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Abstract

:

Increasing heavy metal pollution in water continues to endanger human health. The genus Shinella has potential for heavy metal bioremediation but has rarely been studied. In this study, we report that Shinella zoogloeoides PQ7 turns black in the presence of lead ions. Transmission electron microscopy (TEM), Scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) indicated that PbS nanoparticles (NPs) were synthesized by PQ7. Moreover, PQ7 was used as a biosorbent to remove Pb(II) from aqueous solutions. Biosorption performance was evaluated in terms of contact time, pH, biomass dosage and initial Pb(II) concentration. The equilibrium and kinetic data were consistent with the Freundlich isotherm model (R2 = 0.986) and pseudo-second-order model (R2 = 0.977), respectively. The maximum (qmax) Pb(II) adsorption reached 222.22 mg/g, which was higher than that of other bacteria reported in previous literature. SEM–EDS, XRD and Fourier transform infrared (FTIR) analyses also confirmed the adsorption of Pb(II) by the PQ7 cells. In conclusion, PQ7 is a promising strain in removing and recovering Pb(II) from wastewater.
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1. Introduction


Heavy metals are among the most concerning environmental pollutants because of their toxicity and tendency to accumulate in the environment [1,2]. Lead(Pb) is one of most concerning heavy metals [3]. Many studies have reported that Pb(II) can damage human tissues and affect human health. Pb(II) can be toxic by interacting with calcium(II) to replace it in bones or combining with zinc(II) in haem enzymes and metallothioneins [4,5]. Because of these serious effects, it is essential to remove and recover lead ions from wastewater and the environment.



Many methods, including ionic exchange, chemical precipitation and electrolysis, have been used for the removal of lead ions. However, these methods are often not friendly to the environments [6]. Microbes based biotechnology has shown promising future in the bioremediation of heavy metals because of their low cost and high efficiency [2]. Some bacteria can not only survive in the presence of Pb(II) but also form valuable lead compounds. For example, Streptomyces sp. and Pseudomonas vesicularis have been reported to produce red and red–brown pigments Pb3O4 [7]. Pb9(PO4)6, PbSO4, PbS, Pb5(PO4)3Cl, and PbHPO4 are also synthesized by lead-resistant bacteria [8,9,10]. Some bacteria, yeasts and fungi have been reported to synthesize PbS nanoparticles (NPs) [11,12,13,14,15]. PbS is a semiconductor material based on heavy metals. When synthesized at the nanoscale, its chemical, electrical, optical and magnetic properties are superior to those of same-volume semiconductor materials [16]. Compared to physical and chemical, using microorganisms to synthesize PbS nanoparticles is the most economical method [11]. Thus, it is meaningful to find lead-resistant bacteria that not only are efficient absorbents but also form useful lead compounds.



Quite a few species in the genus Shinella had been reported to degrade organic pollutants, such as nicotine, pyridine and polycyclic aromatic hydrocarbons [17,18,19,20]. However, very few studies have explored their bioremediation in terms of heavy metals. Shinella zoogloeoides PQ7 was isolated from contaminated soil [17]. It can resist quite a few heavy metals, such as zinc(II), copper(II), lead(II) and chromium(IV), and turn black in the presence of lead ions. This study was carried out to explore the reason for this color change in the presence of lead ions and the adsorption of Pb(II). To this end, transmission electron microscopy (TEM), scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) were employed to characterize the black materials. Different experimental factors, kinetic models and isotherm models were used to investigate the adsorption behavior.




2. Materials and Methods


2.1. Bacterial Strain and Culture Conditions


Shinella zoogloeoides PQ7 was obtained from our lab collection in 2013 [17]. It was grown in Luria-Bertani (LB) medium (tryptone 10 g/L, sodium chloride 10 g/L, yeast extract 5 g/L) at 30 °C with 200 rpm shaking speed.




2.2. Growth of Shinella Zoogloeoides PQ7 in the Presence of Lead Ions


One milliliter seed culture of PQ7 (OD600 = 1) was inoculated into 100 mL LB liquid medium with lead ions (5 mM). Then, the cultures were cultivated at 30 °C with a shaking speed of 200 rpm. The growth of the cells was monitored daily. LB medium without Pb(II) served as controls. Each experiment was carried out in triplicate.




2.3. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy (SEM–EDS) Analysis


After four days cultivation, when Shinella zoogloeoides PQ7 turned black in the presence of Pb(II) ions, the black bacterial cells and control cells were collected by centrifuging at 10,000 rpm for 15 min and washed 3 times with sterile distilled water for the next steps.



The samples were fixed in 2.5% glutaraldehyde overnight at 4 °C and then washed three times with 0.1 M phosphate buffer. After fixation with osmium acid for 2 h, the bacteria were gradually dehydrated in a gradient series of solutions containing different ethanol concentrations. Then, samples were prepared following standard procedures according to a previous study [1]. Finally, the bacteria were analyzed by SEM–EDS (SU-8010, Hitachi, Tokyo, Japan).



After being dried in a graded sequence of ethanol, the samples for TEM were placed in the mixture of alcohol and isoamylacetate (v:v = 1:1) for 0.5 h, and subsequently transferred to isoamylacetate for 12 h. After that, the samples were washed and dried in liquid CO2 (Hitachi Model HCP-C criticalpoint dryer). Desiccated samples were coated with gold-palladium (Hitachi Model E-1010 ion sputter) and then observed in TEM (Hitachi H7650) [1].




2.4. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) Analysis


The black cells were characterized by XRD (D8 Advance, Germany) and XPS (K-Alpha+, Thermo Scientific, Waltham, MA, USA) to analyze the black materials formed by Shinella zoogloeoides PQ7. The samples were treated with a series of gradient concentrations of alcohol and acetone to dehydrate them. After being freeze-dried, the dried materials were mashed and characterized by XRD and XPS.




2.5. Biosorption Experiments


One milliliter seed culture of PQ7 (OD600 = 1) was inoculated into 100 mL LB medium at 30 °C with 200 rpm shaking speed until the stationary phase was reached. The cells were collected by centrifugation at 10,000 rpm for 15 min and washed three times with deionized water [21]. Then, the samples were used for biosorption experiments.



To fully evaluate the adsorption characteristics of lead ions by the strain, several parameters, such as pH, contact time, biomass dosage and initial Pb(II) concentration, were changed. The pH of the 100 mL lead solution was changed using 0.1 M NaOH or HCl solutions. Dry bacterial samples (0.1 g) were suspended in 100 mL lead solutions and then agitated at 30 °C with 200 rpm shaking speed. At certain times, the residual Pb(II) was detected by inductively coupled plasma–mass spectrometry (ICP–MS, 7700X, Agilent, Santa Clare, CA, USA). All biosorption experiments had three biological replicates, and the mean values were also calculated.



Equations (1) and (2) were used to determine the biosorption rate and capacity of lead ions [22]:


  Biosorption   rates   ( % ) =    C 0  −  C e     C 0      ×   100  



(1)






   q e  =    C 0  −  C e   M   



(2)




where C0 and Ce (mg/L) represent the beginning and end concentrations of lead ions, respectively; qe (mg/g) is the biosorption capacity at equilibrium; and M (g/L) corresponds to the biomass concentration.




2.6. Kinetic and Biosorption Isotherm Studies


The adsorption reaction rate and capacity of an adsorbent could be described by adsorption kinetics. In this study, pseudo-first-order and pseudo-second-order Equations (3) and (4) were used to investigate the kinetics of Pb2+ biosorption [23,24]:


qt = qe1(1 − exp(−k1t))



(3)






   q t  =    q  e 2  2   K 2  t   1 +  q  e 2    K 2  t    



(4)




where qt (mg/g) is the concentration of Pb(II) adsorbed at time t (min); qe (mg/g) is the amount of adsorbed Pb2+ ions at equilibrium; and K1 (L/min) and K2 (g/mg/min) are the rate constants for the first-order and second-order processes, respectively.



Two theoretical adsorption isotherm models were used to describe the equilibrium between the cell surfaces and Pb2+ ions: the Langmuir and Freundlich isotherm models [25]. The Langmuir model assumes that the adsorbent is a homogeneous surface with monolayer formation. In contrast, the Freundlich model isotherm describes adsorption occurring on heterogeneous surfaces with multilayered formation. The Langmuir isotherm model is described by Equation (5) [26]:


      C e     q e      =  1   Q  max    K L      +    C e         Q    max       



(5)




where Ce (mg/L) is the equilibrium concentration of Pb2+ ions in aqueous solution; Qmax (mg/g) represents the maximum adsorption capacity; and KL (L/mg) is the Langmuir adsorption constant.



The Freundlich model can be represented by Equation (6) [27]:


Log10 qe = log10KF + log10 Ce



(6)




where KF (L/g) is the Freundlich constant and n represents the affinity constant reflecting the strength of adsorption.




2.7. SEM–EDS, Fourier Transform Infrared (FTIR) and XRD Analysis


The cells before and after treatment with 200 mg/L Pb(II) solution were collected by centrifuging at 10,000 rpm for 15 min and were washed three times with deionized water. The samples were prepared for SEM–EDS and Fourier transform infrared (FTIR) analysis. The sample preparation steps of SEM–EDS were the same as those described before. Then, the cell morphology and elemental composition were analyzed by SEM–EDS. After being freeze-dried and mashed, the samples were analyzed by XRD and FTIR (Thermo Scientific, Waltham, MA, USA) to explore the functional groups that interacted with Pb2+ ions on the surfaces of PQ7.




2.8. Statistical Analysis


The experimental data were determined in triplicate and the mean values were calculated. The XRD and XPS data were analyzed by Jade 6.5 and Thermo Avantage, respectively. The pictures were drawn using OriginPro 2018 and Microsoft Excel, 2007.





3. Results and Discussion


3.1. Shinella Zoogloeoides PQ7 Turned Black in the Presence of Lead Ions


In the liquid medium with lead, we noticed that PQ7 cultures changed color from white to brown compared to the yellowish color on the blank controls. After cultivation for four days, the cells in vibrating liquid medium with Pb(II) turned eventually to black, a black precipitate was visible after centrifugation (Figure 1). The result indicated that PQ7 could produce a substance in the presence of lead ions. Many reports have shown that bacteria can produce nanoparticles with metal ions. For instance, biofilms of bacteria from the family Desulfobacteriaceae were found to produce ZnS nanoparticles [28]. In our study, we deduced that PQ7 might interact with lead ions in a similar way as Desulfobacteriaceae.




3.2. PbS Nanoparticles Were Synthesized by PQ7


The TEM images indicated that nanoparticles were synthesized by Shinella zoogloeoides PQ7 in contrast to the control (Figure 2a,b). These nanoparticles were distributed outside the cells, and the size of the particles varied widely. It might be that small particles were synthesized and easily aggregated to form larger grains [29]. On the other hand, nanoparticles were also found around the cells in the liquid medium with Pb(II), according to the SEM images (Figure 2c). Based on the EDS elemental analyses, these areas were composed of C, N, P, S and Pb (Figure 2c).



The XRD result for black cells is shown in Figure 2d. From the image, it is clearly observed that the diffraction peaks at approximately 2θ = 25.96°, 30.07°, 43.05°, 50.97°, 53.41°, 62.53°, and 68.88° which correspond to the (111), (200), (220), (311), (222), (400) and (331) reflections, respectively. Based on comparison, these diffraction peaks can be matched with the presence of crystal PbS nanoparticles (according to Joint Committee on Powder Diffraction Standards (JCPDS) No: 05-0592) [30]. The result after fitting the original data by the software Avantage is shown in Figure 2e. Figure 2e displays only two Pb 4f peaks. The Pb 4f7/2 peak at 137.80 eV and Pb 4f5/2 peak at 142.70 eV were assigned to PbS [31]. The TEM, SEM–EDS, XRD and XPS data confirmed that PbS nanoparticles were biosynthesized by Shinella zoogloeoides PQ7.



Sulfate reduction in bacteria is an important mechanism for the formation of sulfide nanoparticles [32]. Sulfate ions are reduced to sulfur ions by this metabolic pathway. Under natural conditions, bacteria such as sulfate-reducing bacteria (SRB) can use reduced sulfur ions to produce hydrogen sulfide by combining with hydrogen ions. When metal ions are present, the hydrogen ions are replaced by metal ions to form insoluble metal sulfide [33,34]. The synthesis of PbS NPs in PQ7 might involve the same steps as described above. Although the synthesis of PbS NPs is not rare for microbes, this is the first report of PbS NPs synthesis by a strain in the genus Shinella.




3.3. Batch Biosorption Experiments


3.3.1. Effect of pH


The ability to synthesize PbS NPs suggests that PQ7 might attract lead ions from the environment. To fully explore its adsorption properties, some parameters, such as pH, contact time, biomass dosage and initial Pb(II) concentration, that influence the performance of adsorbents, were investigated. pH can impact the surface chemistry of bacteria to change the sorption efficiency [23]. The biosorption rate and capacity results with respect to pH values from 3.0 to 7.0 are depicted in Figure 3a. The biosorption rate and biosorption capacity both increased as the pH increased from 3 to 5. The maximum biosorption capacity and rate reached 134.22 mg/g and 67.11%, respectively, when the pH reached 5. Then, the rate and capacity of sorption declined when the pH changed from 5 to 7.



These results might be attributed to more carboxyl groups dissociating from the cell surface when the pH was 5, which enhanced the combination of Pb2+ ions with anionic ligands [35]. At pH 3 and 4, functional anionic active sites might be protonated on the cell surface, thus leaving many cationic groups in solution and limiting the biosorption rate and capacity of lead(II) [36]. When the solution is alkaline, precipitation might occur. The hydroxide ions (OH−) in the solution could combine with lead ions (Pb2+) to form precipitation (Pb(OH)2). To distinguish adsorption from precipitation effectively, the pH should not be higher than 7 in adsorption experiments [37]. Therefore, pH 5 is an optimal condition for adsorption experiments of lead ions.




3.3.2. Effect of Contact Time


Figure 3b indicates the effect of contact time on the adsorption of Pb2+ ions by PQ7. In the first 60 min, the adsorption of lead ions was an extremely rapid process. After that, the process slowed and reached equilibrium at 90 min. In the equilibrium stage, the biological adsorption and rate reached 136.27 mg/g and 68.14%, respectively. In the adsorption of lead ions by bacteria, the first stage of the adsorption process of lead ions is the combination of the lead ions in solution with the functional groups in the microbial cell wall, which is fast, reversible and independent of energy metabolism [38]. In the later stage, lead is mainly precipitated or complexed, which is slow [39]. Therefore, the contact time of 90 min served as the most suitable equilibrium time.




3.3.3. Effect of Biosorbent Dosage


The influence of the biomass dosage was investigated by changing the adsorbent dosage from 0.5 g/L to 4.0 g/L. Figure 3c indicates that the biosorption rate increased from 27.48% to 97.99% when the dosage changed from 0.5 g/L to 4.0 g/L. However, the maximum biosorption capacity of 134.21 mg/g was obtained at a dosage of 1 g/L. Moreover, the biosorption capacity declined rapidly as the biosorbent dosage increased from 1.0 g/L to 4.0 g/L. In the case of higher dosages of biological adsorbent, the available exchangeable sites on the cell surface could not be covered completely by the available solute, which led to a low capacity of adsorption. Moreover, the biosorption efficiency was also affected by competition for available metal ion adsorption sites and aggregation or overlapping on the cell surface [40]. Similar results were also indicated in previous studies [41,42]. In this study, 1.0 g/L was the ideal biomass dosage.




3.3.4. Effect of Initial Pb(II) Concentration


The adsorption efficiency and capacity can be affected immensely by the initial metal ion concentration [43]. A single-factor design was used to study the effect of different initial lead ion concentrations (50, 100, 200, 300, 400, 500 and 800 mg/L) at a contact time of 90 min, pH of 5, temperature of 30 °C, biomass dosage of 1 g/L and rotational speed of 200 rpm. As shown in Figure 3d, the sorption rate declined greatly from 95.35% to 26.93% when the initial concentration changed from 50 to 800 mg/L. Interestingly, the sorption capacity increased gradually as the initial concentration increased and reached 215.4 mg/g at a lead concentration of 800 mg/L. This result could be attributed to the solute molecules being less abundant than the effective surface sites at lower concentrations, leading to a much lower sorption capacity. In addition, as the initial concentration increased, the sites on the cell surface would become saturated, and the sorption capacity would become stable [44]. To balance the sorption rate and capacity, 200 mg/L was chosen as a suitable initial concentration; at this value, the sorption rate and capacity were 67.1% and 134.2 mg/g, respectively.





3.4. Isotherm and Kinetic Modeling of the Biosorption of Pb(II)


The kinetics were studied to understand the mechanism of adsorption of lead ions. The experimental data were fitted by Equations (3) and (4) to evaluate the parameters of the pseudo-first order and pseudo-second order kinetic models. The data related to the kinetic models are indicated in Table 1 and Figure 4a. The correlation coefficient (R2) of the pseudo-first-order kinetic model (0.962) was lower than that of the pseudo-second-order kinetic model (0.977). Moreover, the experimental data (qexp) were closer to the data (qe2) obtained from the pseudo-second-order kinetic model than those (qe1) calculated from the pseudo-first-order model. This result meant that adsorption occurred not only on the cell surface but also through mass transfer via particle diffusion [45,46]. Thus, the adsorption of lead ions occurred through chemisorption [47].



To further understand the biosorption process of lead ions, the biosorption data were analyzed by the Langmuir and Freundlich isotherm models (Figure 4b,c). The parameters of these two isotherm models are shown in Table 1. From the table and figures, the correlation coefficient (R2) of the Freundlich model (0.986) is better than that of the Langmuir model (0.978). This might be because the process of absorbing lead ions by PQ7 was based on adsorption on different surfaces and because the adsorption sites were not identical to or independent of each other, as reported in previous studies [21,22,23]. Table 2 compares the biosorption of Pb(II) by different bacteria. The maximum Pb(II) adsorption capacity of PQ7 was higher than those obtained in other reports. Thus, we deduced that the metal ion adsorption capacity of these microbes that could synthesize metal sulfide nanoparticles might be higher than that of some metal-resistant bacteria. This result may provide a direction for finding more efficient biosorbents. However, more experiments and data are needed to verify these results.




3.5. SEM–EDS, FTIR and XRD Analyses


It was observed from the SEM images that the morphology of the bacteria changed after treating with lead ions (Figure 5a,b). There were many protuberant particles on the cell surface after adsorption in comparison with the control (Figure 5a,b). The EDS data indicated that Pb(II) was present, and the atomic percentage (at%) was 1.65. The C and O (at%) contents decreased from 71.77 and 18.5 to 69.04 and 15.65, respectively, while the contents of N and P increased from 7.66 and 1.89 to 11.21 and 1.95, respectively, after treating lead ions (Figure 5a,b). These data indicated that C-, N-, P- and O-containing functional groups on the cell surface could combine with Pb(II). It has been reported that functional groups (amino, phosphate, carboxylate and hydroxyl) on the cell surface play an important role in the adsorption process [53,55,56].



FTIR spectra of bacteria before and after treatment with lead ions were obtained to investigate the interactions between Pb and the functional groups present on the cell walls. There were several changed absorption peaks due to the functional groups (Figure 5c). For example, the shift from 1541.77 cm−1 to 1534.87 cm−1 after treatment with Pb(II) corresponded to -NH vibrations [52]. The peak from 1395.72 cm−1 to 1391.18 cm−1 might be attributed to CO32− stretching [57]. In addition, the peak at 1239.42 cm−1 (before contact with Pb(II)) shifted to 1234.42 cm−1 (after contact with Pb(II)), which was caused by C–O (carboxyl) stretching vibrations [58]. Moreover, the peak shift from 1082.91 cm−1 to 1061.24 cm−1 may be due to phosphate stretching vibrations in polysaccharides and nucleic acids [59]. The FTIR data analysis indicated that functional groups such as carboxyl, carbonyl and phosphate groups might participate in lead ion adsorption, which was also shown in the SEM–EDS data.



From the SEM image, Pb compounds might be synthesized on the cell surface after treatment with lead ions. Cells before and after the adsorption of Pb(II) were analyzed by XRD (Figure 5d). On the basis of matching with the standard cards of compounds in the Joint Committee on Powder Diffraction Standards (JCPDS) database, Pb5(PO4)3Cl (JCPDS-01-084-2045) and Pb10(PO4)6(OH)2 (JCPDS-01-087-2477) dominated the cell surface. The peaks of phosphate species were often observed at approximately 30 degrees. Phosphate is one of the important functional groups on the cell surface involved in the interaction between lead ions and cells and makes lead precipitate [60]. Therefore, the higher biosorption capacity of PQ7 might be attributed to the presence of many functional groups, such as phosphate and hydroxyl groups, on the bacterial surface that can induce the precipitation of Pb(II).





4. Conclusions


In this study, we report that Shinella zoogloeoides PQ7 can synthesize PbS NPs in the presence of lead ions. Biosorption experiments with varying contact time, pH, biomass dosage and initial Pb(II) concentration were carried out to explore the adsorption behavior of Pb(II). The equilibrium data followed the Freundlich isotherm model, and the kinetic data fit well with the pseudo second-order model. The maximum (qmax) Pb(II) adsorption reached 222.22 mg/g, which was higher than that of other bacteria reported in previous literature. In summary, Shinella zoogloeoides PQ7 shows excellent potential for heavy metal bioremediation, and to remove Pb(II) from Pb(II)-contaminated wastewater.
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Figure 1. (a) The cells of PQ7 turn black in the presence of lead nitrate (5 mM). The red circle highlights the black precipitates. (b) The color change of PQ7 broth with or without lead nitrate (5 mM). The cells were cultivated at 30 °C with 200 rpm shaking speed. At the 4th day, the broth was brown with black precipitate after centrifugation. 
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Figure 2. The characterization of the black materials synthesized by Shinella zoogloeoides PQ7. (a) Transmission electron microscope (TEM) image of control cells; (b) TEM image of cells with nanoparticles; (c) Scanning electron Microscopy–energy dispersive X-ray spectroscopy (SEM–EDS) of PQ7 grown with Pb (5 mM); (d) X-ray diffraction (XRD) pattern of PbS nanoparticles synthesized by PQ7; (e) X-ray photoelectron spectroscopy (XPS) image of PbS synthesized by PQ7. 
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Figure 3. Some parameters influencing the performance of the adsorbent. (a) pH, (b) contact time, (c) biosorbent dosage and (d) initial Pb(II) concentration. The experimental conditions were as follows: (a) Pb(II) concentration = 200 mg/L, contact time = 90 min, biomass dosage = 1 g/L. (b) pH = 5, Pb(II) concentration = 200 mg/L, biomass dosage = 1 g/L. (c) pH = 5, contact time = 90 min, Pb(II) concentration = 200 mg/L. (d) pH = 5, biomass dosage = 1 g/L, contact time = 90 min. B and q indicate the biosorption rate (%) and biosorption capacity (mg/g), respectively. The values and error bars represent the means ± standard deviation (n = 3). 
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Figure 4. Isotherm and kinetic modeling of the biosorption of Pb(II). (a) Biosorption kinetic models; the blue line and red line represent the pseudo-first-order and pseudo-second-order models, respectively. Isotherms of Pb(II) biosorption by PQ7: (b) Langmuir; (c) Freundlich. 
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Figure 5. (a) and (b) were SEM–EDS spectra of PQ7 before and after treatment with lead ions, respectively; (c) FTIR and (d) XRD spectra of PQ7 before and after treatment with lead ions. The conditions were as follows: pH = 5, Pb(II) concentration = 200 mg/L, biomass = 1 g/L, contact time = 90 min. 
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Table 1. Biosorption kinetic and adsorption isotherm parameters for the adsorption of Pb(II).
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Pseudo-First-Order

	
Pseudo-Second-Order




	
qe1 (mg/g)

	
K1 (L/min)

	
R2

	
qe2 (mg/g)

	
K2 (g/mg/min)

	
R2




	
130.98

	
0.065

	
0.962

	
139.91

	
0.000695

	
0.977




	
Langmuir Isotherm

	
Freundlich Isotherm




	
Qmax (mg/g)

	
KL (L/mg)

	
R2

	
KF (L/g)

	
n

	
R2




	
222.22

	
0.022

	
0.978

	
38.49

	
3.65

	
0.986
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Table 2. Comparative analysis of biosorbents for Pb(II) biosorption.
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	Bacteria
	qmax (mg/g)
	Conditions
	Reference





	Bacillus sp. ATS-1
	92.3
	pH 5, 25 °C
	[48]



	Geobacillus thermodenitrificans
	32.26
	pH 4.5, 35 °C
	[49]



	Pseudomonas aeruginosa PU21
	110
	pH 7, 37.5 °C
	[48]



	Alcaligenes sp. BAPb.1
	66.7
	pH 5, 30 °C
	[35]



	Bacillus cereus
	36.7
	pH 5.5, 30 °C
	[50]



	Pseudomonas fluorescens
	77.6
	pH 6, 30 °C
	[51]



	Bacillus pumilus
	91.4
	pH 6, 30 °C
	[51]



	Arthrobactor GQ-9
	17.56
	pH 5.5, 35 °C
	[52]



	Geobacillus thermodenitrificans
	32.26
	pH 4.5, 65 °C
	[49]



	Bacillus thioparans U3
	210.1
	pH 5, 30 °C
	[25]



	Alcaligenes sp.
	56.8
	pH 5, 35 °C
	[35]



	Bacillus sp. PZ-1
	15.38
	pH 5, 15 °C
	[53]



	Methylobacterium hispanicum EM2
	79.84
	pH 7, 30 °C
	[21]



	Pseudomonas stutzeri KCCM 34719
	142
	pH 6, 30 °C
	[54]



	Shinellazoogloeoides PQ7
	222.22
	pH 5, 30 °C
	This study
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