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" ABSTRACT

o

Gross Ontario rain and snow chemistry and hc;vy metal speciation was
determined on samples collected from a precipitation sampling network .
established in Hamilton and Nofthern Ontario. Relative tb surface
waters, precipitation is normally a_low conductivity (mean value = 34 umho/
cm (25°)), low pH (4.3) system with elevated heavy me;;l (10 - 100 ug/1)
and nutrient (50 - '100 pg/1 P; 400 - 2000 ug/} N).concentrations. Anodic
stripping voltammetry (ASV) was employed to determine "soluble" heavy metal
spec;ation. A§V peak potential shifts and‘current.measurcmeﬁts were uscd
as criteria in making this determination. Unusual anodically shifteq Cu
peaks common to many prccipitatiﬁnlsamples suggested.a Cu-colloid asso-
ciation. Duplication of polarogrjgaic behaviour observed for natural

precipitation samples.was obtained with sthheticalIy prepared Fe-Mn

colloids. In terms of ''soluble' Cu Speciation; Northern Ontario could be
divided into two distinct regions; near Sudbury rain and snow contained

4 .

aquo-CuH ion at'elevate& concentrations, while in the remainder of the
provi&ce, precipitation contained célloidally associated copper. In, Cd, °
and Pb were generally present as the aquo-species. Rain-out of q&lloidally
as;ociated ¢opper into the higher ionic strength environment of lakes

will probably. result in metal desorption and colloid flocculation. Copper

would then be available as a biologically toxic species.
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I. INTRODUCTION

Air chemistry and its relationship with the rest of the ¢nvironment
has only come under considerable scrutiny in the last twen€$>years.
Ignorance of the role played by the atmospheric system in influencing the
geochemical and biological cycles which control the environment is slowly
disappearing with more and more study. Man has been unable to exert a
great enough perturbation on natural ecological cycles to cause much
change until very recent times, but with the advent of the industrial
revolution and the consequent exponential increase in technological
capability, this fact is no longer true. At present, careful cqvironmental
planning and control is necessary to maintain the rclatively delicate
natural balances by which we all survive. |[In order to achieve this con-
trol, a comprehensive understanding of each of the components of the
geochemical cycle is necessary.

This study was undertaken as part of an ongoing atmospheric
research program with the goal of determining overall Ontario precipita-

»

tion chemistry and factors affecting it, and the chemical form of heavy
metals in precipi}atfggjf ‘

The importance of an atmospheric pathway within the geochemical
cycle is now recognized. Evaluation of the factors affecting this route

(i.e., sources, transport mechanisms, chemistry, deposition processes, etc.)



15 complicated vy the as yet poorly understood inter-relationships among
them. For example, simple turbulent mixing of atmospheric components may
make determination of a specific source for a given material very diffi-
cult. It 1s, therefore, not surprising that research in this area still
exists at such fundamental levels as determining overall chemical compo-
sition, investigating the physical and chemical processes governing
composition and distribution, and studying input/output relationships.
fn comparison, research in marine science was at this level many years ago.

A thorough understanding of the chemical forms in which heavy
metals exist in nature is necessary if accurate prediction of their
environmental effects is desired. Determination of this chemical
speciation' has not received major attention until! recently, however,
due to the rmuch higher proportion of research time and technological
development directed towards analysis of the low level total component
concentrations normally found in the environment. Species determination
sitaply adds another dimension of complexity to an already complex situa-
tion. evertheless, this knowledge is ultimately necessary in order that
a correct understanding may be developed of the role played by a given
clement 1n the biological and geocﬁemical cycles controlling the
environnent.

The term "species’ will be used here to refer to the form(s) in
which an elewent exists in the aquatic phase. The definition of species
also 1ncludes the possibility of particulate and/or colloidal association

or dispersion.



Most analytical methods measure total amounts rathe- than deter-
mining components in specific chemical states. The information thus
obtained is i1nappropriate for use in predicting the interactions that a
particular component will undergo in the environment. Moreover, water
quality standards based on total concentrations have a similar "built-in"
insufficiency. For example, Table 1 1llustrates the variation of lethal
threshold concentrations of Cu, Zn, Pb and Cd in rainbow trout in fresh
water as a function of total hardness. Although strictly speaking hardness
is not a measure of carbonate/bicarbonate levels, it does normally mirror
alkalinity values in natural water systems. It is immediately apparent<
that increases in-Ca, Mg and CO% concentrations result in increases in
fish resistance to heavy metal lethality. The factor that does remain
constant, however, is the concentration or relationship of the parpicular
species or group of species which causes death in the fish. This concen-
tration (a2 function of the remaining physical and chemical parameters of
the system) 1s the most appropriate water quality standard. However,
methods have not been readily available to determine either what species
is critical or the lethal concentration. Hence, water quality criteria
take the form of '"total' metal concentrations.

The importance of a thorough understanding of heavy metal speciation
1n the aquatic environment cannot be over-estimated. With this information,
accurate prediction of their possible reactions can be made. This fact
has considerable toxicological importance. As discussed by Browning (1961},

differcnt metal species often exhibit substantially different metabolic

and toxicological effects. For example, lead is inuerently toxic to man

3



TABLE I LETHAL THRESHOLD CONCENTRATIONS OF SOLUBLE
COPPER, ZINC, LEAD, AND CADMIUM IN RAINBOW

TROUT IN FRESH WATER

\
!

1

Total Incipient LC50 (ug/1), ]

Hardness Cu Zn Pb Cd
(mg/1 CaCO3)

10 30 490 770 39
15 4] 610 860 68
20 52 720 930 102
25 62~ 820 1000 142
50 109 1210 1230 385
100 192 1810 -- 1060
‘500 710 4500 -- 11000
1000 1230 6700 -- 30500

1. Adapted from "Guidelines for Water Quality Objectives

and Standards', Inland Waters Branch, Environment Canada,

Tech. Bull. No. 67, 1972,

2. The LCS50, or the lethal threshold, 1s the concentration

which causes death to half the animals studied for
indefinitely long exposures. Valid for pH near neutral

and summer temperatures.
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in all 1ts forms; however, methylated lead species attack the human
organism by a very different biochemical pathway than do inorganic lead
species. Nickel, which is generally consi&cred non-toxic to man in almost
all forms, has one highly carcinogenic species, i.e., the carbonyl.
Copper in its elemental form is generally considered non-toxic, but as
the acetate or sulphate, it s acutely toxic to humans. Copper sulphate
15 a traditionally used algaecide, with its toxic properties usually
ascribed to the action of the Cu'' ion. It has been recently shown
(Allen, 1974), however, that in most natural surface waters, particularly
those classified as '"hard' waters, copper is present as the carbonato-
complex.

It is becoming increasingly clear that simple determination of

total component concentration provides insufficient information to allow

evaluation of its environmental impact. Osterberg (1974) has studied

4

metal-protein interactions in the aquatic enviromment. Since all metals
affect almost all life-forms through progressive metal-protein reactions,
comprehension of these basic first order reactions is necessary before
any subsequent or resulting toxicology may be understood. As Osterberg
points out, experimental study of these reactions requires analytical
methods which are species specific. Methods which involve the measurement
of EMF may have this specificity and, in particular, ion selective elec-
trodes and polarographic technique; are suitable.

With regard to Water Quality Standards, the inadequacy of the

'"total" component concentration analysi§ has been sunmarily noted as

follows:



complex species should be the ultimate aim of the researcher.

"In almost every instance,..... (literature reported

data for)..... the essential element, with no des-
cription of the itonic form included. Therefore, it
is difficult to relate the reported concentrations
to health because toxicity is dependent upon the
ionic, salt, or complex forms of the element.'

(U.S. Environmental Protection Agency, Water Quality

Criteria Data Book, Vol. 2, p. 18)

Hence determination of 'free" component concentrations and various

The techno-

logical capability and chemical understanding necessary to achieve this

goal are still in the developﬁental stage.



IT. PRLCIPITATION CHEMISTRY

II.1 Atmospheric Processes

Atmospheric components (particulates and gases) are transported
and deposited by four natural processes; this applies to both man-made
components (i.e., pollutants}), as well as naturally occurring materials.
First, dry-fall of relatively large particulates which have become air-
borne through the application of some "abnormal' force (i.c., stack
emission, high wind, etc.). Dry fallout normally occurs reasonably near
source, but is naturally dependent on a variety of other atmospheric con-

N
ditions. Second, gaseous and fine particulate redistribution may occur
via Qiffusion. Dispersion of stack plumes and long—dis£ance transport of
aerosols occur via this process, and are more dependent on other physical
factors (atmospheric turbulence, windflow intensity and direction, thermal
structures, etc.). Third, washout is the collection and deposition of
atmospheric components by falling precipitation particles, i.e., and
impaction process occurring below cloud base. Observed precipitation con-
centration of a given component is a function of the collection efficiency
of the falling rain or snow particle, which is itself determined by
several other factors. Finally, rainout or snowout is the inclusion of

atmospheric components at the time of formation of the precipitation

particles, that is, an "in-cloud" process. In some cases, aerosol



particulates may act as precipitation nucleation centres. It is imme-

diately apparent that observed precipitation chemistry is the result of

several complex atmospheric interactions; nevertheless, it serves as an
/

overall indicator of air quality and has been used on several occasions

in this regard.

1I1.2 Previous Work

I1I.2.a Early Studies .

First studies of air chemistry began in the late 1300's with the
investigations of some trace substances in preci;itgtion; similar work
appeared sporadically during the next fifty to sixty years, commonly taken
in relation to nutrient source studies in agricultural research (Crowther
33_313 1911). During the late 1950's and early '60's, interest in this
field heightened dramatically as numerous radioactive fallout studies
were undertaken and the complex relationship between atmospheric and
precipitation component concentrations were realized ‘(Greenfield, 1957;
Van Der Westhuizen, 1969; Moeken et al, 1963). The reported possibilities
of extensive atmospheric transport, coupled with knowledge of significant
photochemical and oxjdation reactions taking place spurred the introduction
of air chemistry studies from a total system point of view. The first
major precipitation sa;pling program was developed by E. Eriksson in

. Scandanavia. Expansion of this network occurred until all of western
1

Russia, central Europe and Britain were covered. Analyses usually per-

formed were Na, Ca, Mg, ci, SOZ, NOE, NH3 and specific conductivity.
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I1.2.b Atmospheric Chemistry and 1ts Relationship
to Precipitation Chemistry

Precipitation sampling is an indirect method of air quality
monitoring which has found extensive use. Kortzeborn and Abraham (1970)
have investigated precipitation scavenging of air particulates by the
washout process. They have shown that scavenging efficiency and precipi-
tation composition is a function of particulate size and rain-drop size,
which 'is in itself governed by evaporation rates, drop coalescence, and
rainfall intensity. A computational model for prediction of washout

efficiency was developed.

Engelmann (1971) studied precipitation scavenging of SO, and

2
developed the following washout relationship: ’
S g
where
’ kN and X = the concentrations in rain and air, respectively;
p = density of water;
q = absolute bumidity;
E2 = efficiency of the cloud at removing water ;apour
as precipitation;
# n = fraction of pollutant which nuclecates and is
scavenged;
a = a dimensionless reactivity factor for gases with water;
H = heiéht of cloud base;

A = washout coefficient for the precipitation rate R.
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The complexity of the problem is clearly evident from the number
of other factors which must be considered when attempting scavenging and
precipitation chemistry prediction.

Postma (1970) studied rain drop absorption of gases, and found
that final precipitation concentrations were governed by gas solubility,
drop size, and reaction rates once absorption had occurred.

It is evident from these studies that precipitation chemistry
will provide a good, although indirect, indication of overall air quality.
Cloud formation and subsequent precipitation fall is an efficient mechanism

for cleansing the atmosphere of its particulate and gaseous impurities.

I1.2.c Air Particulate Studies

Characterization of air particulates has been the subject of much
research. These studies usually employ high volume filtration and col-
lection of air particulates on a filter matt, followed by appropriate
chemical analysis. In addition, cascade impactors have allowed sizing
of the particulate samples and determination of those components which
strongly correlate with one particular size range. As the relationship
between particle size and precipitation scavenging efficiency is better
understooﬁ{ this sizing technique will find more and more application.

Lee et 3£_(19691\;€Dd%ed the heavy metal size distribution of
an urban aerosol (Cincinnati§}0hio) using the above methods. They found
that Pb was consistently found in the smallest size fraction (sub-micron)
while Fe, Cd, Cr, Mg and Cu were much more evenly distributed in the
larger size fractions. Several studies of Pb in the atmosphere have

concluded that automobile exhaust emission is its principal source. Strong
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correlation hctween roadway proximity and elevated ambient Pb levels has
been confirmed by Yoshitaka et al (1970), tlarrison et al (1971a) and
Daines et al (1970). Harrison et al (1971b) used "Hi-Vol" particulate
sampling in Northwest Indiana, along with neutron activation analysis of
thift; trace eclements. They were able to distinguish two separate groups;
one which showed minor concentration variations throughout the sampling
area (Na, K, Ti, Al, Sm, Eu) and the other, which showed marked variations
indicative of important local sources (Cu, W, Cr, Zn, Sn, Ga, Br, Ag, Fe,
Ce). Their results are supported by those of Morrow et al (1971) who, in
addition, were able to find a strong correlation between Ca, Al, %& and Mg.
The relative atmospheric abundances of these elements was in the same
proportion as that found in the earth's crust; clearly wind-blown dust is
the chief atmospheric source for these elements. -
Finally, Kniep et al (1970), in their study of MNew York City air
particulates, were able to distinguish a seasonal pattern for certain
elements. Ni and V were found to be highest in the winter and were attri-
buted to the increased heating oil combustion occurring at this time of
year. Pb, Cu and Cd were found to directly correlate with temperaturéf///

-

a?\isugh average windspeed was also important.

IT1.2.d Organics and the Atmosphere

A variety of techniques have been employed for the study of
atmospheric organic compounds. Lao et al (1973) collected "Hi-Vol" samples
and after soxhelet extration, determined the associated polycyclic

aromatic hydrocarbons. They were able to identify over seventy different

compounds .
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The use of gas chromatography-mass spectroscopy has greatly
increased the abiHity to identify components of complex organic mixtures.
\
Grob and Grob (197D&\uscd this technique to identify one hundred and cight
different organic co;ﬁBUnds in the air of Zurich, Switzerland. Benzaldehyde
and several alkyl derivatives were among those compounds identified.
Using much the same techniques, Altshuller et al (1971) studied the
diurnal variation of atmospheric orgamics in the Los Angeles Basin. It
was found that total organic content could be closely correlated with
traffic intensity, and that 80% of all atmospheric hydrocarbons could be
accounted for by ten species (ethane, ethylene, acetylene, n-butane,
isopentane, propane, toluene, n-pentane, m-xylene and isobutane).

Total organic levels are much higher in urban arecas and have been
shown to primarily originate from fuel combustion processes (fuel oil,
automobile emissions, etc.). In non-urban areas, overall levels are much
lower and are commonly dominated by naturally occurring compounds (e.g.,
terpenes in coniferous wooded areas).

Finally, Sidle (1967) investigated the amino acids content in
British precipitation. He found that their presence was a persistent and
widespread phenomenon with glycine, valine, alanine, glutamic acid,
aspartic acid and leucine positively identified. He failed, however, to

indicate concentration levels.

I1.2.e Precipitation Studies
Precipitation sampling has found extensive application, although
sampling techniques have ranged from the very crude (funnel, sample bottle

arrangement) to the very sophisticated (closed-top samplers which open



13

during periods of precipitation and fractionate samples according to
the amount collected).

Summer and Hitchon (1971) have investigated the source and budget
of sulphate in central Alberta precipitation and concluded that rain is
a much more effective scavenger than snow, and that in-cloud scavenging
{rainout) accounts for most of the S0

4

same generalized conclusion was obtained by Makhon'ko (1967) who, in

observed 1n precipitation. This

addition, showed that aerosols are scavenged more than an order of magni-
tude more efficiently than gases. Further support for these observation§
1s the work of Mrose (1966). He compared the concentrations of several
parameters determined for precipitation and condensed fog-water. Since
fog has an essentially infinite time span for aerosol and gaseous impurity
scavenging (when compared to falling precipitation), it is not surprising
that the fog had concentrations almost one order of magnitude higher.

Selenzneva (1972) considered the relationship of marine and con-
tinental constituents in precipitation in an attempt to define background
concentrations for different geographical regions in the U.S.S.R. e con-
cluded that over continental areas, background could only account for
30 - 40% of the total "contamination'" observed. On a local scale, 60 -
70% could be attributed to nearby sources, while conversely, even in the
most remote regions, 20 - 30% of precipitation contamination was of
anthropogenic origin.

Oden (1971) and Likens et al (1972) have discussed the problem
of '"acid rain', noting specificall} the gradual decrease in the pH of
Scandanavian lakes which has occurred in this century. Similar effects

are present in many of the northern Ontario Shield lakes (i.e., not
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carbonate buftered), where decreased pil has resulted in the essential
c¢limination of primary productivity and associated fisheries (Beamish and
Harvey, 1972). [his problem is caused by the deposition of atmospheric
sulgpatc by precipitation; Likens suggests that 75% of sulphur in the air
results from human activity. In contrast to this, in non-urban areas
where oceanic winds prevail, and in very remote continental areas, rain
pl apprdéches ;'value of 5.5, suggesting atmospheric CO2 buffering.

In most cases, precipitation collection and analysis programs have
been directed towards elucidation of major ion composition and have
generally disregarded trace contaminants. The major exception to this
was the NCAR study of 1966-67, reported by Lazrus et al (1970). In a
national (U.S.A.) precipitation collection program, they were able to
show that human activity constituted the primary source of Pb, Zn, Cu,

Fe, Mn and Ni in rain and snow. In particular, Pb concentrations were
found to correlate well (geographically) with gasoline consumption. This
is in good agreement with the air particulate studies mentioned previously.

In all of these studies, heavy metals have been considered only
from a total or soluble component aspect and never from a chemical
character viewpoint. Determination of the chemical species of a given
metal in precipitation is of great iéportance, since knowledge of this

will have a direct influence on the expected environmental effects of the

~

contaminant under consideration.
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I1.3 McMaster Precipitation Sampling Networks and Analytical Train

The McMaster precipitation study was initiated in 1970 as a portion
of the thesis of‘N. Conroy (Conroy, 1971). The morphology and chemistry of
twelve lakes near Sudbury was studied, and the failure to obtain a
reasonable charge balance calculation using the "normal" major ionic com-
position lead to the assessment of atmospheric sulphate input. Since then,
precipitation collection and analysis has been carried out in the Hamilton
area ( 15 stations for approximately one year, 1972) and most comprehen-
sively, in northern Ontario and the Sudbury region in particular, where a
network of more than 30 stations is operative at present (Figure 1).

"Total" monthly samples, i.e., precipitation plus dry fall, have
been collected and analyzed for 29 parameters (Table I1) following the
procedure flow scheme outlined in Figure 2. The sample collection device
is the central ''tube" type (as described by Kramer, 1973), and is sur-
rounded by an alter shield which serves to enhance collection efficiency,
particularly for snow. The central 4-foot high tube has a polyethylene
liner which extends to its base, where it opens into a white polyethylene
pail. The pail serves the dual purpose of sample collection vessel and,
once sealed with a snap-on lid and placed in a special box, as shipping
container as well. Removal and changing of sample buckets is facilitated
by a sliding '"trap-door' at the base of the tube. A container re-cycling
scheme has been developed so that once all analyses are complete and after
an acid-wash-deionized water rinse, the same bucket is sent back to the
same station. Possible inter-station contamination is minim;;ed in this,
way. Sample changing and shipping is conscientiously carriﬁé out by per-

sons with easy access to the sampler. It may be noted that this sampling
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Cadmium, filtered
Cadmium, total
Copper, filtered
Copper, total

Iron, filtered
Iron, total

Lead, filtered
Lead, total

Nickel, filtered
Nickel, total

Zinc, filtered
Zinc, total
Specific conductivity
pil

Fluoride

Chloride

Bromide

Sulphate

Total Particulate
Sodium, filtered
Potassium, filtered
Magnesium, filtered
Calcium, filtered
Alkalinity, filtered

Phosphorus, total
filtered

Reactive silica

Nitrate + Nitrate,
filtered

Phosphorus, total

Ammonia, reactive

Method
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Electrode
Glass Lliectrode
Electrode
Electrode
Electrode
Thorin titration
Gravimetric
Atomic Absorption
Atomic Absorption
Atomic Absorption
Atomic Absorption
Electrode titration

Auto Analyzer

Auto Analyzer

Auto Analyzer

Auto Analyzer

Auto Analyser

17



13

SAMPLE RLCILVID
{melted 1f necessary)

then weighed to determine

volume (for loading
calculations)

¥

SPCON, pit, F, BR, CL,

determined by electrode

for entire sample

200 ml. filtered on prewashed

!

sample homogenized

preweighed Millipore (0.45n)

dry (60° C) paper
and reweirgh

N4
T PART determined 200 m1l. filtrate
gravimetrically Filtered Metals 200 ml.
determined by AAS. Tremoved

P T determined after
H,S04 - persulphate
digestion

'T 50 ml

----50 ml.

-==250 ml.

sample digested
with HNO3 + 1C10,
' ¥

Total Metals by AAS.

removed

suitable volume removed

200 - 300 nl.

sample filtered
on GEC

PTF, SO4, CA F, MG F, K F,
NA F, ALK F, NH3 R, SIO2,

NO3 F, determined by standard
methods on filtrate.

N

any remaining sample
saved for special
studies (speciation)

next month

or replicate analysis

FIGURL 2 FLOW BIAGRAM FOR SAMPLE ANALYSIES

---500 ml.

--1000 ml.
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nethod requires an absolute minimum of sample handling prior to arrival

tor analysls, a very desirable situation, since possible contamrnation 1is

Ithewise minimized.

When all routine analyses are completed (see Appendix I for methods)
and sufficient excess sample volume remains (as is commonly the case),
various additional experiments and studies have been carried out. Among

these is the polarographic determination of heavy metal speciation as

given later.

The observed contamination of samples by insects, pine needles,
etc., particularly during the summer months, coupled with the desire to
separate the dry fall component from the precipitation analysis, has led
to the development and recent deployment (1974) of three sophistiXated
"wet-only' sampling devices at Goderich, Duck Island and Wawa. This
sampler type contains a precipitation sensor which, with the advent of a
precipitation event, activates a "lid-opening' motor. The sensor, which
operates in the same fashion as that of Lazrus et al (1970) and is com-

pletely described by Kramer (1975), allows collection of samples during

precipitation events only, thus eliminating the dry fall component and
substantial contamination. Sampling of individual events is also possible,
so that determination of the subtle chemical differences related to the
particular meteorological conditions associated with the event is now
feasible.

A more complete description of the sampling network and several

studies carried out in conjunction with it are given by Kramer (1973, 1975).
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1. PrchBJQJ}xun Chc@xst{l Results

Data wuorarres tor the chemistr, of Haarltor area rain and

stow dare given in Jables LD and IV,  Table I constitutes the

concentration dita as determined, while Table IV pives the corresponding

"loading" parameters. Loading parameters give a value for the net

atmospheric flux to the earth ot a given constituent and arce calculated

using concentrations as determined above, plus sample volume and collection
- 2

area. Units of g/om™/day are obtained and these values represent

environnentally more significant figures than the pure concentrations

which depend heavily on intensity and duration of precipitation, and

also on the number of events in a given sampling period. Units for

each parameter are indicated on the Tables.

Smmilar data summaries for the precipitation chemistry of the

nerthern Ontario network are given 1n Tables V and VI,

The time
periods associated with each data set are Feb. - Dec., 1972 and

June 1973 - Nov. 1974 for the Hamilton and northern networlks

respectuively.,

On each of the data summaries, note that parameter name,

number of analyses (i.e., size), minimum, nmaximum, nrean and standard

deviation values are given ror each parameter. Solubility has been
operationally detined by 0.45, membrane filtration and the parameters

neasured this way are designated with "I, for example, Cd-F. Total

clement analysis (1.e., Cd-T) was obtained after sample digestion.

Particulate concentration may then be calculated by tiking the
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difference between total and filtered values.

The data given here represents only a part of the total data
collected during the past three years. Summaries of data by station

are also available and are found in part in Kramer (1973) and

kramer (1975).

I1.S Discussion

When considering the massive quantity of data available, it is
instructive to compare two sampling regions. Substantial differences
in overall chemistry are, in most cases, easily explained. The,
Hamilton area network.gave a comprehensive sampling of a highly
industrialized region in close association with high urbanization.
Steel production is the predominant industry, although substantial
chemical and secondary industries related to steel are also present.
The northern Ontario network on the other hand, provides a sampling
of a large, reasonably unpopulated area with only point sources of
industrial cgntamination, the massive mining and smelting operations

at Sudbury being the most important.

As mentioned previously, the precipitation concentration
of any given parameter is dependent on a number of meteorological
factors; loading parameters provide a much sounder basis for comparison,
Ll

since they at least take into consideration duration and intensity

of rain/snow {11l by incorpo}ating samplc'volumc. From Tables III and V
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it is immediately apparent that Hamilton precipitation is substantially
less &cidic than that of northern Ontario (Hamilton = 6.4, Northern
Ontario = 4.3). This may be readily explained by considering’

the predominating geology of each region. The Hamilton area is
situated on Silurian limestone and dolomite and thus a major fraction
of re-entrained dust particulates in the area will be CaC0s5.
Similarily, emissions of CaC0z and Fe-oxide from blast furnaces is to
be expected (limestone used as flux in the smelting process). Thus
precipitation in Hamilton should be reasonably carbonate-buffered

and the observed higher pH is obtained. This is further substantiated
by calcium analysis performed on samples collected at a later date
and not included in Tables III and IV. Filtered calcium fell in

the range 1.2 mg/1l (pH = 4.07) to 20.2 mg/l (pH = 7.71) with a mean
of approximately 4 mg/l. On thg average, the Ca level in Hamilton

is approximately three times that found in northern Ontario.

The geology of northern Ontatio is dominated by the Shield,
with gneisses, schists, and occasional sedimentary and/or glacial
deposits. The availability of little natural CaCO3z in the aerosol
results in a poorly buffered system and this, coupled with the
large H)S04 emission from the Sudbury region, yields precipitation
with consistently depressed pH which extends over a consider;ble
area. The géochemical control of the master variable pH exerts a
secondary influence on several other heavy metal parameters. Several

observed differences between Hamilton and northern precipitation may

26
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be attributed to either source charicter or the difference in average pH.

These differences are swmwnarized in Table VII.

The inclusion of nutrient parameters in the northern Ontario

data allows some evaluation of the relative importance of atmospheric

\\\

input of these materials into surface waters. In general, Cipitation

phosphorus concentration is higher than that in most corresponding
uncontaminated surface waters, and thereby represents a significant
(though probably not predominating) source. Similarily, precipitation
sulphate loading appears to be the primary source of this species for
the Shield and Upper Great Lakes. The same statement may be made for
nitrogen as well, where average rain and snow nitrate and ammonia
concentrations are an order of magnitude greatc} than in surface
waters. Atmospheric loading of silica, on the other hand, is an

3

insignificant source.

Knowledge of '"background! precipitation concentrations is

f interest; however, it was clear from the data obtained from the

of
geographically diverse northern Ontario network that sampling would
have to be conducted considerably further away from any urban or
industrial concentration in order to obtain meaningful results.

In the summer of 1974 (June 25 - August 8), a sample was collected
by Mr. B. Pratt on the Ram Plateau area west of the Mackenzie River
and east of the Mackenzic Mountains in the Northwest Territories (Figurc 3).

Results of the analysis of the sample are given in Table VIII. All
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TABLE VII

MAJOR HEAVY METAL DIFFERENCES BETWEEN HAMILTON AND

NORTHERN ONTARIO PRECIPITATION

Parameter Mean Loading (g/cmz/day) Reason & Comment
Hami lton N. Ontario ’
FE T 137.6 x 10°°| 91.5 x 109 | -steel industry in Hamilton
PB T 19.6 x 10-9 5.8 x 109 | _higher traffic density in
Hamilton
IN T 87.4 x 1079 32.2 x 109 | -higher industrial density
in Hamilton
CUT 4.1 x 1079 8.2 x 1079 | -mining and smelting industry
at Sudbury
NI T , 1.0 x 10-9 4.6 x 10-9 | -mining and smelting industry
! at Sudbury
FE F ;2.5 x 1079 6.8 x 1077 | -higher filtered metals in
: N. Ontario is a function of
Pk F 1.0 x 1079 3.8 x 10°9 increased solubility resulting
‘ . from the lower average pH
IN F ‘ 17.2 x 109 24.4 x 1079
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TABLL VIII

RAM PLALEAU PRLCIPITATION SAMPLE, JUNL 25 TO AUGUST 8, 1974.

Parameter Concentration Parameter Concentration
SPCON 14 mho/cm pH 5.55
CL 160 ug/1 F 77 ug/1
BR 17 ug/1 504 < 0.5 ng/1
DT 0.2 ug/1 Ch F 0.5 ug/1
CUT 1 ug/1 CU F 1 ug/1
FE T 31 ug/1 : FE F 7 ne/l
PB T 1 pg/1 PB F 2 ug/1
NI T 0.3 g/l NI F < 0.1 ug/1
IN T 52 ng/1 IN F <1 ug/ 1
NA F 0.02 mg/l KF 0.15 mg/l

.MG F 0.12 mg/l CA F 0.4 mg/ 1
S102 © 0.012 ng/l PT 139 pg/1
P T:F 26 pg/l NII3 R 0.012 mg/1

NO3 F (high)
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" parameters except phosphorus and nitrate are low, approaching

analytical detection limits in most cases. Total iron and zinc

values reflect geochemical abundance. Solubility of atmospheric CO2
controls pH. The high phosphorus and nitrate values may be attributed
to summertime biological recycling of these elements (insects, pollen,
spores, etc.). This phenomenon has been found in all sampling areas,
and in fatt, leads to erroneously high average annual loadings of

these elements. The net flux to tﬂé earth of P and N is best determined

. using only winter data when the above problem is minimal. The results

obtained for this sample also compare favourably to those of a sample

collected by Mr. R. Davie near Resolute, N.W.T. (Davie, R., 1974)

I1.6 Additional Findings

Considerable effort has been directed towards the evaluation of
the data by different members of the environmental geochemistry group
at McMaster. A summary of the additional findings is briefly

outlined below:

.

1) Concentrations of almost all parameters for northern Ontario

precipitation are significantly greater than those of far north
(i.e., background) samples. Thismay be attributed to singular
or multiple local sources and/or inheritance from the continental
U.S.A. (Kramer, 1975)

2) Geégraphic distribution plots (i.e., contours). of precipitation
concentrations and loadings show the Sudbury industrial district

as the primary source of contamination in northern Ontario for

31



3)

4)

5)

6]

7)

most parameters measured. Contours normally take an elliptical
form (long axis NE-SW), illustrating the influence ;f the
predominating wind direction to the north-east. (Kramer, 1973, 1975)
Ambient concentration anomalies compared to U.S.A. levels have
been investigated; in particular, ambient copper and iron
concentrations are five times and nickel is twenty-five times,
tﬁf U.S.A. mean. (Kramer, 1975)

Chemical budget considerations resulted in the observation that
about 0.6% of total sulphur emitted, 100% of Fe and S04 (i.e.,
H,S04), 70% of Ni and 40% of Cu emitted from Sudbury smelters are
deposited in the area. (Scale = 100 km) (luller and hramer, 1974)
Sulphur isotope studies (Kramer and Snyder, 1974) suéport the
above observation, concluding that 0.4% of the SO and 76% of the
H2S04 emitted can be accounted for in the 100 Km area.

While the activation of the 1200 ft. stack and employment of
precipitators have effectively reduced total emissions,
precipitation loadings for Ni have increased in size and
geographic extent. This can only occur if Ni now being emitted
is present in a finer particulate form and is thus carried
farther before deposition. ' ,
Systematic seasonal variations in parameter concentration may

be explained‘by various factors. Nutrient highs in summer are
attributed to biological recycling an eiﬁaps more efficient

scavenging by rain than snow. This second factor accounts for

elevated S04 and heavy metal values normally obtained
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in the summer months, although re-entrainment of soils may be
of some importance, particularly for iron. Scavenging efficiency
is a complicated function of meteorological conditions (tempera-
ture, windspeed, mixing, etc.), particulate concentration, size,
solubility, etc. (Kramer, 1975)

8) The Wawa iron ore mining and smelting operation has been shown
to be a second major point source of iron in northern Ontario.

9) High concentrations of filtered heavy metals observed in
northern Ontario may be primarily attributed to depressed pH;
however, the case of filtered Fe is of particular interest.
Predicted equilibrium solugie Fe concentrations (based on Fe(OH)3
solubility calculations at the pH = 4.3 of northern precipitation)
are approximately 20:g/l. Filtered iron\values are regularly in
excess of this value, suggesting either Fé supersaturation, or
else the presence of highly dispersed colloidal Fe which has

passed through the 0.45 uy membrane filter,

II.7 Precipitation Chemistry - Environmental Perspective

An overall comparison of precipitation chemistry with that
of "average' uncontaminated surface water is instructive. First,,
precipitation is a low pl, low conductivity, and low alkalinity
system, completely unlike most highly productive lake waters. It is
essentially an inorganic system, i.e., with little biological con-

. . -

tamination excluding such airborne components as pollen and spores.

Contamination of summer samples by insects, pine needles, etc.,

N et A A& e
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can injtiate biological activity and under the conditions of high
nitrogen, phosphorus and warm temperatures normally present,
tremendous algal growth can occur. This has been observed on

several occasions and leads to substantial problems in data
evaluation. Several sampling procedure "variations have been initiated
to control this problem. Heavy metal concentrations in precipitation
are usually at least one order of magnitude greater than in
corresponding surface waters. This results from the depressed pH

of the system, accompaﬁied by the lack of clay and rock material for
adsorption of such components. In limnologiéél systems, heavy metal
concentrations (usually 10ug/l or less) ﬁre buffered by a bottom
sediment-water cation exchange mechanism. Particulate material
settling through the water column adsorbs heavy metals and, after
sedimentation, acts as a source of metals. As long as the gross
chemistry (pH, Eh, alkalinity, ionic strength) of the lake does not
change, an equilibrium is established between water and sediment which

controls metal concentrations at their observed low levels,

The northern Shield lakes being situated in a silicate -
rock terrain, have very low carbonate buffering capacity, that is ;\
very low alkalinity (and therefore lew ionic strength). As a conse-
queice, input of precipitation of such radically different chemistry
has a very destructive effect. Decreasing the pH has resulted in

decreasing primary productivity and associated fisheries. (Beamish

and Harvey, 1972) Decreasing pH also upsets the equilibrium mentioned

Py
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earlier; the cation exchange mechanism is pli-dependent following a

reaction of the type given in Equation 2. Most common minerals

have a pH(ZPC) in the range 4 - 5, so that pil depression towards t

his
level causes increasing desorption of metals. ///

¢

M- et aT-(x) e we™

metal adsorbed hy metal desorbed

(X) = mineral surface

Thus biological activity is not only suppressed by conditions of
nigh acidity, but also by metal toxicity as well. Loading of low pli
precipitation is the primary cause of nigh acidity, high heavy metal

concentrations and low productivity observed in many northern Ontario

lakes.
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[TI. HLAVY MET\L SPECIATION

ITI.1 Methods Available for Analysis

.

The traditional test for ionic copper is the dicthyldithiocarbamate
colorimetric procedure (Stickland and Parsons, 1967). Kamp-Nielsen (1972)
has pointed out that this method consistently over-estimates the cu?
species and rccommends the use of either electrode or polarographic
techniques.

Theoretically, selective ion electrodes are designed to respond to
only one speci¢s of the element .in question, normally the ''free ion".

However, in practice this may not be éxaé%ly true: Nevertheless, electrode
response of the type shown in Figure 4 can be readily obtained for the
cupric ion selective electrode. "Free" Cu measured by this method is a
function of pH, with a rapid decrease in. concentration obtained as pH is
increased beyond 6.5, i.e., the result of Eu hydrolysis and clectrode
insensitivity to Cu(Oll)x speciés. Stiff (1971) employed the cupric ion
selective electrode coupled with various chemical methods to determine the
copper speciation SF polluted fresh water. Usefulness of clectrodes is
limited by an insufficient detection linit, however, which makes their
application to uncontaminated samples impossible. As Stiff noted, systems
with less than 50 ug/1 total soluble Cu were inappropriate for electrode :
speciation. This necessary concentration level precludes spcciatiog of
precipitation fron almost all localities except near the Sudbury region.

Ut might alse be noted that the sclective cupric ion clectrode is by far

the mnst sensitive.and dependable heavy metal electrode available today.

36 1_~
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Figure 4
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Polara:raphie techniques monitor the progre.s of a rcaction
(oxidation or reduction) occurring at an eclectrode, and since specific
species participate in the reaction (under known conditions), inferences
with respect to component character may be drawn. Conventional dc polaro-
graphy was one of the first analytical techniques capable of determinations
at the 107 to 107> M concentration range. This is wholly insufficient
for most natural samples; however, the development of several novel polaro-
graphic and voltammetric methods during the past few years now allows
routine analysis in the 1077 to 107> M range. while still maintaining the
signal dependence on chemical species. Even lower concentrations may be
dctermined by anodic stripping techniquzs if sufficient care and the cor-
rect,analytical conditions are applied. A good summary description of
these new methods is given by Flato (1972). A summary of species specific
mathads and rc#tons for rejection or acceptance is pfescnted in Table IX.
The' most critical criterion is that the method must be capable of analysis

of heavy metals at the concentrations which occur in northern Ontario

precipitation, i.e., 0 -~ 50 pg/l (~ 10"6 M) in most cases.

I11.2 Anodic Stripping Voltammetry

III.2.a Principle of Operation

Anodic stripping voltammetry (ASV) is a two-step electrochemical
technique vwhich derives its superior semsitivity (relative to dc polaro-
graphy) from the use of an initial pre-concentration step. This step
involves the electrolytic separation (reduction) of the metal of intcrest
into or onto an clectrode, a hanging Hg drop in this case, followed by a
"stripping' stop in which the metal is oxidized back into solution through

]
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METHODS

Reason for Acceptance
or Rejection

1. Diethyldithio-
carbamate colorimetH

ric method

2. Selective ion
electrodes (Cu, Pb,
Cd, available)

3. Conventional

Polarography

4. Anodic stripping

voltammetry

Variable

N0 - 1 M

104 -1 M

1077 - 1072 M

S

RS AP tbreona: = ot #Bd ot e merntinom o - om——

Rejected-
(a) applicable only to Cu
(b) reported to consistently

over-estimate Cu*?

Rejected-

(a) insufficient sensitivity
(Cu electrode could find some
use for near Sudbury

precipitation)

Rejected-

(a) insufficient sensitivity

Accepted-“

(a) sufficient sensitivity

avrn TAG it A -
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the application of a linearly increasing potcntial. The current produced
with the approach of the oxidation potential of the metal is measured
along with the petential applied at any given instant and current versus
potential polarogram obtained:

The preconcentration step (also known as the metal deposition or
plating step) is performed at a known potential which is sufficiently
more negative than the rcduction potential of the species 1n questicn, so
that deposition at the electrode is limited only by the rate of mass
transport in solution. As mentioned by Allen (1974), species deposition

follows the first order kinetic expression

*

M = M - eRp Y (3)
t 1
where
M: = amount of metal (M) deposited;
n* . . n*, . .
Mi = amount of metal species (M ) in solution;
kp = deposition rate constant, and

t = deposition time.
The deposition rate constant may be expresscd in terms of D = diffusion
coefficient, A = the electrolde surface area, V = volume'of solution, and

o = effective thickness of the diffusion layer.

b T T . )

This rate constant is only strictly applied to diffusion controlled
metal deposition while, in practice, stirring of the solution normally
occurs. Stirring insures a uniform and reproducible concentration gradient

to the electrode, and also dramatically increases the deposition rate
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over that predicted by the above equation. Shain and Lewinson (1961)
showed that a 500-fold concentration was obtained under stirred conditions,
rather than the approximately 25-fold as predicted by the metal deposition
equation. Analytical sensitivity is thus greatly increased by stirring.
Reproducibility of stirring rate is essential, however, as is the size

of the mercury drop electrode (i.e., constant electrode surface area),
deposition time, and all- factors affecting the diffusion coefficient,
primarily temperature. Sample volume is less important. The critically
important volume is that which is within the direct sphere of influence
around the electrodes, although it should be noted that stirring will
normally circulate the whole sample volume through this crucial portion

of the reaction cell. Thus, as long as the overall sample volume is
significantly larger than this c£itica1 volume, and only an insignificant
amount of Mn?+ is removed from solution, then sample size is of lesser .
importance. For example, I have found that analysis of 25 and 50 ml
samples yield essentially the same polarograpnic response where the cell
used has an approximate critical volume of 10 ml. It is, nevertheless, -
normal procedure to maintain constant sample volumes to facilitate

spiking of supporting electrolyte concentrates.

Variations in these parameters account for the greater part of
observed analytical error, assuming no chemical interferences. ‘With
sufficient care, an error of less than I 10% is possible for concentrations
at the 10'7 M level (6.3 ug/l for Cu). Assigning an error estimate to
each of the factors is impossible, although Siegerman and O'Dom (1972)

suggest that the error in mercury drop reproduction is 3 - 4%.



As wmentioned previously, the stripping step 1s acconmplished through
A

the 1nitiation of a linecarly increasing (i.e., anndic) potential scan at

a fairly rapid rate (>20 mV/sec). Under these conditions, clectrode
radius is normally greater than the diffusion layer thickness, so that

the stripping process may be considered as a semi-infinite diffusion

process (Allen, 1974). Assuming these conditions, Barendrecht (1967)

formulated the equation fér the anodic stripping peak current (i ) for a

hanging mercury drop electrode (HMDE) system:

ip = k! n3/2001/2 T vl/ZtC (s5)

where

k' = constant encorporating kp of equation (4) and a

) mass transport constant;

Do = diffusion coefficient of the reduced metal in lg;

n = npumber of electrons involved in the electrochemical reaction;
r = radius of the ]DDL;

v = potential scan rate; )

t = depoéitio; time; and

C = concentration of thg metal in solution.

It is immediately apparent that polarographic response is a function
of several variables other than just solution concentration and, of course,
as mentioned previously, the object of most polarographic analytical
methods is to consistently reproduce all these factors so that peak cur-
;cnt variations may be related to species concentration. Analytical
sepsitivity may be increased by increasing t, v, or r. HMDE radius is

practically limited to that which the normal surface tension of Hg can
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manzain, wd to1s normally kept as short as possible (minutes) in the

interests of Jotermination speed. bhen 2 limited number of extremely

high sensitivity analyses are required, however, deposition time may be

. e . -9 -10
increased to several hours. Sensitivities at the 10 and 10 M con-

centration levels have been reported using this technique. Increascs in

the scan rate (v) may allow enhanced sensitivity; however, this is limited
by a corresponding increase in the capacitance current (sce below), which

ultimately masks and, indeed, may overshadow any rcal change in the

observed i

The other important information provided by the polarogram is the

peak potential. Under the same chemical conditions, the ASV peak potential

»

(Ep) is related to the dc polarographic potential as follows:

. _ .y _ LagwT
Y Rl (6)
where
81/2 = dc polarographic 1/2 wave potential;

R, T, n, F have their normal meanings.

Thus ASV peaks will be consistently %?-mv (at 25°C).gpre cathodic
than the corresponding polarographic 1/2-wave potentials
The.current measured by ASV is made up of two components: first,
the current associated with the electrochemical reactions (Faradaic
current), and secondiy, the current required to form the electrical double

laycr at the mercury-solution interface, which is the background current

ohtained in the absence of electroactive species. This so-called capaci-

tance or chareging current (ib) is what determines the detection limit of

normal polarography and limits the scan rates applicable to ASV since ic

Framne 220
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. : . o . 172 . <
varies directly with v while lp is a function of v / (equation (5)).
Several methods have been employed to reduce or discriminate the effect

of ic’ includip:; phase-selective ac square wave voltammetry (Krause and

Ramaley, 1969}, and derivative techniques (Perone and Birk, 1965).

-

I11.2.b Differential Pulse Anodic Stripping Voltammetry

Differential pulse anodic stripping voltammetry was used in my
experiments. This technique employs the normal preconcentration step.
but a differential pulse voltammetry wave-form i; used instead of the
usual linear anadic potential ramp of ASV. This wave-form minimizes iC

[4
contributions to the recorded signal as well as allowing signal processing

-

for the remeval of extraneous noise. This combination also yields a 1-2
order of magnitude increase in sensitivity (Siegerman and O'Dom, 1972).
The differential pulse voltammetry wave-form consists of a slowly

increasing lincar potential ramp with superimposed fixed height voltage
' (]

pulses (Figure §). The charging and Faradaic currents produced by the

s L3 > & ) L) - 13 . L3 A
application of ,a potential pulse decay to an equilibrium value with time;
however, the charging current decays much more quickly, so that measurcment

of the current towards the end of the pulse duration yields a current

.

valué which primarily reflects the desired Faradaic coatxibution. The

PAR Model 174 polavographic analyzer used employs a pulse duration of

56.7 milliseconds; thée first forty msec arc used to allow ic (i.e., back-

¢

ground current) to decay tn a negligible value wheveupon the last 16.7 msec

are used to mersure the Faradaic current. Measurement of the Faradnic

l’n

current just hefore and just at the end of the pulse peried, ahd vecorder

display of the hifference between these two values yields a peak-shaped

read-out from vhich ip and Fp may be accurately detevmined.

-
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1t may be noted that polarograms obtained using the HMDE are not

completely symmetrical. This 1s the result of diffusion of metal from

2
the intevior of the drop and consequently higher background currents

experienced after E_ than before. As would be expected, the MCGE suffers

much less from this phenomenon since it has a much smaller mass of mercury

from a metal diffusion point of view.

1I1.3 ‘Theoretical Considerations

The general theory of anodic stripping voltammetry has been pre-

sented by Barendrecht (1967). As mentioned previously, the most important

clements of ASV response are the peak current (ip in pA), which is normally

discussed in terms of peak height, and the peak potential (ﬁp in mV). The

theoretical equation for ip has been given earlier (equation (5)), while

it was noted that Ep bears a direct relationship (equation (6)) with the

9

normal polarographic half-wave potential, Fl/

Kolthoff and Lingane (1952) give the equation for El/

2*
f_k
. - RT a s
hI/Z = " AF 1In T:‘E;' 7N

where

1
_ﬁ)'r, n, F have their normal meanings;

fq, fq + gctivity cocfficients of the ion being studied in

the Hg amalzaa and in solution, respectively,;

= 3 constant

LI T,
‘a  nF UN
(Eﬁ = standacd potential of amalgam

a”gv activity of lg in the analgam), and
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k , k. = proportionality constants reclated to-all the terums

of the Ilkovic cquation, except the solution concentration
2 .2/3 16
1/ T / tL

of the species under study, i.e., LS = 607 nl)5
at 25°C.
(DS = diffusion cocfficient of the ion in solution,
m = lHg flow rate,
t = drop time).

With reference to my experiments, one important point should be

noted from cquation (7). The activity coefficients are functions of ionic
strength of the solution and, hence, as this paramecter is altered, shifts
in EI/Z and thercfore gp should be observed. This is indecd the case.
With increcased ionic strength, Ep shifted to morec negative potentials.,
The importance of understanding this phcenomenon lies in the realization
that it should not be confused with Ep shifts causcd by complexdtion or
by some other factor. '

The half-wave potential of complex species was presented by

Koryta (1962) for diffusion controlled processcs:

By * (El/,)\l-gr-‘;xnrf : k.t - (8)
<% a0 g0 )

where
(Ex/z)m =  half-wave potential of the "frece' metal ion
as defined by equation (7);-
z = nominal coordination number;
[X] = conccentration of complex-forming agent

present in sufficiemt excess;
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ki = consecutive stability constants defined by the equations
) M\ ]
s < . . , 1 >0 0
R AR LV P
i-1 ,
1 N =
») ko 1

From equation (8), it is immediately apparent that the presence

of any complex forming agent results in a shift of L (and hence Ep)

1/2
to a more negative potential. The dependence of the magnitude of this
shift on the complex stability constant allows calculation of the constant
when all other factors are known, a method successfully employed by

several authors as noted later.

In terms of ASV, the peak potential shift may be considered the
result of ion stabilization by the presence of the complexing agent. After
preconcentration, the metal of interest in the HMDE as an amalgam is re-
oxidized back into solutioﬁxby the application of a steadily incrcasingf
potential. The presence of a complex forming agent which serves to
stabilize the metal ion in solution results in less energy being required
to bring about re-oxidation. This fact is manifested in a peak (i.e.,
oxidation potential) shift to a more negative value. E_ may be shifted
to more positive potentials if a second motal more strongly hound to the
complexing agent is introduced; this fact has also been exploited in the
determination of stability constants of added metal complexes.

There are four poqsxble reasons for the occurrance of hp shifts
to less negative potentlnlx than that corresponding to (Fl/2 M First, the
presence of a complexing agent which would stabilize the existence of n

laver oxidation state of the metal would lead to a positively shifted B

holthoff and Lingane (1952) note that this phenomenon has been observed

e =
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. L . . . -
tor the Cu -NH‘ system, in which low level N“% concentrations (<S5 x 10 4M)

result in positive shifts of L1/7, principally due to the smaller dissocia-
tion constant of the Cu(NHS); complex than those of the Cu(NH3);’ and

NS
)

Cu(NHS complexes. These are the major ammonical complexes which cxist

at this Nll3 level. (Based on von Stackelberg, M. and von Freyhold, H.,

Z. Electrochem. 16, 120 (1940).)

} Second, kinetic rather than diffusion rate control of the clectrode

reaction may result in positive potential shifts. Koryta (1962) showed

that polarographic potential shifts caused by this factor are related by

the following equation:

i
* = - RT » d
(Ey/2)kin (Ey/204i¢ * 7F 130 i (%)

where
(131/2)kin and (EI/Z)dif = half-wave potentials of the
kinetically and diffusion-controlled
cases, respectively;
id = limiting current of the hypothetical
diffusion controlled situation
(Ilkovic equation)
il 2  limiting current of the kinetically
controlledﬁcnse.
Clecarly, only shifts to less negative potentials can occur.
Third, formation of intermetallic compounds in the mercury drop
amalgam may cause peak potential shifts to less positive values., This
phenomenon has been studied at longéh by Kozlovsky and Zebreva (1972) who

point out that the polarographic half-wave potential .of an intermetallic




compgﬁnu 1< normilly somewhere between the halt-wa- o potentials of the
pure metals involved. Thus, if chemical conditiuns 1n solution are such
as to bromote the formation pf'a copper, mercury (and pevhaps some other
metal) intermetallic~c0mpound, Ep would be expected to shift to a more
positive position relative to the E_ of the pure Cu case.

Finally, the ubiquitous "other" possibility: the problems caused
by adsorption are well known and have plagued polarographers from the very
beginning. Unfortunately, quantification of the cffocts of adsorption
are impossible since adsorption of gnipnic, cationic, uncharged, clectro-
chemically reactive and non-reacting species, oither singly or in various
combinations serve to provide all types of unusual pofarographic behaviour.
Reilley and Stumm (1962) have given a good discussion of olectppde reaction
inhibition by the presence of surface active species.

In sﬁmmnry, peak potential shifts obtained with ASV may be rnusedA

by one or more of the reasons outlined in Table X.

jII.A Previous Work

The chomical state of trace metals in natural H20 systems has been
the subject of several studies, although in almost all cases, the idyllic
goal of a complete specics by species description has proved impossible to
achieve. This is only to be expected, given the immense complexity of
the prohlem and the present stage of technological and educational dove-
lopment. Nevertheless, important information with regard to the existence
of some metal-lijand specigs, asso~iatod stahility constants, and research

methodotogy is pow available.

i
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PUAK  POTLNTIAL

Situation

rapLy »
SHIYTS

Nature of Shift
(rclative to standard
"free' metal Ep)

AND  ASV

Coimnent

. Change in ionic

strength of solution
analyzed.

Presence of a complex
forming species.

In the presence of a
complex species, intro-
duction of another
metal which forms a
more stable complex.

Presence of a complex
species capable of
stabilizing a lower
oxidation state of the
metal. °

Electrdde reactiéh

kinetically controlled

(rather than diffusion
controlled)

Formation of inter-met
allic compounds in the
tig drop amalgam

"Poisoning" of the
electrode and
consequent reaction
inhibition by surface
active agents.

Cathodic
(see comment)

Cathodic

Cathodic

Anodic

Anodic

Anodic
(usually)

Variable 3

- ———

Cathodic shifts occur when
ionic strength is increased,
usually by addition of extra
supporting electrolyte,

Magnitude of shift dependent
on (a) concentration of cowple>
. forming species
{b) magnitude of the stabil
constant of the complex
species.

E, is cathodic relative to the
standard ''free' metal E

however it is anodic to

the Ep obtained in 2. above.

3

Magnitude of shift dependent
on (a) concentrations
(b) magnitude of the stability
constant.

Ep of inter-metallic compound
falls between the E,'s of
the pure metals involved.

Reaction inhibition usually
results in anodic Bp shifts.



b

LT a With Selective lon Electrodes

Stitf (1971) proposed A scheme for differentiating copper into
six chemical states (particulate, ionic, cyanide complexed, humic acid
complexed, H(T()S-CO3 complexed, and amino acid-polypeptide complexed)
through va¥ious chemical separation methods and the usc of the cupric
selective ion clectrode for ionic copper determination. ‘Significantly,
this procedure was only applicd to studies of grossly polluted fresh
water and would not be applicablc to non-contaminated systems. As in
almost all studies, "solubility" is defined by 0.45: membrane filtration
although the possibility of passing highly dispersed colloids is noted
but not dealt with further. The chemistry of cadmium in natural waters
has been studied by Gardiner (1974) using a sclective ion electrode and
a metal addition procedure to bring concentration within its detection

capability. He found most gadmium present in the ionic form.

TIL.4.b With ASV

Mlost other authors have employed the superior sensitivity of
ASV in an cffort to directly determine speciation of uncontaminated
aqueous systems. Matson (1968) used ASV with the lig coated graphite
clectrode (MCGY) in suggesting a set of diagnoétic tests which might be
used to discriminnto.betwcen “free" metal %ons, labtle organic complexes,
and non—{abile complexes with naturally occurring chelating substances.
The presence or absence of double stripping peaks, peak potontialishifts,‘
peak shape changes, and alterations in plating rates, counled with
cxtensive theoretical con<silerations, wevre the criteria used in making

species assessment.  This scemingly simple mothod was studied by thue

.
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and Carter (1972) who point ont the problems involved in using the MCGE;
for example, the production of double peaks at will simply by altering

the electrode preparation conditions. From this standnoint, use of the
1IMUOE 18 recommended, even though it is substantially less sonsiftvo; it
suffers a much smaller chance of surface poisoning since a new Hg drop

is formed for cach subsequent analysis. Secondly, the presence of any
surface active agents in a sample may have substantial and usually unknown
effects on the electrode reaction. "It is very difficult to distinguish
between the effects of reaction and adsorption which, in fact, may be
occurring simultaneausly." (Hume and Carter, 1972.)

Barsdate and Matsoﬁ (1966) used ASV to study the association of
metals with organic substances in Alaskan lakes. They conclude that sub-
stantial organic association of Pb, Cu and Co exists in these lakes
(organ{c suhgtances of molecular weightﬁ>7000) and, in fact, a sfoichio-
metric excess of a strong complexing agent was fournd in one lake which .
would alter metal cycling, oxidation-reduction, adsorption, co-precipitation,

[N

etc, processes. A crude calculation of the corresponding stability con-

stant gave K = 1024.

Systematic peak shifts to slightly more negative potentials for
other lake samples were interproted as the vesult of the presence of
relatively weak complexes. Correlation between excess of strong com-

plexing material and highly coloured (i.e., humic-rich) lakes was noted.
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IIT1.4.¢ Complexing Capacity Determinations

In an effort to quantify metal binding ligands in water, Allen et
al (1970) presented a method using a complexometric titration with copper
as the titrant; this procedure was employed by Bender et al (1970) to
evaluate the complexing agents in sccondary sewage. Chau et al (1974)
have developed a method for the determination of total and excess 'com-
plexing capacity' of lake waters, expressed in terms of umole of Cu
equivnlent. I have used this method to determine complexing capacities
of several lakés in the Sudbury-Temagami, Ontario region. It should be
noted that a complexing capacity measured (as above) by the ASV determi-
nation of the labile metal in Cu spikea samples is, in fact, a winimum
value since the presence of weak and labile complexes yield
anomalously high "free'" Cu values. The complexing capacity thus obtained
is best thought of in terms of thc available strong complexing agents
plus those which form kinetically inert complexes relative to the
time span of the ASV analysis. This "definition" must follow from the
definition of "lability" as operationally imposed through the use of ASV
Barsdate 53_313'1974); that is, labile metals as determined by ASV are
those which exist in a form which allows their ready reduction and re-
oxidation. Metals which are strongly bound within a complex are not
readily reduced, and those which are present in kinetically inert forms
will not react fast enough to be significantly detected by ASV. The con-
cept of "lability" in relationship to ASV has been clearly summarized by
Guy et gl (1975). Chau and Lum-Shue-Chan (1974) have discussed at

length the determination of labile and strongly bound metals (Zn, Cd, Cu, Pb).



I11.4.d Metal Speciation Studies

Stumm and Bilinski (1973) and Allen (1974} have investigated
speciation by ASY in natural waters and report that the predominant
specics in the pH range 6 - 9 is PbCO;". Below this pil, "free" lead

ions predominate. Allen has also found that carbonate is most

important in determining the speciation of Cu, while Zn primarily exists

as hydroxy complexes in the pH range mentioned previously (i.e., the pll
of most natural lake, river, and ocean waters). It may also be noted
that the Zn, Pb and Cu species discussed here are all '"labile"
complexes; that is, analysis:-of the metals by ASV yields appropriate
though shifted stripping peaks. lence, although these metals are
complexed, they would not be included in a complexing capacity

determination made as above.

111.4.¢ Stability Constant Determinations

Metal speciation has been taken one step further by the
determination of stability constants of the metal-ligand species
investigated by ASV., Polarographic determination of stability
constants is an excellent technique due to its simplicity. By holding
all othoxr factors constant, stability constants may be directly |
calculated by substituting measured peak potential shifts (oStained as
a function of ligand conceptration) into equat;oq 8. Allen (1974).

. roported log; o8 values of 6.2 and 5.9 for the PbC03° and CuC03°
netal-ligand systems, while Stumm and Bilinski (1973) obtained a

. *~
value of 6.4 for PbCOSO. Bradford (1973) investigated the Zn(OH)zo

55
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species and reported loglos = 9.9, In all cases, these results

agreed very well with previously published values determined by

other methods. Shuman and Woodward (1973) have proposed a generalized
scheme for determining stability constants by using a complexometric

titration, and monitoring labile metal with ASV,

111.5€ Experimental

A Princeton Applied Rescarch Corporation Model 174 Polarographic
Analyzer with IMDE (PAR Model 9323), saturatcd calomel reference
electrode (0.35M sodium acetate-acetic buffer salt bridge), and
platinum wire counter electrode was used throughout. Polarographic

response was recorded on a touston Instrument Omnigraphic Model

2200-3-3 XY rccorder.

Precipitation samples were processed in the following way:
1) 300-500 ml of sample were filtered through 0.45 u Millipore

membrane, directly into a nitric acid washed, deionized water rinsed

storago flask.

-

2) A 25 ml subsample was placed in the polarographic cell assembly *
(PAR Model 9300 cell top and Model 9301 cell bottom) and 0,200 ml of
sodium acetate-acetic acid buffer added as’supporting clectrolyte,
giving an overall acetate concentration of 0.032M, Addition of this -
reagent also served to buffer the pﬂ at 6.0 1 0.1 for all samples

of initial pH within the range 4.0 to 8.0. (See Appendix 2 for

details of rcagent preparation and/or purification.)



3) When "total™ filtered Cu was requived, 0.5 ml of 1N a HNOS—H6104
mixture was added and the sample digested to dryness before
redissolution in deionized water and transfer to/the polarographic cell.
4) The sample was then stirred (Lab-Line Instrum
dcoxygcnagod by bubbling of water-saturated pre-purified nitrogen for
10 minutes.
5) After diverting the Nj gas flow over the solution surface, a five
unit mercury‘drop (surface area = 2.6 mm%) was extruded from the IIMDE
and plating carrigd out for three minutes (2 1/2 minutes stirred,
1/2 ninute quiescent) using the follqying instrument scttings:

Operating Mode = Differcntial Pulse

« . Drop Time = 1 sec (pulse rate)

Output Offset = OFF

Low Pass Filter = OFF

Display Direction = Negative

Pulse Modulation Amplitude = 25 mV

Potential Scan: Rate = 2 mV/sec

. Direction =-Positive
r Range Z 1.5 V
Intial Potential: Indicato! = Negative
Coarse Adj = 0. volts
Fine Adj = 200 mV
Reproducibility stirring rates wero maintuihéd from sample

to sample and all timos wore stricrly‘éontroriod through the use of a

stop watch,
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0) At the ond of the plating pori&d, the d}ffcrentidl pulse scan
wasinitiated and continued until the mwevcury oxidation peak was encounterved
s dndicated by an of€-scate recordey vespanse at a potential greu;cr

than +200 wv,

7) Depending on sumple copper conceutration, instrument sensitivity

setkiugs were placed at one of 5, 10, 20 or SO0pA full sca{i.

8) When Zn, Pb, and Cu were determined simultanecously, plating was

carvied out at a potential of -1,200V; all other instrument setting;
remained the ‘same, N
9) DPASY determinations at pil = 0.7 - 0.8 were car#ied out after the
intial analysis (pil = 6) by adding 0.600 ml HNOS_to the cell, followed
by thorough mixing and further deoxygenation (2 minutes). The laréc
butfering capacity of the acetate supporging electrolyte system made

the addition of this large quantity of acid necessary. The resultant

substantia¥ increase in solution ionic strength caused a shift in Ep

to a more nogative potential which was independent of acerate concentration

as would be expected, since, at this pH, all acetate will be in the acid

form and unable to associate with Cu and cause the large negative Ep shifts

\

observed,
10) Experimants involving the separation of highly colloidil pﬁases
vuployed the use of an International Ultracentrifuge wifﬁkk-237 fixed angle
roto}. Centrituging was done at room temperature and 49,000 rpm
corresponding to 100,000 to 200,000 G force, depending on tho position
within the 30 ml sample vial. Once contrifuging-was complete, 28 ml

was pipetted tnmediately from the vial in order to minimize partial

"
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redispersion of scdimented colloidal material.
11) Synthetic colloids were obtained by preparine solutions of
known Cu, Fe, Mn. Si and Al content and increasing the pH with dilute
"

NaOll to 9.5, After . oquilibration for 15 minutes, pH was decreased

through the addition of dilute lINO, to a value in the range 6 - 7.

3
12) Complexing capacities of procipitation samples and some lake
waters from the Sudbury area were obtained using the method of Chau

at al (1974).

II1.6 . Results qﬁg*piscussion

III.6.a Typical Polarogram Doscription and Intorpretation
Typical polarograms for 'pure' laboratory prepared solutions
are given in Figure 6; well-formed pcaks with constant Ep (a+d4 T 2 mV)
and ip directly proportional to copper c9ncentrdtion are obtained,
Thp cathodig peak sh{ft of the acldified sample (#4) is attributed

to the increase in solution ionic strength with the addition of 0.6

ml HN03. Roproducibility of this Ep is moro diffitult (¥ 10 mV) than

for the pll = 6 situation due to ;ﬁe difficulty of reproduciblo addition
of concontfatod nitric acid. A small peak more anodic than the main

Cu peak (*1?0\--130 mV) is commonly but not always obtained for
calibration polarograms Qf this type. This phonomeonon is(pttributod

to a contaminant (probably surface active) in the deionizod wator
supp}}, since it is pfosent in tho blank detormination as well..
Finally, its nover-failing disappqaranco on the addition of acid

should be noted.



FIGURE 6  DPASV Polarogram - Calibration
Polarogram 1 - Cu blank, pl = 6

Polarogram 2

0.8 uM Cu, pll = 6

Pélarogram 3

1.6 uM Cu, ptl = 6

Polarogram 4

1.6 uM Cu, pll = 0.7

(0.6 ml llNO3 added to 3)

s
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ﬁ' As wentioned previously, peak potential shifts and curront
H : . . -

ki changes of real samples may be used in the interpretation ot metal
4 .
v speciation,  Presence of "free” ion aquo complex will yiold an Fn
)

Ly the swme as that of the calibration polavograms, while complexation

results in cathodic HP shifts and sometimes decreases in i). Anodic

3 LP shifts must be attributed to one of the factors previously

discussed,

Figuves 7 - 9  (polarogram #1) present typical polarograms

ohtainod for procipitation samples, Northern Ontario procipitation
may be divided into two major region subgroups; fivst, thé region
imm;diatoly adjacent to Sudbury, where industrial activity plays a
major role in detormining precipitation chemistry. Low plt (3.7 - 4.4),
high sulphate (1.0 - 12 mg/1), and total heavy meotals, particularly

" Cu (50 - 450ug/1), NU (30 - 300ug/1), and Fe (300 - 2400ug/1) are
normally observed: The romainder of tho province outside this pre-
dominating chomical influence constitutes tho socond region. For
the most part, rolatively highor pH (4.0 - 7.8), and low sulphate (0.3 -

6.0 mg/1 ), and low total metals (Cu: 0.5 - 150ug/1; Ni: O - 100ug/l;.

Fo: 10 - 1000pg/1) are obsorved. This is an overall simplification

of codrso; local offects olthor on a one-time or contlinuous bhasis '
may play a substantial fg}e in dotormining procipitation chemistry -
at a glvon station and must alwuys bo nccounkod-for it possible, Tho
ability to distinguish two principle roglons (near to and far from

, Sudbury) is simply the consequonce of the goographical log-normal

2




FIGURE 7 - DPASV Polarogram, Skead - Feb. 8 - Mar. 3, 1975

Polarogram 1

Polarogram 2

Polarogran 3

Polarogram 4

-

Labile Cu, pll = 6

Labile Cu, pil = 6,
centrifuged 30 minutas
pt (of é) adjustqd to 0.7
Labile Cu, pH = 6,

contrifuged 240 minutes
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Figure 7

DPASV Polarogram
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FIGURE 8

[y

Polarogram 1

qPolarogram 2

Polarogram 3

Polarogram 4

Polarogram S

4

DPASV Polarogram

buck Island, Mar. S - Apr, 12, 197S

Labile Cu, pll = 6 -
pll adjusted to 0.7
Labile Cu, pll w 6,

ultracentrifuged 30 minutes

- Labile Cu, pt = 6, ‘

ultracentrifuged 240 minutos

pit (of 4) ud)usted to 0.7
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FIGURE 9 DPASV Polarogram

Polarogram
Polarogram

Polarogram

Polarogram

Polarogranm

Polarogram

Verner - Feb. 8 - Mar. 7, 1975(a)
“Labile” Cu, pil = 6

ptl adjusted to 1.7

Equilibrated an additional

20 minutes at pH = 1.7

iNO added to obtain pit = 0.7
Bquilibrated an additional

30 minutos at pil = 0.7

4Q0 uM hydroxylamine hydrochloride added

o
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¢ deposition, distribution pattern of industvial emanations originating

ity

(@ . . " s .

f. at Sudbury (Kramer, 1973; Kramer, 1975).  Stations located in the outer
' region ave affected by order -of-magnitude lower levels than those in the
. inner regilon, This is not to say that for some pdramotors, the levels
‘f measured are still not significantly higher than "background'.

J?

- For cxwmple, the overall northern Ontario ambient atwmospheric

4

* nickel levél (22ug/1) 1is twenty-five times that of the U.S.A. Mean

i '

} (Kramor, 1973)! Obviously, the nickel source (Sudbury) is playing a

!

L]

major role over a tremondous uvoa.

The throe sets of polarograms (Figures 7 - 9;  Skoad, Duck”

Island and Verner) give oxamples of results normally obsorved in oach
of the above regions. Skead, located just south of Lake Wanapitao,

is within the region of major industrial influence and oxh{&i}s a

f} large Cu poak procisely at the calibration Ep, that is, most of tho
3

filterable coppor ir this samplo is present in the labile form,
J prosumably as tho Cu-aquo complox. The peak height when compared

L to calibration plots corresponds to {iltored Cu analysis porformed

by atomlc absovption within the possible errors involved (110%).

Given the low pt and high Cu normally presont in theso samples, this
rosult is as oxpected. Allen (1974) found that a Cu-carbonato complox

predominatod in most natural wators, i1.e., lake and ocoan wators ln the




pl range 6 - 9. This possibility is less likely in precipitation
samplos whore average pll values aro only somewhat greater than four
and alkalinity {s at a low, although usually measurablo value, The
possible consoquence of beidg able to determine alkalinity even at low

S
Pl will be discussed later,

Of addod intorost in tho Skead polarograms is tho ‘small
shoulder present on the anodic side of the prinelpal Cu peak, Its
oxistonce is attributed to the prosonéo of Cu associated with highly dls-.
persod colloidal material for the same roasons as outlined later.
Tho offoct of ultracontrlfugutioﬁ for 240 minutos may Lo seen in
polavograms 2, 3, and 4 of Figuroe 7 rospoctively, and is discussed

latoer.

Polavograms for Duck Island and Verner samplos are given in
Figuvros 8 and 9, Those stations constitute oxamplos of proclpitation
collected outsldo the controlling Influence of the Sudbury industrial

rogion, The-prodominating feature of thoso polarograms is the prosuﬂco

“of a measurablo peak with Ep anodically shifted with rospect to the

EP of tho uqué-Cu specios. Tho poak current has §9on found to comparo
woll with copper concontrations moasured by atomic absorption in many
cu\us, although a slgnificunt incidenco, of ip‘s corresponding to
*ubstuntlully lurgor ?ul smallor compuvutlvo concontrutions has also

boon noted. Rousony for this bohaviour wore Invostigated at longth,
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Tho possibility of Nll.j stubili.:.l_tion of Cut has l)L;ull supgestod
previously.,  Indeod, Ny concontrations in precipitation in tho rango
0.5 to 1,0 mg/1 aro commonly observoed; however, all attempts to produce
this offect using laborutvr; proparod copper und Ny solutions
faited, It is cevidontly lmpossiblo to stablilize Cu* in tho aquoous-
acetato buffered polarographle solution, The rolative stubilltlss
of Cu* and Cu** dopond vory strongly on the dleloctrle constant of

the solution Cu** boing favourvd in aquoous solutions duo to Its

much highor solvation onorgy (Cotton and Wilkinson, 1966).

II1.6.b Colloidal Associatlon

Since Cu is not stabilizod by a "normal" complox specios
(1.0., HP shifted In the qung(dfracthn) and does not occur ay the
aquo-Cu*t spoclos, the quontioq arlsos as to what othor typos of

chomical assocliations may exist. Cu may be assoclutoed with highly

disporsod nutuuul‘gglioldul matorial and exporlments wore doﬁisnod to

<

prove or disprove thi$§ theory. The occurrence of such colloids could

account for the obsor;ud polarograms not only from the 3tundpointh *

of eloctrodo reaction Inhibition by the syrfaco active spocloes,

but also from kiuqtlc ?ouctluu control and lnter-metallic¢ compound

formation, ‘The surface adsorption rolatlonship existing botweon coppor

and colloldal mﬂéovlnl 18 manifosted by a reaction rute which i
Q~ﬁlnof1cully slow relative to the polavographic reaction ruto; also the

ditfuslon of colloidal material to the IMDE duving the plating stop

might vosult In Incorparatlon of this materlal and hence formdtlon of

¥

6?7
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appropriate intermetallic compounds. Soparation and determination of
which particular factor is tho ultimate causo is impossible at prosent,
and it is prohub:o thd@ a complox combination of all three is in
operation, Anodigally shifted h}'% are consistontly obaorved over a
100 wV range. lho lack of a small shifted peak potontial rango is
oviﬁouce {or tho oquatlon of a highly variable sot of condizions
as might occur undex vafious combinations of the above fuctors.

Somo insights into tho nature of the hypothesized collolds
may be drawn from grnqq prucbbitanlon chomistry, and othor obsexved
bohavlour As with most chemical ;urvoys, "ﬂolubility“ hus bean
Oporatioually dofinod by Flltration through 0,45 u memhrane. As'noted
by St aud ‘Udlinski (1973) and Stumm-and Hrauner (1973), this dofi-
aition proves to be iuadoquate when consldering tho solubility of iron
and manganeso in tho natural enviroument. On the basis of %olubility

product calculatfﬁns, Fe " concentrations must fall’ An the rango

0,1 to 24 u&/l (pll = § « 4). The, fact that vaiuos\in excoss of this

are coutluu&ily measured su&QOQts substantial suporsaturation. with
formation of seluble organic complexos conuonly poatu}gpod as the causo.
. Stumh and Bilinski il973) have notod that in most natural
a&rﬁaen-ﬁatqrs dissolved organic carbon concentration uaually falls _
in the range 0.2 « 5 ng ¢ per litre, corresponding to & total sun of |
10° “§ < 10 ~T S’moles pew lit?:{of‘bgganic ligands. (Sqlub;e organic |

carbon analysis in Outarid’pnecipiéation sémplos foll in the vange.

‘2.5 4.8 mg /1. ) They suggest that tho‘pfbbablo high diversity

of organi¢ oneXos meaus that potential complex formnxg*will be at

coneontrqtions Qf 10°% or less. Siuce the functional groups oxpected



The é@aorbability of traee;métala is dopendent on spociation; the
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to participate in complex formation and usually found in dissolved

organic substances (-COOMH, -Nuz, -0, -SH) show little metal specificity,

~ tho coordination tendency of most llgands may bo satisfiod by tho major

divalent cations presont, i.0., Ca and Mg, This concept may be applied
to procipitation samplos, although Ca, Mg concentrations aro 1 - 3
ordors of magnitude lower than in surface waters, Direct corrolation
between dissolved carbon analysis and ligand concontration neglects
the possl§lo prosénco oé strong, low molecular weight ligands, whiph
may bo used to account for lake water complgxiggicapdcitiéa as‘dis-
cussed 1ator. : o ‘

Just how small may tho colloidal particlos be? Stumm and
Bilinski (1973) and Stumm and Braunor (1973) suggest t T'\ht\t: particlo '
sizes of 100 A or less are posaible. Mombrano filtration 1s.in9apablo )

of separating such a finely dispersed phase, and it s consequently

oporationally vory diffieult to distingu!sh botwoom soluhlo ‘and ;

‘ colloidally dispersod specios. PRiltration exporimnnts of high filtored

iron procipitation samples (typically > 200 ug/1) using 0.1 and 0.0} w

MililprQ membrano axd‘show some losa (l.e., mass ldss) of -

£11tored fe (10 - 20%) with each sueceeding amallor pore size; howover,

substantial quantttios atill romainoh aftor the 0. .01 y (100 A)

filtration. : ;\h W . : ' : L
Colloids of this pnrticle sino wiil exhibit a tromondous sur-

faeo area for heavy motal ndaorption, oither as the aquo-mptal qucioa

‘or, quite posaibly, as metal organic or metal-inorganic spocies.
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substitution of a ligand for an aquo group will render the metal movo
hydrophobic and more surfaco scoking by roducing tho intoraction

botwoon tho contral motal lon and the remalning aquo groups. Also,

Aiydrogen bonds may roeadily form at tho colloeid-ligand interface

(Stwmn and 0'Molia, 1968).

: /
III.6.c Ultracontyl €ugatlion Study

The question of just what mechanlsm may be used to separato
such flnoly disporsed phases now arvlses. Lengwellor et al (1961),
while conducting Fe solubilit} studios, roportéd that almost all
synthotically brovarod colloidal Fo could bo sedimented by ultracens
trlfﬁghtlon (93,000 g £o£ 180 minutus).' This method was consldorod

sujtable for application to precipitation sumplos‘

Ultracontrifugin& of samples at 49,000 rpm (100,000 -« 200, 000 g)

caused various changos {n observed polarographic response. In most
cases, a docroa¥e in peak height was also observed as would bo
expected if partial collold sedimentatien was aehierd. Also, small
paak patential shifts (v10 mV) tawards the labile calibration
potential 7bro common, although in a significant numbor of casos, a

shift in the opposite direction was observod (for oxample, Figuro 8).

~Ctearly. poak potential is strongly dopondont on degree of dispersion

and eonsoquont probable degroo of oloetrodo roaction fnhibition.
Grosas chemtcal eomposltion of eolloid particles may also play a role,
Curves 3 and 4 of Hgure & fllustrate the major deereaso in

i ebtained aftor ultrneentrifugation. Curves 1 and 2 (Figuro 10}
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aroe polurdgrums of tho corresponding Verner sample (Flgure 9, #1) aftor
ultracentrifuging for 30 and 240 minutoes, vespectively. Although not
noarly so drastic reductions in 1p aré observed (25% for 240 min,),

the trehd iy in tho expected direction.

111,6.d Samplo Acldification

The acidifidation of samples ta low pll may be expected to cause
dissolution of reasonably soluble colloids (Fo and Mn oxides) and
desorption of heavy metals., If both procossbs go to complotlon. thon
polarographic rosponso similar to tho actdifiod calibration:curve
(Riguro 6, "4) will be obtained. In Figures 8 < 11, polarogramﬂ of
acidifiod samplos proviously run at pil = 6 are displayed (sce descrip-
tion of each figure). These polarograms also have anodically ahiftod .
po&ks rolative to tho acidified calibration pplarogram. Samploy at
pit =. 6 6xhibit1ng largo unodié,potontial shifts rolativo!to tho pll w 6
calibration, similarly show the largoit.anodiq shifts at pH = 0.7,

%hia‘bohaviour is found in almost all samples oxcept those containing

~ labilo aquo-Cut™, 1.0, near Sudbury samples. Tho Skead sample,

Figuroe 7, containg mostly labile "aquo-Cu**“. which bohavo@ ‘correctly"
on acidification, As mentioned proviously, thove is & sméll although
distinct socond componont present, hoquef. yiolding a shoulder on the
anodic side of the main Cu peak; After heidlfication,‘this‘ahoulder.
although diminishod 4n sizo, is stil) clearly presont. ‘
Similarly, the Duek Island and Verner- aamplcq (Piauroa ‘8 - IX).
which do not oontuin.tho aquo-Cu fraetion yield anodisally shiftod

\



RIGURK 10

Polarogran 1
Polarogram 2

Polarogram 3

Polarogran 4

DPASV Polarogram
' Qgrnor - teb., 8 « Mar. 7, 1975(b)
Lablle CP} pH = 6,
ultracontrifuged 30 ninutoes

“Labile Cu, pii = 6, S s

ultracentrifuged 240 minutes _
pli = 0.7 (0.6 1l HNOy added ta 3) b
400 ym hydroxylam@né hydrochloridod added
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1975 (b)

| Figure

Verner — * Feb 8 - Mar 7,

DPASV Polarogram
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poaks., Filgure 9 gives the rosults of a study showing the effocts
of tho dogroe of acidification, and time of sample oquilibration

at that pll.  Curve 1 is the “normal® labile Cu polarogram, while

Curves 2 and 3 are for the same sumplohuftor acldification to pl « 1,7 °

and increasing equilibration times (2 = 10 minutes total, 3 = 30
Tinutes). The up for these poaks i{s shifted as mentioned above and

a small shoulder on the cathodlc side 1a evident, Curves 4 and §

‘givo the results after furthor acidification to pll » 0.7, Tho

cathodic shoulder {s now much_ more prominont and, most significantly,

inflocts at the u of the acidified tu*? calibration polarogram.

. Peak height is alﬂo decreased as oxpected with the continued

emergonce of the cathodic ¢u* * shoulder. Bquilibration timo playq
an apparoqtly minor role.

The colloidal material causing this pelarographic behaviour
i3 ohbviously affected only very slowly by highly acidic condltions.
Fe collodds would be expected to dissolve almost tmmediately, and
nlthough Mn-oxidg; are more stable aT ;ow-pn (Jeffriea, 1074),
their eventual dg;;olution would also be oxpocteq._ The increasing
catho§1c shoulder size with decreasing pll would be a.manifoatati5n
of this phenoﬁenﬁn. Addit1§n of a reducing agent would b; expoctod
to spoed such a procoss and Curve 6 givos the result aftor additton
of 400 uM hydroxylamine hydroehlo»ide and oquilibration for 10 .
minutos‘ A substantial iucrquao 1n tho aize of the cathodic Cu'*
shaulder lends vorification to thia theory. Nevertheleas, .the anodie

poak, although diminished in height, still romains. The colloid in

A ‘ . @

L
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L

the Vernor samplo is obviously at loast a two-componoent systom, one
of which is oxtromely resistant to low pil and reducing conditions,
and i3 still sufficiently surface activg to inhibit electrode
roaction. An alumino-silicate analogous to clays might fit this
description, although with the oxtremely small quantities of mass
involved, verification by conventional means (i.e., X-ray ildentifi-
cation) would bo impossiblo. With an average particle sizo less

than 0.01 u, even olectron microscopic techniques are inadequate.

Ultracentrifuging of the Verner sample shows that the acid
solublo (roduciblo) component is less affected, sinco on acidifica-
tion, the cathodic cutt portlon of the stripping peak bocomes

dominant. Alteration of the addorption character due to centrifuging

would be the only other possible (although improbable) explanation.

x - [

I11.6.0 Sample Storage

Figuro ll gives an oxample of a phonomonon which has been
common :o almost all samples tested. The 3ample preparation proce-

dure calls for 0.45 4 filtration inte a Pyrex storage vossel,

_normally a $00 ml Brloumeyer flask. 1t has.boon found that on

aging in these flasks; the peak height ;f.aubsamplos gradually

" decroases wlth time, Simtlarly, B, shifta with time. Storage of

P
tho Verner sample for 2 days gave .a polarogram almost oxaetly

oquivalont to that th&inod for ultraeen;rifuglng (240 mtnutoa).
both for the pll = 6 and 0.7 situations.. Adsorption ot eolloidal

q‘
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FIGURE

Polaroﬁr&m 1

. Polarogram 2

Polarogram 3

Polarogram 4

11

DPASV Polarogram

Vorner - Feb. 8 - Mar. 7, 1975(c)
Labilo Cu, pH = 6, sauple
stored 2 days in glass flask
prioxr to analysis
pH adjusted to 0.7
Labile Cu, pH = 6, same as 1

- except storage contalner surface

disturbed with a toflon spatula
ptl adjusted to 0.7

f7
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Figure

DPASV Polarogram
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material onto the tlaskh surface was hypothosizod as the causo, and
dlsturbing of tho surface with a Teflon spatula supgested as the
obvious test, Aftor scraping of the innor flask surtaces and agita-
tion of the sample to assure homogenelty, a polarogram almost oxactly
equivalont to that of the newly filtored sample was obtained (Curves
S and 4, Pilgure 11). This oxtremely simplo oxpoerJnt of un

almost universally observed phonomenon (with respect to procipitation
samplos) londs strong support to the hypothesis of tho colloldal
asgoclation of hoavy metals in precipitation. Neoodless to say, there

aro further implications with regard“@o the handling of such sampled

for any type of analysls If accuratv rosults are doslred,

II1.6.f Synthotic Collold Statos

Having obtained evidouéo for tho existence of colloidal
assoclatlon, oxperiments wore Iinltiated In an attempt to slmulato
nature; that iy, produco the same offocts noted proviously with
synthetic samples. In the pll range of mout procinitution‘(d - 6.5)
twvo common colloidal systoma will exhibit surfacoe chargoes which
allow the adsorption of cutions.- Fo oxldes gonerally have an {so-
eloctric point in tho pll fango 6 - 7, although some specific adsorp-
tion of ions below this pH has boeen royortod. Mn-oxides have a much
lowor {aceloctric plt and consequently adsorb cationg more strongly.
Other systems which may play & vole are SLO2 with a plt (ZPC) = 2.0
and highly dispersed ¢lays (pl(ZPC) -'2 - 4.8). As mentionad pro-

viously, the flrdt two of these (Stumm and Morgan, 1970) should be

~
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acid soluble wotle the Jast two may be more rosistant,  The eftect
played on anv of these highly dispersod aysatems on ASV responsce has
not beon documented, It hasw beon noted that precipitation {v commonly
"suporsaturatoed' with "soluble" Lron as caleulated from lron hydroalde
solubllity whon such golubility s definod by 0,45 i membrane €iltra-
tlon. Values of filtered Fe groater than 100 ug/1 ave common, Routline
dotormination of Mn, unfortunately, has not boen cavried out, A fow
samples have been analyzod and the results are prosented in Table X1,
Lasrus ot al (1970) veported a mean flltered Mn concontration of

12 ug/1 for U.S. procipitation. Consldorable data are avallable for
atmosphoric concontrations of 'n and Fo obtained through thoe high
volume filtor sampling and analysls (Havrison ot al, 1971 b; Miller
ot al, 1972; Winchestor and Nifeng, 1971). Manganose procipltation
concontratlons show considerable variabliity as 138 commonly obsoerved
for athor heavy motals, On the basis of this small numboer of samplos
there 1y no obviousArolutloushtp botwoon concentration and proximity
to Sudbury, as has boon shown for Fo, Cu and Ni, Quantitios of Mn

and Fo omitted by the Intornational Nichol Company's 1200 Ff. atack
are alse glven fn Table XI, The Fo:ln ratla is three to oeight timos
groator than that calculated for avorago crustal ubundhncos. while
dotermination of tho same quotloent for high volumo fllters cpllected
in a varloty of Industrial areas ylolds values that are two to thyree
timos loas; This may only occur L€ thore ls a rapld difforontial

dry fall-out of Fo with respect to Mn near the source, and it must

also follow that Mn s assoclatod with the much £lnor aerosol fraction,
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TABLE X1

MANGANLSH  IN  THE  ATMOSPHERL

Samplo ﬁrocipltutlon Goncontration Source
(filtorod) -~ ug/l,

- ma s R W Wy & -

USA Avorage 12 (Lazrus ot al , 1970)
NRC 50

S, 8. Marie AY

Bspanola 48 ’

River Valley 27

Sudbury South <8 ' McMaster Analysis
Skoad 33 (May, 1975)

Verner 39

Goro Uay 10 ‘
South Laymouth 18 ‘
Skoud <5 o
Vornor 10 McMastor Analysis i
Duck 1s. (Total) 12 (Rob,, 1975)
buck Is, (Tower) 37 f

Avorage Crustal Abundancea for Pe and Mn:  (llandbook of Chemistry v

H

and Physica)_ 2
Fo = 50,000 wg/kg '
Mn w 1,000 wg/kit . i
Fo t Mn = 80 - Lo
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TABLL

Atmouphoric

Ol S A D WP~ (8 B W B B At o g &

Partlculato

(cont'd)

Concontratlion

B T e

A

Souree

L R N B

Mo (ug/md)  Bo (wg/nd) Fo : Mn
N, Indlana 0.15 4,17 32 llarrison ot al,
(1071h) %
Chicugo 0.07 1.6 23 & N
‘ Winchoator and o
Hast Chicago 0.28 5.5 20 Nifong (1971) ;
ML lwaukoo 0.12 1.9 16 .
" . ?
luwag Pt, (Michigan) 0.006 0.13 22 McMastor Analysls -
Lake lluron 0.02 0.30 15
T
e, ——y SR A B B S el B NN B A K W Ak & @B M AN ! {
lumilton North 0.32 6.5 20 .
. i
Hamilton South 0.17 3.6 21 ¢,§
Sudbury 0.02 3.7 188 Ontarlo Minlstey
: of the 5
Nuyth bay 0.02 0.7 36 lnvironment
© Ottawa 0.06 1.1 19 W
8. 8§, Marle 0.04 1.0 40 i
Y F
- —— —— i
K
~ :, %
INCO btack Mnlssions L.
Sumpling Late . Mo (1b/he)  Po (Ib/hr) e ¢ Mn Sourco ’
June 8, 1973 4.1 674 164
June 21, 1973 1.5 404 169 Ontaflo Mintatry
July 4, 1973 2.2 058 200 Bavivonment |
July 13, 1073 1o 660 41y ;fig
. L
v i
ok

Y od

'
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Predictably Fe:Mn values decrease with distance from Sudhury, as is

J .
shown fof Sudbury, !orth Bay, Sault Ste. 'faric and Ottawa values in

.

Table XI.

Mn and Fe colloids arc the most probable naturally occurring

materials which could account for this behaviour. Average filtered

Fe levels of 36 ug/l and "In (26 ug/l, Yable XI) are prescnt. Stumm

and !forgan (1970) point out that natural.jron and manganese colloids

"
{(6-1n0,, and y-TeNOI) may exhibit surface arcas up to 300 n™ /g and

2
absorly various heavy metals in the propo;tion 0.3 - 1,0 moles-of
heavy metal per mglc of adsorbing species. If it is assumed that
half\the observed Fe and Mn is, in fact, truly soluble, there still
remains approximately 4 x 10'7 Y of total adsorbing material. In
regions outside the immediate Sudbury arca, Cu and other hecavy

metals generally occur in concentrations at or below this level.

Hence it is then chemically possible for the colloidal association

\d -

to exist, v
Although little Mn data are available, it is perhaps very
significant that <S5 ug/l of filtered !Mn were detected for the two
rear-Sudbury stations in Table XIJ It is possible that the over-
, )

5
whelming Cu concentrations present in these samples resulted in

Mn colloid saturation and destabilization. Coagulation of the
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Manganese and iron colloids (individually and hi}edj were prepared
\

as described carlier. Cu addition (0.1 yM) was carried out prior to Mn
and Fe oxide pr&ipitation, and in some cases SiO2 and A1*® were added
(50 ‘pg/1). Polarograms of these synthetic colloidal s}stems are given in
Figures 12 -~ 15. Figure 12, curves 1 and 2, illustrates polarographic
response of 0.1 uM cu’® in the absence of colloidal material. The c{gected
ip and Ep are obtained. Curves 3 and 4 give the rcsponse‘of a mixed
colloid system (Mn, Fe, Al, SiOz) in the absence of Cu. The failure to

obtain any significant polarographic respopse is important, since it veri-

{

. fies that the presence of Cu is necessary to obtain polarograms of the
type previously discussed; that is, observed shifted peaks are caused by
colloidally'associated Cu and not just by the colloid itself., The small
peak obtained for the écidified, no Cu'’? case(No. 4) is the normal' blank
leyél. Curves 5 and 6 give the composite case, i.e., mixéd colloid plus
cu'’. The peak is somewhat '"blurred" out on the anodic side although the
differences be;ween it and the 0.1 uM cu'? calibration peak are very small.
Succeeding experiments proved mo;e su;cqssful and it must be assumed that
the presence of Al and 5102 (at 50 ug/1) in this experiment pr;vented col-
loidal association of Cu with the Fe and Mn oxides, or more probably,
altered the surface chemical properties of the colloid to a sufficient
degree 