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Abstract Remediation of lead (Pb)-contaminated sites with
phosphate amendments is one of the best studied and cost-
effective methods for in situ immobilization. In this treat-
ment, a very stable mineral, pyromorphite Pb5(PO4)3Cl, is
formed. Several studies propose to improve this treatment
method with the addition of phosphate-solubilizing bacteria
(PSB). The effect of bacteria on solubilization of pyromor-
phite is unknown. In this study, the effect of the soil micro-
organisms on the stability of pyromorphite Pb5(PO4)3Cl has
been investigated in a set of batch solution experiments. The
mineral was reacted with Pseudomonas putida, a common
soil microorganism. Dissolution of pyromorphite was en-
hanced by the presence of P. putida, resulting in an elevated

Pb concentration in the solution. This occurred even when
the bacteria were provided with an additional source of
phosphate in the solution. Pyromorphite has been shown to
be a potential source of nutrient phosphorus for common soil
bacteria. Thus, the use of PSB in remediation treatments of
Pb contaminated sites may have adverse long-term impacts
on Pb immobilization. Conscious phosphate management is
suggested for long-term sustainability of the in situ Pb im-
mobilization by pyromorphite formation.

Keywords Pb contamination . Pyromorphite .Pseudomonas .

In situ immobilization . Bacteriamediated dissolution .

Phosphate amendments

Introduction

Lead (Pb) contamination and its toxic effect on human and
ecosystem health are well understood (Plumlee and Morman
2011). Elevated blood Pb levels are associated with numerous
health problems including anemia, gastro-intestinal distress,
neurodevelopment defects, blindness, and even death (Sullivan
and Krieger 2001); children are particularly prone to suffer
from Pb poisoning. The potential risk depends on Pb bioavail-
ability and mobility in the environment. Although the term
“bioavailability” has been defined differently in different con-
texts, one necessary component is the release of Pb from the
solid phase, generally mineral, into a solution (Ehlers and Luthy
2003). Phosphate-rich fluids promote precipitation of Pb phos-
phates, which significantly decrease its bioavailability, especial-
ly under conditions of near neutral pH (∼7) (Plumlee and
Morman 2011). To treat the problem of Pb-contaminated soils,
the US-Environmental Protection Agency (USEPA) has de-
clared phosphate application (generally as the Ca-phosphate
mineral apatite and often as fish-bone meal) to be one of the
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Best Management Practice for Pb binding (USEPA 2005). In
this treatment method, dissolution of apatite results in phos-
phate release. The PO4

3− ions combine with Pb and precipitate
as nanoparticles of the mineral pyromorphite, Pb5(PO4)3Cl
(e.g., Ma et al. 1993, 1994a, b, 1995; Ruby et al. 1994;
Cotter-Howells 1996; Cotter-Howells and Caporn 1996).

Pyromorphite is a Pb apatite that in nature commonly
occurs in the oxidation zones of Pb-bearing ore deposits
(Nakamoto et al. 1969). The properties of this mineral have
been extensively studied (Baker 1966; Dai and Hughes
1989; Xie and Giammar 2007; Manecki 2009). Pyromor-
phite forms a continuous solid solution with vanadinite
(Pb5(VO4)3Cl) and mimetite (Pb5(AsO4)3Cl) (Flis et al.
2010). Considering their high thermodynamic stability, the
minerals in the pyromorphite–mimetite series have gained
considerable attention as metal sequestration agents in the
areas contaminated by Pb and arsenic (e.g., Bajda 2010; Flis
et al. 2011 and the literature therein). Pyromorphite (log
Ksp=−79 after Flis et al. 2011) is one of the most stable
minerals in the environment, and its formation greatly de-
creases the availability of Pb to organisms (Manecki et al.
2006). However, recent studies have reported that several
organic compounds and microbial metabolites may affect the
stability of pyromorphite and cause Pb release by increased
dissolution (Sayer et al. 1997; Fomina et al. 2004; Manecki
and Maurice 2008; Manecki 2009; Debela et al. 2010). At
the same time, it has been reported that the activity of
phosphate-solubilizing bacteria (PSB) at Pb-contaminated
sites that undergo phosphate-induced remediation might ac-
tually increase immobilization of Pb (Park et al. 2011a, b).
The latter is based on the idea that PSB enhance solubiliza-
tion of calcium phosphate amendments which further bind
with Pb contaminant and form insoluble pyromorphite (Park
et al. 2011b). The authors have proposed the addition of PSB
to contaminated site along with phosphate amendments
(Park et al. 2011a). The actual direct effect of PSB on
pyromorphite stability is unknown. It is possible that the
presence of PSB will not only induce solubilization of the
phosphate amendments, but eventually may also solubilize
the pyromorphite. Thus, knowledge of the potential role of
soil bacteria in dissolution of pyromorphite is crucial for the
long-term effectiveness of the P-induced Pb immobilization.

In this study, the microbial effect on stability of pyromor-
phite has been investigated. Several batch experiments on the
dissolution of pyromorphite in the presence of Pseudomonas
putida bacteria were carried out. The experiments were
performed in soluble P-rich and P-deficient conditions. The
experiments were designed specifically to test (1) if the pres-
ence of PSB in the pyromorphite milieu influences the stabil-
ity of the mineral; (2) if the potential enhanced solubilization
of pyromorphite by bacteria depends on availability of P in the
solution. The P. putida bacteria was selected for this project
because of its common occurrence in nature. The ubiquitous

aerobic, gram-negative bacteria Pseudomonas can be found in
unpolluted soils as well as in heavy metal-contaminated sites
(Roane 1999; Leung et al. 2001; Rugierro et al. 2005;
Matlakowska et al. 2008). P. putida is reported to exhibit a
capability of solubilizing the mineral forms of phosphates via
nutrient scavenging (e.g., Rosas et al. 2006), and it often
serves as a model organism for environmental, genetic, and
bioengineering experiments (Reva et al. 2006).

Experimental methods

Materials

Minerals

Two synthetic mineral samples were used in this study: pyro-
morphite Pb5(PO4)3Cl and chlorapatite Ca5(PO4)3Cl—the Ca
isomorph of pyromorphite. The pyromorphite was synthesized
as described by Flis et al. (2010) using a combination of 0.3 M
Pb(NO3)2, 0.14 M K2HPO4, and 0.05 M NaCl solutions. Equal
volumes of the solutions (500 mL) were simultaneously added
with the use of a peristaltic pump (flow rate 1.5 mL min−1) to a
glass beaker filled partly with 1 l of distilled deionized water
(DDIW), while stirring with a magnetic stir bar. The resulting
precipitate was aged in suspension for 24 h (Scheckel and Ryan
2002). After aging, the precipitate was filtered on paper filter
(Whatman), washed with DDIW, air dried, and kept in a desic-
cator until use. To synthesize the chlorapatite, 0.5 g of synthetic
hydroxylapatite Ca5(PO4)3OH (Merck) wasmixedwith 0.5 g of
CaCl2 in a quartz crucible and roasted in an oven at 950 °C for
12 h. Both synthesis resulted in white homogeneous powders,
which were confirmed to be pyromorphite and chlorapatite by
means of X-ray diffraction (XRD) and scanning electron mi-
croscopy coupled with an energy–dispersive spectroscopy
(SEM-EDS) analyzer. Additionally, a wet chemical analysis of
the synthetic pyromorphite was conducted. Themethodology of
synthesis allowed for precipitation of particles similar in respect
to size and morphology to those that are formed in rhizosphere
at Pb-contaminated sites (Traina and Laperche 1999).

X-ray powder diffraction data from the synthetic mineral
samples are presented in Table 1. The analyzed phases were
identified as pure pyromorphite and chlorapatite. The SEM-
EDS analysis of the precipitates confirmed this result (Fig. 1a,
b). The particle size varied from 200 nm to 2 μm for pyro-
morphite and from 10 to 80 μm for chlorapatite The compo-
sition of the synthetic pyromorphite calculated on the basis of
the wet chemical analysis was: Pb5.09(PO4)2.96Cl.

Prior to the batch dissolution experiments, 0.05 g portions
of pyromorphite and chlorapatite were sterilized in a heater
at 180 °C for 3 h. The applied sterilization procedure did not
alter the properties of the minerals, which was confirmed by
SEM-EDS and XRD analysis (data not shown).
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Bacteria

The P. putida strain used in this study, earlier identified by
numerical taxonomy as P. putida strain IBPRS KKP 1136,
was obtained from the collection of the Institute of Agricul-
tural and Food Biotechnology in Warsaw, Poland. For the
batch dissolution experiments, the bacteria were grown in
the standard liquid medium (MP+solution) until an optical
density at 600 nm (OD600) of 0.8 was reached (mid-logarith-
mic growth). The microbes were then pelleted by centrifu-
gation, resuspended in the experimental solution and inocu-
lated 1:100 into flasks containing the same growth solution.

Reaction solutions (growth media)

Two types of solutions: P-rich (MP+) and P-deficient solu-
tions (MP−) were used in the dissolutions experiments. The-
se were created with constituents necessary for bacterial
growth. The solution contained the following ingredients, in
units of liter: succinic acid disodium salt anhydrous, 5 g;
K2HPO4, 0.5 g; NH4Cl, 1 g; MgSO4·7H2O, 0.2 g; CaCl2,
0.05 g; KCl, 0.5 g; FeEDTA, 30 mM; glycerol, 6.5 g; and
0.125 mL of trace elements (MnSO4·H2O, 0.005 g;
CoSO4·7H2O, 0.0065 g; CuSO4, 0.0023 g; ZnSO4, 0.0033 g;
andMoO3, 0.0024 g/100 mL of water). The pH of the solution
was adjusted to ∼7.3 prior autoclaving. Reagent grade
chemicals and ultra-pure, distilled 18 MΩcm−1 water (Milli-
Q, Millipore) were used throughout. The MP- solution was
identical to MP+ solution except for the absence of K2HPO4.

Batch dissolution experiments

The experimental setup consisted of two basic, complemen-
tary experiments (marked as E.I: P. putida growth in presence
of pyromorphite and E.II: dissolution of pyromorphite in the
presence of P. putida), and several control experiments. A
summary of the experimental conditions is presented in
Table 2. The experiments were designed to test: (a) if pyro-
morphite can serve as a phosphate source for the microbes, (b)
if the presence of P. putida in the environment affects the
abiotic stability of pyromorphite in terms of dissolved Pb, and
(c) if the potential microbial effect depends on the availability
of PO4

3−
aq ions in the solution. In the experiments, P. putida

was grown in solutions, P-rich MP+ and P-deficient MP− in
presence of pyromorphite. In theMP+ solution, aqueous PO4

3−

was available for the microbes, whereas in MP− solution,
pyromorphite was the sole source of phosphate. During the
reactions, the solutions were periodically sampled and analyzed
for the optical density of the bacteria culture (OD600, UV–vis
absorbance at 600 nm). In addition, the time evolution of Pb
and P concentrations (ICP-MS) and the pH of the suspensions
were investigated. In control experiments, the culture was
grown in MP+ and MP− solutions without any pyromorphite

Table 1 Diffraction data of minerals used in the experiments and of
referenced minerals

d-spacing

Pyromorphite
(Dai and Hughes
1989)

Synthetic
pyromorphite
(this study)

Chlorapatite
(Hughes et al.
1998)

Synthetic
chlorapatite
(this study)

4.9882 4.992 8.3121 8.348

4.3199 4.325 5.2520 5.264

4.1276 4.127 3.9163 3.924

3.7244 3.726 3.5428 3.549

3.6755 3.663 3.3880 3.391

3.3822 3.373 3.1417 3.148

3.2655 3.269 2.8502 2.855

2.9843 2.986 2.7707 2.774

2.9590 2.954 2.7678 –

2.8799 2.883 2.6260 2.630

2.4941 2.496 2.5646 2.569

2.4412 2.440 2.3054 2.308

2.2669 2.266 2.3037 –

2.1993 2.195 2.1825 2.186

2.1600 2.162 2.1448 2.148

2.0638 2.064 2.0780 2.081

2.0073 2.007 2.0436 2.046

1.9821 1.985 1.9845 1.988

1.9599 1.957 1.9581 1.961

1.9138 1.916 1.9069 1.909

1.8854 1.888 1.9060 –

1.8622 1.863 1.8356 1.837

1.8378 1.833 1.8339 1.837

1.7245 1.721 1.8139 1.816

1.6911 1.699 1.7714 1.774

1.6775 1.678 1.7507 1.752

1.6627 1.664 1.6940 1.697

1.6328 1.635 1.6618 1.664

1.6218 1.624 1.6599 –

1.6016 1.599 1.6145 1.617

1.5638 1.565 1.6134 –

1.5518 1.554 1.5997 1.602

1.5492 1.547 1.5991 –

1.5411 1.541 1.5708 1.573

1.5183 1.519 1.5569 1.559

1.5149 – 1.5303 1.532

1.4102 1.407 1.4929 1.495

1.3997 1.398 1.4911 –

1.3835 1.386 1.4579 1.460

1.3759 1.376 1.4465 1.448

1.3596 1.361 1.4453 –

1.3476 1.347 1.4251 1.428

1.3661 1.369

1.3395 1.336
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or with chlorapatite instead of pyromorphite. Finally, dissolu-
tion experiments of pyromorphite and of chlorapatite in MP+
and MP− solutions were conducted in the absence of bacteria.
Both experiments and the controls were run in triplicate in
500 mL flasks containing 100 mL of the experimental solution.
The reactors were incubated at room temperature
(21 °C±1 °C) on a gyratory shaker (100 rpm) for 305 h until
a full bacteria growth cycle was observed in the MP+ suspen-
sion. The aeration speed allowed the mineral particles to settle
to the bottom of the flask so that they did not interfere with
absorbance readings. Liquid growth cultures were monitored
for contamination by streaking agar plates and examining the
morphology of the resulting colonies. Any sign of contami-
nation resulted in the termination of the experiment.

Analytical methods

Solid characterization

The characterization of the synthesized solids was performed
by means of SEM-EDS. A FEI QUANTA 200 FEGwas used
for the SEM-EDS analysis at 15 kV. The X-ray powder
diffraction (XRD) patterns were collected with a Philips
PW 3020 X’Pert-APD Diffractometer system (with Cu an-
ode and graphite monochromator) using a step scan mode at
a step size of 0.02 2Θ and a rate of 1 s per step. To conduct
the wet chemical analysis of the pyromorphite, a small
amount of the mineral was digested in 0.02 M EDTA and
analyzed for Pb, P, and Cl.

Fig. 1 The SEM
microphotographs and the EDS
spectra of precipitates used in the
experiments: a pyromorphite
Pb5(PO4)3Cl and b chlorapatite
Ca5(PO4)3Cl. Samples were
carbon-coated prior to the
analysis

Table 2 Experimental setup

Experiment Solution Mineral Bacteria Time/Temperature Analysis

E.I MP+/MP− (100 mL in 500 mL flask) Pyromorphite (0.05 g) Pseudomonas
putida

305 h/21±1 °C OD
Control 1 –

Control 2 Chlorapatite (0.05 g)

E.II MP+/MP− (100 mL in 500 mL flask) Pyromorphite (0.05 g) P. putida 305 h/21±1 °C Concentration of
Pb and P (pH)Control 1 Pyromorphite (0.05 g) –

Control 2 Chlorapatite (0.05 g) -
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Bacterial growth

The optical density of the bacterial suspensions was deter-
mined by the absorbance measurement at 600 nm with a use
of a Cary 50 Bio UV-visible spectrophotometer. A sterile
solution was used as a blank.

Solution analysis

Concentration of Pb and P were analyzed with a Thermo
Scientific X Series ICP-MS. Prior to the element analysis,
the samples were centrifuged and filtered using 0.2 μm
polycarbonate filters. Then, for the ICP-MS analysis, the
supernatants were diluted in 0.01 M HCl and spiked with
the internal standards of Ge and Re. A turbidimetric method
with silver nitrate was used to determine the concentration of
Cl in the solution for the wet chemical analysis of
pyromorphite.

The amount of (Pb) bound to the bacterial cells

At 100 h of experimental time, six bacterial suspension
samples were taken from the reactors with pyromorphite
and MP+ solution (two samples from each of triplicate).
The samples were taken after the mineral particles had settled
to the bottom of the flask so that they neither interfere with
absorbance readings nor Pb analysis. A half of each sample
was centrifuged, filtered, and directly analyzed for Pb as
described in the “Solution analysis.” The other half was first
digested in 2 % HNO3 for 24 h and then centrifuged, filtered,
and analyzed for Pb. Digestion resulted in destroying bacte-
rial cells, thus releasing the bacterially bound Pb to the
solution.

Statistics

The abiotic dissolution experiments were considered in equi-
librium saturation state with respect to the dissolving mineral
when the concentration of analyzed ions was statistically
identical in four consecutive samples. A Student’s t test
was used to verify that there is no trend in the data and that
the slope of concentration pattern with time was not signif-
icantly different from zero, at the 95 % significance level.

Results

Experiment E1.I: P. putida growth in presence
of pyromorphite

The culture growth in the E.I experimental series, expressed in
terms of the OD600 readings, is presented in Fig. 2a–c. Fig. 2a
shows the P. putida growth in the P-rich environment (all E.I

reactors with theMP+ solution). In some of the reactors, besides
the aqueous phosphate ions, also the mineral source of P was
available for the bacteria. The experiment identified the effect of
a mineral amendment in a solution on bacterial growth. The

Fig. 2 The optical density (OD600) of the bacterial suspension as a
function of time. Error bars represent the standard deviation of tripli-
cate. a The absorbance readings for reactors with MP+solution with
aqueous phosphates; b the absorbance readings for reactors with MP−
solution with chlorapatite; c the absorbance readings for reactors with
MP− solution with pyromorphite. In P-rich environment, the mineral
presence in a solution had no effect on microbial growth. Nutrient
shortage resulted in a limited bacterial growth. P. putida could grow if
apatite was the only source of P in a solution. In reactors with P-
deficient solution, only the beginning of the logarithmical growth was
observed. The bacteria grown under nutrient-rich conditions exhibited
the full-growth cycle for the same experimental time

Environ Sci Pollut Res (2014) 21:1079–1089 1083



growth rate and the number of the bacteria in the suspensions
with the MP+ solution were identical within experimental error,
regardless if and what kind of the mineral was introduced to the
solution. The stationary growth phase in MP+ suspensions
occurred within approximately 110 h and lasted for another
50 h. The observations were terminated after 305 h when the
OD600 of cultures declined by 50 %. The log curves of the
bacterial growth cycle in the MP+ solution were used to deter-
mine the end of the batch experiments.

Figure 2b, c shows the P. putida growth in the reactors from
the E.I experiments with the P-deficient solutionMP−. In some
of the reactors, the mineral source of P was available for the
bacteria. The experiment tested if the bacteria can utilize
phosphate from pyromorphite. A P-deficient environment
resulted in limited bacterial growth: the effect of P shortage
on both the growth rate and the number of the bacteria in
suspensions was observed. The culture growth was not ob-
served in the reactor with the P-free solution in the absence of a
mineral phase (absence of phosphate). A limited but apparent
culture development was observed for the suspensions with
apatite groupminerals as a P source. The OD600 of the bacterial
suspension in the reactor with pyromorphite as the sole source
of phosphates (marked asMP−with PY) was up to 150 h, only
slightly higher than the OD600 of the culture grown in the
control without any P source. The apparent difference, how-
ever, constantly increased over time. The highest growth was
observed in a suspension where chlorapatite was a nutrient
source; For this suspension, at the end of the experiment, the
OD(600) readings were 20 times higher than for the suspension
with pyromorphite. The cultures grown in the P-deficient
mineral-rich solution (marked as MP− with PYand MP−with
Cl-ap) reached only the exponential phase of the growth cycle.
They yielded the OD600 10 times lower in the chlorapatite
suspension and 200 times lower in the pyromorphite suspen-
sion, in comparison with the maximum absorbance values
measured for the experiments with the MP+ solution.

Experiment E.II: dissolution of pyromorphite in presence
of P. putida

Figure 3 shows the evolution of pH in the reactors from the
E.II series. The pH of the solutions inoculated with the
bacteria increased over time regardless of the presence of
aqueous phosphate. In the abiotic control solutions, the pH
remained at the same initial level (7.3±0.2 unit) for the
whole experimental time (Fig. 3). Figure 4 shows the change
of Pb concentration in the reactors from the E.II series with
solutions amended with pyromorphite over time. In terms of
the change in dissolved Pb, both abiotic controls (the P-rich
and the P-deficient solution) were close to the steady state at
the end of the experiment, as verified by the Student’s t test.
The (Pb) evolution patterns for these solutions were almost
identical within the experimental error. Both phosphate-rich

and phosphate-deficient solutions inoculated with the bacte-
ria (marked as MP+ with PYandMP−with PY, respectively)
exhibited constant increase in the (Pb) with time. The highest
Pb concentration was in the bacterial suspension in which
pyromorphite served as the sole source of phosphate. In this
experiment, the (Pb) was ten and four times higher than in
the corresponding abiotic and bacterial P-rich controls, re-
spectively. Digestion of the bacterial cells that were in the
MP+ suspension with pyromorphite revealed that at 100 h of
the experiment, the Pb concentration bounded to the cells
was 13.6±0.4 μM. This was 94 % of the total Pb dissolved in
the reactor.

Figure 5a, b shows the evolution of total P concentration
in the experimental reactors with pyromorphite. The trian-
gles in Fig. 5a show time-resolved changes in the total P
concentrations in the microbial P-rich suspension amended
with pyromorphite. A fluctuation of the total P concentration

Fig. 3 The variation of pH with time in all experimental reactors. Error
bars represent the standard deviation of triplicate. In the abiotic exper-
iments, pH remained constant for the whole experimental time, whereas
in the microbial experiments, pH increased

Fig. 4 Total concentration of Pb in the experimental reactors with
solution amended with pyromorphite as a function of time. Error bars
represent the standard deviation of triplicate. Microbially enhanced dis-
solution of pyromorphite is apparent. Pyromorphite dissolves significant-
ly more in presence of the bacteria than in abiotic environment. The
highest concentration of Pb is in the reactor with bacteria and P-deficient
solution, whereas in abiotic solutions (P rich and P deficient), pyromor-
phite dissolution is almost identical within the experimental error
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in this suspension resembles the inversion of the culture
growth cycle in the reactors with MP+ solution in E.I series
(Fig. 2a); the initial drop caused by nutrient uptake is follow-
ed by P release due to culture extinction. The P concentration
in the P-rich abiotic solution with pyromorphite was constant
within the experimental error (squares in Fig. 5a). The time
variation in the total (P) in the reactors with the solution
initially devoid of the aqueous phosphorus is presented in
Fig. 5b. In these experiments, a dissolving mineral was the
only source of P in solution. The P concentration in the
inoculated, P-limited, pyromorphite-rich solution constantly
increased over the experimental time (triangles in Fig. 5b).
Within first 200 h of the experiment, the (P) in this suspension
was equal to the (P) in the corresponding control (abiotic)
solution with pyromorphite. Later, a difference was apparent
and at the end of the experiment the (P) in the solution with
microbes was twice as high as in the abiotic control.

A summary of the final composition of the solutions of
the E.II experimental series is presented in Table 3. The
final P concentration in the P-rich abiotic solution with

pyromorphite was equal to the P concentration in a solution
with chlorapatite. In the P-deficient conditions, the (P) was
almost two orders of magnitude higher in the solution with
chlorapatite than with pyromorphite.

Discussion

P. putida growth in presence of pyromorphite as a phosphate
source

Availability of P is one of the most crucial determinants of
microbial growth. The presence of P-bearing minerals (py-
romorphite or chlorapatite) in experimental suspensions that
were replete with aqueous P did not affect the culture growth.
The contribution of the dissolving minerals to a P supply in
the solutions was negligible compared with the amount of P
already in solution. The total P concentration in the abiotic P-
rich controls was constant over the experimental time (Fig. 5a)
and identical for pyromorphite- and chlorapatite-containing
solution (Table 3). In addition, no toxic effect of the Pb
released from pyromorphite on the microbial growth was
observed; the culture growth cycles were identical in all MP+
suspensions whether the solution was amended with pyromor-
phite or chlorapatite. The resistance of P. putida to Pb has been
investigated, e.g., by Rugierro et al. (2005). They concluded
that the inhibition of the bacterial growth caused by the metal
toxicity remains insignificant when the culture is exposed to up
to 40 μMof the aqueous Pb. At the end of the experiments, the
total dissolved (Pb) in P-rich suspension with pyromorphite
was 3.66 μM.

In contrast to the experiments carried out in the MP+
solution, P. putida growth was limited when the bacteria
were under P stress, even when the phosphate-bearing min-
erals were introduced to the solution (Fig. 2b, c). However,
both minerals successfully served as a P source for the
microbes promoting slow, but apparent culture growth in
the suspensions. It seems that the chlorapatite was more
accessible for the microbes than pyromorphite. The microbes
grew better in the P-poor solution with chlorapatite than in
the P-poor solution with pyromorphite (Fig. 2b, c). In gen-
eral, the apatite group minerals exhibit high environmental
stability (Smith et al. 1977). However, the results of the P
concentration in abiotic control experiments indicate that,
under the experimental conditions, pyromorphite was almost
two orders of magnitude less soluble than chlorapatite
(Table 3). This result suggests a reasonable explanation for
the difference in the microbial growth observed for the re-
actors with P-deficient solution with pyromorphite and with
chlorapatite. It should be mentioned here that the Pb concen-
tration in all pyromorphite-containing reactors remained be-
low its toxic level for the P. putida over the whole experi-
mental time, thus it is not considered as a significant

Fig. 5 Total concentration of P in the experimental reactors from the E.II
series as a function of time. Error bars represent the standard deviation of
triplicate. a P-rich solution. A fluctuation of P concentration in this
suspension resembles the inversion of the culture growth cycle; b P-
deficient solution. The P concentration in the solution inoculated with
bacteria constantly increased with time and was significantly higher than
in the corresponding abiotic experiment. Note the scale difference
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determinant of growth. Nevertheless, it appears that extreme-
ly stable and potentially toxic pyromorphite can serve as a
phosphate source to the common, widespread bacteria.

Microbially enhanced Pb remobilization by P. putida

It has been shown that the P. putida bacteria utilize P from
pyromorphite. The microbes acquired a limited nutrient from
the Pb-apatite structure, by changing environmental condi-
tions in a way that destabilized the mineral. To understand
the microbial role in pyromorphite’s dissolution process, the
results of the abiotic controls should be considered first.

At the end of the abiotic experiments, equilibrium of the
solutions was reached as indicated by the lack of change in
dissolved Pb with time, and the concentration of dissolved
Pb was almost identical in both P-rich and P-deficient abiotic
solutions (Fig. 4). This indicates that under the experimental
conditions, the initial presence of phosphate ions in the
suspensions had a negligible effect on the dissolution of
pyromorphite. In abiotic conditions, pyromorphite exhibited
typical, extremely low solubility and dissolved incongruent-
ly. The Pb/P molar ratio in a solution initially devoid of the
aqueous phosphorus was equal to 0.97 at the end of the
experiment; the stoichiometric ratio of these elements in
pyromorphite structure is equal to 1.67. Incongruent disso-
lution of pyromorphite was also observed by Scheckel and
Ryan (2002) and Manecki (2009) and is likely to occur due
to readsorption of Pb on the mineral crystals or precipitation
of a small amount of Pb(OH)2. This phase was undetectable
in the case of this study, however, by means of standard solid
characterization methods e.g., SEM or XRD.

Among other well-known abiotic factors, e.g., thermody-
namics of associated species, properties of the solvent, etc.,
the pH of a solution is often considered a main determinant
of the mineral solubility. Because an apparent fluctuation of
pH of the experimental solutions inoculated with bacteria
was observed, its role in the dissolution phenomena de-
scribed in this work should be considered. The solubility of
pyromorphite varies parabolically with pH, reaching the
minimum at pH∼8 and increasing as pH increases or de-
creases from this value. As reported by Manecki and Maurice
(2008), at pH from 7 to 9, the solubility of pyromorphite, in

terms of Pb dissolved, is constant within the experimental error.
Furthermore, the Pb concentration in a solution equilibrated
with pyromorphite is calculated by PHREEQC program
(Parkhurst and Appelo 1999) to vary only by 0.05 μmol/L
within this pH range (data not shown). In this study, the pH
of the abiotic solutions remained constant for the whole exper-
imental time. The increase of the pH of solutions inoculated
with bacteria from 7.3 to ∼9 was a typical result of the micro-
bial activity (Fig. 3). This effect was also observed and de-
scribed by Dehner et al. (2010) when they were working with
the same growth medium. The time-resolved pH fluctuations
were similar in all bacteria suspensions, yet the change of Pb
concentration was significantly different (over 0.05 μmol/L)
between the particular reactors (compare Figs. 3 and 4). This
suggests that pH was not a major determinant in this study. The
role of the pH variation observed for the bacterial experiments
in pyromorphite dissolution is not completely excluded, how-
ever, its impact was considered insignificant in this case.

The presence and the activity of PSB affect the stability of
pyromorphite, which can eventually lead to elevated Pb
concentration in the environment. When compared with the
results of the abiotic experiments, an apparent increase of the
Pb concentration in the solutions inoculated with the bacteria
was observed (Fig. 4). This indicates that the presence of
PSB, in this case P. putida, not only affects stability of a wide
range of calcium phosphates as reported in literature (Welch
et al. 2002; Hutchens et al. 2006; Feng et al. 2011) but also
intensify the weathering of extremely stable phases such as
pyromorphite. It is interesting, that the process of enhanced
dissolution of the mineral was observed, although soluble
phosphate was available for the microbes in the solution. In
this case, pyromorphite did not serve as the main nutrient
source for P. putida and the bacteria did not have to actively
scavenge for the phosphate. However, the milieu of a bacte-
rial culture is full of microbial metabolites which change the
speciation of the solution, thus might enhance dissolution
processes. Furthermore, the cells of Pseudomonas can serve
as an effective sorption surface for many elements, including
Pb (Leung et al. 2001). We have calculated that at 100 h of the
experimental time, in the MP(+) reactor with pyromorphite
and the microbes, the amount of Pb bound to the P. putida
cells was 3.39±0.29 (*10−11) μmol/cell. This implies that the

Table 3 Final total concentra-
tions of Pb and P in the E.II
experimental series

“±” experimental error
representing a standard
deviation of triplicates

*Stoichiometric [Pb]/[P]
ratio in pyromorphite is
equal to 1.67

Pyromorphite (PY) Chlorapatite (CAP)

P deficient P rich P deficient P rich

Bacterial MP−
with PY

Abiotic MP−
with PY

Bacterial
MP+ with PY

Abiotic MP+
with PY

Abiotic MP−
with CAP

Abiotic MP+
with CAP

[P] μM 3.19±0.59 1.51±0.18 2,470±0.04 2,820±20 119±10.7 2,796±9

[Pb] μM 13.5±0.37 1.47±0.16 3.66±0.31 1.15±0.07 – –

[Pb]/[P] 4.22* 0.97* – – – –
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actual total [Pb] dissolved from pyromorphite in the bacterial
suspension with MP+ solution could reach as high level as
14.5 μmol/L. The metal sorption on the bacterial surface can
be a reversible process as described for example by Chang
et al. (1997). In the paper on Pb, Cu and Cd adsorption on
Pseudomonas aeruginosa, Chang et al. (1997) indicated that
there are differences in adsorption capacities depending on the
growth phase of the bacteria. The authors state that, the opti-
mum of Pb adsorption on the bacteria falls on early stationary
phase (∼100 h of our experiments with P. putida in the MP(+)
solution). Hence, we assume that some part of the bacterially
bound Pb could have been released to the solution when the
bacteria reached a death phase of their growth (compare the
patterns of full triangles in Figs. 2a and 4). It is worth men-
tioning here that the microbial biosorption/bioaccumulation
processes should not be considered as a method for permanent
immobilization and decrease of Pb bioavailability, in natural,
uncontrolled ecosystems. Pyromorphite dissolved significantly
more if it served as the sole source of phosphates for the
microbes, although there were considerable less bacteria in
the suspension. The P concentration (Fig. 5a) and the molar
Pb/P ratio (Table 3) in the MP− solution with pyromorphite
and inoculated with bacteria were significantly higher than in
the corresponding abiotic experiment. Furthermore, the Pb/P
molar ratio in the suspension constantly increased with time as
presented in Fig. 6. Elevated Pb content and Pb to P ratio in the
bacterial suspension along with increase of the culture growth
imply intensified dissolution process associated with microbial
uptake of P. The processes described here represent a positive
feedback loop wherein P-stress results in microbial nutrient-
scavenging; this in turn results in enhancement of the dissolu-
tion processes and release of phosphates and Pb; the more
nutrient is available, the more themicrobes grow and are active
which dissolve the mineral. It is possible that the entire process
will last until the bacteria reach satisfaction in terms of nutrient
supply, which should be taken into account when the contam-
ination treatment is designed.

It is worth mentioning here that the fish-bone meal, usually
used as phosphate amendment in the Pb contaminated sites, is
not a readily available but a mineral source of P for the mi-
crobes. The presence of a nutrient source in such a form pro-
motes microbial active scavenging strategies, i.e., organic acids
and chelates productions, formation of biofilm, etc. (Welch
et al. 2002). Some of these mechanisms have been already
reported as inhibiting the pyromorphite formation or as enhanc-
ing its dissolution (Manecki and Maurice 2008; Debela et al.
2010, 2013). The availability of dissolved phosphates is crucial
in the processes discussed in this paper. The total deficiency of
aqueous phosphate is unlikely to occur in nature, however, the
opposite situation, in which the soil would be constantly satu-
rated with phosphate in terms of the bacterial nutrient require-
ments, is also improbable, in a long run (Bardgett 2006). One of
the reasons is that phosphorous is an essential nutrient for any
form of life: plants, fungi, and other soil organisms compete
with the bacteria in its acquisition. Low/medium dissolved
phosphate concentration is the most probable long-run scenar-
io at sites remediated by the P-induced method, especially with
a use of the optimization by PSB. In such a situation, a
relatively small amount of the nutrient promotes the bacterial
growth, but does not meet themetabolic needs of the microbes.
Consequently, a greater number of stressed bacteria is present
in the environment which leads to even greater expression of
scavenging strategies (Prieto et al. 1997; Dehner et al. 2010).
In such a case, when the pyromorphite is in bacteria milieu,
significant remobilization of Pb might occur.

Our results indicate that the stability of pyromorphite in soil
does not depend primarily on its thermodynamics and abiotic
environmental parameters. This is in agreement with findings
reported by Abbaspour and Arocena (2012) in their paper on
stability of pyromorphite in presence of plant roots. In our
studies, it appears that pyromorphite solubility, and thus the
concentration of released Pb ions, strongly correlate with the
amount of the soil bacteria and their nutrient needs. This was not
considered in the proposed methodology of Park et al. (2011a).

The degree of Pb contamination varies from site to site.
The scope of the problem is different for urban soils
(from ∼10 to ∼300 ppm of Pb), at mining areas (from ∼300
to ∼80,000 ppm of Pb), and different at shooting ranges
(∼400 to almost 100,000 ppm of Pb) (Rooney 2002). The
average number of the bacterial cells in soil is estimated to be
as many as 1010–1011/g (Horner-Devine et al. 2004). For
comparison, at the end of the experiments with pyromorphite
as a sole source of phosphate in the solution, the number of
CFU was equal to ∼3×106/cm3. The diversity of contami-
nated ecosystems in terms of inhabiting organisms and
concentration/bioavailability of Pb creates a countless num-
ber of environmental conditions to deal with during remedi-
ation treatment. Thus, it is crucial to test the bacterial activity
in the contaminated soil prior to the remediation treatment and
to proceed with caution when considering the introduction of

Fig. 6 Molar Pb/P ratio in the MP− suspension with pyromorphite as a
sole source of phosphates for the microbes. Elevated Pb content in
comparison to the P in the suspension was observed, indicating en-
hanced dissolution of PY associated with bacterial P uptake
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PSB. At some places, the discussed adverse bacterial impact
might be negligible, while at some others, it might undermine
the whole concept of the P-induced method.

Summary

In this study, the effect of the soil microorganisms on the
stability of pyromorphite has been investigated in a set of batch
experiments. Pyromorphite, a Pb apatite, is an extremely stable
product of a phosphate-induced, in-situ Pb immobilization in
contaminated sites. The objective of this work was to deter-
mine: (1) if the presence of P. putida, a PSB in the environ-
ment, affects pyromorphite stability and may result in elevated
Pb concentrations in the milieu; (2) if the process depends on
the availability of P as a nutrient for the microbes.

The results of this study indicate the potential for PSB to
increase the solubility of pyromorphite, thus decreasing the
long-term effectiveness of in situ, phosphate induced Pb immo-
bilization. The Pb concentration was almost three times higher
in the P-rich experimental solution with bacteria than in the one
without microbes. This has important implications for the re-
cently proposed (Park et al. 2011a) modification of in-situ Pb
immobilization by the addition of PSB. Such an addition might
have adverse long-term impact on the stabilization of Pb.

The amount of P available for the bacteria in soils decreases
naturally with time (Bardgett 2006). This study indicates that
pyromorphite may help support the growth of common soil
bacteria under P stress. In terms of Pb release, in P-deficient
environment, the bacterial effect on pyromorphite solubility was
greater than in the case when an alternative, readily available
source of P was provided. This implies that conscious phosphate
management might be crucial for the long term effectiveness of
the in situ Pb immobilization method. Selection of the type and
the amount of phosphate amendment should take into account
not only a degree of contamination but also the soil ecosystem
and its possible response to the applied treatment.
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