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Abstract

:

The main objective of this study was to achieve the continuous biorecovery and bioreduction of Pb(II) using an industrially obtained consortia as a biocatalyst. An upflow anaerobic sludge blanket reactor was used in the treatment process. The bioremediation technique that was applied made use of a yeast extract as the microbial substrate and Pb(NO3)2 as the source of Pb(II). The UASB reactor exhibited removal efficiencies of between 90 and 100% for the inlet Pb concentrations from 80 to 2000 ppm and a maximum removal rate of 1948.4 mg/(L·d) was measured. XRD and XPS analyses of the precipitate revealed the presence of Pb0, PbO, PbS and PbSO4. Supporting experimental work carried out included growth measurements, pH, oxidation–reduction potentials and nitrate levels.
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1. Introduction


Lead (Pb) is amongst the most toxic and pernicious heavy metals and is a major pollutant of soil, plants and water [1]. Pb finds its way into the environment through anthropogenic activities, such as painting, soldering, electroplating, the battery industry and mining [2,3,4]. According to Naik and Dubey [5], anthropogenic activities have significantly contributed to the accumulation of lead in the environment by more than 1000-fold over the last 300 years. Human exposure to Pb(II) occurs through the ingestion of contaminated food and water or the inhalation of aerosols and dust particles. The threshold limits of Pb(II) in wastewater and drinking water are both 0.05 ppm [6]. Noncompliance with the aforementioned limits may ultimately result in Pb(II)-related health effects. Tiquia-Arashiro [3], Mathee et al. [7] and Hörstmann and Brink [8] alluded that lead poisoning disproportionately affects children, causing mental retardation and behavioural disorders. In pregnancies, lead poisoning can result in low birth weight, miscarriage and premature delivery [9]. In addition, lead concentrations above 0.4 ppm in blood can result in sperm count reduction in men [9]. Pb(II) poisoning in humans may result in damage to the nervous system, skeleton, brain, heart, liver and kidneys [10]. Ara and Usmani [11] describe Pb(II) as a non-nutritionally essential element, which can damage the deoxyribonucleic acid (DNA) and affect haemoglobin. It affects the haemoglobin through interference with the delta-aminolaevulinic acid dehydratase (ALAD) activity, which is an essential enzyme in the heme biosynthesis and ultimately causes anaemia [11,12]. Radziemska et al. and Zulfiqar et al. [13,14] reported that the contamination of soils by the most toxic elements like Pb(II) ultimately influences the growth and development of plants. Pb(II) has also been reported to be toxic to plants, even in trace amounts [15], with a permissible limit of 2 mg·kg−1. This calls for global effort towards lead removal from the environment. Tiquia-Arashiro [3] has posited that little has been done regarding lead treatment; hence, it is a cause for concern to human and environmental health. Despite being toxic, lead is also an integral part of society, with various industrial applications, such as the aforementioned anthropogenic activities [4]. However, with the current Pb depletion rate of 5 Mt/yr [16] and the current reserve of 85 Mt [17], this implies a likely global lead depletion in the next 17 years. It is, therefore, imperative to enhance environmental sustainability through improved lead management, which can be attained through the application of efficient technologies, such as bioremediation [18].



Tiquia-Arashiro [3] suggested that in addition to the Pb remediation from the ecosystem, there is also a need to recover it from industrial effluents. Bioremediation technology is preferred over other conventional heavy metal treatment methods, such as ion exchange, electrolysis, evaporation, sorption and reverse osmosis [1,19]. These methods pose several disadvantages, such as toxic waste materials, high costs and hazardous waste disposal. Microbial heavy metal removal is known to be a considerably more environmentally friendly and safe alternative to conventional physicochemical methods [20].



Preliminary work and kinetic analyses leading to this project were conducted under batch conditions by members of the Environmental Research Group at the University of Pretoria (South Africa) [8,19,21,22]. Pb bioremoval was found to be optimal at a concentration of 500 ppm, with a 99% removal efficiency after 11 days under anaerobic batch conditions [22].



The majority of batch experiments conducted by this team in the past used Luria Bertani broth as a rich growth medium for microbial Pb removal. A more economically viable option for growth media was sought after and the use of yeast extract instead of LB broth was proposed and proved to be a highly effective substitute [23].



Given the motivating results from the batch experiments, it was imperative to develop a preliminary system for continuous lead removal for future industrial use. This paper presents the first study of continuous biorecovery using simultaneous bioprecipitation and bioreduction of Pb(II) in a UASB reactor with a microbial consortium sourced by Brink et al. [21].




2. Results


2.1. Continuous Experimental Runs


The continuous experiments were initiated in the bioreactor. All of the runs presented the formation of dark grey precipitates after less than 72 h, suggesting positive microbial growth and significant Pb(II) precipitation. The timelines of the multiple loading scenarios used in the four experimental runs in this study are presented in Figure 1 below. The concentrations and timelines were chosen in such a manner to test the system’s resilience and robustness over time. Certain concentrations were measured twice during the runs to test the system’s adaptive capabilities. Pb(II) concentrations were continuously measured and contributed to decisions made in terms of the timelines and concentrations used to optimally test all parameters in question.



Figure 2, Figure 3, Figure 4 and Figure 5 present the results for the Pb(II) removal, metabolic activity, ORP, pH and the Pb(II) removal rates for each of the runs respectively.



It should be noted that the final run (3b) was an extension of run 3a, which was interrupted due to the South African nationwide coronavirus lockdown from March to May 2020. In response to this interruption, it was decided to test the robustness and resilience of the system to severe system upsets. This was done by placing the reactor system in stasis by sealing off the system for the duration of the lockdown (3 months) without the addition of any growth medium or Pb. The system was started up again after the resumption of laboratory activity without the addition of any new inoculant.



2.1.1. Run 1


Regarding Figure 2a of run 1, it took 3 days for the UASB reactor to achieve a 98% removal efficiency of 80 ppm Pb(II). The system was consequently shock-loaded with 1000 ppm Pb(II) on day 5, after which, 55% of the Pb(II) was removed on day 7. The growth initially declined after the first introduction of 80 ppm Pb(II), followed by a steady increase in growth measurements between days 1 and 2, suggesting an adaptive detoxification mechanism at work. The lead concentration was increased to 1000 ppm on day 5 and an instant increase in growth was observed, followed by a steady decline in nitrate measurements, confirming a nitrate growth dependence that was suggested in earlier studies [24]. The ORP and pH measurements are presented in Figure 2c,d. The oxidation–reduction potential (ORP), which is one of the important microbial cultivation parameters, was continuously measured to monitor the degree of anaerobiosis. All the ORP values measured were below +100 mV but above 0 mV, implying that the system operated in the anoxic range. According to Dabkowski [25], ORP values between −100 and +100 mV are described as anoxic, transient or near dissolved oxygen (intermediate conditions); this is in contrast with the anaerobic zone, where the ORP is measured below −100 mV. The pH of the system constantly varied between measurements of 5.85 and just below 7.5, indicating little variation. The highest removal rate recorded for this run was found to be 994.9 mg/(L·d) Pb(II), as presented in Figure 2e below.




2.1.2. Run 2


Experimental run 2, as presented in Figure 3, was initiated with a concentration of 80 ppm Pb(II), followed by the production of a dark grey precipitate after 72 h, similar to the first experimental run. The system was shock-loaded on day 9 with 1000 ppm, on day 17 with 500 ppm, on day 23 with 2000 ppm, on day 33 with 80 ppm, on day 35 with 500 ppm, on day 41 with 750 ppm, on day 46 with 1000 ppm and on day 54 with 2000 ppm. During the experimental run, it was observed that the system was able to achieve a maximum of 100% 80 ppm Pb(II) removed on day 34, as well as 100% of 500 ppm on day 23. Other concentrations, such as 750 ppm, were 98% removed on day 46, 92% of 1000 ppm on day 54 and 89% of 2000 ppm Pb(II) on day 56. The initial growth increased as the effluent concentration of Pb(II) decreased within the first 5 days, during which, 80 ppm was added to the influent. The system experienced a shock as the system was loaded with a 1000 ppm, but the growth rapidly recovered to just below the previous maximum on day 5, followed by a rapid decrease in growth up until day 17. From the overall trend that was identified, it was clear that the growth was initially inhibited by the shock of each load, but a quick recovery was presented and growth was rapidly promoted by the introduction of Pb(II). This corresponded to the findings in run 1 indicating that the system was nitrate dependent and that the nitrates that were introduced promoted growth [24]. Maximum growth was measured after the second load of 80 ppm was introduced on day 33, after which, the removal of 80 ppm was instantaneously coupled with a considerable amount of microbial growth. This was indicative of the eager use of nitrates available without much inhibition from the Pb(II).



Most of the observed pH values fell in the range reported by Brink et al. and Peens et al. [20,21], which strongly suggests the presence of elemental lead coupled with the presence of a dark grey precipitate. The maximum ORP value recorded for this run was +143 mV and a minimum of +25.2 mV, which agrees with the results of Blanc and Molof [26] and Lee [27] outside the optimal ORP range for anaerobic treatment (−220 to −290 mV). However, according to Mauerhofer et al. [28], this shows that the aforementioned range holds for facultative anaerobes that require at most a −100 mV ORP because strict anaerobes require less than −330 mV. They further reported that higher values of ORP outside the optimum range do not typically imply the death of certain microbes but instead imply the growth impairment of certain species. Dabkowski [25] reports that ORP values ranging from −100 to +100 mV are optimum for anoxic regions, indicating good system performance in the presence of anoxic conditions. The highest removal rate recorded for this run was 1650 mg/(L·d) Pb(II).




2.1.3. Run 3a


The third experimental run, shown in Figure 4, continued for 24 days and was initially spiked with 100 ppm Pb(II), followed by a load of 750 ppm on day 7, 100 ppm on day 14, 500 ppm on day 15 and, finally, 900 ppm on day 20. Maximum efficiencies of 63% of 100 ppm Pb(II) was achieved on day 5, 85.6% of 750 ppm on day 9, 95% of 500 ppm on day 17 and 60.5% of 900 ppm Pb(II) on day 21. These removal results were relatively consistent with the previous findings, suggesting their repeatability. Similar trends were observed during the first two runs, with an increase in nitrate measurements upon loading, followed by a dramatic decrease. The growth measurements mirrored that of the available nitrates; when the nitrates were depleted, growth was brought to a halt [24]. The only anomaly observed was on day 18, when a spike in growth measurements was presented, coupled with the presence of little to no available nitrates. A reasonable explanation for this lies in the evidence presented by the pH measurements. The pH levels dropped considerably to a minimum of 4.26 just before the spike in growth, which measured outside the range of ideal neutrophilic bacterial growth conditions, which are known to range between 5 and 9 [29]. The spike in growth after the pH recovery would be indicative of ideal conditions and growth was easily maintained once more. The ORP values ranged from a minimum of 40.3 mV and a maximum of 124.3 mV, which was again consistent with the previous experimental runs, indicating an anoxic system rather than a strictly anaerobic system. The maximum removal rate achieved during this run was found to be 760.1 mg/(L·d) Pb(II) (Figure 4f).




2.1.4. Run 3b


Run 3b, shown in Figure 5, was a continuation of run 3a, which was commenced by unsealing the sealed run 3a reactor and initiating feeding after the South African lockdown of March–Jun 2020 was lifted. This run continued for 52 days. No metabolic activity measurements were taken for this run, as laboratory movement was limited at the time. The run started with a concentration of 80 ppm Pb(II), followed by an increase to 1000 ppm on day 11, 80 ppm on day 20, 500 ppm on day 23, 80 ppm on day 28, 2000 ppm on day 31, 80 ppm on day 35, 500 ppm on day 35 and 750 ppm on day 46. The highest amount of lead removed for 80 ppm was observed on day 38 at 98%, 71.6% for 1000 ppm on day 13, 98.7% for 500 ppm on day 46, 99.9% for 2000 ppm on day 35 and a maximum amount of 99.4% for 750 ppm on day 52. From this run, it was the most apparent that the system was highly robust, with the ability to continue Pb removal and reduction after being sealed with no external nutrition for ≈3 months. In addition, the system easily adapted to certain lower concentrations of lead after being exposed to a higher concentration. The system was exposed to 80 ppm on four occasions. It only removed 75% of 80 ppm the first round, but almost 100% of lead was removed every round thereafter following exposure to a 1000 ppm Pb(II), indicating strong adaption capabilities from the microbial consortium and the system as a whole. The same trend was observed for 500 ppm and 750 ppm. The system removed a considerable amount of 2000 ppm Pb(II) at almost 100%, presenting an overall higher resistance to Pb. The increased resistance can be attributed to this run being a continuation from run 3a, which allowed for more adaption.



The ORP was measured between 2.6 and 127.3 mV, which was once again consistent with an anoxic environment. The pH ranged between a measurement of 5.08 and 6.80, indicating neutrophilic growth conditions for bacteria, as mentioned earlier, and the highest removal rate observed was a staggering 1948.4 mg/(L·d) Pb(II).





2.2. Precipitate Analysis


Precipitate analysis was conducted on samples that were collected upon the termination of selected runs with the aid of X-ray diffraction (XRD) (runs 1 and 2) and X-ray photoelectron spectroscopy (XPS) (runs 2 and 3b).



The results from the XRD analysis are presented in Figure 6 below. Both runs 1 and 2 exhibited similar results. Three predominant lead species were identified, namely, PbS, PbSO4 and Pb0. The results presented three peaks identified as Pb0, of which, one overlapped with PbS, as opposed to the other two, which were isolated from any of the other species, positively indicating the identity as elemental lead. The presence of PbS and PbSO4 was previously attributed to the probable release of sulphur by the microorganisms during an anaerobic denitrification metabolism. It was proposed that sulphur is released during anaerobic denitrification and the use of two sulphur-containing amino acids, cysteine and methionine, with the aid of the enzyme nitrate reductase. The free sulphur was in turn bound with Pb to form PbS and PbSO4 in the presence of oxygen [24].



The results for the XPS analysis for runs 2 and 3b are presented in Figure 7 below. The presence of Pb0 was not detected in these samples, just like in the results found for XRD. It was reported in a previous study by this team that the oxidation of elemental lead to PbO is highly likely in a system containing any oxygen [30]. The ORP measurements throughout the experimentation suggested an anoxic system, as well as the possibility of oxygen ingress in the sample during sample preparation, which were both likely contributors to the oxidation of Pb0 to PbO. Run 2 was analysed using both XRD and XPS and was used as a link between the two analyses. Run 3b was additionally analysed with XPS to verify the repeatability. These findings positively indicated the presence of elemental lead that was produced by the continuous system.




2.3. Comparison with Other Studies


The percentage removal efficiencies and removal rates from this and other relevant studies are summarised and compared in Table 1 below. The removal rates were calculated from each of the studies using the reactor size, hydraulic retention time and maximum Pb(II) removed at any given time. The novelty of the current study rests on two factors, namely, the extreme Pb(II) concentrations that the system can not only withstand but also remove to minute levels (up to 99.9 % removal efficiency). Other studies exhibited removal rates that were considerably smaller compared to the current study, with removal rates ranging between 0.8 and 49.5 mg/(L·d) as opposed to the 1948.4 mg/(L·d) measured in the current study. The other key highlight of this study was that no other study to the authors’ knowledge presents evidence of continuous lead reduction to the zero valence state (Pb0).





3. Materials and Methods


3.1. Materials


Yeast extract (Sigma Aldrich, St Louis, MO, USA) was used as the sole carbon source and Pb(NO3)2 (Merck, Johannesburg, South Africa) as a Pb(II) source. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO, USA) was employed for the growth measurements (metabolic activity).




3.2. Preculture


An 80 ppm preculture was prepared by adding 8 mL of 10,000 ppm lead nitrate stock solution to a 992 mL yeast extract. The solution was inoculated by adding 1 mL preculture of the industrially obtained consortia by Brink et al. [21]. The preculture was cultured from a contaminated soil sample that was collected from a borehole at an automotive battery recycling plant in Gauteng, South Africa. The microbial consortium was analysed and characterised in a previous study, where Klebsiella pneumoniae and Clostridium bifermentans were identified as the two main species of bacteria that were responsible for the Pb(II) bioremoval and precipitation [24].




3.3. UASB Reactor Operation


The components of the designed UASB reactor (shown in Figure 8 below) consisted of a 1 L supply tank, a 1 L production tank and a 5 L effluent tank. All the reactor runs were performed in a reactor box with a heater (magnetic stirrer: WiseStir MSG-20D Witeg Labortechnik GmbH, Wertheim, Germany) and a thermometer (Glassworld, Johannesburg, South Africa). Daily temperature checks were done to monitor the mesophilic condition in the range of 30 to 35 °C for a conducive microbial growth environment. The reactor runs were performed for a hydraulic retention time (HRT) of 1 day. The previous studies by Velasco et al. and Gopi Kiran et al. [31,36] made use of a 4-day HRT. However, for this research, a reduced HRT (1 day) was chosen to investigate whether the employed bacteria could give satisfactory results at this value and enhance the economic feasibility of the project by reducing the reactor size. A constant flow rate of 1 L/d was used and the reservoir feed consisted of a mixture of both yeast extract and Pb(II) stock solution at the desired concentration. All the plastic and glassware were autoclaved for sterilisation before the reactor setup.



The preculture at 80 ppm was initially prepared, as described earlier. The production reactor was then subjected to nitrogen purging for 3 min [8], placed in the reactor box and stirred at 120 rpm. A dark grey precipitate was observed after 72 h, signifying good microbial growth and significant Pb(II) bioremoval. To allow for the initial formation of the sludge blanket, the stirrer was stopped and the tank’s contents were given 10 h of settling time. Subsequently, the full system was connected and ran while different Pb(II) concentrations were periodically fed to the production reactor in upflow mode at a rate of 1 L/d.




3.4. Sampling and Analysis


Prior to sampling, the sampling tap was washed with ethanol and rinsed with distilled water. A 15 mL sample was collected daily and analysed for metabolic activity (MA), pH, ORP, nitrates and dissolved Pb(II) removal. Metabolic activity was measured at a wavelength of 550 nm using a spectrophotometer (Lightwave II, WPA Labotech, Johannesburg, South Africa). A PL-700 Series Bench Top meter (Labotech, Johannesburg, South Africa) was used to measure the pH and ORP of the samples. Nitrate reduction was photometrically analysed using Nitrate Test Kits (Merck, Darmstadt, Germany) and the Spectroquant Nova 600 (Merck, Darmstadt, Germany). An Atomic Absorption Spectrometer (Perkin Elmer AAnalyst 400, Waltham, MA, USA) was used to measure the dissolved Pb(II) concentrations of the samples as a measure of Pb(II) removal. The collected precipitate was subjected to X-ray diffraction analysis. Before the XRD analysis, the precipitate from experimental run 1 was normally dried and ground. However, for experimental run 2, the precipitate was split into two portions, with the one being normally dried and grounded and the other one being washed with ethanol, oven-dried and ground to determine whether a significant influence on the precipitate characterisation via the processing method could be observed. XPS (X-ray photoelectron spectroscopy) (Thermo ESCAlab 250 Xi, Waltham, MA, USA) analysis was also used to identify the species present in the precipitate. The collected precipitate was dried in a sterilised desiccator that was filled with silica crystals (Glassworld, Johannesburg, South Africa) 48 h before the analysis. The desiccator was set up anaerobically using an AnaeroGen pouch (Oxoid Ltd., Basingstoke, U.K.),





4. Conclusions


This paper describes the preliminary development of a UASB reactor that was operated under anoxic conditions with a yeast extract as the sole growth medium. It was confirmed that the yeast extract could be used for continuous Pb(II) bioremoval. The system was shown to be successful in the continuous removal of lead between 90 and 100% with concentrations of lead ranging between 80 and 2000 ppm. Concentrations as high as 2000 ppm Pb(II) were easily removed at an efficiency of 99.9% with a maximum Pb(II) removal rate of up to 1948.4 mg/(L·d), showing advanced removal and adaptive capabilities by the system. The design also presented resilience to harsh conditions, such as substrate limitation for prolonged periods, making it ideal for real industrial working conditions.



The growth was closely monitored and was shown to be highly adaptable to Pb inlet concentrations [24,37]. Initially, the growth decreased upon immediate exposure to lead, but rapidly recovered and increased dramatically. When the system reached the point of adaption, little to no decrease was observed in the initial growth, indicating resilience. The ORP measurements indicated an anoxic system rather than a strict anaerobic system, indicating more practical industrial application, as it is difficult to maintain an anaerobic system during large-scale operation, making the system more user friendly and hardy.



The presence of PbS, PbO, PbSO4 and elemental lead was found in the various precipitates that were analysed. The presence of PbO was indicative of Pb0 as the oxidation of elemental lead to lead oxide was shown to be highly likely.



The design and implementation of this system can be refined and optimised for future continuous industrial applications. The focus of future design should be on maximising the amount of elemental lead produced and, in doing so, proposing a novel concept for lead removal.



The authors have successfully demonstrated the first known continuous operation of a simultaneous Pb(II) bioprecipitation and bioreduction system using a microbial biocatalyst. The system was able to remove significantly high concentrations of Pb(II) at rapid removal rates with the aid of the industrially obtained microbial consortium.
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Figure 1. Experimental timeline and loading conditions for each run. 
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Figure 2. The lead level (a), metabolic activity (b), ORP (c), pH (d) and Pb(II) removal rate (e) over time for run 1. 
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Figure 3. The lead level (a), metabolic activity (b), nitrate measurements (c), ORP (d), pH (e) and Pb(II) removal rate (f) over time for run 2. 
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Figure 4. The lead level (a), metabolic activity (b), nitrate measurements (c), ORP (d), pH (e) and Pb(II) removal rate (f) over time for run 3a. 
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Figure 5. The lead level (a), nitrate measurements (b), ORP (c), pH (d) and Pb(II) removal rate (e) over time for run 3b. 
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Figure 6. Comparison of the XRD profiles of precipitates harvested from runs 1 and 2. 
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Figure 7. XPS analysis of the precipitate harvested from runs 2 and 3b. 
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Figure 8. The UASB reactor. 
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Table 1. Percentage removal efficiencies, removal rates and system types of various known studies.
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	Mechanism
	System
	Maximum Pb(II) Concentration Tested (mg/L)
	Maximum Pb(II) Removal Efficiency (%)
	Maximum Pb(II) Removal Rate (mg/(L·d))
	References





	Lead-reducing microbial consortium
	UASB reactor with a throughflow
	2000
	99.9
	1948.4
	Current study



	Sulphate-reducing bacteria
	UASB reactor with recirculation
	200
	99.0
	49.5
	[31]



	Sulphate-reducing bacteria
	Inversed fluidised bed reactor
	10
	97.3
	9.73
	[32]



	Sulphate-reducing bacteria
	Anaerobic filter with plastic pall rings
	18
	90
	32.4
	[33]



	Sulphate-reducing bacteria
	Three-stage system with recirculation
	0.2
	90
	0.64
	[34]



	Sulphate-reducing bacteria
	Anaerobic filter reactor
	1.5
	99.9
	0.18
	[35]
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