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Abstract

:

The global concern about the water pollution caused by heavy metals necessitates effective water treatment methods. Adsorption, with its substantial advantages, stands out as a promising approach. This study delves into the efficiency of Pb(II) removal using metabolically inhibited microbial cultures. These cultures encompass waste-activated sewage sludge (SS), industrially sourced bioremediation microbes (commercial 1—C1 and commercial 2—C2), an industrially acquired Pb(II) remediating consortium (Cons), and refined strains (derived from Cons) of Paraclostridium bifermentans (PB) and Klebsiella pneumoniae (KP). Our findings reveal maximum Pb(II) adsorption capacities of 141.2 mg/g (SS), 208.5 mg/g (C1), 193.8 mg/g (C2), 220.4 mg/g (Cons), 153.2 mg/g (PB), and 217.7 mg/g (KP). The adsorption kinetics adhere to a two-phase pseudo-first-order model, indicative of distinct fast and slow adsorption rates. Equilibrium isotherms align well with the two-surface Langmuir model, implying varied adsorption sites with differing energies. The Crank mass transfer model highlights external mass transfer as the primary mechanism for Pb(II) removal. Surface interactions between sulfur (S) and lead (Pb) point to the formation of robust surface complexes. FTIR analysis detects diverse functional groups on the adsorbents’ surfaces, while BET analyses reveal non-porous agglomerates with a minimal internal surface area. The Pb(II) recovery rates are notable, with values of 72.4% (SS), 68.6% (C1), 69.7% (C2), 69.6% (Cons), 61.0% (PB), and 72.4% (KP), underscoring the potential of these cost-effective adsorbents for treating Pb(II)-contaminated aqueous streams and contributing to enhanced pollution control measures. Nevertheless, optimization studies are imperative to evaluate the optimal operational conditions and extend the application to adsorb diverse environmental contaminants.
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1. Introduction


Lead is a ubiquitous pollutant in the environment; however, an increased amount in our environment can be attributed to human activities, including burning fossil fuels, mining, and manufacturing [1]. The most hazardous form of lead pollution is in the ionic or aqueous form, i.e., Pb(II) [2].



Lead is one of a limited class of elements that can be described as purely toxic [1]. The health risks associated with Pb(II) include, but are not limited to, kidney damage; a decreased IQ, memory score and capacity and learning ability; and other cognitive declines [3,4,5]. Also, due to the decrease in global lead reserves, lead recovery from wastewater streams is of ultimate importance as it offers an economic incentive [6].



Contemporary methods for treating wastewater, including membrane filtration, chemical precipitation, ion exchange, and electrodialysis, are utilized to mitigate lead pollution in waste streams by transforming Pb(II) ions into a less detrimental form. However, an additional treatment is necessary for the recovery of Pb(0) [2]. Moreover, numerous of these methods face constraints such as low efficacy and elevated operational expenses [7]. In contrast, adsorption has showcased numerous advantages compared to conventional approaches, including heightened efficiency, reduced production of chemical and biological sludge, regeneration of adsorbents, cost-effectiveness, and the potential for metal recovery [8].



Bacterial strains have found extensive application in effectively carrying out various biotechnological processes, including the elimination of organic and inorganic pollutants from both the soil and water [9]. Their ability to withstand harsh environmental conditions and resist metals contributes to their success in these applications [9]. Certain bacterial strains have shown notable efficacy in bioremediation efforts focused on extracting potentially harmful elements like Pb(II) and Cd(II) from polluted sites [10,11].



This research is a comparative screening study that investigated the bioremediation removal effectiveness of Pb(II) using six different microbially derived dried biosorbents: three waste-activated sludge related biosorbents (industrially obtained waste-activated sludge—SS—and industrially supplied consortia: commercial 1 and 2—C1 and C2) and three Pb(II) resistant microbial cultures (an industrially obtained consortium [2]—Cons—and two microbial strains purified from the microbial consortium: Klebsiella pneumonia—KP—and Paraclostridium bifermentans [12]—PB). The bio-removal approach presented here could represent the initial phase in developing a continuous reactor suitable for widespread adoption in diverse industries. It offers a straightforward and cost-effective means to remediate and regenerate effluents containing lead (Pb).




2. Materials and Methods


2.1. Microbial Culture


The waste-activated sludge (SS) was obtained from the active sludge pond at the Daspoort Wastewater Treatment Plant in Pretoria, South Africa (25.7395° S, 28.1640° E). The commercially sourced industrial bioremediation microbes (C1 and C2) were obtained from Bemical CC, Johannesburg, South Africa. These (SS, C1, C2) bacteria were cultivated by dosing 0.5 mL of the microbes into 100 mL of clarified sewage collected from the Daspoort Wastewater Treatment Plant.



The preparation of the consortium (Cons) is described by Van Veenhuyzen et al. [2]. Klebsiella pneumoniae (KP) and Paraclostridium bifermentans (PB) were identified using 16S rDNA sequencing as microbial strains present in Cons and were found likely to be the main organisms responsible for the bioprecipitation of lead [12]. The preparation of PB and KP is described by Neveling et al. [13].



All cultures (SS, C1, C2, Cons, PB, and KP) underwent centrifugation at 9000 rpm for 10 min at 4 °C. Afterward, they were washed with ultrapure water, subjected to another round of centrifugation, and subsequently oven-dried at 74 °C for 24 h [14]. This process effectively suppressed metabolic activity, ensuring that Pb(II) removal occurred solely via adsorption.




2.2. Metabolic Activity Measurement


Metabolic activity measurements were conducted using the yellow dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), which is reduced into formazan crystals by the action of the nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cellular oxidoreductase in the metabolically active cells. The formazan is subsequently extracted by the organic solvent dimethyl sulfoxide (DMSO) and spectrophotometrically analyzed at a wavelength of 550 nm (Sigma-Aldrich, St. Louis, MO, USA) [12]. After one hour of incubation, dimethyl sulfoxide was introduced into the solution to dissolve the formazan crystals [2]. A spectrophotometer was employed to assess the light absorption at 550 nm for both the unfiltered and filtered samples, allowing for the deduction of variances in metabolic activity [15].




2.3. Lead Removal Experiments


Sterilized reactors comprising 100 mL of ultrapure water were prepared using 1 mL of a 1.711 M     N a N O   3     salt substitute, along with the oven-dried and sterilized bacteria, with an added 100 ppm of Pb(II). This concentration serves as the baseline for comparison with other microbial strains within the consortium. The replication of the reactor was conducted three times to ensure reproducibility, and the investigation into Pb(II) removal spanned a 14 h duration.



The samples from the reactors were collected at different time intervals, filtered through a 0.45 µm filter, and subjected to initial and final pH measurements. The Pb(II) concentration in these samples was determined using atomic absorption spectroscopy (PerkinElmer AAnalyst 400, Waltham, MA, USA).



The mass of aqueous lead adsorbed onto the adsorbents was computed using Equation (1):


    q   t   =       C   o   −   C   f     V   W    



(1)







Here,     q   t     represents the mass of adsorbed Pb(II) in milligrams per gram (mg/g). The initial and final concentrations of Pb(II) are denoted as     C   o     and     C   f    , respectively, measured in milligrams per liter (mg/L). V stands for the volume of the solution in liters, while W represents the dry mass of the adsorbent in grams.




2.4. Adsorption Kinetics


The sampled adsorptions were fit to pseudo-first-order, two-phase pseudo-first-order, and pseudo-second-order isotherms as described in Equation (2) [16], Equation (3) [17], and Equation (4) [16], respectively. PercentFast as mathematically expressed in Equation (5) is the ratio of the rate at which Pb(II) adsorbed fast or slowly to the newly created adsorption interface, expressed as a percentage.


  Q   t   =   Q   e     1 − e x p ⁡ ( −   k   1   t )    



(2)






  Q   t   =   Q   e ,   f a s t     1 − e x p ⁡ ( −   k   1 , f a s t   t )   +   Q   e , s l o w     1 − e x p ⁡ ( −   k   1 ,   s l o w   t )    



(3)






  Q   t   =     Q   e   2     k   2   t   1 +   Q   e     k   2   t    



(4)






  PercentFast =     Q     e   ( f a s t / s l o w )         Q   t     × 100  



(5)




where     Q   e     is the value of Pb(II) adsorbed at equilibrium in mg/g, t is the time in min,     k   1     and     k   2     are the rate constants in 1/min and g/(mg min) for the pseudo-first- and pseudo-second-order, respectively. The sum of     Q   e ,   f a s t     and     Q   e ,   s l o w     in Equation (3) gives the overall equilibrium adsorption capacity.




2.5. Diffusion Model of Crank


Crank’s diffusion model is based on Fick’s second law. Largitte and Pasquier [18] described the internal mass transfer as Equation (6).


    δ Q   δ t   =     D   e       r   2       δ   δ r         r   2   δ Q   δ r      



(6)




where     D   e     is the effective adsorbate diffusivity in m2/s. The effective adsorbate diffusivity,     D   e    , can be calculated from Equation (7) using the integrated solution of Equation (6) given by Boyd et al. [19], as shown in Equation (7).


    Q     Q   e     = 1 −   6     π   2       ∑  n = 1  ∞     1     n   2     e x p   −     D   e     π   2     n   2   t     r   2          



(7)








2.6. Adsorption Equilibrium Experiments


To determine the equilibrium behavior of the adsorbents, batch adsorption experiments were conducted. Serum bottles, each containing 1.352 g/L of adsorbate, were prepared with 100 mL of Pb(II) solution, with concentrations varying from 0 to 600 mg/L Pb, and sealed with rubber stoppers. These bottles were agitated using a water bath shaker (Labotec EcoBath Model 207, Labotec, Midrand, South Africa) at a constant speed of 120 rpm and maintained at temperatures of 25 °C, 35 °C, and 45 °C. The pH and lead concentrations were measured well after reaching equilibrium (24 h) using atomic absorbance spectrophotometry (PerkinElmer, Waltham, MA, USA).



The Langmuir isotherm model, introduced by Langmuir in 1918, relies on the equilibrium between the adsorption and desorption kinetics [20]. According to this model, the adsorption energy remains constant across all surface sites and is independent of the surface coverage. This suggests a homogenous adsorption surface, where the adsorbate is taken up at specific, localized sites, with each site capable of accommodating only one adsorbent species. Consequently, the model implies that surface adsorption is localized [21,22].



The Langmuir isotherm equation is presented as Equation (8):


    q   e   =     q   m a x     K   L     C   e     1 +   K   L     C   e      



(8)




where     q   e     is the amount adsorbed,     q   m a x     is the maximum amount adsorbed (mg/L),     C   e     is the equilibrium concentration (mg/L), and     K   L     is the Langmuir constant (L/mg).



A separation factor (    R   L    ) which is a dimensionless constant defined by Webber and Chakravorti [23], is presented in Equation (9):


    R   L   =   1   1 +   K   L     C   o      



(9)




where     K   L     (L/mg) and     C   o     (mg/L) refer to the Langmuir constant and the adsorbate initial concentration, respectively. The     R   L     value suggests the nature of the adsorption to be favorable (0 <     R   L     < 1), unfavorable (    R   L     > 1), or irreversible (    R   L     = 0) [23,24].



The Langmuir isotherm model with two surfaces posits that sorption occurs on two distinct surfaces, each characterized by different binding energies [20,25]. This model offers a mechanistic explanation for adsorption on heterogeneous surfaces [6]. The two-surface Langmuir isotherm model is presented in Equation (10):


    Q   e   =     Q   m a x , 1     K   L 1     C   e     1 +   K   L 1     C   e     +     Q   m a x , 2     K   L 2     C   e     1 +   K   L 2     C   e      



(10)







The Freundlich isotherm model is used to represent the nonlinear adsorption phenomenon [26] as used in describing non-ideal sorption on heterogeneous surfaces and multilayer sorption [27]. The model describes the non-ideal, reversible, multilayer adsorption commonly employed for heterogeneous adsorbents such as biomass [24]. The Freundlich adsorption isotherm is summarized according to Equation (11):


    Q   e   =   K   F     C   e   a   =   K   F     C   e     1   n      



(11)




where     Q   e     is the amount of Pb(II) adsorbed at equilibrium (mg/g),     C   e     is the equilibrium concentration (mg/L),     K   f     is the Freundlich constant (L/mg), and n is the heterogeneity factor. The isotherm exhibits linearity when   a   equals 1, is considered favorable when a < 1, and is deemed unfavorable when a > 1 [28]. Also, studies show that a value for   a   between 0 and 1 shows surface heterogeneity, and values closer to 0 indicate more heterogeneous surfaces [16].




2.7. Characterization of Adsorbents


To examine the particle morphologies of the adsorbents, we employed an ultrahigh-resolution field emission scanning electron microscope (HR FESEM Zeiss Ultra Plus 55, Carl Zeiss AG, Oberkochen, Germany) equipped with an InLens detector. Additionally, the scanning electron microscope was equipped with an energy-dispersive X-ray spectrophotometer (EDS), which played a role in analyzing the elemental composition (Pb, S, C, O, N) of the metabolically inhibited adsorbents.



The EDS maps for different elements that were obtained for each adsorbent were further processed for quantitative comparison by initially cropping them to the same size and coordinates (to ensure the pixelwise comparability of the images) using the Python Image Library (PIL) image.crop function (Python 3.10.9 distributed with Anaconda 3 and run using Jupyter Notebook 3.5.3). The images were subsequently converted into grayscale using the PIL image.convert(‘L’) function, which codes the image as a matrix of values between 0 and 255 corresponding to the luminescence of the image pixel and consequently the relative elemental concentrations of the pixels [29]. To compare the pixels concerning the elemental abundance, the matrices with first flattened using the (PIL) image.flatten (function) and then correlated using the Python numpy library’s Pearson’s correlation coefficient (corrcoef) function, which measured the linear correlation between two variables [30]. This measure indicates the relative prevalence of elemental distribution across the surface and therefore the likely relationship between the elements in terms of bonds and interactions. Additionally, comparisons of the elemental maps was performed, termed the “cosine similarity”; a measure of the cosine angle between vectors and therefore an indication of whether the vectors point in roughly the same direction. This measure is regularly applied in assessing the similarity of texts [31]. To determine the cosine similarity, the grayscale matrices were converted into black-and-white (binary) images by using the median values as the cut-off with all values greater than the median = 1 and the remainder = 0; this was applied to limit false positive results in the matrices. The cosine similarity was calculated using Equation (12) [32].


  C o s i n e   s i m i l a r i t y =   A · B     A     B     =     ∑  i = 1   n      A   i     B   i          ∑  i = 1   n      A   i   2         ∑  i = 1   n      B   i   2         



(12)




with A and B representing the grayscale matrices for the elements being compared.



A Micrometrics TriStar II BET analyzer, manufactured by Micrometrics Inc. in Norcross, GA, USA, was employed to determine the Brunauer–Emmett–Teller (BET)-specific surface area of the adsorbent material both before and after activation. Liquid nitrogen was utilized at a temperature of 77 K during the measurement process. Before measurement, the samples were degassed via vacuum-drying at 110 °C for 10 h to eliminate any moisture and impurities.



The Fourier-transform infrared (FTIR) spectra of the cultures were recorded using a PerkinElmer Spectrum 2000GX FTIR spectrometer (PerkinElmer, Waltham, MA, USA) equipped with an attenuated total reflection attachment (ATR). The measurements were taken before and after Pb(II) adsorption.



The initial measurement occurred following a 24 h bacterial growth period, while the second measurement was taken after exposing the bacteria to 100 ppm of Pb(NO₃)₂ for 24 h. All FTIR spectra were captured across a wavelength range from 4000 cm–1 to 500 cm–1 and were based on the average of 30 scans [2].




2.8. Regeneration


Experiments to regenerate the metabolically inhibited adsorbents were conducted using HNO₃ [6,33]. In the regeneration process, adsorbents at a concentration of 1.48 g/L were subjected to an initial Pb(II) concentration of 200 mg/L for 24 h. Following this, the adsorbents were recovered using filter paper, rinsed with distilled water, and then placed at a concentration of 1.48 g/L into a 0.1 M HNO₃ solution for an additional 24 h [6]. The desorption efficiency was calculated using the equation provided below [34]:


  Desorption   efficiency   ( % ) =     C   d e       C   a d     × 100  



(13)




where     C   d e     denotes the concentration of Pb(II) desorbed and     C   a d     is the amount of Pb(II) adsorbed. The recovered adsorbent was dried at 105 °C until a constant mass was achieved [35]. Consequently, the regenerated adsorbent was employed in multiple adsorption–desorption cycles to assess the reusability of the metabolically inhibited adsorbents.



The quantity of Pb(II) desorbed by each metabolically inhibited adsorbent into the solution, per unit mass of adsorbent at equilibrium, is computed using [34]:


    Q   d   =     C   d e     m   × V  



(14)




where     Q   d     is the amount of Pb(II) desorbed in mg/g,     C   d e     is the liquid phase Pb(II) concentration in the desorbing solution at equilibrium in mg/L,   m   is the mass of the adsorbents in mg, and   V   is the volume of the desorbing solution in mL.





3. Results and Discussion


3.1. Lead Removal Experiments


The results of the Pb adsorption experiments are shown in Figure 1.



It was found that the rate of adsorption of Pb(II) increased with an increase in contact time until an equilibrium was reached. Equilibrium was not observed in the SS during 180 min of investigation. Equilibrium was reached in 30 min, 15 min, 15 min, 120 min, and 60 min in C1, C2, Cons, PB, and KP, respectively. Metabolically inactive Cons, PB, KP, SS, C1, and C2 removed 54.44 mg/g, 27.39 mg/g, 23.10 mg/g, 55.35 mg/g, 54.60 mg/g, and 50.63 mg/g of Pb(II) in 3 h, respectively. The removal of Pb(II) from the solution occurred via a passive process, as the metabolic activity was not detected using MTT. There was no observable black or gray precipitate within the 14 h period, indicating the absence of both PbS and Pb(0) formation [2,12].



From the pH results (Table S1), it can be observed that there was an increase in pH in the Cons, PB, SS, C1, and C2. According to Gupta et al. 2021 [36], a higher pH promotes electrostatic attraction between the negatively charged biosorbent surfaces and positively charged metal ions, increasing the adsorption efficiency. The observed decline in pH in KP is probably attributed to the release of protons from the bacterial surface, resulting from cation exchange processes where H⁺ ions are displaced by Pb(II) ions on the surface [6].




3.2. Adsorption Kinetics


In the experimental runs for all six adsorbents, it was found that two-phase pseudo-first-order kinetics fits had the highest coefficients of determination (R2), and the lowest average sum of squares (SSE), standard error of estimates (Sy.x), and root mean square error (RMSE), as presented in Table 1 and displayed in Figure 2. This could be an outcome of segregating the fast and slow adsorption rates into distinct compartments, thereby providing a more accurate depiction of a heterogeneous surface [6].



It was further found that the pseudo-second-order kinetic model fit the data relatively well, displaying a high R2, and a low sum of squares (SSE), standard error of estimates (Sy.x), and root mean square error (RMSE), as presented in Table 1 and displayed in Figure S1. This model represents the data better as compared to the pseudo-first-order kinetic model (Table 1 and Figure S2). The better representation of the pseudo-second-order kinetic model in comparison to the pseudo-first-order kinetic model suggests a surplus of adsorption sites relative to the Pb(II) ions in the solution [38,39]. According to Vishan et al. [40], this implies that valence forces may be involved in the sharing and exchange of electrons between the functional groups of the adsorbent and the adsorbate.




3.3. Crank Mass Transfer Model


Based on the results from the Crank mass transfer model, as presented in Table 1 and displayed in Figure S3, the metabolically inactive adsorbents could be placed in the following sequence based on their diffusion coefficients: C2 > KP > PB > Cons > SS > C1.



The low effective diffusion coefficients of the adsorbents as compared to the molecular diffusivity of Pb(II), which is     9.39 × 10   − 9     m/s [41], will result in the formation of thermodynamically stable structures due to the large time for which Pb(II) must roam the surface of the adsorbents and attain minimum energy configuration before attaching to the growing island nuclei [42].



This suggests that external mass transfer is the main mechanism of Pb(II) removal due to the high molecular diffusivity of Pb(II) as compared to the diffusion coefficients of the metabolically inactive adsorbents. This agrees with the literature, as an adsorbate with a higher molecular diffusivity diffuses more rapidly through the bulk solution, which results in a limited rate of mass transfer due to the slow diffusion within the boundary layer of the adsorbent with a lower effective diffusion coefficient [43].




3.4. Adsorption Isotherm


The two-surface Langmuir equilibrium isotherm model better described the adsorption of Pb(II) by all the metabolically inactive biosorbents, as presented in Table 2 and displayed in Figure 3. This might be due to the grouping of different adsorption sites into different binding sites, which allows a comparably better description of the adsorption [6].



The Langmuir equilibrium adsorption model better described the adsorption of Pb(II) by the metabolically inhibited Cons, as presented in Table 2 and displayed in Figure S4. This implies that the homogeneous adsorption surfaces (monolayer adsorption) on the adsorbents are involved in the adsorption of Pb(II).



The Freundlich isotherm model better described the adsorption of Pb(II) by the metabolically inactive SS, C1, PB, and KP, as presented in Table 2 and displayed in Figure S5, when compared with the Langmuir isotherm model because the Freundlich model takes the surface roughness into account, while the Langmuir model works with the assumption that the adsorption is limited to the formation of a monolayer [44]. In addition, the Freundlich isotherm model takes the assumption that the number of uniform adsorption sites is finite and that lateral interactions between adsorbed species should be absent, and none of these assumptions likely apply in biological systems [45].The adsorption intensity       1   n       for the Freundlich isotherm models for all adsorbents was less than 1, which indicates favorable sorption.



Although the sorption process was described poorly by the Langmuir isotherm model for all adsorbents except Cons and C2 when compared to the two-surface Langmuir and Freundlich isotherm models, the adsorption process was favorable, as the separation factor       R   L       was found to be between 0 and 1 [24]. The fitting of the equilibrium adsorption data to the Langmuir and Freundlich isotherm models shows that both homogeneous and heterogeneous adsorption surfaces on the adsorbents were involved in the adsorption of Pb(II).



It was assessed via the mixed-effects model restricted maximum likelihood statistical test for the temperature effect on the adsorbents that the temperature range across which the adsorption experiments were performed did not have a significant effect on the adsorption capacity of the adsorbents (Table S2). Consequently, thermodynamic analyses were not possible. This implies that the adsorption process of these adsorbents was insensitive to temperature and therefore an industrial adsorption process should be relatively robust to a wide range of operational temperatures.




3.5. Characterization of Adsorbents


SEM-EDS analysis of the surface morphology and the elemental composition of the adsorbents was carried out and the images obtained are shown in Figure 4.



Based on the findings, it was noted that the surfaces of the metabolically inactive adsorbents exhibited uneven and heterogeneous morphologies, which could significantly influence the adsorption process [46]. The surfaces of the adsorbents display roughness characterized by irregular crevices, with this feature being particularly pronounced in the metabolically inactive SS. Micropores were observed in the metabolically inactive C1, Cons, C2, and PB, respectively. The modifications on the surface may be attributed to the impact of the sorption processes on the adsorbents, as the aqueous adsorbate interacts with them [47].



The EDS analyses of the metabolically inactive adsorbents after Pb(II) sorption, as shown in Figure 5, lend credence to the observation that the metabolically inhibited adsorbents were able to remove Pb from the aqueous solutions, as they clearly demonstrate the fate of the Pb(II) on the surface of the adsorbents.



In addition, the EDS spectrum for each metabolically inhibited adsorbent clearly shows the peaks for Pb, confirming its existence on the surface of the adsorbents after sorption was carried out. This observation was also reported by [6]. From the qualitative analysis of the respective EDS maps, significant similarities between the distributions of the S and the Pb could be observed, indicating that there are likely strong interactions between these species on the surfaces.



The quantitative comparisons of the elemental EDS maps for the respective adsorbents are shown in Figure 6. The results indicate very high Pearson’s correlation coefficients (>0.8) (Figure 6a) and cosine similarities (>0.75) (Figure 6b) for all adsorbents when comparing the Pb and S EDS maps. This observation agrees with results observed by Hamilton et al. [48], Macías-García et al. [49], and Li et al. [50] in which it was observed that Pb chemically interacts with S during adsorption, forming strong surface complexes. It is also very interesting to note the strong correlation between the correlation coefficients and cosine similarities measured (Figure 6c), providing strong support for the validity of the observations in Figure 6a,b, since the correlation coefficients and cosine similarities were determined using completely different methods.



Interestingly, there were limited correlations or similarities for the C, O, or N as these relate to Pb. This does not necessarily exclude the interaction of Pb with these species: in contrast, it could be an indication that the relative association of Pb with S was the dominant interaction. There is strong evidence for the interaction of Pb with -OH, -C=O, -COOH, and -NH groups [51,52], and therefore these interactions cannot be excluded.



In addition, the correlation and similarities for C vs. O, C vs. N, and O vs. N were relatively close, indicating the likely presence of C–O, C–N, and O–N bonds on the surface.



The BET results of the metabolically inhibited adsorbents (SS, C1, C2, Cons, PB, and KP) are presented in Table 3 below. Based on these results, the metabolically inhibited adsorbents could be placed in the following sequence on account of their specific surface areas: SS > C1 > Cons > PB > C2 > KP. In the characterization of adsorbents, the pore size is an important parameter as it gives information on the structural heterogeneity of a porous material [47]. The low BET surface areas of the metabolically inhibited biosorbents, as well as the reversible type II isotherm characteristics of the isotherms measured (Figure S6), provide strong evidence that the biosorbents behaved as non-porous solid particles [53], with Sauter equivalent diameters reported in Table 3. The Sauter mean diameter is the diameter of a sphere with the same surface-to-volume ratio of the specific particles considered [54]. The surface results imply that the biosorbents effectively behaved as solid non-porous particles with approximate diameters between 30 and 350 μm (much greater than the average size of bacterial cells—most bacterial cells are in the range of 0.1–0.9 μm diameter and 1–2 μm long, which yields Sauter Equivalent diameters between 1.5 and 30 μm [55], indicating that the biosorbents consisted of solidly compacted non-porous agglomerates of biomass, thereby resulting in markedly attenuated BET surface areas. It should, however, be noted that the results for the BET surface areas measured are consistent with unactivated biomass adsorbents from the literature [56,57].




3.6. FTIR Analysis


FTIR analysis for the functional groups as presented in Figure 7 revealed the presence of functional groups in the metabolically inhibited adsorbents. The wavelength and functional group obtained from the spectra are presented in Table 4. This demonstrated that the metabolically inactive SS, C1, C2, Cons, PB, and KP surfaces contained active functional groups. To determine the identities of active organic species, the region between 1400 and 1700 cm−1 was deconvoluted as per Nekvapil et al. [58], as shown below in Table 4.



In the KP microbial strain, the hydroxyl functional group was revealed due to the occurrence of the broad peak found at a wavenumber 3298 cm−1 [67]. The band occurring at 1640 was attributed to the occurrence of C=O in amide [68].



The functional groups identified in the SS, C1, and C2 were alkyl halides, ethers, alkyl ketones, diketones, and methyl group at wavenumbers 524–544, 1034–1080, 1240, 1528–1632, and 2924–2934, respectively. Hydroxyl compounds and alcohol functional groups were identified in the SS and the C1 at wavenumbers 3282 and 3792, respectively.     N O   2     stretching was identified in both C1 and C2 at wavenumbers 1398, respectively. The functional groups and aromatic and phenol rings were identified in the SS at wavenumbers 1400 and 1530, respectively. The anhydride functional group was identified at the wavenumber 1800. Carboxylic acid was identified at the wavenumber 3276 in C2.



These finding align with the literature, which identifies hydroxyl [69]; carboxyl [70]; ether, alcohol, and amino acids [71]; and alkyl halide and amine [72] functional groups for the removal of Pb and other divalent metals from aqueous solutions. The shift in peaks identified at the wavenumber range of 1500 (    N O   2     stretch)–1700   ( c a r b o x y l i c   a c i d )   might be because of changes in the two overlapped bands [73]. No significant changes were observed in the FTIR spectra for Cons, PB, or KP before and after adsorption. This shows that oven-drying the cultures at 74 °C for 24 h did not rupture the cell wall [2].




3.7. Regeneration and Reusability


Adsorbents regenerated using 0.1 M     H N O   3     showed an efficiency of 72.35%, 68.62%, 69.73%, 69.58%, 60.99%, and 72.38% in Pb(II) recovery by the metabolically inactive SS, C1, C2, Cons, PB, and KP, respectively, as presented in Table 5. The adsorption capacity of the metabolically inactive SS, C1, C2, PB, and KP after the second cycle of regeneration decreased by 66.95%, 75.53%, 67.47%, 18.93%, and 1.19%. According to Tao et al. [74], the reduction in the adsorption capacity following regeneration could stem from the eluent’s incapacity to overcome the high affinity between the binding sites and Pb(II). In contrast, the metabolically inactive Cons had a 63.23% increase in adsorption capacity.



The maximum adsorption capacities of certain microbial and sludge-based adsorbents are presented in Table 6 for comparison. The metabolically inhibited SS, C1, C2, Cons, PB, and KP have a comparatively high adsorption capacity. This characteristic, in addition to the low cost of microbial preparations, makes them a favorable adsorbent for Pb(II) removal from industrial effluents.





4. Conclusions


In summary, this research aimed at elucidating the efficacy of metabolically inactive sewage sludge, commercial bacteria 1, commercial bacteria 2, and an industrially obtained Pb-resistant consortium, specifically focusing on the Pb-reducing constituents P. bifermentans and K. pneumoniae, as adsorbents for the removal of Pb(II) from aqueous solutions. Kinetic studies revealed the superior applicability of the two-phase pseudo-first-order model to these metabolically inhibited adsorbents, showcasing their potential for practical applications.



Crucially, our investigation unveiled that external mass transfer serves as the primary mechanism for Pb(II) adsorption, as indicated by the Crank mass transfer model. FTIR spectroscopy provided evidence supporting the chemisorption of Pb(II) onto functional groups, underscoring the pivotal role played by these constituents in the removal process. The isotherm study demonstrated a strong correlation of adsorption data with the two-surface Langmuir model, further substantiating the effectiveness of the biosorbents.



Moreover, comprehensive analyses using BET, SEM, and EDS shed light on the morphology and chemical nature of the adsorbents. Notably, qualitative analysis revealed significant similarities between the distributions of sulfur (S) and lead (Pb), with quantitative comparisons employing Pearson’s correlation coefficients and cosine similarities reinforcing these findings.



This study provides robust evidence supporting the potential of metabolically inhibited adsorbents for the efficient removal of Pb(II) from aqueous systems, while also highlighting their capability for the recovery of Pb(II) for subsequent reuse. The environmentally friendly and cost-effective nature of this bioremediation process positions it as a promising alternative to traditional chemical and physical methods for the remediation of Pb-contaminated waste streams.



To further enhance the applicability of these biosorbents, it is recommended to conduct more detailed studies elucidating the mechanisms of adsorption specific to each adsorbent. Additionally, optimization studies should be undertaken to assess the optimal operational conditions for adsorption, considering the diverse nature of the different adsorbents. Such endeavors will contribute to the development of more effective and scalable solutions for the removal of Pb from contaminated environments.
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Figure 1. Graph of Pb(II) removal by metabolically inhibited (a) consortium, (b) P. bifermentans, (c) K. pneumoniae, (d) sewage sludge, (e) commercial 1 bacteria, and (f) commercial 2 bacteria. 
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Figure 2. Two-phase pseudo-first-order kinetics of Pb(II) onto metabolically inactive adsorbents. The shaded area represents the 95% prediction interval [37]. 
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Figure 3. Two-surface Langmuir isotherm for metabolically inactive adsorbents. The shaded area represents the 95% prediction interval. 
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Figure 4. SEM images for (a) SS, (b) C1, (c) C2, (d) Cons, (e) KP, (f) PB. 
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Figure 5. Pseudo color images of EDS maps and corresponding EDS spectra on (a–f) SS, (g–l) C1, (m–r) C2, (s–x) Cons, (y–dd) KP, (ee–jj) PB (indicated on the left). The maps represent Pb, S, C, O, N, and the EDS spectra (as indicated at the top). 
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[image: Water 15 04259 g005]







[image: Water 15 04259 g006] 





Figure 6. The (a) correlation coefficients and (b) cosine similarities for the relationships between the respective elements observed using EDS depicted in Figure 5. (c) The relationship between the correlation coefficients and cosine similarities presented in (a,b). 
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Figure 7. The full FTIR spectrum (a,c,e,g,i,k) and deconvoluted spectrum, with colored lines indicating the deconvoluted peaks (b,d,f,h,j,l), for the (a,b) SS; (c,d) C1; (e,f) C2; (g,h) Cons; (i,j) PB; (k,l) and KP biosorbents. 






Figure 7. The full FTIR spectrum (a,c,e,g,i,k) and deconvoluted spectrum, with colored lines indicating the deconvoluted peaks (b,d,f,h,j,l), for the (a,b) SS; (c,d) C1; (e,f) C2; (g,h) Cons; (i,j) PB; (k,l) and KP biosorbents.
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Table 1. Experimental data for fitted kinetic models for Pb(II) adsorption to metabolically inactive adsorbents.
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Adsorbents

	
SS

	
C1

	
C2

	
Cons

	
PB

	
KP






	
Two-Phase Pseudo-First-Order




	
    Q   t     (mg/g)

	
58.04

	
54.62

	
50.55

	
51.16

	
31.15

	
23.14




	
PercentFast

	
48.71

	
62.60

	
94.02

	
40.31

	
54.99

	
84.33




	
    Q   e ,   f a s t     (  mg/g)

	
28.27

	
34.19

	
47.53

	
20.62

	
17.13

	
19.51




	
    Q   e ,   s l o w     (mg/g)

	
29.77

	
20.43

	
3.02

	
30.54

	
14.02

	
3.63




	
    k   f a s t     (1/min)

	
0.084

	
2.491

	
0.513

	
1.113

	
0.149

	
0.662




	
    k   s l o w     (1/min)

	
0.014

	
0.060

	
0.057

	
0.208

	
0.008

	
0.102




	
     R   2     

	
0.999

	
0.999

	
1

	
0.993

	
0.985

	
0.986




	
SSE

	
0.800

	
1.835

	
0.013

	
16.53

	
10.33

	
5.946




	
Sy.x

	
0.516

	
0.677

	
0.066

	
2.033

	
1.607

	
1.408




	
RMSE

	
0.365

	
0.553

	
0.046

	
1.537

	
1.215

	
1.09




	
Pseudo-Second-Order




	
    Q   t     (mg/g)

	
61.58

	
55.13

	
51.01

	
52.82

	
27.94

	
23.33




	
    k   2     (g/mg·min)

	
0.0008

	
0.0009

	
0.0284

	
0.0120

	
0.0034

	
0.0589




	
     R   2     

	
0.999

	
0.996

	
0.999

	
0.991

	
0.977

	
0.985




	
SSE

	
1.781

	
10.47

	
0.372

	
20.52

	
16.25

	
6.408




	
Sy.x

	
0.597

	
1.447

	
0.273

	
1.849

	
1.646

	
1.266




	
RMSE

	
0.545

	
1.321

	
0.249

	
1.712

	
1.524

	
1.132




	
Pseudo-First-Order




	
    Q   t     (mg/g)

	
52.96

	
52.53

	
50.17

	
50.71

	
24.92

	
23.10




	
    k   1     (1/min)

	
0.040

	
0.264

	
0.439

	
0.373

	
0.075

	
0.420




	
     R   2     

	
0.989

	
0.979

	
0.999

	
0.988

	
0.949

	
0.986




	
SSE

	
28.51

	
48.88

	
1.147

	
28.88

	
35.79

	
6.002




	
Sy.x

	
2.388

	
3.127

	
0.479

	
2.194

	
2.442

	
1.225




	
RMSE

	
2.18

	
2.854

	
0.437

	
2.031

	
2.261

	
1.096




	
Crank Mass Transfer Model




	
     Q   t   ( m g / g )   

	
58.16

	
53.42

	
50.21

	
51.18

	
27

	
23.10




	
k

	
2.6 × 10−5

	
2.4 × 10−4

	
5.7 × 10−4

	
3.5 × 10−4

	
4.5 × 10−5

	
5.4 × 10−4




	
     D   e     (   m   2   / s )   

	
2.6 × 10−13

	
2.4 × 10−12

	
5.7 × 10−12

	
3.5 × 10−12

	
4.5 × 10−13

	
5.4 × 10−12




	
     R   2     

	
0.992

	
0.988

	
0.999

	
0.993

	
0.977

	
0.986




	
SSE

	
22.11

	
28.28

	
0.947

	
16.68

	
16.63

	
6.002




	
Sy.x

	
2.103

	
2.378

	
0.435

	
1.667

	
1.665

	
1.225




	
RMSE

	
1.92

	
2.171

	
0.397

	
1.544

	
1.541

	
1.096











 





Table 2. Isotherm parameters for the adsorption of Pb(II) by metabolically inactive adsorbents.
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Adsorbents

	
SS

	
C1

	
C2

	
Cons

	
PB

	
KP






	
Two-Surface Langmuir




	
    Q   m a x 1     (mg/g)

	
72.46

	
86.07

	
52.61

	
   0   

	
45.82

	
46.13




	
    Q   m a x 2     (mg/g)

	
83.83

	
144.20

	
156.70

	
221.40

	
430.80

	
223.60




	
    K   L 1     (  L/mg)

	
∞

	
∞

	
∞

	
∞

	
∞

	
∞




	
    K   L 2     (  L/mg)

	
0.024

	
0.035

	
0.022

	
0.025

	
0.0013

	
0.015




	
     R   2     

	
0.827

	
0.833

	
0.737

	
0.788

	
0.648

	
0.664




	
SSE

	
7446

	
23818

	
33143

	
26332

	
19166

	
47731




	
Sy.x

	
13.31

	
21.61

	
25.49

	
25.98

	
21.36

	
30.59




	
RMSE

	
13.01

	
21.20

	
25.01

	
25.34

	
20.87

	
30.01




	
Langmuir




	
    Q   m a x     (mg/g)

	
141.20

	
208.50

	
193.80

	
220.40

	
153.20

	
217.70




	
    K   L     (L/mg)

	
3.68

	
0.258

	
0.058

	
0.025

	
0.022

	
0.043




	
     R   L     

	
0.003–0.0005

	
0.04–0.006

	
0.145–0.028

	
0.29–0.064

	
0.48–0.11

	
0.32–0.06




	
     R   2     

	
0.648

	
0.644

	
0.681

	
0.788

	
0.350

	
0.568




	
SSE

	
15116

	
52666

	
40210

	
26282

	
35371

	
61358




	
Sy.x

	
18.75

	
31.82

	
27.81

	
25.63

	
28.68

	
34.03




	
RMSE

	
18.54

	
31.52

	
27.54

	
25.32

	
28.35

	
34.03




	
Freundlich




	
    K   f     (L/mg)

	
82.96

	
89.76

	
54.55

	
33.39

	
21.17

	
34.39




	
n

	
10.11

	
6.172

	
4.516

	
3.295

	
2.973

	
2.804




	
     R   2     

	
0.802

	
0.826

	
0.707

	
0.703

	
0.496

	
0.628




	
SSE

	
8504

	
25686

	
36942

	
36805

	
27459

	
52938




	
Sy.x

	
14.06

	
22.23

	
26.65

	
30.33

	
25.27

	
31.91




	
RMSE

	
13.90

	
22.01

	
26.40

	
29.96

	
24.98

	
31.60











 





Table 3. BET and BJH characterization of metabolically inactive adsorbents.
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	Adsorbents
	BET Surface Area (m2/g)
	Sauter Equivalent Diameter (μm)





	SS
	0.20
	31



	C1
	0.083
	72



	C2
	0.021
	290



	Cons
	0.065
	92



	PB
	0.025
	240



	KP
	0.017
	350










 





Table 4. FTIR frequency range and functional groups present in the metabolically inhibited adsorbents.
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	Wavenumber (1/cm)
	Bond
	Functional Group
	Adsorbent
	Reference





	553
	C–C, C–N, -CH2
	C–C and C–N ring deformation; CH2 wagging and rocking
	SS, C1, C2
	[59]



	1034–1080
	C–O–C, S=O
	Ethers, symmetric stretching of S=O
	SS, C1, C2
	[50,60,61]



	1240
	C=O, C=S
	Alkyl ketone, thioketone stretching
	SS, C1, C2
	[62]



	1375
	-CH2, S=O
	CH2 wagging, sulphonic ester stretching
	SS, C1, C2
	[59,61]



	1525
	C=O
	Stretching vibration in ketones and esters
	SS, C1, C2
	[62]



	1575
	C=C
	Stretching vibration in alkenes
	SS, C1, C2
	[62,63]



	1635
	C=O, C–C, N–H, C=N, C–N,
	Stretching vibration in aldehydes and ketones. N –H vibration coupled with C=N bending vibration or C–N stretching
	SS, C1, C2,

Cons, PB, KP
	[50,62,64,65]



	1665
	C=O, C=S
	Stretching vibration in ketones, aldehydes, and esters/thioesters
	SS
	[61,62]



	2000-2200
	C≡C, C≡N, C=S
	Alkynes, nitrile, isothiocyanate asymmetric stretching
	Cons, PB, KP
	[61,66]



	2924–2934
	-CH2
	Stretching vibration of C–H
	SS, C1, C2
	[62,65]



	Circa 3400
	C–OH
	Hydroxyl group
	SS, C1, C2,

Cons, PB, KP
	[62,65]



	Circa 3790
	O–H stretching
	Alcohol
	SS, C1, C2
	[66]










 





Table 5. Desorption efficiency and amount of Pb(II) desorbed by metabolically inactive adsorbents.
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Adsorbents

	
Pb(II) Desorbed 1st Cycle

	
Pb(II) Desorbed 2nd Cycle




	

	
(%)

	
     Q   d      (mg/g)

	
(%)

	
     Q   d      (mg/g)






	
SS

	
72.35

	
64.97

	
14.03

	
13.45




	
C1

	
68.62

	
70.64

	
2.32

	
3.26




	
C2

	
69.73

	
71.46

	
3.35

	
4.08




	
Cons

	
69.58

	
66.76

	
0.87

	
2.11




	
PB

	
60.99

	
50.16

	
0.74

	
2.43




	
KP

	
72.38

	
79.53

	
4.94

	
12.32











 





Table 6. Langmuir adsorption capacity for Pb(II) on adsorbents from previous studies.






Table 6. Langmuir adsorption capacity for Pb(II) on adsorbents from previous studies.





	Adsorbent Description
	     Q   m a x     

(mg/g)
	Reference





	Rhodococcus sp. HX-2
	88.74
	[75]



	Streptomyces rimosus
	135
	[76]



	Ion-imprinted magnetic biosorbent
	116.28
	[77]



	Magnetic sewage sludge biochar
	99.90
	[78]



	Sludge-derived biochar
	40.80
	[79]



	Pyrolyzed sewage sludge
	40.30
	[80]



	Raw WAS
	307
	[6]



	    Z n C l   2    -activated WAS
	274
	[6]



	SS
	141.20
	This study



	C1
	208.50
	This study



	C2
	193.80
	This study



	Cons
	220.40
	This study



	PB
	153.20
	This study



	KP
	217.70
	This study
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