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			Abstract

			A huge quantity of water contaminated with oil and other drilling materials is stored in large ponds within the oil drilling sites. This contaminated water cannot be released to the surrounding environment without proper treatment. In the present study, we are reporting the treatment of such water and the possible field application through microbial treatment by using two bacterial strains namely Pseudomonas aeruginosa TP16 and Pseudomonas aeruginosa N002. Physical, chemical and biological properties confirmed that the pit water samples contained > 1 % crude oil, high phenolphthalein alkalinity, methyl orange alkalinity, total dissolved solids, and total suspended solids. Bacterial strains TP16 and N002 utilized/converted the crude oil components under control conditions after the treatment process. UV-Vis spectra, GC chromatogram, NMR and FT-IR spectra confirmed the utilization/conversion of the individual oil components including 3-oxo-20-methyl-11-a-hydroxyconaine-1,4-diene,trans-2-phenyl-1,3-dioxolane-4-methyloctadec-9,12,15-trienoate,4,4-dideuterio-6,6-dimethylcyclohexanone,2,5-octadecadiynoic, methyl ester (CAS), benzene-1-methoxy-4-(1-propenyl)-(CAS), phenol-2-methoxy-4-(2-propenyl)-(CAS) and 10-(tetrahydro-pyran-2-Yloxy)-tricyclo-[4.2.1.1.2,5] DEC-7-EN-9-one; as sole C-source. The plant germination bioassay performed for comparison of control and treated wastewater on mustard green (Brassica juncea) was found to be non-toxic. It can be concluded that the microbial treatment followed by chemical clarification is the suitable approach for the treatment of crude oil contaminated large pit water.
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			Introduction

			Oil drilling is a requisite process in all the oil-recovery fields around the globe. During the oil recovery process, water fractions are utilized as a lubricant and pumped in high pressure inside the earth crust to recover the oil from the deep wells. Following the process, a substantial quantity of water containing a high amount of oil fractions; aromatic hydrocarbon, aliphatic hydrocarbon, organic acid, and organic materials are generated [1-4].But this generated waste-water can’t be released to the surrounding environment without proper treatment and thereby stored in an artificially designed reservoir. Accidental leakage of this oil-contaminated water to the environment creates environmental problems as different oil components can exert adverse effects on the nearby flora and fauna [4-7]. Therefore, the treatment of oil-contaminated wastewater requires attention before disposal. The oil-based industries are mostly located in the remote and hilly areas and their oil production efficiency is not uniform all 

the time. Therefore, the generated wastewater is allowed to store in the abandoned oil well sites for a long time due to the high cost involved in the treatment process. In contrast to physical and chemical methods, biological treatments are the alternative approach, where microbes are used to treat the contaminated water [8]. Further, the biological treatment can be tailored to the site as remediation of oil-contaminated sites is mostly unique to its origin [9,10]. In this approach, microorganisms such as bacteria, fungi, algae, and protozoa were used which could metabolize the complex contaminants present in the wastewater [11-13]. Compared to other microbes, bacterial remediation has shown high potentiality in terms of accumulation or degradation of hazardous dyes, crude oil, nutrients and hydrocarbons in a short span of time by utilizing mechanisms like exopolysaccharide production, floccs production, and biofilm production. Bacterial interaction with various waste materials triggers the production of exopolysaccharides, biofilms, floccs, and granule that enhance the treatment efficiency by reducing the toxicity, degradation of organic matter and removal of the nutrients present in the contaminated water [14-17]. 

			These convenient aspects of microbes make them suitable for waste treatment in combination with the traditional physicochemical processes. Assam, a state of NE-India produces crude oil since the 18th century under the agencies like Oil and Natural Gas Corporation Limited (ONGCL) and Oil India Limited (OIL). These oil production and recovery sites have many abandoned pit areas having the capacity of carrying 30 kl contaminated pit water. Earlier studies reported the necessity of environment-friendly technology to clean up the crude oil contaminated areas of Assam [18]. Very few reports are available on large scale remediation of oil-contaminated pit water stored near the oil drilled sites. Therefore, it is an urgent need to decontaminate this harmful waste-water generated during the oil drilling. The aim of the present study is to evaluate the remediation efficiency of the oil- contaminated pit water produced by the oil-based industries through the applications of two crude oil utilizing Pseudomonas strains under the controlled conditions citing pit water of KHBB Golaghat, operated under ONGC. Stress was given to study the proposition of the large scale oil-contaminated water reservoir. 

			Materials and Methods

			Sampling

			Crude oil contaminated pit water samples were collected from the oil drilled sites of KHBB, Golaghat, Assam (25038 N and 92015 E). This site is operated under Oil and Natural Gas Corporation, Jorhat, India assets [Figure S1].
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			Bacterial Strains

			The bacterial strains used in the current work were previously isolated by our group from oil-contaminated soil sites [19,20]. Further, the bacterial cultures were revived and seed culture was prepared in 50 ml nutrient broth and incubated for 24 h at 30 °C. Finally, 500 µl of the seed culture was transferred to 50 ml mineral media supplemented with 0.1 % (v/v %) crude oil and again incubated for 7 days in shaking incubator at 30 °C and 120 rpm. After 7 days of incubation, strains showing maximum activity in terms of growth, crude oil utilization potential and UV-spectrometric analysis were selected for the treatment.

			Characterization of the pit water

			Crude oil contaminated pit water samples were collected from the oil drilled sites of KHBB, Golaghat, Assam (25038 N and 92015 E) (Figure S2). Physical, chemical and biological characteristics of the pit water collected from the oil drilling sites of KHBB, Golaghat were analyzed as per the methods described in the Indian Standard (IS 30125 2012) to ensure the bio-remediation process. For this, the pH of the water was determined using an automatic glass electrode pH meter (Eutech pH700). Biological Oxygen Demand (BOD) was determined following the Winkler method. The turbidity of the collected water was tested using turbidimeter (ALTISTM instruments). The alkalinity of water was determined using indicator method, while sulfate, magnesium and total suspended solids content was measured gravimetrically. The chloride content was analyzed through the argentometric method while calcium content was determined through EDTA titrimetric method. Finally, the total iron content was measured through 1, 10 phenanthroline method.

			Pit water Treatment

			For the treatment of the pit water, the collected samples were passed through mesh sieves (0.5-2.5 mm) to remove any large particles. During primary treatment, the collected water is allowed to stand for an hour for settlement of light particles and oil under gravity. The soil containing sludge part settled in the bottom while the water fraction containing the oil was collected for secondary treatment. The collected contaminated water samples were treated with 18 h old enriched cultures of selected efficient bacterial strains. For this, 100 ml of the contaminated water was transferred to 250 ml conical flasks supplemented with 0.01% nutrient solution (yeast extract) except for the carbon source. 1.0 ml of the enriched culture of the selected strains were inoculated and incubated in room temperature at 120 rpm for 48 h. Pit water amended with 0.01 % nutrient solution without bacterial inoculums was served as control and incubated at room temperature for 48 h. After 48 h post incubation, 0.8 % of Poly Aluminum Chloride (PAC) was added and mixed well to settle down the bacterial cells and dissolve solid particles present in the treated pit water. After 1 h of the coagulation process, clarified liquid fractions were separated from the residual sludge. The physical, chemical and biological characteristics of the clarified water, as well as the sludge, were determined as mentioned earlier to verify the efficiency of the bacterial treatment. 
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			Fourier Transform –Infra-Red spectroscopy (FT-IR)

			The functional groups present in the contaminated pit water samples before and after treatment was determined using Fourier-Transform infrared spectroscopy (Perkin-Elmer Spectrum 100). For this, a pinch of the dried sample was placed on KBr disc and IR spectra of the samples were obtained in the range of 4000-400 cm-1.

			Nuclear Magnetic Resonance (NMR)

			For Nuclear Magnetic Resonance analysis, 5ml of the pit water samples were mixed with the deuterated chloroform (CDCl3) to determine the compounds present (Bruker AV500 Avance-III 500 MHz FT-NMR). Top Spin processing and control software (Version 3.2.b.10.) was used to compare the NMR spectra of the treated samples with their respective controls.

			Gas Chromatography/Mass Spectroscopy (GC-MS)

			The compounds present in the sample pre and post-treatment was further characterized using Gas Chromatography/Mass Spectrometry (Perkin Elmer Clarus 600). The sample preparation and analysis was performed using the Elite 5 MS column as reported in our previous study [21]. Analysis of spectrum was done by comparing the retention time obtained for our samples with the standard, MS-library, and literature.

			Scanning electron microscopy 

			The bacterial interaction with the treated residues and their surface topology was determined via SEM (Sigma HV 05-07). For this, a dried portion of the sample was fixed on a cover-slip by 4 % (w/v) glutaraldehyde and incubated for 24 h. After the fixation step, samples were washed with distilled water and dehydrated using different grades of ethanol (30 %, 50 %, 70 %, 80 %, and 95 %) for 3 min. All the samples were dried in a vacuum and coated with gold particles prior to SEM analysis.

			Energy-Dispersive X-ray spectroscopy (EDX)

			Energy dispersed X-Ray analysis (EDX) was used to determine the elemental composition of the treated residual samples from the captured SEM images by using Oxford instruments X-MaxN, model no: sigma HV 05-07. 

			Proximate analysis

			Proximate analysis was performed to determine the physical and chemical properties of the treated residual samples using Thermogravimetric Analyzer (Leco TGA701) (ASTM, 2011a,b,c)

			Plant germination bio-assay 

			Seed germination and seedling vigor test was performed on mustard green (Brassica juncea) to investigate the nontoxicity of the treated samples. For this, both the residual and clarified liquid fractions of the treated samples were separated and clarified liquid fractions were neutralized [22]. Seeds of mustard green were surface sterilized using 0.01 % mercuric chloride and 70 % ethanol. Finally, the sterilized seeds were sown in both the clarified and residue of the treated samples and monitored regularly for 7 days. Various growth parameters such as dry biomass, seedlings, and root length were recorded in three replicates to determine the non- toxicity of the treated samples on plant growth.

			Statistical analysis

			Each sample was studied in triplicates and results were expressed in mean± standard deviation. Comparison of the variance before and after treatment was measured by one-way ANOVA and their significant difference was determined by student’s T-test at p < 0.05.

			Result and Discussion 

			Assam produces >5 million metric tons of crude oil, which are explored under different oil wells. The selected site (KHBB, Golaghat, Assam) have been drilled in 2015 and has started production of oil since 2016. Each oil well produces approximately 30 kl of the waste pit which is stored in artificially designed ponds with an area of 100 m × 50 m and 1-15 m depth. It is essential to remediate these contaminated pit water fractions by the environment-friendly way before proper disposal, since accidental leakage to the nearby low-lying areas cause havoc [23]. In the present study, out of the 40 screened bacterial strains, Pseudomonas aeruginosa TP16 (accession no KC505184) and P. aeruginosa N002 (accession no: JX035794.1) [Fig. S2] was selected to treat the oil contaminated pit water samples on the basis of their growth, crude oil utilization potential, and UV-spectrometric analysis. Our previous study revealed that the strain N002 contains eleven types of bio-surfactant producing genes that enhance the crude oil degradation by reducing the surface tension, critical micelle concentration and interfacial tension in the hydrocarbon mixed aqueous solution. Moreover, the genes responsible for hydrocarbon degradation by emulsification are also well equipped in the strain [20]; whereas, the strain TP16 could thrive in crude oil environment (data not published) and has additional plant growth promoting activity. Consortia of these two strains showed enhance crude oil degrading/ utilizing capacity after 12 h of inoculation as compared to its individual capacity.

			Characteristic of the pit water before and after the treatment

			The characteristics features of the oil-contaminated pit water samples collected from the oil drilled site of KHBB; Golaghat, Assam is described in Table 1. The pit water samples were basic in nature (pH 8.67 - 8.96) with 0.1 % oil content. The samples were found to contain dissolved contents, chloride, iron, methyl orange alkalinity, phenolphthalein alkalinity, and total suspended solids, whereas, sample2 also contained calcium, and magnesium in a trace amount. After 24 h of treatment, the concentration of petroleum content was found to be decreased by 80 % and 99%; whereas 74.21% and 72 % methyl orange alkalinity, 59.43 % and 78.13 % phenolphthalein alkalinity, and 35.51 % and 26 % total suspended solids were removed in sample 1 and sample 2 respectively. Mg, Fe, S, total hardness, and dissolved solids were increased substantially than before. The significant changes in the physical and chemical parameters of the pit water after treatment were due to the utilization/conversion/degradation of crude oil and other suspended particles. The enhanced availability of Mg, Fe, S and total dissolve salt was might be due to the release of these materials from the immobilized form and also the addition of coagulating agent PAC [24]. Santhini et al. [25] reported that changes in different parameters of the waste effluents are the indicators of the bacterial utilization process. Hence, the decreased and enhanced components indicated bacterial utilization process. Interestingly, the basic nature of the contaminated water changed to mild acidic nature (4.24-4.04), which could be considered as a sign of bacterial degradation of crude oil to smaller fractions. The lowering of pH during the utilization of oil by microbes is already an established phenomenon [26,27]. Overall, the bacterial treatment in crude oil contaminated pit water leads to diminishing crude oil but subsequently enhanced the inorganic salts and total hardness.

			Biological Oxygen Demand (BOD) is considered as one of the parameters to determine the quality of water. BOD of the untreated samples was found to be 31.7 mg/l and 73.3 mg/l. After 24 h of treatment, the recorded BOD values were enhanced by 89.85 % and 67.62 %, indicating utilization of the dissolved oxygen present in the water samples. The changes in the pit water after the treatment was also verified by the absorption spectra recorded at 200-900 nm. (Figure 1) Loss of peak areas in the treated samples is a sign of degradation process, as the non-biological process tends to show the same effect on both the samples and their respective controls [28, 29].

			FT-IR 

			Comparative analysis of the functional groups present in both the treated and untreated samples was studied by FT-IR analysis (Figure 2a). The IR spectra of the untreated sample 1 showed the characteristic bands of CH, CH3 bending at 1386.4 cm-1, 1429.5 cm-1 and 850.0 cm-1, 867.8cm-1, aromatic stretch at 1429.5 cm-1 and C-H stretching at 2961.0 cm-1 and 2909cm-1. While bands of CH, CH3 bending at 2852.7 cm-1, 2916.1 cm-1, 2963.5 cm-1 and 868.0 cm-1, C-H stretching at 2852.7 cm-1, 2916.1 cm-1, 2963.5 cm-1 and aromatic stretch at 1429.6cm1 were found in sample 2 [Table S1]. Loss of peak areas in the treated samples confirmed that both TP16 and N002 utilized oil and other contaminants present in the waste-water. 

			Table 1: Data are the mean of three individual observations; ±1.0=SE (standard error of observed values). SE followed by a similar letter in rows denotes no significant differences at p<0.05; *CPCB: Central Pollution Control Board, India.

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Parameters

						
							
							Sample 1

						
							
							Sample 2

						
							
							*CPCB 
Guidelines

						
					

					
							
							
							Before Treatment (0 H)

						
							
							After Treatment (24 H)

						
							
							After Clarification
(48 H)

						
							
							Before Treatment (0 H)

						
							
							After Treatment (24 H)

						
							
							After Clarification
(48 H)

						
							
							General Standard for Discharged of Effluents

						
					

					
							
							pH Turbidity (NTU)

						
							
							8.67±0.0a

						
							
							6.7±0.02b

						
							
							4.24±0.3c

						
							
							8.96±0.00a

						
							
							7.58±0.2b

						
							
							4.02±0.07c

						
							
							5.5-9.0

						
					

					
							
							1.96±0.06a

						
							
							0.0±0.0b

						
							
							0.0±0.0b

						
							
							0.0±0.0a

						
							
							0.0±0.0a

						
							
							0.0±0.0a

						
							
					

					
							
							BOD (mg/l)

						
							
							31.76±0.59c

						
							
							313.03±0.4a

						
							
							151.7±0.25b

						
							
							73.32±0.03c

						
							
							226.43± 0.52a

						
							
							127.3±0.56b

						
							
							350.00mg/l

						
					

					
							
							Total Hardness as CaCO3 (mg/l)

						
							
							175.0±0.5c

						
							
							326.02±0.87b

						
							
							400.02±0.03a

						
							
							60.25±0.25c

						
							
							200.58±0.97b

						
							
							620.05±0.15a

						
							
							-

						
					

					
							
							Calcium (Ca) (mg/l)

						
							
							4.02±0.03a

						
							
							3.7±0.03b

						
							
							3.2±0.05c

						
							
							Trace

						
							
							2.05±0.05

						
							
							7.2±0.005

						
							
							-

						
					

					
							
							Magnesium (Mg) (mg/l)

						
							
							1.8±0.15c

						
							
							3.6±0.02b

						
							
							6.6±0.3a

						
							
							trace

						
							
							6.7±0.04b

						
							
							17.4±0.4a

						
							
							-

						
					

					
							
							Iron (Fe) (mg/l)

						
							
							2.0±0.01c

						
							
							3.09±0.10b

						
							
							4.3±0.3a

						
							
							0.2±0.01

						
							
							1.23±0.49

						
							
							6.03±0.52

						
							
							3.00mg/l

						
					

					
							
							SO4 (mg/l)

						
							
							0.0±0.0c

						
							
							12.63±0.15b

						
							
							19.03±0.03a

						
							
							Trace

						
							
							5.03±0.26b

						
							
							19.02±0.18a

						
							
							-

						
					

					
							
							Chloride (as Cl) (mg/l)

						
							
							589.6±0.87c

						
							
							1170.33±0.57b

						
							
							1671.3±0.3a

						
							
							691.13±0.38c

						
							
							1170.43±0.26b

						
							
							2046.2±0.40a

						
							
							-

						
					

					
							
							Phenolphthelain alkalinity (mg/l)

						
							
							210.07±0.23a

						
							
							85.22±0.41b

						
							
							0.0±0.0c

						
							
							150.52±0.56a

						
							
							32.91±0.38b

						
							
							0.0±0.001c

						
							
							-

						
					

					
							
							Methyl Orange alkalinity (mg/l)

						
							
							1032.0±0.5a

						
							
							266.19±0.70b

						
							
							0.0±0.003c

						
							
							930.1±0.1a

						
							
							260.46±0.56b

						
							
							0.00±0.00c -

						
							
							-

						
					

					
							
							Total petroleum hydrocarbon (%)

						
							
							0.1±0.00a

						
							
							0.02±0.001b

						
							
							0.0±0.0c

						
							
							0.1±0.00a

						
							
							0.001±0.001b

						
							
							0.0±0.0b

						
							
							20.00 mg/l

						
					

					
							
							Total dissolved solids (mg/l) (TDS)

						
							
							2700.0±0.25c

						
							
							3150.37±0.63b

						
							
							4510.23±0.28a

						
							
							2670.0±0.5c

						
							
							3160.22±0.81b

						
							
							5220.0±0.02a

						
							
					

					
							
							Total suspended solids (TSS)

						
							
							380.07±0.63a

						
							
							245.09±0.82b

						
							
							85.0±0.50c

						
							
							270.5±0.5a

						
							
							200.2±0.2b

						
							
							96.0±0.12c

						
							
							600.00mg/l

						
					

				
			

			Table S1: Characteristics of the oil-contaminated pit water established from FT-IR analysis.

			
				
					
					
					
					
				
				
					
							
							Peaks Obtained

						
							
							Functional Group

						
							
							Peaks Obtained (Cm-1)

						
					

					
							
							
							
							Sample 1

						
							
							Sample 2

						
					

					
							
							3200-3600

						
							
							OH stretching

						
							
							3445.4

						
							
							3429.7

						
					

					
							
							2850-3000

						
							
							CH stretching (strong Alkane stretch)

						
							
							2961.03, 2909.15

						
							
							2852.7, 2916.1, 2963.5

						
					

					
							
							1350-1480

						
							
							CH bending (Variable Alkane bending)

						
							
							1386.4, 1429.5

						
							
							1382.2, 1429.6

						
					

					
							
							675-1000

						
							
							=CH bending (strong alkene bending)

						
							
							850.0, 867.8

						
							
							868

						
					

					
							
							1620-1680

						
							
							C=C stretching (variable alkene bending)

						
							
							1637.7

						
							
							1642.6

						
					

					
							
							1345-1386

						
							
							N-O stretching (strong Nitro stretch)

						
							
							1386.4

						
							
							1382.2

						
					

					
							
							1000-1300

						
							
							C-O (ether stretch)

						
							
							1032, 1049.5

						
							
							1034.2

						
					

					
							
							1400-1600

						
							
							C=C (aromatic stretch)

						
							
							1429.5

						
							
							1429.6

						
					

				
			

			NB: IR spectrum of the oil contaminated pit water showed the presence of characteristics bands of ether (ether stretch at 1032, 1049.5 cm-1 in sample 1 and 1034.2 cm-1 in sample 2), nitro compounds (nitro stretch at 1386.4 cm-1 in sample 1 and 1382.2 cm-1 in sample 2), alcoholic compounds (OH stretch at 3445.4 cm-1 in sample 1 and 3429.7 cm-1 in sample 2) aromatic compounds (aromatic stretch at 1429.5 cm-1 in sample 1 and 1429.6 cm-1 in sample 2) and other aliphatic compounds (CH stretching at 2961.03 cm-1, 2909.15 cm-1 in sample 1 and 2852.7 cm-1, 2916.1 cm-1, 2963.5 cm-1 in sample 2, CH bending at 1386.4 cm-1, 1429.5 cm-1 in sample 1 and 1382.2 cm-1, 1429.6 cm-1 in sample 2 and CH2 bending at 850.0 cm-1, 867.8 cm-1 in sample 1 and 868.0 in sample 2) before treatment with TP16 and N002.
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			NMR

			Differences in NMR spectra between the control and the treated samples are described in Fig. 2b. In the present study, loss of hydroxyl group was confirmed by a decreased peak area at 4.78 ppm in the treated sample 1, whereas, loss of peak in the range of 4.15-4.20 ppm and 7.24-7.26 ppm in sample 2 confirmed the degradation of hydroxyl and aromatic compounds after the treatment process. However, NMR spectra of both the samples showed a new aromatic peak at 7.25-7.26 ppm after 48 h of the treatment. The loss and formation of a new peak in the NMR spectra supported the degradation and conversion of the pit water components which is comparable to our previous studies on crude oil utilizing hydrocarbon clastic bacteria (mentioned above [19,21])

			GC-MS analysis

			The comparison of GC-MS spectra for the treated and the untreated water samples was done by analyzing the retention time and the MS library (Figure 2b,2c). Various compounds such as hexadecadienoic acid, methyl ester, phenolic compounds, farnesol, and benzene were found in the untreated pit water samples which were removed or reduced to a minimum level in the TP16 and N002 treated water samples (Table 2). The observed changes in the peak areas were at RT 7.48, 8.14, 9.01, 9.73, 10.04, 10.71, 11.06, 11.78, 12.11 and 13.76 min in Sample 1 while 7.47, 8.14, 9.01, 10.04, 10.92, 11.06 and 12.1 min in Sample 2 as compared to their respective controls. Reduction of these compounds to a minimum level and loss of peak areas signified the utilization of the oil and the other components present in the contaminated pit water as carbon source.

			Table2: Nature of composition of oil-contaminated pit water before and after treatment with Pseudomonas aeruginosa TP16 and P.aeruginosa N002

			
				
					
					
					
					
					
				
				
					
							
							Components

						
							
							Sample 1 (Peak Area %)

						
							
							Sample 2 (Peak Area %)

						
					

					
							
							
							Before Treatment

						
							
							After Treatment

						
							
							Before Treatment

						
							
							After Treatment

						
					

					
							
							3-Oxo-20-methyl-11-a-hydroxyconaine-1,4-diene

						
							
							-

						
							
							-

						
							
							0.17

						
							
							0

						
					

					
							
							
							
							
							0.26

						
							
							0.17

						
					

					
							
							
							
							
							0.25

						
							
							0

						
					

					
							
							
							
							
							0.31

						
							
							0

						
					

					
							
							Trans-2-phenyl-1,3-dioxolane-4-methyloctadec-9,12,15-trienoate

						
							
							-

						
							
							-

						
							
							0.26

						
							
							0

						
					

					
							
							2-acetyl-3-(2-benzenesulphonamido) ethyl-7-methoxyindole

						
							
							-

						
							
							-

						
							
							2.66

						
							
							0.78

						
					

					
							
							Cholestan-3-ol,2-methylene-(3a,5a)-(CAS)

						
							
							2.31

						
							
							1.2

						
							
							1.53

						
							
							0.9

						
					

					
							
							
							0.6

						
							
							0.35

						
							
							
					

					
							
							4,4-Dideuterio-6-,6-dimethylcyclohexanone

						
							
							-

						
							
							-

						
							
							0.89

						
							
							0

						
					

					
							
							2,5-octadecadiynoic acid, methyl ester (CAS)

						
							
							0.53

						
							
							0

						
							
							-

						
							
							-

						
					

					
							
							
							0.67

						
							
							0.34

						
							
							
					

					
							
							Benzene-1-methoxy-4-(1-propenyl)-(CAS)

						
							
							5.8

						
							
							-

						
							
							-

						
							
							-

						
					

					
							
							Phenol-2-methoxy-4-(2-propenyl)-(CAS)

						
							
							2.69

						
							
							1.2

						
							
							1.41

						
							
							0

						
					

					
							
							Farnesol

						
							
							1.47

						
							
							1.25

						
							
							-

						
							
							-

						
					

					
							
							Glyceryl Tridocasahexaenoate

						
							
							0.79

						
							
							0.5

						
							
							-

						
							
							-

						
					

					
							
							[5,9-Dimethyl-1-(3-phenyl-oxiran-2-YL)-deca-4,8-dienylidene] -(2-phenyl-aziridin)

						
							
							0.34

						
							
							0.27

						
							
							-

						
							
							-

						
					

					
							
							Neoiso(Iso) Pulegol

						
							
							-

						
							
							-

						
							
							1.22

						
							
							1.1

						
					

					
							
							10-(Tetrahydro-pyran-2-Yloxy)-tricyclo[4.2.1.1.2,5] DEC-7-EN-9-one

						
							
							-

						
							
							-

						
							
							0.23

						
							
							0

						
					

				
			

			NB: Comparison of the untreated pit-water with TP16 and N002 treated showed decreased peak area for the compounds cholestan-3-ol,2-methylene-(3a,5a)-(CAS),2,5-octadecadiynoic acid, methyl ester (CAS), phenol-2-methoxy-4-(2-propenyl)-(CAS),farnesol, glyceryl tridocasahexaenoate, [5,9-dimethyl-1-(3-phenyl-oxiran-2-YL)-deca-4,8-dienylidene]-(2-phenyl-aziridin, neoiso puegol, whereas, complete removal of the compounds 2,5-octadecadiynoic acid, methyl ester, benzene-1-methoxy-4-(1-propenyl) and trans-2-phenyl-1,3-dioxolane-4-methyloctadec-9,12,15-trienoate,4,4-dideuterio-6,6-dimethylcyclohexanone, phenol-2-methoxy-4-(2-propenyl), 10-(tetrahydro-pyran-2-Yloxy)-tricyclo[4.2.1.1.2,5]DEC-7-EN-9-one were observed in sample 1 and sample 2, thus confirming the bacterial degradation and utilization of the pit water components.
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			SEM

			Surface topography of the bacterial strains and their interaction with the treated residual samples were analyzed via SEM (Figure 3). SEM analysis revealed the presence of rod-shaped bacterial strains TP 16 and N002 in the treated residual samples. Presence of the bacterial strains in the residue confirmed the interaction between the bacterial strains and the oil-contaminated water samples and their ability to adapt in that stress conditions.

			EDX

			Presence or absence of toxic metals or any other elements in the treated pit water was analyzed by EDX (Table 3). EDX analysis confirmed that the residue contained phosphorus, sulfur, and carbon in Sample 1, whereas, potassium, sulphur, magnesium, zinc, and carbon were found in sample 2 after the treatment with TP16 and N002. Srivastava and Thakur [30] also reported the elemental composition of waste effluents via EDX analysis. In the present findings, the treated residual samples were found to contain the essential elements only. Whereas, the detected amount of zinc in sample 2 is safe for disposal as per CPCB guidelines (Central Pollution Control Board, India). Hence our study supports the safety of the treatment processes.
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			Table3: Elemental composition and proximate analysis of the pit water residues after 48 h of treatment with Pseudomonas aeruginosa TP16 and P. aeruginosa N002.

			
				
					
					
					
				
				
					
							
							Elements and other characters

						
							
							Sample1

						
							
							Sample2

						
					

					
							
							C (weight %)

						
							
							105.03±0.07

						
							
							120.22±0.7

						
					

					
							
							P (weight %)

						
							
							2.10±0.02

						
							
							64.06±0.0

						
					

					
							
							S (weight %)

						
							
							6.21±0.9

						
							
							52.15±0.0

						
					

					
							
							K (weight %)

						
							
							3.55±0.05

						
							
							33.58±0.01

						
					

					
							
							Mg (weight %)

						
							
							-

						
							
							6.22±0.3

						
					

					
							
							Zn (weight %)

						
							
							0.87±0.10

						
							
							-

						
					

					
							
							Moisture content (%)

						
							
							17.54±0.01

						
							
							16.54±0.02

						
					

					
							
							Volatile matter (%)

						
							
							48.59±0.0

						
							
							41.23±0.03

						
					

					
							
							Ash content (%)

						
							
							28.32±0.4

						
							
							28.12±0.4

						
					

					
							
							Fixed carbon (%)

						
							
							5.55±0.0

						
							
							14.02±0.02

						
					

				
			

			NB: Three replicates were taken for each observation and data were expressed in SD±mean. From this table, Sample 1 and sample 2 were found to contain the essential elements such as carbon, sulphur, potassium, and Magnesium. Whereas, the residual portion of sample 2 contained 0.87 % zinc that is safe for disposal as per CPCB (Central Pollution Control Board, India) guidelines. Presence of metal ions and water content can be predicted from the detected ash contents and moisture content respectively.

			Proximate analysis

			Proximate analysis of the treated residual samples was carried out to evaluate the physical and chemical properties of the treated residual samples via fixed carbon, volatile matter, moisture content and ash content (Table 3). The present study confirmed that the treated residues were dominated by volatile matter (48.59 % and 41.23 %), ash content (28.32 % and 28.12 %), moisture content (17.54 % and 16.54 %), and fixed carbon (5.55 % and 14.02 %) in Sample 1 and Sample 2 respectively. These parameters have already been studied in biological treatment processes to evaluate the physical and chemical properties of the treated samples [31,32]. In the present study, the treated residual samples were dominated by volatile matter, which might be resulting from the degraded or converted oil components present in the treated residue. Detection of moisture and ash content confirmed the presence of water fractions and various metals and/or elements in the treated residue. 

			Plant germination bio-assay 

			Safe disposal of the treated samples to the surrounding environment is a deciding factor in every waste-water treatment process. To ensure the non-toxic nature of the treated pit-water, a laboratory scale experiment was performed on mustard green seeds. In this analysis, we studied different parameters such as germination rate, dry biomass, and root length to confirm plant growth and survivability (Table 4). It was found that the treated pit water and its residues showed no inhibition on seed germination, seedling growth, and total dry biomass accumulation. 

			Table 4: Bioassay of residues and the treated pit water to evaluate the non-toxic effect on plant growth

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Samples

						
							
							Germination (%)

						
							
							
							
							Seedling biomass (g)

						
							
							
							
							Root length (cm)

						
							
							
					

					
							
							
							clarified

						
							
							Residue

						
							
							Control

						
							
							clarified

						
							
							Residue

						
							
							Control

						
							
							clarified

						
							
							Residue

						
							
							Control

						
					

					
							
							Sample1

						
							
							52.0±0.17a

						
							
							50.3±0.3b

						
							
							20.09±0.79c

						
							
							0.02±0.0a

						
							
							0.02±0.0a

						
							
							0.02±0.002a

						
							
							0.31±0.15a

						
							
							0.29±0.03b 
0.023±0.02c

						
							
					

					
							
							Sample2

						
							
							75.10±0.10a

						
							
							50.06±0.12b


						
							
							0.07±0.002a

						
							
							0.07±0.002a

						
							
							0.03±0.006b

						
							
							
							0.94±0.11a

						
							
							0.46±0.11b

						
							
					

					
							
							
							
							44.58±0.39c

						
							
							
							
							0.017±0.006c

						
							
							
							
							0.23±0.12c

						
							
					

				
			

			Data are the mean of three individual observations; ±1.0=SE. SE followed by a similar letter in rows denotes no significant differences at p<0.05.

			Conclusion

			The bacterial strains TP16 and N002 are two native Pseudomonas aeruginosa strains that can utilize/convert/ degrade crude oil. From the present study, it can be concluded that both TP16 and N002 could efficiently remediate the oil contaminated pit water samples after 48 h of treatment. The efficacy of the treatment process was confirmed by the plant germination bio-assay that ensured the non-toxic nature of the treated samples.
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Figure 1: Comparison of UV spectra of the contaminated pit water samples bio-remediated with P. aeruginosa TP16 and P. aeruginosa
NOD2 (A: Sample 1, B: Sample 2). From the UV spectra, it was evident that the treated pit water samples had reduced peak areas as

compared to the untreated pit water.
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Figure 3: SEM images of residual fraction after 48 h of treatment with P aeruginosa TP16 and P. aeruginosa N002. Visualization of rod-
shaped bacterial cells with the treated residues confirmed bacterial interaction with the pit water.
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Figure S 1: Photograph showing oil-contaminated pit water in abandoned oil well site of KHBB, Golaghat, Assam
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Figure S 2: Phylogenetic tree of P. aeruginosa TP16 and P. aeruginosa N0O2. The position of TP16 and N0O2 among closely related
members is depicted in the figure with the phylogenetic tree constructed in MEGA 5.0.
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Figure 2a: Comparison of IR spectra of the pit water samples bio-remediated with P. aeruginosa TP16 and P. aeruginosa NOO2 after 48h
(A: Sample 1 before treatment, B: Sample 1 after treatment, C: Sample 2 before treatment, D: Sample 2 after treatment). FT-IR spectra of

the treated samples showed loss of peak area for the characteristic’s bands of aliphatic and aromatic hydrocarbons (CH, CH3 bending, CH
and aromatic stretching).
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Figure 2c: Comparison of GC chromatogram of bio-remediated pit water samples with 2. aeruginosa TP16 and P. aeruginosa N0OO2 (A:
Sample 1, B: Sample 2). Treated samples showed reduced peak areas, thus confirming the bacterial degradation process
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Figure 2b: Comparison of NMR spectrum of the pit water samples bio-remediated with P, aeruginosa TP16 and P. aeruginosa N0O2 after
48 h (A: Sample 1 before treatment, B: Sample 1 after treatment, C: Sample 2 before treatment, D: Sample 2 after treatment). NMR spectra
of the treated samples showed loss of hydroxyl (at 4.78 ppm in sample 1 and 4.15-4.20 ppm in sample 2) and aromatic group (at 7.24-7.26
ppm) as compared to the untreated samples confirming the bacterial degradation process.





