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ABSTRACT                     

Imidacloprid (IMI) insecticide was selected from the neonicotinoid family on the basis of its 

intensive usage throughout the year for wheat and paddy crop in Punjab (India). Soil samples 

for isolation of bacteria were collected from paddy field and five bacterial strains (T1-T5) 

were isolated on enrichment media (NB) containing 50 mgL
-1 

of IMI. Out of these five, strain 

T1 and T5 exhibited the highest growth and further identified/characterized on the basis of 

morphological, biochemical, physiological characterization and phylogenetic analysis using 

16S rRNA sequencing. Results showed that both of the isolates are a member of 

Enterobacter sp. and hereafter mentioned as ATA1 and ATA2.  Phylogenetic tree were 

constructed for both isolates by neighbour joining method using GenBank-NCBI database. A 

close similarity of strain ATA1 was confirmed with Enterobacter asburiae 

JCM6051 (AB004744) with 98.1% gene sequence whereas strain ATA2 has shown 98% 

similarity with Enterobacter hormaechei ATCC 49162 strain (AZ508302). Both isolates 

were referred as Enterobacter sp. ATA1 and Enterobacter sp. ATA2. A significant growth 

shown by strain ATA1 as compared to strain ATA2 was further selected for degradation 

studies. Initially, tolerance to IMI at various concentrations (50-150 mgL
-1

) in minimal media 

was performed and observed more growth for 50 mgL
-1

 as compare IMI=100 mgL
-1

 and 150 

mg L
-1

. Various co-metabolites (Maltose, Sucrose, Fructose, Lactose and Glucose) were used 

as additional source of carbon for both growth and degradation studies in minimal media 

broth. Among, these studied co-metabolites, glucose (0.1% w/v) found to show maximum 

growth, indicated its effective use as carbon source than the others. Co-metabolite 

degradation studies were performed in minimal media with glucose (MMG 0.1%) under the 

optimized concentration of IMI (50 mgL
-1

) and glucose (0.1% w/v) and degradation of ~45% 

was confirmed at 3
rd

 of incubation. No notable change was observed upto 15 days of 

degradation time. LC chromatogram analysis supported the results for its degradation and 

metabolites formation till 15 days of incubation. Microcosm study in soil was performed and 

various parameters (pH, inoculums size, initial concentration of imidacloprid and flooding of 

soil) were optimized under laboratory conditions.  At variable pH = 1-11, highest degradation 

(68%) was percieved at pH = 7 after 15 days of incubation for fixed concentration of IMI (50 

mgkg
-1

 of soil). Effect of initial concentration of IMI (25-100 mgkg
-1

of IMI) at pH = 7 

showed that 50 mgkg
-1

 of IMI lead to better degradation (74%) and hence considered as 

optimum. These results were further supported by GC-MS chromatograms where peak 

http://www.ncbi.nlm.nih.gov/nuccore/AB004744
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height/peak area for IMI  is least while using its concentartion = 50 mgkg
-1

, revealing it to be 

an optimum amount. Highest degradation of IMI (74%) was obtained at inoculum size  of 

2×10
7
 CFU g

-1
 soil and confirmation by GC-MS chromatograms.Influence of flooding/non-

flodding conditions for degradtion of IMI, was studied and degradation was found to be more 

in non-flooded (60%) conditions as compared to flooded (50%). Identification of metabolites 

carrioed out through GC-MS analysis during microbial degradation of IMI. Six metabolites 

(I-1 to I-6) have been identified through their mass spectra.  

 Photocatalytic degradation studies were performed using TiO2 as photocatalyst in soil. 

Photolysis and adsorption studies in soil confirmed insignificant change in the concentration 

of IMI when kept under dark for 18 h. Moreover, photolysis of IMI in soil also showed no 

notable change in its amount. Optimization of catalyst dose was done by varying TiO2 

amount from 0.1gkg
-1 

to 0.5gkg
-1

 and it was observed that degradation increases with increase 

in amount upto 0.3 gkg
-1

 and thereafter it decreases. This optimum TiO2 dose was further 

used for optimizing other four experimental parameters namely UV light intensity, initial 

conc. of IMI, pH, and depth of soil using central composite design (CCD) based on response 

surface methodology (RSM).Analysis of experimental data was supported by Design-Expert 

Software (trial version 9.0.3.1, Stat-Ease, Inc., MN, USA). The 30 experimental set up 

obtained by RSM were experimentally performed and the obtained results have been plotted 

–ln(C/Co) vs. Time. For all the experiments, plots were straight line with regression values 

from 0.993 to 0.974, indicating that degradation of IMI followed the L-H kinetics and pseudo 

first order kinetics.  Highest degradation of 83% was achieved (pH = 3, intensity of light = 30 

Wm
-2

 and initial IMI = 10 mgL
-1

) after 18 h of UV light irradiation and the corresponding 

apparent rate constant (k) was determined to be 15×10
-4

 min
-1

 followed by 9.3×10
-3

 min
-1

.  

 Adequacy and significance of the studied model was verified by applying ANNOVA 

test with very low (<0.0001) probability value (P) for A (pH) and D (concentration of IMI) in 

comparison to other parameters B (intensity of light) and C (depth of soil). Additionally, 

adequacy of selected model (response surface reduced quadratic model) with real system was 

confirmed by analyzing the correlation between observed and predicted values. The response 

factor of calculated residual values showed that all data points lie close to straight line and 

within 95% confidence intervals line with mean values near zero confirming the good 

correlation between experimental and predicted values. Moreover, identification and probable 

mechanism involved for the formation of various intermediates during the photodegradation 
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of IMI with quantitative estimation of various ions (nitrate, nitrite, and chloride) was also 

carried out. Based upon the results obtained, a probable mechanism for conversion of one 

intermediate into another during decomposition of imidacloprid, and a stoichiometric mass 

balanced equation were being proposed.  

 Sequential studies were performed for microbial-photocatalytic (MP) and 

photocatalytic-microbial degradation processes (PM). It was found that residual amount of 

IMI after 15 day + 18 h of degradation in MP process (~2.6 mgL
-1

 = 96%) is significantly 

lower than that found in PM process (~7.0 mgL
-1

 = 87%) confirming betterment of former 

process. Results were further verified by time course analysis of common metabolite (m/z = 

128 & 228) after LC-MS analysis. It was found that in case of MP process the metabolites 

became highest of their concentration in the initial 5 days of incubation and thereafter start 

degrading or inter-converting into other compounds. However, for PM process an opposite 

has been observed where the formation of these intermediates continues till 15 d + 18 h of 

degradation. These results confirmed the superiority of MP process comparative to PM 

process. In order to find out the optimum degradation time for mineralization of IMI, samples 

obtained after 5
th

 and 10
th

 day of microbial degradation were further subjected to the 

photocatalytic degradation under similar conditions and were analyzed for LC-MS spectrum. 

It was observed that more number of metabolite were formed (reflected by number of peaks) 

after 15 d + 18 h of degradation in relation with 5 d + 18 h and 10 d + 18 h. This clearly 

suggested that time of 15 d + 18 h is optimum for mineralization of IMI under the conditions 

specified in present study. However, not much significant difference in degradation of IMI 

was obseved after 10
th

 and 15
th

 day of incubation under the optimized conditions. Hence, LC-

MS analysis was performed and results showed that despite of almost same degradation after 

10
th

 and 15
th

 day the  formation of metabolites is more in later. Therefore, it can be concluded 

that interms of mineralization 15
th

 day is better compared to 10th day. 
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1. INTRODUCTION AND LITERATURE SURVEY  

 

1.1 Pesticides 

Increased demand for food grains necessitates the production of vast amount of agricultural 

crops in each season. As a result, huge amount of agrochemicals such as pesticides are being 

used to increase the crops yield. Pesticides are the substances used to kill/repel/reduce or 

control some types of plant or animal (considered to be pests) to further enhance the 

production of crops (Estevez et al. 2008; Ahmed et al. 2001). Since, there are variations in the 

identity, physical and chemical properties of pesticides, therefore classification is necessary 

under their respective group. These substances are classified on the basis of their target 

organisms (herbicides, fungicides, insecticides etc.), chemical structure (organic and 

inorganic pesticides) and physical state (Drum, 1980). The chemical classification of 

pesticides is reported to be most useful classification in the field of pesticides due to its 

intimation of the efficacy, physical and chemical properties of the respective pesticides. 

Based upon the chemical nature of active ingredients, pesticides can be chemically classified 

into different groups namely; organochlorines, organophosphorous, carbamates, pyrethrin 

and pyrethroids (Buchel, 1983). Organochlorines are the first synthetic organic insecticides to 

be used in agriculture for the control of a wide range of insects. Some of the commonly used 

organochlorine pesticides includes DDT, lindane, endosulfan, aldrin, dieldrin and chlordane. 

Another class is organophosphorous insecticides, contains a phosphate group in its moiety, 

generally more toxic to invertebrates and vertebrates act as cholinesterase inhibitors that lead 

to a permanent destruction of acetylcholine neurotransmitter across a synapse. Some common 

examples of this family are: parathion, malathion, and  diaznon. Carbamates are organic 

pesticides and are derived from carbamic acid. These insecticides possess high mammalian 

and insect toxicities. These insecticides works by inhibiting cholinesterase and differ from  

organophosphorous in terms of its species specificity and is reversible in nature (Drum, 

1980).  Some widely used members of this class are carbaryl, carbofuran and aminocarb. 

Pyrethroids are synthetically resembles to the  naturally occurring pyrethrins which is an  

product of pyrethrum plant (Chrysanthemum cinerariaefolium). These pesticides are found to 

be potent poison which further causes threat to wildlife and also have a great influence on 

non-target organisms. These substances undergo many natural processes (harmful or 

beneficial) like adsorption, transfer, breakdown and degradation, when released into the 
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environment. Once they enter from the surroundings into food chain undergoes 

biomagnifications and their concentration is found to be increased at each level. For example, 

a study on residues of pesticides in vegetable, milk products, food products in various regions 

of Punjab district in India were performed and authors reported (Chahal et al.1997; Joia et al. 

2001;  Battu et al. 2004) persistence and storage of pesticides in the adipose tissues of human 

beings. The Irregular and indiscriminate application of these pesticides and their inefficient 

transfer to target organisms and acute toxicity even at low concentration had lead to the 

development and hence replacement of these existing pesticides with a new class of 

insecticides known as neonicotinoids. 

 

1.1.1 Neonicotinoids 

It is a relatively new class of synthetic organic insecticide, which are now widely used 

to control sucking insects (aphids, leafhoppers, whiteflies etc.) around the world. They have 

described to be ultimate alternatives to organophosphates and carbamates due to much lower 

application rate as compared to traditionally used insecticides (Schmuck et al. 2003). The 

global application of all the members of neonicotinoid family (~ 60 %) is considered as 

seed/soil treatment (Jeschke et al. 2011). This method of application of pesticide was 

considered to be a “safer” to minimize its impacts on nontarget organisms by reducing drift 

(Ahmed et al. 2001; Koch et al. 2005).  

Generally, It has been found that  the systemic activity of pesticides increases with 

increasing solubility due to consistency in the distribution of the active ingredient in the 

formulation (Koltzenburg et al. 2010) which further increased bioavailability of the pesticide 

(Pierobon et al. 2008). Most neonicotinoids are water-soluble and their solubility is dependent 

upon various factors such as pH, temperature and their physical state (PPDB, 2012). Due to 

moderate to high solubility of neonicotinoid, efficiency of these insecticides is confirmed to 

be more and further enhance the uptake of active ingredients. These systemic products were 

found to show more benefit as compared to other non-systemic products in terms of 

resistance to pest by treated plants (Dieckmann et al. 2010a). Moreover, members of this 

family of pesticides break down slowly in the environment, taken up by the plant to provide 

protection from insects as the plant grows. Neonicotinoids works by interfering with the 

transmission of stimuli in an insect‟s nervous system and the binding of the chemical with 

acetylcholine receptors results in paralysis and death of the insect (Iwaya & Kagabu, 1998). 
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 Fig. 1.1 Structural formula for Imidacloprid 

Among variety of members in this family, the first nicotine-based insecticide, 

imidacloprid (IMI) was introduced into the USA by Bayer Crop Science in 1991.  

Imidacloprid [(E Z)-1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine (Fig. 

1.1), registered globally in ~120 countries including India (Krohn and Helliponter, 2002) has 

the molecular formula C9H10ClN5O2
 
 and  molecular weight  of 255.7 g/mol (Table1). This 

systemic chloronicotinoid insecticide 

is used for soil and seeds 

applications for the control of 

various insects namely aphids, 

thrips, whiteflies, termites, turf 

insects etc. High insecticidal activity 

at very low application rate makes 

IMI a promising insecticide which 

works (Yamamoto and Casida, 1999) 

by complete irreversible blockage of 

nicotinic acetylcholine receptors in central nervous system of insects. 

Since, the behaviour of any pesticide results from the interactions between the 

chemicals with various components of the environment. Therefore, pesticides herein 

specifically IMI once applied can undergo various routes of dissipation in the environment. 

The major routes for dissipation include adsorption, transfer (runoff, leaching etc.,) and 

degradation (photodegradation, chemical degradation, and microbial degradation). 

As,  IMI possess variations in half life ( t1/2) from 27 to 229 days, following natural 

slow degradation process and transformed into some other heteroatoms containing 

intermediates that are sometimes reported to be more toxic than the parent compounds 

(Sarkar et al. 2001; Krohn and Hellpointner, 2002).  Hence, IMI have been studied for its 

different modes of medium transformation in the various environmental components (air, 

water, plants and soil) including its breakdown to other molecules, referred here as fate, and 

is being discussed.    
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1.2 Metabolic fate of IMI in various components of environment 

1.2.1 Fate in water  

The persistence of IMI in water is dependent upon the various environmental factors such as 

exposure to light and its intensity, temperature, pH, presence and nature of microbes 

including the rate of its application and type of formulation. It has been reported that higher 

pH increases t1/2 and thus persistence of IMI, while opposite trend was observed at low pH 

(Sarkar et al. 1999).Studies concerning with the breakdown of IMI suggested that hydrolysis 

of IMI could lead formation of metabolites namely imidacloprid-urea and 1-[(6-chloro-3-

pridinyl) methyl]-2-imidazolidone (Zheng et al. 1999; Liu et al. 2006), further broken down 

into CO2, nitrate (NO3
-
) and chloride (Cl

-
 ).

  
In a similar manner,

 
a very recent report of 

Grover et al. (2014) also showed the formation of six metabolites and inorganic ions during 

the TiO2 mediated photodegradation of IMI and signified that despite of its complete 

degradation, the mineralization was incomplete. The formation of metabolites was reported to 

be the cause for its incomplete mineralization.
   

Roberts et al. (1999) reported the t1/2 = 57 min 

during the irradiation (xenon lamp) of IMI contaminated water (pH =7), with formation of 

Table 1.1 : Physical and chemical properties of Imidacloprid 

Physical-Chemical Property  Observations Reference (s) 

Appearance Colourless crystals Tomlin 2000 

CAS number 138261-41-3 Tomlin 2000 

Water Solubility 0.510-0.61 g/L @ 20°C 

 

Krohn 1989, reviewed in 

Mulye 1995 

Tomlin 2000 

 

Half life (t1/2)  27-229   days Tomlin 2000 

Melting Point ~144 °C Tomlin 2000 

Vapour Pressure 4 × 10
-10 

Pa @ 20°C Tomlin 2000, 

EXTOXNET 1998 

 

Henry‟s Constant (H) 1.0025 x 10
-7

 

Pa m
3
mol

-1
 

@ 20°C 

2 x 10
-10

 Pa m
3
mol

-1
  

@ 20°C 

Mulye 1995 

Tomlin 2000  

Partition Coefficient (KOW) log P = 0.57 @ 21°C Tomlin 2000 

 

Soil Adsorption Coefficient   

(KOC)  

 

262.0  

210  

Orme and Kegley 2003  

Nemeth-Konda et al. 2002  

Ultraviolet Absorption  Absorption Wavelength (λ)  

 (i) 211 nm ( ε = 1.378 × 10
4

)  

 (ii) 269 nm (ε = 2.0545 ×10
4

)  

Wilmes 1988, reviewed in 

Mulye 1995  
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nine metabolites. Among these metabolites five were found to be most prominent that 

includes a cyclic urea, cyclic guanidine derivative, an olefinic cyclic guanidine, and two 

fused ring products.  

The rate of degradation of imidacloprid was found to vary with the pH, however the 

studies have showed conflicting results. For instance, Sarkar et al. (1999) reported increase in 

t1/2 with increase in alkalinity (t1/2 = 36.3 days at pH = 4 and 41.6 days at pH = 9). On 

contrary, authors indicated that imidacloprid could be more readily degraded under alkaline 

conditions (Yoshida, 1989, Mulye, 1995; Zheng and Liu, 1999). In an experimental study 

performed by Yoshida (1989), it was found that no hydrolysis products were detected at pH = 

5 and pH = 7 at any sampling intervals. However, it transformed slightly at pH = 9 and the 

t1/2 was calculated to be 346.5 days. This result is found to be in correlation with the  results 

of USEPA (U.S. EPA 2005) where imidacloprid listed to be as stable at pH 5 and pH 7 and at 

pH = 9  its t1/2 was reported to be 355 days. Thus, based upon these results it could be 

concluded that IMI is stable to the hydrolysis under environmentally relevant pH.  

In the aqueous media, IMI is also reported to be metabolized by various 

microorganisms. Spiteller (1993) studied the degradation of IMI for 30 days using water and 

sediments that were collected from a pond. Radio-labeled IMI was applied to water initially 

@ 680 μg/L and at the end of the exposure ~ 67.6% of radioactivity was found to remain in 

the water column, where ~64.0% corresponds to IMI and rest was found as metabolites. 

However, in the sediment much less radioactivity (~29.3%) was detected and out of this 

~20.4% was determined to correspond to IMI. Moreover, ~ 0.7% of the radioactivity was 

detected as CO2 and less than 0.1% as other volatile metabolites. It was concluded that in 30 

days, not much biodegradation found to occur with an estimated first t1/2 = 129 days 

(Spiteller, 1993). Henneböle (1998) conducted his study with pond water and sediment in 

order to determine the effect of exposure of artificial light (xenon lamp) and sunlight on the 

degradation of imidacloprid. The t1/2 of radio-labeled IMI was determined to be was 

determined < 14 days when applied at initial rate of 620 μg/L. Moreover, ~5.8% of IMI had 

been found to mineralize in 21 days, upon the exposure to sunlight, however under the 

artificial light the mineralization was determined to be ~9.8%.  The t1/2 of IMI is reported to 

be even less in case of mesocosm studies that were performed under natural conditions. For 

instance, Moring et al. (1992) reported t1/2 = 1.4 days for imidacloprid, in an outdoor 

microcosm study. It was also signified in their report that IMI did not appeared to persist in 

sediment.  
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1.2.2 Fate of IMI in plants 

After the application of IMI in soil, it is taken up by plant roots and translocated to various 

parts of the plants. Many studies have reported its persistence in plants (Rouchaud et al.1994; 

Alsayeda et al. 2008). Three major plant metabolites viz. imidazolidine derivative, the olefin 

metabolite and the nitroso-derivative were confirmed from various studies (Nauen et al. 

1998; Mukharjee and Gopal, 2000) and found to more toxic than IMI itself. Upon its 

administration for seed treatment it gets absorbed by the seedling from the disintegrating seed 

coat.  For instance in a French study (Laurent and Rathahao, 2003), seeds of sunflower plants 

were treated with IMI (1.0 mg/seed) and pollens produced by these grains were found to be 

contained by IMI at a concentration of 13.0 ppb. Westwood et al. (1998) found that the leaves 

of sugar beet seedlings contained an average of 15.2 ppm of IMI after treatment at a rate of 

0.9 mg/seed.  

 

1.2.3 Fate in soil  

Processes that determines the behaviour and fate of insecticides in soil environment are 

sorption-desorption and degradation processes. These processes further affects IMI‟s 

persistence and the way of transportation (volatilized, or leached) to reach the target 

organisms. The effective persistence of pesticides in soil varies from a week to several years 

depending upon properties and structure of the constituents in the pesticide and availability of 

moisture in soil. Sorption process binds the pesticide molecules by the surface of soil, 

whereas desorption implies detachment of the molecules to the liquid medium. Hence, 

information regarding sorption-desorption processes of IMI are essential in predicting its fate 

in soil environment. Various results reported (Cox et al. 1998b; 2001; Fernandez et al. 2007; 

Liu et al. 2006; Ping et al. 2010) that IMI retention in soil is highly dependent on the amount 

of the pesticide applied, soil characteristics (soil texture, organic carbon content (OC), cation 

exchange capacity (CEC), pH and temperature) and physicochemical properties of the 

pesticide itself. A number of studies (Cox et al. 1998a ; Kamble and Saran, 2005; Oi, 1999) 

have determined increase in sorption rates with decrease in initial concentration of IMI and 

vice-versa, indicating greater potential for its mobility with increasing concentration. 

Sorption behaviour of IMI also found to be largely dependent on the soil OC content, where 

the soils with higher OC content showed higher sorption capacity and less potential mobility 

of IMI. Another important characteristic of soil is amount of organic carbon associated with 

cation exchange capacity in soil. Higher amount of organic matter and cation exchange 
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capacity increases adsorption and reduces leaching behaviour of IMI. Studies regarding effect 

of pH on adsorption have reported (Bansal, 2010; Pusino et al. 2003; Paszko, 2006) that 

adsorption was positively correlated with soil organic carbon and cation exchange capacity 

while negatively correlated with soil pH. Similar, trends were observed by Ping et al. (2010) 

and Bajeer et al. (2012) showed adsorption of IMI becomes higher under lower pH and/or 

lower temperature, while keeping other parameters constant. 

Persistence of IMI is also measured in terms of its t1/2 which is determined to be 27-

229 days in soil and is found to be dependant (Scholz and Spiteller, 1992) upon factors like 

sorption, pH, and organic matter, type of formulation and vegetation cover. For example, t1/2 

of IMI after degradation was observed to be 48 and 190 days, in crop covered soils and bare 

soils respectively (Scholz and Spiteller, 1992). Some studies also revealed strong persistence 

of IMI in soil under standardized laboratory conditions and show unpredictable persistence 

under a range of field conditions (Krohn and Hellpointner, 2002) regarding its dissipation 

time. It is noted that the dissipation time, DT50
 
(i.e., the time required for half of it to 

dissipate) for IMI is in the order of 1-2 years (PMRA 2001) though some variations has 

already been reported in the literature on its dissipation times, half-lives and the potential for 

accumulation. Sabbagh et al. (2002) reported calculated half-lives for IMI ranged from 83 

days to greater than a year while some of the evidences proved reduction in its dissipation 

times when applied to cropped fields, rather than fallow fields (Scholz and Spiteller, 1992; 

Krohn and Hellpointer, 2002). From the agricultural point of view, longer persistence of 

pesticides leading to accumulation of residues in soil that may result into the increased 

absorption of such toxic chemicals by living organisms. Hence, longer t1/2 and over use of 

IMI led to their accumulation (Estevez et al. 2008; Ahamed et al. 2001) in the soil. 

Thus, it is clear from the above discussion that the fate of IMI in various 

environmental components has resulted into its fragmentation into various metabolites and in 

some case it also leads to the formation of inorganic ions i.e., it undergoes mineralization. 

Such fate of IMI or any pesticide in soil could be caused by various degradation processes 

and are being discussed as follows.  

 

1.3 Degradation of pesticide(s) in soil 

The pesticides present in the soil has been reported to be degraded through many 

ways such as chemical degradation (Macrae and Alexender, 1965), physico-chemical 

(Vikelsoe and Johansen, 2000), microbial degradation (Topp et al. 1997 ) and degradation 
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using Advanced Oxidation Processes (AOP) (Bolton, 2001; Domenech et al. 2004) Among 

these various processes microbial degradation and AOPs are of special concern to the 

researchers and have been used for the degradation of many organic pollutants including 

pesticides.   

 

1.3.1 Microbial degradation 

Accumulation of pesticides and their degradation products present in the top soil not only 

influence the population of various soil microbes but also their biochemical activities like 

nitrification, ammonification, decomposition of organic matter and nitrogen fixation 

(Karunya and Reetha, 2012). Microorganisms play an important role in the metabolism of 

organic pollutants present in the soil (Alexander, 1965). 

Microbial degradation is conversion of toxic compounds into non-toxic with the help 

of microorganisms (bacteria and fungi) as reported by Topp et al. (1997) and Shahgholi 

(2014). This type of degradation in soil is well known (Craigmill and Winterlin, 1985) to be 

influenced by many environmental factors that affect the course and the rate of pesticide 

degradation in soil. The most important factors are soil texture, bioavailability of pesticides, 

population and survival of microorganisms and their physiological status (Singh, 2008).  

The content of organic matter and clay is reported (Gish et al. 1995; Sadeghi et al. 

1998; Alletto et al. 2010) to have direct influence on leaching behaviour of pesticide in 

conventional tilled soil. Lesser the amount of organic matter, more easily would be the 

leaching and hence less time for the microbes to come in contact with the pesticide thereby 

reduces the degradation. The pH of soil also have a great influence on the process of 

degradation of pesticides, as it can alter the degree of adsorption of pesticide in soil, and 

conditions for the growth of microbes. These factors individually or collectively could 

changes the rate of degradation of the pesticide. It has been reported by Gavrilescu (2005) 

that rate of degradation increases with decrease in pH, however, opposite results has been 

reported by Walker et al. (2001) showing a more rapid degradation of isoproturon  in soils at 

higher pH. The temperature of the soil also influences the degradation rates, which is further 

dependent on the nature of microbe involved in the degradation. Generally, rates of 

degradation for most of the reactions catalyzed by enzymes became almost double for every 

10 °C increase in temperature (between 10–45°C). Thus, it is generally expected that with 

increase in soil temperature will tend to increase in degradation rate (Walker et al. 2001). 
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In addition to these mentioned parameters, the soil practices also reported to affect the 

population and survival conditions of the microbes that ultimately influence the degradation 

of pesticides. For instance, Mapa et al., (1986) described effect of different soil practices 

(such as soil tillage or organic amendments) on its structure by different mechanisms 

(aggregation of soil particles, creation of pore space) that in-turn affects the growth of micro 

flora. Tillage also affects soil organic carbon location, impounding and also water retention 

properties which further lead to different sorption and degradation properties (Alletto et al., 

2008; Stenrød et al., 2006). However, contradictory results have been documented by some 

authors (Vieuble-Gonod et al. 2003; Mamy et al. 2011) concerning the effect of soil practices 

on degradation of pesticides.  

Literature has shown that different microorganisms could be used either to transform 

pesticides or to degrade into small molecules. The microbial degradation of pesticides is 

controlled by the bio-availability of the pesticide to a pesticide-degrading microorganism and 

the activity of the microorganism (Anhalat et al. 2007). It has been reported that pesticide 

itself may act as adequate carbon source for some microorganisms present in the soil 

(Aislabie et al. 1995; Galli, 2002). Beside of above mentioned parameters affecting the 

degradation of pesticides, the ability of bacteria to degrade pesticide could also linked to the 

contact time with the compound i.e., the environmental situation in which they build up their 

physiological adaptability. 

The main processes which are determined to be responsible for microbial degradation 

of pesticides are metabolism and co-metabolism. One or several interacting organisms 

metabolize the pesticide into inorganic components (like CO2) during microbial degradation 

and complete their requirements (growth and energy) by mineralizing it. Metabolism of 

pesticides may involve a three-phase process. In first phase, metabolism takes place by  

various processes (oxidation, reduction, or hydrolysis)  causing transformation of parent 

molecule in to a more water soluble and less toxic product. In second phase, further 

enhancement in water solubility occurs by conjugation of a pesticide/ metabolite with a sugar 

or amino acid. In the third phase, alteration of metabolites that are formed in second phase  

into secondary conjugates takes place and are also non-toxic in nature. This process are done 

by fungi and bacteria which produces intracellular or extra cellular enzymes (hydrolytic, 

peroxidases, oxygenases, etc) as reported by Ortiz-Hernández et al. (2011) and Van Eerd et 

al. (2003).  
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Another process for the metabolism of pesticides in the environment is governed by 

co-metabolism in which organisms grow at the expense of a co-metabolite to transform the 

pesticide in to metabolites without deriving any nutrient or energy for growth from the 

process. Metabolites formed duting their metabolism is generally less toxic than the 

pesticides itself and sometimes can be more toxic (Tixier et al. 2002). 

Some bacterial isolates does not have the ability to survive on pesticides as sole 

source of energy and carbon, as they do not possess all the enzymatic tools to mineralize 

pesticides. For the removal of these pollutants from the contaminated soil, co-metabolism 

process is found to be more approachable biological process, when the pollutant does not 

support microbial growth (Duetz et al. 1994). It is the process by which compound is 

unexpectedly degraded by an enzyme or cofactor produced during microbial metabolism of 

another compound. This kind of degradation is benefitted over the bioremediation strategies, 

as the later can only stimulate a specific group of microorganisms for degrading contaminants 

of concern. Co-metabolic bioremediation has been used for more than last two decades for 

the decontamination of many organic recalcitrant molecules. It was reported (Janke and 

Fritsche, 1985) that the utilizable substrates (co-metabolites) provide energy, cofactors, or 

metabolites for the different cellular events involved in the transformation process. Liu et al. 

(2013) showed that products, and pathways for the IMI co-metabolic transformation using S. 

maltophilia CGMCC 1.1788 were similar in presence of both sucrose and succinate to those 

found when succinate was only used as utilizable substrate rather than to sucrose alone. Rojo 

(2010) even reported that Pseudomonas preferentially utilized succinate present in limited 

amount as compared to excess of sugar in the transformation solution.  

Hence, microbial degradation has potential to degrade the pesticides and is benefitted 

by its low cost option for decontamination and destruction of pesticides and is efficient, 

economical and environmentally friendly technique (Hilarides et al. 1994; Lehto et al. 2000) 

Therefore, it can be used for the degradation of the neonicotinoids a relative newer class of 

pesticides.  

 

1.3.1.1 Microbial degradation of neonicotinoids 

This family of insecticides is comparatively resistant to the degradation than the other classes 

and therefore considered as biorefractory pesticide pollutants (Tomizawa and Casida 2005; 

Liu et al.2010). However, there are limited microbial species some of which have already 

been reported to transform neonicotinoid insecticides into simple compounds. Different type 
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of microbes such Stenotrophomonas maltophilia (Zhao et al. 2009), white rot fungus 

phanerochaete sordida (Wang et al, 2012), Leifsonia sp. (Yao et al. 2006) were reported to 

degrade the members (other than IMI) of this class of insecticides.  Wang et al. 2013 isolated 

acetamiprid degrading bacteria Pigmentiphaga sp. AAP-1 from soil and observed that the 

isolate could utilize 100 mgL
-1

 of acetamiprid in 2.5 h. Zhou et al. 2013 investigated the 

degradation of thiamethoxam in soil enrichment culture and observed that this culture is 

capable of degrading 96% of applied amount of pesticide within 30 days. The degradation 

acetamiprid and thiacloprid were degraded by Liu et al. (2011) in sterilized and unsterilized 

soil and showed 94.0% and 98.8% of their degradation, respectively. Since, this microbial 

degradation involving various isolated microorganisms has shown that members of 

neonicotinoid family can be potentially degraded. Therefore, this process has also been 

employed for the degradation of imidacloprid, a relatively newer and extensively used 

neonecotinoids pesticide and is being discussed. 

 

1.3.1.2 Microbial degradation of IMI 

Very few studies on the degradation of IMI have been reported by using different bacterial 

strains. First report on imidacloprid degradation was given by Anhalt et al. (2007) and 

showed that isolated microorganism Leifsonia strain PC-21 degraded 37-58% of applied 

amount of IMI. The intermediates produced after degradation was identified as imidacloprid 

guanidine, imidacloprid urea and some unknown metabolites as well. Phugare et al. (2013) 

isolated the bacterium Klebsiella pneumonia strain BHC1 from the IMI contaminated 

agricultural soil which was capable to degrade upto 78% of IMI and the main intermediate 

formed is 6-chloronicotinic acid. Similarly, Madhuban et al. (2011) showed that 69% of 

microbial degradation of IMI (50 mgL
-1

) within 20 days by using Burkholderia cepacia strain 

CH9 which was isolated from an agricultural field. 

The effect of various physicochemical properties of soil on the degradation of IMI 

was also confirmed by different studies as favored by recent report of Hu et al. (2013) 

observed Ochrobactrum sp. strain BCL-1 capable of degrading ~67.67% of IMI (50 mg L
-1

) 

within 48 h under optimized conditions of pH = 8 and 30°C. In acidic pH of 3 and 5, 

degradation of 12.01% and 18.39% were reported whereas with alkaline pH of 9 and 11, it 

was 32.74% and 23.16% respectively (Phugare et al. 2013). In addition to this, effect of 

temperature and initial concentration of IMI along with other pesticides were also reported in 

the literature (Deshpande et al. 2004; Jadhav et al. 2010). In an another recent report (Sharma 
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et al. 2014) it was observed bacterial cultures viz., Bacillus aerophilus and Bacillus 

alkalinitrilicus isolated from sugarcane field soil could efficiently degradation IMI and the 

corresponding t1/2 were reported to be 13 and 16 days, respectively. Some studies also reflect 

the influence of soil nature and presence of other species on the degradation of IMI. Liu et al. 

(2011) showed only 22.5% of IMI could be degraded over a period of 25 days in unsterilized 

soil, while no degradation was observed after same time period in sterilized soil. The 

degradation products of imidacloprid were identified as olefin, nitroso or guanidine 

metabolites. A recent report (Shetti et al. 2014) showed that decreases in content of DNA, 

RNA, protein, glucose and growth of isolate Bacillus weihenstephanensis  decreases the rate 

of degradation of IMI (256 mgL
-1

 to 256 µgL
-1

). Pandey et al. (2009) reported transformation 

of IMI by using Pseudomonas sp. under microaerophilic conditions in the presence of an 

alternate carbon source. This insecticide was found to transform to nitrosoguanidine, desnitro 

and urea metabolites and a pathway regarding this transformation was proposed. In this report 

bacterial transformation of „magic nitro‟ group which is responsible for the insect selectivity 

of neonicotinoid insecticides assumed to be reduced to nitrosoguanidine and  aminoguanidine 

and then cleaved to the guanidine and urea derivatives (Tomizawa and Casida, 2003 & 2005; 

Ford and Casida, 2006). Capri et al. (2001), studied the degradation of IMI in Italian soils, 

found that its concentration decreased rapidly in the first 10 days followed by a slower 

decrease in the total amount recovered. Although, these results supported the contention that 

microbial degradation is an important pathway for transformation and sometimes 

mineralization of neonicotinoid and specifically IMI in soil. Yet the formation of various 

metabolites confirms that despite high percentage of degradation or degradation rate, 

mineralization is either slow or was not taken into account. In order to degrade IMI 

completely, a much efficient process is required. In this direction AOP is one of the 

concerned process which is being adopted by many researchers (Cernigoj et al. 2006; Toor et 

al. 2005) for the degradation of the many organic pollutants including pesticides.   

 

1.3.2 Advanced oxidation Processes  

Presently AOPs are considered as powerful technologies that are being widely used in 

treatment of various kinds of organic pollutants (Badriyha et al. 2007). These are found to be 

different from other processes as molecules are degraded rather than concentrated or 

transforming into different phases. The concept of AOP was recognized and well defined as 

“processes involving the generation of highly reactive oxidizing species able to attack and 



13 

 

degrade organic substances” (Glaze et al.1987; Huang et al. 1993). It is also reported 

(Domenech et al. 2004) to be a physico-chemical process with high efficiency, capable to 

produce profound changes in the chemical structure of the contaminants via the participation 

of hydroxyl radicals (˙OH radicals). Ascribed to the high oxidation ability of these radicals 

(Legrini et al. 1993; Rajeshwar, 1996; Goswami and Blake, 1996; Andreozzi et al. 1999; 

Huston and Pignatello, 1999; Joseph et al. 2000), AOPs has emerged to be of meticulous 

interest. However, few studies have suggested that in addition to the generation of ˙OH
.
, 

other oxidising species can also be produced in AOPs (Anipsitakis and Dionysiou, 2003& 

2004). The mechanism of AOP process is well known. The oxidation of organic molecules or 

pollutants takes place by radicals that are generated by hydrogen abstraction (eq. 1.1). This 

can further react with oxygen molecules forming peroxyradicals and initiate oxidative 

degradation chain reactions for the complete mineralization of the organic pollutants (Blanco, 

2003).   

                                         RH + ˙OH   →   RH˙ + H2O                                                 (1.1) 

The formation of these free radicals could takes place via either by photochemical or non-

photochemical in AOPs. Among the different approaches in AOPs (ozonation and ozone 

related processes (O3/H2O2, UV/O3), electrochemical oxidation) the photocatalysis processes 

is considered as the most competent for removal of contaminants  or for the degradation of 

various pesticides  from  the environment (Sahoo et al. 2011;; Scott and Ollis, 1995; Bandala 

et al. 2007b; Arancibia et al. 2002; Chiron et al. 2000; Ikehata and El-Din, 2005b; Ikehata 

and El-Din, 2006, Martínez-Huitle et al. 2008).  

 

1.3.2.1 Photocatalysis 

This process has been defined by Kisch (1989) as the acceleration of a photoreaction by a 

catalyzer. Photons, with their energy can affect the chemical bonds of a chemical compound 

by the cleavage of one or more covalent bonds in a molecular entity (Muller, 1994). The 

applications of photocatalytic degradation along with effects of various parameters on the rate 

of degradation of different pollutants have been reviewed and reported by Carey et al. (1976) 

and Starner et al. (2012). The photocatalysis is broadly divided into two categories namely 

Homogeneous (Fenton and photo Fenton-like processes) and heterogeneous photocatalysis 

(TiO2/UV, ZnO/UV etc.).   
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1.3.3.1 Homogeneous photocatalysis  

In this type of process, the reactants and the photocatalysts are found to be in the same phase 

and of environmental importance. This process plays an important role in purification of 

waste water and carried out under UV-light irradiation in presence of  transition metal (higher 

oxidation state) and an oxidizer such as H2O2. In the course of this process, the formation of 

hydroxyl radicals takes place which upon  reaction with a substrate lead to form various other 

organic radicals. Moreover, the presence of atmospheric oxygen the original form of the 

transition metal ion is restored i.e, it gets regenerated with the simultaneous formation of 

superoxide ions and peroxy radicals and radicals corresponding to the substrate.  

The most commonly used homogenous photocatalysis includes ozone (O3), the 

transition metal oxide and the photo-Fenton systems. The advantages of using these methods 

are (i) an environmentally-friendly reagent, (ii) relatively cost-effective process, (iii) 

degradation in sunlight and (iv) the reloading of the required ˙OH for oxidation. However, 

this process also suffers from some disadvantage that are found to be necessity of low pH, 

use of iron as catalyst (in photo Fenton  reactions) causing additional processing to remove it 

from the reaction.  

 

1.3.3.2 Heterogeneous photocatalysis 

Acceleration of the photoreaction in the presence of a catalyst (specifically semiconductor) 

when both catalyst and reaction medium are in difference phases, then the process is known 

as heterogeneous photocatalysis (Radwan, 2005). This began in 1972 with a revolutionary 

report of Fujishima and Honda (1972), where splitting of the water takes place into hydrogen 

and oxygen using titanium dioxide (TiO2). This process includes a complex sequence of the 

reactions and consisted of number of steps (Hermann, 1999, Pirkanniemi and Sillanpaa, 

2002), which were determined to be (i) mass transfer of the organic contaminant in the liquid 

phase to the TiO2 surface (ii) adsorption of the organic contaminant onto the photon activated 

TiO2 surface (iii) photocatalysis reaction for the adsorbed phase on the TiO2 surface (iv) 

desorption of the intermediate from the TiO2 surface and finally (v) mass transfer of the 

intermediate from the interface region to the bulk fluid. In order to initiate the reaction in 

heterogeneous photocatalysis, a semiconductor is required. Currently number of them are 

reported to be used in heterogeneous photocatalysis (Jansen and Letschert, 2000; Nagaveni et 
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Fig. 1.2 Bandgaps and redox potentials of different types of semiconductors using the 

normal hydrogen electrode (NHE)  

 

al. 2004b ; Cernigoj et al. 2007), however for the purpose of photocatalytic degradation every 

semiconductor is not appropriate as described in the upcoming section.  

 

1.3.3.2.1 Semiconductors used in heterogeneous photocatalysis 

Over the last two decades the application of semiconductors has grown exponentially in the 

field of photocatalysis. The function of the semiconductor in photocatalysis is that upon 

absorption of an incident photon of appropriate amount of energy the formation of e
-
/h pair 

takes place. The charge carriers thus produced gets transported to the surface of the 

semiconductor, captured by the surface adsorbed molecules and initiate the oxidation and 

reduction processes, simultaneously (Habisreutinger et al. 2013). Since, transportation of e
-
 

between valance band (VB) and conduction band (CB) occurs only when the appropriate 

amount of energy/frequency is supplied. Hence, for a semiconductor to be an ideal 

photocatalyst, the top of VB must be separated from the bottom of the CB by about ~1.23 eV 

for promotion of redox reactions (Viswanathan, 2003). A number of semiconductors such as 

ZnO, CdS, CdSe, ZnS, WO3, TiO2 etc., have been explored for their photocatalytic properties 

(Pirkanniemi and Sillanpaa, 2002). The catalytic activity of semiconductor is also strongly 

depends on band edge positions i.e., positions of VB and CB and for some of the 

semiconductors it is given in Fig. 1.2.  Among varieties of available semiconductors, TiO2 is 

http://www.pubfacts.com/author/Severin+N+Habisreutinger
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most effective and commonly used photocatalyst (Blake, 2000; Blanco et al. 2007; Oller et al. 

2006) which is being credited to biologically and chemically inertness and has been used in 

number of applications including degradation of organic pollutants.  It is used as a brightener, 

desiccant, reactive and most widely used level is as photocatalyst in the field of energy and 

environmental applications (Sharma and Lee, 2013). In principle, TiO2 with a wide band gap 

(~3.2 eV) in the UV range can utilize not more than 5% of the total solar energy coming on 

the surface of the earth. 

The most popular photocatalyst configuration used on laboratory scale is 

commercially available Degussa P-25 TiO2 and is reported to be most photoactive as revealed 

by many reports ( Kumar and Bansal, 2012 & 2013; Toor et al. 2006). The effectiveness or 

efficiency of Degussa P25 TiO2 could be explained on the basis of (i) reasonably well defined 

crystal phases (Anatase : rutile :: 70 : 30), (ii) high BET surface area (55 ± 15 m
2
g

-1
) (iii) 

particle size in nano regime  (30-50 nm) and appropriate position of VB (3.0 eV vs NHE) and 

CB (-0.2 eV vs NHE) with respect to oxidation potential of many organic molecules. Another 

benefit of using TiO2 as photocatalyst (Murray 2006) is its regeneration using UV light, and 

is so reusable.  

 

1.4 Mechanism/reactions of TiO2 photocatalyst   

The mechanism (Fig. 1.3) of a photocatalytic process is well known (Bernardini et al. 2010; 

Naldoni et al. 2013; Sinha et al. 2009; Kansal et al. 2014; Arriaga et al. 2010; Sood et al. 

2014; Nakata and Fujishima, 2012) and is observed when a photocatalyst absorbs UV and/or 

visible (Vis.) light irradiation from sunlight or an illuminated light source having energy 

equal to or more than the band gap energy of TiO2. The negative charged e
-
 in the VB of the 

photocatalyst is excited to the CB resulting in the formation  of h
+
 in the VB and is referred 

as “photo-excited” state of TiO2 (eq. 1.2). After photoexcitation, the excited e
-
/h

+
 pairs can 

recombine and/or get trapped into meta-stable surface states and thereby releasing the input 

energy as heat, without any chemical effect. However, upon separation and transportation of 

these excited charges to different reactive sites, various chemical reactions with adsorbed 

species (eq. 1.2-1.7) could be perceived. The photogenerated h
+
 (+2.8 V vs NHE) reacts with 

adsorbed water molecules to form hydroxyl radicals (•OH). Meanwhile, e
-
 in the CB (-0.5 to -

1.5 V vs NHE) participates in reduction processes that converts the adsorbed molecular 

oxygen to oxidative superoxide radical (O2
•−

) (Litter, 1999; Chen and Mao,2007; Kansal et 
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Fig. 1.3  Mechanism of TiO2 photocatalysis 

al.2014; ) and/or reduce various organic compounds. Both of these photoproduced species 

being oxidative can decompose the nearby absorbed organic molecules.  

  

TiO2   + hν   → TiO2 (e
-
 + h

+
)                                                           (1.2) 

Two oxidation reactions have been observed on TiO2 surface: 

Electron transfer from adsorbed substrate (organic pollutants),  

TiO2 ( h
+
)   +  RXad  →  TiO2 +    RXad

+
                                                    (1.3) 

Electron transfer from adsorbed solvent molecule  

TiO2 ( h
+
)   +  H2Oad  →  TiO2 +    HOad


  + H

+
                                           (1.4)   

TiO2 ( h
+
)   +  OHad

-
  →  TiO2 +    HOad


                                                     (1.5) 

More HO
-
 radicals adsorbed at the particle surface, due to high concentration of H2O 

molecules (iii and iv) and emerge to be of greater importance in oxidative degradation 

processes. Molecular oxygen is responsible for accepting species in the electron- transfer 

reaction from the conduction band of the photocatalyst to oxygen. 

                     e
-
  + O2 → TiO2 + O2

-
                                                           (1.6)         

The addition of electron acceptors like (H2O2) can considerably enhances the rate of 

photodegradation (iv), 

                                       TiO2 (e
-
)   + H2O2 → TiO2 +    HO


  + OH

-
                                 (1.7) 
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These photoproduced charge carriers and in-turn produced chemical species being highly 

oxidative in nature are capable to degrade the pesticides, were used in many studies as 

discussed later. 

  

1.5 Photocatalytic degradation of pesticides  

A great number of pesticides which are reported to be bio-recalcitrant and non-biodegradable 

in nature were not considered to undergo biological process for their degradation (Khodja et 

al., 2001).  Hence, photocatalysis using TiO2 have been used for treatment of pesticide 

contaminated environment (Peyton et al. 1982; Glaze et al. 1987; Miller et al. 1988; Carey, 

1990; Legrini et al. 1993; Masten and Davies, 1994; Benitez et al. 1995; Casero et al. 1997). 

Since, TiO2 is inexpensive and nontoxic, oxidation and reduction occur simultaneously on 

each irradiated particles and requires no conventional reagents. Therefore, it is enormously 

used as photocatalyst for detoxification of pesticides and is well documented in different 

environmental components such as water and soil.  

 

1.5.1 TiO2 mediated photocatalytic degradation of pesticides in water 

A wide range of pesticides could be efficiently degraded using TiO2  without the formation of 

harmful by products (Jansen and Letschert, 2000; Asahi et al. 2001; Khan et al. 2002; Yu et 

al. 2002; Ihara et al. 2003; Sivalingam et al. 2003). Herrmann et al. (1999) investigated the 

photocatalytic degradation of organo- phosphorous insecticides and depicted the 

identification of intermediates as well as the degradation pathways. Similar, studies were 

conducted on the degradation of phosphamidon in water using two different photocatalysts 

(ZnO and TiO2)  and  out of these two, TiO2 was reported (Rabindranathan et al.2003) to be 

more effective, though the degradation leads to complete mineralisation in both cases. 

Emmanualle et al. (2003) investigated photocatalytic degradation of six herbicides in the 

aqueous solutions using TiO2 to find out the influence of various parameters and observed 

adsorption as an important factor for degradation. Four water soluble pesticides have been 

studied by Malato et al. (2002a) at pilot scale and it was observed that both degradation 

(90%) and mineralization could be achieved by TiO2 photocatalysis.  

Muzkat et al (1992) studied photocatalytic mineralisation of xenobiotics in 

contaminated rinse water from agricultural sprayers and well-water. They concluded that t1/2 

of   malathion (100 ppb to 50 ppm) after photomineralisation was less than 1 h in the 

presence of TiO2 as photocatalyst. Photocatalytic degradation studies of many other 
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pesticides have been reported (Doong and Chang, 1997) and it was observed that rate of 

degradation of pesticides depends upon their nature. Photocatalytic oxidation of lindane in 

water using TiO2 catalyst showed that 99.9% of it can be degraded in 5 h and the various 

photoproduced intermediates were identified and observed (Balanco and Malato, 

2001;Guillard et al. 1996). These photoproducts were classified in to various categories i.e 

chlorocyclohexanes, chlorocyclohexenes, chlorobenzenes, chlorophenols, chloropropanes, 

chloropropanones and the pentachlorocyclohexanone isomer. Zaleska et al. (2000) studied the 

photocatalytic degradation of DDT in water over TiO2 catalysts and found that highest 

efficiency for supported TiO2. Peris et al. (1993) investigated the degradation of carbary 

using a continuous flow of TiO2 slurry under UV-light and anticipated that a multistep 

degradation proceeds involving the attack of the substrate by ∙OH radicals.  

Tanaka et al. (1995) studied photocatalytic degradation of 3,4-xylyl N-methyl 

carbamate (MPMC) and other carbamate pesticides in aqueous TiO2 suspensions. They also 

proposed a degradation mechanism along with formation of oxygenated aliphatic 

intermediates. Photodegradation of acidified aqueous solutions of atrazine was studied 

(Texier et al. 1999) in the presence of TiO2 and Na4W10O32 under UV light. Both catalysts 

were proved to be efficient even though the mechanisms of degradation were found to be 

different. Photodegradation of the herbicide 3,4-dichloropropionamide in aqueous TiO2 

suspensions was examined by Pathirana et al. (1997) and found that the degradation was 

found to occur via dechlorination within 5 h. Optimization of various parameters (pH values, 

catalyst dosages, light intensities, dissolved oxygen levels etc.) were reported (Ku and Jung, 

1998) for the degradation of monocrotophos in aqueous solution by UV/TiO2. It was found 

that rate of degradation was more in acidic conditions than alkaline conditions. In the case of 

paraquat and diquat, the rate of degradation ion was reported to be dependent on the pH as 

well as the type of the catalyst (Florencio et al. 2004).  

Coleman et al. (2007) studied the effect of different kinds of TiO2 on 1, 4-dioxane 

removal. They found that TiO2 photo catalysis with both UV and solar light is effective in 

degrading 1,4-dioxane. Maheshwari et al. (2013) evaluated adsorption kinetics ciprofloxacin 

hydrochloride of at different temperature and initial concentration of ciprofloxacin 

hydrochloride. 
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1.5.2 Photocatalytic degradation of pesticides in soil using TiO2 as photocatalyst 

Extreme and enormous agricultural methods in due course of time lead to accumulation of 

pesticides in high concentrations in soil. In recent years, TiO2 photocatalysis, has been 

extensively applied not only in waste water treatment and aqueous media (Valente et al.2009; 

Devi et al.2009; Lhomme et al. 2007; Tamimi et al.2006) but also utilized for in situ soil 

treatment (Higarashi and Jardim2002; Villaverde et al.2007). In situ treatment of glyphosate 

in soil was performed (Xu et al. 2011) using Fe3O4/SiO2/TiO2 photocatalyst and results 

showed that degradation efficiency of glyphosate reaches 89% in 2 h by using photocatalyst 

dosage of 0.4 g/100 g (soil). Soil thickness was reported to be an important factor for the 

photocatalytic degradation of glyphosate. Photocatalytic degradation of the pesticide diuron 

was done to evaluate the potential use of this technology for in situ remediation under 

laboratory conditions (Higarshi and Jardim, 2002). In this study, spiked soil samples of 

diuron were exposed to solar light to optimize the different parameters that were found to 

have influence on the kinetics of the pesticide degradation. Results have shown that 

photocatalytic treatment using TiO2 in the presence of solar light to be very efficient in the 

destruction of diuron in the top 4 cm of contaminated soil and even low loads (0.1%). A 

similar performance of TiO2 was observed for the degradation of carbetamide (Muszkat et 

al.1995). Verma et al.(2013) studied degradation of malathion and found maximum 

degradation at 3.0 g/L of  catalyst dose of TiO2  and pH=6 on fixed concentration of 

pesticide.  

Photocatalytic degradation of hexachlorocyclohexane (-HCH) was performed by Xu 

et al. (2007) using both TiO2 and montmorillonite composite as photocatalysts in soils under 

UV-light irradiation. The results indicated that the photocatalytic activities of the composite 

photocatalysts varied with the amount of TiO2. Moreover, the composite TiO2 has shown 

more photocatalytic than the pure P25 with the its same mass. In addition, effect of pH and 

dosage of composite photocatalysts on the degradation of -HCH was investigated and various 

intermediates were identified and characterized as pentachlorocyclohexene, 

trichlorocyclohexene, and dichlorobenzene.  

Wang et al. (2007) investigated photodegradation of p-nitrophenol (PNP) on soil 

surface to explore the photochemical remediation of soil polluted by nitrophenols. Spiked soil 

samples were irradiated by UV light with and without the addition of TiO2. Enhanced PNP 

photodegradation was observed by adding TiO2 from the range of 0.5–2 wt%. Soil pH, humic 

acid and soil moisture were found to be important factors which influence the rate of PNP 
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photodegradation. Increase in soil moisture significantly increased the degradation whereas 

humic acid reduced the degradation rate. Different degradation rates were observed with 

change in soil pH and higher degradation efficiencies were observed under alkaline 

condition. The process of photodegradation of some other herbicides and fungicides, such as 

trifluralin, carboxin, oxycarboxin, mecoprop, dichlorprop, chlorimuron-ethyl,atrazine and 

bensulfuron-methyl, has also been observed in soil  and the results indicated that 

photodegradation is one of the important pathways for their degradation in soil. (Romero et 

al. 1998; Hustert et al. 1999; Choudhury and Dureja, 1997; Balmer et al. 2000; Gong et al., 

2001; Si et al. 2004).  

Thus, the above literature clearly depicts that the photocatalysis involving TiO2 as 

photocatalyst provides an effective pathway for the degradation of pesticides and hence used 

for the degradation of IMI and is now being described as follows. 

 

1.5.3. TiO2 assisted photocatalytic degradation of IMI  

As stated earlier that IMI has been extensively used in agriculture fields since two decades, 

therefore accumulated in the various components of environment. Moreover, the high 

solubility of IMI in water also makes it of special concern to the environment as it can easily 

runoff from the agricultural fields to the nearby water sources and thereby contaminates 

them. This is reflected by the ground water monitoring project conducted by Bayer 

Corporation (1998) on Long Island, NY, that showed presence of IMI (0.1 ppb to 1.0 ppb) in 

an agricultural well. A recent study by Starner and Goh (2012) showed the presence of IMI in 

89% of the water samples collected from rivers, creeks and drains in California. About 19% 

of these samples were found to have IMI exceeding its permissible limit (1.05 ppb) as 

prescribed by United States Environmental Protection Agency. Much higher concentrations 

of IMI (upto 200 ppb) were found to be present in groundwater, streams and ditches of the 

Netherlands as document by Van Dijk, (2013). Ascribed to leaching behaviour and high 

water solubility of IMI, various studies were carried out to find out its degradation in water 

and identification of its metabolites formed.  

Kitsiou et al. (2009) studied the photocatalytic degradation of IMI using TiO2 in 

aqueous solution and compared the results with other two processes. It was found that TiO2 

assisted degradation of IMI under UV-light performs better than the other two and lead to 

more number of metabolites which were identified by GC-MS analysis. In a pilot scale 

experiment Malato et al. (2001) identified the technical feasibility, mechanisms, and 
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performance of degradation of aqueous IMI and found that TiO2 could mineralize (95%) it in 

450 min. Zabar et al. (2012) reported disappearance of IMI along with two other pesticides 

(thiamethoxam and clothianidin) using immobilised TiO2 on glass slides. It was shown that 

all the three pesticides degrade (97%) within 2 h and followed first order kinetics. Despite of 

such high degradation, the percentage of mineralization (9.1 ± 0.2% for imidacloprid, 

14.4 ± 2.9% for thiamethoxam and 14.1 ± 0.4% for clothianidin) was very low.  

Feng et al., (2013) prepared a series of La-doped TiO2 and showed that 

20%H3PW12O40/0.3%La-TiO2 possessed the best photocatalytic activity for degradation of 

IMI. The degradation conversion of imidacloprid reached 98.17% after 60 min irradiation by 

using this catalyst.  The degradation of IMI corresponded with first-order kinetic reaction, 

and the t1/2 of the degradation of IMI was 9.35 min under the optimal conditions. Redlich et 

al. (2007) studied degradation of imidacloprid in aqueous solution under stimulated solar 

irradiation and found its t1/2 to be 3 days. Some identified intermediates were found to be 

more persistent (t1/2 upto 660 days) than IMI itself towards their decomposition. However, 

Liu et al. (2006) reported its t1/2 = 30 min when its aqueous solution was irradiated under UV-

light in presence of P25.  

Thus, it is clear from the literature that neither individual microbial degradation nor 

photocatalytic degradation has lead to the complete (100%) dissipation/mineralization of IMI 

in soil. Hence, another remediation strategy for destructive elimination of IMI and its 

metabolites from environment is required. An alternative for destructive removal of the IMI 

and its metabolites could be the microbial treatment combined with pre/post treatment of 

photocatalytic oxidation that could reduce its recalcitrant metabolites.  

 

1.6 Sequential microbial and photocatalytic degradation of pesticides 

Photodegradation and biodegradation are observed to be major degradation processes which 

can clean up the environment as described previously. Many studies have been reported 

(Scott and Ollis, 1995) regarding oxidation of organic compounds to lose their toxicity before 

their degradation using microbes to achieve mineralization. Despite the fact that 

photocatalysis is less time consuming for the treatment of pesticides, one of their major 

problem is cost as compared to other conventional processes (Sarria et al. 2002).  

In order overcome the problems regarding biological process and photocatalysis, 

coupling both of these processes where biological degradation can act as either pre or post 

treatment could be an alternative to minimize time and operational cost (Scott and Ollis, 
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1995; Benitez et al. 1995; Felsot et al. 2003). In this coupling process the aim of the 

photocatalytic degradation is not only to convert the pesticide into the toxic intermediates, but 

to provide the intermediates that should be less toxic than parent and to be completely 

removed by biological processes  (Zeng et al. 2000; Sarria et al. 2002; Esplugas et al. 2004; 

Goi et al. 2004). Some studies have reported the use of photodegradation process as a 

pretreatment or post-treatment of a biological process (Beltran, 2004, Lapertot et al. 2006b). 

Very few works on the application of this kind of coupled methodologies are available in 

literature corresponds to TiO2/UV oxidation (Jafari et al. 2012; Gonzelez et al.,2010;Tamer 

etal.,2006 & 2007). However, it seems to be well documented for other processes such as by 

ozonation (Marco et al., 1997; Helble et al., 1999; Yeber et al., 1999; Beltran et al., 1999; 

Benitez et al., 2001; Ledakowicz et al., 2001; Amat et al.,2003) or by  H2O2/UV (Adams and 

Kuzhikanni, 2000; Ledakowicz et al., 2001; Chan et al.,2004) for degradation of organic 

molecules other than pesticides.  

Chan et al. (2004) examined the sequential oxidation of atrazine under different 

experimental conditions which resulted into deisopropylatrazine, deethylatrazine and 

deethyldeisopropylatrazine as major intermediates. It was also observed that addition of 

H2O2 could significantly enhance the degradation of atrazine into ammeline, ammelide and 

cyanuric acid (CA) intermediates/products. Further degradation of CA was carried out by a 

newly isolated CA-degrading bacterium, Sphingomonas capsulata. The photochemical 

pretreatment integrated with microbial degradation lead to the complete degradation and 

detoxification of atrazine. 

Decolorization and degradation of Reactive Black 5 azo dye was investigated (Jafari 

et al. 2010) using biological, photocatalytic (UV/TiO2) individually and in a combined 

manner.  Complete decolorization of the dye with 200 mg/L in less than 24 h was achieved 

by the application of Candida tropicalis JKS2. Mineralization of RB5 solution (50 mg/L) was 

obtained after 80 min by photocatalytic process (0.2 g/L TiO2). However, this process was 

not efficient for the removal of the dye at high concentrations (≥ 200 mg/L). In a two-step 

combined treatment process, biological treatment followed by photocatalytic degradation, the 

peak in corresponding to it significantly disappeared after 2 h illumination with 60% COD 

removal achieved in the biological step. The combined process was observed to be more 

effective than individual biological and photocatalytic process, mainly reported in wastewater 

treatment and degradation of pesticides in aqueous media.  
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Shah, (2013) investigated the decolorization and degradation of Reactive Black 5 azo 

dye by biological, photocatalytic (UV/TiO2) and combined processes. Treatment of the 

synthetic medium containing RB5 by  Pseudomonas aeruginosa ETL-2211 indicated 

complete decolorization of the dye (with 200 mg/L) in less than 24 h but degradation of the 

aromatic rings did not occur during the biological treatment. In case of photocatalytic process 

(0.2 g/L TiO2) of 50 mg/L RB5 solution, mineralization was obtained after 80 min, however, 

the  process was not effective in the removal of the dye at high concentrations (≥ 200 mg/L). 

A combined treatment process, namely, biological treatment followed by photocatalytic 

degradation, was assessed and it was found that absorbance peak in UV region significantly 

disappeared after 2 h illumination and about 60% COD removal in the biological step. It is 

suggested that the combined process is more effective than the photocatalytic and biological 

treatments. 

Gonzalez et al. (2010) studied the degradation of 2-chlorophenol (2-CP), 2,4-

dichlorophenol (2,4-DCP), 2,4,6-richlorophenol (2,4,6-TCP) and pentachlorophenol (PCP) 

via biological, photocatalytic (AOP) and in sequential manner. Biodegradation of 

chlorophenols was done by using white-rot fungus Trametes pubescens, while in 

photocatalysis TiO2/UV was used. In the biological degradation, highest degradations (94.6% 

to 37.8%) was obtained when the reaction medium was supplemented with glucose as co-

factor, ranging from degradation activity for 2-CP > 2,4-DCP > PCP > 2,4,6-TCP. In 

photodegradation, the obtained range was 82.0% to 24.0% following order 2-CP > 2,4,6-TCP 

> 2,4-DCP > PCP. Combining both of these in sequential manner gave 100% degradation for 

all the tested chlorophenols.  

 Despite the availability of good number of reports using sequential processes for 

better performance towards the dissipation of organic pollutants, efforts to use the same for 

removal of pesticides have been rarely attempted in water but remain unexplored in soil.    

 

1.7 Gap in the Proposed Research Area 

Thus, it is clear from the above literature survey that much work has been done for the 

photocatalytic degradation of imidacloprid in aqueous medium but the literature seems to 

remain silent for its photocatalytic degradation in soil. A verity of microbes has been studied 

for the degradation of IMI. However, the reports seem to be rarely documented for its 

degradation by a microbe which present soil is having history of same pesticide that was 

isolated and then used for the same purpose. Most of the studies only consider removal of 
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IMI i.e., its degradation, but the role of heteroatoms present in it towards the formation and 

stability of its metabolites and final form in which they appear in soil is also not well 

reported.  Moreover, the existing literature only specifies that either microbial degradation 

followed by photocatalytic or its vice versa has been implemented for the degradation of 

pesticides in water. However, the use these processes both individually and comparatively 

was not attempted for the degradation of pesticides in the soil.   

 

1.8 Objectives of the proposed work  

The main objectives of the proposed work are listed as follows: 

1. Isolation of neonicotinoid degrading bacteria from contaminated soil. 

2. Optimization of conditions for maximum degradation of pesticide by bacteria. 

3. Optimization of conditions for maximum photocatalytic degradation using TiO2. 

4. Studying sequential microbial-photocatalytic degradation of pesticide with optimum 

parameters. 
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2.0 MATERIALS AND METHODS  

This chapter includes various materials and methods used for the isolation, identification and 

characterization of bacterial isolates. It also describes the optimization of various parameters 

required for the maximum microbial (in broth and soil) and photocatalytic degradation (using 

TiO2) of imidacloprid and techniques that were used to extract and analyze its residual 

amount, metabolites and inorganic ions (nitrate, nitrite and chloride).  

2.1 Materials Used  

Technical grade Imidacloprid (purity 99%) was obtained as gift sample from Bayer crop 

science, India. All solvents (acetonitrile, methanol and ethyl acetate) used in the experiments 

were of HPLC grade and purchased from Merck India (P) Ltd. De-ionized water used for 

preparing stock solution of imidacloprid, sulphuric acid, sodium hydroxide, hydrochloric 

acid, anhydrous sodium sulphate, and all other chemicals used for minimal media (MM) 

preparation and for characterization purposes were of high analytical grade and obtained from 

Loba Chemi, India. Enrichment media (other MM) were purchased from HIMEDIA. 

Titanium dioxide (Degussa P25, average particle size of 30-50 nm, anatase: rutile :: 80:20) 

catalyst was obtained from Evonik Industries formerly Degussa corporation, India.  

 

2.2 Methodology  

2.2.1 Preparation of stock solution of imidacloprid 

A stock solution of IMI (500 mgL
-1

) was prepared by dissolving 250 mg of it in 500 ml of 

solvent (water and acetonitrile) by stirring on magnetic stirrer. This stock solution was further 

diluted to obtain the IMI solution of desired concentration.  

2.2.2 Soil samples for isolation and degradation study 

The soil samples (5-10 cm deep) for the isolation of bacteria were collected from paddy fields 

at Rakhra village Patiala (District), Punjab (India), with a history of 9-10 years of utilization 

of imidacloprid for the isolation of bacteria and soil samples were collected from Thapar 

University campus, Patiala, Punjab (India) with no pesticide history for the degradation 

studies. Prior to any experiment, soil sample was dried, homogenized, sterilized (for 

degradation studies only) and its physicochemical characteristics was determined accordance 

to standard methods. 

 

 



27 

 

 

2.2.3 Physicochemical characterization of soil  

Various physicochemical parameters (pH, Organic carbon, available phosphorous, bulk 

density, water holding capacity, permeability, moisture content and soil texture) were 

analysed as per reported standard methods and is  being describe herein:  

 

2.2.3.1 pH 

It was determined as per the method of Jackson (1967), by using soil : water :: 1 : 2. A lot of 

10 g of soil was placed in a 100 ml beaker and 20 ml of distilled water was added, stirred 

well for 5-10 min and kept undisturbed for 2 h followed by stirring again. Then pH was 

measured using calibrated (using buffers of pH 4.0, 7.0 and 9.2) pH meter (Cyberscan pH 

510). 

 

2.2.3.2 Total organic carbon 

It was performed as per the method given by Walkey and Black (1965). 

Reagents 

1. 1N Potassium Dichromate solution: K2Cr2O7 = 49.04 g/liter 

2. 0.5 N Ferrous Ammonium Sulphate: 198.0 g of salt per litre of solution. 

3. Diphenylamine indicator: 0.5 g of diphenylamine in a mixture of 20 ml water and 100 ml 

concentrated sulphuric acid. 

4. Concentrated sulphuric acid. 

5. Orthophosphoric acid (85%) and sodium fluoride (NaF). 

Procedure 

1. 1 g of soil was taken in a 500 ml conical flask followed by the addition of 10 ml of 1N 

K2Cr2O7. The flasks were swirled for mixing the soil and reagent. 

2. Concentrated H2SO4 (20 ml) was added, shaked and the flask was allowed to stand 

undisturbed (30 min) and thereafter 200 ml of distilled water was added. 

3. To this mixture, Orthophosphoric acid (10 ml), NaF (0.5 g) and diphenylamine indicator (1 

ml) was added. 

4. The contents thus obtained were titrated with freshly prepared ferrous ammonium sulphate 

solution (0.5 N) till the colour changes from blue-violet to green. A blank was also run 

without soil. 
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Calculations: 

                           Organic carbon (%)      =     10 (B-T) x 0.003 x 100 

              

Where, B is the volume of ferrous ammonium sulphate solution required for blank titration 

and T is the volume of ferrous ammonium sulphate solution required for soil sample titration. 

 

2.2.3.3 Available phosphorus 

Available phosphorus (P) in the soil samples was estimated as per the method given by Olsen 

et al. (1954). 

Reagents 

1. 0.5 M sodium bicarbonate (NaHCO3) extracting solution: 84 g of NaHCO3 was added in 

distilled water and the volume was made up to 2 L followed by adjustment of its pH = 8.5 

with 1M or 1N NaOH. 

2. Reagent A: 12.0 g of ammonium molybdate in 250 ml distilled water and 0.2908 g of   

antimony potassium tartarate in 100 ml distilled water was added to 1000 ml of 2.5 M 

H2SO4, mixed thoroughly and volume made up to 2 L with distilled water. 

3.  Reagent B (freshly prepared): 1.058g of ascorbic acid in 200 ml of reagent A and mixed. 

4.  Sulphuric acid (2.5 M): 140 ml of concentrated H2SO4 diluted to 1L. 

5. Stock Standard P solution (50 ppm P): 0.2917 g KH2PO4 dissolved in water to a final 

volume of 1 L. 

6. Working Standard P solution (1 ppm): 20 ml of (50 ppm P) solution diluted to 1L. 

Procedure 

1. 2.5 g soil was placed in a 100 ml Erlenmeyer flask followed by the addition of 50 ml 

extracting solution. 

2. The solution was kept on a shaker for 30 minutes and filtered through Whatman No. 42 

filter paper. 

3. 10 ml aliquot of the filtrate was transferred to a 100 ml beaker and then addition of 1 ml of 

2.5 M H2SO4, 15.5 ml of distilled water, 8 ml of Reagent B and another 15.5 ml of 

distilled water was done. 

4. A blank was prepared as above said. For the standard curve: 0, 2, 5, 10, 15 and 20 ml of  

standard solution was placed in 50 ml volumetric flasks separately. Ten ml of extracting 

solution , 1.0 ml of 2.5 M H2SO4, 8 ml Reagent B was added and the final volume was 

  B x Wt. of soil 

(g) 
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made upto 50 ml. The P concentrations of these solutions were 0.04, 0.1, 0.2, 0.3 and 0.4 

ppm respectively. After 10 minutes, the P concentration was read at 882 nm. 

 

Calculations:  

                       P in soil (ppm) = P in extract (ppm) x 20 (the standard soil to solution ratio). 

 

2.2.3.4 Water holding capacity 

It was measured as per the method given by Black et al. (1965). 

Apparatus 

Circular brass boxes (keen boxes) of 5.6 cm internal diameter and 1.6 cm depth were taken 

which had 0.75 mm holes spaced 4 mm apart at the bottom. Each box was fitted with a brass 

lid. 

Procedure 

1. Soil samples were collected, sieved and dried at 105°C in an oven. 

2. A filter paper strip of the size of the base of the keen box was cut. 

3. The filter disc was weighed and placed in a petridish contain water to measure the 

moisture absorbed by the filter paper. 

4. The disc was placed at the bottom of the keen box and weighed followed by filling of 

the box with soil. Each time the box was tapped to make a approximate uniform soil 

column. 

5. The box containing soil was weighed and kept in a petridish containing water for 

overnight saturation. 

6. The box was removed the next day, wiped and weighed followed by overnight drying 

at 80º C in the oven in order to obtain constant weight. 

7. The box containing oven-dry soil was weighed finally at room temperature. 

 

Calculations: 

Weight of box+ filter paper = W1 

Weight of the box +oven dry soil = W2 

Weight of the box+ soil after moistening = W3 

Weight of dry soil = W2-W1 

Weight of moisture absorbed = W3-W2 
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Water holding capacity of the soil = (W3-W2)- (W2-W1)  x 100 

 

2.2.3.5 Bulk Density 

It was measured as per method given by Black et al.(1965). 

 

Procedure 

1. Collected the soil sample by removing unnecessary material from the upper layer of the 

soil. 

2. Soil samples were dried at 105°C for 24 h till constant weight was achieved. 

3. Weighed the empty specific gravity bottle 

4.  Filled the soil samples in bottle and recorded the volume. 

 

Calculations: 

Weight of empty bottle = W1 

Weight of bottle and soil = W2 

Weight of soil = W2-W1 

Volume of the soil = V ml 

Bulk density of the soil/fly ash = W2- W1 gm
-3

 

                                                               

2.2.3.6 Soil moisture content  

Moisture content of the soil samples were done by using method as per Black 1965.  

Procedure 

1. Weighed aluminum tin, recorded its weight and then tared the weighing balance. 

2. The soil sample (10 g) was placed in the tin and recorded its weight as wet soil.  

3. Placed the sample in the oven 105
o
C, and dried it for 24 hours till constant weight. 

4. Recorded this weight as weight of dry soil. 

5. Repeated step 4 until there was no difference between any two consecutive measurements 

of the weight of dry soil. 

Calculations: 

The moisture content in dry weight basis may be calculated using the following formula: 

     

 (Soil moisture content) ѳd    =   (dry wt. of empty tin) - (wt. of tin with soil)   x 100 

W2-W1 

V (cm
3
) 

(wt. of wet soil) 
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2.2.3.7 Permeability Test 

Coefficient of permeability of a soil was determined using constant head method (ASTM 

D2434-68 standard) 

Planning and Organization 

1.      Preparation of the soil sample for the test 

2.      Finding the discharge through the specimen under a particular head of water.      

Procedure 

1. 2.5 kg soil sample was taken from a thoroughly mixed air dried or oven dried soil. 

2. The initial moisture content of sample was determined and kept in the air tight container. 

3. Added required quantity of water to get the desired moisture content and mix the soil 

thoroughly. 

4. Weighed the empty permeameter mould and clamp it between the compaction base plate 

and extension collar after greasing inside. 

5. The assembly was placed on a solid base and filled with sample and compacted.  

6. Excess soil was removed after completion of a compaction  

7. The weight of mould with sample was find out and placed the mould with sample in the 

permeameter to saturate it. 

Calculations: 

Coefficient of permeability for a constant head test is given by: 

 

Where;     k = coefficient of permeability in cm/sec 

                q = Discharge cm
3
/sec 

                L = Length of specimen in cm 

                A = Cross sectional area of specimen in cm
2 

                h = Constant head causing flow in cm
2
  

 

2.2.3.7 Soil Texture Analysis 

Soil texture for paddy field soil and Thapar field soil were performed according to Chopra 

and Kanwar (1991) 
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2.2.4 Growth media used for isolation and degradation studies 

Nutrient broth (NB) was used as enrichment media for the growth of IMI degrading bacteria 

having various components as listed in Table 2.1 and pH of media was maintained to 6.8 

±0.5, adjusted by using 0.1N HCl and/or 0.1 N NaOH. All the components of growth medium 

were sterilized (121 °C, 15 psi for 15 min) in an autoclave before use.  

 

 

 

 

 

The acclimatization of the isolated bacterial colonies for screening of their tolerance to IMI 

was carried out in MM which was composed of various constituents as listed in Table 2.2.  

The pH (7 ±0.5) of the media was adjusted by using 0.1N HCl and/or 0.1 N NaOH.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.5  Preparation of Petriplates 

The sterilized media (NB and MM) was poured in UV-light sterilized petri plates and was 

allowed to solidify (24 h) under the aseptic conditions in laminar air flow bench. After the 

solidification of media, these plates were kept in an inverted position (24 h) at an ambient 

temperature for sterility test. 

Table 2.1 Composition of Nutrient broth Media 

Component  Amount (gL
-1

) 

Peptone  0.5 

NaCl  0.5 

Beef/yeast extract  0.3 

 Agar        15.0 g 

Table 2.2 Composition of Minimal Media 

Component  Amount (gL
-1

) 

Sucrose  10 

K2HPO4  2.5 

KH2PO4  2.5 

(NH4)2HPO4  1 

MgSO4.7H2O  2 

FeSO4.7H2O  0.01 

 MnSO4.4H2O  0.007 

Agar  15 g 
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2.2.6  Isolation of Imidacloprid (IMI) Tolerant Bacteria 

 

2.2.6.1 Isolation of IMI Bacterial Isolates 

Isolation of bacterial was done on enrichment media (NB) using serial dilution spread plating 

technique (Cappuccino and Sherman, 1989) as explained below:.  

1. Initially soil sample (2 gm) was suspended in 100 ml of NB media, spiked with 50 

mgL
-1  

of IMI and  kept for incubation on rotary shaker at 37± 0.1 
º
C for 48 h.  

2. Thereafter, an aliquot of 100 µl was spread on NA plates using serial dilution 

technique and incubated further at 37 
º
C for 48 h. 

3. The resulting colonies were selected on the basis of colour morphology and sub 

cultured on same medium till pure colonies were obtained. 

4. The isolates thus obtained (hereafter termed as T1-T5) were further screened on 

minimal media containing imidacloprid (50 mg L
-1

) to find out their ability to use IMI 

as carbon source.  

5. These isolated colonies were individually re-streaked on same agar media (streak plate     

method) to get the pure isolates and stored at 4 ºC till further use.  

The growth of bacterial isolates (T1-T5) was evaluated by using IMI (50 mgL
-1

) as sole 

source of carbon in 100 ml of MM. Isolates were inoculated in different MM flask and 

incubated at 37 
o
C. The growth of these isolates was monitored by measuring the absorbance 

@ 600 nm (section 2.2.10.6.1) after regular intervals of time (1 d) till 28 days. Among these 

isolates T1 and T5 have shown better growth (discussed later in section 3.1) and were 

selected for further characterization while only T1 was chosen for degradation study of IMI.    

 

2.2.6.2 Identification and Characterization of T1 and T5 Bacterial Isolates 

These bacterial isolates (T1 & T5) were identified/characterized on the basis of 

morphological, biochemical, physiological characterization and phylogenetic analysis using 

16S rRNA sequencing. 

 

2.2.6.2.1 Morphological Characterization 

The bacterial isolates were morphologically identified on the basis of colony color, form, 

margin, elevation on agar medium, type of surface growth, clouding and sedimentation in 

broth medium. It was done by both macroscopically and microscopically. 
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2.2.6.2.1.1 Macroscopic Characteristics 

The bacterial isolates initially grown in liquid minimal medium were diluted (serial dilution 

technique) and spread on MM agar plates and incubated at 37 °C in inverted position for 48 

h. After incubation the macroscopic characteristics were observed and recorded (Table 2.3). 

Shape of the colony on agar plate was observed in terms of circular, irregular, filamentous or 

spindle. The colony colour was observed (white, orange, yellow or translucent, opaque, shiny 

etc.) and elevation was confirmed by holding plate to the side as flat, raised, convex etc. 

Various characteristics in the form of surface growth, sedimentation and clouding were 

observed by inoculating isolates in MM broth. The growth was checked after incubation at  

37 °C for 48 h @120 rpm on orbital shaker.  

 

2.2.6.2.1.2 Microscopic Characteristics 

Type of strain was determined by Gram staining method and performed accordingly to the 

method described by Cappuccino and Sherman (1999).  

 

Gram Staining 

Phenotypically it is the first step for identifying an unknown bacterial isolate. According to 

cell wall structure it can broadly divided into two groups viz., gram positive and gram 

negative. It is well known that appearance of purple colour during gram staining indicates the 

gram-positive cells having a thick peptidoglycan layer. However, appearance of pink colour 

indicates the gram-negative cells with a thin peptidoglycan layer. 

 Procedure 

1. A thin smear of bacterial culture was made on clean glass slide, air dried and heat 

fixed. 

Table 2.3  Macroscopic observations of bacteria on agar plate 

S. No. Characterization/Property Observation to be  recorded 

1 Form/shape Circular, Irregular, Filamentous or Spindle 

2 Colony color White, Orange, Yellow Or Translucent, 

Opaque etc.  

3 Margin Smooth/Entire, Lobate, Undulate or 

Filamentous 

4 Elevation Flat, Raised, Convex etc. 
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2. Smear was then covered with crystal violet (primary stain) for 30 sec and then washed 

gently with distilled water.  

3. Gram’s iodine (mordant) was applied on the smear for 30 sec and washed with 

distilled water.  

4. Slides were flooded with decolorizer (95% ethyl alcohol) drop wise until no more 

purple color was flown from the smear (approximately for 10-20 sec). After that the 

slide was washed with distilled water.  

5. Smear was flooded with Safranin (counter stain) for 30 sec and washed with distilled 

water.  

6. Extra water from stained slides was dried by blotting paper then air dried and 

examined microscopically under 40X and 100X for cell morphology and colour.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1 Change in colour during Gram staining process in bacterial cell 

2.2.6.2.2 Biochemical Characterization 

Various tests such as hydrogen sulphide (H2S) formation, motility, methyl red-Voges 

Proskauer, citrate, starch, gelatin hydrolysis, catalase, pectin, carbohydrate and amino acid 

utilization were performed as per reported methods (Aneja, 2008). The positive test (+) 

showed growth of the isolate in corresponding medium, while negative results (-) signifies 

absence of growth of isolate. The bacterial isolates showing weak positive results denoted by 

w/+. 
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2.2.6.2.2.1 H2S production 

This analysis indicates the reduction i.e., hydrogenation of either inorganic compounds viz., 

thiosulfates (S2O3
2-

), sulfites (SO3
2-

) or sulfates (SO4
2-

) or sulphur possessing amino acids 

(cystine, cysteine and methionine) during metabolism by bacteria. The formation of hydrogen 

sulphide can be identified by incorporating H2S indicator to the culture medium, which are 

salts of either ferrous (Fe
+2

) or lead (Pb
+2

) and gives visible insoluble black precipitates. This 

analysis was performed on sulfide indole motility (SIM) agar medium (Table 2.4).  

 

 

 

 

 

 

 

 

 

Initially, the medium was dissolved in distilled water, poured in glass test tubes and 

autoclaved. Thereafter, bacterial isolates (T1 and T5) were inoculated into the agar test tube 

by means of stab inoculation (approximately 1-2 cm deep in agar) and incubated at 35 ± 2 °C 

for 48 h. After incubation, the tubes were observed for the presence/absence of black 

coloration along the line of stab inoculation. The positive test for H2S production was shown 

by the appearance of black coloured insoluble precipitates of ferrous sulphide.   

 

2.2.6.2.2.2 Motility test 

This analysis signifies the mobility of bacteria in liquid or semi solid medium which is 

possessed due to the presence of locomotory organs namely flagella, cilia, pseudopodia or by 

special fibrils that provide gliding form of motility and was carried out on SIM agar medium 

(Table 2.4). Similar to H2S analysis (section 2.2.6.2.2.1), test tubes were prepared and after 

inoculation observed for the culture growth together with the stab inoculation deep inside the 

agar or dispersion of the culture away from the stabbed area. The negative result was 

indicated by the growth of culture in a distinct zone along the stab. 

 

Table 2.4 Constituents of SIM agar medium 

Component Amount (gL
-1

) 

Peptone 30.0 

Beef extract 3.0 

Ferrous ammonium sulfate 0.2 

Sodium thiosulfate 0.025 

Agar 15 

 pH   7.3 
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2.2.6.2.2.3 Methy red-Voges Proskauer (MR-VP) test 

This test is used to differentiate two types of bacteria that (i) produces large amount of 

organic acid (formic, acetic, lactic, succinic, etc.) as stable end products and (ii) produces 

ethanol/acetoin, and are non-acidic end product. Methyl red-Voges Proskauer analysis was 

executed by inoculating the bacterial isolates in two different test tubes (one for MR test and 

other for VP test) having MR-VP broth (Table 2.5) The inoculated tubes were then incubated. 

After the culture growth, ~5 drops of methyl red was added to one of the test tube, while to 

the another VP reagents (12 drops of 5% w/v ethanolic solution of α-naphthol; 2-3 drops of 

40% w/v aqueous solution of KOH) were added. After this, test tubes were kept for 15-20 

min and were observed for any change in colour i.e., for positive/negative results and are 

abbreviated as MR+, MR-; VP-, VP+. Opposite results were obtained for MRVP test, i.e. 

MR+, VP- or MR-, VP+.  

 

 

 

 

 

 

 

 

2.2.6.2.2.4 Citrate test  

 To screen the bacterial isolates on the bases of their ability to utilize citrate as carbon and 

energy source, this test was performed.  Utilization of citrate depends upon production of 

citrase enzyme by bacteria that breaks down the citrate into oxaloacetic and acetic acid. This 

changes the pH of the medium and indicated by change in color of the growth medium 

containing bromothymol blue pH indicator. Simmon’s citrate agar medium (Table 2.6) was 

used to perform this test in which components of the medium were dissolved in distilled 

water, transfered in test tubes and autoclaved. After this, the tubes were put in an inclined 

position to form agar slants. Inoculation of the bacterial culture was done into the agar test 

tube by means of streaking (zig zag position) and further incubated at 35 ± 2 °C for 48 h. 

After 48 h, the inoculated slant was compared with the control and observed for change in 

Table 2.5 Composition of MR-VP broth 

Component Amount (gL
-1

) 

Peptone 7.0 

Glucose 5.0 

Potassium phosphate 5.0 

pH  6.9 
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colour of the medium. The tubes where the bacteria utilizes citrate showed blue colour (a 

positive test) while no change in color (green color) indicated negative test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6.2.2.5 Starch hydrolysis test 

On the basis of the ability of the bacterial isolate to produce amylase enzyme to degrade the 

starch, this test was exhibited. Starch, a complex polysaccharide composed two constituents – 

amylase and amylopectin. Starch hydrolysis test was carried out by preparing starch agar 

medium plates (Table 2.7). Bacterial culture was inoculated by spread plating or streak 

plating technique and these inoculated plates were incubated at 35±2 °C for 48 h.  

 

 

 

 

 

 

 

 

 

After incubation bacterial growth was observed and the agar plates were flodded with iodine 

solution (Iodine + KI mixture). The area where bacterial growth was observed showed a clear 

Table 2.6 Composition of Simmon’s citrate agar medium 

Composition Amount (gL
-1

) 

Ammonium dihydrogen phosphate (NH4H2PO4) 1.0 

Dipotassium phosphate (K2HPO4) 1.0 

Sodium chloride (NaCl) 5.0 

Sodium citrate 2.0 

Magnesium sulfate (MgSO4.7H2O) 0.2 

Bromothymol blue 0.8 

Agar 15.0 

pH 6.9 

Table 2.7 Composition of starch agar medium  

Composition Amount (gL
-1

) 

Starch (soluble) 20.0 

Peptone  5.0 

Beef extract 3.0 

Agar 15.0 

pH 7.0 
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zone indicated the amylolytic activity (a positive test) whereas no clear zone (blue color of 

the medium) indicated negative test. 

 

2.2.6.2.2.6 Catalase test 

Catalase test was used to detect the production of catalase enzyme by bacteria to protects the 

cell from the toxic by-products of oxygen metabolism i.e. hydrogen peroxide (H2O2), a potent 

oxidizing agent. This test was performed by growing the culture on trypticase soy agar slants 

(Table 2.8). Inoculation of bacterial cell was done using streak inoculation and incubated at 

35 ± 2 °C for 48 h. One uninoculated tube was kept as a control. After incubation, the agar 

slants (inoculated and uninoculated) were filled (2 cm above the slant) with 3% H2O2 

solution. Extensive bubble formation indicated the positive test whereas no bubble formation 

indicated the negative test. 

 

 

 

 

 

 

 

 

2.2.6.2.2.7 Gelatin hydrolysis test 

This test was used to screen the hydrolysis of gelatin (a protein) by bacterial isolate which is 

used as source of carbon and energy for their growth. Hydrolysis of gelatin into amino acids 

was done by proteolytic exoenzyme, known as gelatinase, and is produced by bacteria when 

grown on semi-solid medium containing gelatine. It was performed by using gelatin agar 

medium (Table 2.9). Gelatin agar tubes were prepared and inoculated by bacterial isolate 

using stab inoculation that were incubated at 35 ± 2 °C for 48 h. One of the uninoculated tube 

was kept as a control. After incubation the tubes (inoculated and uninoculated) were placed in 

refrigerator (4°C) for 15-30 min. After the bacterial growth the agar tubes showing liquid 

medium even after cooling at 4 °C gives positive test, whereas the solidification of medium 

after cooling gives negative test. 

 

Table 2.8  Composition of trypticase soy agar medium  

Composition Amount (gL
-1

) 

Trypticase 15.0 

Phytone 5.0 

Sodium chloride (NaCl) 5.0 

Agar 15.0 

pH 7.3  
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2.2.6.2.2.8 Pectin hydrolysis test 

Pectin substances are considered as primary constituents of plant tissues and composed of 

complex carbohydrates (galacturonic acid). This test was carried out to identify the pectinase 

(pectin hydrolyzing enzyme) producing bacteria on solid agar medium. This test was 

performed on pectin agar medium (Table 2.10) where ingredients of the medium were 

dissolved in distilled water, autoclaved and poured in petriplates. Inoculation of the culture 

was done by spot inoculation or streak inoculation on agar plates and incubated at 35 ± 2 °C 

for 48 h in an inverted position.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.2 After incubation the agar plates were flooded with 1% hexadecyltrimethyl ammonium 

bromide reagent. The reagent precipitated the unhydrolyzed pectin gave white opaque colour 

Table 2.9  Composition of gelatin agar medium 

Composition Amount (gL
-1

) 

Gelatin 40.0 

Peptone  20.0 

Sodium chloride (NaCl) 5.0 

Dipotassium phosphate (K2HPO4) 2.5 

pH 6.8 ± 0.2 

Table 2.10  Composition of pectin agar medium 

Composition Amount (gL
-1

) 

Pectin 10.0 

Sodium nitrate (NaNO3) 2.0 

Potassium chloride (KCl) 0.5 

Magnesium sulfate (MgSO4.7H2O) 0.5 

Dipotassium phosphate (K2HPO4) 1.0 

Ferrous sulfate (FeSO4. 7H2O) 0.01 

Agar 20.0 

pH 6.0 
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to the medium. A clear zone around the bacterial growth was observed indicating the pectin 

hydrolysis by pectinase enzyme. 

3.4.2.3  

2.2.6.2.2.9 Carbohydrate utilization test 

Carbohydrates are the organic molecules composed of carbon, hydrogen and oxygen and act 

as source of carbon and energy for the growth of microbes. This test was performed on MM 

at pH = 7 (Table 2.11). The carbohydrate i.e., sucrose in this medium was replaced by 

different available carbohydrates (glucose, lactose, mannitol, xylose, fructose, maltose). The 

liquid medium (broth) flasks (containing different carbohydrates) were prepared and 

inoculated with bacterial culture. The inoculated flasks along with respective carbohydrate 

control (uninoculated) were incubated at 35 ± 2 °C @ 120 rpm for 48 h. The presence 

(denoted as +), absence (denoted as -) and weak growth (denoted by w/+) was assessed by 

comparative analyzing the inoculated tubes with control (uninoculated) tubes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6.2.2.10 Amino acid utilization test 

Amino acids are the building blocks of peptides and proteins. These acids act as carbon and 

nitrogen source for the growth of large number of bacteria, fungi and yeasts which 

metabolize them by the process of catabolism. This test was carried out on MM having pH = 

7 (Table 2.12). The carbon source in this medium (i.e. sucrose) was replaced by different 

available amino acids (such as glycine, tyrosine, valine, arginine, serine, tryptophan, alanine, 

leucine and threonine). The liquid medium (broth) flasks (containing different amino acids) 

Table 2.11 Composition of carbohydrate minimal medium 

Composition Amount (gL
-1

) 

Carbohydrate* 10 

Di-potassium phosphate (K2HPO4) 2.5 

Potassium dihydrogen phosphate (KH2PO4) 2.5 

Diammonium phosphate dibasic ((NH4)2HPO4) 1 

Magnesium sulfate heptahydrate (MgSO4.7H2O) 2 

Ferrous sulfate heptahydrate (FeSO4.7H2O) 0.01 

Manganous sulfate (MnSO4.4H2O) 0.007 

pH  7 

* Carbohydrate: Glucose, Lactose, Mannitol, Xylose, Fructose, Maltose  
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inoculated with bacterial culture along with respective amino acids as control (uninoculated) 

were incubated at 35±2 °C @ 120 rpm for 48 h. The presence (denoted as +), absence 

(denoted as -) and weak growth (denoted by w/+) was assessed by comparative analyzing the 

inoculated tubes with control (uninoculated) tubes. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6.2.3 Physiological Characterization 

This characterization includes the growth of bacterial isolate under different saline (0-20% 

NaCl content), temperature (20-55°C) and pH (3-11) conditions in both enrichment (Table 

2.1) and MM (Table 2.2). The growths of isolates were measured under different conditions 

in terms of optical density by UV-vis spectrophotometer (section 2.2.10.6.1). Incubation 

conditions for salinity and pH was 35 ± 2 °C @ 120 rpm for 48 h.The imidacloprid degrading 

isolates T1 and T5 growth at optimum parameters range were further identified (Table 2.13) . 

2.2.6.2.4 Phylogenetic Analysis 

The 16S rRNA gene sequencing was performed by Xcelris Labs Limited, Ahmedabad (India). 

DNA was isolated from bacterial strain T1 and T5 using QIAamp DNA Purification Kit 

Table 2.12 Composition of amino acid minimal medium 

Composition Amount (gL
-1

) 

Amino acid* 10 

Di-potassium phosphate (K2HPO4) 2.5 

Potassium dihydrogen phosphate (KH2PO4) 2.5 

Diammonium phosphate dibasic ((NH4)2HPO4) 1 

Magnesium sulfate heptahydrate (MgSO4.7H2O) 2 

Ferrous sulfate heptahydrate (FeSO4.7H2O) 0.01 

Manganous sulfate (MnSO4.4H2O) 0.007 

pH  7 

*Amino acid: Tyrosine, Valine, Arginine, Serine, Alanine, Leucine and 

Phenylalanine 

Table 2.13:  Range of different parameters for physiological characterization 

Character Range of different parameters 

Salinity  0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20% NaCl  

Temperature  25, 28, 35, 37, 45, 50, 55 °C       

pH  3, 5, 6, 7, 8, 9, 10, 11 



43 

 

(Qiagen). After isolation of DNA the quantitative assessment was performed on Nanodrop 

spectrophotometer at 260 and 280 nm (1 O.D. @ 260 nm wavelength = 50 µg DNA per ml). 

However, its purity was estimated on the basis of ratio of optical density (260 : 280 nm), 

where ratio = 1.8-2.0 indicates the high purity of DNA. The concentration of DNA was 

calculated using the formula.  

 

Quality and purity of DNA were verified by agarose gel electrophoresis having agarose = 

0.8% w/v in 0.5X TAE (pH = 8.0) buffer. Ethidium bromide (1%; EtBr) was added @ 10µl 

/100ml. The wells were charged with 5µl of DNA preparations mixed with 1µl gel loading 

dye (6X). Electrophoresis was carried out at 80V for 30 min at room temperature. DNA from 

the isolates was visualized under UV using gel documentation system and the DNA was used 

further for polymerase chain reaction (PCR). Amplification of 16S rRNA gene fragment was 

done by PCR method from genomic DNA by using universal bacterial primers 8F (AGA GTT 

TGA TCC TGG CTC AG) and 1492R (ACG GCT ACC TTG TTA CGA CTT). Table 2.14 

shows the composition of reaction mixture for PCR and the reaction was carried out in 

Eppendorf Thermal Cycler for 30 cycles (Fig. 2.2). Amplified PCR product was checked by 

using gel electrophoresis. PCR product (5 µL) of each isolate was mixed with 1 µl of 6X gel 

loading dye and electrophoresed on 1.2 % agarose gel containing ethidium bromide (1% 

solution @10 µl/100 ml) at constant 5V/cm for 30 min in 0.5 X TAE buffer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.14 Composition of reaction mixture for PCR 

Component Quantity (µL) Final concentration 

DNase-RNase free water 7.50  -- 

2X PCR master mix (Fermentas) 12.50 1X 

Forward primer (10 pmole/ µL) 1.00 10 pmole 

Reverse primer (10 pmole/ µL) 1.00 10 pmole 

Diluted DNA (30 ng/µL) 3.0 -- 

Total 25.00 -- 
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Fig. 2.2 Steps and conditions for PCR 

2.2.6.2.4.1 Sequencing of 16S rDNA (purified) gene segment and sequence analysis 

It was performed using BigDye
®
 Terminator v3.1 Cycle sequencing kit (Applied Biosystems, 

USA) as recommended by manufacturer. The purified sequencing reaction mixtures were 

subjected for electrophoresis in an automated ABI 3730xl Genetic Analyzer (Applied 

Biosystem, USA). 

The 16S rRNA gene sequence of the bacterial strains (T1 and T5) were processed 

manually, analyzed at NCBI (National Centre for Biotechnology Information) server 

(http://www.ncbi.nlm.nih.gov) using BLAST tool and compared to the corresponding 

neighbor sequences from the GenBank-NCBI database. Multiple alignment of both the strains 

were performed with related Enterobacter species (from GenBank-NCBI database) using 

Multalin program (Corpet, 1988) and phylogenetic tree was constructed by the neighbor 

joining method (Saitou and Nei, 1987). Evolutionary distance matrices for the neighbor 

joining method were calculated using the algorithm of Kimura’s two-parameter model 

(Kimura, 1980). The topology of the phylogenetic tree was evaluated by performing a 

bootstrap analysis with 1000 replicates. The GenBank/EMBL/DDBJ accession numbers for 

the 16S rRNA gene sequence of the bacterial strains and related Enterobacter sp. were 

collected and phylogenetic tree were constructed in MEGA 5. The 16S rRNA sequences for 

T1 and T5 were submitted to GenBank-NCBI, provided with the accession numbers and 

named Enterobacter sp. ATA1 and Enterobacter sp.ATA2 respectively.   

 

2.2.7 Optimization of growth conditions for isolate ATA1 

2.2.7.1 Tolerance studies 

Bacterial isolate ATA1 was subjected to various concentrations of IMI (50, 100 and 150 mg 

L
-1

 respectively) in MM, and its Growth was monitored by taking absorbance at 600nm in an 

UV-vis. spectrophotometer (section 2.2.10.6.1) for 28 days.  
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2.2.7.2 Influence of various carbon sources 

Various co-metabolites (1% w/v of individual lactose, glucose, fructose, maltose and sucrose) 

were added in 100 ml of MM, inoculated with an aliquot of culture ATA1 (1ml =1.6 OD) 

from enrichment medium, incubated at 37 
°
C, monitored after regular interval for 7 days by 

measuring the absorbance  at 600 nm using UV-Vis. spectrophotometer (section 2.2.11.1).  

 

2.2.7.3 Enumeration of viable cell count 

Growth of isolated strain ATA1 was confirmed by enumerating viable cell count with and 

without (control) adding IMI. An aliquot of 24 h old grown culture from nutrient broth was 

inoculated in MM with optimised amount of glucose (0.1% w/v, termed as MMG) as co-

metabolite containing different concentrations of IMI (50, 100 and 150 mgL
-1

). Bacterial 

culture (1 ml) withdrawn at regular interval was serially diluted (0.85% w/v saline water), 

spread in duplicate on nutrient agar plates and incubated at 37 
º
C. Colonies were counted 

immediately after inoculation and after every 24 h for 7 days.  

 

2.2.8 Co-metabolic Degradation of Imidacloprid 

Isolate ATA1 to be assayed for their degradation of imidacloprid was first grown in NB 

medium and further an aliquot of 48 h old culture (2 ml) transformed into MMG medium 

with imidacloprid (50 mgL
-1

), incubated at 37
º
C, extracted and analysed at regular interval of 

time for 15 days.  

2.2.8 .1 Extraction of Imidacloprid from minimal medium 

Sample (5 ml) obtained after degradation was extracted by ethyl acetate (3 x 5 ml). The 

combined extract was allowed to pass through anhydrous sodium sulphate, evaporated to 

dryness over gentle stream of N2 gas. The residues thus obtained were redisolved in 1 ml of 

acetonitrile and stored at 4 
°
C till analyzed by using LC-MS technique (section 2.2.11.2).  

 

2.2.9 Microbial degradation of Imidacloprid in soil 

2.2.9.1 Collection and preparation of soil for microcosm study 

The soil samples for microbial degradation studies were collected from Thapar university 

campus, Patiala (Punjab), India (section2.2.2). Microcosm consists of 50 g soil spiked with 

IMI concentration of 50 mg kg
-1

 in beaker. For inoculums preparation strain ATA1 was 

grown in MMG (1% glucose w/v) medium at 37 
° 

C on rotary shaker for 30 h followed by 

induction with IMI and grown further for 5 h. After this, the cells were harvested by 
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centrifugation at 10,000 rpm for 10 min at 4
° 
C. Cells were washed three times and quantified 

by the dilution plate count technique. For experiments, bacterial cells (2×10
8 

cells ml
-1

) were 

used and added in IMI spiked soil in microcosm. In another set of beakers, minimal medium 

(un-inoculated) was added as control. Culture were thoroughly mixed in soil, and incubated 

at 37° C for 20 days under sterile conditions. Sterile distilled water (3 ml) was sprayed to 

maintain the moisture conditions after every 3 days. Appropriate amount of soil samples (2 g) 

were removed at different time interval and analyzed for IMI concentration. 

 

2.2.9.2 Optimization of conditions for inoculums preparation 

For the inoculums preparation, it is important to optimize the conditions such as carbon 

source (section 2.2.7.2), temperature and pH of the medium. In order to study the effect of 

different temperatures, strain ATA1 was subjected in minimal media with 1% glucose (w/v) 

to different temperature (20 ± 0.5 
°
C, 37 ± 0.5 

°
C, 45 ± 0.5 

°
C and 50 ± 0.5 

°
C). Effect of pH 

was also evaluated in minimal media containing 1% (w/v) glucose as carbon source by 

adjusting the pH of minimal media (range of pH 1-11).The samples were kept for incubation 

at 37 °C on rotary shaker at 120 rpm. It was monitored and analysed as described in section 

2.2.11.1. 

 

2.2.9.3 Influence of various parameters for biodegradation of imidacloprid in soil 

Optimization of different parameters for degradation of imidacloprid in soil was done by 

varying one parameter at a time while keeping others constant. Initially pH was optimized 

and it was done by adjusting pH of soil (ranges from1-11) using 0.1N NaOH or 0.1N HCl at 

least two times till the values get stabilized. Thereafter, IMI spiked soil (50 mg kg
-1

) was 

incubated with the bacterial cells 2×10
8 

colony forming units per gram of soil (cfu g
-1

) at 37 

°
C for 20 days.  

Later on the inoculums size was optimized by diluting the strain ATA1 with different 

cell densities of 2x10
8
, 2x10

7
, 2x10

6
, 2x10

5 
cfu g-1

 
of soil

 
using plate count method (Singh et 

al. 2004) and mixed in IMI spiked soil with optimum pH = 7. The Un-inoculated soil served 

as control.  

Under the optimum conditions of pH and inoculum size, the soil were spiked with 

different concentration of IMI (25, 50, 75 and 100 mg kg
-1

) were incubated at 37 
°
C for 20 

days to achieve maximum degradation. Finally under all abovementioned optimized 

parameters, two sets of beaker containing 50 g of IMI spiked soil (50 mg kg
-1

) were used to 



47 

 

find out effects of flooded and non-flooded conditions on degradation rate. In one set 4 ml of 

minimal medium containing 2 x 10
7
 cfu g

-1
 bacterial cells was added (inoculated) and 4 ml of 

minimal medium without bacterial cells act as control (uninoculated). In another set for both 

inoculated and uninoculated spiked soil, additional 50 ml of minimal medium were mixed to 

represent the flooded conditions. Both sets were incubated at 37 
°
C for 20 days.  

Samples withdrawn after regular interval of 5, 10, 15 and 20 days were extracted 

(section 2.2.9.4) and analysed using HPLC (section 2.2.11.3) and GC-MS (section 2.2.11.3) 

technique. 

 

2.2.9.4 Extraction of imidacloprid from soil 

The soil samples (2 g) were extracted with acetonitrile  (10 ml) by sonication for 15 min in an 

ultrasonic water bath (EN 60 US, tank size 12’’×6”×6”, 100W, 33 ± 3 KHz), stirred for 1 h 

and kept overnight for settlement . Thereafter, extract solution (10 ml) was separated from the 

soil by centrifugation (5000 rpm, time = 10 min) and soil sample remained in centrifuge tube 

was washed twice with acetonitrile (5 ml). The extract solution thus obtained was filtered 

(0.22 µm Millipore syringe filter), evaporated to dryness with gentle steam of N2 gas and 

redisolved in acetonitrile (2 ml) and stored at 4 
o
C till analysis. 

2.2.10  Photocatalytic degradation of Imidacloprid in Soil 

2.2.10.1 Soil Sample collection 

The soil samples were collected as per method (section 2.2.9.1), autoclaved (121°C, 3 × 30 

min) and stored in the dark till use.  

 

2.2.10.2 Lab scale photoreactor set-up  

Adsorption and photodegradation studies (with and without TiO2) were performed in UV 

reactor made up of wooden chamber (136 cm x 40 cm x 73 cm) equipped with six UV lamps 

(Phillips, 20W) with such an arrangement that height of the soil samples with respect to UV 

light can be varied (Fig. 2.3 a & b) as reported previously (Toor et al. 2005) by our group. 

The internal temperature of the chamber was maintained by using exhaust fan. Soil samples 

petriplates were covered with transparent sheet to avoid evaporation losses. Temperature of 

soil sample petriplates was maintained by circulating the water below it. Intensity of UV light 

intensity was measured using Eppley radiometer (model no. 33013, TUVR, USA).                     
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Fig.2.3 Diagram of Actual (a) and Schematic (b) lab scale set up 

2.2.10.3 Dark adsorption and photolysis studies 

The adsorption studies (with and without TiO2) were performed in dark without using the 

UV-light. For this, the soil samples were spiked with 50 mg kg
-1

 of acetonitrile solution of 

IMI, mixed thoroughly for 3-5 h and dried by evaporating the solvent. The known amount of 

soil (5 g) was evenly spread on glass petriplates (90 mm of diameter), forming a layer of 0.2 

(b) 
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cm estimated from soil bulk density and petriplate area. During adsorption studies, samples 

were withdrawn at regular time intervals for 18 h and analyzed by UV-Vis. 

spectrophotometer. The photolysis (without TiO2) of IMI in soil was also studied by the 

similar procedure as for dark adsorption except the samples were place in a UV-reactor (Fig. 

2.3 a& b) equipped with six UV-lamps (Phillips, 20W) that were switched on.  

 

2.2.10.4 Experimental design and data analysis  

Four variables pH, initial concentration of IMI, intensity of UV light and depth of soil were 

investigated by implementing stoichiometric approach using Central Composite Design 

(CCD) based on RSM. Analysis of experimental data was supported by Design-Expert 

Software (trial version 9.0.3.1, Stat-Ease, Inc., MN, USA) (Sakkas et al. 2010; Lu et al. 

2011b). The 30 combinations obtained by software (Table 2.16) were experimentally 

performed as per method described in section 2.2.10.5.  

The obtained results from these experiments were compared with the predicted ones by using 

ANNOVA which confirms the adequacy of the quadratic model.   

 

2.2.10.5 Photocatalytic degradation of IMI in UV-light 

For photocatalytic degradation, initially catalyst dose of TiO2 was optimized in IMI spiked 

soil. It was performed  by mixing various amount of TiO2 (1-5% w/w) in  the soil samples (50 

mg kg
-1

) by stirring for 3 h. Excess water was evaporated by keeping samples in oven at 40 

°C. Known amount of samples (5 g) were kept in UV chamber for irradiation (18 h) and 

withdrawn at regular interval of time. The obtained samples were further extracted (section 

2.2.9.4) analyzed via UV-vis. spectrophotometer (section 2.2.11.1).  

 In order to study the influence of other parameters such as pH (3-11), soil depth (0.2-

1.0 cm), intensity of UV-light (10-30 Wm
-2

) and initial concentration of IMI (10-90 mgL
-1

), 

IMI degradation studies were performed at the optimized dose of TiO2 (3% w/w). 

Optimization of pH was done by adjusting pH of soil (1, 3, 5, 7, 9 and 11) using 0.1N NaOH 

or 0.1N HCl at least two times till the values get stabilized. Soil depth was varied by 

changing the amount of soil (5-25g) at fixed dimensions of petriplates (section 2.2.10.3). For 

initial concentration of IMI optimization, samples were spiked with different concentration of 

IMI (25, 50, 75 and 100 mg kg
-1

) in soil. Different Intensity of UV light in reactor chamber 

was achieved by varying the height of lab jack from 10 to 30 Wm
-2

 corresponding to the 

average intensity of UV light radiation available in sunlight. Samples were irradiated, 
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extracted (section 2.2.9.4) and analyzed using UV-vis spectrophotometer (section 2.2.11.1) 

and LC-MS technique (section 2.2.11.2). The evolution of the heteroatoms present in the IMI 

to inorganic ions after photocatalytic degradation was quantitatively estimated using ion 

chromatograph (section 2.2.11.5). 

 

2.2.11 Techniques used for analysis  

The various metabolites formed after the degradation of IMI were analyzed by using various 

techniques  

2.2.11.1 UV-Visible Spectrophotometer 

UV–vis. spectrophotometer (HITACHI U-2800, Japan) was used to analyze growth of the 

isolates and degradation of IMI samples. The absorbance for growth of isolate was measured 

at λmax = 600 nm and for the IMI at λmax =270 nm. From standard solutions, calibration curves 

were prepared and concentrations of experimental solutions were thus determined.  

 

2.2.11.2 LC-MS analysis  

Liquid Chromatograph coupled with Mass Spectrometer (LC-MS) was used for the 

qualitative determination of the various metabolites of IMI that are found during its 

degradation. It was performed by injecting 10 µl in LC-MS (Waters) linked with a 

Micromass Q-Tof system equipped with Terra column C18 (250 × 4.6 mm, 5 μm), at 20°C. 

The acidified (0.1% formic acid) mobile phase (acetonitrile: water:: 80 : 20) was iso-

cratically flow at a rate of 0.2 ml/min. Mass analysis was performed with a Z-spray source for 

positive electrospray ionization (ESI) using multiple reaction monitoring (MRM) scan mode. 

                              

2.2.11.3 High Performance Liquid Chromatography (HPLC) 

 The reaction solution obtained after degradation of IMI was analyzed by HPLC (Agilent LC 

1120) technique in reverse phase, at ambient temperature using C-18 column (BDS, 

Qualigens) of dimensions 250 mm × 4.6 mm, and particle size of 5 µm. The constant flow (1 

ml/min) of the mobile phase (acetonitrile : water :: 80:20) was maintained by binary pump. A 

20 µl of reaction sample was manually injected which was analyzed at λ = 270 nm.   

 After analysis the reaction sample the absorbance (for UV-Vis.) or peak area of peak 

corresponding to IMI was determined and the following equations were used to calculate 

residual amount (eq. 1) and hence corresponding degradation (eq. 2) of IMI:  
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Residual amount = Absorbance/peak area of (standard - sample) 

 

Degradation (in %) =   (Concentration of Standard- Residual Amount) × 100 

                                                                                    

 

2.2.11.4 Gas chromatograph (GC, 45X GC) coupled with Mass Spectrometer (MS, MS-

Scion-45P) 

The identification of the various metabolites formed during microbial degradation of IMI in 

soil was performed using GC-MS technique. Reaction solution (3 ml) of IMI obtained after 

degradation were prepared by filtering (cellulose filter 0.22 µm) and then evaporating to 

dryness over gentle steam of N2 gas. Residue was dissolved in ethyl acetate (1 ml) and 

injected (1µl) to HP-5MS column (15m × 0.25 mm × 0.25 µm) with flow rate of 1ml/min of 

Helium gas. The injector and transfer line were isothermally kept at 250 
°
C and 275 

°
C, 

respectively. The oven was programmed from 60 
°
C (5 min hold) to 240 

o
C@6 

°
C.   

 

2.2.11.5 Ion chromatograph (IC)  

Quantification of inorganic anions (nitrate, nitrite and chloride) produced has been estimated 

by injecting 100 µl of the sample into Ion chromatograph equipped with a Waters 501pump, 

a Waters 431 conductivity detector, and ion pack (50 mm × 4.6 mm) column using methanol: 

water :: 60:40 as mobile phase @ 0.6 ml min
−1

.  

 

2.2.12 Sequential degradation of Imidacloprid 

It was performed by combining the photodegradation of imidacloprid as pre- and post- 

treatment with the microbial degradation. Therefore, two types of degradation process were 

followed:  

2.2.12.1 Microbial degradation followed by photocatalytic degradation (MP)  

This process was carried out by initially degrading the IMI via microbial and then subjecting 

for the photocatalytic degradation (Fig. 2.4).   

2.2.12.2 Photocatalytic degradation followed by Microbial degradation (PM)  

This process was carried out by initially degrading the IMI via photocatalytically and then 

subjecting for the microbial degradation (Fig. 2.5). The individual degradation in both of 

these processes was performed as described in detail herein:  

(mg L
-1

) Absorbance/peak area of standard 

× Concentration  

   of standard 

 Concentration of Standard 
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2.2.12.3 Microbial degradation  

It was performed by spiking 1000 g of sterilized soil under optimum conditions as described 

in section 2.2.9.3. 

2.2.12.4 Photocatalytic experiments 

Photocatalytic degradation of IMI in sterilized soil (1000 g) sample was performed under 

optimum parameters as described in section 2.2.10.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        

Fig. 2.4 Experimental setup for MP degradation process 
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Fig 2.5  Experimental setup for MP process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.12.5 Analysis of metabolites of IMI formed after MP and PM process 

It was carried out by extracting soil samples (section 2.2.9.4) at various time intervals using 

LC-MS technique (section 2.2.11.2).  
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 Fig.3.1 Growth of isolates T1 –T5 in minimal media before (control) and after inoculation  

3.0 RESULTS AND DISCUSSION 

3.1 Isolation and screening of imidacloprid degrading bacteria from paddy field soil           

samples  

Five different bacterial strains (T1-T5) were isolated from paddy field soil having a history (10 years) of 

IMI application as insecticide. Initially, isolation was done in enrichment medium containing 50 mgL
-1

 

IMI concentrations, whereas secondary 

enrichment was done in minimal medium 

at its same concentration.  These obtained 

isolates were further sub-cultured (3-4 

times) on the same medium (both solid 

and liquid) in-order to study their 

efficiency for degradation of IMI.  It was 

found that among the five isolates, strain 

T1 exhibited the highest growth followed 

by T5, in minimal media under the 

laboratory conditions (section 2.2.6.1) 

which is visualised (Fig. 3.1) and 

confirmed by time course study (Fig. 3.2) by observing the absorbance @ 600 nm. Therefore, 

these two strains have been selected for their various characterizations (morphological, 
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Fig. 3.3 Gram straining of isolate T1 (a) and T5 (b) 

and morphology of isolates T1 (c) and T5 (d) obtained 

from imidacloprid degrading enrichment culture in 

MM 

biochemical, physiological and phylogenetic) and to study the degradation of IMI, as disused in 

forthcoming sections.  

3.2 Identification and Characterization of imidacloprid degrading bacteria 

3.2.1 Morphological Characterization  

Morphological identification of 

bacterial isolates (T1 and T5) was 

performed on the basis of their 

colony colour, surface, form, margin 

along with elevation in an agar 

medium and via. gram straining 

(Table 3.1). These strains were 

identified to be gram negative 

having rod shape and non-motile in 

nature (Fig. 3.3 a & b).Moreover, 

these two isolates were found 

possess convex shaped with regular 

margin. On agar plate strain T1 was 

observed white and opaque with 

smooth surface whereas strain T5 

was yellow and opaque with shiny 

smooth surface (Fig. 3.3 c & d).   

 

3.2.2 Biochemical Characterization   

Various tests required for the 

biochemical characterization of these 

isolates were performed and results 

obtained are summarized in Table 

3.2.  It was found that strain T1 was 

not able to hydrolyze starch, while 

opposite results have been found for 

strain T5. In this test, iodine reacted 

Table 3.1 Morphological characterization of bacterial 

isolates T1 and T5 

Morphological Test T1 T5 

Gram Straining -ve -ve 

Shape (Rod/Cocci) Small 

rods 

Small rods 

Colour White & 

opaque 

Yellow & 

opaque 

Margin Regular 

Elevation convex Convex 

Surface smooth Shiny & 

Smooth 
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with starch and produced dark blue coloration in the medium for isolate T5, whereas clear zone 

around the bacterial growth indicated amylolytic activity for T1. Both isolates were not able to 

hydrolyze pectin due to absence of an enzyme pectinase and showed negative results. Upon 

growth of these isolates on Simmon’s citrate agar medium, a clear change in colour from green 

to blue visualized (Fig. 3.4 a) revealed citrate is being utilized by these strains. Both isolates (T1 

& T5) have shown positive test for citrate utilization as indicated by the blue colour of the 

medium whereas no change (green colour) in the colour of the medium indicated negative test. 

This is because in the absence of glucose or lactose some microorganisms are capable of using 

citrate as carbon source and both isolates have not utilized citrate. For catalyse enzyme activity, 

Isolates T1 and T5 have shown positive results by breaking down the H2O2 into water (H2O) and 

oxygen (O2) as given by equation 3.1.  

 

 

The bubble formation due to evolution of O2 indicated positive results for both isolates 

(Fig. 3.4b). In gelatine hydrolysis test for isolate T1, positive results was indicated by 

liquefaction of the gelatine agar medium due to the formation of gelatinase enzyme while for 

isolate T5  negative results were confirmed by solidification of the gelatin agar medium. For 

methyl red test, isolates T1 and T5 retained red colour by addition of methyl red as indicator (due 

to formation of acid) confirmed positive test for both. However for voges Proskauer test, no 

colour changes depicted negative test for them. 

 

 

 

 

 

 

 

 

 

 

 

Catalase 
                2 H2O2 2H2O + O2                                          ……3.1 

 
  Fig. 3.4 (a) Citrate utilization test and (b) catalase test of isolates T1 and T5 

 

(a) (b) 
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It was found in carbohydrate utilization test that isolate T1 could consume all the carbon sources 

(glucose, Sucrose, Xylose, maltose, mannitol and fructose) whereas T5 has shown opposite 

results in relation with T1 for mannitol, xylose and maltose. On contrary to this, both of the 

isolates showed similar results for amino acid utilization test. The above mentioned results 

showed that T1 isolate is having more affinity to utilize all carbohydrate as compared to T5. 

 

3.2.3Physiological Characterization  

Physiological characterizations of bacterial isolates were also performed by inoculating the 

isolates T1 and T5 in minimal media at different salt concentration (NaCl 0-20%) temperature 

(18-50° C) and pH (5-11) range and are summarized in Table 3.3. It was found that that optimum 

range for pH, temperature and salinity tolerance were 6-8, 37-44
0
C and 3% for isolate T1 and 6-

7, 35-45
0
C and 3% for isolate T5, respectively. These results (morphological, biochemical and 

physiological characterization) showed that both of the isolates are a member of Enterobacter sp.  

Table 3.2 Biochemical characterization of bacterial isolates 

Biochemical Test T1 T5 Biochemical Test T1 T5 

Starch Hydrolysis Test - + H
2
S Production Test - - 

Gelatin Test + - Motility Test - - 

Catalase Test w/+ + Methyl Red Test + + 

Lipase Test w/+ + Voges- Proskauer Test - - 

Pectin Test - - Citrate Utilization Test + + 

Carbohydrate utilization  

Glucose + + Xylose + - 

Sucrose + + Fructose + + 

Mannitol + - Maltose + - 

Amino acid Utilization  

Tyrosine - - Phenylalanine - - 

Valine - - Leucine - - 

Arginine + + Threonine - - 

- = Test is positive, + = Test is positive and w =  weak 
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and are found to be in good correlation with previous reports of Brenner et al. (1986), Stephan et 

al. (2007) and Kampfer et al. (2005) 

showing similar biochemical analysis 

for Enterobacter asburaie, 

Enterobacter turicensis and 

Enterobacter radicincitans 

respectively. These two isolates 

belonging to Enterobacter sp. are 

referred thereafter as strain ATA1 and 

ATA2.  

 

3.2.4 Phylogenetic Analysis 

The phylogenetic analysis of imidacloprid degrading isolates ATA1 and ATA2 was done using 

16S rRNA technique and by constructing phylogenetic tree. Forward (8F) and reverse (1492R) 

universal primers were used to generate the sequences of 16S rRNA gene and the resulting 

sequence was processed further by aligning the same for the formation of consensus sequence for 

both isolates. Length of consensus sequence of strain ATA1 and ATA2 have been found to be 

1408 MP and 1406 MP respectively. 

The 16S rRNA gene sequences of strain ATA1 and ATA2 were compared with other 16S 

rRNA gene sequences of reference strains of Enterobacter sp. from National Centre for 

Biotechnology Information (NCBI) database using BLAST. The strain ATA1 has shown close 

similarity with a cluster containing strains Enterobacter asburiae JCM6051 (AB004744) with 

98.1% gene sequence simmlarity, Enterobacter ludwigii (AJ853891) with 97.9% gene sequence 

similarity, and Strain ATA2 has shown 98% similarity with both Enterobacter hormaechei 

ATCC 49162 strain  (AZ508302) and  Enterobacter cloacae strain 279-56 (J251469) 

respectively. 

Phylogenetic tree for both strains were constructed by neighbour joining method (Fig. 3.5 

& 3.6) using GenBank-NCBI database. Results obtained from the phylogenetic analysis 

suggested that isolate ATA1 formed a clade with Enterobecter asburaie strain 

JCM6051(AB004744) with a bootstrap value of 60% and similarly isolate ATA2 formed a clade 

with Enterobacter cloacae strain 279-56  (J251469) with bootstrap value of 99% repectively.  

Table 3.3 Physiological Characteristics of isolate T1 

and T5   

Character  Isolate T1  Isolate  T5  

Salinity 

tolerance  

(% NaCl)  

    <4% in 

minimal      

    medium 

       <4% in  

minimal  

          medium 

Temperature 

 range (°C)  

37-44 35-45 

pH range 6-7  6-7  

http://www.ncbi.nlm.nih.gov/nuccore/AB004744
http://www.ncbi.nlm.nih.gov/nuccore/AJ853891
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The 16S rRNA gene sequence of isolates was deposited in the Gen Bank database and assigned 

accession no.JX233483.1 and JX233484.1 respectively. 

 

Consensus sequence for isolate T1 (1408 MP) 

GCGGGGCAAGACTGGTACAGTACCTTAGCTACTTTACCGGCGAGCGGCGGACGGGT

GAGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCT

AATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCA

GATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGA

TCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGA

CTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAG

CCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGG

AAGGTGTTGAGGTTAATAACCTCAGCGATGACGTTACCCGCAGAAGAAGCACCGGC

TAACTCCGTGCCTAGCAGCCGCGGTAATACGGAGGGTGCAGCGTTAATCGGAATTA

CTGGGCGTAAGCGCACGCGGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTC

ACCTGGGAACTGCATTCGAAACGGGCAGGCAGAGTCTTGTAGAGGGGGGTAGAATT

CCAGGTGTAGCGGTGAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGC

CCCCTGGACAAAGACTGACGCTCAGGTGCGAAGCGTGGGGAGCAAACAGGATTAGA

TACCCTGGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTGCCCTGAGGCGT

GGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTA

AAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTC

GATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTTCCAGAGATGG

ATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGCGTCGTCAGCTCGTGTTG

TGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGG

TCCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATG

ACGTCAAGTCATCATGGCCCTTACGAGTAGGGCTACACACGTGCTACAATGGCGCAT

ACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTGCGTCGTAGTCC

GGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCA

GAATGCTACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGG

AGTGGGTTGCTAAGAAGTAAGCTAGGTAGCTTAAACCATTCCGGGGGACGGCCCCC

T 

 



60 
 

Consensus sequence for isolate T5 (1406 MP) 

CAAAGCTTAGTATTAATAAACCGTATCCCCTTTACCGTGCAAGCGGCGGACGGGTAG

AGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTA

ATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAG

ATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGAT

CCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGAC

TCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGC

CATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGA

AGGTGTTGAGGTTAATAACCTTCAGCGATTGACGTTACCGCAGAAGAAGCACTGTGC

TAACTCCGTGCCCAGCAGCCGCGGTAATACGGAGGGTGCCAGCGTTTATCGGAATTA

CTGGGCGTAAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCT

CAACCTGGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGA

ATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGG

CGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGG

ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTGCCCTG

AGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGCA

AGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTT

TAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTAGCAG

AGATGGATTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGCGTCGTCAGCTC

GTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGC

CAGCGGTTCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTGGAGGAAGGTG

GGGATGACGTCAAGTCATCATGGCCCTTACGAGTAGGGCTACACACGTGCTACAAT

GGCGCATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTGCGTC

GTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCG

TAGATCAGAATGCTACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACA

C CATGGGAGTGGGTTATAGTGTATGCTACTCGTGAGCTTCTAAGACTAAACA 
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Fig. 3.5 Phylogenetic tree based on 16S rRNA gene sequences of isolate ATA1 and closely 

related strains of Enterobacter species, constructed using the neighbour-joining method. GenBank 

accession numbers are given in parentheses. Bootstrap values are shown at the branch points. The 

scale bar indicates 0.005 substitutions per nucleotide positions 
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Fig. 3.6 Phylogenetic tree based on 16S rRNA gene sequences of isolate ATA2 and closely 

related strains of Enterobacter species, constructed using the neighbour-joining method. GenBank 

accession numbers are given in parentheses. Bootstrap values are shown at the branch points. The 

scale bar indicates 0.005 substitutions per nucleotide positions 
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Fig. 3.7 Effect of different concentrations of 

Imidacloprid (50 ppm, 100 ppm and 150 ppm) on 

the growth of strain ATA1 

3.3 Preliminary Investigations 

Initial studies performed for degradation of IMI showed that Enterobacter sp. strain ATA1 has 

better efficiency to grow and degrade IMI as compare to Enterobacter sp. strain ATA2 as 

observed from Fig. 3.2. Therefore, strain ATA1 was used for degradation studies.  

 

3.4 Tolerance of ATA1 for IMI 

The bacterial isolate Enterobacter sp. strain ATA1 was studied for its tolerance at various 

concentration of IMI (50-150 mgL
-1

) in minimal media and the obtained results are shown in Fig. 

3.7. It can be seen that during initial 7 

days of incubation of ATA1 with 

different concentration of IMI, no 

notable change in its growth was 

observed. Thereafter, significant 

change in the growth of ATA1 at IMI 

= 50-100 mgL
-1

 was observed that 

continued till 25 days of incubation 

and later on becomes almost constant. 

On contrary, at IMI = 150 mgL
-1

 

almost no growth for strain ATA1 in-

comparison to control was observed. 

This could be ascribed to the genotoxic 

effect of IMI on present bacterial strain and is supported by the results of Shetti and Kaliwal, 

(2012) showing increase in concentration of IMI renders the growth of Brevundimonas sp. MJ15. 

Similarly Asghar et al. (2006); Kulkarni and Kaliwal, (2012) have reported that with increase in 

concentration of pesticides (other than IMI), increases the stress induced proteins of E.coli. The 

obtained results are found to better than the previous reported strains viz., Leifsonia sp. strain 

PC-21 (Anhalat et al. 2007) having tolerance up to 25 mgL
-1

 of IMI over a period of 28 days 

whereas degradation of IMI (25 mgL
-1

) was found to be 25-45% using various bacterial species 

(Bacillus sp., Brevibacterium sp., Pseudomonas putida F1, Bacillus subtilis and Rhizobium sp.) 

reported by Sabourmoghaddam et al. (2014).   
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Fig. 3.8 Effect of carbon sources on the growth 

of Enterobacter sp. strain ATA1 

3.5 Effect of Carbon Sources on Bacterial Strain Growth 

Since, the use of IMI as sole source of carbon showed no notable growth of ATA1in MM, 

therefore additional carbon sources (Maltose, Sucrose, Fructose, Lactose and Glucose) i.e., co-

metabolites were used. Growth of 

Enterobacter sp. strain ATA1 was studied 

in minimal broth media (Fig.3.8) 

containing 50mgL
-1

 of imidacloprid with 

all co-metabolites (individually). It was 

observed that growth of ATA1 was linear 

for all carbon sources (except for lactose) 

till 15 h, thereafter abruptly increases upto 

20
th

 h and became saturate till 30
th

 h. 

Among these studied co-metabolites, 

glucose showed maximum growth, 

indicating that it can be effectively used as carbon source than the others. This could be ascribed 

to the fact that strain ATA1 first converts other carbon sources into glucose and thereafter utilize 

them for growth. Therefore, it can be concluded form these results that glucose is an appropriate 

additional carbon source followed by maltose, fructose, sucrose and lactose for degradation of 

IMI. These results are found to be in good correlation with the report of Anhalat et al. (2007) 

showing D-glucose as better source for the growth of Leifsonia sp. strain PC-21.   

 

3.6 Enumeration of viable cell count  

As it has been observed in the present study that addition of glucose as co-metabolite facilitates 

the growth of ATA1. Therefore, various concentrations of IMI (50-150 mgL
-1

) were used in 

presence of glucose (0.1% w/v), to study (Fig.3.9) the viable cell count of ATA1. The highest 

growth of ATA1 was observed in control on 4
th

 day accredited to the absence of IMI. Moreover, 

it was also established that up to 4 days of initial incubation of ATA1 with different 

concentrations of IMI, an increase in the growth of ATA1 was perceived and the viable cell 

counts were determined to be 180×10
7
 and 165×10

7
 cfu per ml for 50 and 100 mgL

-1
,  
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 Fig. 3.9 Growth of strain ATA1 in the Presence of 

various concentration of Imidacloprid 

 

respectively. However, at a concentration of 150 mgL
-1

, the bacterial count showed resistance 

and inhibited throughout the incubation time. After 4 days of incubation, declination in the 

growth of strain ATA1 was observed and at 10
th

 day it becomes stagnant. These results indicate 

that higher concentration of IMI becomes toxic for the growth of microorganisms, resulting 

longer acclimation period to 

induce degradative enzymes of 

isolate ATA1. As a result, longer 

lag phase was observed at higher 

concentration of IMI and 

indicates that the toxic effect of 

IMI is dose dependent (Digrak 

and Kazanici, 2001; Ismail and 

Shamsuddin, 2005). Moreover,  

the present co-substrate is initially 

utilized by the isolate to stimulate 

microbes for production of 

enzymes which helps in degradation of IMI, as supported by Johansen et al. (1999); Bollag and 

Liu, (1990) for different xenobiotics. It has been also been documented (Shetti et al. 2012) that 

microorganisms (Brevundimonas sp. MJ15) became resistant to toxic chemicals with the 

production of specific degrading enzymes further supporting the present observation.  These 

results are found to further in accordance with the previous reported work of Hindumathy and 

Gayathri, (2013) showed inhibition in the growth of the bacterial population in the 3
rd

 week of 

plantation in chloropyrifos contaminated soil. This may be due to toxic effect of pesticide itself 

or production of some secondary metabolites. 

 

3.7 Co-metabolic Degradation  

As the optimized concentration of IMI was determined to be 50 mgL
-1

 in presence of glucose 

(0.1% w/v) as co-metabolite, therefore further degradation studies were performed under these 

conditions. It was found via., LC (Fig.3.10) chromatogram that after initial 3-days of 

degradation, the decrease in peak height/peak area was observed comparative to standard IMI 

(50 mg L
-1

). Thereafter, with increase in degradation time (upto 15 days) no notable change in  
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Fig. 3.10 LC Chromatograms of (a) Imidacloprid standard (b) at 3
rd

 day of degradation (c) at 

15th day of degradation. The arrow indicates the retention time of various intermediates of 

imidacloprid 

 same was observed, revealing that a maximum degradation perceived in a time period of initial 

3-4 days.  The time course (Fig.3.11) co-metabolic degradation of IMI in presence and absence 

of ATA1 showed that in presence of strain, both growth and  corresponding degradation of IMI 

were comparative higher than that found only in control (without bacterial strain).  Initially a lag 

period of ~30 h is found to be necessary for the cells growth in presence of IMI and glucose in 

comparison to without co-metabolite that requires several days for the same. The percentage of 

IMI degraded (~44%) by ATA1 in presence of glucose (0.1% w/v) became stagnant after initial 

three days of incubation and this trend continued thereafter. These results confirmed that co-

metabolic degradation of IMI in presence of glucose induce degradative enzymes in strain 

ATA1. Additionally, added glucose by serving as carbon sources provided nutrition to ATA1 

that may relieves toxicity effect of IMI and hence decreased the adaptation time for the bacterial 

strain. It is also believed here that in co-metabolic degradation, co-substrate may provide energy 
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Fig. 3.11 Imidacloprid degradation and cell density in 

M9 medium with glucose (MMG) as co-substrate 
 

and co-factors for different cellular activities, that may afford the energy or reduction equivalents 

(NADPH) required for aromatic 

ring hydroxylation (Wang et al. 

2010). Since, it was being 

reported by Liu et al. (2013) that 

sucrose as a utilizable substrate 

enhances the co-metabolism by 

Stenotrophomonas maltophilia 

CMGCC 1.1788 for production of 

5-hydroxyimidacloprid from IMI. 

Yun et al. (2009) also confirmed 

microbial degradation of 3-

chlorobenzoate using glucose as 

co-metabolite. 

 

3.8 Analysis and Identification of Imidacloprid Degrading Products    

As we have observed in the LC chromatogram (Fig.3.10) that during co-metabolic degradation 

of IMI by strain ATA1, various new peaks were appeared (during 15 days of incubation) 

indicating the formation of intermediates/metabolites of IMI.  The identification of these 

intermediates was performed by their respective mass spectrum (Fig. 3.12 a&b). It has been 

found that IMI (Rt = 1.9 min, m/z = 256) disintegrated into imidacloprid urea (Rt= 1.67 min, m/z 

= 212) and 4-hydroxy imidacloprid (Rt = 4.8 min, m/z =271). Initially, after 3 days of microbial 

degradation, one major metabolite imidacloprid urea has been found (Fig. 3.12 a). However, 

after 15 days of degradation process an additional metabolite 4-hydroxy imidacloprid was 

formed. Although, some more metabolites were produced after 15 days of microbial degradation 

(corresponding to various peaks in LC), yet remained unidentified in present study. Anhalat et al. 

(2007) reported imidacloprid-guanidine, imidacloprid-urea and some unknown metabolites 

during biodegradation period of imidacloprid by Leifsonia sp. strain. 
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Fig. 3.12a Mass spectrum of identified products after degradation of imidacloprid 

 

(a) 
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Fig. 3.12b Mass spectrum of identified intermediates obtained after degradation of 

imidacloprid along with its mass fragmentation pattern 
 

(b) 

 

3.9 Biodegradation of IMI in soil 

The heterogeneity of microorganisms in heterogeneous soil structure plays an important role for 

microbial processes and the persistence of pesticides (Strong et al.1998). Soil sample used for 

isolation and for degradation studies were collected from paddy field and Thapar campus, 

respectively. These soil samples were analyzed for their physic-chemical characterization 

namely pH, total organic carbon, phosphorus, bulk density, permeability, moisture content, water 

holding capacity and texture.  The obtained results are summarized in Table 3.4. The soil 

samples examined were found to be slightly alkaline in nature with almost similar soil texture 

and OC content.   
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Fig. 3.13 Effect of soil pH on degradation of 

imidacloprid. Error bars represents the standard 

error of three replicates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.10 Effect of various parameters on biodegradation of IMI in soil 

Although, the pH of soil was determined to be ~7 and was found to comply with the pH used for 

the degradation of IMI in MMG, yet before studying the degradation of same in soil, pH along 

with other parameters (pH, inoculums size, initial concentration of imidacloprid and flooding of 

soil) were optimized. It should be important to mention here that the before adding the strain 

ATA1 the inoculums was prepared under 

the optimized conditions (Temp. = 37 
°
C; 

pH = 7, glucose as co-metabolite = 0.1% 

w/v) as explained previously (section 

2.2.9.2).      

 

3.11 Effect of soil pH on imidacloprid 

degradation  

The time course analysis (Fig. 3.13) was 

performed to study the influence of pH 

(1-11) on the degradation of IMI (50 

mgkg
-1

 of soil) by HPLC (Fig. 3.14). It 

Table 3.4 Physicochemical characterization of soil samples 

S. No. Parameters Experimental soil Paddy field soil 

1 pH 7.5 8.2 

2 Total Organic Carbon (%) 0.3 0.2 

3 Available Phosphorus (%) 0.0023 0.008 

4  Bulk Density (gcm
-3

) 2.0 1.34 

5 Permeability (cm/sec) 
1.2x10

-3

 2.15x10
-3

 

6 Moisture Content (%) 1.23 4 

7 Water Holding Capacity 20 46 

8 Texture Sandy loam Loamy sand 
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 Fig. 3.14  HPLC chromatograms for degrationof IMI at different pH 

can be clearly seen that, maximum degradation was found at pH = 7, which was determined to be 

~50% for initial 5 days of incubation therefater increased to 68% for 15 days of incubation and 

hence became almost constant.  However, ~34% and ~60% degradation of IMI was achieved at 

pH = 5 and pH = 9 for same time of duration. In highly acidic (pH = 1 & 3) and alkaline (pH = 

11) conditions the degradation was merely 20-25%. Thus, pH 7 was determined to be optimum 

for maximum degradation of IMI in soil and can be ascribed to the better bioavailability of IMI 

together with optimal biotic activity of bacterial cells at this pH. These results are in good 

correlation with the reports of Bending et al. (2003) and   Hong et al. (2007) where neutral 

conditions were found to be better for the degradation of isoproturon and fenitrothion and via. 

Sphingomonas sp. and Burkholderia sp. FDS-I respectively.  



72 
 

0 5 10 15 20
0

25

50

75

100

25 mg/kg
50 mg/kg
75 mg/kg

R
e
si

d
u
a
l I

M
I 

(m
g
/L

)
Time (days)

Initial Concentration of IMI

100 mg/kg

Fig. 3.15 Effect of initial concentration on the 
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the standard error of three replicates 
 

Fig. 3.16 GC chromatographs for initial 

concentration of imidacloprid (a) 25 mg kg
-1

 (b) 50 

mgkg
-1

 (c) 75 mgkg
-1

 at 20 days of incubation 

 

3.12 Effect of initial concentration of  IMI on degradation 

Under the optimized condition of soil pH, studies related to effect of initial concentration of IMI  

towards its  degradation were 

performed and the obtained results 

are shown in Fig. 3.15. The time 

course study for influence of initial 

concentration of IM showed that at 

25 mgkg
-1

 strain ATA1 was able to 

degrade ~80 % of IMI. However, by 

increasing twice the concentration of 

IMI   i.e., 50 mgkg
-1

 soil, degradation 

rate became  almost ~ 74% for the 

same time of incubation. Moreover, 

not much differnce in degradation    

(~ 6%) of IMI  in soil was obseved 

by doubling its  concentration, 

therefore 50 mg kg
-1

 dose of IMI was 

considered as optimum. Further 

increase in concentration of IMI (75-

100 mgkg
-1

) resulted into a  sharp 

decrease in degradation as well as for 

production of its metabolites as 

observed upto 20 days of incubation. 

These results were supported by GC-

MS chromatograms (Fig. 3.16) 

showing that peak height/peak area 

for IMI (Rt =11.6 min) was least 

while using its concentartion (50 

mgkg
-1

),  revealed it to be an 

optimum amount. Such trends could 

be accredicted to the fact that 



73 
 

0 5 10 15 20
0.00.20.40.60.8

15

20

25

30

35

40

45

50

2x10
8

2x10
7

2x10
6

R
e

si
d

u
a

l I
M

I 
(m

g
/L

)

Time (days)

2x10
5

Fig. 3.17 Effect of inoculum size on degradation 

of imidacloprid. Error bars represents the 

standard error of three replicates 

varriation in concentration of pesticide causes inflation in the degradative activity of 

microorganisms. The inhibition in the degradation rate at very high concentrations of IMI could 

be explained on basis of need for greater numbers of bacteria to initiate rapid degradation as 

confirmed by Karpouzas and Walker, (2000) for dissipation of organophosphates in soil. It has 

been reported (Nishino and Spain, 1993) that gene expression for degradation of aromatic 

compounds is inducible rather than constitutive at higher concentration of pesticides.    

 

3.13 Effect of inoculum size on IMI degradation  

Figure 3.17 depicts the effect of inoculum size on the degradation of IMI. It is found here that 

that addition of 2×10
5
 CFU g

-1
 soil has 

negligible effect on the degradation of 

IMI, since ~9 % degradation was observed 

even after 20 days of incubation. It was 

also visulised that increase in inoculum 

size causes increase in  degradation of 

IMI, and became  highest for 2×10
7
 CFU 

g
-1

 soil (74%). However, with further 

increase in the same to 2×10
8 

CFU g
-1

  the 

degradation of IMI decreased to 61% 

indicating 2×10
7
 CFUg

-1
 soil as an 

optimum cell density for degradation. 

These results found to correspond with the GC-MS chromatograms (Fig. 3.18) indicating 2×10
7
 

CFU g
-1

 to be an optimum inoculum size.  Moreover, under the optimum conditions of pH and 

initial concentration of IMI, the highest degradation with 2×10
7
 showed 74% of degradation in 

initial 5 days of incubation.Thus, it clearly revealed that highest and fast activity was  achieved at 

2×10
7
 CFU g

-1
 in relation to other inoculum sizes under similar experimental conditions.  It was 

suggested by Chen and Alexander (1989) that an acclimation period during degradation of 

xenobiotics reflects the time required for multiplication of microbial population to a certain level 

which rapidly degrades xenobiotics. Similar results for different bacterial strains (other than 

ATA1) and for other pollutants have been performed and showed that there optimal size of 

inoculants as native microorganism is necessary for successful bioremediation (Awasthi et al. 
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Fig. 3.18 GC chromatographs for inoculums size (a) 2×10
6
CFUg

-1
soil (b) 2×10

7
CFU g

-1 
soil c) 

2×10
8 

CFU g
-1

soil at 20 days of incubation 

 

2000; Comeau et al. 1993; Miethling and Karlson, 1996; Ramadan et al.1990; Rousseaux et al. 

2001; Singh et al.2006).  

 

3.14 Imidacloprid degradation in flooded and non-flooded soil  

In order to study the influence of flooding/non-flodding conditions for degradtion of IMI, soil 

samples were flooded with minimal medium.  It was found (Fig. 3.19) that in  initial 5 days of 

incubation, there was no difference in degradation rate but on 10
th

 day it became drastically 

Imidacloprid (a) 

(b) 

(c) 
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 Fig. 3.19 Effect of Flooding on the degradation of 

IMI.  Error bars represents the standard error of 

three replicates 

Fig. 3.20 GC Chromatographs of degradation of 

IMI under optimized conditions; (a) pH (b) initial 

concentration of IMI (c) inoculum size (d) flooding 

of soil. Inset corresponding enlarged view, numbers 

represents the identified intermediates 

 

 

significant as IMI was degraded more efficiently in non-flooded (60%) conditions as compared 

to flooded (50%). Later on i.e., after 15 

days the degradation became linear. 

Since, degradtion rates in non-flooding 

conditions exceeds by ~10% to that of 

flodding conditions therfore is 

suggested here that present strain can 

be even useful in water logged soils . A 

great influence of flooding on 

herbicide persistence in soil was 

confirmed by Accinelli et al. (2005), 

while an opposite effect was observed 

for metolachlor under flooding 

conditions. Awasthi et al. (2000) also 

reported faster degradation of 

endosulfan in wet soil as compared to 

flooded soil.  

 

3.15 Metabolites production from 

IMI degradation 

Since,  aerobic oxidation of organic 

compounds are often reported to 

convert parent molecule into other 

compounds inspite of the complete 

mineralization.Therefore, GC-MS 

analysis was carried out to identify the 

metabolites of IMI (Fig. 3.20). Among 

variety of metabolites formed, six have 

been identified (Fig. 3.21-3.23), 

marked as I-1 to I-6 through their mass 

spectra and their structures are shown in their respective mass spectrums. 
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Fig. 3.21 Mass spectrum for identified intermediates of imidacloprid  
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Fig. 3.22 Mass spectrum for identified intermediates of imidacloprid  
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Fig. 3.23 Structural formulas for various identified metabolites of imidacloprid along with 

their m/z values and retention time (Rt) 

In soils IMI degrades mainly via three different routes (i) hydroxylation of the imidazolidine ring 

leading to 5-hydroxyl IMI and subsequent removal of water to form the olefin metabolite (ii) 

reduction of the nitro group to form the nitrosimine compound and loss of this group with the 

formation of the guanidine metabolites (iii) loss of nitro group to form guanidine IMI and further 

oxidation to form urea IMI as reported recently by Sharma et al. (2014) and Grover et al. (2014). 

Moreover, the presence of various metabolites which is reflected through their respective peak 

height/areas is also considered as a probable cause for the slow degradation of IMI. It was seen 

that after 15 days of incubation and under the optimized conditions  (Fig., 3.20, initial 

concentration, pH and inoculum size)  the peak area/peak height of IMI was significantly lower 

than those of others. In our study two metabolites of imidacloprid named as I-1 (m/z=210) and I-

5 (m/z=174) are formed due to loss of NO2, Cl and NO2 and is also reported by Thuyet et al. 

(2010). The formation of identified metabolites is in good correlation with the previous study of 

Pandey et al. (2009) where bacterium Pseudomonas sp. 1G, isolated from soil was used for 
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microbial degradation of IMI. Specifically, two of identified metabolites (IMI guanidine and 

urea) have also been reported to recover after degradation of IMI (37–58% of 25 mgL
-1

 over 4 

weeks) in broth using Leifsonia sp. strain PC-21 (Anhalat et al.2007). 

  

3.16 Photocatalytic degradation of IMI using P25-TiO2 

The degradation of IMI using ATA1 has found to exhibit incomplete microbial degradation and 

hence incomplete mineralization, as reflected by formation of its various metabolites in the 

present study. Therefore, to achieve higher degradation/mineralization of IMI, TiO2 mediated 

photocatalytic degradation of same was carried out in soil. For this purpose the commercially 

available Degussa P25-TiO2 (surface area = 50 ± 15 m
2
g

-1
, particle size = 30-50 nm and anatase : 

rutile :: 70:30) which was reported (Sharma and Lee, 2013) to have very profound efficiency for 

degradation of many organic pollutants was applied. Prior to study the degradation of IMI, its 

stability was verified by the photolysis (UV-light without TiO2) experiment. Moreover, the 

adsorption studies for IMI in soil at different pH (without TiO2) and at an optimized pH with 

TiO2 were also performed before proceeding towards its photocatalytic degradation.  

 

3.16.1 Dark adsorption studies of IMI in soil with and without TiO2  

The adsorption of any pesticide in soil is well known to influence its persistency/ability to 

pollute the other environmental sources. Therefore, it is necessary to study adsorption effect 

before carrying out the degradation of the pesticide or any other environmental contaminant. In 

this direction, the experimental studies were performed in order to evaluate aforementioned 

parameter for IMI degradation. These studies were performed (with and without TiO2) by stirring 

the IMI spiked soil samples in dark and the sample were analyzed after regular time intervals 

(section 2.2.10.2). Since, the physico-chemical studies for soil showed its pH ~ 7, therefore 

adsorption of IMI on soil in dark was initially studied at this pH. It was observed that during 

initial 3 h of dark studies, adsorption of IMI on soil was perceived and thereafter became 

saturated till 18 h.  

This clearly showed that time of 3 h was enough to attain the equilibrium between 

adsorption and desorption of IMI in the soil. It was also confirmed from the present study that 

change in the concentration of IMI was not significant when kept under dark for 18 h ascribed to 

its adsorption in soil. As pH has significant effect on adsorption of pollutants, therefore the same 
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Fig. 3.24 Time course adsorption studies of IMI on soil surfaces (a) different pH without TiO2 

and (b) With TiO2 at pH = 3  
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Fig. 3.25 Study for degradation of imidacloprid 

by photolysis and photodegradation 

 

study for IMI at different pH (3 and 11) in 

soil was performed (Fig. 3.24 a). The results 

showed that adsorption of IMI in soil was 

~5% at pH = 11 which increases up to ~9% 

at pH = 3. This could be ascribed to the 

proto-nation of imdazole ring and is in good 

agreement with the work of Jodeh et al. 

(2014) where same was reported to be a 

cause for decrease in sorption of IMI in 

alkaline silty clay soil. As catalyst is 

considered to be an important factor that 

influences the rate of reaction, so before studying the degradation of IMI, the adsorption of IMI 

on TiO2 was also carried out (Fig. 3.24 b). It was observed that there was no notable difference 

in the adsorption of IMI on TiO2 in comparison to without catalyst. Moreover, photolysis of IMI 

in soil was also carried out and concluded no significant change in its amount even after 18 h of 

UV-light irradiation (Fig. 3.25). This clearly depicts the stability of IMI molecule and is in 

accordance with the very recent report of Grover et al. (2014) where its t1/2 is reported to be 40-

60 days. Further photolysis was compared with photocatlytic degradation and it was observed 
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Fig. 3.26 (a) Time course study for photocatalytic degradation of imidacloprid using various      

TiO2 amounts and (b) optimized amount of TiO2 dose.  

that in comparison to photolysis, residual amount of IMI was very less signified the importance 

of photocatalytic degradation.  

 

3.16.2 Effect of TiO2 catalyst dose  

Since, catalyst dose is well known to influence the rate of photocatalytic reaction therefore, the 

amount of TiO2 was initially optimized for degradation of IMI and the obtained results are 

shown in Fig. 3.26 a&b. It was observed that as the amount of TiO2 (0.1-0.5 gkg
-1

) was varied in 

the IMI contaminated soil, the degradation increased upto 0.3 gkg
-1

 of TiO2 dosage. However, 

further increase in its dose caused decreased in the photodegradation of IMI and the results were 

verified by plotting catalyst dose vs. degradation. It can be clearly visualized (Fig. 3.26 b) that 

maximum photocatalytic degradation of IMI (~ 80%) was achieved by using 0.3 gkg
-1

 of TiO2 

revealing it to be an optimum catalyst dose.  These variations in degradation efficiency with 

different catalyst dose could be explained by the fact that with increase in the amount of catalyst, 

number of active sites on the photocatalyst surface increases, causing an increase in the number 

of ˙OH radicals which actually participate in IMI degradation. However, beyond an optimum 

TiO2 dose, the light penetration to it declines resulting decrease in formation of excited charge 

carriers and hence oxidative hydroxyl and superoxide radicals (Malato et al. 2001; Muhamad 

2010). Consequently, decrease in degradation rate of IMI was observed. 

The photocatalytic oxidation of the organic substrates is dependent upon many other parameters 

such as initial concentration of reactant, pH of reaction media, intensity of light and depth of 
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light penetration. These, aforementioned parameters need to be optimized to achieve the 

maximum photocatalytic degradation of the substrate. In order to optimize all these parameters, a 

large number of experimental data has to be achieved which are not only difficult to perform but 

also gives the data that would be too complex to analyze. Hence, to avoid the same, a theoretical 

model was used. In this direction Response Surface Methodology (RSM) based upon Central 

Composite Design (CCD) is reported (An et al. 2011) to be an adequate model as it is an 

efficient experimental strategy for determination of optimal conditions.  

 

3.16.3 Selection of various parameters for optimization and Response Surface Modeling  

RSM is a method of collection of statistical and mathematical techniques used to optimize 

certain processes where response of interest is affected by various parameters following analysis 

of variance for identifying significant parameters. A mathematical equation representing the 

relationship between a single response and control factors can be obtained by this model. In the 

present study four important parameters  viz., initial concentration of IMI, pH of soil, intensity of 

UV-light and depth of soil were selected as factors for optimizing the performance and reducing 

the operation cost for photocatalytic degradation of IMI. Stoichiometric approach was carried out 

by CCD based on RSM and the photocatalytic degradation efficiency was selected as response. 

Analysis of experimental data was supported by Design-Expert Software (trial version 9.0.3.1, 

Stat-Ease, Inc., MN, USA) (Sakkas et al. 2010;  Lu et al.2011b).  

These selected variables were firstly converted to dimensionless ones A (pH), B (Intensity of 

light), C (depth of soil), and D (initial concentration) with coded values at levels:- -α,1,0,+1,+α 

as shown in Table 3.5. The experimental design came from RSM had concluded 30 experiments 

based upon various parameters pH, intensity of light, depth of soil and initial concentration of 

IMI (Table 3.6) were performed further.  

Table 3.5 Factors and Levels used in 30 factorial design study  

                 Variables 

 

Symbol -2 (-ὰ) -1 0 +1 +2 (+ὰ) 

 Coded level 

pH value 

Intensity of light(Wm
-2

) 

Depth of soil (g) 

Imidacloprid conc.(mgL
-1

) 

A 

B 

C 

D 

3 

10 

5 

10 

5 

15 

10 

30 

7 

20 

15 

50 

9 

25 

20 

70 

11 

30 

25 

90 
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  Table 3.6 Experimental data in central composite design of photocatalytic degradation of   

imidacloprid  

Run pH 

(A) 

Intensity of 

light Wm
-2

 (B) 

Amount of 

soil g  (C) 

Initial conc. of 

imidacloprid mgL
-1 

(D)  

R1(%) 

(Experimental) 

1 7 20 15 50 52 

2 3 20 15 50 60 

3 7 20 15 50 52 

4 7 30 15 50 63 

5 3 10 25 10 49 

6 7 10 15 50 47 

7 11 10 5 90 19 

8 3 10 5 10 63 

9 7 20 25 50 44 

10 3 30 5 90 55 

11 3 30 5 10 83 

12 11 30 25 10 50 

13 11 30 5 10 55 

14 11 30 25 90 27 

15 3 10 5 90 49 

16 3 30 25 90 34 

17 7 20 15 50 54 

18 7 20 15 50 53 

19 3 30 25 10 66 

20 7 20 15 50 54 

21 11 30 5 90 45 

22 7 20 15 90 45 

23 3 10 25 90 41 

24 7 20 5 50 62 

25 7 20 15 10 60 

26 7 20 15 50 53 

27 11 10 25 90 14 

28 11 10 5 10 42 

29 11 10 25 10 21 

30 11 20 15 50 42 



84 
 

0 3 6 9 12 15
0.0

0.2

0.4

0.6

0.8

1.0

Soil depth = 1 cm

initial Concentration = 10 mgL
-1

C
/C

o

Time (h)

Intensity of UV light

 10 W m-2

 30 Wm-2

(a)

 Fig. 3.27a Kinetic analysis for degradation of 

imidacloprid at pH = 11 
 

3.16.4 Effect of various parameters on photocatalytic degradation of IMI 

30 experiments obtained from RSM design setup (Table 3.6) were performed and analyzed. 

Experiments were performed at pH = 3, 7 and 11 by varying intensity of light, soil depth and 

initial concentration of IMI. C/C0 Vs time graphs were plotted for all these 30 experiments. 

In Fig. 3.27a, degradation was studied at pH =11 for initial concentration of 10 mg L
-1 

for 

1 cm soil depth at intensity of  10 Wm
-2

 and 

30 Wm
-2 

and  was observed  that 

degradation was more at higher intensity. 

Then experiments were performed at pH = 

11, intensity of light = 10 Wm
-2

, initial 

concentration of IMI = 10 mgL
-1

 by varying 

the soil depth and it was found that 

degradation decreases as soil depth 

increases (Fig. 3.27b). Further at
 
pH = 11, 

experiments were performed (Fig. 3.27c) 

for soil depth of 1 cm and 10 Wm
-2

 light 

intensity and for different initial concentration of IMI and it was concluded that degradation 

decreases as the concentration of IMI increases. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.27 b &c Kinetic analysis for degradation of imidacloprid at pH = 11 
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At pH = 3, experiments at different parameters range were also carried out to find out 

photocatalytic degradation of IMI. It was found (Fig. 3.28a) that by decreasing intensity of light, 

degradation also decreases at soil depth of 1 cm and initial concentration of 10 mgL
-1

 of IMI in 

soil. For the intensity of 10 Wm
-2

 and initial concentration of 10 mg L
-1

, degradation of IMI was 

observed to be decreased as the soil depth increased (Fig. 3.28b).Fig 3.28 c depicted decreased in 

rate of degradation of IMI with increased in the concentration of IMI for 90 mgL
-1

 and 10 mgL
-1

 

in soil at soil depth= 0.2 cm and intensity of light= 30 Wm
-2

.  

At pH=7 (Fig. 3.29 a, b & c), three experiments were performed and it was found that by 

varying intensity of light, soil depth and intial concentration of IMI, trend for the degradation of 

IMI was similar to pH= 3 and 11.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.28 a&b Kinetic analysis for degradation of imidacloprid at pH = 3 
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 Fig. 3.28 c Kinetic analysis for degradation of imidacloprid at pH = 3 
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Fig. 3.29 a Kinetic analysis for degradation of imidacloprid at pH = 7 
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Fig. 3.29 b&c  Kinetic analysis for degradation of imidacloprid at pH = 3 
 

 



88 
 

3.17 Kinetic studies for IMI degradation 

From the kinetic point of view, it is more appropriate to characterize oxidation kinetics for the 

degradation of the molecules, since it gives the real measure of the oxidation rate during the 

advanced oxidation reaction. Moreover, the photocatalytic oxidation kinetics of many organic 

compounds is fitted to Langmuir–Hinshelwood (L–H) model as: 

 

                              …….(3.2) 

Where, k is the reaction rate constant, K is the equilibrium adsorption constant, C the substrate 

concentration at any time t (Saien et al. 2008). According to this model, the rate of disappearance 

of reactant is only the product of an apparent rate constant and the Langmuir adsorption term, 

and thus mass transfer phenomena does not have any control to the overall kinetics of the 

photodegradation. In case of low concentration of reacting substrate this equation simplifies to 

apparent first order kinetics: 

                                                               -ln(C/Co) = ka Kt= kt              ……..(3.3) 

 

Where k is apparent rate constant which can be obtained by plotting –ln(C/Co) vs. time of 

irradiation for the 30 experiments suggested by RSM model were performed as discussed in 

section 3.16 for different parameters and shown in Fig. 3.30-3.44. It can be clearly seen that 

plots are straight line for all the experiments with regression varying between 0.993 to 0.974, 

indicating that degradation of IMI under the specified conditions (inset Fig. 3.30-3.37) followed 

the L-H kinetics and pseudo first order kinetics. The values of apparent rate constant were 

found for all experimental results and shown in Table 3.7. The highest value of apparent rate 

constant (k) 15 x 10
-4

 min
-1

 was observed at pH = 3, intensity of light = 30 W m
-2

 and initial 

IMI = 10 mg L
-1

, followed by 9.3 x 10
-3

 min
-1

, revealed the former as an optimum conditions 

for photocatalytic degradation of IMI (83%) in soil. 
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Fig. 3.30 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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Fig. 3.31 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.32 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.33 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.34 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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Fig. 3.35 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.36 Kinetic study for degradation of imidacloprid under different reaction 

conditions 

 
 

 



96 
 

0 3 6 9 12 15 18
0.0

0.2

0.4

0.6

0.8

1.0

Iinitial Conc.  of IMI =  90 mg L
-1

Intensity of Uv-Light = 20 W m
-2

Soil depth = 0. 6 cm

pH of Soil = 7

R
2
= 0.989

k = 5.9 10
-4

 (min
-1

)

Time (h)

-l
n
 (

C
/C

0
)

0 3 6 9 12 15 18
0.0

0.2

0.4

0.6

0.8

1.0

R
2
= 0.993

k = 7.1 10
-4

 (min
-1

)

Iinitial Conc.  of IMI =  50 mg L
-1

Intensity of Uv-Light = 20 W m
-2

Soil depth = 0. 6 cm

pH of Soil = 7

Time (h)

-l
n

 (
C

/C
0
)

 Fig. 3.37 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.38 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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Fig. 3.39 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.41 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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 Fig. 3.42 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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Fig. 3.43 Kinetic study for degradation of imidacloprid under different reaction 

conditions 
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Table : 3.7  Apparent rate constants for 30 experimental design set up 

S. No pH Initial Concentration 

(mgL
-1

) 

Intensity 

(Wm
-2

) 

Soil depth  

(cm) 

k 

(×10
-4

 min
-1

) 

1  

 

 

 

3 

90 30 0.2 4.8 

2 90 30 1.0 3.7 

3 10 30 0.2 15 

4 10 10 0.2 9.3 

5 90 10 0.2 6.5 

6 10 30 1.0 6.3 

7 90 10 1.0 4.8 

8 10 10 1.0 5.9 

9 50 20 0.6 8.9 

10  

 

 

 

 

7 

50 20 0.2 8.0 

11 50 20 0.2 6.0 

12 50 30 0.6 9.0 

13 50 20 1.0 5.5 

14 90 20 0.6 5.9 

15 20 10 0.6 8.5 

16 50 20 0.6 7.1 

17 50 20 0.6 6.7 

18 50 20 0.6 6.7 

19 50 20 0.6 7.0 

20 50 20 0.6 7.1 

21 50 20 0.6 7.9 

22  

 

 

 

11 

90 30 1.0 4.7 

23 90 10 1.0 2.1 

24 90 10 0.2 3.1 

25 90 30 1.0 7.5 

26 10 10 1.0 3.0 

27 10 30 1.0 7.3 

28 10 30 0.2 8.8 

29 10 10 0.2 6.1 

30 50 20 0.6 4.8 

 

3.18   CCD Model and residual Analysis 

According to the RSM results, polynomial modeling was performed on the responses of the 

corresponding coded values of the four different process variables. The comparison of the 



105 
 

 

experimental values was done against the predicted responses by this model for the degradation 

efficiencies of IMI in soil as shown in Table 3.8.  

 

    Table 3.8 Experimental and predicted data in central composite design of photocatalytic degradation of  imidacloprid 

Run pH 

(A) 

Intensity of 

light Wm
-2

 (B) 

Amount of 

soil g  (C) 

Initial conc. of 

imidacloprid mgL
-1 

(D) 

 

R1(%) 

(Experimental) 

R2 (%)     

(Predicted) 

1 7 20 15 50 52 49 

2 3 20 15 50 60 59 

3 7 20 15 50 52 49 

4 7 30 15 50 63 56 

5 3 10 25 10 49 52 

6 7 10 15 50 47 41 

7 11 10 5 90 19 23 

8 3 10 5 10 63 67 

9 7 20 25 50 44 42 

10 3 30 5 90 55 59 

11 3 30 5 10 83 86 

12 11 30 25 10 50 54 

13 11 30 5 10 55 59 

14 11 30 25 90 27 31 

15 3 10 5 90 49 53 

16 3 30 25 90 34 37 

17 7 20 15 50 54 49 

18 7 20 15 50 53 48 

19 3 30 25 10 66 69 

20 7 20 15 50 54 49 

21 11 30 5 90 45 49 

22 7 20 15 90 45 40 

23 3 10 25 90 41 44 

24 7 20 5 50 62 56 

25 7 20 15 10 60 58 

26 7 20 15 50 53 49 

27 11 10 25 90 14 17 

28 11 10 5 10 42 46 

29 11 10 25 10 21 24 

30 11 20 15 50 42 39 
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It has also been found here that amount of IMI photo-catalytically degraded (83%) 

complies with the theoretically determined (86%), not only for the optimized conditions but for 

all the experiments. Based upon these results a theoretical co-relation between these parameters 

could be expressed as follows: 

 

R =  +64.69562 -1.20421 pH + 1.41174 Intensity- 0.36298 soil + 0.010786 conc.-0.098242 pH Intensity- 

0.11836 pH soil -0.042773 pH conc.- 0.024414 soil Intensity-0.014629 Intensity  conc.+ 2.30469E-

003 soil  conc. +6.67969E-003  pH Intensity soil+ 2.48047 E-003 pH   Intensity  conc. + 1.52344E-

003 pH  soil  conc. -8.98438E- 005 Intensity  soil conc. -7.42188E -005 pH Intensity  soil  conc.    

 

In the above expression, R is the response variable for degradation efficiency of imidacloprid. 

In order to further verify the adequacy and significance of the studied model the most important 

ANNOVA test for the evaluation of data was applied. It can be depicted from Table 3.9, the 

probability value (P) for A (pH) and D (concentration of IMI) are very low (<0.0001) in 

comparison to other parameters B (intensity of light) and C (depth of soil).  

 

Table 3.9 Response surface model regression coefficients and P-value for responses  

Term Variable Regression coefficients P 

pH value 

Intensity of light 

Depth of soil 

Imidacloprid conc. 

pH value× Int. of light 

pH value× depth of soil 

Int. of light× depth of soil 

Int. Of light× IMI conc. 

pH value ×IMI conc. 

Depth of soil× IMI conc. 

pH value× Int. of light× depth of soil 

pH value× Int. of light× IMI conc. 

pH value× depth of soil × IMI conc. 

Int. of light× depth of soil × IMI conc. 

pH value× Int. of light× depth of soil × IMI conc. 

A 

B 

C 

D 

AB 

AC 

BC 

BD 

AD 

CD 

ABC 

ABD 

ACD 

BCD 

ABCD 

-10.28 

7.39 

-7.06 

-8.89 

2.81 

0.69 

1.19 

-0.81 

-2.56 

0.31 

1.19 

2.19 

0.06 

-2.44 

-1.19 

<0.0001 

0.0002 

0.0003 

<0.0001 

0.0971 

0.6704 

0.4652 

0.6155 

0.1275 

0.8462 

0.4652 

0.1883 

0.9690 

0.1456 

0.4652 
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Fig. 3.45 (a) Experimental and calculated values for degradation of imidacloprid and (b) 

internally studentized residuals plot during photocatalytic process. 
 

 Fig. 3.46 The internally studentized 

residual plots 

 

Since, in the ANNOVA analysis it is being well known that factors with very low value of 

probability have more significance than the higher ones. Hence, the variables A and D were 

found to have much significant effect than the B and C for the photocatalytic degradation of IMI. 

Additionally, adequacy of selected model with real system was confirmed by analyzing the 

correlation between observed and predicted 

values. The parity between experimental and 

predicted values is given in Fig. 3.45a where 

the experimental data has been reasonably 

fitted well within ±10 %. The response factor 

of calculated residual values were plotted and 

shown in Fig. 3.45b which depicts that all 

data points lie close to straight line and within 

95% confidence intervals line with mean 

values near zero.  

The plot of studentized residuals vs. 

Predicted values was plotted to check the 

constant error (Fig. 3.46). It can be seen that 
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Fig. 3.47 Response surface graph for the 

interaction between pH and initial 

imidacloprid concentration at fixed depth of 

soil (0. 2cm) and light intensity 30 Wm
-2

 
 

there is no specific pattern followed by the points i.e., the points are randomly distributed along 

the horizontal line from -3 to +3 and are considered as the top and bottom outlier detection limit. 

This random distribution of data points indicated that linear model is well fit for the degradation 

of IMI under the experimental conditions. Moreover, such type of distribution for data points 

also reflects that variance for these experimental results would be less and constant, indicated the 

preciseness in the obtained results with the constant error.   

 

3.18.1 Effect of variables as response surface plots 

In order to achieve insight about the impact of each variable, the three-dimensional (3D) plots for 

the predicted responses were formed. From 

these plots, the potential relation between 

any of the two parameters (pH, soil depth, 

initial concentration of IMI and intensity of 

light) effect collectively on photocatalytic 

degradation efficiency can be analyzed. The 

response surface (Fig. 3.47) for pH and 

initial concentration of IMI (at constant light 

intensity and soil depth) revealed that with 

decrease in both of above said parameters, 

photocatalytic degradation of IMI increased. 

This is reflected by increase in intensity of 

red colour from green one. Moreover, the 

highest amount of IMI degraded experimentally (83%) was found to be in good correlation to 

that determined from this 3D response surface plot (86%), further supporting experimental 

observations of present study.  

Similarly, from the 3D response surface plot for pH and amount of soil (Fig. 3.48), it was 

visualized (increase in intensity of red colour) that decrease in these parameters resulted increase 

in the photodegradation of IMI. The maximum photodegradation of IMI determined 

experimentally (83%) at optimum pH = 3 and 0.2 cm of soil depth, is also in accordance to that 

determined from this response surface plot.  The enhancement in the photodegradation of IMI in 

soil by increasing the acidity of soil and lowering of concentration of IMI could be ascribed to 
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Fig. 3.49 Resonatic structure of NO2 
 

 

Fig. 3.48 Response surface graph for the 

interaction between pH and amount of soil at 

fixed conc. of IMI (10 mg kg
-1

) and light 

intensity 30 Wm
-2

 
 

 

the pH dependent surface properties of TiO2 (Grover et al. 2013). The decrease in pH of soil 

resulted into TiO2 surface to become 

cationic, causing increase in attractive 

interaction between the O atom (partially 

negative) of resonance stabilized (Fig. 3.49) 

-NO2 group in IMI. Consequently, increase 

in adsorption of IMI favored more number 

of IMI molecules to be present at the 

interface of TiO2 and hence the degradation 

efficiency. However, at pH = 9-11, 

reduction in degradation efficiency (50% to 

15%) could be ascribed to the protonation of 

imidazole ring as also revealed by the dark 

adsorption studies. At low concentration, the 

degradation of IMI was found to be faster 

than at high concentration of IMI. The reason might be the dominance of screening effect due to 

increase in concentration of IMI which prevents the penetration of the light and hence reduction 

in the generation of OH
∙ 
radicals on the catalyst surface (Rauf et al. 2011).     

 

 

 

 

 

 

 

However, the response surface plots for the influence of intensity of light along with initial 

concentration of IMI (Fig. 3.50) and pH of soil (Fig. 3.51) on the degradation (%) of IMI were 
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Fig. 3.50 Response surface graph for the 

interaction between light intensity and initial 

imidacloprid concentration at fixed depth of 

soil (0.2 cm) and pH= 3 
 

 

Fig. 3.51 Response surface graph for the 

interaction between light intensity and pH 

value at fixed depth of soil (0.2 cm) and 

initial conc. of IMI 
 

 

also plotted which  revealed that increase in UV light intensity caused increase in its 

photocatalytic degradation. This could be credited to more availability of photons for excitation 

of valance band electrons leading predominate formation of electron-hole pair and thereby 

diminishing the charge recombination process (Hebert and Miller, 1990; Wang et al. 2007; Dong 

et al. 2010). However, at lower light intensity, electron–hole pair separation competes with 

recombination which in turn decreases the formation of free radicals, thereby, causing less effect 

on the degradation of the IMI on soil surfaces (Dong et al. 2010 ; Bahnemann et al.2004). 

The effect of soil depth (0.2-1cm) on degradation of IMI was also studied by plotting response 

surface plots with intensity of light (Fig. 3.52) and its initial concentration (Fig. 3.53). It has been 

observed that increase in the depth of soil render the degradation of IMI. This can be ascribed to 

the fact that required  light cannot reach deep inside the soil and the necessary conditions for the 

photocatalytic degradation becomes absent in this part of soil, hence degradation decreases as the 

soil layer becomes thicker (Frank et al. 2002; Xu et al. 2011). Hence, the obtained experimental 

results yielding maximum degradation of 83% are found to be in agreement with the predicted 

response of 86% verified the validity of optimal point, indicating that CCD could be effectively 

used to optimize photocatalytic degradation of pollutants.  
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Fig. 3.53 Response surface graph for the 

interaction between depth of soil and initial 

imidacloprid concentration at fixed intensity 

of light 30 Wm
-2

 and pH = 3. 

 

 

Fig. 3.52 Response surface graph for the 

interaction between depth of soil and initial 

imidacloprid concentration at fixed intensity 

of light 30 Wm
-2

 and pH = 3 

  

3.19 Degradation reaction mechanism under optimized conditions 

In order to study the degradation mechanism of IMI under the optimized conditions, LC-MS 

analysis was carried out and compared to photolysis (Fig. 3.54 a&b). A clear contrast has been 

found for the LC chromatograms obtained for the photolysis and photodegradation of IMI. It can 

be clearly distinguished that the peak height of the IMI after 18 h of its photolysis was 

comparatively higher than that found after photodegradation of IMI. Moreover, some new peaks 

at Rt = 1.6, 1.9, 2.3 and 2.5 min have appeared for the sample after photodegradation while only 

peak at Rt = 1.6 min was found after photolysis sample. The various intermediate products 

identified by LC-MS analysis (Fig. 3.55-3.57) were compound B (Rt = 1.95min), C (Rt =1.63 

min), D (Rt =2.09 min) and E (Rt =3.32 min).  
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Fig. 3.54 LC Chromatogram of soil spiked with imidacloprid during (a) photolysis and (b) 

photocatalytic degradation after 18 h of UV irradiation  
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 Fig. 3.55 Mass spectrum of standard imidacloprid (A); inset structural formula with its 

retention time (RT) as per LC chromatogram. 
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Fig. 3.56 Mass spectrum of identified intermediates named as B and C with its retention 

time (RT) as per LC chromatogram 
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Fig. 3.57 Mass spectrum of identified intermediates named as D and E with its retention 

time (RT) as per LC chromatogram 
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Fig. 3.58 Proposed pathway for the degradation of imidacloprid 

 

The formation of these identified intermediates could be explained on the basis of proposed 

pathway (Fig. 3.58) suggested various possible attack positions by the hydroxyl radical at IMI.  

The preliminary attack of hydroxyl radicals at N-N in IMI expected to yield compound D which 

further degrade to compound E. The hydrolysis of IMI could resulted in the formation of 

intermediate compound B, which degraded to compound C via attack of hydroxyl radicals and 

was reported (Sharma et al., 2014) to be an intermediate product of IMI photooxidation. The 

formation of these identified intermediates during photolysis and photodegradation is in 

accordance to the previous reports (45) concerning the same in aqueous media.  

 

3.20 Estimation of Inorganic ions  

In order to confirm the mineralization of heteroatoms present in IMI to corresponding inorganic 

ions, ion chromatographic analysis was performed. It was observed that the amount of inorganic 

ions formed after 18h of photodegradation was notably higher than that found after photolysis of 

IMI, indication less mineralization in case of photolysis (Fig.3.59). The increases in formation of 

inorganic ions, with time of UV-light irradiation further confirmed the mineralization of IMI, 

during its photodegradation. The formulated (eq.3.4) balanced stoichiometric chemical equation 

for nitrate, nitrite and chloride ions during the photo degradation of IMI in present study found to 

deviate from the expected balance equation (eq. 3.5) after complete its degradation. The 
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Fig. 3.59 Evolution of inorganic ions during 

photocatalytic degradation of imidacloprid 
 

existence of unidentified intermediates composing the heteroatoms accounts for the incomplete 

mineralization. The increase in the 

amount of nitrate ion formation with 

irradiation time is probably due to 

mineralization of the imidazole or 

pyridine-substituted ring(s). These 

results are in correlation with a 

previous study (Lhomme et al. 2007; 

Lambropoulou et al.2011) for the 

dissipation of cyrpoconazole and 

fenhexamid, where the nitrogen atoms 

present in the triazole moiety were 

found to decompose to nitrate and 

ammonium ions.  

C9H10N5O2Cl
TiO2

hv (18 h)
+ 3/2 O2 0.10 NO2 + 0.63 NO3 + 0.57 Cl + Intermediate ......3.4

_ _ _

C9H10N5O2Cl + 33/2 O2 9 CO2 + 5 NO3 + Cl + Intermediate .......3.5
__

 

Thus, it is clear from these results that neither individual microbial degradation nor 

photocatalytic degradation has lead to the complete dissipation/mineralization of IMI in soil. 

Hence, another remediation strategy for destructive elimination of IMI and its metabolites from 

environment is required. An alternative for destructive removal of the IMI and its metabolites 

could be the microbial treatment combined with pre/post treatment of photocatalytic oxidation 

that could reduce its recalcitrant metabolites or improves its microbial degradation. In this 

context, both of these processes were coupled in two ways (i) microbial degradation followed by  

photocatalytic degradation (MP) and (ii) photocatalytic degradation followed by microbial 

degradation (PM), to achieve higher degradation of IMI in soil.   

 

 

 



118 
 

0 3 6 9 12 15 18
0

10

20

30

40

50

 
R

e
si

d
u

a
l a

m
o

u
n

t 
(m

g
L
-1

)

Time (h)

Photocatalytic Degradation(a)

0 3 6 9 12 15
0

4

8

12

 
R

e
si

d
u
a

l a
m

o
u

n
t 

(m
g

L
-1

)

Time (days)

Microbial Degradation(b)

 
Fig. 3.60 Sequential process for degradation 

of IMI in soil by (a) photocatalytic 

degradation followed by (b) microbial 

degradation.  
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Fig. 3.61 Time course UV-vis spectra of 

imidacloprid (50 mg L
-1

) during 

photocatalytic-microbial process  

 

 

 

3.21 Sequential processes for degradation of imidacloprid 

3.21.1 Photocatalytic-Microbial (PM) degradation  

In this process the optimized conditions 

obtained from photocatalytic process 

(section 2.2.10.5) were used for degradation 

of IMI for 18 h. The soil obtained was 

further treated with strain ATA1 under the 

optimum conditions (section 2.2.9.3) and 

degradation of IMI was observed for 15 

days.  

During PM process (Fig. 3.60), it 

was observed that the initial decrease in 

residual amount of IMI taken place up to 18 

h of photocatalytic degradation became 

almost stagnant during 15 d of microbial 

treatment. As it can be clearly visualized 

from Fig. 3.60a, the residual amount of IMI 

was calculated to be ~78% (11 mg L
-1

) after 

photocatalytic degradation, served as control 

for microbial degradation. In microbial 

study, degradation of to ~ 86.2%               

(6.9 mgL
-1

) was confirmed after 15 d of 

microbial degradation (Fig. 3.60b).  

The time course UV-Vis absorption 

spectra (Fig. 3.61) for degradation of IMI 

during PM process showed that with 

increase in time of degradation, the peak 

corresponding to  λmax = 270 gradually 

decreases. A significant and noticeable 

decrease in peak height in comparison to 

standard IMI (absorbance = 1.9 a.u) has 
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Fig. 3.62 Sequential process for degradation of IMI in soil by (a) Microbial degradation 

followed by (b) photocatalytic degradation  

 

been taken place during 18 h of irradiation (0.48 a.u)  and no notable change in peak height was 

found till 15 days  (0.23 a.u) of microbial process. 

 

3.21.2 Microbial-photocatalytic (MP) degradation  

In MP process, degradation of IMI (50 mg kg
-1

) was achieved by inoculating bacterial strain 

ATA1 for 15 days (section) and the same sample was further irradiated for 18 h for 

photocatalytic degradation under optimum conditions (section). It was observed that after 10 d of 

incubation, ~ 55.6% (22.2 mg L
-1

) of IMI dissipated and became ~58.2 % (20.9 mg L
-1

) after 15 

d of microbial degradation (Fig. 3.62a). Afterwards, this amount (20.9 mg L
-1

) served as the 

control of photocatalytic process (Fig. 3.62b) which was found to decrease significantly till 18 h 

of irradiation became 2.6 mg L
-1

 (~ 94.6 %).  
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Fig. 3.63 Time course UV spectra of imidacloprid (50 mg L
-1

) 

during Microbial- photocatalytic process  

 

 

 

The UV-Vis. spectra (Fig.3.63) for MP process depicted decrease in peak height in comparison 

to standard IMI (absorbance = 1.9 a.u) after initial 5 d (0.93 a.u) that became almost constant till 

15 d (0.81 a.u) of incubation. Thereafter, the photocatalytic degradation caused further decrease 

in peak height i.e., degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.21.3 Comparison of photocatalytic-microbial and microbial-photocatalytic processes 

Both the processes (PM & MP) were compared in terms of degradation and mineralization after 

18 h + 15 d for PM and 15 d+ 18h for MP in the present study. Initially, residual amount of IMI 

for both were compared and it was concluded that among both of these processes, MP 

(degradation = 94.6%) process is better than PM process (degradation = 86.2%) by `~9%. This 

comparative high activity of MP process than PM process could be explained on the fact that, in 

PM process degradation of IMI by photodegradation could lead to the formation some 

intermediates that might be toxic to strain ATA1, resulting decrease in the enzymatic activity of 

microbes as the same was reported by the Jafari et al. (2011), Gonzalez et al. (2010) revealing 

reduction in activity of PM for the degradation of azo dye and chlorophenols, respectively. 

Another reason might be the higher concentration of IMI which did not favors the photocatalytic 
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process as pre-treatment for degradation and the same was supported by Suryaman et al. (2006), 

Balcioglu and Cecen (1999) and Li and Zhao (1999).  

Although, the difference between the degradation efficiencies among these two processes 

seemed to be very small (~9%), yet was found to be very significant and supported by LC-MS 

analysis. It can be clearly seen in the LC chromatogram (Fig. 3.64) that the number of 

intermediates formed (corresponding to each peak) during MP process are almost double as 

compared to PM process. This further evidencing that MP process is better than PM process.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3.64 Sequential degradation of imidacloprid (50 mgkg

-1
);                       

(a) Photocatalytic-biological degradation at 18 h + 15 d time interval           

(b) Biological-photocatalytic degradation at 15 d+18 h time interval 
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In order to further support this, time course study of the intermediates was also carried out (Fig. 

3.65). Among the identified intermediates two intermediates viz., I1 and I2 (Fig. 3.66) were 

found to be commonly formed during both of studied processes and were selected for this 

analysis. Since, the authentic samples for these intermediates were unavailable; therefore ratio of 

peak area at any time (Area (t))/maximum of peak area (Area (max)) were plotted vs time. It was 

found that in MP process the amount of these two common intermediates (I1 & I2) maximized 

after initial 5 days of degradation and thereafter it reduced till 15 d + 18 h of incubation.  
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Fig. 3.65 Time course sequential degradation of imidacloprid (50 

mgkg
-1

); (a) MP (b) PM 
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Fig. 3.66 Common identified intermediates of imidacloprid produced by MP and PM process  

 

Fig. 3.67  Comparative degradation of IMI at 

various time intervals of MP Process 

However, in case PM process the formation of these intermediates continued until the maximum 

time (18 h + 15 d). These results clearly depicts that despite of insignificant increase in amount 

of degradation during the MP process a drastic change in-terms of number of intermediates 

produced and eventually their mineralization was observed conforming the superiority of this 

process as compared to PM . 

 

3.21.4 Comparison of degradation and mineralization (5
th

 and 10
th

 day) in Microbial- 

photocatalytic process 

In MP process, residual amount of IMI 

after 10
th

 (22.2 mgL
-1

) and 15
th

 (20.9 

mgL
-1

) day of biological degradation 

process were found to be not of any much 

difference. It was believed that 

same/better results could be obtained 

using photocatalytic process on 5
th

 and 

10
th

 day instead of on 15
th

 day of 

biological process. Thus, to verify this 

assumption, samples obtained after 5 d 

and 10 d were subjected to 18 h of 

photocatalytic degradation for IMI and 

obtained results are shown in Fig. 3.67. It was observed that the microbial degradation of IMI in 
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Fig. 3.68 LC chromatograms for degradation of imidacloprid in MP process obtained 

after (a) 5 d+18 h and (b) 10 d + 18 h  

soil obtained after 5
th

 day, 10
th

 day, and 15
th

 day was 89%, 92% and 95% respectively. The 

results showed that the difference in the final degradation after 5
th

 /10
th

 /15
th

  day is not much 

which confirmed that the photocatalytic degradation cal be performed on the soil after 5
th

 day of 

microbial degradation.  

In order to verify these results, LC-MS (Fig. 3.68 a&b; Fig. 3.69-3.70) analysis was 

performed. It was found that only one intermediate was formed after 5 d + 18 h, whereas two 

intermediates in case of 10 d + 18h of reaction. Results from these two were compared with MP 

process of 15 d+ 18 h indicated later (15 d+18h) to be better than two processes (5 d + 18 h, 10 d 

+ 18 h) where more than two intermediates were found to be formed.  
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Fig 3.69 Mass spectrum of identified intermediates of imidacloprid 
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Fig 3.70 Mass spectrum of identified intermediates of imidacloprid 

 

 

These above said results suggested that longer microbial process followed by photocatalytic 

process (18 h) can efficiently mineralizes the IMI and its intermediates.  Hence, it can be 

concluded that although no notable difference after 5 d +18 h, 10 d + 18 h and 15 d + 18 h days 

of MP process was observed, yet the significant variation could be observed in terms of 

mineralization and truly signifies the removal of IMI from the soil.  
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CONCLUSIONS 

In summary, the work aimed at examining the following objectives: 

1. Isolation of neonicotinoid degrading bacteria from contaminated soil. 

2. Optimization of conditions for maximum photocatalytic degradation using TiO2. 

3. Optimization of conditions for maximum degradation of pesticide by bacteria. 

4. Studying sequential microbial-photocatalytic degradation of pesticide with optimum 

parameters. 

 

The salient findings of above objectives are as follows: 

 

Objective 1. Isolation of neonicotinoid degrading bacteria from contaminated soil 

1. Five bacterial strains (T1-T5) were isolated initially on enrichment media (NB) 

containing 50 mgL
-1 

of IMI and secondary enrichment was done on minimal medium (50 

mgL
-1 

of IMI) in order to study their efficiency for degradation of IMI.   

2. Out of these five, strain T1 and T5 which exhibited the highest growth were further 

identified on the basis of morphological, biochemical, physiological characterization. 

Morphological and gram characteristics results revealed that both the strains were gram 

negative rods and showed the characteristics of member of Enterobacter species.  

3. Molecular identification of both strain based upon 16S rRNA sequencing led to their 

characterization as Enterobacter sp. ATA1 and Enterobacter sp. ATA2, respectively.  

Objective 2. Optimization of conditions for maximum degradation of pesticide by bacteria 

1. The bacterial isolate Enterobacter sp. strain ATA1 selected for degradation of IMI was 

initially studied for its tolerance at various concentration of IMI (50-150 mgL
-1

) as 

carbon source in minimal media. Growth of strain ATA1 was found to be more at IMI= 

50 mgL
-1

 (absorbance = 0.028) as compared to 100 mgL
-1

 (absorbance = 0.019) and 150 

mg L
-1

 (no growth) for 25 days of incubation. 

2. Various carbon sources viz., Maltose, Sucrose, Fructose, Lactose and Glucose were used 

as co-metabolite to enhance growth and among these glucose (0.1% w/v) was observed to 

be effective carbon source than the others.  
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3. Under the optimized concentration of IMI (50 mgL
-1

) in presence of glucose (0.1% w/v), 

co-metabolite degradation studies were performed in minimal media and it was found 

that degradation of ~ 45% achieved after 3 days of incubation. LC chromatogram 

analysis revealed decrease in peak height/peak area comparative to standard IMI (50 

mgL
-1

). Various new peaks were also appeared up to 15 days indicated the formation of 

intermediates/metabolites of IMI.   

4. The identification of these intermediates was performed by their respective mass 

spectrum and concluded that disintegration of IMI takes place into imidacloprid urea (m/z 

= 212) and 4-hydroxy imidacloprid (m/z =271).  

5. Microcosm study in the soil was performed under laboratory conditions for optimization 

of various parameters (pH, inoculums size, initial concentration of imidacloprid and 

flooding of soil) and concluded highest degradation (68%) was percieved at pH = 7 after 

15 days of incubation.  

6. Results obtained from effect of initial concentration of IMI (25-100 mg kg
-1

of IMI) at  

pH = 7 showed that 50 mgkg
-1

 of IMI lead to better degradation (74%) and hence 

considered as optimum. These results are supported by GC-MS chromatograms that have 

shown peak height/peak area for IMI  is least while using its concentartion = 50 mgkg
-1

, 

revealed it to be an optimum amount.  

7. Effect of inoculum size on the degradation of IMI confirmed maximum  degradation of 

IMI (74%) at 2×10
7
 cfu g

-1
 soil. These results were found to correspond with the GC-MS 

chromatograms indicating 2×10
7
 cfu g

-1
 to be an optimum inoculum size.  

8. Influence of flooding/non-flodding conditions for maximum degradtion of IMI at 

optimized conditions of pH = 7, IMI concentartion = 50 mgkg
-1

, inoculum size= 2×10
7
 

cfu g
-1

 soil was studied and it was found that IMI was degraded more efficiently in non-

flooded (60%) conditions as compared to flooded (50%).  

 

Objective 3. Optimization of conditions for maximum photocatalytic degradation using  

                    TiO2 

1. Photolysis and adsorption studies in soil confirmed that change in the concentration of 

IMI was not significant when kept under dark for 18 h. Soil having IMI when irradiated 



129 
 

with UV-light in presence of TiO2 (0.1- 0.5gkg
-1

), degradation increased with increase in 

photocatalyst doses and an amount of 0.3 gkg
-1

 TiO2 was found to be an optimum.  

2. Optimization of four experimental parameters (UV light intensity, initial conc. of IMI, 

pH, and depth of soil) was carried out using central composite design (CCD) based on 

response surface methodology (RSM). The 30 experiments obtained by Design-Expert 

Software (trial version 9.0.3.1, Stat-Ease, Inc., MN, USA) were performed on laboratory 

scale and the obtained results have been plotted for –ln(C/Co) vs. Time. 

3.  For all the experiments plots were straight line with R
2
 = 0.993 to 0.974, indicated that 

degradation of IMI under the specified conditions follows the L-H kinetics and pseudo 

first-order kinetics. 

4. Highest value of apparent rate constant (k) 15×10
-4

 min
-1

 was observed at pH = 3, 

intensity of light = 30 Wm
-2

 and initial IMI = 10 mgL
-1

,   followed by 9.3×10
-3

 min
-1

, 

revealed the former as an optimum conditions for photocatalytic degradation of IMI in 

soil. It has also been found that amount of IMI photo-catalytically degraded (83%) 

complied with the theoretically determined (86%), not only for the optimized conditions 

but for all the experiments.  

5. Adequacy and significance of the studied model was verified by applying ANNOVA test.  

The probability value (P) for A (pH) and D (concentration of IMI) were very low 

(<0.0001) in comparison to other parameters B (intensity of light) and C (depth of soil). 

The response factor of calculated residual values showed that all data points lie close to 

straight line and within 95% confidence intervals line with mean values near zero 

confirming the good correlation between experimental and predicted values.  

6. Moreover, identification and probable mechanism involved for the formation of various 

intermediates with quantitative estimation of various ions (nitrate, nitrite, and chloride) 

was also carried out. Based upon the results obtained, a probable mechanism for 

conversion of one intermediate into another during decomposition of imidacloprid, and a 

stoichiometric mass balanced equation were being proposed. 
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Objective 4. Studying sequential microbial-photocatalytic degradation of pesticide with           

optimum parameters 

1. In sequential studies, it was found that residual amount of IMI after 15 day + 18 h of 

degradation in microbial-photocatalytic process(MP) was ~2.6 mgL
-1

  (96%) significantly 

lower than that found in photocatalytic-microbial process (PM) ~7.0 mgL
-1

  (87%) 

confirming betterment of former process.  

2. The results were verified by time course analysis of common metabolite (m/z = 128 & 

228) found from both processes and it was observed that in case of MP process the 

metabolites becomes highest of their concentration and thereafter started degrading or 

inter-converting into other compounds. However, for PM process an opposite has been 

observed where the formation of these intermediates continues till 15 d + 18 h of 

degradation. These results confirmed that MP process was superior to the PM process.  

3. For optimum degradation time for mineralization of IMI, samples obtained after 5
th

 and 

10
th

 day of microbial degradation were subjected to the photocatalytic degradation under 

similar conditions and were analyzed for LC-MS spectrum. It was confirmed that more 

number of metabolites were formed (reflected by number of peaks) after 15 d + 18 h of 

degradation in relation with 5 d + 18 h and 10 d + 18 h. This clearly suggested that time 

of 15 d + 18 h is optimum for mineralization of IMI under the conditions specified in 

present study.   
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