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ABSTRACT
<

Speciation of mercury under diftarent conditions was
studied. -

Conversion of metﬁylﬁercury by biota which included
bacteria and algae, and by organic rich_sediment in ﬁresence
of Ottawva River water was studied. Methylmercury was con-
verted‘to inorganic'mercury by the biota and'sedimant. The

decreasing order of conversion of methylmercury to inorganic

mercury was Pseudomonas fluorescens, Anabaesna flos-aguae,
s s . : o
Escherichia coli, and sediment. The water colvmn in all

cases contained low levels of either methylmercury or inor-
ganic mercury, The mechanism seams to be the initial sorp-
tion of added methylmercury by the bio%a or sa2diment, fol-
lowed by 'conversién to inorg;nic mercury. The conversion
raté was proportionai to the Biomass buf varied inversely

with the initial methylmercury concentration. . For the sys-

tems studied here, growing Pseudomonas fluorescens could
further volatilize the mercury species, Howaver, thermally
killed bacteria (both Pseudomonas fluorescens or Escherichia

.

coli ) wmethylated the inorganic-mercury present in the stock

solution rather than demethylated the methylmercury.

Spaciation of metallice mercury in water and in air
14

above the water column was studied, The effacts of added

A
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hydrogen peroxide, of bactarial growth medium, and of both

living and dead bacteria ( Pseudomonas aeruginosa or Escher-

ichia coli )were tested. The bacteria chossn, either living
or thermally kille&, transforged metallic mercury from water
into air, The amount of Hgo produced in -the head space of
.an especially designed experimental chamber was almost the
same in living or dead bacterial and hydrogen peroxide sys-
tems~7 ppbh. {ydrogen peroxide,stab%)izad Hg2+ inp tPe aque-
ous phase and head space. Tt can be concluded - fronm this
study that ' the naturé of the redox couple 1is important in
' mercury Sp?cfﬁzzgﬁh .

Studies of the binding affinity of mercuric ions and

cupric lons onto Pseudomonas 4g2ruginosa indicated that the

7

metal ions were mainly retained on'the outer cell wall layer
( for Cu2+: cell wall layer, 75.3%: Fibosome, 9%; inﬁracel-
lular fluid, 15.7% anddfor Hg2+: cell wall layer, 78B.€%; ri-
basome, 5.8%; intracellular fluid, 15.6%). The strength of
binding of Hg2+ ions (K = 2.3 x 10 -1, K = Dissociatian Con-
stant,) was two orders higher than the cCuz+ ions (K =4 x
10-4y, In_fac;, acid 1leaching experiments indicated that
the cell might ‘have proton exchangeable and proton nonex-
changeable sites for Hg2+ binding “sites while only proton

exchangeable sites existeﬂ for Cuz+,

N
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Chapter 1T ‘ 3

INTRODOCTINN

1.1 HEAVY METAL POLLOUTION ©

™
E|

i

I3
o

ECOSYSTEN

Tﬁe toxic effect of heavy npetals on living orqaﬁisms
has long been known and considered, in the main, as a prob-
lem of occupational health including accidential poisoning
of children. High levels of metals such as~copperiand ner-
Cury appear in the environment due to +their widespraad in-
dustrial use, They occur frequently in waste water af -
fluents and have many toxic effects. '.A rec9n§\%}udy in the
Trdndheimsfjorden area 1in ¥orway has shown that copper is
one of the major pollutants in this area occurring in the
effluents from base mining industries; causing a reduction
of the marine fauna and flora (Lande, 1977). Similar re-
sults on aquatic communities c;used‘by mercury;have also
been observed (Briand et él., 1978 Harriés, 1971; Rice et
al., 1973 ; sigmon et al., 1977). The seléctive poisoning
of Eertain species of.phytoplanktdu and not of others leads
to an undesirable imbalance in plankton populations. Re -
duced competition may result in blooms of certain species

|

which .are less susceptible to ‘heavy netal poisoning (Briand

et al.,1978).
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The hazards of Qeavy metals, especially mercury and
its compounds, have been of concern for yesars. For mercury,
the alkylmercurials have baen shown to be more toxic th&g,,
the\EﬁErqanic forms. Thg first report on alkylmercuriSI
poisoning caused by environméntal pollution occurred in Ja~
pan, in the vicihity of Minamata Bay in 1953-6 and in ¥Wii-
gqata in 1965 (Fujiki and Tajima,'1969: Krenkel, 1973; Matida
and Kumada, 1969). It was proved that methylmercury accumu-
lated by fish in Minamata Bay was discharged into the bay by
an acetaldehyde plant {Fujiki and Tajima, 1969). Reports of
Minamata diseasleor some animals such as cats hava bgen re-
ported in several areas in Ouebec and Ontaria,Canadg { Na~-
tidnal Rcademy of Sciences, 1978: Takeuchi et al., 1977) and
other parts of the world.

Another major occurrence of organic mercury éoisoning
‘was noted among . the bird populations in Sweden in/ 1955
(Krenkel, 1973). 2 decrease of wild birds during the 1950°'s
was found to be significant and sone speqéas ¥eTre near ex-
tinction. Evidence showed that the 'incr;ase of mercury
level had aﬁ adverse effect on the bird population, and this
prompted Sweden to prohibit the wuse of alkylmefcury in seed .
_dressings in 1966,

Fxcessive concentrations of mercury in Canadian wild-
.1ife were also reported in 1969 and major attention vas also
focussed on the fish population {Erenkel, 1973}. Thé rise

in mercury content“yas correlated with industrial water pol-
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lution as well as the incre=ased/usage of organomercuric com-
b1

pounds in agriculture.

1.2 CHEMISTRY CF MFRCORY

Mercury is the only metallic element existing in 1i-
quid state at room temperature. Tt has an atomic number of
RO aﬂd atomic weight of 200.59. Tt exists in thre2 oxida-
“tive states: Hg9, Hgl*, and Hg?#+,

Metallic meréury (Hg?) is a soft acid according to
the Lewis concept of hafd and soft acid-base (Jens=2n, kﬁgvu;
Williams, 1972). MNetallic mercury is soluble up-.to aéiut 30
ppb'(ng per liter) of water at room temperature. Solubili-
ties of mercury and its salts depend upon the anionic spe-

ci2s and the Bh-pH condition. In the mercurous state, it

exists as dimeric cations in metal-metal pairs or in lonic

bonds with its salts while the mercuric 1ion forms covalent

compound (such as mercuric. chloride) with most of its salts.
A characteristics reaction of mercurous salts is the dispro-
portionation involving simultaneous oxidatinn and reduction

to form mercuric ion and elemental mercuryJ

Hg2+ &= = + g0 + HgZ+ Iy

The volatilization of elemental mercury may shift the

equiligyium to the right. Interconversion of these three

inorganic forms (Hg9, Hg'*, and Hg?+) can also bz madiated-

by microorganisms. (Wood, 1974).
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Oiganic wercury, such as methylmercury} has a great
lipid solubility. The covalent nature and the dissociation
constant of several forms of X In CHyHgX.are known: the pEK
for RS- is 17; for I-,9; for Br—,7: énd for €£7'5‘7 {(Peter-
ing and Tepper, 1576), thus it is not suprising that alkyl
mgrcurials are bound strongly to the sulfhydryl groups.

ﬁﬁ:f:gr, the pool of nitrpqenoﬁs ligands, as w=ll as Cl— and

OH- will compete with RS— for Hg2+, as well as ArHgt
o
(Ar=Aryl) and RHg* (R=Elkyl) in biological tisswues.

N

1.3  SOURCES OF MEPCURY POLLUTION

— —— o

™o rajor sources of mercury ntamination of the
. Q@ .
ecosysten include: 1) Natural souy¥ces and 2) Man made
sources. ) i
1.3.1 Natural Sources \'

Mercury is dispersed widz=ly oh the earth's crust at a

concantration 0,08 'ppm {(Krenkel, 1473). " Tt is found in
rocks of all classes, especially the }gneous and sedimentary

rocks_ (Jonnasson and Boyle, 1972). It occurs in many forms

in n ture, and the most important primary mineral is cinna-
bar (HgS). Since mercury is pPresent in various forms and
various strata, a general cycle is involved wherein the mer-
cury is transported to the hydrosphere from the lithosphere,
through gecchemical 1leaching and natural degassing as well

as throngh biological activity. The pools of mercury in na-

S

- \\/
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tural qlobal cyclinq.uithout involvement of human activity

is Shown in FPig.1,

~atmosphere fluy is Several tipeg greater than thosge occur -

ring between the lithosphera  4pq hydrosphere, mpa litho-

sphere or hydrosphere -to-atmosphere flux is mainly in the

form of the elemental mercury vapor, whereas the flux bet-
Dercury associated ¥ith dissolveg Or particulata ( particle

Felationships betwaan MECCUry flux are shown 1ip
Fig.1, mercury flux betwean either lithosphare Or hydro-
sphere ang atmosphere ig measured gag degassing Cate which
ranges frop 0.0014 to 10 Ag/M2sday, The dqussinq of mer-

CUry to the atmosphere from the lithosphere 1s hiqgher than

from oceans, Mercury ip the atmosphere ig removed via pre-

cipitation at the Late of 0,ps ng/Mz sday, This depositiop
rate is only for polar, open ocean and oceanic shelf areag
vhile the Late for the Continents remains to pe evaluated

(National Academy of Sciences, 1978y,



P
A

N
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Figure 1z—Tentative global cycle ol marcury vithout
Tnvolverent of Human Activity.

, Pluxes in wnit of 108 gm Hg/yr.; pool masses in
unit of 10® gm Hg.
sourc2: Modified from Wollast et al (1975) as describad
by Wational Acadsmy of Sciencas, 1978).
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The residence time of mercufy for the various com-
partments has been calculated to be ffﬁ\f 109 'year for sed-
iments, 3,200 years for oceans, 1,000 years for soils and 11

days for atmosphere (National Academy of Sciences, 1978) .

1.3.2 Man Made Sources

_The other major source of mercury contamination comes

from human activities. Table 1 shows the anount of mercury

consumed in metric toms over the years 1970-1973 in USA. It

also projects the amount for the year 1985 which is more or
less close-to the figure for the year 1970. This table also
lists the majA} users of mercury such as in ‘chloralkali
splants, electrical apparatus industry, etc. ““Table 2 shows
the emissions oé mércury from human activities into air, wa-
ter and land in USA im 1973. A total of about 1,500 metric
tons of mercﬁry was iost from all industrial operations of
which 31% was to air, 6% to water and €3% to land. More or
less equal amounts of mercury were released by natural de-

gassing processes vhich account for the ' substantial atmos-

pheric mercury burden (Fational Rcadeny of Sciences, 1978) .

1.4 MERCURY IN VARIOUS COMPARTMENTS IN THE
RCOSYSTEM

1.4.1 Mercury in The Atmosphere

The natural sources of mercury in air are soil vola-

,ﬁ




TABLE 1

Mercury Consumption in United States, 1970-1973, and
: Projected for 1985 '

End Use Activity 1970 1971 1972 1973 1985
T o {(Metric tons)
Agriculture €2.3 50.8 63.2 62.9 . 24.1
Catalysts 77.0 34.3 27.5 23.2 17.2
Dental preparations 78.¢ 64.4 102.6 92,2 129.0
Electrlcal apparatus 548.7 572.6 935.0 619.2 662.0
Caustic chlorine " S51E.4 421.5 396.2 449.6 481.¢€
laboratories '62.1 46,7 20.4 22.6 ?
Tndustrial instruments 166.2 134.4 225%.0 . 246.1 uu7.,2
Paints 355.9 296.0 282.19 261.5 106,.6
Pharmaceuticals ' 23.7 23.0 19.9 . 20.8 17.2
Others 209.3 170.0 147.2 69.1 206.4
Total (rounded) 2100 1814 1820 1867 2091

Source: From National Rcademy of Sciences (1978).
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TABLE 2 .
Mercury Losses in 0United States in 1973
) . Togal Losses to
Activity N _ Total Total Hag
Description Air .~ 7 Water Lland , "Hg lost recycled
(Metric m™ons)
Hg mining, smelting 7.85 0 0.42 - #.27 0
Other mining - ’ '
activities 50.7 3.07 4.91 54,09 0
Energy activities 104.5 2.18 42.07 148,73 0
Manufacturing and ‘ = A
processing . 26 21.72 271.33 319.05 20.66€
Commercial,
industrial and
consumer use 282.2 60.73. 646 990 126.11
Total S 471.26 87.70 964.73  1524.73 146 .77
Sewaqge .01 19.92 22.88° 4e.0
Natural degassing 1018.7 1018.7

Source: From National Rcademy of ScieEEEs_(j978).
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tilization, biological and anthropogenic inputs, and. the

' SPspendeq dust in air. The annual patural flux of mercury

to the atmosphere from both. .terrestrial and oceanic_sources
is around 30,000- metrié tons per year, | hesides the 20,000
metric tons from anih;opogenic sources (National Academy of
Sciences, 1978).

Depending on the degree of urbanization, background
étmospherig'mercury concentrations varyinq between 6.001 and
50 ng/M3 are conmon. Elemental mercury is the major form,
especially near geothermal and volcanic areas. Johnson and
Braman (1974) developed a technique for distinquishing dif-
ferent forms of mercury vapor im air. Their data indicated
that dimethylmercury was rarely detected in th2 atmosphere,
but other forms were present im varying amounts. Mercury
assoéiated with particuiate matter accountad for 4% of total
atmospheric mercury, the other mercury vapor séecies were
distribuﬁed as follows: Hg(II) 25%; Methylmercury 21%; Me-
tallic mercury 49% and dimethylmercury 1%.

Tn mineralized areas, mercury occurs as cinnabar
(AgS) . Cinhabar, vhen mined, releases mercury vhich may un-
dargo traﬁsformation to other forms into the environment.

In éoil, the background .mercury concentration level
is usually between 10 and 150 ppb. However, higher mercury
ievéls are associated with soil containing high humus or or-

ganic fraction.

~

N
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1.4.2  Mercury in ﬁhf—: Hydrosphersa

Lakes, rivers and oceans of the J\rld'a;e the key
modes of transport of mercury in the environmént.

Tha normal bacquoundnlevels ot mercury ‘in natura;
vaters are ranged from -0.03 to Q.2 ppb and are generally
less than 0.1 ppb..__The mercury dbntent of natural waters is
summarized in Table 3.

HgCl, or Hg(OH), predominates in fresh waters while .
about 80% of the inorganiewhercuryain the sea watar occurs
as HgClg— (Andren and Harriss, 1975;. Hem .and others
(Gavis and Ferguson, 1972; Hem, 1970; Krenkel, 1974: Wollast
et al., 1975) have constructed the Eh-pH'.stabili;ty di’agrams

for the aqueous mercury and concluded that almost all mer-

cury in natural waters which are 1low in chloride or other

.complexing ligands should exist as Hgo. In well oxygenatad

waters, metallic mercury may exist as Hqg2+, In moderately
oxidizing to mildly reducing waters, metallic mercury, mer-
curous Or mercuric species wmay predominate. In reducing
condition, elemental mef&ury, HgS or HgS52~ may predomninate.
However, many other kinetic factors can change the above
equilibria, For'exahple*the association with organic com-
pounds, chelating agents 6f particulate rmatter may stabilize
the‘mercuric forms.
&

Andren and Harriss (1975) observed a strong associa-
-

tion between mercury and dissolved organic matter in fresh
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jnterstitial and estuarine water and suggested that mercury
. . could be removed in such forms in'the transitional zone bet-

veen fresh and salt water. Fitzgerald and Lyons (1973) hav=
also geported 50~-60% of the dissolved mercury in th=2 coagtal
waters would associate with organic matter of unspecified
composition. The nature of tﬁé association 1is not.well un-
derstood at prasent although functibnal groups such as SH,
COOH and N are assumed to be‘responsible.

By analysis of the m=2rcury contents of great lakes
waters, Chau and Saitoh (1973b) have found that significant
amount of mercury <an not be éxtracted by the dithizone so-
lytion from non oxidized water samples. This suggests that
mercury mRight be strongly bound to suspendad pagticulate
matter. smith et al (1971) have also reported that about

. 82—97%/6T;mercury in tﬁe tidal water 6f the Thames Piver is
on suspended matter. .In thelOttava »iver, 958% of all mer--
cury transported downstrean is on suspendad matter (Kudo et
al (1978).

Humic compounds are the most widely occﬁr:;nq nafﬁr&l
complexing agents. Harrigs (1971) has reported that d lagge
fraction of the total‘mercury in natural ;ater systém exists‘
in sediment as a humate or mineral compl2x.  However, -the

~actual effect of metal chelation on the .biological cycliqg 4
of toxic elements in the environment is not well understood

(3axena and Howard, 1977y . -

,.—\
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The nature of this dissolved organic matt=r and/or
detrital organic matter on mercury cycling has been studied.
Anafbn and Harriss {(1975) have reported that fulvic acid in

. :

nature with molecular weight less than S00 has the highest
mercury complexing ability, Ramamoprthy ;ﬁd Kushner's Qroup
{Mckenzie et al., 1976 ; §amamoorthy and Kushner, 1975 and
1977b) have determined that +the molecular weight of the
binding component in Nttawa river is equal or less than S00
but claimed that fulvic acid is not the major binding compo-
nent., It seenms likelyrfhat different sources of fulvic acid
may=Fave different mercury bighing capability.

The binding of mercury to sediments has been reported
in literéture. Loring (1975) qés—observed that in the St.-
Lawrence River, mercu}y is aséociated with the organic frac-
tion of the fine grade sediment. The study of the Ottawa
Rive# agrees with this finding (Ramamoorthy énd Pust, 1977).
Thus the evaluation of the pértition coefficients of mercury
associated with this organic rich sediments has an important
ecological significance in predicting the mercury distribu-
tion in the ecosystem (Kudo et al., 1977a, b and 1978 ; Mil-
ler et al., 1977). '

Sorption of mercury by squended solids in natural
waters might contribute to the survival 34 phytoplankton
species. ‘The level of dissolved’ mercury in wate; will de-

i
pend on the amount of suspended solidsg, This might resuvlt

in the\iecrease of mercury uptake from water per unit of al- ’

gal cell with the increase of suspended solids in water,
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In order to understand mecre of the behaviour of
mercury in the aquatic environment, the Ottawa River systen
has been under intensive study by Canadian scientists for
the past five years (Fnvironmental Management Service, 1977;
FederalFProvinciai Working Group on Water Quality in the Ot-
tawa River, 1978; Ramamoorthy and Kushner, 1977a). Saveral
significant findings have been reported., Firstly, it has
been found that only the top 4 cm layer of bed sadiment is
active in mercury transport. However, the rolq of the bed
sediment movement on mercury transport is insignificant alt-
hough 96.7% of the total mercury and 97.ﬁ% of the total me-
thylmercury is in bed sediment. Tt is only the bulk of wa-
ter itself, as well és th2 suspended solids in water that
plays a siqnifi;ant role in mercury transport -because of
their epormous mass.. Secondly, the biota in Ottawa River
coq%a{ns 1 % of the total mercury distributed in the study
area. It has been reported that the agquatic biota might
concentrate the mercury from surrounding water thousands of
times. Mortimer( et al., 1977) revorted that the vascular
aquatic plénts have the ability to accumulate mercury €from
surrounding waters, but the uptake is not via roots as shown
by analysis of different plant parts. Tha accumulation of
mércury by different plant parts except root indicates that
rooted plants may be the best indicators of mercury pollu-
tion in flowing water. Thirdly, the uptake of the methyl-

mercury by fish seems to occur wmainly from the water column

{
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but not through the éish's invertebrate food. = This ihdi-
cates. the importance of the water vector.‘ Fourthly, sorp-
tion of mercury té sediments is rapid and most of the mer-
cury is -associated Hith the orginic "fraction of the sus-

pended solids or sediments,

!/.\
£
1.5 INTERCONVFFSION OF MEPCHPY IN AQUATIC
ENVYIRONMFENT
Sorption of mercury by sediments is rapid, The fine

suspended solids undoubtedly play an important role in pro-
viding a large surface area for the initial sorption of mer-
cufy from solution, followad by gedimenﬁation to the river
bottom. The orgaﬁic matter on sediments is a greater col-
lector of mercury as well as.‘suitable medium for its reten-
tion. Sﬁbsequently, the mercury might underqgo intefconver-
sion to other forﬁs, and some of these species might be
released into the water column and:bioaccumulated into or-
ganisns.

Fiqure 2 shows the interconversion of mercﬁry in the
aquatic environment., This figure concentrates on the nmove-
ment of methylmercury and the biocaccumulation in fish and
shellfish, The lower left hand part of thig fiqure is am-
plified in Pig, 3 whiéh indicates the methylmercury and dem-

athylation reaction in natural waters,



Figura 2:

e
.

ercury cycle damonstrating the bicaccrmulation
of mercury in fish and skellfish.

Source: Modified from Mational tcadeny of Scisnces, 1978.:
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jours 2: A hypothetical model of the conversion of zarcury
in the aguatic environment.

courco: Modified from p'Ttri, 1972.
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1.6 HETHYLATI(-J'.N OF MERCURY IN NATURAL WRTERS

In the environment, methylation of mercury <can be
mediated by botﬁ nonbiological and biological processes. Bi-
ological methylation .can be of two types, enzymatic and no-
nenzymatic.

ﬁogers (1977) has found that an alkaline axtract from
soil can methylate mercury. The methylating component is
organic in nature and low imn molecular veight (< 12,000;.
This study is significant in identifying an abioloqi;al me -
thylating component from envirpnmental samples.

stuydies (Rkagi and Takabatake, 1973; Brinckman and
Iverson, 1975; Jewett and Brinckman, 1975; Springthorpe,
1977y have indicated clearly that photolysis midht have an
important role in mercury transformation in the‘environmént.
hcetic_aéid, propionic acid, methanol and sthanol are pre-
sent, at least transiently, in aquatic acosystems as end
products of microbial metabolism. These prodﬁcts can photo-

chemically induce methylation of inorganic mercuric 1ions.

pcetic acid, a common fermentation. product was an afficient’

donor of methyl radical, yielding about 0.1% methylmercury.

when the agqueous solution of mercuric chloride (2 x 1072M),
in the presence of-acefic acid (1 x 10—tn), .was irradiated
with ultraviolet ray at roon temperature in an experimental
period of.tuenty hours (Akagirg;fgl.; 1972) . |

Methylation of mercury may require the presence of a

methyl donor and there are many chemicals in patura to ful-
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£i1l this requirement. B well studied methyl donor is me-
thylcoﬁalamin, a methyl degivative.of-vitamin R12, Wood et
al(1968) have demonstrated its relvencs to methylmercury
production. They found that cell free extracts of a methan-
ogenic bacterium can use methylcobalamin for methane produc-

tion, but in the presence of mercuric ions, this enzymatic

reaction is inhibited and the methyl group is transferred to

mercuric ions by a nom enzymatic reaction. This study also
indicates that at very low mercury'c0ncéntration, dimethyl-
mercury is the ultimate product of the methyl transfer reac-
tion, whereas at higher mercury concentrations,_monomethyl-
mercury is formed. Monomethyl mercury is formed by a two

step process with dimethylmercury as the intermediate. Th

1]

existence of this nonenzymatic processes has been confirmed
by other workers (Imura et al., 1971).

The possibility of transmethylation €rom one metal to
another has been shown. Jewett and Brinckman. (1975) previ-
ously determined that Me,Sn* easily undergoes loss of one
methyl greoup to form MeHg* quantitatively from Hg2+¥ as shown

by the following equation:

Me, Sn¥ +Ag2+_the . Me Sn2+ + [{‘leF!g'+ {(2)

‘(He=C§;)

hquatic microorganisas can also participate in this

ot e e e, . st

process. Pseudomonas species, isolated from Chesapeake Bay,
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'USA.;‘ can release mercury from sedlments and also producé a

‘ﬁethylated tin species ‘which is capable ot subsequently me -

thylating available Hg2?+* by an abiotic mechanisnm. p bime-

tallic model for the formation _of methylmercury which has
been demonstrated, with the known metal concentratlons in-
volved and estimated half life (t1/2),of +in and mercury for
varieus transport processes 1s given,iﬁ fiq. Tou (ﬁtinckman
and.iverson, 1975) . . | ‘

Thus it appears that the sediment bound marcury can
undergo tranémethylatien 1nvolv1nq anthropogenlc “alkylated
pollutants. This process 1nv01ves the biotic release‘of
Both meréury and tin from the éediment matrix into water,
folioued by traﬁsmeth?lation hetween the tiomethylated‘tin
speciés,'ﬁé Snt and Hg2+ iﬂgey et al., 1974). -

Hercury assoclated with sediments is commonly in the

form of mercuric sulfide. The release of methylmercury from

sediment depends on the oxidation of the sulfide moiety to

sulfate. Jernelov's group (Pagerstrom and Jerﬁelov, 1971;

4

" Jernelov, 1968 and 1972) have observed the formation of me- -

thyimercury from mercurlc sulflde in sedlments by aeroblc
bacter1a1 act1v1ty.. ‘Whls finding is 1mportant since mercu—

ric sulflde is common in ores and sediments. .Brinckman and

LT



Pigure 8:

Bimetallic model for the formation of
mrethylmercury. '

Source: Prom Brinckpan and Iverson (1975 .
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Iverson {1975) have shown a correlation betw2en sulfur and

mercury content which increases proportionally with sediment

depth in mercury contaminated areas.l Since a fre= form of

su}fur ig presént, a substantial bacterial sultur cycie is
suggested as shown im Fig. 5.

As shown im Fig. 5, under anaerobic conditions, sul-

‘fide ion is formed = from the aqueous sulfate (pathway A).

The mechanism of the oxidation reactiongshown in pathway B 1//
has not been elucidated. } //,__«’/'
' Kot all sedimentary mercury is- bound. Some labile

;
¥

mercury night exist at certain depths within tha sediment
matr{x vhich is not insolubilized by larée excesses of sul-
fide ion in interstitial waters, Rlthough "the molecular
fgrm of this labile mercury is not yet known, several estua-
rine facultative or anaerobic microorganisms isolated from
these sites are capable of foruing metﬁylmercury from inor- .
ganic mercury(II) (Blair et al., 1974).

Enzymatic methylation processes of mercury are also
reported in literature. Jensen and Jernelov (1969) have
first reported the conversion of inorganic mercury to me-
thylmercury in aguariunm sediment, and later by microorgan-
isms. Since then, numbers of researchers have studied EEE—Q\\

role of microorganism on methyl’tion of mercury. The fol-

lowing table (Table 4) is the summary of the microbial



N

. :
i Pigure 5: Outlipe of estuarine sulfur cycle.

]
Source: From Brinckman and Iverson (1975) .
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methylation reported in literature. This table indicates
that methylation of mercury can be caused by many different
microorganisms, 1is non specific, and can occur under.both
aerobic and_anaerébic conditions.

The mechanism of enzymatic methylation of mercury is

based on the reaction of mercuric ion with vitamin B12 (such

as methylpentacyanocobaltate) and an appropriate enzyme sys-
tem (Vonk and Sijpesteidjn, 1973). So far, three coenzymes
are involved in biomethylation reactiong * 1) S-adenosylme-
thionine, 2} NS-methyltetrahydrofolate derivatives and 3)
methylcorrinoid, or-methylcobalamin (Bartlett =t al., 1977
:Vvallee and Ylmer, 1972; Wood, 1974). The first two are in-
cagable of methyl group transfer to Hg2+ because for both
of them, the methyl group is transferred in carbonium (CHY)
form. Therefore, the only known methylating agent capable

of methyl transfer to Hg?+ is methylcorrinoid because it can

generate methyl groups of carbanion CHy radical CHps in ad-~.

dition to carbenium ioh CH;.

Methylcobalamin can be 1isolated from microorganisas,

ﬁ%hénd in its presence, enzymatic and nonenzymatic synthesis of

the alkylated mercury pccur. Bacteria, containing a cobala-
min dependent NS-methyltetrahydrofolate homocysteine tran-
smethylase (méthionine synthetase} (Tfaylor and Weissbdch,
1969} can synthesize methylmercury. As .shown in Fig. 6, me-

thylcobaiamin is the coenzyme here and is activated by S-a-



i

Figure 6:

Fnzymatic methylation of mercury.

B: 5,6-dimethylbenzinidazole
E: Methionine synthetase

28
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dénosylmethionine. The methyl group from this activated me:
*thylcobalamin is transferred to.homocysteine, the enzynme-
coenzyme complex  is remethylated by the

NS-methyltetrahydrofolate (Burke et al., 1970}. In presence

of Hg#+, electtophilic attack on CH; ot the enzyme-co=enzyme

complex should yield methylﬁercury, and the aquoéobalamin

epzyme complex which should be stored by reduction of Co3*
to ‘Cot+ with FADH, , is followed by remethylation from
N5-methyltetrapydrofolate {Landner, 1971; Vallee and Ulmer,
1972: Wood, j971; Yamada and,.onomufa, 1972). Methylmercury
interacts with homocysteine to give methylmercurihomocy-

) AR
steine,

In summary, the production of methylﬁercury is deter-
mined by a number of factors including the microbial commu-
nity, amount of soluble mercuric ions and natufe of methyl-
mercury group donors. Under many experimental conditions,

the production of CH,Hgl‘+ is usually less than 0.7% of the

add}?”mercury. once methylmercury is formed and is released

into water, it may be removed by biocaccumulation. Recently,.

it was reported that methylmercury can disfuse rapidly to
the cells of higher organisms (2.9g. £ish) in a very short
.time (20 x 10-° sec) (National Rcademy of Sciences, 1978).
Since methylmercurﬁ(is absorbed rapidly by biota (Batti et
al., 1975 ; Saxena and Roward, 1977), this can explain why
there is no detection of methylmercury in the Great Lakes

waters while the other forms of mercdry range from 0.13-0.78
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ppb (Chau ‘and Saitoh, 1973a and bh}. The following diagram
(Fig.7) shows the bioaccumulatjon and concentration factors
of methylmercury by aqueous species,

~
1.7 THE DESORPTION OF METHYLMERCURY

o

The desorption of methylmercury is governéd by sev-
eral factors such as pH, the organic content bf the sedi-
pent/water, and microdorganisms, although such processes are
not necessarily related ;o methylmercury formatién (Alberts
et al., 1974 ; Matsumura et al., 1972 ; Shin and Krehkel,
1976) .

Tn alkaline conditions, dimethylmercury is stable,but
it is converted to monomethylfmercury in acidic condition at
pH £ 4,5, Jacobs and Keeney (1974) have observed differ-
ences in methylmeréury production in sediments from differ-
ent sources which are believed to vary in hydrogen ion ceon-
centrations and chemical composition,

hatsumura et al(1972) observed that some ligands such
as EDTA and glutathionine, as wvell as glucose may increase
the release of mercury from sediment to water. Ramamoorthy
and Pust -{1977) reported thét sodium chléride and NTR have
the same effect. It is believed that these results occur:
because 1) the EDTA and V¥TA are strong ch=lating agents,2)

glutathionine has the SH group that can bind mercury
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4

strongly, and 3) "chloride ion can form covalent complexes
with mercury and 4) glucose can enhance microbial growth,
Jernelov (1970,1972) has reported that macroorganisms

{ tubificids) «can release pethylmercury to the watar colunmn

v

from mercury enriched layers of sediment to a depth of 3 cum.

On the other hand, freshwater mussels ( Anodonta) can re-

——— e e

lease mercury from a depth of 9 cm. ~ Tt is believed that

these species can release methylmercury'by physical distur-

bance of the sediment. Bottom feeders can ingest the mer-

cury containing sediment and move i+t up in the -food chain.

1.8 THE DEGRADATION oF HETHYLHER(EUPY

The alkylation of mercury has been intensively inves-
tigated but there are only a few reports on inﬁerconversions
of such compounds. Because of the significant industrial
and agricultural vses in the earlier years, the d=gradation
of phenylmercugic acetaée has been studied and it has 5een
found to be degraded intc benzene and metallic mercury by
several aquatic ofganisms including qréen algae, quppy and
snail ( Pang, 1973) or by aquatic and soil microorqaﬁism
(Matsumura, 1971;: Nelson'gg al., 1973 ; Tchomura and Kan=-
zaki, 1969), However little attention has been paid to the

stability of methylmercury in natural waters. Kudo t

Jw
I~

(1977) have reported that methylmercury in sand sediments
might be degraded more rapidly than methylmercury from or-

ganic rich sediment, Within 25 days, 80% of the added pme-
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) thylmercury is broken down in sand sediment, while only 4%
is broken down in organic sediment. Billen et al (1974) have
also observed that bacterial @ommunities in sediment can de-
grade methylmercury which might reach an equilibrium with
inorganic mercury. Spéngler et al(1973a and b) have ob-
served the biodegradation of methylmercury in mixed cultures

of bacteria from sediments. The degradation reached S0%

within 5 days.

1.9  AIMS OF

In this thesis, exﬁeriments were designéé' to study
the stability of methylmercury in aquatic environment under
different conditions. ‘ The studies included the behavior. of
methylmercury in deionized water, Ottawa %iver water, micro-
bial growth medium, organic rich sediment, biota in micro-
bial growth medium as well as in deionizad water. Organic
‘rich sediment was chosen for this study because‘such sedi-
ment may be.considered a source of mercury which can reslease

Jmercury species into natural waters, where the mathylmercury

is bioaccumulated and moved up in the food chain. Pseudomo-

nas fluorescens, Escherichia coli, as well as Anabaen

I

g;gg;ggggg, the. common microorganisms in natural waters,
vere studied as poésiblé biological mediators.

kﬁbL In addition to the sfudy of stability of methylmer-
culy in waters, the second part q; this thesis~dealsawith
the transformation of metallic mercuri in the aquatic envi-

e
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ronment. metallic mercury was chosen because of its inten-
sive industrin and laboratory udses; 1its high vapor pnres-
sure, high lipophilicity and toxicity to organisms; the 1lit-
tle study of its fate in natural waters and also because it
is a common pollvtant in environment. The transforma&}on of
.metallic mercury in water was thus studied. Mercury g;ecia-

tion in air overlying the water/metallic mercury svystem was

also investigated, using Pseudomonas aeruginosa, and Escher-

ichia coli as biological mediators.

The toxicity of mercury to organisms is duk to its
strong bindinq'affinity to thé cell surface and to intracel-
lular fluid. Experiments were thus designed to sfudy the

affinity of mercuric ions for bacterial cells ( Pseudomonas

aeruginosa) as well as cellular locations of the mercuric

-

ions. For comparsion, cupric ion was studied in‘the-same
vay. The «cupric l1on was chosen as the reference for the
étudy bacause 1) it is an environmeﬁtal pollutant 2) .it oé-
curs in nature as sulfide ores similar to mercury 3) the
coordination chemistry of copper is intermediate between co-
valent and ionic bonding and 4) technically, analysis of

coppe atomic absorption spectrophotometry is convenient

and accurate.

“r
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Chapter TT

MATEFPIRLS AND MFTHODS

“~

Transformation of mercury, as with other environmen-
tal contaminants, is generally studied by following the for-
mation of metabolites and endproducts. ¥olatility of sonme
intermediate compounds and sorption onto particulate matter
and surfaces oﬁ'glassudre may present a problem in low level
detection. Thus the accuracy of the experimental results
depends to a great extent upon the type and treatmeat of the
glassware used in the experiments as well as the analytical
methods employed.

All glassware except those contaminated with EgQiSac-
tive meréury, was washed with nochromix sulfuric acid.
Glassware contaminated with radiﬁactive mercury was soaked
in 10% nitfic acid for 48 hours. All_the acid wasﬁed glass-
waré was then rin?id thoroughly with distilled deionized wa-

ter, and dried at 110°C for 48 hours.

2.1 PPFPARATION RYD STORAGF OF METAL STANDARDS

The standard merceric nitrate (10,000 ppm in Hq) was
prepared by dissolving -1.7131 gm of mercuric nitrate crystal
(Fisher) in a minimal amount of nitric acidlin a 100 ml vo-~
lumetric flask, and made up to volﬁme with distilled deion-

ized water.
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The standard cupric nitrate sblutionr56;35u ppm in
Cu} was prepared as above with 2.4160 gm'of cupric nitrate
(Baker}.

Other mercury stbcks were obtainedlfrom commercial
sources, these included wmercuric chloride (1,000 ppm in Ha)
.(Fisher 5S0-M-114);:; metallic mercufy {Engelhard, Canada); me-
thylmercuric chloride (1,000 ppm 1in Hg) (Alfa ventron):
methyl?93mercuric chloride (B3 ppm in Hg) (¥ew Tngland Nu-

clear). .
Al; stocks, except radicactive mercury; were kept in
glass flasks or bottles and stored in the refrigerator at
qec, The radiocactive mercury was kept in a flask enclosed
in 1eéd blocks and kept at room temperature.

| Stocks were kept in high concentration so that some
losses by sorption to the glass walls-did not appreciably
change th2 total concentration.

A11 working standards were prepared fresh by dilution

of the stocks for each expariment.

2.2 HEAVY METAL ANALYSES

The following methods were used to analyse mercury

and copper species in this study. \

|

2.2.1 Atonric Absorption Spectrophotometry (AAS)
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2.2.1.1 Hercuryfizglyses

One .of the conventional methods used for mercury ana-
lyéis is Flameless Atomic Abéorption Spaectrophotonetry
(Eanp). Hatch and Ott (1968) first introduced‘this techni-
que. ‘This methdd is bas?d on the reduction of mercury salss
in solution to the elemental form, which is then released by
purging the solution with nitrbgen. The rﬁbetated 2lemental
mercury is then carried through a calcium chloride trap to
remove water vapor. The elemental mercury is +han passed
through a quartz absorption cell positioned in tha path of
the'monochromatic mercury .,line (2537 i) emanating fron a,
mercury hollow cathode lanp.

"he conventional principle méntioned above is only
for the detecfion of inorganic mercury. The detectioﬂ ot
aryl and alkyl mercury pre;ent in samples 1is also possible
since it has been found that orqanid mercurz can be‘:educed
directly with stannous chloride in the presence of sodium
hydroxide aod cadeium ion (Magos, 1971) or cupric ion (Mat~-
sunaga and Takahashi, 1976). | Aowever the orgamic meréury
mentioned here and later refers only to methylmercury since
it is thé most predominant among organic forms of mercury in
the environmental and biological samples. Magos (1971) in-
troduced the method for detegtig% of organic mercury in 1971
by adding stannous chloride, cad

N

droxide to the acidified biologi

um chloride and sodium hy-

1 samples for deotermina-

- tion eof total mercu In the pyesence of stannous chlo-

~i



/

ride-cadmium chloride reagents, the C-Hg bond is cleaved and

38

both inorganic and organic mercury are rednced. The heat Of
neutralization of the acidic solution by ' sodium hydroxide

increases the rate of reduction-and releases of volatile mer-

Curye. Magos' differential methon}s currently used in many’

laboratories for the analysis of total and organic mercury
(Greenwood 2t al., 1977 : Shishide and Suzuki, 1974).
Tn summary, .- the analysis of mercury may be repre-

sented by the following eq%?tions:
Y

~
Hg (0) —a L Hg(0)  (3)
Ag(0) + Hg(TIT) et _ « Hg (0) (4)
Hq(Inorqanic) + Hq(Organic)—I%%f}:———AHq(O) fS)

fhen the total mercury, inorganic mércury and elemen-
tal mercury are determined separatedly, v difference, the
apounts of Adifferent forms of mercury in the sample are

2

known.

e

Analytical Procedures by FAR

In this work, mercury analysis by FAALA techniques were
,only performed for the study of transformation of metallic
mercury in aquatic systems (Sectiom 2.5) and for heavy nme-

tal ions binding onto Pseudomonas aeruginosa (section 2.6).

Rlthough organic mercury, if present, might be analysed by

-
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Magos' differental method, prelminary analyses revealed the
gbsence of org;nic mercury in these two stud&es (Seétion 2.5
and 2.6), henﬁe the amount of inorganic mercury ‘present re-
presented the total mercury. The apalytical methods for the
mercuric ion as weli as the’ | alemental mercury are das-
cribed as follows:

. Jarrell Ash 801 AAS (Atomic Rbsorption Spectrophotom-
_etern) vas used. A mercury analyzer apparatus {(Jarrell Ash
82-731y (Fig.8) was installed for mercury analysis. The ap-
paratus consists of a glass Treaction vessel with a qground
glass part of the aerator. The aerator is equipp=d with 2
three uaf glass stopcocks which manipulate the flow of ni-
trogen gas. ™

For actual mercury analysis, 2 ml of solution to be
tested was pipetted into fhe reaction vessel and 0.3 nl
freshly prepared 20% stannous chloride in <c¢oncentrated hy-
drochloric acid was added. The vessel was then sealed immed-
iately to the aerator, stopcock 1 vas opened to let nitrogen
flush in and the floy vas adjusted to 2.5‘psi. By opening
stopcock 2, the liberated elemental mercpry fron the solu-
tion was passed through the calcium chloride trap ané car-
ried to the absorption c¢=211 vﬁich was mounted on the AAS
burner head. RAfter passing through the absorptiOn cell, the

gas was finally released to the atmosphere in the fume hood.

~he absorption peak as shown by the maximum reading on the
\H‘%/

A

.
~

.



Pigure B:

R

Diagram of mercury analyzer for Flameless
Absorption Spectrophotometry.
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screen of AAS was recorded. "hen the absorption reading
dropped down to backgrownd lavel, the flow of nitrogen| to
the vessel was shut off by closing stopcoc&F 1 and 2. \rThe
vessel was then removed and the aerator tip was rinsed with
deionized water.

' Before the next test was staftéd, a clean empty ves-
se] was sealed with the aerator +tip and flushed with nitro-
gen gas for about 10 minutes to ensure that no residual mer-
cury'vapor was left in the systen.

L calibration curve of the standard was recorded be-
fore and after each set of sample assays, and ,a typical ’
curve is shown in Fig. 9.

The measurement of elemental mercury present in the
solution was done by the procedures described above except
that 0.3 ml of concentrated hydrochloric acid, instead of
the 20% stannous chleoride solution was added to the test so-
lution.

q',

2.2.1.2 Copper Rnalyses

Copper compounds present in solution can be detected
by conventional A2S. Unlike the pmeasurement of mercuty,
copper mefal vas excited'directly by an air/acetylene flame
and absorbed at the resonance line 3,247 A. By this method)
only the total copper was detected. The calibration curve

is shown in Pig. 10.



Figqure

9:

calibration curve of mercury by technique of
Flameless Atomic ibsorption Spectrophotometry.
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Figure 10:

calibration curve of copper by technique of
atomic Absorption Spectrophotonmetry.
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2.2.2 Thin Layer Chromatodraphy (TLC)
N -~

. Only the principle of this method %s mentioned here.
Details of the analytical proéedures of the .application of
these techniques are disscussed later in sectiop 2.4.3 of
this chapter. '

The Thin layer Chromatograpﬁy (miC) used in thisd

=
study-ls for the separation and detection ot inorganic (mer-

) ’

cu;ic) and organic (ﬁethylmercuric) metcury present in .envi-

ronmental samples. The water sample is first atidified,

then oxidized with-potassium permanganate. Sedimental and
1 ]

microbial samples, on the othar hand, are first treated with

ethanolic potassiunm hydéoxide in order to break down lipids

and denature proteins. Mercury species in the samﬁies are

: _}
then extracted with 0,1% dithizone-benzene solution. Any
. . . - ™~

3

" 1ipid or fatty acid, ‘present in the extract, can be renpoved
by passage through a florisil-sodium sulfate column. Excess’
water in the extract is regoved by sodiunm sulfate, and ammo-
nium hydroxide removes “the excess ‘dithizone present in the
extract. The extract is then dried by nitrogen and the re-
sidde is redissolved in a minimal ancunt of acetone. The
acetone soluton is then applied on the TLC sheet (Polyqram‘
Sil N-H?) and is developad with a mixtqre of benzene énd
hexane mixture (1:1 in V/V) as solvent. Good separationibf
inorganic mercuric and organic metﬁi&percuric compounds i's
achieved, When radiogctive mercury compounds are present,

*the radiocactivity of each marcury species can be ponitore
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by Gamma () counting and +the gunantities can be estimateé.
Total radicactivity of mercury before, after dithizone ex-
traction and after TLC development are Usually consistent,
and around 100% recovery is generally obtained.

The techniques of the combination of dithizone ex-
traction, Thgn Layer Chromatograrphy separation, and radioac-
tivity counting are recently developed and are suitable for
the identification and guantification of mercuric and me-
thylmercuric compounds in environmental samples.

, Details of the analytical procedures of the applica-

LS

tion of these technignes are discussed in section 2.4.3 of"

this chapter.

) 2.3 GROWTH OF MICRODRGANISM

The microorganisms used for this study were: Escher-

fluorescens, and the blue gr=en algae: Anabaena flos-aqvyae

o "he Escherichia €eli B/r was kindly provided by/Dr.

r

. Iyer, Mi?kobiology Departmeat, University of. Ottawa, Ott

Canada. Psendomonas aerunginosa NRCS500S was obtained from

ﬁz;ibnal Research Council, Ottawa, Canada. Pseudomonas

. —
fluorescens was supplied by carolina Biological Supply Com-

pany, Carolima, 'OSA., while Anabaena flos-aguae was provided

by Dr.” Stanier, Paris, France.
. ‘ ©

»

~
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2-3;1_‘ Growth of Bacteria
Bacteria were maintained as stock cells on a semi
solid medium as de§E£EEgg~hy Breuil and Kushner (1975) at
yoc. .Except wvhere otherwise noted, the bacteria were grown
in complex Peptohe Yeast Extract Broth ﬁf?EB) as decribed by
Breull et al (1978) and harvested. nefore being cultured
for experiments, stock cells were first grown for 48 hours
in PYEBf Then a 1 ml aliquot was transferred to 100 ml of
fresh PYEB medium. This later culture served as preculture
and was incubated untii an N.D. of D.B (measured at 610 nm)

was reached, then 2 ml - this preculture was transferred to

100 m}l of fresh PYTBRB ﬁediu in a 500 ml sidearm flask. Cell

cultures were shaken at 100\rpm 1in an incubator shaker (New
Brunkswick Scientific Inc. 3,002,895) at 37°C except for

Pseudomonas fluorescens which was incubated at 25°C. The

cultﬁre flask was fitteﬁ with an 18 mm sidearm so that the
groqth'of bacteria, measured by monitoring the optical den-
sity (0.D.) at 670 nm on a spectrophotometer (Coleman Jun-
ior TI), could be measured without removing the samples.
When the culture just reached the stationary phase,
the cells were centrifuged at 0°C at 10,000 x g- {Sorvell
RC2-B) for 10 minutes, The cell pellets were washed three
times with distilled deionized water and the wet weight of
tpe cells was determined. Cells were then dried at 110°C
until a constant weight was obfaided (dry weight). The wet

weight .and dry weight ratio was calculated.
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2.3.2 Growth of Blue Green Algas

Growth of Anabaena flos-aquae was basically the same

as for the bacteria, with the following modifications: The
sto;klorganisms were maintained and grown_,in GO pedium as
describad by Sténier et al (1971). The algae were incubatad
at 259C on a gyratory shaker (New Brunswick SW)_ at 100 cy-
cles per minute, Illumination Qf‘{BOO Lux intensity for 16
hours 2ach day was provided by fluorescent 1light. Grow{h
vas monitored at 650 nm, and algal cells were harvested by’
Sentrifugatioh a£'4,500 x g for 12 minutes at 0°C.

.

2.0 STABILITY OF METHY LAERCURY

2.4.1 Ig'Wﬂtural Waters

The étabilitj of methylmércury in natural waters was
studied by ading known amounts of unlabelled and labelled
methylmercuric chloride to 100 ml of fresh Ottawa River wa-
ter contained in a stopperad 125 ml Frylenmeyer flask. The
final concentration of mercury(in the systeg was 0.1 ppn ex-
ce where otherwise specifie%S Flasks were incubated at
25°C on a rotary shaker (Robbiﬁs and Muers) at 40 cycles per
minute, The effect of adding sediment and ditferent mi-
croorganisms were studied. Ten gm wet weight of organic
fich clay type sediment (Ramamoorthy and Kushner, 1977a énd
b, Pamamoorthy and Rust, 1977 from thch larger particles

and debris had been removed was sampled from the Ottava

River and added to the water in the flask. Viable microor-
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ganisnm studied here were Pseudomonas fluorescens, TFscheric-

hia c¢eli as well as Anabaena flos-aguae. An amount of 0.45

gm wet weight ( except where otherwise speéified) of cell
mass added to th®-vater in the flask. The effect of ther-
'mally killed bacteria on tﬁe-stability of methylmercury in
the river water was also studied. In this case, 0.45 gm

(vet weight) of Pseudomonas fluorescens or Fscherichia coli

vas killed by boilihg in the river water at 100°C for 30 mi-
nutes. The death of cells ;ere confirmed by microscopic ob-
servation of motility as well as by the streak plate-tech-
nigue using Peptone Yeast <EIxtract Rgar (PYEﬁ)kPeptone; 2%;
Yeast Extract, 0.15%; and Agar, 1.25%;: pH = 7Yy, Controls
with deionized water were also set up.

In order to set up experigéﬁtal conditions similar to
the environment, no extreme st;rilization techniques were
carried out. .Samples were dravn at specific time periods.
for the determination of the stability of methylmercufy as a
function of time. For viable bacterial samples, surviving

bacteria at various time intervals were counted by pléting

technique using Peptone Yeast Extract Agar (PYERA).

[

2;&L2//>Ig Microbial Cultures

The stability of methylmercury in bacterial cdultures’

vas also studied. hAfter trials, 10% and 50% of the diluted
autoclaved -PYEB media in 100 ml aliquots in 500 nl sidearm

flasks were used. Labelled and nonlabelled methylmercuric
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chloride were added to the culture three hours after intro-

ducing a 2% aliquot of the preculture ot the bacteria:

Pseudomonas fluorescens or Escherichia coli. The final con-
centration of methylmercury was 0.1 ppm. By plotting the
growth curves, it was sho;n that this level of marcury did
not interfere with growth of bactéria.\ Samples were With-
drawn at specific time intervals for fhg\\;eterminatiou of

/

the stability of methylmercury as a fuacti n of time. A
control of tha sterilized medlum lone was al%QVSA/ 12

/
/ ( \
T 2,4.3 Analyses of Meredry Species 7
) \._/’/

2.4.3.1 Extﬁaction of Mercury Prom Water Sample

“he stability of methylmercury present in these sys-
tems was analysed by the comﬂination of dithizon2 extrac-
tion, Gamma counting, and TLC techniques. The principles
for the MLC techniques have been mentioned earlier in Sec-
tion 2.2.2 of this chapter.

Mercury was extracted from water systen, including
deionized waters, river waters, sterilized PYEB media, water
colunns overlying sediments or hidta, as well as the cell
free sugbrnatants of PYTB media,. The water columns overly-
ing sediments were wlthdrawn and filtered through 0.45 pm
filters (Millipore Filter Hé). The time of filtration was
short, us@ally less than 2 wminutes. The filter papers were
put into glass counting vials and the radiocactivity was mon-

itored. by Gamma countar (NYuclear Chicago Inc.,
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1085-3-D4-R2-00-L3-00-00-00-0). Results indicated that the
amount§ of mercury absorbed onto the filtaer papers during
filtration were insignificant. Hater co{umns overlying bi-
ota or cell free supernatants of PYFB nmedia were withdrawn
‘and centrifuged at 10,000 x g for 10 minutes at 0°C.

The procedures for the extraction and analyses of
mercury by these'technigugs are outlined in Fig. 711. An al-
iquot of 5 ml of water‘sample was pipetted into a counting
vial and monitored for radioactivity. Another 50 ml of the
water sample was pipetted into a ground glass stoppered vo-
lumetric flask and diluted to 100 ml with deionized water.
The water was then acidified with 2 ml 2.0 ¥ hydrochloric
acid and oxidized with drops of 0.1 M potassium permanqganate
solution until pink color was persistent in the water san-
ple. R minimal amount of Lydroxylamine sulfate was then ad-
ded to neutralize the, color of the solutiomn. . After all
these pretreatments, mercury in the waterv saﬁple' was ax-~
tracted with S5 nml of 0.%% dithizone-benzene sblution {appen-
dix 1) by shaking with a mechanical wrist shaker {Burrell
BB) for 10 minutes, and the aqueous layer was then dis-
carded. To the dithizone-benzenq solution, a minimal amount
of anhydrous sodium sulfaté was then added to remove any re-

sidual water. R



Figqure 11:

.
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Flowchart for mercury analyses.

Methods us2d involved the combined techniques of
Dithizone extraction, Thin Layer Chromatography
as well as Gamma counting. {(Detail .see text)
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2.4.3.2 Fxtraction of Mercury From Sediments or
Biota : ‘

The extraction procedures for sediments or biota were
the sama. Samples of sediments or biota were separated fron
the overlying water. columns or cell” free supernatants of

PYFB media by filtration or centrifugation respectively.

-About 1 gm wet weight of sediment or 0.05 gm or less wet

ueigyt'of bicmass wéé put inté the counting vial for ra-
dicactivity check. However, in the case of the bacteria
grown in PYPB media,_the total’cell volume was used. RAn al-
iquot of 8 nl of 1M ethanolic potassium hydroxide was then
add=2d and shaken on a wrist shaker for 1 hour. An aliquot
of 5 ml of 2.4% hydrochloric acid and 5 nl of 0.1% dithi-
zone-henzene solution were add=d and 2 solution was res-
haken for 15 minutes. An aliqiot of 2 ml'of the dithizone-
benzene solutidn vas passéd threcugh a florisil-godium
sulfate column and the effluant was collected.

The florisil-sodium sulfate column wasvconstructed by
packing 0.5 gm of florisil_crys%§ls into a 5;75 inch dispos-

able Pasteur Pipet, 0.5 gm of anhydrous sodium sulfate crys-

- tals was 3 tlien added to the column to overlay the florisil

L

layer. _ 8.

Vo

- ’;f

4%
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2.4.3.3 Analyses of Mercury Species by TLC
Techniques jq .

To 1 ml of the extract, dbtained either from a water
sample or from a sedimental or binlogical sample, 10 nl of

10% ammonium - hydroxide was addad. The solution was then

vortejed and centrifuged at 100 rpm for 15 minutas at room

temperature, the top ditﬁizone-benzene was then pipetted
into a couhting vial and monitored for recovery test., After
counting, the dithizone-banzene solutionm, containing the
mercury species, was dried with nitrogen gas, The residue
wvas redissolved in a minimal volume of acetone and the sam-
pie was applied onte TLC papgfr (Polygram Sil N-H®R, Macherey-
Nagel Co.). )ﬂ '
With a soft lead pencil, a base iine vas drawn across

a 5 x 20 cm Silica Gel Chromatography sheet approximately 3
‘cm from the base. Osing a micfopipgt, both organic (methyl-
., mercuric) and iﬁérganic (mercuric) .mercury specisas standard
. . a _ : :

vere spotted onto the line at positions, approximately 1 cm
apart from each side. The sanmple acetofe solutionﬁ'contain-
ing mercury species was applied onto the line at the same
time. The TLC sheet was developed at 20°C for 2-3 hours
with a ﬁixtsfe T of benzene and hexane (121 in KV/V) as sol-
vent. hfter developnent, the~sheet was air'dried at roon
tempergture‘ and cut into four sections for radivcactivity

measurement.

.

/
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2.5 TRANSFORMATION OF METALLIC MRERCURY IN AQUATIC
SYSTEANS | -

Double distilled metallic mercury was used 1in this

study. The oxidation-reduction potential (OPP) of the

deioniz2d water was adjusted with 0.3% hydrogen peroxide so-

lution. The pH and ORP measurements vere made with Orion

Tonalyzer model 801 u%inq the glass electrode and the com-

bination redox electrode model 96-78 (0Orion PResearch Inc.)
respectively.

The experimental chamber was a six liter capacity by~
rex conical flask with two sidearms (Fig.12}. The, upper
shorter side arm (Aiameter 15 mm) was sealed with a SilisgQne

+ : -
Rubber Septum (Hamilton Septum-760-16) enclosed in a screw
- cap. The septum was coatad with a layar of polymeric Sili-
cone fluid (bri-film Sc-87, Chromatographic Specialities)
which 1is highly>iﬁert chemically « The lower longer sidearm
(diameter 18 mm) was closed by a gqround glass stopper.

Sixty four microlftres equivalent to 870 milligrams .
of metallic mercury was introduced into five 1litres. of
deionized water in the reaction vessel. The amount af me-
tallic mercury introduced into the system was well over the
solubility of elemental mercury. in water (~30 ppb) in order
to maintain the mass flow foilouing species transformation.
The water was continwously stirred magnetically, except dur-
ing sample withdrawal. The stirring vas stopped 15 minutes

prior to samplﬂpq in order that the undissolved metallic

mercury would settle to the bottom of the flask. This proc-
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edure avolded any possibility of trapping metallic mercury

«during sampling.

 Aliquots of the water column\were withdrawn at inter-.

vals up to 240 hours through the lopger side arm and then

<

analysed for the mercury species "hy Btomic Absorption Spec-

. trophotometer simultaneously. Five mnlyof +the air in the

head space ovgs\the.uater column,was withd;awn by a disposa~

ble syringe through the septum on the shorter arm for mer-. .

- cury species analysis. The air was emptled inte 2.ml Hater,

mlxed well and then analysnd for mercury sp°01es.

The systens studied in this work were metallic mer-

cury in the presence of 1) deionized water, 2} deionized wa-
ter with 0.3% hydrogen peroxide, 3) sterilized growth medium

of FPoot and Taylor (FT) (Foot and Taylor, 1949), 4) FT med- -

ium containing growing Escherichia. coli B/r or Pseudomonas

. e . e e

gglnosa NRCC 5005, and 5) deionized water cohtaininq

_—=a=

thermallg killed Escherichia coli or Pssudomonas aeruginosa.

The bacteria stndied here are commonly present 1in natural
vaters. : o .

Porcthe study of trénsformation'df neiallig_mercur?
by 'growing bacterla, the precul®ure of ﬁacteria”was gféwn.fn-
the FT meleh to the and_of logarlthmic phase (O.,.‘— 0.08),
a 25 ml allquot vas transferred to 5,000 m1 ot sterilized ?m
medlum contalnlng metalllcmﬂggcury in the exparlmental chqm-

ber. ' Growth of bacterla in tﬁf% system vas observed by v1a4

ble cell counts bn Peptone Yfeast thract agar (g? ﬂP
. jf . . :. * . . ) '-’



-

™ give § final concentration of-n,25%.
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In_ the case of‘transformation' of metallic'mercury by‘
thermally killed bact%ria, the bacterié ware grown in PYEB
medium tb initial stationary and harvested as described in
subsectzon 2.3.1. ° Tvwo grams of the biomass wers killed by
boiling in deionized water at 100°C for 30 minutes. Non vi-
ability of the cells was coﬁfirmed by microscopic observa-
tio;.as well as by streék platéing technique on PYEA agar.
The 2 gm of thermally killed cells were then added +to the
exéepimental chamber containirg 5,000 ml of deionized vater.

i

2.6 "METAL BINDING OQNTO PSENMDOMONAS AFRUGINOSA

The binding of heavy metals onto Pseudomonas aerugi-

nosa NRCC5005 was studied, After testing a-number of media,

‘Collin's minimal salt medium (Collin, 1963) with 0.5% pep-

tone and 0.25% glucose addedqd uas'selectedr: This medium pro-
vides suitable amounts of ' nutrients for bacterial groufh,
but still.petmits a resonable amounts of heavy metal ions to

be taken up by the bacteria. various dmgunts of mercuric

o
. . < \) . .
Tnltratg or cupric nitrate solution were added +0 media with
. Y ‘ - -

initial concentration ranging from. 0-80 ppm. pH of the med -
fum was adjusted to‘T uigh'uSS sodium hydroxide (appendix 2)
‘or 10% nitric acid. The'medi@m, without glucosz, ibut con-
-taining heavy metal ions, ¥as autoclaved fof i5 minutes atl"
127°C and 15 psi.' Glucése solution filtered thgfugy ? 0.22

um fi'lter (Fﬁlcon 7103) was added to the autocia;éd media to
n s e O

' ,
' . >

\\"\- 'v . i ..-’ . ;_ “_\r 'Q
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Growth of bacterial culture in modified Collin's med-

jum was similar to that in PYTEB medium as described in sec- -

tion 2.3.1 of this chapter. Wwhen the growth of culture en-

tered into the initial statiomary phase, 10 ml of the cell

suspension was centrifuged at 0°C at 10,000 x g for 10 mi-
nutes. Cell pellets were washed three times with disfiiled
deionized water and then digested with nitric acid ;fof 20
hours in order +to extract the heavy metals from the cells.
Varioﬁs concentrations of nitric acid were used fdr this
purpose and the pH values of the digested solutions were

measured. The total metal concentration of the auntoclaved

-
medium, cell free supernatant of culture medium, washing sof

lution as well as the digested solution were measured by
Atomic Absorption Spectrophotometry.

Por the study of the cellular location of heavy me-
tals, the cells were grown and harvested. ttter washing,
the cells were suspendéd in deionized water and ruptured by
a French Pressure Cell (Wwabash) at 6,000 ﬁsi. Different
cellular ﬁractions were then obtained by ultracentrifuging
of these mechanically bfoken cells. Quter cell wall layér

L

was obtained by cehtrifuging at 30,000 x g for -}D minutes

using ultracentrifuge (Beckman L5-50). n the supernatant,

the ribosomal pellet was separated from the remaining intra-

L

‘céllular fluid by gentrifuqinq at 100,000 x g-for. 120 mi-

nuies. mhe various cellular fractions wvere then coﬁpletely
digested with %itric acid and tested for the amquﬁt of heavy
metal present by Atomic Absorption Specxroﬁhotometry.

&

-
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Chapter III

BPFSULTS AND DISCUSSIONS

3.1  STABILITY OF METHYLM¥RCURY

The production of methylmercury from inorgqanic mer-
cury in natural waters by biological and nonbioioqical pro-

cesses has been uell established (Akagi and Takabatake,
. o

1973; Brinckman and Iverson, 1975; Fagerstrom and JernelEgz
]

o
1969; Jernelov, 1968 and 1972; Jewett and Brinckman, 1975).

“nzymatic as well as non enzymatic pathways have been iméli—

cated in the biclogical production of nethylmercury (Bart-

lett, et al ., 19 ; Langley, 1973; Vallee and Ulmer, 1972;

vonk and Sijpesteijn, 1973; Wood, 1974; Wdod et al., 1968).

_—

The toxicity of methylmercury for aquatic organisms depends

on the residence zime in the organism and the séability of
methylmercury in/c;ter. studies on the half life of nmethyl-

mercury ia biotéiEizf'been feported {Albert et al., 1973 ;.
Gerstner and Huff, 1977; Harbison et al., 1977), but infor-

mation of the stability and reskdence time of methylmercury
in the aquatic systems is limited (Qillen et al., . 1974 :

Kudo et al., 1977a ; Spangler et al., 1973a and b). This
" . . O

cy A
thﬁéps reports the results of the stability and transforma-

' tion of methyluiercury in natural waters under 5v‘ariety of

ecological conrditions as well as in microbial cultures., The

<& . N _\‘.
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systems studied were as follows: 1) Methylmercury in deion-
ized water; 2) Methylmercury iﬁ Ottawa Piver water: 3) Me-

thylmercury in Ottawa Piver water with organic rich clay

type sediment; 4) Methylmercury in Ottawa River water with

. (4
living hiota of Pseundomonas fluoregzens, Escherichia coli or
o

Anabaena flos-agquae ; 5) methylmercury in Ottaﬁa Fiver water

with thermally killed biota: Pseudomonas fluorescens or Es-

cherichia coli and €) methylmercuﬁy\QE sterilized PY®EB media

-

and in growing bacterial cultures of Pseudomonas fluores-

cens or Escherichia codi in 10% and S0% Peptone Yeast Fx-

tract Broth (PYEBL media,

Padioactive CH 293Hg+ was used in this study and the

stability and transformation of methylmercury were analysed

byd¥he combined procedures of axtraction of mercury speciés
by dithizone sclution fellowed by TLC plating and Gamma ({)

counting technique. There was a qood'separatgon of methyl-

\

mercury from,iqggganic mercury by the TLC technique. A typ-
: 7

ical TLC sepafation is shown in Fig. 13.  The TLC %heet was

cut into foux [sections as marked. On Fig,13 a-and b, sec-
. ’

~ -
tion 2 containﬁij/ihorganic mercury and section 3 contained

me2thylmercury while section 1 and 4 were the control back-

. . {7 N
hown by mma counting. The zxtra colored band
comBarison with the standard (Fig. 13a), ab-
_ : oo 3 s
pearing below the dinorganic mercury band seemed to be the

gxcessi

droxide. This was proved hy'cutting and counting this e
- N k \

. ' o ' \

dithizone femaining after treatment with ammoniumﬁhy-'

FL g

5

gy
BN
-
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Figure 13: Separation of mathylmercury and inorganic Lo
- Mercury by TLC Techniques. . .

&

Figur= 13a is the case of nmercury standards 1. bafore
development and 2. after development, 13b is the. actual
cagé;,reprasented by Dttawva Piver water sample (for example),
the extra dithizone band is shown. The sheet das cot

.into four sections for radioactivity check

B.L. = Bas2 line; D.B. = Dithizone bhandg o
HC = Tnorganic mercury;” MMC = Methylmercyry; ﬁ
BWd = Piver water sample.
4
#o
. 3
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band alone for radiocactivity check. The results were nega-
tive for mercury. In faét, by applying dithizone solution
(wvith or without treatment with anmonium hydroxide) alone on
TLC sheet, a band of the same color and position was ob-
tained. However, the estimation of inorganic mercury was
quantitative since the whols section 2 was counted. Since
colorimetric method was not used in this)study, there was {9
possibility of error in estimation. ‘ ?

The results; of the various systems studied in this

work are presented as followsy F

v
-

3.1.1 In Deionized HWater

Figufe 14 and the subsequent figures presentvthe sta-
bility of methylmeréury (MMC) and the production of inor-
ganic mercuty'gnci. Systems céntaining heterocgenous phase
such as sedimei%_of biota (discussed later om) present mer-
cury speciation in both phases. In all these figures, the
critical determlnant is the stability of methylmercury as a
function of time.

For éhe control of the deionized water and Ottawa
‘River water, tvo .sets of expérimeﬁts with an interval of 10

]

menths ‘sere done. ' .

The first experiments were done - \as the control for
the studies of'1)dethy1mergury in Otfawa River water with
natural sediment and 2) methylmercury'in Ottawa River water

with livingnbiota. . The prelminary study indicated that

. -~
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Pigure 1z, Stability of methylm2rcury in deionized fater.

MC = IXnorganic mercury; MNC = Methylﬁerc ry.
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there ;as about 12% of inorganic mercury (MC) and 88% of me -
‘thylmercury {MMC) in the deionized wvater sémple at 12 hours
and this femained unchang=2d over the experimentall period
{Fig. 14y,

| Another set of experiments was done /Sn months later.
In this cas2, the study of daioygized vaterjas well as Nttawa
Ri{gr water was the c;ntrPI of .solié hater Hdesigned new ex-_
.Periments which were 1) .Mmethylmercury in Ottawa River water
with thermally killed bacteria aﬁd‘ 2) methylmercury 4in mi-

crobial cultures. In this Sstudy, it was found fhat the

level of inofganic meércury species in deionized water was

about 28% and methylmercury was about 72% over the experi-'

mental period.

S

The appearance of inorganic mercury in the deionized

wvater samples was Suprising since deionized water was sup- .

posed to be chémically inert. The purity of the orlglnlal
methylmercury stock was checked by using the sane experimen-
tal technlques It indlca;ed ‘that the orqinial stock of me=-
thylmercury vas contamlnatud with inorqanic ®ercury. The
iamount of inorganic mercury incrgased slowly with +time due

to the breakdown of methylmercury.

. : N2 Y /
: 3.1.2 Methylmercury\in Ottawa Rivar Hater

The stability of ndthylmercury in Ottawa River is

shovn in Fig. 15, It indicates that about 12% of the pge-

i

thylmercury was degraded into inorganic‘mercury'at Zero time
e

AN

i



Figure 15: Stability of methylmercury in Ottawa River
' water. . .

HC = Tnorganic mercury; MHC = Methylmercury.
\ -
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and remained unchanged thereafter. This result was similar

-

to that of deionized wvater (Table 5 and €) . Thus it is imn-
teresting to note that the organic matter and microbial com-
nunity at the levels present in Ottava River water 'do- not
seem to play ;ny slgrificant role on breaking down the added
methylmercury over the 28 day periop,. and the bulk of ri;er
water is not different from deionized water in éléerimg the
mercury species.'! This has important implications since me-
thylmercury will hﬁve a fairiy Ireasonable residence tihe in
the river wvater whi;h may contribute to bioaccumulétion.

3.3 ( In Ottawa Piver Watér Hith Sedimant

ercury speciation in-Ottawa River wvater containing
organic rich clay type sediment wasltotally different from
the ‘above ' results. This suggests-that'the‘microénvironmgnts

involving the interface df sediment and water are important

in mercury interconversions. Tha results cof demethy;afion
of meihylmercuryt-in Ottawa River water-sediment systém are
given in Fig; 16 as vell as Tables 5 and 6: Most of the ad-
ded mercury({ 97%) .presént in the water column was lost to
the sediment during the firét 7- days and there was no

further dacrease with time in tlsesgBrday.peripd. - However,

the total amdunt of inorganic mercury species (df methyl-

)

[ SR



. . _ TABLE 5

Distribution of Mercury Species in Different

Natural Water Systems at 12, Hour

Amount oOf biota=0.45 gm in vet weight
Added mercury concentration= 0 10 ppm

MC=Inorganic mercury
MHC=Methylmercury

Sample ' . NC (%) MMC (%)
‘Deionized water 12.6 87.2
Ottawa River water , 118 88.0
water column overlylng
Sediment 10.8 ‘65.2
Sediment . 1.8 20.1
Total: 12.6 85.3
Water column,d;;rl}ing
living P, fluoréscens 13.1 4.8
Living P. fluorescens 41.3 40.0
Total: 54.4 4y.8
Rater column overlying
living 2. coli 6.0 3.2
Living B.\gol} 6.8 82.8
R motal: 12.8 ae.?
|
. -
Water column overlying \
living A. flos-aquae 10.2 8.0
iiving A. flos-aquae 1.4 70.4
) Total: 21.6 T78.4
Amount of sediment=10.00 gm/im- Yeight

67
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" Distribution of -Mercury Specjes in Dffferent. Phases
‘ Natural Rater Systems at 7 Day

TABLE. &

Sample MO (%) MMC (%)

Deionized water "12.3 86.0

Ottawa River water 11.6 ?7.2

Water column overlying

Sediment 1.2 0.5

Sedigent. 4.1 62.8
4

Water column overlying -

living P. .fluorescens 4.6 1.5

Living ¢. uorescens 90.0 3.7

Water column overlying

living E. coli 2.0 2.8

Living E. coli 50.6 44,5

Water colmmn overlying"

living A. flos-agunae . h.8 0.6

Living A. §19§1aguge 83.4 B.7

Rpount of ‘'sediment=10.00 gm in wvet weight

Amount of biota=0.45 gm in wet weight
Rdded mercury concentration=0.10 ppm

MC=Inorganic mercury
MMC=Methylmercury

of

68
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mercﬁry species) present in the first 12 hours was recovered

+and was similar to that of deionized water {™able 5), it-

thus indicated that there was no degradation of hdded me- _

thylmercury‘by sediment in 12 hours. Conversion 6h1y occur-
red after .52 hoqu ip thé sediment and about - 35% of inor-
ganic mercury. appear in the sediment ‘at 7 days, fﬁrther
‘increases were gr&éual:' reaching as much as 55% in 28\@ays

(Fig. 16). \»The decrease of methylmercury with time is also

shovwn in the sanme fiqure. The contribution of methylmércury

and inorganic mercury in the water column overlying the sed- .

iment’'reached equilibrium by the 7th day. TRe water column
had only a very low level of methylmeréury and inorganic
mercury 6u1:7%) by 7 dayé {Table 6}, - Ca

’ This éugéesps‘that the added methylmercury is rdpidlf
sorbed by thg sediment and .that further transforhationé oc-
cur in that phase. + This organic rich clay.type sediment
has a gre&t affinity for meréufy aﬁd the dqsprption of mer -
‘cqry is ;nsiqnificant over',tﬁe experimentgl ‘period, this

finding agrees with the previous report of ‘he ottawa River

préjéﬁfr(ﬂamamoorthy and Rushner, 1977a and bh). A N

N

3.7.4  Methylmercury in Cttawa River Water, With
Viable Biota -

<

3.7T.4.1 'viable P:eﬁdomonas,@lﬁorescens

The effect of biota on degradétion of methylmercury

was also studied. Fig. 17 presents the transformation of

added methylmercury in the Ottawa PRiver water-viable Pseudo-~’

o
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Figure 17- Stability of methylmercufy in Ottawg Piver

water-living P.fluorescans systen. .
. '—-‘_“‘_-_-_

The biomass Concentration = 0.45 gm wet weight per 100 m1
of Tiyer ¥ater, the' addeq Bercury concentratiop= 0.10 ppn

norganic bhercury; Muc = Methylmercury.
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monas fluorescens systen. Rapid sorption of methylmercury
added to the water column by viahle microopganisﬁs vas ac-

companied by rapid breakdown into inorganic mercury as shown

in table In the first 12 hours, 81.3% of added mercury

was sorbed

onto the cells, Pseudomonas fluorescamns seens
~most efficient in converting methylmercury to inorganic mer-
cury, as much as 73%.in 24 hours, 'this'increased to 90% in
72 hours, and remained unchanged for 7 days: The water
phase of this systen céntained only about €% ot. the total
(methylmegcury and'inorganic mercury) at the end of 7 days

(Table 6}.

3.7.4.2 Viable Fscherichia coli

The efficiency of Fscherichia coli in . conversion of

methylmercury in Ottawa River water is shown in Fig.18. In

contrast to Pseudomonas fluorescens, sorbed methylmercury

vas retained by the biomass‘ of ggggggigh;; coll with only
.\ . ‘ L3

s@bw gradua’l conversion to inorganic mercury. In fact,

- 3 . : . : -

there was .no degradation of methylmercury by PEscherichia

-

coli in the first 12 hours as the total percentage of ne-

thylmercury in this system was similar to that of deionized

r
Fl Y
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Pigure 18+ Stability of Bethylmercury ip Ottawa 2iver
vater-living Fs coli Systen,

The biomass conée
of river Water,

Ntration= 0.45
T, MC =

go wet veight ber 100 w1 -
the addeq hercury Concerntrationp = 0.1 ppn
Inorganic h2rcury; Mpc = Hethylnercury.
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wvater (Table S5)}. . Only 36.4% of inorganic mercury was found
& I ’
" in Escherichia coli im 3 days and this increased to 50.6% at

éhe end of 7 days. . 0Of course, ‘the amoun{ of methflmercury
in the bactérial mass deéreased' inversely with timé. ‘Ohce
again, the water column %werlying the bacteria-contained in-
significant amohnts.of mercury in thé'torm of methylamercury
and inorganic mercury at the end of 7 days (Table 6}. ~'

Viable cell counts under identical experimental con-

ditions in the presence of qddgh methylmercury showved that

. . . N ]
about.30% of Pseudomonas fluorescens and 37% of Escher

coli giéﬁhau{}ng the first six hours(Fig.19).

3.1.4.3 Viable Anabaena flos-aquae
.

FPigure 20 shows the role of viable blue green algae

Anabaena flos-aguae im the conversion of methylmercury.
This algae also gorbed the added mércur( rapidly (Table 5).
However, the production of inorgamic mercury was slov at the

start but increased rapidly to 83.4% in 7 days. The water

column contain% ow level of mercury (Table 6).

, the biota seems to play a very domi-
napt role in sorbing ind converting the added methylmercury
to inorganic mercury. Very little of the initial methylmer-

cury or the converted inorganic' mercury appeared in the wa-

ter coluan. Tt is encouraging that bioty cannot only sorb

methylmercury quickly but can convert it (to less toxic

ichia.

[ RES



Figure 19:

‘mhe biomass/
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The amount of viablza cells as function of time.
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per 100 n] bf river wvater, tha added

mercury conEentration = 0.10 ppa

MC = Tnorganic masrcury; MMC t!ethylmegcury.d
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Figurs 20:

&

-
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Stability of methylnercurv in Ottawa Piver
wvater~living 3, flos-aguae systen.

Tke biomass concantration = 0.45 gr vet wsigkt per 100 ml~
of river water, the added mercury corncentraticn = 0.190 ppm
MC = ?ﬂorganic mercury; MMC = Methylmercury.
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inorqanic mercury forms which are retained by the biota it~
self. This means that the water vector will contaiﬁ less
than 2% of thé total methylmercury oburden at the end of 7
days. 0f course, one has to remember that the cell concen-
tration in these experiments is mpch'gféater thén that found
in the natural environment. In addition, physical factors
such as’ turbulence, wind direction and suspend2d matter will
play an i;po;tant role in the sediment activity in the na-

tural environment. -

3.1.4,8 Zffect of Bacterial Mass
: . . .
Three conrcentrations of bacterial biomass were en-
ployed in this study. They wvere 0.85 gm, 0.2 gm and 0.02 gm.

wet weigﬁt (or 0.081,0.035 and:- 020035 gm Ary weight ‘respec-

tively) of Pseudomoras fluorescens in 100 ml of river mateﬁ:‘g
The analysis of ,fhero.nz gm wet-ueight wag abandoned since
it was technipaliy difficult to analyse the mercury in such
a small bacterial méss, and to recover the biomass after
centrifugation from the overlying river water column. The
results for the other two concentrations are given iﬁ Table
7. It is clear that the biomass is critical in the demethy-
lation processes, The higher the bacterial concentration,

A
the more inorganic mercury is formed.

O
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TABLE 7
vffect of Blomass (B. fluoresceng) and Mercury Concantration

on Degradation of Methylmercury in Piver Water.

. ™

100 ml -of ORW containing Time ﬁﬂercury in biomass
Biomass Initial

(vet welight concentration

in gm) of Hg (ppm) Day MC (%} ‘MUC (R)
0.45 0.1 1 73.0 5.9
0.20 0.1 1 53.7 29.2
'0.45 0.1 3 '90.5 1.9
0.20 0.1 3 6247 26.0
0.5 - 0.1 7 90.0 3.7
0.20 0.1 7 64,2 21.4
0.45 . 0.1 1 73.0 5.9
0.45 . 1.0 1 16.1 49,2
0.45 n.1 3 90.5 1.

.0.45 1.0 3 46,7 27.2
0.45 . 0.1 7 90.0 3.7
D.u45 1.0 7 68.4 3.8

MC=Inorganic mercury .
MMC=Methylmercury
ORW=0Ottawa River Water

R
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3.1.4.5 Effect of Nethylmercury Concentration.
Table 7 also Presents the results of the effect &f 1
PPm and 0.1 ppm of initial mercury concentration,oq 2.45 gm
(vet weight) of Pseudomonas glgggg__ggg-oftawq ?ivgr ﬁater

systemnm. At the fixeqd biomass, the lower the initial émoﬁnt

of methylmercury, the larger the peréentage of methylmercury

is converted.
.
. s

{

s
3.2 METHYLMERCURY IN ATTAHA RIVER WATER WITH DEAD
BIOTA '

The viable cell counts, indicated that about 30% of

addeq Pseudomonas fluo

————————

Lesce

DS or 37% of added ”SChEE}Ehla
coli were nonvlable after € hours in the: Ottawa River water-
living biota syste@) in the presence of methylmercury (Fig.
19) . Thus it is interesting to know wvhether the dead bigta
can convert methylmercury to inorganic Mercury. - Fxpériments

vere de51gned and conductﬂd ¥ith thermally killeq bacteria (

Psendomonas fluorescens and Fscherlchla coliy., s shown in

Fig. 21, it was found that the effect of nonviable Bsevdomo-

nas fluorescpns was similar to that Of nonviable

CUry in the river wvater- nonV1able biota system were similar
to the control of deionized water up to 3 days (Tables B‘and
9}« This indicated that all the METCUrY in’ the water column
¥as initially sorbed by the biomass uithout‘ any conversion
for‘the first 3 days. After 3 days,. a certain fraction of
the sorbed inorganic mercury ( 12.5% for Pseudopmonas

—~
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Ylmercury in 2ttawa Tiver
illed biota systenm

f"‘;

ntration = 0.45 gn wet weight per 100 ml
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'Distriblition of Mercury Species in Different phases of
Ottava River Water-dead P.

TABLE 8

floorescens System

Phase Time (day) MC (%) MAC (%)
Neionized water! - 27.9 71.6°
Dead P. fluorescens ot ) 0.0 0.0
Water column overlying N ]
dead P. fluorescens 0 . 28.1 71.2
Total: 28.1 7.2
Dead P. fluoresceﬁs 0.5 28.95 64.7
Water column overlying .
dead P. fluorescens 0.5 0.7 5.5
Total: 29.2 h}oiﬁ
Dead P. fluorescens 1 27.8 K\62f3
Water column overlying . s
dead P. uprescen 1 . 0.3 * 7.8
. Total 28.1 70.1
Dead P, fluorescens 3 e 28.2 63.3
Water coluamn overlying
dead P. fluorescens . 3 0.4 8.0
- ’ Total: 28.6 71.3
Dead P, fluorescens 7 1.5 91.4
Water column overlying
dead P. fluorescens 7 1.7 32.4
' \ Total: 16,2 $3.8

L~

81

T S

tcontrol, figures here are the average value of all
individual controls at different time periods.

t2ero hour

Amount of biota=0.45 g® in wet weight
Added mercury concentration=0,10 ppm
MC=Tnorganic mercury 4
MMC=Methylmercury

o R



TABLE 9

B2

Distribution of Mercury Species in Different «Phases of

Ottava River Water-Dead B, coli Systenm

’—"'-
Phase " Time (day) MC (%). MHC (%)
M
Deionized watert - 27.9 71.6
Dead E. coli ot 0.0 0.0 °
Water column overlying
dead E. coli ot 27.4 72.1
Total: 27.4 72.1
Dead E." coli 0.5 28.3 67.1
Water column overlying
dead ¥, coli 0.5 0.3 4.0
: - Totalxy 28,6 71.1
Dead E. coli 1 27.3 67,8
Water column overlying
dead E. coli 1 0.3 2.7
v Total 27.6 70.5
Dead E. coli ) 3 28.4 65.9
Water column overlying _
dead EZ. coli © 3 0.3 5.3
. ' Total: 28,7 71.2
Dead Z. coli 7 14,2 48 .7
Water column overlying
dead E. coli T : 1.9 35.2
\ Total: 16.1 83.9

1Control, figqures here are the average value of all

individual controls at different time

1FZero hour

Amount of biota=0.45 gm in wet weight
Rdded mercury concentration=0.10 ppn

MC=Inorganic mercury
MHC=Methylmercury

-

periods,

L
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1 .-w-
fluorescens or P2scherichia coli) was converted to .

methylméccury. The appearance of significant amounts of me-

‘thylaercury in the vater column { 32-35% for Psevdomonas

fluorescens or Escherichia coli)'in 7 days could probably b€

~

‘due to . the releasé of some intracellular products binding
. q .

methylmercury in the water colunmn.

3.2.1 Methylmercury in Microbial Cultures

_—_— e S amaamnnsm s e

Txperiments to study the demethylation of methylmer-
cury by bacteria during the qrowth phase wvere condué%ed.
Ten and 50% of the diluted Peptone Yeast Extract BPot h

(PYFB) were used to culture bacteria ( Pseudomonas fluores-

cens and Escherichia coli) .. Methylmercury was spiked to

cultureg at 3 hours after introduqtion of the bacteria and
the time of addition of mercnry was taken as the zero time (
Fig. 22 , 23 and Tables. 10, 11). Déméthylation of methyl;
mercury at different tirme peri&ds during the logarithmic and

statigpary phase of the bacterial grovth was momitored.

3.2.1.1 Psendomonas fluorescens

The results of the sggpiation study by the growing

*>

pseudomonas fluorescens are shown in FPig. 22 and 23. It in-

dicates that Pseudomonas fluorescens converted all the ad¥

ded methylmercury to imorganic mercury species vhich subse-
quéntiy volatilized since the flasks were loosely capped
" with sterile totton. Basically, there vere little differ-

ences bhetween the results of mercury speciation hy growing-



Pignre 22:

o

Stability of nethylmercury in
groving BE. fluyorasc2ns systen

e

10% PYESB mediu;-

mhe addad percnry concentration = 0.10 vpn

MC = Inorganic m2rcury; MNC =

$

Mathylrercuary.
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Pigure 233

B5S

Sstability of ma2thylmercury, inm 50% PYFB-nmedium
growing P. flugrescens system. :

The 'add=2d marcury concentration = C.10 opn,
MC = Tnorgapic mercury; MEC =. Methylmercury:

'DY¥B = DPeptone Yeast Extract Broth

£}
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" - Distribution of Mercury Species in 10%
‘ Broth with Growing E.

TABLE 10

86

Peptone Yeast Extract
coli

Phases’ Time (hours) - MC (%) MMC (%)
Deionized water! - 27.9 : 71.6
Sterilized 10% pYest - 26.7 71.3
" E. goll in 10% PYEB ot 0.0 0.0
Cell free supernatant 4
of 10% PYEB 0 28.6 70,48
Total: 28.6 q0.4
E. coli in 10% PYEB 0.8 9.0 13.0
Cell free supernatant :
of 10% PYEB 0.5 " 17.8 60.0
. Total: 26.8 73.0
B. coli in 10% PYEB 1.5 _ 10.1 22.1
Cell free supernatant ‘
of 10% PYEB 1.5 15.4 52.4
‘ Total 25.5 74.5
B. coli in 10% PYEB 3 16.2 26.5
Cell free supernatant
of 10X PYEB 3 11.7 44,0
‘ Total: 27.9 70.5
E. coli in 10% PYEB 5 21.3 27.5
Cell free supernatant
of 10% PY®B 5 6.9 43,0
Totals 28.2 70.5
E. col}l in 103 PYER 13 24.1 33.0
Cell free supernatant )
of 10% PYEB 213 3.3 39.5
Total: 27.4 12.5

iControl, figures here
individual controls at

#Zero hour

Amount of biota=0.45 gmn in wet weight
Rdded mercury concentration=0.10 ppn

MC=Inorganic mercury
MMC=Methylmercury

are the average value of all
different time periods.

e e i —



] TABLE 11

Distribution of Hercury Species in 50% Peptone Extract Broth
With Growing P. coli :

g"\‘_

Phases r;j\ﬂ\ Time (hours) KC (%) MM C (%)
Deionized vatert - 27.9 71.6
Sterilized 50% pYEm? - 27.1 . 71.6
E. coli in 50% BYEB 0t 0.0 0.0

Tell free supernatant

of 50% PYEB ot 28.2 7.7
: 7 . Total: 28.2 7147
¥, coli in 50% PYEB 0.5 - 13.6 12.3
Cell free supernatant '
of 50% PYEB 0.5 13.9 59.0
Total: 27.5 71.3
E. coli in 50% PYESB 1.5 o 15.4 20.7
Cell free supernatant
of 50% PYEB 1.5 11.8. 52.1
Total 2].2 72.8
. coli in 50% PYEB 3 18.4 33.2
Cell free supernatant . .
of 50% PYEB 3 8.5 39.8
) Total: 26.9 73.0
P. coli in 50% PYEB 5 23.3 41,2
Cell free supernatant /=
of S0% PYEB -5 : 4.3 30.6
7 Total: 27.6 71.8
. coli in 50% PY®B i‘13 ‘ 261 56.0
Cell free supernatant
of S0% PYEB 13 : 2.8 16.9
Total: 26.9 72.9

1'Contr:col, figures here are the average value of all
individual controls at different time periods.

*Zero h

of biota=0,45 gm in wet velght
nercury concentration=0.10 ppm
MC=Jnorganic mercury
HEC=Methylmercury

[
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pseudomonas fluorescens jn 10% PYEB and 50% PYE®B medium. OFf.

course, the higher percentage of mercury species found in
the biomass in 50% PYEB mediunm thaﬂ)in 10% PYPR medium could
be due to the higher cell concentration in the former. on
-the other hand, higher percentage of merc¢ury species in cell
free supernatant and less percentage of rolatilized mercury
in 50% PY®EB medium than that of 10% PYFB medium could be due

to sequestration by increasing complexing. The possibility

of more extracellular products present in the 5D% DYEB wmed-

1

. .= . ‘ 1
juym retaining more mercury speciles could not-bs ruled out.

3.2.1.2 ¥scherichia coli

mhe results of mercury ‘speciation by growing Escher-
1chi_ celi 1is shown in Tables 10 aﬁd 11, Ry comparison
with the control of deionized water, there wvas no intercon-
version of. the sorbed methylmercury over the experimenral
period of 13 hours (Tables 10 and 11) and this agrees with
the earlier results that there.uas pno demethylation of me-
thylmercury in the first 12 hours by viable Escherichia coll
in natural river water {Table 5) However, 4+t is important to
remember that thes€‘ exéeriments were done ten months apart
and the stock solution of methylmercury contiained  12% 6f
1norganic mercury whick_increased to 28% in ten months time
and the renalnlng vas methylmercury. :

In summary, there is no doubt that all the viable mi-

croorganisms studied in this work possess the capacity to
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demethylate methylmercury. The conversion rate is depapdent
on the biomass corcentration as well as the initial methyl-
mercury concentration present in natural waters.  For the
thfee organisms studied here, the increasing order of con-
version of methylmercury to inorganic mercury is ¥

celi, Anabaena flos-aguae, and Pseudomonas .fluorescens.

&

However, the thermally killed bacteria will methylate inor-

ganic mercury rather than demethylate the methylmercury pre-

sent in the stock solution.

SLEPI

f—

3.3 IRANSPOPMATTION OF METALLIC MERCURY IN NATURAL
WATERS

The determinationi of pathvays by which heavy metals
" move in the ecosystenm ig important and this problen depends
on establishing the reservoirs and thé various species in-
volved in-'the transport between compartments ‘guch as water,
biota etc. 1In ﬁhe sghdy of mercury transport in ha eCOsSysS~
tem, the identification of species is crucial sidce mercury
unéergoes several interconvers@ons leading to the formation
of Hgo , Hgz+, CH,Hg* and other forms of organic mercury
compounds, Thesé interconversions of mercury depend on both
the physico-chemical and biological environnments. Gf the
species listed above, Hg® and CH; Hg* are lipophilic and
bicaccumulate in aquatic organisms: forming a reservoir in.
N

the ecosystem from which human resources and food supplies

may be contaminated. It has been shown recently that atmos-

pheric movement of mWercury is an equally important pathway
L 4 . .

AW
ASY
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in the transport of mercufy in the ecosysten. "he results

90

of transformation of metallic mercury in natural waters are
presented and discussed in this chapter.

The experimental chamber used for this work was a six
liter capacity pyrex conical flask with two side arms as
mentioned in section 2.5. The <closed system described here
is useful for the investigation of volatile mercury species
in the air above the water surface, and the chamber was used
to study the oxidation of nmetallic mercury in natural water
;s well 4as the transformation of metallic mercury by pure
cultures of hacteria. |

The systems studied in this work were metallic mer-

cury in the presence of 1) deionized water, 2) deionized wa-
1

ter with 0.3% hydrogen peroxide, 3) sterilized Foot and Tay-

lor (FT)} medium, %) PT medium with growving Escherichia coli

or Pseudomonas aeruginosa, and 5} deionized water with ther-

)

nally killed Escherichia coli or Pseudomonas asruginosa.

The results are presentad in figures 24-30, éhouinq
mercury speciation (as Hg? and Hgz#) as a function of time.
No ‘organic form of mercury was detected in any of the sys-

tems studied in this work.

3.4 METALLIC MFRCURY IN DEIONIZED WATER

Tn deionized wvater, after apprdximately 24 hours,
equal amounts of Hg® and Hg2+ species are found in the

aqueous phase; later, the amount HgO® increased with time

|



Pigure 24:
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Transformation of metallic mercury in delonized
water.
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reaching 32 ppb at 240 hours (Fig 24). This amount corres-
ponds to the solubility of Hg? ~ in water (Glew ' and hames,
-1972: Sanemasa, 1975; iollastlgg al., 1975).

The formation of Hg2* in deionized water could be due
to the wvater reduction by Hqg® since Hq is below hydrogen in
the electromotive series. This might involve the formatiocn
of nascent hydrogen from H*+ radicals present in deionized
wa;er(= 10-7 M) at pH = 7 (Kw = 101+ }. The reaction be-
came reversible when the [Hg2+] =8 oppb (or = 4 x 10T8 %)
where the nascent hydrogen could in turn réduce quf ions to
Hgo, reaching a steady state at 120 hours. This could prob-
ably account for the initial rise and stubsequently drep in
[HgZ*]. The Hg? 1in the head spacz (about 1/% of the water
column volume) reached 4 ppb. The amount of Hg? 1in the
head space was three times the concentration of Hg2+ in the
deionized ;ater. Very little Hg2+ was present in-the head
space. The deionized water in a closed system produced more
Hg? than Ag2+ in the aqueous phase and in the head space.

The redox potentiall(oap) values and pH values with

time for all systems is given.in Table 12.
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3.48.1 Deionized Water Containing 0.3% Hydroqe

it T A e el e ——

Peroxide

The speciation of mercury was quite different when
0.3% H,0, vas added to deionized water (Fig. 25). The level
of HgZ+ in the aqueous phase increased 8700 times over that
found inm deionizéd water alonmne, The amount of Hg?+ in the
head space also increased, but‘the ratio ot [HagZ+] in vater
:[Hg2+5 in head space was much higher (8,100 times) in H,0,
water than in deionized water (Figq. 24 aﬁahib). This could
"be due to the fact that H; n,has a higﬁer oxidizing capaéity
than the deionized uatér. B Even the reduced species Hg?
was about 1.7‘ times higher;in the head space '(Fiq. 24 and
2% in R,0 wvater. The sgeciation seenmed to reach a steady
state in 120 hours.

By comparison with deionized vater and other systems,
the lower values of OFP inrhydrogen peroxide water system

might be due to its rapid oxidation of metéllic.mercury.

3.4.2 Sterilized FT Medium

The résﬁlts vere similar to those found in deionized
water for the distribution of metallic mercury speices. As
shown in FPig. 26, [Hg?®] dissolved in the aqueous phase was
31 ppb and 4 ppb in head sphce, geaching a steady state in
about 96 hours, The concentratién of [ng+]-épecies in the
head spaée uaé below the limit of detection and thus needed
not be considered in the mass balance. However, the [Hg2+)
/\ipecies in the aqueous phase reached 9 ppb at 'equilibriugm®

1}



Figure 25:
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Transformation of metallic mercury in d=2ionized
vater with 0.3% bydrogen peroxide
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Figure 267

transformation of metallic ‘mer
Poot and Taylor-medium. :

o
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cury in sterilizead
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(96 hours) which was higher than that found in the deionized
Hatef system. ~This- might be due to the fact that trace an-
ounts of 1inorgamic and organic compounds in FT medium can
form complexes with Hg2+ ions and are stable in the aqueous

phase. L.

3.4.3 FT Medium Contalning Viahle Bacteria
In the presence of growirg bacteria, either Escheric-

hia coli or Pseudomonas aeruginosa, [HgZ+)] in the head space

. was below the 1limit of detection and hence was not consid-
_ered in phe mass balance of wmercury. Por the Hg? species

in the head space, the amount was appreoximately the same for

both bacteria and sterllized FT medium in the firsghzu hours
(Fig 27) . ﬁowever, the biological action ¢n transformation
of metallic mercury was obvious at 48 hours, and by 240

hours there was about 5 ppb of [Hg®] in the head space in

-

the FT pedium- gsdherichia coli system.and 8 ppb in the FT

medium- Pseudombnas aeruvginosa systenm. The level of [ HgZ+]

in the aqueous phase was slightly higher in the presence of

growing bhacteria, espécially wvith Escherichia coli than in

"the FT madium alone. However, the level of Hg® = in the

aqueous phase was approxipately the same as in the PT medium
(Fig. 27). viabie cell coun;s.shoued that the bacteria had
grown well in this medium. The number of viable cells wuas
the same both in the cobntrol and. in the mercury added FT

medium for both organisms (Pig. 28 and 29).



rigure 27:
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mransformation of metallic Mercury in FT psdiam’
with/vithout growing bacteria

The control curves of sterilized FT medina i ¢
syster are radrawn from Fig. 26 '

T

*
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Figure 28: Growth of . coli ip FT
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34,4 Deionized Water Containing Dead Bacteria

There is no doubt that living bacteria play a role in
the tranéformation of métallic mercury. Therefors, it is
important to study vhetyer nonviable cells play tﬂe same
role in the transformation of aetallic mercury . Fxperi-
ments were designed to st;dy the transformation of metallic

mercury in deionmized vater containing thermally killed Es-

cherichia celi or‘Pseudomonas aeruginosa. Only the mercury
species in the head space were monitored since thése were to
be the critical_déierminant ;pecies in mércury distribution
in a closed system (i.e, water surface-head space) for the
following reasons: The amcunt of dissolved Hg? in the
aqueous phase in any systen is limited by 1its solubility (
«30 ppb}. Hence the excess of Hgo produced by biological
meanshshould escape into the head-'space. Mercuric ions pro-
duced will be stabilized in the agueous phase by the coﬁ-
plexinémcomponents of the nutrient medium as well as the
bacterial cell mass at the levgl of Hg2+ produced. Hence,
determination of Hg® and Hg2*+* in the head space will be
sufficieni‘to provide information on the speciation of HgO
in the system.

The results are shown in Fig. 30. Again, thé concen-
tration of Hg2*+ in the head spac; wvas below the 1limit of
detection, The amounf of Hg® in the head space was approxi-
pmately the same in both systems up to 72 hours; then it vas

higher in the flask with Pseudomonas aerugiposa at 240
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Transformation of metallic mercury in d=2ionized
wvater contaiuing thermally killed bacteria. )

The control curves of deionizad water are radrawn
from Pig, 24,
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. e
hours, about 7 ppb of metallic mercury in the head space was
found for both bacterial systems,
Rt the 'equilibrium state! (about 120-240 hotrs) , the
. amount of Hg? in the head space was about the same for both
: ;

the dead or 1living bacteria (Fig. 27 and 30). However, the
G B

total amount of dead cells {2 gm wet weight) ¥as less than

that of living cells inp the stationary phase (about 7.5 gn

wet weight for Escherichia celi and 12.5 gmr wet weight for

Pseudomonas aeruginosa) at 240 hours. Tt seems that the
nonviable cells are more efficient +than living éelis in ac-
celerating the dissolution of metallic meréury'in water and
then volatilizing it into the head space, This-guggésts

that thermal killimg of bacteria might expose the internal

structures releasing the intracellulAr Hg-binding compo-
nents. ‘

From the above studies, it is clear that the bacteria.

chosen, either living or thermally killed, possess the abil-
ity to transform metallic mercury from water into air. It

1s also clear that the amount of Hg® in the head space of

the Pseundomonas aerunginosa System is slightly more thanp that

‘of Escherichia coli. However, the amount of Hgo© prodgced in
the head space vas also almost the same in viable or nonvia-
ble bacterial system as well as hydrcgen peroxide system and
was around 7 ppb. The pH values of Systems all . ranged from
6.46-7.5. The redox potential of the systems except the hy-

drogen peroxide system was 425125 av with reference to stam-
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dard calomel electrode. ?he drop in redox potential in the
hydrogen peroxide system might be due to its rapid oxidation
of metalilic meréury {8700 times conpared to " that of deion-
ized water). Hydrogen peroxide, however, stabilized ﬁgz+
in the aqueous and head space areas. This study gquésts
that the nature of the redox couple is important in the
transformation of metallic mercury. The possibility of Hg?
being produced in natural water depends on the types of
chemical and biological moities péesent ~which might provide

favorable conditions.

3.5 BINDING OF HFAYY METAL IONS ONTO BIOTA

The toxicity of heavy metal ions such as copper and
mercury om organisms has been well studied (Albert et al.,
1973; Brown and -KulKarni, 1967; Buhler, 1573; Gupta and Muk-
herji, 1977; Jugo, 1977; Krishnan Nambusan et al., 1977; lee

l., 1973;

et al., 1973; Mukherji and Nag, }976; Rice et
Sunda and Gﬁillard, 1976; Tompkins and Blinn, 1976). At the
cellular level, it is believed that heavy metél ions bind
onto cells either at the surfaée layers (Brunker and Bott,

"

et al., 1969) or in the intracellular fluid

1974; VWakaganmi
(Norseth, 1969).

Binding of heavy metal ions may interfere with the
biochemical reactlions of the cell. ‘%etal ions may produce
structural changes in the cell wmenrbrane, affecting the

permeability (Brunker, 1976; Passow and Rothstein, 1960:.
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Shieh and Barber, 1972; weed et al., 1962). However, stu-
dies with phytoplankton shov that alternations in membrane
permeability need not be the principlg factor in determining
inhibition of cell growth {McBrien and Hassall, 1967). The
partitioning of mpetal ions among intracellular £luids may
be of considerable importance, classes of proteins wmay
change conformations by binding with particular metal ions;
enzyme activities may become inhibited (Vallee and Ulmer,
1972) . duz to inactivation by metal ions; the interaction
between metal ibns and ligands within the <cells or the
changes in electrostatic charges along with a shift in the
ionization conrstant also poison the cells.

Identification of the cellular 1location of the metal
and the streangth of binding are important in order to un-
derstand more about the-toxicity of metal ions for organ-
'isms. Fxperiments wvere designed to obtain such information.
Experimental procedures involved in the study are described
in section 2.6. The heavy metal jions used were inorganic
mercuric nitrate and cupric nitrate. The organism used was

Pseudomonas aeruginosa.

3.5.1 Selection of Culture Media

In order to finq out a <suitable medium for this
study, the following were used: 1) Peptone Yeast Extract
Broth (PYEB) and 2) w¥dified gludose hasal minimél salt me-

dia: a) modified Finnerty's medium (Makula and Finnerty,
AN
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1968) as described by Breuil et al., (1978), and b} Modified

Collin's medium.

3.5.1.1 Peptone Yeast Extract Broth (PYEB)

Peptone Yeast Extract Broth (PYEB), a complex mediunm
contaiﬂing organic as well as inorganic compomnents, vas
first selected for the study. The growth of Pseudomonas ae-’
rudginosa in this medium with various concentrations of cop-
per ions is shown im Fig 37. Bacteria grew well in this med-
ium with copper'ion concentratioﬂ; up to 100 ppn. In fact,
there was no difference in growth rate between the medium
without copper ion or medium with 40 ppm copﬁer ions. . The
bacteria even gréw in PYEB medium with a\copper ion concen-
tration of 800 ppm . It is possible that not all the metal.
ions present in the medium were available for .thé cells.
Ramamoorthy and‘KushEer (1975) have observed th;t heavy me-
tal ioms such as cupric and mercuric ions bind the yeast ex-
tract and peptone stromgly. Gachter et al (1973) have found
that only the ionic copper species, but not its organic Eom-
plex species are toxic.to algae., Hamdy (1977) has coipared

4
the grovth of ©Enterobacter aerogenes in Glucose Basal Salt

Broth spiked -with wmercuric ions with and without yeast ex-
tract, and reported that the bacteria grew faster if yeast
extract was added, and.most mercuric ions remained in the
cell free medium containinq yeast extract. Hannan and Pa- -

touillet (1972) have also -reported that the toxicity of



Figure 31:

Growtk of p,

copper ions
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PYEB = Paptone Yeast Fxtract Broth,
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mercury for phytoplankton varies with the concentration of

nutrients (phosphate, silicate, "nitrate) pﬂ;sent in the med-

ium. Thus it can be concluded that PYEB medium is not a

suitable medium for the study of toxicity and binding of cu-

pric or mercuric ions onto microorganisms.

3.5.1.2 Glucose Basal Minial Salt ¥edia

a) Modified Pinperty's Minimal medium and b) Modi-

fied Collin's Medium

The next choice of medium was modified Pinnerty's

P
ninimal medium (NHQN% 2g9/1; KH PO, tg/l; NaLHPqug/l: Mgso,

78,0 0.2 gsl; cacl, 0.05 g/l; FesSO,7H,0 0.0% g/s/1l, pH = T7.4)

with 0.25% filtrable glucose as the carbon source. Pseudo-

monas aerwginosa grew well in this medium, but when copper
jons were added to the medium, this modified Finnerty's med-
1pm formed copper precipitate(s), this medium was thus aban-
doned and Collin's minimal salt medium (K,APC, 0.21 g/1; Nai,
Po, 0.09 g/1; FeSo, 78,0 0.005 g/1; WH,NO;, 1.0 g/1; MgSQ, 7TH O
0.05 g/i pi = 7.0) wvas used. "The components of this mediun
are simil&p té those of mo&?fied Pinnerty's medium except
that the former does not contain CaCl, and the concentration
of the other salts are much lower. In order to supplement
the'deficiency of nufrients. 0.25% filtrable glucose and
0.5% peptone were added. This modified Collin's medium was
used for the subsequent study of heavy metal ions bound to

e i . s e

pPseudomonas aeruginosa since this media supported good
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growth of Pseudomonas aeruginosa. Hovever, the bacteria had
a” lag phase of about 10-12 houts if 80 ﬁpm of_CuZ* or 40 ppm
of Hg2+ iomns were added initialiy to the me&iuﬁ before auto-
claving (Pig 32 and 33). (After autoclaving, 80 ppm of Cuz+
and onrly 5.15 ppm of Hg2+ remain@d"n the medium (Table
13), (s2e detailed discussion later). No growth of ﬁacieria
vas obsarved on the first day when autoclaved mediunm con-
tained more than B0 ppm of CuZ+ or more than 5.15 ppm Hg2+
This medium spiked with 80. ppm Cu2+ or 40 ppr (= S5.15 ppm
after autoclaving) Hg2+ ions was used for the:subseéuent
study of metal binding onto biota and the cellular location

of the metal ions.

3.5.1.3 Heavy Metals Binding Onto Pseudomonas
ALLVIINoSs3 '

Psecudomonas aerudinosa was cultured in modified Col-

lin's medium with ini£ial cupric ion concentration of 80 ppnm
or initial mércuric ion concentration of 40 ppn, and the
cell pellets were obtained by centrifugation. The matals in
washed cells were then extracted with varying concentrations
of analytically pure nitric acid, and the concentrations of
heavy metals in the fractions were estimated by Atomic Ab-
sorption Spectrophotometry as described in sasction 2.2.1.
By ?etermining the cupric concentration in the cell free

nedium, washing solution as well as washed cells,it was



Figure 32:

Growth of P. aeruginosa in the modified Collin's
medium with copper ionms.
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found that there was no loss of copper lons during the auto-
clafing and culturing process and the total amount®of copper
.uas recovered (Table 14).

In the case of mercury, .the Tefgults vwere different.
Added mercury in the 0-10 ppm range $howed the Same growth

rate for Pseudomonas aeruginosa (Pig.\ 33}. It is possible

that there was a great loss of mercury from the medium dur-
ing thg autoclaving and culturing processes. In fact, the
estimation of mercury in the autoclaved médiuﬁ} showed that
about 83-87% of initially added mercury was losit (Table 13).

More mercury was also lost during bacterii growth. It is

shown (Summets and Lewis, 1973; Sunn and Silver, 1972)

that there are bacteria present in atural vaters: e.qg.

Psepdomonas sp. which are capable of reducing mercuric ions

to the volatile form of Hgo, Based on the above observa-
tions and actual determinations of mercury content, only
5.15 ppm of mercury remained in the medium after autoclaving

;:5‘?bout 1 ppm - of mercury vas, left after gqrowth uhenkihe’

Al

initial concentration was 40 ppm of mercury. The loss of
‘mercury after grduth is due to the volatilization, . and.the
remainder is in the cell-supernatant system (Table 14). tw-

Tables 14 and 15 present the results of the eitrac-
tion ofé:cell boupd.mgtal'ions by solutions of varying pH.

The tables show the total concentration of cupfif OL mercur-

SR N
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Binding of Heavy Metal Tons onto P. aeruginosa

Modified Collin's medium spiked with

Tnitial concentration of metal
ions added to mediom (ppm)

Concentration of metal ions in
avtoclaved medium (ppm)

Total concentration of metal ions
in culturing cell-supernatant
system after culturing (ppm)

Concentration of metal ions in
cell free superpnatant after
culturing (ppm)

Concentration of metal ions in
vater after washing the cells (ppm)

Concentration of metal ions (out
of the initial total amofint)
found on washed cells (ppm)

Concentration of cell bound metal
ions leaching from cells under
acidic condition (ppm)

- Corresponding pH value of acid
solution containirng the metal
ions leaching from cells

Dissociation Constant K of metal
ions bound onto cells '

Metal jons bound onto cells (%)

Cuz-l- ,Hng
80.00 40,00
80.00 5.15
80.00 1.14
72.50 8.98 x 10-1
0.50 2.00 x 10-3
7.00 0.24

3.60 o.qi

3,00 1.68

9.44x10—* 2.30x10"1

B.75 21.05
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ic ions bound, and leached fronm the cells by acid treatment.
For exémplé, for an initial concentration of 80 ‘ppm Cu2+
lons, only 7 ppm was found ih the washed cells, About half
of the amount (= 3,6 ppm) of Cu2+ ions was releasad by acid
extraction at pH 3, Rll the Cu2+ ions bound to the cells
(=7 ppm) could be released by leaching with acid at pH‘1.2,
Similarily for mercury, 0.9 ppm was found in the supernatant
and 0.24 ppm of Hg2+ in the cells for the medium spiked ini-
tially with 40 ppm of Hg2+ (= 5.15 ppm Hg2+ in autoclaved
mnedium). However, only 0.02 ppm of Hg2+ could be extracted
at pH 1.68,

For both Cu2+ and Hg2+, +the dissociation constant of
the metal binding sites where the nmetal ions can be ex-
gr;cted with acid was calculated and shown in Tables 14 and
15. The ,dissoéiation constant K. was calculated from the
Hasselbalch and Henderson equation. The equation is modi-
fied since hydrogen ions disﬁlace heavy metal ions from the
binding sites, The modified equation is defiued as fol-

lows:

[¥] undissociated

pH = pRK + log
[M) dissociated v
&

[®] total - [M] dissociated

= pK + log :

[M] dissociated

and PK = -log K

where K = Dissociation Constant for metal ions 0
’ from the binding sites
{M] total = the concentration of the heavy
metal ions (out of the initial
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total amount) found on washed
S cells
{M] dissociated = the concentration of cell
. bound heavy metal ions leached
at a known pH )
pH = negative log of {H*+] of the leaching sclution

Prom the above calculation, it was found that tﬁe at-
tachment of Hg2+ to mercury binding " sites in cells was
stronger than that of Cu2z+ éo copper binding sites, In
ﬁgct, certain fractions of wmercuric ioans couid not be ex-
tracted ﬁith the acid at any pH. This may be due +to the
presence of t&o types of binding sites for mercury in cells,
one.being the proton exchangeable sites and the other being
nonexchangeable with protdps. Beaufard et ﬂi (1377) have
also observed these two types of binding sites in plant sys-
tems.

Besides the study of the strength of metal binding,
the cellular distribution of metal ions was also investi-
gated and the results are shown in Table 16, It is obvious
that nmost of the heavy metal ions are retained on fhe cell
wall layer of cells whkich may explaip why the cells were
able to grow in a heavy metal contaminated environment.
Several bacterial strains cargying genes resistant = to mer-

%, .
cury and other metal lon effects on naturally occurring
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i TABLE 16 ) : L

Cellular Distribut%gn of Heavy Metal Togs. in P. aeruginosa
O\ .

component of cell N ) Cuz+ ‘ Hq2+$\\\

Outer wall layer (30,000‘;\q<,

30 minutes, pellet)  75.3% 78.6%
. . ﬁ
Ribosome (100,000 x g, \ TN
120 minutes, pellet) | S.8%
Intracellular fluid ( ~
100,000 x g, 120 minutes,
supernatant) 15,.6%
-« o
»
a ' )
»
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plasmids have been reported (Nakahara et al.,

1977a,1977b,1977c; Novick and Roth, 1968: Pinney, °~ 19783

Richmond and John, 1964). These resistant cells may aither

protect themselves by retaining the ions outside the cells

(Kohdo ggné;., 1974), by converting the metal ions (such as
mercuric ions) to a volatile form '(Brunker and Bott,
1974:Sumners and Lewis, 1973; Summers-and Silver, 1972) ' or
chénging the ions incorporated-in the cells into an innocu-
ous.form (Kondo et gl 1974) . The possibility of the pres-
ence of a pool of free intracellular SH molties which pro-
tect the enzyme and protein systems cannot be ruled out.

Such pools of SH moities have been reportad in a highly mer-

cury resistant strain of Aspergilles niger (Ashworth and

Amin, 1964). The synthesis of éeveral heavyy metal binding
proteins as eregulatory mechanism t6 davoid intoxication by
excess uptake of the heavy metal lons 1is possiblé too, since
such types of proteins are common in invertebrite, verteb-

rate and plant systems (Talbot and Magee, 1278).



. Chapter IV

CONCLUSTONS S e

R

Hércury. emission from both natural and man-made
sources, the hydrosphere as well as the atmosbhers are im-
pertant as far as mercury interconversions and bicaccumula-
tion ar? concerned. Depending on the environmental condi-
tion, methylation and,demethyiation processes of mercury are
reversible. For the systems studied in this wark, sediment
_aﬁﬁ viaﬁle mj roorganisms can demethylate the methylmercury
in naturAl waters. The increaéinq order of demethylation of
methylmercury irto 4inorganic mercury (AC) is river wvater,

sediment, Pscherichia coli, Anabaena flos-aguae, and Pseudo-

monas fluorescens. The stability of methylmercury in Ottawva

river water is not different from that of deioqized water,
suggesting that the dissolved micro- and macro- solutes and
the microbial Eommunity at the level present in river water
are not involved in the demethylation process. However,
'
sedinent and biota d6 alter the speciation of mercury in na-
tural waters. En a natural water systenm, tgansformed inor-
. —
ganic mercury forms sink with the sediments through strong
-covalent bonding. Methylmercury is quiékly sorbed onto the

biota as well, with ensuring conversion to inorganic mercury

while bound onto the biota. Thus'very_little of inorganic

= 120 -
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mercury'or methylmercury is found in the water column. -Th=2
corversion rate is'dependent on the biota concentration and
the initial methylmercury concantration. the rate -being pro-
portional to the biota conce;tration but varying inversely

“with the initial Bmercury concentration. For the systems

studied here, viable Pseudomonas fluorescens can further vo-

latilize the mercury species into air. “However, thermally

killed bacteria (either Pseudomonas' fluorescens or Escheric-

“hia coli) methylate the inorganic mercury rather than deme-

thylate +the methylmercury present in the stock solution.
Although physical factérs such as turbulence, wind velocity
and direction, and the amount of suspended matter play an
important role in the sediment activity in natural environ-
ments, thg/&indlng in this study are of environmental signi-
ficancé. It is tempting to suggest that the toxicity of me-
thylmercury~-contaminated waters fight be reduced by dumping
Yarge gquantities of these low cost, fast multiﬁling bacteria
either at the dischargé sources or municipal waste water
microbial extracellular

treatment plant. It i; also reconmended that the effect of

products should be investigated in

further study.

Since metallic mercury, like methylme;cury, is lipo-
philic to organisms, tte transformation of métallic-mefcury
-in the natural water system was also studied. The soclubil-

ity of metallic mercury in water is about 32 ppb. Both liv-

ing or dead Escherichia coli and Pseudomonas aeruginosa play
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a role in the transformation of metallic mercury . The
;tudy of the transformafion of metallic mercury in deioﬁized
wvater containing 0.3% hydrogen peroxide indicates that hy-

drogen peroxide can stabilize the Ag2+ in both +he agueous
S

and head space area. Fither living or dead PEscherichia coli

and Pseuvdomonas aeruginosa transforn metallic mercury from

vater into air. The amount of Hg® produced in the head
ispace is almost the same in both the living or dead bacter-
ial and hydrogem peroxide Systems (7 ppb). The redox poten-
tial of the systems, except the hydrogen peroxide systen, is‘
about 425 ¢+ 25 mV with refarence to ‘standard calomel elec-
trode. The hydrogen péroxide systen, comﬁaied to other sys-
tems, has a lower redox potential. The drop of redox poten-
tial in the hydrogen peroxide system might be due to the
rapid oxidation of metallic mercury (8700 times as fast as
in deionized water). The pH values range from 6.4-7.5 for
all syétems. The study thus suggests that the naturé of re-
dox cpuple is important in mercury ;péciation in natural wa-
ters. The possibility of Hg® being produced in natural wa-
ters depends on the types of chemical and ﬁiological moities
vhich might provide the favorable reducing conditions. In
. the naturél environment, the redox potential might vary from
the bottoT of the water (dnaerobic) to the. upper level of
the water ‘(aerobic) inm a flowing vater system, .It is possi-
ble that Hgo could be produced in a microenvironment where

conditions are favorable and further movement to air via wa-
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ter or subsequent transformation of this Hgo will depend on
the physico~chemical conditions of the bulk water,

In addition to the speciation ot mercury, the studies
show that the minimal salt medium is the only mediﬁm suita~
ble for the study of binding of Cu2+ and Hg2+ by Pssudomonas
aeruginosa. It was found that +the heavy metal! ions are
mainly retained om the outer celliwall (for Cu2+: cell wvall

~

for Hg i+: cell wall layer, 78.6%; ri 8%; intra-

layer, 75.3%; ribosome, 9%: intr\}f.ular £ , 15.7% and
e;>5.

cellulér‘fluid, 15.€%) . For Pseudomo as//ernglnosa, the

- . : . - A
strength of binding of mercuric iomns 4k =\2.3 %, 10-1, K = .
. ) s

bissociation Constant) was +two orders hiqheffthan that of
cupric ions }K'= 9.4 x 10—4). In fact, the acid leaching at
different pH has revealed the prnsencn of two types of mer;
cury blndlng sites in cells, namely, the proton exchangeable
and proton nonexchangeable sites. Thus, the study of the
affinity of heavy metal ions to microorgansms gives predic~
tive information about the bahavior of heavy metal binding
to cells. For further work, the étudy ot the aftinitiés'of
other metal ions for various microorganisms is recommended.
Thé genetics oﬁ the nmicroorganisms, the presence of any
<ecavy metal resistant genes in the plasmid; and mechanisms
of defence against heavy metal poisoning should also be stu-
died. ’

In this work, a satisfactory systém of techniques for

"1
the analysis of transformation of methylmercury has been de-
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veloped. This invelves the combination of the dithizone ex-
traction of heavy metal ions,lThin layer Chromatography se-
paration, as well as Gamma counting. It is suggested that
the application of these technigues should be extended to
the study of other heavy metal ion pollutants that might un-
dergo alkylation which seems to be the most toxic to organ-
isms. Tin, arsenric and selenium are the other metals recom-

mended for the future study by the use of these technigues.
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Appendix 2

: 1) Dithizone-benzene solution (0.1%) = The solution fﬁiﬂj
a :

d as follews: a amount of 0.57 gn of dithizone

was dissolved in 500 ml benzens. ~ The soly-

I

crysta}lﬁﬂaker)
tion was purified by shaking it three tima=s with 100-mnl of
10% ammonium hydroxide. The ammonium hydroxide solution,
containing the pure dithkizone, was then neutralized With g5
ml concentrated hydrochloric acid and back axtracted with

500 @l fresh benzene.
2)wSodium hydroxide solution (4%%): The sclution was
prepared by dissolving 900 gm of sodium hydroxide(Baker) in
2 litres deionized water. After adding 10 ml of 10% stannous
chloride solution, nitrogen gas was bubbled vigorously
J,%hfough the.solution for about one hour to removezihe conta-

4

minating mercury‘in the sodium hydroxide crystal solution.
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