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The effects of freshwater sediment components
such as kaolinite, montmorillonite and birnessite
(d-MnO2) on the biomethylation of mercury(II)
in a synthetic growth medium (M-IIY) were
assessed. Additions of kaolinite or montmorillo-
nite to media containing mercuriC nitrate
[Hg(NO3)2; 12 mg Hg mlÿ1] had no significant
effect on either bacterial growth or the produc-
tion of methylmercury (CH 3Hg�). However,
whereas the addition of birnessite resulted in
only a small (ca 4%) increase in bacterial
growth, it also produced a significant decrease
(ca50%) in the production of CH3Hg�. Further,
it was demonstrated that, with the exception of
kaolinite, adsorption of mercury(II) onto the
sediment components before they were added to
the M-IIY medium decreased its bioavailability,
i.e., the amounts of CH3Hg� produced from the
adsorbed mercury(II) were significantly lower
than those produced from equivalent concentra-
tions of Hg(NO3)2 in the absence of the mineral
colloids. In the case of montmorillonite, CH3Hg�

production was decreased by 21% relative to the
control system. Most striking was the case of
birnessite, in which no CH3Hg� was detected
after a 25 h incubation period and only very
small quantities of CH3Hg� (3–7 ng lÿ1) were
present in the medium after 336 h. These data
demonstrate that mineral colloids common in
freshwater sediments significantly influence the
extent of biomethylation of mercury(II) ad-
sorbed on their surfaces. Birnessite, in particu-
lar, is a very effective inhibitor of the
biomethylation of surface-bound mercury(II).
Therefore, it may be possible to reduce the
severity of mercury pollution in some aquatic

environments by adding a reactive manganese
oxide, such as birnessite, to the system and
thereby to inhibit the transformation (methyla-
tion) of inorganic mercury(II) into the much
more toxic CH3Hg� species.# 1998 John Wiley
& Sons, Ltd.
Appl. Organometal. Chem.12, 613–620 (1998)
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INTRODUCTION

Sediments play a major role in the dynamics of
natural water systems; they act as both source and
sink for nutrients and pollutants in the freshwater
environment. Indeed, the mobility and fate of both
nutrients and pollutants in sedimentary environ-
ments depend largely on the mineralogy and
surface chemistry of the sediments1,2 as well as
on the chemistry of the interstitial water3,4 and
environmental factors.5 Moreover, colloidal ma-
terials in surficial sediments and suspended in the
water column act as scavengers of toxic metals,
immobilizing these metals and thereby reducing
their bioavailability and toxicity.6

The mercury (Hg) in aquatic environments exists
primarily in the form of inorganic species bound to
particulate matter in sediments. Despite this, the
mercury found in fish and other aquatic organisms
is almost entirely in the form of the organometallic
methylmercury (CH3Hg�) species.7 The presence
of CH3Hg� in aquatic environments poses a
potentially serious environmental hazard, because
of both its extreme toxicity and the ease with which
it can be bioaccumulated and biomagnified up the
food chain.

The occurrence of CH3Hg� in freshwater
ecosystems is a result of microbial transformations
of inorganic Hg(II) species.8–10 Consequently, the
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production of CH3Hg� in aquatic systems is
dependent,in part,uponthebioavailabilityof these
inorganic Hg(II) species.Competitive complexa-
tion by inorganicandorganicligandsaswell asby
colloids is consideredto be one of the principal
factorscontrolling the bioavailability of inorganic
Hg(II) in aquatic environments.6,11 Indeed, it is
presumedthat methylationrequiresdissolvedcon-
centrationsof Hg(II) andthatonly ‘free’ Hg2� (i.e.,
aquocomplexesof thetypeHg2��xH2O) is directly
availablefor methylation.12 Whereastheeffectsof
inorganic and organic ligands on the aqueous
speciation, bioavailability and methylation of
mercuryhavereceivedconsiderableattention,4,13–

19 therehavebeenfar fewereffortsto elucidatethe
impact of mineral colloids on the bioavailability
andbiomethylationof Hg(II) in aquaticsystems.6,20

This investigation was initiated to assessthe
impact of mineral colloids on the microbially
mediated methylation of inorganic Hg(II). The
specificobjectiveof this study was to investigate
the biomethylationof Hg(II) adsorbedon selected
mineral colloids commonin freshwatersediments
(i.e., the clay mineralskaolinite andmontmorillo-
nite, and the manganeseoxide birnessite)by a
mercury-resistantstrain of Pseudomonasfluores-
cens common to the Qu’Appelle River basin in
Saskatchewan,Canada.

MATERIALS AND METHODS

Bacterial isolates

Surfacesedimentswerecollectedfrom four sitesat
Buffalo PoundLakein theQu’AppelleRiverbasin,
Saskatchewan,Canada.Sampleswere collected
with an Ekman dredge, transferred into acid-
washed,sterile polyethylenebottles, and packed

on ice until processedin the laboratory.Bacterial
isolateswereobtainedfrom eachof the individual
sedimentsamples,screenedfor mercuryresistance
and identified.19 Stock cultureswere preparedby
streakingthe isolatesonto tryptic soy agar(TSA)
slants,which wereincubatedfor 48h at 25°C and
thenstoredat 4°C. Working culturesof theisolates
werepreparedby streakingthe stockculturesonto
freshTSA–Hgplates(i.e. TSA supplementedwith
100mg Hg mlÿ1, added as HgCl2) which, after
incubationfor 48h at 25°C, were storedat 4°C.
Methylation studies were carried out using the
mercury-resistantisolate P. fluorescensBPL85-
48.19 This isolate was chosenbecause(1) it was
common in the Qu’Appelle River Basin, (2) it
exhibitedasignificanttoleranceto Hg(II), and(3) it
exhibited excellent growth characteristics.Fresh
workingculturesof this isolatewerepreparedevery
six to eight weeks.

Adsorption of mercury(II) on mineral
colloids

Thesourcesandpropertiesof theclaymineralsand
manganeseoxideusedin this studyarereportedin
Table 1. Mercury was adsorbedonto the mineral
colloidsfollowing theprocedureoutlinedin Fig. 1.
Briefly: triplicate 1.0g samplesof the mineral
(105°C oven-dryweight basis)weresuspendedin
100ml of an80mM Hg(NO3)2 solutionandthepH
of the suspensionswas adjustedto 7.0� 0.1 with
0.1M NaOH. The suspensionsweremaintainedat
25� 0.2°C in awaterbathwith continuousshaking
for 24h, filtered by ultrafiltration (0.01mm pore
size),andwashedwith distilled de-ionizedwaterto
ensurethat the sampleswere free of dissolved
Hg(II). Mercury in the filtrateswasdeterminedby
cold vapor flamelessatomic absorptionspectro-
photometry(CV AAS),25 and the amountof Hg
adsorbedby the colloid was calculatedfrom the

Table 1 Sourcesandpropertiesof mineralcolloids,commonin freshwatersediments,andusedin thebiomethylationstudies

Sample ID Source Description
CEC

(cmol(�) kgÿ1)
Specificsurface

(m2 gÿ1)
Hg(II) adsorbed
(mg gÿ1/24 h)

Kaolinite KGa-1 CMSa Well-crystallizedkaolin 2.0 10 0.24
Montmorillonite STx-1 CMSb Ca2�-saturated 84.4 599 0.65
Birnessite(d-MnO2) — Syntheticc PoorlycrystalineMn oxide 167 262 1.05

a ClayMineralsSocietySourceMineralsRepository;Departmentof Geology,Universityof Missouri,Columbia,MO, USA.Sample
origin: WashingtonCo.,GA. Chemicalcharacteristicsobtainedfrom Ref. 21.
b Clay Minerals Society SourceMinerals Repository;Departmentof Geology,University of Missouri, Columbia,MO. Sample
origin: GonzalesCo.,TX. Chemicalcharacteristicsobtainedfrom Ref. 21.
c Synthesizedaccordingto the procedureof McKenzie(Ref. 22); describedin Refs23 and24.
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differencein Hg concentrationin the equilibrating
solutionandfiltrates.

Methylation of mercury

Methylation experiments were conducted in a
synthetic growth medium using P. fluorescens
isolate BPL85-48.The syntheticgrowth medium

(M-IIY) wasaminimalsaltsmediumamendedwith
0.1% yeast extract and 0.1% glycerol, and was
made chloride-free by substituting appropriate
nitrate salts.19 The biomethylationof Hg(II) was
assessedunder three setsof experimentalcondi-
tions (Table 2). In the control system,Hg(II) was
addedto theM-IIY mediumasaqueousHg(NO3)2
and methylationtook placein the absenceof any

Table 2 Treatmentcombinationsusedin the methylationstudies

Mineral colloid

Treatmentno. Hg(II) sourcea Mineral conC (g/100ml)

1.1 Hg(NO3)2 — —
1.2 Hg(NO3)2 — —
1.3 Hg(NO3)2 — —
2.1 AdsorbedHgb Kaolinite 5.02
2.2 AdsorbedHgb Montmorillonite 1.85
2.3 AdsorbedHgb Birnessite 1.15
3.1 Hg(NO3)2 Kaolinitec 5.02
3.2 Hg(NO3)2 Montmorillonitec 1.85
3.3 Hg(NO3)2 Birnessitec 1.15

a Total conC = 12mg Hg mlÿ1.
b Mercurywasadsorbedon themineralcolloid beforeits additionto theM-IIY medium.Thetotal amountof Hg(II) addedto theM-
IIY mediumin adsorbedform wasthesame(6mmol), regardlessof which mineralwasadded.
c AqueousHg(NO3)2 wasaddedto theM-IIY medium andallowedto equilibratefor ca4 h; themineralcolloid wasaddedto theHg-
amendedmediumafter the equilibrationperiod.

Figure 1 Procedureusedto prepareHg-treatedmineralcolloid samples.
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addedmineralcolloid (treatments1.1–1.3in Table
2). In the Hg-colloid system,Hg(II) wasaddedin
the adsorbed form with the mineral colloid
suspendedin theM-IIY medium(Fig. 1; treatments
2.1–2.3in Table2). In addition,theinfluenceof the
mineralcolloids on the biomethylationof aqueous
Hg(II) wasdeterminedby addingHg(NO3)2 to the
M-IIY mediumprior to theadditionof themineral
colloids (treatments3.1–3.3 in Table 2). Under
theseconditions,the adsorptionof Hg(II) onto the
mineral would be in direct competitionwith the
organicandinorganicligandsin themediumand,in
this way, the effectsof competitivecomplexation
wereassessed.In all cases,the total concentration
of Hg(II) in themediumwas60mM (12mg mlÿ1).

Methylationstudieswerecarriedout asfollows:
(1) bacterialinoculantwaspreparedby transferring
a loopful of the working culture of P. fluorescens
BPL85-48into 50ml of M-IIY supplementedwith
additional yeast extract (total concentra-
tion = 0.5%) and incubatingfor 24h at 25°C with
shaking (115� 5 rpm); (2) Hg-amendedmedia
werepreparedby adding6mmol Hg(II) to 100ml of

M-IIY mediumin 300ml Erlenmeyerflasks(final
concentrationof Hg(II) = 60mM; final pH = 8.00�
0.05) [Case1 — Hg(II) was addedas Hg(NO3)2;
Case 2 — Hg(II) was added as an equivalent
amountof Hg (6mmol) adsorbedon the mineral
colloids (Table2); Case3 — Hg(II) wasaddedas
Hg(NO3)2, allowedto equilibratefor 4 h, andthen
supplementedwith an appropriateamountof the
mineral colloid (Table 2)]; (3) the Hg-amended
media were inoculatedby transferring1.0ml of
bacterialinoculantto eachtreatmentflask; (4) the
flasksweresealedwith foamplugsandincubatedat
25°C with shaking(115� 5 rpm). Growth of the
bacterialculture (measuredas optical density,i.e.
absorbanceat 530nm) andmethylmercuryproduc-
tion (following solventextractionandgas-chroma-
tographicanalysis)weremeasuredafter 25 h.

Determination of methylmercury

Methylmercuryin the completecultures(i.e., cells
plus medium)was extractedfollowing the proce-
dureoutlinedin Fig. 2 andwasdeterminedby gas–

Figure 2 Procedureusedto extractmethylmercury(CH3Hg�) from
the bacterialcultures.Modified from the procedureof Longbottomet
al.26
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liquid chromatography.Methylmercurywasquan-
tified using an HP-5890 gas chromatograph
equipped with a 63Ni electron capture detector
and a Pyrexglasscolumn [4 ft (122cm)� 2 mm,
i.d.] packed with ChromosorbW (80/100-mesh)
coated with 5% FFAP (free fatty acid phase;
ChromatographicSpecialists,Inc.). The column
was conditioned according to the procedureof
Hight andCapar.27 Undertheoperatingconditions
[injector 200°C; column 160°C; detector300°C;
and carrier gas (N2) flow 65–70ml minÿ1], the
CH3Hg� peak appeared2–3min after sample
injection. Methylmercury peaks were confirmed
usingtheproceduredescribedby Jensen.28

The detector was calibrated with a series of
methylmercuriciodide(CH3HgI) standards,andthe
measuredpeakheightswereplottedversusCH3HgI
concentration. Calibration curves, prepared by
usinglinear least-squaresregressionanalysis,were
usedto calculatetheconcentrationof CH3Hg� (pg/
5ml) in eachinjectedsample.The final concentra-
tion of CH3Hg� in eachsamplewascalculatedas
describedpreviously.19

RESULTS AND DISCUSSION

Althoughit hasbeenfirmly establishedthatthevast
majority of Hg in freshwatersystemsis boundby
sediments,to be releasedinto the interstitial water
and overlying water column only whenan appro-
priate change in environmental conditions oc-
curs,5,6,29 the rate at which Hg is releasedfrom

the sedimentdependslargely on the affinity of the
sedimentcomponentsfor Hg30–32 and the ionic
environmentof the surroundinginterstitial water.
Oscarsonet al.33 reportedthat the principal clay
mineralsin sedimentsfrom the rivers,streamsand
lakesmakinguptheQu’AppelleRiversystemwere
smectite,vermiculite,kaolinite andmica. Further-
more,they found that amorphousoxy(hydroxides)
of aluminium, iron, manganeseand silicon oc-
curredin boththecolloidal (presumablyascoatings
on theclay minerals)andnon-colloidalfractionsof
thesesediments.Reimersand Krenkel34 reported
that the affinity of clay minerals for inorganic
Hg(II) increasesin theorder:kaolinite< montmor-
illonite� illite. Likewise,Rogerset al.31 reported
thatHg(II) adsorptionby poorlycrystallizedoxides
of aluminium,manganeseandiron increasesin the
order: Al(OH)3� Fe(OH)3�MnO2. Despite the
implicationsof thesedata,thereis little information
availableregardingthebiomethylationof sediment-
bound Hg.2,6 Therefore the present study was
undertakento determine how various sediment
componentsaffect thebiomethylationof inorganic
Hg(II) boundto their surfaces.

The datapresentedin Table1 demonstratethat,
as expected, the adsorption of Hg(II) by the
sediment components increased in the order:
kaolinite�montmorillonite� birnessite.Not sur-
prisingly, the amount of Hg(II) adsorbedby the
sedimentcomponentsvaried greatly and, in gen-
eral, increasedas the cation-exchangecapacity
(CEC) of the componentincreased.Indeed,there
was a significantpositive correlationbetweenthe
amount of Hg(II) adsorbedand the CEC of the

Table 3 Biomethylationof Hg(II) adsorbedonmineralcolloidscommonin freshwatersediments,by P. fluorescensisolateBPL85-
48 during a 25-h incubationperiod.

Optical Density

SampleID Hg(II) sourcea Absorbanceat 530nm RGIb CH3Hg� (ng lÿ1)c

Blankd — 0.551 1.28a —
Controle Hg(NO3)2 0.430 1.00d 32.86� 0.67a
KGa-1 Kaolinite 0.423 0.98d 30.53� 1.64ab
STx-1 Montmorillonite 0.451 1.05c 25.96� 4.17b
MnO2 Birnessite 0.478 1.11b NDf c

a Total concentrationof Hg(II), addedasHg(NO3)2 or in adsorbedform, was6 mmol/100ml.
b Relativegrowth index= optical densityof colloid-amendedmedium/opticaldensityof the control.Valuesfollowed by the same
letter arenot significantlydifferent (P� 0.05; leastsignificant differencetest,LSD = 0.04).
c Valuesfollowedby thesameletterarenotsignificantlydifferent(P� 0.05;leastsignificantdifferencetest,LSD = 5.30ngCH3Hg�

lÿ1).
d Isolategrown in the M-IIY mediumin theabsenceof Hg(II).
e Isolategrown in M-IIY mediumsupplementedwith Hg(NO3)2; total Hg(II) concentration= 60mM.
f ND, not detectable.
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sedimentcomponents(r = 0.999;P� 0.001).Thus,
if specific adsorptionmechanismswere not in-
volved, it would be expectedthat the releaseand
subsequentmethylationof theboundHg(II) would
increasein the same order. However, the data
presentedin Table3 showthatnosuchrelationship
was observed.Indeed,just the oppositeoccurred,
indicating that specific adsorption mechanisms
were involved in the adsorptionof Hg(II) by the
sedimentcomponents.Theseresultsmirror thoseof
Jackson,2,6 who reportedthat the effects of clay
mineralsand metal oxides on Hg(II) transforma-
tions in sedimentwere largely independentof the
capacityof the mineral/oxideto adsorbHg(II). At
the sametime, our resultsindicatethat the affinity
of thecolloid for Hg(II) maydictatetheintensityof
microbially mediated Hg(II) transformationsin
aquaticsystems.

Thedatapresentedin Table3 alsoillustratethat
growthof theP. fluorescensisolatewassuppressed
at the concentrationof Hg(NO3)2 (60mM) usedin
themethylationexperiments,i.e., therewasa 28%
decreasein the optical densityof the 25h culture.
The addition of an equivalentamount of Hg(II)
adsorbedon themineralcolloidsproducedvariable
effectson bothbacterialgrowthandtheproduction
of CH3Hg� (Table3). Additionsof Hg(II) adsorbed
on kaolinite had no significant effect on either
bacterial growth or CH3Hg� production. This
suggeststhat much of the Hg(II) adsorbedon the
kaolinite was readily released into the M-IIY
medium,presumablyvia exchangereactionsinvol-
ving themajorcations(K�, Na�, Ca2� andMg2�)
in the medium and dissolution of the adsorbed
Hg(II) through its complexationwith the organic
andinorganicligandsin theM-IIY medium.35 The
Hg(II) adsorbedon montmorillonite,however,was
apparentlylessbioavailable,i.e., therewasa small
increasein bacterial growth (5% relative to the
control) accompaniedby a rather large (21%)
reduction in CH3Hg� production. Although the
possibility of specific adsorption of Hg(II) by
montmorillonite cannot be ruled out, it is more
likely that theseresults reflect a decreasein the
accessibility of Hg(II) bound in the interlayer
spacesof themineral.

The most striking results, however, were ob-
tained with the Hg–birnessitesystem(Table 3).
Unlike theHg(II) adsorbedontheclayminerals,the
Hg(II) adsorbedonbirnessitewasboundto suchan
extentthatit wasapparentlyretainedonthemineral
rather than being releasedinto solution. That is,
therewasa significantincreasein bacterialgrowth
relativeto thecontrolandnodetectableamountsof

CH3Hg� wererecoveredfrom the 25h cultures.It
wasobserved,however,that increasingtheincuba-
tion periodto 336h resultedin small quantitiesof
CH3Hg� (3–7ng lÿ1) being producedin the Hg–
birnessitesystem.Likewise,Jackson2 reportedthat
the productionof CH3Hg� in lake sedimentwas
inhibitedalmostentirelyby additionsof manganite
(MnOOH) to the sediment.Moreover,he reported
that themanganitehada muchstrongeraffinity for
Hg(II) thaneitherkaoliniteor montmorilloniteand
that this effect may have played a role in
suppressingthe methylation of Hg(II) in lake
sediment.Together,theseresultsindicatethat the
Hg(II) sorbed by manganeseoxides (including
birnessite)is boundprimarily by specificadsorption
mechanisms.For example,McBride36 suggested
that covalent bonding makes an important con-
tribution to the adsorptionof trace metalson the
surfaceof manganeseoxides.In thecaseof Hg(II),
adsorption to the surface of birnessite occurs
through an MnO–Hg bond, a bond that is
predominantly (ca 65%) covalent.37 Moreover,
assumingthat the adsorptionreactionis energeti-
cally favorable,desorptionwould be expectedto
requirean activationenergyto overcomeat least
theadsorptionenergy.36As aconsequenceof this,it
is to beexpectedthatthedesorptionof Hg(II) from
manganeseoxides would occur at a considerably
slower rate than adsorption.Indeed,the resultsof
the methylationstudiessuggestthat desorptionof
Hg(II) from thebirnessiteoccurredveryslowly and
wascontrolled,at leastin part,by dissolutionof the
adsorbedHg(II) through its complexation with
organic and inorganic ligands in the medium.
Rogerset al.32 alsoreportedthat the desorptionof
Hg(II) from poorly crystallizedoxidesof manga-
nese,iron, aluminiumandsiliconwasslowandwas
controlledby thediffusionof Hg(II) from theoxide
surface.

In nature,the adsorptionof Hg(II) by sediments
occurs in a chemically complex, heterogeneous
environmentandis greatlyaffectedby theinterplay
betweensedimentcomponentsand ligands (both
inorganic and organic) in the interstitial waters.
Thus, to gauge the adsorptive capacity of the
sedimentcomponentsfor Hg(II) in thepresenceof
competingligands,anadditionalsetof experiments
wasconductedin whichHg(NO3)2 wasaddedto M-
IIY medium prior to the introduction of the
sediment components (total Hg concentra-
tion = 60mM). Addition of the mineral colloids to
theHg-amendedM-IIY mediumhadno significant
effect on bacterialgrowth during the 25h incuba-
tion, i.e., in all casesthe relative growth index
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(RGI) for thecontrolandcolloid-amendedsystems
differed by less than 4%. The effects of mineral
colloids on themethylationof Hg(II) in theM-IIY
media are presentedin Fig. 3. In general,more
CH3Hg� wasproducedwhenthe mineral colloids
wereaddedto mediacontainingaqueousHg(NO3)2
than when the Hg(II) was addedin the adsorbed
form. Clearly, however, this difference was sig-
nificantonly in thecaseof birnessite.Theseresults
suggestthat the adsorptionof Hg(II) by kaolinite
and montmorillonite is controlled simply by ion
exchangeandthat the dissolvedligandsin the M-
IIY medium are more effective scavengersof
Hg(II) than are the clay minerals.Likewise, the
datasuggestthat complexationeffectslimited the
amountof free Hg(II) available to bind with the
MnO2, thus suppressingHg(II) adsorption and
making more Hg(II) available for methylation.
Indeed,it is generallyacknowledgedthat metal–
ligandstabilityatsurfacesis correlatedwith metal–
ligand stability in solution.36 Farrell et al.35

calculatedthat, at pH 7–8, the 1:2 complexesof
Hg with alanine, glycine, valine and hydroxide
accountedfor morethan90%of thetotal Hg(II) in
the M-IIY medium. Though these soluble Hg–
ligand complexeswereapparentlyunavailablefor
surface adsorption,data from the presentstudy

indicate that at least someof the Hg(II) in these
complexesremainedin bioavailableform.

In summary,our dataindicatethat thereis little
relationship between the adsorptive capacity of
sedimentcomponentsfor Hg(II) andthesubsequent
methylationof this Hg(II). Indeed,there was no
significant correlation(r = 0.329,ns) betweenthe
quantity of Hg(II) adsorbed by the sediment
componentsandtheamountof CH3Hg� produced.
The datado suggest,however,that by controlling
desorptionkinetics the mechanismof adsorption
(be it ion exchangeor specificadsorption)playsa
pivotal role in the methylationof sediment-bound
Hg(II). Likewise, competitivecomplexationreac-
tions involving mineralsurfacesandthe inorganic
andorganicligandsin solutionexertaconsiderable
influenceoverboththeadsorptionandmethylation
of sediment-boundHg(II).

Our results provide further insights into the
influenceof naturallyoccurringmineralcolloidson
the bioavailability and methylation of Hg(II) in
aqueoussystems.In particular, they demonstrate
thatMnO2 (birnessite)is averyeffectivescavenger
of Hg(II) — being capable of adsorbing large
quantities of Hg(II), even in the presenceof
competing ligands — and is also an effective
inhibitor of themethylationof Hg(II). However,in
additionto sequesteringHg(II) in abio-unavailable
form, the possibility that MnO2-catalyzedabiotic
demethylationof CH3Hg� mayalsohaveoccurred
should not be overlooked.2 Nevertheless,manga-
neseoxidessuchas birnessitemay be considered
usefulasagentswhich, by inhibiting Hg methyla-
tion, canassistin theremediationandrestorationof
Hg-pollutedaquaticenvironments.
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