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Abstract: This study investigates the use of a UASB (Upflow Anaerobic Sludge Blanket) reactor
operating under continuous anoxic conditions to remediate Pb(II) contamination in aqueous envi-
ronments. Two experimental runs were conducted to evaluate the microbiome’s performance in
removing Pb(II) at varying concentrations, ranging from 80 to 2000 ppm, while monitoring nitrate
and Pb(II) levels. Metabarcoding of the 165 rRNA gene was done to understand the detoxification
mechanisms utilised by the microbial community in Pb(II) removal. The system demonstrated high
robustness, achieving up to 99% Pb(II) removal efficiency with sufficient nutrient availability, partic-
ularly at 15 g/L yeast extract (YE), compared to lower nutrient levels of 5 g/L YE. Denitrification
was identified as the dominant mechanism of detoxification, supported by additional processes
such as biosorption, sulfur-reducing bacterial activity, bioprecipitation, and bioremoval. Analysis
of the precipitate recovered from the reactor indicated the presence of elemental lead, PbS, and
PbO, highlighting the potential for lead recovery. These findings suggest that the system not only
effectively removes Pb(II) from contaminated environments but also offers a sustainable pathway
for lead recovery through smelting, making it a promising circular bioremediation strategy. The
results indicate that this biological approach is a viable solution for lead pollution and recovery in
industrial applications.

Keywords: biosorption; denitrification; lead bioremediation; lead recovery; UASB reactor

1. Introduction

The use and availability of lead (Pb) are critical components in various technologies,
industries, and other human activities. Processes like the manufacturing of storage batteries,
plumbing materials, and the recycling of lead-based products increase its interaction with
the environment [1]. However, one of the major drawbacks of lead use is that it ranks
among the most toxic and harmful elements, making it a significant pollutant of soil, plants,
and water. While lead pollution can occur naturally, it is predominantly driven by human
activities [2]. Anthropogenic activities have increased Pb concentration in the environment
by a 1000 times in the past 300 years [3]. Therefore, the removal and recovery of lead are
critically important.

The toxicity of contamination is influenced by several factors, including the dosage
(concentration), route of exposure, and the chemical species involved [4]. In this study, the
focus is on Pb(Il) contamination in the aquatic environment. The margins of lead toxicity
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are particularly narrow due to its high potency as a pollutant. Lead contamination in
water and soil can cause sub-chronic effects even at low concentrations [5], acute changes
at moderately high concentrations [6], and catastrophic ecosystem damage at very high
concentrations [7]. For example, concentrations of 10 ppm (10 mg/L) can disrupt endocrine
activity in sensitive species, while levels above 1000 ppm can wipe out entire ecosystems [8].
The World Health Organization (WHO) sets the threshold limit for Pb(Il) in drinking water
at 0.05 ppm, which is also the limit for industrial wastewater according to the Environ-
mental Protection Agency (EPA) [9]. In South Africa, the allowable limit is even stricter at
0.02 ppm [10].

The aquatic environment is particularly vulnerable to contamination because lead
becomes significantly more mobile and bioavailable in its ionic form. This increases its
threat to global ecosystems, including both aquatic plants and human life [11]. Key sources
of this pollution include mining waste, landfill leachates, and discharges from municipal
and industrial wastewater [12]. The significant signs of exposure to Pb contamination
include: Central nervous system (CNS) damage in animals [13], reduced pollen production
and reduced seed availability in plants/crops [14]. For human health, no safe level of lead
exposure has been identified. More than 50% of inhaled lead can reach the lungs, and
all ingested lead is absorbed by the digestive system [15]. Lead exposure can result in
cardiovascular, gastrointestinal, neurological, haematological, and reproductive damage,
making its toxicity detrimental to nearly every organ system in the human body [11].

Mitigation measures to limit and remove Pb toxicity from the environment can be cat-
egorized into conventional and bioremediation methods. Conventional treatment methods
include membrane filtration, chemical precipitation, and ion exchange. Membrane filtra-
tion is advantageous due to its high efficiency and low space requirements [16]. Chemical
precipitation, known for its low capital cost, and ion exchange, both exhibit good removal
efficiency for heavy metals such as cadmium (Cd), lead (Pb), and arsenic (As) from wa-
ter [17-19]. However, these conventional methods face challenges like non-selectivity, low
efficiency, and increased waste production, underscoring the need for more cost-effective
and environmentally sustainable alternatives [20].

An alternative to conventional treatment is bioremediation, which relies on enhancing
the detoxification and degradation processes that microorganisms naturally employ to
eliminate pollutants from the environment [21,22]. Many microorganisms possess the
innate ability to degrade, transform, or chelate toxic chemicals [23]. By harnessing and
accelerating these processes, environmental clean-up can be achieved without introducing
additional ecological risks [24]. When microorganisms encounter heavy metals, they
do not simply transfer pollutants from one medium to another, as many conventional
clean-up technologies do. Instead, they degrade and transform the contaminants directly
through metabolic degradation or conversion pathways [25]. Microbes can restore the
environment using several mechanisms, including biosorption, complexation, precipitation,
and oxidation-reduction reactions [26].

Bioremediation offers several advantages. Firstly, most of the metabolic processes
involved in bioremediation occur at ambient temperatures, eliminating the need for chem-
ical catalysts, as they are naturally catalysed by digestive enzymes [17]. Additionally,
bioremediation processes are flexible, as they can be applied both in situ and ex situ to clean
polluted sites. Another benefit is that microbes can be sourced from already contaminated
sites, reducing the cost of purchasing feed materials for the process [26]. Lastly, the mainte-
nance and management of these biological systems are generally less labour-intensive, as
the microbes will thrive in environments that support their growth and metabolism [27].
These principles have been used in the development of several clean-up technologies and
bioreactors for wastewater decontamination. Bioreactors such as: the stirred tank bioreactor
for anaerobic treatment, aerobic stirred tank reactor and upflow anaerobic sludge blanket
(UASB) reactor have been implemented in multiple industries to that effect [28].

The reactor used in this study was a UASB reactor, this system has been used in
multiple cases of wastewater treatment and offers several benefits as a remediation solution.
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This reactor has been used in the beverage, as well as pulp and paper processing industries
to treat effluents [29,30]. The system can be shut down for extended periods without
significant reduction in removal efficiency, the system can handle organic shock loads
effectively and has low energy requirement for the treatment process [31]. These reasons
along with reduced bio-waste from wastewater treatment make it an attractive option for
Pb(II) removal [31].

This article evaluates a novel eco-friendly bioremediation process using a live biologi-
cal system comprising a locally sourced industrial bacterial consortium and a UASB reactor
for continuous Pb(Il) removal from aqueous environments. The study investigated the
effects of Pb(II) concentration and nutrient levels in the feed to gain deeper insights into the
microbiome’s behavior during the continuous removal process. The findings demonstrated
a promising method for the removal and recovery of Pb(II).

Throughout the study the concentration of Pb(I) and nitrate ions in the effluent
were monitored to establish the contamination limits the system can withstand. The test
concentration range, 80-2000 ppm, was selected to simulate wastewater effluents from
diverse sources. For instance, effluent streams from the battery industry are known to
contain significant levels of lead, with concentrations often reported to be a minimum of
10 ppm [32]. In addition to this, irrigation wastewater generally falls between
0-52.4 ppm [29] and Acid Mine Drainage effluent can contain lead levels ranging from 0 to
5000 ppm [30].

A multi technique analysis was used to identify the Pb-species in the precipitate as
a means to investigate the potential for Pb recovery from the system. A combination of
XRD/XPS and XRF were used in that effect. Following this, genomic DNA was extracted
from the samples taken throughout both runs. These samples were polymerase chain
reaction (PCR) amplified using barcoded universal primer pairs which targeted the V1-V9
region of the bacterial 16S rRNA gene. This genetic analysis shed light on the changes
that the microbial community underwent as a response to the changes in the reactor
environment. In addition, the precipitate analysis along with metabarcoding of the 16S
rRNA gene were used to link the relevant detoxification mechanisms which were expressed
by the microbial community.

2. Materials and Methods
2.1. Reactor Design and Sampling

The design of the UASB reactor was adapted from the original design presented
by Chimhundi et al. (2021) [33]. The modification involved introducing the feed flow
from the bottom of the column. The reactor featured four potential effluent exit points
along its height, with three designated sampling ports labelled 1, 2, and 3, positioned
at different heights along the vertical axis. The fourth exit point served as an overflow
to a waste collection point. The entire column was housed in a warm room maintained
at a temperature of 30-35 °C, while the reactor feed was stored separately at 5 °C to
minimize microbial growth and the risk of cross-contamination. The feed was spiked with
varying Pb(II) concentrations of 80, 250, 500, 1000, and 2000 ppm, using Pb(NO3), as the
contaminant source. The feed was supplemented with a nutrient broth containing either
5g/Lor 15 g/L of yeast extract and 1 g/L of NaCl. It was pumped at a constant flow rate
of 0.86 mL/min (equivalent to 1238 mL/day), resulting in a hydraulic residence time (HRT)
of 8 days. A dripper system was used to introduce the feed into the column, as visually
represented in Figure 1.



Sustainability 2024, 16, 10602 40f21

Warm Room M e

Cold Room @ A 600 mm

L L L

L L L L LD

Figure 1. Upflow Anaerobic sludge blanket reactor (UASBR) column design alongside the real image.
(a) inlet feed line (b) reactor column vessel.

Daily 10 mL samples were collected using a sterile syringe and needle, with the first
10 mL discarded to ensure the samples accurately represented the column contents. Prior
to sampling or analysis, the reactor was primed for one month with a consistent 80 ppm
Pb(II) concentration and inoculated with a microbial consortium preculture, marking the
start of the official experiment. Since PbCl, tends to precipitate at lower temperatures (e.g.,
in the cold room), the Pb(Il) concentrations in the feed were lower than expected. This
variation was addressed by reporting both the theoretical (predicted) and actual measured
Pb(II) concentrations in the feed stream.

The experiment involved two experimental runs: Run 1, lasting 20 days, and Run 2,
lasting 30 days. In Run 1, the reactor was charged with Pb(II) concentrations of 80, 250, 500,
1000, and 2000 ppm, while Run 2 was loaded with 80, 250, 500, and 1000 ppm Pb(II). The
nutrition dosing schedules for both runs are presented in Tables 1 and 2, respectively.

Table 1. Run 1 Experimental timeframe and dosing schedule.

[PbAD)] 80 ppm 500 ppm 250 ppm 250 ppm 1000 ppm 2000 ppm
Nutrient 15g/LYE 5g/LYE 5g/LYE 15g/LYE 15g/LYE 15g/LYE
concentration 1g/L NaCl 1g/L NaCl 1g/L NaCl 1 g/L NaCl 1g/L NaCl 1 g/L NaCl
Days 0-3 49 10-13 14-16 17-18 19-20

Table 2. Run 2 Experimental timeframe and dosing schedule.

[Pb(ID] 80 ppm 500 ppm 250 ppm 250 ppm 80 ppm 250 ppm 500 ppm 1000 ppm

Nutrient 15g/LYE 5g/LYE 5g/LYE 15g/LYE 15g/LYE 15g/LYE 15g/LYE 15g/LYE
concentration  1g/L NaCl 1g/L NaCl 1 g/L NaCl 1 g/L NaCl 1g/L NaCl 1g/L NaCl 1g/L NaCl 1g/L NaCl

Days 0-3 3-10 10-17 17-21 21-24 24-26 26-28 28-30
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To observe the reduction in lead concentration, it was essential to note the initial
concentrations and track the changes over time during both experimental runs. Due to the
precipitation of lead in the feed reservoir, the actual initial lead concentrations were lower
than the predicted values. These true initial concentrations are reported in the tables below
for both runs. Additionally, nitrate concentrations were measured from the initial feed and
monitored throughout the course of the experiments. The influent ion concentrations for
both lead and nitrate are presented in Tables 3 and 4 below.

Table 3. Initial UASB reactor feed Pb(II) and Nitrate Concentrations for Run 1.

Anticipated Initial Pb(II) True Inlet Pb(II) Inlet Nitrate Concentration
Concentration (ppm) Concentration (ppm) (ppm)

80 ppm (A) 724 76.3

500 ppm (B) 192 174

250 ppm (C) 722 118

250 ppm (D) 210 182
1000 ppm (E) 529 210
2000 ppm (F) 860 1148

Table 4. Initial UASB Reactor feed Pb(II) and Nitrate Concentrations for Run 2.

Anticipated Initial Pb(II) True Inlet Pb(II) Inlet Nitrate Concentration
Concentration (ppm) Concentration (ppm) (ppm)

80 ppm (A) 69.6 42.7

500 ppm (B) 211 327

250 ppm (C) 135 117

250 ppm (D) 135 117

80 ppm (E) 69.6 42.7

250 ppm (F) 135 117

500 ppm (G) 211 327
1000 ppm (H) 357 681

These tables provide a detailed comparison between the predicted and actual con-
centrations, allowing for a better understanding of the lead reduction process during the
UASB reactor operation in both experimental runs.

2.2. Microbial Preparation

The Pb(Il)-resistant microbial consortium was sourced from a borehole at an automo-
tive battery recycling facility in Gauteng, South Africa [8]. To prepare the initial inoculum,
1 g of Pb(II)-contaminated soil was introduced into LB broth supplemented with 80 ppm
Pb(Il) in a 100 mL anaerobic serum bottle, followed by incubation at 32 °C and 120 rpm for
24 h. The inoculum was cryogenically stored with glycerol at a final ratio of 20% v/v at
—77 °C. Precultures were prepared from the stored inoculum by inoculating 100 mL anaero-
bic serum bottles spiked with approximately 80, 250, 500, and 1000 ppm Pb(II) respectively.
The serum bottles were sealed and incubated at 30 °C and 120 rpm until precipitation was
visible. The new precultures were again cryogenically stored for direct inoculation of the
experiments [17].

2.3. Materials

The reactor feed was spiked with a lead stock solution prepared with Pb(NOs), (Merck,
Kennelworth, NJ, USA), the growth medium contained either 5 or 15 g/L of Yeast extract
(YE) and 1 g/L NaCl. DNA extractions were carried out using the DNeasy® Powerlyzer®
PowerSoil® Kit and reagents from QIAGEN (Johanneburg, South Africa). The Qubit
analysis was done using Invitrogen Qubit™ dsDNA BR Assay kit and the dsDNA HS
Assay kit (Johannesburg, South Africa). Gel visualising was done using gel prepared with
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Agarose powder, SYBR Safe, DNA Gel Strain (10,000 x Concentrate in DMSO) and 50 x
Tris-Borate-EDTA (TBE) solution. Gel loading dye was used in loading the wells in the gel.

2.4. Ion Measurements

Pb(Il) and NO;~ ions were analyzed using Ion Chromatography (IC) with a
940 Professional IC Vario system (Metrohm, Herisau, Switzerland). Separation was per-
formed using a Metrosep C 6-250/4.0 column and an eluent of 8 mM oxalic acid (Metrohm,
Herisau, Switzerland). Since Pb(Il), a transition metal, is not effectively detected via con-
ductivity, UV-Vis detection (Metrohm, Herisau, Switzerland) at 520 nm was employed.
This was facilitated by a post-column reaction using PAR (pyridylazoresorcinol, Thermo
Fisher Scientific, Waltham, MA, USA) in combination with HNO3; and 25% NH4OH (both
sourced from Glassworld, Robertville, Johannesburg, South Africa) [34]. Pb(Il) ions were
also measured with the use of an atomic absorption spectrometer (Perkin Elmer AAnalyst
400, Waltham, MA, USA) equipped with a Pb Lumina hollow cathode lamp (Perkin Elmer
AAnalyst 400, Waltham, MA, USA). All measurements were done in triplicate and average
concentration was reported.

2.5. Precipitate Identification

Samples for precipitate analysis were collected during Run 1 of the study. The contents
of the reactor were collected at concentrations of 80, 250, 1000 and 2000 ppm. The effluent
was centrifuged at 9000 rpm for 15 min (at 25 °C), the pellet was removed and dried in
an oven set to 35 °C for 48 h. A pestle and mortar were used to pulverise the samples to
sub-80 um particle size prior to analysis. Precipitate identity was confirmed with X-Ray
Diffraction (XRD) with an X-ray diffractometer and the XRD-profiles were analysed using
the X-ray diffraction software package Match!3 (Crystal Impact GbR, Bonn, Germany) [35].
To support the results obtained from XRD a subsequent XPS analysis was ordered. The
XPS analysis was used to determine the chemical state of the elements and composition of
materials in the reactor precipitate [36].

2.6. DNA Extractions

The DNA extraction methods for both runs were conducted according to the guidelines
on the extraction kits. The extraction method for Run 1 is available in the DNeasy®
Powerlyzer® PowerSoil® Kit manual [37]. All solutions needed for the extraction process
are provided in the kit. A total of 48 DNA extractions were completed with this kit.
The tubes containing extracted DNA were sealed and stored at —80 °C. Samples from
Run 2 were extracted at Inqaba Biotechnical Industries. In this case, the genomic DNA
was extracted using ZymoBIOMICS DNA MiniPrep kit (Zymo Research) following the
manufacturer’s protocol [38].

After DNA extractions were completed, Qubit assays were done to measure the
concentration of DNA in the samples. The Qubit assays were prepared using Invitrogen
Assay kits. The first 20 samples were checked using dsDNA (Double stranded DNA) HS
(High sensitivity) Qubit Assay kit. The following 28 samples were performed using the
dsDNA BR (Broad range) Assay kit was used due to limitations in resources. Samples
were prepared by pipetting 10 uL of the extracted DNA and adding 190 pL of the working
solution (BR/HS) reagent in a Qubit Assay tube. The assay tubes were vortexed for
3-5 s while ensuring that bubbles did not form in the tubes. The tubes were then allowed
to incubate at room temperature for 2 min and then analysed using the Qubit 4 fluorometer.
The qubit assay is used as a measure of assessing the conentration of the DNA in the
samples after extraction [39]. This analysis was done on samples from Run 1 only due to
limitations in resources.

From the Qubit analysis, all samples from Run 1 which passed the minimum con-
centration acceptable for gel loading were prepared for visualisation. A baseline of
0.7 ng/uL was set in this case. The samples were loading using agarose gel electrophoresis.
This procedure may be used as a method to separate, identify and purify the nucleic acids
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in the sample from any possible contaminants which may have been picked up during
extraction procedures. The procedure has been used extensively in the field of virology and
has shown success in genomic detection and strain characterization [40]. The procedure
followed in gel preparation was based on work previously covered by Armstrong & Schulz
(2015). The DNA marker used in this process was bromophenol blue and the gel was placed
in electrophoresis tank. Once the marker had moved sufficiently (about two thirds from
the top of the tray) after running it in the tank at 150 volts, the gel was removed from the
tank and visualised on a UV transilluminator [41]. The 16S rRNA gene metabarcoding
for both Runs was sent to Inqaba Biotechnical Industries. Ingaba made use of the PacBio
(Pacific Biosciences) Revio system for this procedure. This system targets the relevant
individual genes or small gene panels using a PCR-based approach [42]. The genomic
DNA samples were polymerase chain reaction (PCR) amplified using barcoded universal
primer pair 27F and 1492R (12 x 27F barcoded primers and 8x 1492R barcoded primers),
targeting the V1-V9 region of the bacterial 165 rRNA gene [43]. The resulting barcoded
amplicons were quantified individually and then pooled. An equimolar pooling step was
performed, followed by purification using AMPure PB bead-based technology. The PacBio
SMRTDbell library was subsequently prepared from the pooled amplicons according to the
manufacturer’s protocol, starting from step 3: Pool and Cleanup [43].

3. Results and Discussions
3.1. Lead Remouval

In the following figures, the measured Pb(II) concentrations at different sampling
points are presented. During the first run, samples were collected from all three desig-
nated sampling points, while in the second run, only two sampling points were utilized.
Tables 3 and 4 correspond to Figures 2 and 3, respectively, and provide a key to match the
inlet feed concentrations with the relevant sections in the figures. Tables 1 and 2 relate to the
nutritional dosing schedule for Figures 1 and 2 respectively. This organization helps clarify
the relationship between the Pb(II) concentration in the feed and the observed reductions
at each sample point, offering insights into the effectiveness of the UASB reactor across
both experimental runs.
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Figure 2. Pb(Il) concentrations measured at ports 1, 2 and 3 respectively in Run 1. The letters
(A-F) at the top of the graph represent the different influent conditions mentioned in Table 3, i.e.,
Section A—80 ppm feed.
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Figure 3. Pb(Il) concentrations measured at ports 1 and 3 respectively in Run 2. The letters
(A-H) at the top of the graph represent the different influent conditions mentioned in Table 4, i.e.,
Section A—80 ppm feed.

The figures above demonstrate that biological remediation of Pb from aqueous envi-
ronments is feasible using the bacterial consortium in the UASB reactor. Near-complete
removal of lead was achieved across all feed concentrations in both experimental runs.
Notably, during the second run, complete lead removal was observed for all concentrations
without any spikes in effluent concentrations. In contrast, the first run exhibited a break-
through of Pb around day 19, coinciding with the highest influent Pb concentration. Run 1
resulted in effluent concentration variation between 0 and 194.38 ppm. This effluent dis-
charge did not meet the effluent discharge limit on enough occasions and it would require
a further treatment stage to meet discharge limits. During Run 2, the effluent concentration
was maintained between 0-4.15 ppm. This indicated a significant improvement in effluent
quality from the system over this extended operating period. In terms of removal efficiency
which was observed over the two runs, it was 92% in Run 1 and it was 96% in Run 2.
The results from both runs confirmed that complete lead removal could be achieved at
all sampling points. There concentration profiles for each of the sample points were also
quite similar. In some areas the measured data intersects as shown in the line graphs above.
This is an indication that there were no “dead zones” in the reactor where microbes were
ineffective in removing lead.

It can be noted that higher feed concentrations might reduce lead removal efficiency,
as observed in the first run. This effect was more pronounced in the lower sampling points,
with spikes recorded in ports 1 and 2. During both runs, the highest lead concentrations
were measured at port 3 for feed concentrations up to 1000 ppm. The elevated Pb levels in
samples from port 3 are likely due to secondary release of Pb(Il), particularly if significant
amounts of lead were absorbed onto the biomass surfaces. Despite this, the system proved
to be robust in managing high lead concentrations, as long as the nutrient requirements for
the bacterial consortium were met.

Nutrient availability had a notable impact on Pb removal efficiency. A previous study
by the authors on the same microbial consortium indicated that lead removal was less
efficient when 5 g/L of yeast extract (YE) was used compared to 15 g/L YE [44]. This
outcome is linked to the metabolic activity of the microbiome, where an increase in Pb(Il)
concentration in the effluent was associated with decreased microbial metabolic activity.

Significant precipitate formation was also observed in the reactor throughout both
experimental runs, suggesting that bioprecipitation was a key microbial detoxification



Sustainability 2024, 16, 10602

90f21

mechanism in the system. This, along with other mechanisms such as immobilization or
mobilization of metal ions [45], aided the microbiome in effectively removing contaminants.
Other Pb removal mechanisms identified in the system include denitrification, biosorption,
sulfur-reducing bacteria activity, and bioprecipitation [44]. Precipitate formation presents
an additional advantage, as once the metal ions are precipitated into insoluble compounds,
physical separation techniques like filtration can be employed as a final step to remove Pb
from the water effectively.

Run 2 was the most effective experimental run overall. The extended number of days
of continuous operation did not result in significantly reduced efficiency. The system also
showed resistance to contaminant loading, with consistent nutritional availability there
weren’t any Pb-concentration spikes during this Run. Based on these above observations
the system would need to be coupled with a further refining stage to reach surface water
quality discharge or drinking water standards.

Furthermore, the measurements in Run 1 also included pH measurements. The pH
measurements across all concentration ranges showed that the effluent was maintained
between 6.29-6.91. The pH range of the effluent shows promising results. The World
Health Organization (WHO) recommends that drinking water should have a pH between
6.5 and 8.5 [46]. The SANS 241 standards for South African drinking water stipulate a pH
range of 5 t0 9.7 at 25 °C [47]. Based on these standards, the effluent falls within the desired
pH range following biological treatment

3.2. Precipitate Identification Discussion

During Run 1, precipitates from the column were collected for analysis, as limitations
in resources allowed precipitate identification from only one run. Figure Al present the
X-ray diffraction (XRD) profiles obtained from the analysis of these precipitates. The
figures reveal that the dominant species identified was Galena (PbS). This aligns with
observations from a previous study, where the presence of precipitates was correlated with
lead concentrations in the effluent [44]. In this study, the precipitate was washed out of the
reactor through port 4, contributing to elevated Pb concentrations measured at port 3. The
identification of these Pb species in the precipitate suggests that continuous bioremediation
can serve as a viable method for lead recovery.

The significance of lead recovery lies in the fact that global lead depletion is estimated
at a rate of 5 Mt/year, with reserves standing at 85 Mt. Based on this rate, lead reserves
are projected to be depleted within the next 15-17 years [33]. Current recovery processes
are disadvantageous, as they generate large volumes of toxic waste that require hazardous
disposal methods and are costly [33]. The ability of bioremediation to recover lead while
minimizing waste production positions it as a more sustainable and cost-effective alterna-
tive to conventional recovery processes.

After XRD characterization, the precipitate samples were further analysed using X-ray
Photoelectron Spectroscopy (XPS). The XPS profiles (Figure 3), along with the identified
species in the samples, are detailed below.

The XPS results confirm the presence of PbS in the precipitate across all four tested
concentrations. Additionally, elemental lead (Pb?) and lead oxide (PbO) were also detected.
The presence of PbO is likely due to the oxidation of elemental lead, serving as an indicator
of elemental Pb within the sample. Figure 4 displays the XPS profiles corresponding to
Pb(II) loadings of 80, 250, 1000, and 2000 ppm, highlighting the variations in lead species
across the different concentrations.
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Figure 4. The XPS profiles of the precipitate obtained at the feed concentrations.

This multi-technique analysis strengthens the evidence of Pb recovery in the form
of PbS, while also revealing trace amounts of elemental lead and lead oxide, providing a
comprehensive understanding of the lead species present in the precipitate.

The microbial production of lead (Pb) precipitate from Pb(II) under anaerobic condi-
tions is linked to a combination of oxidation-reduction mechanisms and sulfide liberation
through the catabolism of sulfur-containing amino acids, such as cysteine and methio-
nine [17,48]. In this process, Pb(Il) acts as an electron acceptor across all concentration
ranges. During the catabolism of carbon sources, CO; is produced, releasing electrons that
reduce Pb(Il) to elemental Pb, forming Pb-precipitate [17]. Similarly, the metabolism of
sulfur-containing amino acids can result in the intracellular release of sulfides, which can
precipitate as PbS upon interacting with Pb(II) ions in solution [17].

The presence of PbO in the precipitate is unlikely due to the oxidation of PbS, as
temperatures exceeding 800 °C would be required for complete oxidation to occur. Instead,
PbO and PbS are likely formed through independent pathways. It is more plausible that
elemental Pb was exposed to oxidizing conditions during sample preparation for XRD/XPS,
leading to its oxidation to PbO [17]. Table 5 provides details on the quantities of each Pb
species in the precipitate, further elucidating the distribution of lead compounds formed in
the system.

Table 5. The species and content breakdown of components in the precipitate showing PbS, PbO
and Pb0.

Feed Concentration (ppm) Pb (%) PbS (%) PbO (%)
80 41.7 29.7 28.6
250 6.9 449 48.2
1000 27 64.4 8.6

2000 52.7 6.5 40.8




Sustainability 2024, 16, 10602

11 of 21

Further research is necessary to quantify the potential returns from the remediation
process. However, these results suggest a promising pathway for lead recovery from
processing plants and mine tailings” waste streams. The precipitate recovered, which
contains significant amounts of PbS, can be recycled alongside Galena ores in lead-smelting
processes. This approach offers an opportunity for sustainable lead recovery while reducing
waste and mitigating environmental contamination.

3.3. Genetic Analysis

To gain genetic insights into the microbiome responsible for lead (Pb) remediation,
samples were collected throughout the first and second experimental runs, covering Pb
concentrations ranging from 80 to 2000 ppm. The samples were labelled A1-18 for Run 1 and
B1-6 for Run 2, corresponding to Pb and yeast extract (YE) feed concentrations as outlined in
Table 6. These intact samples provided invaluable insights into the microbial communities
involved in Pb detoxification and bioprecipitation within the Upflow Anaerobic Sludge
Blanket (UASB) reactor system.

Table 6. Sample ID and feed concentrations for genomic study. Samples were labelled A1-18 for Run
1 and B1-6 for Run 2. The table also describes the days (time period) when the samples were obtained
i.e.,, Day 1-5 of Run 1 or Run 2.

Time Pb-Feed Nutrlent‘
Sample ID Period (Days) Concentration (ppm) Concentration

(g/L YE)
Al-6 0-8 80 15
A79 4-9 500 5
A10-12 10-13 250 5
Al13-14 13-16 250 15
A15-16 17-18 1000 15
A17-18 19-20 2000 5
Bl 0-3 80 5
B2 24-26 250 15
B3 21-24 80 15
B4 26-28 250 15
B5 28-30 500 15
B6 28-30 500 15

From the 16S rRNA sequencing results, a comparison was made between assigned
and unassigned DNA across all samples at the first taxonomic level. Most of the DNA was
assigned to known reference populations, with unassigned sequences ranging between
7% and 12% across different concentration ranges in Run 1, all DNA was assigned to
existing reference populations in Run 2.The presence of unassigned sequences is particularly
interesting, as they may represent novel microbial species not yet catalogued in existing
reference databases [49]. This suggests that novel, previously undetected strains could be
contributing to Pb remediation in the system.

From the analysis of the assigned genomic DNA, several microbial species were iden-
tified, each displaying mechanisms potentially linked to lead (Pb) removal and precipitate
formation observed during the experiment. Among the identified microbial species from
the assigned DNA, several genera were observed that likely play key roles in Pb removal,
biosorption, and bioprecipitation. These species include those with mechanisms directly
linked to Pb resistance and detoxification processes. The microbiome study revealed a
strong presence of several key bacterial populations, including Proteobacteria, Bacilli, Clostrid-
ium, Pseudomonas, and sulphur-reducing bacteria across all concentration ranges. Since
Proteobacteria and Pseudomonas are closely related, their abundance in this environment
was expected.

Figure 5 illustrates the primary genera identified across the samples, while Table 7
summarizes the known resistances and potential roles of these genera in lead detoxification.
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Figure 5. Identified microbial species across all concentration ranges.

It should be noted that the classifications were all done on a genus taxonomic level.
In a future study it would be beneficial to go into key species identification to provide
further clarity into the microbial consortium. A BLAST analysis would also be beneficial
for the study to gain statistical insights of the species. For the purposes of this study, only
comparisons between the genera of the two experimental runs were made. Furthermore,
the results of the analysis are presented in the form of stacked bar charts which represent
the relative average abundance (%) of genera in each sample. This approach has been used
before in other studies for the purposes of comparing biomes from different environmental
conditions [50,51]. These bar charts are displayed in Figure 5.

In Run 1, across Pb concentrations ranging from 80 ppm to 2000 ppm, Pseudomonas
showed varying levels of abundance influenced by Pb(Il) concentrations and nutrient
availability. This was the case regarding all the other genera which were observed as
well. The abundance of Pseudomonas in Run 1 was around 5% at 80 ppm and 10% at
500 ppm, indicating that while it contributed to Pb remediation, it was not the domi-
nant player under these conditions. This abundance decreased to below 10% at 250 ppm,
this decrease coincided with 5 g/L YE and it was noted that the population increased
when the nutrients were increased to 15 g/L. The Pseudomonas were more abundant at
1000-2000 ppm, it was observed that this genus accounted for almost 30% of the micro-
biome under these operating conditions. In Run 2 Pseudomonas were not observed at lower
Pb(II) concentrations. However, they accounted for almost 20-25% of the microbiome at
500 ppm. This genus’s known capabilities in biosorption, exopolysaccharide produc-
tion, and anaerobic denitrification [52]. This likely contributed to its increased role in
Run 1, where more challenging environmental conditions demanded robust detoxifica-
tion mechanisms. This was observed again in Run 2 when their population increased at
500 ppm.

Lachnoclostridium, a Gram-positive obligate anaerobe, exhibited a more stable presence
across in Run 2. In Run 1 it was hardly observed, abundance was recorded between
0-5% across all concentration ranges. Even the changes made with respect to nutrient
concentration did not provide any changes in its abundance during Run 1. However, in
Run 2 its population varied with each successive increase of Pb(II) and each variation of the
nutrient concentration. At 80 ppm with 5 g/L YE this genus was below 5%. The response
to increasing influent concentration to 250 ppm Pb(II) and 15 g/L resulted in the genus’
abundance increasing above 5%. Between 80-250 ppm (with 15 g/L YE) it accounted
for nearly 22% of the microbiome. This suggests that its anaerobic metabolism and Pb
resistance mechanisms became more favourable under these conditions of metal stress in
Run 2. The genus relative abundance then decreased again to 10% at 500 ppm (15 g/L
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YE). Certain Lachnoclostridium strains are known to be Pb-resistant and have demonstrated
bioremoval capabilities in previous cases [53].

Klebsiella, a Gram-negative bacterium known for its role in denitrification and metal
resistance, was present at low levels in Run 1 but saw a significant increase in abundance
in Run 2. The only indication of its presence in Run 1 was between 250-2000 ppm with
15 g/L YE. What was observed is that this genus only accounted for roughly 5% of the
microbiome at 250 ppm but was reduced to between 1-3% above this concentration range.
These observations indicate that the role of Klebsiella strains was diminished with increases
in Pb(II) concentrations during Run 1, in Run 2 similar observations were made regarding
the genus. Its highest presence was at Pb concentrations of 250 ppm (close to 25% of the
microbiome) suggesting that this genus played a greater role in Pb detoxification under
these conditions. At 500-2000 ppm (in both experimental runs) the relative abundance of
this strain was between 1-5%. Klebsiella strains contribute to nitrification and denitrifica-
tion processes that likely supported overall system stability. These gram-negative strains
have been previously observed in Pb-contaminated environments, such as in a microbial
community from a Pb-Zn mine in Iran [54]. These strains have also exhibited biosorption
and anaerobic denitrification mechanisms for detoxifying heavy metals [55].

Paraclostridium, another Gram-positive anaerobic bacterium, was hardly detected
across the test concentration range in Run 1, but had a sustained presence in Run 2 at all
Pb(II) concentrations. This genus accounted for 1-2% of the microbiome in Run 2 and did
not appear to be particularly affected by influent conditions. However, it was observed
that at higher Pb(II) concentrations in Run 2 the genus began to play less of a role in
detoxification. Paraclostridium strains express Pb resistance and removal through sulphate
reduction detoxification mechanisms [55,56].

Enterococcus strains were also detected in both experimental runs. In Run 1, the
abundance of Enterococcus was nearly undetectable throughout all concentration ranges.
In Run 2, the results showed that this genus was most abundant at 80 ppm coupled with
5 g/L YE. At these operating conditions the genus accounted for as much as 80% of the
microbiome. This reduced gradually as the experimental run progressed, irrespective to
changes in Pb(II) and yeast extract concentrations. All other test concentrations in this Run
had relative abundance measurements between 10-15% for this genus. For Enterococcus
bacteria, particularly Enterococcus faecium, resistance to heavy metals has been documented,
with strains countering cadmium (Cd) and copper (Cu) toxicity. A strain of this bacteria
from Italy also demonstrated resistance to Cu, Pb, nickel (Ni), and zinc (Zn) [57]. These
findings suggest that the microbiome identified in this study has significant potential for
heavy metal detoxification, particularly in Pb-contaminated environments.

Paenibacillus, a Gram-positive bacterium known for its biosorption and bioflocculation
capabilities was also observed to be a part of the Pb(II) removing microbiome. Its detection
was more frequent and the relative abundance was higher in Run 2. During this run it was
first observed that the relative abundance was approximately 2% at 80 ppm and it increased
to 10% at 250 ppm under constant nutrition availability (5 g/L YE) further emphasising the
genus’ resistance to the contaminant. When the nutrient availability was increased (15 g/L)
there were noticeable changes in the measurements. Between 80-250 ppm the strains were
enriched, the abundance increased from 10% at the previous stage to approximately 17-19%.
It was maintained in this range up to 500 ppm where a slight decrease in abundance was
noted. This genus’s ability to stabilize Pb contaminants through bioflocculation [3] likely
contributed to its success in the more challenging environmental conditions present in Run
2. These strains also exhibit surface biosorption capabilities, employing processes such as
chelation, ion exchange, adsorption, and diffusion through cell walls and membranes to
facilitate the biosorption of metal ions [3]. Additionally, biosorption and bioflocculation
play crucial roles during the detoxification stage and contribute to the formation of the
precipitate, aiding in lead immobilization and removal from the system.

By contrast, Aliarcobacter [58,59], a Gram-negative microaerophilic bacterium, was
more prominent in Run 1, particularly at lower Pb concentrations (500 ppm and below).
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However, its presence declined sharply in Run 2, suggesting that the microaerophilic
conditions it favours were no longer dominant in Run 2. In Run 2 this genus was hardly
detected as opposed to Run 1 when relative abundance reached a maximum value of 38%
between 80-250 ppm. This is a strain that is commonly found in the gut microbiota of farm
animals and is a foodborne pathogen. It is highly mobile in water and its detection may be
linked to the origin of the microbial consortium [59]. Its antimicrobial resistance was likely
to be the cause of its survival in the Pb(II) contaminated environment, but no solid Pb(II)
removal mechanisms associated with this genus have been established yet [58].

Morganella is a Gram-negative facultative anaerobe. It was mostly present in Run 1, the
highest relative abundance was obtained at 250 ppm (15 g/L YE). The genus was positively
affected by increases in yeast extract however, the limits of resistance were decreased at
10002000 ppm. At its highest, the relative abundance of this genus was approximately 15%,
and this gradually decreased to 2-5% at 2000 ppm. Its ability to resist metal stress [60,61]
likely made it a key player in Pb remediation as the experimental conditions became more
challenging. In Run 2, this genus played less of an important role in Pb(Il) removal and its
detection was below 5% across all concentration ranges.

Table 7. Main bacteria identified in the microbiome study.

Genus

Gram- Oxygen Known Resistance
Positive/Negative

Shape References

Requirements and Mechanisms

Pseudomonas

Lachnoclostridium

Klebsiella

Paraclostridium

Enterococcus

Paenibacillus

Gram-negative Rod

Gram-positive Rod

Gram-negative Rod

Gram-positive Rod

Gram-positive Rod

Known Pb
resistance.
Biosorption
capabilities,
Oxidase Negative  Exopolysaccharide [52,62—64]
production,
biosorption,
anaerobic
denitrification
Known Pb
Obligate Anaerobe resistance and [53,65]
removal.
Known Pb
resistance and
Oxidase negative removal. [55,66,67]
Nitrification,
Denitrification
Known Pb
resistance and
removal. Sulphate
reduction
Known Pb
resistance and

Obligate Anaerobe [55,56,68]

Gram-positive Cocci Anaerobic [57,69-71]

removal.
Denitrification
Known Pb
resistance and
Oxidase Negative removal. [72,73]
Biosorption and
bioflocculation.
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Table 7. Cont.
Gram- Oxygen Known Resistance
Genus Positive/Negative Shape Requirements and Mechanisms References
Possible
antimicrobial
Aliarcobacter Gram-negative Spiral Microaerophilic resistance, found [58,59]
in farm animals
and water.
Morganella Gram-negative Rod Facultative Known metal [60,61]
Anaerobe resistance.
Dysgonomonas Gram-negative Rod Obligate Anaerobe Knowr} antibiotic [74,75]
resistance.
Facultative Known metal and
Vagococcus Gram-positive Cocci antibiotic [76,77]
Anaerobe

resistance.

Dysgonomonas, another Gram-negative anaerobe, were more abundant in Run 1, par-
ticularly in the range between 80-500 ppm. However, the Pb(Il) resistance decreased
significantly above 500 ppm. In Run 2, the genus hardly appeared in the samples indicating
that the microbiome was using other microbes to facilitate Pb(II) removal in the same range
from 80-500 ppm. Throughout Run 1, this genus’ relative abundance was between 5-20%
across all concentrations and the highest reading was obtained at 250 ppm (15 g/L YE).
It should be noted that this genus did not seem to be particularly dependent on nutrient
availability. There were no significant increases in relative abundance which can be linked
directly to nutrient availability in the feed. However, the increase in Pb(II) was the pivotal
variable change which resulted in decreased abundance from approximately 20% at the
peak (250 ppm) to approximately 4-5% above 1000 ppm. This genus has known resistance
to antibiotics and its anaerobic metabolism [74,75] likely allowed it to thrive in the high-Pb,
low-oxygen conditions of Run 1.

Finally, Vagococcus, a Gram-positive facultative anaerobe increased in abundance at
higher Pb concentrations in Run 1. This genus was dominant at 100-2000 ppm in Run 1.
Its relative abundance appears to have been dependent on nutrient concentration. This
is because, between 80-500 ppm at 5 g/L YE the relative abundance was in the range of
3-5%. However, this increased to significantly when 15 g/L YE was fed. The abundance
peaked at roughly 15% when 1000 ppm and only decreased by 1-2% at 2000 ppm. The
implication of this observation was that the impact of nutrient concentration was more
significant than that of Pb(II) concentration. In Run 2, this genus was hardly detected, its
role in Pb(II) removal was comparatively less significant in this case. Its resistance to metals
and antibiotics [76,77] likely made it an important component of the microbial community
responsible for Pb detoxification, particularly as metal stress increased in Run 1.

Overall, the changes observed between Runs 1 and 2, particularly in relation to Pb
concentration, reveal a clear adaptation of the microbial community. The variation in rela-
tive abundance of metal-resistant and anaerobic genera such as Pseudomonas, Morganella,
Vagococcus, and Paenibacillus reflected the increasing demand for robust metal detoxifica-
tion mechanisms as Pb concentrations rose. Meanwhile, genera like Aliarcobacter, which
thrived under the operating conditions in Run 1, saw a decline in abundance in Run 2.
The observations made in this analysis confirmed that the changes in Pb(II) and nutrient
levels resulted in several changes in the microbial community. These changes enhanced the
microbiome’s capability to maintain its Pb-remediation under more challenging environ-
mental conditions. There was also a decrease in the abundance of several microbes which
were identified in Run 1. Run 1 had the most diverse population of bacteria, there were
multiple identified strains, even some which still need research to conclude if they play
a role in Pb(II) remediation. An example of one of these strains is Campylobacterales. This
strain is a gram-negative bacterium which falls under the Proteobacteria phylum. Previous
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studies have shown that these bacteria play a role in sulphate reduction under euxinic
conditions [78]. Euxinic conditions occur when water is both anoxic and sulfidic [79],
similar to the conditions found in the bioreactor.

3.4. Nitrate Tracing

The microbiome population demonstrates a significant presence of microbes that
contribute to denitrification as a detoxification mechanism. This was observed in both
experimental runs, where nitrate ion measurements were conducted to track the changes in
nitrate concentrations throughout the system. The profiles of these concentration measure-
ments can be seen in Figures 6 and 7, illustrating the role of denitrification in the overall Pb
detoxification process. This mechanism likely played an essential part in reducing nitrate
levels and aiding in the microbial community’s heavy metal remediation efforts.
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Figure 6. Run 1 effluent nitrate concentration monitoring profile measured at sample ports 1-2. The
letters (A—F) at the top of the graph represent the different influent conditions mentioned in Table 3,
i.e., Section A—80 ppm feed.
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Figure 7. Run 2 effluent nitrate concentration monitoring profile measured at sample points 1 and
3. The letters (A-H) at the top of the graph represent the different influent conditions mentioned in
Table 4, i.e., Section A—80 ppm feed.
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In both experimental runs, nitrate concentrations were consistently degraded across all
Pb(II) concentrations, though occasional spikes were observed. During the first run, a spike
occurred between days 17 and 20, likely due to the increased inlet Pb(Il) concentration from
Pb(NO3);. In the second run, no significant spikes were seen after day 2, with the initial
spike most likely resulting from residual NO3; ™ ions from previous experimental runs.

In the first run, both Pb(Il) and nitrate removal were achieved, suggesting that sec-
ondary mechanisms such as sulfur-reducing bacteria, bioprecipitation, or biosorption were
working in conjunction with denitrification. However, after day 17, elevated nitrate con-
centrations, along with slightly increased Pb(Il) levels in the effluent, indicated that the
bioremoval process was hindered at higher influent Pb(II) concentrations. This suggests
that denitrification and secondary detoxification mechanisms were negatively impacted
under these conditions.

In the second run, denitrification appeared to be the dominant detoxifying mechanism,
as there were no significant spikes in either Pb(II) or nitrate concentrations throughout the
run. The uniformity of Pb(II) concentrations at all sampling points in both runs supports the
earlier conclusion that the reactor did not have significant dead zones, ensuring effective
detoxification throughout the system.

4. Conclusions

The study described observations made during the operation of a UASB reactor under
continuous anoxic conditions for the removal of Pb(Il) from an aqueous environment.
Nitrate and Pb(II) concentrations were monitored over two experimental runs to assess the
capabilities of the microbiome when exposed to varying Pb(Il) levels. A genetic study was
conducted alongside these measurements to better understand the detoxification mecha-
nisms and bacterial strains involved under continuous operation. The system demonstrated
robustness, showing that with proper nutrient availability, Pb(I) bioremediation of up to
99% efficiency was achievable at concentrations as high as 2000 ppm. During the most
effective run, the effluent concentration was maintained between 0—4.15 ppm.

Denitrification emerged as the dominant detoxification mechanism in both runs,
although other mechanisms such as biosorption, sulfur-reducing bacteria activity, biopre-
cipitation, and bioremoval were also observed. Nutrient concentration played a crucial
role in lead removal efficiency, with 15 g/L YE yielding significantly better results than
5 g/L YE. The precipitate recovered from the reactor—containing elemental lead, PbS, and
PbO—suggests a potential route for lead recovery, adding a circular aspect to the proposed
bioremediation strategy. The presence of these lead species indicates the possibility of using
the precipitate as feedstock for lead smelting processes. Overall, the system shows great
potential for biological lead bioremediation and recovery, offering a sustainable solution
for handling lead-contaminated environments.

5. Future Research and Recommendations

Preliminary results observations indicate that this bioremediation strategy has the
potential to be quite effective. However, there are some improvements that can be made to
provide more insight into the robustness of the microbial community.

To begin with, the use of simulated wastewater in this study can be improved by using
actual wastewater from mining waste tailings and battery effluents. Using these practical
examples of effluents will give an insight into how the microbes would be able to handle
wastewater that has Pb contamination as well as other heavy metals. The concentration
range of industry grade effluents is also higher than the testing ranges, this would give a
better measure of the bioremediation strategy’s effectiveness.

The detection of Pb species in the precipitate is not enough to suggest that recovery is
effective. Mass balances should be done to calculate how much Pb from the influent reports
to the precipitate. Quantifying this would be necessary to elucidate how much Pb can be
recovered using this process and a comparison can be made to conventional methods.
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Figure A1. XRD profiles of the reactor precipitate taken at (a) 80 ppm feed concentration, (b) 250 ppm
(c) 1000 ppm, and (d) 2000 ppm concentration feed. All show 100% PbS in the precipitate.
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