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Abstract

A method is described for the removal of mercury from solution by using the off-gas produced from aerobic
cultures of Klebsiella pneumoniae M426. Cells growing in Hg-supplemented medium produced a black
precipitate containing mercury and sulphur. The ratio of Hg:S was determined as �1:1 by analysis using
proton-induced X-ray emission, suggesting precipitation of HgS within the culture. The outlet gases pro-
duced by a mercury-unsupplemented aerated culture were bubbled into an external chamber supplemented
with up to 10 mg HgCl2/ml. A yellowish-white precipitate formed, corresponding to 99% removal of the
mercury from solution within 120 min. Energy dispersive X-ray microanalysis showed that this metal pre-
cipitate consisted of mercury, carbon and sulphur. Formation of mercury carbonate was discounted since
similar precipitation occurred at pH 2 and no oxygen was detected in the solid, which gave an X-ray powder
pattern suggesting an amorphous material, with no evidence of HgS. Precipitation of mercury with a volatile
organosulphur compound is suggested. Bio-precipitation of heavy metals by using culture off-gas is a useful
approach because it can be used with concentrated or physiologically incompatible solutions. Since the metal
precipitate is kept separate from the bacterial biomass, it can be managed independently.

Introduction

The discharge of heavy metals into the environ-
ment due to agricultural, industrial and military
operations and the effect of this pollution on the
ecosystem and human health are growing con-
cerns. Some heavy metals serve no biologically
relevant function and cause damage due to their
avidity for the sulphydryl groups of proteins
(Leach 1960). In the case of mercury, the metal
and organomercurials can pass through biologi-
cal membranes (Gutknecht 1981), and organic
mercury compounds, e.g. methylmercury, pro-
duce irreversible damage to nucleic acids (Sletten
& Nerdal 1997).

Different procedures for the removal of toxic
metal species from contaminated environments
have been developed; most are based on

ion-exchange technologies and/or chemical pre-
cipitation of cations in an inert form. Ion ex-
change methods are usually expensive, require
additional products for desorption of metals for
regeneration of the inorganic matrix and lead to
the formation of concentrated secondary wastes.
Remediation technologies using micro-organisms
are feasible alternatives to the concentration of
metals in polluted waters by physical or chemical
means (Gadd 1992 & 1993, Lloyd 2003, Lloyd
et al. 2005). For example sulphate-reducing bac-
teria have been used to precipitate metals as me-
tal sulphides (Lloyd et al. 2005) but this requires
control of emission of toxic excess H2S generated
by use of sulphate as the electron acceptor in
anaerobic respiration.

As an alternative chemical process, S-based
precipitation via organosulphur compounds has
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been considered. These are too expensive for rou-
tine use but are highly effective (Mühlbacher
1994). For example, the organic precipitant TMT
(trimercaptotriacin: trimercapto-S-triazine-triso-
dium) is non-toxic, has no offensive smell and
forms compounds of low solubility with divalent
metal ions. The Hg-TMT compound is very sta-
ble and can form a precipitate in the presence of
complexing agents which bind mercury and pre-
vent formation of HgS with Na2S (Mühlbacher
1994). Hartinger (1991) describes examples of use
of organosulphur compounds for metal precipita-
tion. One striking example highlights the use of
TMT for removal of 3600 mg mercury/l from a
wood preservative waste to a final concentration
of 0.02 mg/l (Mühlbacher 1994).

The use of microbially produced organosul-
phur compounds in the context of bioremedia-
tion is little-explored. A previous study
(Glendinning et al. 2005) described the formation
of HgS by a strain of Bacillus that did not pro-
duce volatile H2S gas but the thiol precursors
were not identified. The formation of methaneth-
iol from methionine by cell extracts of Lactococ-
cus lactis subsp. cremoris B78 was proposed by
Engels et al. (2000). The first step is a transami-
nation yielding 4-methylthio-2-ketobutyric acid
which probably, after decarboxylation, is con-
verted to methanethiol which, under aerobic con-
ditions, is converted rapidly to dimethyldisulfide
and/or dimethyltrisulphide.

Formation of insoluble metal sulphides may
be an alternative mercury tolerance mechanism
to the well-described mercuric reductase system
(Hobman & Brown 1997, Barkay et al. 2003,
Glendinning et al. 2005), and provides the possi-
bility to achieve better metal removal than by
using biogenic H2S alone (see above). With the
aim of obtaining bacteria which are metal toler-
ant by alternative mechanisms, this study focused
on mercury-resistant enterobacterial strains iso-
lated in the pre-antibiotic era. The ubiquitous
mer genes are usually carried on plasmids which
may encode for antibiotic resistance (Hobman &
Brown 1997) and therefore could be less com-
mon before widespread antibiotic usage intro-
duced a strong selection.

In this study we describe a novel approach
for the removal of mercury by using the volatile
sulphur-containing gases produced during the
aerobic culture of Klebsiella pneumoniae M426.

Materials and methods

Bacterial strains and bioreactor operation

Klebsiella pneumoniae M426, Morganella mor-
ganii M567 and Escherichia coli M634 were origi-
nally obtained from the National Collection of
Type Cultures, Colindale, London, UK. Cultures
were routinely grown aerobically in Luria Broth
medium [LB; agitation at 200 rpm; 37 �C (Essa
et al. 2003)]. The effect of different HgCl2 con-
centrations on the growth of the mercury resis-
tant strains was studied in liquid culture. The
bacterial strains were grown in LB medium sup-
plemented with HgCl2 (up to 100 lg/ml) and
incubated at 37 �C for 48 h with bacterial growth
monitored as OD600. For metal precipitation
tests a batch bioreactor was constructed
(Figure 1) comprising two chambers; one was
used for bacterial growth (�1 litre, maintained
under aerobic conditions by pumping in filtered
compressed air; 37 �C), and the other chamber
(50 ml) was used for metal precipitation by pass-
ing the culture exit gases through metal solution
(aq.) via a 0.2 lm filter to prevent bacterial con-
tamination. Cultures were inoculated (100 ml)
using cells in the mid-exponential growth phase
(6 h) and bacterial growth was monitored by
measuring the optical density at 600 nm.

Electron microscopy and analysis of the precipitate
deposited in cultures grown with Hg2+

Electron microscopy was carried out as described
by Badar et al. (2000), using osmium-stained sec-
tions for transmission electron microscopy and
parallel, non-osmium-treated cells for analysis
using energy dispersive X-ray microanalysis
(EDX). Proton induced X-ray emission analysis
(PIXE) was carried out under vacuum, using the
Oxford Scanning Proton Microprobe (Depart-
ment of Nuclear Physics, University of Oxford,
UK). Dried samples (a few mg) were washed
with acetone three times. The samples were air-
dried, ground, suspended in a few drops of dis-
tilled water and transferred to a ’pioloform’ film
spanning a hole in an aluminium target (custom-
made in the Department of Nuclear Physics,
University of Oxford). The samples were
examined in a high energy proton beam (PIXE:
Johansson & Campbell 1988) as described
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previously (Bonthrone et al. 1996). Matrix major
element composition and thickness, which are
needed to calculate PIXE corrections, were deter-
mined using simultaneous Rutherford back-scat-
tering (RBS) analysis to enable calculation of the
elemental concentrations of mercury and sulphur
per unit volume of sample (Tamana et al. 1994).

Mercury volatilisation assay with growing cells

LB medium (100 ml) was inoculated with a single
colony and shaken overnight (37 �C), diluted with
fresh medium and grown to an OD600 of 0.4–0.5.
HgCl2 was added (1 h), the OD600 was adjusted to
0.4 with fresh medium and samples (4 ml) were
harvested at 1500 g (10 min). The supernatant
was filtered (0.2 lm filters; Dynagard) and re-
tained and the cells were washed and resuspended
in fresh LB medium (4 ml) and divided into 1 ml
aliquots into 50 ml acid (2 M HNO3)-washed
flasks (37 �C, with agitation); each was diluted
with 4 ml pre-warmed LB supplemented with
1.25 lM HgCl2 and diluted (to 1:2000 dilution of
stock solution) with 203HgCl2. Timed samples
were withdrawn into 5 ml of scintillation cocktail
[OptiPhase Hisafe: dioctyl sulfosuccinate, sodium
salt; 2-(2-butoxyethoxy)ethanol; poly(ethylenegly-
col); mono(4-nonylphenyl-ether)] and counted
in a Packard TRI-CARB 2700 Tr liquid Scinitilla-

tion Analyser with the window set at 0.2–22 MeV.
Experiments were done in duplicate; representa-
tive data are shown.

Chemical analysis of residual soluble mercury
in metal precipitation tests

Mercury was prepared as an aqueous solution in
the external precipitation chamber (Figure 1:
HgCl2; 0.02–10 mg/ml). The metal precipitate
was removed by centrifugation (1600 g; 15 min).
Aliquots (10 ml) of the supernatant were filtered
(0.2 lm Nalgene Syringe filters) and analysed
using a 1999 Duo HR Iris advanced inductive
coupled plasma (ICP) spectrometer (Matlock
et al. 2001). Mercuric ion concentrations in the
solutions were also measured with a mercury
analyser (Buck Scientific, model 400A) applying
cold vapour atomic absorption spectrometry
(Chang et al. 1993).

Solid state analysis

Samples from the precipitation chamber were
centrifuged as above. The supernatant was re-
moved and precipitates were washed in 20 ml
deionised water followed by centrifugation as be-
fore (3 times). The precipitate was collected and
dried at 30 �C. The metal precipitates were
examined with a JEOL JSM 5900 scanning elec-
tron microscope with the composition deter-
mined by EDX using an Oxford Link ISIS
System. X-ray powder diffraction (XRD) analy-
sis was done on duplicate samples in parallel.
Precipitates were washed and dried as above and
the material (a few mg) was examined by X-ray
powder diffraction in a SK-2-12 tube resistance
furnace under a flow of nitrogen (100 ml/min).
X-ray powder diffraction patterns were obtained
on a Dmax Rigaku diffractometer using mono-
chromatic high-intensity CuKa radiation
(k=0.15418 nm).

Results

Mercury tolerance and volatilisation

The effect of HgCl2 on the growth of the mer-
cury resistant strains was studied by growth in
medium supplemented with HgCl2 up to

Fig. 1. Bioreactor used for metal precipitation via the culture
off-gas consisting of two chambers. The large chamber is the
bacterial growth chamber with forced aeration via a filtered
compressed air supply. The small second chamber contains a
solution of HgCl2 (aq). Contamination by bacteria is pre-
vented by the inclusion of a 0.2 lm filter (see text).
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100 lg/ml (as Hg). Examination of growth after
48 h showed that K. pneumoniae M426 grew with
up to 100 lg HgCl2/ml; the other strains grew
negligibly when HgCl2 was above 70 lg/ml (Fig-
ure 2). Despite having been archived in the
pre-antibiotics era, all of the strains carried mer
genes (Essa et al. 2003). Accordingly, all of the
strains volatilised mercury but K. pneumoniae vo-
latilised the least (Figure 3) despite its higher tol-
erance to Hg2+ (Figure 2). An additional
Hg-tolerance mechanism was therefore impli-
cated in this organism.

Precipitation of mercury as HgS by growing
cultures

During aerobic growth of K. pneumoniae M426
with Hg2+ a black precipitate formed in the
extracellular matrix (Figure 4a). EDX analysis
showed that the precipitate contained mercury
and sulphur (Figure 4b) but it was not possible to
calculate the elemental ratio due to overlapping
of the peaks for the Hg and sulphur X-ray emis-
sion energies. Complementary analysis using
PIXE gave an elemental ratio of Hg:S of
1.28 ± 0.21:1. It was therefore concluded that
K. pneumoniae M426 produces hydrogen sulphide

(H2S) under aerobic conditions to precipitate
Hg2+ as insoluble black HgS (Essa et al. 2002,
2003). This mechanism was recognised previously
by Aiking et al. (1985), who described the aerobic
formation of CdS by Klebsiella aerogenes when
grown in continuous aerobic culture in the pres-
ence of CdCl2 and by Wang et al (2002), who
showed the ability of Pseudomonas aeruginosa to
remove more than 99% of the cadmium from
5 mM cadmium solution by precipitation on the
cell wall as cadmium sulphide aerobically. Aero-
bic precipitation of HgS was also observed using
a Bacillus sp. (Glendinning et al. 2005).

Mercury precipitation using culture off-gases

A major limitation of bioremediation is the need
to work within physiologically permissive condi-
tions and often the toxicity of co-contaminants is
problematic even if the organism carries a resis-
tance to the primary target species. The potential
for using the culture off-gas in a separate precipi-
tation chamber was therefore explored using the
bacteria in the primary growth chamber as a gas
generator with the off-gases carried in the exit air
stream into a mercury solution in the precipita-
tion chamber (Figure 1).

Fig. 2. Effect of HgCl2 on the growth of mercury resistant strains: E. coli M634 (solid black), K. pneumoniae M426 (crossed hat-
ched) and M. morganii M567 (dotted) compared to a mercury sensitive control strain E. coli TG2 (solid grey). Cultures were
grown in the presence of HgCl2 (lg/ml as Hg) and the OD600 was determined after 48 h.
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A black precipitate of HgS was anticipated,
but more than 99% of the soluble Hg2+ by as-
say was removed (Figure 5) and was recovered
in the precipitation chamber as a yellowish white
precipitate within 2 h. EDX analysis (Figure 5,
inset) showed that the precipitate comprised
mercury, sulphur and also carbon but with no
detectable phosphorus, confirming the lack of
contamination by biomass. The EDX spectrum
cannot distinguish between Hg and sulphur (see
above) but tests using Cd2+ (which was removed
comparably to Hg2+ in the precipitation cham-
ber) gave clearly separated Cd and S peaks (and
also carbon; not shown) and a white precipitate

instead of the bright yellow coloration diagnostic
of CdS. It could be suggested that metal carbon-
ate was precipitated via CO2 in the culture off-
gas, but similar results were obtained at pH 2, at
which pH little bicarbonate would be present in
the solution and no carbonate (Mulligan et al.
2001), and the EDX spectrum showed no emis-
sion peak at 0.5249 keV (Figure 5, inset) corre-
sponding to the oxygen Ka X-ray emission
energy (cf. Figure 4b). It was concluded that the
bacterial off-gas contained a volatile organic sul-
phur compound, which precipitated with Hg2+.
The absence of a black/grey coloration in the
precipitate mitigates against HgS precipitation,
while the X-ray powder pattern shows few dis-
tinguishing features and none characteristic of
HgS (a reference of HgS and a corresponding
pattern of biogenic HgS produced by Bacillus sp.
was shown by Glendinning et al. (2005)).
Formation of an amorphous organosulphur
material is therefore suggested. Full analysis
of the culture off-gas was not attempted but GC
mass spectral analysis showed the presence of
dimethyl disulfide as a distinct component (Essa
2004).

Discussion

A previous study (Glendinning et al. 2005)
showed that although biogenic HgS was depos-
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Fig. 3. Mercury volatilisation by the three mercury resistant
strains; E. coli M634 (h), K. pneumoniae M426 (m), and M.
morganii M567 (s) compared to a mercury sensitive strain E.
coli TG2 ( ).

Fig. 4. Metal precipitate produced by K. pneumoniae M426 growing in the presence of HgCl2. The extracellular precipitate (right
panel) was analysed by EDX (left panel). Copper peaks are from the copper grid. Bar is 0.5 lm.
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ited by a Bacillus sp. There was no evidence for
the production of gaseous H2S by this strain,
suggesting an origin in a biogenic organothiol. In
the present case, although some volatile H2S was
detected using a lead acetate test strip (not
shown) and HgS was identified in cultures grow-
ing in the presence of mercury, its precipitation
via off-gas from mercury-unsupplemented culture
was predominantly at the expense of a volatile
organosulphur compound, possibly dimethyldi-
sulphide (DMDS) (Essa 2004).

There have been previous attempts to engi-
neer aerobic sulphate or thio-sulphate reducing
systems for metal removal (Bang et al. 2000,
Wang et al. 2002) but there is little, if any, focus
on the production of organosulphur metal pre-
cipitants, despite their high potential (see Intro-
duction). This study describes a novel approach,
not only for mercury bioremediation, but also
for some other heavy metals (Essa 2004) and has
certain advantages. First, since culture off-gas is
used, it is applicable for concentrated or non-
physiologically compatible solutions under a
wide range of factors such as pH and salinity
(Essa 2004). Second, with this bio-process one
organism, K. pneumoniae, was used to precipitate
different metals from their solutions and could be
also used with mixed metal solution, and with
some selectivity (Essa 2004). Importantly, during
metal precipitation there is no direct contact be-
tween the bacterial biomass and the metal precip-
itate, thus keeping the biomass separate from the
contaminated waste water and ensuring that

there is no cross-contamination between the bio-
mass and the final metal precipitate. Several
sequential precipitation tests were carried out
using one batch culture and gas production
could be prolonged by a fed-batch approach
(A.M.M. Essa, unpublished).

The use of K. pneumoniae commercially
would be unattractive due to its potential path-
ogenity. DMDS has been reported to be pro-
duced by other organisms, e.g. Streptomyces sp.
(Segal & Starkey 1969), Aspergillus sp. (Ruiz-
Herrera & Starkey 1969), Clostridium sporogenes
(Kreis & Hession 1973), Pseudomonas putida (Ito
et al. 1976), Proteus sp. (Hayward et al. 1977)
and Pseudomonas fluorescens, Proteus vulgaris,
and Serratia marcescens (Pohl et al. 1984), iso-
lated from soil, wastewater, and fish, while other
bacteria isolated from activated sludge (Tomita
et al. 1981) e.g. Lactobacillus sp., Corynebacte-
rium sp. and Alcaligenes sp. showed an ability to
produce DMDS from the sludge. The use of
more innocuous strains will be explored in future
studies.
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