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Abstract 

In the present thesis, an attempt has been made towards the development of an efficient 

biotreatment technology for handling herbicide contamination in industrial effluents and 

agricultural soils. Butachlor, the most complex structured and extensively used herbicide 

in India is of primary focus. Three hyper-butachlor tolerant bacterial strains identified as 

Serratia ureilytica strain AS1, Enterobacter cloacae strain FP2 and Pseudomonas putida 

strain G3, based on the 16S rRNA gene sequencing analysis were isolated from three 

different contaminated sites. To maximize the removal efficiency, the factors affecting the 

metabolic activity of any microorganism were optimized by the application of various 

statistical design of experiments. Initially the factors were screened as per the Plackett 

Burman design of experiment to determine the significant factors which were further 

optimized using the Response Surface Methodology to identify the optimum conditions 

where the isolated strain will yield the maximum butachlor removal efficacy. 

Biodegradation of butachlor and other herbicides such as alachlor and glyphosate, by the 

isolated strains at various initial concentrations (100 – 1000 mg/L), was studied at the 

optimum conditions obtained in the previous study. It was observed that with increase in 

the butachlor concentration, the rate of biodegradation decreases which indicates the 

substrate inhibition phenomenon. The degradation kinetics of the bacterial strains were 

fitted with various substrate inhibition models available in the literature which are able to 

predict the experimental data fairly. To elucidate the plausible metabolic pathway followed 

during the biodegradation process, the intermediate metabolites were identified.  

To overcome the substrate inhibition at higher butachlor concentrations, various strategies 

have been adopted to investigate the enhancement of the remediation efficiency. Firstly, 

the bacterial strains were immobilized within Ca-alginate beads and batch biodegradation 

experiment was carried out. The study revealed that on being immobilized, the microbial 

strains are able to tolerate and degrade higher butachlor concentration as compared to their 

freely suspended cell counterparts. Secondly, to overcome the microbial toxicity of 

butachlor, the bacterial strains were co-cultured to formulate a defined synthetic microbial 

consortium termed as SMC 1. The consortium displayed the potentiality to be a promising 

candidate for the remediation of butachlor and other herbicides at higher concentration both 

in aqueous medium as well as in the soil.   
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After establishing the batch biodegradation of butachlor and other herbicides in shake 

flasks studies, experiments were performed in continuous mode to treat synthetic 

wastewater containing butachlor in packed bed bioreactors. The combined effect of 

external mass transfer and the biochemical reaction on the mass transfer correlation was 

investigated in a re-circulated packed bed bioreactor using the microbial consortium SMC1 

immobilized in Ca-alginate beads. It is observed that the rate of bio-removal of butachlor 

from the medium is dependent on the operating parameters; feed flow rate and substrate 

concentration. The effect of the external mass transfer was investigated by calculating the 

mass flux (G), Reynold’s Number (NRe) and the mass transfer coefficient (km) for varying 

feed flow rates. The constants obtained from the plot of ln km vs ln G is used to determine 

the external mass transfer correlation between the Colburn factor (JD) and Reynolds number 

(NRe) which can predict the experimental data precisely. Effect of various operating 

parameters such as HRT, inlet loading rates on the performance of the bioreactor was 

investigated in another up-flow packed bed biofilm reactor filled with ceramic raschig rings 

immobilized with the microbial consortium SMC1. The study proposes the immobilized 

system of demonstrating excellent biodegradation efficacy of the immobilized microbial 

consortium in treating herbicide contaminated synthetic wastewater in continuous mode.  

 

 

Keywords: Biodegradation; Butachlor; Herbicide; Mixed Microbial Culture; 

Optimization; Packed bed Biofilm reactor; Response Surface Methodology; Substrate 

Inhibition Model .  
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CHAPTER 1 

 

INTRODUCTION AND LITERATURE REVIEW 
 

Extensive usage of pesticides, one of the persistent organic pollutants, creates imbalance 

in environment due to biomagnification. Herbicides are ubiquitous compounds that are 

widely used for the control of unwanted grasses and weeds in various crop cultivations. 

Such chemicals and their degradation residues are highly persistent in nature due to their 

high stability, water solubility, low bioavailability and soil characteristics. Hence, these 

compounds become a subject of concern due to their appearance in various ecosystems. 

Various studies have been reported on several techniques adopted in the past for the 

effective removal of chloroacetanilide herbicides from the environment. Microbial 

remediation is one of the most prevailing options for the treatment of contaminated 

environmental sites because of its ecological and economical superiority over the other 

available methods. In the present chapter, an attempt has been made to summarize various 

studies focusing on the toxicological effect and the available removal technologies for the 

remediation of a few commonly used herbicides. Further, for the better understanding of 

the challenges pertaining to the available removal technologies, the merits and demerits 

have been highlighted and critically analysed. The review suggests that microbial 

remediation of herbicide is an eco-friendly and economical technology which may be 

effective for the sustainable remediation of herbicides from the environment. Finally 

research gap, scope for further studies and the objectives of the present work are listed. 
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1.1. INTRODUCTION 

Since, the dawn of civilization, one of the major tasks in which the human race has been 

engaged apart from securing the basic needs is the continuous endeavour to improve its 

living conditions. The ever so increasing population has resulted in exerting immense 

pressure on the agricultural sector to cope with the increasing demands for food supply. 

This necessitates agricultural development to increase the crop production to successfully 

match with the growing population. Hence, to increase the annual crop yield, various 

effective strategies such as (a) expansion of irrigational facilities; (b) use of pesticides and 

chemical fertilizers; (c) development of high yielding seed varieties; (d) advanced 

mechanization of agriculture and (e) changed agricultural practices have been employed.  

However, loss due to various biological entities collectively known as pests has become a 

major hindrance to achieve the required target (Mishra et al., 2017). Pests comprise of a 

wide variety of organisms’ altogether plants (weeds, grasses, etc.), animals (rodents, 

worms, etc.) and microorganisms (bacteria, fungi, viruses) as well affect the agricultural 

productivity adversely.  

Application of a set of synthetic chemicals altogether known as pesticides for the sole 

purpose of crop protection has become one of the indispensable elements of modern 

agriculture. Study suggests that around one-third of the total global crop production would 

be lost if these chemical substances were not applied against pests (Tadeo, 2008). 

According to Food and Agriculture Organization, pesticides are defined as the substances 

used for the control, destruction, and repulsion of pests in order to minimise the detrimental 

effect (FAO, 2011). Even the chemicals used in non-agricultural sectors such as 

horticulture, gardening, hospitals, road-sides, and industrial areas for the purpose of wood 

preservation, or disinfection are also included in this category (Weinberg and Teodosiu, 

2012). Application of pesticides for crop protection dates back to mid-1800s, when it was 

observed that sprinkling sulfur on grape vines cured powdery mildew and Paris green, an 

arsenic-containing compound was used to exterminate the Colorado potato beetle, a serious 

agricultural pest (Trautmann et al., 2012). However, the modern era of chemical pest 

control initiated during World War II, where a surge in the usage of DDT to control body 

lice and mosquitoes among the soldiers was observed.  

Being a powerful tool to address the agricultural problems, huge amounts of synthetic 

pesticides were produced and used for crops protection in the last 50 years. Currently, India 
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is the largest producer of pesticides in Asia including more than 125 large and medium 

scale producers of more than 500 pesticide products and ranks twelfth in the world for the 

use of pesticides (Abhilash and Singh, 2009).  

Based on the target organisms, chemical composition, environmental persistence and mode 

of action, pesticides have been classified into various subgroups. The five major groups of 

the pesticides are identified as fungicides (prevents the growth of fungi), herbicides 

(inhibits the growth of weeds and unwanted grasses), rodenticides (lethal to rodents), 

insecticides (used to kill insects), etc. based on the targeted pests (Frazar, 2000). Among 

the pesticides, herbicides accounts for the highest percentage of pesticide produced globally 

comprising 40-50 % of the crop protection chemicals used worldwide followed by 

insecticides and fungicides which are around 17% each (Cooper and Dobson, 2007; Grube 

et al., 2011). 

1.2. HERBICIDES 

Herbicides, also known as chemical weed killers are phytotoxic compounds used for 

destroying various weeds, grasses and unwanted plants or inhibiting their growth. Weeds 

are undesirable and persistent plants that hinder the growth of crop plants and influence the 

agricultural activities. They compete for light, moisture and nutrients of the crop plants, 

acts as haven for various plant disease causing pests, contaminates aquatic bodies thus 

affecting the quality and quantity of the harvest. Their toxic properties cause health 

problems to humans and animals and adversely affects the natural ecosystem. In the global 

scenario, weeds have known to be the leading cause of crop loss followed by animals and 

pathogens (Oerke, 2006). In India, almost 37 % of the total annual crop loss is because of 

weeds followed by insects and plant pathogens (Vats, 2015). Study suggests that around 

2000 crores Indian currency is lost due to weeds annually, which is much higher than the 

sum of total losses caused by the other factors (Yadav and Malik, 2005). Thus weeds have 

emerged as a matter of grave concern for the agriculture worldwide and thus in extension 

to the global economy. Without the use of herbicides, it would have been impossible to 

control these plants using mechanical methods since herbicides provide a more economical 

and efficient means of weed control.  

1.2.1. CLASSIFICATION OF HERBICIDES 

Based on specificity, herbicides are classified as selective and nonselective herbicides. 

Those herbicides which are used to kill only the weeds without harming the subjected crop 
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are known as selective herbicides while the herbicides that kills the whole vegetation are 

known as nonselective ones (Ware and Whitacre, 2004). Another classification for the 

herbicides is whether the herbicide is systemic or contact in nature. Systemic also known 

as Translocated herbicides are those which extensively travel across the plant via its 

vascular system along with water, from roots to the site of action. On the other hand, as the 

name suggested contact or non-systemic herbicides are those which kills only the part of 

plant that comes in contact with it (Varshney and Sondhia, 1994). Herbicides are classified 

to be pre-plant, pre-emergent and post-emergent on the basis of its application time during 

cultivation. Pre-plant herbicides are the non-selective herbicides that are applied to the soil 

before cultivation so that they destroy the weeds as they germinate through the treated zone. 

Pre-emergent herbicides are employed before the seedlings germinate through the soil 

surface. These herbicide kills the weed seedlings as they emerge through the treated soil. 

Post-emergent herbicides are applied after the germination of the seedlings and generally 

demand multiple applications for satisfactory result. These are usually selective herbicides 

which kills the grown weeds post emergence of the crop plants (Ware and Whitacre, 2004).  

Most illustrious method of classification of the herbicides is based on its mode of action. 

The mode of action of an herbicide is the biochemical mechanism it follows to kill the 

targeted plants. In general, most of the herbicides act on the target plants by interrupting or 

changing one or more metabolic processes. However, some herbicides afflicts damage to 

the cellular membranes of the plant cells, thus, allowing the leakage of cellular contents. 

The mode of action is mostly determined by the chemical structure of the herbicide, and 

therefore, the herbicides belonging to the same family, likely to have the same mode of 

action. However, certain exceptions do exist where the herbicides belonging to different 

family tend to have same mode of action (Tu et al., 2001). The Weed Science Society of 

America has categorised the herbicides based on their mode of actions and chemical 

families in to 27 different categories indexed in Table 1.1.  

Table 1.1: Classification of herbicides based on its chemical family and mode of action (WSSA, 2014). 

WSSA 

GROUP 
MODE OF ACTION CHEMICAL FAMILY (GROUP) 

1 Inhibition of acetyl CoA carboxylase (ACCase) 

Aryloxyphenoxy-propionate ‘FOPs’ 

Cyclohexanedione ‘DIMs’ 

Phenylpyrazoline 'DEN' 

2 
Inhibition of acetolactate synthase ALS 

(acetohydroxyacid synthase AHAS) 

Sulfonylurea 

Imidazolinone 
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Triazolopyrimidine 

Pyrimidinyl(thio)benzoate 

Sulfonylaminocarbonyl- 

triazolinone 

3 Microtubule assembly inhibition 

Dinitroaniline 

Phosphoroamidate 

Pyridine 

Benzamide 

Benzoic acid 

4 

 
Action like indole acetic acid (synthetic auxins) 

Phenoxy-carboxylic-acid 

Benzoic acid 

Pyridine carboxylic acid 

Quinoline carboxylic acid 

Other 

5 Inhibition of photosynthesis at photosystem II 

Triazine 

Triazinone 

Triazolinone 

Uracil 

Pyridazinone 

Phenyl-carbamate 

6 Inhibition of photosynthesis at photosystem II 

Nitrile 

Benzothiadiazinone 

Phenyl-pyridazine 

7 Inhibition of photosynthesis at photosystem II 
Urea 

Amide 

8 
Inhibition of lipid synthesis - not ACCase 

inhibition 

Thiocarbamate 

Phosphorodithioate 

Benzofuran 

9 Inhibition of EPSP synthase Glycine 

10 
Inhibition of glutamine 

synthetase 
Phosphinic acid 

11 

Bleaching: 

Inhibition of carotenoid biosynthesis (unknown 
target) 

Triazole 

12 

Bleaching: 

Inhibition of carotenoid biosynthesis at the 
phytoene desaturase step (PDS) 

Pyridazinone 

Pyridinecarboxamide 

Other 

13  
Isoxazolidinone 

Urea 
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Diphenylether 

14 Inhibition of protoporphyrinogen oxidase (PPO) 

Diphenylether 

Phenylpyrazole 

N-phenylphthalimide 

Thiadiazole 

Oxadiazole 

Triazolinone 

Oxazolidinedione 

Pyrimidindione 

Other 

15 
Inhibition of VLCFAs  

(Inhibition of cell division) 

Chloroacetanilides 

Acetamide 

Oxyacetamide 

Tetrazolinone 

Other 

17  Organoarsenical 

18 
Inhibition of DHP 

(dihydropteroate) synthase 
Carbamate 

19 Inhibition of auxin transport 
Phthalamate 

Semicarbazone 

20 
Inhibition of cell wall 

(cellulose) synthesis 
Nitrile 

21 

21 
 

Benzamide 

Triazolocarboxamide 

22 
Photosystem-I-electron 

diversion 
Bipyridylium 

23 Inhibition of mitosis / microtubule organisation Carbamate 

24 Uncoupling (Membrane disruption) Dinitrophenol 

25  Arylaminopropionic acid 

26  

Quinoline carboxylic acid 

Chloro-Carbonic-acid 

Pyrazolium 

27 
Bleaching: Inhibition of 4- 

hydroxyphenyl-pyruvate- dioxygenase (4-HPPD) 

Triketone 

Isoxazole 

Pyrazole 
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1.3. ENVIRONMENTAL FATE OF HERBICIDES 

Extensive usage, improper agricultural practices, overspray and accidental spillage result 

in the widespread presence of herbicides in the environment (Hanke et al., 2010). 

Herbicides are released into the environment through various sources such as wastewater 

from its manufacturing or formulation units, excessive usage in the water bodies for 

controlling the macrophytes, runoff from the agricultural fields due to rainfall, accidental 

spillage during production, transportation or application (Ok et al., 2012; Torres et al., 

2009). As soon as the herbicide is introduced into the soil, several processes sets out that 

drifts the compound from one place to another (Varshney and Sondhia, 1994). The fate and 

transport of the herbicides is governed by the processes that affect persistence and mobility 

of the herbicides. Herbicide persistence within the ecosystem is determined by modification 

of its chemical structure through photo-, chemical- and microbial degradation (Sondhia, 

2014). Movement of the herbicide in the environment is dominated by the processes such 

as adsorption, runoff, volatilization, and leaching (Singh and Singh, 2012). 

 The persistence of an herbicide is roughly described by its half-life, the required time to 

halve the organic molecule concentration compared with its initial level (Kaur et al., 2019). 

Another significant factor that determines the fate of any herbicide in the aquatic ecosystem 

is its solubility in water (Braschi et al., 2011). In general, the water-soluble herbicides tends 

to be highly mobile in nature due to its low adsorption capacity. Consequently, its 

availability for the microbial metabolism and other degradation processes is quite high. 

While the herbicides which are relatively insoluble in water gets promptly adsorbed to the 

soil and permeate in to the plant tissues readily. Previously several studies have reported 

that the factors such as soil types, organic matter and moisture content, and climatic 

conditions influences the persistence of the herbicide and its intermediate compounds in 

the soil (Clay et al., 2003; Pal et al., 2006; Rao et al., 2012). Another factor that greatly 

influences the environmental fate of the herbicides is its application amount that is decided 

as per the variety of the crop, organic content and type of the soil (Durães Sette et al., 2004; 

Selim et al., 2002).  

1.4. HARMFUL EFFECTS OF HERBICIDES 

Even though the aim behind the usage of herbicides is to eradicate unwanted weeds and 

grasses from the ecosystem, extensive use has led to several toxicological impacts among 

the non-target species including human beings. Evaluating the potential toxicity towards 
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the non-target organisms, previous studies reveals that herbicides pose major concerns to 

many aquatic organisms due to their high toxicity when applied in the areas with close 

approximates of the water bodies (Polard et al., 2011). Herbicides are known to exhibit 

toxic effects towards a wide range of organisms ranging from earthworms to human beings 

(Cheek et al., 1998; Crump et al., 2002; Liu et al., 2006; Tilson, 1998; Xiao et al., 2006; 

Zacharewski, 1998; Zafeiridou et al., 2006). They exert inhibitory effect on the soil 

microbial community, which indirectly affects the growth and reproduction of the 

earthworms (Qi-xing et al., 2006; Yasmin and D’Souza, 2010). Studies reported that 

herbicide induces the sister chromatid exchange in human lymphocytes and mutates the 

germ cells in male rats (Ashby et al., 1997; Hill et al., 1997). In-vitro studies reveal that 

these compound alters the thyroid hormone dependent gene expression and are termed as 

endocrine disruptor by the USEPA and European Union (Cai et al., 2007; Crump et al., 

2002; Zhang et al., 2016). Previous studies have reported significant incidences of the 

carcinogenic nature of the  herbicides which causes bone, liver, lungs, nasal cavity, stomach 

and thyroid tumours in the rats, tadpoles and minnows (Green et al., 2000; Helbing et al., 

2006; Hurley, 1998; Li et al., 2009).  

Several factors that influences the detrimental effects of herbicides on human health are the 

chemical class of the active ingredient, dosage amount & time and exposure route (Zeliger, 

2011). Prolonged exposure to herbicides may lead to a number of health issues, including 

cancer, neurodegenerative, reproductive and developmental changes (Bassil et al., 2007; 

Hanke and Jurewicz, 2004; Hernández et al., 2011; Parrón et al., 2011). Studies on the 

effect of herbicides on humans suggest the increased risk of leukemia, lymphoma, brain, 

kidney, breast, prostate, pancreas, liver, lung, and skin cancers with both residential and 

occupational exposures (Alavanja et al., 2004; Gilden et al., 2010; Kamel and Hoppin, 

2004; McCauley et al., 2006). Occupational risk are reported to be such high that mothers 

exposed to these harmful chemicals during pregnancy increases the chances of leukemia, 

Wilms' tumor, and brain cancer in the unborn child (Gilden et al., 2010; Van Maele-Fabry 

et al., 2010). Exposure to herbicides used for gardening and urban development purposes 

are associated with blood cancers in children (Chen et al., 2015). Several studies have 

reported the neurotoxic effect of various herbicides and associated birth defects, fetal deaths 

and altered fetal growth due to exposure to these compounds (Bretveld et al., 2006; Sanborn 

et al., 2007). Agent Orange, a formulation of the 50:50 mixture of the herbicides 2,4,5-T 
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and 2,4-D, cause genetic mutations in new-borns in Malaya and Vietnam (Bretveld et al., 

2006; Ngo et al., 2010).  

Several herbicides such as 2,4-D have been associated with dysfunctional male 

reproductive system such as impaired male fertility with a reduced sperm count, genetic 

alterations in sperm due to damage to the germinal epithelium and altercation in the 

hormonal function (Sheiner et al. 2003). Additionally, studies have indicated that exposure 

to herbicides may lead to long-term respiratory problems, increased risks of dermatitis and 

diabetes (Doust et al., 2014; Montgomery et al., 2008; NIEHS, 2008; Sanborn et al., 2007). 

Estrogenicity assays of organochlorine herbicides indicates that it may act as an endocrine 

disruptor through more than one mechanism (Hernández et al., 2013).  

1.5. SOME COMMONLY USED HERBICIDES 

Glyphosates and chloroacetanilide herbicides are two most widely applied herbicides used 

extensively in agricultural practices for the protection of various crops (Meyer and Scribner 

2009). Recent reports on the use of herbicides in Indian agriculture states that butachlor 

and glyphosate are the highest consumed herbicides in India with the annual consumption 

of 6032 metric tons & 6003 metric tons respectively (Choudhury et al., 2016). Butachlor in 

rice; alachlor in groundnut and glyphosate in cotton and tea are reported as major herbicides 

used in India (Choudhury et al., 2016). Hence, in the following sections, physico-chemical 

behaviour and environmental hazards of these herbicides have been discussed in details.  

1.5.1. GLYPHOSATE 

A globally significant herbicide used widely to control annual and perennial weeds in 

agriculture, silviculture, urban areas, and domestic gardens is glyphosate which is an 

organophosphorus compound, specifically a phosphonate with stable carbon-phosphorus 

(C-P) bond (Van Stempvoort et al., 2014; Waiman et al., 2012; Zhang et al., 2015). It was 

developed by Monsanto Co. in the year 1974 (Duke and Powles, 2008). Based on its 

worldwide usage, glyphosate has been ranked as the number one herbicide by US 

Environmental Protection Agency(Atwood and Paisley-Jones, 2017). It is a broad 

spectrum, post-emergent, and non-selective systemic herbicide used in a wide varieties of 

crops such as soybean, cotton, canola, maize etc. (Annett et al., 2014; Gianessi, 2005).  

It is the only herbicide that inhibits the biosynthesis of aromatic amino acid in shikimate 

pathway by targeting the 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS). 

Suppression of  EPSPS restricts the biosynthesis of various secondary metabolites, such as 
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flavonoids, coumarins or lignin, and also deregulates the energy metabolism (Sviridov et 

al., 2015). The physical and chemical properties of the glyphosate (Figure 1.1) have been 

presented in Table 1.2. 

 

Figure 1.1. : Chemical structure of glyphosate (University of Hertfordshire, 2013).  

Table 1.2: Physical and chemical properties of glyphosate (University of Hertfordshire, 2013) 

Chemical Name [(phosphonomethyl)amino]acetic acid 

Chemical Formula C3H8NO5P 

IUPAC Name N-(phosphonomethyl)glycine  

Products using glyphosate as 
its active ingredients 

Asteroid; Envision; Touchdown; Glyfos; 

Glyfos; Daker; Glyphosate 360; Glyphogan; 
Kernel; Manifest 

CAS No. 1071-83-6 

Molecular Weight 169.1 

Physical State Colourless crystals 

Melting point (°C) 189.5 

Boiling point (°C) Decomposes before boiling 

Flashpoint (°C) Not expected to self-ignite 

Water Solubility (20°C) 10500 mg/L 

Vapour pressure (20°C)  0.0131 mPa 

Glyphosate is highly water soluble (11,600 ppm at 25 °C) and stable to photo degradation 

with half-life of more than 35 days at a wide range of pH at 35°C (Kollman and Segawa, 

1995) . Glyphosate usually binds to the soil particles and gets accumulated in the soil upper 

layer.  Therefore, this herbicide is most frequently found in surface water, groundwater, 

and water-sediment due to surface runoff, drift and vertical transport in soil (Lupi et al., 

2015; Newton et al., 1994; Shushkova et al., 2010). Rapid dissipation of glyphosate has 

been reported in case of surface water (Newton et al., 1994). While the half-life of the 

herbicide in case of the natural water sources has been reported to be 35 to 63 days, for 

ponds high in suspended sediment, half-lives ranges from 1.5-11.2 days (Goldsborough and 

Brown, 1993; U.S. EPA., 1993). In the soil environment, glyphosate is stable to sunlight, 
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is resistant to chemical degradation, has a low tendency to runoff and is relatively non-

leachable thus making it immobile (Schuette, 1998).  

Detection of the residues of glyphosate in human urine samples confirms its presence in 

the ecosystem (Niemann et al., 2015). The USEPA along with several pesticide regulatory 

agencies and scientific organizations in consensus have designated glyphosate of "not 

likely to be carcinogenic to humans" (Tarazona et al., 2017; US EPA, 2017). However, the 

WHO affiliated International Agency for Research on Cancer (IARC), has declared 

glyphosate as probably carcinogenic for humans due to the  claims of carcinogenicity in 

research reviews (Cressey, 2015). Studies indicates the evidence of glyphosate being 

carcinogenic and being the causal agent for the organ damage in case of the non-

mammalian species through oxidative stress and inhibiting the neurotransmitter, 

acetylcholinesterase (Mesnage et al., 2015). Eventhough the acute oral toxicity due to 

glyphosate is low, deliberate overdose of the concentrated formulations have reported 

deaths in the mammals (Sribanditmongkol et al., 2012; Van Bruggen et al., 2018). 

Glyphosate has been recognized to cause structural alterations in the soil microbial 

communities either by growth inhibition or assisting the phyto-pathogenic fungi in the soil 

(Ermakova et al., 2010; Hadi et al., 2013). In-vitro studies revealed that the main metabolite 

of glyphosate degradation, Aminomethylphosphonic acid (AMPA), detected frequently in 

the sediments, surface and groundwater, is reported to affect the human erythrocytes 

negatively  and is known to cause DNA and chromosomal damage in fish (Botta et al., 

2009; Grandcoin et al., 2017; Guilherme et al., 2014; Van Stempvoort et al., 2016).  

1.5.2. CHLOROACETANILIDE HERBICIDES  

Invented since 1960s, chloroacetanilide class of herbicides constitutes one of the major 

class of herbicides to be used worldwide in the agricultural sector for the control of 

broadleaf weeds and annual grasses (EPA, 2011). These are primarily the N-alkoxyalkyl-

N-chloroacetyl-substituted derivatives of aniline. The most commonly used 

chloroacetanilide herbicides are acetochlor, alachlor, butachlor, metolachlor, s-

metolachlor, pretilachlor, propachlor, and propisochlor (Liesner, 2003). Chloroacetanilide 

herbicides are commonly used for the crops like corn, cotton, maize, rice, soybean, sugar 

cane, beetroot, sunflower, etc. (Chen et al., 2017; Tomlin, 2011). Chloroacetanilide 

herbicides acts by inhibiting the enzyme elongase that accounts for the elongation of very 

long-chain fatty acids and the geranylgeranyl pyrophosphate cyclization enzymes (Götz 
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and Böger, 2004). In addition to lipid biosynthesis, they also affects various other metabolic 

processes and redox homeostasis adversely (Agrawal et al., 2014). 

Available studies reported that a sharp increase in the usage of the chloroacetanilide 

herbicides has been observed in the recent past where, around 90 million kg of the herbicide 

belonging to this class had been used in US alone for the year 2012 (Atwood and Paisley-

Jones, 2017). However, among the above mentioned compounds, alachlor and butachlor 

have been used most widely for various crop protection. Structurally, these are the most 

complexed one as compared to the other compounds. Therefore, much attention has been 

paid to the fate and removal of these herbicides from the environment (Fang et al., 2009; 

Sinha et al., 1995).  

1.5.2.1. ALACHLOR 

Alachlor, a selective, systemic, widely consumed chloroacetanilide class of herbicide used 

for the control of annual grasses such as Barnyard grass; Crab grass; Goosegrass; 

Herringbone grass; Sweet buffalo grass and broadleaf weeds like Chickweed, Pigweed, 

Purslane, Nutsedge, Sow thistle, etc. (University of Hertfordshire, 2013). The herbicide 

was developed by Monsanto Co. in the year 1964 (USEPA, 1998). Alachlor is primarily 

used as pre-emergent or early post-emergent herbicide all over the world (Galassi et al., 

1996; Hladik et al., 2005a; Mangiapan et al., 1997). Alachlor is broadly used in cultivations 

of Brassicas, corn, cotton, grain sorghum, maize, peanuts, soybean, radish, oilseed rape, 

and sugarcane (Ewida, 2014; Neera Singh, 2013; Schwab et al., 2006; Sun et al., 1990). 

The physical and chemical properties of alachlor (Figure 1.2) have been presented in Table 

1.3. 

 

Figure 1.2: Chemical structure of alachlor (University of Hertfordshire, 2013).  

Table 1.3: Physical and chemical properties of alachlor (University of Hertfordshire, 2013) 

Chemical Name 
2-chloro-N-(2,6-diethylphenyl)-N-
(methoxymethyl)acetamide 

Chemical Formula C14H20ClNO2 
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IUPAC Name 
2-chloro-2',6'-diethyl-N-
methoxymethylacetanilide 

Products using this active 
ingredients 

Lasso, Alanex, Pillarzo, Lariat, Crop Star,  
Bullet, Freedom, Rasta 

CAS No. 15972-60-8 

Molecular Weight 269.77 

Physical State Colourless Liquid / Yellow Crystals 

Melting point (°C) 39.5 - 41.5 °C 

Boiling point (°C) 100 °C 

Flashpoint (°C) 137 °C 

Water Solubility (20°C) 240 mg/L 

Vapour pressure (20°C)  2.9 mPa 

Accordingly, alachlor is one of the severely restricted chemicals in the present scenario. 

Since 1985, alachlor has been banned in Canada due to its potential health implications 

whereas the European Community implemented recent regulatory actions to ban its usage 

in the Europe in the recent past (Pipi et al., 2014; Rotterdam Convention, 2011). Hence, its 

occurrence in the environment is particularly worrisome. The European Commission (EC) 

has enlisted alachlor as a priority substance (PS) as per its dictum, Directive 2000/60/EC 

(EC, 2001). With a half-life ranging from 2 to 50 days in the surface soil, alachlor tends to 

degrade rapidly in the soil (Beestman and Deming, 1974). Thus, the degradation products 

of alachlor such as alachlor-ESA were detected more frequently (20 times) than the parent 

compound itself (Kolpin et al., 1996). The herbicide and its intermediates are highly water 

soluble and their sorption on to the soil is highly limited (Weber et al., 2004). Hence, offsite 

transportation via leaching and surface runoffs of these compounds is an issue of great 

concern (Mendes et al., 2017). The downward movement of alachlor to contaminate the 

groundwater is primarily controlled by the retention properties of the soil and various 

transformation processes (Yen et al., 1994). With respect to environment, alachlor is 

highly-persistent and possesses the possibility of bio-magnification on moving up in the 

food chain (Kumar et al., 2011). 

Being anthropogenic, alachlor interferes with the various biochemical processes among the 

non-target organisms (Lee et al., 2004; Peebua et al., 2008; Tilak et al., 2005). Alachlor, 

induces an antagonistic impact on the production of DNA, RNA, glycogen, metabolic 

enzymes and total proteins in freshwater fishes such as Channa punctatus (Bloch), Clarias 

batrachus, etc., while it increases metabolic enzymes due to the toxic stress (Rajini A et 

al., 2014; Tilak et al., 2009). Not only limited to the freshwater fishes, alachlor also affects 
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significantly to the marine aquatic life such as turbot fish (Psetta maxima) resulting in delay 

in the hatching processes, embryogenic malfunctions, skeletal deformations and pericardial 

oedema (Mhadhbi Lazhar, 2012). Even though no conclusive information regarding the 

genotoxicity and mutagenicity of the alachlor is available, it is confirmatory that acute 

exposure of alachlor causes minor skin and eye irritation however, long term exposure may 

lead to organ failure, eye lesions and liver toxicity (Dehghani et al., 2013; Lee, 2004). 

Despite its low acute toxicity, alachlor has been enlisted as B2 group carcinogen by USEPA 

and relegated it to be highly toxic to the humans (Lauga et al., 2013; Orme and Kegley, 

2004; Potter and Carpenter, 1995).  

1.5.2.2. BUTACHLOR 

Butachlor, a synthetic chloroacetanilide class of herbicide developed by Monsanto Co. in 

the year 1970, is widely used pre-emergent or early post-emergent herbicide for the control 

of annual grasses such as Barnyard grass; Torpedo grass; Crab grass; Rye grass; Witch 

grass, broad-leaved weeds such as Red deadnettle and freshwater submerged macrophytes 

such as Hydrilla verticillata, Najas minor, Nechamendra alternifolia, Ottelia alismoides, 

etc., (Chattopadhyay et al., 2006; University of Hertfordshire, 2013; USEPA, 1998). 

Butachlor was initially introduced in the year 1973 in Japan for weed control in rice 

irrigation. It is predominantly used in Africa, Asia and South America (Liu et al., 2011; 

Seok et al., 2012). It is one of the top three herbicides used in China and Asia alone 

consumes approximately 4.5 × 107 kg per year (Liu et al., 2008; Mohanty et al., 2004). 

Butachlor is the first rice herbicide introduced in India and nearly 6750 metric tons of 

butachlor is used annually (Tilak et al., 2007; Verma et al., 2014). Butachlor is broadly 

used in cultivations of rice, barley, wheat, tea, beans, corns, soybeans, peanuts, etc. 

(Dwivedi et al., 2012; Muthukaruppan et al., 2004). The physical and chemical properties 

of butachlor (Figure 1.3) have been presented in Table 1.4.  

 

Figure 1.3: Chemical structure of butachlor (University of Hertfordshire, 2013).  
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Table 1.4: Physical and chemical properties of butachlor (University of Hertfordshire, 2013) 

Chemical Name 
N- (butoxymethyl) -2-chloro-N- (2,6-
diethylphenyl) acetamide 

Chemical Formula C17H26ClNO2 

IUPAC Name 
N -butoxymethyl-2-chloro-2 ', 6'-
diethylacetanilide 

Products using this active 

ingredients 

Machete, Milchlor, Weedout, 

Butanox, Gale 

CAS No. 23184-66-9 

Molecular Weight 311.9 

Physical State Oily liquid of variable colour 

Melting point (°C) -55 

Boiling point (°C) 156 

Flashpoint (°C) Not highly flammable 

Water Solubility (20°C) 20 

Vapour pressure (20°C)  0.24 

The half-life of butachlor varies from 2.67 – 5.33 days in soil and 1.65 – 2.48 days in water 

(Guo et al., 2010). Since, butachlor has such high soil adsorption coefficient (KOC = 700), 

it’s mobility in the soil is almost negligible and it bio-concentrates in the aquatic ecosystems 

rather easily (Franke et al., 1994). Hence, it poses a potential threat to both aquatic as well 

as terrestrial eco-system and human health by entering the food chains (Fang et al., 2009). 

Higher concentration of butachlor residues, as well as its metabolites, has been detected in 

various agricultural soils as well as ground and surface waters (Chiang et al., 2001). Several 

studies have been undertaken to determine the pernicious effect of butachlor in the 

environment. 

Since butachlor is extensively used for controlling freshwater macrophytes, the freshwater 

aquatic ecosystem is affected the most. In vitro studies suggest that butachlor is mutagenic 

to freshwater fishes such as Salmonella typhimurium (Hsu et al., 2005) Channa punctata 

(Tilak et al., 2007) and Tilapia zillii (Nwani et al., 2013). Studies pertaining to the genotoxic 

and cytotoxicity nature of butachlor towards the catfish Clarias batrachus, suggest that the 

concentration of butachlor is directly proportional to the degree of DNA damage in the 

organism (Ateeq et al., 2006, 2005, 2002). Remarkable amount of protein loss was also 

observed in liver and muscles at lethal as well as sublethal concentrations (Rajput and 

Singh, 2012). Exposure to sublethal concentration of butachlor affects negatively to 

freshwater shrimps (Paratya compressa improvisa) and Daphnia magna (Hatakeyama and 

Sugaya, 1989) and disrupts the reproductive process, thyroid hormones and sex steroids in 
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Zebrafish, Danio rerio (Chang et al., 2013). In terrestrial ecosystem, butachlor is reported 

to exhibit toxicity towards earthworms and has a negative impact on soil microflora by 

affecting the microbial community structures and enzymatic activities adversely (Min et 

al., 2001; Muthukaruppan et al., 2004). In vitro studies suggest that butachlor exerts 

genotoxic effects on amphibians, and induces stomach tumours in rats, apoptosis in 

mammalian cells and oxidative DNA damage in human cells (Dwivedi et al., 2012; Geng 

et al., 2005; Hard et al., 1995; Xu et al., 2007; Zhang et al., 2011). Butachlor is reported to 

be clastogenic, cytotoxic, and carcinogenic in nature (Hsu et al., 2005; Ou et al., 2000; 

Panneerselvam et al., 1999; Thake et al., 1995).  

On account of the above discussion referring to the toxicity, persistent nature, and the clear 

threat to human health and ecosystem, the widespread prevalence in different water sources 

and soil makes it extremely necessary to formulate effective approaches to remediate the 

above discussed herbicides from the environment.  

1.6. AVAILABLE REMEDIATION TECHNOLOGY 

In order to protect the ecosystem from the toxic effects of the above discussed herbicides, 

a number of treatment technologies have been reported in the literatures. The removal 

technologies were broadly divided in to the physico-chemical encompassing 

photocatalysis, ion-exchange, electrochemical reduction, use of oxidising agents, 

ultrafiltration, membrane filtration, and adsorption techniques and the biological methods 

such as microbiological treatment processes and phytoremediation. In the following 

sections, both physico-chemical and biological treatment technologies reported for the 

removal of the herbicides has been discussed in brief to present the overall scenario of 

herbicide remediation till date.  

1.6.1. PHYSICO-CHEMICAL METHODS FOR THE REMOVAL OF HERBICIDES 

FROM THE ENVIRONMENT 

In view to the related health and other risks associated with the presence of glyphosate in 

the environment, development of effective removal strategy is highly necessary. Abiotic 

approaches for glyphosate removal includes adsorption, photocatalysis, chlorination, and 

ozonation (Table 1.5) (Assalin et al., 2009; Lund-Høie and Friestad, 1986). High water 

solubility of glyphosate limits its removal by activated carbon via adsorption. Study reports 

that for a pre-treated surface water, average glyphosate removal by the granular activated 

carbon was less than 10% while for AMPA it is around 21% (Lange and Post, 2000). Even 
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powdered activated carbon was investigated for the removal of glyphosate from the water 

which turns out to be ineffective as even at higher dosage the PAC was unable to remove 

more than 20% of 25 mg/L of glyphosate from the tap water (Jönsson et al., 2013).  

Study on the photocatalytic degradation of glyphosate employing UV and UV/H2O2 is 

highly limited in number. Lund-Høie & Friestad demonstrated that only 50% reduction in 

the initial glyphosate of 1 mg/L concentration in deionised water was achieved after 4 days 

at 20 °C with an UV intensity of 30 W/cm2 (Lund-Høie and Friestad, 1986). Complete 

removal of the glyphosate from the contaminated water by decomposing it into non-toxic 

end-products was achieved by the combination of ultraviolet (UV) light and a photocatalyst 

in the photocatalytic degradation system (Echavia et al., 2009; Manassero et al., 2010; Xu 

et al., 2011). However, inability for the insitu remediation of glyphosate from the 

environment is one of the major drawback of this system.  

Literature suggests the high effectiveness of the application of chlorine in glyphosate 

reduction in wastewater treatment technology (Jönsson et al., 2013). Eventhough the 

performance is temperature, pH and chlorine concentration dependent, any information 

corresponding to the influence of these factors on the overall performance hardly exists. 

Study on the removal of glyphosate using chlorine revealed that a dose of 2 mg/L of 

chlorine is able to degrade 1.2 μg/L of glyphosate completely within 20 mins (Kempeneers, 

2000). Decreasing the concentration of chlorine to 0.75 mg/L and increasing the contact 

time to 4 hours degrades 5 μg/L of glyphosate completely indicating fast kinetics and 

dependency of the remediation technology on the contact time.  

Study reported that a dose of 0.8 mg/L of ozone is able to reduce 22 μg/L of glyphosate to 

below the limit of detection from the contaminated wastewater (WHO, 2003). 

Concentration of ozone along with the contact time plays a vital role in determining the 

glyphosate reduction. Another batch study to determine the effect of pH on the glyphosate 

degradation by ozonation reported the application of ozone for 30 minutes at a 

concentration of 14 mg/L for pH 6.5 and pH 10 (Assalin et al., 2009). Results suggest that 

at alkaline pH ozonation was found to be more effective for glyphosate degradation. After 

17 minutes of treatment 42.275 mg/L of glyphosate was totally removed from the aqueous 

medium while only 80% had been degraded at pH 6.5 after 30 minutes. However, 

glyphosate removal by ozonation of water is a highly debatable subject since studies have 

reported the formation of glyphosate and the intermediate AMPA during the ozonation of 

water containing methylenephosphonic acid (EDTMP) at pH 5 (Klinger et al., 1998). 
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EDTMP is a chelating agent which finds its application primarily in process industries and 

thus occurs in the water bodies adjoining the industrial arenas. This implies that a 

percentage of glyphosate detected in the water during ozonation may not be complete 

herbicide derived.  

Eventhough techniques such as chlorination and ozonation are witnessed to be effective in 

removal of glyphosate from the environment but the processes are highly dependent on the 

temperature and pH of the system. Similarly, application of activated carbon does not 

provide a removal option from the practical point of view for the highly water soluble 

glyphosate from the ecosystem (Jönsson et al., 2013).  

Studies pertaining to the physico-chemical degradation of alachlor have been reported in 

Table 1.5. Disinfection of drinking water by application of ozone to oxidize various 

contaminants such as alachlor is one of the widespread technique used globally.  However, 

complete removal of alachlor at water plants could not be achieved by the conventional 

ozonation technique (Hladik et al., 2005b; Verstraeten et al., 2002). Increasing the dosage 

however have resulted in the significant enhancement of the degradation of alachlor 

(Beltrán et al., 1999). Qiang et al. (2010) investigated the application of advanced oxidation 

process (AOP) comprising Ozonation + H2O2 pretreatment for the degradation of alachlor 

in aqueous medium. The degradation byproducts formed during the AOP were 2-chloro-

20-acetyl-60-ethyl-N-(methoxymethyl)-acetanilide, 8-ethyl-quinoline, 2-chloro-20,60-

diacetyl-N-(methoxymethyl) acetanilide, N-(2,6-diethylphenyl)-methyleneamine, 1- 

chloroacetyl-2-hydro-3-ketone-7-acetyl-indole, 8-ethyl-3,4-dihydro-quinoline, and 

hydroxylated isomer of alachlor. The study reported that degradation of alachlor occurred 

via several processes such as cleavage, cyclization and N-dealkylation of the aromatic ring 

and oxidation of the arylethyl group of the compound. The toxicity of the AOP treated 

aqueous solution was examined by the Daphnia magna bioassay and it was found to have 

reduced slightly. Keeping in view their higher efficiency, ease of use and eco-friendliness, 

Fenton systems have also been studied extensively for the remediation of contaminants 

from the environment (Babuponnusami and Muthukumar, 2014; Neyens and Baeyens, 

2003). In the classic Fenton system, H2O2 decomposition catalyzed by Fe(II) generates the 

hydroxyl radicals which have the capability to oxidize the most of the hydrocarbons non-

selectively (Cheng et al., 2016; Sedlak and Andren, 1991). However, during the Fenton 

reactions, the ferric ions accumulate quickly since the rate of reaction between the ferric 

ions with hydrogen peroxide is relatively slower than that of the ferrous ions. Thus, the 
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accumulated ferric ions precipitates and slows down the reactions by blocking it (Kopf et 

al., 2013; Ma et al., 2005). However, application of the environmental friendly 

protocatechuic acid (PCA) can improve the alachlor degradation efficiency of the Fenton 

system significantly (almost by 10 000 times)(Qin et al., 2015). The spectacular 

enhancement in the degradation efficiency may be attributed to the protocatechuic ligand 

that forms stable complexes with the ferric ions and prevents them from precipitation and 

thus enhancing the hydroxyl radical generation indirectly.  

Similarly, Gamma irradiation has been proved to be another promising alternative for the 

removal of refractory compounds such as cefaclor (Yu et al., 2008), methyl tert-butyl ether 

(MTBE) (Hsieh et al., 2004), fluorine (Popov and Getoff, 2004), and nitrobenzene (Zhang 

et al., 2007) from the water. Gamma irradiation coupled with hydrogen peroxide enhances 

the degradation of alachlor and removal of total organic carbon in an aqueous solution 

(Choi et al., 2010). However, increase in the concentration of H2O2 reduces the degradation 

efficiency since it acts as the hydroxyl radical scavenger and moreover complete 

degradation of the alachlor along with its by-products cannot be achieved by this process.   

Laboratory scale application of nanoscale zero-valent iron particles for the reduction of 

alachlor from the aqueous medium stipulated it to be another viable option for remediation 

of high concentration of pesticide waste (H. Y. Kim et al., 2006; Thompson et al., 2010). 

The study suggested for the application of the technology for on-site remediation as well 

as for the treatment of contaminations generated due to accidental spillage during 

application or storage of the herbicide. In presence of the nanoparticle, alachlor degradation 

was found to be complete, rapid, and the reaction product was found to be dechlorinated 

alachlor. However, the main drawback of application of such technologies is that, these 

technologies depend on the fact that most of the pesticides contains moieties which when 

coupled with the zerovalent nanoparticles get reduced and, the intermediate metabolites 

obtained are found to be more toxic and environmentally hazardous than the parent 

compound. The conventional as well as the advanced physicochemical processes do have 

certain limitations such as secondary effluent generation, intermediate production, high 

operational cost, low removal efficiency which makes them inefficient for their application 

in in-situ remediation of alachlor (Hladik et al., 2005b; Lapertot et al., 2006).  

Similarly, several physico-chemical studies have been reported that involves removal of 

butachlor from the environment (Table 1.5). Degradation of butachlor in the environment 

follows the first order kinetics (Debnath et al., 2002). Friedman et al., studied the 
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degradation of various chloroacetanilide herbicides by Anodic Fenton Treatment (AFT) 

method (Friedman et al., 2006). It employs the Fenton reaction to generate hydroxyl 

radicals and strong oxidants to degrade organic compounds via hydrogen abstraction. 

However, the biggest limitation for the employment of AFT for the remediation of 

chloroacetanilide compounds is that even though the parent compound may be removed 

efficiently by the procedure, AFT is unable to remove the intermediate metabolites of the 

herbicides from the environment and is unable to mineralize the parent compounds 

completely. Likewise, application of laboratory synthesized nanoscale zerovalent iron 

particles is another potential alternative for the removal of butachlor from the aqueous 

medium (H.-Y. Kim et al., 2006). The laboratory synthesized zerovalent iron particles gets 

oxidized and forms iron oxide which acts as a reductant and dechlorinated butachlor in the 

aqueous medium. The study reports more than 90% butachlor degradation and removal of 

the various intermediate toxic metabolites of butachlor that are usually found in the 

environment. Another nanomaterial that has been used for the removal of butachlor form 

the environment was titanium dioxide nanoparticles (Mahmoodi et al., 2007). The study 

reported mineralization of butachlor by the immobilized titanium dioxide nanoparticle 

following a first-order degradation kinetics.  

Table 1.5:  Summary of the existing physico-chemical remediation technologies. 

COMPOUND DESCRIPTION ACHIEVEMENT/OUTCOME REFERENCE 

Glyphosate 

Photocatalysis 

Average glyphosate removal by the 

granular activated carbon was less 

than 10% while for AMPA it is 
around 21% 

(Lange and Post, 
2000) 

Photocatalytic 

degradation 

Complete removal of the 

glyphosate from the contaminated 

waterwas achieved by the 

combination of photocatalyst and 

ultraviolet (UV) light in the 
photocatalytic degradation system 

(Echavia et al., 

2009; Manassero 

et al., 2010; Xu et 
al., 2011) 

Wastewater treatment 
technology 

Chlorine dose of 2 mg/L is able to 

degrade 1.2 μg/L of glyphosate 
completely within 20 mins 

(Kempeneers, 
2000) 

Ozonation 

Ozone concentration of 14 mg/L for 

30 minutes at pH 6.5 and at pH 10 

at room temperature to determine 

the effect of pH on the glyphosate 

degradation. After 17 minutes 

42.275 mg/L of glyphosate was 

totally removed from the aqueous 

medium while only 80% had been 
degraded at pH 6.5 after 30 minutes 

(Assalin et al., 
2009) 
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Alachlor 

Ozonation, Filtration 

and Chlorination 

Around 76% of the parent 

compound and around 21% of the 

intermediate metabolite are 
degraded in the river body.  

(Verstraeten et al., 

2002) 

Ozonation and AOP 

with H2O2 

While ozonation removes 72% of 

alachlor, in combination with H2O2, 

the removal efficiency increases to 
88%.  

(Beltrán et al., 

1999) 

Ozonation +  H2O2 

5.5µM of alachlor was degraded in 

60 mins and various degradation 
by-products were determined.  

(Qiang et al., 

2010) 

Fenton treatment 

97.6% of 2.2 µM of alachlor was 

degraded within 5 mins and the 

efficiency of the system enhanced 

almost by 10,000 times on addition 
of protocatechuic acid (PCA)   

(Qin et al., 2015) 

Gamma irradiation + 
H2O2 

At a dose of 200 Gy, the alachlor 

degradation of 99.2% was achieved 

while at 20 kGy, the TOC removal 

efficiencies of the alachlor was 
83.8%. 

(Choi et al., 2010) 

Application of 

Zerovalent iron 
nanoparticle 

Reduces the alachlor up to 240 

mg/Kg within 24 hours by 70%.  

(H. Y. Kim et al., 

2006; Thompson 
et al., 2010) 

Butachlor 

Anodic Fenton 

Treatment 

Complete removal of 50µM of 

butachlor can be achieved in 4mins. 

(Friedman et al., 

2006) 

Zerovalent iron 

nanoparticle 

More than 90% butachlor and 
intermediate toxic metabolites were  

Removed.  

(H.-Y. Kim et al., 

2006) 

Titanium dioxide 

nanoparticles 

Complete removal of 64µM of 

butachlor including the 

intermediate metabolites were 
removed within 140 mins.   

(Mahmoodi et al., 

2007) 

1.6.2. LIMITATIONS OF THE PHYSICO-CHEMICAL METHODS 

The treatment technologies discussed above are known to have the intrinsic disadvantage 

owing to their tendency to form toxic intermediates and incomplete mineralization of the 

parent compounds. The major drawback for the application of AFT is that Even though the 

treatment technique makes the wastewater biodegradable, the technique cannot be 

employed individually to achieve desirable results since it is unable to mineralization the 

parent compound completely (Friedman et al., 2006). Similarly, the chemical oxidation 

using strong oxidants is much more dependent on the pH of the medium and hence more 

expensive if employed industrially (Ikehata and Gamal El-Din, 2005). Photo-oxidation and 

ozonation are other viable options for the treatment of chloroacetanilide herbicides. 

However, the products formed during these processes are considerably more toxic than the 
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parent compound itself thus rendering the methods unserviceable (Kene M and Kurnik J, 

2004; Souissi et al., 2013). Similarly, the intermediate metabolites obtained due to coupling 

of zerovalent nanoparticles with the moieties of the herbicides are found to be more toxic 

and environmentally hazardous than the parent compound (Hladik et al., 2005b; Lapertot 

et al., 2006). Hence the development of biological treatment technology that results 

innocuous end products has become the focus of the research in the recent past. 

1.6.3. BIOLOGICAL TREATMENT METHODS FOR THE REMOVAL OF 

HERBICIDES FROM THE ENVIRONMENT  

Microbial transformation is considered as the most important route for the dissipation of 

any contaminant from the environment (Chesters et al., 1989; Rajasankar et al., 2013). It is 

preferred over the other conventional treatment methods due to its ability to degrade the 

contaminant completely and it has no other added disadvantages such as undesirable by-

products or secondary pollutants or cost ineffectiveness. The process taps the ability of 

microorganisms to utilise organic pollutants to generate biomass along with carbon dioxide 

and water.  

Application of microbial strain for the remediation of alachlor from the environment had 

been studied since long (Kaufman and Blake, 1973). Alachlor degradation in the 

environment is majorly a microbial process (Knapp et al., 2003). Several microorganisms 

having the potential to degrade alachlor have been reported in literature previously. Tiedje 

and Hagedorn (1975) reported the biodegradation of alachlor and the intermediate 

degradation pathway by the soil fungal strain Chaltomium globosum. The intermediate 

metabolites described in the study were: 2,6-diethyl-N- (methoxymethyl)aniline, 2-chloro-

2',6'-diethylacetanilide, l-chloroacetyl-2,3-dihydro-7-ethylindole and 2,6-diethylaniline. 

They have also reported that the microbe is capable of degrading the intermediates 2-

chloro-2',6'-diethylacetanilide and 2,6-diethylaniline further into non-toxic end products. 

Ferrey et al. (1994) have reported three white rot fungi Ceriporiopsis subvermispora, 

Phlebia tremellosa and Phanerochaete chrysosporium, having the capability of 

mineralizing alachlor. However, the strains C. subvermispora and P. tremellosa 

demonstrated better degradation efficiency than P. chrysosporium. The actinomycetes, 

displays a wide array of metabolic diversity and hence are actively involved in the 

degradation of several xenobiotic compounds in the environment (McCarthy and Williams, 

1992). The soil actinomycetes, Streptomyces PS1/5 was reported to have the potentiality to 

degraded alachlor in both aqueous as well as soil medium (Shelton et al., 1996). However, 
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it uses either chitin or glucose as the primary carbon source and ammonium sulfate or 

casamino acids as the source of nitrogen. Similar results have been reported by Sette et al., 

where the Streptomyces strains isolated through selective enrichment technique were able 

to tolerate up to 720 mg/L of alachlor and are able to degrade up to 72 mg/L of alachlor 

completely in the mineral salt medium (Sette et al., 2005). Previously several bacterial 

strains such as Bacillus cruciviae, Bacillus brevis, Pseudomonas aeruginosa, and 

Pseudomonas putida have been reported to tolerate and degrade alachlor (Lee, 1986). 

Nevertheless, the degradation efficiency of the subjected bacterial strains were significantly 

low. However, recent studies revealed that, the bacterial strain Paracoccus sp. strain FLY-

8, isolated from the contaminated soil, has the ability to utilize alachlor as the sole carbon 

and energy source efficiently (Zhang et al., 2011). The study focuses on the influence of 

molecular structure of the contaminant on its rate of biodegradation by the microbial strain. 

It is inferred that the biodegradation efficiency reduces significantly if the alkoxymethyl 

side chain is substituted with alkoxyethyl side chain. Similarly, the length of the 

alkoxymethyl of the amide group significantly varies the degradation efficiency of the 

microbial strain.  

Although several microorganisms have been reported, no single or mixed culture is able to 

degrade alachlor efficiently and completely. Most of the studies pertaining to the 

biodegradation of alachlor reports that alachlor can only be mineralized through co-

metabolism (Ensz et al., 2003; Mittapalli and Turnbull, 2010). The earliest study to be 

reported on the biodegradation of alachlor via cometabolism was on the fungal strain, 

Rhizoctonia solani, which was reported to co-metabolize alachlor in presence of another 

primary carbon source, glucose (Smith and Phillips, 1975). Additional carbon sources such 

as glucose or sucrose increases the alachlor mineralizing ability of the microbial strains 

(Sun et al., 1990). This infers that the microbes utilizes alachlor side chain as the secondary 

carbon source without attacking the aromatic ring (Levanon, 1993). Similar results have 

been reported for the microscopic fungus Paecilomyces marquandii which has the ability 

to co-metabolize alachlor by N-acetyl oxidation in presence of another primary carbon 

source (Szewczyk et al., 2015). The proteomics and metabolomics data revealed that even 

though the growth and glucose consumption rates decreases in presence of alachlor, the 

rate of glycolysis and TCA cycle increases and novel supplementary materials and reactive 

oxygen species scavengers were formed. Proteomic analysis implicates that the 
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overexpression of the enzyme cyanide hydratase in presence of alachlor may be due to the 

fact that it is the key enzyme involved in alachlor biodegradation process.  

Initially, it was reported that biodegradation of alachlor in active soil is almost 50 times 

faster than in the sterilized soil (Beestman and Deming, 1974). However, the alachlor 

degradation enhances in soil samples which has a history of application of alachlor (Felsot 

and Dzantor, 1995). When the soil is augmented with additional carbon sources such as 

soybean stubble or ground corn, concentration of residual alachlor in the soil sample 

decreases significantly, thus suggesting the stimulation of activity of the indigenous soil 

microflora resulting in the enhancement of the co-metabolic transformation of the alachlor. 

A microbial consortium capable of degrading alachlor along with another pesticide atrazine 

was isolated from the soil sample of a 100-year old mix old site (Chirnside et al., 2007). 

Five bacterial strains comprising the microbial consortium were: Pseudomonas putida, 

Pseudomonas marginalis, Alcaligenes xylosoxydans subsp. xylosoxydans, Alcaligenes 

xylosoxydans subsp. denitrificans, and Providencia rustigianii. The study reveals that the 

degradation of alachlor by the microbial consortium starts only after the biotransformation 

of the atrazine begins thus confirming the fact that biodegradation of alachlor was 

dependent on the presence of the co-contaminant atrazine. Dehgani et al., have studied the 

effect of additional carbon and nitrogen source on biodegradation of alachlor by the 

bacterial consortium and evaluating the feasibility of the bio-stimulation process in the soil 

culture (Dehghani et al., 2013). Highest alachlor removal rate was observed in the presence 

of glucose and sodium citrate as the additional carbon source and ammonium nitrate as the 

additional nitrogen sources as compared to the other compounds. Munoz et al. (2011) have 

reported biodegradation of alachlor by the yeast Candida xestobii, isolated from the Luvisol 

(a soil type) contaminated with chloroacetanilide herbicides. More than 80% of the initial 

alachlor concentration was degraded by the strain C. xestobii within 2 days in presence of 

yeast extract as the additional carbon sources.  

Microbial transformation of alachlor in anaerobic conditions is yet to be explored 

completely. Aquifer and sediment samples incubated under anaerobic conditions yielded 

lower removal rates as compared to its aerobic counterparts (Pothuluri et al., 1990). 

Similarly, modest removal efficiency ranging between 30 – 60% of the initial alachlor 

concentration was observed on incubation of contaminated agricultural soil in anaerobic 

conditions (Konopka, 1994). However, better anaerobic losses were being observed in 
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anaerobic sewage sludge digester but only on the addition of sterilized sludge digestor 

materials thus suggesting the co-metabolic activity of the substrates.  

Microbial degradation has been proved to be a promising alternative for the redressal of 

chloroacetanilide class of herbicides from the environment (Zhang et al., 2011). However, 

to the very best of our knowledge, a very limited study on biodegradation of butachlor has 

been reported previously. Soil fungi, Fusarium solani and Fusarium oxysporum, are among 

the first microbial strains to be reported for their ability to degrade butachlor effectively 

(Chakraborty and Bhattacharyya, 1991). A plausible degradation pathway involving 

debutoxymethylation, dechlorination, dehydrogenation, C-dealkylation, O-dealkylation, 

N-dealkylation, hydroxylation, and cyclization, producing around 30–32 types of 

metabolites has been proposed in the study. Similarly, another soil fungus, Aspergillus 

niger that has the ability to utilize butachlor as well as other herbicides such as molinate 

and thiobencarb has been reported by Torra-Reventos et al. (2004). The study described the 

utilization of the herbicides by the fungal strain in presence of sucrose as the primary carbon 

source under optimized growth conditions. The strain has degraded 20 mg/L of butachlor 

completely within 7 days under optimum growth conditions.  

Bacterial strain Stenotrophomonas acidaminiphila JS-1, isolated from the herbicide 

contaminated wheat rhizosphere has previously been reported for its ability to utilize 

butachlor as the sole carbon source. The bacterial strain eliminated butachlor completely 

within 20 days at a rate constant of 0.17 d-1 from the soil (Dwivedi et al., 2010). Another 

bacterial strain, Paracoccus sp., has been recurrently reported for its efficacious butachlor 

degrading ability. Ni et al. (2011) identified the strain Paracoccus sp.Y3B-1, from the 

activated sludge of a wastewater plant to degrade the chloroacetanilide herbicides 

acetochlor and pretilachlor along with butachlor with a biodegradation efficiency of 86.7, 

69.1 and 65.5% within 3 days. Similar results have been reiterated in case of Paracoccus 

sp. strain FLY-8 isolated from rice field soil (Zhang et al., 2011). The butachlor degrading 

strain could utilize five other chloroacetanilide herbicides as sole sources of carbon for 

growth. The rate of microbial degradation of the chloroacetanilide herbicide is heavily 

dependent on the molecular structure of the compound. The study suggested that 

substitutions of alkoxymethyl side chain with alkoxyethyl side chain significantly reduces 

the degradation efficiency of the microbial strain while the length of the amide nitrogen’s 

alkoxymethyl affects the biodegradability of the herbicides significantly.  The study also 

elucidated the butachlor degradation pathway where, butachlor was transformed initially 
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into alachlor by partial C-dealkylation and then to 2-chloro-N-(2,6-dimethylphenyl) 

acetamide by N-dealkylation. Finally, it was converted into 2,6-diethylaniline which was 

further transformed into aniline and catechol. Similar trends have also been reported in the 

bacterial strain Rhodococcus sp.B1 which could degrade 100 mg/L butachlor within 5 days 

(Liu et al., 2012). The bacterial strain also followed similar butachlor metabolism pathway 

as described previously and the enzyme responsible for the N-dealkylation of the side chain 

of the butachlor was identified as hydrolase enzyme designated as ChlH. Butachlor been 

hydrolyzed by the enzyme results in the production of 2-chloro-N-(2,6-dimethylphenyl)-

acetamide and butoxymethanol which could be utilized as the carbon source for the growth. 

Owing to the diverseness among butachlor-degrading strains, the butachlor degradation 

pathway in different microbial strains are diverse. A different butachlor metabolic pathway 

based on the intermediate metabolite identification has been proposed in the novel strain 

Catellibacterium caeni DCA-1T (Zheng et al., 2012). As per the GC–MS analysis, five 

metabolites viz. N-hydroxymethyl-2-chloro-N-(2,6-diethylphenyl-)-acetamide, 2-chloro-

N-(2,6-diethyl-phenyl-)-acetamide, (2,6-diethyl-phenyl-)-ethoxymethyl-carbamic acid, N-

(2,6-diethyl-phenyl-)-N-hydroxymethyl-acetamide and N-(2,6-diethyl-phenyl-)-N-

hydroxymethyl-formamide were found to be produced during butachlor degradation by the 

strain DCA-1T. Moreover, bioaugmentation of the bacterial strain in three different soils 

resulted in 57.2–90.4 % removal of 50 mg/kg butachlor in 5 days. Kim et al. have reported 

the syntrophic degradation of butachlor by the bacterial strains Mycobacterium sp. J7A and 

Sphingobium sp. J7B isolated from rice cultivated soil (Kim et al., 2013). While the pair 

was capable of rapid degradation of 100 mg/L of butachlor within 24 h, they were unable 

to degrade butachlor completely when subjected individually.  The study demonstrated that 

the strain J7A transformed butachlor into 2-chloro-N-(2,6-diethylphenyl) acetamide while 

the strain J7B subsequently mineralizes it completely through 2,6-diethylaniline. In another 

study, six butachlor catabolizing bacterial and fungi strains isolated from the agricultural 

soil contaminated with the herbicide were been reported (Sherif and Mounir, 2013). Results 

suggested that among the isolated strains, Trichoderma viride and Pseudomonas 

alcaligenes were observed to reduce 50mg/kg of butachlor up to 98 and 75% after 15 and 

21 days, respectively. 
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Table 1.6:  Summary of the existing biological remediation technologies. 

COMPOUND DESCRIPTION ACHIEVEMENT/OUTCOME REFERENCE 

Glyphosate 

Achromobacter sp. 

MPK 7A isolated from 

the glyphosate-
contaminated soil. 

Utilized glyphosate as the sole 

phosphorus source and degraded it via 
sarcosine pathway 

(Ermakova et al., 
2017) 

Bacillus cereus strain 

CB4 isolated from 

the herbicide 

contaminated soil of 
China. 

The strain is able to utilize glyphosate as 

sole phosphorus source and under the 

optimal conditions, 94.47% of 

degradation was achieved within 5 
days. 

(Fan et al., 2012) 

Comamonas 

odontotermitis P2 

isolated from 

Glyphosate-

contaminated soils of 
Australia 

 

Complete removal of 1.5 g/L of the 

glyphosate was achieved within 104h 

and the strain was reported to utilize 

glyphosate as the sole source of carbon 
and phosphate. 

 

(FIRDOUS et 
al., 2017) 

Enterobacter cloacae 

K7 isolated from the 

rhizospheric soils of 
Russia. 

 

The bacterial strain is able to utilize 

glyphosate as the sole source of 
phosphorus and is able to degrade 40% 

of initial 5 mM glyphosate. 

(Kryuchkova et 

al., 2014) 

Ochrobactrum 

intermedium Sq20 

isolated from the 

herbicide 
contaminated soil 

Complete degradation of 500 mg/L of 
glyphosate was achieved within 4 days 

(Firdous et al., 
2018) 

Aspergillus oryzae 

strain A-F02 isoalted 

from the aeration 

tank of a herbicide 
industry 

The fungal strain is able to degrade 

glyphosate via AMPA metabolic 

pathway and utilized glyphosate as the 

sole source of phosphorus. Along with 

AMPA, methylamine was found to be 

another major intermediate detected in 
the pathway. 

(Fu et al., 2017) 

Pseudomonas 

pseudomallei isolated 
from indigenous soil 

The bacterial strain was reported to 

degrade 50% of glyphosate within 40h 

via AMPA pathway utilizing it as the 
sole phosphorus source. 

(Penaloza-

Vazquez et al., 
1995) 

Pseudomonas sp. LBr 

isolated from the 

activated sludge of 

the glyphosate 
industry 

Reported to degrade 20 mM of 

glyphosate via both AMPA and 
sarcosine pathway. 

(Jacob et al., 
1988) 

Alachlor 

Chaltomium 
globosum 

Degraded 112 µM of alachlor within 

60 hours and reported the degradation 
by-products. 

(Tiedje and 
Hagedorn, 1975) 

Ceriporiopsis 

subvermispora,  

Phlebia tremellosa 

and Phanerochaete 
chrysosporium 

Complete mineralization of 18 mg/L of 

alachlor was attained within a period 
of 122 days.  

(Ferrey et al., 
1994) 
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Streptomyces sp. 
95% removal of the 50 µg/ml of 

alachlor was achieved within 7 days. 
(Shelton et al., 

1996) 

Streptomyces sp. 

Complete removal of up to 72 mg/L 

and tolerance up to 720 mg/L of 
alachlor has been reported. 

(Sette et al., 
2005) 

Rhizoctonia solani 

Complete removal of 10 mg/L of 

alachlor was achieved within 3 days in 

presence of sucrose as the additional 

carbon source while only 78% has 

been achieved if the alachlor is used 
alone. 

(Smith and 
Phillips, 1975) 

Paecilomyces 

marquandii  

The fungal strain is able to degrade up 

to 79.9% of 100 mg/L of alachlor 
within a period of 7 days.  

(Szewczyk et al., 

2015) 

Microbial consortium 

isolated from the soil 

sample of a 100-year 
old mix old site 

The consortium comprises of 

Pseudomonas putida, Pseudomonas 
marginalis, Alcaligenes xylosoxydans 

subsp. xylosoxydans, Alcaligenes 

xylosoxydans subsp. denitrificans, and 
Providencia rustigianii.  

(Chirnside et al., 
2007) 

Candida xestobii, 

isolated from the 
Luvisol (a soil type) 

More than 80% degradation is 

achieved within 2 days in presence of 
yeast extract. 

(Munoz et al., 
2011) 

Indigenous 

microorganisms 

under anaerobic 
conditions 

Limited removal efficiency of 30 – 

60% of alachlor is observed during the 
co-metabolic activity of the substrates.  

(Pothuluri et al., 

1990) 

(Konopka, 1994) 

Butachlor 

Fusarium solani and 

Fusarium oxysporum 

The fungal strains were able to degrade 

more than 50% of 50 mg/L of 
butachlor within 3 days. 

(Chakraborty and 

Bhattacharyya, 
1991) 

Aspergillus niger  

The strain degraded 20 mg/L of 

butachlor completely within 7 days in 

presence of sucrose as the primary 
carbon source. 

(Torra-Reventos 
et al., 2004) 

Stenotrophomonas 
acidaminiphila JS-1 

Complete removal of butachlor (1000 

mg/Kg) was achieved within 20 days 
in the soil. 

(Dwivedi et al., 
2010) 

Paracoccus sp.Y3B-
1 

65.5% of 100 mg/L of butachlor was 
degraded at pH 7, 30°C within 3 days 

(Ni et al., 2011) 

Rhodococcus sp.B1  

Complete degradation of 100 mg/L 

butachlor can be accomplished within 
5 days  

(Liu et al., 2012) 

Catellibacterium 

caeni DCA-1T  

 Bioaugmentation in soil resulted in 

57.2–90.4 % removal of 50 mg/kg 
butachlor in 5 days.  

(Zheng et al., 

2012) 

Mycobacterium sp. 

J7A and 
Sphingobium sp. J7B  

The pair is capable of complete 

removal of 100 mg/L of butachlor 
within 24 h. However, complete 

butachlor removal cannot be attained 
when subjected individually.   

(Kim et al., 

2013) 

Serratia ureilytica 
AS1  

The bacterial strain can tolerate up to 

1000 mg/L of butachlor and is able to 

(Mohanty and 
Jena, 2018a) 
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degrade 600 mg/L of butachlor within 
15 days.  

Enterobacter cloacae 

FP2 

The bacterial strain can tolerate up to 

1000 mg/L of butachlor and is able to 

degrade 500 mg/L of butachlor within 
12 days.  

(Mohanty and 

Jena, 2018b) 

1.7. PARAMETERS THAT AFFECT THE BIODEGRADATION 

PROCESS 

The growth and the metabolic activity of the microbial community are highly affected by 

the physical and chemical nature of their surrounding environment. An understanding of 

these stimuluses helps in controlling the microbial growth and their metabolic activities. 

Identification of the relationship among microbial biomass, microbial activity and the 

dependent variables is important in the bioremediation study of contaminants (Mosher et 

al., 2006). The major factors which affect microbial metabolic activity are pH and 

temperature of the surrounding medium, available nutrient sources, and oxygen level.  

Temperature plays a deciding factor in determining the ability of the microorganisms to 

degrade contaminants from the environment. Based on the temperature of maximum 

metabolic activity, the microorganisms are classified as psycrophiles (below 20°C), 

mesophiles (between 25-45°C), and thermophiles (above 50°C). While most of the studies 

on the biodegradation of various compounds focus on the mesophilic temperatures, 

biodegradation do takes place over a wide range of temperature as the contaminated sites 

do not have the same temperature round the year. However, the degradation rates are low 

at both the extreme limits. At low temperature, the solubility of the low chain hydrocarbons 

increases making it more toxic and less appealing for the degrading microorganisms. 

Similarly, at high temperature the dissolved oxygen content of the medium decreases thus 

decrease the metabolic activity of the microorganisms. Another important point is that at 

higher temperature, volatilization of the organic contaminant takes place which results in 

lower bioavailability of the contaminants for the microorganisms thus reducing the 

metabolic activity. Since, more variety of the microorganisms are available in the 

mesothermic range of 25°C - 45°C, it provides a better scope for the selection of a 

perspective bio-remediating agent (Sihag et al., 2014). The temperature governs the 

production of enzymes that degrades the contaminants and hence, it determines the extent 

of the activity of the microorganism. Beyond a certain point, increase in temperature leads 

to the denaturation of the enzymes and proteins involved and disrupt the outer membrane 
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of the microorganism. Thus temperature is a crucial factor that influences the metabolic 

activity of the degrading microorganism.  

Another most important environmental factor that has a significant impact on the microbial 

growth and metabolic activity is the incubation pH (Aciego Pietri and Brookes, 

2009)(Rousk et al., 2009)(Fernández-Calviño and Bååth, 2010). Microbes are highly 

sensitive to the presence of hydrogen ion in their medium since, they often bring about an 

alteration of the ionic charges in the enzymes and other large proteins. This results in the 

denaturation and loss of catalytic properties of the enzymes and halt in the microbial 

metabolism (Blamire, 2000). Each microorganism has a distinct pH growth range which is 

the most favourable pH for the growth of that microorganism. Based on the optimum pH 

range, microorganisms have been classified as acidophiles (pH 0 and 5.5); neutrophiles (pH 

5.5 and 8.0) and alkalophiles (pH 8.5 to 11.5) (NPTEL, 2014). 

Oxygen availability is an essential factor that regulates the metabolic activity of the aerobic 

microorganisms, thus becoming a commonly addressed subject for the quantification of the 

physiological state of a microbial culture (Nikakhtari and Hill, 2006). The concentration of 

dissolved oxygen within the medium is necessary for the respiration of the microorganism 

and carrying out the subsequent degradation pathway. Studies describes that in order to 

oxidize 1 ml of hydrocarbons to CO2 and water, around 3 to 4 ml of dissolved oxygen is 

required (United States Congress Office of Technology Assessment, 1991). An increase in 

the dissolved oxygen concentration within the medium results in the enhancement of the 

process performance of the bioprocess and the yield of secondary metabolites (Vardar and 

Lilly, 1982). Dissolved oxygen availability above the optimum concentration may also 

have a drastic effect on the microbial growth and activity. Since, oxygen is readily reduced 

because its two unpaired outer electrons, the extremely toxic reduction products can be 

resulted by flavoproteins or several other cell constituents which may rapidly destroy the 

cellular components (NPTEL, 2014). However, the microorganisms have the enzymes that 

render protection against toxic O2 products. But excessive of the toxic O2 products may not 

be detoxified efficiently thus affecting the microbial metabolism. Hence, oxygen transfer 

is an important step in bioprocesses (Gupta and Rao, 2003).  

In order to construct new cellular components and carry out day to day metabolic activity, 

the microorganisms must have an adequate supply of both raw materials as well as energy. 

The substances used for the purpose are cumulatively known as nutrients. The 

microorganisms necessitate certain basic nutrients to carry out various metabolic functions 
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for growth and maintenance, the amount and type of which is largely dependent on the kind 

of the microorganism and the metabolic activity it intends to carry out (Mossel et al., 1995). 

The nutrients include vitamins, a source of energy, nitrogen, and small amounts of minerals 

such as phosphorus, magnesium, potassium, sulfur, iron, manganese, and calcium (College 

of Agriculture & Natural Resources, 2001). In contaminated sites, organic carbon levels 

are often high due to the characteristic of the of the pollutant present results in the rapid 

depletion of the available nutrients on account of the microbial metabolism (Sutherland et 

al., 1995). Therefore, it is highly essential to supplement these points with nutrients to 

stimulate the indigenous microbial community present there and enhance the in situ 

bioremediation (Alexander, 1994)(Atagana et al., 2003). Studies have shown that an 

inadequate nutrient supply may lead to poor microbial growth and results in a slower rate 

of biodegradation (Riser-Roberts, 1992). Based on their requirement, the microbial 

nutrients are classified as macro- and micronutrients (Prescott et al., 2001). While the 

macronutrients are required by microorganisms in relatively large amounts, the 

micronutrients are normally the part of enzymes or cofactors, and they aid in the catalysis 

of reactions and maintenance of protein structure. Carbon, nitrogen, oxygen, hydrogen, 

phosphorous, sulphurs, potassium, calcium, magnesium and iron are the examples of 

macronutrients. C, H, N, S, O and P are the constituents of the building blocks of the cells 

i.e. carbohydrates, proteins, lipids, and nucleic acids. K+ acts as a cation and is required for 

various enzymatic activities including protein synthesis. Ca2+ along with dipicolinic acid 

constitutes of 15% of bacterial endospores that provides protection to the microbe in the 

stress conditions. Mg2+ is required to stabilize ribosomes and cell membranes and also 

serves as the cofactor for many enzymes, ATP complexes. Iron acts as the cofactor for 

various enzymes and is a main part of cell cytochromes. Cobalt, copper, manganese, 

molybdenum, nickel and zinc are the common examples of the micronutrients. While 

Co2+ is a component of Vitamin B12, Zn2+ is usually found at the active sites of the 

enzymes. Mn2+ supports the transfer of phosphate groups catalyzed by several enzymes. 

Mo2+ is highly essential for nitrogen fixation. Microorganisms require a balanced mixture 

of the above both for proper growth and metabolism.  

Another factor that determines the successful accomplishment of the biological process is 

the biomass size or the number of microorganisms involved for the process and their 

catabolic activity. The biomass size is directly proportional to the amount of enzymes 

involved during the process (Al-Defiery and Reddy, 2018). However, after a certain point 
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the biomass size doesn’t have any significant effect on the bioprocess such as 

biodegradation of the contaminants (Dave and Dave, 2012). On the contrary, increase in 

the biomass above the optimum level may lead to decrease in the efficiency of the 

bioremediation. This may be due to the competition for the nutrients other than then carbon 

source represented by the contaminant, resulting in the declination in the microbial growth 

and metabolism (Zhao et al., 2017). For effective bioremediation, developing the catabolic 

activity of the microorganisms involved is also necessary. This can be achieved by the 

selective enrichment technique by which the organism will transform the subjected 

contaminants into its elementary form (Margesin et al., 2003).  

1.8. STRATEGIES TO IMPROVE BIODEGRADATION EFFICIENCY 

Eventhough biological methods seem to be a highly desirable alternative for the treatment 

of contaminants, yet the method is not without the flaws (Allard and Neilson, 1997). Many 

hazardous pollutants are poorly removed in case of conventional biological technologies. 

This may be due to their high toxicity which has an adverse effect on the growth and 

metabolic activity of the microbial communities involved in the activated sludge flocs, thus 

reducing the overall performance of the system. Thus, various strategies known for the 

improvement in the biodegradation efficiency of the microorganisms has been discussed in 

the following sections. 

1.8.1. PARAMETRIC OPTIMIZATION 

The development of any biological processes is still a challenging task because the number 

of relevant variables involved are high (Kumar et al., 2014). In general, experimentation 

on the trial and error basis is less productive in terms of time and economic investment and 

the results obtained were unsatisfactory in nature. Hence, to overcome these experiences 

and to improve the microbial activity, various statistical optimization techniques are used 

for efficient experimentation and analysis of the influencing parameters to achieve 

satisfactory results. Although microorganisms are capable of surviving in extreme 

conditions, they grow optimally and demonstrate the best of metabolic activity over a 

narrow range, making it important to secure the optimal conditions. Typical factors that are 

optimized to yield a better performance or enhance the growth and metabolic activity of 

the microbial strain are medium components, temperature, humidity, initial pH and 

inoculum volume (Panda et al., 2007). Optimization of various process parameters is 

essential from both time and economical point of view, since it fully utilizes the available 
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resources to control the output quality (Rawal and Inamdar, 2014). Optimization refers to 

the performance improvement of a system, or a process to generate maximum benefit from 

it. In analytical chemistry as well as in the biology, the term optimization is often used to 

determine a condition for applying it to a procedure to obtain the best possible response 

(Araujo and Brereton, 1996). An overall analysis of the classical and the computer 

generated design of experiments for their use in the biological processes have been 

discussed below.  

1.8.1.1. ONE-FACTOR-AT-A-TIME APPROACH 

The one-factor-at-a-time (OFAT) approach is one of the oldest and simplest approaches for 

experimental design where only one factor is under investigation and its effect is studied 

by altering its value by keeping all other parameters at a constant level (Yu et al., 2018). 

The objective is to determine whether the response is significantly different at different 

factor levels. The traditional approach, suffers from many drawbacks (Pilipauskas, 

1999)(Carlson and Carlson, 2005). Even though the concept appears to be an organized 

approach for evaluating the bioprocesses, it is in fact highly inefficient, uneconomical and 

may lead to imprecise results. This may be due to the fact that effect of the change in a 

single factor on the overall response will vary from the effect of the change in multiple 

variables altogether (Ellekjær et al., 1996; Olsson et al., 2004). Moreover, the nature of the 

factor determines the outcome of the statistical analysis. In case of qualitative factors, no 

extrapolations or predictions are possible outside the tested limits, and only its effect on the 

outcome can be hypothesized. On the other hand, if the factor is quantitative in nature, both 

investigation as well as prediction is possible on the availability of the sufficient 

experimental data. Furthermore, the above approach is based on the assumption that 

interactions amongst variables are non-existent or non-significant in nature on contrary to 

the fact that factors affecting the biological processes are mutually interdependent 

(Mandenius and Brundin, 2008). Hence, the technique doesn’t entirely describe the total 

effects of the parameters involved on the process outcome (Lundstedt et al., 1998). 

In order to overcome the above problem, optimization of the influencing factors has to be 

carried out by employing multivariate statistical methods. However, before applying any 

optimization technique, it is highly necessary to understand the experimental region to be 

studied. For example, the experimental data that can be described by any linear function 

uses the first-order models such as factorial experimental designs (Hanrahan and Lu, 2006). 

But, to approach an output function for experimental data that presents curvature and cannot 
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be described by any linear functions, designs for quadratic response surfaces such as, 

central composite, Box–Behnken, or Doehlert designs should to be used. 

1.8.1.2. DESIGN OF EXPERIMENTS (DOE) APPROACHES 

The Design of Experiments (DoE) is a powerful tool which offers a systematic approach to 

evaluate the effect of multiple variables simultaneously on the bioprocess and the 

description of these interactions with empirical models (Weissman and Anderson, 2015). 

The foundations of the modern statistical science was laid by Sir Ronald Aylmer Fisher, 

whose work inspired the fundamental ideas of DOE and statistical experimental design 

(Lury and Fisher, 1972). To investigate the impact of the influential factors on the outcome 

of a bioprocess, experiments performed as per DoE generate more information with less 

number of experiments as compared to the OFAT approach (Box et al., 2005; Brereton, 

2003). DoE methods are recommended for being able to describe the interdependency of 

the process variables on the final response (Mandenius et al., 2009). Initially, a screening 

design is chosen to statistically identify the appropriate process variables, such as medium 

compositions or experimental conditions (Noratiqah et al., 2013; Ramıŕez et al., 2001; 

Torkashvand et al., 2015). Next, the shortlisted significant variables within the user-defined 

boundaries are experimentally evaluated to determine their impact on the targeted outcomes 

also known as responses. The experimental results obtained are further used for the 

prediction of an empirical model to describe the effects and interactions of the process 

variables on the responses. The main advantages of DoE methods are the systematic 

planning of experiments to define the design space, the space for stable operation of the 

bioprocesses and the description of the interactions between the variables to ensure the 

stability of the process (Montgomery, 2017; Nasri Nasrabadi and Razavi, 2010). Even 

though running a DoE may initially seem to laborious due to perform the defined number 

of experiments in multiple sets making it time consuming, the quality and thoroughness of 

the information obtained outweigh the effort (Cavazzuti, 2013). Full factorial design, 

Taguchi methods, Plackett Burman Design (PBD), Response surface methodology (RSM) 

are a few examples of DOE techniques that are frequently used for the optimization of 

various biological processes (Cavazzuti, 2013; Park, 2007). As the name intimates, the 

experiments suggested by the full factorial design take care of all the possible combinations 

that are associated with the factors and their levels. Taguchi method differentiates between 

the control variables, factors that can be controlled, and the noise variables, factors that 

cannot be controlled except while performing experiments in the lab. Hence, for the two 
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sets of parameters, two orthogonal designs are adopted. Therefore, the biggest drawback of 

this DOE is the large number of experiments to be carried out if higher number of factors 

with many levels is involved. Owing to the disadvantages of the above two DOE 

techniques, the plackett-burman design and response surface methodology are used 

prevalently for the statistical optimization of the parameters. While PBD is mostly used for 

screening the significant factors, RSM is used to obtain the optimized levels to get 

maximum response.  

I. PLACKETT-BURMAN DESIGN (PBD) 

Plackett-Burman design of experiments is two-levels, three factor resolution designs 

derived by the assumption that the interaction among the factors is relatively insignificant 

as compared to the effect due to the main factors. It was designed by the English 

statisticians Dr. Plackett & Dr. Burman for screening experimental matrices from the full-

factorial experiments matrices (Plackett and Burman, 1946). The designs are very 

economical where the main factor effects replaces the interaction effects of the full factor 

matrix to reduce confusion (Quality Training Portal, 2019). However, this does not implies 

that interaction effects cannot be deduced with the help of the designs. In case of PBD, a 

design with N samples can analyse up to (N-1) number of factors while the sample size 

must be a multiple of 4 and should be less than 36. For example, an 8-Run PBD can be 

used to study up to 7 factors. Since the method requires a few experiments to be carried 

out, the main effects to a great extent are confounded with two-factor interactions and the 

designs are helpful for screening the design space only for the detection of significant main 

effects. The screening experiments of the PBD identify the “Power Factors”, the process 

variables that affect the process outputs most, in a process. Irrespective of the objective of 

the experiments either to maximize or minimize the output or hit the target, the power 

factors are critical to the process since they can be adjusted to control the process output. 

The most appropriate design matrix is selected by determining the number of factors to be 

investigated for the trial. The experimental designs are obtained by spelling the appropriate 

row as the first row of the design matrix. The second row is developed by shifting the first 

row elements one place right, and continues the same for the other rows. Finally, a row of 

negative signs is added in the end. Table 1.7 displays the patterns and the sample space for 

the case N = 12.  
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Table 1.7: Plackett Burman Design for 12 factors. 

Run Order 
Factors 

A B C D E F G H J K L M 

1 -1 1 1 -1 1 1 -1 -1 -1 -1 1 -1 

2 -1 1 1 -1 -1 -1 -1 1 -1 1 -1 1 

3 1 -1 -1 -1 -1 1 -1 1 -1 1 1 1 

4 1 1 -1 1 1 -1 -1 -1 -1 1 -1 1 

5 1 1 -1 -1 1 1 -1 1 1 -1 -1 -1 

6 1 1 1 -1 -1 1 1 -1 1 1 -1 -1 

7 -1 -1 1 -1 1 -1 1 1 1 1 -1 -1 

8 1 -1 1 1 -1 -1 -1 -1 1 -1 1 -1 

9 1 1 -1 -1 -1 -1 1 -1 1 -1 1 1 

10 1 -1 1 1 1 1 -1 -1 1 1 -1 1 

11 1 -1 -1 1 1 -1 1 1 -1 -1 -1 -1 

12 1 -1 1 -1 1 1 1 1 -1 -1 1 1 

13 -1 -1 -1 -1 1 -1 1 -1 1 1 1 1 

14 -1 1 -1 1 -1 1 1 1 1 -1 -1 1 

15 -1 1 -1 1 1 1 1 -1 -1 1 1 -1 

16 1 1 1 1 -1 -1 1 1 -1 1 1 -1 

17 -1 1 1 1 1 -1 -1 1 1 -1 1 1 

18 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 

19 -1 -1 1 1 -1 1 1 -1 -1 -1 -1 1 

20 -1 -1 -1 1 -1 1 -1 1 1 1 1 -1 

Another factor that determines the experimental design matrix is the method chosen to 

establish the experimental error. Various options to determine the experimental error 

includes several experimental re-runs at the centre point, replication of the whole 

experimental matrix or including dummy factors while designing the matrix.  

On completion of the experimental run, the data obtained are verified to compute the effects 

of various factors and to determine their statistical significance. The effect for a factor is 

defined as the variance in the output response while proceeding from the low to the high 

level of that factor. The effect of a factor is derived by the difference in the average response 

obtained at high and the low level of the factor respectively. The responses mentioned in 

the columns are added up along with their respective signs and the final product is divided 

by the number of plus signs. Sign of the effect is highly important to determine the effect 
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of the factor on the overall output. While a negative sign indicates the decrease in the output 

response during the advancement from low to high level of the factor, a positive sign 

signifies the increase in the response. 

Determining the levels of the factors is dependent on the objective of the experiment. If the 

objective of the process is to maximize the response, then the factors with a positive effect 

would be set at high levels while the factors with negative effect should be operated at their 

low levels. Similarly, if the end goal is to minimize the response, then the factors with a 

negative effect should be set to operate at their high levels while the factors with positive 

effect would be set at low levels. However, if the goal is to be closest to a particular target, 

then the effects are used to determine the change in the factor levels to control the process. 

II. RESPONSE SURFACE METHODOLOGY 

The most pertinent technique used for the multivariate process optimization is response 

surface methodology (RSM) (Bezerra et al., 2008). The method was developed by G. E. P. 

Box and his colleagues at Imperial Chemical Industries in the 50s (Bruns et al., 2006; 

Gilmour, 2006). It is implemented when the output response or the set of responses are 

influenced by various factors with the objective to optimize the levels of these variables 

simultaneously to achieve the best performance. It is a statistical techniques based on the 

fitting the experimental data to a polynomial equation, that describe the behaviour of the 

data set with the aim of making statistical predictions (Chakravarti and Sahai, 2002). The 

term was originated from the graphical perspective that is generated based on the fit of 

mathematical model to the experimental data obtained in connection with the experimental 

design (Teófilo and Ferreira, 2006). The key intention was to employ the results obtained 

of a DOE run to create an approximation, also known as response surface or meta-model, 

of the output response over the design space. The motive for constructing such surface is 

that, though it is just an approximation, it can be used to estimate the set of input parameters 

yielding an optimal response thus proving it to be extremely advantageous. Therefore, the 

use of these response surface models are applied even when the quantity of the available 

information on the problem is low. But, one should be aware of the fact that the output 

response variable may be highly randomized since the design space is poorly explored and 

the optimization can be imprecise due to bad estimation of the model coefficients or the 

selection of an irrelevant model. The simplest of the model on which this method could be 

used is based on a linear function for which the output responses obtained must fit well into 

the following equation: 
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  𝑦 = 𝑀0 ∑ 𝑀𝑖
𝑗
𝑖=1 𝑥𝑖 + 𝐶     (1.1) 

Whereas, j is the number of linear parameters, 𝑀0 is the constant, 𝑀𝑖 symbolizes the 

coefficients of the linear parameters, 𝑥𝑖 represents the linear parameters, and 𝐶 is the 

residual related to the experimental runs. Hence, the output response shall not pose any 

curvature. However, to evaluate curvature, a 2nd-order model must be employed. The 

polynomial model should comprise of additional terms that accounts for the interaction 

among the factors involved. The polynomial model for a 2nd-order interaction can be 

showcased as: 

 𝑦 = 𝑀0 ∑ 𝑀𝑖
𝑗
𝑖=1 𝑥𝑖 + ∑ 𝑀𝑖𝑗

𝑗
1≤𝑖≤𝑗 𝑥𝑖𝑥𝑗 + 𝐶   (1.2) 

where, 𝑀𝑖𝑗 stands for the coefficients of the interaction among the variables involved. To 

determine a critical point, addition of quadratic terms to the polynomial function is highly 

necessary thus modifying the above equation as: 

                                𝑦 = 𝑀0 ∑ 𝑀𝑖
𝑗
𝑖=1 𝑥𝑖 + ∑ 𝑀𝑖𝑖

𝑗
𝑖=1 𝑥𝑖

2 + ∑ 𝑀𝑖𝑗
𝑗
1≤𝑖≤𝑗 𝑥𝑖𝑥𝑗 + 𝐶  (1.3) 

where, 𝑀𝑖𝑖 symbolizes the coefficient of the quadratic parameters. The critical point in case 

of a quadratic model can be categorized as maximum, minimum, or saddle. For the 

estimation of the parameters in the above equations, the DOE has to study all the variables 

involved in for a minimum of three factor levels. Among the widely known 2nd order 

symmetric designs are the factorial designs, Box–Behnken design, and Central Composite 

design which differ from each other in virtue of its number of levels for each factor, 

selection of the experimental points, number of blocks, runs and replicates. The data 

obtained from the experiments carried out as per the DOE, needs to be fitted to a 

mathematical equation to interpret the behaviour of the output response. The above 

equations can be summarily represented as: 

  𝑌𝑝𝑥𝑖
= 𝑋𝑝𝑥𝑞

𝛽𝑞𝑥𝑖
+ 𝐶𝑝𝑥𝑖

     (1.4) 

where, Y represents the output response, X represents the experimental design matrix, β 

stands for the vector constituted by the chosen factors, C being the residual related to the 

experimental runs , p and q stand for the numbers of lines and columns of the design 

matrices, respectively. The above equation Eq. 1.4 is solved by the least square method 

statistical approach (LSM) (Baş and Boyacı, 2007). It is a multiple regression approach to 

fit a set of experimental data to a mathematical model yielding the lowest possible residual.  
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The equation describes the behavior of the output response within the experimental design 

space the visual inspection of which can also predict the suitability of the model by 

generating valuable information about it. Hence, if the model fitted well with the 

experimental data obtained, then the residual graphs demonstrates a normal distributional 

behaviour while if the model does not fit the data it generates larger residuals making it 

incompetent to predict precise inferences (Bruns et al., 2006). The response surfaces 

generated can be used to point out the changes in the original design to achieve the desired 

results. It is a graphical interpretation of an n-dimensional surface in the (n + 1) dimensional 

space. In general, the response surfaces are the two-dimensional representation of three-

dimensional plots. In case of three or more parameters involved, visualization of the 

response surface plots is only possible if one or more than one parameters are set to a 

constant value.  

 

Figure 1.4: Types of surface responses generate from a quadratic model during the optimization of two variables 

X1 and X2. (a) maximum, (b) plateau, (c) maximum outside the experimental region, (d) minimum, and (e) saddle 

surfaces.(Bezerra et al., 2008) 

The quadratic response surface plot during the optimization of two variables has been 

illustrated in the Figure 1.4. Response surfaces shown in Fig. 1.4(a) & (b) illustrate that 

the desired output is located within the experimental region. Fig. 1.4(c) demonstrates that 
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the desired output is outside the experimental region and modification of the experimental 

design is necessary to achieve the optimal results. The surfaces showcased in Fig. 1.4(d) & 

(e) portrays a minimum point and a saddle point as the critical point respectively. The 

saddle point is an inflexion point between a relative maximum and a relative minimum.  

The Box–Behnken design are considered to be incomplete since they are built by 

combining two-level factorial designs with incomplete block designs. In this approach, 

each block corresponds to a certain number of parameters that are put through all 

combinations for the two-level factorial design while the other parameters are kept at their 

mean level. Hence, the number of factors chosen for the study determines the type and size 

of design (full or fractional), and the number of the blocks to be evaluated. Hence, Central 

Composite design is being used more often as compared to the Box-Behnken design and 

has been discussed in the following sections. 

CENTRAL COMPOSITE DESIGN 

A central composite design or CCD is a 2k full factorial design where k is the number of 

factors, with an addition of the star-points also known as axial points and a central point. 

Centre points are the sample points where the experimental runs are conducted at the 

median values of each factor in the factorial portions and are at a distance of α from the 

centre point. In order to improve the precision of the model, these set of experiments are 

often carried out in replicates. On the contrary, axial points are those sample points where 

the experimental conditions are identical to those of the centre point except one factor 

which takes on both high as well as low values of the two factorial levels, and outside their 

range. The design was presented by Box and Wilson (Box and Wilson, 1951). There exist 

various methods to determine the value of α which is dependent on the design of the model 

and the number of variables involved (Myers, 1999). In case of an orthogonal design, =

(𝑄 × 𝐹
4⁄ )

1

4 , where 𝑄 = (√𝐹 + 𝑇 − √𝐹)2, F is the number of points due to factorial design 

and T represents the number of additional point calculated by T = 2k + n, n being the 

number of central points. Table 1.8 represents a central composite design for k = 3.  

Table 1.8: Central Composite Design for k = 3.  

RunOrder A B C 

1 1 -1 -1 

2 -1 1 -1 

3 0 0 0 
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4 1 1 1 

5 -1 -1 1 

6 0 0 0 

7 0 0 0 

8 1 1 -1 

9 0 0 0 

10 -1 -1 -1 

11 -1 1 1 

12 1 -1 1 

13 1.633 0 0 

14 0 0 -1.633 

15 0 -1.633 0 

16 0 0 1.633 

17 0 0 0 

18 -1.633 0 0 

19 0 0 0 

20 0 1.633 0 

The application of RSM as a process optimisation has become a common practice for 

biological processes in the past decade (Qu et al., 2010; Rigas et al., 2007; Sridevi et al., 

2011). Stages in the application of RSM are as follows: (1) the planning of the test, which 

includes defining the objective of the study and the thus setting the limit of the response; 

(2) identifications of the parameters involved and their levels. However, to set the levels 

for the DOE certain preliminary experiments are needed to be carried out when knowledge 

about the effect of factors on the output response is limited (Mandenius and Brundin, 2008); 

(3) the selection of the design of experiment matrix and run the experiments accordingly; 

(4) statistical analysis of the experimental data obtained; (5) evaluation of the suitability of 

the model; (6) defining the optimum values for each studied variable (Bezerra et al., 2008).  

1.8.2. CELL IMMOBILIZATION  

Available literature suggests that herbicides not only affect the target organisms, but also 

affects the microbial communities adversely. However, most of the contaminants are highly 

persistent and often show a strong resistance towards microbial degradation in the nature. 

The herbicide- microorganism interaction may be of practical significance because of the 

possible inhibition in the performance of the important microbial activities. The microbial 

degradation process turns out to be highly slow, clearly unable to meet the requirements 

which eventually destroys the balance of the entire ecosystem in the long run (Ye et al., 
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2018). Therefore, it is highly necessary to develop strategies that can facilitate the microbial 

flora to achieve efficient pesticide degradation in a relatively short span of time.  

One of the major challenges for the bioremediation is to maintain the microbial biomass 

throughout the process. Hence, to improve the retention of the remediating agents during 

the process and as an additional survival strategy against the inhibiting contaminants, 

microbial cells must be immobilized. Cell immobilization technology dates back to 1940s 

and have been used extensively for various bioprocesses such as production of useful bio-

products, as biocatalyst in various enzyme linked reactions and bioremediation of 

contaminated sites and wastewater treatment technologies (Bayat et al., 2015; Peinado et 

al., 2005). The use of immobilized microbial cells as an alternate technology for various 

biochemical applications because of its longer operational shelf life, enhanced stability and 

survival of the cells (Cassidy et al., 1996). In case of continuous operation, utilization of 

immobilized cells as biocatalyst provides the following advantages of simplified separation 

and recovery of immobilized cells for reuse thus reducing the overall cost; the possibility 

of creating more compact bioreactors and the prospect of multiple circulation of the effluent 

through the reactor (Das and Chandran, 2011; Gotovtsev et al., 2015). Thus, in the past few 

decades, cell immobilization has been explored as a promising alternative in wastewater 

treatment technology (An et al., 2008).  

Immobilization is defined as the physical confinement of the viable biocatalysts, including 

enzymes and whole cells, to a certain defined region of space known as the carrier or 

support material to limit its free movement while preservation of their viability and catalytic 

functions (Guzik et al., 2014b; Kourkoutas et al., 2004; López et al., 1997; Willaert et al., 

1996). On the basis of the mechanism adopted, cell immobilization techniques are 

classified into (Cassidy et al., 1996; Dzionek et al., 2016; Willaert et al., 1996): adsorption 

on solid inert carrier material, encapsulation, entrapment and carrier-free aggregation such 

as crosslinking or flocculation.  

 

Figure 1.5: Types of Immobilization (Bayat et al., 2015); a) Adsorption b) Covalent Binding c) Entrapment d) 

Encapsulation. 

(a) (b) 
(c) (d) 
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1.8.2.1. ADSORPTION 

The immobilization of whole cells or enzymes by adsorption is based on the physical 

interaction or adherence of the biocatalysts with the surface of the water-insoluble carrier 

materials by formation of weak bonds such as hydrogen bonds, hydrophobic bonds, van 

der Waals forces and weak-ionic bonds (Bayat et al., 2015; Cristóvão et al., 2011; Hou et 

al., 2014). This method is normally used for the bioremediation of various contaminants 

since it is quick, mild, economically advantageous, and eco-friendly since there is no need 

for the additional chemical adjuvants. Another advantage of the technique is its ease to 

perform with the possibility of reloading of the support (Dzionek et al., 2016). However, 

employment of this technique for the enzyme adsorption has a high probability of leakage 

from the matrix to the environment due to weak binding and unstable interactions between 

the enzyme and the support material leading to low reproducibility (León et al., 1998).  

One of the most widely used carrier material for the adsorption of microbial cells for 

various contaminant remediation study is activated carbon because of its high mechanical 

strength, well-developed granular structure, inherent porosity, better resistance and cost 

effective nature (Babel and Kurniawan, 2004; Indera Luthfi et al., 2017; Zhuang et al., 

2017). Bertin et al., immobilized microbial strain on granular activated carbon and under 

batch conditions, found that a packed bed biofilm reactor exhibited superior COD and 

phenolic compound removal efficiencies(from 60% to 250%) than the parallel suspended 

cell system bioreactor with the same inoculum (Bertin et al., 2004). The bioreactor showed 

a tolerance to high and variable organic loads in terms of COD and phenolic compound and 

was much more effective than the conventional packed-bed laboratory-scale reactors 

previously proposed. Similarly, Lin et al. have investigated the pyridine biodegradation by 

the bacterial strain Paracoccus sp. immobilized on the activated carbon and compared the 

performance with the freely suspended cell system (Lin et al., 2010). The study suggested 

that at higher pyridine concentration in the range of 489–1476 mg/L, the pyridine 

degradation efficiency by the microbial strain was significantly enhanced on being 

immobilized and the biomass concentration on the activated carbon increased from 391.9 

to 430–500 mg/g. Other carrier materials those frequently used for the immobilization of 

the microbial cell for the remediation of various toxic contaminants are the low-cost 

basaltic scoria, tezontle and highly porous and reusable ceramic beads. Martin et al., 

immobilized the Pseudomonas sp. strain GCH1 onto a ceramic support to investigate the 

bioremediation of the herbicide propachlor. With an initial load of 0.5 mM propachlor and 
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a retention time of 3h propachlor elimination by the immobilized biocatalyst reached upto 

as high as 98% (Martin et al., 2000). Santacruz et al., immobilized the bacterial strain on 

tezontle and degraded up to 99% of the high concentrations of the pesticides DDT and 2,4-

D in a packed bed bioreactor (Santacruz et al. 2005).  

1.8.2.2. ENTRAPMENT 

It is an irreversible immobilization technique where the cells or the biomolecules are 

entrapped within the support matrix or hollow fibres. This technique is one of the most 

applied cell immobilization technique which is widely used for the remediation of toxic 

contaminants (Dzionek et al., 2016). As a rule, the method is based on the immobilization 

of the cells within a rigid network and creates a protective barricade around the immobilized 

biomolecules preventing its leakage in to the surrounding environment from the matrix 

while allowing the transport of the nutrients and metabolites across the barrier ensuring 

their prolonged viability (Górecka and Jastrzębska, 2011). Various types of materials to be 

used as the support matrix are agar, alginate, carrageenan, celite, cellulose and its 

derivatives, chitosan, collagen, epoxy resin, gelatin, photo cross-linkable resins, 

polyacrylamide, polyester, polystyrene, and polyurethane (López et al., 1997; Ramakrishna 

and Prakasham, 1999). Among all the above mentioned support materials, utilization of 

alginate beads for the entrapment of the cells for various bioprocess has been largely 

reported in the available literature because of its simple procedures and requirement of mild 

conditions for its preparation and operation (Serp et al. 2000; Sinha et al. 2012; Suzana et 

al. 2013). The advantage of this immobilization technique is that it is cost-effective, rapid, 

non-toxic and versatile where the entrapped microorganisms are protected from the 

environmental severities (Duarte et al., 2013; Wojcieszyńska et al., 2013, 2012). Incase of 

the entrapment in a porous carrier material, the support material captures the 

microorganisms from the suspended culture to obtain the immobilized microbial cells and 

allows the free passage of the pollutants as well as the metabolic products between the 

surrouding enviroment and the immobilization matrix (Verma et al., 2006). Since, the ratio 

of the pore-size of the support material and the biomolecule to be immobilized is one of the 

most important parameter in this technique, larger pore sizes leads to the leakage of the 

entrapped biomolecule into the environment which may act as a disadvantage for this 

method (Bayat et al., 2015; Bleve et al., 2011; Kourkoutas et al., 2004). Other 

disadvantages of the method includes deactivation of the biocatalysts during 
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immobilization, low loading capacity during incorporation of biomolecule into the support 

matrix (Stolarzewicz et al., 2011; Trelles and Rivero, 2013).   

Bazot and Lebeau investigated the dissipation of the herbicide diuron by the immobilized 

cells of Delftia acidovorans WDL34 and Arthrobacter sp. N4 (Bazot and Lebeau, 2009). 

Biodegradation of diuron by the bacterial strains on being immobilized increased by 53% 

at a rate of 0.141 mg ml−1 h−1as compared to their freely suspended cell counterparts thus 

proving that the cell formulation may be employed for improving water and soil treatment 

efficiencies. Similarly, evaluation of the removal of diazinon by the Streptomyces sp. 

immobilized on alginate beads revealed that on being immobilized the diazinon removal 

efficiency increases by 60% as compared to the free cells (Briceño et al., 2015). Another 

study on the evaluation of biodegradation efficiency of the bacterial strain Pseudomonas 

fluorescens immobilised in Ca-alginate beads was carried out in batch system where its 

ability to degrade endosulfan was tested for different concentrations (350.24±0.83, 

450.39±1.95 and 550.85±1.84 μg/L) (Jesitha et al., 2015). The rate of degradation by the 

Ca-alginate-immobilised cells was found to be significantly higher than that of free cells. 

Additionally the alpha and beta-isomers of endosulfan within various experimental setups 

were completely degraded within 9 and 11 days of the experiment. 

1.8.2.3. ENCAPSULATION 

Another irreversible technique which is similar to the entrapment method of cell 

immobilization is encapsulation. In this method, the biomolecules are separated from the 

external environment with various forms of semi-permeable membranes but are able to 

float freely within the core space of the matrix (Dzionek et al., 2016; Górecka and 

Jastrzębska, 2011). Similar to the previously discussed immobilization method, the ratio of 

the size of the membrane pores to the size of the core material is crucial in this method also. 

Hence, this limited accessibility to the interior of the microcapsule acts as one of the main 

advantage for this method since, it protects the biomolecule from the environmental 

severities (Park and Chang, 2000). Even though high cell loading can be achieved by this 

method but the semi-permeable capsules are usually weak in nature (Song et al., 2005). 

Limited diffusivity of the used membranes is another inevitable drawback associated with 

this method and hence is rarely used in ex-situ bioremediation (Klein et al., 2012; Lozinsky 

and Plieva, 1998). 
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1.8.2.4. COVALENT BINDING 

This method of cell immobilization is based on the formation of the covalent bond 

formation between the biomolecules and the activated inorganic carrier support in the 

presence of a cross linking or binding agent. This method is mostly used for the 

immobilization of the enzymes and is rarely employed for the hole cell immobilization. 

This may be due to the fact that covalent linking requires chemical modification of the 

carrier surface and the coupling agent assigned for the formation of the covalent bonds are 

usually cytotoxic in nature which often results in loss of cell viability or enzymatic activity 

(Groboillot et al., 1994). It is highly difficult to conceptualize a condition that immobilizes 

the  cells without any change in its activity (Ramakrishna and Prakasham, 1999). However, 

the biggest advantage of this type of cell immobilization technique is that it prevents the 

leakage of the biomolecules into the environment due to strong covalent bonds between the 

biomolecule and the carrier agents (Cabana et al., 2009; Guzik et al., 2014a; Yu et al., 

2010).  

Kumar and D’Souza developed a biosensor using the covalent linked whole cells of 

bacterium Sphingomonas sp. to monitor organophosphorus pesticides such as methyl 

parathion (Kumar and D’Souza, 2010). The whole cells of the bacterial strain were directly 

immobilized onto the inner walls of the microplate wells using glutaraldehyde as the cross-

linker and the plates had a reusability upto 75 reactions. The study presents the concept of 

using glutaraldehyde to develop covalent links between the microbial cells and the 

immobilizing support to develop reusable microbial biocomponent. Another support 

material which widely utilizes the covalent bonding between the whole cell and the support 

material is the polyurethane foam (PUF). Tallur et al., have investigated the biodegradation 

of pyrethroid based pesticide cypermethrin by the Micrococcus sp. immobilized on 

polyurethane foam (PUF) (Tallur et al., 2015). The PUF-immobilized cells exhibited higher 

cypermethrin degradation efficiency as compared to the freely suspended cells and the 

immobilized biocatalysts can be reused for more than 32 cycles without the loss of its 

efficacy.  

1.9. TREATMENT OF WASTEWATER CONTAINING PESTICIDES 

USING BIOREACTORS 

In the past few decades, research involving biological treatment of various toxic 

contaminants in the wastewater generated from various industries has gained momentum. 
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Consequently, configuration of various bioreactor designs, from the conventional activated 

sludge system to the highly advanced membrane bioreactor have been proposed in the 

literature for the treatment of the wastewater with an aim to ensure consumption of minimal 

resource, cost, increased oxygen transfer rate and removal efficiency. The reactors used for 

the biological treatment of the wastewaters are primarily classified into suspended biomass 

systems such as continuous stirred tank, air-lift and bubble column bioreactors and 

immobilized biomass system such fixed film bioreactor systems, fluidized bed bioreactors, 

air lift bioreactor, etc. The microbial cell immobilization on the support particles confers 

higher flexibility and operational stability to the reactor design due to higher active biomass 

retention (Aksu and Bülbül, 1998). While particle based bioreactor systems such as 

fluidized bed bioreactors offers a better mass transfer of oxygen and the pollutant, it also 

has several disadvantages such as involvment of high cost due to high maintenance, 

superior operating conditions and increased reactor vessel size to facilitate better 

fluidization (Trambouze and Euzen, 2004).  

One of the most reliable bioreactors that has been successfully proved for the treatment of 

various organic contaminants is the fixed film packed bed bioreactor (PBBR) (Guieysse et 

al., 2000). The major advantages includes cost effectiveness, easy operation, energy 

efficiency, and doesnot need either a mechanical agitator for proper mixing of the biomass 

and nutrient or other sophisticated paraphernalias to keep the immobilized particle 

suspended. Moreover, PBBR can be easily scaled up from laboratory scale to pilot scale. 

As compared to the conventional suspended biomass systems, the shear stress is relatively 

mild and constant across the reactor gradient, a characteristic that favors the biomass 

growth. The packing materials of PBBR exhibits high surface area which facilitates 

superior microbial growth. Hence, high volumetric biomass can be achieved within the 

modest reactor volume resulting in superior metabolic activity (Israni et al., 2002). 

Immobilization of biomass has become an established technique to construct an 

indispensable barrier between the microorganisms and high concentration of toxic 

contaminants which protect the microorganisms from damage during the continuous 

operation (Kotresha and Vidyasagar, 2017). Due to the above mentioned advantages, PBR 

have been in the focus for the treatment of organic contaminant from the wastewater 

(Alitalo et al., 2015; Rouf et al., 2017; Rout et al., 2018; Sahinkaya et al., 2012; Sheeja and 

Murugesan, 2002; Tepe and Dursun, 2008). Like any other reactor, PBR too has some 

disadvantages such as formation of undesired heat gradients within the reactor volume, 
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poor temperature control, difficult to clean and replace biocatalysts, channelling and 

formation of nutrient and oxygen rich zones and deficit zones (Kreft and Wimpenny, 2001; 

Sahoo, 2011). There are several studies reported on the treatment of various xenobiotes 

using packed bed bioreactors which has been discussed in brief in the following paragraphs.   

Kariminiaae-Hamedaani et al., have investigated the biotreatment of wastewater from food 

processing industry in an aerobic packed bed bioreactor in a continuous mode 

(Kariminiaae-Hamedaani et al., 2003). Ceramic beads were used as the packing material 

for the immobilization of the bacterial strain isolated from the contaminated wastewater. 

Results suggest that the system was able to remove upto 87% of the influent COD at 30.17h 

of HRT and 2.0 vvm of aeration rate. However, the study concluded that aeration rate 

doesnot affect the COD removal efficiency of the PBBR if it is managed between the range 

of 0.4 to 2.0 vvm.  

Mansee et al., have studied the enzymatic detoxification of the neurotoxic 

organophosphates in a packed bed bioreactor, which has been rather limited due to the high 

cost involved for the purification of the enzyme and the short catalytic half-life (Mansee et 

al., 2005). They have developed a cost effective method for the pilot scale production and 

immobilization of organophosphorus hydrolase (OPH), in an enzyme bioreactor for the 

detoxification of coumaphos in wastewater. The immobilized fusion of the enzyme OPH 

and a cellulose binding domain was used as the biocatalyst to fill the column and was able 

to degrade up to 0.2 mM of coumaphos completely. The bioreactor was able to rapidly 

degrade the compounds tested at high concentration without any loss of process 

productivity for about 2 months. 

Saghafi et al., have studied an up-flow anaerobic packed bed bioreactor (UAPBR) using 

walnut shell as the packing material for the development of Pseudomonas putida biofilm 

for the biodegradation of toluene and xylene in continuous mode (Saghafi et al., 2010). It 

was observed that hydraulic retention time (HRT) plays a vital role in determining the 

removal efficiency of the bioreactor. Increasing the HRT from 24h to 72h the COD removal 

efficiency for xylene and toluene increased from 62 and 65%, to 74 and 80%, respectively 

even though the loading rate increased from 2000 COD mg/L to 7000 COD mg/L.  

Chen et al., have compared the efficiency of the packed bed bioreactor packed with 

different packing material such as alginate beads and cellulose triacetate gel beads for the 

biodegradation of propionitrile by Klebsiella oxytoca isolated from the wastewater of metal 
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plating industry (Chen et al., 2010). The immobilized cell beads were reused for the five 

consecutive degradation experiments of 150 mM of propionitrile with up to 99% of 

degradation efficiency observed at HRT of 18h in each test thus suggesting the reusability 

of the immobilized beads for a longer period of time. The study also concluded the impact 

of HRT to be a deciding factor for the degradation efficiency of the system  

Marrón-Montiel et al., have studied the biodegradation of linuron for the first time in a 

laboratory scale packed-bed biofilm reactor with aeration modules framed at the top 

(Marrón-Montiel et al., 2014). The biofilm reactor was packed with tezontle, the volumetric 

loading rates was gradually increased from 0.29 to 14.93 mg/L/h and the DO level was 

maintained at 5 mg/L in the aeration modules. It was observed that for every loading rate, 

100% linuron removal efficiency, 80% of COD removal efficiency was achieved along 

with zero aromatic intermediates accumulation. The results indicated that DO concentration 

is not the limiting factor for the complete bioremediation of xenobiotes in a packed bed 

bioreactor.  

 Yáñez-Ocampo et al., have immobilized a bacterial consortium for biological treatment of 

tetrachlorvinphos and methyl-parathion in a  tezontle-packed up-flow biofilm reactor 

(TPUFR) (Yáñez-Ocampo et al., 2011). With the aim of investigating the effect of flow 

rate and HRT on the biodegradation efficiency, TPUFR was evaluated for various flow 

rates of (0.936, 1.41, 2.19, and 3.51 l/h) and HRT of (0.313, 0.206, 0.133, and 0.083 h) with 

an operating time of 8h. Around 75% of pesticide removal efficiency was achieved at flow 

rate of 0.936 l/h while the pesticide adsorption on to the support material was negligible in 

nature thus proving that the pesticide removal is solely due to the immobilized microbial 

consortium. 

Sahoo et al., have designed a novel upflow packed bed bioreactor with the facilities of cross 

flow aeration along the reactor depth at multiple ports to improve the hydrodynamic 

conditions and PNP bioremoval efficiency of the bioreactor at various loading rates (Sahoo 

et al., 2011). The HRT was varied between 7h to 18h and complete PNP removal was 

achieved up to a loading rate of 2787 mg/L/d, influent PNP concentration of 1400 mg/L 

and 18h of HRT. Bromophenol, chlorophenol and nitrophenol removal in mixed pollutants 

wastewater system was treated in the UPBR operated in continuous mode (Sahoo et al., 

2014). The system was optimized by a 23 full factorial design and complete removal of 

these pollutants was achieved at optimized conditions at a loading rate of 1707 mg/l/day. 
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However, increasing the loading rate was found to deteriorate the reactor performance. The 

study concluded that higher the HRT, higher is the organic contaminant removal efficiency.  

Another study pertaining to the detoxification of the herbicide 2,4-D in a continuously 

operated down-flow fixed-bed reactor, was carried out by an indigenous Delftia sp. isolated 

from contaminated river water of Argentina (González et al., 2012). The bioreactor system 

was packed with bacterial cells immobilized on polyurethane foam cubes. The system was 

evaluated for the flow rate of 1- 2 L/day with a influent concentration ranging from 50 – 

200 mg/L. The system was able to remove up to 99.6% and 90% of the initial herbicide and 

COD level respectively under continuous operation.  

Biodegradation of herbicide propanil was studied in a continuously operated biofilm reactor 

(Herrera-González et al., 2013). The bioreactor used a microbial consortium immobilized 

on tezontle as the packing material and evaluated for the effect of various parameters 

on the removal efficiency. The flow rate, HRT and propanil loading rates were studied 

between 14 to 300 ml/h, 28.71 to 1.34h and 1.9 to 36.8 mg/L/h respectively. While 

complete removal of propanil, was obtained at loading rates up to 24.9 mg/L/h, the removal 

efficiencies decreased with increasing the loading rates.  

Biodegradation of chlorpyrifos was investigated in a packed bioreactor operated in a 

continuous mode packed with Pseudomonas sp. immobilized polyurethane foam pieces 

(Yadav et al., 2014). The bioreactor was operated at flow rates ranging between 10 – 40 

mg/L under the optimized process parameters and a chlorpyrifos removal efficiency of 91% 

was achieved up to a loading rate of 300 mg/L/d. The study concluded that the bioreactor 

system is sensitive to the fluctuation in the flow rates but is able to recover its performance 

quickly. Another study that investigated the removal of contaminant from the contaminated 

wastewater using an up-flow packed-bed bioreactor was studied using biodegradable meal 

box as the packing material and the biofilm carrier (Li et al., 2016). The system was studied 

with varying HRT from 10 – 24h for 164 days and complete denitrification was achieved 

with a HRT of 17h. 

Evaluation of biodegradation of herbicide malathion was carried out in a packed bed 

bioreactor operated for a period of 75 days in continuous mode (Geed et al., 2017). The 

bioreactor was packed with Bacillus sp. immobilized on PUF cubes and was studied at 

various flow rates ranging between 5 – 30 ml/h. Varying the inlet loading rate between 36–

216 mg/L/d, the elimination capacity of the system varied between 7.2- 145.4 mg/L/d and 
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an average of 90% removal efficiency was achieved at the inlet loading range of 144 – 165 

mg/L/d. The study proposed a guideline for the efficient operation of the bioreactor and 

clearly demarcated the mass transfer controlling experimental conditions from the 

biochemical reaction controlling experimental conditions.  

Gordillo et al., have investigated the application of continuous up-flow packed-bed biofilm 

reactor for the treatment of wastewater containing methyl tertiary-butyl ether (MTBE) 

(Alfonso-Gordillo et al., 2016). The study employed the indigenous microbial consortium 

and tezontle particles as the biofilm support material. In contrast to the toxic nature of the 

MTBE towards the microbial communities, the immobilized bioreactor system was able to 

achieve above 90% of MTBE and COD removal efficiency up to 128.3 mg/L/h of the inlet 

loading rate. However, on increasing the loading rate above this the removal efficiency 

decreased and presence of the intermediate 2-hydroxy butyric acid (2-HIBA) in the treated 

outlet sample detected.  

Banerjee and Ghoshal treated the petroleum wastewater obtained from the oil refinery in a 

packed bed bioreactor (Banerjee and Ghoshal, 2017). The reactor was packed with the 

Bacillus cereus strains immobilized in calcium alginate beads and PUF cubes separately. 

While the initial COD of 9200 mg/L was reduced to 70 mg/L by the PBR with alginate 

beads and to 830 mg/L by the PBR with PUF cubes as the packing materials. Similarly, the 

PBR with bacterial strain immobilized in alginate beads shown better removal efficiency 

in terms of phosphate, phenolics and other nutrient removal from the wastewater as 

compared to the PUF immobilized bacterial strains.  

Another study to investigate the biodegradation of organic contaminant by the application 

of continuous packed bed bioreactor (CPBBR) was carried out by utilizing Bacillus sp. 

isolated from the contaminated soil immobilized on PUF beads used as the packing 

materials (Kureel et al., 2018). The study was conducted for a period of 105 days and the 

maximum benzene removal of 93.13% was achieved when the inlet loading rate was set at 

192 mg/L/d and the elimination capacity maintained at 156 mg/L/d under optimized 

conditions.  

1.10. RESEARCH GAP  

Even though chloroacetanilide class of herbicides and their intermediate metabolites has 

been included frequently in the Chemical Contaminant List published by the US 

Environmental Protection Agency, a very few studies have been carried out regarding their 
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elimination from the environment. Out of all the compounds of this group, butachlor (N-

(butoxymethyl) -2-chloro-2’, 6’-diethyl acetanilide) is the most persistent one and based on 

an extensive review of the available literature on the biodegradation of this class of 

herbicides, it is quite clear that only a handful of studies have been carried out in the field 

of biodegradation of butachlor. However, available literature suggests that the focus has 

mostly been limited to the isolation of the chloroacetanilide herbicide catabolizing 

microorganisms from various sources and studying the degradation pathway for the same. 

The biodegradation studies have been limited only to lower herbicide concentrations but 

exhaustive study to determine the threshold degradation potential of the microbial strains 

have not been followed up till date. Secondly, the study pertaining to the biodegradation of 

the chloroacetanilide class of herbicides has been carried out either by the pure cultures or 

by the indigenous microbial consortia isolated from contaminated sites. However, 

employing synthetic mixed culture may lead to complete remediation of the contaminants 

even at higher concentrations within shorter time period. The use of immobilized culture 

for biodegradation has not been evaluated, instead free cell culture have been adopted to 

enhance better mass transfer between the gas and liquid phases. Emphasis on the 

application of bioreactor system for the treatment of wastewater contaminated with 

chloroacetanilide class of herbicides by employing different microbial cultures similar to 

actual wastewater treatment plant that operates continuously has not been explored till date.  

1.11. OBJECTIVES OF THE PRESENT STUDY 

From the above discussion it is evident that the information available so far is not adequate 

enough and there are still many questions unanswered for the treatment of chloroacetanilide 

herbicides from the environment. Application of statistical optimization to improve the 

butachlor remediation efficiency of the microbial strains and kinetic modelling are yet to 

be established. Hence, in order to address the above limitations properly and achieve the 

goal of butachlor bioreduction from the environment, the current work has been carried out. 

Extensive research work has been under taken to address the unexplored research gaps and 

reported in the present thesis with the following objectives: 

 Isolation and identification of microorganism potent to degrade butachlor from 

various contaminated site (soil/water). 

 Optimization of physical process parameters and media components to enhance the 

efficiency of butachlor biodegradation. 
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 Batch shake flask studies on the biodegradation of butachlor and other herbicides 

such as alachlor and glyphosate in both single as well as mixed substrate system. 

 Evaluation of substrate inhibition patterns and estimation of kinetic parameters 

involved in biodegradation of butachlor in batch shake flasks 

 Assessment of the possible mechanism of butachlor biodegradation by the isolated 

strains.  

 Development of a synthetic bacterial consortium for the efficient reduction of 

butachlor in both aqueous medium as well as in the soil. 

 Fabrication of packed bed biofilm reactor (PBBR) system and evaluation of its 

performance with the enriched mixed consortium on butachlor reduction under 

different operating conditions. 

 Assessing the performance of the newly fabricated PBBR packed with cell 

immobilized ceramic beads and with simple PBR packed with cell immobilized 

calcium alginate beads.  

1.12. ORGANIZATION OF THE THESIS 

The presentation of the work has been organized into nine chapters. Chapter 1 (current 

chapter), briefly introduces to the types of chloroacetanilide herbicides, their environmental 

impacts and various methods to enhance the bioremediation of herbicides along with a 

detail literature review. Finally, the knowledge gap and the motivation for the current 

research have been discussed in this chapter. Chapter 2, lays out the detailed materials and 

methods adopted for the present study and provides technical information about the 

analytical methods followed in the present work. It also elaborates the fabrication and 

operation of a packed bed biofilm reactor accompanied with the description of cell 

immobilization techniques selected for the study. Chapter 3 – 5 describes, the isolation of 

potential butachlor degrading bacterial strains from different sites having a history of 

butachlor and other herbicide contamination. Identification of the isolated strains based on 

the 16S rDNA gene sequencing method. Optimization of various environmental and 

nutritional parameters that affect the metabolic activity of a bacterial strain to achieve 

maximal butachlor degradation. Biodegradation of butachlor and other common herbicides 

at various initial concentrations by the isolated strains at their optimum physiological 

conditions. Investigation on degradation kinetics in addition to the identification of the 
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intermediate metabolites to elucidate the possible degradation mechanism. Chapter 6 

describes the formulation of a synthetic bacterial consortium of the isolated strains and the 

improved butachlor and herbicide degradation efficiency of the consortium. The chapter 

paves the path for the utilization of the bacterial consortium for large scale remediation of 

butachlor and other herbicides from the contaminated environment. Chapter 7 reports the 

butachlor biodegradation in an up-flow re-circulated packed bed bioreactor filled with Ca-

alginate immobilized bacterial consortium. Development of mass transfer correlation in 

terms of Colburn factor (JD) and Reynolds number (NRe) by combining the effect of external 

mass transfer with biochemical reaction. Chapter 8 describes the continuous 

biodegradation of butachlor and mixture of herbicides by the synthetic bacterial consortium 

immobilized on ceramic beads in a packed bed biofilm reactor. The performance evaluation 

of the bioreactor on the basis of its butachlor and COD removal efficiency. Chapter 9 sums 

up the output and draws major inferences based on the present work. It also identifies some 

useful recommendations for the future work in the relevant field of research.  



CHAPTER 2 

  

EXPERIMENTAL APPROACH 
 

This chapter elaborates the experimental investigations, procedures and the analytical 

methods followed throughout the study. It discusses the isolation techniques for obtaining 

butachlor-tolerating microbial strains from various environmental samples. 

Characterization of the bacterial strains by SEM, biochemical characterization and 16s 

rRNA gene sequencing are detailed here. Statistical methods were employed for the 

optimization of operational parameters to achieve maximal butachlor degradation by the 

selected microbial strains. The experimental methods employed for the determination of 

bio-kinetic parameters such as specific butachlor degradation rate (q), the maximum 

volumetric degradation rate of butachlor (qmax), half saturation constant (Ks) and substrate 

inhibition constant (Ki) and on the identification of the metabolites produced during the 

biodegradation process are described. Determination of the batch degradation efficiency 

of the isolated bacterial strains for various herbicides both in freely suspended as well as 

immobilized conditions were carried out, the details of which have been presented in this 

chapter. Formulation of a defined mixed microbial consortium and treatment of synthetic 

wastewater containing butachlor and other herbicides in a packed bed bioreactor has been 

discussed elaborately. Specifications of all reagents and chemicals used in this work have 

been documented in this chapter. Any deviation in the experimental procedures stated here 

is detailed in the respective section(s) / chapter(s).  
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2.1. MATERIALS AND GROWTH MEDIUM 

HPLC grade Methanol, Acetonitrile, Water, and analytical grade butachlor were procured 

from Sigma Aldrich (India). Commercial grade butachlor, alachlor and glyphosate were 

obtained from Insecticides India, Ltd., Sinochem India Pvt. Ltd. and Excel Cropcare Ltd. 

respectively. Other chemicals and reagents used in this study were mostly procured from 

Merck (India) and Himedia (India). The glass wares used in this study were of borosilicate 

material. Bacterial strains were cultivated in minimal salt medium (MSM), the composition 

being detailed in Annexure I (Liu et al. 2012b). The media was sterilized by autoclaving 

and the herbicides were added after filter sterilization.  

2.2. ISOLATION AND IDENTIFICATION OF BUTACHLOR-

CATABOLIZING MICROORGANISM 

The soil samples were collected from various ecological niches contaminated with 

butachlor and other herbicides.  The samples were obtained from an agricultural field 

having a history of butachlor application for many years, from the site contaminated with 

the effluent from the herbicide formulation units and sediments of the nearby pond where 

the surface runoff water is accumulated. After removing the top soil for about 2 cm, the 

soil sample was obtained up to 10 cm under the surface. Three subsamples were obtained 

from each site and were mixed in a sterile plastic bag the total mass of which was around 

50 g. The soil samples were obtained in sterilized airtight containers and were stored at 4°C 

prior to its use. The enrichment culture for the isolation of butachlor-catabolizing 

microorganism was carried through as reported by Mohanty and Jena (2017). About five 

grams of the contaminated soil sample was added to 100 mL MSM comprising butachlor 

(100 mg/L) and the setup was incubated for five days at 35 °C, 180 RPM in an orbital 

shaker incubator (Figure 2.1).  

Then, five millilitre of the enrichment culture suspension was aseptically transferred into 

fresh flask containing MSM and further incubated for five more days. The concentration 

of butachlor was determined after each transfer to confirm its degradation. After sixth 

transfer, the enrichment culture was subjected to serial dilution and was transferred to MSM 

agar plates comprising 100 mg/L of butachlor. The pure culture obtained, were evaluated 

for their ability to degrade butachlor. The bacterial strains were subjected to subsequent 

increase in the butachlor concentration. Eventually, the bacterial strains showing maximum 

butachlor tolerance and highest degradation potential were chosen for further studies. For 
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the identification of the microbial strains, biochemical assays were performed as per the 

protocol available in the literature, the details of which has been furnished in Annexure II. 

For molecular identification, 16s rRNA gene sequences were obtained and were 

homologized using BLAST algorithm with the archived 16s rDNA sequences already 

submitted at GeneBank, NCBI (Annexure III). A phylogenetic tree was developed using 

MEGA 6.0.5 software (Thompson et al. 1997). The partial 16s rDNA gene sequences 

obtained were submitted to GeneBank, NCBI.  

 

Figure 2.1: Enrichment culture setup for collected soil samples. 

2.3. SCANNING ELECTRON MICROSCOPY 

The bacterial strains were grown overnight in nutrient broth medium at 30°C, 180 RPM in 

an orbital shaker incubator. A drop of the bacterial culture was placed on a glass slide and 

air dried followed by 2.5% glutaraldehyde fixation and rinsed with phosphate buffer saline 

and dehydrated via successive passages through 30,50,75,90 and 100% ethanol. The 

Electron Microscopy images were carried out using FEI make QUANTA FEG-250 

(ESEM).   

2.4. OPTIMIZATION OF PROCESS PARAMETERS FOR 

BUTACHLOR BIODEGRADATION 

Implementation of statistical optimization of process parameters in this study was explored 

in two stages. The first stage involves the preliminary screening of experiments where the 

factors that significantly influence the biodegradation efficiency of the microbial strains 

were determined. In the second stage, the statistically significant variables were 

resubmitted to an optimised experimental design of response surface methodology to 
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determine the interaction among the involved parameters on the biodegradation efficiency 

of the microorganism. A brief overview of each experimental design has been described in 

this section as follows: 

2.4.1. DESIGN OF EXPERIMENTS 

2.4.1.1. PLACKETT-BURMAN DESIGN 

Plackett–Burman design, an efficient technique for the selection of the significant factors 

that influences biodegradation efficiency of a microbial strain from a large number of 

influencing variables (Mohan et al. 2014). In the present investigation, 16-run Plackett-

Burman design (including four center points) was employed for seven variables (along with 

two dummy variables). The factors were evaluated both for higher level denoted by +1 and 

lower level denoted by -1 while the centre value was denoted as level Zero. The boundary 

value as well as the value of the centre point of variable was defined as per the results 

obtained in preliminary studies (data not shown here). The parameters considered for the 

study, their corresponding -1 and +1 values have been enlisted in Table 2.1. The effect of 

each parameter on butachlor degradation has been calculated using the following Eq:  

Y = M0 + Σ Mi Xi            (2.1) 

where Y denotes the response (percentage butachlor removal), M0 : model intercept; Mi : 

linear factor coefficient; Xi: Participant Variable (Dayana Priyadharshini and 

Bakthavatsalam 2016).  

Table 2.1: Levels of the factors tested in Plackett–Burman Design.  

Factor Symbol 
Experimental Values 

Low (-1) High (+1) 

Temperature (°C) X1 25 40 

pH X2 6 9 

Inoculum Size (v/v) (%) X3 5 15 

(NH4)2SO4 (g/100 ml) X4 0.075 0.2 

KH2PO4 (g/100 ml) X5 0.05 0.125 

K2HPO4 (g/100 ml) X6 0.075 0.2 

NaCl (g/100 ml) X7 0.075 0.2 

2.4.1.2. RESPONSE SURFACE METHODOLOGY 

Utilizing the Plackett–Burman analysis, the influential factors imperative for 

biodegradation of butachlor were shortlisted for each individual bacterial strain. To 
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optimize the significant factors for the biodegradation of butachlor, a 2n full factorial central 

composite design (CCD), each at five levels (−α, −1, 0, +1, +α) with six replicates at the 

centre points and eight axial points was employed where n is the number of the variables 

involved. The detailed experimental aspects of response surface methodology for each 

individual bacterial strains have been given in their respective chapters. A 2nd-order 

polynomial equation was engaged for analysing the experimental data obtained and 

calculates the relationship between the studied parameters as shown by Eq. (2.2):  

   Response = 𝑴𝟎 +  ∑ 𝑴𝒊 
𝒏
𝒊=𝟏 𝑿𝒊 + ∑ 𝑴𝒊𝒊 

𝒏
𝒊=𝟏 𝑿𝒊

𝟐 + ∑ ∑ 𝑴𝒊𝒋 
𝒏
𝒋=𝟏

𝒏
𝒊=𝟏 𝑿𝒊𝑿𝒋     (2.2) 

wherein response denotes the predicted percentage of butachlor removal; X symbolizes the 

input variables influencing the response; M0 is the constant (intercept coefficient); Mi 

represents the ith linear coefficient; Mii intends to be ith quadratic coefficient, and Mij stands 

for the ijth interaction coefficient (Zhao et al. 2017). For establishing the interaction among 

the variables, surface plots (three-dimensional) of the predicted responses were 

constructed. The statistical software Minitab (Version 17.1) was used for designing the 

experiment and further determination of the regression coefficients by Analysis of Variance 

(ANOVA) and the coefficient of determination (R2). 

2.5. DEVELOPMENT OF SYNTHETIC MICROBIAL CONSORTIA 

OF THE SELECTED BACTERIA 

To obtain a standard bacterial inoculum or mother cultures, individual strains were grown 

overnight for a period of 16 – 18 hrs on Nutrient Broth at 32.5 °C at 120 RPM in an orbital 

shaker incubator. The overnight grown culture was centrifuged at 6655 g for 10 mins and 

the biomass obtained was washed with phosphate buffer saline (pH 7.0 – 7.2). The biomass 

was suspended in mineral salt medium prior to the experiment. Equal volume of the cell 

biomass of each strain was inoculated in the nutrient broth and the setup was incubated at 

32.5 ºC, 120 RPM overnight. The mixed bacterial culture obtained was used for the further 

experiments. For the selection of best butachlor degrading microbial consortium, 5 ml 

inoculum of each consortium was inoculated in 100 ml sterilized MSM complemented with 

200 mg/L of butachlor as the sole carbon source and was incubated in an orbital shaker 

incubator at 32.5 ºC, 120 RPM. The consortium was subjected to subsequent increase in 

the initial butachlor concentration and the consortium showing maximum degradation 

efficiency has been chosen as the subject of this study.  
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2.6. MICROBIAL CELL IMMOBILIZATION IN ALGINATE BEADS 

The bacterial strains were individually inoculated in sterilized nutrient broth and incubated 

overnight at 32.5°C, 120 RPM. The cell biomass of each bacterial strain was harvested as 

stated previously and was washed with sterile phosphate buffer saline (PBS). Equal 

quantity (1.02X1030 cfu) of each constituent bacterial strain were resuspended in sterile 

mineral salt medium and was mixed finally in a 1:1:1 proportion. The bacterial suspension 

was mixed to 200 mL of sterilized sodium alginate solution (4%) by continuous mixing on 

a magnetic stirrer. The cell-alginate mixture was extruded drop-by-drop into cold calcium 

chloride solution (0.2M, sterilized prior to the experiment), using a peristaltic pump with a 

flowrate of 60 mL/hr. Uniform-sized, spherical beads were formed due to gelation of cell-

alginate mixture coming on contact with the calcium chloride solution. The immobilized 

beads were kept in cold CaCl2 solution (0.2M) at 4°C overnight for complete gelation and 

hardening of the beads. Then, the beads were rinsed with sterile MSM at room temperature 

followed by sterile double distilled water to remove excess calcium chloride residues 

(Figure 2.2). Now the beads were used for further degradation study.  

 

Figure 2.2: Cell immobilized calcium alginate beads. 

2.7. BIODEGRADATION ASSAY 

The isolated microbial strain was inoculated in nutrient broth and incubated overnight at 

32.5°C at 180 RPM in an orbital shaker incubator. To harvest the cells in late exponential 

growth phase, the inoculum culture was centrifuged at 4°C, 10400 g for 5 min. Around 5% 

(v/v) of the cell biomass obtained were inoculated to 100 ml MSM medium containing 
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butachlor as the sole carbon source and incubated at 32.5°C and 180 RPM in an orbital 

shaker incubator.  

To determine the effect of initial concentration of butachlor on the biodegradation 

efficiency, the microbial strain was inoculated in the MSM comprising various 

concentration of butachlor ranging from 100 mg/L to 1000 mg/L (Figure 2.3). The cultures 

were incubated at 32.5°C and 180 RPM in an orbital shaker incubator. Each experiment 

was conducted in triplicates, and the non-inoculated MSM fulfilled as the experimental 

control. The concentration of butachlor in the medium was accessed periodically using 

HPLC. At every 24 hours interval, five mL samples were collected for the analysis 

regularly. The degradation efficiency was determined by estimating the concentration of 

butachlor in the medium using high-performance liquid chromatogram (HPLC) analysis 

(Zhang et al. 2011).  

 

Figure 2.3: Experimental setup for biodegradation of butachlor in MSM aqueous medium. 

Around 50g of finely grounded agricultural soil was added to a 250 ml Erlenmeyer flask. 

The physico-chemical properties of the soils has been enlisted in Table 2.2. The soil sample 

was oven dried at 100°C overnight and was then sterilized by autoclaving at 121°C for 15 

min. The bacterial strains were grown overnight in MSM at the optimized pH and 

temperature conditions. The butachlor solution was added to the soil samples in the 

experimental setup and mixed thoroughly, to which the cells were inoculated at a 

concentration of 3×108 cfu/g and incubated at 37°C for 21 days (Figure 2.4). The soil 

samples were extracted as per the method available in the literature and the extract was 

analysed for the residual butachlor concentration as mentioned in Section 2.11 (Yu 

Y  Wong M 2003).  

Table 2.2: General characteristics of soils used in the biodegradation experiment 
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Figure 2.4: Experimental setup for biodegradation of butachlor in soil. 

To evaluate the degradation efficiency of the microbial strain towards the other herbicides, 

the degradation experiments were carried out employing with those herbicides as the sole 

carbon source.  Separate experimental setups with MSM supplemented with various 

concentrations of the herbicides such as alachlor and glyphosate were inoculated with the 

bacterial strains respectively. The samples were regularly obtained in every 24 hours and 

analysed to determine the residual herbicide concentration in the medium (Zhang et al. 

2011) (Tzaskos et al. 2012). The experiments were performed in triplicates, and the non-

inoculated medium was used as the control experiment.   

For biodegradation assay pertaining to the immobilized bacterial cells, 2g (wet weight) of 

the immobilized beads were transferred to 250 ml Erlenmeyer flasks containing 100 ml 

MSM with various concentration of butachlor. Incubation condition remained same as per 

the freely suspended cell system. To determine the viability of the immobilized cells for 

Parameter Characteristics 

Color Reddish Brown 

Type Loamy Clay 

pH 6.68 

SOM 117.8 
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reuse, same beads were used for 3 – 5 consecutive batch experiments. Medium containing 

beads without any microbial strains was used as the control experiment.  

2.8. KINETIC ANALYSIS 

An inoculum of 10% (v/v) of the late exponential growth phase was transferred into a 250 

ml Erlenmeyer flask containing MSM supplemented with a varying initial concentration of 

butachlor ranging from 100-1000 mg/L. All experiments were performed in optimized 

conditions of the respective bacterial isolates obtained previously. Samples were 

withdrawn at regular time intervals to determine the residual butachlor concentration. All 

the experiments were performed in triplicates. The rate of degradation was determined by 

the semi-logarithm plot of substrate concentration. From the different values of q with 

regard to the varying S value, the bio-kinetic parameters such as Ki, Ks and qmax were 

established using the non-linear regression analysis by MATLAB software (Mohanty and 

Jena 2017).  

2.9. IDENTIFICATION OF METABOLITES 

For identification of the intermediates formed during the biodegradation of butachlor, the 

microbial strain was grown in MSM containing 200 mg/L of butachlor. The non-inoculated 

medium containing the same amount of butachlor was used as the control to find the abiotic 

degradation of the butachlor with time.  Samples were collected at the regular interval of 

time and centrifuged at 10400 g, 10 mins. The supernatant was extracted using the 1:1 (v/v) 

mixture of ethyl acetate and n-hexane after being saturated with NaCl.  The organic phase 

was separated, air- dried and re-suspended in methanol (HPLC grade) for further analysis. 

After filtration using a 0.22 µm membrane (Millipore, USA), the samples were subjected 

to Electrospray ionisation-Mass spectrometry (ESI-MS, Perkin Elmer, USA). The ESI-MS 

spectra were recorded in the positive electron ionization (EI) mode, and the ionization 

energy was 70 eV, while the drying gas temperature was 300ºC with capillary exit voltage 

of 100 V (Liu et al. 2012b). The detection array is ranged within 120–400 mu. Butachlor 

and the intermediates were identified using the compound library database of National 

Institute of Standards and Technology (NIST, USA). 

2.10. ANALYTICAL METHODS 

To determine the residual butachlor concentration in the medium high-performance liquid 

chromatography (HPLC) analysis of the extracted sample was carried out as per the 

protocol available in the literature (Liu et al. 2012a). The HPLC analysis was performed 
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using a C – 18, 5µm column (Agilent Technologies, USA) using methanol: water as the 

mobile phase in a ratio of 70: 30. The flow rate was maintained at 1 ml/min, and the 

absorbance was recorded at 225 nm. For determination of butachlor from soil sample, 5g 

of the soil sample was soaked in 20 mL (1:1) mixture of ethanol – demineralized water and 

filtered through Whatman filter paper. The filtrate obtained was centrifuged at 1000 g for 

10 mins and the supernatant was transferred in to a calibrated tube to make up the volume 

up to 50 mL with sterilized double distilled water. Now, the concentration of the butachlor 

was estimated by using HPLC as per the method described above.  

 Alachlor was extracted with an equal volume of hexane/ethyl acetate (1:1) after saturation 

with sodium chloride. The organic phase containing the pesticide was separated and air-

dried room temperature and re-dissolved in methanol (HPLC Grade). The extracted 

samples in methanol were filtered through a 0.22 μm Millipore membrane filter. The 

residual herbicide concentration was analysed by HPLC using a C – 18, 5 µm column 

(Agilent Technologies, USA) and acetonitrile: water in a ratio of 60: 40 as the mobile phase 

(Zhu et al. 2006). The flow rate was maintained at 1 ml/min, and the peak absorbance was 

monitored at 265 nm. The calculation of the concentrations of alachlor was based on the 

peak area from the calibration curve.  

Glyphosate was determined as per the method proposed by Tzaskos et al., (2012). One mL 

of the sample was centrifuged at 7000 g for ten mins, and 100 μL of the supernatant was 

taken in a test tube. 500µl of each 5% ninhydrin and 5% sodium molybdate was added to 

it. The samples were heated at 85-90˚C for 12 min. Then the sample was cooled at room 

temperature, and the volume was made up to 5ml. The absorbance was recorded at 570nm 

by spectrophotometer. 500μL of ninhydrin and sodium molybdate solution to a total 

volume of 5 mL was used as a blank.  

2.11. HERBICIDE BIODEGRADATION IN CONTINUOUS SYSTEMS 

Two laboratory scale packed bed bioreactor were fabricated to study the mass transfer 

characteristics and biodegradation of butachlor by the immobilized microbial consortium 

SMC1 on two different support materials. The bioreactors were fed with the mineral salt 

medium (MSM) containing various concentration of butachlor. The composition of the 

MSM was mentioned in Appendix 1. The pH of the medium was adjusted to 7.35. The 

synthetic wastewater for the study, was prepared using the filtered R.O. water.  
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2.11.1. PACKED BED BIOREACTOR (PBBR-I)  

Figure 2.5 shows the schematic representation of the experimental setup used for the study 

of mass transfer characteristics in a re-circulated up-flow packed bed batch bioreactor of 

100 cm length and 5 cm internal diameter. For the discharge of exhaust gas and liquid 

effluents, outlets ports were designed at the top of the lid and the above 60 cm from the 

bottom of the reactor column respectively. The sampling ports were closed by the sterilized 

silicon tubing with a pinch cork. Air was supplied from the compressor through an air 

sparger at the centre of the reactor base with a pore size of 40 + 5μm, to maintain the aerobic 

condition and facilitate proper mixing of the feed. The column, the lid and the base were 

brought together by the metallic clamps and were sealed with sterilizable silicon-rubber 

gaskets. The aeration rate was controlled through a pressure-regulating valve and a pre-

calibrated rotameter having a range of 0 – 30 LPM. The air flow rate was maintained at 2 

LPM. All the experiments were carried out at 32 + 2°C.  
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Figure 2.5: Schematic illustration of the re-circulated up-flow packed bed bioreactor (PBBR- I). 

2.11.2. PACKED BED BIOFILM REACTOR (PBBR-II)  

Figure 2.6 shows the schematic representation of the experimental setup used for the study 

of continuous biodegradation of synthetic wastewater containing butachlor and other 

herbicides in an up-flow packed bed batch bioreactor of 100 cm length and 5 cm internal 

diameter with 55 cm high reactor bed. The experimental setup also consisted of a feed tank, 

peristaltic feed pump, collection tank, gas rotameter, and air pump. Outlet for the discharge 

of exhaust gas and liquid effluents were designed at the top of the lid and above 70 cm from 
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the bottom in the reactor column respectively. The sampling ports were closed by the 

sterilized silicon tubing with a pinch cork.  

 

Figure 2.6. Schematic illustration of the up-flow packed bed bioreactor (PBBR -II). 

Air was supplied from the compressor through an air sparger at the centre of the reactor 

base with a pore size of 1mm, to maintain the aerobic condition and facilitate proper mixing 

of the feed. The column, the lid and the base were brought together by the metallic clamps 

and were sealed with sterilizable silicon-rubber gaskets. The aeration rate was controlled 

through a pressure-regulating valve and a pre-calibrated rotameter having a range of 0 – 30 

LPM. The air flow rate was maintained at 2 LPM. All the experiments were carried out at 

32 + 2°C.  
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The active reactor bed volume was packed with ceramic raschig rings of 6mm diameter 

and 6 mm height as the microbial biofilm support material and a mesh at the bottom to 

prevent their movement (Figure 2.7). Synthetic wastewater comprising of butachlor and 

other herbicides were used as the feed for the reactor and were fed continuously with the 

help of peristaltic pump in an up-flow mode of operation. After the reactor assemblage, the 

porosity of the packed bed material, total reactor volume and packed bed volume were 

determined the values of which have been provided in Table 2.3.  

 

Figure 2.7. Ceramic Raschig rings as biofilm support. 

Table 2.3. Dimensional details of bioreactor (PBBR –II)  

Parameters Values 

Height of the packed bed  60 cm 

Diameter of the Reactor  8.89 cm 

Total Volume  3716 ml 

Working Volume 2000 ml 

Packing material size  6 mm X 6 mm 
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BATCH BIODEGRADATION STUDIES OF 

BUTACHLOR CATABOLIZING MICROBIAL 

STRAIN ISOLATED FROM AGRICULTURAL SOIL 

 

In the present study, herbicide biodegradation by butachlor catabolizing microbial strain 

Serratia ureilytica isolated from contaminated agricultural soil has been discussed. 

Statistical optimization techniques such as Plackett-Burman design and RSM were being 

engaged in defining the significant factors affecting butachlor biodegradation and 

identifying the optimum levels of those variables for maximizing the butachlor degradation 

by the isolated strain.  Different mathematical models have been used to establish the bio-

kinetic parameters such as specific butachlor degradation rate (q), the maximum 

volumetric degradation rate of butachlor (qmax), half saturation constant (Ks) and substrate 

inhibition constant (Ki) for this microbial strain in the batch experimental setup. 

Furthermore, the impact of cell immobilization technique on the biodegradation activity of 

the bacterial strain has also been investigated. Based on the identification of the 

metabolites produced during the biodegradation process, a butachlor degradation pathway 

by the microbial strain has been proposed.  

 

A part of the work has been published in the International Journal of Environmental 

Science and Technology. https://doi.org/10.1007/s13762-018-1958-6  
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3.1. INTRODUCTION 

Earlier, a few microorganisms have been reported that degrade butachlor naturally and 

utilizes it as the sole carbon and energy source (Chakraborty and Bhattacharyya 1991; 

Torra-Reventos et al. 2004; Dwivedi et al. 2010; Zhang et al. 2011; Liu et al. 2012; Gao et 

al. 2015). However, in most of the studies the degradation process is quite slow. Hence, it 

is essential to isolate new microbes with higher butachlor removal efficiency to provide 

momentum to the ongoing studies in the field of butachlor biodegradation. Bacteria and 

fungi are the principal agents that are responsible for the remediation of various toxic 

contaminants from the environment. Soil has always proved to be an incredibly reliable 

source of microorganisms that are relevant to the concept of bioremediation and are the 

sources of several enzymes specific for carrying out biotransformation (Dubey et al. 2006).  

Soil represents a complex ecosystem, the microenvironment of which favors the adaptation 

of the microorganisms to various conditions such as low humidity, temperature, and diverse 

enzymatic activities etc. The evolution of the microorganism to adapt to diverse conditions 

is mainly due to the physical and chemical properties of soil. Hence, such potentially useful 

organisms with desired catabolic ability are readily been isolated from soil after 

enrichment, which reportedly increase the microbial population of the soil appreciably (Lee 

et al. 2004; Yun et al. 2004). Moreover, the microorganisms isolated from the soils that are 

previously subjected to hydrocarbon pollution demonstrate a better prospect of 

biodegradation rather than the ones with no such past exposure. For that matter, a pesticide-

contaminated soil, may serve as a better repository for encountering microbial strain(s) 

resistant to the particular contaminant. India, being an agro-based country with most of the 

population dependent on agriculture as profession, emphasizes the extensive usage of the 

pesticides for preventing agricultural loss and enhancing production. While only 5% or less 

of the pesticides applied, get to the target organisms, the rest of the pesticides starts 

accumulating in the soil or adjoining waterbodies. Hence, agricultural soil with a history of 

application of butachlor for crop management may be the storehouse of the microbial 

strains resistant to higher concentration of butachlor and with better degradation efficiency.  

In the present chapter, an attempt has been made to isolate hyper-butachlor tolerant 

microbial strains from the contaminated agricultural soil with a history of application of 

the herbicide. The microbial metabolism is enzyme driven, its efficiency is dependent on 

both environmental as well as nutritional parameters (Zhou et al. 2011; Kong et al. 2014). 

Altering the external environmental parameters and modifying the medium components 
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may affect the microbial growth, which in term affects the microbial activity. Hence, 

statistical optimization techniques are employed to sketch an appropriate model design for 

enhancing the butachlor removal efficiency by altering the growth conditions and the 

medium components of the microbe. The microbial strain is subjected to various other 

herbicides to determine its substrate specificity spectrum. To enhance the degradation 

efficiency of the bacterial strain in presence of higher concentration of butachlor, the 

bacterial strain is immobilized on calcium alginate beads and a comparative study is drawn 

to determine the change in the degradation efficiency of the microbial strain in both the 

systems. To understand the underlying biodegradation mechanism, the intermediate 

metabolites have been determined thus proposing a butachlor metabolic pathway for the 

strain. As per the available literature, no studies are found regarding the nutritional and 

environmental parameters affecting butachlor biodegradation or substrate inhibition due to 

the higher concentration of butachlor.  

3.2. EXPERIMENTAL ASPECT 

The soil samples were obtained from an agricultural field in Jagatsinghpur District of 

Odisha, India having a history of butachlor application for many years. The enrichment 

culture for the isolation of butachlor-degrading microorganism was carried out as per the 

procedure reported in Section 2.2. To optimize  various factors that influences the 

biodegradation efficiency of the isolated microbial strains, statistical optimzation 

techniques such as PBD and RSM were employed as discussed in Section 2.4.   Using the  

PBD, three important parameters  such as pH of the growth medium, incubation 

temperature and initial biomass concentration were found to be significant to the 

biodegradation efficiency of the isolated strain. To optimize the significant factors for the 

biodegradation of butachlor, a 23 full factorial central composite design (CCD), each at five 

levels (−α, −1, 0, +1, +α) with six replicates at the centre points and eight axial points 

comprising a total of 20 experiments was employed for improving butachlor degradation 

by the isolated strain (Table 3.1).   

Table 3.1: Levels of the factors tested in Central Composite Design (CCD). 

Factors Symbols 
Coded Levels 

-α -1 0 1 +α 

Temperature (°C) X1 20 25 32.5 40 45 

pH X2 5 6 7.5 9 10 

Inoculum Size (v/v)(%) X3 1.6 5 10 15 18.5 
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The bacterial strain was subjected to varying initial concentration of butachlor ranging from 

100 – 1000 mg/L and other herbicides to determine the biodegradation efficiency of the 

microbial strain as described in Section 2.7. With increasing concentration of butachlor in 

the medium, the microbial strain tends to express a typical case of substrate inhibition. 

Hence, the biokinetic parameters of the process were determined as described in Section 

2.8 by application of various inhibition models. To enhance the degradation efficiency of 

the microbial strain at higher initial concentration of butachlor, the cells were immobilized 

as described in Section 2.6. A comparative study on the biodegradation efficiency of the 

microbial strain both in freely suspended system as well as on being immobilized in Ca-

alginate beads was carried out. To determine the butachlor degradation pathway undertaken 

by the microbial strain, the intermediate metabolities were determined as per the technique 

detailed in Section 2.9 and a plausible degradation pathway has been elucidated.  

3.3. RESULT AND DISCUSSION 

3.3.1. ISOLATION AND CHARACTERIZATION OF BUTACHLOR TOLERANT 

BACTERIAL STRAINS 

From the preliminary screening of 12 bacterial isolates obtained from the enrichment 

culture, three bacterial strains designated AS1, AS2, and AS5 are initially selected for the 

study taking into account their high butachlor tolerance potential (Table 3.2). Among the 

isolates, the bacterial strain AS1 is capable of tolerating butachlor concentration as high as 

1000 mg/L and is able to degrade up to 100 mg/L of butachlor within 48 h (Figure 3.1). 

Hence, the strain is selected for further investigation. The strain AS1 is a Gram-negative, 

motile, rod-shaped, non-spore forming bacterium (Figure 3.2). The microbial strain has 

been positive for starch hydrolysis, urease, Voges−Proskauer, and nitrate reduction test 

while negative for oxidase and lactose hydrolysis (Table 3.3). The 16S rDNA sequence 

obtained for the strain AS1 has been submitted in the GenBank repository with Accession 

No. KT427634. 

Table 3.2: Tolerance of the bacterial strains isolated from the contaminated agricultural soil at various 

concentration of butachlor in MSM. 

Concentration 

of butachlor 

(mg/L) 

AS1 AS2 AS3 AS4 AS5 AS6 AS7 AS8 AS9 AS10 AS11 AS12 

100 √ √ √ √ √ √ √ √ √ √ √ √ 

200 √ √ √ √ √ √ √ √ √ √ √ √ 

300 √ √ √ √ √ - √ - - √ √ √ 
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400 √ √ - √ √ - - - - - - - 

500 √ √ 
- - 

√ - - - - - - - 

600 √ √ 
- - 

√ - - - - - - - 

700 √ √ 
- - 

√ - - - - - - - 

800 √ √ 
- - 

- - - - - - - - 

900 √ - 
- - 

- - - - - - - - 

1000 √ - 
- - 

- - - - - - - - 

 

 

Figure 3.1: Isolated bacterial strain AS1 on MSM 

plate containing butachlor 

 

Figure 3.2: SEM image of the bacterial strain AS1 

 

The multiple sequence alignment of the obtained sequence and the sequences available in 

GenBank archives, revealed the highest degree of similarity with the members of the genus 

Serratia and forming a subclade with Serratia ureilytica KJ722485 (100% homology) 

(Figure 3.2). As per the aspects stated above, the strain-AS1 is identified as Serratia 

ureilytica.

Table 3.3: Biochemical Characteristics of the 

isolated bacterial strain AS1.  

Characteristics Strain AS1 

Gram Staining 
Gram 

Negative 

Cell shape Rod shaped 

Catalase + 

Nitrate Reduction + 

Oxidase - 

Lactose 
Fermentation 

- 

Urease + 

Methyl Red + 

VP + 
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Figure 3.3: Phylogenetic tree of strain AS1 and related species based on the 16S rRNA gene sequences.
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3.3.2. OPTIMIZATION OF BUTACHLOR BIODEGRADATION BY SERRATIA 

UREILYTICA STRAIN AS1 

The seven parameters contemplated in this study for their influence on biodegradation of 

butachlor by the microbial strain are statistically analysed using PBD. Table 3.4 enlists the 

design of experiments and their corresponding butachlor degradation percentage. The wide 

variation in responses from 32.93 - 75.69, in the 16 trials emphasises the dependency of 

butachlor removal efficiency of the microbe on various process parameters.  

Table 3.4: Plackett–Burman Design of factors with Butachlor degradation (Percentage) as response 

Run  

Order 

Temp. 

(°C) 
pH 

Inoculum  

Size (v/v) 

(%) 

(NH4)2SO4 

(g/L) 

KH2PO4 

(g/L) 

K2HPO4 

(g/L) 

NaCl 

(g/L) 

Experimental 

Value 

(%) 

Predicted 

Value 

(%) 

1 25 6 15 0.2 0.125 0.075 0.2 43.9 43.58 

2 40 6 15 0.075 0.05 0.075 0.2 51.5 49.82 

3 40 6 5 0.075 0.125 0.2 0.2 51.8 54.67 

4 40 6 15 0.2 0.05 0.2 0.075 52.04 52.62 

5 25 6 5 0.2 0.125 0.2 0.075 48.52 46.84 

6 40 9 5 0.2 0.125 0.075 0.2 53.15 52.84 

7 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 70.23 70.63 

8 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 72.51 70.63 

9 40 9 5 0.2 0.05 0.075 0.075 51.54 51.84 

10 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 75.69 70.63 

11 25 9 5 0.075 0.05 0.2 0.2 37.96 35.97 

12 40 9 15 0.075 0.125 0.2 0.075 48.12 46.33 

13 25 9 15 0.075 0.125 0.075 0.075 33.93 35.71 

14 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 72.62 70.63 

15 25 6 5 0.075 0.05 0.075 0.075 42.28 43.06 

16 25 9 15 0.2 0.05 0.2 0.2 32.93 34.91 

Table 3.5 shows that parameters such as pH of the medium, growth temperature, and 

inoculum size have a substantial impact on the biodegradation of butachlor and hence are 

incorporated in the subsequent optimization study. However, the rest of the parameters 

have no significant effect on biodegradation of butachlor. The factors are having a 

confidence level more than 95% are considered as important for their incorporation in the 

subsequent studies of optimization. The correlation coefficient (R2) value of 0.984 suggests 

that up to 98.4 % variabilities in the butachlor degradation can be calculated. The statistical 

analysis of the experimental data using F-test is presented in Table 3.6. 
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Table 3.5: Effect of factors and statistical analysis of factors using Plackett–Burman Design 

 

 

 

 

 

 

 

 

Table 3.6: ANNOVA for PBD (Plackett–Burman Design) model 

Source DF Adj SS Adj MS F 

Main Effects 7 560.80 80.11 12.43 

Temperature 1 392.51 392.51 60.88 

pH 1 87.53 87.53 13.58 

Inoculum Size 1 43.43 43.43 6.74 

(NH4)2SO4 1 22.66 22.66 3.51 

KH2PO4 1 10.40 10.40 1.61 

K2HPO4 1 2.03 2.03 0.31 

NaCl 1 2.24 2.24 0.35 

Curvature 1 2207.03 2207.03 342.30 

Residual Error 7 45.13 6.45  

Lack of Fit 4 30.07 7.52 1.50 

Pure Error 3 15.07 5.02  

Total 15   

The model equation for the percentage butachlor biodegradation (Y) is represented as Eq. 

3.1. 

Y = 34.8255 + 0.762556 X1 -1.80056 X2 - 0.380500 X3 + 21.9867 X4 + 24.8222 X5 - 

6.5733 X6 - 6.9200 X7          (3.1) 

The CCD has been used for determining the interactions among the significant parameters 

viz. growth temperature (X1), pH of the medium (X2) and biomass concentration (X3) for 

further optimization studies. Table 3.7 showcases the experimental design matrix and the 

corresponding results obtained. The following second-order polynomial equation has been 

deduced after the application of multiple regression analysis for the analysis of the 

experimental data:  

Term Effect Coefficient Standard error T-value P-value 

Constant  45.639 0.7330 62.26 0.000 

Temperature 11.438 5.719 0.7330 7.80 0.000 

pH -5.402 -2.701 0.7330 -3.68 0.008 

Inoculum Size -3.805 -1.902 0.7330 -2.60 0.036 

(NH4)2SO4 2.748 1.374 0.7330 1.87 0.103 

KH2PO4 1.862 0.931 0.7330 1.27 0.245 

K2HPO4 -0.822 -0.411 0.7330 -0.56 0.593 

NaCl -0.865 -0.432 0.7330 -0.59 0.574 

R2 = 98.40% ;   R2 (pred.) = 96.56% 
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Y = 75.146 + 5.806X1 - 1.611X2 + 8.802X3 -7.329 X1
2 -11.803 X2

2 -4.520 X3
2     (3.2) 

where, Y denotes the percentage butachlor degradation.  

Table 3.7:  Experimental design and results of CCD 

Run 

Order 

Temp. 

(°C) 
pH 

Inoculum 

Size (v/v) 

(%) 

Response 

(%) 

Predicted 

Value 

(%) 

1 0 0 0 75.23 75.14 

2 -1.68 (-α ) 0 0 40.16 44.65 

3 -1 1 -1 38.675 35.27 

4 -1 1 1 54.79 52.88 

5 0 1.68 ( +α ) 0 36.48 39.05 

6 -1 -1 1 59.21 56.11 

7 0 0 -1.68 (-α ) 45.72 47.55 

8 1 -1 1 68.98 67.71 

9 0 0 0 74.96 75.14 

10 0 -1.68 (-α ) 0 43.29 44.47 

11 1 1 1 63.57 64.49 

12 0 0 0 75.37 75.14 

13 0 0 1.68 ( +α ) 75.25 77.16 

14 -1 -1 -1 39.78 38.49 

15 0 0 0 75.42 75.14 

16 1.68 ( +α ) 0 0 64.92 64.18 

17 1 1 -1 48.97 46.88 

18 0 0 0 75.12 75.14 

19 0 0 0 75.42 75.14 

20 1 -1 -1 48.58 50.18 

Table 3.8 presents the ANOVA of the proposed model for the percentage butachlor 

degradation. The significance of the model is suggested by its ‘‘F-value” which was found 

to be 127.79. The linear as well as the quadratic terms are significant for the estimation of 

butachlor biodegradation efficiency. Both the experimental as well as the predicted 

response are in good agreement with each other as suggested by the R2 value of 0.9833. 

The “Lack of Fit” of 0.067 suggests it to be non-significant compared to the pure error 

which means only 6.7% probability of occurrence of “Lack of Fit” due to noise. The 

established model is sufficiently competent to predict the biodegradation of butachlor 

within the ranges of the dedicated variables.  
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Table 3.8: ANNOVA for CCD 

Source DF Seq SS Adj SS Adj MS F P-value 

Regression 6 4227.83 4227.83 704.64 7.79 0.000 

Linear 3 1553.82 1553.82 517.94 3.93 0.000 

X1 1 460.30 460.30 460.30 83.48 0.000 

X2 1 35.43 35.43 35.43 6.43 0.025 

X3 1 1058.08 1058.08 1058.08 191.89 0.000 

Square 3 2674.01 2674.01 891.34 161.65 0.000 

X1
2 1 503.03 774.15 774.15 140.40 0.000 

X2
2 1 1876.52 2007.81 2007.81 364.14 0.000 

X3
2 1 294.47 294.47 294.47 53.40 0.000 

Residual Error 13 71.68 71.68 5.51   

Lack-of-Fit 8 71.51 71.51 8.94 257.54 0.067 

Pure Error 5 0.17   0.17 0.03 

Total 19 4299.51  

The regression model is graphically represented by surface plots (three-dimensional) and 

corresponding contour plots (two-dimensional) (Figure 3.4) which are used to contemplate 

the effect of each parameter individually as well as their mutual interaction among 

themselves, on biodegradation of butachlor. The plots are based on Eq. (2.4), where holding 

one variable at its optimal level, the effect of the other two variables is studied by varying 

them within the experimental boundaries, the pattern of which indicates the significance of 

the mutual interaction amongst the independent variables. Figure 3.4 (a) & (b) depicts the 

effect of growth temperature (X1) versus pH of the medium (X2) on butachlor 

biodegradation keeping the initial inoculum size (X3) constant at level zero. The influence 

of pH of the medium (X2) and the inoculum size of the microbial strain (X3) on butachlor 

biodegradation keeping the temperature constant has been depicted in Figure 3.4 (c) & (d). 

The plot representing the significance of growth temperature (X1) and the inoculum size 

(X3) on biodegradation of butachlor while keeping the pH of the medium (X2) at zero level 

has been depicted in Figure 3.4 (e) & (f). As demonstrated in the figures, a clear peak as 

response surface for butachlor degradation meant that the optimum points are well within 

the design boundaries. The response surface plot indicates that change in the growth 

temperature, surrounding pH and initial biomass concentration has a significant impact on 

the degradation efficiency of the microbial strain. 



Chapter 3 

78 
 

Figure 3.4: Surface and Contour plot respectively showing interactions between the significant parameters on 

butachlor biodegradation by the isolated Serratia ureilytica strain AS1; (a) & (b) presents interaction between 

temperature (X1) and pH (X2), (c) & (d) presents interaction between pH (X2) and inoculum Size (X3), (e) & (f) 

presents interaction between temperature (X1) and inoculum Size (X3). 

The butachlor removal efficiency increases with increasing temperature, but after a certain 

point, the biodegradation efficiency declines on further increase in the temperature. This 
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may be because of the fact that microbial metabolic activities are usually enzyme driven in 

nature and change in temperature changes the structure, nature, and activity of the enzyme. 

As discussed previously, since microorganism cannot regulate their internal temperature, 

they adapt to the environmental conditions they exist. Effect of temperature on the 

biodegradation efficiency of the microorganism has been reported previously during the 

biodegradation of profenofos by a novel bacterial consortium (Jabeen et al. 2015). 

Similarly, pH of the surrounding environment also plays a determinative role in the 

biodegradation of an organic contaminant. The figure suggests that the optimum butachlor 

degradation can be attained by keeping the surrounding pH value within 7 – 8. Change in 

pH not only affects the nature of the enzyme but also damages the microbial cell integrity 

by disrupting the plasma membrane and damaging the membrane transport proteins. Initial 

biomass concentration also dominates in influencing the biodegradation efficiency of any 

microorganism (Dayana Priyadharshini and Bakthavatsalam 2016). Low initial biomass 

concentration may lead to struggle for the survival of the microorganism under toxic 

environment; high biomass concentration may lead to competition among the microbial 

cells for the available carbon and other nutrient sources. Hence, outside a particular range, 

the biomass concentration adversely affect the overall biodegradation performance of any 

microorganism. This is in agreement with the earlier work where inoculum size portrays a 

major role in the biodegradation of the organic contaminant (Zhou et al. 2011).  

To validate the obtained statistical model and propose a better understanding of the 

biodegradation of butachlor; experiments are performed at optimum levels of growth 

temperature (35°C), pH (7.3) and Inoculum size (10% (v/v)). The predicted butachlor 

removal efficiency under the optimal conditions is 80.63 % against the actual experimental 

removal efficiency of 81.08%. Since the predicted and the actual measured values are found 

to be very close, the validity of the predicted RSM model is thus substantiated.   

3.3.3. BATCH BIODEGRADATION OF BUTACHLOR AND OTHER HERBICIDES 

BY SERRATIA UREILYTICA STRAIN AS1 

Figure 3.5 demonstrates the biodegradation of butachlor by the isolated strain Serratia 

ureilytica strain AS1 under the optimized condition. HPLC analysis quantifies the 

concentration of butachlor at a particular time point. Significant reduction of the major 

butachlor peak along with the subsequent emergence of numerous secondary peaks of 

unknown metabolites has been observed at different time points ( Figure 1, Annexure IV). 
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The microbial strain Serratia ureilytica strain AS1 shows complete butachlor degradation 

of 500 mg/L of butachlor within 240 h at optimized conditions. Increasing the concentration 

of the butachlor in the medium resulted in the inhibition of the degradation efficiency of 

the bacterial strain. A prolonged lag phase is observed in MSM comprising more than 500 

mg/L and is attributed to the adaptation phase, possibly owing to the fact that the 

microorganism takes time to process signal transduction and subsequently induce a 

metabolic pathway for biodegradation. Similar results has been observed in previous 

studies reporting prolonged lag phase in similar intensified conditions (Dwivedi et al. 2010 

; Mohanty 2012).  

 

Figure 3.5: Degradation profile of the isolate Serratia ureilytica strain AS1 at different initial concentration of 

butachlor. 

Biodegradation of butachlor in agricultural soil augmented with Serratia ureilytica strain 

AS1 is investigated within a range of 100 – 1000 mg/L in the laboratory scale. As per the 

figure 3.6, 100% degradation of 500 mg/Kg of butachlor is achieved within 288 h by the 

isolated bacterial strain while it is able to degrade upto 51.3% of the butachlor when the 

initial substrate concentration is 1000 mg/Kg. A certain degree of inhibition in the 

degradation efficiency of the bacterial isolate can be detected by the strain AS1 during soil 

bioremediation experiments. Similar results are obtained previously during the 

biodegradation of the herbicide chlorpyrifos where the novel bacterium Ochrobactrum sp. 
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JAS2 degraded the herbicide in both aqueous medium as well as in the soil (Abraham and 

Silambarasan 2016). While the isolated strain is able to degrade 300 mg/L of chlorpyrifos 

just within 12 h in aqueous medium, it degraded the same concentration of the herbicide in 

24 h in the contaminated soil. This may be due to the fact that oxygen availability is an 

important parameter that affects the bioremediation efficiency of any microbial strain. 

During the biodegradation experiment carried out in aqueous medium on a shaker incubator 

a homogenous supply of oxygen throughout the setup is maintained. However during the 

soil bioremediation experiment, oxygen accessibility is slightly limited as compared to the 

aqueous medium experimental setup and hence the microbial strain tends to take more time 

to degrade same amount of the contaminants under same experimental conditions. Thus, 

these experiments prove that during soil bioremediation, oxygen accessibility is a possible 

factor limiting the biodegradation of the pollutants (Kaszycki et al. 2011).  

 

Figure 3.6: Degradation of butachlor in the soil by the isolate Serratia ureilytica strain AS1. 

The ability of the isolated strain Serratia ureilytica AS1 to degrade and utilize other 

herbicides such as alachlor and glyphosate as a nutrient source has also been studied. 

Figure 3.7 depicts the biodegradation of alachlor by the bacterial strain subjected to a 

various initial concentration of the herbicide. This is the first study to explore the alachlor 

biodegradation ability of the microbial strain Serratia ureilytica. As per the figure, the 

bacterial strain AS1 is able to degrade upto 500 mg/L of alachlor completely and is able to 
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degrade more than 50% when the initial concentration of the alachlor is 1000 mg/L. Like 

the previous observation pertaining to the biodegradation of butachlor by the isolated strain, 

after a certain concentration, alachlor also confers a certain degree of inhibition towards 

the microorganism which can be comprehended from the increasing lag phase with the 

increase in the increase in the initial substrate concentration. However, the strain AS1 is 

able to degrade alachlor faster as compared to the butachlor which may be attributed to its 

low molecular weight and relatively simple structure. HPLC chromatogram depicting the 

change in the concentration of alachlor during biodegradation experiment at various time 

interval has been presented in Annexure IV ( Figure 2). 

 

Figure 3.7: Degradation profile of the isolate Serratia ureilytica strain AS1 at different initial concentration of 

alachlor.  

Similarly, the biodegradation of the herbicide glyphosate by the microbial strain AS1 has 

been presented in Figure 3.8. As shown in the figure, the biodegradation of the herbicide 

glyphosate started rapidly, and no apparent lag phase has been observed with increasing 

the concentration of the herbicide. The strain can degrade 1000 mg/L of the herbicide 

within a time span of 192 h completely. Till date a very limited amount of study exists that 

boast of the bacterial strains belonging to the genus Serratia to be glyphosate degraders 

(Ouided and Abderrahmane 2013). This is the first study to report the biodegradation of 

the glyphosate by the microbial strain Serratia ureilytica.  
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Figure 3.8: Degradation profile of the isolate Serratia ureilytica strain AS1 at different initial concentration of 

glyphosate. 

The above study confirms that the bacterial isolate AS1 is able to utilize both alachlor as 

well as butachlor efficiently as the sole carbon and energy sources individually. However, 

the industrial effluent usually carries a combination of the herbicides, which may affect the 

overall biodegradation efficiency of the microbial strain. Hence, it is highly necessary to 

study the overall removal efficiency of the bacterial strain in presence of the mixture of 

compounds. From the figure 3.9, it can be deduced that the bacterial strain on being 

subjected to the mixture of both butachlor as well as alachlor, exhibits a slower rate of 

degradation which may be due to combined toxicity conferred due the presence of both the 

herbicides, which are reportedly known to be inhibitory to microbial flora (Chu et al., 

2008). The figure demonstrates that at the initial phase, the bacterial strain AS1 utilizes 

alachlor during which, the rate of butachlor assimilation has been slowed. However, after 

the complete removal of alachlor, the butachlor biodegradation acquires the pace. Similar 

results are obtained previously, when the genetically engineered microorganism was 

subjected to the mixture of pesticides, methyl-parathion, and carbofuran. The microbial 

strain initially degraded the relatively low molecular weight methyl-parathion and after 

complete biotransformation, degraded carbofuran upto undetectable level (Jiang et al. 

2007).  
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Figure 3.9: Batch biodegradation of butachlor and alachlor mixture at various initial concentrations by the 

isolate Serratia ureilytica strain AS1. 

3.3.4. SUBSTRATE INHIBITION STUDIES 

Biodegradation of butachlor by the isolated strain AS1 subjected to a various initial 

concentration of butachlor has been presented in Figure 2.5. The strain is able to degrade 

and utilize butachlor up to a concentration of as high as 1000 mg/L. The microbe can 

degrade up to 500 mg/L of the initial concentration of butachlor completely. However, on 

increasing the initial concentration of butachlor to 600, 700, 800, 1000 mg/L, respectively, 

approximately 98.5%, 64%, 57% and 37% biodegradation of the herbicide is observed 

respectively. From Figure 3.10 (a), it can be noted that the rate of biodegradation decreased 

with increasing initial concentration of butachlor, indicating the fact that the herbicide acts 

as a partial inhibitor for the microbial strain AS1. Hence, to address this assumption, 

various substrate inhibition models are applied to fit the specific rate of degradation (q) at 

different initial butachlor concentration. Figure 3.10 (b) presents the relationship between 

the initial butachlor concentration with the specific rate of degradation, both experimental 

as well as the predicted. The bio-kinetic parameters such as maximum specific degradation 
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rate (qmax), half-saturation coefficient (Ks) and inhibition coefficient (Ki) for various 

substrate inhibition models are determined using non-linear regression analysis by 

MATLAB software and are presented in Table 3.9.  

Figure 3.10: (a) Butachlor Degradation percentage at different initial butachlor concentrations by the isolated 

strain AS1; (b): Fitting experimental data with various substrate inhibition models depicting the relationship 

between the initial butachlor concentration with the specific rate of degradation. 

Table 3.9: Bio-kinetic parameters for biodegradation of butachlor by S. ureilytica Strain AS1 obtained by 

various models. 

The critical inhibitor concentration (Sm) is found to be 207.43 mg/L, and the correlation 

coefficient (R2) is found to be 0.9906 thus indicating the perfect agreement between the 

calculated and experimental values. As depicted in the figure, on increasing the 

concentration of the initial concentration of the butachlor above 200 mg/L, the value of the 

Mathematical model 
qmax 

(h-1) 

Ks 

(mg/L) 

Ki 

(mg/L) 
R2 

Haldane Model 

𝑞 = 𝑞𝑚𝑎𝑥

𝑆

𝐾𝑠 + 𝑆 +
𝑆2

𝐾𝑖

 3.83 99.109 434.16 0.9906 

Aiba Model 

𝑞 = 𝑞𝑚𝑎𝑥  (1 − exp (
𝑆

𝐾𝑖
) − exp (

𝑆

𝐾𝑠
)) 

4.539 100.6 702.2 0.9841 

Edwards Model 

𝑞 =
𝑞𝑚𝑎𝑥𝑆

𝑆 + 𝐾𝑠 + (
𝑆2

𝐾𝑖
) (1 + (

𝑆
𝐾𝑠

))

 3.398 83.39 806.9 0.8925 
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specific degradation rate decreases, thus suggesting the partial inhibitory effect of the 

butachlor on the biodegradation activity of the microbe at high concentration. 

3.3.5. BUTACHLOR BIODEGRADATION BY THE IMMOBILIZED CELLS IN 

ALGINATE BEADS 

Biodegradation of butachlor by the immobilized Serratia ureilytica strain AS1 is studied 

various initial contcentrations ranging from 1000 mg/L to 2000 mg/L as depicted in Figure 

3.11(a). As observed from the figure, it is quite evident that on being immobilized, the 

butachlor biodegradation efficiency of the microbial strain has enhanced dramatically. The 

immobilized bacterial strain is able to degrade 1000 mg/L of butachlor completely within 

120 h. Moreover, 71.66% and 55.96% of butachlor is degraded by the immobilized cells 

when the initial butachlor concentration was 1500 mg/L and 2000 mg/L respectively. 

Alginate beads without microbial biomass was used as the control experiment which has 

negligible changes in the butachlor residues in the medium thus confirming the fact that the 

butachlor disappearance in the experimental setup using beads having immobilized 

microbial biomass is due to the biodegradation rather than adsorption to the alginate beads.  

Figure 3.11(b) depicts a comparison of the butachlor degradation efficiency of the 

microbial strain as freely suspended bacteria and immobilized cells. Freely suspended cells 

are able to degrade only 13.9% of 1000 mg/L of butachlor within 120h due to its toxic 

nature at such high concentration. It is observed that on being immobilized within a 

protective matrix, the bacterial strain is able to degrade 1000 mg/L completely and 72% 

and 56% of 1500 mg/L and 2000 mg/L of butachlor respectively within 120 hours. The 

substrate inhibition phenomenon at higher butachlor concentration is limited and the 

tolerance is enhanced when the strain is immobilized. This may be due to the fact that on 

being entrapped within a protective matrix, the diffusional limitation reduces the substrate 

flux into the matrix resulting a concentration gradient within the matrix and outside. To 

investigate the stability and reuseability of the immobilized alginate beads, repeated batch 

experiments using immobilized microbial cells are carried out and it is noticed that the 

immobilized cells can be reused efficiently for ten experimental runs successively without 

any significant change in the butachlor degradation ability. However, since a well defined 

lag phase is observed during the tenth cycle of batch study, no further batches of experiment 

are carried out, thus confirming the fact that the immobilized microbial cells have a stable 

bioactive period up to 50 days. It may be noted that the entrapped matrix neither collapsed 

nor deformed under the present operating conditions, indicating the effective robustness of 
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the immobilized beads. Similar results are previously being reported where the alginate 

entrapped cells were examined for their bioremediation ability after a period of 48 days 

without any decline in its efficiency (Chen et al. 2017). 

 

 

Figure 3.11: (a) Butachlor biodegradation profile of the immobilised bacterial strain Serattia ureilytica AS1 at 

various initial concentration of butachlor. (b) Comparative study of butachlor biodegradation at 120h by the 

freely suspended and immobilized strain AS1 at various initial concentration of butachlor. 

(a) 

(b) 
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3.3.6. IDENTIFICATION OF INTERMEDIATE METABOLITES 

HPLC and Electrospray ionization mass spectrometry (ESI-MS) studies are performed to 

decipher the biodegradation of butachlor by the isolate Serratia ureilytica strain AS1. 

Complete degradation of the butachlor by the microbial strain is confirmed by the HPLC 

analysis. Based on ESI-MS analysis of intermediate metabolites in the medium, three 

intermediate metabolites have been identified during the degradation of butachlor. Each of 

the peaks is identified according to their mass spectra (molar mass of the compound and 

ion paring (Na+ )), and as per the National Institute of Standards and Technology (NIST, 

USA) library database. In the original sample of 0 h, a single peak is observed at m/z 334.26 

corresponding to butachlor (molar mass of butachlor: 311.85 g/mol). A similar peak is 

observed in the analysis of the butachlor standard, thus confirming that the peak belongs to 

the parent compound. With the progress of the degradation process, the peak disappeared 

concomitantly along with the formation of new peaks (Figure 3.12). The first intermediate 

which appeared during the process recorded the peak at m/z 292.22. Based on the 

characteristic fragment ion peak and molecular weight, it is identified to be alachlor [2-

chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide]. With the advancement of 

the degradation process, the next intermediates which emerged correspond to the peak at 

m/z 223.21 and m/z 149.10. The compounds are proposed to be 2-chloro-N-(2,6-

dimethylphenyl)acetamide and 2,6-diethylaniline respectively. By the chemical structures 

of butachlor and the intermediate metabolites, a plausible butachlor biodegradation 

pathway exhibited by the Serratia ureilytica strain AS1 has been proposed (Figure 3.13). 

Decrease in the peaks corresponding to the major intermediate metabolites with time 

indicates that the bacterial strain not only utilizes butachlor as the sole carbon source but 

also mineralizes it completely without resulting any toxic intermediates such as 2,6-

diethylaniline as the end-products. Literature suggests that in this particular butachlor 

metabolic pathway, the microbial strain converts 2,6-diethylaniline in to aniline which is 

later degraded via aniline degradation pathway (Caspi et al. 2018).  
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Figure 3.12: ESI-MS profile of the metabolite produced during butachlor degradation by Serratia ureilytica strain AS1 at different time intervals. (a) 0h; (b) 72h; (c) 120h; (d) 144h.
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Figure 3.13: Proposed degradation pathway of butachlor by the bacterial strain AS1. 

3.4. MAJOR FINDINGS 

 In the present investigation, a hyper-tolerant butachlor-catabolizing bacterial strain 

is isolated from the agrarian soil samples. The bacterial strain is characterized and 

identified to be Serratia ureilytica. The bacterial strain is able to tolerate up to as 

high as 1000 mg/L and can utilize butachlor as the sole source of carbon and energy.  

 Statistical methods are applied to identify the significant parameters that affect the 

degradation efficiency of the microbial strain and to achieve the maximum 

butachlor biodegradation efficiency. Among the nine process parameters evaluated, 

incubation temperature, pH of the medium and the initial microbial biomass are 

found to be the significant ones that influence the biodegradation of butachlor by 

the microbial strain the most. Maximum butachlor biodegradation by the strain AS1 

is achieved at optimum levels of growth temperature (35°C), pH (7.3) and Inoculum 

size (10% (v/v)). 

 The bacterial strain Serratia ureilytica AS1 has the capability of degrading the 

pesticide to a concentration as high as 600 mg/L completely which is the highest 

till date to be reported. 

 The bacterial strain is capable of complete removal of butachlor in agricultural soil 

500 mg/Kg at laboratory scale  within 288h at a rate constant of 0.2 day-1 following 

a first-order rate kinetics.  
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 Further, the microbial strain AS1 has the ability to degrade other herbicides of 

global concern such as alachlor and glyphosate efficiently. Till date no microbial 

strain was evaluated for such high concentration of alachlor and glyphosate. The 

strain is able to degrade 500 mg/L of alachlor within 168 hours while literature 

suggests previously isolated microbial strains were reported to degrade 100 mg/L 

of alachlor within 120 hours. Similarly, the strain is able to degrade 1000 mg/L of 

glyphosate within 188h which is quite high for the herbicide removal till date. Batch 

biodegradation study for the cometabolism of the herbicides alachlor and butachlor 

to determine the effect of the presence of co-contaminant on the biodegradation 

efficiency of the bacterial strain suggests that the strain AS1 has the potential to 

assimilate the mixture of chloroacteanalide herbicides without a much change in its 

efficiency.  

 Butachlor degradation kinetics exhibited by the bacterial strain is adjusted to 

various kinetic models that has inhibition terms, and it is found that the degradation 

kinetics fits well with the Haldane model of substrate inhibition which prophesied 

an excellent prediction of the substrate utilization kinetics.  

 Inorder to overcome the inhibitory nature of butachlor at higher concetration, the 

cell immobilization technique is adopted. The cells are immobilized within the 

calcium alginate beads and the batch experimental study suggests that 

immobilization enhances the tolerance and degradation efficiency of the microbial 

strain significantly. 

 Inorder to determine the fate of butachlor by the microbial degradation by the strain 

AS1, the intermediate metabolites are identified by ESI-MS analysis of the culture 

sample during batch biodegradation experiment. The results demonstrates that with 

time the parent compound, butachlor is degraded and various other intermediate 

metabolites are formed. However, with time decrease in the intermediate 

concentration as evidenced from the MS analysis establishes the fact that the 

isolated strain AS1 degrades butachlor completely without imparting any toxic 

intermediates as the end product.  
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BATCH BIODEGRADATION STUDIES OF 

BUTACHLOR CATABOLIZING MICROBIAL 

STRAIN ISOLATED FROM SOIL CONTAMINATED 

WITH EFFLUENT OF PESTICIDE FORMULATION 

UNIT 
 

In the present chapter, biodegradation of various herbicides such as butachlor, alachlor 

and glyphosate by the microbial strain Enterobacter cloacae isolated from the soil sample 

contaminated with the effluents from the herbicide formulation unit has been discussed. To 

define and identify the optimum levels of the significant factors affecting the butachlor 

degradation efficiency statistical optimization techniques have been applied. To the best of 

our knowledge, this is the first of its kind report on the application of statistical optimization 

on biodegradation of butachlor using the isolated strain E. cloacae. Different mathematical 

models have been used to establish the bio-kinetic parameters such as specific butachlor 

degradation rate (q), the maximum volumetric degradation rate of butachlor (qmax), half 

saturation constant (Ks) and substrate inhibition constant (Ki) for this microbial strain in 

the batch experimental setup. Based on the metabolites identification, a probable butachlor 

degradation pathway has been proposed. Furthermore, the impact of cell immobilization 

technique on the biodegradation activity of the bacterial strain has also been investigated.  

 

A part of the work has been published in the Process Safety and Environmental Protection 

Journal. doi:10.1016/j.psep.2018.08.009. 
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4.1. INTRODUCTION  

In continuation with the previous chapters to explore microbial strains having the potential 

to remediate herbicides, an attempt has been made in the present chapter to find out the 

remediating potentials of the bacterial strains isolated from the soil contaminated with the 

effluents from the herbicide formulation units. Under the Environmental Protection Act, 

1986, pesticide manufacturing and formulation units have been classified as the hazardous 

group of industries since they generates vast quantities of wastes that possess potential 

health hazards and are a threat to the ecosystem (Fulekar 2005). The effluent from these 

pesticide formulation industry is one of the main point source of water pollution and are 

highly complex in nature since they contain chemicals used for the manufacture of the 

pesticide, the residuals after the manufacture and formulations, etc.  Cleaning up activities 

of the equipment and formulation lines from time to time in the formulation units generates 

a vast amount of wastewater contaminated with the herbicides. As a general rule, smaller 

the capacity of the line, more critical is the clean-ups become, to avoid cross 

contaminations. Thus relatively large quantity of water is required for the cleaning up of 

the system (Ferguson et al. 1975; Geetha and Fulekar 2008). 

Within the scope of this study, potentials exist in the utilization of the isolated 

microorganisms for the remediation of butachlor and other herbicides that might be present 

in industrial effluents. The significant factors affecting butachlor biodegradation are 

identified, and the optimum levels of those variables for maximizing the butachlor 

degradation by the isolated strain are defined by the application of statistical optimization 

techniques. To understand the bioremediation mechanism involved in the process, the 

details of the butachlor degradation pathway adopted by the isolated strain is studied. 

4.2. EXPERIMENTAL ASPECT 

The soil samples were obtained from the site contaminated with the effluent from the 

herbicide formulation unit located at Ranital, Bhadrak District, Odisha, India. The area was 

flooded with the effluents from the herbicide formulation units and other industries present 

nearby. The soil samples were collected as described in Section 2.1 and the enrichment 

culture for the isolation of butachlor-degrading microorganism was carried out as per the 

protocol reported in Section 2.2. The bacterial strain showing the maximum butachlor 

tolerance was characterized by the method as mentioned in Section 2.3. To optimize the 

factors that influence the biodegradation efficiency of the isolated microbial strains, 
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statistical optimization techniques such as PBD and RSM were employed as discussed in 

Section 2.4. Analysing the results obtained from the PBD, four important parameters such 

as pH of the growth medium, incubation temperature, initial biomass concentration and 

nitrogen source (ammonium sulfate) concentration were found to be significant to the 

biodegradation efficiency of the isolated strain. To optimize the significant factors for the 

biodegradation of butachlor, a 24 full factorial central composite design (CCD), each at five 

levels (−α, −1, 0, +1, +α) with six replicates at the centre points and eight axial points was 

employed for improving butachlor degradation by the isolated strain.  An altogether of 30 

experiments were carried out and the particulars of each level of the factors involved for 

designing the experiments have been enlisted in (Table 4.1).  

Table 4.1: Levels of the factors tested in Central Composite Design (CCD). 

Factors Symbols 
Coded Levels 

-α -1 0 1 +α 

Temperature (°C) X1 20 25 32.5 40 45 

pH X2 5 6 7.5 9 10 

Inoculum Size (%) X3 1.6 5 10 15 18.5 

Ammonium Sulfate (mg/100 mL) X4 0.0125 0.075 0.1375 0.2 0.2625 

The bacterial strain was subjected to varying initial concentration of butachlor and other 

herbicides (ranging from 100 – 1000 mg/L) to determine the biodegradation efficiency of 

the microbial strain as described in Section 2.7. Since butachlor is a growth limiting 

substrate, it tends to exert inhibitory effect on the microbial efficiency at higher initial 

concentrations. Thus biokinetic parameters of the process were determined as per the 

method described in Section 2.8 by application of various inhibition models. The cell 

immobilization technique to enhance the biodegradation efficiency of the bacterial strain 

at higher concentration of butachlor was adopted as described in Section 2.6. The 

biodegradation efficiency of the bacterial strain both in freely suspended state and on being 

immobilized in Ca-alginate beads was evaluated and a comparative report was drawn. To 

ascertain the final end products of the butachlor degradation pathway undertaken by the 

microbial strain, the intermediate metabolites were identified as detailed in Section 2.9 and 

a likely degradation pathway has been presented.  
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4.3. RESULT AND DISCUSSION 

4.3.1. ISOLATION AND CHARACTERIZATION OF BUTACHLOR-TOLERANT 

BACTERIAL STRAINS 

A total of 9 pure strains are isolated from the enrichment culture. Each culture is 

individually inoculated into MSM media containing 100 mg/L of butachlor. The 

concentration of the butachlor is increased subsequently with each step. Only three 

bacterial strains designated FP2, FP4, and FP7 are initially selected for the study 

considering their high butachlor degrading potential (Table 4.2). Among them, the isolate 

FP2 with butachlor tolerance up to 1000 mg/L and complete degradation of 100 mg/L of 

butachlor within 60 hr is chosen for further studies. The strain FP2 is a rod-shaped, non-

spore-forming, motile, gram-negative bacterium (Figure 4.1). The colonies grown on 

butachlor agar plates are of cream-whitish, wet, opaque and of irregular shape. 

Biochemically, the strain showed positive results for catalase, Voges Proskauer test, and 

nitrate reduction while negative for urease and oxidase (Table 4.3). Phylogenetic analysis 

of the 16S rRNA gene sequences revealed that the strain FP2 have been grouped among 

Enterobacteriaceae family forming a subclade with Enterobacter cloacae TX2 (Similarity 

= 100%) (Figure 4.2). Thus, on the basis of the above biochemical and phylogenetic 

characteristics, the strain FP2 is identified as Enterobacter cloacae, and the sequence of 

strain has been submitted to GenBank under accession number KY744356. As per the 

available literature, no information on biodegradation of butachlor by the E. cloacae has 

been reported yet. However, the bacterial strain has been found to be a prominent candidate 

for the biodegradation of other pollutants such as crude oil, explosives, hydrocarbons and 

other organophosphate pesticides (Binks et al. 1996; Singh et al. 2004; Hua et al. 2010; 

Kryuchkova et al. 2014; Ramasamy et al. 2017). 

Table 4.2: Tolerance of the bacterial strains isolated from effluent contaminated soil at various concentration of 

butachlor in MSM. 

Concentration of 

butachlor (mg/L) 
FP1 FP2 FP3 FP4 FP5 FP6 FP7 FP8 FP9 

100 √ √ √ √ √ √ √ √ √ 

200 √ √ √ √ √ √ √ √ √ 

300 √ √ √ √ √ - √ - √ 

400 - √ - √ √ - √ - - 

500 - √ - √ - - √ - - 
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600 - √ - √ - - √ - - 

700 - √ - √ - - - - - 

800 - √ - √ - - - - - 

900 - √ - - - - - - - 

1000 - √ - - - - - - - 

  

 

 

Table 4.3: Biochemical characteristics of the isolated bacterial 

strain FP2 

Characteristics Strain FP2 

Gram Staining Gram Negative 

Cell shape Rod shaped 

Motile + 

Catalase + 

Nitrate Reduction + 

Oxidase - 

Citrate + 

Urease - 

Methyl Red + 

Voges Proskauer  + 

 

 

 

 

Figure 4.1: Isolated bacterial strain FP2 on MSM agar 

plate containing Butachlor 

 

Figure 4.2: SEM image of the bacterial strain FP2 
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Figure 4.3: Phylogenetic tree based on the 16S rRNA gene sequences of strain FP2 and related species.  
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4.3.2. OPTIMIZATION OF BIODEGRADATION OF BUTACHLOR BY 

ENTEROBACTER CLOACAE STRAIN FP2 

In this study, the Plackett–Burman design was employed to evaluate the effect of process 

parameters on the biodegradation of butachlor. Seven process parameters (both nutritional 

as well as physiological) are selected as the independent variables that affect the 

biodegradation efficiency of the microorganism (dependent variables) (Dejaegher and 

Vander Heyden 2011). Table 4.4 enlists the design of experiments, their corresponding 

experimental values, and the predicted values of butachlor degradation percentage. The 

wide variation in responses (35.905 – 92.48), within the 16 experimental trials indicated 

the importance of optimization of the process parameter to accomplish the enhancement of 

the butachlor degradation efficiency of the isolated bacterial strain.  

Table 4.4: Plackett–Burman Design of factors with butachlor degradation percentage as response 

Run Order 
Temp. 

(°C) 
pH 

Inoculum 

Size (v/v) 

(%) 

Ammonium 

Sulfate 

(g/L) 

KH2PO4 

(g/L) 

K2HPO4 

(g/L) 

NaCl 

(g/L) 

Response 

(%) 

Predicted 

(%) 

1 -1 1 1 -1 -1 -1 -1 35.95 37.39 

2 1 -1 -1 -1 -1 1 1 38.44 41.64 

3 0 0 0 0 0 0 0 85.7 88.89 

4 1 1 1 -1 -1 1 -1 45.57 44.07 

5 1 -1 1 -1 -1 1 -1 55.86 54.6 

6 -1 1 -1 -1 -1 1 1 37.68 34.41 

7 1 -1 1 -1 -1 -1 1 50.25 49.8 

8 0 0 0 0 0 0 0 88.94 88.89 

9 -1 -1 -1 -1 -1 1 -1 40.2 39.7 

10 1 1 -1 -1 -1 -1 -1 38.97 40.16 

11 1 1 -1 -1 -1 -1 1 38.47 37.28 

12 0 0 0 0 0 0 0 92.48 88.81 

13 -1 1 1 -1 -1 1 1 41.23 44.46 

14 -1 -1 -1 -1 -1 -1 -1 37.33 37.84 

15 -1 -1 1 -1 -1 -1 1 46.59 45.03 

16 0 0 0 0 0 0 0 88.44 88.81 

The model adequacy is evaluated, and the parameters showing statistically significant 

effects on the biodegradation of butachlor by the isolated microbial strain are screened out 

based on the percentage degradation, coefficient estimate and the probability value (P 

value). The significance of a parameter would reach to p<0.05 if the confidence level of 

the parameter is above 95%. The factors having a confidence level more than 95% are 

considered as significant for their incorporation in the subsequent studies of optimization 
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(Rout et al. 2016). The relative importance of the tested variables is found to be as follows: 

X3 > X2 > X1 > X4 > X5 > X6 > X7. Based on the ANOVA results (Table 4.5), it can be 

stated that biomass concentrations, pH of the surrounding environment, growth temperature 

and ammonium sulfate have a positive influence on biodegradation of the butachlor. The 

rest of the process parameters have no significant impact on biodegradation of butachlor 

and worked best at their centre value.  

Table 4.5: ANNOVA for PBD (Plackett–Burman Design) model 

Source DF Seq SS Adj MS F 
P-

Value 

Main Effects 7 365.86 52.27 5.48 0.020 

X1 1 68.33 68.33 7.17 0.032 

X2 1 79.34 79.34 8.32 0.023 

X3 1 163.65 163.65 17.17 0.004 

X4 1 21.75 21.75 2.28 0.017 

X5 1 21.75 21.75 2.28 0.175 

X6 1 10.93 10.93 1.15 0.320 

X7 1 0.11 0.11 0.01 0.916 

Curvature 1 6537.07 6537.07 685.83 0.000 

Residual 

Error 
7 66.72 9.53   

Lack of Fit 4 43.46 10.86 1.40 0.407 

Pure Error 3 23.26 7.75   

Total 15 6969.65   

According to the statistical analysis carried out, the lack of fit value, which indicates the 

significance of the model is 0.407. A polynomial equation identifies the relationship 

between the dependent and the independent variables in the present study can be written 

as: 

Y  =  35.6342 + 0.318167 * Temperature - 1.71417 * pH + 0.738583 * Inoculum Size + 21.54 * 

Ammonium Sulphate  – 35.9 * Potassium Dihydrogen Phosphate + 15.2733 * Di-Potassium 

Hydrogen Phosphate  – 1.5533 * Sodium Chloride         

  (4.1) 

The interactions among these parameters and the optimal degradation conditions were 

predicted by the response surface methodology. Based on the results obtained from the 

analysis of Plackett- Burman experimental design to screen significant parameters, 

following four factors are chosen for the present studies: Biomass concentration of the 

microbial isolate, pH, incubation temperature and the concentration of ammonium sulfate. 
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The design matrix of the subjected variables and the experimental results are presented in 

Table 4.6. The results obtained from the set of 30 experimental runs, suggested by the 

central composite design (CCD) model of RSM, were analysed by the Minitab statistics 

software (Version 16.2.2, Minitab Inc.).  

Table 4.6: Central Composite Design of factors with butachlor biodegradation (percentage) as response 

Run 

order 

Temperature 

(°C) 
pH 

Inoculum 

size (v/v) 

(%) 

Ammonium 

sulfate 

(g/L) 

Response 

Experimental 

Values 

(%) 

Predicted 

Values 

(%) 

1 -1 1 1 1 49.500 51.42 

2 0 0 0 0 95.500 95.7 

3 0 0 0 0 95.500 95.7 

4 1 1 1 -1 51.230 52.44 

5 1 1 -1 1 22.520 24.21 

6 0 0 0 0 96.590 95.7 

7 1 -1 1 1 62.740 60.14 

8 -1 1 -1 -1 17.960 16.39 

9 -1 -1 1 -1 49.145 52.33 

10 0 0 0 0 95.920 95.7 

11 -1 1 -1 1 24.210 19.79 

12 1 -1 1 -1 55.560 56.75 

13 1 1 1 1 57.715 55.84 

14 -1 -1 -1 1 22.890 24.1 

15 -1 1 1 -1 47.350 48.029 

16 -1 -1 -1 -1 26.250 20.7 

17 1 1 -1 -1 23.380 20.81 

18 1 -1 -1 -1 31.170 25.12 

19 -1 -1 1 1 57.280 55.731 

20 1 -1 -1 1 33.310 28.51 

21 0 0 0 0 96.490 95.7 

22 - α 0 0 0 1.310 1.66 

23 0 0 0 0 94.490 95.7 

24 0 0 - α 0 2.380 3.78 

25 0 0 0 - α 90.605 92.7 

26 0 -α 0 0 7.870 12.8 

27 0 0 0 α 96.880 99.49 

28 0 0 α 0 77.750 74.04 

29 α 0 0 0 6.160 10.5 

30 0 α 0 0 4.450 4.19 
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Application of multiple regression analysis to analyse the experimental data, deduced the 

following second-degree polynomial equation to describe the butachlor degradation 

efficiency as a function of different degradation variables (Eq. (4.2)): 

Response = 26.184 Temperature + 143.90 pH + 13.821 Inoculum Size + 20.3 Ammonium Sulfate - 0.3983 

Temperature*Temperature - 9.689 pH*pH - 0.5329 Inoculum Size*Inoculum Size + 25 

Ammonium Sulfate*Ammonium Sulfate - 957.0                          (4.2) 

The equation, has been formulated based on the chosen range of the aforementioned 

significant variables, their corresponding combinations and the resulted outputs obtained 

at those points. Regardless of their significance, all the terms have been included in the 

equation. From the equation, it is quite evident that the coefficients of the linear terms are 

having positive sign while the coefficients of the quadratic terms except the X4
2 contains 

negative signs. In the mathematical model, the positive sign indicates that increase in the 

variable will result in an increase in the response value. The negative sign proposes vice 

versa, i.e. the antagonistic effect of the parameter that correlates a decrease in the response 

when the variable increases (Brown and Brown, 2012). Analysis of variance (ANOVA) is 

performed on the data to determine the individual main effects and the interactions among 

the input parameters (Table 4.7). The ‘‘F-value” of the model is 291.01 which suggests 

that the model is highly significant (Rout et al. 2015). In the present study, the “Lack of Fit 

p-value” is found to be 0.091, thus suggesting that the Lack of Fit is non-significant 

compared to the pure error and the model had adept predictability within the range of 

variables employed. The “Lack of Fit p-value” suggests whether the predicted response 

surface expresses the actual shape of the surface or not. Figure 4.4 depicts the actual 

experimental response versus the predicted response values obtained from the above-

mentioned equation. The data points on the graph have a linear behaviour and are closely 

distributed to each other. The correlation coefficient (R2) being 0.9911, indicates an 

agreement between the experimental and the predicted values of the response in butachlor 

removal efficiency by the microbial system and thus proves that the model excellently fits 

with the experimental results.  

Table 4.7: ANOVA for Response Surface Methodology 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 32693.9 4086.7 291.01 0.000 

  Linear 4 6297.6 1574.4 112.11 0.000 

    Temperature 1 115.9 115.9 8.25 0.009 

    pH 1 109.7 109.7 7.81 0.011 
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    Inoculum Size 1 6003.1 6003.1 427.48 0.000 

    Ammonium Sulfate 1 68.9 68.9 4.91 0.038 

  Square 4 26396.3 6599.1 469.92 0.000 

    Temperature*Temperature 1 13769.2 13769.2 980.50 0.000 

    pH*pH 1 13034.2 13034.2 928.16 0.000 

    Inoculum Size*Inoculum Size 1 4868.6 4868.6 346.69 0.000 

    Ammonium Sulfate*Ammonium Sulfate 1 0.3 0.3 0.02 0.894 

Error 21 294.9 14.0   

  Lack-of-Fit 16 291.9 18.2 30.46 0.091 

  Pure Error 5 3.0 0.6   

Total 29 32988.8    

 

Figure 4.4: Plot of actual values of butachlor degradation efficiencies vs the predicted values derived from the 

model of the experimental design. 

Figure 4.5(a – f) show the combined effects of the experimental conditions on the 

biodegradation of butachlor, as per the semi-empirical model (Eq 4). The plots determine 

the interaction among the variables and the optimum concentration of respective 

component for obtaining a maximal response. These plots are obtained by the pairwise 

combination of individual factors while keeping the other factors at their centre point level. 

From the plots, it is clear that the mutual interaction among the factors is prominent. Figure 

4.5(a) suggests that at optimum Inoculum size and ammonium sulfate concentration, an 

increase in the pH and temperature result in the increase of the butachlor biodegradation 

efficiency. However, the trend reverses with the further increase in pH and temperature. A 

similar pattern is observed by the interaction of pH and inoculum size (Figure 4.5(b)) as 

well as the interaction among temperature and inoculum size (Figure 4.5(c)). However, 

Figure 4.5 (d – f) depicts the interaction of ammonium sulfate concentration with other 
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parameters suggest that ammonium sulfate has a minimal effect on the butachlor 

biodegradation efficiency of the microbial strain as compared to the other parameters.  

 

Figure 4.5: Surface plot showing interactions between various parameters that affects the biodegradation of 

butachlor by the microbial isolate Enterobacter cloacae strain FP2. 
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From the figure it is quite evident that physical parameters such as pH and temperature 

have a significant effect on the biodegradation of butachlor. Temperature plays a very 

important role in the enzymatic activity of any microorganism. Increase in temperature 

increases the enzymatic activity thus increasing the degradation efficiency of the bacteria. 

Similarly, change in pH affects the metabolic activity of the microbial strain and hence, it 

plays a significant role in determining the bioremediation efficiency of the microbe. As 

evident form the figure, external parameter such as initial biomass concentration also plays 

a major role in biodegradation. The probable reason may be as butachlor is a growth 

limiting substrate, low inoculum size results in low biomass concentration, which results 

in substrate inhibition even in low butachlor concentration. However, if we increase the 

inoculum size, the increased biomass concentration will result in a competitive substrate 

inhibition, where the microbes compete among each other for the micronutrients that 

eventually leads to low butachlor degradation. Hence, maximal butachlor degradation can 

only be expected from the optimized inoculum size. The study concludes that, the optimum 

growth conditions for the isolated strain Enterobacter cloacae strain FP2 to show maximum 

butachlor degradation efficiency is Temperature: 33°C, pH: 7.3, Inoculum Size: 10% (v/v) 

and ammonium sulphate concentration: 0.2625 g/L.  

4.3.3. BATCH BIODEGRADATION OF BUTACHLOR AND OTHER HERBICIDES 

BY ENTEROBACTER CLOACAE STRAIN FP2 

Figure 4.6 demonstrates the biodegradation of butachlor by the isolated strain Enterobacter 

cloacae strain FP at various initial concentration of butachlor at the optimized conditions 

obtained in the previous section. The bacterial isolate is able to degrade up to 500 mg/L of 

butachlor completely within a period of 262 hr and is able to tolerate up to 1000 mg/L of 

butachlor concentration. However, increasing the concentration of the initial butachlor 

concentration resulted in the increase in the lag phase and simultaneously the overall 

percentage of butachlor degradation decreases. Similar trend has been perceived during the 

biodegradation of butachlor by the bacterial isolate Serratia ureilytica strain AS1 discussed 

in previous chapter. Such results are familiar to the studies pertaining to the biodegradation 

of various toxic contaminants that acts as the growth inhibiting substrate for the microbial 

agents. Figure 4.7 represents the butachlor biodegradation profile of the bacterial isolate 

Enterobacter cloacae strain FP2 bioaugmented in sterilized agricultural soil in laboratory 

scale. It can be found that the bacterial isolate is able to degrade 500 mg/Kg of butachlor 
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in 336 h completely while it takes 504 h to degrade 77.1% when the initial concentration 

of the butachlor is 1000 mg/Kg of soil.  

 

Figure 4.6: Degradation profile of the isolate Enterobacter cloacae strain FP2 at different initial concentration of 

butachlor. 

 

Figure 4.7: Butachlor degradation profile of the isolate Enterobacter cloacae strain FP2 in sterilized soil. 
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On being compared, between the butachlor biodegradation potential of the bacterial isolate 

in the aqueous medium and in the soil, it has been confirmed that the microorganism 

degrades the same concentration of butachlor at a slightly faster rate in case of aqueous 

medium which may be due to the oxygen accessibility factor discussed previously in 

chapter 3. Similar trend in the change of biodegradation efficacy has been reported 

previously during the biodegradation of organophosphate pesticide, parathion by the 

bacterial strain Serratia marcescens. While the microbial strain was able to degrade 82.5% 

of the parathion within 14 days in MSM, it took 42 days to degrade 79.8% of the same 

concentration of parathion when subjected to soil bioremediation (Cycoń et al. 2013).  

Similarly, the isolate Enterobacter cloacae strain FP2 is subjected to various concentration 

of alachlor and glyphosate individually to study the biodegradation efficiency of the 

bacterial strain towards other herbicides. Figure 4.8 & 4.9 represents the biodegradation 

of alachlor and glyphosate by bacterial strain FP2 at various initial concentrations of the 

herbicides respectively. In both the study, the uninoculated sterile MSM serves as the 

control to evaluate the abiotic factors involved in the degradation of the herbicide in the 

medium. In both the studies, it is found that degradation of the herbicide due to abiotic 

factors is negligible thus confirming the outcome to be totally due to the microbial 

metabolism. From the figures it is quite evident that the bacterial strain FP2 is highly 

efficient in biodegradation of the herbicides alachlor and glyphosate.  

 

Figure 4.8: Degradation profile of the isolate Enterobacter cloacae strain FP2 at different initial concentration of 

alachlor. 
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Figure 4.9: Degradation profile of the isolate Enterobacter cloacae strain FP2 at different initial concentration of 

glyphosate. 

The study emphasizes on the fact that the rate and extent of biodegradation of any 

contaminant is a function of its chemical complexity. It can be inferred from the figures 

that since butachlor has the most complex structure of all the three tested herbicides, the 

bacterial strain takes more time for its complete mineralization as compared to the other 

two compounds. Glyphosate has the least complex structure among the three, the bacterial 

strain is able to degrade it easily without producing any lag phase unlike the case of 

butachlor biodegradation by the microbial strain.  

As discussed in the previous chapter, industrial effluents comprises an array of herbicidal 

residues rather than a single compound. Hence, in view of this premise, biodegradation of 

the mixture of both the herbicides by the microbial strain FP2 has been carried out. Previous 

study confirms that the bacterial isolate is highly efficient to degrade both the herbicides 

individually. But, on being subjected to the mixture of the herbicides, the biodegradation 

rate slows down which may be due to the toxicity compounded due the presence of both 

the herbicides that reportedly has inhibitory effect on the microbial growth. Figure 4.10 

displays the biodegradation efficiency of the isolated Enterobacter cloacae strain FP2 

towards the mixture of the herbicides butachlor and alachlor. From the figure it can be 

inferred that alachlor being the relatively low molecular weight carbon compound is being 

utilized faster rather than butachlor. Similar phenomenon has been previously discussed in 
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the Chapter 3, where the strain AS1 initially degraded alachlor and then utilized butachlor 

as the carbon source. 

 

Figure 4.10: Batch biodegradation of butachlor- alachlor mixture at various initial concentrations by the isolate 

Enterobacter cloacae strain FP2 . 

4.3.4. SUBSTRATE INHIBITION STUDIES 

The biodegradation profile of the bacterial isolate Enterobacter cloacae strain FP2 at 

various initial concentration of butachlor has been presented in Figure 4.6. As discussed 

previously, from the figure, it is quite evident that increasing concentration of butachlor 

lead to inhibition in the metabolic activity of the bacterial strain. Hence, to address this 

phenomenon, various substrate inhibition models are explored to fit the specific rate of 

degradation (q) at different initial butachlor concentration. The bio-kinetic parameters such 

as maximum specific degradation rate (qmax), half-saturation coefficient (Ks) and inhibition 

coefficient (Ki) are determined using non-linear regression analysis by MATLAB software 

and are presented in Table 4.8. The relationship between the concentration of the butachlor 
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in the medium and the specific rate of biodegradation by the bacterial sioalte FP2 has been 

presented in Figure 4.11. From the figure and Table 4.8, it is quite evident that the 

degradation profile fits the Edward model of substrate inhibition well. 

Table 4.8: Bio-kinetic parameters for biodegradation of butachlor by Eneterobacter cloacae Strain FP2 obtained 

by various models. 

 

Figure 4.11: Fitting experimental data with the various substrate inhibition models depicting the relationship 

between the initial butachlor concentration with the specific rate of degradation by Enterobacter cloacae strain 

FP2. 

4.3.5. BUTACHLOR BIODEGRADATION BY THE IMMOBILIZED CELLS IN 

ALGINATE BEADS 

Biodegradation of butachlor by the Enterobacter cloacae strain FP2 immobilized in 

alginate beads are studied at higher concentration of butachlor ranging from 1000 mg/L to 

2000 mg/L, the degradation profile of which has been displayed in Figure 4.12(a). Aginate 

beads without microbial biomass is used as the control experiment which has negligible 

changes in the butachlor residues in the medium thus confirming the fact that the butachlor 

disappearance in the experimental setup using beads having immobilized microbial 

biomass is due to biodegradation rather than adsorption to the alginate beads.  

Mathematical model 
qmax 

(mg/L/h) 

Ks  

(mg/L) 

Ki 

(mg/L) 
R2 

Aiba Model 7.89 198.9 638.3 98.9 

Edward Model 5.11 225.4 769.9 99.04 
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(a) 

 
(b) 

Figure 4.12: : (a) Butachlor biodegradation profile of the immobilised bacterial strain Enterobacter cloacae FP2 

at various initial concentration of butachlor. (b) Comparative study of percentage butachlor biodegradation by 

the freely suspended and Ca-alginate immobilized Enterobacter cloacae FP2 at various initial concentration of 

butachlor. 

Figure 4.12(b) represents the comparative study of the percentage butachlor 

biodegradation of the microbial strain FP2 as freely suspended bacteria and as immobilized 
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cells to assess the enhancement of the biodegradation rate and tolernace limit of the 

mcirobial strain on being immobilized. As depicted in the figure, the tolerance has 

enhanced from 1000 to 2000 mg/L as evidenced from the degradation rate. While the 

bacterial strain is unable to degrade more than 10% of butachlor when the initial 

concentration of butachlor is 1000 mg/L, on being immobilized, the same bacterial strain 

is bale to completely degrade the same concentration of butachlor within 120 h. Further, 

the immobilized bacterial strain is able to degrade up to 60% and 52% of the butachlor 

when the initial concentration is 1500mg/L and 2000 mg/L respectively within the 

experimental time frame (120 h). Similar results are previously being reported with the 

microbial strain AS1 in Section 3.10.  

4.3.6. IDENTIFICATION OF THE METABOLITES DURING BUTACHLOR 

DEGRADATION 

In the present study, the metabolic pathway followed by the bacterial strain during 

butachlor biodegradation is traced by determining the intermediate metabolites by 

performing Electrospray ionization mass spectrometry (ESI-MS) and Gas Chromatography 

mass spectrometry (GC-MS) studies of the batch culture medium in regular intervals of 

time. Four metabolic intermediates are identified during the analysis of the results (Figure 

4.13). As discussed previously, each peak is identified according to their mass spectra and 

as per the National Institute of Standards and Technology (NIST, USA) library database. 

Figure 4.13 (a) represents the gas chromatogram study of the 0h where the peak determined 

at m/z 311 representing butachlor is noted. With time the peak is found to decrease 

consequently forming new peaks thus confirming the fact that butachlor is being degraded 

to form new intermediates. The first intermediate which appeared during the process 

recorded the peak at m/z 269. Based on the characteristic fragment ion peak and molecular 

weight, it is identified to be alachlor [2-chloro-N-(2,6-diethylphenyl)-N-

(methoxymethyl)acetamide] which indicates that like the bacterial strain Serratia ureilytica 

AS1 discussed in the previous chapter, Enterobacter cloacae strain FP2 also converts 

butachlor to alachlor via partial C-dealkylation in the initial phase of the biodegradation 

process. The next peaks at m/z 225 and m/z 149 correspond to the intermediates 2-chloro-

N-(2,6-dimethylphenyl)acetamide and 2,6-diethylaniline respectively. This indicates that 

the alachlor formed in the second step of the remdiation process is transformed in to 2-

chloro-N-(2,6-dimethylphenyl)acetamide by N-dealkylation, which subsequently forms 

2,6-diethylaniline (DEA).  
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Figure 4.13: MS profile of the metabolites produced during butachlor biodegradation by Enterobacter cloacae strain FP2 at different time intervals. (a) 0h; (b) 72h; (c) 120h; (d) 

144h; (e) 168h. 
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Based on the intermediate metabolites detected in the study and the available literature, a 

plausible butachlor biodegradation pathway has been proposed (Figure 4.14). Change in 

the abundance of the ion mass spectra of the intermediates such as 2,6-diethylaniline ( m/z 

= 149) with time evidences that the bacterial strain mineralizes butachlor completely 

without resulting in any toxic end-products. A similar type of butachlor metabolic pathway 

has been reported by Zhang et al., in butachlor-degrading Paracoccus sp. FLY-8. They 

proposed that DEA was further degraded into aniline and catechol, and aniline was 

degraded via aniline degradation pathway (Zhang et al. 2011; Caspi et al. 2018).  

 

Figure 4.14: The proposed degradation pathway of butachlor by the bacterial isolate Enterobacter cloacae strain 

FP2. 

4.4. MAJOR FINDINGS 

From the study described in the present chapter, following concluding remarks can be 

made: 

 The bacterial strain Enterobacter cloacae FP2 is able to tolerate up to as high as 

1000 mg/L and can utilize butachlor as the sole source of carbon and energy. Even 

though Enterobacter cloacae has previously been reported for its efficient 

biodegradation potential with context to other contaminants, this study is the first 

to report the biodegradation of butachlor by the bacterial strain. 

 From the statistical optimization study, the parameters incubation temperature, 

medium pH, nitrogen source and the initial microbial biomass are found to be the 

important ones that influences the biodegradation of butachlor by the microbial 
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strain the most. Maximum butachlor removal efficiency by the bacterial strain is 

observed at temperature = 33°C, pH=7.3, initial biomass concentration (v/v) of 10% 

and ammonium sulphate concentration of 2.26 g/L.  

 At optimized conditions, Enterobacter cloacae strain FP2 is able to degrade up to 

500 mg/L completely within 264 h thus conveying a high butachlor degradation 

efficacy in aqueous medium.  

 The bacterial strain is capable of complete removal of  500 mg/Kg of butachlor in 

agricultural soil at laboratory scale within 336 h at a rate constant of 0.49 day-1 

following a first-order rate kinetics.  

 To determine the substrate spectrum specificity of the strain FP2, batch 

biodegradation experiment by the bacterial strain is carried out using alachlor and 

glyphosate as the sole carbon source. The strain is able to degrade 500 mg/L of 

alachlor and 1000 mg/L of glyphosate within 168 hours and 188 h respectively. Till 

date no microbial strain is evaluated for such high concentration of alachlor and 

glyphosate. On being subjected to the mixture of herbicides, alachlor and butachlor, 

the bacterial strain FP2 efficiently utilized both the compounds as the carbon source 

and mineralized them. 

 On increasing the concentration of the contaminant, a typical substrate inhibition is 

observed and inhibition kinetic parameters are evaluated by various substrate 

inhibition models. However, the Edward model of substrate inhibition fits well to 

the batch biodegradation of butachlor by the bacterial strain FP2.  

 To overcome the substrate inhibition, the bacterial strain is immobilized in calcium 

alginate beads, thus enhanced the butachlor tolerance upto 2000 mg/L.  

 The butachlor biodegradation pathway established, confirms that the bacterial strain 

is utilizing butachlor as the sole carbon source and no other toxic end product is 

formed during the process. 
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BATCH BIODEGRADATION STUDIES OF 

BUTACHLOR CATABOLIZING MICROBIAL 

STRAIN ISOLATED FROM THE SEDIMENTS OF A 

POND 

 

In the present study, biodegradation of the herbicide butachlor by the microbial strain 

Pseudomonas putida isolated from sediments of the pond located nearby an agricultural 

field has been discussed. Statistical optimization techniques have been applied to define 

and identify the optimum levels of the significant factors affecting butachlor metabolism to 

maximise the degradation efficiency. Mathematical models have been used to establish the 

bio-kinetic parameters in batch experimental setup and based on the metabolites 

identification by GC-MS, a probable butachlor degradation pathway has been proposed. 

Furthermore, the impact of cell immobilization technique on the biodegradation activity of 

the bacterial strain has also been investigated.  

 

This part of the work has been published in the Process Safety and Environmental 

Protection Journal. doi:10.1016/j.psep.2019.03.014 
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5.1. INTRODUCTION 

Water quality issues have become a global problem for the past few decades with emphasis 

being placed on mostly synthetic chemical pollutants, heavy metals and toxic metalloids. 

Organic pollutants such as herbicides and fertilizers are one of the leading sources of water 

pollution in the recent past. Agricultural nonpoint source (NPS) pollution majorly 

influences the quality of water in the nearby water bodies such as lakes, rivers, and estuaries 

and is the second largest source of impairment to the wetlands. Recently, agricultural runoff 

is receiving more and more attention as a major diffuse or nonpoint sources of water 

pollution. As the pollution due to point sources such as industrial effluents or municipal 

sewage are being brought under control, importance of controlling the nonpoint sources of 

contamination for improving the water quality is being recognized. Herbicides often 

contaminate the surface and ground water as runoff from crops or through leaching. Water 

entering established water body carries with it the materials picked up from the course it 

has run in. When herbicides are applied to cultivated land, some residues persist in the soil 

and leaches into the subsurface waters, or may move to nearby water bodies by runoff or 

adsorbing to sediment (Cook et al. 1997). Different herbicides enter water bodies 

differently. While water soluble herbicides enters the water bodies via rainfall or surface 

runoff, the less soluble counterparts enter the water bodies by getting adsorbed to the soil 

and through soil erosion or leaching (Agrawal et al. 2010).  

As discussed previously, the soils of the contaminated sites are the repository of a large 

number of resistant microorganisms. Butachlor, one of the widely recommended 

chloroacetanilide class of herbicides for controlling broadleaf weeds, annual grasses and 

submerged macrophytes such as  Hydrilla verticillata in freshwater water bodies has been 

detected at higher concentration in both aquatic as well as terrestrial ecosystem (Chiang et 

al. 2001; Ateeq et al. 2002; Chattopadhyay et al. 2006).  Hence, in the present study soil 

samples from the sediments of the pond located nearby an agricultural field having the 

history of application of the butachlor has been explored for the presence of herbicide 

resistant microorganisms. Seven butachlor tolerant bacterial strains are isolated from the 

out of which the bacterial strain having highest butachlor tolerance is opted to be the subject 

of the study. The primary purpose of the study is to establish the fact that hypertolerant 

microbial strains can be isolated from various ecological niches other than the conventional 

effluent contaminated sites. Every contaminated site is a potential storehouse for the 

herbicide resistant microbial strains which can be evaluated for their degradation efficacy 
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and can be utilized for effective treatment technology methods. To obtain maximum 

degradation the microbial strain should be operated under optimized conditions. Hence, 

application of statistical optimization method is essential for this study. As mentioned 

previously, butachlor is a growth limiting chemical compound, thus each microbial strain 

exhibit substrate inhibition due to its higher concentration within the medium. And since 

the final goal of the study is to remediate butachlor in industrial scale, knowledge of 

biokinetic parameters is highly essential. And to prevent the inefficency due to substrate 

inhibition, behavioural study of the microbial strain on being immobilized is highly 

essential. Therefore, a comparative study on the biodegradation behaviour of the microbial 

strian in both freely suspended state and on being immobilied has been evaluated. To 

determine the end products produced due to the bioremediation process, the intermediate 

metabolites are being determined and the butachlor degradation pathway has been 

expatiated.   

5.2. EXPERIMENTAL ASPECT 

The soil samples were obtained from the sediments of a pond located near an agricultural 

field located in Jagatsinghpur, Odisha, India having a history of butachlor application for 

many years. The surface runoff waters and the drainage from the agricultural field have 

been channelled to the pond thus collecting the contaminated wastewaters from the agrarian 

land. The soil samples were collected as described in Section 2.1 and the enrichment culture 

for the isolation of butachlor-degrading microorganism was carried out as per the protocol 

reported in Section 2.2. The bacterial strain showing the maximum butachlor tolerance was 

characterized as mentioned in Section 2.3. To optimize  the various factors that influences 

the biodegradation efficiency of the isolated microbial strains, statistical optimzation 

techniques such as PBD and RSM were emplyed as discussed in Section 2.4. Analysing 

the results obtained from the  PBD, three important parameters  such as pH of the growth 

medium, incubation temperature and initial biomass concentration were found to be 

significant to the biodegradation efficiency of the isolated strain G3. To optimize the 

significant factors for the biodegradation of butachlor, a 23 full factorial central composite 

design (CCD), each at five levels (−α, −1, 0, +1, +α) with six replicates at the centre points 

and eight axial points was employed for improving butachlor degradation by the isolated 

strain.  An altogether of 20 experiments was carried out and the particulars of each level of 

the factors involved for designing the experiments have been enlisted in (Table 5.1).  
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Table 5.1: Levels of the factors tested in Central Composite Design (CCD). 

Factors Symbols 
Coded Levels 

-α -1 0 1 +α 

Temperature (°C) X1 20 25 32.5 40 45 

pH X2 5 6 7.5 9 10 

Inoculum Size (%) X3 1.6 5 10 15 18.5 

The bacterial strain G3 was subjected to varying initial concentration of butachlor and other 

herbicides (ranging from 100 – 1000 mg/L) to determine the biodegradation efficiency of 

the microbial strain as described in Section 2.7. Since butachlor is a growth limiting 

substrate, it tends to exert inhibitory effect on the microbial efficiency at higher initial 

concentrations. Hence, the biokinetic parameters of the process was determined as 

described in Section 2.8 by application of various inhibition models. The cell 

immobilization technique to enhance the biodegradation efficiency of the bacterial strain 

at higher concentration of butachlor was practised as described in Section 2.6. The 

biodegradation efficiency of the bacterial strain both in freely suspended state and on being 

immobilized in Ca-alginate beads was evaluated and a comparative report was drawn. To 

ascertain the final end products of the butachlor degradation pathway undertaken by the 

microbial strain, the intermediate metabolities were identified as detailed in Section 2.9 

and a likely degradation pathway has been presented.  

5.3. RESULT AND DISCUSSION 

5.3.1. ISOLATION AND CHARACTERIZATION OF BUTACHLOR-TOLERANT 

BACTERIAL STRAINS 

From the soil sample obtained from the pond sediments, a total of 7 bacterial strains are 

isolated by the enrichment culture technique described in Section 2.1. During the initial 

screening, each individual bacterial isolate is subjected to increasing concentration of 

butachlor to determine the butachlor tolerance limit of the bacterial isolates (Table 5.2). 

Out of seven, only the bacterial strain G3 is selected for the study considering its high 

butachlor tolerance potential up to 1000 mg/L (Figure 5.1). The isolated strain G3 is a rod-

shaped, non-capsulated, motile, gram-negative bacterium showing positive results for 

catalase, oxidase, citrate, urease and negative results for Voges-Proskauer test, Indole 

production, Gelatin hydrolysis and nitrate reduction (Figure 5.2) (Table 5.3). The 

molecular characterization was followed up by performing the 16S rRNA gene sequence 

analysis of the isolated strain. The sequence obtained from the Sanger sequencing method 

is compared with the 16S rRNA sequences archived in the database of the GenBank, NCBI 



Chapter 5 

 

121 
 

and the highest similarity is obtained with the strain Pseudomonas putida, strain Z-A22 

(Accession Number: KJ728678.1) (Figure 5.3). Thus, on the basis of the characteristics 

mentioned above, the strain G3 was identified to be Pseudomonas putida and the 16S rDNA 

sequence is submitted to GenBank, NCBI under the accession number: KY744357.  

Table 5.2: Tolerance of the bacterial strains isolated from pond sediment at various concentration of butachlor 

in MSM. 

Concentration  

of butachlor (mg/L) 
G1 G2 G3 G4 G5 G6 G7 

100 √ √ √ √ √ √ √ 

200 √ √ √ √ √ √ √ 

300 - √ √ √ √ - √ 

400 - - √ √ √ - √ 

500 - - √ 
- 

√ - √ 

600 - - √ 
- 

√ - √ 

700 - - √ 
- 

√ - √ 

800 - - √ 
- 

- - √ 

900 - - √ 
- 

- - - 

1000 - - √ 
- 

- - - 

 

 
Figure 5.1: Isolated bacterial strain G3 on MSM 

plate containing butachlor 

 

Figure 5.2: SEM image of the bacterial strain G3 

Table 5.3: Biochemical Characteristics of the 

isolated bacterial strain G3 

Characteristics Strain G3 

Gram Staining Gram Negative 

Cell shape Rod shaped 

Catalase + 

Nitrate 
Reduction 

- 

Oxidase + 

Citrate + 

Urease + 

Methyl Red - 

Indole - 

Gelatin 
Hydrolysis 

- 

VP - 
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Figure 5.3: Phylogenetic tree based on the 16S rRNA gene sequences of strain G3 and related species.  
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5.3.2. OPTIMIZATION OF BUTACHLOR BIODEGRADATION BY PSEUDOMONAS 

PUTIDA G3 

The seven parameters contemplated in this study for their influence on biodegradation of 

butachlor by the microbial strain are statistically analysed using PBD. Table 5.4 enlists the 

design of experiments and their corresponding butachlor degradation percentage. The wide 

variation in responses from 42.39 - 90.6, in the 16 trials emphasises the dependency of 

butachlor removal efficiency of the microbe on various process parameters. Table 5.5 

exhibited that parameters such as pH of the medium, growth temperature, and initial 

biomass concentration have a substantial impact on the biodegradation of butachlor and are 

hence incorporated in the subsequent optimization study. However, the rest of the 

parameters had no significant effect on biodegradation of butachlor. The factors are having 

a confidence level more than 95% are considered as important for their incorporation in the 

subsequent studies of optimization. The model equation for the percentage butachlor 

biodegradation (Y): 

Y = 41.4369 + 0.286190*X1 - 1.46076*X2 + 0.667674*X3 + 20.8561*X4 - 32.7056*X5 + 16.3100*X6 - 

1.1822*X7          (5.1) 

The correlation coefficient (R2) of the value 0.9904 suggests that up to 99.04 % variabilities 

in the butachlor degradation can be calculated. The statistical analysis of the experimental 

data using F-test is presented in Table 5.6.  

Table 5.4: Plackett–Burman Design of factors with butachlor degradation percentage as response 

Run 

Order 

Temp 

(°C) 
pH 

Inoculum Size (v/v) 

(%) 

Ammonium Sulfate 

(g/L) 

KH2PO4 

(g/L) 

K2HPO4 

(g/L) 

NaCl 

(g/L) 

Response 

(%) 

1 25 9 15 0.075 0.125 0.075 0.075 42.3071 

2 40 6 5 0.075 0.125 0.2 0.2 45.1158 

3 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 86.6958 

4 40 9 15 0.075 0.125 0.2 0.075 52.1654 

5 40 6 15 0.2 0.05 0.2 0.075 61.1692 

6 25 9 5 0.075 0.05 0.2 0.2 44.6783 

7 40 6 15 0.075 0.05 0.075 0.2 54.8065 

8 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 88.6558 

9 25 6 5 0.2 0.125 0.2 0.075 46.1775 

10 40 9 5 0.2 0.05 0.075 0.075 45.5183 

11 40 9 5 0.2 0.125 0.075 0.2 45.374 

12 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 90.5867 

13 25 9 15 0.2 0.05 0.2 0.2 48.0806 

14 25 6 5 0.075 0.05 0.075 0.075 44.3765 

15 25 6 15 0.2 0.125 0.075 0.2 52.7721 
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16 32.5 7.5 10 0.1375 0.0875 0.1375 0.1375 87.1596 

Table 5.5: Effect of factors and statistical analysis of factors using Plackett–Burman Design 

Term Effect Coef. SE Coef. T P 

Constant  48.545 0.7653 63.43 0.015 

Temperature 4.293 2.146 0.7653 2.80 0.026 

pH -4.382 -2.191 0.7653 -2.86 0.024 

Inoculum Size 6.677 3.338 0.7653 4.36 0.003 

Ammonium Sulfate 2.607 1.304 0.7653 1.70 0.132 

KH2PO4 -2.453 -1.226 0.7653 -1.60 0.153 

K2HPO4 2.039 1.019 0.7653 1.33 0.225 

NaCl -0.148 -0.074 0.7653 -0.10 0.926 

Table 5.6: ANNOVA for PBD (Plackett–Burman Design) model 

Source DF Seq SS Adj MS F 

Main Effects 7 297.61 42.52 6.05 

  Temperature 1 55.29 55.29 7.87 

  pH 1 57.61 57.61 8.20 

  Inoculum Size 1 133.74 133.74 19.03 

  Ammonium Sulfate 1 20.39 20.39 2.90 

  KH2PO4 1 18.05 18.05 2.57 

  K2HPO4 1 12.47 12.47 1.77 

  NaCl 1 0.07 0.07 0.01 

  Curvature 1 4735.27 4735.27 673.68 

Residual Error 7 49.20 7.03  

  Lack of Fit 4 39.98 9.99 3.25 

  Pure Error 3 9.23 3.08  

Total 15 5082.08   

Based on the ANOVA results obtained, it is concluded that initial biomass concentration, 

pH of the experimental medium and the growth temperature plays a significant role in 

determining the biodegradation efficiency of the microbial strain G3. While the rest of the 

parameters having no significant impact on the butachlor biodegradation efficiency of the 

isolated strain, the significant parameters needs to be studied further to determine their 

optimum levels at which the microbial strain will display in maximum yield. Hence, 

response surface methodology (RSM) is chosen to be employed which allows for the 

formulation of a mathematical equation by contemplating the expected results and 

considering the process parameters involved by implementing multiple regression 

approach thus discounting the complicated mechanism hidden behind it (Anupam et al. 
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2015). A set of 20 experimental runs is suggested by the Minitab statistics software 

(Version 16.2.2, Minitab Inc.) for the central composite design (CCD) model of RSM, the 

design matrix of which along with the obtained experimental results has been presented in 

Table 5.7.  

Table 5.7: Central Composite Design of factors with butachlor biodegradation (percentage) as response 

Temp.  

(°C) 
pH 

Inoculum Size 

(%) 

Experimental 

Response 

(%) 

Predicted 

Response 

(%) 

45.1 7.5 10 40.925 43.034 

32.5 7.5 18.5 91.635 94.281 

40 6 5 26.962 27.504 

32.5 7.5 10 95.493 94.637 

32.5 7.5 10 95.493 94.637 

25 6 15 42.981 43.07 

32.5 7.5 10 95.493 94.637 

40 6 15 67.212 62.065 

19.8 7.5 10 31.7 30.154 

32.5 7.5 10 95.493 94.637 

25 9 5 20.021 24.748 

25 6 5 21.462 19.84 

25 9 15 44.593 43.63 

32.5 7.5 10 90.493 94.63 

32.5 10.0 10 11.9 9.027 

32.5 5 10 10.531 13.967 

32.5 7.5 10 95.493 94.637 

40 9 15 50.081 51.282 

40 9 5 21.581 21.07 

32.5 7.5 1.6 51.425 49.34 

The following second-order polynomial equation has been deduced by the application of 

multiple regression analysis to represent the butachlor degradation efficiency of the 

microbial strain G3 as a function of the influencing variables (Eq. (5.2)): 

Response = -1141.58 + 25.3591* Temperature + 204.625* pH + 7.76052* Inoculum Size - 0.364823* 

(Temperature*Temperature) - 13.0642* (pH*pH) - 0.322802* (Inoculum Size*Inoculum Size) - 

0.252049* (Temperature*pH) + 0.0755313* (Temperature*Inoculum Size) - 0.144948* (pH*Inoculum 

Size)             (5.2) 

The above equation holds good within the chosen range of the significant variables 

involved. It is quite evident that while the coefficients of the linear terms are having positive 
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signs, the coefficients of the quadratic terms have both positive as well as negative signs. 

As per the literature, in a mathematical model, while the positive sign indicates that the 

variable has a synergistic effect on the overall outcome of the equation, the negative sign 

indicates that the term has an antagonistic effect on it. Thus, from the equation the effect 

of individual parameters and their interactions on the biodegradation efficiency of the 

microbial strain G3 can be estimated correctly. Hence, regardless of their significance, all 

the terms have been included in the equation. Analysis of variance (ANOVA) of the model 

along with the experimental results obtained establishes the ‘‘F-value” of the model to be 

206.16 which suggests that the model is highly significant (Table 5.8). The “Lack of Fit” 

of the theorized model having p-value 0.071, is found to be non-significant thus advocating 

the adequate predictability of the model within the defined range of the influencing 

parameters.  

Table 5.8: ANOVA for Response Surface Methodology 

Source DF Seq SS Adj MS F P 

Regression 9 20041.9 2226.9 206.16 0.000 

Linear 3 2718.2 906.1 83.88 0.000 

Temperature 1 200.2 200.2 18.54 0.002 

pH 1 29.4 29.4 2.72 0.130 

Inoculum Size 1 2488.5 2488.5 230.38 0.000 

Square 3 17185.8 5728.6 530.34 0.000 

Temperature*Temperature 1 4336.0 6093.7 564.14 0.000 

pH*pH 1 11947.3 12487.3 1156.03 0.000 

Inoculum Size*Inoculum Size 1 902.5 902.5 83.55 0.000 

Interaction 3 138.0 46.0 4.26 0.035 

Temperature*pH 1 64.3 64.3 5.95 0.035 

Temperature*Inoculum Size 1 64.2 64.2 5.94 0.035 

pH*Inoculum Size 1 9.5 9.5 0.88 0.372 

Residual Error 10 108.0 10.8   

Lack-of-Fit 5 87.2 17.4 4.18 0.071 

Pure Error 5 20.8 4.2   

Total 19 20149.9    

Table 5.7 presents both the predicted as well as the experimental values of the butachlor 

biodegradation by the microbial strain at different experimental conditions as set by the 

central composite design. Figure 5.4 presenting the graph of the actual experimental 

response versus the predicted response values obtained from the above-mentioned equation 
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displays that the data points on the plot have a linear behaviour and are closely distributed 

to each other. The R2 value being 0.9943 indicates a good agreement between the 

experimental and the predicted values of butachlor removal efficiency by the microbial 

strain. 

 

Figure 5.4: Scatter plot of values of predicted removal % vs actual removal % from RSM design 

In case of multivariate optimization study, mutual interaction among the components 

involved are highly decisive in nature (Bayhan and Önel 2010). Those interactions are 

expressed in the forms of two- dimensional contour plots and three-dimensional response 

surfaces respectively (Anupam et al. 2011). The plots are designed by the pairwise 

combination of individual parameters while holding the rest of the variables at their centre 

point. Figure 5.5 exhibits the CCD surface plots, which suggests that the highest butachlor 

biodegradation by the Pseudomonas putida strain G3 is achieved at the centre points in 

most of the interacting process parameters involved. However, the degradation efficiency 

decreases staggeringly when each of the interacting variables move for the axial points. 

Figure 5.5.(a) & (b) depicts the effect of temperature and pH on butachlor biodegradation 

keeping the inoculum size constant. The figure pointed that biodegradation efficiency of 

the bacterial strain is highly influenced by the change in both the temperature as well as the 

pH of the surrounding environment. Similar effects are being reported previously during 

the biodegradation of the herbicide atrazine by the highly efficient strain Pseudomonas sp. 

ZXY (Zhao et al. 2017). The interactive effect between the pH and the initial inoculum size 

on biodegradation of butachlor keeping the temperature constant at level zero has been 

portrayed in Figure 5.5.(c) & (d). The figure projects that the maximum butachlor 

biodegradation can be accomplished at high inoculum size and an optimum pH value.  
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Figure 5.5. Surface and contour plot showing interactions between the significant parameters on butachlor 

biodegradation by the isolated Pseudomonas putida strain G3; (a) & (b): presents interaction between 

temperature (X1) and pH (X2) , (c) & (d): presents interaction between temperature (X1) and Inoculum Size (X3), 

(e) & (f): presents interaction between pH (X2) and Inoculum Size (X3). 

A similar trend was observed in the interaction of the initial inoculum size and the 

temperature keeping pH at level zero (Figure 5.5.(e) & (f)). Such interactions where the 

initial biomass concentration plays a major role in the determining the biodegradation of 
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the contaminant, have previously been reported during the biodegradation of profenofos, 

an organophosphate (OP) insecticide by a novel bacterial consortium (Jabeen et al. 2015) 

and biodegradation of trichlorfon by the Bacillus tequilensis (Tian et al. 2016). Hence, as 

per the model numerical analysis in the present study, maximum butachlor degradation can 

be achieved at 32.5°C, pH = 7.5 and 10% (v/v) inoculum size. The proposed statistical 

model is validated by performing the similar experiments in triplicates at the elicited 

optimum levels. While the butachlor degradation at optimized conditions was predicted to 

be 94.64 %, the butachlor biodegradation achieved experimentally was 93.12% which 

indicates the adequacy of the model.  

5.3.3. BATCH BIODEGRADATION OF BUTACHLOR AND OTHER HERBICIDES 

BY PSEUDOMONAS PUTIDA STRAIN G3 

Figure 5.6 demonstrates the biodegradation of butachlor by the isolated strain 

Pseudomonas putida strain G3 under the optimized conditions. The figure exhibits the 

gradual decrease in butachlor concentration as a function of time as quantified by the HPLC 

analysis at regular interval of time. The microbial strain is able to degrade 700 mg/L of 

butachlor completely within a period of 360 h at optimized conditions. 

 

Figure 5.6: Degradation profile of the isolate Pseudomonas putida strain G3 at different initial concentration of 

butachlor. 
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However, with increase in concentration a distinct lag phase is observed and the bacterial 

strain is not able to degrade more than 50% when the initial concentration of butachlor in 

the medium is 1000 mg/L, which may be attributed to the adaptation phase possible as 

discussed in previous chapters. Similar results has been observed in previous studies 

pertaining to biodegradation of other toxic contaminants reporting prolonged lag phase in 

similar intensified conditions (Dwivedi et al. 2010 ; Mohanty 2012).  

Butachlor biodegradation by the bacterial isolate Pseudomonas putida strain G3 

bioaugmented in the sterile agricultural soil has been depicted in the Figure 5.7. As per the 

figure, the microbial strain is capable of complete degradation of 500 mg/Kg of butachlor 

within 360 h while it is able to degrade 69.8% of the initial dosage in 504 h when the initial 

substrate concentration is 1000 mg/Kg of soil. This may be due to the oxygen accessibility 

factor discussed previously in chapter 3. Similar trend of results has been reported 

previously during biodegradation of fenvalerate by a novel bacterial strain  

Stenotrophomonas sp. (Chen et al. 2011). While the bacterial strain demonstrated upto 80% 

fenvalerate degradation within 120 h when the initial concentration is 500 mg/L in MSM, 

it is able to degrade only 80% of the 50 mg/Kg of fenvalerate within same time span when 

subjected in sterilized soil.  

 

Figure 5.7: Butachlor degradation profile of the isolate Pseudomonas putida strain G3 in sterilized soil. 
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The bacterial isolate Pseudomonas putida strain G3 is subjected to various concentration 

of alachlor and glyphosate individually to study the biodegradation efficiency of the 

bacterial strain towards other herbicides. Figure 5.8 & 5.9 represents the biodegradation 

of alachlor and  glyphosate by the the isolate Pseudomonas putida strain G3 at various 

initial concentration of the herbicide respectively.  

 

Figure 5.8: Degradation profile of the isolate Pseudomonas putida strain G3 at different initial concentration of 

Alachlor. 

 

Figure 5.9: Degradation profile of the isolate Pseudomonas putida strain G3 at different initial concentration of 

Glyphosate. 
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In both the study, the uninoculated sterile MSM serves as the control to evaluate the abiotic 

factors involved in the degradation of the herbicide in the medium. In both the study, it is 

found that degradation of the herbicide due to abiotic factors is negligible thus confirming 

the outcome to be totally due to the microbial metabolism. From the figures it is quite 

evident that the bacterial strain G3 is highly efficient in biodegradation of the herbicides 

alachlor and glyphosate. The study establishes the fact that the bacterial strain is able to 

utilize various herbicides as sole source of carbon and energy and can be successfully 

utilized for remediation of a wide array of herbicides. The degradation efficiency of the 

bacterial strain is dependent on the complexity of the compound. Since, butachlor is the 

most complex one complete mineralization of it requires more time as compared to the 

other two compounds. At higher concentrations, unlike butachlor degradation profile no 

lag phase is observed in case of glyphosate biodegradation by the microbial strain.  

 

Figure 5.10: Batch biodegradation of butachlor and alachlor mixture at various initial concentrations by the 

isolate Pseudomonas putida strain G3. 
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The above study confirms that the isolate Pseudomonas putida strain G3 is able to degrade 

both alachlor as well as butachlor efficiently. However when subjected to the mixture of 

the herbicides, the rate of biodegradation by the microbial strain slows down which may be 

due to the combined toxicity of both the herbicides. While on being subjected individually, 

the strain G3 is able to degrade 700 mg/L of butachlor and alachlor in 360 and 264 h 

respectively. Nevertheless, when subjected to the mixture of both the pesticides, the strain 

is able to degrade 300 mg/L of both the herbicides in 288 h. From figure 5.10, it is quite 

evident that the strain G3 initially degraded alachlor and then started degrading the 

butachlor and utilizing it as the sole carbon sources. As discussed in the previous chapters 

this may be due to the fact that alachlor is a relatively low molecular weight as compared 

to butachlor and has a simpler aromatic structure. The study confirms the cometabolic 

potential of the pseudomonas putida described in the literature pertaining to the 

biodegradation of various organic compounds (Reardon et al. 2000; Wang et al. 2015).  

5.3.4. SUBSTRATE INHIBITION STUDIES 

Figure 5.5 presents the biodegradation profile of Pseudomonas putida strain G3 at varying 

initial concentration of butachlor under the optimized condition. From the figure, it is quite 

evident that with increase in the concentration of the butachlor, a distinct lag phase can be 

viewed which may be due to the possible substrate inhibition of the degradation efficiency 

owing to the processing of the signal transduction and subsequent induction of butachlor 

metabolic pathways in the microbial cells.  

 

Figure 5.11: Fitting experimental data with the various substrate inhibition models depicting the relationship 

between the initial butachlor concentration with the specific rate of degradation by the strain G3. 
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The strain is able to tolerate butachlor up to a concentration of as high as 1000 mg/L but it 

is unable to degrade the mentioned concentration completely. The microbe is able to 

degrade up to 700 mg/L of the initial concentration of butachlor completely. From figure, 

it can be noted that the biodegradation efficiency decreases on increasing the initial 

concentration of butachlor. Hence, to address this assumption, various substrate inhibition 

models are explored to fit the specific rate of degradation (q) at different initial butachlor 

concentration. The bio-kinetic parameters such as maximum specific degradation rate 

(qmax), half-saturation coefficient (Ks) and inhibition coefficient (Ki) are determined using 

non-linear regression analysis by MATLAB software and are presented in Table 5.9. 

Figure 5.11 demonstrates the relationship between the specific rate of biodegradation, both 

predicted as well as the experimental with the initial butachlor concentration. As observed 

in the figure, the specific degradation rate increases with the increase in the initial 

concentration of the butachlor up to 283.94 mg/L, which is the critical inhibitor 

concentration (Sm) of the haldane model for the study. However, the the specific 

degradation rate decreases subsequently thus suggesting the substrate inhibition of 

butachlor on the degradation efficiency of the bacterial strain. The correlation coefficient 

(R2) is found to be 0.99 for the suggested model thus indicating the agreement between the 

calculated and experimental values. 

Table 5.9: Bio-kinetic parameters for biodegradation of butachlor by Pseudomonas putida Strain G3 obtained by 

various models. 

 

 

 

 

5.3.5. BUTACHLOR BIODEGRADATION BY THE IMMOBILIZED CELLS IN 

ALGINATE BEADS 

Butachlor biodegradation by the immobilized bacterial strain G3 is studied at various initial 

concentration of butachlor ranging from 1000 mg/L to 2000 mg/L, the degradation profile 

of which has been displayed in Figure 5.12(a). The figure suggests that immobilized 

bacterial strain is able to degrade 1000 mg/L of butachlor within 120 h. Moreover, 72% 

and 56% of butachlor is degraded by the immobilized cells within the experimental time 

frame (120 h) when the initial butachlor concentration is 1500 mg/L and 2000 mg/L 

respectively.  

Mathematical model 
qmax 

(h-1) 

Ks 

(mg/L) 

Ki 

(mg/L) 
R2 

Haldane Model 3.93 107.2 681.1 0.9916 

Aiba Model 3.174 66.53 1497.6 0.9631 
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(a) 

 
(b) 

Figure 5.12: (a) Butachlor biodegradation profile of the immobilised bacterial strain Pseudomonas putida G3 at 

various initial concentration of butachlor. (b) Comparative study of butachlor biodegradation profile by the 

freely suspended and Ca-alginate immobilized Pseudomonas putida strain G3 at various initial concentration of 

butachlor. 

Aginate beads without microbial biomass is used as the control experiment which has 

negligible changes in the butachlor residues in the medium thus confirming the fact that the 

butachlor disappearance in the experimental setup using beads having immobilized 

microbial biomass is due to the biodegradation rather than adsorption to the alginate beads. 
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Figure 5.12(b) renders the comparative study of the butachlor biodegradation efficiency of 

the microbial strain G3 as freely suspended bacteria and immobilized cells to assess the 

feasibility of using immobilized cells for the bioremediation of butachlor in wastewater. As 

interpreted from the figure, on being immobilized the bacterial strain the tolerance and 

degradation potential of the bacterial strain increases manifold. To investigate the stability 

and reuseability of the immobilized alginate beads, repeated batch experiments are carried 

out using the immobilized alginate beads comprising the strain G3. It is noticed that the 

immobilized cells reused efficiently for ten experimental runs successively without any 

significant change in the butachlor degradation ability. However, since an initial lag phase 

is observed during the tenth cycle of batch study, no further batches of experiment are 

carried out, thus confirming the fact that the immobilized microbial cells have a stable 

bioactive period up to 50 days. It may be noted that the entrapped matrix neither collapsed 

nor deformed under the present operating conditions, indicating the superb robustness of 

the immobilized beads. Similar results are previously being reported with the microbial 

strain AS1 and FP2 in Section 3.10 and 4.10 respectively. 

5.3.6. IDENTIFICATION OF INTERMEDIATE METABOLITES 

To determine the intermediate metabolites formed during the butachlor biodegradation by 

the isolate Pseudomonas putida strain G3, HPLC and Electrospray ionization mass 

spectrometry (ESI-MS) studies are being performed. In the 0 h sample, a single distinct 

peak at m/z 334.22 has been detected. Based on the molecular mass of the standard 

compound and ion paring (Na+), the peak is detected to be of butachlor (Molar mass: 

311.85). A similar peak was detected during the analysis of the pure butachlor standard, 

thus confirming that the peak belongs to the parent compound. With gradual progress of 

the biodegradation experiment, the peak pertaining to the parent compound is found to 

decrease subsequently forming new peaks belonging to the intermediate products (Figure 

5.13).  Based on ESI-MS analysis, three distinguishable intermediates are detected during 

the biodegradation of butachlor by the isolate Pseudomonas putida strain G3. Three distinct 

peaks are observed at m/z 279.19, 248.10 and 149.13, which are identified as 2-chloro-N-

(2,6-diethylphenyl)-N-hydroxymethylacetamide, 2-chloro-N-(2,6-diethylphenyl) 

acetamide and 2,6-diethylaniline respectively.  
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Figure 5.13: ESI-MS profile of the metabolite produced during butachlor degradation by Pseudomonas putida strain G3 at different time intervals. (a) 0h; (b) 72h; (c) 120h; (d) 144h.
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It has earlier been reported that butachlor gets converted to 2-chloro-N-(2,6-diethylphenyl)-

N-hydroxymethylacetamide by N-dealkylation which later transforms in to 2-chloro-N-

(2,6-diethylphenyl) acetamide and then into 2,6-diethylaniline (Zhang et al. 2011) (Kim et 

al. 2013) (Gao et al. 2015).  Thus, on the basis of the above analysis, a plausible metabolic 

pathway for the biodegradation of butachlor by the microbial strain Pseudomonas putida 

strain G3 has been proposed (Figure 5.14). 

 

Figure 5.14: Proposed degradation pathway of butachlor by the bacterial isolate Pseudomonas putida strain G3. 

5.4. MAJOR FINDINGS 

 The present study conveyed a new perspective focusing on the biodegradation of 

the herbicide butachlor by the newly isolated hyper-tolerant Pseudomonas putida 

strain G3. The bacterial strain is able to tolerate up to as high as 1000 mg/L and can 

utilize butachlor as the sole source of carbon and energy. Eventhough Pseudomonas 

putida has previously been employed for the remediation of various contaminants; 

this is the first report to the very best of our knowledge, which reported 

biodegradation of the butachlor by the bacterial strain. 

 To enhance the biodegradation efficiency of the bacterial isolate, the biodegradation 

process is optimized by the application of response surface methodology. Growth 

temperature, pH of the surrounding environment and initial biomass concentration 
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are the important parameters that play an important role in the biodegradation of 

butachlor by the isolated strain. Maximum butachlor biodegradation by the strain 

AS1 is achieved at optimum levels of growth temperature (32.5°C), pH (7.5) and 

Inoculum size (10% (v/v)). 

 The isolated strain is able to degrade 700 mg/L of butachlor in aqueous medium 

completely within 360h, thus exhibiting a high butachlor degradation efficacy. 

 Under laboratory conditions, the strain G3 achieved complete removal of butachlor 

within 360 h at a rate constant of 0.46 day-1 following a first-order rate kinetics.  

 The bacterial isolate displaying its wide substrate specificity is able to degrade 

several other herbicides of global concern such as alachlor and glyphosate as well 

as the mixture of the herbicides.  

 However, increasing the concentration of the butachlor resulted in substrate 

inhibition, which is fitted well with the modified Haldane model of substrate 

inhibition for the batch biodegradation of butachlor.  

 To overcome the substrate inhibition by the compound, the bacterial strain is 

immobilized within calcium alginate beads, thus enhancing the butachlor tolerance 

upto 2000 mg/L. The immobilized cells are able to degrade upto 1000 mg/L of 

butachlor within 120 h completely.  

 A plausible butachlor biodegradation pathway has been proposed based on the 

intermediates identified by the ESI-MS analysis during the study.  

 The above study provides a basis for the large-scale application of the isolate 

Pseudomonas putida strain G3 for the biotreatment of butachlor and other 

herbicides from the environment.  



CHAPTER 6 

 

FORMULATION OF A NOVEL MICROBIAL 

CONSORTIUM FOR THE ENHANCED 

BIOREMEDIATION OF HERBICIDES 
 

The present study reports the formulation of a new synthetic microbial consortium, SMC1 

that has the capability for the efficient degradation of butachlor. The study reports the 

batch biodegradation of butachlor by the mixed flora both in soil as well as in water. 

Simultaneous degradation of butachlor along with another herbicide of the same class, 

alachlor by the microbial consortium has also been investigated. The consortium is able to 

degrade 500 mg/L of both the compounds completely within 168 hrs in aqueous medium. 

The microbial consortium was found to metabolize about 1000 mg/L of butachlor within 

17 days completely in the agricultural soil in the laboratory. To determine the broad 

substrate spectrum of the microbial consortium, it was subjected to an organophosphate 

class of herbicide, glyphosate which the consortium is able to degrade very efficiently. To 

enhance the bioremediation efficiency of the microbial consortium, the cells were 

immobilized within the Ca-alginate matrices and the efficacy of both the free and 

immobilized bacterial cultures have been evaluated. Complete removal of as high as 1500 

mg/L of butachlor has been achieved within 168 hrs while the free cells demonstrated only 

70% degradation efficiency for the same concentration of the butachlor.  

 



Chapter 6 

 

142 
 

6.1. INTRODUCTION 

Widespread administration, lipophilic nature and persistence to natural degradation in the 

environment, led to continuous detection of butachlor in soil, surface and underground 

water worldwide making it one of the most common environmental concern in the present 

day world (Wang et al. 1992; Fang et al. 2009; Xue et al. 2014). Consequently, several 

studies accounting the biotic as well as abiotic method of butachlor removal from the 

environment has been reported in the past (Lin et al. 2000; Pal et al. 2006). However, 

microbial transformation has become a promising alternative in recent times due to its 

efficiency, versatility and eco-friendliness (Zhang et al. 2011; Rajasankar et al. 2013). 

However, it is difficult for any single microorganism for the effectual treatment of the 

complex industrial wastewater. It has been a long known fact that microbial consortium are 

much more efficient at biodegradation of complex organic effluent than their single 

counterparts are (Brune and Bayer 2012). Basically, there are three advantages for choosing 

microbial consortia as the research subject to design a biotreatment technology: (1) the 

component strains divide their functionality to accomplish several complex tasks at the 

same time; (2) stronger adaptability and stability to the ever-fluctuant environment; (3) 

reduction in the metabolic load on a single microorganism to perform efficiently as well as 

averting the cross-influence of different functions (Gerchman and Weiss 2004; Shong et al. 

2012). Primarily there exist two pathways to obtain microbial consortia that have the 

efficiency to degrade contaminants. The microbial consortium may either be obtained by 

re-engineering the naturally occurring microbial consortia through selective enrichment 

culture technique (also known as top-down method) or by mixing microbial strains 

manually to design and construct artificial microbial consortia (also known as the bottom-

up method) (Simonsen et al. 2006; Holtze et al. 2007; Großkopf and Soyer 2014). 

Utilizing a microbial consortia isolated from the contaminated sites, one may get hold of 

the numerous severities that are identified with these sites specifically (Chirnside et al. 

2007). The naturally occurring microbial consortia comes with certain drawbacks such as, 

low conversion efficiency, poor stability, lengthy operation cycle and most importantly, 

difficulty in culturing (Ding et al. 2016). Hence, construction of synthetic microbial 

consortia would be an alternative approach for practical applications. The microbes, 

isolated through selective enrichment technique from the contaminated sites, often 

advantageously exhibit a better capability to metabolize the recalcitrant target compounds 

over the non-specific heterogeneous populations.  
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Several microorganisms such as Rhodococcus, Spingomonads, Catellibacterium caeni, 

Stenotrophomonas acidaminiphila and Paracoccus have been reported for their butachlor 

degradation efficiency (Chakraborty and Bhattacharyya 1991; Dwivedi et al. 2010; Zhang 

et al. 2011; Liu et al. 2012; Zheng et al. 2012; Kim et al. 2013). However, to the best of our 

knowledge, a very few studies on butachlor biodegradation by microbial consortia has been 

undertaken as like other chloroacetanilide class of herbicides.  The scope of the present 

study is to formulate a synthetic microbial consortium that can degrade butachlor efficiently 

both in water as well as in soil. The idea is to apply the developed formulation directly to 

the contaminated area that would be able to minimize the long-term environmental 

damages. Furthermore to investigate the impact of cell immobilization on butachlor 

biodegradation activity using the formulated microbial consortium. 

6.2. EXPERIMENTAL ASPECT 

The three isolates (Serratia ureilytica strain AS1 reported in Chapter 3, Enterobacter 

cloacae strain FP2 reported in Chapter 4 and Pseudomonas putida strain G3 reported in 

Chapter 5) that exhibited ample tolerance towards the herbicide were chosen to formulate 

consortia. In total, four different bacterial consortium were constructed and screened for 

the best bacterial consortia based on their biodegradation capabilities (Table 6.1). 

Development and screening of the bacterial consortium was done as described in Section 

2.5. The bacterial consortium showing the maximum butachlor tolerance was chosen as the 

subject of this study. The microbial consortium was subjected to varying initial 

concentration of butachlor and other herbicides (ranging from 100 – 1000 mg/L) to 

determine the biodegradation efficiency of the microbial strain as described in Section 2.7. 

The cell immobilization technique to enhance the biodegradation efficiency of the bacterial 

strain at higher concentration of butachlor was investigated as described in Section 2.6. 

The biodegradation efficiency of the bacterial strain both in freely suspended state and on 

being immobilized in Ca-alginate beads was evaluated and a comparative report was 

drawn. 

6.3. RESULT AND DISCUSSION 

6.3.1. SELECTION OF BUTACHLOR-TOLERANT BACTERIAL CONSORTIUM 

The formulation of an efficient butachlor degrading bacterial consortium was done based 

on combination of the three isolated microbial strains. Out of the four tested consortia, the 

best consortium was selected based on their butachlor biodegradation efficiency. All the 
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combinations sequences of the component bacterial strains and their respective butachlor 

biodegradation efficiencies have been enlisted in Table 6.1. From the table, it is quite 

evident that the degradation efficiencies of the combination of the isolated strain ranges 

from 66.3 – 84.7%. The bacterial consortia SMC1 comprising all the three microbial strains 

demonstrated the highest butachlor degradation efficiency of 92.6% and thus it has been 

considered for further study.  

Table 6.1: Possible combinations of the isolated butachlor-degrading bacterial strains and their respective 

degradation efficiencies. 

SL NO 
NAME OF THE 

CONSORTIUM 

LIST OF THE 

ISOLATES 

DEGRADATION 

EFFICIENCY (%) 

1  SMC1 AS1 FP2 G3 92.6 

2  SMC2 AS1 FP2 84.7 

3  SMC3 FP2 G3 66.3 

4  SMC4 AS1 G3 80.4 

6.3.2. BATCH BIODEGRADATION BY THE BACTERIAL CONSORTIUM SMC1 

The formulated microbial consortium SMC1 was subjected to various initial concentration 

of butachlor. Since, the individual microbial strains were capable of degrading up to 500 

mg/L of butachlor completely without any indication of substrate inhibition; hence, the 

microbial strain was subjected to higher concentrations of butachlor in this study. The 

biodegradation efficiency of the microbial consortium SMC1 was evaluated by the regular 

assessment of the residual butachlor concentration in the medium by the HPLC analysis. A 

gradual decrease in the major peak representing butachlor at retention time of around 14 

mins has been observed with increasing time period. Figure 6.1 exhibits the biodegradation 

profile of the microbial consortia SMC1 subjected to various initial concentration of the 

herbicide in the MSM aqueous medium. As reported in our previous studies, eventhough 

the component bacterial strains are able to degrade lower concentration of butachlor 

efficiently, complete degradation of butachlor upto as high as 1000 mg/L cannot be 

achieved by the individual strains. Nevertheless, as depicted in the figure, bacterial 

consortium SMC1 is able to degrade 1000 mg/L of butachlor completely. However, the 

microbial consortium started showcasing inhibition after the initial concentration of the 

butachlor was raised to 1500 mg/L and able to degrade only up to 80% of the substrate. At 

higher substrate concentration, the lag phase noted may be attributed to the phase where 

the microbial strain adapts itself to the extreme environment owing to cellular processing 

for signal transduction possibly and consequently inducing metabolic pathways for 
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butachlor degradation. Similar results are earlier being reported in the literature where the 

rate of biodegradation by the individual microorganism decelerates on increasing the 

concentration of butachlor (Dwivedi et al. 2010). It is quite evident from the figure that the 

microbial consortium is capable to tolerate and degrade up to as high as 2000 mg/L of 

butachlor. Application of mixed microflora for the complete remediation of butachlor has 

earlier been reported by Kim et al., where they demonstrated that complete degradation of 

the butachlor was achieved within 24 h while the individual strains were unable to do so 

(Kim et al. 2013).  

 

Figure 6.1: Degradation profile of the microbial consortium SMC1 at different initial concentration of butachlor. 

Figure 6.2 depicts the degradation profile of butachlor by the microbial consortia SMC1 

in the agricultural soil (laboratory setup). The HPLC analysis at various time intervals 

indicates significant reduction in butachlor peak that infers complete degradation of 500 

mg/L of butachlor in 288 h. On increasing the concentration of the butachlor to 1000 mg/L, 

there is a sudden decrease in the rate of biodegradation and the microbial consortia is able 

to degrade it within 408 h completely at ambient environmental conditions. Till date not 

much work has been attempted for the biodegradation of butachlor by formulated synthetic 

microbial consortium. Previously, Yu et al. also reported enhanced butachlor 

biodegradation in soil via bioaugmentation, where they added bacterial community 

designated HD to the wheat rhizosphere (Yu et al. 2003). The certain degree of inhibition 
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in the degradation efficiency of the microbial consortia is due to the fact that the butachlor 

have toxic effect at higher concentration. Such inhibitions were earlier being reported to 

take place during microbial remediation of organic contaminants in soil at high 

concentrations (Nannipieri and Bollag 1991). 

 

Figure 6.2: Batch biodegradation of butachlor by the microbial consortium SMC1 in the soil under laboratory 

conditions. 

Figure 6.3 presents the biodegradation profile of the microbial consortia SMC1 subjected 

to various initial concentration of alachlor. In the previous chapters, it had been reported 

that the constituent bacterial strains were able to degrade lower concentration of alachlor 

efficiently. However, complete degradation of alachlor up to as high as 1000 mg/L cannot 

be achieved by the individual strains. Nevertheless, as depicted in the figure, bacterial 

consortium SMC1 is able to degrade 1000 mg/L of alachlor completely within 144 h. On 

increasing the concentration of alachlor above this concentration, a distinct lagphase can 

be observed which may be attributed to the substrate inhibition due to the high alachlor 

concentration. Similar phenomenon has been experienced previously during the 

biodegradation of butachlor by the microbial consortium as represented in Figure 6.1. 

Increasing the initial concentration of alachlor to 1500 mg/L results in decrease of the 

degradation efficiency by 12% whereas further increase in the alachlor concentration up to 

2000 mg/L decreases the degradation efficiency by 33%. Even so, this study has been the 

first of its kind to study the biodegradation of alachlor at such high concentration by a 
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microbial consortium. From the figure, it is quite evident that the microbial consortium is 

able to tolerate such high concentration of alachlor unlike its constituent bacterial strains 

which are unable to tolerate alachlor above 1000 mg/L. 

 

Figure 6.3: Batch biodegradation of alachlor by the microbial consortium SMC1 in aqueous MSM at various 

initial concentrations.  

Study on the biodegradation of alachlor by the mixed microbial flora has been carried out 

previously (Dehghani et al. 2013; Ewida 2014). The microbial consortium was capable of 

degrading 63% of the initial alachlor concentration of 30 mg/L in the aqueous medium and 

85% of the initial alachlor concentration of 55 mg/L in the soil (Dehghani et al. 2013).   

Figure 6.4 represents the biodegradation profile of the microbial consortia SMC1 subjected 

to various initial concentration of glyphosate. The microbial consortium is able to degrade 

500 and 750 mg/L of glyphosate within 72 and 110 h respectively. As reported in the 

previous chapters, the individual bacterial strains are able to utilize glyphosate efficiently 

as the sole carbon source. While the bacterial strains Serratia ureilytica AS1, Enterobacter 

cloacae FP2, and Pseudomonas putida G3 are able to degrade 1000 mg/L of glyphosate 

completely within 188 h, 168 h and 192 h respectively, the microbial consortium has the 

ability to degrade the same amount of glyphosate within 132 h. While a distinct lag phase 

had been observed in case of glyphosate biodegradation at such high concentration by all 

the three bacterial isolates, the microbial consortium is able to degrade such high 

glyphosate concentration efficiently. Eventhough biodegradation of glyphosate has been 
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studied extensively, to the very best of our knowledge, this is first of its kind to evaluate 

the biodegradation of glyphosate by a microbial consortium. The study demonstrates the 

wide spectrum of substrate specificity of the microbial consortium SMC 1.  

 

Figure 6.4: Batch biodegradation of glyphosate by the microbial consortium SMC1 in aqueous MSM at various 

initial concentrations. 

 

Figure 6.5: Batch biodegradation profile of the microbial consortium SMC1 on Butachlor – Alachlor mixture. 
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The results of the simultaneous biodegradation of butachlor and alachlor by the microbial 

consortium SMC1 are presented in Figure 6.5. The microbial consortium was subjected to 

the equal mixture of butachlor and alachlor. HPLC analysis suggests that the consortium is 

able to degrade both the compounds efficiently and can utilize them as carbon sources. 

However, on comparing with the degradation efficiency in the single substrate 

experimental setup, it can be acknowledged that there is decrease in the degradation 

efficiency of the consortium. As evident from the figure, the consortium is able to degrade 

100% of both alachlor as well as butachlor when the initial concentration of the herbicides 

in the medium is 500 mg/L each respectively. While the microbial consortium is able to 

degrade 500 mg/L of butachlor within 120 h in the single substrate experimental setup, in 

presence of alachlor the microbial consortia took 168 h to degrade the same amount of 

butachlor. This suggests that there is an inhibition of the degradation of the herbicide. The 

advantages of employing mixed cultures in bioremediation has long been demonstrated (L. 

Gaikwad 2014). Remediation of a complex hydrocarbon or a mixture of hydrocarbons 

demands cooperation of more than one microbial strain, since a single species possess a 

limited capability to metabolize the substrate. Therefore, a mixed microbial population, 

equipped with a broad enzymatic capability are implied to enhance the rate as well as the 

extent of biodegradation (Patowary et al. 2016). A few study has been carried out that 

reports the simultaneous degradation of a mixture of herbicides using selective microbial 

consortium while the individual microbial strains were unable to degrade the parent or the 

intermediates completely (Chirnside et al. 2007; Li et al. 2013). Earlier, a few studies have 

suggested that the presence of an additional contaminant can lead to inhibition of the 

degradation of the primary contaminant. Cometabolism of the herbicides alachlor and 

atrazine by the microbial consortium isolated from the soil sample of a 100-year old mix 

old site reveals that that the degradation of alachlor by the microbial consortium starts only 

after the biotransformation of the atrazine begins thus confirming the fact that 

biodegradation of alachlor was dependent on the presence of the co-contaminant atrazine 

(Chirnside et al. 2007). In this case, presence of alachlor, the second contaminant, leads to 

the slight inhibition of the butachlor biodegradation efficiency of the microbial consortium 

SMC1. Even though the microbial strains involved in the consortium are utilizing both the 

substrates as the carbon sources, but this is not a case of diauxic growth. In the present 

study, the microbial consortium SMC1 was subjected to the mixture of herbicides to study 

its efficiency to degrade the individual herbicides simultaneously. The study displays the 

broad substrate range specificity by the microbial consortium, which is a positive step 
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towards its utilization for remediation of herbicide contaminated wastewater and soil. This, 

multi-substrate degradation efficiency, is an important aspect that could be utilized for in-

situ bioremediation of multiple herbicide-contamination. 

Table 6.2: A Comparison table on the biodegradation efficacy of the individual isolated strains and the synthetic 

microbial consortium SMC1 at various initial concentration of butachlor and alachlor. 

Microorganism Initial Substrate Concentrations (mg/L) 

 Butachlor Alachlor 

 500 1000 1500 2000 500 1000 1500 2000 

       (P
er

ce
n

ta
g
e
 D

e
g
r
a
d

a
tio

n
) 

Serratia ureilytica 

strain AS1 

100 38 0 0 100 57 0 0 

Enterobacter 

cloacae strain FP2 

100 40 0 0 100 40 0 0 

Pseudomonas 

putida strain G3 

100 65 0 0 100 75 0 0 

Microbial 

Consortium SMC1 

100 100 80.26 58 100 100 88 67 

Table 6.2 enlists the comparative values of the biodegradation efficiency of the microbial 

consortium SMC1 and among its component bacterial strain respectively at various initial 

concentration of butachlor and alachlor. Individual bacterial strains are unable to 

completely degrade more than 1000 mg/L of butachlor or alachlor, the microbial 

consortium not only degrade 1000 mg/L of these herbicides completely but also tolerate 

much higher concentrations of the same. This may be due to the reduction in the metabolic 

load on a single microorganism to perform efficiently and endure toxic environment (Shong 

et al. 2012). 

6.3.3. BUTACHLOR BIODEGRADATION BY THE IMMOBILIZED CELLS IN 

ALGINATE BEADS 

Butachlor biodegradation by the immobilized bacterial consortium SMC1 was studied at 

various initial concentration of butachlor ranging from 500 mg/L to 2000 mg/L, the 

degradation profile of which has been displayed in Figure 6.6(a). The figure suggests that 

immobilized bacterial consortium is able to degrade 1500 mg/L of butachlor completely 

within 168 h. However, on increasing the concentration of butachlor to 2000 mg/L, the 

percentage of degradation decreases to 78%. Aginate beads without microbial biomass was 

used as the control experiment which has negligible changes in the butachlor residues in 

the medium thus confirming the fact that the butachlor disappearance in the experimental 

setup using beads having immobilized microbial biomass is due to the biodegradation 

rather than adsorption to the alginate beads.  



Chapter 6 

 

 151    
 

 
(a) 

 
(b) 

Figure 6.7: (a) Butachlor biodegradation profile of the immobilised bacterial consortium SMC1 at various initial 

concentration of butachlor. (b) Comparative study of butachlor biodegradation profile by the freely suspended 

and Ca-alginate immobilized bacterial consortium SMC1 at various initial concentration of butachlor. 

Figure 6.6(b) depicts the comparision of the butachlor biodegradation efficiency of the 

bacterial consortium SMC1 as freely suspended and immobilized cells to assess the 
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feasibility of using immobilized cells for the bioremediation of butachlor in wastewater. As 

inferred from the figure, on being immobilized the tolerance and degradation potential of 

the consortium increases manifold. While the freely suspended bacterial consortium is able 

to degrade 80% and 57% of 1500 mg/L and 2000 mg/L of initial butachlor concentration 

respectively, on being immobilized the bacterial consortium is able to degrade 1500 mg/L 

of butachlor completely and about 80% when the initial concentration of butachlor is 2000 

mg/L.  In contrast to the freely suspended cell system, the obtained results demonstrate that 

the cells trapped in the immobilization matrix is much more efficient in herbicide 

degradation which may be explained by the fact that the solid matrix confers a physical 

protection to the trapped cells against the toxicity of the substrate at higher concentration. 

Previously, many researchers have reported that on being immobilized, the rate of 

degradation of any organic contaminant as well as the capability of the microbes to tolerate 

them are higher, since the support material provides a protective covering to the cells 

against the surrounding toxic environment. Similar results were reported earlier in few 

studies, where they concluded that immobilization of bacterial consortium is a highly 

effective technique to achieve complete degradation of toxic compound (Tezel and 

Pavlostathis 2015; Bergero et al. 2017).   

6.4. MAJOR FINDINGS 

 A microbial consortium SMC1, was formulated from the bacterial strains isolated 

from the soil samples collected from the herbicide contaminated sites.  

 The microbial consortium has the ability to degrade butachlor efficiently both in 

aqueous medium as well as in the soil. However, the rate of degradation in case of 

soil is lower than that in case of aqueous medium.  

 On being subjected to the mixture of herbicides, alachlor and butachlor, the 

bacterial consortium SMC1 efficiently utilized both the compounds as the carbon 

source and mineralized them.  

 In the present study, it has been demonstrated that the butachlor tolerance and 

biodegradation efficiency of the microbial consortium enhances substantially on 

being immobilized in Ca- alginate beads. Since, the herbicide also confers an 

adverse impact on the existence and activity of the microbial community, the cell 

immobilization technology offers an added advantage for the bioremediation of 

toxic contaminants.  
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 The results provide an insight into the future of butachlor biotreatment and 

application of consortia for the remediation of contaminants from the environment 

has been proven to be robust and thus has the potential for industrial wastewater 

treatment. 



CHAPTER 7 

 

MASS TRANSFER STUDY OF BUTACHLOR 

BIODEGRADATION USING IMMOBILIZED 

MICROBIAL CONSORTIUM SMC1 IN A PACKED 

BED BIOREACTOR (PBBR –I) 
 

In the present study, a quantitative analysis of the effect of external mass transfer on the 

rate of biodegradation of butachlor using immobilized microbial consortium in a re-

circulated up-flow packed bed batch bioreactor was carried out. By assuming the 

biodegradation kinetics to be of first-order, the biodegradation rate constants were 

calculated at various flow rates using external film diffusion models. The effect of 

operational parameters such as feed flow rate on the bio-removal of butachlor from the 

aqueous medium and the external mass transfer co-efficients were also explored. The 

combined effect of the external mass transfer and the biochemical reaction on the rate of 

biodegradation was determined by the correlation between the Colburn factor (JD) and 

Reynolds number (NRe) as 𝑱𝑫 = 1.341𝑵𝑹𝒆
  −𝟎.𝟑which predicted the experimental data 

precisely. 
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7.1. INTRODUCTION 

Application of microbial immobilization technology for the removal of various pollutants 

has been reported widely in the past few decades (Mohanty, 2012). As compared to the 

freely suspended cell systems, cell immobilization technique has several technical and 

economic advantages such as application of higher biomass concentration, resistance to the 

external toxic environment and hence minimization of substrate inhibition and non-

destructive recovery of cell biomass for further reuse. It also enhances the biomass 

performance significantly, improves the separation of biomass from the effluents and most 

importantly maintains the stability of the biotreatment technology by reducing the biomass 

washout (Tepe and Dursun, 2008). Eventhough, immobilization technique offers several 

advantages, there are several inherent disadvantages such as diffusion limitations, reduction 

in the number of accessible binding sites for the pollutants, etc. that reduces the efficiency 

of the treatment method. Hence, application of a suitable support material for 

immobilization may help in overcoming these lacunas. Entrapment of the whole cell within 

a bio-polymeric matrix has been one of the most promising and established immobilization 

technique since 1975 (Aksu and Bülbül, 1998).  In this context, calcium alginate has been 

the most widely accepted choice for it is chemically inert, cheap, and non-toxic to the 

microbial cells. It is rigid, have tolerance to high loading capacity and binds the cells firmly 

in the same time it also has a loose structure that overcomes the diffusion limitations of the 

treatment technology, thus fulfils all the requirement to be considered as an ideal support 

matrix (Patil et al., 2006).  

As compared to the batch mode, the continuous mode of biodegradation of pollutants has 

several advantages such as reduced operational cost, enhanced degradation efficiency by 

the immobilized biomass, etc. (Maiti et al., 2009). The most convenient configuration for 

the continuous treatment of various toxic materials by the immobilized biomass is that of a 

packed bed bioreactor, which offers a number of advantages relative to its process 

engineering, such as high operational yield, relatively ease of scale-up and automated 

separation protocol (Aksu and Kutsal, 1998; Shuler and Kargi, 2002). A number of 

literature is available that have reported the use of immobilized cells in packed bed 

bioreactors for the successful biodegradation of various toxic contaminants (Alfonso-

Gordillo et al., 2016; Chen et al., 2016; Kim and Logan, 2001). However, parameters 

related to external and internal mass transfer are highly significant during the scale-up of 

the packed bed bioreactor operating in recycle mode to industrial scale and limiting the 
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mass transfer effects on the immobilized cell biomass (Kathiravan et al., 2010; Murty et 

al., 2004). Previously, a few works have been reported that studied the combined impact of 

mass transfer and biodegradation rate on the substrate removal efficiency of the 

immobilized microorganisms in packed bed bioreactors (Aksu and Bülbül, 1998; Banerjee 

and Ghoshal, 2016; Halim et al., 2009; Mudliar et al., 2008; Tepe and Dursun, 2008).  

As per the literature, studies on the mass transfer aspect of the microbial remediation of 

butachlor and other herbicides containing effluents has not been carried out till date. To the 

best of our knowledge, there hardly exists any literature on biodegradation of butachlor by 

immobilized cell biomass in packed bed bioreactor. In the present study, biodegradation of 

butachlor in a packed bed bioreactor operated in continuous mode has been investigated 

using calcium alginate immobilized microbial consortium. The effect of external mass 

transfer on the rate of biodegradation was investigated by calculating the mass flux (G) and 

Reynold’s Number (NRe) for varying feed flow rates and the mass transfer correlation that 

can suitably predict the biodegradation of butachlor by the microbial consortium was 

established. 

7.2. MODEL DESCRIPTION 

In the present study, a packed bed bioreactor containing microorganisms immobilized in 

calcium alginate beads is considered. The transport of the substrate takes place in two 

distinct phases: firstly, the substrate is transferred from the bulk liquid to the surface of the 

biocatalyst (Immobilized cells), subsequently followed by the diffusion and reaction of the 

substrate with the biocatalyst within the bioactive layer (Kathiravan et al., 2010). As per 

the literature, the film-theory suggests that a very thin, laminar film is assumed to be present 

next to the boundary of the surface which is in contact with the feed. Transportation of the 

substrate to the exterior region of the biocatalyst is principally accomplished by molecular 

diffusion and the phenomenon is known to be external mass transfer. The mass transfer 

model developed in this study is according to the concept described previously by Aksu 

and Bülbül (Aksu and Bülbül, 1998).  

7.2.1 BIODEGRADATION AND REMOVAL RATE CONSTANT 

Assuming the packed bed bioreactor to be at steady state, no axial dispersion, plug flow 

and considering the immobilized beads containing the microbial cells to be perfectly 

spherical, the material balance equation for butachlor (substrate) can be established as 

(Banerjee and Ghoshal, 2016; Tepe and Dursun, 2008):  



Chapter 7 

 

156 
 

(
ℎ𝑄

𝑊
)

𝑑𝐶

𝑑𝑧
= - r      (7.1) 

From the above equation, Q represents the feed flow rate (L/h), h represents the bioreactor 

column height (cm), W represents the dry cell weight in the immobilized beads (g), dC / dz 

represents the butachlor concentration gradient with respect to the length of the bioreactor 

(mg/L.cm) and r is the rate of biodegradation (mg/L.h). Assuming first-order 

biodegradation kinetics at low substrate concentration, the relationship between the rate of 

biodegradation  and the concentration of the substrate (butachlor) in a packed bed 

bioreactor can be presented as Eq. (7.2) (Aksu and Bülbül, 1999; Kathiravan et al., 2010): 

r = 𝑘𝑝𝐶              (7.2) 

where kp (L/g.h) is the observed biodegradation rate constant and C (mg/L) is the substrate 

concentration. From the above two equations Eq. (7.1) & (7.2), the following equation is 

obtained as: 

(
ℎ𝑄

𝑊
)

𝑑𝐶

𝑑𝑧
= −𝑘𝑝𝐶              (7.3) 

Now, upon integrating the Eq. (7.3) with the boundary conditions:  C = Cin at z = 0 and C 

= Cout at z = h, the following equation can be obtained: 

ln (
𝐶𝑖𝑛

𝐶𝑜𝑢𝑡
) = (

𝑊

𝑄
) 𝑘𝑝                   (7.4) 

where, Cin and Cout stands for the inlet and outlet butachlor concentrations (mg/L), 

respectively. For the same amount of dried biomass in the immobilized beads, different 

values of the kinetic constant, 𝑘𝑝 can be calculated from Eq. (7.4) at different feed flow 

rates (Nath and Chand, 1996) (Aksu and Bülbül, 1998).  

7.2.2 EXTERNAL MASS TRANSFER AND BIOCHEMICAL REACTION 

In a PBR, when the fluid passes through the bed of immobilized particles, over their 

surfaces, there exists some regions close to the peripheral surface of the beads where the 

flow rate of the fluid is considerably low and thus forming a thin film of fluid around it 

(Dizge and Tansel, 2010). In such conditions, the substrate requires to be transferred 

through this fluid film and it is mainly done by the phenomenon of molecular diffusion 

(Tepe and Dursun, 2008). Since, the rate of molecular diffusion may be particularly slow, 

the external film diffusion can reduce the observed reaction rate significantly. The rate of 

substrate diffusion from the bulk fluid to the external surface of the alginate beads is 
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proportionate to the mass transfer area and the difference in the butachlor concentration 

between the bulk fluid (C) and the outer surface of the bead (Cs) which acts as the driving 

force responsible for the mass transfer (Sheeja and Murugesan, 2002a). Assuming that the 

biofilm acts as the catalyst for the biodegradation of the butachlor (substrate), the mass 

transfer rate can be represented as:  

𝑟𝑚 = 𝑘𝑚𝐴𝑚(𝐶 − 𝐶𝑠)             (7.5) 

where, rm: rate of mass transfer (mg/g.h), Am : surface area per unit weight of dried cells in 

the immobilized beads (cm2/g), 𝑘𝑚 : external mass transfer coefficient (L/cm2.h), C: 

Butachlor concentration bulk liquid and Cs: Butachlor concentration at the external surface 

of the bead (mg/L). The surface area, Am can be determined by the equation (Nath and 

Chand, 1996): 

𝐴𝑚 =
6

𝜌𝑝𝑑𝑝
              (7.6) 

where, dp represents the average diameter of the beads (cm) and 𝜌𝑝represents the average 

bead density (g/cm3). 

The following equation describes the rate of butachlor biodegradation (first-order) at the 

surface of the immobilized beads: 

𝑟 = 𝑘𝐴𝑚𝐶𝑠                   (7.7) 

where, r stands for butachlor elimination rate (mg/g.h) and k stands for biodegradation rate 

constant (L/cm2 h). At steady state, the rate of substrate removal is equal to the external 

mass transfer rate. Hence, the surface substrate concentration (Cs) can be determined by 

equating the equations (7.5) and (7.7): 

𝐶𝑠 =
𝑘𝑚𝐶

𝑘+𝑘𝑚
               (7.8) 

From the equations (7.2), (7.7) (7.8), the observed biochemical reaction rate (𝑘𝑝) can be 

calculated as: 

 𝑘𝑝 =
𝑘𝑘𝑚𝐴𝑚

𝑘+𝑘𝑚
               (7.9) 

Rearranging the above equation,  

 
1

𝑘𝑝
=

1

𝑘𝑚𝐴𝑚
+

1

𝑘𝐴𝑚
            (7.10) 
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The above equation (7.10) gives the combined effect of mass transfer and biodegradation 

rates on observed rate of butachlor biodegradation. 

7.2.3 DETERMINATION OF MASS TRANSFER CORRELATION 

Generally, the external mass transfer coefficient is associated with the operational 

parameters such as reactor diameter, fluid flow rate, and the fluid properties by the 

dimensionless Colburn factor, JD (Banerjee and Ghoshal, 2016): 

𝐽𝐷 =  
𝑘𝑚𝜌

𝐺
(

µ

𝜌𝐷𝑓
)

2
3⁄

= 𝐾 𝑁𝑅𝑒
−(1−𝑛)    (7.11) 

where, Nre: Reynolds number, Df: diffusivity, 𝞺: feed density and µ: feed viscosity and G 

(g/cm2.h): superficial mass velocity which can be determined as: 

𝐺 =  
𝑄𝜌

1000∗𝐴
            (7.12) 

Literature suggests different mass transfer correlations having different values of K and n 

where the value of n varies from 0.1–1.0 in these studies (Bailey and Ollis, 2010; Dizge 

and Tansel, 2010; Karel et al., 1985; Radovich, 1985).  

Rearranging the Eq. (7.11), the expression for the mass transfer coefficient becomes:  

𝐾𝑚 = 𝑁𝐺𝑛             (7.13) 

Where, 

N = 
𝐾

𝜌
(

µ

𝜌𝐷𝑓
)

−2
3⁄

(
𝑑𝑝

µ
)

−(1−𝑛)
     (7.14) 

Substituting equation (7.13) in equation (7.10), the following equation has been obtained: 

1

𝑘𝑝
= (

1

𝑁𝐴𝑚
) (

1

𝐺𝑛
) +

1

𝑘𝐴𝑚
     (7.15) 

Eq. (7.15) indicates that if the experimentally obtained values of 
1

𝑘𝑝
 vs 

1

𝐺𝑛
 for different 

value of n generate a straight line, then 
1

𝑁𝐴𝑚
 represents the slope of the line and  

1

𝑘𝐴𝑚
 the 

intercept. Assuming several values of K and n, the Am values can be determined. The 

calculated Am value will suggest the approximate suitable value of K and n which could be 

used to suggest the external mass transfer correlation for the butachlor biodegradation in 

this study. 
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7.3. EXPERIMENTAL ASPECT 

7.3.1. MICROORGANISMS AND CULTURE MEDIUM 

Concentrated stock solutions of butachlor herbicides were used for the analytical purposes. 

The synthetic microbial consortium, SMC1 formulated in the previous chapter was used 

for the study. Nutrient broth and Luria Bertani (LB) broth were used for inoculating the 

microbial strains. MSM, PBS were used for cleaning the beads. 

7.3.2. BACTERIAL CELL IMMOBILIZATION IN ALGINATE BEADS 

The cell immobilized alginate beads was prepared as per the protocol described in Section 

2.6. Individual microbial strains were inoculated in MSM containing butachlor as the sole 

source of carbon and incubated at optimum conditions. The cells were harvested by 

centrifugation at 8000 rpm for 10 mins and were subsequently suspended into Phosphate 

Buffer Saline (PBS) solution. 50 mL of the individual bacterial cell suspension with dry 

weight of 25.42 g was added together with 150 mL of sterilized 5% sodium alginate 

solution. The mixture was blended using a magnetic stirrer under aseptic conditions. The 

alginate–cell mix was delivered dropwise into a sterile cold calcium chloride solution (0.1 

M) that gives the cell immobilized alginate beads. The average bead diameter was found to 

be 4 mm. The immobilized alginate beads were kept overnight in calcium chloride solution 

at 4oC in refrigerator for hardening. Post refrigeration, the beads were rinsed off with MSM, 

PBS and double distilled water to wash off the CaCl2 residues. The average density of the 

cell immobilized alginate beads were found to be 1.359 g/cm3. 

7.3.3. CONTINUOUS BIODEGRADATION OF BUTACHLOR IN PBBR-I 

The present study was carried out in an up-flow re-circulated packed bed batch bioreactor 

described in Section 2.12.1 (Figure 7.1). The reactor bed was made inside the reactor 

column by positioning two perforated circular discs, connected together by a cylindrical 

stainless steel rod. The bed was packed with equal amount of the alginate beads comprising 

the individual microbial strains each. The total biomass concentration used in the study was 

equivalent to 30.26g of dry weight of each bacterial strain. The bed volume was found to 

be 1059.75 cm3. The feed was prepared by mixing commercial grade butachlor in MSM to 

a concentration of 200 mg/L of the active ingredient and was fed to the reactor from bottom. 

Samples were collected at periodic time intervals from the overflow section (top) and 

underflow section (bottom) of the reactor to calculate the residual butachlor concentration 

in the column gradient and outlet effluent. All the biodegradation experiments were 
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performed in triplicates at ambient temperature. The residual butachlor concentration in the 

medium was estimated by using high-performance liquid chromatography (HPLC) analysis 

as described in Section 2.11.  

 

Figure 7.1 : (a) Photographic view of the experimental set-up of the Packed Bed Bioreactor (PBBR - I); (b) 

Reactor bed filled with Ca- alginate beads. 
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7.4. RESULT AND DISCUSSION 

7.4.1. EFFECT OF FLOW RATE AND INITIAL BUTACHLOR CONCENTRATION 

ON BIODEGRADATION 

As discussed previously, parameters such as biomass concentration, initial butachlor 

concentration and flowrate play a very significant role with regard to the rate of 

biodegradation in an up-flow re-circulated packed bed bioreactor (Sheeja and Murugesan, 

2002a). The effect of substrate concentration on the rate of biodegradation has been 

investigated with varying the initial concentration of butachlor from 500 to 2000 mg/L 

which has been presented in Figure 7.2. From the figure it is quite evident that increasing 

the concentration of butachlor has a negative effect on the overall biodegradation 

efficiency. This might be due to the reason that since, the amount of microbial biomass is 

fixed in a calcium alginate immobilized packed bed bioreactor, the higher concentration of 

the butachlor can be treated completely but in a longer period of time. Since, the bioreactor 

is a recycling one, the number of cycles has to be increased to degrade the higher 

concentration of butachlor in the feed. This behaviour corroborates the fact that in case of 

a packed bed bioreactor which uses calcium alginate immobilized beads, the fixed 

microbial biomass is one of the limiting factor.   

 

Figure 7.2: Removal of butachlor at various initial concentrations (Q = 6 mL/min). 
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The study determining the effect of feed flowrate on the rate of biodegradation is carried 

out within a range of 6 mL/min to 30 mL/min keeping the concentration of butachlor 

constant at 200 mg/L. Figure 7.3 represents the effect of feed flow rate on the 

biodegradation rate. The rate of biodegradation is calculated as per the Eq. 7.1 and is plotted 

against their corresponding feed flow rates in the figure. From the figure it is quite evident 

that at lower flowrates, the rate of biodegradation is low which may be due to the mass 

transfer resistance built at the fluid film layer formed around the alginate bead (Tepe and 

Dursun, 2008). However, increase in the flowrate resulted in the enhancement of the rate 

of biodegradation which may be due to the minimization in the mass transfer resistance 

mentioned previously.  

 

Figure 7.3: Effect of feed flow rate on the observed rate of biodegradation (Cin = 200 mg/L). 

7.4.2. EXTERNAL MASS TRANSFER EFFECT 

To determine the effect of the external mass transfer on the observed biodegradation rate, 

the mass flux (G) and Reynold’s Number (NRe) are calculated for varying feed flow rates 

using the experimentally determined values of average diameter of the immobilized bead 

(dp).= 0.4 cm, feed fluid viscosity (µ).= 8.47×10-3 g/cm s, feed fluid density (𝞺) = 0.9933 

g/cm3, void fraction (ε) = 0.5, Diffusivity (Df). = 5.71×10-6 cm2/s and cross section area of 

the reactor column (A) = 19.625 cm2. For different values of n, the values of G, NRe, 1/kp 

and 1/Gn have been enlisted in Table 7.1. For different values of n, the values of 1/kp and 



Chapter 7 

 

163 
 

1/Gn obtained are plotted which yields a straight line as per the Eq. 7.15 and the 

corresponding values of the lopes and intercepts obtained have been listed in Table 7.2. 

For the representative values of n = 0.1, 0.7, 0.9, Figure 7.4 portrays the plot of 1/kp vs 

1/Gn which indicates that with increasing value of n, the value of the slope and the intercept 

increases. The instances, for which the negative values of intercepts obtained, are not 

considered. 

 

Figure 7.4: 1/kp vs 1/Gn plot for different values of n. 

Table 7.3 summarizes the corresponding values of N calculated from the Eq. 7.14 for 

different values of K and n reported in the earlier studies pertaining to the determination of 

mass transfer coefficients. The values given are later used for the determination of Am and 

k values from the 1/kp vs 1/Gn plots. Among the obtained values, the Am value obtained at 

K = 1.341 and n = 0.7 is found to be closest to the actual Am value obtained experimentally. 

To further verify the relevance of the estimated values of n and K to the experimental data 

the mass transfer coefficient (km) is calculated from Eq. 7.10 by using experimentally 

determined kp, and Am and k values obtained for K = 1.341 and n = 0.7. The km values 

calculated have been indexed in Table 7.4for the corresponding feed flow rates. 
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Table.7.1: Experimental values of kp and calculated values of G, 1/Gn, 1/kp at various Q values (Cin = 200 mg/L). 

Q 

(L/h) 

kp ×103 

(L/g h) 

G 

(g/cm2h) 

1/kp 

(g h/L) 

1/Gn 

n = 0.1 n = 0.2 n = 0.3 n = 0.4 n = 0.5 n = 0.6 n = 0.7 n = 0.8 n = 0.9 n = 1.0 

0.36 16.06 18.215 62.2665 0.748096 0.559647 0.418669 0.313205 0.234307 0.175284 0.131129 0.098097 0.073386 0.0549 

1.2 26.98 50.59 37.06449 0.675451 0.456233 0.308163 0.208149 0.140594 0.094964 0.064144 0.043326 0.029265 0.019767 

1.8 38.76 91.07 25.79979 0.636887 0.405625 0.258337 0.164532 0.104788 0.066738 0.042505 0.027071 0.017241 0.010981 

Table.7.2: Calculated values of slope and intercepts obtained from the plots of 1/kp vs 1/Gn for various n values. 

 
n 

0.7 0.8 0.9 

Slope 403.12 499.89 628.36 

Intercept 9.7595 13.634 16.599 

 Table.7.3: Calculated Values of N, Am and k for various values of K and n. 

n 

K =11.341  K =11.624  K =12.719  K =15.71 

N ×104 Am 

(cm2/g) 

K 

(L/cm2h) 

N ×104 Am 

(cm2/g) 

K 

(L/cm2h) 

N ×104 Am 

(cm2/g) 

K 

(L/cm2h) 

N ×104 Am 

(cm2/g) 

K 

(L/cm2h) 

0.7 34.105 1.279 0.043 41.359 1.054 0.052 69.177 0.630 0.087 145.073 0.301 0.182 

0.8 49.487 0.710 0.069 60.012 0.585 0.084 100.376 0.350 0.140 210.503 0.167 0.293 

0.9 71.805 0.389 0.116 87.077 0.320 0.141 145.647 0.192 0.236 305.441 0.091 0.495 
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Table 7.4: Predicted km for various mass fluxes (G) for K = 1.341 and n = 0.7. 

Q  

(L/h) 

G 

(g/cm2h) 

Km ×103 

(L/cm2h) 

0.36 18.215 26.00869 

1.2 50.59 77.15008 

1.8 91.07 168.9341 

 

Table 7.5: Comparison of the calculated and experimentally obtained kp values for various values of n 

  n = 0.7 n = 0.8 n = 0.9 

Q kp (experimental)×103 kp (calculated)×103 %∆ kp (calculated)×103 %∆ kp (calculated)×103 %∆ 

0.36 16.06 20.728 

11.06 

20.69 

11.26 

20.647 

11.38 1.2 26.98 30.406 30.541 30.639 

1.8 38.76 35.807 35.566 35.294 
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According to the Eq. 7.13 in the plot of ln km vs ln G, slope represents the value of n while 

the intercept will constitute ln N which has been depicted in Figure 7.5. The slope and 

intercept value is found to be 1.1517 and - 0.1079 respectively from which the value of N 

is determined to be 0.618 which is nearest to the value of N at K = 1.341 and n = 0.7 from 

the Table 7.1. Hence, the mass transfer correlation that can suitably predict the 

biodegradation of butachlor by the microbial consortium is: 

𝑱𝑫 = 1.341𝑵𝑹𝒆
  −𝟎.𝟑                   (7.16) 

 

FIGURE 7.5: Plot of ln km vs. ln G. 

The value of K and n obtained for the present study are within the range obtained for other 

microbial strains available in the (Aksu and Bülbül, 1998; Sheeja and Murugesan, 2002b). 

To further validate the mass transfer correlation proposed above in a more precise manner, 

a normalized deviation (Δ %) is calculated for different n values in the following manner: 

∆% = [
∑ [

𝑘𝑝,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙−𝑘𝑝,𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑘𝑝,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
]X

𝑖=1

X
] × 100          (7.17) 

where X is the total number of data points, kp,calculated is calculated as per the Equation 2.9 

for different values of n (Table 5). The table indicates that the value of the normalized 

deviation for n = 0.7 is the lowest among the rest and hence suggests that the mass transfer 
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correlation obtained can accurately predict the experimental data for the biodegradation of 

butachlor in an up-flow re-circulated packed bed bioreactor. 

7.5. MAJOR FINDINGS 

 In the present study, biodegradation of butachlor in the aqueous medium by the 

immobilized bacterial consortium was carried out in an up-flow re-circulated 

packed bed bioreactor operated in continuous mode.  

 It is observed that the rate of bio-removal of butachlor from the medium is 

dependent on the operating parameters such as feed flow rate and substrate 

concentration. It is concluded that at lower concentrations, the biodegradation 

kinetics is a function of flow rate.  

 The combined effect of the biochemical reaction and the external mass transfer on 

the substrate degradation is investigated and the mass transfer correlation, 𝑱𝑫 = 

1.341𝑵𝑹𝒆
  −𝟎.𝟑 developed can predict the experimental data satisfactorily.  

 The present study could be facilitative while designing and scaling up of a suitable 

up-flow packed bed bioreactor for the continuous treatment of butachlor. This study 

can be used as a model to determine the significance of the external mass transfer 

effect on the rate of biodegradation of various contaminants in packed bed 

bioreactors. 
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BIODEGRADATION OF HERBICIDE BY THE 

IMMOBILIZED MICROBIAL CONSORTIUM 

SMC1 IN CONTINUOUS PACKED BED BIOFILM 

REACTOR (PBBR –II) 
 

In the present chapter, study of the biodegradation of butachlor in a packed bed 

bioreactor by the microbial consortium SMC1 immobilized on ceramic raschig rings has 

been discussed. The PBBR was operated in continuous mode at various flowrates and 

initial butachlor concentration within the medium over a period of 70 days to determine 

the effect of HRT and butachlor concentration on the butachlor removal efficiency and 

elimination capability of the PBBR. The degradation performance of the designed system 

to treat the combination of herbicides such as alachlor and glyphosate along with 

butachlor was also evaluated by measuring the chemical oxygen demand (COD) removal 

efficiency of the same. The process parameters such as feed flow rate, initial substrate 

concentration, and concentration of additional nitrogen source were optimized by the 

practical application of response surface methodology to achieve maximum COD 

removal by the PBBR. The outcomes of the present study demonstrates excellent efficacy 

of the immobilized microbial consortium in treating herbicide wastewater in packed bed 

reactor. 
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8.1. INTRODUCTION 

The existing literature on the biological methods for the degradation of butachlor mostly 

involves utilization of microorganisms in batch processes with freely suspended cell 

systems. Most of the studies have been carried out at a very low concentration range of 

butachlor to prevent inhibition of microbial activity. The existing works are unable to 

address the limitations such as uneven cell density, mediocre butachlor biodegradation 

efficiency or low biodegradation rates or slow microbial growth rate due to low substrate 

utilization (Alfonso-Gordillo et al., 2016a; Geed et al., 2017). The above mentioned 

limitations may be addressed by the application of continuous mode bioreactors with 

microbial strains immobilized on solid support media for the biodegradation of butachlor 

(Yadav et al., 2014). The available body of work on the biodegradation of butachlor 

supports the scope of in-depth investigation in this topic with a focus to enhance the 

butachlor biodegradation efficiency. Previously, treatment of contaminated groundwater 

comprising several toxic pollutants, has often been done using biofilm mediated bioreactors 

where the suitable microorganisms utilizes the contaminant as the source of nutrient 

(Guieysse and Mattiasson, 1999; Lin, 2015). The biofilm-mediated packed bed bioreactors 

were very effective in terms of reactor efficiency since long hydraulic residence time is 

required to achieve the requisite biomass concentration in the freely suspended cell system 

(Nicolella et al., 2000). Hence, biofilm reactors have been designed to maintain a high 

biomass density to achieve higher removal rate even under the conditions of slow microbial 

growth by protecting the microbial cells involved from stressful conditions due to substrate 

inhibition (Acuna-Askar et al., 2000). Moreover, since the packed-bed biofilm reactors 

operates at high active biomass concentrations, even reactors with small reactor volume 

performs exceedingly well without the necessity for the separation of active biomass from 

the treated effluent thus enhancing the stability and productivity of the reactor and making 

it easier as well as cheaper to operate (Ercan and Demirci, 2015). Due to the above 

mentioned advantages, packed-bed biofilm reactors have been extensively used in the field 

of  bioremediation technology for the treatment of various environmental pollutants 

(Alfonso-Gordillo et al., 2016b).  

Considering the above mentioned specifics, the aim of the present study is to evaluate the 

performance of a lab-scale packed bed biofilm reactor packed with ceramic beads 

immobilized with a butachlor degrading microbial consortium at various inlet loading rates. 

Ceramic raschig rings being inert, insoluble, non-biodegradable, non-polluting, non-toxic, 
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chemically and mechanically stable fulfils all the criteria for being an appropriate carrier 

material to be used in wastewater treatment. In addition, they provide a large contact 

surface which is dependent on the particle diameter. Ceramic rings are low cost materials 

which can be sterilized and reused time and again. Application of ceramic materials as 

biofilm supports has previously been demonstrated in various biological processes (Berzins 

et al., 2015; Muter et al., 2014). To the very best of our understanding, this is the first of its 

kind work to report on biodegradation of butachlor in a continuous packed bed bioreactor. 

The biodegradation performance is evaluated by measuring the butachlor removal rate and 

reduction in chemical oxygen demand (COD). Operational factors such as feed flow rate, 

initial substrate concentration and concentration of additional biogenic substrates, that 

affects the COD removal efficiency of the bioreactor system are optimized and monitored 

to assess their effect on removal efficiency of the reactor.  

8.2. EXPERIMENTAL ASPECT 

8.2.1. MICROORGANISMS, PACKING MATERIAL AND PACKED BED BIOFILM 

REACTOR 

The microbial consortium SMC1, prepared from the bacterial strains isolated from the 

herbicide contaminated site described in the previous chapter (Chapter 6) was used in the 

present study. The packed bed biofilm reactor and the packing material used in the present 

study for the continuous biodegradation of synthetic wastewater containing butachlor and 

other herbicides has been described in section 2.11.2. Figure 8.1 exhibits the photographic 

view of the reactor arrangement followed up for the study. 

8.2.2. SURFACE IMMOBILIZATION OF BIOMASS ON CERAMIC RASCHIG 

RINGS 

The inoculum for the study was prepared in MSM as described in the Chapter 2 section 2.7. 

The solid support (raschig rings) were washed properly first with the regular laboratory 

grade detergent and subsequently with double distilled water. Later the raschig rings were 

sterilized by autoclaving at 121°C for 15 min. The total biomass concentration used in the 

study was equivalent to 1.022 ×1027 cfu of each component strain. The bacterial biomass 

was harvested by centrifugation at 5,000 rpm for 10 min and suspended in 4 L of MSM 

containing 200 mg/L of butachlor. The cell suspension was transferred into the column 

packed with sterile ceramic raschig rings by the means of a peristaltic pump. The biomass 
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washed out of the reactor was recycled back. The details of the weights of the raschig rings 

are listed in Table 8.1. The reactor was fed continuously with the above-mentioned medium 

containing butachlor and operated for 15 days until a steady state performance was 

achieved. To ensure the proper biomass growth; the raschig rings were acclimated for 15 

days before starting the biodegradation experiments. To confirm the formation of bacterial 

biomass on the support material, a few raschig rings were sampled for environmental 

scanning electron microscope (ESEM) analysis.  

8.2.3. ESEM CHARACTERIZATION 

To confirm the biofilm formation on the ceramic raschig rings, ESEM observation was 

conducted. For ESEM sample preparation, the raschig rings were washed with phosphate 

buffer saline (pH 7.5) twice and was fixed with glutaraldehyde for 1 h at 4°C followed by 

0.1% tannic acid for 30 min. The fixed samples were washed with PBS and later dehydrated 

with increasing concentration of ethanol solutions and kept at 37°C for drying.  Finally, the 

samples were coated with gold layer and attached on to the microscope for ESEM analysis.  

8.2.4. CONTINUOUS STUDY 

The packed bed bioreactor was operated in continuous mode by varying the feed flow rate 

and inlet butachlor concentration to determine the effect of HRT and inlet loading on the 

butachlor biodegradation efficiency. The study was carried out by varying the feed flow 

rates ranging from 1.28 ml/min to 5.5 ml/ min under ambient room temperature. The effect 

of HRT on the biodegradation efficiency was determined by keeping the initial butachlor 

concentration constant at 300 mg/L and gradually increasing the retention time for the 

operation. Next, the effect of loading rate or initial substrate concentration was evaluated 

by keeping the HRT constant and varying the initial butachlor concentration from 500 mg/L 

to 2000 mg/L. The required nutrient solutions was added separately and the DO was 

maintained at the required level of 6 ppm. All the readings were recorded in triplicate and 

average values were chosen to represent the result with minimum error. The PBBR was 

operated in continuous mode for 70 days and its performance was evaluated in the 

following terms: 

Elimination capacity (EC) = 𝑄
(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)

𝑉
    (8.1) 

%Removal efficiency (RE) =
𝐶𝑖𝑛−𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
× 100   (8.2) 

Inlet loading rates (IL) =
𝐶𝑖𝑛

𝑉
× 𝑄     (8.3) 
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where Cin and Cout are the butachlor concentrations at inlet and outlet of the biofilm reactor, 

Q is the volumetric flow rate and V is the reactor volume. 

 

 

 

Figure 8.1 : Photographic view of the experimental set-up of the Packed Bed Biofilm Reactor (PBBR - II). 
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8.2.5. COMBINED REMOVAL OF THE MIXTURE OF HERBICIDES  

Approximately 1g/L each of butachlor, alachlor and glyphosate was added in a container 

to prepare the multi-substrate stock solution for the study. Performance evaluation of the 

packed bed bioreactor on combined removal of the herbicides was conducted by varying 

the concentration of the herbicide-mixture between 500 – 2000 mg/L in the feed and was 

operated at a constant HRT of 18h keeping all other operating conditions same. Samples 

were collected in regular interval of 12h from the outlet and analysed for COD removal. 

As mentioned previously, all the readings for each set of experiment were recorded in 

triplicate to minimize the error in calculations.  

8.2.6. PARAMETER OPTIMIZATION USING RSM 

To evaluate the relationship between the operating parameters on the COD removal 

efficiency of the packed bed bioreactor, statistical optimization technique such as RSM was 

employed. Three parameters, such as initial substrate concentration, feed flow rate and 

additional nitrogen source were considered for the study. To optimize the important factors, 

a 23 full factorial central composite design (CCD) for three parameters, each at five levels 

(−α, −1, 0, +1, +α) with six replicates at the centre points and eight axial points was 

employed.  A total of 20 experiments were performed. The particulars of the experimental 

design have been enlisted in Table 8.1.  

Table 8.1: Levels of the operational parameters tested in CCD. 

Parameters Symbols 
Coded Levels 

-α -1 0 1 +α 

Initial substrate concentration (mg/L) X1 91.75 250 500 750 908.25 

Feed flow rate (ml/min) X2 1.905 2.77 4.135 5.5 6.36 

Additional biogenic substrate concentration (g/L) X3 0.6 0.75 1.0 1.25 1.4 

A second-order polynomial equation was employed to analyze the experimental data and 

calculate the relationship between the studied parameters as shown by Eq. (8.4):  

Y = 𝑨𝟎 +  ∑ 𝑨𝒊 
𝒏
𝒊=𝟏 𝑿𝒊 + ∑ 𝑨𝒊𝒊 

𝑛
𝒊=𝟏 𝑿𝒊

𝟐 + ∑ ∑ 𝑨𝒊𝒋 
𝒏
𝒋=𝟏

𝑛
𝒊=𝟏 𝑿𝒊𝑿𝒋      (8.4) 

where, Y is the predicted response (COD removal percentage); X is the input variables 

influencing the response; A0 is the constant (intercept coefficient); Ai is the ith linear 

coefficient; Aii is the ith quadratic coefficient and Aij is the ijth interaction coefficient. For 

determining the interaction among the variables, three-dimensional plots of the model-

predicted responses were constructed. The significance of the model and the regression 

coefficients were determined by Analysis of Variance (ANOVA), and the quality fit of the 



Chapter 8 

 

174 
 

model was determined the correlative coefficient value (R2). The statistical software 

Minitab (Version 17.1) was used for designing the experiment and further analysis.  

8.3. RESULT & DISCUSSION 

8.3.1. ESEM ANALYSIS OF BIOFILM FORMATION ON CERAMIC RASCHIG 

RINGS  

To evaluate the successful colonization of the bacterial consortium on the ceramic raschig 

rings, the SEM analysis is performed. The surface of ceramic raschig rings before and after 

50 days of continuous operation has been shown in Figure 8.2. Figure 8.2 (a) shows the 

un-colonized raschig rings before the inoculation of the bacterial consortium on Day 0 as 

the control particle without biomass. The micrograph revealed that the raschig rings have 

a very rough and porous surface texture throughout, thus providing ample surface area for 

the immobilization of microbial cells on it (Muter et al., 2017).                                                                             
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Figure 8.2 : SEM micrographs of ceramic raschig rings (a) without biofilm; (b) with biofilm (15th Day); (c) 

with biofilm (70th Day, Interior of the ceramic bead); (d) with biofilm (70th Day) 

Figure 8.2 (b) presents the porous surface of the ceramic raschig rings colonized with the 

biofilm and a dense population of rod-shaped bacterial strains on 15th day or the 

commencement of the continuous study in the bioreactor. The figure exhibits biofilm as a 

complex structure where the abundant extracellular polymeric matrix fortifies the bacterial 

cells imitating a microbial mat. The micrograph shown in figure 8.2 (c) & (d) displays the 

biofilm structure on and in the interior of the ceramic bead on 70th day of operation of the 

continuous study. Increase in the biomass concentration indicates that the microbial 

consortium is capable of withstanding high and variable loading rates of butachlor and 

utilizes it as the carbon and energy source. The microporous structure is helpful in retaining 

higher biomass concentration on its surface thus resulting in high degradation rate. The 
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porous raschig ring reduces channelling of the inlet feed resulting in even distribution of 

butachlor within the bioreactor.  

8.3.2. EFFECT OF HYDRAULIC RETENTION TIME ON REMOVAL 

EFFICIENCY AND ELIMINATION CAPACITY  

Figure 8.3 and 8.4 represents the variation of the removal efficiency and elimination 

capacity of the PBBR corresponding to the change in HRT respectively. After the initial 

acclimatization period, the PBBR is operated at a low feed flow rate of 0.93 ml/min which 

corresponds to the HRT of 36 h and inlet loading rate of 215.04 mg/L/d. The steady state 

condition is established within 15 days which is evident from the nearly constant RE of 

97% with EC of 194.2 mg/L/d. On 16th day, the feed flow rate is changed to 1.11 ml/min 

which corresponds to the HRT of 30 h and the inlet loading rate of 258.06 mg/L/d. After a 

sharp dip in the RE on 16th day, RE recovered and came up to 916% by the 24th day and 

remained nearly constant henceforth with EC of 217.94 mg/L/d. Similar trend of sharp dip 

followed by gradual increase in RE and then becoming constant after a particular time is 

observed with each increase in the feed flow rates in steps to 1.38 ml/min, 1.85 ml/min and 

2.77 ml/min corresponding to 24 h, 18 h and 12 h of HRT respectively. When the HRT is 

adjusted to 24 h, the RE becomes steadily stabilized at 85% with EC of 253.43 mg/L/d. 

Increasing the feed flow rate decreases the HRT to 12 h which results in the RE of 55%. 

 

Figure 8.3: Effect of HRT on butachlor removal efficiency of the PBBR - II. 
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Figure 8.4: Effect of HRT on butachlor elimination capacity of the PBBR - II. 

Lower HRT leads to insufficient contact time between butachlor and the biomass thus 

resulting in decrease in the removal efficiency of the bioreactor. Such trend of change in 

degradation efficiency with respect to HRT has previously been reported during the 

treatment of various other organic contaminants (Chen et al., 2016; Khalid and Hashmi, 

2016).  In the present study at each data point, three readings are recorded and the mean of 

them is considered for plotting the graph.  

8.3.3. EFFECT OF INLET LOADING RATE ON ELIMINATION CAPACITY AND 

REMOVAL EFFICIENCY  

Figure 8.5 presents the relationship between elimination capacity and removal efficiency 

with respect to the inlet loading rate of butachlor in the PBBR which establishes two distinct 

zones. From the graph, it is clearly evident that while the removal efficiency of the 

bioreactor decreases gradually with the increase in the inlet loading rate, the elimination 

capacity increases linearly. At the inlet loading rate of 320.34 mg/L/d,  beyond which the 

removal efficiency continues to decrease gradually and while the elimination capacity of 

the bioreactor tend towards being constant. This phenomenon has been discussed in various 

bioreactor studies carried out previously (Yadav et al., 2014). 
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Figure 8.5: Influence of inlet butachlor loading on the removal efficiency and elimination capacity of the PBBR-

II. 

In the present study, the inlet loading rate of 320.34 mg/L/d is the controlling step of the 

bioreactor that changes operation from mass transfer to bio-reaction controlling. Below the 

critical rate, diffusion of butachlor into the biomass might be low, resulting in mass transfer 

limitations. Therein, the innermost layer of the biofilm may be depleted of the substrate 

thus not utilizing the full potential of the microbial system. However, at higher loading 

rates, the system overcomes the mass transfer limitations since the diffusional flux is high 

and under this condition, the butachlor removal efficiency depends on the biodegradation 

efficiency of the biomass. At higher loading rate, lower removal efficiency may be the 

result of substrate inhibition or bacterial plugging and channelling due to excess biomass 

(Kureel et al., 2018). Operation of a bioreactor in the mass transfer controlled zone is 

practically uneconomical and hence, it should be operated in reaction controlled zone with 

desirable removal efficiency. As a rule of thumb, the inlet loading rate at which the 

bioreactor controlling mechanism changes to bio-reaction from mass transfer and the point 

of intersection of RE and EC curves may be considered as boundaries for the operation of 

the PBBR. Thus the present study proposes that 320 to 395 mg/L/d to be the optimum 

operating range of inlet loading rate for the better removal of butachlor by the PBBR. 

Similar trends has been reported previously for the biodegradation of different 

contaminants in the packed bed bioreactors (Geed et al., 2017; Yadav et al., 2014).  
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8.3.4. EFFECT OF INITIAL SUBSTRATE CONCENTRATION ON REMOVAL 

EFFICIENCY 

In the present study, continuous biodegradation of butachlor fed at a constant flowrate of 

2.77 ml/min is assessed for 25 days with the butachlor concentration changing from 500 to 

2000 mg/L. Wastewater generated from the industrial applications prone to have shock 

loading on the biomass activity due to the inhibitory effect of the contaminants at higher 

concentrations. Hence, from the practical standpoint, evaluation of the shock loading 

operation of the PBBR for the treatment of butachlor is highly essential.  

 

Figure 8.6: Effect of initial butachlor concentration on the removal efficiency of PBBR - II. 

Figure 8.6 demonstrates the effect of initial butachlor concentration on the removal 

efficiency for different initial butachlor concentrations. For an initial concentration of 500 

mg/L of butachlor, the removal efficiency increases from 51% to 92% within 4 days and 

remains constant. On 6th day, increasing the butachlor concentration to 750 mg/L, the 

removal efficiency took a sharp dip to 50% and recovered to 87% by 9th day indicating the 

effect of shock loading on the bioreactor to be temporary. Similar trend of sharp dip 

followed by gradual increase in the RE till a steady point is observed when the butachlor 

concentration is increased to 1000 mg/L, 1500 mg/L and 2000 mg/L. The result obtained 

in the present investigation indicates that the PBBR can adapt to shock loading pertaining 

to higher butachlor concentrations.  
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8.3.5. COMBINED REMOVAL OF THE MIXTURE OF HERBICIDES  

The previous study refers to the evaluation of the performance of the PBBR using single 

target contaminant, butachlor. However, in most of the cases, more than one contaminant 

occurs as mixture in the environment which may affect the removal efficiency of the 

bioreactor. Since, COD is a widely used parameter that is used to assess the magnitude of 

pollution in any wastewater, in the present study performance evaluation of the PBBR in 

mixed substrate system is investigated with respect to its COD removal efficiency. Figure 

8.7 illustrates the performance of the PBBR using microbial consortium SMC1 for the 

treatment of synthetic wastewater comprising the mixture of herbicides. Based on the 

results of the single substrate system, the flow rate of the PBBR is maintained at 2.77 ml/ 

min corresponding to the HRT of 24 h for the simultaneous removal of the mixture of 

pesticides from the wastewater.  

 

Figure 8.7: The COD removal (%) in the synthetic wastewater containing mixture of various pesticides by the 

PBBR - II. 

The removal efficiency of the PBBR is evaluated for various initial COD concentrations in 

a continuous mode to evaluate the simultaneous removal of the herbicides. In the present 

study, COD removal percentage is monitored as a function of time. Once the COD level in 

the outgoing effluent is found to be constant, it is assumed that the PBBR has attained the 

steady state condition, after which the concentration of the pollutant mixture in the influent 

is increased. The figure indicates that at lower concentration, degradation efficiencies of 
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the PBBR are considerably high which decreases gradually with increasing concentrations. 

Though complete removal could not be achieved, more than 90% removal efficiency is 

achieved at stage 1, where the COD level of the influent is maintained at 500 mg/L. The 

COD removal efficiency is further reduced to below 80% on increasing the COD level of 

the influent to 1000 mg/L. Similar trend of gradual decrease in the COD removal efficiency 

is observed with increasing concentration of the herbicide mixtures in the influent. The 

relatively underperformance of the PBBR for the herbicide mixture as compared to the 

single substrate system may be attributed to the increased toxicity due to the presence of 

multiple herbicides in the influent that inhibits the normal metabolic activities of the 

microbial strain. Similar incidence of toxic effect of multiple substrate on the degradation 

efficiency of the microbial strain has been discussed in details in the previous chapters. 

However, such high COD removal efficiency of the PBBR projects it as a potential 

alternative to treat wastewater generating from the herbicide industries 

8.3.6. PARAMETER OPTIMIZATION USING RSM 

The prophase literature survey evidenced that three independent variables i.e. inlet feed 

flow rate, initial substrate concentration and the additional biogenic substrate concentration 

have a significant effect on the COD removal efficiency of the bioreactor. Hence, in the 

present study, the above mentioned parameters are optimized by RSM to yield maximum 

COD removal by the bioreactor. A total of 20 experiments are carried out for the study and 

each variable is studied at five levels (-α, 1, 0, +1, + α) with center point coded as zero as 

enlisted in Table 8.2. The design matrix of the subjected variables and the experimental 

results are presented in Table 8.2. The significance of each variable and the model is 

determined by their probability value and the correlation value respectively (Table 8.3). 

The results reveal the statistically significant (P < 0.05) effects of influent feed flow rate 

and initial substrate concentration on COD removal efficiency of the PBBR. Regardless of 

their significance, all the terms (both linear as well as quadratic) have been included in the 

following second order polynomial equation:  

RE (%) = 23.7 + 26.36 × FFR + 0.0399 × ISC + 27.8 × ABSC - 3.215 × (FFR × FFR) - 

0.000041 × (ISC × ISC) – 3.7 × (ABSC × ABSC) - 0.00762 × (FFR × ISC) - 4.66 × (FFR 

× ABSC) - 0.00013 × (ISC × ABSC) 

(where, RE: COD Removal Efficiency; FFR: Feed Flow Rate; ISC: Initial Substrate Concentration; 

ANS: Additional Biogenic Substrate Concentration) 
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Table 8.2: Experimental results based on central composite design 

Run 

Order 

Feed Flow 

Rate 

(mL/min) 

Initial Substrate 

Concentration 

(mg/L) 

Biogenic 

Substrate 

Conc. 

(g/L) 

Experimental 

Response 

(%) 

Predicted 

Response 

(%) 

1 4.13 91.75 1 83.59 83.01 

2 4.13 908.25 1 54.25 55.95 

3 4.13 500 1 77.46 76.32 

4 4.13 500 0.6 72.42 75.26 

5 1.9 500 1 76.19 79.69 

6 4.13 500 1.4 77.93 76.13 

7 6.36 500 1 43.42 41.002 

8 4.13 500 1 75.93 76.32 

9 2.77 750 0.75 76.44 71.84 

10 2.77 250 0.75 85.20 83.2 

11 2.77 750 1.25 77.29 75.54 

12 5.5 250 1.25 63.45 65.26 

13 2.77 250 1.25 88.59 86.93 

14 5.5 750 1.25 44.32 43.47 

15 5.5 750 0.75 47.204 46.13 

16 5.5 250 0.75 68.94 67.89 

17 4.13 500 1 77.07 76.32 

18 4.13 500 1 75.16 76.32 

19 4.13 500 1 78.61 76.32 

20 4.13 500 1 78.22 76.32 

Table 8.3: Analysis of variance for CCD model fitting to the COD removal efficiency of the PBBR - II 

Source DF Seq SS Adj SS F-Value P-Value 

Model 10 3364.35 3364.35 48.64 0.000 

Blocks 1 11.66 11.66 1.69 0.226 

Linear 3 2742.22 2742.22 132.16 0.000 

Feed Flow Rate 1 1851.80 1851.80 267.74 0.000 

Initial Substrate Concentration 1 888.65 888.65 128.49 0.000 

Biogenic Substrate Conc. 1 1.77 1.77 0.26 0.625 

Square 3 536.53 536.53 25.86 0.000 

Feed Flow Rate*Feed Flow Rate 1 449.06 473.88 68.52 0.000 

Initial Substrate Concentration*Initial 

Substrate Concentration 
1 86.78 87.44 12.64 0.006 

Biogenic Substrate Conc.*Biogenic 

Substrate Conc. 
1 0.69 0.69 0.10 0.759 

2-Way Interaction 3 73.95 73.95 3.56 0.060 
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Feed Flow Rate*Initial Substrate 
Concentration 

1 54.11 54.11 7.82 0.021 

Feed Flow Rate*Biogenic Substrate 
Conc. 

1 19.84 19.84 2.87 0.125 

Initial Substrate 

Concentration*Biogenic Substrate 
Conc. 

1 0.00 0.00 0.00 0.993 

Error 9 62.25 62.25   

Lack-Of-Fit 5 53.90 53.90 5.17 0.068 

Pure Error 4 8.35 8.35   

Total 19 3426.60    

The mutual interaction among the variables and their effect on the COD removal efficiency 

of the PBBR is determined by mapping three dimensional response surface plots where the 

function of two variables are observed while retaining the other variable constant at the 

centre point (Figure 8.8). The shape of the plot evidently indicates the prominence of the 

involved parameters and the significance of the mutual interaction among them. From the 

figures as well as from the ANOVA table, it is highly evident that feed flow rate and Initial 

substrate concentration plays a major role in determining the COD removal efficiency of 

the PBBR. Furthermore, the feed flow rate of the influent has the most significant impact 

in determining the efficiency of the PBBR. As discussed in the previous section, feed flow 

rate determines the retention time of the pollutant within the bioreactor. More the retention 

time more the microorganisms get the opportunity to metabolize the pollutant efficiently. 

However, exceedingly low feed flow rate may also lead to mass transfer limitations which 

may result in lower removal percentage. Similarly, up to a certain initial substrate 

concentration within the influent, may act as the nutrient for the microbial biomass. 

However, increase in the substrate concentration may confer the toxic effect of the 

herbicides on the metabolic activity of the microbial biomass thus resulting in a low 

removal competency. The additional biogenic substrate, eventhough an important 

parameter that affects the metabolic activity of the microbial biomass, has a very little effect 

on the COD removal efficiency as compared to the other two featured parameters. A 

regression model is usually considered as statistically accurate, highly correlated and 

reproducible when the coefficient of correlation (R2) value is higher than 0.9 (Bakkiyaraj 

et al., 2016). The R2 value of 0.9018 indicates a good agreement between the experimental 

and the predicted values which can be verified from the normal probability plot of the 

residual (Figure 8.9). The “Lack of Fit” of 0.0687 suggests that it is non-significant 
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compared to the pure error (Table 8.4). The model is found to be competent for prediction 

within the range of variables employed. 

 

 

Figure 8.8: Three-dimensional plot of COD removal efficiecny as a function of feed flow rate, initial substrate 

concentration and additional biogenic substrate concentration.  

The desirability function thus predicted that maximum COD removal can be achieved at 

the optimum range of feed flow rate of 2.9 ml/min, initial substrate concentration of 454.63 

mg/L and concentration of additional nitrogen source at 1.41 g/L.  
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Figure 8.9: Normal probability plot of the difference between the observed and the predicted values. 

8.4. MAJOR FINDINGS 

 Biodegradation of butachlor both as single substrate system as well as in mixture in 

a packed bed bioreactor by the microbial consortium SMC 1 immobilized on 

ceramic raschig rings has been investigated in the present study.  

 The performance of the PBBR was evaluated on the basis of the reduction in 

butachlor and COD level of the influent in single and multi- substrate 

biodegradation experiments respectively.  

 The bioreactor was operated for more than 70 days to determine the effect of HRT, 

inlet loading rates and initial substrate concentration on the removal efficiency of 

the bioreactor.  

 The optimum loading rate for the reactor was found to be within the range of 320 

to 395 mg/L/d of butachlor with an average removal efficiency of 81% and 

elimination capacity of 313.54 mg/L.  

 The bioreactor is also able to successfully treat the mixture of herbicides which can 

be ascertained from its excellent COD removal competences.  

 The operating conditions such as feed flow rate, substrate concentrations and 

additional biogenic substances, which have a major influence on the performance 

of the bioreactor, has been optimized by the application of statistical design of 

experiments. Maximum COD removal can be achieved at the optimum range of 

feed flow rate of 2.9 ml/min, initial substrate concentration of 454.63 mg/L and 

concentration of additional nitrogen source at 1.41 g/L.  
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 The overall result of the study strongly suggest the successful application of the 

immobilized microbial consortium SMC1 for the treatment of wastewater 

originating from herbicide industries in packed bed bioreactor.  



CHAPTER 9 
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9.1. CONCLUDING REMARKS 

A detailed literature study suggested that environmental pollution due to manufacturing, 

application and accidental spillage of pesticides is becoming a matter of significant 

interest. Butachlor, a class of chloroacetanilide herbicide known for its widespread use in 

various crop cultivation and persistent nature, have a negative impact on human health 

and influences both terrestrial as well as aquatic flora and fauna adversely. Hence, to 

reduce its contamination and subsequent entry into food chain, bioremediation could be a 

viable strategy since, application of conventional physico- chemical techniques involves 

enormous cost and technological complexities. Isolation of efficient microorganisms 

capable of actively degrading the herbicide, a prerequisite for the future development and 

implementation of biological treatment of agro-industrial effluents is the primary aim of 

the work presented in this thesis. The major findings from the present investigation has 

been summarized below:  

 Three hyper butachlor-tolerant bacterial strains isolated from agricultural soil, 

sediments of the nearby pond and soil from wastewater disposal sites of the pesticide 

formulation unit were identified as Serratia ureilytica strain AS1, Pseudomonas 

putida strain G3 and Enterobacter cloacae strain FP2 respectively. These bacterial 

strains are able to tolerate up to as high as 1000 mg/L and can utilize butachlor as the 

sole source of carbon and energy. 

 Parametric optimization study was carried out to identify optimum conditions for 

achieving maximum biodegradation by the microbial strains.   Nine operational 

parameters those affect the metabolic activity microorganisms were initially screened 

by the application of Placket Burman design of experiments. The significant 

parameters obtained; Incubation temperature, pH of the medium, and initial biomass 

concentration was subjected to response surface methodology to obtain optimum 

growth conditions. The study reveals that all the three bacterial strains are mesophilic 

in nature and for them the optimum growth temperature lies between 32.5 - 35°C, 

optimum pH within 7.0 to 7.5 and an initial biomass concentration of 10% (v/v) will 

yield maximum butachlor degradation.  

 At optimized conditions, the isolated strains AS1, FP2 and G3 were found to degrade 

600 mg/L, 500 mg/L and 700 mg/L of butachlor in aqueous medium respectively, the 

highest till date reported. At laboratory conditions, the bacterial strain AS1, FP2 and 
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G3 have the ability for the complete removal of butachlor from agricultural soil at a 

rate constant of 0.2 day-1 , 0.49 day-1 and 0.46 day-1 respectively following a first-

order rate kinetics. 

 The bacterial isolates AS1, FP2 and G3 are able to degrade other herbicides such as 

alachlor and glyphosate efficiently thus confirm that the microbial strains have wide 

substrate spectrum specificity since they are able to degrade herbicides of different 

chemical families. Since the microbial strains are able to degrade both butachlor and 

alachlor efficiently, batch biodegradation study of the mixture of both the herbicides 

was carried out to determine the effect of the presence of additional co-contaminant 

on the biodegradation efficiency of the isolates. The results demonstrated that 

bacterial strains utilize alachlor initially and later on with decreasing concentration of 

alachlor in the medium utilizes butachlor as the carbon source since alachlor has a 

relatively simpler molecular structure that butachlor. Thus, it proves that bacterial 

strains have the potential to assimilate the mixture of herbicides efficiently.  

 An attempt has been made to elucidate the butachlor biodegradation pathway 

followed by the strains based on the intermediates detected by the ESI-MS analysis, 

which was carried out to detect the toxic end products produced during the process. 

However, the decrease in the peak depicting the concentration of the toxic 

intermediates such as diethyl aniline in the medium with time suggest that the 

bacterial strains convert it to aniline and mineralizes it to its elementary form.  

 Butachlor is a growth limiting substrate and an increase in its concentration results in 

the decrease of the degradation efficiency of the bacterial strains in general. 

Butachlor degradation kinetics exhibited by the bacterial strains were adjusted to 

various kinetic models that has inhibition terms, which prophesied an excellent 

prediction of the substrate utilization kinetics. To enhance the butachlor tolerance and 

biodegradability potential of the isolated strains, cell immobilization study was 

undertaken. Cells immobilized in calcium alginate beads are able to tolerate up to 

2000 mg/L of butachlor.  

 Formulated synthetic microbial consortium, SMC1 was found to be more efficient in 

butachlor biodegradation in both aqueous medium and soil as compared to the 

individual strains. The bacterial consortium SMC1 is able to degrade 1000 mg/L of 

butachlor in the aqueous medium completely within 200 hours and tolerate up to 
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2000 mg/L. The microbial consortium is able to degrade butachlor at a rate constant 

of 0.51 day-1 following first-order rate kinetics when incubated in the soil at ambient 

laboratory conditions.  

 The microbial consortium encapsulated in calcium alginate beads are able to degrade 

butachlor efficiently in a laboratory scale packed bed bioreactor. On being 

immobilized the percentage of degradation increased from 80% to 100% and 60% to 

80% for 1500 mg/L and 2000 mg/L of initial butachlor concentration respectively. 

The combined effect of the external mass transfer and biochemical reaction on the 

butachlor biodegradation is expressed in terms of Colburn factor and Reynold’s 

number by the mass transfer correlation as JD = 1.341 NRe
-0.3 which predicts the result 

precisely.  

 Synthetic wastewater containing butachlor was treated efficiently by the microbial 

consortium SMC1 immobilized on ceramic raschig rings in a continuous up-flow 

packed bed biofilm reactor.  For experimentation at various flowrates (0.95 – 2.77 

ml/min) over a period of 70 days, it is established that the range of 320 to 395 mg/L/d 

to be the optimum inlet loading rate to achieve an elimination capacity of 313 mg/L/d 

respectively with an average removal efficiency of more than 81% under steady state 

operation.  

 Another study pertaining to the treatment of synthetic wastewater containing the 

mixture of herbicides (butachlor, alachlor and glyphosate in equal proportion) was 

carried out in the packed bed biofilm reactor. The treatment efficiency of the reactor 

in this study was evaluated in terms of COD removal efficiency. The microbial 

treatment is able reduce the initial COD level by more than 90%. The operating 

parameters that determine the performance of the bioreactor was optimized using 

response surface methodology. The optimum process parameters for the maximum 

COD removal by the PBBR were found to be feed flow rate of 2.9 ml/min, initial 

substrate concentration of 454.63 mg/L and concentration of additional nitrogen 

source at 1.41 g/L by application of response surface methodology. 
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9.2. FUTURE PERSPECTIVES  

Eventhough the work presented in the current thesis will significantly enhance the 

knowledge pool pertaining to the biodegradation of butachlor, several research glitches 

that can be taken up as the future scope of the work has been suggested below:   

 The future research could focus on the structural and functional characterization of 

the key enzymes involved and the genes responsible for the degradation process in 

order to gain confirmatory understanding of the biochemical pathway. This will also 

provide a platform for the successful application of immobilized enzymes for the 

enhanced biodegradation efficiency.  

 The use of biomolecular engineering for producing recombinant microorganism 

should be exploited to improve the bioremediation systems. Attempt should be made 

to develop genetically modified organisms with enhanced capabilities to degrade 

different types of pesticides under field conditions. 

 Studies pertaining to the hybridization of the biological treatment technology with the 

physiochemical methods is highly necessary to achieve complete bioremediation in 

less time.   

 Not disregarding the practical significance of the present study, the packed bed 

biofilm reactor can be scaled up with the isolates of the present work for the treatment 

of real agro-industrial wastewater.  
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ANNEXURE I 

Composition of Mineral Salt Medium 

Ammonium Sulfate : 1.0 g/L 

Sodium Chloride : 1.0 g/L 

Dipotassium Hydrogen Phosphate :  1.5 g/L 

Potassium Dihydrogen Phosphate :  0.5 g/L 

Magnesium Sulfate. Heptahydrate :  0.2 g/L  

pH :  7.0 

Double Distilled Water :  1 L 
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ANNEXURE II 

MICROBIAL IDENTIFICATION METHODS 

The morphological and biochemical characterization of the isolated strain was carried out 

as per the well-established protocols available in the (Holt et al., 1994; Hussain et al., 2013).  

1. Morphological Characteristics 

Bacterial colony morphology and cell shape were studied using the microscope and 

Scanning Electron Microscopy. 

2. Gram Staining 

A loopful of overnight grown bacterial culture was placed in the middle of a glass slide and 

it was heat-fixed, followed by crystal violet treatment. The slide was placed under a stream 

of water for gentle rinsing and was allowed to blot dry blotted. The slide was flooded with 

Grams iodine solution for 1 min, followed by the ethanol wash and subsequent rinsing with 

double distilled water. After drying, the slide was flooded with safranin red as the counter 

stain, and washed gently with water. The slide was allowed to air dry and observed under 

microscopes by oil immersion method. 

3. Biochemical Characteristics 

3.1. Catalase Test 

Nutrient medium slants were inoculated with the bacterial strain G3 and incubated at 30°C 

overnight. Post-incubation, the tubes were flooded with 3% H2O2 and observed for the gas 

bubble formation. Occurrence of gas bubbles has been considered as positive for the test.  

3.2. Nitrate Reduction 

The bacterial strain was inoculated in 100 ml of Nitrate broth in an Erlenmeyer flask and 

incubated at 30°C overnight. After incubation, sulfanilic acid and α-naphthylamine was 

added to it. If the medium changes to red color, the result is positive. However, if the 

medium doesnot changes, a pinch of powdered zinc was added to it. If the medium turns 

red, it signifies the presence of unreduced nitrate and hence a negative result. But, if the 
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medium doesnot changes on the addition of powdered zinc, the result may be considered 

as a positive result.  

3.3. Indole Test 

The isolated strain was inoculated to tryptone broth and incubated at 30°C for 48 h. After 

the incubation, a few drops of indole reagent was added to it. A red layer represents positive 

result while a yellow or brown layer signifies negative result.  

3.4. Gelatin Liquefaction 

Gelatin agar plates inoculated with the bacterial strain G3 was incubated at 30°C for three 

days. After incubation, 12% mercuric chloride solution was added to the plates and allowed 

to stand for 30 minutes. Clear zone around the microbial colonies signifies gelatin 

liquefaction.  

3.5. Citrate Utilization 

Citrate agar slants were prepared and was inoculated with the bacterial strain G3. The slants 

were incubated at 30°C for 36 to 48 h. The change in color from green to Prussian blue 

indicates a positive results while no bacterial growth indicates a negative result.  

3.6. Methyl Red - Voges-Proskauer Test 

The bacterial strain G3 was inoculated to sterile MRVP broth in a 250 ml Erlenmeyer flask 

and incubated 30°C for a time period of 72 to 96 h. A clear broth indicates that the bacterial 

strain is unable to grow in the medium and hence cannot be tested for the assay. One ml of 

the culture medium was obtained in a sterile tube and 3 – 4 drops of methyl red solution 

was added to it. Formation of a distinct red layer indicates positive result while a yellow 

layer indicates negative result. Similarly, to 1 ml of the MRVP broth, 15 drops of VP-A 

reagent and 5 drops of VP-B reagent was added and allowed to stand for a few minutes. 

Change of medium to pink or red implies a positive response while no change implies 

negative result of the assay.  
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ANNEXURE III 

 

IDENTIFICATION OF BACTERIAL CULTURE USING 16S 

rDNA BASED MOLECULAR TECHNIQUE 
 

Experimental Method 

 DNA was isolated from the culture. Quality was evaluated on 1.0% Agarose Gel, a 

single band of high-molecular weight DNA has been observed. 

 Fragment of 16S rDNA was amplified by PCR using 8F and 1492R from the above 

isolated DNA. A single discrete PCR amplicon band of 1500 bp was observed (Figure 

1). 

 The PCR amplicon was purified and further process for the sequencing.  

 Forward and Reverse DNA sequencing reaction of PCR amplicon was carried out with 

704F and 907R primers using BDT v3.1 Cycle sequencing kit on ABI 3730xl Genetic 

Analyzer. 

 Consensus sequence of 1397 bp 16SrDNA was generated from forward and reverse 

sequence data using aligner software.  

 The 16SrDNA sequence was used to carry out BLAST alignment search tool of NCBI 

GenBank database. Based on maximum identity score sequences were selected and 

aligned using multiple alignment software program ClustalW. Distance matrix was 

generated using RDP database and the phylogenetic tree was constructed using 

MEGA5. 

  
Figure 1. 1.0% Agarose gel showing single 1500 bp of 16S rDNA amplicon. Lane 1: 100bp DNA ladder; Lane 2: 

16S rDNA amplicon  
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ANNEXURE IV 

HPLC CHROMATOGRAMS 

 

Figure 1: HPLC Chromatogram depicting biodegradation of butachlor by Serratia ureilytica strain AS1  

(a) Butachlor peak at 0h (b) Butachlor peak at 96h.  
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Figure 2: HPLC Chromatogram depicting biodegradation of alachlor by Serratia ureilytica strain AS1  

(a) Alachlor peak at 0h (b) Alachlor peak at 96h.  
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