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Abstract

The study focused on determining the microbial precipitation abilities of two bacterial
strains, Paraclostridium bifermentans and Klebsiella pneumoniae isolated from an indus-
trially obtained microbial consortium. Previous research has demonstrated the effective-
ness of the consortium in the bioprecipitation of Pb(II). The bioremediation of Pb(II)
provides an alternative and less costly method for lead removal from solution. A proof of
concept was determined in a long duration study over 100 h wherein the bioprecipitation
abilities of the strains were determined. It was concluded that approximately 84 % and
100 % of Pb(II) was removed from solution in experiments containing 80 mg L−1 initial
Pb(II) concentration over 100 h, with P. bifermentans and K. pneumoniae respectively.
The mechanisms of precipitation were further investigated with a short-term study, since
it was observed that precipitation occurred in under 18 h in the long duration study.
This shorter study was conducted over 30 h with nine sampling intervals and indicated
removal percentages of approximately 86 % and 91 % for samples containing 80 mg L−1

initial Pb(II) concentration after 30 h for P. bifermentans and K. pneumoniae respec-
tively. The precipitate identity was determined to be PbS and Pb0 for samples containing
P. bifermentans while samples containing K. pneumoniae contained precipitates of PbO
and either PbCl or Pb3(PO4)2. An investigation into the extracellular and intracellular
Pb(II) concentration led to the observation that a rapid detoxification mechanism such
as biosorption is present in the microbes within the first 6 h of the experiment. These
mentioned factors provide a greater understanding of the mechanisms utilised by the bac-
teria in the bioprecipitation and adsorption of Pb(II), and can be used as a step towards
applying the process on an industrial scale.
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Nomenclature

µ Specific growth rate (d−1)

µmax Maximum specific growth rate (d−1)

µX Mean for population X used in statistical inference, where X is equal to 1 or 2

XX Mean of sample population X used in statistical inference, where X is equal to 1
or 2

df Degrees of freedom used in statistical inference

H0 Null hypothesis used in statistical inference

H1 Alternative hypothesis used in statistical inference

nX Size of sample X used in statistical inference, where X is equal to 1 or 2

Sp Pooled estimate of the common standard deviation of two populations used in
statistical inference.

sX Sample standard deviation of sample population X used in statistical inference,
where X is equal to 1 or 2

tg Generation time (d)

CFU Colony forming units

DMSO dimethyl sulfoxide

EDTA ethylenedinitrilotetraacetic acid disodium salt dihydrate

EMB Eosin methylene blue

LB Luria Bertani

MA Metabolic activity

MTC Maximum tolerance concentration

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

OD600 Optical density at 600 nm

WWTP Wastewater treatment plant

XPS X-ray photonelectron spectroscopy
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1 Introduction

The presence of lead in wastewater is a concern due to the health risks associated with
the consumption of lead. These risks include neurodevelopmental alterations, neurode-
generation, the occurrence of diarrhoea and stomach pain, kidney damage and anaemia
(Rigoletto et al, 2020; Lombó et al, 2013; Tao & T Zhang C, 2020). The concentrations of
lead in wastewater is of particular concern in South Africa, where concentrations as high
as 170 mg dissolved Pb(II) per kg dry mass of sewage has been recorded in the province
of Limpopo (Shamuyarira & Gumbo, 2014).

Lead is introduced to the wastewater systems through anthropogenic sources such as
battery waste, pesticides, fertilisers, mining waste and industrial wastewater effluents
(Dongre, 2020). It is estimated that environmental Pb(II) concentrations have increased
by three orders of magnitude in the last 300 years (Naik & Dubey, 2013).

While numerous conventional methods of lead removal exist, these methods are known to
be costly, produce sludge and have a low selectivity for specific metals. These methods
include ion exchange, electrowinning, electrocoagulation, cementation, reverse osmosis,
electrodialysis, chemical coagulation and precipitation (Arbabi, Hemati & Amiri, 2015;
Sylwan & Thorin, 2021). The bioremediation of lead is therefore an attractive alternative
option.

The bioremediation of lead using a microbial consortium obtained from a battery re-
cycling plant in Gauteng, South Africa has been previously researched by the Water
Utilisation and Environmental Engineering division of the Department of Chemical En-
gineering at the University of Pretoria. These studies consisted of anaerobic and aerobic
experiments using Luria-Bertani (LB) broth as the nutrient medium. Results reported
by Hörstmann, Brink & Chirwa (2020), have shown removals of approximately 49 % and
93 % of 80 mg L−1 initial Pb(II) concentration after 3 h and 12 d respectively. The same
consortium removed 41 % and 72 % of 500 mg L−1 initial Pb(II) concentration after 3 h
and 12 d respectively.

The microbial consortium was analysed using 16S rDNA sequencing by Brink, Hörstmann
& Peens (2020) and it was concluded that Klebsiella pneumoniae and Paraclostridium
bifermentans are present in the consortium and are likely the main organisms responsi-
ble for the bioprecipitation of lead. It was demonstrated that the resulting precipitate
included elemental Pb, which was concluded to be evidence for an anaerobic respiration
mechanism which utilises Pb(II) as the terminal electron acceptor (Hörstmann, Brink &
Chirwa, 2020).
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The initial removal of Pb(II) as reported by Brink, Hörstmann & Peens (2020), was
assumed to be due to a rapid detoxification mechanism, such as adsorption. Further
investigation into the biosorption of Pb(II) by the same consortium was conducted and
indicated that the biosorption abilities are improved by the sterilisation of the consortium
using NaN3 (van Veenhuyzen, Chirwa & Brink, 2021). A removal percentage of 62 % in
reactors containing 80 mg L−1 initial Pb(II) concentration was observed after 3 h. It
was shown that metabolically active cells reduced the adsorption of Pb(II) to the cellular
surface, indicating that the biosorption observed in the initial studies was most likely due
to increased amounts of non-viable bacteria (van Veenhuyzen et al, 2021).

These results provide evidence for a mixed Pb(II) removal mechanism, which consists of
a rapid biosorption stage followed by a slower metabolically dependent bioprecipitation
stage. The utilisation of this mechanism would be ideal in industrial systems which are
operated for extended periods of time since a significant amount of non-viable biomass
will be accumulated.

The Pb(II) removal of the same consortium was investigated in a continuously operated
upflow anaerobic sludge blanket (UASB) reactor. Removal efficiencies of between 90 and
100 % were recorded for this system with inlet Pb(II) concentrations varying between
80 and 200 mg L−1. The maximum Pb(II) removed recorded for the UASB reactor was
1948.4 mg L−1 (Chimhundi et al, 2021). These results affirm the potential of the system
for the continuous removal of Pb(II), however a lack of understanding of the underlying
removal mechanisms limits the scaling of the system.

The removal mechanisms of the consortium are investigated by isolating the main bio-
precipitating strains. By obtaining more information about the removal mechanisms of
the strains, the industrial application of the research becomes more attainable. The
factors determined in this study which could be beneficial to an industrial application
include: the time of initial precipitation, the amount of Pb(II) precipitated at varying
initial Pb(II) concentrations, the duration of precipitation, the effect of certain nutrients
on the mechanism, and the precipitate identity. The main objectives of the study are
discussed in detail below.

The current research included the isolation of Klebsiella pneumoniae and Paraclostridium
bifermentans from the consortium and the comparison of the effectiveness of microbial
precipitation of the strains under various experimental conditions. In order to determine
whether bioprecipitation occurs using the strains and if a significant difference exists
between the bioprecipitation of lead using the isolated strains and the consortium, a long
term study was conducted over 100 h and is described in Chapter 4.

A short term study was then conducted as described in Chapter 5 over 30 h with nine
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sampling intervals. This study was completed to provide further clarification of the
bioprecipitation mechanism and the influence of varying initial Pb(II) concentrations.
The identity of the lead precipitate was determined for both strains with the use of
XPS. The relationships between nitrate concentration, metabolic activity and the residual
Pb(II) concentration was investigated.

A more comprehensive study into the exponential growth and the influence of the presence
of Pb(II) on the individual strains was conducted as described in Chapter 6. This study
was performed over 24 h with hourly sampling during the exponential phase and the
stationary phase of the bacteria. This study provides an in depth understanding of
the growth of the bacteria in environments with and without added Pb(II), with three
methods of microbial growth measurements investigated.
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2 Literature

2.1 Lead pollution and the associated risks

The consumption of lead through water sources is a serious concern due to the numerous
associated health risks. Lead can be introduced to wastewater through anthropogenic
sources such as battery waste, fertilisers, pesticides, industrial wastewater effluents and
mining waste, among others (Dongre, 2020).

The metal is resistant to corrosion but oxidation of the metal does occur when it is
exposed to air (Lenntech, 2021). Lead is commonly found in ore along with zinc, silver
and copper, and is then extracted with these metals; it is uncommon to find lead in its
elemental form in nature (Lenntech, 2021). Lead is primarily found in the form galena
(PbS) and is persistent in wastewater due to the non-biodegradability of the metal and
its toxic nature (Lenntech, 2021; Akpor, Ohiobor & Olaolu, 2014).

There are many health risks associated with lead pollution. The main concern of lead
consumption is the effect that it has on the central nervous system. Lead has been shown
to be detrimental to haemoglobin synthesis, with anaemia observed in children at lead
blood levels above 40 µg dL−1 (Baysal, Ozbek & Akman, 2013). It is possible that lead
can cause kidney damage, and while some of these effects are reversible, chronic exposure
to lead may result in decreased kidney function and possible renal failure (Baysal et al,
2013).

Lead has been shown to cause intellectual disabilities in children and may also have
detrimental effects on the male and female reproductive systems (Tiquia-Arashiro, 2018).
It has been observed that at blood lead levels exceeding 0.4 g L−1 lead concentration,
a reduced sperm count is present in men and at elevated blood lead levels in pregnant
women, a higher occurrence of miscarriage, low birth weight and prematurity is observed
(Tiquia-Arashiro, 2018).

In a study done by Iloms et al (2020), the concentrations of Pb(II) in different industrial
wastewater and influents and effluents from the waste water treatment plant (WWTP)
Leeuwkuil, Gauteng, South Africa were determined. These are shown in Table 1 and
are compared to the allowable limit of dissolved lead in wastewater of 0.01 mg L−1 as
stipulated by The Department of Water Affairs, South Africa (Department of Water
Affairs, 2013).
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Table 1: The amount of dissolved lead found in the wastewater of various industries as
well as in the influent and effluent of the wastewater treatment plant (WWTP) Leeuwkuil
(Iloms et al, 2020)

Source of wastewater
Dissolved Pb
(mg L−1)

Industry 1: Battery 4.64± 0.17

Industry 2: Iron/metal galvanising 0.18± 0.02

Industry 3: Iron/steel 0.18± 0.03

Industry 4: Tanking/car wash 0.19± 0.03

Industry 5: Iron/steel 0.21± 0.00

WWTP influent 0.20± 0.03

WWTP effluent 0.19± 0.03

From the data in Table 1, there is a clear need for improved technologies and methods of
lead removal from wastewater. All the industries analysed, as well as the effluent of the
WWTP, contain levels of dissolved lead above the allowable limits.

The same conclusion is reached in research done by Shamuyarira & Gumbo (2014) on
the assessment of heavy metals in municipal sewage sludge of various areas in Limpopo,
South Africa. These values are shown in Table 2, and when compared to the allowable
limit of dissolved lead of 100 mg (kg dry mass)−1 (Shamuyarira & Gumbo, 2014), two of
these municipalities have sewage sludge with dissolved lead over the limit.

Table 2: The amount of dissolved lead in wastewater of various municipalities in Limpopo,
South Africa (Shamuyarira & Gumbo, 2014)

Municipality
Dissolved Pb
(mg (kg dry mass)−1)

Thohoyandou 34.56
Polokwane 102.81

Tzaneen 52.26
Louis Trichardt 171.91

Musina 21.28

1 Over the allowable limit of 100 mg (kg dry mass)−1 (Shamuyarira & Gumbo, 2014).
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2.2 Lead consumption, production and reserves

Lead is currently used across the world in car batteries, pigments, chemicals and for
various uses in the construction industry. The majority of lead used is found in car
batteries (Fuller, 2009). Table 3 contains a comparison of lead production and reserves
of South Africa and the world between 1984 and 2017. This data highlights the decrease
in lead production and reserves over the time period and emphasises the importance of
finding alternative sources of lead, such as the recovery of lead from wastewater.

Table 3: The consumption, production and reserves of lead in South Africa and the world
for 1984 and 2017

Year 19841 20172 Percentage difference
(%)

South African reserves
(Mt)

5 0.3 - 94

South African production
(kt)

94.8 48 - 49.4

South African consumption
(kt)

50 – 55 57 + 4

World reserves
(Mt)

135 88 - 34.8

World production
(Mt)

- 4.97 -

World consumption
(Mt)

- 11.6 -

1 (Snodgrass, 1986)
2 (Department of Mineral Resources: Republic of South Africa, 2019)

2.3 Conventional methods of lead removal in wastewater

The conventional methods of lead removal from wastewater include: ion exchange, electro-
winning, electro-coagulation, cementation, reverse osmosis, electro-dialysis, adsorption,
chemical coagulation/flocculation and chemical precipitation (Arbabi et al, 2015; Sylwan
& Thorin, 2021).

These methods tend to be undesirable for use due to their limitations. These limitations
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include the generation of sludge, a low percentage retention of metal ions, a high energy
consumption and low selectivity for specific metals (Arbabi et al, 2015).

Table 4: The conventional methods used in the removal of lead from wastewater with the
related advantages and disadvantages

Method and Description Advantages Disadvantages

Ion exchange – The exchange
of ions between the substrate and
the surrounding medium. The
ion exchange resin is insoluble
in most aqueous and organic so-
lutions and consists of a cross
linked polymer matrix to which the
charged functional groups are at-
tached by covalent bonding (Hu-
bicki & Kołodyńska, 2011).

High removal efficiency,
rapid kinetics, high pro-
cessing capability and a
high selectivity of the pro-
cess (Esmaeili & Foroutan,
2015).

High costs relating to the
reduction phase and its
current disposal and the
low longevity of the resins
with high levels of pollu-
tion (Esmaeili & Foroutan,
2015).

Electrowinning – Commonly used
in the mining and metallurgical in-
dustry for heap leaching and acid
mine draining. This method is also
used in the electrical and electronic
industries for the removal and re-
covery of lead ions (Arbabi et al,
2015). A DC current is laced in
an ion solution with added anodes
and cathodes. The difference in
electrical potential causes the move-
ment of cations towards the cathode
(EMEW Clean Technologies, 2016).

Environmental compati-
bility - the electron acting
as the reagent is a "clean
reagent" (Stanković,
2007).

High costs associated with
anode and cathode main-
tenance (Stanković, 2007).

Electrocoagulation – The elec-
trochemical production of metal
ions that act as destabilising agents
which lead to neutralisation of elec-
tric charge for removing pollutants.
The oppositely charged particles
then bond together and form a mass
(Didar-Ul Islam, 2019).

Reduced sludge produc-
tion, ease of operation
and a lack of chemicals
required for the process
(Didar-Ul Islam, 2019).

Costly maintenance and
the replacement of elec-
trodes. The consistency
is difficult to achieve and
the process is not passive
which leads to higher oper-
ation costs (Chemtech In-
ternational, 2020).
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Cementation – Lead is precipi-
tated from a solution with the use of
an electropositive metal. The metal
is usually in a fixed bed of metal
spheres or with a metal rod/disc
(Nosier & Sallam, 2000).

Ease of control and the
simplicity of the process
(Nosier & Sallam, 2000).

Valuable metals are sac-
rificed (Nosier & Sallam,
2000).

Reverse osmosis and electro-
dialysis – Consists of selective
membranes that are used between
electrodes in electrolytic cells, the
metal ion migrates under the elec-
tric current (Arbabi et al, 2015).

High selectivity of the met-
als (Arbabi et al, 2015).

High costs associated with
the implementation and
operation of the system
and the generation of
sludge (Arbabi et al,
2015).

Chemical coagulation/floccula-
tion and precipitation – Coagu-
lation is the charge neutralisation of
colloids followed by the formation of
clusters and flocculation is a process
whereby small particles are com-
bined by physical bonds (Sylwan
& Thorin, 2021). In chemical pre-
cipitation, the chemicals react with
heavy metal ions such as lead and
form insoluble precipitates, which
are separated from the water by
sedimentation and filtration. Lead
can be precipitated with the use
of hydroxide precipitation which is
a widely used precipitation method
(Fu & Wang, 2011).

Low capital cost (Sylwan
& Thorin, 2021).

Production of large vol-
umes of a low density
sludge (Sylwan & Thorin,
2021).

2.4 Lead bioremediation

2.4.1 Mechanisms of lead resistance in microorganisms

The biological and chemical mechanisms employed by bacteria leading to lead resistance
are applicable to the bioremediation process and can be utilised in the wastewater industry
(Naik & Dubey, 2013; Tiquia-Arashiro, 2018). Biosorption mechanisms can be classified
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according to whether the mechanism is dependent or independent on the cell metabolism,
as well as according to the location within the cell and the metal removed.

The various mechanisms of biosorption by the microbial cell is shown in Figure 1 and
Figure 2, which are adapted from a study published by Perpetuo, Barbieri & Nascimento
(2011).

Figure 1: Classification of biosorption mechanisms according to dependence on cell
metabolism, adapted from Perpetuo, Barbieri & Nascimento (2011)

Figure 2: Classification of biosorption mechanisms based on the location within the cell
and the metal removed, adapted from Perpetuo, Barbieri & Nascimento (2011)

9

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



Efflux mechanism – Transport across cell membrane

The efflux mechanism makes use of ATPases, which transport heavy metals across the
cell membrane (Naik & Dubey, 2013). This maintains homeostasis of heavy metals in the
cell, as the transporters prevent the over accumulation of heavy metals such as Pb(II),
Cu(II), Ag(I), Zn(II) and Cd(II) in the cell (Naik & Dubey, 2013). The efflux mechanism
only occurs in viable cells and is associated with an active defence mechanism.

Intracellular bioaccumulation

Intracellular bioaccumulation is a mechanism employed by bacteria to resist the toxic
effects of heavy metals using the induction of metal binding proteins referred to as met-
allothioneins (MTs) (Naik & Dubey, 2013). MTs are low-molecular weight, cystein-rich
proteins that facilitate the bioaccumulation of toxic metals in the cell, and therefore play
an important role in the immobilisation of heavy metals (Naik & Dubey, 2013; Tiquia-
Arashiro, 2018). The enzymes used in the metabolic processes of the bacterial cell are
protected (Naik & Dubey, 2013).

This resistance mechanism is often plasmid-borne, which means that the MTs can be
dispersed from one cell to another. MTs are synthesised in response to increased metal
concentrations (Tiquia-Arashiro, 2018).

Extracellular sequestration – Physical Adsorption

The immobilisation of heavy metals in the cell is achieved by using extracellular high
molecular weight biopolymers which are secreted by the bacterial cells (Naik & Dubey,
2013). The biopolymers are referred to as exopolysaccharides (EPS) and consist of macro-
molecules such as polysaccharides, proteins, nucleic acids, humic substances, lipids and
other non-polymeric constituents which have a low molecular weight (Naik & Dubey,
2013). EPS are relevant to the bioremediation process due to their involvement in the
flocculation and binding process of metal ions (Tiquia-Arashiro, 2018).

This binding process causes metal immobilisation, which in turn prevents the lead ions
from entering the cell (Tiquia-Arashiro, 2018). The structural and compositional makeup
of EPS is varied according to the phase of growth that the bacterial cell is experiencing
(Tiquia-Arashiro, 2018). It has been shown that there is a higher removal of lead ob-
served when the cell is in the stationary phase; this is due to the high net acidic sugar
incorporation in the EPS (Tiquia-Arashiro, 2018).

According to Perpetuo et al (2011), physical adsorption is reversible, independent of
metabolism and has many advantages in terms of treating large volumes of wastewater
with low concentrations of contaminants.
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There are various factors which influence the ability of the EPS to bind to the metal ions,
these include (Tiquia-Arashiro, 2018):

• The initial metal concentrations;

• The pH; and

• The concentration of NaCl.

If the pH is low, then the active sites of the cell wall are associated with protons which
will in turn restrict the approach of heavy metal cations and will result in a repulsive
force (Perpetuo et al, 2011). If the pH is increasing then an increasing amount of active
sites are replaced by negative charges which will increase the attraction of heavy metal
cations leading to adsorption of the cations on the cell surface (Perpetuo et al, 2011).

In a study by Cui et al (2017), it was found that a high NaCl concentration significantly
decreased the production of EPS. This was attributed to the different adaptive mech-
anisms to osmotic pressure under conditions lower or higher than the optimal growth
salinity.

Surface biosorption

Surface biosorption is an extracellular sequestration mechanism of the toxic metals to
prevent the entry of toxic metals in the bacterial cells. This helps to maintain metal
homeostasis (Naik & Dubey, 2013). The biosorption of metals is facilitated by several
mechanisms such as ion exchange, chelation, adsorption and diffusion through the cell
walls and membranes (Naik & Dubey, 2013).

The functional groups of several macromolecules on the cell surface are able to bind
metals. The cell walls carry a natural negative charge, which allows metal ions to bind to
the cell surface and regulates the movement of metals across the cell membrane (Tiquia-
Arashiro, 2018).

Gram-positive bacteria possess carboxyl groups as key binding sites for the metal cations,
while gram-negative bacteria possess phosphate groups. The capacity of the absorption
of Pb(II) on the cell surface is affected by the pH and the initial metal concentration
(Tiquia-Arashiro, 2018).

Complexation/Chelation
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Complexation is an extracellular mechanism which results from the electrostatic attrac-
tion between a metallic ion chelating agent and a polymer that is excreted by a microor-
ganism (Perpetuo et al, 2011). Chelating agents contain pairs of electrons that present
electrostatic attraction; if they cling to the metallic ions then there will be no transfer
of electrons taking place (Perpetuo et al, 2011). The final structure of the complex has
the electric charge of the sum of the individual charges of the components in the complex
(Perpetuo et al, 2011).

Ion exchange

The cell walls of microorganisms contain polysaccharides and the bivalent metal ions can
exchange with the counter ions in the polysaccharides which results in the biosorptive
uptake of heavy metals (Perpetuo et al, 2011).

Bioprecipitation

The precipitation of toxic metals into insoluble complexes reduces the toxicity and the
bioavailability of the metals (Naik & Dubey, 2013). This precipitation mechanism occurs
extracellularly or intracellularly (Tiquia-Arashiro, 2018).

Bioprecipitation is either dependent or independent on the metabolism of the cell (Per-
petuo et al, 2011). If the mechanism is dependent on cellular metabolism then the metal
removed is often associated with the active defence mechanisms of the microorganisms
(Perpetuo et al, 2011). If the mechanism is independent on cellular metabolism, it may
be a consequence of the chemical interaction between the metal and the cell surface
(Perpetuo et al, 2011).

Lead(II) has been known to react with the following anions (Tiquia-Arashiro, 2018):

• chlorides;

• phosphates;

• sulfides;

• carbonates; and

• hydroxyl groups

The bacterium Enterobacter cloacae has been shown to immobilise lead as insoluble lead
phosphate (Tiquia-Arashiro, 2018). Bacillus iodinium GP13, Bacillus pumilus S3 and
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Klebsiella aerogenes NCTC418 have all been shown to precipitate lead as lead sulfide
(Tiquia-Arashiro, 2018).

According to Tiquia-Arashiro (2018), the pH plays an important role in the bioprecip-
itation of the metals. It has been shown that at a pH of 6.6 and higher, various lead
phosphates and lead carbonates are precipitated (Tiquia-Arashiro, 2018). The complex-
ation of metals decreases in increasing acidic conditions (Tiquia-Arashiro, 2018).

Alteration in cell morphology

The bacterial cell combats the environmental stresses placed on it by changing the cell
shape (Naik & Dubey, 2013). This could be a cell reduction as seen for example when
the lead resistant E. cloacae bacterial strain was exposed to 1.6 mM lead nitrate (Naik
& Dubey, 2013).

Reduction-oxidation reaction

Microorganisms can mobilise or immobilise metal ions, metalloids and organometal com-
pounds leading to the promotion of redox reactions (Perpetuo et al, 2011). The microor-
ganisms can efficiently immobilise heavy metals through their ability to reduce metal ions
thereby reducing them to a lower oxidation state (Perpetuo et al, 2011). This will give
rise to metallic elements which will cause precipitation to occur (Perpetuo et al, 2011).

2.4.2 Previous studies done on lead bioremediation

Studies not affiliated with the University of Pretoria

In previous work done by Kang, Kwon & So (2016), the prospect of the bioremediation
using bacterial mixtures was considered. The research was conducted using four bac-
terial strains obtained from mine soil. These strains were Viridibacillus arenosi B-21,
Sporosarcina soli B-22, Enterobacter cloacae KJ-46 and E. cloacae KJ-47. The experi-
ments were done with various combinations of the bacterial strains under aerobic condi-
tions. For this study, the heavy metal stock solutions were prepared using CdCl2.5H2O,
PbCl2 and CuCl2 to make solutions of 1 M. The experiments were carried out using a
yeast extract broth containing 12 g L−1 yeast extract and 10 g L−1 ammonium sulphate,
at a pH of 7.0. The study concluded that the bacteria is more efficient at bioremediation
when grouped together as a consortium, as opposed to the individual bacteria. After 48
h, remediation of 98.3 % Pb, 85.4 % Cd and 5.6 % Cu was observed.

The work done by Li et al (2016) focused on the bioremediation of lead in contaminated
soil. The bacteria used was Rhodobacter sphaeroides and it was concluded that the species
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did not decrease the total amount of lead in the soil but rather changed the speciation
of the lead. Results of the study indicated that Pb contaminated soil was treated by the
precipitation mechanism resulting in formation of lead sulphate and lead sulfide.

In a study done by K Zhang et al (2021), the biomineralization of lead in wastewater was
investigated with the use of Lysinibacillus, which proved to immobilize Pb(II) ions at a
pH greater than 2. According to K Zhang et al (2021), the current studies on biomineral-
ization indicate that the cell is used as the nucleation site and is then encapsulated by the
metal minerals until the cell is inactivated. This research was focused on the reutilization
of mineralized cells and the recovery of metals, by first determining a quick method to
achieve the reutilization of mineralized bacteria, to study the reutilization mechanism
and to investigate the time scale evolution of the oxidative damaging effect of cells (K
Zhang et al, 2021).

Studies completed by the University of Pretoria

There have been numerous studies done on lead bioremediation by the University of
Pretoria, Department of Chemical Engineering, Water Utilisation and Environmental
Engineering Division all of which are highlighted and described in Table 5. These studies
have focused on the bioremediation of lead using two consortia of bacteria obtained from
a lead mine and from a battery recycling plant. The studies have determined the influence
of the following aspects on the bioprecipitation of lead:

• Elevated lead concentrations;

• Presence of glucose;

• Various growth substrates such as LB broth, glucose and xylose;

• Presence of Zn(II) and Cu(II); and

• The effects of aeration conditions

Various other factors were also investigated such as the minimum inhibitory concentra-
tion and the precipitate identity as well as the effect of nutrient conditions such as the
implementation of yeast extract autolyzed from Saccharomyces cerevisiae.

From a study done by Brink, Hörstmann & Peens (2020), the precipitate identity and
method of precipitation was determined and proposed. In this study, SEM-EDX and
XPS analysis determined that the precipitate was formed on the surface of the microbial
cell. This led to the hypothesis of a surface electron transfer mechanism occurring which
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causes the direct reduction of Pb(II) ions. The sulphur-containing amino acids could also
be metabolised intracellularly leading to the excretion of sulphide into the medium which
would cause the precipitation of PbS on contact with the dissolved Pb(II) ions in the
medium (Brink, Hörstmann & Peens, 2020).

The XPS results reported by Brink, Hörstmann & Peens (2020) describe the aerobic runs
to contain exclusively PbO and elemental Pb, while the anaerobic runs contain significant
fractions of PbS with PbO and elemental Pb. The authors attribute the lack of PbS in
the aerobic runs to the oxidation of S2− ions intracellularly or that aerobic conditions
inhibit the metabolism of sulphur-containing amino acids.

The presence of PbO is hypothesised to be due to the oxidation of elemental Pb in aerobic
runs or as a result of exposure to oxygen during sample preparation in the anaerobic runs
(Brink, Hörstmann & Peens, 2020).

The study concludes that the Pb(II) initially loaded into the batch reactors will act as
an electron acceptor to the electrons released during the catabolism of carbon sources to
CO2.

Summary of the studies conducted by this research team at the University of Pre-

toria

Table 5: The previous work done on the bioremediation of lead in wastewater by the
Water Utilisation and Environmental Engineering Division of the University of Pretoria

Lead Removal Using Industrially Sourced Consortia: Influence of Lead and Glucose Con-
centrations (Brink, Lategan, et al, 2017)

Description

• Study aimed at exploring the lead removal capabilities of two locally
sourced industrial consortia with the use of batch fermentation.

• The experiments took place under anaerobic conditions with two different
lead concentrations: 80 mg L−1 and 160 mg L−1.

• The effect of glucose on the precipitation of lead was also studied.
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Main
findings

• Consortium can effectively remove lead with main limitation being sub-
strate availability.

• The changes in absorbance were minimal which indicates that a non-growth
removal mechanism is present. The removal is as a result of a defence
mechanism of the organism.

• The presence of glucose caused severe substrate inhibition which reduced
the effectiveness of lead removal.

Microbial Pb(II) precipitation: the influence of elevated Pb(II) concentrations (Peens,
Wu & Brink, 2018)

Description

• The study aimed at determining the effect that elevated lead(II) concen-
trations have on the precipitation of Pb(II) by an industrially obtained
consortium.

• The study was done under anaerobic conditions with LB broth and simu-
lated LB broth (reduced NaCl) as the growth medium.

• Lead(II) concentrations ranged from 80 mg L−1 to 1000 mg L−1.

Main
findings

• 99 % removal of lead with 500 mg L−1 lead after 11 d and 87 % removal of
lead with 1000 mg L−1 lead after 22 d. This indicates that the consortium
is able to precipitate lead concentrations up to 1000 ppm.

• The simulated broth led to no precipitation of PbCl2.

Microbial Lead(II) precipitation: the influence of growth substrate (Brink & Mahlangu,
2018)
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Description

• The study aimed at exploring the influence of various growth substrates
on the removal of lead(II) from solution.

• The fermentation media tested was glucose and xylose supplemented LB
broth, with and without CaCO3 as a pH buffer.

• Various components of LB broth were also tested, this includes yeast ex-
tract, tryptone and NaCl.

Main
findings

• The glucose and xylose supplemented experiments indicated a significant
removal of lead but without the precipitation of lead. A significant gas
build up was observed in all runs with a drop in pH of the unbuffered
runs and this could indicate an anaerobic digestion mechanism with either
internal or external sequestration of lead.

• The LB broth experiments indicated that the commercial growth medium
LB broth performed the best in terms of lead(II) removal, with the yeast
extract NaCl complex medium performing nearly as well.

Microbial Pb(II) Precipitation: Minimum Inhibitory Concentration and Precipitate Iden-
tity (Brink, Hörstmann & Feucht, 2019)

Description

• The study aimed to determine the minimum inhibitory concentration
(MIC) at which the industrially obtained consortium would cease growth
and/or would cease precipitation of Pb(II). The study also aimed to de-
termine the identity of the precipitate formed.

Main
findings

• The industrially obtained consortium has the ability to grow in high
amounts of lead(II). The consortium has significant biological Pb(II) re-
ducing capabilities.

Microbial lead(II) Precipitation: The Influence of Aqueous Zn(II) and Cu(II) (Hörstmann
& Brink, 2019b)
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Description

• The study was aimed to determine the effect that the presence of Zn(II)
and Cu(II) have on the Pb(II) precipitation capabilities and metabolic
activity of an industrially obtained consortium.

Main
findings

• Growth was inhibited in the reactors containing only Cu(II). The consor-
tium was capable of removing a significant amount of Cu(II) in the presence
of Pb(II). Pb(II) concentrations did not decrease as much as the Cu(II)
concentrations and this could indicate a competitive removal mechanism.

• For the reactors containing Pb(II) and Zn(II) a higher amount of lead
was removed in the reactor containing only Pb(II), followed by reactors
containing Pb(II) and Zn(II) at lower concentrations of Zn(II).

• Pb(II) promotes metabolic activity and Zn(II) and Cu(II) inhibit metabolic
activity, most probably due to the inhibition of the lead precipitating mech-
anism.

• Zn(II) and Cu(II) ions need to be removed before any precipitation of
Pb(II) can take place.

Microbial Pb(II) Precipitation: The effects of Aeration Conditions and Glucose Presence
on a Lead-Mine Consortium (Hörstmann & Brink, 2019a)

Description

• The purpose of the study was to quantify the effects of aerobic and anaer-
obic conditions as well as the presence of glucose, on the effectiveness of an
industrially obtained consortium at precipitating aqueous lead(II), using
batch conditions.
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Main
findings

• The biological activity was increased under aerobic conditions but this did
not lead to increased Pb(II) removal.

• Increased amount of Pb(II) is removed in the systems without glucose than
in the systems containing glucose. This is because the glucose leads to a
fermentation mechanism that provided an alternative energy producing
mechanism, which in turn prevented dissimilatory reduction as an energy
generating process, leading to less lead(II) precipitation.

• The optimal dissimilatory reduction of Pb(II) requires anaerobic conditions
in the absence of glucose.

Microbial Pb(II)-precipitation: the influence of oxygen on Pb(II)-removal from aqueous
environment and the resulting precipitate identity (Brink, Hörstmann & Peens, 2020)

Description

• The study focused on the quantification of the lead(II) bio-precipitation ef-
fectiveness, and the produced precipitate identities of industrially obtained
consortia under anaerobic and aerobic conditions.

Main
findings

• Precipitation and removal of lead in both anaerobic and aerobic experi-
ments was successful.

• Majority of the lead removal in the aerobic runs took place in the first 48
h.

• The XPS analysis of the precipitates indicated the presence of PbO and
elemental lead in the aerobic runs and PbO, PbS and elemental lead in the
anaerobic runs.

• An oxidation-reduction mechanism with lead(II) as the electron acceptor is
observed for both aerobic and anaerobic runs, while a sulphide-liberation
catabolism of sulphur-containing amino acids was observed for the anaer-
obic runs only.
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Pb(II) Bio-Removal, Viability, and Population Distribution of the Industrial Microbial
Consortium: The Effect of Pb(II) and Nutrient Concentrations (Hörstmann, Brink &
Chirwa, 2020)

Description

• The effect of aqueous Pb(II) and nutrient concentrations on the Pb(II)-
removal, biomass viability, active species identities and the population dis-
tribution of an industrial Pb(II) resistant consortium was investigated.

Main
findings

• Approximately 50 % of Pb(II) was removed in the first 3 h of the runs,
for all conditions tested. After 3 h, a slower rate of Pb(II) removal occurs
with a dark precipitate forming.

• Pb(II) removal was independent of the microbial growth, while the growth
was found to be dependent on the concentration of Pb(II), nutrients, and
the nitrates in the system.

• Scanning electron microscope results show viable bacilli embedded in the
precipitate and this is an indication that precipitation occurs on the surface
of the biomass and not as a result of an internal excretion mechanism.

• Microbial characterisation indicated that Klebsiella pneumoniae was the
only active species in the sample directly contributing to the bioprecipi-
tation of Pb(II). The other species identified are lead resistant organisms
and could be responsible for the initial biosorption of Pb(II) noticed in the
first 3 h of the runs.

Microbial Pb(II) precipitation: Yeast Extract Autolyzed from Saccharomyces Cerevisiae
as a Sustainable Growth Substrate (Hörstmann, Naidoo, et al, 2020)

Description

• The study aimed to determine the effectiveness of yeast extract as a growth
medium for a Pb(II) removing consortium. The experiments took place
under anaerobic batch conditions with 80 mg L−1 lead.
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Main
findings

• Pb(II) initially removed rapidly within the first 7 min of the runs, with
the rest of the Pb(II) removed from solution in 24 h.

• Metabolic activity increased slowly for the first 8 h with a greater increase
between 8 and 48 h.

• The optical density had a slow increase from 0 to 16 h with a sharp increase
between 16 and 24 h.

• A dark precipitate was observed in all runs.

• The initial drop of Pb(II) can be attributed to a biosorption mechanism.

• The large metabolic activity and optical density increases can correspond
to low Pb(II) concentrations, which is caused by a Pb(II) inhibitory effect
or by the slow access to more complex components in the yeast.

Microbial Removal of Pb(II) Using an Upflow Anaerobic Sludge Blanket (UASB) Reactor
(Chimhundi et al, 2021)

Description

• The study was focused on the design and implementation of a upflow
anaerobic sludge blanket (UASB) reactor to be used in the biorecovery
and bioreduction of Pb(II) using an industrially obtained consortium as a
biocatalyst and yeast extract as the sole growth medium.

Main
findings

• The UASB reactor demonstrated removal efficiencies of between 90 and
100 % for inlet concentrations of lead varying between 80 and 2000 mg L−1.

• A maximum removal rate of 1948.4 mg L−1 d−1 was reported.

• An XRD and XPS analysis of the precipitate formed in the study was
identified to contain: Pb0, PbO, PbS and PbSO4.

Insight into the Metabolic Profiles of Pb(II) Removing Microorganisms (Hörstmann,
Chirwa & Brink, 2021)
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Description

• The purpose of this study was to investigate the metabolic pathways of
lead-resistant microorganisms known to employ bioprecipitation as a re-
sistance mechanism.

• The study made use of anaerobic batch experiments with LB broth as a
growth medium, over 33 h with varying concentrations of lead.

• Metabolic profiling was achieved using liquid chromatography coupled with
tandem mass spectrometry (UPLC-HDMS) and high-performance liquid
chromatography.

Main
findings

• Lead measurements decreased dramatically within the first 3 h of sampling
with no decrease in nitrates and no increase in growth, this indicates a
possible biosorption mechanism.

• After 3 h, substantial growth is observed that is gradually dependent on
the availability of nitrates.

• Four main compounds were identified and the proposed pathways for their
catabolism by the bacterial consortium were presented. These include:
piperidine, indoline, indoleacrylic acid and leucylproline.

• Calculated energy productions were 4.87, 0.68, 3.36 and 1.49 mmol L−1 for
indoleacrylic acid, leucylproline, indoline and piperidine respectively.

• The amount of theoretical NADH produced by the compounds was
10.4 mmol L−1.

2.5 Microbiology

2.5.1 Prokaryote metabolism - anaerobic respiration

Anaerobic respiration is achieved when a molecule other than oxygen is used as the final
electron acceptor in the electron transport chain (Slonczewski & Foster, 2011). Various
methods of anaerobic respiration are utilised by bacteria, this includes denitrification and
the reduction of sulphur and sulphate.
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Denitrification is the reduction of the ionic nitrogen oxides (nitrate and nitrite) to the
gaseous oxides (NO and N2O). The gaseous oxides can be further reduced to N2 (Knowles,
1982). The reactions of the denitrification process are as follows:

NO−
3 + 2H+ + 2 e−

nitrate reductase−−−−−−−−−→ NO−
2 +H2O

NO−
2 + 2H+ + e−

nitrite reductase−−−−−−−−−→ NO+H2O

2NO+ 2H+ + 2 e−
nitric oxide reductase−−−−−−−−−−−−→ N2O+H2O

N2O+ 2H+ + 2 e−
nitrous oxide reductase−−−−−−−−−−−−−→ N2 +H2O

Denitrification is a bacterial process which is triggered by low oxygen and the availability
of a nitrogen oxide. The process is nearly exclusively a facultative trait and is therefore
used by facultative anaerobes (Zumft, 1997). These organisms have the ability to respire
in aerobic conditions and anaerobic conditions.

The nitrate reductase enzyme catalyses the reaction of NO−
3 to NO−

2 and is membrane-
bound (Morena-Vivián et al, 1999). The enzyme is composed of three subunits. These
subunits include a catalytic α subunit, a soluble β subunit and a membrane b quinol-
oxidising γ subunit. The α and β subunits are anchored to the cytoplasmic side of the
membrane by the γ subunit (Morena-Vivián et al, 1999).

The nitrite reductase enzyme is responsible for catalysing the reaction of NO−
2 to NO

(Rinaldo & Cutruzzolá, 2007). There are two distinct classes of nitrite reductase that
yield NO as the main product, these have either copper (CuNIR) or heme (cd1NIR) as
the cofactors (Rinaldo & Cutruzzolá, 2007).

Nitric oxide reductase is the enzyme which catalyses the reaction of NO to N2O in the
denitrification process. Two types of bacterial nitric oxide reductases have been charac-
terised, one being a cytochrome bc-complex (cNOR) that receives electrons from redox
proton donors, and the other lacking the cytochrome c component and uses quinol as the
electron donor in the reaction (Hendriks et al, 2000).

The final reaction in the denitrification process, the reaction of N2O to N2, is catalysed
by nitrous oxide reductase. The enzyme has two copper centres, a CuZ centre which is
a unique tetranuclear copper centre possessing either one or two sulfide bridges, and a
binuclear CuA centre (Pauleta, Dell’Acqua & Moura, 2013).

Another method of anaerobic respiration of bacteria is the reduction of sulphate (Ayang-
benro, Olanrewaju & Babalola, 2018). Sulphate is used as an electron acceptor and is
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converted to hydrogen sulphide. This method is currently being harnessed in the field of
bioremediation of wastewater, to remove toxic metals (Ayangbenro et al, 2018). Many
toxic metals form insoluble sulphides and can therefore be removed from the water. This
process is favourable due to its low costs.

In research conducted by Pfennig & Biebl (1976), a bacterium that is able to obtain
energy from anaerobic sulfur respiration is described. The bacterium, Desulfuromonas
acetoxidans, is one of many species which have their oxidation to CO2 linked to the
reduction of elemental sulfur to sulfide (Pfennig & Biebl, 1976).

2.5.2 Paraclostridium bifermentans

Paraclostridium is a genus of gram-positive and rod shaped bacteria (Rai et al, 2020).
These cells are motile and have either peritrichous flagella or pseudo filaments. The
species of this genus reproduce by binary fission and produce endospores (Rai et al,
2020). Paraclostridium are catalase- and oxidase-negative and are obligate anaerobes,
meaning that the cells cannot utilise aerobic respiration in the energy generation process
(Rai et al, 2020).

Paraclostridium function well in mesophilic conditions, which is to say that these organ-
isms thrive in moderate temperatures instead of extreme conditions (Rai et al, 2020).
The metabolic activities of the organisms such as indole and H2S production, starch and
gelatin hydrolysis and nitrate reduction vary within the species (Rai et al, 2020).

According to Rai et al (2020), Paraclostridium bifermentans cannot utilise D-mannitol,
starch, cellobiose, D-mannose, D-sorbital, benzoate or fumarate for growth. The species
rather breaks down levulose to provide for its energy needs. This species is able to produce
indolic compounds from L-tryptophan and does not reduce NO3. The optimum growth
conditions of P. bifermentans are shown in Table 6.

Table 6: The optimum conditions for growth of P. bifermentans.

Characteristic Value

Optimum temperature (◦C) 30 – 37
Optimum pH 6 – 7
NaCl required (% w/v) 0 – 1

In a review done by Rai et al (2020), it is stated that the strain of P. bifermentans used
(JCM 1386T ) does not produce H2S. This is countered in the work done by Kutsuna et al
(2018) where two versions of the same strain (PAGU 2008T and PAGU 2078T ) were noted
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to produce H2S, but where strain PAGU 1678T was negative for the production of H2S.
The authors concluded that P. bifermentans should be described to be H2S producing
but that strain PAGU 1678T can be identified with its characteristic of not producing
H2S.

2.5.3 Klebsiella pneumoniae

Klebsiella pneumoniae is a gram-negative, encapsulated and non-motile bacterium that
was first described by Carl Friedlander in 1882 after isolating the bacterium from the
lungs of pneumonia patients (Ashurst & Dawson, 2021). K. pneumoniae is not indole
or hydrogen sulfide producing but does make use of D-mannitol, sucrose, lactose and
D-sorbitol fermentation (Tankeshwar, 2019). The bacteria is facultative anaerobic, which
means that it can function in both aerobic and anaerobic conditions (Tankeshwar, 2019).

The optimum growth temperature and pH of K. pneumoniae was determined by Tsuji
et al (1982) and is shown in Table 7. The optimum NaCl conditions for K. pneumoniae
is shown in Table 7, as described by Linke, Sánchez-Cordero & Hoffman (1980).

Table 7: The optimum conditions for growth of K. pneumoniae.

Characteristic Value

Optimum temperature (◦C) 35
Optimum pH 6 – 7.5
NaCl required (% w/v) 2

In a study done by Oaikhena et al (2016), five heavy metal tolerant bacteria were iso-
lated from a petroleum refinery effluent, including K. pneumoniae. Each isolate was
inoculated into different concentrations of cadmium, chromium, nickel and zinc to deter-
mine what the maximum tolerance of the bacteria for each heavy metal is. These results
for K. pneumoniae are shown in Table 8.
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Table 8: The results for the tolerance of K. pneumoniae for various heavy metals, as
reported by Oaikhena et al (2016)

Heavy metal Maximum Tolerance Concentration
(MTC) (mg L−1)

Cadmium 0.7
Chromium 4
Nickel 2
Zinc 5

2.5.4 Growth conditions

Growth media

The growth media used in previous research by this team was the Miller Luria Bertani
Broth (LB Broth). LB broth is a rich growth medium that is commonly used to culture
Enterobacteriaceae but has shown to be effective for the bacteria used in previous research
by this team. The recipe for LB broth as described by MacWilliams & Liao (2006) can
be seen in Table 9.

The presence of NaCl in the broth causes the precipitation of PbCl2. Therefore, in work
done by Peens et al (2018), a simulated LB broth was used for conditions of high Pb(II)
concentration. The recipe for the simulated LB Broth is shown in Table 9.

Table 9: The recipes for LB broth and simulated LB broth.

LB Broth Simulated LB Broth

Yeast extract (g L−1) 5 10
Tryptone (g L−1) 10 20
NaCl (g L−1) 10 1

Yeast extract is the product of yeast cells and has been used as a nutritional source for
bacterial growth (Zarei, Dastmalchi & Hamzeh-Mivehroud, 2016). Yeast extract provides
vitamins and trace elements to the bacteria (Interchim, 2015).

Tryptone is another nutritional source for bacterial growth that acts as a nitrogen and
carbon source (Interchim, 2015). In work done by Christensen et al (2017), tryptone
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was determined to increase glucose consumption, cell growth rate and growth yield in
Escherichia coli.

The presence of NaCl is important as it provides sodium ions for transport and osmotic
balance (Interchim, 2015).

In previous work done by this research team, the effect of NaCl, yeast extract and tryptone
on the growth of the investigated consortium was determined (Brink & Mahlangu, 2018).
The results indicated that the yeast extract is essential for growth while having a yeast
extract only medium performed poorly. This indicates a possible requirement of NaCl
for growth (Brink & Mahlangu, 2018).

Effect of temperature and pH on growth

Temperature plays an important role in microbial growth. If the temperature is too low
the membranes of the bacteria lose their fluidity, proteins become too rigid to catalyse
reactions and may also undergo denaturation and, chemical reactions and diffusion pro-
cesses slow down considerably (Parker et al, 2016). High temperatures denature proteins
and nucleic acids and cause an increase in fluidity of the cell which impairs metabolic
processes occurring in the cell membrane (Parker et al, 2016).

Bacterial organisms can be classified according to the optimum temperature at which they
survive. Mesophiles are adapted to have optimal growth at 20 – 45 ◦C, psychrotrophs
thrive in ranges of 4 – 25 ◦C, psychrophiles are best suited to ranges of 0 – 15 ◦C and
thermophiles are adapted to ranges of 50 – 80 ◦C (Parker et al, 2016).

The protein motive force that is responsible for the production of ATP in both anaer-
obic and aerobic cellular respiration is driven by the concentration gradient of H+ ions
across the plasma membrane (Parker et al, 2016). For this reason the pH of conditions
surrounding the bacterial cell is important.

Changes in the pH can also cause the modification and ionisation of amino acid functional
groups, which leads to a disruption in the hydrogen bonding. This will then cause changes
in the folding of the protein molecule and will lead to denaturation of the proteins in the
bacterial cell (Parker et al, 2016).

Due to these reasons, it is important that the growth conditions are kept at the optimal
temperature and pH for the desired bacteria to grow in the experiment.
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2.6 Experimental methods

2.6.1 Preculture preparation

The preparation of precultures is described by Brink, Hörstmann & Feucht (2019) in
research done by this research team on the determination of the minimum inhibitory
concentration of a consortium obtained from a borehole at an automotive-battery recy-
cling plant.

The initial culture was prepared by adding 1 g of the contaminated soil from the borehole
of the recycling plant to sterile LB broth in a 100 mL serum bottle containing 80 mg L−1

Pb(II) and incubated for 24 h at 35 ◦C in a shaker at 120 rpm under anaerobic conditions.
The sample was stored with 20 v/v% glycerol at -77 ◦C.

The preculture was prepared using the stored inoculum by adding one loop of the inocu-
lum to a 100 mL serum bottle containing LB broth and lead at 80 mg L−1. The serum
bottle was purged with N2 gas for 3 min and sealed. The serum bottle was placed in an
incubator at 120 rpm and 35 ◦C for a sufficient duration of time until bacterial growth
was observed.

2.6.2 Anaerobic batch reactors

Previous research focusing on microbial Pb(II) precipitation by Hörstmann & Brink
(2019a) of this research team describes the experimental procedure for the preparation
of anaerobic batch reactors using LB broth and a bacterial consortium obtained from a
lead-mine. The lead stock solution and the LB broth solutions were prepared separately
and autoclaved. Once the solutions had cooled down, the lead stock solution was added
to the growth media in serum bottles to reach the desired concentration of lead.

It is important that the lead is added to the broth solution at a slightly higher temper-
ature. The precipitation of PbCl2 occurs at lower temperatures, since the solubility of
PbCl2 increases with an increase in temperature. This is shown by Hwang & Oweimreen
(2003), where the Ksp value of PbCl2 is seen to decrease with a decrease in temperature.
However, it is important that the solutions are not too hot to ensure that the denaturation
of the proteins in the bacteria does not take place (Parker et al, 2016).

The serum bottles containing the LB broth and lead solutions were inoculated using a
loop from the prepared culture. The bottles were then purged with N2 gas for 3 min
and then sealed with a rubber stopper and metal cap, this is done to ensure anaerobic
conditions. The serum bottles were placed in a shaker at 120 rpm and 32 ◦C for 9 d.
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2.6.3 Aerobic batch reactors

The method described in Chapter 2.6.2 is similar to the method for the aerobic batch
reactors. This method is also obtained from work done by Hörstmann & Brink (2019a).

The aerobic batch reactors were prepared using Erlenmeyer flasks, in which the LB broth
and lead solutions were added. The lead solution and the broth is autoclaved separately
before being added together in a biological safety cabinet in the presence of an open
flame.

The flasks were inoculated using a loop of the preculture and were then sealed with sterile
cotton wool. The cotton wool ensures the movement of air through the flasks. The batch
reactors were then placed on a shaker at 120 rpm for 32 ◦C for 9 d.

2.6.4 Anaerobic and aerobic spread and streak plates

Previous research done by Brink, Hörstmann & Feucht (2019) of this research group fo-
cused on determining the minimum inhibitory concentration of microbial Pb(II) precip-
itation using a lead resistant consortium obtained from an automotive-battery recycling
plant in Gauteng, South Africa.

The agar plates prepared from this work made use of a base agar consisting either of LB
broth agar or simulated LB broth agar, as seen in Table 10. The required amount of lead
is added to the agar after the solutions have been autoclaved separately.

Table 10: The amounts of the components for LB broth agar and simulated LB broth
agar

LB Broth Simulated LB Broth

Yeast extract (g L−1) 5 10
Tryptone (g L−1) 10 20
NaCl (g L−1) 10 1
Agar (g L−1) 15 15

Either spread or streak plates can be prepared, with the methods described by Sanders
(2012). The streak plate is done using a sterilised loop. The loop is placed in the sample
and then moved across the agar plate that has been left to cool and set. The loop is
moved over the surface of the agar medium in a back and forth motion from the rim of
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the plate to the centre. The agar plate is then rotated 90 ◦ and the loop is touched to
the first quadrant near the end of the last streak. The same back and forth movement
is used from the first quadrant to the second quadrant. This procedure is repeated four
times.

The spread plates are prepared using a glass rod bent in a hockey stick shape. The sample
is diluted in a serial dilution in ultra-pure water to the desired dilution. An example of
a serial dilution is shown in Figure 3, as adapted from Ogbu et al (2017).

A sample volume of between 0.1 and 0.2 mL is dispensed onto the centre of the agar.
The sample is then spread across the plate using a sterile hockey-stick shaped glass rod.

1 mL of 
preculture

1 mL 1 mL 1 mL 1 mL

10-1 10-2 10-3 10-4 10-5

9
 m

L sterile w
ater

9
 m

L sterile w
ater

9
 m

L sterile w
ater

9
 m

L sterile w
ater

9
 m
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ater

9
 m

L sterile w
ater

1 mL

10-6

Figure 3: Serial dilution as adapted from Ogbu et al (2017).

Once the plates have been prepared they are sealed with parafilm and placed in a glass jar
as described by Brink, Hörstmann & Feucht (2019). If aerobic growth is required this jar
is placed in the incubator without further alteration, if anaerobic growth is required then
the jar is tightly sealed with an AneroGenTM anaerobic environment generation sachet
placed in the jar. The plates are incubated for a week at 35 ◦C.

2.6.5 Microbial isolation

Future research by this research group will be aimed to determine the performance of the
individual bacterial species on lead precipitation. The consortium used in the past indi-
cated high percentages of Klebsiella pneumoniae, Clostridium tertium and Paraclostrid-
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ium bifermentans (Hörstmann, Brink & Chirwa, 2020). It is of interest to isolate these
bacterial strains and determine the abilities of the individual strains on microbial precip-
itation of lead.

Isolation of K. pneumoniae can be achieved with the use of eosin methylene blue agar
(EMB) (Lal & Cheeptham, 2007). This is a selective and differential medium containing
peptone, lactose, sucrose and the dyes eosin Y and methylene blue (Lal & Cheeptham,
2007). EMB agar is selective for gram-negative bacteria since methylene blue inhibits the
growth of gram-positive bacteria (Lal & Cheeptham, 2007). Eosin responds to a change
in pH by undergoing a colour change from colourless to black under acidic conditions.
Lactose-fermenting gram-negative bacteria will acidify the medium and will produce a
dark purple complex with a metallic sheen under acidic conditions (Lal & Cheeptham,
2007).

Since K. pneumoniae is gram-negative and lactose fermenting, it is expected to grow
on the EMB agar and produce a metallic shine, while both Clostridium tertium and
Paraclostridium bifermentans should be inhibited on EMB because they are gram-positive
(Tankeshwar, 2019; Rai et al, 2020; Miller et al, 2001).

2.6.6 Determination of extracellular and intracellular Pb(II)

In the previously mentioned work done by K Zhang et al (2021), which focused on the
biomineralization of lead in wastewater, the extracellular and intracellular concentrations
of Pb(II) were investigated.

The extracellular Pb(II) was extracted using 20 mmol L−1 EDTA solution with a con-
tact time of 30 s. The intracellular Pb(II) was extracted by digesting the cells with
1.0 mol L−1 HNO3 solution at 100 ◦C for 30 min.

2.7 Analytical techniques

2.7.1 Atomic Absorption Spectrometry

According to Skoog, Holler & Crouch (2018), atomic absorption spectrometry (AAS)
has been the most widely used method of detecting and quantifying single elements in
a sample for half a century. AAS works by measuring the absorbed radiation by the
element of interest in the sample (García & Báez, 2012).
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When samples are exposed to radiation, the atoms absorb ultraviolet or visible light and
make transitions to higher energy levels (García & Báez, 2012). The amount of energy
in the form of photons of light that are absorbed by the sample are measured (García &
Báez, 2012).

A detector is used to measure the wavelengths of light that are transmitted by the sample
and these are compared to the wavelengths which had originally passed through the
sample (García & Báez, 2012). A signal processor is used to integrate the changes in
wavelength absorbed, which then appear in the readout as peaks of energy absorption at
discrete wavelengths (García & Báez, 2012).

When the electrons are excited and move to a higher energy level, a photon is emitted
(García & Báez, 2012). The atoms of each element emit a characteristic spectral line,
where every atom has its own pattern of wavelengths at which energy is absorbed (García
& Báez, 2012). This is due to the unique configuration of electrons in the outer shell of
the atom and enables qualitative analysis (García & Báez, 2012).

The flame atomic absorption methods can also be referred to as direct aspiration deter-
minations (García & Báez, 2012).

2.7.2 Metabolic activity

In previous research done by this research group, the metabolic activity of the samples
was measured. This method as described by Hörstmann, Brink & Chirwa (2020) is as
follows.

The metabolic activity was measured with the use of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), which is a water-based yellow dye. MTT is reduced
to water-insoluble purple formazan crystals by the dehydrogenase enzymes in viable cells
(Hörstmann, Brink & Chirwa, 2020).

The reduction mechanism primarily takes place in the cell cytoplasm; the reductase
activity of the endoplasmic reticulum is highly dependent on the concentration of the
intracellular NADH and NADPH (Kupcsik, 2011). According to Kupcsik (2011), the
abundance of NADH and NADPH is related to the availability of extracellular glucose.
If the cell culture medium is exhausted, lower MTT absorbance readings may be noted
due to the low glucose concentration (Kupcsik, 2011).

Due to the described metabolic processes, the formation of dark purple needle-like crystals
occurs from the cells after a few hours (Kupcsik, 2011). The formazan crystals formed
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can be solubilised by mixing the crystals with an organic solvent (Kupcsik, 2011). The
absorbance of the solubilised crystals is then measured around a peak broad wavelength
of between 570 and 590 nm (Kupcsik, 2011). The absorbance of the crystals is directly
proportional to the cell number (Kupcsik, 2011).

In work done by Hörstmann, Brink & Chirwa (2020), the formazan crystals were solu-
bilised with the use of dimethyl sulfoxide (DMSO). The metabolic activity was determined
directly after sampling, where two sets of analyses were completed: one not containing
biomass and one containing biomass. According to Hörstmann, Brink & Chirwa (2020),
this is to account for background interference and medium interaction with MTT and
DMSO.

To remove the biomass, the samples were filtered with 25 mm nylon syringe filters with
0.45 µm pores. The sample (with or without biomass) was diluted and MTT was added.
The samples were then incubated for 1 h at 35 ◦C. After incubation, the samples were
solubilised with DMSO and the absorbance at 550 nm was measured (Hörstmann, Brink
& Chirwa, 2020).

2.7.3 Nitrate removal

Previous work done by this research team focused on determining the microbial precip-
itaion of lead using a bacterial consortium (Hörstmann, Brink & Chirwa, 2020). In this
research, the nitrate content of the samples was measured to determine if denitrification
is taking place. Denitrification is a mechanism of anaerobic respiration where nitrate is
used as an electron acceptor (Hörstmann, Brink & Chirwa, 2020).

The method used by Hörstmann, Brink & Chirwa (2020) consisted of using previously
stored samples and a nitrate testing kit. The nitrate ions are reduced with a form
of benzoic acid in sulpheric acid and this forms a red nitro solution. This solution was
measured photometrically using the spectroquant Nova 600 (Hörstmann, Brink & Chirwa,
2020).

Results from this research indicated that a rapid decline in nitrates was observed between
6 h to 1 d, with all the reactors reaching a limit after the first day. In runs involving a
longer time frame, the limit was reached after 3 d where a nearly depleted nitrate reading
was observed (Hörstmann, Brink & Chirwa, 2020).
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3 Experimental methods

3.1 Materials

All batch reactors were prepared using simulated Luria-Bertani (LB) broth as shown
in Table 11. Metabolic activity was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) (Sigma Aldrich, St Louis, MO, USA) and dimethyl
sulfoxide (DMSO) (Sigma Aldrick, St. Louis, MO, USA). The lead nitrate solution
was prepared using 16 g L−1 Pb(NO3)2 (Glassworld, South Africa) in distilled water,
to produce a stock solution of 10 000 mg L−1 Pb(II). All agar plates were made using
simulated LB broth as shown in Table 11 with 15 g L−1 added agar (Sigma Life Science,
Spain).

Table 11: Simulated LB broth as used in all experiments.

Constituents of broth Amount (g L−1)

Yeast extract (Merck, Modderfontein, South Africa) 10
Tryptone (Sigma Aldrich, St Louis, MO, USA) 20
NaCl (Glassworld, South Africa) 1

3.2 Methods

3.2.1 Preparation of lead nitrate solution

The solution of Pb(NO3)2 was prepared using 1.6 g of lead nitrate (Glassworld, South
Africa) added to 100 mL distilled water. This produces a solution of 10 000 mg L−1 Pb(II).

3.2.2 Preculture preparation

Once the bacterial strains were isolated as described in Chapter 4, an anaerobic batch
reactor was prepared using LB broth. A loop inoculation occurred using the plate con-
taining the isolated strain. The reactor was incubated at 35 ◦C for 24 h and a sample
was stored in a sterile 2 mL vial containing 20 v/v % glycerol at -40 ◦C.
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3.2.3 Anaerobic batch reactors

The anaerobic batch reactors were prepared using simulated LB broth as described by
Hörstmann, Brink & Chirwa (2020). The amounts of the components of the broth are
shown in Table 11.

The broth was prepared in a volumetric flask with distilled water and 100 mL of this
solution was added to serum bottles in triplicate. A set amount of broth was removed
from each reactor corresponding to the desired Pb(II) concentration and the reactors were
autoclaved at 121 ◦C for 15 min along with the lead solution. The reactors were left to
cool down and lead nitrate solution was added to each reactor the amounts of Pb(NO3)2
added correspond to the desired concentration of Pb(II) and are shown in Table 12.

Table 12: Amount of Pb(NO3)2 to be added to the reactors to obtain the desired Pb(II)
solution.

Desired Pb(II) concentration
(mg L−1)

Amount of Pb(II) added
(mL)

80 0.8
250 2.5
500 5
900 9

The reactors were then inoculated with 0.2 mL stored preculture containing 20 v/v%
glycerol. After inoculation the reactors were purged with nitrogen gas for 3 min and
sealed to ensure anaerobic conditions. The reactors were then placed in an incubator at
120 rpm and 35 ◦C.

Sampling was done using sterile hypodermic needles and syringes. The sample was added
to a sterile 2 mL vial and stored at -40 ◦C.

3.2.4 Metabolic activity

Metabolic activity of the samples was determined immediately after sampling using the
method described by Brink, Hörstmann & Peens (2020). The method makes use of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma Aldrich, St Louis,
MO, USA), a yellow dye that is reduced to purple formazan crystals. This reduction
occurs with the use of the dehydrogenase enzymes which are found in bacterial cells. A
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colour change occurs as reduction takes place and this is indicative of the amount of
viable bacterial cells (Brink, Hörstmann & Peens, 2020). The formazan crystals are then
extracted with the use of dimethyl sulfoxide (DMSO) (Sigma Aldrich, St, Louis, MO,
USA) which is an organic solvent.

The MTT solution was prepared by adding 5 g L−1 of MTT to distilled water in a
volumetric flask. The solution was filtered into a sterile 2 mL vial using a 25 mm nylon
syringe filter with 0.45 µm pores. These vials were stored in a dark container at -40 ◦C.

The samples were centrifuged at 7711 × g for 10 min and 0.5 mL of each sample was
filtered with a 25 mm nylon syringe filter with 0.45 µm pores. The filtered sample is a
representative of a sample without biomass. An amount of 0.5 mL was not filtered and
these two results are subtracted to represent the sample without noise. The two 0.5 mL
samples were added to 1.5 mL sterile distilled water in separate 15 mL tubes. The
solution was mixed and 0.9 mL of the diluted solution was added to a sterile 2 mL vial.
Thereafter, 0.1 mL of MTT solution was added to each vial and the vials were incubated
at 35 ◦C for 1 h. The samples were then diluted with 1 mL DMSO and the absorbance
of the samples were measured at 550 nm on a UV/Vis spectrometer (WPA-Lightwave II,
Labotech, South Africa).

3.2.5 Nitrate removal

The extent of nitrate removal was determined using a nitrate test (Spectroquant Ni-
trate Test, Supelco, Germany). The nitrate ions react with a benzoic acid derivative
in concentrate sulfuric acid and this forms a red nitro compound that is determined
photometrically.

The two reagents in the test were mixed with 1.5 mL of prepared sample and the reaction
occurred for 10 min. The amount of nitrates in the sample was then determined using
the photometer (Spectroquant NOVA 60, Merck).

The samples were prepared by centrifugation at 7711 × g for 10 min, followed by dilution
with distilled water.

3.2.6 OD600 measurements

The optical density was determined spectrophotometrically using a UV/Vis spectrometer
at 600 nm. The reading was done by placing 2 mL of the unaltered sample in a curvette.
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If the reading is larger than 2.5, which is beyond the limitations of the instrumentation,
the sample was diluted using distilled water.

3.2.7 Residual Pb(II) concentration measurements

The original samples obtained from the bioreactors were prepared by centrifugation at
7711 × g for 10 min. The supernatant was then decanted into sterile 2 mL vials. The
samples were diluted in distilled water to a range between 0 – 10 mg L−1 Pb(II) con-
centration as this is the range of the analytical instrumentation. Measurements of the
supernatant were done using an atomic absorption spectrometer with a Pb lumina hollow
cathode lamp (PerkinElmer AAnalyst 400, Waltham, Massachusetts). The measurements
are done using the calibration curve method of a direct aspiration determination. This
method includes the preparation of three different concentrations of lead and the ab-
sorbance of the standard solutions is then measured, a calibration curve is prepared from
these values and the sample concentrations are determined based on this calibration curve
(García & Báez, 2012).

3.2.8 Determination of extracellular and intracellular Pb(II)

The extracellular and intracellular concentration of Pb(II) was determined using a previ-
ously described method by (K Zhang et al, 2021). The original samples were centrifuged
at 7711 × g for 10 min and the supernatant Pb(II) concentration was determined as
described in Chapter 3.2.7. The pellet was then dissolved in 1 mL 20 mmol L−1 ethylene-
dinitrilotetraacetic acid disodium salt dihydrate (EDTA) solution (Supelco, Germany),
with a contact time of 30 s.

The dissolved pellet was then centrifuged at 7711 × g for 10 min and the supernatant
concentration, which is the extracellular Pb(II) concentration, was determined using the
atomic absorption spectrometer. The pellet was dissolved with 55 % HNO3 solution and
the intracellular Pb(II) concentration was determined. A description of the process along
with the expected concentrations and expected species obtained at each step is shown in
Figure 4.
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Figure 4: The description of the determination of the extracellular and intracellular Pb(II)
as well as the expected species at each step.

3.2.9 Precipitate identity

The precipitate samples were characterised by X-ray photonelectron spectroscopy (XPS)
(Thermo ESCAlab 250, Xi, Waltha, MA) (Brink, Hörstmann & Peens, 2020). Sample
preparation involved the centrifugation of the original samples obtained from the biore-
actors at 7711 × g for 10 min. The samples were then dried anaerobically to ensure that
minimum oxidation of the precipitate occurs. The drying process involved placing the
samples in a sealed jar containing silica crystals and an AnaeroGenTM anaerobic environ-
ment generation sachet (Thermo scientific, UK) for 24 h. The XPS data was deconvoluted
using OriginPro 2022 (OriginLab Corporation, Northampton, Massachussetts, USA) and
analysed using the NIST CPS database (National Institute of Standards and Technology,
2002).

3.2.10 Preparation of anaerobic streak and spread plates

The agar used in the preparation of the anaerobic plates was prepared using the amount
of LB broth shown in Table 11 with added 15 mg L−1 agar. This solution is prepared
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using distilled water and autoclaved at 121 ◦C for 15 min.

The agar was distributed into plastic agar plates and set to cool. Once the agar had
cooled the plates were prepared using either the streak method or the spread method.

For the spread method, the sample was diluted to a factor of either 10−4, 10−5 or 10−6

- depending on the stage of growth at the time of measurement. The dilution was done
using sterile distilled water in sterile tubes. Thereafter, 0.1 mL of the diluted sample was
placed onto an agar plate and a sterile hockey-stick shaped glass rod was used to spread
the sample across the plate.

In the streak plate method, a sterile loop was dipped into the sample and the loop was
streaked across the plate, as shown in Figure 5.

Figure 5: The method used for the preparation of the the streak plates.

For both methods, the plates were sealed with parafilm and placed inside an autoclaved
3 L jar with an AnaeroGenTM anaerobic environment generation sachet (Thermo scien-
tific, UK) and an anaerobic indicator (Thermo scientific, UK). The jars were sealed and
placed in an incubator at 35 ◦C for the required time specific to the experiment.
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4 Bioprecipitation of lead using P. bifermentans and

K. pneumoniae: long duration study

A long duration study was done as a proof of concept to determine if the pure cultures
isolated from the microbial consortium are able to precipitate Pb(II) from solution, and
to determine if there is a difference in the abilities of the two strains.

The work presented in this chapter has been accepted for publication in International
Journal of Molecular Sciences under the title "Microbial Precipitation of Pb(II) with
Wild Strains of Paraclostridium bifermentans and Klebsiella pneumoniae Isolated From
an Industrially Obtained Microbial Consortium".

Part of the work presented in this chapter on the bioprecipitation of K. pneumoniae
has been published in Chemical Engineering Transactions under the title "Microbial
Pb(II) Removal by Precipitation and Adsorption Mechanisms with Klebsiella Pneumoniae
Isolated from an Industrially Obtained Consortium" (Neveling et al, 2022).

4.1 Experimental methods

The strains were isolated with a series of spread and streak plates. The isolation of
P. bifermentans was done using Luria-Bertani (LB) broth agar, with sequential rounds
of streak and spread plates. The first round of plates consisted of spread plates made
with an dilution factor of 10−5 using the method described in Chapter 3.2.10 and the
stored microbial consortium. Two rounds of streak plates were then performed using
visually desirable colonies from the previous plates. The final streak plate was analysed
using 16S rDNA sequencing by Inqaba Biotech (South Africa).

For the isolation of K. pneumoniae, the strain was streaked across an agar plate consisting
of eosin methylene blue agar (EMB) (Oxoid, Hants, UK). This is agar is selective for gram-
negative microbes. A colony from the EMB plate was then streaked onto LB agar plates
containing 80 mg L−1 Pb(II). From these plates batch reactors were prepared using the
method described in Chapter 3.2.3, with the exception that these reactors were grown
aerobically to inhibit the growth of the obligate anaerobe P. bifermentans. The batch
reactors were then used to streak LB agar plates containing 80 mg L−1 Pb(II) and these
final plates were analysed using 16S rDNA sequencing by Inqaba Biotech (South Africa).

The isolated strains were grown in triplicate anaerobic batch reactors prepared using the
method described in Chapter 3.2.3. Metabolic activity measurements were done using
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the method in Chapter 3.2.4. Nitrate measurements were done using the method in
Chapter 3.2.5, and the residual Pb(II) concentration was determined using the method
described in Chapter 3.2.7. The same experiment was conducted using the microbial
consortium, this was done to compare the performance of the individual strains with the
consortium from which they were isolated.

4.2 Results and discussions

4.2.1 Isolation of the strains

The isolated strain was identified as Paraclostridium bifermentans with the use of
16S rDNA sequencing and the phylogenetic tree indicating the identity of the strain
P. bifermentans (BPB21A) is shown in Figure 6. The initial spread plate of the consor-
tium and the final streak plate of P. bifermentans is shown in Figure 7.

Figure 6: The phylogenetic tree indicating the identity of the P. bifermentans strain
isolated from the microbial consortium (BPB21A).
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(a) (b)

Figure 7: (a) The initial spread plate of the consortium and (b) the final streak plate
containing the isolated strain P. bifermentans.

It was possible to isolate K. pneumoniae from the consortium, and the phylogenetic tree
indicating the identity of the strain K. pneumoniae (BKP21E) is shown in Figure 8. The
initial EMB plate and the final LB broth agar plate used in the isolation of the strain is
shown in Figure 9.

Figure 8: The phylogenetic tree indicating the identity of the K. pneumoniae strain
isolated from the microbial consortium (BKP21E).
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(a) (b)

Figure 9: The plates used in the isolation experiment for K. pneumoniae with (a) the
initial EMB agar plate and (b) the final LB broth agar plate used for identification of
the strain.

4.2.2 Visual changes

Visual changes were observed in the reactors due to the precipitation of Pb(II), thereby
serving as a preliminary indication that the experiment was successful. The visual changes
observed in the long duration study for P. bifermentans and K. pneumoniae are shown in
Figure 10. From these results it is clear that precipitation occurs in under 18 h for both
bacterial strains. A slight variance in the intensity of the colour of precipitate is observed
between the strains. This could be due to a difference in precipitate identity which is
further discussed in Chapter 5. The colour difference could also be an indication of the
location of the Pb(II) precipitate, that is, if it is found extracellularly or intracellularly.
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(a) (b)

(c) (d)

Figure 10: The bioreactors of (a) P. bifermentans and (b) K. pneumoniae at 0 h and the
rapid visual changes observed for (c) P. bifermentans and (d) K. pneumoniae after 17 h.

4.2.3 Microbial growth measurements

The metabolic activity of both strains and the consortium is shown in Figure 11. This
data shows a different pattern in metabolic activity for the two isolated cultures when
compared to the bacterial consortium. This could be an indication that the cultures
utilise different precipitation mechanisms when they are isolated compared to when they
are contained in the consortium. The metabolic activities of the individual strains do not
differ greatly.

A peak value in the metabolic activity is observed for both strains at approximately
65 h, with a steady decline observed thereafter. This decline is a possible indication of
substrate depletion within the batch reactors. The decline for the microbial consortium
is observed much sooner than the individual strains at approximately 50 h. This could be
an indication that the consortium reaches substrate depletion sooner, possibly due to the
competing species present in the system. This depletion coincides with results published
on the microbial consortium from which the strains were isolated where a plateau in
microbial activity is reached after 2 d (Hörstmann, Brink & Chirwa, 2020).
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Figure 11: The metabolic activity of P. bifermentans, K. pneumoniae and the microbial
consortium as observed over approximaterRly 100 h of the long duration precipitation
study.

4.2.4 Residual Pb(II) concentration

The lead removal profiles of K. pneumoniae, P. bifermentans and the microbial con-
sortium are shown in Figure 12. The amount of Pb(II) removed by K. pneumoniae is
slightly higher than the consortium possibly indicating that K. pneumoniae is inhibited
by other microbes when part of the consortium. It is noted that P. bifermentans is the
least efficient at Pb(II) removal, but still has a significant removal with an approximate
final Pb(II) concentration value of 13 mg L−1.

The microbial consortium reached a final Pb(II) concentration value of approximately
4.5 mg L−1. There is a significant decrease in Pb(II) concentration in samples containing
P. bifermentans in the initial sample which is an indication of a rapid biosorption or
other detoxification mechanism employed by P. bifermentans. Overall, the rate of Pb(II)
removal for K. pneumoniae is faster than for P. bifermentans and the consortium. The
plateau of the removal curve is reached at the same point at the first peak in metabolic
activity for the individual strains and as the peak in metabolic activity for the consortium.

These results correlate with previous research on the continuous bioremoval of Pb(II)
using the same microbial consortium from which the individual strains in this study were
isolated, where a decrease in Pb(II) concentration is related to an increase in metabolic
activity (Chimhundi et al, 2021).
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Figure 12: The lead removal profiles of P. bifermentans, K. pneumoniae and the microbial
consortium over approximately 100 h of the long duration precipitation study.

In order to determine if altering the bacterial species does in fact have an effect on the
microbial precipitation of lead, a statistical inference analysis was performed based on the
methods outlined by D’Agostino Sr, Sullivan & Beiser (2006)[239] for two independent
populations with unknown variances.

Initially, a F distribution was calculated to be used to determine if the variances of the
two populations are equal. A confidence internal of 95 % was used for the F test and
from this is was concluded that the variances are equal. Thereafter a t test statistic was
calculated for each data point. The t test statistic was calculated using

t =
X1 −X2

Sp

√
1
n1

+ 1
n2

(1)

where X1 and X2 are the average of the three runs of the two populations, n1 and n2 are
the sample sizes which are equal to three for all analysis and Sp is the pooled estimate of
the common standard deviation given by

Sp =

√
(n1 − 1)s21 + (n2 − 1)s22

n1 + n2 − 2
(2)

where s1 and s2 are the sample standard deviations of the two populations. The popula-
tions were compared using the following combinations: K. pneumoniae and P. bifermen-
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tans, K. pneumoniae and the consortium and, the consortium and P. bifermentans.

The null and alternative hypothesis used were

H0 : µ1 = µ2 (3)

and
H1 : µ1 ̸= µ2 (4)

which indicates that if there is a statistically significant difference between the two av-
erages of the populations, the change in bacterial species does have an effect on the
microbial precipitation of lead. The degrees of freedom are given by

df = n1 + n2 − 2 (5)

and since n1 and n2 are both always equal to three because three replicates of each
experiment were done, the degrees of freedom was always equal to four.

A confidence interval of 95 % was used and the critical value of the t distribution at this
confidence level and at four degrees of freedom was equal to 2.776. The null hypothesis
can therefore be rejected if:

t > 2.776 or t < −2.776

The value of the t statistic and the resulting conclusions from the statistical inference
analysis are shown in Table 13. From this analysis it is shown that there is a significant
difference in the means between the populations for K. pneumoniae and P. bifermen-
tans, which indicates that two different bacterial strains are present and are employing
different mechanisms of lead bioprecipitation. It is also an indication that K. pneumo-
niae did have a higher rate of precipitation than P. bifermentans. There is no significant
difference between K. pneumoniae and the consortium, as well as between P. bifermen-
tans and the consortium. This could be due to the presence of both K. pneumoniae and
P. bifermentans in the microbial consortium.
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Table 13: The results of the statistical inference analysis to determine if there is a difference in the means of the populations indicating
whether the bacterial species has a significant effect on the microbial precipitation of lead.

Time interval P. bifermentans and K. pneumoniae K. pneumoniae and consortium P. bifermentans and consortium

Calculated t

1 3.772 2.559 -2.511
2 5.442 4.340 -2.168
3 5.127 2.095 -2.513
4 18.25 5.547 -7.243

Conclusion

1 Reject H0 Do not reject H0 Do not reject H0

2 Reject H0 Reject H0 Do not reject H0

3 Reject H0 Do not reject H0 Do not reject H0

4 Reject H0 Reject H0 Reject H0
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The final percentage removal of Pb(II) is shown in Table 14 to compare the effectiveness
of each strain. It is clear from this data that K. pneumoniae was slightly more efficient at
Pb(II) removal when compared to P. bifermentans and the consortium as the concentra-
tion of Pb(II) reached levels undetectable by the analytical instrumentation after 93 h.
A percentage removal of 94.4 ± 1.88 % is recorded for the consortium after 100 h and a
percentage removal of 83.8 ± 1.70 % is recorded for P. bifermentans after 95 h.

Table 14: The average percentage of Pb(II) removed from the reactors of each run at the
final sampling time for the long duration study.

Strain Time elapsed (h) Pb(II) removed (%)

P. bifermentans 95 83.8 ± 1.70
K. pneumoniae 93 1001

Microbial consortium 100 94.4 ± 1.88

1 Taken to be 100 % since values were too low to be detected by the analytical
instrumentation.

4.2.5 Nitrate concentration

The nitrate concentration was determined to establish whether the precipitation and
metabolic activity is dependent on the concentration of nitrates available in the system.
The nitrate concentration for the experimental runs over 100 h is shown in Figure 13.

The nitrate concentration decreases over time which correlates to an increase in metabolic
activity as observed in Figure 11. The nitrate concentration remains stable thereafter
for the individual strains even though a second exponential growth is observed for the
individual strains. This is an indication that the metabolic activity of the strains is not
dependent on the nitrate concentration. The nitrates are not depleted for the individual
strains and is it therefore likely that nitrates are not a limiting substrate for growth in
the individual strains.

The initial drop in nitrates of the individual strains is comparable to data previously
published based on the microbial consortium from which the strains used in this study
were isolated, where a drop of approximately 100 mg L−1 occurs after 1.5 d (Hörstmann,
Brink & Chirwa, 2020). This drop is equivalent to the magnitude of the drop observed
in Figure 13.

The trend observed for the consortium differs from that stated for the individual strains
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in that an initial decrease is observed with a plateau reached in concentration after 20 h.
This correlates with an increase in growth as observed between 0 and 40 h. After this
time, a drop in growth is observed which does not correlate to the nitrate concentration.
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Figure 13: The nitrate concentration of K. pneumoniae, P. bifermentans and the micro-
bial consortium as observed over approximately 100 h of the long duration precipitation
study.

4.3 Conclusions

It was possible to isolate the two strains of interest, K. pneumoniae and P. bifermen-
tans from the microbial consortium and both strains were identified using 16S rDNA
sequencing.

The visual changes in the experiment indicated the presence of lead precipitate in the
solution in under 18 h for both strains. There was a slight colour difference between the
two strains which could indicate that the identity of the lead precipitate varies between
the strains. This point will be investigated further in Chapter 5.

The residual Pb(II) concentrations indicated that both strains are able to precipitate
Pb(II) over the 100 h period investigated, with the majority of precipitation occurring in
under 18 h. Using statistical analysis it was concluded that there is a significant difference
in the values of residual Pb(II) concentration between the two strains, indicating that
the strains possibly utilise different precipitation mechanisms.

The metabolic activity of the strains and the consortium indicate that the strains undergo
a different metabolic mechanism when not part of the consortium. The metabolic activity
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of the two strains did not differ greatly. The nitrate concentration of the samples over
time indicated that nitrates are almost depleted for the microbial consortium over the
100 h period with a definite decrease observed towards the end of the period. This is not
true for the individual strains and could indicate that the metabolic growth of the strains
is not dependent on the nitrate concentration.

The long duration study provided a proof of concept regarding the microbial precipitation
of Pb(II) from solution using bacterial strains isolated from an industrially obtained
microbial consortium. It is concluded that in the long term study, K. pneumoniae was
slightly more efficient than P. bifermentans at the bioprecipitation of Pb(II). A short
term study is required to further analyse the precipitation mechanism.
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5 Bioprecipitation of lead using P. bifermentans and

K. pneumoniae: short duration study

The lead removal efficiency of the two isolated strains, P. bifermentans and K. pneu-
moniae, was investigated over a shorter period with an increased amount of sampling
intervals. This was done to gain a greater understanding of the precipitation mechanism
since it was observed that a large percentage of precipitation occurs in under 18 h for
both strains. The study was done over 30 h with nine sampling intervals.

The work presented in this chapter has been accepted for publication in International
Journal of Molecular Sciences under the title "Microbial Precipitation of Pb(II) with
Wild Strains of Paraclostridium bifermentans and Klebsiella pneumoniae Isolated From
an Industrially Obtained Microbial Consortium".

5.1 Experimental

The experiments were conducted in anaerobic batch reactors prepared as described in
Chapter 3.2.3 in triplicate with four varying initial Pb(II) concentrations, 80 mg L−1,
250 mg L−1, 500 mg L−1 and 900 mg L−1.

The metabolic activity of the samples was determined immediately after each sampling
interval using the method described in Chapter 3.2.4. The nitrate and residual Pb(II)
concentrations were determined using the methods described in Chapter 3.2.5 and Chap-
ter 3.2.7 respectively.

The extracellular and intracellular Pb(II) concentrations were determined using the
method described in Chapter 3.2.8. The precipitate identity was determined using XPS,
with the samples prepared using the method in Chapter 3.2.9.

5.2 Results and discussions

5.2.1 Visual changes

A visual change was observed throughout the experiments as the precipitation of Pb(II)
occurs. The visual changes observed for the experiments involving P. bifermentans are
shown in Figure 14, and indicate that precipitation only occurs after 12 h. The visual
changes observed for the experiments involving K. pneumoniae are shown in Figure 15
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and indicate that the precipitation mechanism occurs sooner for these experiments than
for experiments involving P. bifermentans, with a dark precipitate forming at around 6 h
in samples containing 80 and 250 mg L−1 initial Pb(II) concentration. The precipitate is
formed later in experiments containing 500 mg L−1 initial Pb(II) concentration.

Not all reactors containing 900 mg L−1 initial Pb(II) concentration underwent a colour
change. This could be due to the Pb(II) concentration being too high for bacterial growth
and the data for an initial Pb(II) concentration of 900 mg L−1 is therefore not discussed
further.

(a) (b) (c)

Figure 14: The visual changes observed for each experiment in triplicate containing
P. bifermentans over 30 h for (a) 80 mg L−1, (b) 250 mg L−1 and (c) 500 mg L−1

initial Pb(II) concentration.

(a) (b) (c)

Figure 15: The visual changes observed for each experiment in triplicate containing
K. pneumoniae over 30 h for (a) 80 mg L−1, (b) 250 mg L−1 and (c) 500 mg L−1 initial
Pb(II) concentration.

5.2.2 Microbial growth measurements

The metabolic activity of both strains at the varying initial concentrations of Pb(II) is
shown in Figure 16. These values are compared to previously published data obtained
from the microbial consortium from which the strains were isolated (Hörstmann, Brink
& Chirwa, 2020).
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Figure 16: The metabolic activity as A550 for both P. bifermentans and K. pneumoniae
with varying initial Pb(II) concentrations compared with previously published data on
the consortium from which the strains were isolated (Hörstmann, Brink & Chirwa, 2020).

From Figure 16, a lag phase is observed for all bacterial strains with a longer lag phase
noted for P. bifermentans. This could be an indication that K. pneumoniae is better
adapted to the initial toxicity of Pb(II). The lag phase noted in the data on the microbial
consortium is near identical to the lag phase of P. bifermentans. This is a possible
indication that K. pneumoniae is inhibited while in the consortium by other strains of
the consortium such as P. bifermentans.

From these results it is observed that K. pneumoniae has a higher metabolic activity than
P. bifermentans and the consortium for all initial Pb(II) concentrations. This is a possible
indication that K. pneumoniae is better suited to the toxic environment created by the
presence of Pb(II). The strain has a faster exponential growth phase at all initial Pb(II)
concentrations than P. bifermentans and the consortium, with the rate of initial growth
decreasing with an increase in initial Pb(II) concentration. The metabolic activity values
reached by the microbial consortium are lower than those reached by K. pneumoniae
which could be an indication that K. pneumoniae is inhibited by other microorganisms
when part of the consortium.

The pattern of metabolic activity displayed by P. bifermentans is similar for all ini-
tial concentrations of Pb(II), which could indicate that the mechanism of precipitation
utilised by P. bifermentans does not differ for varying Pb(II) concentrations. An initial
exponential growth is observed in samples containing P. bifermentans with a second in-
crease observed after 20 h. This correlates with previous research done on the consortium
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using simulated LB broth where it was concluded that the second exponential growth is
attributed to the increased nutrient concentrations of the broth (Hörstmann, Brink &
Chirwa, 2020).

The metabolic activity values of the consortium were similar to the initial values recorded
for P. bifermentans, and thereafter these values tended to the metabolic activity readings
recorded for K. pneumoniae. This could be an indication that P. bifermentans inhibits
the growth of K. pneumoniae in the consortium, which would then limit the initial overall
metabolic activity.

5.2.3 Residual Pb(II) concentration

The residual Pb(II) concentration for both P. bifermentans and K. pneumoniae is shown
in Figure 17 and is compared with previously published data on the consortium (Hörst-
mann, Brink & Chirwa, 2020). The results indicate once more that K. pneumoniae is
slightly more efficient than P. bifermentans at Pb(II) bioprecipitation. Both strains were
able to precipitate a larger fraction of Pb(II) than the consortium at 80 mg L−1 initial
Pb(II) concentration but a faster removal rate was observed for the consortium for sam-
ples containing 500 mg L−1 initial Pb(II) concentration. The amount of Pb(II) removed
by P. bifermentans decreases as the initial Pb(II) concentration increases.

Both strains have the same initial concentrations of Pb(II) for the experiments, but a
decrease in Pb(II) concentration is observed in the first reading. This reading was taken
approximately 10 min after inoculation. This could be indicative of a rapid detoxification
mechanism since a drop in Pb(II) concentration is observed followed by an increase in
Pb(II) concentration. The same occurrence was noted in previous research on the mi-
crobial consortium (Hörstmann, Brink & Chirwa, 2020; Cilliers et al, 2022). It was also
noted in previous research that approximately 62 % of Pb(II) is removed from solution
after 3 h by the microbial consortium after metabolic inhibition of the bacteria with
NaN3 91. In the same study, a drop of approximately 50 % of Pb(II) concentration is
observed after approximately 15 min. The observation of a drop in Pb(II) concentration
in this study can therefore be attributed to biosorption of Pb(II) by metabolically inac-
tive bacteria. The experiments in this study were inoculated using frozen precultures and
therefore the likelihood of the presence of metabolically inactive bacteria is not signifi-
cant. In addition, the nitrate concentrations measured at the start showed statistically
insignificant differences using a t-statistic inference with a 95 % confidence interval, and
therefore supports the assertion that the same initial Pb(II) concentrations were used.
The main source of nitrates in the reactors were Pb(NO3)2 and therefore this acts as an
internal standard. The statistical inference analysis was conducted using the methods
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described in Chapter 4.2.4, and the value of the t statistic and the resulting conclusions
from the statistical inference analysis are shown in Table 15. The null hypothesis is not
rejected for any calculated t value and it can be concluded that there is no statistically
significant difference in the initial nitrate concentration between experimental conditions.

Table 15: The calculated t statistics of the inference analysis.

Initial Pb(II) concentration
(mg L−1)

Populations to be compared t

80 P. bifermentans and K. pneumoniae -0.3324
P. bifermentans and microbial consortium -1.341
K. pneumoniae and microbial consortium -0.6174

250 P. bifermentans and K. pneumoniae -0.6207
500 P. bifermentans and K. pneumoniae -0.2274

P. bifermentans and microbial consortium -0.5171
K. pneumoniae and microbial consortium -0.4058

In order to further compare the efficiency of the strains, the final percentage removal of
Pb(II) is compared in Table 16. From this data is is clear that K. pneumoniae is more
efficient at Pb(II) microbial precipitation than P. bifermentans at two of the three initial
Pb(II) concentrations investigated.

Table 16: The percentage Pb(II) removed for each strain at the varying initial Pb(II)
concentrations at the final sampling time of 30 h.

Strain Initial Pb(II) concentration (mg L−1) Percentage of Pb(II) removed (%)

P. bifermentans 80 86.1 ± 4.61
P. bifermentans 250 55.6 ± 6.58
P. bifermentans 500 19.2 ± 32.5
K. pneumoniae 80 91.1 ± 0.302
K. pneumoniae 250 27.4± 12.4
K. pneumoniae 500 41.5 ± 6.59
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Figure 17: The residual Pb(II) concentration over time for experiments containing
both P. bifermentans and K. pneumoniae with (a) 80 mg L−1, (b) 250 mg L−1 and
(c) 500 mg L−1 initial Pb(II) concentration, compared to previously published data on
the microbial consortium from which the strains were isolated (Hörstmann, Brink &
Chirwa, 2020).
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5.2.4 Nitrate concentration

The nitrate concentration over the duration of the experiment is shown in Figure 18. The
nitrate concentration does not tend to zero, indicating that nitrates are not a limiting
substrate for microbial growth in the individual strains as mentioned in Chapter 4.2.5.
Microbial growth is therefore possibly dependent on the nutrient rich medium used. A
more in depth analysis using the first derivatives of the curves would need to be conducted
to effectively conclude that microbial growth is not dependent on the nitrate concentra-
tion. The initial decrease in nitrates observed could be due to an anaerobic respiration
mechanism employed by the bacteria, such as denitrification.

0 5 10 15 20 25 30
Time (h)

0

100

200

300

400

500

600

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

P. bifermentans, 80 mg L 1 Pb(II)
P. bifermentans, 250 mg L 1 Pb(II)
P. bifermentans, 500 mg L 1 Pb(II)
K. pneumoniae, 80 mg L 1 Pb(II)

K. pneumoniae, 250 mg L 1 Pb(II)
K. pneumoniae, 500 mg L 1 Pb(II)
Microbial consortium, 80 mg L 1 Pb(II)
Microbial consortium, 500 mg L 1 Pb(II)

Figure 18: The nitrate concentration over time for both P. bifermentans and K. pneumo-
niae with varying initial Pb(II) concentrations, compared to previously published data
on the microbial consortium from which the strains were isolated (Hörstmann, Brink &
Chirwa, 2020).

The change in nitrates remains constant between the strains for an initial Pb(II) concen-
tration of 80 mg L−1, while P. bifermentans has a lower final value of nitrate concentra-
tion for 250 mg L−1 initial Pb(II) concentration than K. pneumoniae. K. pneumoniae
has a lower final nitrate concentration than P. bifermentans for experiments containing
500 mg L−1. This could illustrate that the mechanisms of respiration used by the bacteria
varies if the amount of Pb(II) in the reactor varies.

In a previous study on the effects of nitrate concentration on microbial precipitation of
Pb(II) using the microbial consortium from which the strains used in this study were
isolated, it was concluded that the lack of nitrates in the sample has no significant effect
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on the bioprecipitation rate of Pb(II) in the sample. It is argued that the denitrification
bacteria present in the consortium and therefore responsible for the drop in nitrate con-
centration observed for the microbial consortium in Figure 18, are not responsible for the
bioprecipitation of lead (Cilliers et al, 2022).

5.2.5 Comparison between metabolic activity measurements, nitrate concen-
tration and residual Pb(II) concentration

A comparison between metabolic activity, nitrate concentration and residual Pb(II) con-
centration for all experimental conditions is shown in Figure 19 and Figure 20 for P. bifer-
mentans and K. pneumoniae respectively. The nitrate concentration decreases as an in-
crease in metabolic activity is observed, possibly indicating a relationship between these
entities. This decrease in nitrates is less considerable in samples containing 500 mg L−1

initial Pb(II) concentration for both P. bifermentans and K. pneumoniae.

A decrease in Pb(II) concentration is observed for all experimental conditions when an
increase in metabolic activity occurs. This is an indication that the precipitation mech-
anism is possibly dependent on the metabolic activity of the sample.

A drop in nitrate concentration occurs at approximately the same time as the drop in
Pb(II) concentration, contributing to the idea that Pb(II) precipitation is metabolically
dependent and that the microbial growth is dependent on the nitrate concentration.
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Figure 19: A comparison between metabolic activity as A550 and the nitrate concentra-
tion for (a) 80 mg L−1, (b) 250 mg L−1, (c) 500 mg L−1 initial Pb(II) concentration.
A comparison between metabolic activity as A550 and residual Pb(II) concentration for
(d) 80 mg L−1, (e) 250 mg L−1, (f) 500 mg L−1 initial Pb(II) concentration. A compar-
ison between nitrate concentration and residual Pb(II) concentration of (g) 80 mg L−1,
(h) 250 mg L−1 and (i) 500 mg L−1 initial Pb(II) concentration for P. bifermentans.

60

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12
M

et
ab

ol
ic 

ac
tiv

ity
 a

s A
55

0
Metabolic activity
Nitrate concentration

80

100

120

140

160

180

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

(a)

0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12

14

M
et

ab
ol

ic 
ac

tiv
ity

 a
s A

55
0

Metabolic activity
Nitrate concentration

50

75

100

125

150

175

200

225

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

(b)

0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12

14

M
et

ab
ol

ic 
ac

tiv
ity

 a
s A

55
0

Metabolic activity
Nitrate concentration

100

200

300

400

500

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

(c)

0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12

M
et

ab
ol

ic 
ac

tiv
ity

 a
s A

55
0

Metabolic activity
Pb(II) concentration

0

10

20

30

40

50

60

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(d)

0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12

14

M
et

ab
ol

ic 
ac

tiv
ity

 a
s A

55
0

Metabolic activity
Pb(II) concentration

40

60

80

100

120

140

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(e)

0 5 10 15 20 25 30
Time (h)

0

2

4

6

8

10

12

14

M
et

ab
ol

ic 
ac

tiv
ity

 a
s A

55
0

Metabolic activity
Pb(II) concentration

150

200

250

300

350

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(f)

0 5 10 15 20 25 30
Time (h)

80

100

120

140

160

180

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

Nitrate concentration
Pb(II) concentration

0

10

20

30

40

50

60

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(g)

0 5 10 15 20 25 30
Time (h)

50

75

100

125

150

175

200

225

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

Nitrate concentration
Pb(II) concentration

40

60

80

100

120

140

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(h)

0 5 10 15 20 25 30
Time (h)

100

200

300

400

500

Ni
tra

te
 c

on
ce

nt
ra

tio
n 

(m
g 

L
1 )

Nitrate concentration
Pb(II) concentration

150

200

250

300

350

Pb
(II

) c
on

ce
nt

ra
tio

n 
(m

g 
L

1 )

(i)

Figure 20: A comparison between metabolic activity as A550 and the nitrate concentra-
tion for (a) 80 mg L−1, (b) 250 mg L−1, (c) 500 mg L−1 initial Pb(II) concentration.
A comparison between metabolic activity as A550 and residual Pb(II) concentration for
(d) 80 mg L−1, (e) 250 mg L−1, (f) 500 mg L−1 initial Pb(II) concentration. A compar-
ison between nitrate concentration and residual Pb(II) concentration of (g) 80 mg L−1,
(h) 250 mg L−1 and (i) 500 mg L−1 initial Pb(II) concentration for K. pneumoniae.

To further analyse the relationships between the measured data, a four part sigmoidal
curve was fitted on the data using GraphPad Prism version 9.4.0. This was done to obtain
the first derivatives of the curves describing metabolic activity, nitrate concentration and
residual Pb(II) concentration to compare the derivatives of these curves to establish if a
relationship exists between these entities. The fitted curves are shown in Figure 21, and
the derivatives of the curves are compared in Figure 22 and Figure 23 for P. bifermentans
and K. pneumoniae respectively. From these curves it is clear that no relationship exists
between the nitrate concentration, lead concentration and metabolic activity.
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Figure 21: The fitted curves using a four part sigmoidal curve for metabolic activity of
(a) P. bifermentans and (b) K. pneumoniae, nitrate concentration of (c) P. bifermentans
and (d) K. pneumoniae and residual Pb(II) concentration of (e) P. bifermentans and
(f) K. pneumoniae.
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Figure 22: The comparison between the first derivative curves of P. bifermentans for
(a) metabolic activity and nitrate concentration, (b) metabolic activity and residual
Pb(II) concentration, (c) nitrate and lead concentration for 80 mg L−1 initial Pb(II)
concentration, (d) metabolic activity and nitrate concentration, (e) metabolic activ-
ity and residual Pb(II) concentration, (f) nitrate and residual Pb(II) concentration for
250 mg L−1 initial Pb(II) concentration, (g) metabolic activity and nitrate concentration,
(h) metabolic activity and residual Pb(II) concentration, (i) nitrate and residual Pb(II)
concentration for 500 mg L−1 initial Pb(II) concentration.
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Figure 23: The comparison between the first derivative curves of K. pneumoniae for
(a) metabolic activity and nitrate concentration, (b) metabolic activity and residual
Pb(II) concentration, (c) nitrate and lead concentration for 80 mg L−1 initial Pb(II)
concentration, (d) metabolic activity and nitrate concentration, (e) metabolic activ-
ity and residual Pb(II) concentration, (f) nitrate and residual Pb(II) concentration for
250 mg L−1 initial Pb(II) concentration, (g) metabolic activity and nitrate concentration,
(h) metabolic activity and residual Pb(II) concentration, (i) nitrate and residual Pb(II)
concentration for 500 mg L−1 initial Pb(II) concentration.

The fitted data consisting of residual Pb(II) concentration, nitrate concentration and
metabolic activity, was compared with the first derivative of these curves and is shown
in Figure 24 and Figure 25 for P. bifermentans and K. pneumoniae respectively. From
Figure 24a, Figure 24d and Figure 24g it can be seen that the rate of metabolic activity
reaches a peak as the metabolic activity of the samples increases, this occurs for all initial
Pb(II) concentrations investigated and is a possible indication that the initial Pb(II)
concentration does not affect the metabolic growth mechanism of P. bifermentans. This
is comparable with results recorded for K. pneumoniae where a similar trend is observed
in Figure 25a, Figure 25d and Figure 25g.

From Figure 24b, Figure 24e and Figure 24h an initial increase in the rate of change in
nitrate concentration is observed, possibly indicating a rapid initial uptake of nitrates in
the microbe. This rate is more rapid in the results for K. pneumoniae in Figure 25b,
Figure 25e and Figure 25h, with the peak observed at a high concentration of nitrates.
This indicates that the microbe did not make much use of the nitrates for the majority
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of the experiment. It is therefore possible that P. bifermentans is more dependent on
nitrates than K. pneumoniae.

The rate of change in residual Pb(II) concentration for P. bifermentans as shown in
Figure 24c, Figure 24f and Figure 24i indicates that the mechanism of bioprecipitation
for P. bifermentans remains similar for varying initial Pb(II) concentrations. A maximum
rate of change in Pb(II) concentration is observed for each initial Pb(II) concentration.
This is not the case for K. pneumoniae in Figure 25c, Figure 25f and Figure 25i where
the trend of the rate of change in Pb(II) concentration differs for each initial Pb(II)
concentration. This is a possible indication that the mechanism of precipitation for
K. pneumoniae is dependent on the initial Pb(II) concentration.

The points discussed above relate to the mechanisms of precipitation utilised by the bac-
teria. These observations coincide with recently published work by this research team on
the mechanisms of precipitation where the effect of nitrates was investigated (Cilliers et al,
2022). The results of the study indicated that bacteria usage of nitrates occurred most
prominently at lower Pb(II) concentrations and that the denitrifying bacteria present
in the microbial consortium were most likely not responsible for Pb(II) removal. This
conclusion was attributed to the fact that Pb(II) removal was not inhibited by a lack
of nitrates in the sample. By using TEM and SEM, it was indicated that at lower con-
centrations of Pb(II), the Pb(II) in the sample was precipitated extracellularly while at
higher concentrations of Pb(II) and intracellular precipitation mechanism occurred. The
intracellular precipitation was concluded to be due to the production of metallothionein,
a low molecular weight metal-bonding protein that is responsible for intracellular lead
sequestration and the transportation, storage and detoxification of Pb(II). From an XRD
analysis it was concluded that four compounds were present in the samples. These in-
cluded: pyromorphite, lead sulphide, elemental lead and elemental sulphur. The authors
stated that the presence of pyromorphite was due to the biotransformation of PbS to
pyromorphite. A smaller amount of pyromorphite was detected in samples containing
80 mg L−1 Pb(II), possibly indicating that denitrifying bacteria is present at lower Pb(II)
concentrations and cause a higher amount of sulphur released via the enzyme nitrate
reductase.
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Figure 24: The comparison between the metabolic activity and the rate of change
in metabolic activity for P. bifermentans with (a) 80 mg L−1, (d) 250 mg L−1 and
(g) 500 mg L−1 initial Pb(II) concentration. The comparison between the nitrate con-
centration and the rate of change in nitrate concentration for P. bifermentans with
(b) 80 mg L−1, (e) 250 mg L−1 and (h) 500 mg L−1 initial Pb(II) concentration. The
comparison between the residual Pb(II) concentration and the rate of change in Pb(II)
concentration for P. bifermentans with (c) 80 mg L−1, (f) 250 mg L−1 and (i) 500 mg L−1

initial Pb(II) concentration
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Figure 25: The comparison between the metabolic activity and the rate of change
in metabolic activity for K. pneumoniae with (a) 80 mg L−1, (d) 250 mg L−1 and
(g) 500 mg L−1 initial Pb(II) concentration. The comparison between the nitrate con-
centration and the rate of change in nitrate concentration for K. pneumoniae with
(b) 80 mg L−1, (e) 250 mg L−1 and (h) 500 mg L−1 initial Pb(II) concentration. The
comparison between the residual Pb(II) concentration and the rate of change in Pb(II)
concentration for K. pneumoniae with (c) 80 mg L−1, (f) 250 mg L−1 and (i) 500 mg L−1

initial Pb(II) concentration

5.2.6 Extracellular and Intracellular Pb(II) concentration

The percentage composition of the samples in terms of extracellular, intracellular and
solution Pb(II) concentration is shown in Figure 26 for both strains at two initial Pb(II)
concentrations. An obvious change in solution Pb(II) concentration is noted across the
time intervals, with a decrease occurring. It is expected that this is due to the precipita-
tion of Pb(II). The majority of the Pb(II) is initially found in the extracellular portion of
the cells with this amount decreasing over time. This is indicative of an adsorption mech-
anism that occurs within the first 6 h of the experiment. This adsorption is attributed
to a rapid detoxification mechanism and has been observed in previous research on the
microbial consortium from which the strains were isolated, as discussed in Chapter 5.2.3.
There is a decrease in Pb(II) removal with an increase in initial Pb(II) concentrations.
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(a) (b)

(c) (d)

Figure 26: The percentage composition of the samples in terms of extracellular, intra-
cellular and solution Pb(II) concentration for P. bifermentans at (a) 80 mg L−1 and
(b) 250 mg L−1 initial concentration Pb(II) and K. pneumoniae at (c) 80 mg L−1 and
(d) 250 mg L−1 initial concentration Pb(II).

5.2.7 Specific growth rate

The specific growth rate of the bacteria for each experimental condition was calculated
using

dMA

dt
= µ×MA (6)

where dMA
dt

is the first derivative of the metabolic activity curve and µ is the specific
growth rate in d−1. The specific growth rate was calculated using the fitted metabolic
activity curves in Figure 21 and the derivative of this curve. The specific growth rate
calculation was done using GraphPad Prism version 9.4.0. The values of µ calculated
over time for each experimental condition is shown in Figure 27.
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Figure 27: The specific growth rate, µ, over time for P. bifermentans and K. pneumoniae
with (a) 80 mg L−1, (b) 250 mg L−1 and (c) 500 mg L−1 initial Pb(II) concentration.
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The generation time of the bacteria was calculated using

tg =
ln(2)
µmax

(7)

where tg is the generation time in d and µmax is the maximum specific growth rate in
d−1. The values of µmax and tg for each experimental condition are shown in Table 17.

Table 17: The value of the maximum specific growth rate (µmax) and the generation time
(tg) for all the experimental conditions observed for both strains.

Strain
Initial Pb(II) concentration
(mg L−1)

µmax

(d−1)
tg

(d)

P. bifermentans 80 7.94 0.0873
250 15.2 0.0441
500 280 0.00247

K. pneumoniae 80 36.1 0.0192
250 45.6 0.0152
500 87.2 0.00795

From this data is it observed that K. pneumoniae has a higher value of µmax at initial
Pb(II) concentrations of 80 and 250 mg L−1 but P. bifermentans has the higher value of
µmax at 500 mg L−1 initial Pb(II) concentration. This could indicate that K. pneumoniae
is better suited to conditions imposed by lower Pb(II) concentrations but P. bifermentans
is more metabolically active than K. pneumoniae at higher initial Pb(II) concentrations.

5.2.8 Precipitate identity

The XPS profiles used in the identification of the Pb-precipitate are shown in Figure 28.
The peaks shown in the profiles were identified using the NIST X-ray Photoelectron
Spectroscopy Database (National Institute of Standards and Technology, 2002), and the
data was convoluted using OriginPro 2022 (OriginLab Corporation, Northampton, Mas-
sachusetts, USA).

The results for P. bifermentans indicate the precipitate present as PbS and Pb0, these
precipitates will contribute greatly to the dark colour observed in the samples. The
presence of PbS is likely due to the liberation of S2− ions during the catabolism of
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sulphur containing amino acids, such as cysteine and methionine (Brink, Hörstmann
& Peens, 2020).

The precipitates present in samples containing K. pneumoniae were identified as PbO
with either PbCl or Pb3(PO4)2. The absence of PbS and Pb0 for K. pneumoniae will
contribute to the lighter, more brown colour observed in these samples. These results
indicate that a different bioprecipitation mechanism is utilised by the strains.

A previous analysis done by Brink, Hörstmann & Peens (2020) on the microbial consor-
tium indicated the presence of significant fractions of PbS in runs done anaerobically.
This is an indication that P. bifermentans is active in the consortium at anaerobic con-
ditions. The aerobic runs on the consortium contained a precipitate containing PbO and
elemental Pb, which would indicate the possible absence of P. bifermentans in these runs.

(a) (b)

Figure 28: The XPS profiles of the Pb-species for samples containing 80 mg L−1 initial
Pb(II) concentration with (a) P. bifermentans and (b) K. pneumoniae.

5.3 Conclusions

The visual changes observed in the experiments for both P. bifermentans and K. pneu-
moniae at varying initial Pb(II) concentrations indicated the presence of lead precipitate
in under 12 h. The colour difference between the two precipitate products of the strains
was once again noted as in Chapter 4. The microbial growth measurements in the form
of metabolic activity indicated that K. pneumoniae has a higher metabolic activity than
P. bifermentans and the consortium. This is a possible indication that K. pneumoniae
is better suited than the other strains to the toxic lead environment. The values for
metabolic activity reached by the consortium are lower than those of K. pneumoniae,
and it is determined that K. pneumoniae is possibly inhibited by the consortium. The
growth of P. bifermentans remains similar for all varying initial Pb(II) concentrations,
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which could possibly indicate that the precipitation mechanism utilised by the strains is
either not metabolically dependent or is independent on the initial Pb(II) concentration.

The residual Pb(II) concentration measurements indicated that K. pneumoniae is once
more slightly more efficient at the bioprecipitation of Pb(II) with percentage removals
of 86.1 ± 4.61 % and 91.1 ± 0.302 % recorded in samples containing 80 mg L−1 initial
Pb(II) concentration after 30 h for P. bifermentans and K. pneumoniae respectively.

The nitrate concentration was not depleted in experiments containing K. pneumoniae
and P. bifermentans and it is determined that the microbial growth is therefore not lim-
ited to the nitrate concentration but rather to the concentration of the constituents found
in the nutrient broth. A comparison between metabolic activity, nitrate concentration
and residual Pb(II) concentration using the first derivative of a fitted curve of this data
indicated that the rate of change in the entities do not have a direct relationship. It is
therefore concluded that the microbial growth is not dependent on the nitrate concen-
tration and that precipitation is not dependent on the microbial growth or the nitrate
concentration.

The determination of the extracellular and intracellular Pb(II) concentration led to de-
ductions that a rapid detoxification mechanism such as biosorption, is present in both
P. bifermentans and K. pneumoniae within the first 6 h of the experiment.

The specific growth calculated for the experiments showed that K. pneumoniae has a
faster exponential phase at 80 and 250 mg L−1 initial Pb(II) concentrations but P. bifer-
mentans depicts a faster exponential growth at 500 mg L−1 initial Pb(II) concentration.

The precipitate identities determined with the use of XPS concluded that samples contain-
ing P. bifermentans had the precipitate present as PbS and Pb0, while samples containing
K. pneumoniae has the precipitate present as PbO and either PbCl or Pb3(PO4)2. This
explains the colour difference observed in the samples as PbS and Pb0 would contribute
to the dark colour observed in samples containing P. bifermentans.

The short-term study greatly improved the understanding of the mechanisms of Pb(II)
removal from solution employed by both P. bifermentans and K. pneumoniae. This
research can be used to further the application of the system to an industrial scale.
Further research can be done on the application of the system, such as the utilisation of
a continuous reactor system.
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6 Bioprecipitation of lead using P. bifermentans and

K. pneumoniae: an investigation into exponential

growth and the influence of Pb(II)

This experiment was conducted in collaboration with the Carl and Emily Fuchs Insti-
tute of Microelectronics as part of a study on non-destructive impedance monitoring of
bacterial metabolic activity. This research is a step towards inline monitoring of bacte-
rial activity in projects associated with the biorecovery of Pb(II). This research has been
published in Sensors under the title "Non-Destructive Impedance Monitoring of Bacterial
Metabolic Activity Towards Continuous Lead Biorecovery" (Andrews et al, 2022).

The work described in this chapter focuses on the exponential growth of the bacteria and
the influence of Pb(II) on growth.

6.1 Experimental

The experiment was structured to do measurements of metabolic growth over the expo-
nential phase and the stationary phase. From previous experiments it was observed that
the exponential phase of K. pneumoniae occurs between 0 and 5 h and the exponential
phase of P. bifermentans occurs only after 6 h. The stationary phase for both strains is
observed at around 24 h. Four samples were taken hourly during the stationary phase
and three samples were taken hourly during the stationary phase.

The reactors were set up as anaerobic reactors using the method stipulated in Chap-
ter 3.2.3. The measurement for metabolic growth was done as colony forming units
(CFU). The samples were diluted in sterile distilled water and plated using the spread
plate method described in Chapter 3.2.10. The plates were incubated in anaerobic con-
ditions for 96 h and the number of colony forming units was determined per plate.

Colony forming units were used as the method of growth due to the difficulty of conduct-
ing metabolic activity measurements hourly. A correlation was obtained between CFU,
metabolic activity and OD600 to calculate predicted values of metabolic activity and
OD600. This was done by setting up an experiment in triplicate with reactors containing
80 mg L−1 initial Pb(II) concentration for both strains. Three measurements were taken
for metabolic activity, OD600 and CFU using the methods described in Chapter 3.2. A
linear regression study was then conducted to obtain the correlations between the data
sets. The residual Pb(II) measurements were obtained using the method described in
Chapter 3.2.7.
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6.2 Results and discussions

6.2.1 Visual changes

The visual changes observed during the experiments involving both P. bifermentans and
K. pneumoniae are shown in Figure 29. The formation of the dark precipitate is ob-
served in all experiments. The colour difference between the precipitates of the strains
is clear at the sample taken at 6 h after inoculation where P. bifermentans is darker
than K. pneumoniae. This relates to the difference in precipitate identity as discussed in
Chapter 5.

(a) (b)

Figure 29: The visual results of the experiment involving (a) P. bifermentans and
(b) K. pneumoniae with 80 mg L−1 initial concentration Pb(II).

6.2.2 Microbial growth measurements

The microbial growth measurements are shown in Figure 30 as colony forming units and
from this point onwards the value of growth reported as log(CFU ml−1) is referred to as
the "CFU count", unless otherwise stated. From these results it is observed that both
strains perform better in the presence of Pb(II), with K. pneumoniae reaching a similar
maximum value of CFU count as P. bifermentans.

The similarities in the growth trends for K. pneumoniae with and without added Pb(II)
could signify that the Pb(II) in solution markedly increases the growth of K. pneumoniae,
likely due to the availability of Pb(II) as anaerobic respiration co-substrate and therefore
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resulting in increased ATP production as concluded by Hörstmann, Chirwa, et al (2021)
on work done on the microbial consortium from which the strains were isolated.

In contrast, P. bifermentans shows an initial increase in CFU count up to a maximum
at approximately 9 h followed by a decrease to the end of the experiment. This is
an indication that P. bifermentans experiences a substrate depletion at around 9 h as
opposed to sufficient substrate supply for K. pneumoniae.
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Figure 30: Microbial growth of P. bifermentans and K. pneumoniae measured as CFU
count for experiments containing no added Pb(II) and experiments containing 80 mg L−1

initial concentration Pb(II).

6.2.3 Residual Pb(II) concentration

The residual Pb(II) measurements for both strains is shown in Figure 31. Initial measure-
ments as shown in Chapter 5, indicated that precipitation occurs sooner in K. pneumoniae
than in P. bifermentans, which is why the experiments were started at a later stage for
P. bifermentans. From the residual Pb(II) data it is evident that for this experiment the
opposite was observed, with precipitation occurring in reactors containing P. bifermen-
tans in under 6 h with a faster removal rate than K. pneumoniae.

The Pb(II) concentrations for P. bifermentans reach a minimum after 9 h which corre-
sponds to the maximum value recorded for CFU count. The Pb(II) removal for K. pneu-
moniae continues for the duration of the experiment which correlates with the continued
increase in CFU count observed in Figure 30. Both strains reach a similar final value for
Pb(II) concentration.
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Figure 31: Residual Pb(II) concentration for experiments containing P. bifermentans and
K. pneumoniae with 80 mg L−1 initial concentration Pb(II).

6.2.4 Correlation between CFU count, OD600 and metabolic activity

Due to the nature of the experiment, it would be difficult to measure the metabolic
activity of the reactors as done in previous experiments since samples were taken every
hour and metabolic activity measurements take at least two hours to complete. An
experiment was therefore conducted to determine if a correlation exists between metabolic
activity, OD600 and CFU count. It is not advisable to use OD600 for growth measurements
in samples containing Pb(II) as the dark colour caused by the precipitate interferes with
the readings.

The relationship between metabolic activity and CFU count for both K. pneumoniae
and P. bifermentans with 80 mg L−1 initial Pb(II) concentration is shown in Figure 32.
Adequate correlations are obtained for both cases, with the correlation coefficient for
K. pneumoniae equal to 0.9992 and the correlation coefficient for P. bifermentans equal
to 0.8876.
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Figure 32: The relationship between metabolic activity and CFU count for P. bifermen-
tans and K. pneumoniae with 80 mg L−1 initial concentration Pb(II).

The relationship between metabolic activity, CFU count and OD600 for P. bifermentans
is shown in Figure 33. Adequate correlations are obtained in both cases with a correlation
coefficient of 0.9699 for the relationship between CFU count and metabolic activity and
a correlation coefficient of 0.7358 for the relationship between CFU count and OD600.
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Figure 33: The relationship between metabolic activity and CFU count as well as OD600

and CFU count for P. bifermentans with no added Pb(II).

The relationship between metabolic activity, CFU count and OD600 for K. pneumoniae
with no added Pb(II) is shown in Figure 34. A poor correlation is obtained for the
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relationship between CFU count and metabolic activity with a correlation coefficient
of 0.3688 and since a correlation coefficient of 0.9033 is calculated for the relationship
between CFU count and OD600, it is recommended that this relationship be used.
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Figure 34: The relationship between metabolic activity and CFU count as well as OD600

and CFU count for K. pneumoniae with no added Pb(II).

The linear regression equations for each strain with and without added Pb(II) providing a
relationship between the growth measurements CFU count, OD600 and metabolic activity
can be seen in Table 18.

Table 18: Linear regression equations for a correlation between CFU, MA and OD600

Strain Parameters Equation
Correlation
coefficient,
R2

P. bifermentans with 80 mg L−1

initial Pb(II) concentration
CFU and MA y = 1.5373x− 7.7913 0.8876

P. bifermentans without Pb(II) CFU and MA y = 3.8640x− 19.567 0.9699
P. bifermentans without Pb(II) CFU and OD600 y = 1.1547x− 3.9627 0.7358
K. pneumoniae with 80 mg L−1

initial Pb(II) concentration
CFU and MA y = 13.595x− 107.86 0.9992

K. pneumoniae without Pb(II) CFU and MA y = 1.7282x− 8.9056 0.3688
K. pneumoniae without Pb(II) CFU and OD600 y = 5.1555x− 39.293 0.9003
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6.2.5 Predicted values for metabolic activity and OD600

The values for metabolic activity and OD600 calculated from the obtained correlation
equations for samples with 80 mg L−1 initial concentration Pb(II) and without added
Pb(II) are shown in Figure 35 and Figure 36 respectively. It is observed that the data
for metabolic activity and OD600 follow the same trends as observed for CFU count as
expected due to the high correlation values obtained. This observation is not true for the
metabolic activity for K. pneumoniae because of the poor correlation obtained. These
values are easier to compare with previous research and create a wider range of data
available for future studies.
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Figure 35: The predicted values of metabolic activity for P. bifermentans and K. pneu-
moniae with 80 mg L−1 initial concentration Pb(II).
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Figure 36: The predicted values for metabolic activity and OD600 for P. bifermentans
and K. pneumoniae with no added Pb(II).

6.2.6 Specific growth rate

The specific growth rate was calculated using a logistic fit on GraphPad Prism version
9.4.0. The rate constant determined by the software was considered to be equivalent to
the maximum specific growth rate, µmax. The fitted curves are shown in Figure 37 along
with the 95 % confidence interval calculated by the software. The maximum specific
growth rate, µmax, with the confidence interval and the correlation coefficient of the fit
are shown in Table 19.

Table 19: The maximum specific growth rate, µmax, and the confidence interval and
correlation coefficient of the fit for each experimental condition.

Strain
Initial Pb(II) concentration
(mg L−1)

µmax

(d−1)
Confidence interval R2

P. bifermentans 80 2.53 1.60 – 4.06 0.977
P. bifermentans No added Pb(II) 0.907 0.701 – 1.19 0.992
K. pneumoniae 80 0.388 0.144 – 0.703 0.962
K. pneumoniae No added Pb(II) 0.723 0.503 – 1.27 0.974
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Figure 37: The fitted curves of the CFU count for experiments containing P. bifermen-
tans with (a) 80 mg L−1 Pb(II) and (b) no added Pb(II) and experiments containing
K. pneumoniae with (c) 80 mg L−1 Pb(II) and (d) no added Pb(II).

The value of µmax for P. bifermentans for no added Pb(II) is higher than the value for
K. pneumoniae with no added Pb(II), which indicates that P. bifermentans has a faster
exponential growth. The value of the maximum specific growth rate for P. bifermentans
with added Pb(II) is much higher than that of K. pneumoniae and correlates with the
rapid exponential growth observed in Figure 30. The value of µmax for P. bifermentans
with added Pb(II) was higher than for no added Pb(II) which is an indication that
P. bifermentans grows faster when Pb(II) is present. This is not true for K. pneumoniae
where the value of µmax is lower in experiments with added Pb(II). The confidence interval
indicates that the possible range in which the true value of µmax lies is narrow in all
experimental conditions, especially in the sections that contain the experimental data.
This is an indication that the fit of CFU count would be sensitive to changes in the value
of µmax. The results indicate a significant difference in the maximum specific growth of
the experiments. This is proof that the microbes utilise a different growth mechanism
when compared to each other as well as when in the presence of Pb(II).
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6.3 Conclusions

The visual differences between samples containing P. bifermentans and K. pneumoniae
indicated that a different lead precipitate is present. This was confirmed in Chapter 5
where the identity of the precipitate was shown using XPS.

The microbial growth indicated that P. bifermentans utilises a different growth pattern
or mechanism when Pb(II) is added compared to when the sample contains no added
Pb(II). The mechanism of growth for K. pneumoniae with and without added Pb(II)
does not differ. It was also concluded that K. pneumoniae has more viable cells during
the experiment than P. bifermentans.

The residual Pb(II) measurements indicated no apparent difference in the amount of
Pb(II) removed between the strains with both strains reaching approximately the same
final Pb(II) concentration. It was noted that P. bifermentans has a faster initial removal
rate.

It was possible to establish a correlation between CFU count, OD600 and metabolic ac-
tivity using linear regression. The correlation between CFU count and metabolic activity
for K. pneumoniae was poor but all other correlations were acceptable. From these cor-
relations it was possible to calculate predicted values for metabolic activity and OD600

which ensures that the experiment is comparable with literature.

The specific growth rate was calculated for each experiment and it was concluded that
P. bifermentans has a higher value of maximum specific growth than K. pneumoniae for
experiments with no added Pb(II). The value of maximum specific growth for P. bifermen-
tans with 80 mg L−1 initial Pb(II) concentration was higher than the value for K. pneu-
moniae. The values of maximum specific growth rate for P. bifermentans with added
Pb(II) was higher than for no added Pb(II), this was not the case for K. pneumoniae,
which indicates that P. bifermentans is better suited for the toxic environment caused
by the Pb(II). This conclusion contradicts what was noted in Chapter 5. The narrow
confidence interval indicates that the fit of CFU count is sensitive to changes in the value
of the maximum specific growth rate, and from this is it observed that the estimated
value of µmax is close to the true value.

The study provided insight into the exponential growth phase of the bacteria and provided
information to establish a correlation between commonly used growth measurements.
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7 General conclusions and recommendations

General conclusions of the study and recommendations In this study the mechanisms
of bioprecipitation of two strains isolated from a microbial consortium was investigated.
The long-duration study was conducted over 5 d in Chapter 4 which investigated the
abilities of the strains to precipitate Pb(II) from solution. These results indicated that
lead precipitate was present in solution in under 18 h. It was determined that there was a
statistical difference in the amount of Pb(II) precipitated by the strains which indicated
that the mechanisms of precipitation vary. A colour difference was evident between the
two strains and this could be indicative of a difference in the precipitate identity of the
lead compounds.

Since precipitation was observed in under 18 h, a short-duration study was conducted to
further investigate the mechanisms as described in Chapter 5. The short-duration study
indicated that precipitation occurs in samples containing K. pneumoniae at a faster rate
than samples containing P. bifermentans. It was also determined that nitrates were not
required for microbial growth and precipitation. An XPS analysis of the precipitate
found in samples indicated that the strains did precipitate different lead compounds, as
previously suspected.

The exponential growth was further analysed in Chapter 6 which indicated that the
strains exhibit varying behaviour when exposed to Pb(II) than when not. The mechanism
of growth for P. bifermentans differs when Pb(II) is added to solution. The mechanism of
growth for K. pneumoniae did not differ but it was noted that K. pneumoniae is better
suited to the toxic environment imposed by the presence of Pb(II) since the microbial
growth with Pb(II) was higher than without.

Further studies are recommended to determine the exact removal mechanisms employed
by the strains. These studies could include the use of SEM and TEM to visually determine
if the precipitation of Pb(II) occurs extracellularly or intracellularly. Ion chromatography
could be employed to determine changes in ionic compound concentrations such as sul-
phates and nitrates. The system can be applied to a continuous reactor and this would
be a step towards application on an industrial scale.
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A Appendix

This appendix contains the results of the 16S rDNA analysis done by Inqaba Biotech
(South Africa) for P. bifermentans and K. pneumoniae as below:

• P. bifermentans as "Isolation 3"

• K. pneumoniae as "EMB1R1"
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