostability a 

preferred characteristic/quality of peroxidases for industrial applications.  

Fig. 4.5a and 4.5b represented the pseudo first order plots regarding the rates of 

irreversible thermal inactivation for CRP and CLP, respectively. 
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   Fig. 4.5a: Pseudo-first order plots of irreversible thermal inactivation of CRP at   

different temperatures 
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Fig. 4.5b: Pseudo-first order plots of irreversible thermal inactivation of CLP at 

different temperatures 

 

Both CRP and CLP were incubated at 60-80 0C for 0- 60 min and % residual activity was 

measured in order to monitor the themostability of peroxidases. It is obvious from the 

data that both the CRP and CLP were fairly stable at 60 0C and retained almost 81 and 83 

% activity, respectively. But at 80 0C CRP retained 58 % of its activity while CLP 

retained 37 % of its activity, after 60 min of incubation. These results showed that CRP 

retained relatively greater fraction of catalytic activity as compared to CLP at 80 0C. The 

obtained results are in consistence with the previous reports where peroxidases extracted 

from papaya (Chen et al., 2012) and Jatropha curcas leaves (JcGP1) (Cai et al., 2012) 

showed 85 % residual activity at 60 0C but former was inactivated within 20 min at 70 0C 

and later retained 70 % activity at this temperature but inactivated within 30 min at 80 0C. 

It was also reported that ionically bound peach peroxidase (Neves, 2002) and anionic 

turnip peroxidase isozyme (Duarte -Vazquez et al., 2003) retained 5 %  (after 1 min) and 

21 % (after 25 min) activity, respectively at 75 and 80 0C. In contrast to these results, 

wheat bran exhibited a sharp decrease in activity even heating at 40 0C just for 5 min 

(Manu and Rao, 2009) and Citrus jambheri peel peroxidase (POII) showed instability 

after 50 0C (Mohamed et al., 2008). It has been reported that the heat resistant nature of 
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peroxidases is attributed to the presence of large number of cystein moieties in the 

polypeptide chain or due to sugar content in their structure (Deepa and Arumughan, 2002; 

Triplett and Mellon, 1992; Fatima and Husain, 2008). Prosthetic groups binding also play 

a significant role in thermostability of peroxidase (Tigier et al., 1991). However, this 

thermostable behaviour cannot be extended to all peroxidase sources due to the presence 

of large number of isoenzymes having different temperature resistivity (Valderrama and 

Clemente, 2004). The main reason of thermal denaturation was found to be the 

dissociation of prosthetic groups, a change in conformation of apoenzyme and alteration 

(i.e. modification) or degradation of the prosthetic group (Tamura and Morita, 1975). 

From figures 4.5a and 4.5b the kinetic constants (kd) and half lives (t1/2=0.693/kd) were 

calculated at 60, 65, 70, 75 and 80 0C. Whereas for determination of activation energy, 

the Arrhenius plots were drawn for both CRP and CLP (Fig. 4.6a and 4.6b). The 

activation energy was found to be 95.85 and 77.27 kJ/mol for CRP and CLP, respectively. 

Previously, lower value of activation energy (17.79 kJ/mol) was observed for Raphanus 

sativus (Bhatti et al., 2012) and higher (2510 kJ/mol) in case of white Yam (Eze et al., 

2010).  
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         Fig. 4.6a: Arrhenius plot for the determination of energy of activation (Ea) for         

irreversible thermal inactivation of CRP 
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Fig. 4.6b: Arrhenius plot for the determination of energy of activation (Ea) for 

irreversible thermal inactivation of CLP 

 

 

The results regarding thermal inactivation of CRP and CLP are shown, respectively, in 

Tables 4.1a and 4.1b.  

 

Table 4.1a: Kinetics and thermodynamics of irreversible thermal inactivation of CRP 
 

 
Temp. (K) 

 
Kd (min-1) 

 
t1/2 (min) 

 
ΔH°(kJ mol-1) 

 
ΔG° (kJ mol-1) 

 
ΔS°(J mol-1 K-1)

 
333 

 
5.178x10-5 

 
223.04 

 
93.09 

 
109.2 

 
-0.0483 

 
338 

 
9.762 x10-5 

 
118.32 

 
93.04 

 
109.1 

 
-0.0474 

 
343 

 
1.798 x10-4 

 
64.25 

 
93.00 

 
109.0 

 
-0.0466 

 
348 

 
2.464 x10-4 

 
46.87 

 
92.96 

 
109.7 

 
-0.0481 

 
353 

 
3.804x10-4 

 
30.37 

 
92.92 

 
110.1 

 
-0.0485 
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    Table 4.1b: Kinetics and thermodynamics of irreversible thermal inactivation of CLP 
 
 

Temp. (K) 
 

Kd (min-1) 
 

t1/2 (min) 
 

ΔH° (kJmol-1) 
 

ΔG° (kJ mol-1) 
 

ΔS°(J mol-1 K-1)

 
333 

 
5.715x10-5 

 
202.10 

 
74.50 

 
108.9 

 
-0.1033 

 
338 

 
8.632 x10-5 

 
133.81 

 
74.46 

 
109.4 

 
-0.1034 

 
343 

 
1.441 x10-4 

 
80.18 

 
74.42 

 
109.6 

 
-0.1026 

 
348 

 
2.208 x10-4 

 
52.30 

 
74.38 

 
110.0 

 
-0.1024 

 
353 

 
2.512x10-4 

 
45.98 

 
74.34 

 
111.3 

 
-0.1046 

 
 
It was observed that kinetic stability of an enzyme is often expressed in terms of its half-

life (t1/2) at defined temperatures (Vieille and Zeikus, 2001). As can be seen from the data 

that half lives of both CRP and CLP decreased as the temperature increased from 60 to 80 

0C. The CRP and CLP showed t1/2 of 223 and 30.37 min, 202.10 and 45.98 min at 60 and 

80 0C, respectively. This kind of behaviour showed instability of enzyme towards higher 

temperatures. This kind of trend was also observed in case of African oil bean seed 

peroxidase (Eze, 2012). In both cases, the values for change in enthalpy (ΔH°) showed 

decreasing trend with increasing temperature, indicating low energy requirement for 

thermal denaturation at higher temperatures. A similar trend for ΔH° was observed for 

Rapahanus sativus (Bhatti et al., 2012). In case of CRP, the free energy (ΔGº) of thermal 

unfolding was 109.2 kJ/mol at 60 0C. With increasing temperature slight decrease in the 

value of free energy was observed up to 70 0C, which again started increasing at 75 0C 

and reached at 110.1 kJ/mol at 80 0C, indicating resistance of CRP against higher 

temperatures. This value is comparable to that reported in case of cauliflower peroxidase 

(109.73 kJ/mol) (Kalsoom et al., 2010). Similarly the resistant or stable behaviour of CLP 

is obvious from the results as ΔG° went on increasing in this case. The ΔG° value was 
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108.9 kJ/mol at 60 0C but increased to 111.3 kJ/mol at 80 0C. In case of CRP, considering 

entropy of thermal denaturation (ΔS°) an increasing trend was observed going from 60-70 

0C (-0.0483 to -0.0466 J/ mol/ K), after which the entropy decreased and a value of -

0.0485 J/ mol/ K was reported at 80 0C. In case of CLP, ΔS° value showed no consistent 

trend, in start it decreased (60-65 0C), then increased (65-75 0C) and at 80 0C lowest value 

(-0.1046 J/ mol/ K) was observed. It means that at 80 0C both the enzymes tried to 

maintain ordered state. Actually the thermal unfolding of enzymes is accompanied by the 

disturbance of non-covalent linkages, accompanied by decrease in order or increase in 

randomness or entropy of activation (Vieille and Zeikus, 1996). 

 4.3. Effect of metal ions on activities of CRP and CLP 
A wide range of proteins and enzymes have metal ions or metal complexes into their 

overall structure thus enhancing/triggering their activity. 

The results related to effect of metal ions on CRP and CLP are shown in Fig. 4.7. 
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Fig. 4.7: Effect of metal ions on activities of CRP and CLP 
 

The data revealed that in case of CRP,  Mg2+, Mn2+, Cd2+, Cu2+ and Al3+ slightly enhanced 

the enzyme activity however Co2+, Cr3+, Hg2+, Ca2+, Pb2+, Zn2+, Sr2+ and Ni2+ showed 

inhibitory effect. The inhibitory effect of Ni2+ and Zn2+ was most prominent among all 

with almost the same relative activities of 74 and 75 %, respectively. The decrease in 

peroxidase activity with Co2+ and Zn2+ ions was also observed for isoenzymes of 
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Metroxylon sagu (Onsa et. al, 2004) and low inhibitory effect of Ca2+ was reported by 

Ma´rquez et al. (2008). In another previous stydy, Hg2+, Zn2+, Co2+, Al3+ and Mn2+ 

slightly inhibited the chick pea peroxidase activity at a concentration of 1mM (Bhatti et 

al., 2006), whereas Kumar et al. (2011) reported Mg2+ and Mn2+ as stimulator of 

Santalum peroxidase at a concentration of 2 μM. In case of peroxidase extracted from 

lettuce stem (Hu et al., 2012), Zn2+ and Ca2+ both were  found to be the inhibitors at 

concentrations of 1 and 5 mM.  

Considering the data related to CLP (Fig. 4.7) all the metal ions including Mg2+, Cd2+, 

Cu2+, Co2+, Ca2+, Pb2+, Zn2+, Sr2+, Cr3+ and Al3+ enhanced the activity of enzyme with the 

exception of  Co2+, Mn2+, Ni2+ and Hg2+,  drastically reducing the activity between 59-89 

%. Their extent of inhibition was as; Ni2+> Mn2+ > Co2+ > Hg2+. It means that the effect of 

inhibition at the same concentration is dependent upon the chemical structure of the metal 

ions used (Mudd and Burris, 1959). CLP activity was significantly triggered by Cu2+, 

Sr2+, Cd2+, Mg2+ and Al3+ to 147, 127, 124, 115, and 112 %, respectively. In case of both 

the enzymes the inhibitory effect of Hg2+ was noted to be almost the same, reducing the 

CRP and CLP activities to 87 and 89 %, respectively. Hg2+ is considered as a potent 

inhibitor of enzymatic reactions as it binds to SH groups which are present in the enzyme 

active site thus causing its irreversible inactivation (Vallee and Ulmer, 1972).  

 In case of rocket peroxidase, Cu2+, Ni2+ and Co2+ stimulated its activity to 135, 193 and 

205 % whereas Mn2+, Hg2+ and Zn2+ reduced it to 50 % (Nadaroglu et al., 2013). 

Similarly, inhibitory effect of Mn2+ has been reported in several previous reports, e.g.,  for 

peroxidases isolated from garlic, some apple varieties and Sapindus mukorossi with % 

inhibition of 55, 21-45 and 20 %, respectively (Marzouki et al., 2005; Dubey et al., 2007; 

Singh et al, 2011). In another report, Mg2+, Ca2+ and Zn2+ stimulated the activity of Vigna 

mungo peroxidase to 104, 110 and 120 %, respectively (Ajila and Rao, 2009). 

4.4. Effect of surfactants on activities of CRP and CLP 

In this study the effect of different surfactants including Triton-X-100, Tween 80, SDS 

and other detergents commonly used in household and laundry was checked on activity of 

CRP and CLP. The activities of the enzymes were noted after incubating the enzymes 

with surfactant solutions (1 %) and then assaying by the standard procedure. Fig. 4.8 

shows that all the surfactants decreased the peroxidase activity with the exception of 

Lemon Max which enhanced the activity. The effect of Tween 80 and Brite total towards 

inhibition was more pronounced than the others. Where, relative activities of CRP were 
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recorded to be 71 and 73 %, respectively. Although, Lemon max significantly enhanced 

the relative activity of CRP to 121 %. Previously, similar trend has been reported in case 

of cauliflower peroxidase (Kalsoom, et al., 2010). 
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Fig. 4.8: Effect of surfactants on activities of CRP and CLP 
 
 
In case of CLP, both Ariel and Bonus enhanced the activity of CLP to 105 % whereas 

enhancement due to Lemon max was more significant with relative activity of 116 %. All 

the other surfactants including Triton X100, Tween 80, SDS, Brite total, Surf exel and 

Rin reduced the activity of CLP. The inhibition due to SDS was more pronounced for 

CLP than CRP. SDS reduced the relative activity of CLP to 76 %.  In previous literature 

the role of SDS as inhibitor as well as stimulator has been reported, in case of horseradish 

and bitter gourd peroxidase, respectively. Pre-incubation of HRP and BGP with SDS (1 

%) for 60 min resulted in loss of 83 %  and enhancement of 200 % in the initial activity 

for HRP and BGP, respectively (Fatima et al., 2007). Actually due to positive interactions 

between enzymes and detergents, some enzymes can show better activity in 

aqueous/detergent media (Viparelli and Francisco, 1999). 
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4.5. Effect of urea on activities of CRP and CLP 

CRP and CLP were incubated with urea solution (8.0 M) and after every 10 min aliquots 

were removed and assayed for peroxidase activity. The inactivation of CRP and CLP due 

to urea is represented in Fig. 4.9.  
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Fig. 4.9: Effect of Urea on activites of CRP and CLP 

 

It is obvious from the figure that CRP was quite resistant to urea and it retained 84 % of 

its activity whereas CLP retained 76 % of its activity at the end of 60 min. Previously, for 

the same concentration of urea, inhibitory effect has been reported for peroxidases from 

horseradish and bittergourd. Horseradish retained 30 % whereas bitter gourd retained 88 

% of its initial activity at the end of 120 min (Fatima et al., 2007). One the other hand, 

one of the isoenzymes of Jatropha curcas peroxidase (JcGP1) showed much resistance 

against 8.0 M urea such that only 1.3 % of its acivity was inhibited within 120 min (Cai et 

al., 2012). 

 

4.6. Effect of sodium azide on activities of CRP and CLP 

Effect of sodium azide as an inhibitor of peroxidase was examined. Fig. 4.10 

demonstrates the influence of different concentrations of sodium azide (0.0-0.3 mM) on 

activities of CRP and CLP after incubation of 60 min. 
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Fig. 4.10: Effect of sodium azide on activities of CRP and CLP 

 

It is clear from the data that, CRP and CLP retained 72.69 and 69.07 % of their activity, 

respectively, after 60 min exposure to 0.3 mM of sodium azide. Similarly, azide was 

reported to be as an inhibitor for most of the peroxidases. For example, in previous 

literature, its inhibitory effect was shown for peroxidases extracted from Elaeis 

guineensis Jacq leaves (Deepa and Arumughan, 2002), Zea mays varieties (Mika and 

Luthje, 2003), fruit of Solanum melongena (Vernwal et al., 2006), Beta vulgaris L. 

(Rudrappa et al., 2007; Chaurasia et al., 2013), Momordica charantia (Matto and Husain, 

2009), Luffa aegyptiaca (Yadav et al., 2011) and Carica papaya (Chen et al., 2012). 

Actually, sodium azide by coordinating with the metal ion present in structure of the 

peroxidase enzyme, cause its toxicity (Schwartz et al., 2001). Although, in contrast to 

these findings, Leucaena leucocephala peroxidase activity was not inhibited by azide 

(Pandey and Dwivedi, 2011). 

4.7. Effect of EDTA on activities of CRP and CLP 

Fig. 4.11 demonstrates the effect of EDTA (metal chelator) on the activity of both CRP 

and CLP. It can be seen from the data that at a concentration of 0.3 mM, CRP and CLP 

retained only 50.80 and 63.39 % activity, respectively after incubation of 60 min.  
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Fig. 4.11: Effect of EDTA on activities of CRP and CLP 

 

Actually, EDTA combines with the Fe3+ ions present in the active centre of the 

peroxidase, thus causing its denaturation and reducing activity of the enzyme. Moderate 

inhibitory effect of EDTA has been reported in case of Metroxylon sagu (Onsa et al., 

2004) and vanilla bean (Marquez et al., 2008). However, slight inhibitory effect of EDTA 

was also observed for peroxidase from cell suspension of H. brasilensis, J. curcus and V. 

angulatum (Chanwun et al., 2013, Cai et al., 2012; Das et al., 2011). On the other hand, 

activity of Rocket peroxidase was strongly inhibited by EDTA which showed relative 

activity of only 3.2 % (Nadaroglu et al., 2013). On contrary to our results, EDTA did not 

show any effect on activity of peroxidase from horseradish cv. Balady (Mohamed et al., 

2011). 
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4.8. Decolorization of synthetic dyes 

4.8.1. Decolorization of synthetic dyes mediated by Citrus reticulata (Kinnow) 

peroxidase (CRP) 

 

Fig. 4.12 shows the percent decolorization of eight synthetic dyes with partially purified 

CRP. 
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Fig. 4.12: Screening of synthetic dyes for decolorization by CRP. 

           (Dye=25 mg/L, H2O2=0.25 mM, CRP dose= 18 U/mL, 50 mM Buffer  

            pH= 5, Time of incubation= 45 min, Temperature= 40 ºC) 

 

It is obvious from the figure that among the eight dyes tested, RBBR (λmax=591) and 

GYPRA (λmax=416) were maximally decolorized by CRP. The % decolorization recorded 

in case of RBBR and GYPRA was 53.25 and 33.83 %, respectively. The differences in % 

decolorization might be due to the structural differences (Paszcezynski et al., 1992). So, 

both of these dyes were selected for optimization of different parameters for maximum 

decolorization with CRP. 
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4.8.1.1. Decolorization of Remazol brilliant Blue R (RBBR) and Golden 

yellow PRA (GYPRA) mediated by CRP: 

4.8.1.1.1. Effect of pH on decolorization of RBBR and GYPRA mediated by CRP 

The role of pH on decolorization (%) of RBBR and GYPRA by CRP is demonstrated in 

Fig. 4.13. 
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Fig. 4.13: Effect of pH on decolorization of RBBR and GYPRA by CRP. (Dye = 50 

mg/L (RBBR) and 75 mg/L (GYPRA), H2O2 = 0.25 mM, CRP dose = 18 U/mL, 50 mM 

Buffer pH = 2.0-9.0, Time of incubation = 45 min, Temperature= 40 0C) 

 

The data showed that both RBBR and GYPRA dyes were maximally decolorized in the 

acidic medium. The optimum pH reported for RBBR was 4.0, above and below this pH, a 

remarkable decrease in % decolorization was observed. Whereas, GYPRA was 

maximally decolorized at pH 2.0, above which a significant decrease in the extent of 

decolorization was observed. In both the cases, alkaline medium (pH >7) was not suitable 

as negligible % decolorization was recorded at pH 9.0, showing loss of enzyme activity at 

this extreme pH (Dong et al. 2007). In the previous literature, Acid Black 10 BX was 

maximally decolorizad at pH 2.0 (Mohan et al., 2005) and Remazol blue at pH 2.5 

(Bhunia et al., 2001) both by HRP. Similarly, acidic medium  (optimum pH 4.0) was 

considered suitable for maximum decolorization of synthetic recalcitrant dyes including 
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Reactive Red 2 (85 %), Reactive Black 5 (86 %), Reactive Blue 4 (86 %), Disperse Black 

9 (89 %) and Disperse Orange 25 (90 %), mediated by cauliflower bud peroxidase (Jamal 

et al., 2011b). Similarly, disperse dyes DR 17 and DB 1 were maximally decolorized at 

pH 3.0 by bitter gourd peroxidase (Satar and Husain, 2011). However, the pH profile of 

HRP catalyzed decolorization of RB 19 showed maximum decolorization at pH 5.0 (96 

%) whereas no decolorization was observed at pH 3.0 and 8.0 (Celebi et al., 2012).    

 

4.8.1.1.2. Effect of temperature on decolorization of RBBR and GYPRA mediated by 

CRP 

Temperature is one of the important parameters governing the action of enzymes. Thus the 

effect of temperature on percent decolorization of RBBR and GYPRA mediated by CRP was 

studied and results are summarized in Fig. 4.14. 

In case of RBBR, the maximum decolorization was observed in temperature range of 25-

45 0C, with optimum at 35 0C. After the optimum temperature, a decrease in percent 

decolorization was noticed. Whereas considering GYPRA, temperature did not play a 

significant role and in the whole range, 79.67-84.82 % decolorization was observed with 

maximum at 40 0C. It means CRP maintained its integrity in this broad range of 

temperature. Previously, maximum decolorization of reactive dyes (DMBBLN 77 %, 

DMBLR 99 %, DMR 94 % and RBBR 97 %) by HRP was reported at 35 0C (Reis da 

Silva et al., 2010). For azo and anthraquinone dyes, the maximum decolorization by 

Trichosanthes diocia peroxidase was achieved at 40 0C (Jamal et al., 2011a). 
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Fig. 4.14: Effect of temperature on decolorization of RBBR and GYPRA by CRP. 

(Dye = 50 mg/L (RBBR) and 75 mg/L (GYPRA), H2O2 = 0.25 mM, CRP dose = 18 

U/mL, 50 mM Buffer pH = 4.0 (RBBR) and 2.0 (GYPRA), Time of incubation= 45 min, 

Temperature= 25-70 0C) 

 

4.8.1.1.3. Effect of time on decolorization of RBBR and GYPRA mediated by CRP 

Catalyst/substrate contact time is an important parameter which plays a significant role in 

dye degradation. So experiments were performed to determine the effect of time on both 

the dyes and absorption spectra were also recorded in this case (Fig. 4.15). 

It is evident from the spectrum (a) that 23 % of decolorization was recorded with in first 5 

min of contact time for RBBR. However, the optimum was obtained at 60 min of contact 

time with 73 % of decolorization. After which a slight decrease in decolorization was 

recorded. Considering GYPRA (spectrum b), first 5 min of contact time were very much 

important as almost 76 % decolorization was monitored in this period. After which the 

process slowed down and almost 11 % increase in % decolorization was obtained within 

next 15 min (optimum contact time) and then it became constant. The reason for this slow 

down of the reaction might be attributed to the simultaneous decrease in concentration of 

the reacting substances (CLP, dye and H2O2). It can be concluded that the CRP behaved 

quite efficiently with most of decolorization in first 5 min of contact. In similar studies, 

using HRP, Liu et al. (2006) obtained 80 and 100 % of decolorization, respectively for 

methyl orange and bromophenol blue, whereas Reis da Silva et al. (2010) got 96 % of 
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removal for RBBR, within 5 min. However, Akhtar et al. (2005 b) monitored that, out of 

eight reactive dyes tested only four (RR 120, RB 171, RB 4, RB 160) decolorized in 60 

min while the other took longer time by bitter gourd peroxidase.  

Actually the reaction time is directly related to the different structures of the dyes; this 

fact affected the way of enzyme activity and consequently could cause variation in the 

reaction time (Ulson de Sauaz et al., 2007). 
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Fig. 4.15: Absorption spectra of decolorization of  RBBR (a), GYPRA (b) with time 

and  the effect of time (c) on decolorization of both the dyes by CRP. (Dye = 50 mg/L 

(RBBR) and 75 mg/L (GYPRA), H2O2 = 0.25 mM, CRP dose = 18 U/mL, 50 mM Buffer 

pH = 4.0 (RBBR) and 2.0 (GYPRA), Time of incubation=5-120 min, Temperature= 35 

0C (RBBR) and 40 0C (GYPRA) 

 
4.8.1.1.4. Effect of CRP dose on decolorization of RBBR and GYPRA mediated by 

CRP 

Enzyme dose plays an important role in decolorization of dyes. So in order to analyze this 

important parameter experiments were conducted by keeping substrate concentration (dye 

and H2O2) along with physical conditions as constant and changing the enzyme dose (3.0-

36.0 U/mL) so that any variation in product formed was a function of enzyme dose. At 

specified experimental conditions the results are presented in Fig. 4.16. 
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Fig. 4.16: Effect of enzyme dose on decolorization of RBBR and GYPRA by CRP. 

(50 mM Buffer pH = 4.0 (RBBR) and 2.0 (GYPRA), Dye = 50 mg/L (RBBR) and 75 

mg/L (GYPRA), H2O2 = 0.25 mM, CRP dose = 3-36 U/mL, Time of incubation= 60 min 

(RBBR) and 20 min (GYPRA), Temperature= 35 0C (RBBR) and 40 0C (GYPRA) 

 
 

It is quite clear from the data that initially decolorization percentage increased with 

increasing enzyme dose until optima were achieved at 18 and 24 U/ml for RBBR and 

GYPRA, respectively. After which there was no further increase in extent of 

decolorization observed with increasing enzyme dose up to 36 U/mL. The conclusion 

drawn was that using a higher dose of enzyme, there was a slight decrease in 

decolorization of both the dyes. The reason might be that each peroxidase molecule 

catalyses fewer reactions under higher concentration of the enzyme hence decreasing the 

catalytic efficiency (Celebi et al., 2012). These trends are similar to those found in 

previous literature as reported for decolorization of reactive blue 21 and some other 

textile dyes by horseradish peroxidase (Silva et al., 2012; Ulson de Souza et al., 2007).  

 

4.8.1.1.5. Effect of H2O2 concentration on decolorization of RBBR and GYPRA 

mediated by CRP 

 

H2O2 serves as a co-substrate to initiate the enzymatic action of the peroxidase radical. 

Experiments were conducted in order to find out the optimum concentration of hydrogen 
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peroxide for maximum decolorization of both the dyes by CRP and results along with the 

specified experimental conditions are shown in Fig. 4.17.  
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Fig. 4.17: Effect of H2O2 concentration on decolorization of RBBR and GYPRA by 

CRP. (50 mM Buffer pH = 4.0 (RBBR) and 2.0 (GYPRA), Dye = 50 mg/L (RBBR) and 

75 mg/L (GYPRA), H2O2 = 0.063-0.5 mM (RBBR) and 0.063-1.0 mM (GYPRA), CRP 

dose = 18 U/mL (RBBR) and 24 U/mL (GYPRA), Time of incubation= 60 min (RBBR) 

and 20 min (GYPRA), Temperature= 35 0C (RBBR) and 40 0C (GYPRA) 

 
 

As can be seen from the data that decolorization percentage increased with increasing 

concentration of hydrogen peroxide until an optimum was achived at 0.125 and 0.375 

mM for RBBR and GYPRA, respectively. Although, in case of RBBR, remarkable 

percent decolorization was achieved at 0.125 mM than that reported at 0.0625 mM. After 

the optimum concentration a decline in decolorization percentage was reported with 

increasing concentration of hydrogen peroxide in both dye cases. Although, for RBBR, 

after decrease it levelled off. It means excess amount of H2O2 was posing inhibitory effect 

that might be due to production of higher amount of intermediates which deactivated the 

enzyme. In a previous report, similar kind of trend was observed for decolorization of 

trypan blue dye by soybean peroxidase enzyme (Kalsoom et al., 2013). 
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4.8.1.1.6. Effect of dye concentration on decolorization of RBBR and GYPRA 

mediated by CRP 

Experiments were carried out by changing the dye concentration and the results obtained 

along with the specified conditions are reported in Fig. 4.18. 
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Fig. 4.18: Effect of dye concentration on decolorization of RBBR and GYPRA by 

CRP. (50 mM Buffer pH = 4.0 (RBBR) and 2.0 (GYPRA), Dye = 50 mg/L (RBBR) and 

75 mg/L (GYPRA), H2O2 = 0.125 (RBBR) and 0.375 mM (GYPRA), CRP dose = 18 

U/mL (RBBR) and 24 U/mL (GYPRA), Time of incubation= 60 min (RBBR) and 20 min 

(GYPRA), Temperature= 35 0C (RBBR) and 40 0C (GYPRA) 

 

As depicted by the figure, in case of RBBR the optimum was achieved earlier at low 

concentration of dye i.e. at 50 mg/L than for GYPRA which was obtained at 100 mg/L. 

After approaching the optima no further increase in percent decolorization was reported 

but it gradually decreased until 150 and 250 mg/L of dye, respectively for RBBR and 

GYPRA. It means that once the enzyme was saturated, any further addition of dye 

molecule were retaining in the solution thus increasing the absorbance and consequently 

lowering the percentage of decolorization. In a previous study similar trend was observed 

for decolorization of fluoriscine dye by horseradish peroxidase (Pirello et al., 2010). 
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4.8.1.1.7. Screening of compounds for mediating effect on decolorization of RBBR 

and GYPRA by CRP 

Experiments were performed in order to check the mediating potential of different 

compounds for improvement in the percent decolorization of both RBBR and GYPRA by 

CRP. The results are depicted in Fig. 4.19. 
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Fig. 4.19: Compounds investigated as redox mediators for mediating decolorization 

of RBBR and GYPRA by CRP. (50 mM Buffer pH =4.0 (RBBR) and 2.0 (GYPRA), 

Dye = 50 mg/L (RBBR) and 100 mg/L (GYPRA), H2O2 = 0.125 (RBBR) and 0.375 mM 

(GYPRA), CRP dose = 18 U/mL (RBBR) and 24 U/mL (GYPRA), Time of incubation= 

60 min (RBBR) and 20 min (GYPRA), Temperature= 35 0C (RBBR) and 40 0C 

(GYPRA), Mediator = (0.05 mM) 

 

Among all the compounds tested as mediator no one brought a remarkable improvement 

in percent decolorization. Although, three compounds including; p- coumaric acid, HOBT 

and vanillin slightly improved the extent of decolorization of RBBR, with p-coumaric 

acid being the most prominent among them. While in case of GYPRA only vanillin 

showed its potential to act as a mediator whereas all the remaining compounds decreased 

the decolorization percentage with the exception of HOBT and p-coumaric acid which did 

not affect the process. In a previous work HOBT and vanillin were utilized for 
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decolorization of reactive orange 15 dye and it was observed that HOBT was more 

efficient as a mediator than vanillin for T. diocia peroxidase (Jamal et al., 2010).  

It has been disclosed previously that the redox mediators have the ability to facilitate 

oxidation reaction between a substrate and an enzyme (d’Acunzo et al., 2003). Actually, 

different redox mediators are having different efficiency of mediation which is carried out 

by the mediator’s redox potential and the substrate’s oxidation mechanism (Baiocco et 

al., 2003). The formation of free radicals may take place either via one electron oxidation 

of the substrate or by abstraction of a H-atom from the substrate (Xu et al. 2001; Fabbrini 

et al., 2002). 

4.8.1.1.8. Effect of varying concentrations of mediators on decolorization of RBBR 

and GYPRA by CRP 

Different experiments were conducted in order to find out the optimum concentration of 

p-coumaric acid and vanillin for the enhancement in percent decolorization of RBBR and 

GYPRA, respectively. The results thus obtained are represented in Fig. 4.20. 
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Fig. 4.20: Effect of different concentrations of mediators on decolorization of RBBR 

(p-coumaric acid) and GYPRA (Vanillin) by CRP.  (50 mM Buffer pH= 4.0 (RBBR) 

and 2.0 (GYPRA), Dye = 50 mg/L (RBBR) and 100 mg/L (GYPRA), H2O2 = 0.125 

(RBBR) and 0.375 mM (GYPRA), CRP dose = 18 U/mL (RBBR) and 24 U/mL 

(GYPRA), Time of incubation= 60 min (RBBR) and 20 min (GYPRA), Temperature= 35 

0C (RBBR) and 40 0C (GYPRA), Mediator = (0.025-0.5 mM) 
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It can be noted from the figure that 0.1 mM of p-coumaric acid and 0.05 mM of vanillin 

were sufficient to result in optimum decolorization for RBBR and GYPRA, respectively. 

Although, there was no improvement in percent decolorization reported with increasing 

amount of mediator after these optima but a continuous decreasing trend was observed. 

Similar kind of trend was observed in the previous literature for violuric acid which was 

used as a redox mediator for decolorization of disperse dyes by turip peroxidase. The 

reason was found to be the dual role of the compound both as a mediator (at lower 

concentration) as well as a competitive inhibitor (at higher concentration), thus inhibiting 

enzyme activity (Matto and Husain, 2007). 

4.8.1.1.9. Effect of time of incubation on decolorization of RBBR and GYPRA by 

CRP in presence of mediators 

Fig. 4.21 showed the effect of time of incubation on decolorization of RBBR and GYPRA 

by CRP in presence of their respective mediators. 
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Fig. 4.21: Effect of time of incubation on decolorization of RBBR and GYPRA in 

presence of mediators by CRP. (50 mM Buffer pH = 4.0 (RBBR) and 2.0 (GYPRA), 

Dye = 50 mg/L (RBBR) and 100 mg/L (GYPRA), H2O2 = 0.125 (RBBR) and 0.375 mM 

(GYPRA), CRP dose = 18 U/mL(RBBR) and 24 U/mL (GYPRA), Temperature= 35 0C 

(RBBR) and 40 0C (GYPRA), Mediator = 0.1 mM p-coumaric acid (RBBR) and 0.05 

mM of vanillin (GYPRA), Time of incubation= 2.5-30 min) 
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It is quite visible from the data that in presence of mediators the process of decolorization 

was efficient than that in their absence. Thus the maximum decolorization was attained 

just with in 5 min for both the dyes. Although, in absence of mediator the maximum 

decolorization in case of RBBR and GYPRA was attained with in 60 and 20 min, 

respectively.  

4.8.1.1.10. Effect of metal ions on decolorization of RBBR and GYPRA mediated by 

CRP 

As the effluents coming out from textile industries are also having heavy metals in it, so 

the experiments were performed in order to know their effect on extent of decolorization 

by CRP and the results are shown in Table 4.2. 

 

Table 4.2: Effect of metal ions on decolorization of RBBR and GYPRA by CRP  
 

Metal ions Decolorization (%) 
For RBBR 

Relative activity (%) 
For GYPRA 

Control 82.25±0.18 92.04±0.67 
 

Co2+ 83.47±0.51 93.23±1.04 

Mg2+ 81.65±0.32 92.12±0.72 

Mn2+ 82.23±0.73 92.37±0.76 

Cd2+ 82.52±0.44 89.62±1.80 

Cr3+ 83.67±0.29 90.08±0.55 

Zn2+ 82.25±0.51 92.07±0.51 

Al3+ 83.39±0.61 92.64±0.23 

Cu2+ 83.40±0.73 93.17±0.27 

Pb2+ 83.85±0.58 93.26±0.58 

Sr2+ 83.31±0.33 92.09±0.35 

Ni2+ 84.24±0.25 91.06±0.33 

Hg2+ 83.04±0.30 90.47±0.99 

Ca2+ 82.81±0.41 92.11±0.20 
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The data showed that the metal ions did not show any significant effect on percent 

decolorization. Although in case of RBBR, percent decolorization was slightly enhanced 

in the presence of Co2+, Cr3+, Al3+, Cu2+, Pb2+, Sr3+, Ni2+ and Hg2+ whereas Mg2+ slightly 

reduced it. While all the remaining metal ions did not affect the process of decolorization. 

Considering GYPRA, Co2+, Cu2+ and Pb2+ somewhat enhanced whereas Cd2+, Cr3+, Ni2+ 

and Hg2+ slightly reduced the decolorization percentage while all the remaining metals 

did not show any effect.  

 

4.8.2. Decolorization of synthetic dyes mediated by Citrus limon 

peroxidase (CLP) 

Experiments were performed in order to screen out the dyes best decolorized by CLP and 

the results are summarized in Fig. 4.22. 
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  Fig. 4.22:   Screening of synthetic dyes for decolorization by CLP. 

           (Dye=12.5 mg/L, H2O2=0.25 mM, CRP dose= 12 U/mL, 50 mM Buffer 

            pH = 5, Time of incubation= 30 min, Temperature= 40 0C) 
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It can be concluded from the data that out of nine dyes utilized to check the decolorization 

potential of CLP, Brilliant yellow ( λmax=402) and Crystal violet (  λmax=590) were the dyes 

which were maximally decolorized to 43 and 53 %, respectively by CLP. Although, the 

other dyes including Malachite green, Methyl green and Congo red were also decolorized 

to good extent. So both of Brilliant yellow and Crystal violet were selected for further 

optimization study.  

4.8.2.1. Decolorization of Brilliant yellow (BY) and Crystal violet (CV) 

mediated by CLP: 

4.8.2.1.1. Effect of time on decolorization of BY and CV mediated by CLP 

Experiments were conducted and absorption spectra were also recoded in order to 

monitor the optimum contact time required for the decolorization of both Brilliant yellow 

and Crystal violet by CLP (Fig. 4.23) 
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Fig. 4.23: Absorption spectra of decolorization of BY (a), CV (b) with time and  the 

effect of time (c) on decolorization of both the dyes by CLP. (Dye = 12.5 mg/L (BY) 

and 6.25 mg/L (CV), H2O2 = 0.25 mM, CLP dose = 12 U/mL, 50mM Buffer pH= 5.0, 

Time of incubation=5-60 min, Temperature= 40 0C) 
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The data revealed that 45 min of incubation time was found to be the optimum for both 

the dyes. It is obvious from the spectra (a and b) that with in first 5 min, 36 and 25 % of 

decolorization was recorded for BY and CV, respectively, which enhanced with the time 

and reached up to 60 and 49 % at the end of 45 min. After which there was no further 

increase/substantial improvement or decrease in decolorization was observed. In close 

agreement with our observations, 45 min was reported as the optimum contact time for 

maximum removal of Acid Black 10 BX, Methyl orange and Acid blue 113, all by HRP 

(Mohan et al., 2005; Arslan, 2011; Preethi et al., 2013). 

 

4.8.2.1.2. Effect of pH on decolorization of BY and CV mediated by CLP 

All enzymes have a characteristic pH at which they exhibit their maximum activity. 

Although, this optimum pH is dependent on the nature of substrate being used 

(Fernandez-Sanchez et al., 2002; Ghodake et al., 2009). Results depicted that CV and BY 

showed optimum results in 50 mM acetate buffer, pH 4.5 and 5.0, respectively (Fig. 4.24 

a and 4.24b). Before and after these optima extent of decolorization was decreased. These 

observations were in agreement with earlier study where an azo dye; Naphthol blue black, 

was maximally decolorized in buffer of pH 4.0 and 5.0 by HRP (Onder et al., 2011) while 

in another report, maximum removal of direct dyes (DR 23, DR 239, DB 80 and DY 4) 

occurred in pH range of 5.0-5.5 mediated by salt fractionated turnip peroxidase (Matto 

and Husain, 2007). In contrast to our result, Crystal violet was reported to be maximally 

decolorized to 36 % at pH 6.0 by Ipomea peroxidase (Shaffiqu et al., 2002). 
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 Fig. 4.24a: Effect of pH on the decolorization of BY by CLP.  (50 mM Buffer  

 pH = 2.0-7.0, Dye= 12.5 mg/L, H2O2 = 0.25 mM, CLP dose = 12 U/mL, Time of 

 incubation = 45 min, Temperature= 40 0C) 
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Fig. 4.24b: Effect of pH on the decolorization of CV by CLP. (50 mM Buffer  

pH = 3.0-9.0, Dye= 6.25 mg/L, H2O2 = 0.25 mM, CLP dose = 12 U/mL, Time of 

         incubation = 45 min, Temperature= 40 0C) 
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4.8.2.1.3. Effect of temperature on decolorization of BY and CV mediated by CLP 

In order to know the effect of temperature on percent decolorization of BY and CV by 

CLP, experiments were carried by changing the temperature from 25 to 70 0C and results 

are depicted in Fig. 4.25.  
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Fig. 4.25: Effect of temperature on decolorization of BY and CV by CLP. 

   (50 mM Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 12.5 mg/L (BY) and 6.25 

mg/L (CV), H2O2 = 0.25 mM, CLP dose =12 U/mL, Time of incubation = 

         45 min, Temperature=25-70 0C) 

 

It is clear from the data that maximum decolorization of BY and CV was observed at 50 

and 45 0C, respectively. Above and below both the optima the percentage of 

decolorization was decreased. Although, the decrease in extent of decolorization after 

optimum was not significant in both the cases showing resistivity of the enzyme against 

higher temperatures. The CLP showed maximum activity in the range of 40-50 0C, with 

optimum at 45 0C.  Low percentage of decolorization at low temperatures i.e. below the 

optima might be due to the reason that CLP might not have achieved its energy of 

activation (Ea) for reaction with both the dyes. Similar to our results, maximum 

decolorization of Solar Flavin 2G and Solar Blue A by Rephanus sativus was reported at 

50 0C (Bhatti et al., 2012) while horse radish peroxidase performed better at 45 0C  for 

removal of  Erichrome Blue Black R (Pirello et al., 2010).  
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4.8.2.1.4. Effect of enzyme dose on decolorization of BY and CV mediated by CLP 

The results regarding the effect of CLP dose on the extent of decolorization are reported 

in Fig. 4.26.  
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Fig. 4.26: Effect of enzyme dose on decolorization of BY and CV by CLP. (50 mM 

Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 12.5 mg/L (BY) and 6.25 mg/L (CV), H2O2 = 

0.25 mM, CLP dose = 6.0-48 U/mL, Time of incubation = 45 min, Temperature= 50 0C 

(BY) and 45 0C (CV) 

 

While going through the data, in case of BY, it was observed that as the CLP dose 

increased from 6.0-24 U/mL, the decolorization percentage increased but after that no 

significant change in decolorization was observed. Considering CV, similar trend was 

observed but the optimum was achieved quite a bit at higher CLP dose i.e. 42 U/mL. 

Although, there was no remarkable difference in decolorization percentage reported at 12 

U/mL (almost 68 %) and 42 U/mL (almost 77 %) of CLP dose. In consistent with our 

findings, the decolorization of Acid blue 13 and two disperse dyes (DB 17 and DR 1) 

mediated by horseradish peroxidase (Preethi et al., 2013) and bittergourd peroxidase 

(Satar and Husain, 2009a), respectively followed the same trend.  
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4.8.2.1.5. Effect of H2O2 concentration on decolorization of BY and CV mediated by 

CLP 

The results related to decolorization percentage as a function of H2O2 concentration are 

presented in Fig. 4.27.  

It is obvious from the data that the optimum percent decolorization for both the dyes was 

achieved at 0.25 mM H2O2 and above and below this optimum concentration, 

decolorization percentage was decreased. Although, in case of BY, the percent 

decolorization recorded at 0.125 mM was almost the same as that reported at 0.1875 mM 

H2O2.  Similar findings were obtained in case of decolorization of AB 25 and AO 7  dyes 

by horseradish peroxidase (Gholami-Borujeni et al., 2011) and RB 21 dye by turnip 

peroxidase (Silva et al., 2012), where higher concentration of H2O2 showed lower extent 

of percent decolorization. 
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Fig. 4.27: Effect of H2O2 concentration on decolorization of BY and CV by CLP.  

(50 mM Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 12.5 mg/L  (BY) and 6.25 mg/L (CV), 

CLP dose = 24 U/mL (BY) and 42 U/mL (CV), Time of incubation= 45 min, 

Temperature= 50 0C (BY) and 45 0C (CV), H2O2 = 0.063-0.75 mM) 
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4.8.2.1.6. Effect of dye concentration on decolorization of BY and CV mediated by 

CLP 

Fig. 4.28 shows the effect of changing amount of both the dyes while keeping enzyme 

concentration along with other physical parameters as constant.  

It can be concluded from the figure that the maximum decolorization of BY and CV was 

achieved at 18.75 and 7.5 mg/L of the dye, respectively. The decolorization percentage 

decreased after achieving optimum point in both the cases but this decline was more 

abrupt in case of CV as compared to BY. It has been reported earlier that concentration of 

dye had a negative effect on the rate of decolorization such that with increasing 

concentration, rate of decolorization decreased (Young and Yu, 1997; Alam et al., 2009). 

Previously, quite similar trend was observed in case of direct yellow 12, which was 

maximally decolorized by HRP at a dye concentration of 25 mg/L after which a 

decreasing trend was observed (Maddhinni et al., 2006).  
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Fig. 4.28: Effect of dye concentration on decolorization of BY and CV by CLP. (50 

mM Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 5.0-50 mg/L, H2O2 = 0.25 mM, CLP dose 

= 24 U/mL (BY) and 42 U/mL (CV), Time of incubation= 45 min, Temperature= 50 0C 

(BY) and 45 0C (CV) 
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4.8.2.1.7. Effect of metal ions concentration on decolorization of BY and CV 

mediated by CLP 

Table 4.3 represents the influence of the metal ions on percent decolorization of BY and 

CV mediated by CLP. 

This is evident from the data that metal ions did not show any major influence on the 

decolorization process for both the dyes. Although for BY, Cd2+ and Zn2+ slightly 

enhanced the decolorization percentage whereas Co2+, Mg2+, Mn2+, Cu2+, Pb2+, Hg2+ and 

Ca2+ somewhat reduced it. All the remaining metal ions did not show any effect. 

Considering CV, only Al3+ and Hg2+ enhanced whereas all the remaining metal ions 

somewhat reduced the extent of decolorization. 

Table 4.3: Effect of metal ions on decolorization of BY and CV by CLP.  

Metal ions Decolorization (%) 
For BY 

Relative activity (%) 
For CV 

Control 83.78±0.18 79.41±0.13 
 

Co2+ 80.20±0.51 76.94±2.55 

Mg2+ 77.80±0.32 75.99±0.80 

Mn2+ 82.55±0.73 77.22±0.63 

Cd2+ 84.04±0.44 71.56±1.56 

Cr3+ 83.84±0.29 69.17±1.68 

Zn2+ 84.02±0.51 76.39±1.40 

Al3+ 83.06±0.61 81.99±1.48 

Cu2+ 81.12±0.73 74.44±0.48 

Pb2+ 81.63±0.58 73.86±0.59 

Sr2+ 83.73±0.33 75.89±0.04 

Ni2+ 83.79±0.25 74.08±1.15 

Hg2+ 81.37±0.30 82.25±1.06 

Ca2+ 81.59±0.41 76.68±0.16 
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4.8.2.1.8. Screening of compounds for mediating effect on decolorization of BY and 

CV by CLP 

Fig. 4.29 shows the effect of different compounds for their ability to mediate process of 

decolorization both for BY and CV by CLP. 

It can be seen from the data that among all the eight compounds tested, no one showed a 

drastic enhancement in percent decolorization. Although, syringaldehye and p-coumaric 

acid enhanced the process of decolorization the most, as compared to control (without 

mediator) for BY and CV, respectively. Considering CV, slight mediating role of HOBT, 

syringaldehyde and vanillin was also observed. In the previous literature it was reported 

that decolorization of a triaryl methane class dye (Melachite green) by laccases was 

potentially enhanced in the presence of syringaldehyde (Murugesan, et al., 2009) and 

vanillin (Bibi et al., 2011) as compared to HOBT. 

 In contrast to our results, HOBT was reported to be the best mediator for plant 

peroxidase mediated decolorization reactions. For example, for decolorization of effluents 

by Trigonella foenum-graecum seeds (Husain et al., 2010) and Momordica charantia 

peroxidase (Matto and Husain, 2009), treatment of mixtures of acidic dyes by turnip 

peroxidase (Kulshristha and Husain 2007) and decolorization of disperse orange 25 by 

pointed gourd peroxidase (Jamal, 2010). 
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Fig. 4.29: Compounds investigated as redox mediators for mediating dye 

decolorization of BY and CV by CLP.  (50 mM Buffer pH = 5.0 (BY) and 4.5 (CV), 

Dye= 18.75 mg/L (BY) and 7.5 mg/L (CV), H2O2 = 0.25 mM, CLP dose = 24 U/mL (BY) 

and 42 U/mL (CV), Time of incubation= 45 min, Temperature= 50 0C (BY) and 45 0C 

(CV), Mediator= 0.05 mM) 

 

4.8.2.1.9. Effect of varying concentrations of mediators on decolorization of BY and 

CV by CLP 

Fig. 4.30 demonstrates the effect of different concentrations of syringaldehyde and p- 

coumaric acid for BY and CV, respectively. 

It is evident from the figure that maximum decolorization of BY was reported at 0.025 

mM of syringaldehyde. After this concentration the decolorization percentage decreased 

with increasing concentration of the mediator. Almost similar trend was observed for CV, 

although the maximum decolorization was reported at somewhat high concentration (0.5 

mM) of p-coumaric acid. Also, the increase in decolorization percentage for CV was 

remarkable as compared to BY. 
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 Fig. 4.30: Effect of different concentrations of mediators for decolorization of BY          

and CV by CLP.  (50 mM Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 18.75 mg/L (BY) 

and 7.5 mg/L (CV), H2O2 = 0.25 mM, CLP dose = 24 U/mL (BY) and 42 U/mL (CV), 

Time of incubation= 45 min, Temperature= 50 0C (BY) and 45 0C (CV), Mediator= 

0.013-0.5 mM syringaldehyde for BY and 0.013-1.0 mM of p-coumaric acid for CV) 

 

4.8.2.1.10. Effect of time of incubation on decolorization of BY and CV by CLP in 

presence of mediators 

Fig. 4.31 depicted the effect of time of incubation on decolorization of BY and CV in 

presence of 0.025 mM syringaldehyde and 0.5 mM of p-coumaric acid, respectively.   
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Fig. 4.31: Effect of time of incubation for decolorization of BY and CV by CLP in 

presence of mediators. (50 mM Buffer pH = 5.0 (BY) and 4.5 (CV), Dye= 18.75 mg/L 

(BY) and 7.5 mg/L (CV), H2O2 = 0.25 mM, CLP dose = 24 U/mL (BY) and 42 U/mL 

(CV), Temperature=50 0C (BY) and 45 0C (CV), Mediator= 0.025mM syringaldehyde 

(BY) and 0.5 mM p-coumaric acid (CV), Time of incubation= 2.5-30 min) 

 

It is evident from the figure that both the mediators reduced the time of maximum 

decolorization from 45 min to 10 and 5 min, respectively for BY and CV. 

 
 
4.9. Analysis of degraded products of Brilliant Yellow and Crystal Violet 
 
Recent literature published on UV-visible and UPLC/MS techniques was taken into 

account to identify the degradation products of both dyes (Satar and Husain 2011;Zuo, 

2014). 

 
4.9.1. UV-visible spectral scans of Brilliant yellow and its degraded sample 

The Fig. 4.32 shows the UV-Visible spectral scan of Brilliant yellow before and after 

degradation. It is obvious from the figure that the untreated (control) sample exhibited a 

peak in the region of 402 nm (λmax) whereas a considerable decrease in the peak intensity 

in this region was observed in the degraded sample which might be due to  the cleavage 
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of the azo (-N=N-) bonds. Also an extra peak at 300 nm region might be due to 

absorbance of the metabolites or dye degraded fragments.    
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         Fig. 4.32: UV-Visible spectral scans of Brilliant yellow before and after    

degradation 

 
 
4.9.2. LC/MS analyses and identification of degraded products for Brilliant yellow 
 
In order to disclose the possible mechanism of degradation of Brilliant yellow dye and to 

identify metabolites formed, both control and degraded samples were analyzed by LC/MS 

analysis.  

The UPLC chromatogram of Brilliant yellow showed a peak at a retention time of 2.69 

min (Fig. 4.33 A). At this retention time the mass spectrum in ESI –ve mode showed 

peaks at m/z values of 601, 579 and 289 (Fig. 4.34 A). Actually the m/z 601, 579 and 289 

respectively corresponded to dye without one Na+ (C26H18N4NaO8S2)-, dye without two 

Na+ although one of which is replaced/substituted by H+ (C26H19N4O8S2)- and dye without 

two Na+ (C26H18N4O8S2)2-.  

Fig. 4.33 B showed the UPLC chromatogram of degraded dye sample while 4.34 B-H 

showed the related mass spectra at different retention times in ESI -ve mode. The most 

abundant ions identified after the degradation were recorded to be at m/z values of 469 

(C14H13O14S2)-, 339 (C14H11O6S2)-, 325 (C14H13O7S)-, 311 (C13H11O7S)-, 201 (C7H5O5S)-, 
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167 (C8H7O4)- and 141 (C6H5O4)-, respectively at retention times of 3.74, 4.97, 4.71, 4.48, 

3.16, 1.99 and 0.74 min. On the basis of the identified metabolites by LC/MS analysis, a 

degradation scheme was proposed (Fig. 4.35). According to which dye degradation 

followed asymmetric breakdown at the azo (-N=N-) linkage with subsequent radical 

initiated ring opening of the metabolites resulting in different carboxylic acids. This type 

of oxidative cleavage of azo bond has been proposed for acid azo dyes by Mn oxide 

containing waste (Clarke et al., 2010) and similar kind of ring opening reactions were 

also reported for symmetric cleavage of azo bonds by soybean peroxidase (Kalsoom et 

al., 2013). 

 

Fig. 4.33: UPLC chromatograms of control (A) and treated (B) Brilliant yellow dye 
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Fig. 4.34: Mass spectra of control Brilliant yellow at retention time of 2.69 min(A) 

along with degraded sample at m/z 469 (B), 339 (C), 325 (D), 311 (E), 201 (F), 167 

(G) and 141 (H), respectively at retention times of 3.74, 4.97, 4.71, 4.48, 3.16, 1.99 

and 0.74 min.  
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Fig. 4.35: Proposed scheme of enzymatic degradation of Brilliant yellow by CLP 
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4.9.3. UV-visible spectral scans of Crystal violet and its degraded sample 
 
Fig. 4.36 shows the UV-visible spectral scan (300-800 nm) obtained before and after 

degradation of Crystal violet dye. It is evident from the figure that in 590 nm region a 

significant reduction in absorbance of degraded dye sample was observed, in comparison 

to the control, which confirmed the transformation of the molecular structure of the 

chromophoric group of the dye. It can be noticed that degraded sample showed maximum 

absorbance around 350 nm which might be due to the formation of aromatic system 

containing intermediate compound formation. 
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Fig. 4.36: UV-Visible spectral scans of Crystal violet before and after degradation 
 
 
4.9.4. LC/MS analyses and identification of degraded products for Crystal violet 
 

The UPLC chromatogram of the control dye showed a peak at 4.28 min (Fig 4.37 A) and 

its related mass spectrum in ESI +ve mode (Fig 4.38 A) showed a peak at m/z 372, which 

was actually corresponded to the normal cationic form (C25H30N3
+) of the dye. Fig. 4.37 

B showed the UPLC chromatogram of the degraded dye sample while 4.38 B-G showed 

the related mass spectra at different retention times in ESI + ve mode. The identified 

products included those having m/z values of 358 (C24H28N3
+), 288 (C19H18N3

+), 258 
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(C19H16N+), 246 (C13H12O4N+), 241 (C16H21N2
+) and 231 (C13H11O4)+ at retention times 

of 4.07, 3.71, 4.82, 0.75, 3.98 and 3.22 min, respectively. On the basis of these identified 

products a hypothetical scheme was derived for the degradation of Crystal violet 

(Fig.4.39). It seems that Crystal violet was degraded following two mechanisms of 

degradation. The first one involved N-demethylation with further oxidative cleavage of 

the ring structure while the second one involved carbinol formation with further N-

demethylation. In close agreement to our findings, possibility of N-demethylation as well 

as chromophoric ring distruction was also suggested for another triarylmethane class dye 

(Malachite green) by laccase enzyme system in presence of mediator (Murugesan et al., 

2009). Similar kind of N-demethylated and ketonic intermediates were also reported in 

previous literature (Fan et al., 2009; Chen et al., 2008). Besides this, the oxidative 

products related to ring cleavage were also identified for aerobic bacteria (Thorat and 

Sayyad, 2010). 

 

 

 

Fig. 4.37: UPLC chromatograms of control (A) and treated (B) Crystal violet dye 
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Fig. 4.38: Mass spectra of control Crystal violet at retention time of 4.28 min(A) 

along with degraded sample at m/z 358 (B), 288 (C), 258 (D), 246 (E), 240 (F) and 

231 (G), respectively at retention times of 4.07, 3.71, 4.82 , 0.75, 3.98 and 3.22 min. 
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  Fig. 4.39: Proposed scheme of enzymatic degradation of Crystal violet by CLP 
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4.10. Response surface methodology 

 
In order to model the process of decolorization of synthetic dyes, identifying possible 

interactions among variables, determine higher order effects as well as optimum 

operational conditions, response surface methodology using CCD was applied. Since the 

central composite design is only useful for a small number of variables but is impractical 

for a large number (Shrama and Satyanarayan, 2006), so three independent variables (pH, 

enzyme dose and dye concentration) were selected for evaluating their influence on 

decolorization process. 

The use of experimental design and response surface methodology in the treatment of 

textile effluents can result in enhanced decolorization, reduced process variability, time as 

well as overall expenses. Besides this, the most influential factors of the decolorization 

processes can be recognized or identified and optimized and at the same time possible 

interactions (synergistic as well as antagonistic) that may be found between factors can be 

evaluated (Box and Behnken, 1978). Recently, several reports have been published on the 

application of RSM for optimization of decolorization process by enzymatic catalysis 

(Neifar et al., 2011). For example, RSM was applied for the decolorization of several 

textile dyes such as reactive black 5 (RB5) (Murugesan et al., 2007), acid orange 7 

(Yousefi and Kariminia, 2010), methylene blue (Alam et al., 2009), malachite green 

(Balan et al., 2012) and Congo red (Li et al., 2009). 

 

4.10.1. Design of experiment and fitting of quadratic model for RBBR 

and GYPRA 

Using the central composite design matrix, a total of twenty experiments with different 

combinations of pH, enzyme dose (U/mL) and dye concentration (mg/L) were performed 

for both RBBR and GYPRA dyes. The response (% decolorization) obtained for all the 

experiments along with predicted values is represented in Table 4.4. 

It is obvious from the data that the response (% decolorization) varied from 34.65-82.13 

% and 69.20-93.17 %, respectively for RBBR and GYPRA. Which actually depicted that 

the levels of the factors as well as their combinations remarkably influenced the process 

of decolorization, especially in case of decolorization of RBBR by CRP. The maximum 

decolorization percentage was observed for RBBR when the pH, enzyme dose and dye 

concentrations were 4.0, 18 U/mL and 7.96 mg/L, respectively in the run 20 (Standard 
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order 13). While in case of GYPRA dye the best conditions for the maximum response 

were: pH; 1.66, enzyme dose; 24 U/mL and dye concentration; 87.50 mg/L, in run 8 

(standard order 9). 

   

Table 4.4: Central Composite design matrix for three coded independent variables 

along with experimental and predicted values for decolorization (%) of Remazol 

brilliant blue R and Golden yellow PRA by CRP 

 

 

 

Std. 

order 

Coded Values 

                                                 

Decolorization (%) 

 
 
Remazol brilliant blue R            Golden yellow PRA          

A B C Experimental Predicted Experimental Predicted 

1 -1 -1 -1 63.63 64.09 86.87 87.05 

2 +1 -1 -1 67.24 67.77 76.86 76.69 

3 -1 +1 -1 70.75 70.88 83.61 84.65 

4 +1 +1 -1 71.69 71.83 80.87 80.66 
5 -1 -1 +1 38.67 39.31 81.24 82.03 

6 +1 -1 +1 54.20 54.84 69.20 68.75 

7 -1 +1 +1 40.69 40.94 84.97 85.72 

8 +1 +1 +1 53.41 53.74 78.42 78.82 

9 -1.682 0 0 34.65 34.15 93.17 91.80 

10 +1.682 0 0 48.61 48.01 76.75 77.29 

11 0 -1.682 0 70.91 69.94 82.38 82.45 

12 0 +1.682 0 74.87 74.73 89.79 88.90 

13 0 0 -1.682 82.13 81.75 75.55 75.32 

14 0 0 +1.682 46.43 45.70 70.16 69.55 

15 0 0 0 77.19 77.55         86.84 86.44 

16 0 0 0 77.98 77.55 87.13 86.44 

17 0 0 0 77.87 77.55 85.94 86.44 

18 0 0 0 77.65 77.55 85.54 86.44 

19 0 0 0 77.43 77.55 86.77 86.44 

20 0 0 0 76.98 77.55 86.26 86.44 

                A: pH,  B: enzyme dose (U/mL),  C: dye concentration (mg/L) 
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By applying the multiple regression analysis for both the dyes, the following second order 

polynomial equations were obtained as Eq. 1  and 2 for RBBR and GYPRA, respectively. 

 

  222 89.484.189.1229.196.268.072.1042.112.455.77(%) CBABCACABCBAY  …1 

 

 222 95.427.067.052.173.059.172.192.132.444.86(%) CBABCACABCBAY  …..2 

 
Where A, B and C represented three independent variables i.e., pH, enzyme dose and dye 

concentration whereas Y (%) represented the response which is actually in the form of 

decolorization (%).The statistical significance of the model equations was evaluated by 

Fisher’s F test for analysis of variance.  

For the purpose of testing the hypothesis on the parameters of the model; ANOVA; a 

statistical technique is applied which subdivides the total variation present in a set of data 

into its component parts associated with specific sources of variation (Gönen and Aksu, 

2009; Santos and Boaventura, 2008). The ANOVA results associated with RBBR and 

GYPRA are represented in Table 4.5a and 4.5b, respectively.  

In case of RBBR, the prob>F values were lower than 0.05 for model, linear (A, B and C) 

and quadratic terms (A2, B2, C2) as well as the first order interaction effects (AB, AC and 

BC). Actually, it is representative of the fact that all the mentioned terms made a 

significant contribution towards the fitted model. Similarly, for GYPRA all the model 

terms were significant with the exception of a quadratic term, B2 which was insignificant. 

The coefficient of determination i.e. R2 (0.9990 for RBBR and 0.9894 for GYPRA) and 

adjusted R2 values (0.9981 for RBBR and 0.9799 for GYPRA) closer to 1 depicted a high 

correlation between the observed and predicted values (Pujari and Chandra, 2000; Pan et 

al., 2008; Garg et al., 2008). The predicted R2 values (0.9935 for RBBR and 0.9340 for 

GYPRA) were also in close agreement to adjusted R2 values for both dyes. Besides this, 

relatively very low values of coefficient of variation (1.05 % for RBBR and 1.08 % for 

GYPRA) as well as standard deviation (0.67 for RBBR and 0.89 for GYPRA) depicted 

the high reliability of the experiments performed (Amini et al., 2008). The non significant 

lack of fit tests (p>0.05) for both the dyes also confirmed the model adequacy. The 

adequate precision for RBBR (100.2) and GYPRA (36.62) were reported to be desirable 

as both the values were greater than 4.  
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Table 4.5a: ANOVA results of quadratic model for decolorization (%) of Remazol 

brilliant blue R by CRP  

 
Source Sum of 

squares 
df Mean 

Square 
F value p-value 

Prob>F 
Model 4501.4 9 500.2 1108 <0.0001* 

A-pH 231.8 1 231.8 513.5 <0.0001* 

B-Enzyme 
dose 

27.70 1 27.70 
 

61.36 <0.0001* 

C-Dye 
concentration 

1568 1 1568 3474 <0.0001* 

AB 3.74 1 3.74 8.29 0.0164* 

AC 70.21 1 70.21 155.5 <0.0001* 

BC 13.33 1 13.33 29.52 0.0003* 

A2 2396 1 2396 5306 <0.0001* 

B2 48.95 1 48.95 108.4 <0.0001* 

C2 344.1 1 344.1 762.3 <0.0001* 

Residual 4.51 10 0.45   

Lack of fit 3.76 5 0.75 5.00 0.0511a 

Pure error 0.75 5 0.15 
 

  

Cor total 4506 19    

 
  *Values of “Probability > F” less than 0.05 indicate model terms are significant. 

  a not  significant  

    Std. Dev.      0.67                                                         R-Squared               0.9990 

    Mean            64.15                                                      Adj R-Squared        0.9981  

    C.V. %        1.05                                                         Pred R-Squared      0.9935  

    PRESS        29.15                                                       Adeq-Precision         100.2 
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Table 4.5b: ANOVA results of quadratic model for decolorization (%) of Golden 

yellow PRA by CRP 

 
 

Source Sum of 
squares 

df Mean 
Square 

F value p-value 
Prob>F 

Model 742.4 9 82.49 104.1 <0.0001* 

A-pH 254.4 1 254.4 321.0 <0.0001* 

B-Enzyme 
dose 

50.14 1 50.14 63.26 <0.0001* 

C-Dye 
concentration 

40.24 1 40.24 50.76 <0.0001* 

AB 20.32 1 20.32 25.64 0.0005* 

AC 4.26 1 4.26 5.37 0.0430* 

BC 18.59 1 18.59 23.45          0.0007* 

A2 6.45 1 6.45 8.14 0.0172* 

B2 1.05 1 1.05 1.32 0.2765a 

C2 353.1 1 353.1 445.5 <0.0001* 

Residual 7.93 10 0.79   

Lack of fit 6.10 5 1.22 3.34 0.1061a 

Pure error 1.83 5 0.37   

Cor total 750.3 19    

 
*Values of “Probability > F” less than 0.05 indicate model terms are significant. 
 
    a not  significant   

    Std. Dev.      0.89                                                         R-Squared              0.9894 

    Mean           82.42                                                       Adj R-Squared       0.9799 

    C.V. %         1.08                                                       Pred R-Squared      0.9340  

   PRESS         49.49                                                       Adeq-Precision        36.62 
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4.10.1.1. Normal plot of residuals for RBBR and GYPRA 

 
Normal plot of residual is a graphical way in order to check the normality of the residuals 

such that they should roughly follow a straight line. The Fig. 4.40a and 4.40b represented 

the normal % probability for RBBR and GYPRA, respectively. It is obvious from figures 

that almost all the points for RBBR and GYPRA are normally distributed along the line. 

In practice, for a large data, moderate departures or deviations from normality may occur 

which do not affect the results quite seriously (Khataee and Dehghan, 2011). The normal 

distribution is also indicator of the fact that the models satisfied the assumptions of the 

ANOVA for both the dyes as well as no additional transformation of the response (% 

decolorization) was required. 
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         Fig. 4.40a: The studentized residual and normal % probability plot for                  

decolorization of Remazol brilliant blue R by CRP 
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   Fig. 4.40b: The studentized residual and normal % probability plot for     

decolorization of Golden yellow PRA by CRP 

 

4.10.1.2. Optimization and effects of independent variables on the 

process of decolorization 

In order to understand the optimizations and effects of the independent variables on the 

process of decolorization, contour plots were used which show the behaviour of the 

response with respect to simultaneous changes in two independent variables (Myers and 

Montgomery, 2002). Actually, in these plots one variable is held constant at its zero level, 

while the other two are varied within their experimental ranges (Zhao et al., 2010). So in 

short, these plots are very effective for the interpretation of both linear as well as 

interaction effects of two variables at the same time. 

4.10.1.2.1. Combined effect of pH and enzyme dose for RBBR and GYPRA 

 In order to find out the combination effect of pH (A) and enzyme dose (B) on the % 

decolorization of RBBR and GYPRA, the response surface methodology was used and 

the results are represented in the form of contour plots (Fig. 4.41a and Fig. 4.41b).  In 

these plots dye concentration (C) was held constant (50 mg/L for RBBR and 87.50 mg/L 

for GYPRA) while pH and enzyme dose were changed within their specified 
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experimental ranges. Actually, the combined effect was significant with p values of 

0.0164 and 0.0005 for RBBR and GYPRA, respectively. 

Fig. 4.41a showed that as there was an increase in enzyme dose, the % decolorization 

increased with an increase in pH up to the optimum level for RBBR. This figure depicted 

that the best condition for decolorization of RBBR was at enzyme dose between 18.0-

20.0 U/mL and pH between 4.0 – 4.16. 

Fig. 4.41b represented that % decolorization increased with increasing enzyme dose and 

decreasing pH and the optimum point seemed to be located towards the lowest level of 

pH and enzyme dose between 24-27 U/mL. 
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Fig. 4.41a: Contour plot showing the combined effect of pH and enzyme 

dose on the % decolorization of Remazol brilliant blue R by CRP 
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Fig. 4.41b: Contour plot showing the combined effect of pH and enzyme 

dose on the % decolorization  of Golden yellow PRA by CRP 

 

4.10.1.2.2. Combined effect of pH and dye concentration for RBBR and GYPRA 

Fig. 4.42a and 4.42b revealed the mutual effect of pH (A) and dye concentration (C) for 

decolorization of RBBR and GYPRA, respectively, at a fixed enzyme dose (18 U/mL for 

RBBR and 24 U/mL for GYPRA). Considering RBBR, the efficiency of decolorization 

increased with a decrease in dye concentration and an increase in pH up to an optimum 

level (Fig.4.42a). The most desirable condition was considered to be for dye 

concentration at its lowest level and the pH between 4.0 and 4.1. However for GYPRA, 

the maximum response was obtained when the dye concentration values were between 

75.50-91.50 mg/L and pH around 2.0 (Fig 4.42b), respectively.  

In previous literature lots of reports are available showing the negative effect of high 

concentrations of dyes on the process of decolorization by other peroxidases (Yu et al., 

2006; Alam et al., 2009; Yousefi and Kariminia, 2010). These results might indicate the 

requirement for more hydrogen peroxide or enzyme for decolorization of high 

concentration of dye or can be attributed to the inactivation of the enzyme. It was 
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revealed that the lower concentration of substrate was very useful in suppression of 

inactivation of enzyme (Baynton et al., 1994; Aitken and Heck, 1998). 
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Fig. 4.42a: Contour plot showing the combined effect of pH and dye 

concentration on the % decolorization of Remazol brilliant blue R by CRP 
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Fig. 4.42b: Contour plot showing the combined effect of pH  and dye concentration 

on the % decolorization  of Golden yellow PRA by CRP 

 

4.10.1.2.3. Combined effect of enzyme dose and dye concentration for RBBR and 

GYPRA 

The contour plot for the interactive effect of enzyme dose (B) and dye concentration (C) 

for RBBR (Fig 4.43a) represented that % decolorization increased with decreasing dye 

concentration and increasing enzyme dose up to an optimum level, at a fixed pH of 4.0. 

So maximum result was obtained for enzyme dose between 19.0-21.0 U/ml at lowest 

RBBR concentration. However in case of GYPRA, the % decolorization increased with 

increasing dye concentration upto the region of 87.50 mg/L, which increased with 

increasing enzyme dose, at a fixed pH of 2.5 (Fig. 4.43b).   

 



 110

15.00 16.50 18.00 19.50 21.00

25.00

37.50

50.00

62.50

75.00
% Decolorization

B: Enzy me dose 

C
: D

ye
 c

o
n
ce

n
tr
a
tio

n

67.3489

76.8066

72.9586

80.0692

82.8069

84.1072

666666

 

Fig. 4.43a: Contour plot showing the combined effect of enzyme dose and dye 

concentration on the % decolorization of Remazol brilliant blue R by CRP 
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Fig. 4.43b: Contour plot showing the combined effect of enzyme dose and dye 

concentration on the % decolorization of Golden yellow PRA by CRP 
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4.10.1.3. Verification of the regression model  

The experimental model was verified by performing experiments in triplicate at the 

numerically optimized conditions predicted by the regression model for 3 independent 

variables viz; pH, enzyme dose and dye concentration which were as follows: 3.95, 20.91 

U/mL and 25.77 mg/L with 83.99 % decolorization for RBBR and 3.0, 26.77 U/mL and 

86.88 mg/L with 84.47 % decolorization for GYPRA, respectively. The experimental 

values of 83.16±0.58 % and  84.04±0.34 % for RBBR and GYPRA, respectively were 

reported to be in reasonable agreement with the predicted values.  

 

4.10.2. Design of experiment and fitting of quadratic model for Brilliant 

yellow and Crystal violet 

In order to investigate the individual and interaction effect of three independent variables 

(pH, enzyme dose and dye concentration) on % decolorization of Brilliant yellow and 

Crystal violet, 20 experiments were performed. The results of all the experiments along 

with predicted values are represented in Table 4.6. 

It is evident from the data that the % decolorization varied from 65.37-89.37 % and 

75.12-87.95 %, respectively for Brilliant yellow and Crystal violet. The maximum % 

decolorization for Brilliant yellow was obtained in the run 3 (standard order 12) at pH of 

5.0, enzyme dose of 29.05 U/mL and dye concentration of 18.75 mg/L. However for 

Crystal violet the maximum % decolorization was observed at pH of 4.5, enzyme dose of 

42 U/mL and dye concentration of 9.38 mg/L, in the run 19 (standard order 19). 
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Table 4.6: Central Composite design matrix of real and coded values along with 

experimental and predicted values for decolorization (%) of Brilliant yellow and 

Crystal violet by CLP 

 
 

 

Std. 

order 

Coded Values 

                                                 

Decolorization (%) 

 
 
         Brilliant yellow                         Crystal violet 

A B C Experimental Predicted Experimental Predicted 

1 -1 -1 -1 79.29 79.56 79.14 79.76 

2 +1 -1 -1 82.52 82.27 76.25 75.86 
 

3 -1 +1 -1 82.34 82.49 84.28 84.50 

4 +1 +1 -1 76.88 76.92 77.16 77.42 

5 -1 -1 +1 65.73 65.73 79.33 79.00 

6 +1 -1 +1 69.54 69.43 81.38 81.09 

7 -1 +1 +1 77.41 77.70 80.08 80.40 

8 +1 +1 +1 73.37 73.13 79.99 79.30 

9 -1.682 0 0 67.68 67.28 80.49 79.95 

10 +1.682 0 0 65.37 65.72 75.12 75.75 

11 0 -1.682 0 83.62 83.68 79.23 79.42 

12 0 +1.682 0 89.37 89.25 82.01 81.91 

13 0 0 -1.682 84.43 84.33 81.84 81.38 
14 0 0 +1.682 69.45 69.50 81.77 82.33 

15 0 0 0 88.26 88.55 87.56 87.66 

16 0 0 0 88.59 88.55 87.08 87.66 

17 0 0 0 88.44 88.55 87.63 87.66 

18 0 0 0 88.83 88.55 87.94 87.66 

19 0 0 0 88.64 88.55 87.95 87.66 

20 0 0 0 88.54 88.55 87.83 87.66 

                     A: pH, B: enzyme dose (U/mL) C: dye concentration (mg/L) 
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 It is also evident from Table 4.6 that observed responses (% decolorization) were in close 

agreement with the predicted ones as estimated by the model.   

By applying the multiple regression analysis for both dyes, the following second order 

polynomial equations were obtained as Eq. 3  and 4 for BY and CV, respectively. 

 

222 11.474.080.726.225.007.241.465.147.055.85(%) CBABCACABCBAY  .....3 

 

  222 05.274.274.384.050.180.028.074.025.166.87(%) CBABCACABCBAY  ..4 

     
 

The statistical significance of the model equations was evaluated by Fisher’s F test for 

analysis of variance. The results of ANOVA for Brilliant yellow and Crystal violet are 

shown in Table 4.7a and 4.7b, respectively. 

The ANOVA statistics showed that the model applied for both the dyes was significant 

with p values of <0.0001. Along with this, all the linear (A, B and C),and quadratic terms 

(A2, B2, C2) as well as interaction effects (AB, AC and BC) were significant for Brilliant 

yellow and Crystal violet with the exception of term C (dye concentration) which was 

insignificant for Crystal violet. 

The fit of quadratic model was quite obvious by high R2 values of 0.9994 and 0.9903, 

respectively for Brilliant yellow and Crystal violet. The predicted R2 values (0.9964 for 

Brilliant yellow and 0.9340 for crystal violet) were also in reasonable agreement to 

adjusted R2 values (0.9989 for Brilliant yellow and 0.9816 for crystal violet). This implied 

that the prediction of the experimental data was quite satisfactory. Along with this 

Coefficient of variation and standard deviation values of 0.35 % and 0.28, and 0.69 % and 

0.57 were estimated for Brilliant yellow and Crystal violet, respectively. Small values of 

coefficient of variation indicated that amount of error were small relative to mean of the 

data and hence results were reliable. The model adequacy was also evident from non 

significant lack of fit values for Brilliant yellow and Crystal violet. The adequate 

precision for Brilliant yellow (117.4) and Crystal violet (29.62) was also in desirable 

range. 

 

 

 
 



 114

Table 4.7a: ANOVA results of quadratic model for decolorization (%) of Brilliant 

yellow by CLP  

 
Source Sum of 

squares 
df Mean 

Square 
F value p-value 

Prob>F 
Model 1421.40 

 
9 157.93 1964.03 <0.0001* 

A-pH 2.96 1 2.96 36.81 0.0001* 

B-Enzyme 
dose 

37.40 1 37.40 465.08 <0.0001* 

C-Dye 
concentration 

265.21 1 265.21 3298.04 <0.0001* 

AB 34.26 1 34.26  426.01 
 

<0.0001* 

AC 0.50 1 0.50 6.24 0.0316* 

BC 40.93 1 40.93 509.04 <0.0001* 

A2 876.06 1 876.06 10894.51 <0.0001* 

B2 7.84 1 7.84 97.47 <0.0001* 

C2 243.98 1 243.98 3034.06 <0.0001* 

Residual 0.80 10 0.080   

Lack of fit 0.62 5 0.12 3.44 
 

0.1009a 

Pure error 0.18 5 0.036   

Cor total 1422.20 19    

 

*Values of “Probability > F” less than 0.05 indicate model terms are significant. 

 a not  significant  

     Std. Dev.     0.28                                                          R-Squared            0.9994 

     Mean           79.91                                                      Adj R-Squared       0.9989  

     C.V. %        0.35                                                        Pred R-Squared     0.9964  

     PRESS         5.13                                                       Adeq-Precision       117.4 
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Table 4.7b: ANOVA results of quadratic model for decolorization (%) of Crystal 

violet by CLP  

 
Source Sum of 

squares 
df Mean 

Square 
F value p-value 

Prob>F 
Model 331.6 

 
9 36.84 113.9 <0.0001* 

A-pH 21.35 1 21.35 65.99 <0.0001* 

B-Enzyme 
dose 

7.46 1 7.46 23.07 0.0007* 

C-Dye 
concentration 

1.08 1 1.08 3.34 0.0976a 

AB 5.08 1 5.08 15.70 
 

0.0027* 

AC 17.90 1 17.90 55.32 <0.0001* 

BC 5.58 1 5.58 17.25 0.0020* 

A2 173.4 1 173.4 535.9 <0.0001* 

B2 88.17 1 88.17 272.6 <0.0001* 

C2 60.79 1 60.79 187.9 <0.0001* 

Residual 3.24 10 0.32   

Lack of fit 2.69 5 0.54    4.94 
 

0.0521a 

Pure error 0.54 5 0.11   

Cor total 334.8 19    

 
*Values of “Probability > F” less than 0.05 indicate model terms are significant. 

 a not  significant  

Std. Dev.      0.57                                                    R-Squared              0.9903 

Mean         82.20                                                   Adj R-Squared        0.9816  

C.V. %       0.69                                                     Pred R-Squared      0.9340        
PRESS      22.08                                                   Adeq-Precision         29.62  
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4.10.2.1. Normal plot of residuals for Brilliant yellow and Crystal violet 
 
The normal % probability plots for Brilliant yellow (Fig. 4.44a) and Crystal violet (Fig. 

4.44b) depicted that all the points were quite reasonably aligned along the line showing 

normal distribution of residuals for both of dyes.  
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 Fig. 4.44a: The studentized residual and normal % probability plot for      

decolorization of Brilliant yellow by CLP 
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Fig. 4.44b: The studentized residual and normal % probability plot for 

decolorization of Crystal violet by CLP 
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4.10.2.2. Optimization and effects of independent variables on the 
process of decolorization: 
 
4.10.2.2.1. Combined effect of pH and enzyme dose 
 
In case of Brilliant yellow, factors of pH and enzyme dose depicted a significant 

interaction and optimum % decolorization was reported around the pH value of 5.0 which 

increased with increasing enzyme dose, at a fixed dye concentration of 18.75 mg/L (Fig. 

4.45a). For crystal violet, an increase in % decolorization was observed with increasing 

pH and enzyme dose up to an optimum level, with maximum response at a pH around 

4.40 and enzyme dose between 42.0-43.0 U/mL at a fixed dye concentration of 9.38 mg/L 

(Fig. 4.45b). 
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Fig. 4.45a: Contour plot showing the combined effect of pH and enzyme dose on  

the % decolorization of Brilliant yellow by CLP 
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Fig. 4.45b: Contour plot showing the combined effect of pH  and enzyme dose on  

the % decolorization of Crystal violet by CLP 

 
 
4.10.2.2.2. Combined effect of pH and dye concentration 

Fig. 4.46a for the combination effect of pH (A) and dye concentration (B) on the 

decolorization % of Brilliant yellow showed that the maximum response was obtained in 

the pH region around 5.0 and dye concentration between 14.06-17.19 mg/L, at a constant 

enzyme dose of 24.0 U/mL. However, Fig. 4.46b showed that with increasing pH and dye 

concentration upto an optimum level an increase in % decolorization was observed. The 

best condition for maximum response of Crystal violet was at pH in the region around 

4.40 and dye concentration of 9.38 mg/L, at a fixed enzyme dose of 42.0 U/mL. 
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   Fig. 4.46a: Contour plot showing the combined effect of pH and dye 

    concentration on the % decolorization of Brilliant yellow by CLP 
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Fig. 4.46b: Contour plot showing the combined effect of pH and dye      

concentrationon the % decolorization  of Crystal violet by CLP 
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4.10.2.2.3. Combined effect of enzyme dose and dye concentration 

Fig. 4.47a and 4.47b showed the interaction effect of enzyme dose (B) and dye 

concentration (C) on the % decolorization of Brilliant yellow and Crystal violet, at a 

constant value of pH. 

It is obvious from the Fig. 4.47a that maximum % decolorization was attained when the 

enzyme dose was between 24.5-26.5 U/mL and dye concentration between 14.06-17.19 

mg/L, at a fixed pH of 5.0 for Brilliant yellow. While maximum % decolorization in case 

of Crystal violet was obtained by increasing dye concentration upto the region of 9.38 

mg/L and enzyme dose between 42.0-43.0 U/mL,  at a fixed pH of 4.5 (Fig. 4.47b).  
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   Fig. 4.47a: Contour plot showing the combined effect of enzyme dose and dye 

concentration on the % decolorization  of Brilliant yellow by CLP 
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Fig. 4.47b: Contour plot showing the combined effect of enzyme dose and dye      

concentration on the % decolorization  of Crystal violet by CLP 

 
 
4.10.2.3. Verification of the regression model 

In order to verify the results of numerical optimization by Design Expert, an experiment 

in triplicate was performed under the predicted optimal conditions for both dyes. Design 

expert predicted 89.47 and 86.76 % decolorization at pH of 5.07 and 4.34, enzyme dose 

of 24.21 and 42.07 U/mL and dye concentration of 16.92 and 11.36 mg/L for Brilliant 

yellow and Crystal violet, respectively. The experimental values of 88.96±0.34 % for 

Brilliant yellow and 86.45±0.26 % for Crystal violet were in close agreement to 

prediceted ones, hence confirming the validity of the model.   
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4.11. Application of Citrus limon peroxidase for decolorization of 

industrial effluents 

Different experiments were conducted in order to check the applicability of CLP for the 

decolorization of textile industry effluents which are complex mixtures of dyes.  

4.11.1. Screening of effluents  

Fig. 4.48 shows the results of screening experiment conducted in order to check the extent 

of decolorization of different effluents by CLP. Out of five different effluents tested, 

Effluents 1 and 2 were maximally decolorized to 73.89 and 56.14 %, respectively. So 

both of them were selected for further experiments.  
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Fig. 4.48: Screening of different industrial effluents for decolorization by CLP. 

(Dilution=Effluent 1 (50 times), Effluent 2 (5 times), Effluent 3 (4 times), Effluent 4  

(no dilution), Effluent 5 (5 times), H2O2=0.25 mM, CRP dose= 12 U/mL, 50 mM  

Buffer pH = 5, Time of incubation= 30 min, Temperature= 40 0C) 

     

Different parameters were optimized for the maximum decolorization of Effluent 1 and 2. 
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4.11.2. pH effect on decolorization of Effluent 1 and 2 mediated by CLP 

The decolorization percentage was plotted as function of pH and the results obtained are 

shown in Fig. 4.49. 
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Fig. 4.49: Effect of pH on the % decolorization of Effluent 1 and 2 by CLP.  

(Dilution = Effluent 1(50 times) and Effluent 2 (5 times), H2O2 = 0.25 mM,  

CRP dose = 12 U/mL, 50 mM Buffer pH = 2.0-10.0, Time of incubation =  

30 min, Temperature= 40 0C) 

 

From the data it is obvious that acidic range of pH was most favourable for maximum 

decolorization of both the effluents. Maximum percent decolorization of Effluent 1 and 2 

was reported to be at pH 3.0 and 2.0, respectively. There was a decrease in % 

decolorization reported in the alkaline medium for both the effluents. However, this 

decline was much significant and drastic in case of Effluent 2, as compared to Effluent 1, 

with almost negligible percent decolorization recorded at pH 10.0. In accordance to our 

findings, disperse dyes DR 17 and DB 1 were maximally decolorized at pH 3.0 by bitter 

gourd peroxidase (Satar and Husain, 2011). 
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4.11.3. Temperature effect on decolorization of Effluent 1 and 2 mediated by CLP 

To find out the range of temperature at which significant percent decolorization was 

observed, experiments were conducted in the range of 25-70 0C and results thus obtained 

are depicted in Fig. 4.50. 
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      Fig. 4.50: Effect of temperature on the % decolorization of Effluent 1 and 2 by 

CLP.  (Dilution = Effluent 1(50 times) and Effluent 2 (5 times), H2O2 = 0.25 mM,  

CLP dose = 12 U/mL, 50 mM Buffer pH = 3.0 (Effluent 1) and 2.0 (Effluent 2), Time 

of incubation= 30 min, Temperature= 25-70 0C) 

       
Effluents 1 and 2 exhibited maximum percent decolorization at 45 and 40 0C,        

respectively. Although increase in temperature above optima resulted in less percent 

decolorization in both the cases. In a previous study, 40 0C was recorded to be the 

optimum temperature for maximum decolorization of  textile carpet effluent, red  (75 %) 

and blue (80 %) by turnip peroxidase (Husain and Kulshrestha, 2009).  

 

4.11.4. Increasing CLP dose effect on decolorization of effluent 1 and 2 mediated by 

CLP 

Both the effluents (1 and 2) were independently treated with increasing dose of CLP (3.0-

30 U/mL) and the results obtained along with the experimental conditions are 

summarized in the Fig. 4.51.  
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It can be concluded from the data that 18 and 24 U/mL of CLP were required for 100 % 

and almost 94 % of decolorization for Effluent 1 and 2, respectively. After the optima, 

any increase in CLP did not result in increase in percent decolorization i.e. saturation was 

attained in both the cases.  
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Fig. 4.51: Effect of CLP dose on the % decolorization of Effluent 1 and 2.  (Dilution 

= Effluent 1(50 times) and Effluent 2 (5 times), H2O2 = 0.25 mM, CLP dose = 3.0- 30 

U/mL, 50 mM Buffer pH = 3.0 (Effluent 1) and 2.0 (Effluent 2), Time of incubation= 30 

min, Temperature= 45 (Effluent 1) and 40 0C (Effluent 2) 

 
4.11.5. Time of incubation effect on decolorization of effluent 1 and 2 mediated by 

CLP 

Both the effluents (1 and 2) were independently incubated with CLP for increasing time 

period and the results thus obtained along with scanning spectra are shown in Fig. 4.52 

and Fig. 4.53. 

It is obvious from the data that for Effluent 1 and 2, 98.50 and 92.4 % decolorization was 

obtained with in 5 min of incubation, respectively. However after this time period the 

process occurred slowly such that maximum decolorization (100 %) was obtained after 20 

min (Fig. 4.52a) and 60 min (Fig. 4.53a) of incubation for Effluent 1 and 2, respectively. 

The scanning spectra recoded for Effluent 1 (Fig. 4.52b) and 2 (Fig. 4.53b) also 

represented complete colour removal with respect to control in 574.5 and 521 nm region, 

respectively. 
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Fig. 4.52: Effect of time of incubation on % decolorization of Effluent 1 by CLP (a) 

and scanning spectrum of the effluent before and after 20 min treatment (b). 

(Dilution = 50 times, H2O2 = 0.25 mM, CLP dose = 18 U/mL, 50 mM Buffer pH = 3.0, 

Time of incubation= 5-60 min, Temperature= 40 0C) 

 

 In previous reports, much more time was required for maximum decolorization of textile 

effluent (180 min) by fenugreek peroxidase (Husain et al., 2010) and tanning effluent 

(240 min) by bittergourd peroxidase (Sivakumar et al., 2010). 
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Fig. 4.53: Effect of time of incubation on % decolorization of Effluent 2 by CLP (a) 

and scanning spectrum of the effluent before and after 60 min treatment (b).  

(Dilution = 5 times, H2O2 = 0.25 mM, CLP dose = 24 U/mL, 50 mM Buffer pH = 3.0, 

Time of incubation= 5-60 min, Temperature= 40 0C) 
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4.12. Phytotoxicity evaluation 
 
Untreated effluents of the textile and dyeing industries may pose serious environmental 

and health issues. As they are being dumped into water reservoirs which can be used for 

agricultural purposes thus showing their poisonous effects on the rate of germination and 

biomass of numerous plant species, which play a significant role in ecological functions, 

for example; providing habitat for biota (wildlife), shielding soil from erosion as well as 

providing a large amount of organic matter which is essential to soil fertility (Tan et al., 

2005; Gottlieb et al., 2003; Harazono and Nakamura, 2005; Kalyani et al., 2009). Thus, it 

is of great concern to check the phytotoxicity of the dyeing effluents before and after 

biotransfomation/degradation. For this purpose, a phytotoxicity assay (Zucconi et al., 

1985) was performed. This assay is useful to investigate the phytotoxicity of the plant 

growing media on the basis of germination index (GI) of the seeds. In this index (GI) 

measurements of relative seed germination and root elongation are combined, both of 

which being sensitive to the presence of phytotoxic compounds. An increased 

germination index is actually indicative of decreased phytotoxicity and thus of a more 

mature product (Bernal et al., 1998; Tiquia and Tam, 1998 and Wong et al., 2001).  In 

previous literature several different species have been used for investigation of 

phtotoxicity, although there are no standardized seed specie to be used worldwide 

(Warman, 1999). Maize (Zea mays) was selected for this study, which is a common grain 

of Pakistani agriculture.  

The mean value for the root length of 30 maize seeds in distilled water after 3 days of 

germination (control) was reported to be 4.63 ± 0.36 cm with 100 % seed germination. 

The mean values of root lengths for Effluent 1 and its degraded products were evaluated 

to be 2.81 ± 0.44 cm (39.31 % decreased root length than control) and 3.88 ± 0.18 cm 

(16.13 % decreased root length than control) with 80 and 93.33 % germination, 

respectively. Similarly the mean values of root lengths and % germination for Effluent 2 

and its degraded products were found to be 1.80 ± 0.33 cm (61.21% decreased root length 

than control) and 70 %, 2.87 ± 0.23 cm (38.07 % decreased root length than control) and 

90 %, respectively (Table 4.8). So the seeds grown in Effluent 1 and its degraded 

products showed a germination index (GI) of 48.55 and 78.28 %, respectively. Whereas, 

the germination index (GI) of 27.15 and 55.74 % was calculated for seeds grown in 

Effluent 2 and its degraded products, respectively. According to Zucconi et al. (1985), GI 

values lower than 50 % represent high phytotoxicity, values falling between 50-80 % 
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represent moderate phytotoxicity and values above 80 % point out that the material does 

not show phytotoxicity. It means that in case of both the effluents treated with peroxidase 

enzyme, phytotoxicity has been considerably reduced with respect to original effluents 

but not to that extent to be considered them as non toxic for the plants. Fig. 4.54 shows 

the growth of maize seeds after 72 h of incubation in distilled water (Fig. 4.54 A), in 

Effluent 1 (Fig. 4.54 B) in Effluent 1 degraded products (Fig. 4.54 C), in Effluent 2 (Fig. 

4.54 D) and in Effluent 2 degraded products (Fig. 4.54 E). 

 

Table 4.8: Phytotoxicity of Effluent 1 and 2 along with their respective degraded 
products 

 
 

 
Sample 

 
Seed germination 

(%) 

 
Root elongation 

(%) 

 
GI (%) 

 
Distilled Water 

 
100 

 
100 

 
100 

 
Effluent 1 

 
80 

 
60.69 

 
48.55 

 
Degraded products 

(Effluent 1) 

 
93.33 

 
83.87 

 
78.28 

 
Effluent 2 

 
70 

 
38.79 

 
27.15 

Degraded products      
(Effluent 2) 

 
90 

 
61.93 

 
55.74 
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A 

 
 
 

B                                                        C 

 
 

D                                                       E 

 
 
Fig. 4.54: Photograph showing growth of maize seeds after 72 h of incubation in: (A) 

distilled water (control); (B) Effluent 1; (C) degraded products of Effluent 1; (D) 

Effluent 2; (E) degraded products of Effluent 2.  
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Earlier, some extent of detoxification was also reported for peroxidase treated samples of 

acidic, reactive and disperse dyes performing Allium cepa test (Kulshrestha and Husain, 

2007; Satar and Husain, 2009b; Satar and Husain, 2011). The toxicity of a number of 

dyes, especially those including azo groups was reduced after treatment with enzymes, 

although, there was no correlation existed between decolorization and detoxification 

(Abadulla et al., 2000; Pereira et al., 2009). In some other reports, increase in toxicity 

was observed in bioassays related with lettuce seeds and Selenastrum capricornutum 

horseradish peroxidase treated samples of municipal waste (Dellametrice and Monteiro, 

2006). Similarly, soybean peroxidase treated RBBR samples showed inhibition in radical 

growth as compared to untreated samples (Silva et al., 2013).  
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Chapter 5 

                                                                                     Summary     

Decolorization of dye containing wastewater is an area where innovative treatment 

technologies have to be investigated. The focus in recent times has shifted towards 

enzyme based treatment of colored wastewater and textile industry effluents. In this 

regard, the peroxidase is considered important, as it participates in the degradation of a 

broad range of substrate even at very low concentration. So the current project was 

designed to evaluate the potential of partially purified Citrus reticulata (Kinnow) and 

Citrus limon (lemon) peel peroxidases for the degradation of synthetic dyes and effluents. 

For this purpose various process parameters were optimized in order to obtain maximum 

degradation. Some important process parameters, their interaction and optimizations were 

statistically analyzed by RSM. The dye degraded products mediated by Citrus limon 

peroxidase were identified by LC/MS analysis. Finally, the phytotoxicity experiments 

were performed in order to find whether the end products of degradation were toxic or not 

for germination of Zea mays. 

Peroxidases isolated from peels of kinnow (Citrus reticulata) and lemon (Citrus 

limon), partially purified by ammonium sulphate (80 % saturation level) were utilized for 

enzymatic characterization and decolorization purposes. In characterization experiments, 

the partially purified CRP and CLP displayed maximum activity at pH 6.0 and 

temperature of 55 and 45 0C, respectively. For CRP the values of Km and Vmax for guaiacol 

oxidation were recorded to be 0.66 mM and 380 µmol/mL/min, whereas for CLP as 2.70 

mM and 2222 µmol/mL/min, respectively. Thermostability results showed that both the 

CRP and CLP were fairly stable at 60 0C but at 80 0C CRP retained 58 % of its activity 

while CLP retained only 37 % of its activity, after 60 min of incubation. The activation 

energy for thermal denaturation was found to be 95.85 and 77.27 kJ/mol for CRP and 

CLP, respectively. The CRP and CLP showed half lives of 223 and 30.37 min, 202.10 

and 45.98 min, respectively at 60 and 80 0C. The free energy for thermal unfolding for 

CRP and CLP was reported to be 109.2 and 110.1 kJ/mol, 108.9 and 111.3 kJ/mol, 

respectively at 60 and 80 0C. For both CRP and CLP, the values of entropy decreased at 

80 0C as compared to 60 0C and were reported to be -0.0485 and -0.1046 J/ mol/ K, 

respectively. 

 Metal ions, Mg2+, Cd2+, Cu2+, Al3+ and one of the surfactants, Lemon Max 

behaved as activator whereas, Co2+, Ni2+ , Hg2+, Triton X 100, Tween 80, SDS, Brite 
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total, Surf exel  and Rin as inhibitor for both CRP and CLP. In presence of 8.0 M urea, 

CRP and CLP retained 84 and 76 % activity, respectively, after 60 min. Whereas in 

presence of 0.3 mM concentration of sodium azide and EDTA, CRP and CLP,  

respectively retained 72.69  and 69.07 %, 50.80 and 63.39 % of activity, after exposure of 

60 min. 

After characterization, partially purified CRP and CLP were utilized for 

degradation of synthetic dyes. CRP effectively decolorized both Ramazol Brilliant blue R 

(RBBR) and Golden yellow PRA (GYPRA) dyes. In the absence of mediator, the 

maximum decolorization for RBBR and GYPRA was respectively attained at pH of 4.0 

and 2.0, temperature of 35 and 40 0C and time of incubation of 60 and 20 min. While the 

optimum concentrations of CRP, H2O2 and dye were reported to be 18 and 24 U/mL, 

0.125 and 0.375, 50 and 100 mg/L, respectively for RBBR and GYPRA. By screening of 

mediators p-coumaric acid and vanillin were found out to be the best mediators at a 

concentration of 0.1 and 0.05 mM, respectively for RBBR and GYPRA. Maximum 

results in both cases were brought about with in 5 min. 

CLP was employed for the degradation of Brilliant yellow (BY) and Crystal violet 

(CV). The maximum degradation in absence of mediator was attained within 45 min at 

pH of 5.0 and 4.5 and temperature of 50 and 45 0C, respectively for BY and CV. 

Whereas, 0.25 mM H2O2 concentration was considered optimum for degradation of both 

the dyes. However, the optima for enzyme and dye concentration were reported to be 24 

and 42 U/mL and 18.75 and 7.5 mg/L, respectively for BY and CV. Mediators like 

syringaldehyde (0.025 mM) for BY and p-coumaric acid (0.5 mM) for CV were 

considered most efficient among all studied, with maximum degradation with in 10 and 5 

min, respectively.  

UV-Visible spectral scans and LC/MS analysis were employed to study the end 

products of degradation for both BY and CV dyes mediated by CLP. For BY, the 

mechanism of asymmetric cleavage of azo bond with subsequent ring opening reactions 

whereas for CV, N-demethylation with futher ring opening reactions and carbinol 

formation with further N-demethylation were considered responsible for degradation.   

The interactive effect of pH, enzyme dose and dye concentration on % 

decolorization for all the four dyes (RBBR, GYPRA, BY and CV) was investigated by 

RSM through CCD matrix. The p values (less than 0.05) indicated that quadratic model 

was best fit for all the four dyes. All the individual effects with their interactions were 

significant for RBBR and BY with the exception of GYPRA and CV, for which quadratic 
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effect of enzyme dose and linear effect of dye concentration, respectively were 

insignificant. The R2 values closer to 1.0 i.e., 0.9990, 0.9894, 0.9994 and 0.9903 

respectively for RBBR, GYPRA, BY and CV indicated evaluation of % decolorization 

data by 2nd order polynomial equations very well. The optimum conditions of pH, enzyme 

dose and dye concentration for maximum decolorization predicted by model were as 

followed; 3.95, 20.91U/mL and 25.77mg/L for RBBR; 3.0, 26.77 U/mL and 86.88 mg/L 

for GYPRA; 5.07, 24.21 U/mL and 16.92 mg/L for Brilliant yellow and 4.34, 42.07 

U/mL and 11.36 mg/L for Crystal violet, respectively. The results obtained 

experimentally under these conditions were in close agreement to the predicted ones, thus 

confirming the validity of the model. 

The CLP was also applied for the degradation of two effluents. Both of these, 

Effluent 1 and 2 were 100 % degraded under the optimized conditions of pH 2.0 and 3.0, 

temperature 45 and 40 0C, enzyme dose 18 and 24 U/mL and time of incubation 20 and 

60 min, respectively. Finally, both of the effluents along with their degraded samples 

were employed for phytotoxicity evaluation using Zea mays. The germination index was 

considerably enhanced in degraded samples as compared to pure effluents showing less 

toxicity of degraded samples as compared to effluents but it was still falling in somewhat 

toxic limit. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 



 135

                                                                           Literature Cited 

 

Abadulla, E., T. Tzanov, S. Costa, K. H. Robra, A. Cavaco-Paulo and G. M. Gubitz. 

2000. Decolorization and detoxification of textile dyes with a laccase from 

Trametes hirsuta. Applied and Environmental Microbiology, 66: 3357–3362. 

 

Abdessalem, A. K., N. Bellakhal, N. Oturan, M. Dachraoui and M.A. Oturan. 2010.  

Treatment of a mixture of three pesticides by photo- and electro-Fenton processes, 

Desalination 250: 450–455. 

 

Adams, J. B. 1991. Review: Enzyme inactivation during heat processing of food-stuffs. 

International Journal of Food Science & Technology, 26:1-20. 

 

Agostini, E., J. Hernandez-Ruiz, M. B. Arnao, S. R. Milrand, H. A. Tigier and M. Acosta. 

2002. A peroxidase isoenzyme secreted by turnip (Brassica napus) hairy-root 

culture inactivation by hydrogen peroxide and application in diagnostic kits. 

Biotechnology and Applied Biochemistry, 35: 1–7. 

 

Aitken, M. D. and P. E. Heck. 1998. Turn over capacity of Coprinus cinereus peroxidase 

for phenol and monosubstituted phenols. Biotechnology Progress, 14 (3): 487-

492. 

Ajila, C. M. and U. J. S. P. Rao. 2009. Purification and characterization of black gram 

(Vigna mungo) husk peroxidase. Journal of Molecular Catalysis B: Enzymatic 60: 

36–44. 

  

Akhtar, S., M. A. Khan and Q. Husain. 2005 a. Partially purified bitter gourd (Momordica 

charantia) peroxidase catalyzed decolorization of textile and other industrially 

important dyes. Bioresource Technology, 96 (16): 1804-1811.  

 

Akhtar, S., M. A. Khan and Q. Husain. 2005 b. Potential of immobilized bitter gourd 

(Momordica charantia) peroxidases in the decolorization and removal of textile 

dyes from polluted wastewater and dyeing effluent. Chemosphere, 60: 291–301.  

 



 136

Akhtar, S. and Q. Husain. 2006. Potential of immobilized bittergourd (Momordica 

charantia) peroxidase in the removal of phenols from polluted water. Chemo- 

sphere, 65: 1228–1235. 

 

Aksu, Z., F. Gonen and Z. Demircan. 2002. Biosorption of chromium (VI) ions by 

Mowital B3OH resin immobilized activated sludge in a packed bed: comparison 

with granular activated carbon. Process Biochemistry, 38: 175–186. 

 

Aksu, Z. and F. Gonen. 2006. Binary biosorption of phenol and chromium (VI) onto  

immobilized activated sludge in a packed bed: prediction of kinetic parameters 

and breakthrough curves. Separation and Purification Technology, 49: 205–216. 

 

Alam, M. Z., M. F. Mansor and K. C. A. Jalal. 2009. Optimization of decolorization of 

methylene blue by lignin peroxidase enzyme produced from sewage sludge with 

Phanerocheate chrysosporium. Journal of Hazardous Materials, 162 (2-3): 708–

715. 

 

Al-Bastaki, N. 2004. Removal of methyl orange dye and Na2SO4 salt from synthetic 

waste water using reverse osmosis. Chemical Engineering Process: Process 

Intensification 43: 1561–1567. 

 

Alexei, V. C., N. F. Yuliya N., A. Evgen, A. T. Andrei, V. P. Nataly, E. S. Lobakova, Y. 

P. Olga and Y. S. Sakharov. 2006. Purification and Characterization of Windmill 

Palm Tree (Trachycarpus fortunei) Peroxidase. Journal of Agricultural and Food 

Chemistry, 54: 9888-9894. 

 

Al-Hamedi, F. H., M. A. Rauf and S. S. Ashraf. 2009.  Degradation studies of Rhodamine 

B in the presence of UV/H2O2. Desalination 239: 159–166. 

 

Ali, L., R. Algaithi, H. M. Hsabib, U. Souka, M. A. Rauf and S. M. Ashraf. 2013. 

Soybean peroxidase mediated degradation of an azo dye-a detailed mechanistic 

study. BMC Biochemistry, 14: 35-47.     



 137

Al-Senaidy, A. M., and M. A. Ismael. 2011. Purification and characterization of 

membrane-bound peroxidase from date palm leaves (Phoenix dactylifera L.). 

Saudi Journal of Biological Sciences, 18: 293-298. 

 

Amini, M., H. Younesi, N.  Bahramifar, A. A. Lorestani, F. Ghorbani, A. Daneshi and M. 

Sharifzadeh.  2008. Application of response surface methodology for optimization 

of lead biosorption in an aqueous solution by Aspergillus niger. Journal of 

Hazardous Materials, 154: 694-702. 

 

Amini, M.,  M. Arami, N. M. Mahmoodi and A. Akbari. 2011.  Dye removal from 

colored textile wastewater using acrylic grafted nanomembrane. Desalination, 

267: 107–113. 
 

Anbuselvi, S., Balamurugan and S. Kumar. 2013. Purification of peroxidase from two 

varities of Tulsi and Neem. Research journal of pharmaceutical, Biological and 

Chemical Sciences, 4 (1): 648-654. 
 

Arslan, M. 2011. Immobilization of horseradish peroxidase on amine functionalized 

glycidyl methacrylate-g-poly (ethylene terephthalate) fibers for use in azo dye 

decolorization. Polymer Bulletin, 66: 865–879. 

 

Ashoka, C., M. S. Geetha and S. B. Sullia. 2002. Bioleaching of composite textile dye 

effluent using bacterial consortia. Asian Journal of Microbial Biotechnology and 

Environmental Science, 4: 65–68. 

 

Azargohar, R. and A. K. Dalai. 2005. Production of activated carbon from Luscar char: 

Experimental and modelling studies. Microporous and Mesoporous Materials, 85: 

219–225. 

 

Baiocco, P., A. M. Barreca, M. Fabbrini, C. Galli and P. Gentili. 2003. Promoting laccase 

activity towards non-phenolic substrates: a mechanistic investigation with some 

laccase-mediator systems. Organic and Biomolecular Chemistry, 1:191-197. 

 



 138

Balan, K., P. Sathishkumar and T. Palvannan. 2012. Decolorization of malachite green by 

laccase: Optimization by response surface methodology. Journal of the Taiwan 

Institute of Chemical Engineers, 43: 776–782. 

 

Balasubramanian M. and R. Boopathy. 2013. Purification and characterization of 

peroxidases from liquid endosperm of Cocos nucifera (L.): Biotransformation. 

Journal of Molecular Catalysis B: Enzymatic, 90: 33– 42. 

 

Baynton, K. J., J. K. Bewtra, N. Biswas and K. E. Taylor. 1994. Inactivation of 

horseradish peroxidase by phenol and hydrogen peroxide: a kinetic investigation. 

Biochimica et Biophysica Acta, 1206 (2): 272-278. 

 

Belcarz, A., G. Ginalska, B. Kowalewska and P. Kulesza. 2008. Spring cabbage 

peroxidases-Potential tool in biocatalysis and bioelectrocatalysis. Phytochemistry, 

69: 627-636. 

 

Bernal, M. P., M. A. Paredes, M. A. Sanchez- Monedero and J. Cegarra. 1998. Maturity 

and stability parameters of composts prepared with a wide range of organic 

wastes. Bioresource Technology, 63: 91-99. 

Bhatti, H. N., A. Najma, M. Asgher, M. A. Hanif and M. A. Zia.  2006. Purification and 

thermal characterization of a novel peroxidase from a local chick pea cultivar. 

Protein & Peptide Letters, 8 (13): 799-804.  

Bhatti, H. N., M. N. Akber and M. A. Zia. 2007. Kinetics of irreversible thermal 

denaturation of horseradish peroxidase. Journal of Chemical Society of Pakistan, 

29 (2): 99-102. 

 

Bhatti, H. N., U. Kalsoom and A. Habib. 2012. Decolorization of Direct Dyes using 

peroxidase from Raphanus sativus (F04 SL). Journal of Chemical Society of  

Pakistan, 34: 257– 262. 

 



 139

Bhunia A, D. Susheel and P. P. Wangikar. 2001. Horseradish peroxidase catalyzed 

degradation of industrially important dyes. Biotechnology and Bioengineering, 72: 

562–567. 

 

Bibi, I., H. N. Bhatti and M. Asgher. 2011.  Comparative study of natural and synthetic 

phenolic compounds as efficient laccase mediators for the transformation of 

cationic dye. Biochemical Engineering Journal, 56: 225–231. 

 

Boucherit, N., M. Abouseoud and L. Adour. 2013. Degradation of direct azo dye by 

Cucurbita pepo free and immobilized peroxidase. Journal of Environmental 

Sciences, 25 (6): 1235–1244. 

 

Box, G. E. P. and D. W. Behnken. 1978. Some new three level designs for the study of 

quantitative variables. Tectonics, 2: 455-475. 

 

Box, G. E. P. and J. S. Hunter. 1957.  Multifactor experimental design for exploring the 

response surfaces. The Annals of Mathematical Statistics, 28: 195-242. 

 

Brown, D., H. R. Hitz and L. Schafer. 1981. The assessment of the possible inhibitory 

effect of dye stuffs on aerobic waste-water bacteria with a screening test. 

Chemosphere, 10: 245–261. 

 

Bursal, E. 2013. Kinetic Properties of Peroxidase Enzyme from Chard (Beta vulgaris 

Subspecies cicla) Leaves. International Journal of Food Properties, 16: 1293–

1303. 

 

Cai, F., O. Chao, D. Peipei, G. Shun, X. Ying and C. Fang. 2012. Purification and 

characterization of a novel thermal stable peroxidase from Jatropha curcas leaves. 

Journal of Molecular Catalysis B: Enzymatic, 77: 59-66.  

 

Capar, G., L. Yilmaz and U.Yetis. 2006. Reclamation of acid dye bath wastewater: effect 

of pH on nanofiltration performance. Journal of Membrane Science, 281: 560–

569. 

 



 140

Celebi, M., M. Altikatoglu, Z. M. Akdeste, Z. Mustafaeva and H. Yıldırım. 2012. 

Determination of decolorization properties of Reactive Blue 19 dye using 

Horseradish Peroxidase enzyme. Turkish Journal of Biochemistry, 37 (2): 200–

206. 

Celebi, M.A. Kaya, M. Altikatoglu and H. Yıldırım. 2013. Enzymatic decolorization of 

anthraquinone and diazo dyes using Horseradish Peroxidase enzyme immobilized 

on to various Polusulfone supports. Applied Biochemistry and Biotechnology, 171 

(3): 716-730.  

 

Chanwun, T., N. Muhamad, N. Chirapongsatonkul and N. Churngchow. 2013. Hevea 

brasiliensis cell suspension peroxidase: purification, characterization and 

application for dye decolorization. AMB Express, 3:14 

 

Chaurasia, P. K., S. L. Bharati, S. K. Singh and R. S. S. Yadav. 2013. A Potential   

Peroxidase obtained from the Juice of Beta vulgaris (Beet). American Journal of 

Food Science and Technology, 1(3): 30-35.  

 

Chen C. H., C. F. Chang, C. H. Ho, T. L. Tsai and S. M. Liu. 2008.  Biodegradation of 

Crystal violet by a Shewanella sp. NTOU1. Chemosphere, 72: 1712–1720.  

 

Chen, L. C., Y. C. Chung and C. T. Chang. 2012. Characterisation of an acidic peroxidase 

from papaya (Carica papaya L. cv Tainung No. 2) latex and its application in the 

determination of micromolar hydrogen peroxide in milk. Food Chemistry, 135: 

2529–2535. 

 

Christopher, B. L., M. C. Macinnis, M. J. Macdonald, J. B. Williams, C. A. Spencer, A. 

A. Burke, D. J. G. Irwin and G. B. D’Cunha. 2010. Purification of peroxidase 

from Horseradish (Armoracia rusticana) roots. Journal of Agricultural and Food 

chemistry, 58 (15): 8471-8476. 

 

Civello, P. M., G. A. Martinez, A. R. Chaves and M. C. Anon. 1995. Peroxidase from 

strawberry fruit (Fragaria ananassa Duch): partial purification and determination 

of some properties. Journal of Agricultural and Food Chemistry, 43: 2596–2601. 

 



 141

Clarke, C. E., F. Kieler, H. M. Talbot and K. L. Johnson. 2010. Oxidative decolorization 

of acid azo dyes by a Mn oxide containing waste. Environmental Science and 

Technology, 44: 1116–1122. 

 

Clemente, E. 1998. Purification and thermostability of isoperoxidases from oranges 

(Citrus sinenses (L.) Osbeck. Phytochemistry, 49 (1): 29-36. 

 

Clemente, E. 2002. Peroxidase from oranges (Citrus sinenses (L.) Osbeck. European 

Food Research and Technology, 215:164-168. 

Conneely, A., W. F. Smyth and G. McMullan. 1999.  Metabolism of the phthalocyanine 

textile dye Remazol turquoise blue by Phanerochaete chrysosporium. FEMS 

Microbiology Letters, 179 (2): 333–337. 

 
d'Acunzo, F., C. Galli, P. Gentili and F. Sergi. 2006.  Mechanistic and steric issues in the 

oxidation of phenolic and non-phenolic compounds by laccase or laccase-

mediator systems. The case of bifunctional substrates. New Journal of Chemistry, 

30: 583–591. 

 

Das, M. K., R. S. Sharma and V. Mishra. 2011.  A novel cationic peroxidase (VanPrx) 

from a hemi-parasitic plant (Viscum angulatum) of Western Ghats (India): 

Purification, characterization and kinetic properties. Journal of Molecular 

Catalysis B Enzymatic, 71: 63-70.  

 

Deepa, S. S. and C. Arumughan. 2002. Purification and characterization of soluble 

peroxidase from oil palm (Elaeis guineensis Jacq.) leaf. Phytochemistry, 61: 503–

511. 

 

Dellamatrice, P. M. and R. T. R. Monteiro. 2006. Decolorization and toxicity of 

municipal waste by Horseradish (Cochlearia armoracia). Quimica Nova, 29 (3): 

419-421. 

 

 Diao, M., O. H. Kone, N. Ouedraogo, R. G. Bayili, I. H. N. Bassole and M. H. Dicko. 

2011. Comparison of peroxidase activities from Allium sativum, Ipomoea batatas, 



 142

Raphanus sativus and Sorghum bicolor grown in Burkina Faso. African Journal of 

Biochemistry Research, 5 (4): 124-128. 

 

Dogan, S., Y. Turan, H. Erturk, and O. Arslan. 2005. Characterization and purification of 

polyphenol oxidase from Artichoke (Cynara scolymus L.). Journal of Agricultural 

and Food Chemistry, 53: 776-785. 

 

Dong, Y., J. Chen, C. Li and H. Zhu. 2007. Decoloration of three azo dyes in water by 

photocatalysis of Fe (III)-oxalate complexes/H2O2 in the presence of inorganic 

salts. Dyes and Pigments, 73: 261-268. 

 

Duarte-Va´zquez, M. A., B. E. Garcı´a-Almenda´rez, C. Regalado and J. R. Whitaker. 

2001. Purification and Properties of a Neutral Peroxidase Isozyme from Turnip 

(Brassica napus L. Var. Purple Top White Globe) Roots. Journal of Agricultural 

and Food Chemistry, 49: 4450-4456. 

 

Dubey, A., S. K. Diwakar, S. K.  Rawat, P. Kumar, N. Batra, A. Joshi and J. Singh. 2007. 

Characterization of Ionically Bound Peroxidases from Apple (Mallus pumilus) 

Fruits. Preparative Biochemistry and Biotechnology, 37 (1): 47 — 58. 

 

Dunford, H. B. and J. S. Stillman. 1976. On the function and mechanism of action of 

peroxidases. Coordination Chemistry Reviews, 19: 187- 251. 

 

Edwards, S. L., R. Raag, H. Wariishi, M. H. Gold and T. L. Poulos. 1993. Crystal 

structure of lignin peroxidase. Proceedings of the National Academy of Sciences, 

USA., 90: 750–754. 

 

Elmorsi, T. M., Y. M. Riyad, Z. H. Mohamed and H. M. H. Abd El Bary. 2010. 

Decolorization of Mordant red 73 azo dye in water using H2O2/UV and photo-

Fenton treatment. Journal of Hazardous Material, 174: 352–358. 

 

Eze, S. O. O., F. C. Chilaka and B. C. Nwanguma. 2010. Studies on Thermodynamics and 

Kinetics of Thermo- Inactivation of Some Quality-Related Enzymes in White 



 143

Yam (Dioscorea rotundata). Journal of thermodynamics and catalysis. 1: 104. 

doi:10.4172/2157- 7544.1000104. 

 

Eze, S. O. O.  2012. Kinetic analysis of the thermostability of peroxidase from African oil 

bean (Pentaclethra macrophylla Benth) seeds. Journal of Biochemical 

Technology, 4 (1): 459-463. 

 

Fabbrini, M., C. Galli and P. Gentili. 2002.  Comparing the catalytic efficiency of some 

mediators of laccase.  Journal of Molecular Catalysis B: Enzymatic, 16: 231–240. 

 

Fan, H. J., S. T. Huang, W. H. Chung, J. L. Jan, W. Y. Lin and C. C. Chen. 2009.  

Degradation pathways of Crystal violet by Fenton and Fenton-like systems: 

Condition optimization and intermediate separation and identification. Journal of 

Hazardous Materials, 171: 1032–1044. 

 

Fatima, A., Q. Husain and R. H. Khan. 2007. A peroxidase from bitter gourd (Momordica 

charantia) with enhanced stability against organic solvent and detergent: A 

comparison with horseradish peroxidase. Journal of Molecular Catalysis B: 

Enzymatic, 47: 66–71. 

Fatima, A. and Q. Husain. 2008. Purification and characterization of a novel peroxidase 

from bitter gourd (Momordica charantia). Protein & Peptide Letters, 15 (4): 377-

84. 

 

Fernandez-Sanchez, C., T. Tzanov, G. M. Gubitz and A. Cavaco-Paulo. 2002. 

Voltametric monotoring of Laccase-catalyzed mediated reactions. 

Bioelectrochemistry, 58: 149-156. 

 

Fiskesjo, G. 1985. The Allium test as a standard in environmental monitoring. Heridates, 

102: 99–112. 

 

Floris, G., R. Medda and A. Rinaldi. 1984. Peroxidase from Ipomoea batatas seedlings. 

purification and properties. Phytochemistry, 23 (8): 1527-1529. 

 



 144

Forgacs, E., T. Cserhati and G. Oros. 2004. Removal of synthetic dyes from waste waters. 

Environment International, 30: 953–971. 

 

Garg, U. K., M. P. Kaur, V. K. Garg and D. Sud. 2008.  Removal of nickel (II) from 

aqueous solution by adsorption on agricultural waste biomass using a response 

surface methodological approach. Bioresource Technology, 99: 1325–1331. 

 

Geng, Z., J. Rao, A. S. Bassi, M. Gijzen and N. Krishnamoorthy. 2001. Investigation of 

biocatalytic properties of Soybean seed hull peroxidase. Catalysis Today, 64 (3-4): 

233-238. 

 

Ghaemmaghami, F., I. Alemzadeh and S. Motamed. 2010. Seed Coat Soybean 

Peroxidase: Extraction and Biocatalytic Properties Determination. Iranian Journal 

of Chemical Engineering, 7 (2): 28-38.  

 

Ghodake, G. S., S. D. Kalme, J. P. Jadhav and S. P. Govindwar. 2009. Purification and 

partial characterization of lignin peroxidase from Acinetobacter calcoaceticus 

NCIM 2890 and its application in decolorization of textile dyes. Applied 

Biochemistry and Biotechnology, 152: 6–14. 

 

Gholami-Borujeni, F., A. H. Mahvi,  S. Naseri,  M. A. Faramarzi,  R. Nabizadeh and M. 

Alimohammadi. 2011.  Application of immobilized horseradish peroxidase for 

removal and detoxification of azo dye from aqueous solution. Research Journal of 

Chemistry and Environment, 15 (2): 217-222. 

 

Gholami-Borujeni, F., M. A. Faramarzi, F. Nejatzadeh-Barandozi and A. H. Mahvi. 2013. 

Oxidative degradation and detoxification of textile azo dye by horseradish 

peroxidase enzyme. Fresenius Environmental Bulletin, 22 (3): 739-744. 

 

Goksungur, Y., S. Uren and U. Guvenc. 2005. Biosorption of cadmium and lead ions by 

ethanol treated waste baker’s yeast biomass, Bioresource Technology, 96: 103–

109. 

 



 145

Gönen, F and Z. Aksu. 2009. Single and binary dye and heavy metal bioaccumulation 

properties of Candida tropicalis: Use of response surface methodology (RSM) for 

the estimation of removal yields. Journal of Hazardous Materials, 172: 1512–

1519.  

 

Gottlieb, A., C. Shaw, A. Smith, A. Wheatley and S. Forsythe. 2003. The toxicity of 

textile reactive azo dyes after hydrolysis and decolourisation. Journal of  

Biotechnology, 101: 49-56. 

 

 Gouvêa, H. P. F. M. C. M. C. P., M. T. M. S.  S. Marangoni and G. M. Pastore. 2007. 

Extraction, purification and biochemical characterization of a peroxidase from  

Copaifera langsdorffii leaves. Quimica Nova, 30 (5): 1067-1071.   

 

Gülen, H., C. Çetinkaya, M. Kadıoğlu, M. Kesici, A. Cansev and A. Eriş. 2008.  

Peroxidase activity and lipid peroxidation in strawberry (Fragaria X ananassa) 

plants under low temperature. Journal of Biology and Environmental Science, 2 

(6): 95-100. 

 

Hai, F. I., K. Yamamoto and K. Fukushi. 2007. Hybrid treatment systems for dye 

wastewaters. Critical Reviews in Environmental Science and Technology, 37: 

315–377. 

 

Harazono, K. and K. Nakamura. 2005. Decolorization of mixtures of different reactive 

textile dyes by the white-rot basidiomycetes Phanerochaete sordida and 

inhibitory effect of polyvinyl alcohol. Chemosphere, 59: 63-68. 

 

Heinfling-Weidtmann, A., T. Reemtsma, T. Storm and U. Szewzyk. 2001. Sulfothalamide 

as major metabolite formed from sulfonated pthalocyanine by the white rot fungus 

Bjerkandera adusta.  FEMS Microbiology Letters, 203: 179–183. 

 

Hu, Y.  J. Wu, P. Luo and Y. Mo. 2012.  Purification and partial characterization of 

peroxidase from lettuce stems. African Journal of Biotechnology, 11 (11): 2752-

2756.  

 



 146

Husain, Q. 2006. Potential applications of the oxidoreductive enzymes in the 

decolorization and detoxification of textile and other synthetic dyes from polluted 

water: a review. Critical Reviews in Biotechnology, 60: 201–221. 

 

 Husain, Q., Z. Karim and Z. Z. Banday. 2010. Decolorization of Textile Effluent by 

Soluble Fenugreek (Trigonella foenum-graecum L) Seeds Peroxidase. Water Air 

Soil Pollution, 212: 319–328.  

 

Husain, Q. 2010. Peroxidase mediated decolorization and remediation of wastewater 

containing industrial dyes: a review. Reviews in Environmental Science and  

Biotechnology, 9:117–140. 

 

Husain, M. and Q. Husain.  2008. Applications of redox mediators in the treatment of 

organic pollutants by using oxidoreductive enzymes: a review. Critical Reviews in 

Environ Science and Technology, 38:1–41. 

 

Husain, Q. and Y. Kulshrestha. 2009. Removal of colored compounds from textile carpet 

industrial effluents by using immobilized turnip (Brassica rapa) and tomato 

(Lycopersicon esculentum) peroxidases. Water Science and Technology (in press). 

 

Husain, Q., Z. Karim and Z. Banday. 2010. Decolorization of textile effluent by soluble 

Fenugreek (Trigonella foenum-graecum L) seeds peroxidase. Water, air, Soil 

Pollution, 212: 319-328. 

 

Jamal, F. 2010. Decolorization of disperse Orange 25 using Trichosanthes diocia proteins 

in the presence of redox mediators. Recent Research in Science and Technology, 

2 (2): 95-99. 

 

Jamal, F., T. Qidwai and P. K. Pandey. 2010. Soluble Fraction of Trichosanthes diocia 

Peroxidase in Decolorization of Reactive Orange 15. Journal of 

Ecobiotechnology, 2 (5): 36-41.  

 

Jamal, F., T. Qidwai, P. K. Pandey, R. Singh and S. Singh. 2011a. Azo and anthraquinone 

dye decolorization in relation to its molecular structure using soluble 



 147

Trichosanthes dioica peroxidase supplemented with redox mediator. Catalysis 

Communications 12: 1218-1223. 

 

Jamal, F., T. Qidwai, P. K. Pandey and D. Singh. 2011b. Catalytic potential of 

cauliflower (Brassica oleracea) bud peroxidase in decolorization of synthetic 

recalcitrant dyes using redox mediator. Catalysis Communications, 15:  93–98.  

 

Jamal, F., S. Singh, T. Qidwai, P. K. Pandey and D. Singh. 2012.  Optimization of 

internal conditions for biocatalytic dye color removal and a comparison of redox 

mediator’s efficiency on partially purified Trichosanthes dioica peroxidase. 

Journal of Molecular Catalysis B: Enzymatic, 74: 116–124. 

 
Jamal, F., S. Singh, S. Khatoon and S. Mehrotra. 2013. Application of immobilized 

pointed gourd (Trichosanthes dioica) peroxidase- Concanavalin a complex on 

Calcium alginate pectin Gel in decolorization of synthetic dyes using batch 

processes and continuous two reactor system. Bioprocessing and Biotechniques, 

3: 2. 

 

Jadhav, U.U., V.V. Dawkar, A.A. Telke, S. P. Govindwar. 2009. Decolorization of Direct 

Blue GLL with enhanced lignin peroxidase enzyme production in Comamonas sp 

UVS. Journal of Chemical Technology and Biotechnology, 84: 126–132. 

 

Johri, S., U. Jamwal, S. Rasool, A. Kumar, V. Verma and G. N. Qazi. 2005. Purification 

and characterization of peroxidases from Withania somnifera (AGB 002) and their 

ability to oxidize IAA. Plant Science, 169: 1014–1021.   

   

Jouili, H., H. Bouazizi, M. Rossignol, G. Borderies, E. Jamet and E. El Ferjani. 2008. 

Partial purification and characterization of a copper-induced anionic peroxidase of 

sunflower roots. Plant Physiology and Biochemistry, 46: 760-767. 

 

Kalsoom, U., H. N. Bhatti, I. A. Bhatti and M. Asgher. 2010. Kinetics and 

Thermodynamics of Thermal Inactivation from cauliflower (Brassica oleracea L. 

var. botrytis) Leaves. Asian Journal of Chemistry, 22 (10): 7883-7890. 

 



 148

Kalsoom, U., S. S. Ashraf, M. A Meetani, M. A. Rauf and H. N. Bhatti. 2013. 

Mechanistic study of a diazo dye degradation by Soybean Peroxidase. Chemistry 

Central Journal, 7: 93. 

 

Kalyani, D. C., A. A. Telke, R. Dhanve and J. P. Jadhav. 2009. Ecofriendly 

biodegradation and detoxification of Reactive Red 2 textile dye by newly isolated 

Pseudomonas sp. SUK1, Jornal of Hazardous Material, 163: 735-742. 

 

Kamal, J. K. A. and D.V. Behere. 2003. Activity, stability and conformational flexibility 

of seed coat soybean peroxidase. 2003. Journal of Inorganic Biochemistry, 94 (3): 

236–242. 

 

Keharia, H. and D. Madamvar. 2003. Bioremediation concept for treatment of dye 

containing wastewater: a review. Indian Journal of Experimental Biology, 41: 

1068–1075. 

 

Khataee, A. R. and G. Dehghan. 2011. Optimization of biological treatment of a dye 

solution by macroalgae Cladophora sp. using response surface methodology. 

Journal of the Taiwan Institute of Chemical Engineers, 42: 26–33. 

 

Kim, Y. H. and J. Y. Yoo. 1996. Peroxidase production from carrot hairy root cell 

culture. Enzyme Microbiology and Technology, 18: 531–535. 

 

Knutson, K., S. Kirzan and A. Ragauskas. 2005. Enzymatic biobleaching of two 

recalcitrant paper dyes with horseradish and soybean peroxidase. Biotechnology 

Letters, 27: 753–758. 

 

Köksal, E. and I. Gülçin. 2008. Purification and characterization of peroxidase from 

cauliflower (Brassica oleracea L.) buds. Protein Peptide Letters, 15: 320-326. 

 

Koksal, E. 2011. Peroxidase from leaves of Spinach (Spinach oleracea): Partial 

purification and some biochemical properties. International Journal of 

Pharmacology, 7 (1): 135-139. 

 



 149

Koller, G., M. Moder and K. Czihal. 2000. Peroxidative degradation of selected PCB co 

mechanistic study. Chemosphere, 1827–1834. 

 

Korbhati, B. K., N., Aktas and A. Tanyolac. 2007. Optimization of electrochemical 

treatment of industrial paint wastewater with response surface methodology. 

Journal of Hazardous Material, 148 (1-2): 83-90. 

 

Kousha, M., E. Daneshvara, H. Dopeikara, D. Taghavia and A. Bhatnagarb. 2012. Box– 

Behnken design optimization of Acid Black 1 dye biosorption by different brown 

macroalgae. Chemical Engineering Journal, 179: 158– 168. 

 

Kulshrestha, Y. and Q. Husain. 2007. Decolorization and degradation of acid dyes 

mediated by salt fractionated turnip (Brassica rapa) peroxidases. Toxicological 

and Environmental Chemistry, 89 (2): 255-267. 

 

Kumar, P., M. Kamle and J. Singh. 2011. Biochemical characterization of Santalum 

album (Chandan) leaf peroxidase. Physiology and Molecular Biology of Plants, 17 

(2): 153–159.  

 

Li, X., R. Jia, P. Li and S. Ang. 2009. Response surface analysis for enzymatic 

decolorization of Congo red by manganese peroxidase. Journal of Molecular 

Catalysis B: Enzymatic, 56: 1–6. 

 

Lin, Z. F., L. H Chen and W. Q. Zhang. 1996. Peroxidase from Ipomoea cairica (L) SW. 

Isolation, Purification and Some Properties. Process Biochemistry, 31 (5):  443-

448. 

 

Liu, J. Z., T. L. Wang and L. N. Ji.  2006. Enhanced dye decolorization efficiency by 

citraconic anhydride-modified horseradish peroxidase. Journal of Molecular 

Catalysis B: Enzymatic, 41: 81–86. 

 

Liu, W., J. Fang, W. M. Zhu and P. J. Gao. 1999. Isolation, purification and properties of 

the peroxidase from the hull of Glycine max var HH2. Jornal of the Science Food 

and Agriculture, 79: 779.785. 



 150

 

Lopez, C., I. Mielgo, M. T. Moreira, G. Feijoo and J. M. Lema. 2002. Enzymatic 

membrane reactors for biodegradation of recalcitrant compounds: application to 

dye decolourisation. Journal of Biotechnology, 29: 249–257. 

 

Lu, L., M. Zhao, T. N. Wang, L. Y. Zhao, M. H. Du, T. L. Li and D. B. Li. 2012 

Characterization and dye decolorization ability of an alkaline resistant and organic 

solvents tolerant laccase from Bacillus licheniformis LS04. Bioresorce 

Technology, 115: 35–40. 

 

Luo, F., N. Deng, F. Wu and Y. Zuo. 1999. UV-light induced discoloration of dye 

solutions in the presence of Fe (III) and humic acid. Toxicological and 

Environmental Chemistry, 71: 125-134. 

 

Luo, H., J. Jiang, L. Jiang, L. Ziang and Z. Yu. 2012. Purification and characterization of 

peroxidase from fresh-cut Zizania lotifolia.  Journal of Food Biochemistry, 36: 

309–316. 

 

Maddhinni, V. L., H. B. Vurimindi and A. Yerramilli. 2006. Degradation of azo dye with 

horseradish peroxidase (HRP). Journal of the Indian Institute of Science, 86: 507–

514. 

 

Manu, B. T. and U. J. S. P. Rao. 2009. Calcium modulated activity enhancement and 

thermal stability study of a cationic peroxidase purified from wheat bran. Food 

Chemistry, 114: 66–71. 

 

Marchis, T., P. Avetta, A. Bianco-Prevot, D. Fabbri, G. Viscardi and E. Laurenti. 2011. 

Oxidative degradation of Remazol turquoise blue G 133 by soybean peroxidase. 

Journal of Inorganic Biochemistry, 105: 321–327. 

 

Ma´ rqueza, O., K. N. Waliszewskia, R. M. Oliarta and V. T. Pardiob. 2008. Purification 

and characterization of cell wall-bound peroxidase from vanilla bean. LWT-Food 

Science and Technology, 41: 1372–1379. 

 



 151

Martin, M. J., A. Artola, M.D. Balaguer and M. Rigola. 2003.  Activated carbons 

developed from surplus sewage sludge for the removal of dyes from dilute 

aqueous solutions. Chemical Engineering Journal, 94: 231–239. 

 

Marzouki, S. M., F. Limam, M. I. Smaali, R. Ulber and M. N. Marzouki. 2005. A new 

thermostable peroxidase from garlic Allium sativum: purification, biochemical 

properties, immobilization and use in H2O2 detection in milk. Applied 

Biochemistry and Biotechnology, 127 (3):  201–214. 

 

Matto, M. and Q. Husain. 2007. Decolorization of direct dyes by salt fractionated turnip 

proteins enhanced in the presence of hydrogen peroxide and redox mediators. 

Chemosphere, 69: 338–345. 

 

Matto, M. and Q. Husain. 2008. Redox mediated decolorization of Direct Red 23 and 

Direct Blue 80 catalyzed by bioaffinity-based immobilized tomato (Lycopersicon 

esculentum) peroxidase. Biotechnology Journal, 3 (9-10): 1224-1231. 

 

Matto, M. and Q. Husain. 2009. Decolorization of textile effluent by bitter gourd 

peroxidase immobilized on concanavalin A layered calcium alginate-starch beads. 

Journal of Hazardous Material, 164: 1540–1546. 

 

Matto, M. and Q. Husain. 2009. Decolorization of direct dyes by immobilized turnip 

peroxidase in batch and continuous processes. Exotoxicology and Environmental 

Safety, 72 (3): 965-971. 

 

Matto, M., R. Satar and Q. Husain. 2009. Application of calcium alginate–starch 

entrapped bitter gourd (Momordica charantia) peroxidase for the removal of 

colored compounds from a textile effluent in batch as well as in continuous 

reactor. Applied Biochemistry and Biotechnology, doi:10.1007/s12010-008-8396-

8. 

 

Mdluli, K. M. 2005. Partial purification and characterisation of polyphenol oxidase and 

peroxidase from marula fruit (Sclerocarya birrea subsp. Caffra). Food Chemistry, 

92: 311–323.  



 152

 

Mellon, J. E. 1991. Purification and Characterization of Isoperoxidases Elicited by 

Aspergillus flavus in Cotton Ovule Cultures. Plant Physiology, 95: 14–20. 

 

Mika, A. and S. Luthje. 2003. Properties of guaiacol peroxidase activities isolated from 

corn (Zea mays L.) root plasma membranes.  Plant Physiology, 132: 1489–1498. 

 

 Mikami, D., K. Hideyuki, K. Takahashi, T. Suzuki and T. Morishita. 2013. Effects of 

metal ions on the activity and stability of peroxidase in Tartary buckwheat shoots. 

Journal of Agricultural Chemistry and Environment, 2 (3): 59-64. 

 

Mohamed, S. A., M. O. El-Badry, E. A. Drees and A. S. Fahmy. 2008. Properties of a 

Cationic Peroxidase from Citrus jambhiri cv. Adalia.  Applied Biochemistry and 

Biotechnology, 150: 127–137. 

 

Mohamed, S. A., K. O. Abulnaja, A. S. Ads, J. A. Khan and T. A. Kumosani. 2011. 

Characterisation of an anionic peroxidase from horseradish cv. Balady. Food 

Chemistry, 128: 725–730. 

 

Mohan, S. V., K. K.  Prasad, N. C. Rao and P. N. Sarma. 2005. Acid azo dye degradation 

by free and immobilized horseradish peroxidase catalyzed process. Chemosphere, 

58: 1097– 1105. 

 

Monteiro, P. M. D. R. T. R. 2006.   Decolorization and toxicity of munciple solid waste 

by horseradish (Cochlearia armoracia). Quimica Nova, 29 (3): 419-421, 2006. 

 

Moreira, P. R., C. Duez, D. Dehareng, A. Antunes, E. Almeida-Vara, J. M. Frère, F. X. 

Malcata and J. C. Duarte. 2005. Molecular characterisation of a versatile 

peroxidase from a Bjerkandera strain. Journal of Biotechnology, 118: 339-352. 

 

Motamed, S., F. Ghaemmaghami and I. Alemzadeh. 2009. Turnip (Brassica rapa) 

Peroxidase: Purification and Characterization. Industrial and Engineering 

Chemistry Research, 48: 10614–10618. 

 



 153

Mudd, J. and R. Burris. 1959. Participation of metals in peroxidase catalyzed oxidations. 

Journal of Biological Chemistry, 234: 2774–2777. 

 

Murugesan, K., A. Dhamija, I. H. Nam, Y. M. Kim and Y. S. Chang. 2007. 

Decolourization of reactive black 5 by laccase: optimization by response surface 

methodology. Dyes and Pigments, 75: 176-184. 

 

Murugesan, K., I. H. Yang, Y. M. Kim, J. R. Jeon and Y. S. Chang. 2009. Enhanced 

transformation of malachite green by laccase of Ganoderma lucidum in the 

presence of natural phenolic compounds. Applied Microbiology, 82: 341-350. 

 

Myers, R. H. and D. C. Montgomery. 2002. Response Surface Methodology: Process and 

Product Optimization Using Designed Experiments. 2nd ed. John Wiley & Sons 

Inc., USA. 

 

Nadaroglu, H., N. Celebi, N. Demir and Y. Demir. 2013. Purification and characterisation 

of a plant peroxidase from rocket (Eruca vesicaria sbsp. Sativa) (Mill.) (syn. E. 

sativa) and effects of some chemicals on peroxidase activity in vitro. African 

Journal of Agricultural Research, 8 (21):  2520-2528. 

 

Nasuha, N., B. H. Hameed and A. T. M. Din. 2010.  Rejected tea as a potential low-cost 

adsorbent for the removal of methylene blue. Journal of Hazardous Materials, 

175: 126–132. 

 

Neifar, M., A. Jaouani, A. Kamoun, R. E. Ghorbel and S. E. Chaabouni. 2011. 

Decolorization of Solophenyl red 3BL Polyazo dye by laccase-mediator system: 

optimization through response surface methodology. Enzyme Research, 

doi:10.4061/2011/179050. 

 

Neves, A. 2002. Ionically Bound Peroxidase from Peach Fruit. Brazilian Archives of 

Biology and Technology, 45 (1):  7 – 16. 

 



 154

Onder, S., M. Celebi, M. Altikatoglu, A. Hatipoglu and H. Kuzu. 2011. Decolorization of 

Naphthol Blue Black using the Horseradish Peroxidase. Applied Biochemistry and 

Biotechnology, 163 (3): 433-443. 

 

O’Neill, C., A. Lopez, S. Esteves, D. L. Hawkes and S. Wilcox. 2000. Azo-dye 

degradation in an anaerobic-aerobic treatment system operating on simulated 

textile effluent – Short Contribution. Applied Microbiology and Biotechnology, 

53 (2): 249–254. 

 

Onsa, G. H., N. B. Saari, J. Selamat and J. Bakar. 2004. Purification and characterization 

of membrane-bound peroxidases from Metroxylon sagu. Food Chemistry, 85 (3): 

365–376. 

 

Pajot, H. F., J. I. Farina and L. I. C. de Figueroa. 2011. Evidence on manganese 

peroxidase and tyrosinase expression during decolorization of textile industry 

dyes by Trichosporon akiyoshidainum. International Biodeterioration and 

Biodegradation, 65: 1199–1207. 

 

Palegrini N. N. B. P., R. T. Palegrini and J. E. S. Paterniani. 2007. Ecotoxicological 

evaluation of leachate from the Limeira sanitary landfill with a view to identify 

acute toxicity. Revista Ambiente and Agua-An Interdisciplinary Journal of 

Applied Science, 2: 34–43.  

 

Pan, H. F., Z. P. Xie, W. N. Bao and J. G. Zhang. 2008. Optimization of culture 

conditions to enhance cis-epoxysuccinate hydrolase production in Escherichia coli 

by response surface methodology. Biochemical Engineering Journal, 42: 133–138. 

Pandey, V. P. and U. N. Dwivedi. 2011. Purification and characterization of peroxidase 

from Leucaena leucocephala, a tree legume. Journal of Molecular Catalysis B: 

Enzymatic, 68: 168-173. 

Pandey, V. P., S. Singh and R. Singh and U. N. Dwivedi. 2012. Purification and 

Characterization of Peroxidase from Papaya (Carica papaya) Fruit. Applied 

Biochemistry and Biotechnology, 167: 367–376.  



 155

 

Parshetti, G. K., S. D. Kalme, S. S. Gomare and S. P. Govindwar.  2007. Biodegradation 

of Reactive blue-25 by Aspergillus ochraceus NCIM-1146. Bioresource 

Technology, 98 (18): 3638–3642. 

 

Passardi, F., D. Longet, C. Penel and C. Dunand. 2004. The class III peroxidase 

multigenic family in rice and its evolution in land plants. Phytochemistry, 65: 

1879–1893. 

 

Passardi, F., N. Bakalovic, F. K. Teixeira, M. Margis-Pinheiro, C. Penel and C. Dunand. 

2007. Prokaryotic origins of the non-animal peroxidase superfamily and organelle 

mediated transmission to eukaryotes. Genomics, 89: 567–579. 

 

Paszcezynski, A., M. Pasti-Grigsby, S. Goszceynski, R. Crawford and D. L. Crawford. 

1992. Mineralization of sulfonated azo dyes and sulfanilic acid by 

Phenarochaetae chryosporium and Streptomyces chromofuscus. Applied 

Environmental Microbiology, 58: 3598-3604. 

 

Pereira, L., A. V. Coelho, C. A. Viegas, M. M. C. dos Santos, M. P. Robalo and L. 

Martins. 2009. Enzymatic biotransformation of the azo dye Sudan Orange G with 

bacterial Cot A-laccase. Journal of Biotechnology, 139: 68–77. 

Pirillo, S., F. S. G. Einschlag, M. L. Ferreira and E. H. Rueda. 2010. Eriochrome Blue 

Black R and Fluorescein degradation by hydrogen peroxide oxidation with 

horseradish peroxidase and hematin as biocatalyst. Journal of Molecular Catalysis 

B: Enzymatic, 66: 63–71.  

Preethi, S., A. Anumary, M. Ashokkumar and P. Thanikaivelan. 2013. Probing 

horseradish peroxidase catalyzed degradation of azo dye from tannery wastewater. 

SpringerPlus, 2: 341. 

 

Pujari, V. and T. S. Chandra. 2000.  Statistical optimization of medium components for 

enhanced riboflavin production by a UV-mutant of Eremothecium ashbyii, 

Process Biochemistry, 36: 31–37. 

 



 156

Ramachandran, P., R. Sundharam, J. Palaniyappan and A. P. Munusamy. 2013.  Potential 

process implicated in bioremediation of textile effluents: A review. Advances in 

Applied Science Research, 4 (1): 131-145. 

 

Rauf, M. A. and S. S. Ashraf. 2009. Radiation induced degradation of dyes—an 

overview. Journal of Hazardous Materials, 166: 6–16. 

 

Regalado, C., B. E. Garcia-Almendárez and M. A. Duarte-Vázquez. 2004. 

Biotechnological applications of peroxidases. Phytochemistry Reviews, 3: 243-

256. 

 

Reis da Silva, F. M., L. R. Vasconcelos de Sa´, C. Russo, E. Scio and V.  S. Ferreira-

Leit˜ao. 2010. The use of HRP in Decolorization of Reactive dyes and 

toxicological evaluation of their products. Enzyme Research, 1-7. 

doi:10.4061/2010/703824. 

 

Riera-Torres, M., C. Gutierrez-Bouzan and M. Crespi. 2010. Combination of coagulation 

– flocculation and nanofiltration techniques for dye removal and water reuse in 

textile effluents. Desalination, 252: 53–59. 

 

Robinson, T., G. McMullan, R. Marchant and P. Nigam. 2001. Remediation of dyes in 

textile effluents: a critical review on current treatment technologies with a 

proposed alternative. Bioresource Technology, 77: 247–255. 

 

Rodriguez-Lopez J. N., J. C. Espin, F. del Amor, J. Tudela, V. Martinez, A. Cerda and F. 

Garcia-Canovas. 2000. Purification and kinetic characterization of an anionic 

peroxidase from melon (Cucumis melo L.) cultivated under different salinity 

conditions. Journal of Agricultural and Food Chemistry, 48: 1537–1541. 

 

Rovira, A. D. 1956.  Plant root excretions in relation to the rhizosphere effect. The nature 

of root exudates from oats and peas. Plant and Soil, 7: 178-194. 

 



 157

Rudrappa, T., V. Lakshmanan, R. Kaunain, N. M. Singara and B. Neelwarne. 2007. 

Purification and characterization of an intracellular of red beet (Beta vulgaris L.). 

Food Chemistry, 105: 1312–1320. 

 

Saitou, T., H. Kamada and H. Harada. 1991. Isoperoxidase in hairy roots and regenerated 

plants of horseradish (Armoracia lapathifolia). Plant Science, 75: 195–201. 

 

Sakharov, I. Y., M. K.V. Blanco and I. V. Sakharova. 2002. Substrate specificity of 

African oil palm tree peroxidase. Biochemistry (Moscow), 67: (9): 1043-1047. 

 

Sakharov, I. Y., M. K. Vesga, I. Y. Galaev, I. V. Sakharova, O. Y. Pletjushkina. 2001. 

Peroxidase from Leaves of Royal Palm Tree Roystonea Regia: Purification and 

Some Properties. Plant Science, 161 (5): 853-860. 

 

Santos, S. C. R. and R. A. R. Boaventura. 2008. Adsorption Modelling of Textile Dyes by 

Sepiolite. Applied Clay Science, 42: 137. 

 

Saraiva, J. A., C. S. Nunes and M. A. Coimbra. 2007. Purification and characterization of 

olive (Olea europaea L.) peroxidase – Evidence for the occurrence of a pectin 

binding peroxidase. Food Chemistry, 101: 1571–1579.  

 

Sasumo, H., K. Sasaki, H. Ito, Y. Ohashi and H. Matsui. 2001. A large Family of Class III 

plant Peroxidases: Mini Review. Plant Cell Physiology, 462-468. 

 

Sat, I. G. 2008. The effect of heavy metals on peroxidase from Jerusalem artichoke    

(Helianthus tuberosus L.) tubers. African Journal of Biotechnology, 7 (13):  2248-

2253. 

 

Satar, R. Q. Husain. 2009a. Bitter gourd peroxidase-catalyzed degradation and 

decolorization of water insoluble disperse dyes mediated by 1-

hydroxybenzotrialzole. Biotechnology and Bioprocess Engineering, 14: 213–219. 

 



 158

Satar, R. and Q. Husain. 2009b. Applications of Celite-adsorbed white radish (Raphanus 

sativus) peroxidase in batch process and continuous reactor for the degradation of 

reactive dyes. Biochemical Engineering Journal, 46 (2): 96–104. 

 

Satar, R. and Q. Husain. 2011. Catalyzed degradation of disperse dyes by calcium 

alginate-pectin entrapped bitter gourd (Momordica charantia) peroxidase. Journal 

of Environmental Sciences, 23 (7) 1135–1142. 

 

Schmitt, S., R. de Souza, F. Bettin, A. J. P. Dillon, J. A. B. Valle and J. Andreaus. 2012. 

Decolorization of aqueous solutions of disperse textile dyes by oxidoreductases. 

Biocatalysis and Biotransformation, 30: 48-56. 

 

Schuller, D. J., N. Ban, R. van Huystee, A. McPherson and T. L. Poulos. 1996. The 

crystal structure of peanut peroxidase. Structure, 4: 311–321. 

 

Schwartz, B., A. K. Olgin and J. P. Klinman. 2001.  The role of copper in topa quinone 

biogenesis and catalysis, as probed by azide inhibition of a copper amine oxidase 

from yeast. Biochemistry, 40: 2954-2963.  

 

Sergio, L.,  A. Cardinali, A. De Paola and D. Di Venere. 2009. Biochemical properties of 

soluble and bound peroxidases from Artichoke heads and leaves. Food 

Technology and Biotechnology, 47 (1): 32–38. 

  

Shaffiqu, T. S., J. J. Roy, R. A. Nair and T. E. Abraham. 2002. Degradation of textile 

dyes mediated by plant peroxidases. Applied Biochemistry and Biotechnology, 

102–103: 315–326. 

 

Shakir, K., A. F. Elkafrawy, H.F. Ghoneimy, S. G. Elrab Beheir and M. Refaat. 2010.  

Removal of Rhodamine B (a basic dye) and thoron (an acidic dye) from dilute 

aqueous solutions and wastewater simulants by ion flotation. Water Research, 

1449–1461. 

 

 Shim, J., G. Y. Kim, K. H. Yeon, S. H. Cho, J. J. Woo and S. H. Moon.  2007. 

Degradation of azo dye by an electroenzymatic method using horseradish 



 159

peroxidase immobilized on porous support. Korean Journal of Chemical 

Engineering, 24 (1): 72-78. 

 

Shrama, D. C. and T. Satyanarayan. 2006. A marked enhancement in the production of a 

highly alkaline and thermostable pectinase by Bacillus pumilus dcsr 1 in 

submerged fermentation by using statistical methods. Bioresource Technology, 

97: 727–733. 

 

Shuler, M. L. and F. Kargi. 1992.  Bioprocess engineering - basic concepts, Prentice Hall 

PTR, Englewood Cliffs, N. J., pp 58-102. 

 

Silva, M. C., A. D. Corrêa, M. T. S. P. Amorim, P. Parpot, J. A. Torres, and P. M. B. 

Chagas. 2012. Decolorization of the phthalocyanine dye reactive blue 21 by turnip 

peroxidase and assessment of its oxidation products. Journal of Molecular 

Catalysis B: Enzymatic, 77:9-14. 

 

Silva, M. C.,  J. A. Torres, L. R. Vasconcelos de Sá,  P. M. B. Chagas, V. S. Ferreira-

Leitão,  A. D. Corrêa. 2013. The use of soybean peroxidase in the decolourization 

of Remazol brilliant blue R and toxicological evaluation of its degradation 

products. Journal of Molecular Catalysis B: Enzymatic, 89: 122– 129.  

 

Singh, J., A. Dubey, S. K. Diwakar, S. K. Rawat, N. Batra and A. Joshi. 2010. 

Characterization of Ionically Bound Peroxidases from Apple (Mallus pumilus) 

Fruits. International Research Journal of Biotechnology, 1(4): 050-058. 

 

 Singh, J., P. Kumar, N. Batra, A. Joshi. 2011. Partial purification and characterization of 

peroxidases from the leaves of Sapindus mukorossi. Journal of Plant Biochemistry 

and Biotechnology, 21 (1):11-16. 

 

Singh, N., W. N. Gade and J. Singh. 2002. Purification of turnip peroxidase and its 

kinetic properties. Preparative Biochemistry and Biotechnology, 32: 39-49. 

 

Sisecioglu. M., I. Gulcin, M. Cankaya, A. Atasever, M. H. Sehitoglu, H. B. Kaya and H. 

Ozdemir. 2010. Purification and characterization of peroxidase from Turkish 



 160

black radish (Raphanus sativus L.). Journal of Medicinal Plants Research, 4 (12): 

1187-1196. 

 

Sivakumar, S., B. Ramesh, K. Kavitha, V. Gopalakrishnan and V. Kanniyappan. 2010. 

Bitter Gourd Peroxidase (Momordica charantia) in decolorization of Dyes from 

Tannery Effluent. Recent Research in Science and Technology, 2 (2): 49–53.  

 

Smulevich, G., C. Jakopitsch, E. Droghetti and C. Obinger. 2006. Probing the structure 

and bifunctionality of catalase–peroxidase (KatG). Journal of Inorganic 

Biochemistry, 100: 568–85. 

 

Spadarry, J. T., L. Isebelle and V. Renganathan. 1994. Hydroxyl radical mediated 

degradation of azo dyes: evidence for benzene generation. Environmental Science 

and Technology, 28: 1389-1393. 

 

Srinivas, N. D., R. S Barhate and K. S. M. S. Raghavarao. 2002. Aqueous Two-Phase 

Extraction in Combination with Ultrafiltration for Downstream Processing of 

Ipomoea Peroxidase. Jounal of Food Engineering, 54: 1-6.  

 

Stanisavljević M. and L. Nedić. 2004. Removal of Phenol from Industrial Wastewaters by 

Horseradish (Cochlearia armoracia L.).Working and Living Environmental 

Protection, 2(4): 345-349. 

 

Suha, O. A., E. M. Babiker and E. E. Babiker. 2013. Thermostability at different pH 

levels of peroxidase extracted from four vegetables. International Food Research 

Journal, 20 (2): 715-719. 

 

Sumathi, S. and B. S. Manju. 2000. Uptake of reactive textile dyes by Aspergillus 

foetidus. Enzyme and Microbial Technology, 27: 347–355, ISSN: 0141-0229. 

 

Tam, N. F. Y. and S. M. Tiquia. 1994. Assessing toxicity of spent sawdust pig-litter using 

seed germination technique. Resources, Conservation and Recycling, 11: 261 274. 

 



 161

Tamura, M. and Y. Morita. 1975. Thermal denaturation and regeneration of japanese-

radish peroxidase.  Journal of Biochemistry, 78: 561–571. 

 

Tan, N. C. G., A. V. Leeuwen, E. M. V. Voorthuizen, P. Slenders, F. X. Prenafeta-Boldu, 

H. Temmink, G. Lettinga and J. A. Field. 2005.  Fate and biodegradability of 

sulfonated aromatic amines. Biodegradation, 16: 527-537. 

 

Tauber, M. M., G. M. G¨ubitz and A. Rehorek. 2008. Degradation of azo dyes by 

oxidative processes—laccase and ultrasound treatment. Bioresource Technology, 

99 (10): 4213–4220. 

 

Tavares, A. P. M., R. O., Cristóvão, J. M.  Loureiro, R. A. R. Boaventura and E. A. 

Macedo. 2009. Application of statistical experimental methodology to optimize 

reactive dye decolourization by commercial laccase. Journal of Hazardous 

Materials, 162: 1255-1260. 

 

Thongsook, T. and M. Barrett. 2005. Purification and partial characterization of broccoli 

(Brassica oleracea Var. Italica) peroxidasas. Journal of Agricultural and Food 

Chemistry, 53: 3206–3214. 

 

Thorat, P. R. and M. Sayyad. 2010. Microbial decolorization and degradation of Crystal 

violet by aerobic bacteria. The Bioscan, 5 (4): 591-594. 

 

Tigier, H. A., M. A. Quesada, A. Heredia and V. Valpuesta. 1991. Partial deglycosylation 

of an anionic isoperoxidase from peach seeds. Effect on enzymatic activity, 

stability and antigenicity. Physiologia Plantarum, 83: 144–148. 

 

Tiquia, S. M. and N. F. Y. Tam. 1998. Elimination of phytotoxicity during co-composting 

of spent pigmanure sawdust litter and pig sludge. Bioresource Technology, 65: 

43–9. 

 

Triplett, P. A. and J. E. Mellon. 1992. Purification and characterization of anion 

peroxidase from cotton (Gossypium hirsutum). Plant Science, 81: 147–154. 



 162

Turhan, K., I. Durukan, S. A. Ozturkcan and Z. Turgut. 2012.  Decolorization of textile 

basic dye in aqueous solution by ozone. Dyes and Pigments, 92: 897–901. 

 

Ulson de Souza S. M. A.G., E. Forgiarini and A. A. Ulson de Souza. 2007. Toxicity of 

textile dyes and their degradation by the enzyme horseradish peroxidase (HRP). 

Journal of Hazardous Matererial, 147: 1073–1078. 

 

Valderrama, P. and E. Clemente. 2004. Isolation and thermostability of peroxidase 

isoenzymes from apple cultivars Gala and Fuji. Food Chemistry, 87: 601–606. 

 

Vallee, B. L. and D. D. Ulmer. 1972. Biochemical effects of mercury, cadmium and lead. 

Annual Review of Biochemistry, 41: 91-128.  

 

Vamos-Vigyazo, L. 1981. Polyphenol oxidase and peroxidase in fruits and vegetables. 

CRC Critical Reviews in Food Science and Nutrition, 15: 49–127. 

 

 Veitch, N. C. 2004. Horseradish peroxidase: a modern view of a classic enzyme. 

Phytochemistry, 65: 249–259. 

 

Veitch, N. C. and A. T. Smith. 2001. Horseradish peroxidase. Advanced Inorganic 

Chemistry, 51:  107-162. 

 

Verma, P. and D. Madamwar. 2002. Production of ligninolytic enzymes for dye 

decolorization by cocultivation of white-rot fungi Pleurotus ostreatus and 

Phanerochaete chryosporium under solid-state fermentation. Applied Biochem. 

Biotechnol., 102: 109-118. 

 

Vernwal, S. K., R. S. Yadav and K. D. Yadav. 2006. Purification of a peroxidase from 

Solanum melongena fruit juice. Indian Journal of Biochemistry and Biophysics, 

43: 239–243. 

 

Vieille C. and J. G. Zeikus. 1996. Thermozymes identifying molecular determinants of 

protein structural and functional stability. Trends in Biotechnology, 14: 183-190. 

 



 163

Vieille, C. and J. G. Zeikus.  2001.  Hyperthermophilic enzymes: Sources, uses, and 

molecular mechanism for thermostability. Microbiology and Molecular Biology 

Reviews, 65 (1): 1-43. 

 

Viparelli, P., A. Francesco and M. Cantarella. 1999. Models for enzyme superactivity in 

aqueous solutions of surfactants. Biochemical Journal, 344: 765-773. 

 

Voet, D. and J. G. Voet. 1990. Mechanisms of enzyme action. In Woolsey (Ed.), 

Biochemistry (1st ed) (pp. 344). New York: Viley. 

 

Wagner, M. and J. A. Nicell. 2003. Impact of the presence of solid on peroxidase-

catalyzed treatment of aqueous phenol. Journal of Chemical Technology and 

Biotechnology, 78: 694–702. 

 

Wang, X. K., Y. C. Wei, C. Wang, W.L. Guo, J. G. Wang and J. X. Jiang. 2011. 

Ultrasonic degradation of reactive brilliant red K-2BP in water with CCl4, 

enhancement: performance optimization and degradation mechanism. Separation 

and Purification Technology, 81: 69–76. 

 

Warman, P. R. 1999. Evaluation of seed germination and growth tests for assessing 

compost maturity. Compost Science and Utilization, 7: 33–37. 

 

Welinder, K. G. 1992. Superfamily of plant, fungal and bacterial peroxidases. Current 

Opinion in Structural Biology, 2: 388–393. 

 

Wesenberg, D., I. Kyriakides and S. N. Agathos. 2003. White-rot fungi and their enzymes 

for the treatment of industrial dye effluents.  Biotechnology Advances, 22: (1-2): 

161-187. 

 

Wong. J. W. C., K. F. Mak, N. W. Chan, A. Lam, M. Fang and L. X. Zhou. 2001.  Co-

composting of soybean residues and leaves in Hong Kong. Bioresource 

Technology, 76: 99-106. 

 



 164

Wu, F., N. Deng and Y. Zuo. 1999. Discoloration of dye solutions induced by solar 

photolysis of ferrioxalate in aquous solutions. Chemosphere, 39: 2079-2085. 

 

Xu, F., H. J. W. Deussen, B. Lopez, L. Lam and K. Li. 2001. Enzymatic and 

electrochemical oxidation of N-hydroxy compounds: redox potential, electron-

transfer kinetics, and radical stability. European Journal of Biochemistry, 268: 

4169–4176. 

s 

Yadav, R. S.S., K. S. Yadav and H. S. Yadav. 2011. Luffa aegyptiaca (Gourd) Fruit Juice 

as a Source of Peroxidase. Enzyme Research, doi:10.4061/2011/319105 

 

Yamada, Y., S. Kobayashi, K. Watanabe, U. Hayashi, Y. Yajima and H. Inoue. 1987. 

Production of horseradish peroxidase by plant cell culture. Journal of Chemical 

Technology and Biotechnology, 38: 31–39. 

 

You, Y., S. Gao, Z. Yang, M. Cao and R. Cao. 2012. Facile synthesis of 

polyoxometalate–thionine composite via direct precipitation method and its 

photocatalytic activity for degradation of rhodamine B under visible light. Journal 

of  Colloid  and Interface Science, 365: 198–203. 

 

Young, L. and J. Yu. 1997.  Ligninase catalysed decolorization of synthetic dyes. Water 

Research, 31: 1187–1193. 

 

Yousefi, V. and H. Kariminia. 2010. Statistical analysis for enzymatic decolorization of 

acid orange 7 by Coprinus cinereus peroxidase. International Biodeterioration and 

Biodegradation, 64: 245-252. 

 

Yu, G., X. Wen, R. Li and Y. Qian. 2006.  In vitro degradation of a reactive azo dye by 

crude ligninolytic enzymes from nonimmersed liquid culture of Phanerochaete 

chrysosporium. Process Biochemistry, 41 (9): 1987-1993. 

 

Zhao, L., J. Zhou, Y. Jia and J. Chen. 2010. Biodecolorization of Acid Red GR by a 

newly isolated Dyella ginsengisoli LA-4 using response surface methodology. 

Journal of Hazardous Materials, 181: 602–608. 



 165

 

Zia, M. A., K. Rehman, M. K. Saeed, A. Ahmed and A. Ghaffar. 2001. Partial 

purification of peroxidase from tomato. The Sciences, 1 (6): 404-406. 

 

Zodi, S., O. Potier, F. Lapicque and J. P. Leclerc. 2010. Treatment of the industrial 

wastewaters by electrocoagulation: optimization of coupled electrochemical and 

sedimentation processes. Desalination, 261: 186–190. 

 

Zollinger, H., 1987. Color Chemistry-Synthesis, Properties and Application of Organic 

Dyes and Pigment. VCH Publishers, New York, pp. 92-102. 

 

Zucconi, F., A. Pera, M. Forte and M. De Bertoldi. 1981. Evaluating toxicity of immature 

compost. BioCycle, 22 (4): 54-57. 

 

Zucconi, F., A. Monaco, M. Forte and M. De-Bertoldi. 1985. Phytotoxins during the 

stabilization of organic matter. In: Gasser, J.K.R., Commission European 

Communities (Eds.), Composting of Agricultural and Other Wastes. Elsevier 

Applied Science Publishers, London, pp. 73–86. 

 

Zuo, Y. 2014. High Performance Liquid Chromatography (HPLC): Principles, Procedures 

and Practices. Nova Science Publishers, Inc., New York, USA. 


	Thesis initial pages and list of contents
	2
	3

