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Abstract

:

Used cooking oil (UCO) is a hydrocarbon that causes significant environmental pollution globally. Oil is a difficult pollutant to remove from the environment due to its hydrophobic nature. Bioremediation is preferred over chemical and physical remediation approaches as it is more economical and environmentally friendly. Hence, the search for a microbe with outstanding degrading capability is imperative due to the nature of hydrocarbons as pollutants. The current study evaluates the ability of glyphosate degrader isolates, Burkholderia vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13, to degrade UCO as the sole carbon source. The physico-cultural conditions affecting the activities of the isolates were studied using one-factor-at-a-time (OFAT) and response-surface methodology (RSM). The temperature, agitation speed, UCO concentration, nitrogen supply, yeast extract concentration, and inoculum size were optimised during a 7-day incubation period. Based on the OFAT results, the highest degradations were 62.23% and 58.33% for the isolates AQ5-12 and AQ5-13, respectively. The optimisation of RSM showed 83.42% and 87.09% degradation of the UCO by the AQ5-12 and AQ5-13 isolates. Parameters including the temperature, yeast extract, and ammonium sulphate concentration provided significant interaction for the RSM model in the isolate AQ5-12. Meanwhile, AQ5-13 showed significance in all five parameters: pH, UCO concentration, temperature, yeast extract, and ammonium sulphate concentration. The degradation efficiency validated via RSM demonstrated better results than the OFAT approach. The model validation has verified no significant difference between the experimental and predicted values. The ability of these two bacterial isolates to degrade UCO is a worthwhile procedure in the bioremediation of hydrocarbon-rich areas.
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1. Introduction


Cooking oil (CO) is one of the most significant ingredients in the human diet. It is one of the most essential components in the preparation of food worldwide [1]. Inevitably, the increased population growth and anthropogenic effect due to industrialisation, urbanisation, changes in eating patterns from indigenous food to fast food and increased food production have led to the increased use of CO. This has, in turn, led to an increased amount of waste or used cooking oil (UCO). The production rate of UCO has risen exponentially, threatening both the environment and human health [2,3]. The increased usage of and demand for oil worldwide have led to CO becoming one of the world’s largest pollutants [4]. In 2018, the worldwide production of edible vegetable oil was 203.83 million metric tonnes, with consumption of 197.33 million metric tonnes [5]. The global oil market is estimated to increase its production from USD 83.4 (2015) to USD 130.3 billion by 2024 [6].



The Food and Agricultural Organisation (FAO) stated that the major use of CO is in frying, with urbanisation increasing the consumption of oil in countries around the world [7]. UCO is the end-product of frying foods using CO, which contains processed plants or animal fats. Waste is a material, substance or by-product that is no longer useful or required [8]. Oil undergoes vast chemical changes due to heat during the cooking process, which changes its chemical composition. The frying process introduces other substances via leaching, enriching the oil composition with metal traces, spices and other organic molecules [9]. The chemical analysis of UCO revealed a complex mixture of chemicals such as aldehydes, alcohols, dienes and heterocycles [10]. An analysis before and after several cycles of frying revealed the presence of many chemicals, such as hexanal, heptanal, limonene, furan 2-penty, nonanal, 1-octen-3-ol. furfural, cyclohexanol-dimethyl-2, benzaldehyde, 2-nonenal, 2-furan-methanol, 2-decenal, 2-undecenal and 2,4 decadienal [11]. These compounds are known to cause non-communicable diseases with mutagenic and carcinogenic effects [12].



UCO degradation is a major challenge as these pollutants contaminate land and water resources [1,13]. When oil is oxidised into alcohols, aldehydes, ketones, and various other harmful chemicals, it threatens the health of the entire biotic ecosystem [4]. Discharged UCO into rivers, drainage systems, and landfills exerts detrimental effects on the terrestrial and aquatic biota, leading to environmental pollution [3]. The accumulation of oil harbours a high concentration of potentially pathogenic organisms that harm public health [14]. In the environment, UCO has physical properties similar to those of petroleum oil. It forms a thin layer over water, which reduces the dissolved oxygen concentration required for underwater living creatures, causing the death of aquatic animals. This later results in high chemical-oxygen demand (COD) in wastewater, reduced oxygen transfer rate, and the oil coating of animals and plants [1]. In soil, respiration and absorption by plants are hindered, resulting in plant death [14]. When UCO is disposed of directly into kitchen sinks, it can solidify and block sewer pipes.



Many remediation technologies have been applied to remove contaminated hydrocarbon, including physical and chemical treatments. Biodegradation is a process in which microbial activity is utilised for pollutant removal. It is a promising alternative to solving the secondary issues caused by physical and chemical treatments [3]. This option is one of the most environmentally friendly techniques to remediate contaminated environmental sites and can also be applied to large hydrocarbon-contaminated areas and oil spills in soils and oceans [15,16]. Bioremediation involves microbial degradation, in which the organic pollutant is mineralised completely into carbon dioxide, water, inorganic compounds and cell protein, or the complex organic contaminants are transformed into other simpler organic compounds [17]. The usage of microorganisms to decompose a pollutant through biological treatment is considered an important tool in waste treatment [3]. This technology is economical, efficient, versatile, and environmentally sound. A range of aerobic and anaerobic microorganisms that can break down oils depend on the chemical characteristics of the oil to determine its biodegradability efficiency. Nonetheless, it is necessary to select microorganisms that can degrade contaminated materials under various temperatures, pH, salinity, and nutrient concentrations to ensure successful bioremediation. Several bacterial genera, either individually or in combination, have been identified as having oil-degrading abilities. These include Pseudomonas, Burkholderia, Acinetobacter, Escherichia, Bacillus, Serratia, Rhodococcus, Staphylococcus, Arthrobacter, Enterobacter, Lactobacillus, Klebsiella, Corynebacterium, Gordonia, Brevibacterium, Aeromicrobium, Dietzia, and Mycobacterium [4,17,18,19,20,21].



Burkholderia is a known bacterial genus capable of degrading persistent hydrocarbon compounds. The genus has been used as a model to study its degradation ability [22]. The Burkholderia species is ubiquitous in soil, water, plants, and animals, as well as polluted, contaminated sites. Despite its presence in varied environments, this genus is underexplored compared to other well-known bacterial genera, such as Pseudomonas or Bacillus. Hence, further research is required to assess their potential in bioremediation and other biotechnological applications [23]. The current study is the first to report the use of Burkholderia vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolate to degrade UCO. This study aims to optimise the growth and degradation conditions of UCO. The conventional method of one-factor-at-a-time (OFAT) and the statistical method were applied in this study.




2. Materials and Methods


2.1. Sampling of UCO


UCO was the sole carbon source used in this study and was collected from several households in the Kajang district, Selangor, Malaysia. The UCO collected for this study was used for several cycles of deep frying.




2.2. Bacterial Culture Maintenance and Media Preparation


B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 were provided by the Eco-Remediation Technology Laboratory, Faculty of Biotechnology and Biomolecular Science, Universiti Putra Malaysia. The isolates were maintained on nutrient agar and preserved in 50% (v/v) glycerol at −80 °C for long-term storage.




2.3. Assessment of UCO Degradation by B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13


The inoculum was prepared by inoculating the bacterial cultures onto minimal salt medium (MSM) consisting of: 0.1% (w/v) (NH4)2SO4, 0.09% (w/v) K2HPO4, 0.06% (w/v) KH2PO4, 0.02% (w/v) MgSO4.7H20 and 0.01% (w/v) yeast extract supplemented with 1% (v/v) initial concentration of UCO [24].



The method is a modified version of Rahman et al.’s method [15]. The isolates were cultured in nutrient broth and incubated on a rotary shaker at 150 rpm and 30 °C for 4 days. At the end of incubation, the bacterial cultures were centrifuged at 10,000 rpm for 10 min. The resting cells and the inoculum size of the bacterial samples were standardised to an optical density (OD) of 1.0 ± at a wavelength of 600 nm. The cultured cell was transferred into universal bottles containing 9 mL of the MSM media and 100 µL of UCO as the single source of carbon. The culture bottles were incubated at 30 °C for 14 days and agitated at 150 rpm. At a 24 h interval, a set of bottles was used to determine the degradation and bacterial growth by measuring the absorption spectrophotometrically at OD 600 nm.




2.4. Determination of UCO Degradation by Gravimetric Method


The gravimetric analysis method was used to calculate the amount of residual UCO [21,25] Bacterial culture at the exponential-growth phase was supplemented with 1% UCO in 9 mL of MSM media. After incubation at 24 h, a 1 mL sample was removed to measure the bacterial growth by OD at a 600-nanometer wavelength (UV mini 1240 Shimadzu, Japan). For the extraction of the residual oil, 10 mL of n-hexane was added to the medium forming two layers. The mixture was separated into two layers; the upper layer, which contained the oil and n-hexane, was collected in a pre-weighed Petri dish. The percentage degradation of UCO was calculated using the following formula proposed by Sihag and Pathak [21].


  U C O   d e g r a d a t i o n    ( % )  =   X − Y  X  × 100  



(1)




where X = the original mass of the UCO added to the medium. Y = the mass of the residual UCO.



The assessment of each bacterial isolate for its ability to degrade UCO was observed for an incubation period of 14 days.




2.5. Bacterial Growth and UCO Degradation Optimisation Using OFAT


The initial bacterial growth and UCO degradation assessment were conducted using the OFAT approach. The seven parameters selected for this study were temperature, agitation speed, substrate-oil concentration, nitrogen source, pH, yeast extract concentration, and inoculum size. As in traditional optimisation, each tested parameter was optimised while keeping all other parameters constant. The effect of temperature was assessed at 20, 25, 30, 35, 40, and 45 °C and agitation speed at 90, 130, 150, 200, and 250 rpm. The substrate-oil concentration was set at 1%, 2%, 3%, 4%, 5%, and 7%. The evaluated nitrogen sources included ammonium nitrate, ammonium sulphate, sodium nitrate, ammonium chloride, urea, and aspartic acid. The medium without nitrogen was set as the control while the pH was optimised using acetate buffer pH (5.0–5.5), phosphate buffer (pH 6.0–6.8) and Tri-HCl buffer (pH 7.0–9.0). The yeast concentration was analysed using 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g/L. The influence of UCO substrate was evaluated at 1%, 2%, 4%, 6%, 8%, 10%, 15%, and 20% (v/v). The effects were assessed by inoculation; fresh bacterial culture (OD 600 nm 1.2–1.3) was inoculated in the liquid media supplemented with 1% UCO for 7 days. The degradation and growth were monitored from culture densities that measured the absorption spectrophotometrically at 600 nm. All the experiments were conducted in triplicate, including the negative control.




2.6. Statistical Optimisation Using Response-Surface Methodology (RSM)


Optimisation of UCO degradation using the response-surface method (RSM) comprised two steps: the Placket–Burman design (PBD) as a screening step and the popular central composite design (CCD) as a further optimisation step. RSM has been exploited for optimisation and interactionfor different parameters in bioremediation and involves a minimum number of tests [26,27]. RSM can be used to define the relationship between the response and independent variables. PBD and CCD can be used to study the combined effect of different variables in an experiment.



2.6.1. Screening for Significant Factors Using Plackett–Burman Design (PBD)


The PBD was utilised to find the most significant parameters for the UCO-degrading bacteria. The significant parameters obtained were further optimised using CCD. The design of the experiment and the statistical analysis of the data were conducted using Design Expert software versions 6.0.08 and 10.0 (Stat-Ease Inc., Minneapolis, MI, USA). The parameters used in OFAT were further analysed by PB to confirm their significance. The five independent factors, i.e., pH, substrate-oil concentration, temperature, yeast extract, and ammonium sulphate concentration, were screened to evaluate their effects on the UCO degradation and bacterial growth (OD600 nm) using the PBD. The selected variables in this analysis were each coded at three levels: −1, 0 and 1 (Table 1). A total of 12 experimental variables were generated using software screening for degradation and their response for both isolates.




2.6.2. Optimisation of UCO Degradation by B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 Using CCD


The influential variables from the PB screening (p < 0.05) were selected and optimised by quadratic factorial CCD by combining two factor points: the central point and two other points (+1, 0, −1). A total of 20 and 50 runs for the B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates were performed. The variables were coded according to the following equation:


   x i  =    (   X i  −  X 0   )    Δ X   i = 1 , 2 … ,   k  



(2)




where xi is the dimensionless value of an independent variable, Xi is the real value of an independent variable, the value of Xi is the centre point, and ∆X is the step change [18]. CCD is extensively used in statistical methods, depending on the multivariate nonlinear model for optimisation, and is additionally used to determine regression model equations and operational conditions [28]. Hence, the optimisation process can be summarised in three steps: (1) performing the statistical design experiment, (2) estimating the coefficients in a mathematical model, and (3) checking the response and adequacy of the model. A higher-degree second-order model was applied in the polynomial regression. The second-order model polynomial regression model contains linear, quadratic, and interaction coefficients to predict the optimal conditions and interactions between significant variables. The second-order model was utilised according to the following formulae [29,30,31,32].


     Y = β   0   +    ∑    i = 1   k     β i   x i   +    ∑    i = 1   k     β  ii    x i 2   +    ∑    i = j   k    ∑    j = i + 1   k     β  ij    x i   x j   +  ε  



(3)







The generalised second-order polynomial model used in the response-surface analysis involved Y as the response variable (UCO degradation), k as the number of variables and Xi and Xj as the independent parameters. Meanwhile, β0, βi, βii, and βij are the coefficients of intercept, linear, quadratic, and interaction impact. The ε is the random error [18,33]. The significance of the model and regression coefficients was determined by analysis of variance (ANOVA). The coefficient (R2) was determined to evaluate the fit of the model. The response and contour structure of the model’s expected response determine the mutual correction between the relevant parameters. Hence, the optimum condition was obtained by solving the regression equation and analysing the response-surface contour plots.





2.7. Statistical Analysis


All the experiments were conducted in triplicate, and the data are presented as mean ± standard deviation. One-way ANOVA was used to compare data within the groups, and Tukey’s test was performed to conduct post hoc pairwise tests to observe for significance.





3. Results


3.1. Assessing UCO Degradation by B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13


Both bacterial isolates showed the ability to degrade UCO over 14 days (Figure 1). The degradation increased from day 1 to 7. The highest degradation was obtained at day 7, with 82.67% and 68% for B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13, respectively. The degradation decreased and remained steady for both bacteria from days 7 to 14. The bacterial incubation time was set to 7 days in the subsequent experimental runs. The performances of B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 differed significantly. In comparison, B. vietnamiensis AQ5-124 demonstrated greater degradation and bacterial growth than Burkholderia sp. AQ5-13. The highest degradation was obtained for B. vietnamiensis AQ5-12, at 82.33%, whereas AQ5-13 had 68.00% degradation.




3.2. Optimisation of Each Parameter for UCO Degradation Using OFAT


3.2.1. Effects of Temperature and Agitation Speed


The influence of the temperature on the UCO degradation by B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 is presented in Figure 2. Both isolates showed a gradual increase in UCO degradation and growth from 25 to 40 °C. Both isolates had optimum degradation and growth at 40 °C. The one-way ANOVA displayed a significant overall difference between the culture temperatures in terms of growth and degradation (p < 0.001). The post hoc comparison indicated no significant difference between the degradation and bacterial growth at 25 °C and 40 °C for isolate AQ5-12 and 35 °C and 40 °C for isolate AQ5-13. The optimum degradation and growth were at 150 rpm of agitation speed for B. vietnamiensis AQ5-12 (Figure 3).



The results of the analysis of the agitation speed demonstrated that Burkholderia sp. AQ5-13 had the optimum degradation and growth at 250 rpm (Figure 2). There was a significant difference between the 150 rpm and the rest of the agitation speeds for the B. vietnamiensis AQ5-12 isolate (p < 0.001). This result was similar to the significant difference between the 250 rpm and the rest of the agitation speeds for the Burkholderia sp. AQ5-13 isolate (p < 0.001).




3.2.2. Effects of Substrate Concentration and Nitrogen Source


The effects of different oil concentrations (1–7%) were analysed (Figure 4). The optimum substrate concentration for both B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 was a 3% oil concentration. There was a gradual decrease in the UCO degradation and growth when the substrate-oil concentration increased from 3% to 7%. The one-way ANOVA showed a significant difference between the 3% oil concentration and the rest of the substrate concentrations for both AQ5-12 and AQ5-13 (p < 0.001).



The influence of various nitrogen sources is shown in Figure 5. Six nitrogen sources were tested, namely, ammonium nitrate, ammonium sulphate, sodium nitrate, ammonium chloride, urea, and aspartic acid. Of these, ammonium sulphate gave the optimum degradation and growth for the B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates. The one-way ANOVA demonstrated that both isolates have overall significance for the different nitrogen sources tested (p < 0.001).




3.2.3. Effects of pH, Yeast Extract Concentration, and Inoculum Size


The effect of pH for both the isolates B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 on the UCO degradation and growth are shown in Figure 6. The optimum degradation and growth were observed in slightly acid conditions. The optimum degradation was observed at pH 6.8, with 73.40% degradation for isolate AQ5-12 and 79.17% for AQ5-13. Meanwhile, the optimum growth and degradation were achieved at 0.4 g/L of yeast extract for both isolates (Figure 7). The increasing yeast extract concentrations increased the degradation from 0.05 to 0.40 g/L.



The effects of inoculum size over 1–20% (v/v) were studied (Figure 8). The bacterial growth and UCO degradation were optimal in the 8–10% (v/v) inoculum size range for both isolates. The AQ5-12 isolate showed its highest degradation at 8% (v/v) inoculum size, whereas AQ5-13 showed its highest degradation at 10% (v/v) inoculum size. The one-way ANOVA indicated that the effects of pH, yeast extract concentration, and inoculum size on UCO degradation and bacterial growth were significant for both the AQ5-12 and AQ5-13 isolates (p < 0.001).





3.3. Optimisation of Bacterial Growth and Degradation by Response-Surface Methodology (RSM)


3.3.1. Plackett–Burman Design (PBD) Assessing the Significant Factors


The PBD experiment design generated 12 runs for the degradation percentage responses for both isolates. The significance of five selected variables was analysed through PBD (Table 2 and Table 3). The results indicated that three factors, namely temperature (p = 0.0373), yeast extract concentration (p = 0.0188) and nitrogen source (p = 0.0330) were significant for B. vietnamiensis AQ5-12. Meanwhile, all the parameters (pH, oil concentration, temperature, yeast extract concentration and nitrogen source) were significant (p < 0.05) in Burkholderia sp. AQ5-13. The significant factors were selected for further optimisation in central composite design (CCD). The reliability of the experimental data was confirmed through the coefficient of determination, R2, with values of p = 0.9998 and p = 1.0000 for B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13, respectively.




3.3.2. Optimisation of UCO Degradation Using Central Composite Design (CCD)


The significant individual parameters and interactions analysed during the PBD design were incorporated into the CCD as the output response of the percentage degradation of the UCO. There were three parameters for B. vietnamiensis AQ5-12 and five parameters for Burkholderia sp. AQ5-13. A total of 20 and 50 experiments for the AQ5-12 and AQ5-13 isolates, respectively, were run at different combinations. The similarities between the actual and predicted values obtained in CCD for UCO for the isolates AQ5-12 and AQ5-13 were observed. The highest degradation was 89%, compared to the predicted value of 82.67% for B. vietnamiensis AQ5-12. Meanwhile, the lowest degradation, of 25%, was obtained for the B. vietnamiensis AQ5-12 isolate. Burkholderia sp. AQ5-13 showed the highest degradation, of 87.67%, while the predicted value was 86.12%. Additionally, the lowest values obtained were 2% for AQ5-13.



The second-order response-surface model results of the UCO degradation for the B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates are summarised in Table 4 and Table 5. The linear terms (A, B and C), squared terms (A2, B2 and C2), and three quadratic terms (AB, AC and BC) were significant for AQ5-12. The terms B, B2, BC, and CD were significant, indicating the significant factors to be the substrate-oil concentration and significant noise. The multiple-regression analysis of the observed results is presented in quadratic Equations (4) and (5) for the AQ5-12 and AQ5-13 isolates, respectively.



For the isolate AQ5-13, the lack of fit term is not significant, implying that the model is


  Y    ( % )  = − 296.04606 + 21.25138 A + 49.71423 B + 91.74789 C − 0.80000 A B − 3.55556 A C  accurate   without   + 24.88889 B C − 0.31126 A ² − 10.07125 B ² − 34.06171   C  



(4)






  Y  ( % )  = 25.17882 + 11.53739 A − 11.4653 B + 1.65060 C + 1.94959 D + 5.2050 E − 0.73732 A B  − 0.17822 A C + 0.89185 A E − 1.33663 A E + 0.40314 B C + 0.076651 B D − 0.52071 B E  − 0.24480 C D + 0.24650 C E − 1.05027 D E − 0.27410 A ² − 476174 B ² − 0.014202   C ²  



(5)




where Y is the response (UCO degradation), and the coded variables in the equations indicate the significant factors identified in Table 4 and Table 5.





[image: Table] 





Table 4. Analysis variance (ANOVA) for central composite data design (CCD) for UCO degradation response by B. vietnamiensis AQ5-12.






Table 4. Analysis variance (ANOVA) for central composite data design (CCD) for UCO degradation response by B. vietnamiensis AQ5-12.














	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	





	Model
	7537.23
	9
	837.47
	28.49
	<0.0001
	Significant



	A
	207.45
	1
	207.45
	7.06
	0.0240
	



	B
	366.17
	1
	368.17
	12.52
	0.0054
	



	C
	215.68
	1
	215.68
	7.34
	0.0220
	



	A2
	872.60
	1
	872.60
	29.68
	0.0003
	



	B2
	3568.70
	1
	3568.70
	121.40
	<0.0001
	



	C2
	685.62
	1
	686.62
	23.32
	0.0007
	



	AB
	200
	1
	200.00
	6.80
	0.0261
	



	AC
	512
	1
	512.00
	17.42
	0.0019
	



	BC
	1568.00
	1
	1568.00
	53.34
	<0.0001
	



	Residual
	293.97
	10
	29.40
	
	
	



	Lack of Fit
	215.14
	5
	43.03
	2.73
	0.1473
	Not significant



	Pure Error
	78.83
	5
	15.77
	
	
	



	Cor Total
	7831.20
	19
	
	
	
	



	R2
	0.9626
	
	Pred R2
	0.7631
	
	



	Adj R2
	0.9287
	
	Adeq Precision
	16.218
	
	







Note: A = temperature (°C); B = yeast extract concentration (g/L); and C = nitrogen source, (NH4)2SO4 (g/L).
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Table 5. Analysis variance (ANOVA) for central composite data design.






Table 5. Analysis variance (ANOVA) for central composite data design.














	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	





	Model
	23,033.97
	18
	1279.66
	21.62
	<0.0001
	Significant



	A—pH
	6.81
	1
	6.81
	0.12
	0.7367
	



	B—Used-oil concentration
	15,431.21
	1
	15,431.21
	260.76
	<0.0001
	



	C—Temperature
	66.63
	1
	66.63
	1.13
	0.2968
	



	D—Yeast concentration
	4.81
	1
	4.81
	0.081
	0.7775
	



	E—Ammonium sulphate
	5.01
	1
	5.01
	0.085
	0.7731
	



	A2
	4.25
	1
	4.25
	0.072
	0.7906
	



	B2
	1262.53
	1
	1262.53
	21.33
	<0.0001
	



	C2
	86.65
	1
	86.65
	1.46
	0.2354
	



	AB
	16.84
	1
	16.84
	0.28
	0.5976
	



	AC
	97.31
	1
	97.31
	1.64
	0.2092
	



	AD
	35.88
	1
	35.88
	0.61
	0.4421
	



	AE
	10.62
	1
	10.62
	0.18
	0.6748
	



	BC
	513.65
	1
	513.65
	8.68
	0.0061
	



	BD
	0.28
	1
	0.28
	4.702×103
	0.9458
	



	BE
	1.70
	1
	1.70
	0.029
	0.8667
	



	CD
	296.60
	1
	296.60
	5.01
	0.0325
	



	CE
	36.68
	1
	36.68
	0.62
	0.4371
	



	DE
	10.21
	1
	10.21
	0.17
	0.6808
	



	Residual
	1834.48
	31
	59.18
	
	
	



	Lack of Fit
	1679.37
	24
	69.97
	3.16
	0.0609
	Not significant



	Pure Error
	155.11
	7
	22.16
	
	
	



	Cor Total
	24,868.45
	49
	
	
	
	



	R2
	0.9262
	
	
	Pred R2
	0.7824
	



	Adj R2
	0.8834
	
	
	Adeq Precision
	22.453
	







Note: A = pH; B = UCO concentration (%); C = temperature (°C); D = yeast extract concentration (g/L); and E = nitrogen source, (NH4)2SO4 (g/L).











The similarities between the predicted and actual analyses of the effects of the variables on the UCO degradation for both isolates are shown in Figure 9. The plots reveal a close correlation between the predicted and actual values since the data points accumulated closer to the line that bisected the plot at a 45° angle. Overall, the results indicate that the predicted values achieved from the quadratic model were in suitable agreement with the experimental values.



The 3D response surface was plotted to visualise the interaction effects of the variable pairs for both isolates (Figure 10 and Figure 11). The maximum degradation was predicted at the highest point in each 3D-surface plot. The model validation revealed no significant difference between the experimental and predicted values (p > 0.05). Figure 10a demonstrates the interaction between temperature X1 and yeast concentration X2 for B. vietnamiensis AQ5-12 while maintaining a constant ammonium sulphate concentration X3 at 0.55 g/L. The highest degradation efficiency (83.42%) was achieved at 25 °C with a 2.5 g/L yeast concentration from the contour plot. Figure 10b shows the interaction between temperature X1 and the ammonium sulphate concentration while maintaining a constant yeast concentration X3 at 1.75 g/L. The degradation was 81.24% at 25 °C with 0.9 g/L ammonium sulphate. Figure 10c shows the interaction between X1, the yeast concentration and X2 ammonium sulphate while keeping the temperature constant at 25 °C. In this case, the highest degradation (83.04%) was achieved with 0.2 g/L ammonium sulphate and a yeast concentration of 2.0 g/L.



The isolate Burkholderia sp. AQ5-13 in Figure 11a illustrates the interaction between the oil concentration X1 and temperature X2 while keeping a constant pH at 7.5, yeast concentration of 1.75 g/L and ammonium sulphate level at 0.55 g/L. The degradation efficiency achieved was 87.09% at 25 °C with a 1% UCO concentration. Finally, the Burkholderia sp. AQ5-13 isolate in Figure 11b shows the interaction between the temperature X1 and yeast concentration X2 while keeping the pH at 7.5, oil concentration at 2 g/L and ammonium sulphate at 0.55 g/L. The degradation efficiency achieved was 68.62% at 25 °C with a 2.5 g/L yeast concentration.





3.4. Validation of the Model


The model-validation experimental results revealed no significant difference between the experimental and the predicted values (Table 6). In the optimised condition, the predicted responses for the UCO degradation were 83.5% and 89.1%, while the experimental values were 89.1% and 90.1% for the AQ5-12 and AQ5-13 isolates, respectively. The results confirmed the validity of the model, and the experimental values were close to the predicted values.





4. Discussion


The frying process modifies the structure of cooking oil and increases its toxicity [19]. Many chemical reactions occur in the frying process, such a thermolysis, oxidation and hydrolysis [19,33]. Lipase-based enzyme activity has been proven to decrease the high cytotoxic hydrocarbon in oil degradation. The reaction is due to the lipase producing the microorganism degradation of oils and fats [34]. Lipases (EC 3.1.13 triglycerol acyl-hydrolases) enzyme are responsible for the catalysis and hydrolysis of water-insoluble triglycerides to di- and monoacylglycerides, free fatty acids, and glycerol. In emulsified esters, the highest catalytic activity of lipases occurs in the water/lipid interface [35]. The enzymes have high temperatures and solvent stability in addition to substrate affinity, allowing the breakdown of the transformation of many lipids [36]. Lipases are known to be stable in hydrophobic organic solvents. The bacterial enzyme activity increases with 10–50% (v/v) of short-chain alkanes, benzene and toluene [9,37]. Lipases behave differently depending on the kind of organic solvent, indicating different levels of resistance in different settings [33].



The genera indicated differences in their hydrocarbon-degrading abilities [38]. In addition, the metabolisation strength of the pollutants depends on abiotic factors such as pH, temperature, nitrogen source, inoculum size, oil concentration, and yeast extract. The bacteria are sensitive to these factors [39]. The process of optimisation using these parameters is imperative to obtain maximum UCO degradation. The physio-chemical changes in the UCO include a change in colour, odour, viscosity, and calorie count. The free-fatty-acid (FFA) content of UCO is very high compared to that of unused cooking oil. If the FFA in UCO is less than 15%, the colour becomes yellow grace; otherwise, it is known as brown grace (15–60% FFA by weight) and has much greater viscosity [1]. The difference might depend on the composition, state, and concentration of the oil or hydrocarbon. The increased number of saturated fatty acids in UCO compared to the unused oil indicates that the composition of steric and oleic compounds increases along with the decreasing number of linoleic and linolenic fatty acids in waste oil [33]. Chemicals with highly reduced carbon backbones, such as hydrogen-rich alkanes, are potentially suitable electron donors. In linear alkanes, the energy value can be expected to be considerably higher in comparison to that in branched alkanes [40] The net energetic gain from the digestion of oil is higher compared to proteins and carbohydrates. This explains why lipids are commonly used for energy storage in the majority of organisms. Adaptation occurs when microbes are exposed to hydrocarbons, and the hydrocarbon degradation rates increase. The process of adaptation is brought about by the selective enrichment of hydrocarbon-utilising microorganisms and the amplification of the pool of hydrocarbon-catabolising genes [40], as well as the use of hydrocarbons as energy sources. In this case, both isolates have the ability to degrade the pollutants depending on their ability to attack the pollutant and convert it into innocuous products [41].



The results from the qualitative and quantitative analysis demonstrated a decrease and increased in the fatty acid after the treatment with bacterial cultures. The gas chromatogram demonstrated 16 fatty acids in UCO, consisting of nine saturated fatty acids and seven unsaturated fatty acids. The increased and decreased levels of the fatty acids could have been due to the degradation and biosynthesis process of fatty acids, which occur simultaneously. The oxidation of long-chain fatty acids through β-oxidation forms increased levels of short-chain fatty acids. The reduction in long-chain fatty acids through β- oxidation transforms acyl-Co A into acetyl-Co A. The elevated levels of several long-chain unsaturated fatty acids are the result of the desaturation reaction of fatty acids. There were decreased levels of saturated fats, such as decanoic, myristic, pentadecanoic, palmitoleic, heptadecanoic, stearic, and pentacosanoic. In addition, unsaturated fatty acids, such as palmitoleic, oleic, and linolenic acid, were increased in level after treatment with bacterial isolates [42].



Microorganisms such as bacteria are known to acclimatise, and prolonged acclimatisation is a sustainable mechanism through which to increase the microbiome and enhance the degradation ability [43]. Understanding the optimum incubation period will generate optimum degradation, which is important for each bacterial performance. In this study, the optimum UCO degradation and bacterial growth were observed at 7 days of incubation. It was observed that the degradation steadily increased until the optimum UCO degradation on day 7. After the seventh day, there was a decrease in the degradation, which could be attributed to the utilisation of carbon sources and the accumulation of bacterial metabolic wastes, which could have hindered the growth and degradation. This was similar to the findings of the study of Acinetobacter sp. Ud-4 to degrade five types of edible oil [44]. Acinetobacter sp. Ud-4 was reported to degrade various edible oils within 7 days at 25 °C. In another related study, Burkholderia sp DW2-1 degraded salad oil within 7 days of cultivation [45] Microorganisms have different levels of tolerance to physical factors such as temperature, pH, and other environmental conditions. This is true of different microorganisms and of different species of the same genus. Both the isolates in this study performed as mesophilic bacteria that prefer moderate temperature ranges (20–45 °C). They thrive at these optimum temperatures and the enzyme–substrate reaction is specific [43]. In this study, both isolates showed optimal growth and their highest degradation at 40 °C. Temperatures of less than 25 °C did not support the degradation of the UCO compared to other corresponding degradations. Nonetheless, temperatures of more than 40 °C did not support the isolates. The reason for this could be enzyme inactivation [46]. Many studies have been conducted on oil degradation by mesophilic bacteria. The degradation of olive oil mill wastes by Bacillus sp. occurred at 40 °C [47]. In another study, Pseudomonas aeruginosa G23 and Aeromonas punctata G30 degraded fats, oil, and grease at 37 °C [48]. In studies of mesophilic bacteria, the optimum temperature ranged between 27 and 30 °C. In addition, Pseudomonas aeruginosa KM110 utilised olive oil as the substrate at an optimum temperature between 35 and 45 °C [49]. Single and mixed cultures of Acinetobacter sp. KUL8, Bacillus sp. KUL3 and Pseudomonas sp. KLB1 are mesophilic, as were the AQ5-12 and AQ5-13 isolates in this study [40].



Although the agitation speed is an important factor in increasing oxygen transfer and enhancing degradation [50], it is not widely studied. Some studies applied an agitation speed of 150–250 rpm for the degradation of hydrocarbon [14,40] For instance, Bhumibhamon et al. [39] used single and mixed cultures of Acinetobacter sp. KUL8, Bacillus sp. KUL3, and Pseudomonas sp. KLB1 to treat palm-oil- and bakery-industry wastewater at an agitation speed of 250 rpm.



A high concentration of hydrocarbon in an oil substrate exerts a toxic effect on microorganisms, causing the inhibition of biodegradation by nutrient or oxygen limitation [51]. Studies by Kamble et al. [52] and Matsumiya et al. [44] demonstrated an optimum degradation concentration at an initial 1% concentration [44,51]. Shon et al. [53] reported olive oil degradation by Pseudomonas sp. isolate D2D3 at initial concentrations of 0.1% to 5%, which was similar to the findings of this study.



The presence of a nitrogen (inorganic or organic) source in the medium influences the yield of the enzyme by the microorganisms. Microorganisms’ preference for nitrogen is attributed to the presence of minerals, vitamins or growth factors [54]. A higher nitrogen-source concentration inhibits enzyme production due to nitrogen’s metabolite repression [50]. A previous study indicated that ammonium sulphates are the preferred sources of nitrogen, providing the optimum degradation of UCO, similar to the findings in this study [24,55]. Manogaran et al. [23] also demonstrated similar findings for the Burkholderia vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates in a molybdenum (Mo) reduction.



The initial pH is vital, as pH levels stimulate the growth of bacteria for the secretion of biocatalysts. It is suggested in the literature that the maximum lipase production by bacteria occurs at neutral or alkaline pH [50]. A bioremediation study in the field and in a laboratory demonstrated the optimal pH for bacterial growth of hydrocarbon range to be between 6.5 and 7.5 [56]. This was in line with the finding in this study that the optimal pH is 6.8, slightly acidic but close to neutral. Other studies report that the optimum pH for Pseudomonas G9 and G38 was found to be neutral in degrading shea-nut butter [57]. Similarly, Ren et al. [4] reported Klebsiella quasivariicola IUMR-B53 to degrade soybean oil at a neutral pH.



Yeast extract is a water-soluble portion of autolysed yeast containing vitamins, nitrogen, and amino acid, which promotes the degradation of hydrocarbon. In bioremediation, yeast extract co-oxidised hydrocarbon, which is a primary growth substance for microorganisms [58]. The results from this study revealed that the addition of yeast extract at a higher level promoted the biodegradation of oil, which was in agreement with the results of a study on the degradation of oil hydrocarbon by Bacillus cereus A, Bacillus cereus B, and Bacillus sp. ZD [58]. The marine bacterium Pseudomonas sp. sp48 degraded oil at an optimum concentration of 0.5 g/L [58].



An increased amount of bacteria loaded into the media positively affects the acclimatisation of cells and enhances oil degradation [59]. A smaller inoculum size indicates that low cell density might not replicate enough cells to initiate extensive biodegradation [60]. Recent studies indicated the ability of the inoculum size to initiate the growth of the microbial population [61]. A study used the same isolates, B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13, at a 2% inoculum size, to reduce molybdenum [23]. In previous oil-degradation studies, an increase in the inoculum size by up to 6% increased the degradation. By contrast, an inoculum size of 4.18 mL % was the best for oil degradation [24,59]. Results similar to those of the current study were demonstrated by Ibrahim et al. [54], using waste canola oil, with an optimum degradation between 8% and 10%.



RSM is a well-established and important method used to increase production without increasing costs and to improve the action of the systems. The main disadvantage of this method is that it does not have cooperative properties between its variables; hence, it does not show the complete effect of the parameters in the procedure [62]. Several recent studies involving the RSM method have been successfully applied to optimise and study the degradation of various hydrocarbon pollutants using varied microorganisms [63,64,65]. In this RSM-optimised study, UCO degradation was boosted by the isolate AQ5-12 from 62%, through OFAT, to 83.04%; the isolate AQ5-13 indicated 53% degradation, through OFAT, to 87.09%. In the present study, an optimum degradation of 83.04% was achieved through RSM for the AQ5-12 isolate with 0.2 g/L ammonium sulphate and 2.0 g/L yeast extraction. Similarly, for AQ5-13, a UCO degradation of 87.09% was attained at 25 °C with a 1% UCO concentration, pH of 7.5, yeast concentration of 1.75 g/L and ammonium sulphate concentration of 0.55 g/L. These isolates can degrade oil by displaying positive results and aiding in oil bioremediation. AQ5-12 and AQ5-13 were isolated from glyphosate-contaminated sites in Malaysia using glyphosate as the phosphorus source [66]. In a previous study, the isolates simultaneously demonstrated the reduction of Mo and glyphosate degradation [23]. The optimum conditions through which Mo reduction greatly increases for isolates are temperatures of 30°C to 40 °C, pH 6.25–8 and ammonium sulphate as the nitrogen source.




5. Conclusions


In conclusion, the data obtained in this study confirmed that B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates can effectively degrade UCO as the sole carbon source. The nutritional and physicochemical parameters influenced the performance of the UCO degradation. Optimising UCO degradation through statistical-experiment design is crucial to maintain an optimum UCO degradation for various contributing factors in bioremediation. Overall, this study compared the performances of B. vietnamiensis AQ5-12 and Burkholderia sp. AQ5-13 isolates in optimised conditions through OFAT and the central composite design (CCD) of RSM. These optimisation conditions demonstrated a higher degradation of UCO for both isolates. Thus, the potential of this bacterium to perform three functions suggests that both isolates are beneficial as bioremediation agents in sites contaminated with Mo, pesticides, and hydrocarbons.
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Figure 1. The percentage of bacterial growth and UCO degradation for 14 days of incubation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 1% UCO containing 0.1 g/L yeast extract, 1.0 g/L (NH4)2SO4, pH 7, and incubated in an orbital shaker at 150 rpm and 25 °C. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 2. The effects of temperature on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 1% UCO containing 0.1 g/L yeast extract, 1.0 g/L (NH4)2SO4, pH 7, and incubated in an orbital shaker at 150 rpm. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 3. The effect of agitation speed on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 1% UCO containing 0.1 g/L yeast extract, 1.0 g/L (NH4)2SO4, pH 7, and incubated at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 4. The effects of substrate-oil concentration on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 (b) and Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium containing 0.1 g/L yeast extract, 1.0 g/L (NH4)2SO4, pH 7, incubated in an orbital shaker at 150 rpm (for AQ5-12) and 250 rpm (for AQ5-13) at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 5. The effects of various nitrogen sources on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 3% UCO containing 0.1 g/L yeast extract, 1.0 g/L nitrogen source, pH 7, incubated in an orbital shaker at 150 rpm (for AQ5-12) and 250 rpm (for AQ5-13) at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 6. The effects of pH on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 3% UCO containing 00.1 g/L yeast extract, 1.0 g/L (NH4)2SO4, incubated in an orbital shaker at 150 rpm (for AQ5-12) and 250 rpm (for AQ5-13) at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 7. The effects of yeast extract concentration (g/L) on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 3% UCO containing 1.0 g/L (NH4)2SO4, pH 6.8, incubated in an orbital shaker at 150 rpm (for AQ5-12) and 250 rpm (for AQ5-13) at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 8. The effects of inoculum size on bacterial growth and UCO degradation for (a) B. vietnamiensis AQ5-12 (b) Burkholderia sp. AQ5-13. The bacterium was cultured in MSM medium supplemented with 3% UCO containing 0.4 g/L yeast extract, 1.0 g/L (NH4)2SO4, pH 6.8, incubated in an orbital shaker at 150 rpm (for AQ5-12) and 250 rpm (for AQ5-13) at 35 °C. Samples were analysed after 7 d of incubation. Error bars represent the mean ± standard deviation for the triplicates. 
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Figure 9. Similarity plot between predicted and actual values of UCO degradation for (a) B. vietnamiensis AQ5-12 and (b) Burkholderia sp. AQ5-13. 
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Figure 10. Three-dimensional response-surface plot showing interaction effect between significant factors. Degradation by isolate B. vietnamiensis AQ5-12 showing variable interaction of (a) temperature and yeast concentration, (b) ammonium sulphate and temperature and (c) ammonium sulphate and yeast concentration. 
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Figure 11. Three-dimensional response-surface plot showing interaction effect between significant parameters. Degradation by isolate Burkholderia sp. AQ5-13 shows the interaction of (a) temperature and oil concentration and (b) yeast concentration and temperature. 
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Table 1. The ranges and levels of independent variables for response-surface methodological experiment.
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Parameter

	
Unit

	
Experimental Values




	
Low (−1)

	
Centre (0)

	
High (+1)






	
pH

	
-

	
6.00

	
7.00

	
8.00




	
Oil

	
%(v/v)

	
1.00

	
2.00

	
3.00




	
Temperature

	
C

	
25.0

	
30.0

	
35.0




	
Yeast extract

	
g/L

	
0.50

	
1.75

	
3.00




	
Ammonium sulphate

	
g/L

	
0.10

	
0.55

	
1.00
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Table 2. Analysis of variance (ANOVA) for UCO degradation from PBD for B. vietnamiensis AQ5.
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	





	Model
	2483.16
	10
	248.32
	578.79
	0.0323
	Significant



	A
	22.20
	1
	22.20
	51.74
	0.0879
	



	B
	6.63
	1
	6.63
	15.46
	0.1585
	



	C
	124.88
	1
	124.88
	291.08
	0.0373
	



	D
	489.75
	1
	489.75
	1141.55
	0.0188
	



	E
	159.62
	1
	159.62
	372.05
	0.0330
	



	AC
	17.27
	1
	17.27
	40.26
	0.0995
	



	AE
	80.27
	1
	80.54
	187.74
	0.0464
	



	BE
	4.77
	1
	4.77
	11.11
	0.1855
	



	CD
	286.15
	1
	286.15
	666.97
	0.0246
	



	CE
	4.71
	1
	4.71
	10.97
	0.1867
	



	Residual
	0.43
	1
	0.43
	
	
	



	Cor Total
	2483.59
	11
	
	
	
	



	R2
	0.9998
	
	
	Pred R2
	N/A
	



	Adj R2
	0.9981
	
	
	Adeq Precision
	62.712
	







Note: A= pH; B = UCO concentration (%); C = temperature (°C); D = yeast extract (g/L); and E = nitrogen source, (NH4)2SO4 (g/L).
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Table 3. Analysis of variance (ANOVA) for degradation from PBD for Burkholderia sp. AQ5-13.
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	





	Model
	1438.52
	10
	143.85
	533.74
	0.0055
	Significant



	A -
	9.63
	1
	9.68
	1339.67
	0.0174
	



	B -
	92.95
	1
	92.95
	12,865.20
	0.0056
	



	C -
	12.92
	1
	12.92
	1788.09
	0.0151
	



	D –
	23.41
	1
	23.41
	3240.30
	0.0112
	



	E –
	92.75
	1
	92.75
	12,837.62
	0.0056
	



	AB
	1.11
	1
	1.11
	153.95
	0.0512
	



	BC
	77.13
	1
	77.13
	10,676.00
	0.0062
	



	BD
	22.82
	1
	22.82
	3159.16
	0.0113
	



	BE
	6.27
	1
	6.27
	867.27
	0.0216
	



	CE
	107.59
	1
	107.59
	14,891.32
	0.0052
	



	Residual
	7.225 × 10−0.33
	1
	0.33
	
	
	



	Cor Total
	1438.53
	11
	
	
	
	



	R2
	1.0000
	
	
	Pred R2
	N/A
	



	Adj R2
	0.9999
	
	
	Adeq Precision
	440.273
	







Note: A = pH; B = UCO concentration (%); C = temperature (°C); D = yeast extract (g/L); and E = nitrogen source, (NH4)2SO4 (g/L).
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Table 6. Validation of predicted response-surface model.
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Name of Isolates

	
Degradation (%)

	
p-Value

	
Efficiency (%)




	
Expected Value

	
Actual Value






	
B. vietnamiensis AQ5-12

	
83.5

	
85.2

	
0.068

	
98.0




	
Burkholderia sp. AQ5-13

	
89.1

	
90.1

	
0.065

	
98.89
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