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ABSTRACT

The role of soils in the adsorption and release of heavy
metals and their interaction in soil systems has not been
extensively investigated. The interface between soils and
water systems and the effects of land use practices on heavy
metal adsorption, partitioning and release is an area of inquiry
that requires study. In this study, both empirical and mechanistic
approaches were utilized for evaluating the fate and behaviour
of the heavy metals cadmium, lead, copper and zinc in clay
minerals, and soils and sediments of the Salmon River watershed.

Various extracting agents were chosen to study their
effectiveness of heavy metal extraction following sample for-
tification. The extracting agent 0.05 M E.D.T.A. and a shaking
period of two hours were selected as a good compromise for
studying the distribution of heavy metals. Lead was retained to
a greater extent than Cd, Cu and Zn and correlated with organic
matter, and to a lesser extent with cation exchange capacity of
the soils and sediments.

The physico-chemical approaches utilized for studying
adsorption of Cd, Pb, Cu and Zn showed adsorption phenomena for
the smectite group of minerals to be different than the 2:1
non-expanded type (il1lite) and the 1:1 clay mineral (kaolinite),

when the data were incorporated into the Langmuir equation.
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Irrespective of clay mineral type, adsorption conformed to the
Freundlich equation at the pH values of 4, 5, 6 and 7 and over
a concentration range of 0-3000 ppm.

Common among adsorption on clay minerals, soils and sediment
was that heavy metal adsorption at low pH values was in excess
of the corresponding cation-exchange capacity and adsorption in-
creased with increasing pH. Adsorption mechanisms other than the
monolayer type are suggested.

Conformity with the Langmuir equation for soil and sediment
adsorption was found to vary with metal type, concentration range
and pH. No differences in bonding energy of lead were observed
among the soils at the same pH. Adsorption of Pb, Cd and Zn on
soils and sediments at pH 5.0, were positively correlated with
clay content, organic matter and cation exchange capacity;
negative correlations by Pb and Cd were observed with oxalate
extractable Fe and A1, but Zn was positively correlated. Adsorption
by soils and sediments followed the Freundlich equation over the
entire 0-3000 ppm concentration range. Competition studies showed
adsorption of an equivalent mixture (1:1:1:1) of Cd, Pb, Cu and Zn
on montmorillonite at pH 5 to follow the Langmuir equation.
Adsorption from the same equivalent mixture on kaolinite and two
soils of differing texture and organic matter content did not

fit the Langmuir equation.
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'Compqraffve data from'soils uhder different land use
practices showéd Pb and pOssib1y_Cd o be'aséociated wifh
'traffic.prokimity. Analysis of theVSedihents indicated. higher
metal va]ueé in ‘industrial, agricu]tha] and neér £heum0uth Qf
the fiygr than from upstfeamrrura1,sites. o
o An extenéion of the'physicofchemicai approach to sof]s_ahd
'f'sedimEntsApfovides adsorption maxima tﬁat‘ére of predictive.v
value_for_the heavy metals studied. This approéch 15 useful to

evaluate the effect of land use practices-oh heavy'metals.
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INTRODUCTION

Rapid industrialization during the present century has

created new environmental problems, faster than scientists
have been able to develop technology to adequately minimize
their impacts. One such problem is the interaction of "heavy
metals" with the food chain and ultimately man.

The term "heavy metal" means different things according
to the user's concept. Geochemists and biomedical researchers
think of them as trace elements. To the geochemist and the
geologist, they are regarded as frace elements because they
are considered to be non-essential components of minerals
comprising less than one per cent of the mineral. The biomedical
researcher similarily looks upon these elements as trace because
they are ordinarily present in animal or plant tissue in con-
centrations less than 1% of the organism. When essentiality of
elements for normal plant growth is examined, one finds that
some of the heavy metals do not participate in physiological
reactions; instead, when they exceed critical levels, there is
a harmful effect on growth and yield. Since soils and vegetafion
are important links in the food chain, it is imperative to fill
in gaps in our knowledge about short-term and long-term effects

of these metals.



The amounts of many of these elements responsible for
acute intoxication are fairly well established. For example,
the toxicology of cadmium has been recently reviewed. Poisoning
caused by cadmium has been well exemplified in the Jintsu River
Valley of Japan (Kobayashi, 1971). Similar reviews on the
relation of heavy metals to health and disease have been ex-
tensively covered (Friberg, 1973; Page and Bingham, 1973; Lisk,
1972).

What are the factors which influence the extent of metal
contamination? It would appear that levels vary with man's
activity in a geographical region. Data as such are not
available to reliably characterize relationships between heavy
metals and their activities, in relation to topography, drainage,
soil type and climate. Various monitoring programs have been
undertaken to identify areas of metal contamination; these survey
approaches have covered most of the facets of our physical
environment (rocks, soils, water and atmosphere).

Knowledge pertaining to uptake and accumulation by plants
are slowly accumulating (Lisk, 1972). There are tremendous
variations in the uptake and tolerance of heavy metals among
plant species, however more research effort is required before
reliable conclusions can be drawn. In biomedical research, recent
studies have revealed that highest priority is being given to the
interactions between cadmium and zinc (and possibly copper) and

their relationship to cardio-vascular disease {(Hopps, 1974).



There are several sources by which cadmium and zinc can
contaminate soils. They include mining and smelting operations,
gasoline and fossil fuel combustion, biocides, industrial and
sewage sTudge application to agricultural and forested lands,
and lTimestone and phosphate fertilizers.

A survey of the literature revealed that in Western Canada,
and particularly in British Columbia, very few studies have been
undertaken to elucidate the nature and extent of heavy metal
contamination in soils and river sediments. It has been the
purpose of this study to investigate further the fate and be-
haviour of heavy metals in the soil environment. The Lower
Fraser Valley of British Columbia and within its boundaries,
the Salmon River Watershed, is an important agricultural area.
For fhe past decade, the watershed has been receiving heavy
metal additions from several sources including agricultural,
residential and more recently industrial wastes. The Salmon
River is a tributary of the Fraser River and the watershed lies
in the immediate vicinity of the estuaries and coastal waters.
The metals Cd, Pb, Cu and Zn were selected because they have
been suspected to create environmental problems in the province

(Warren et al, 1971; John, 1972; Hall et al, 1975).



The overall objectives of the study were:

1. to evaluate the efficiency of several extractants on
heavy metal recovery following sample fortification,

2. to characterize and evaluate the heavy metals in
soils derived from different parent materials, and some
surface sediments within the Salmon River Watershed,

3. to elucidate the effect of pH on the sorption
capacities of clay minerals, soils and sediment for heavy
metals over a concentration range of 0 to 3000 ppm, and

4. to determine sorption capacities of clay mineral and
soils of differing parent materials, from an equivalent mixture
of heavy metals. \

Partitioning per se does not provide evidence concerning
interactions between heavy metals and soils or soil components.
In order to understand mechanisms, physico-chemical approaches
are required. Such approaches have been just initiated, and,
so far as British Columbia soils are concerned, only one author
has been found in a survey of the literature (John, 1972b).
Subsequently, the second objective was geared to gain insight
into the mechanisms controlling the availability of these metals
in the presence of pure inorganic soil components, namely the

clay minerals: montmorillonite, vermiculite, il1l1ite and kaolinite.

Individual adsorption studies between clay minerals and metals



were carried out; as well as competition studies between metal
mixtures and minerals. The findings have permitted description
and prediction of the patterns of adsorption over a wide con-
centration range and under varying pH conditions.

In order to evaluate the chemical behaviour of the heavy
metals in natural systems compared to clay mineral systems
similar studies were performed with three surface horizons of
soils and a surface sediment.

The results of this investigation have been used to elaborate
on metal retention characteristics; Causal relationships between
sorption capacity and soil properties have also been examined.

The findings from the study should contribute to a better
understanding of physico—éhemica] phenomena in natural systems.
Most studies reported in“the literature have dealt with low
concentration ranges of the heavy mefa]s (usually less than 250
ppm); this study has extended this range. It is the hope that
further work in this line be pursued and that such understanding
would help devise control measures to maintain desired levels so
that water quality and biological activity are not affected. It
should be emphasized that the data presented are in concentration
units, and it will be readily recognized that inferences about
mass fluxes depend on the assumption of continuity of processes

in the soil.



Heavy Metal Chemiétry

Zinc and Cadmium:

Zinc occurs as a mineral, but cadmium is a unique element
in that no mines or ores are worked for its sole production.
Zinc has a density of 7.14 at 20°C. Cadmium is usually found
as impurities in zinc ores. It has a density of 8.69 at 20°C.
Two other impurities associated with zinc ores are lead and
iron. Lead does not entér into solid solution in zinc structures
and therefore does not affect the physical properties of zinc.
Cadmium and aluminum and to a lesser extent copper are the only
elements which go into solid solution with zinc and decreases
the malleability of zinc (Sneed and Brasted, 1955).

Zinc is used for the protection of iron against corrosion
in bridges, automotive parts, machines, aircraft, etc. In
moist air, it forms a hydrated okycarbonate of the formulae
52n0.2C02.4H20 and 4ZnO.C02.4H20. Cadmium does not oxidize as
readily as zinc, nor does it easily form an oxycarbonate on
eXposure to humid air. In their normal oxidation state, co-
ordination numbers for the elements show close similarity (i.e.
2, 3, 4, 5 and 6), with six fold coordination occuring most
frequently (Aylett, 1973).

Since cadmium is just above Co, Ni, Sn, Pb and Hys but
below Zn and Al in the electromotive serjes of elements, it can

be precipitated from solution by the addition of Al or Zn dust.



These elements as described below differ from the alkali
and alkaline earth elements in undergoing hydrolysis at
lower pH values, and also differ in certain types of reactions
(formation of inorganic complexes) that make them behave
differently in the physical environment.

Both commercial zinc and cadmium dissolve in dilute
acids. They are divalent in almost all their compounds.
They form complex ions with ligands such as cyanide, ammonia,
chloride, carbonate, hydroxide and many organic radicals. One
particular feature of cadmium is the ability of cadmium salts

to auto-complex:

2-

A cd?* (Dpavies, 1962)

2CdC]2 = €dC1

Zinc oxide is the most widely used zinc component and its
solubility in water is 0.005g/1itre at 25°C. Ammonium salts
increase the solubility of zinc oxide. The co-valent character
of the oxides is greatér for cadmium than zinc, increases in
accordance with this, Cd(OH)2 is more basic than amphoteric
Zn(OH)z. Zinc oxysalts change to zinc oxide in the presence
of excess alkali, with the less stable and more soluble oxy-
compounds such as the nitrates changing to zinc oxide at
re]ativély Tow pH (Sneed and Brasted, 1955), whereas the more

stable ones, such as the oxysulphate and oxycarbonate, require

either higher pH or a longer period of time for the transformation.



Six forms of Zn(OH)2 have been described depending on
concentration, pH and temperature. It appears that three of
the forms of Zn(OH)2 have a characteristic x-ray pattern and
a structure consisting of a- double hexagonal layer of OH dions
with Zn ijons in the octahedral space analogous to brucite,
Mg(OH)2 (Aylett, 1973; Sneed and Brasted, 1955).

Strong alkaline solutions (pH >9.5) react with zinc oxide
or hydroxide to form zincates. Zincates although often written
as Zn022;, are anions of hydroxo complexes with a general

2-n

formula [Zn(H O)m(OH)] There is good evidence for the

2

formation of various anionic hydroxo species such as [Zn(OH)3]

and [Zn(OH)4]2‘ fn alkaline solution. Although other ions e.g.

3+
3]

polynuclear [ZnZ(OH)3]+, [Zn3(OH) and six-coordinate [Zn(OH)6]4'
have been proposed, the evidence for their existence is not strong
(Aylett, 1973).

The equilibria of Zn(OH)2 indicates the ionization of the

hydroxide both as an acid and a base:-

In(0H), + H,0 == H3o+ + HZno,"

Zn(0H),. [H,0] + H,0 == H0" + [Zn(0H) 5]

and Zn(0H), == Znt + on”

Various solid hydroxo complexes have been isolated from

alkaline solutions: e.g. NaZn(OH)3.3H20; NaZZn(OH)4 and



Na, (ZnOH)4 .2H20. Reactions between Zn2+and silicate ions
lead to slimy precipitates of variable composition.

Cadmium salts hydrolyze less than the corresponding
ones of zinc. Its hydroxide is a stronger base than Zn (0H)2.
The following species have been found to exist in solution:
Cd(0H)™, Cd(OH),, Cd(OH),™ and Cd(OH);™. It is not well under-
stood whether cadmium has amphoteric properties or can form
polynuclear species Tike zinc. Cadmium complex ions have been
reported by many researchers: e.g. Cd(NH3(0H)2 (Danilov, 1971);

2

Cd(S0,)5 , €CdC1(S0)  (Federov, 1971). With solutions of CdCI
472

N 2’
NaOH forms Cd(QOH)C1, Cd(OH)2 and intermediate hydroxychlorides.

Pure cadmium hydroxide begins to precipitate at pH 7.8. With

a solution of cadmium nitrate, NaOH reacts to give Cd(NO3)2.3Cd(OH)2.

Copper

Copper has a density of 8.95 at 20°C. As simple monomers,
copper is paramagnetic, as copper has one unpaired electron in
the 4S orbital. The most common co-ordination number for Cu(I)
is four; the majority of cuprous compounds are in tetrahedral
co-ordination both in molecules or in polymeric structures. The
usual co-ordination numbers adopted by Cu(IIl) are four, five and

most commonly six.
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The affinity of copper for oxygen is greater than that
of zinc or cadmium. The cupric ion in aqueous solution is
considered to be hydrated by six water molecules.  The main
species formed during the hydrolysis of the cupric ion are
the hydroxyl bridged polynuclear ions Cu(OH)gz_2 not Cu(OH)+
(Massey 1973). The solubility of copper hydroxide, Cu(OH)Z,
increases in the presence of Na(OH) to give blue solutions of
Na2Cu02. The structure of cupric hydroxide contains infinite
chains of copper atoms linked by hydroxyl groups and the gel,
therefore, retains large quantities of water. The product of
the strong oxidation of cupric hydroxide may be perhaps Cu0.0H
(Massey, 1973). Inorganic complexes are well known. Aqueous

2+

NH3 dissolves Cu(OH)2 to form Cu(NH Complexes of cupric

2-

3)4

nitrate are Cu(NO3)4 and Cu,NO OH)3 (Massey, 1973). A

3
polymeric chain structure has been observed in the structures
of CuC]2 and CuBrz. Basic salts formed form the halogens are
Cu(OH)F, Cu(OH)CT, Cu2(OH)3C1, Cuz(OH)Br and Cu2(OH)3I. The
chloride Cu2(0H)3C1 is widely used as a biocide. .

Lead

Lead is one of the heavier elements with a density of 11.34.
In moist air, it forms a thin surface film of oxycarbonate. It

has a potential of 0.13V relative to the normal hydrogen electrode.
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There appears to be one crystalline lead oxide-hydroxide
(3Pb0.H,0). Pb (OH)2+ and Pb (OH)4+ are reported in partially
2 3 4 6 6

hydrolyzed solutions of lead oxide. Alkaline solutions of lead

contain a complex set of lead hydroxo cations, e.qg. Pb(OH)3,
Pb(OH)2™ (Abel, 1973); no evidence for Pb(OH)5™ has been found.
The most common carboxylate of lead is lead acetate which
is very soluble in water (1 g in 1.6 ml cold water); however,
the solutions are only partially ionized at this concentration.
Many other lead carboxylates are known such as formate, stearate,
oxalate and tartrate.
Addition of Na(OH) to Pb(NO3)2 solution precipitates two
basic nitrates: Pb(NO3)2.Pb(OH)2 and Pb(NO3)2.5Pb(OH)2;
there is no indication of precipitation of Pb(OH)2 as such
even at pH 2.0 (Abel, 1973). Organo-metallic nitrates of lead
are well known, e.g. (C2H5)2PbN03 and C6H5PbN03; equally well

known are the organo lead oxides and hydroxides, e.g. R2Pb(0H)2.

The following complex ions have been noted in perchlorate

. + + + + 4+
solutions: Pb,(0H),", Pb,(OH)>, Pb(0H)3™, Pb(OH)*, Pby(0H)¢
together with dissolved Pb02; however, the predominant ion is

4+
Pb3(OH)

4 (Abel, 1973).



summary

~Some of the basic properties of the fourveiements are
summarized below.

Oxidation state Radius Corordinatjoh_No.

. *AO

Cd 2 1.15 5
o 2 1.05 6
in 2 - 4
= 1 1.05° 2
Cu -2 0.97 -4

' .2 1.38 4
4 1.16 6

- Pb
:SiHQG the soil is a complex mixture.of'uarioUSfinorgénic
~and organic_cthtituente, thevreactiOns of these elements in.
150115 ere more.comp1ex In addition,- 0ils in the f1e1d s1tuat1on
are dynam1c constant]y chang1nq in boundary cond1t1ons,’thus,
Taboratory ana]yses must be extrapo]ated w1th caut10n For examp1e
Apart1a1 pressures of. carbon d1ox1de and oxygen in soils are not
the'same as in 1aboratory stud1es, temperature in the_temperaee
regions is on the averagel0-18°Cthus causing slow rates of reaction.
‘An e}ement~that has_precipiteted-ﬁn the soil méy become irreversible
with.timefand as it reorganizes,‘it becomes more regular with a
B lower sbecffic surface and fhus less reactive; Availability of
an eiement'in soil so]utfon is cbntrol]ed by the'nature of the
soil matrix, which is predom1nant1y negatively charued the-
mob111ty of e]ements such as Cd, Pb, Cu and Zn 1in soils ié'there—

fore regu]ated by the pH cond1t1on and retention charaCteristics

of sdi]s{
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PART 1

Selection of an Extractant and Partitioning of

some Heavy Metals in the Salmon River Area

INTRODUCTION

Heavy metals are characterized by density greater than
five. Those commonly encountered in soils are Cd, Co, Cr,
Cu, Fe, Hg, Mn, Mo, Ni, Pb, and Zn.

These metals have been reported to affect biological
activity. During the last decade, cadmium and lead have been
in the forefront as those metals that directly or indirectly
affect human health. The toxicology of cadmium (Friberg, 1973;
Page and Bingham, 1973) and the impacts of lead in the environment
(National Research Council, 1973) have been recently reviewed.
Poisoning caused by cadmium have been well exemplified in the
Jintsu River Valley of Japan (Kobayashi, 1971). Lagerweff (1972)
following é review of lead problems in the environment, reported
studies where and intake of 1000 ug of soluble lead per day could
cause adverse symptoms in humans in about eight years.

Pre]iminary surveys of cadmium, lead and zinc concentrations

in whole blood samples of children living in urban areas have
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been the subject of a reéent study (Bogden, Singh and
Joselow, 1974). Though copper and zinc are essential
elements for the normal functioning of the plant, at high
levels, they affect the food chain (National Academy of
Sciences, 1974). Copper levels of 30 to 50 ppm have been
reported to cause toxicity in citrus seedlings and pot
studies (Rewther and Smith, 1953; Purves, 1972). A survey
of the literature revealed that the uptake of cadmium from
soils has been well demonstrated (Page, Bingham énd Nelson,
1972; Haghiri, 1973; John, van Learhoven and Chuah, 1972;
John, 1973; Lagerwerff, 1971; Jones, Hinesly and Ziegler, 1973).
The uptake of Tead is not as well undefstood as that of cadmium;
however studies of lead absorption have been reported fér some
agricultural crops(Lagerwerff, 1971; Anon, 1974). Soil con-
tamination by lead has been often related to industrial and
urban centres, and road proximity (Chow, 1970; Lagerwerff and
Specht, 1970, National Academy of Sciences, 1974). Samples
between about 1.2 metres above curbside have shown lead in air
at peak periods to be 40 ug Pb/m3 in cities and 6 ug/m3 near
rural roads (Air Pollution Control Directorate, 1973).
Information about the effects of heavy metals on micro-
organisms in soil is scanty; addition of 1000 ppm copper
prevented nitrification in a sandy loam at pH 5-6.0 (Quraishi

and Cornfield, 1972). Bhuyia and Cornfield (1973) injected
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1000 ppm Cu, Zn and Pb and found from their studies that
the amount of CO2 released was reduced when compared to
the control, and secondly straw mineralization rate decreased.

The physical environment is an interaction of the soil-
plant-atmosphere system and uses the hydrological cycle to
support and maintain its dynamic stfucture. Since man's
activities affect the geochemical composition of inland and
coastal waters; and, evidence is accumulating that heavy metals
in waters and sediments (oceans, rivers and lakes) are affecting
aquatic life-forms, the need for surveys according to land use
and geographical region is relevant. Toxicity bioassays of
heavy metals on selected fresh water invertebrates and the
interaction of cadmium and zinc on the fresh water shrimp have
been demonstrated (Northcote et al, 1975; Hall et al, 1975)

‘Based on the above, and the limited amount of information
available in agricultural areas of Canada (John, 1971, 1972;
MacClean and Longville, 1973; Chisolm, 1969) it was felt that
a study on the partitioning of heavy metals in an agricultural
watershed of the Lower Fraser Valley (Salmon River Watershed)
would be an appropriate undertaking.

The objectives of this portion of the study, therefore,
were:

1. to evaluate the efficiency of several extractants on

heavy metal recovery sample fortification, and
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2. to characterize and evaluate the heaVy metals
copper, lead, zinc and cadmium in soils derived from three
parent materials, and some surface sediments within the

Salmon River Watershed.
 MATERIALS AND METHODS

Soil samples of high and low organic matter content and
Tow clay content derived from glacial till from the West coast
of Vancouver Island wére studied prior to seiectioh’of sampling
sites in the Lower Mainland. For these preliminary assessments,
the soils were selected because of their texture and range in
organic matter content. They were part of a more comprehensive
study (Lewis, 1974).

Following the preliminary studies, two Ap horizons from the
Lower Mainland were selected to extend the findings to soils
occuring in a different environmental setting. These were derived
from two different parent materials, namely alluvium and outwash.

The materials in the remainder of the study were derived
from three different parent materials within the Salmon River
Watershed. They were'representative of the soils found around
the estuaries of the coastal waters of the Lower Mainland of
British Columbia and the agricultural and rural areas of the
Fraser Valley. The parent materials underlying these soils

were floodplain alluvium, glacial outwash and glacial marine.
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Two sampling sites were chosen from each parent material,
a brief description of the sites is given in Table I.
Figure 1., illustrates the location of the study area.
The sample sites were selected on the basis of their
representativeness with regard to land use activities and
soil conditions. It was understood that this approach would
not yield statistically sound geographic extrapolation but
would serve in achieving the objective of elucidating the
retention characteristics of the soils for the heavy metals.
Five surface sediment samples were collected from the
Salmon River. Sample S] was collected in the stream bed of
the alluvial geomqrphic unit; 52 in the stream below the area
of marine material drained by the river; S3 and 56 in the area
of marine material. Sample S7 was collected in the area of
glacial outwash. The land use in the vicinity of the sediment

sites is described in Table (I).

Table 1

Site Descriptidn

Soil
Sample Site Parent Material Land Use Classification
1 AlTluvium Golf Course Gleysol
2 ATluvium Crops Gleysol
3 Glacial Qutwash Strawberry Podzol
4 Glacial Outwash Forest Podzol
5 Marine Loam Hay Podzol
6 Marine Loam Forest Podzol
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*
Sediment Description
Sediment Land Use Land Use
Number Above site Surrounding
' site

1 Industrial Residential
2 Residential and Residential and

agricultural agricultural
3 _____ W e e '.I _______
6 Forest Forest
7 Forest Forest

*
As defined by Westwater Research Centre
Vancouver. (Personal communications).

Preparation of Materials

Samples were air-dried and ground to pass a 100 mesh
stainless steel sieve. A stock solution of 200 ppm mixture
of cadmium, lead, copper and zinc was preparéd using analytical
grade reagent and distilled-deionized water. The following

extractants were used:-

5% CH3C00H 10% CH;COOH

0.1 N HCI 1.0 N HCI

0.05 M E.D.T.A. 1.0 N HNO,

Analytical Methods

Preliminary Procedure
In the preliminary study, 5 ml of the 200 ppm heavy metal
mixture were added to 2.5 g samples of the Ah and Bgf horizons

of the soils from Vancouver Island in a plastic centrifuge tube.
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Each sample was shaken for ffve minutes, allowed to stand
overnight and centrifuged until thé supernatant solution was
clear. The supernatant solution was collected in a. 100 ml
volumetric flask; the centrifuge was washed with three 15 ml
portions of deionized water and the washings were poured into
the supernatant flask which was later brought to volume. The
centrifugate was further washed with two 15 ml portions of iso-
propanol and the washings discarded. To triplicate samples of
centrifugate, 25 ml portions of each extractant was added;
(accordingly the ratio of soil to solution was 1:10). The
contents were shaken for 6 hours on an end over end shaker and
centrifuged until the supernatant liquid was clear. Aliquots
of the supernatant liquid and the extractants were analyzed by
atomic absorption spectrophotometry for cadmium, lead, copper

7

and zinc using the Perkin Elmer Model 306 instrument.

ExtractionMethod

The preliminary procedure was modified as follows:-
Triplicate samples of 2.5 g soil were fortified with 25 ml
of 40 ppm mixture of cadmium, lead, copper and zinc and the
pH adjusted to 4.0. The samples were left to stand for
48 hours, shaken for 30 minutes and centrifuged. Collection
of the supernatant liquid and washing of the centrifugate

followed the same procedure as described above. The extractants
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used were 0.1 N HC1, 1.0 N HC1 and 0.05 M E.D.T.A. The
effects of two shaking periods (2 hours and 6 hours) were
investigated.

The two-hour extraction method was further utilized to
evd]uate the extractants for soils derived from different

parent materials.

Partitioning Study
The extractant selected for the partitioning study was
0.05 M E.D.T.A. Duplicate sémp]es of 10.0 g of (<100 mesh)
soil and sediment were shaken for two hours with 50 ml of
0.05 M E.D.T.A. in 100 ml plastic centrifuge tubes. The pH
of all samples was measured prior to and following the shaking
period. The solution was centrifuged until the supernatant
liquid was clear and aliquot portions were analyzed by atomic
absorption spectrophotometry for cadmium, lead, copper and zinc.
Analysis of variance was run on the data using the IBM
360 computer, and significant differences between means were
determined by the Duncan's Multiple range test at the 5%
significance level. Correlation analyses were also performed
on the computer to study the relationship between extraction

and soil properties.
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RESULTS AND DISCUSSION

Preliminary Study

Copper

Table Il summarizes the results obtained with the six
reagents. Appendix I gives the readings in ppm of the heavy
metals in‘the supernatant solutions and extracts. In the
casé of the surface horizon (Ah), Duncan Multiple Range test
(a.= 0.05) showed the efficiency of reagents to vary with the
kind of heavy-metal. No significant differences were found
between 5% and 10% CH3C00H, between the mineral acids 0.1 N HCI1,
1.0 N HC1, 1.0 N HNO3 and 0.05 M E.D.T.A., however, marked
differencesin recoveries were observed between 10% acetic acid
and 1.0 N HC1, 0.1 N HC1 and 0.05 M E.D.T.A.

Relationships observed between copper and extractants for
the subsurface horizon Bgf (Table II) indicated that the trend
regarding efficiency of extracts was similar to that observed
for the surface horizon (Ah); however, higher recovery rates
were obtained by the mineral acids. The greater recovery rate
 from subsurface samples may be attributed to reduced interaction
of organic matter due to 1owef organic matter content. The
complexing of copper by organic matter has been reported by
several workers (Schnitzer and Khan, 1972; Rashid, 1973, Schnitzer,

1969). It is being claimed, that the effects of mineral acid

extraction varies with the acid concentration; for example,



Table II* Heavy metal recovery following sample fortification (six hours

shaking) without pH adjustment.

(a)” High 0.M Soil (Ah) (b) Low 0.M Soil (Bgf)
cd __Pb___ Cu Zn cd Pb Cu
% %

5.0% CH,COOH 60.3| 0.0] 26.0] 95.5 79.7  39.0  69.1
10.% CH4COOH 63.2| 9.6| 31.6]| 78.9 56.5  50.7  72.7
0.1 N HC1 ~ 73.6| 36.8]58.0] 99.9 99.9  98.0  91.9
1.0 N HCI 63.7| 70.3|| 76.0 [117.7 65.3 108.7  96.6
0.05 M E.D.T.A.  75.0| 57.3|| 83.6 | 92.6 70.2  108.7  90.4
1.0 N HNO, 80.3| 32.464.4 |116.1) 66.4  91.7  86.3

* Duncan Multiple Range Test P(= 0.05).

£¢
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copper extracted by 1.0 N HC1 (Lagerwerff, 1971; Ennis and
Brogan, 1961; Kline and Rust, 1966) extracts the slowly
avai]abje forms. Copper extracted by 0.1 N HC1 (Dollar
and Keeney, 1971) extracts the immediate reservoir of
exchangeable and readily plant available copper.

From the resu]ts obtained (Table II), it is evident
that acetic acid is a poor extractant; similar observations
have been reported (Bhuiya and Cornfiled, 1974). Leeper (1972)
suggested that the acetate ion has some complexing tendency
which would make the reagent useful for determining the mobile
reserves of heavy metals in soils. The results from this
study and that of Bhuiya and Cornfield (1972) seem to provide
contrary evidence in the case of copper. It would seem,
therefore, that acetic acid, because of its very low dissociating
ability, is not a good extractant; the amount extracted probably
represented so]ubie and some easily exchangeable copper. MclLaren
and Crawford (1973) suggested that 2.5% acetic acid removed

inorganically bound copper“from soils.

Lead
The results illustrated in Table II showed that there was
a significant difference among the treatments; Duncan's Multiple

Range Test showed differences to be significant between (a)
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acetic and the mineral acids and EDTA, (b) 1.0 N HC1 and

0.1 N HC1 (c) 1.0 N HC1 and 1.0 N HNO Data indicated that

3
1.0 N HC1 was the most efficient reagent for extracting Tead
from surface horizons with high organic matter contents;
however, no significant difference was found between 1.0 N HC]
and 0.5 M EDTA extracfions. As expected, good recovery was
found with EDTA; in the case of 1.0 N HC1, the findings seem
to support the contention maintained by Lagerwerff (1971), that,
at this concentration it is a good extracting agent for lead;
>1t would be appropriate to consider the corresponding release,
in the form of ion-pairs or ion-complexes.

When the lead results from the surface horizon samples
were compared with those obtained from the sub-surface horizon
samples, it became apparent that irrespective of horizon type,
EDTA and 1.0 N HC1 were the most efficient extractants; These
would then partly suggest that organic matter content does not
interfere with the efficiency of extraction when considering
1.0 N HC1 or EDTA. The high recovery.rate by HNO3 in the sub-
surface horizdn (91.7%) compared to a lower extraction in the
surface horizon (32.4%) may be attributable in part to differences
in organic matter content and texture. The findings contradict

that reported by John (1971), who observed no effect on recovery

with soils covering a wide range of organic matter and texture.
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From this study, it can be inferred that organic matter has
a very stronQ affinity for lead, and, once it is complexed

- cannot be easily exchanged by the hydrogen ion from nitric
acid. The higher recovery from the sub-surface horizon,
would, therefore seem to explain that in soils with low
organic matter content, lead stays in an inorganically bound
form by being either adsorbed to clay minerals, specifically
sorbed to hydrous oxides or stay predominantly as Pb2+ in
soil solution; or, more likely a combination of all these
reactions. John (1971) assumed that applied lead was con-
verted to Tead compounds of C1, NO3, CO3, 304 and that all
these forms were extracted by HNO3; and, 1.0 N HNO3 proved

to be a better extractant than 0.1 N HN03.

Cadmium

Irrespective of reagent type; recovery values for surface
horizon samples ranged from 60.0% (acetic acid extraction) to
80.0% (mineral acid and EDTA extractions); in the case of sub-
surface samples, they ranged from 65.0% (acetic acid extraction)
to almost 100.0% (0.1 N HC1 extraction). Duncan's Multiple

Range Test (a = 0.05) showed no significant differences between

treatments. It would appear that retention of cadmium in soils
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differs from that of copper andllead and, that even weak
acids 1ike‘acet1c, (and poss1b1y malic, oxalic etc ) seem

to affect its c1str1but1on within a 5011 prof11e

Zinc
Vatues reported in Table If-for the high organic matter
5011 showed h1gh recover1es by all extracting agents, though

in certa1n cases values greater ‘than 100% have been noted

x”,the Tatter may be due to contr1but1ons from nat1ve z1nc and

experimental error. Such f1nd1ngs should not jeopardize
1nterpretat1on since on]y relative eff1c1ency of extractantsv
is be1ng 1nvest1gated ‘Sharpless et al. (1969) using 0.1 N HCT
and neutra] salts (1’0 N CH3COONH4) observed h1gh zinc recovery.
Th1s wou]d support tne suggestion.-that in so11s, zing does not
.~ behave 11ke copper and 1ead but rather 1ike cadm1um

Based upon th1s pre11m1nary study, it was inferred that for
the soils used, hydrochloric ac1d>and ethylene diamine-tetra
acetie acid appeafvto be better .extractants than -acetic and-
nitric'acids for extracting a mixture of lead ~copper, cadmium
and zinc.  Since further evaluation wou]d prov1de added ev1dence

for the selection of either hydroch]or1c or 0.05 M EDTA, 1t was

fe]t desirable to use these -two reagents for further work They
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were used to study the effect of different shaking periods
on recovery rate and secondly to evaluate further their
extracting efficiency on the same soils and two soils of

the Salmon River watershed.

Selection of Extractant

Data in Table III show the recovery rates for both HCI
treatments (0.1 N HC1 and 1.0 N HC1) and 0.05 M EDTA from
the above-mentioned surface and sub-surface samples under two
hour and six hour shaking periods. Appendix II and Appendix III
summarize the original readings obtained in the supernatant
1iquid and extracts from both horizon samples.

It is apparent from the table that regardless of extractant
type, and horizon type, no marked differences in recovery rates
were found between the two hour and six hour shaking periods fo-
any of the heavy metals. This was confirmed by analysis of
variance which showed no significant differences at the five
percent level. It would therefore appear that a two-hour shaking
period is sufficient equilibration time for the extraction of
these heavy metals from both surface and sub-surface soils used.
Literature reviewed, revealed that a one hour shaking period has
been most often used to extract metals such as copper, lead and
zinc (Black, 1965; John; 1971; Tucker and Kurtz, 1955; Lagerwerff
1971).



Table III Heavy metal recovery from two soil samples following sample fortification
with (two and six hours shaking) and pH adjustment.
TWO HOURS SHAKING SIX HOURS SHAKING
Cd Pb Cu In cd Pb Cu In
% %

0.1 N HC1 Ah 45, 49, 60.2 100. 69.7 43. 65.7 142.
Bgf 82. 87. 79.4 182. 66.8 78. 72.8 166.

1.0 N HCI1 Ah 54, 90. 84.8 135. 53.8 85. 87.3 117.
Bgf 65. 95. 72.3 169. 89.9 101. 94.2 228.

0.05 M E.D.T.A. Ah 53. 82. 83.6 104. 62.8 82. 86.5 123.
Bgf 73. 96. 78.3 164. 108.3 125. 97.4 188.

6¢
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In order to evaluate this finding a bit further,
analogous analytical results are presented in Table 1V
and Appendix III; two surface soils (Site I-Ap and Site
ITI-Ap) of the Salmon River Watershed were used. The
Site I-Ap was a clay loam with 21% 0.M and the Site III-Ah
a silt loam with 7% O0.M. Some selected properties of these
soils have been presented in Appendix IV and Appendices VI to
VIII.

Variable results in cadmium recovery were noted between
Site I-Ap and Site III-Ap, regardless of extractant. This
made it difficult to assess whether differing organic matter
content and parent material partly affected retention. Duncan's
Multiple Range tests, showed that with both Site I[-Ap and Site
III-Ap samples, no significant differences was found between
0.1 N HC1 and 1.0 N HC1 treatments; but, there werésignificant
differences between 0.1 N HC1 and 0.05 M EDTA,anq 1.0 N HCI
and 0.05 M EDTA. Such consistent trends regardless of kind of
parent material and organic matter content,_févours the state-
ment that EDTA is a more effective extractant for rémoving
added cadmium from these soils.

The data collected for lead illustrated that 0.1 N HC1 and
1.0 N HC1 removed a greater percentage of added lead from Site
IIT-Ap (low 0.M. and clay) than Site I-Ap (high 0.M. and clay);

analogous results were obtained from the surface Ah and sub-



Table 1V Heavy metal recovery following sample fortification, with (two hours
shaking) and pH adjustment.
Alluvium (Site-I Ap) Glacial Outwash (Site III Ap)
Cd ‘Pb Cu Zn Cd Pb Cu Zn
% %
0.1 N HCI 84.6 54.1 71.3 71.7 69.4 70.0 77.7 79.3
1.0 N HC1 85.3 73.5 92.5 68.1 68.1 80.9 92.0 90.8
0.05 M E.D.T.A. 113.0 115.4 115.3 114.7 89.8 103.5 91.6 97.0

LE
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surface (Bgf) samples used in the preliminary studies. It

would, therefore, be reasonable to suggest that the efficiency

of an extractant‘to extract added lead is partly a function of
organic matter content and texture. Duncan's Multiple range test
on the lead data from both samples (alluvial and outwash sites)
showed significant differences between any two of the three
treatments, with the EDTA extraction the most significant.

In the case of copper extracted from Site III-Ap, no
significant difference between 1.0 N HC1 and 0.05 M EDTA
treatments was observed; however, significant differences,
existed between 0.1 N HC1 and 1.0 N HC1 and between 0.1 N
HC1 and 0.05 M EDTA. Copper extracted from the alluvial
horizon (Site I-Ap), showed differences between any two treat-
ments (0.1 N HC1 and 1.0 N HC1, 0.1 N HC1 and 0.05 M EDTA,
and 1.0 N HCI ahd 0.05 M EDTA) thus indicating EDTA to be the
most effective extractant. |

Differences in treatment means for zinc did not provide
consistent recovery trends in both alluvial and outwash surface
samples. With the alluvial horizon, significant difference was
found between 1.0 N HC1 and 0.05 M EDTA, 0.1 N HC1 and 0.05 M
EDTA, but no significant difference was noted between 0.1 N
and 1.0 N HC1 treatment means. Brown et al. (1971) reported
from his studies on zinc that to properly characterize the
zinc status in soils more than one extraction method may be

required.
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Discussions so far have illustrated that many parameters
are involved in soil-heavy metal reactions.” Because of the
complexity of these reactions and the differing chemical
properties of these transition metals, no conclusive statement
can be made regarding a best extractant. The amount of metal
present in an acid extract may be the sum of the readily soluble
and exchangeable, slowly exchangeable and extractable, plus an
amount which is released from the inner part of the inorganic
and organic structures as it decomposes or is dissolved by the
acid.

It can be inferred from this study that hydrochloric acid
at the concentrations used (0.1 N HC1 and 1.0 N HC1) and 0.05 M
EDTA are fairly good extractants when the four metals are con-
sidered in a multi-component system. It is felt that EDTA
(0.05 M) with a soil-solution ratio of 1:10 and an equilibration
time of two hours is a good compromise and was selected as the
means for removing the heavy metals without damaging the
structural components of the soil. This selection is supported
by the fact that the pH of equilibrated EDTA-soil solutions
for all samples, ranged between 4.0 and 4.5; as expected, the
samples with HC1 as extractant had pH values of less than 1.0
It would be more likely to approach natural pH soil conditions

with EDTA rather than with HCI.



34

Correlation Studies

Examination of the factors affecting extraction was
performed using correlation analysis. Simple correlations
were run between percent recovery and some primary soil
properties on the IBMAComputer 360. For each treatment,
data were drawn by combining recovery values for Site I-Ap
and Site III-Ap. Because of the Timited number of observations
for the analyses and subsequently a limited degree of variation
in the soil's data, very high corré]atioﬁs have been obtained.
Since such analyses are only qualitative in nature, they should
be interpreted with caution. Comparison of simple correlations
for the treatments 0.1 N HC1, 1.0 N HC1 and 0.05 M EDTA are
given in Appendix X.

Correlations between the hydrochloric acid treatment and
EDTA seem worthy of interpretatfon. Irrespective of hydrochloric
acid normality, pyrophosphate-Al and oxalate-Al were positively
correlated with percent lead recovered; and negatively correlated
(-0.97) in the case of EDTA extraction. It was also observed for
lead that when Pyrophosphate-Fe, Oxalate-Fe, organic matter and
clay content were negatively correlated with percent recovery
for the hydrochloric acid treatments, they were all positively
correlated for the EDTA treatment. Such variation in correlation
patterns would seem to suggest that the forms of lead extracted

by mineral acid are different than that extracted by EDTA. John
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(1971) found no correlation between lead extracted by HNO3
and organic matter but John (1972c)reported correlations
with soil pH, extractable -A1 (by CH3COONH4) and total nickel.
These results would therefore imply that in soils, organic
acidsanalogous to EDTA would be able to extract lead associated
with iron oxides, organic matter and clay, but would not be
efficient in extracting lead in association with aluminum.
It would also appear that the opposite would probably hold
true for the forms of lead extracted by hydrochloric acid.
Different correlation trends were observed for cobper,
regardliess of soil properties; percent recovery was loosely
correlated ( 0.19) for the 1.0 N HC1 treatment, but highly
correlated (0.96) for the 0.1 N HC1 and 0.05 M EDTA treatments.
These findings would, therefore, substantiate the argument that
varying the concentration bf the extractant HC1, does have an
effect on recovery of added.copper. The high negative correlation
(-0.96) found successively with organic matter and clay are as
expected. Little copper was retained by the sample because of Tow
organic matter and clay content. Strong_positive correlations
(0.99) with these two soil fractions for the EDTA treatment were
in agreement with the postulate that EDTA extracts soluble,
exchangeable and organically bound copper (MclLaren and Crawford,
1973; Kishk et al. 1973). Similar correlation trends with

pyrophosphate and ammonium oxalate were obtained for lead, copper,
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zinc and cadmium extracted by EDTA; but, varied from metal
to metal for fhe hydrochloric acid treatments.

The correlations obtained by the EDTA treatment for
¢admium with clay and organic matter were noted to be similar
to that obtained for zinc. When the mineral acid treatments
were compared, high negative correlations (-0.89) were obtained
for zinc and strong positive correlations (+0.99) for cadmium;
similar trends were noted with pyrophosphate and ammonium-
oxalate aluminum and iron. The high negative correlations for
zinc would suggest that it is strongly held by organic matter
and cltay; and that, it would be difficult to extract it by HCI,
but that EDTA 1is ab]e to do so. Zinc retention by organic matter,
clay and on cation exchange sites have been demonstrated (John,
1974; Dollar and Keeney, 1971; Brown et al., 1971). However,
Martens, Chesters and Peterson (1966) found that an increase in
organic matter coh;ent with constant clay increased the amount of
zinc extracted; this finding was supported by John (1972) who
also noted extractable zinc in soil to increase with increased
acidity, fine texture and higher organic carbon. Pietz, Adams
and MacGregor (1970) also reported that the amount of soil zinc
eitracted by various buffers and dithizon. 1is related to organic
carbon and clay conteht thus inferring organic matter to be more
important than clay in retaining zinc; and, that the ammonium ion

was more effective in displacing zinc from organo-zinc complexes.
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Opposite correlations for Zn and Cd (HC1 treatments)
lead to the suggestion that these two metals, though often
associated in natural ores, may behave differently in the
presence of a combination of mineral and organic components
in the soil. But, data from EDTA treatments would lead to
infer that similar kinds of retention occur by soil organic
colloids for both zinc and cadmium, but not by the inorganic

soil constituents.

Heavy Metal Partitioning in Soils

The results of the partitioning of lead, copper, zinc
énd cadmium in the various parent materialsof the Salmon
River Watershed have been presented in Table V. Selected
chemical and physical properties of the'soi1s have been re-
ported in Appendices IV, VI and VII; and the mineralogical
composition of the less than two micron fraction in Appendix

VIII.

Alluvial Sites

Since the alluvial sites (Sites I - golf course and Site
IT - agricultural crops) have been under different land use
practices, one would expect different distributions between
soils; however, there were no marked differences in the intensity
of contamination with depth between sites for any of the heavy
metals. Both sites were in proximity to a road and have been

under fertilization for the last decade.



Table V Distribution of selected heavy metals from six soils under

different land use practices.

0.05 M E.D.T.A. Extractable.

Parent Material Horizon Depth Land Use Cd Pb Cu Zn
cm ppm

ATTuvium Ap 0-25 Golf 0.60 10.00 26.27 19.00
(Site 1) Bg 25-40 0.30 2.00 19.50 12.95
c 407 0.30 1.75 25.55  7.50
ATluvium Ap 0-20 Agricultural 0.75 8.25 19.50 16.07
(Site II) Bg 20-40 Crops 0.27 1.00 20.00 4.35
C 40% .22 0.50 15.15 6.50
Glacial Outwash Ap 0-12 Agricultural 0.07 3.50 2.30 10.00
(Site III) B 12-90 Crops 0.22 1.756 2.12  9.12
C 90% 0.10 N.D 4,35 5.70
Glacial Qutwash A 0-10 Forest 0.30 7.00 2.87 7.22
(Site IV) B 10-40 0.22 0.50 2.92 8.20
C - 40* 0.32 2.00 5.00 6.97
Glacial Marine Ap 0-10 Hay 0.27 3.50 3.67 9.25
(Site V) B 10-70 0.20 1.50 2.87 6.85
C 70t 0.10 0.75 1.20 5.35
Glacial Marine H 0-4 Forest 0.45 14.25 3.82 10.00
(Site VI) Bf 4-75 0.30 2.25 1.50 5.20
C 75% 0.15 1.25 1.00 3.80

8¢



39

Values obtained in the top 25 cm were és follows:
cadmium: 0.60 ppm and 0.75 ppm for Sites I and Sites II
respective1y§’1ead: 10.0 ppm (Site I and 8.2 ppm (Site II);
copper: 26.3 ppm (Site I) and 19.5 ppm (Site II); zinc:
19.0 ppm and 16.1 for Sites I and II, respectively. These
data.have illustrated that no marked differences existed
between sites, which would seem to suggest that regardless
of the type of agricultural management, and over a period of
time, the same levels of heavy metals could prevail in soils
derived fromalluvial parent material. Accumulation of heavy
metals in the surface horizon of agricultural soils has been
reported previously (lead: Jones and Hatch, 1937; Presant and
Tupper, 1965; John, 1971; Zinc: John, 1974; Walsh, 1972). Very
lTittle information is available in the Titerature on the
partitioning of copper and cadmium in agricultural soils. As
can be seen from Table V, there were twice as much cadmium and
zinc, and, more than five times the amount of lead in the surface
horizons of both sites compared to the sub-surface; however, the
decrease in copper distribution with depth is not consistent.

Irrespective of site and horizon, both soils had vermiculite
as the dominant clay mineral, followed by kaolinite, i11ite and
chlorite with very little montmorillonite or interstratified
minerals. These sites were fairly high, in organic matter
(12-20%); cation exchange capacity ranged from 40-50 meq/100 g

and the soils were high in c¢lay content (& 35%).



40

It, therefore, appears that the various soil constituents,
singly or in combination, reduce the movement of lead through
‘the soil to a greater extent than zinc, cadmium or copper. The
‘Timited mobility of lead in soils, has been demonstrated by
leaching studies(Anon, 1974); it has been found that only a third
of the lead retained in the soil could be displaced by calcium
chloride. In the case of zinc, Walsh (1972) observed that
very 1ittle downward movement was observed following application
of high rates of zinc on crops grown on irrigated sandy soils;
the zinc had moved only to a depth of 30 cm in the soil two and
a half years after appjication.

The high values observed for copper in both sites can be
the result of copper additions through biocide applications, or
as impurities in fertilizers. Literature surveyed revealed that
studies on copper in soils only with surface horizons or soil
. fractions have been examined; information is scanty regarding
profile distribution under different land use practices and parent
materials. In this study,distribution patterns through alluvial
and outwash soils seem to indicate that copper is fairly uniformly
distributed to a depth greater than 40 cm. Evidence for copper
mobility has been previously demonstrated. Leeper (1972) claimed
that all the mobile forms of the metal are in anionic forms
associated with chelating agents such as citric acid. The ability
of chelates (EDTA) to bind copper has been demonstrated (Norvell
and Lindsay, 1969).
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Qutwash Sites

Data for these sites are reported in Table V, and some
of their chemical, physical and mineralogical properties in
Appendices IV, VI, VII and VIII.

Though Site III has been under continuous strawberry
production for the past twenty years, the values found for
the heavy metals are much lower than that encountered for the
alluvial sites. The same holds true for Site IV which is under
virgin forest and only 100 meters away from Si%e ITI with a
road 1ying between them. |

The surface horizon for Site III had 0.07 ppm cadmium,
3.5 ppm lead, 2.3 ppm copper and 10.0 ppm zinc. Site IV (forest)
had 0.30 ppm Cd, 7.00 ppm Pb, 2.87 ppm Cu and 9.25 ppm Zn. The
lower ratios observed between the surface and sub-surface horizons
in the alluvial parent material than in the outwash sites in-
dicated that there is a difference fn distribution with depth
with differing parentlmateria1s. In the case of the forested
site, the distribution of zinc was uniform to a depth of 40 cm
and in the strawberry site to a depth of 90 cm. X-ray mineralogy
of the less than 2 micron fraction showed chlorite and kaolinite
to be predominant in the strawberry site and, vermicu]ite_and
chlorite in the virgin forest site.

These two sites were low in organic matter, clay and cation
exchange capacity; despite these facts, lead was limited to the

top 12 cm, indicating again that compared to the other heavy
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metals, mobilization does not seem to take place to a
significant extent; in fact, beyond a depth of 90 cm, no

lead was detected. However, the findings for copper were
different; more copper was present in the C horizon (90 cm
depth) than in the surface horizons. The possible explanation
for this phenomenon in Site III may be due to the low organic
matter and clay content in the surface and therefore minimal
retention; since both sites regardless of land use have high
copper-values in the C horizon, an alternative explanation may
be the inherent nature of the parent material.

The low cadmium value (0.07 ppm) at Site III-Ap (despite
biocide and fertilizer application) is hard to explain when
compared to that in Site IV-Ap (0.30 ppm). In genera]? it
appears that in outwash soils, the mobility of cadmium resembles
closely that of zinc. The higher value of lead in Site IV-Ap
than Site III-Ap can be explained by the fact that the road was
closer to it than Site III-Ap; this would support previous reports
that automobile exhaust is a major contributor in contaminating

soils with lead (Lagerweff, 1971; Chow, 1970; John, ]9720).~'

Glacial Marine Sites

Results presented in Table V, showed some striking differences

in lTead levels between the two sites. Lead values for Site VI
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(virgin forest)vaveraged 14.25 ppm compared to 3.50 ppm for

Site V which was under timothy grass; (the samé remark holds

true for surface values found in the outwash sites). Since

both samples were taken within 100 feet from the roadside, it

would be reasonable to assume that land use practices affect

lead concentration in surface soils. The lower values in the

timothy grass site may be explained by lead removal through

plant uptake and subsequent crop harvest, thus entering the

food chain and having 1ittle time to accumulate in the surface.
In the case of Site VI, lead accumulation in the surface

may be attributed to retention by the high organic matter content;

once more a significant drop in Tead level with depth was noted.

Jones and Hatch (1937) reported no correlation between depth and

lead content; such findings may have been valid atthat time since

air and soil pollution by industry was not as acute as it is

today. In this study, virgin forest soils on both glacial marine

and glacial outwash parent materials showed a sharp decrease in

lead content with depth. This seems to support previous findings

(Chisolm, 1972; Lagerweff, 1967; Chow, 1970; Lagerweff and Specht,

1970) that lead does accumulate in the surface, and, the%e is a

relationship between road proximity and lead contamination. 1In

view of the dominating effects of certain soil constituents on

lead mobility, it would be reasonable therefore to infer that no
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relationship exists between kind of parent material and lead
contamination.

At 70 cm depths, cadmium values for both sites were re-
duced three-fold, thus indicating 1es§er mobility than in the
outwash sites and almost the same amount as in the alluvial
sites. According to Allaway (1968), values for cadmium in
non-polluted soils ranged from 0.01 to 7 ppm. Practically no
information is available on the levels of cadmium in soils
derived from different parent materials.

Greater levels of cadmium in the surface of both Sites IV
and Site VI than in Sites V and Site III, seem to indicate that
road proximity and type of land use would be contributing factors;
consequently the lower levels under cropping would probably mean
cadmium removal through plant uptake and subsequently into the
food chain.

Copper contents in the surface horizons of both glacial
marine sites were of the same magnitude and decreased almost
three-fold with depth. Copper distribution within parent materials
did not vary as much as it did between parent materials, thus
indicating that the fate and distribution of copper in soils is
affected not only by major properties such as CEC, clay and 0.M,

but also by the nature of the parent material.
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With zinc, inconsistent trends with depth, made it
difficult to infer whether the nature of the parent material
has an effect on zinc distribution within the profile. In
both glacial marine sites, a general decrease with depth was
observed with values ranging from 10.0 ppm in the surface to
3.8 ppm in the C horizon of the forest site; and 9.2 ppm in the
Ap and 5.4 ppm in the C horizon of the timothy grass site.
In general, for all sites studiea, it appears that the
amount of zinc extracted from surface soils is twice that extracted
from sub-surface samples, a fact which has also been observed

by John (1974) in some soils of British Columbia.

Heavy Metals in Sediments

As stated, the impacts of heavy metal contamination, extends
beyond the boundaries of terrestrial plants and soils. Streams
recei&e materials from upstream, bank erosion and overland flow
from the various soils within a watershed. Since not much is
known about heavy metal accumulation in tributaries, a preliminary
survey was conducted for identifying the level of contamination
of sediments within the watershed.

Results of the sediment analyses, are given in Table VI.
Appendices V, VI, VII and IX describe the physical, chemical and
mineralogical properties of the sites. Site 7 is situated up-
stream and is surrounded by glacial outwash; Site 6 is also
situated upstream. Both sites had lower cadmium (0.10 ppm) and

Tead (1.00 ppm) than the other sites; they also had lower organic



Table VI Heavy metal distribution in surface sediments of the Salmon

River Watershed

0.05 M E.D.T.A. Extractable

Sediment sample Cd Pb Cu Zn
ppm
S 0.40 8.00 11.75  5.80
S, 0.45 8.50 10.00 24.62
Sy 0.27 5.00  5.37 12.25
S 0.10 1.00 16.50  8.67
S5 0.10 N.D 2.45 10.32

9%
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matter contents (0.3% and 0.6% respectively) and CEC values
(3.70 me/100 g and 4.11 me/]OO g respectively). Since Sites 1,
2 and 3 are located downstream in areas of increased suburban
activity, it would be reasonable to assume that for these
reasons, higher values for some metals have been obtained.
Cadmium values were four times higher and lead about eight
times higher downstream than upstream; however,. the same does
not hold true for copper and zinc. Values for copper ranged
between 2.4 ppm for Site 7‘to 16.5 ppm for Site 6 with a down-
stream average of 10.0 ppm. In the case of zinc, the highest
value was obtained downstream (24.62 ppm) compared to 8.7 ppm
upstream.

It appears that cadmium and lead levels can be related to
sediment properties; highef values in the sediments downstream
may be explained by the higher cation exchange capacity (24.9
me/100 g) and OM (6.0%) of the downstream sediments than the
upstream sediments which had on the average 0.45% OM and CEC
of 3.9 me/100 g.

X-ray mineralogy (Appehdix IX) of the less than two micron
fraction of all sites, showed vermiculite as the dominant clay
mineral, with montmorillonite and kaolinite in moderate amounts;
primary minerals being quartz, feldspars and micas. Almost the
same minerals were found in the soils and have been reported in
Appendix VIII; similar findings have been reported by Lund, Kohnke

and Paulet (1974) who found only small differences between com-
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composition of soil clays of a watershed and that of sediment
clay. Since regardless of location, the surface sediments
had almost identical primary and secondary minerals, it would
seem that the latter would not serve as indicators of heavy
metal enrichment. An approach, therefore, for exploring causes
of heavy metal enrichment would be to compare the levels found
in the sediments to that in the surrounding parent materials.

Site 6 was sampled within the glacial marine parent material.
Cadmium values were four times higher in the virgin forested
soils than in the sediments, and more than ten times in the case
of lead. As one approaches downstream areas (agricultural and
residential areas), the levels of all four metals in the sediments
as well as fn the soils increased significantly.

Site I was sampled in alluvial parent material and was
situated downstream near the estuary leading to the main stem
of the Fraser River. The ratio of values for the elements in
surface soil to sediment for cadmium was approximately 1.5, lead
1, copper 2 and ‘zinc 3. These ratios were different than the
ones recorded upstream. Literature surveyed in Canada (0Oliver
and Kinrade, 1972) revealed that lead in the sediments of the
Ottawa River and its tributary the Rideau to be 26 ppb and 42 ppb,
respectively. Data from both the literature and this study, lead
to suggest that lead is probably transferred to sediments and

migrates by adhering to them during sediment transport. The
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mobility of copper and removal from_stream water have been
‘investigated; Krauskopf (1972) postulated that the distance
copper can travel is limited to a great extent by its strong
adsorption to many kinds of surfaces. It has also been
suggested that copper can be transported in water for a few
kilometers before being deposited; in solutions that are not
acid and oxidizing, the movement of copper is much more limited.
This investigation has provided evidence about the
effectiveness of certain reagents to extract added elements
from agricultural and non-agricultural soils of British Columbia.
In order to understand whether the elements are retained by
similar mechanisms under varying conditions of pH and concen-
tration range, physico-chemical methods must be utilized. The
next chapter will consider possible mechanisms responsible for
the retention of these elements to the inorganic constituents

of soils, namely clay minerals.
CONCLUSIONS

Preliminary studies conducted on the extraction of added
copper, lead, zinc and cadmium from some soils of British
Columbia, showed hydrochloric acid and EDTA to be better

extractants than nitric and acetic acids.



However, in the éase of‘cadmium, Duncan's Multiple
'Rénge_teét (= 0.05) showed no significant differences
;among - tpegtments, thus indicating that eveh weak.acﬁds
.;an.affecfﬂits distribution within a'profi1é.
Irfespectﬁve of heaVy.ﬁeta1, differences in.organic
matter and cation exchange ;apaéity’betWeen'surfabe and
‘susturface 5amp1es showed signfficant differences in per-
cent recovery. - ' | , »
Hhen further eva]uqtion of the extf@ctants hydroch1oric
acid and‘EDTAvweré undertakﬂn, it emerged ffom the experimehts,
that no s1gn1f1cant d1fference ex1sted between percent recovery.
and shaking periods of two and six hours
A concentrat1on of 0.05 M.EDTA so11—so1ution ratio of
1:10 and -an cqu111brat1on time of two Hours were good compromwses
fselected as the best means for removing the heavy:" meta1s w1thou*
vdamaq1ng the structuralyorgan1c and 1norgan1c so11 const1tuents
Values of hﬁavy metals in alluvial sites were genera11y
,h1gher than in the g1ac1a1 outwash and g]ac1a1 marine sites.
Lead, cadm1um and zinc 1evels-degreased'with depth; however,
copper distributidn in the prof11és stayed almost constant.
Lead was fetqﬁned to a greater extent than the other méta]sg-
and correlated strong1y w1th organic-mattér and to a TesSek
“extent with cat1on exchange capac1t/ Copper seemed to exn1b1t

greater mob111ty than caom1um or zinc in all s1tes. X-ray’
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mineralogy of the less than two micron fraction showed all
sites to contain vermiculite, kaolinite in moderate amounts,
with chlorite, i1lite, montmorillonite, quartz and feldspars
in minor amounts. The alluvial sites were generally higher
in organic matte}, clay content and cation exchange capacity
than the outwash and glacial marine sites.

Comparative data from soils under different land use
practices showedvlead and possibly cadmium in soils to be
associated with traffic proximity.

Analysis of surface sediments from.the Salmon River in-
dicated higher metal values in industrial, agricultural and
near estuary sites than from upstream rural sites. Mineralogical
composition of the 1e$s than two micron fraction of sediments,
showed only very small differences between composition of soil
clay and sediment clay within the watershed.

Heavy metal ratios of surface soil to surface sediments
downstream were 1.5 for cadmium, 1.0 for lead, 2.0 for copper
and 3.0 for zinc; these ratios are higher than that observed
upstream, indicating that contamination is related to Tand
management.

Cation exchange capacity, organic matter and c]%y contenf
were higher in the downstream sediments. It would appear that
heavy metals are transferred to sediments and migrate by

adhering to them during sediment transport.
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PART 11

Heavy Mefa] Adsorption Isotherms

for some Clay Minerals

INTRODUCTION

Heavy metals such as zinc, copper, cadmium and lead are
at present the subject of intensive biological and biomedical
investigations. Control measures are being devised by en-
vironmental agencies to maintain desired levels so that water
quality and biological activity are not affected. Since
solubility and mobility of heavy metals in soils are affected
by structural and chemical properties of the latter, it is
worth elucidating the nature of interactions between some of
the soil constituents and certain heavy metals.

Heavy metal studies conducted with clay minerals have
dealt with, (a) ion-exchange equilibria, (Bingham, Page and
Sims, 1964; Bitell and Miller, 1974; Tiller and Hodgson, 1962;
1., 1964; Kishk and Hassan, 1973); (b) the factors

Hodgson et
influencing lattice fixation (McBride and Mortland, 1974); (c)
pH effect on zinc adsorption by montmorillonite, il1lite and

kaolinite and their bonding mechanisms (Reddy and Perkins, 1974);
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and (d) sorption in excess of cation-exchange capacity
arising partly from metal hydrolysis (Menzel and Jackson,
1950; De Mumbrum and Jackson, 1956a, 1956b) and ion-pair
formation (Santillan-Medrano, 1974). 1In the previous
section, the effectiveness of certain reagents to extract
added heavy metals from soils were investigated. The
experimental work described in this phase of study dealt
primarily with the adsorption of lead, cadmium, copper and
zinc on selected clay minerals over a wide concentration
range and pH conditions. The clay minerals selected below
were chosen because of their predominance not only in the
soils of the watershed, but as well in the soils of British
Columbia. Literature surveyed indicated that most of the
work had been undertaken in chloride, sulphate, hydroxyl and
phosphate systems, but virtually none in nitrate systems.
The nitrate ion can be important in the distribution and
transport of heavy metal ions, particularly in areas of intense
polliution; subsequently, it was felt appropriate to work at a
high concentration range to attempt to simulate the limits of
potential pollution. h

The objectives of this investigation were to elucidate:-

1. The effect of pH on the sorption capacities of
montmorillonite, vermiculite, illite and kaolinite for heavy

metals over a concentration range of 0 to 3000 ppm; and



54

2. the sorption capacities of montomorillonite and
kaolinite from an equivalent mixture of heavy metals at a
fixed pH. Use was made of the Langmuir and Freundlich
equations to allow quantification and further interpretation

of data.
MATERIALS AND METHODS

The Langmuir equation is usually expressed as follows:-

C = ] . + __C.._
x/m KiKy Ko
where C = equilibration concentration of adsorbate

X/ m amount of adsorbate adsorbed per unit of
absorbent

K2 = adsorption maximum

K] = a constant related to the bonding energy

of the adsorbent for the adsorbate

This equation was originally derived by Langmuir to
illustrate that gas-molecules are adsorbed to a solid
surface as a monolayer with a constant and specific energy
of adsorption; it has since been applied to study the
adsorptive behaviour of ions to any solid surface (Reddy

and Perkins, 1973; Shuman, 1975).
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Linearity in a plot of ;%ﬁ vs C implies that the

adsorbent will adsorb only a given amount of the ion, and

that this will be as a monolayer with a uniform bonding

energy. A curved relationship can be interpreted to imply

that the adsorbent will adsorb a small amount with constant

and firm bond energy, a slightly greater amount less firmly

and so on. In this study, the equation has allowed the
determination of.the adsorption maxima of lead, copper,

cadmium and zinc by layer silicates. One limitation 1h

using such an equation is, that, little information concernjng
the mechanisms of adsorption of the ions under study is obtained.
Another disadvantage is that a satisfactory fit of the exper-
mental points to the equation ddes not necessari]y mean that

the mechanism underlying the monolayer theory is fulfilled.
However, an advantage is that an adsorption maximum can be
predicted within a given original concentration range from
laboratory measurements. Because scanty information is available
regarding heavy metal adsorption, amassing of such categories of
data would allow generalizations to be made which would be of
predictive value, though the phenomena are not completely under-
stood. |

The Freundlich adsorption isotherm is expressed as follows:
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where y amount of adsorbate taken up by unit weight of
adsorbent

¢ = equilibrium concentration in solution

b,a slope and intercept of the isotherm, fespectively

Logarithmic transformation of the above equation and ‘
plotting of l1og y against log C (x-axis) would yield a straight
line. The constants 'a' (intercept) and 'b' (slope) provide
rough estimates of the adsorbent capacity and the intensity of
adsorption, respectively (Adamson, 1967). Conformity of
experimental data with the Freundlich equation would suggest

that this process goes on indefinitely.

Preparation of Materials

Clay minerals
The clay minerals* used were:
i. Montmorillonite No. 31 (Arizona)
ii. Vermiculite (Africa)
jii. I1lite No. 35 (Fithian, I1linois)
iv. Kaolinite No. 5 (Bath, South Carolina)
These minerals were selected because of their predominahce in
the inorganic fraction of the soils of British Columbia. Prior
to sodium saturation of the clays, they were ground to pass a
60 mesh stainless steel sieve. To 25 g of clay mineral, 200 ml

of 1.0 N NaNO3 were added (mineral:solution ratio of 1:8). The

*Available from Ward's Scientific
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contents were shaken for 15 minutes on an end over end
shaker and centrifuged until the supernatant solution

was clear. The supernatant liquid was discarded and this
procedure was repeated three times. Removal of excess
salts was completed with three separate washings of a 1:1
water-ethanol mixture followed by ethanol. The sodium-

saturated samples were freeze-dried and stored in a desiccator.

Stock Solutions

Cadmium: The metal was left in dilute nitric acid for
approximately one hour, rinsed three to four times with dis-
tilled deionized water to rembve any excess acid prior to
washing with acetone. To prepare 4 Titres of 6000 ppm cadmium,
24.0006 g of the cleaned metal was dissolved in 30 ml of con-
centrated nitric acid, which was diluted before use.

Zinc: Analytical grade zinc was washed prior to use by
the same procedure as described for cadmium. To prepare one
litre of 6000 ppm Zn, 6.0009 g of the metal was dissolved in
12.0 m1 of conc. nitric acid (diluted before use).

Copper: To prepare one litre of 6000 ppm Cu, 6.0003 g
of freshly washed copper metal (analytical grade) was immediately

weighed and dissolved in 12 m1l of concentrated nitric acid

(diluted before use).



Lead: To obtain a 6000 ppm Pb, 19.2004 g of Pb(N03)2
(ana]ytica1 grade) was dissolved in two litres of distilled-
deionized water to which a few drops of nitric acid were

added.

Equivalent mixture of Cd, Pb, Cu and Zn

To obtain a 4-1itre stock solution of 100 me/litre,
12.7080 g Cu, 22.4820 g Cd and 13.076 g Zn (all freshly
cleaned) were taken and allowed to dissolve in nitric acid.
Approximately 100 ml of concentrated nitric acid (diluted
before use) were needed to dissolve the metals; it was
nécesshry to warm the container from time to time. Prior

to bringing to volume, 66,2460 g of Pb(N03)2 were added.

Analytical Method

Individual study: In all experiments, 0.2 g of Na-

saturated clay mineral (adsorbent) was weighed into a 50 m]
plastic centrifuge tube. Triplicate samples were shaken

with 25 ml of the corresponding adsorbate and the pH adjusted
as desired with NaOH or HN03. The samples were then
equilibrated at 25 + 0.2°C, on a thermostatically controlled
end over end shaker. An equilibration time of 18 to 20 hours
was chosen as being adequate. This arbitrary decision was made
based on the findings of previous workers; John (1972b) and

McLaren (1973) used equilibration times of 16 hr and 24 hr
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respectively for cadmium and copper isotherms. The samples
were then centrifuged and aliquots of the supernatant liquid
were diluted when required, for analysis by atomic adsorption
spectrophotometry. |

Cd, Pb, Cu and Zn were adsorbed on montmorillonite,
vermiculite, i11ite and kaolinite. The original concentration
levels of the four elements: 100 ppm, 250 bpm, 500 ppm,
1000 ppm, 1500 ppm, 2000 ppm and 3000 ppm. The experiments
were conducted at working pH of 4, 5, 6 and.7.

Competition Study: This experiment was conducted at the

single pH 5.0. Quintaplate samples of 0.2 g adsorbent were
shaken with 25 ml equivalent mixture of cadmium, lead, copper
and zinc and the pH adjusted to 5.0 with NaOH or HN03. The
adsorbents used were Na-montmorillonite and Na-kaolinite.

The original levels of adsorbate chosen were 0.025, 0.05, 0.1,
0.5, 1.0,»5.0, 10.0, 20.0 and 50 me/litre. The equilibration
time was set for 18 hours; the samples were then centrifuged
and the supernatant solution analyzed for cadmium, lead, copper

and zinc by atomic absorption spectrophotometry.

Cation Exchange Capacity

Duplicate samples (0.2 g) of the minerals were saturated
with 25 m1 of 1.0 N NaN03, shaken for 5 minutes, allowed to

stand overnight and shaken for 30 minutes prior to centrifuging.
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The samples were equilibrated with two additional 25 ml

portions of 1.0 N NaNO3 followed by two washings with 25 ml
aliquots of isopropanol-water (1:1) mixture. The sodium was
displaced by washing with 3 successive 25 ml portions of 1.0
N-KNO3 and the supernatant liquid brought to volume in a 100

ml volumetric flask, before analysis for Na by atomic absorption

spectrophotometry.

Data Treatment

The original readings were computed on an arithmetic
mean basis and relevant data have been presented in Appendices
(XI-XV). Because adsorption isotherms indicate primarily
adsorption patterns, all the average values were incorporated
into the Langmuir and Freundlich equations by the least square
technique, which was run 6n the IBM 360 computer using the UBC

Trip program.

RESULTS AND DISCUSSION
Individual Study

The results obtained from these sets of experiments are
presented in the form of graphs, with amount adsorbed (x/m)
on the y-axis and equilibrium concentration (C) on the x-axis.
Averages from triplicate readings are reported in the correwpond-
ing Appendices (XI to XIV). The results have been summarized

and presented in Tables VII to XI. Standard error of 'a'
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values, from the Freundlich equations, are reported in linear
units and not in logarithmic units. Large standard error
values obtained for some regression equations are probably
because the triplicate observations were averaged and, so far
as the computer program was concerned, the number of replications
was only one.

Cation exchange capacities of the clay minerals as
determined by the sodium nitrate method, did not change
significantly with increasing pH. On the average, the values
obtained were 77.6 me/100 g for montmorillonite, 109.1 me/100 g
for vermiculites, 17.5 me/100 g for i1lite and 7.5 me/100 g for
kaolinite.

Adsorption ﬁaxima/cation exchange capacity ratios for each
metal with montmorillonite and vermiculite were'ca1cu1ated and
are reported in Tables IX and XII; it is envisaged that these
ratios would allow certain generalizations to be made regarding
heavy metal adsorption in a nitrate system.

When adsorption patterns were considered (Fig. 2-5), it was
observed that in all cases, there was an increase in sorption
with incfeasing pH.

Montmorillonite: Figure 2 illustrates the adsorption

patterns for cadmium, lead and zinc at pH 4, 5, 6 and 7 res-
pectively; and for copper at pH 4, 5 and 6. Irrespective of

heavy metal, the sorption characteristics of montmorillonite
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Table VII Langmuir constants and statistical analysis of heavy metal adsorption

*
on montmorillonite with four heavy metals at four pH values .

Constant Regression F(ratio) Standard Standard Standard

Montmorillonite a Coefficient b Error Error Error Coefficient
b a b y of determination
2
r
pH 4
Cadmium 3.85 0.025 77.5 3.80 0.003 6.92 0.939
Lead 0.88 0.010 352.7 0.56 0.001 1.11 0.986
Copper 1.14 0.039 118.7 3.53 0.004 5.84 0.967
Zinc 9.17 0.020 45 .2 4.04 0.003 7.14 0.900
pH 5
Cadmium 3.99 0.018 76.9 2.54 0.002 4.64 0.939
Lead 1.11 0.009 369.1 0.48 0.001 0.94 0.989
Copper 7.89 0.012 9.2 4.84 0.004 8.54 0.649
Zinc 8.66 0.015 28.5 3.58 0.003 6.32 0.851
pH 6
Cadmium 2.59 0.015 188.3 1.35 0.001 2.52 0.974
Lead 1.27 0.006 47 .6 0.58 0.001 1.10 0.905
Copper 0.23 0.019 8.8 0.92 0.006 1.80 0.638
Zinc 3.44 0.009 60.9 1.26 0.001 2.33 0.924
pH 7
Cadmium 2.75 0.012 56.9 1.72 0.002 - 3.19 0.934
Lead 1.12 0.002 15.6 0.12 0.001 0.20 0.796
Copper 0. 06 -0.001 0.1 0.03 0.004 0.03 0.024
Zinc 0.86 0.003 86.7 0.10 0.001 0.17 - 0.956

* Model y a + bx

€9



Table VIII Freundlich constants and statistical analysis of heavy metal adsorption

*
on montmorillonite with four heavy metals at four pH values .

Constant Regression F(ratio) Standard Standa+d Standard

Montmorillonite a Coefficient b Error Error Error Coefficient
b a b y of determination
: 2
r
pH 4
Cadmium 2.76 0.164 35.0 1.07 0.028 0.06 0.875
Lead 3.12 0.265 14.6 1.18 0.069 0.18 0.745
Copper 2.75 0.127 17.1 1.08 0.031 0.64 0.810
Zinc 2.46 0.186 15.6 - 1.14 0.047 0.11 0.757
pH 5 '
Cadmium 2.69 0.209 52.0 1.08 0.029 0.07 0.912
Lead 2.67 0.325 15.9 1.21 0.082 0.18 0.761
Copper 1.96 0.322 25.6 1.18 0.063 0.12 0.837
Zinc 2.59 0.197 11.3 1.17 0.058 0.16 0.693
pH 6
Cadmium 2.68 0.240 48.4 1.09 0.034 0.08 0.906
Lead 2.11 0.473 41.1 1.18 0.073 0.15 0.892
Copper 8.54 -0.164 0.1 2.12 0.432 0.62 0.027
Zinc 2.68 0.275 19.6 1.17 0.062 0.17 0.797
pH 7
Cadmium 2.74 0.252 29.6 1.12 0.046 0.11 0.881
Lead 1.15 0.857 199.8 1.13 0.061 0.08 0.981
Copper 3.43 1.079 5.6 4.68 0.454 0.28 0.585
Zinc 1.88 0.640 293.9 1.08 0.037 0.47 0.986
b

*
Model y = ax

v9



Bonding energy constants (K]) and adsorption maxima

(K2) for cadmium, lead, copper and zinc by montmorillonite

Table

IX
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at indicated pH values for original concentration of 0-3000 ppm.
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2.60
4.27

.09
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appeared to be similar up to pH 5.0. In the case of cadmium
the upward trend with increasing pH was similar up to pH 7;
for zinc similarity was only up to pH 6.0; there was a sharp
increase in sorption for lead beyond an equilibrium concen-
tration of approximately 1000 ppm at pH 6.0 and above; and

for copper, the sharp increase in sorption started to appear
at pH 5.0 beyond an equilibrium concentration of approximately
1500 ppm. Sharp increase in sorption with increasing pH has
been reported (Reddy and Perkiné, 1973; Anon, 1974); these
would seem to suggest that more than one mechanism takes place
during adsorption.

Statistical analysis of the montmorillonite data illustrated
that not all data fitted the Langmuir and Freundlich equations
‘(Tables VII and VIII). Experimental data for cadmiumwere in
accord with both equations at all pH's, with the regression
equations being signifiéant at the 5% level. Coefficients of
determination (rz) for the Langmuir equation ranged from 0.94
at pH 4.0 to 0.93 at pH 7.0; and for the Freundlich equation
the r2 values varied from 0.87 at pH 4.0 to 0.88 at pH 7.0.
Though lead adsorption patterns at pH 6 and 7 were different
than that of cadmium, still good conformity with Langmuir and
Freundlich were obfained, since the r2 values for Langmuir were

(0.98-0.80) and for Freundlich (0.74-0.98). Copper adsorption

showed marked differences in conforming with Langmuir; values
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of1r2‘at pH.4.0 and 5.0 were30.8140.84‘and vaTues at pH

‘6.0 and 7.0'were 0.64 and 0.02 respectiVe1y.- Simfldr trends
were observed for the FreUnd]ich.mode1. Coéfficiént of |
‘defe}mfnatién for'zin¢:sh0wed similarity with_that bf cadmium
for:both Lanamuir and Freuﬁd]jch models (Tab]es7VII and VIII);
7‘5uggesting some similarity in sofptign‘éhéracteriétics:such

as binding energies. | | »

_~Thé Freund1ich‘constant K for cadmium varied between 2.6
and 2.7 irfespectjve bf pH change; for'1gad‘it decreased from
3.1 at pH 4;O.to 1.1 at pH 7ﬁO. Copper showed:no trend With a
value of 2.7'at pH 4.0, and the constant forvzinq was observed
to be 2.5 at pH 4.0 falling to 1.9 at pH 7.0. With such in-
cOnsi;teﬁcies in the Freund1ich’va1ues, it is diffﬁcu]t to
commént on the intensity of adsorptionﬂ |

The siope aﬁd ihtercept values frOm'TabWe VII Were uséd
to calculate the,bdihg energy constants and maximum sorpfion
‘capacities, (TabTe'IX).,_Bonding:energy.constants (K]) for’ |
zinc were twfce as 1érge for vermiculite than monfhori}ldnite;-ﬁ
for cophef, the intensity of'adsorption was - greater on mont-
mdri]]oﬁite thdn vermicu]ite, Léad was found to. be more strongly
sorbed on vermiculite than montmorillonite; and cadmium was
_adSOrbed_wjth a]moSt_simﬁ]ar binding stfength on both montmorillonite

“and vermiculite.
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Variation in bonding energy with surface coverage was
also observed by Tiller and Hodgson (1962), and, inferred
that as bonding energy decreases, it becomes increasingly
difficult to distinguish from non-specific electrostatic
bonding. They also suggested that silicate clays adsorb
zinc reversibly by cation exchange and irreversibly by lattice
penetration. McBride and Mortland (1974) quoted from recent
studies by infra-red and electron spin resonance spectroscopy
that exchangeab]e copper on montmorillonite is strongly hydrated
as the Cu(HZO)é+ suspension, but upoh air-drying, loses bound-
water to form the interlamellar Cu(HZO)Z+ species. Since the
hydrated nature is important in considering the possibility of
proposed specific adsorption mechanisms exhibited by heavy
metals, McBride and Mortland (1974), investigate the natufe of
copper, cadmium and zinc bonding through physical methods such
as infra-red and electron spin resonance spectroscopy; they
found no evidencevfor specific adsorption; instead copper
adsorption on montmorillonite ‘interlamellar surfaces occurred
through its strongly held ligand water by co-valent bonding.
Several heat treatments showed no latice penetration of either
copper, cadmium or zinc to occur at ambient tempefatures; the
jonic radii of Cu, Zn and Cd are respectively, 0.72°A, 0.74°A
and 0.97°A.
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Based upon the above evidence, it would therefore appear
reasonable to_exc]ude the possibility of lattice penetration
under the experimental conditions of this study. From the
binding energy constant values obtained, it would seem that
zinc and cadmium exhibit c]ose similarity in binding to 2:1
expanded layer silicates such as montmorillonite and vermiculite;
and that, lead and copper get bound with different energies.
Weakness in the ability to evaluate the binding energy constants
arises from the fact that ionic species in kind and amount vary
with pH conditions, solubility product, intrinsic solubility
and ionic medium; and, that it would be difficult to isolate the
species. Variation in binding energies would seem to indicate
that the energy of interaction between montmorillonite and the
metals vary from metal to metal, with pH conditions and ionic
strength.

Adsorption is a result of‘unba1anced forces at an interface.
With clay minerals, unbalanced forces at the surface are satisfied
by adsorbing ions; they can be sorbed by weak physical (<10 K
cal/mole) and strong chemical attractive forces (>10 K cal/mole).
The mechanisms responsible for charge on clay surfaces are

1. Isomorphous substitution

2. Broken bonds in tetra or octahedral layer

a]ong edges, and

3. Lattice defects.

The amount of heavy metal adsorbed per gram of clay mineral
depends on

1. its specific surface area,
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2. its surface charge density,

3. the interlamellar spacing in the case of 2:1

expanded type,

4. the temperature and pressure,

5. the equilibrium solute concentration in the

solution, and

6. the nature of the ionic medium.

It may be noted that ancient environmental conditions
conducive for clay formation, have resulted in clays of
different shape; clays are found to exist in the form of
clay platelets, clay crystals, clay aggregates, clay con-
glomerates or a combination of them depending upon the
environmental conditions and the purity and type of clay
mineral (Sankaran and Rao, 1974). These foregoing con-
siderations woﬁ]d partly explain variations not only in
their cation exchange capacities, but also in their ability
to bind metals.

Under the conditions of this study (varying pH conditions
and the nitrate system), the probable existence of .- different
jonic species have signifiﬁant]y affected the sorption
characteristics of the clay minerals.

In the case of cadmium-montmorillonite interaction, it
is seen that cadmium had an adsorption»maxima (K2) of 70.46

me/100 g at pH 4.0, and at pH 7.0, it was 148.2 me/100 g
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(Table IX). The sorption capacity for lead varied from 78.5
me/100 g at pH 4.0 to 618.7 me/100 g at pH 7.0. Though for
copper a - K2 value - was calculated at pH 6.0, it would not
be worthy of interpretation since the regression equation
was not significant at the 5% level; the data for pH 4.0 and
5.0 were observed to be 79.5 and 255.6 me/100 g, respectively.
In the case of Zinc, at pH 4.0, the adsorption maximum ranged
from 149.1.to 331.1 me/100 g at pH 6.0, followed by a sudden
increase to 117.1 me/100 g at pH 7.0. Since it is customary
and practical to quantify exchange reactions, through either
the mass-balance or statistical thermodynamic approaches, it
was felt appropriate in this 1nvestigation, to establish K2/CEC
ratios. For montmorillonite, the ratios are reported in Table
VIII.

| From these ratios, it became evident that at pH 4.0 and
5.0, the sorption capacity of montmorillonite for cadmium was
equivalent to its cation exchange capacity; at pH 6.0, the
ratio was 1:5 and approximately twice at pH 7.0. It has been
reported (Hahne, 1974) that at pH 7.0, the predominant ion is
sti1l cd?* N

; Cd(0H starts forming at pH 7.0-7.5 and peaks at

pH 8.2-9.0. Cadmium hydroxide begins at pH 9.0 and peaks at
11.0; Cd(OH)é, Cd(OH)Z— complexes at hH >11.0. In the case
of lead, the adsorption maximum was observed to be twice the

CEC at pH 6.0, but at pH 7.0, the ratio was observed to be 8.0.
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A rapid increase in sorption is believed to be associated with
precipitation. Precipitation should not be regarded as unim-
portant, because of the intrinsic so]ubi]ipy of the precipitate,
and secondly as quoted from studies by Hahne (1974), hydroxyl
groups of neutral molecular species may display adsorption
affinities through hydrogen bonding. As is evident from the
figures and from studies quoted by E11is and Knezek (1972),
precipitation is indicated by a rapid increase in adsorption
with a small change in equilibrium concentration éé]ution.
DeMumbrum and Jackson (1956a) found sorption of zinc on
montmorillonite from Zn(OH)zto be faster than from Zn3(PO4)2.
DeMumbrum and Jackson (1956a) concluded that above pH 6.2,
precipitation of the metal oxide (copper) was a major factor
in the non-stoichiometry of the'exéhanga mechanism.

Though it is believed that the form of lead precipitated
is lead hydroxide, Abel (1973) sﬁggested that in a nitrate
system, addition of NaOH would precipitate the basic forms
of lead Pb(N03)2.Pb(0H)2.5Pb(0H)2; even at pH 12.0, there is
no precipitation of Pb(OH)2 as such.

Copper adsorption to montmorillonite at pH 5.0 was three
times its CEC compared to an equivalent amount at pH 4.0; the
ratio reported at pH 6.0 is not considered to be meaningful,

since the regression equation was not significant at the 5%
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level. Bingham, Page and Sims (1964) reported similar
findings; they found that at pH <5.5 (too acid fbr the
formation of Cu(OH)z), the amounts of Cu and In retained

by montmorillonitewere equal tovthe CEC. Because of close
similarity in certain chemical properties of zinc and
cadmium, one would have expected similar sorption capacities;
instead at pH 6.0, the ratio for zinc was twice that noted

at pH 4.0 and 15 times at pH 7.0.

It is c]ear]y seen from the above that irrespective
of heavy metal, there was an increase in sorption with in-
creasing pH; secondly ub to pH 5.0, twice the amount of
heavy metal as the CEC was adsorbed by montmorillonite; but
beyond pH 6.0, a sharp increase in sorption occurred.

Sorption in excess of cation exchange capacity has been
reported by several workers (Bingham, Page and Sims, 1964;
Menzel and Jackson, 1950; DeMumbrum and Jackson, 1956b; Anon,
1974). Proposed mechanisms were postulated to be the result
of adsorption of the hydrolyzed form or in the case of Zn and
Cu as the hydroxides. Results obtained from this study support
that in a nitrate system, similar inferences can be made.

Since adsorption was measured in the presence of a large
excess of sodium, a constant ionic environment was maintained;
hence ionic strength and all acitivity coefficients are assumed

to remain constant. Several phenomena can cause such patterns
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of adsorption; generally they can arise froh unbalanced
forces due to variations in the structural arrangement of

the minerals, and the differing chemical properties of the
metals. The nature of ions present would vary primarily

with the pH of the medium. Polyvalent metals such as copper,
lead, zinc and cadmium hydrolyze easily; Hodgson (1964)
postulated the following to occur:

2+ +

Mot + K0 —> MOHT + H

MOH® + X~ —> XMOH

2* 4 oux —>-Mtx o+ wt

or alternately M
and that both méchanisms occur with certain surface reactions
controlled by hydrolysis (bonding of metal ions to clays) and
others by surface exchange.

Heavy metal hydrolysis in the region of pH 6.0 as MOH+
has been reported for several heavy metals. The ratio of
Cu2+/Cu0H+ and Zn2+/ZnOH+ decreases 1000 fold from pH 4.0 to
pH 6.0 (DeMumbrum and Jackson, 1957). Menzel and Jackson (1950)
reported that at least 5% of the copper was adsorbed in the
hydrolyzed form by montmorillonite and kaolinite.

The sorption capacity to CEC ratio is based oh the
assumption that ion-exchange on a stoichiometric basis 1is

taking place. Hahne (1974) stated rightly: "Determinations

of ionic adsorption phenomena on colloidal surfaces are often



based on the valency of ions wh1ch may 1ead to erroneous
1nterpretat1ons if formation of 1norgan1c comp]exes is |
omitted." Sant1]1an—Medrano (1974) arrived at a va]ue of
twice the CEC while app1y1ng correct1on so]e1y for the ion-
“pa1r effect .
Vary1ng effects of d1fferent anions have a]so been re-
‘ported to affect heavy metal so]ub1T1ty Hahne (1974) quoted
stud1es on mercury adsorpt1on,_at pH 4. 6 4.9, bentonite
_adsorbed 50% of. added Hg in .0.01 M Ca(NO )2 whereas tn 0.01
M CaC] ’ on]y 8.4% was adsorbed. Zinc solubility at higher
pH 1eve]s has- been_observed and is considered to be due to
the precipitate changing fhom‘a.granu1an to gelatinous form;
making the'anéjysis of the supernatant liquid nncertain,
'espec1a11y above pH 8.5.(Jurinak'and.lnouye, 196¢7). From
oxysalts of n1trates, zinc oxide prec1p1tates at 1ower pH
‘ than the more stab]e ones such as osysulphate or oxycarbonate
which require~higher pH. This may explain in paht, the high
sorption ratio obtained‘for'zinc tn this study.
| The sdlubility products of Cd, Pb, ZIn and copper hydrokide,
are 2.0 x 10714, 4.0 x 10715, 5.0 x 1077 and 1.69 x 10719
(Sopper.and Kardos,'1973); these values partly exp1a1n the
hh1gher ratios obta1ned for zinc and lead between pH 6.0 and

' 7.03 and ‘that no re11ab1e fit of exper1menta1 data into the
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Langmuir equation at pH 6.0 and above oqcurred. Hahne
(1974) stated that precipitation of Zn(OH)2 occurs if the
concentration of Zn as Zn(OH)2 exceeds 160 ppm (in other
words 160 ppm Zn can exist as §o1ub1e Zn(OH)2 in a pure

system). The intrinsic solubilities of Zn(OH)Z, Cd(OH)2

and Pb(OH)2 are respectively 2.45 x 1073

3 ppm and 474 x 1076 ppm. At pH 7.0, 50% of the zinc

2+

moles/litre, 158 x
10
occurs as Zn(OH)2 and only 5% as In (Hahne, 1974); the
zincate ion exists above pH 9.0 (Lindsay, 1972).

Vermiculite: Heavy metal sorption with changes in pH

followed similar trends (Fig. 3) as those obtained for
montmori]]onite. This is as expected since both vermiculite
and montmorillonite belong to fhe smectite group of layer
silicates. When regression equations were computed (Table X),
it was observed that with the excebtion of lead and copper
adsorption at pH 7.0, in all cases.the coefficient of deter-
minations ranged from 0.97 at pH 4.0 to 0.91 at pH 7.0 in-
dicating conformity with the Langmuir model. An r2 of 0.89
observed for copper at pH 6.0 was not expected, since at the

2 of only 0.63 was obtained for montmorillonite;

same pH, an r
this would seem to suggest that copper adsorption at this pH
to 2:1 expanded type clay minerals is affected by the nature

of the clay surface; it could be that specific sorption of
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Table X Langmuir constants and statistical analysis of heavy metal adsorption

*
on vermiculite with four heavy metals at four pH values .

Regression Standard Standard Standard

Constant Coefficient F(ratio) Error Error Error Coefficient
Vermiculite a b b a b y of determination
r2
pPH 4 .
Cadmium 3.46 0.013 50.2 2.06 0.002 3.79 0.909
Lead 0.36 0.007 245.3 0.11 0.001 0.23 0.998
Copper 1.34 0.020 775.1 0.94 0.001 1.74 0.994
Zinc 2.92 0.020 175.1 1.92 0.001 3.52 0.972
pH 5
Cadmium 2.58 0.012 44 .3 2.09 0.002 3.90 0.899
Lead 0.35 0.004 209.4 0.16 0.001 0.33 0.977
Copper 1.91 0.010 29.3 2.06 0.002 3.88 0.854
Zinc 2.66 0.018 173.6 1.75 0.001 3.23 0.972
pH 6
Cadmium 1.98 0.012 73.4 1.51 0.001 2.84 0.936
Lead 0.17 0.003 348.6 0.05 0.001 0.11 0.986
Copper 0.05 0.007 41.0 0.20 0.001 0.39 0.891
Zinc 1.57 0.011 321.2 0.68 0.001 1.30 0.985
pH 7
Cadmium 1.57 0.009 92.1 1.01 0.001 1.94 0.949
Lead 0.21 0.001 0.5 0.09 0.002 0.18 0.089
Copper 0.16 0.009 0.6 0.09 0.013 0.11 0.104
Zinc 0.51 0.003 49.6 0.16 0.001 0.32 0.908

* Model y = a+bx

8.



Table XI Freundlich constants and statistical analysis of heavy metal adsorption

*
on vermiculite with four heavy metals at four pH values .

Regression Standard Standard Standard o
Constant Coefficient F(ratio) Error Error Error Coefficient
Vermiculite a b b a b y of determination
r2
pH 4
Cadmium 2.38 0.292 204.5 1.05 0.020 0.04 0.976
Lead 3.15 0.340 58.7 1.10 0.044 0.12 0.921
Copper 3.07 0.172 59.4 1.06 0.022 0.06 0.922
Zinc 2.99 0.169 398.2 1.02 0.008 0.02 0.988
pH 5
Cadmium 3.18 0.209 . 57.6 1.07 0.028 0.08 0.920
Lead 3.05 0.427 20.6 1.21 0.094 0.22 0.805
Copper 3.38 0.214 19.6 1.12 0.048 0.15 0.797
Zinc 3.06 0.174 190.0 1.03 0.013 0.03 0.974
pH 6
Cadmium 3.25 0.215 50.2 1.08 0.030 0.09 0.909
Lead 3.46 0.482 7.6 1.33 0.175 0.35 0.602
Copper 3.31 0.457 8.0 1.33 0.162 0.34 0.615
Zinc 3.04 0.246 186.7 1.05 0.018 0.05 0.974
pH 7
Cadmium 3.42 0.225 47 .6 1.08 0.033 0.10 0.905
Lead 3.68 0.554 . 2.5 1.56 0.347 0.47 0.337
Copper 2.47 1.391 6.0 1.57 0.567 0.39 0.546
Zinc 2.87 0.472 191.1 1.07 0.004 0.85 0.974
* b
Model y = ax

6L
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Table XII

Bonding energy constants (Kl) and adsorption maxima
(KZ) for cadmium, lead, copper and zinc by vermiculite at

indicated pH values for original concentration range of 0-3000 ppm.

pH K, K2 Ko K,/C.E.C.
mg/g me/ 100 g
Cadmium
4 0.0036 ° 79.36 141.21 1.29
5 0.0047 81.70 145,37 1.33
6 0.0059 86.13 153.26 1.40
7 0.0060 106.10 188.79 1.73
Lead
4 0.0195  144.6 139.63 1.28
5 0.0128 227.5 219.57 2.01
6 0.0186 306.6 296.00 2.71
7 0.0052 909.0 877.41 N.A.
Copper
0.0153 48.7 153.49 1.41
0.0055 95.1 299.39 2.74
0.1333 133.9 421.24 3.86
Zinc A
4 0.0068 50.3 153.95 1.47
5 0.0069 54.5 166.89 1.53
6 0.0071 89.28 273.13 2.50
7 0.0063 311.10 951.79 8.72
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cupric hydrox1de may have. taken place, throuoh its 11gand
water At»pH_7.0, the copper data did not fit the Langmu1r”
_equation (n2‘= 0.10). o

When the exper1menta] data'were 1ncorporated:1nto the.
Freund11ch equat1on, s1m11ar trends of rzlva1ues as found for
Langmu1r were obtained. |

: Bond1ng energy constants computed from the s1ope and

1ntercept data in Table X are presented in- Tab]e XII Values
'for cadmtum varied from 0.004 to 0.006; for lead, a constant
value of 0.019 was ohsehved up to pH 6.0, which is different
_than that observed for montmorillonite Where a dettease in K,
with 1ncreasing pH was observed. In the case of copper,lthere
was a decrease in the K, value from 0.015 to 0.005; a similar
. decrease was aWSp noted in the case of montmorillonite._ thh’
zinc adsorption, the binding enngies stayed a1most’constant
inrespective pf pH changes .from 0.007'at pH 4.0 to'0.0Q6.at
va 7.0 such constancy was not found in the case of montmorillonite.

Vermiculite adsorbed 141.2 me of Cd/]OQ g.ot q]ay minera]l
2t pH 4.0 and 188.8 me/100 g at pH 7.0, thus producing K,/CEC
»rattos varying‘trom 1 29 atva 4.0 to 1.73 at pH 7.0 (Tab]e XI).
These data support the findings that 211 expanded type c]ay |
m1nera1s_approx1mate1y adsorb an amount of cadm1um equ1valent

to its CEC at pH 4.0 and twice the amount at pH‘7.0.
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In the case of lead, sorption capacities ranged from
139.6 me/100 g at pH 4.0 to 296.0 at pH 6.0, followed by
a sharp increase at pH 7.0 to 877.4 me/100 g. The ratio
for lead at pH 7.0 was not computed since the data did not
fit the Langmuir equation. Similar adsorption ratios were
obtained as for montmorillonite, with an amount equivalent
to the CEC at pH 4.0, twice the amount at pH 5.0 and almost
three times the amount at pH 6.0.

The sorption capacity of copper was 1.4 times the cation
exchange capacity at pH 4.0 and approximately 3 times at pH 5.0;
a finding which appears analogous to that observed for copper
adsorption by montmorillonite.

Zinc adsorption maxima (Table XII) were not similar to
that obtained for montmorillonite (Table IX); 1.5 times the
CEC was adsorbed at pH 5.0, 2.5 times at pH 6.0 and 8.7 times
at pH 7.0. There appear to be two possible explanations for
this phenomenon; one possibility is that adsorption increased
due to uncertainty in the analysis of the supernatant liquid,
which may be caused by the gelatinous nature of the precipitated
forms; secondly, reaction with surface charges 6n the clay
minerals may have behaved differently, thus allowing excessive
precipitation of zinc compounds in the case of the montmorillonite

system.
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From Fig. 2, it fs evident that at pH 4.0, montmorillonite
sorbed Cd, Pb and Cu in amounts equivalent to its CEC but Zn
in excess of its CEC (Cd: 70.5 me/100 g, Pb: 78.5 me/100 g,
Cu: 79.5 me/100 g and Zn: 149.1 me/100 g). When values
obtained for vermiculite are éompared (Fig. 2), no significant
differences in sorption existed between the metals at pH 4.0
indicating that vermiculite adsorbed them in amounts exceeding
its cation exchange capacity (Cd: 141.2 me/100 g,Pb: 139.6
me/100 g, Cu: 153.5 me/100 g, Zn: 153.9 me/100 g). These
findings can be summarized as follows:

Adsorption maxima (pH 4.0)

Montmorillonite Cd:Pb:Cu:Zn T:1:1:2

Vermiculite Cd:Pb:Cu:Zn T:1:1:1

Comparisons in terms of me/100 g adsorbent are considered
to be more meaningful than expressed in mg/g adsorbent, since
at pH 4.0, at least 95% of the ionic species would be in the

form of Cd2+, Pb2+, Cu2+ 2+

and Zn" ; and consequently complete
stochiometric exchange reactions could occur. Another significant
observation made when comparing adsorption between minerals is
that at this pH, vermiculite adsorbed twice the amount of Cd,

Pb and Cu than montmorillonite, but zinc was adsorbed to the

same extent by both minerals.
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- At pH 5.0, the sorption capacities can be summarized
as follows:-

Adsorption maxima ratio

Montmorillonite Cd:Pb:Cu:Zn 1:1:2.5:2

Vermiculite Cd:;Pb:Cu:Zn 1:1.5:2:1.1

It was also noted that under this pH condition, compared
to pH 4, the margin of difference in adsorption between
montmorillonite and vermiculite was reduced by 50% (Tables
IX and XII); still approximately twice the amount of lead was
adsorbed by vermiculite than by montmorillonite. The margin
of difference for copper adsorption was not as wide as that
observed at pH 4.0. The pattern of zinc adsorption was ré-
versed; in fact, more zinc was adsorbed by montmorilionite
than by vermiculite at pH 5.0 than at pH 4.0.

When the sorption reactions at pH 6.0 from the 'me'
column were computed, the ratios for montmorillonite were
Cd:Pb:Zn = 1:1.5:2.9; and in the case of vermiculite Cd:Pb:Zn =
1:1.9:1.8. Under this pH condition, stoichiometric exchange
may hold true in the case of cadmium but not with lead, copper,
and zinc since possibility of metal hydrolysis, polyhydroxy
comp]exes'and precipitation have been reported to start beyond

pH 6.0,
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When the K2 values at pH 7.0, were compared, the ratios
of Cd to Pb to Zn with montmorillonite were 1:4.2:7.9, and
Cd:Zn with vermiculite were 1:5. ‘

The significant findings from these studies have indicated
that up to pH 5.0, and, irrespective of heavy metal, mont-
morillonite or vermiculite can adsorb approximately twice
their cation exchange capacities; at pH 6.0,.the sorption
capacities varied between two and three times their CEC.
Finally, since stoichiometric exchange reactions become less
meaningful at bH 7.0 and above, it was observed that, with
the exception of cadmium, high ratios were obtaingd, thus
supporting the postulate that metal hydrolysis, polyhydroxy
complexes and precipitation to be the main phenomena con-
tributing to the sorption capacity.

I1lite: Fig. 4 describes the adsorption patterns for
cadmium, lead, copper and zinc. Experimental data for Pb
at pH 6.0 and 7.0, Zn at pH 6.0 and copper at pH 7.0 have
not been reported since wide variations in the original
readings were recorded. From Fig. 4, it was observed that
for cadmium there was a consistent trend in increment of
adsorption with increasing pH, but no similar trends were
obtained for lead, copper and zinc. The adsorption patterns

would seem to show that adsorption is partly influenced by'
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Table XIII Freundlich constants and statistical analysis of heavy metal

*
adsorption on illite with four heavy metals at four pH values .

Regression Standard Standard Standard

Constant Coefficient F(ratio) Error Error Error Coerrjc{ent
ITlite a b b a b y of determination
r2
pH 4
Cadmium 0.77 0.647 41.4 1.35 0.100 0.09 0.912
Lead 2.83 0.094 6.2 1.09 0.038 0.09 0.676
Copper 2.12 0.549 13.9 1.59 0.147 0.10 0.874
Zinc 2.07 0.969 212.3 1.22 0.066 0.06 0.981
pH 5
Cadmium 0.44 0.645 24.5 1.47 0.130 0.12 0.859
- Lead 0.47 0.483 125.3 1.09 0.043 0.08 0.984
Copper 0.21 0.953 122.0 1.29 0.086 0.07 0.968
Zinc 2.73 0.192 15.9 1.47 0.048 0.06 0.799
pH 6
Cadmium 0.74 0.536 23.8 1.38 0.109 0.10 0.856
Lead ‘ N.A.
Copper 4.28 0.230 0.1 3.27 0.651 0.65 0.024
Z'inc N.A.
pH 7
Cadmium 0.77 0.632 : 19.0 1.52 0.145 0.15 0.826
Lead N.A.
Copper 2.91 1.029 4.5 1.56 0.485 0.42 0.474
Zinc 1.98 0.458 12.4 1.41 0.438 0.27 0.756

* Freundlich.model Y = ax

L8



the nature of ions or compounds present and that, beyond
a certain pH, precipitation overrides other phenomena.

A plot of ;%ﬁ vs C did not produce linearity with the
Langmuir model regardless of pH condition and metal type.
Since the regression equations were not significant at the
5% ]eve], the computer analysis data have not been reported.
Such a significant ffnding would seem to indicate that with
'1111te (a non-expanded 2:1 layer silicate) no monolayer
adsorption takes place.

Because no adsorption maxima can be derived, saturation
peaks from Fig. 4 were estimated. In all cases, adsorption.
increased with 1ncfeasing pH; Reddy and Perkins (1974) made
similar observations while working with zinc and i1lite. In

this study,Athe amount of zinc adsorbed at pH 5.0 was

approximately 50 mg/g illite, with the curve rising sharply

88

at-an equilibrium concentration of 500 ppm at pH 7.0. Copper

adsorption at pH 5.0 reached the plateau at approximately 40

mg/g illite, but at pH 6.0, practically all of the copper

adsorbed appeared to be in the precipitated form since a very

rapid increment in adsorption was observed for a very small
change in equilibrium concentration.
Experimental data for lead adsorption by il1lite at high

pH, lacked precision; consequently, data for pH 4.0 and pH 5

.0
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only have been illustrated (Fig.i4). In the case of cadmium
adsorption, it would seem that irrespective of pH, and,
beyond an equilibrium concentration of 1250 ppm, there was a
steady upward trend of the sorption curve.

Table XIII illustrates the results obtained ‘when the
experimental data were fitted into the Freundlich equation.
The coefficients of determination (r2) ranged from 0.67 for
Pb to 0.98 for Zn at pH 4.0; at pH 5.0'from 0.79 for zinc to
0.98 for Pb. At pH 6.0 and 7.0, only cadmium conformed to
the Freundlich relationship. No consistent trends were observed
with the Freundlich's constants, indicating that the latter can
hardly be used to properly predict heavy metal adsorption.

Kaolinite: The results of this part of the study are
illustrated in Fig. 5. Experimental data under all pH con-
ditions did not conform to the Langmuir relationship as found
by regression analysis of variance test of significance.
Departure from Langmuir curve has also been reported in other
studies (Pleiss and Burger, 1971) quoted by MclLaren and Crawford
(1?73) while examining specific sorption by clays and clay
fractions.

The statistical results obtained from this study and
from that of adsorption by illite, permits inference that
adsorption by 1:1 layer and 2:1 non-expanded layer silicates
may be governed by mechanisms which are different than that

for the 2:1 expanded types.
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Table XIV Freundlich constants and statistical analysis of heavy metal adsorption

*
on kaolinite with four heavy metals at four pH values .

Regression _ Standard Standard Standard Multiple
Constant Coefficient F(ratio) Error Error Error Coefficient
Kaolinite a b b a b y of determination
r2
pH 4
Cadmium 0.06 1.287 242.5 1.28 0.083 0.07 0.984
Lead 0.19 0.854 213.6 1.18 0.058 0.07 0.097
Copper 0.31 0.728 125.6 1.19 0.065 0.07 0.969
Zinc 0.88 1.319 65.8 0.48 0.163 0.14 0.943
pH 5
Cadmium 0.04 1.449 71.3 1.67 0.172 0.15 0.947
Lead 0.25 0.792 81.4 1.29 0.088 0.11 0.942
Copper 0.34 0.815 45.2 1.41 0.121 0.16 0.900
Zinc 0.17 0.957 399.0 1.15 0.048 0.04 0.992
pH 6
Cadmium 0.08 1.237 1322.0 1.11 0.034 0.03 0.997
Lead 0.42 0.827 215.7 1.17 0.056 0.07 0.986
Copper 0.06 -0.494 0.7 2.88 0.576 0.69 0.285
Zinc 0.16 1.084 53.6 1.55 0.148 0.13 0.931
pH 7
Cadmium 1.26 0.433 133.6 1.11 0.037 0.06 0.964
Lead 1.89 0.493 36.6 1.21 0.081 0.15 0.901
Copper 3.52 1.200 9.1 1.30 0.397 0.34 0.646
Zinc 1.06 0.706 20.2 1.51 0.157 0.17 0.855

axb

* Freundlich model Y

L6
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Below pH 5.0, (Fig. 5) kaolinite seemed to adsorb
approximately the same amounts of lead, zinc and copper,'
but more cadmium. It would be difficult to estimate
saturation peaks from the graphs, since the plateaux are
not clearly defined. Generally speaking, heavy metal
adsorption increased with increasing pH; a fact which has
been noted above and also reported in the literature (Heydeman,
1959; Anon, 1974; Reddy and Perkins, 1973). Kishk and Hassan
(1973) found kaolinite to retain mofe copper than its CEC
at pH 5.0; similar results (Fig. :5) have been obtained in
this study for all metals.

The experimental data did conform to the Freundlich
relationship (Table XIII) thus indicating that this process
of adsorption with increasing equilibrium concentration can
go on 1hdefin1te1y. Heydeman (1959) also observed this
Freundlich rejationship. The coefficients of determination
at pH 4.0 varied from 0.94 (Zn) to 0.98 (Cd); at pH 5.0, the
r2 values ranged from 0.90 (Cu) to 0.99 (Zn); at pH 6.0, from

0.12 (Cu) to 0.99 (Cd); and at pH 7.0 an r2

of 0.64 for Cu to
0.96 for Cd. Again, as in the case of adsorption by illite,
no consistent trends in Freundlich constants were obtained

thus limiting further inference about the adsorption mechanisms.
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It is known that unbalanced forces in clay minerals are
regulated by the pH of the medium. Clay minerals such as
i11ite and kaolinite carry a greater fraction of the CEC
from pH dependent charges than do the 2:1 expanded types.
McClean and Bittnecourt (1973) observed illite to carry 30%
and bentonite approximately 10% of the CEC from pH dependent-
charges; Baweja and McClean (1975) reported 6.9% for vermiculite
and 18% for kaolinite. In this study, as determined by the
sodium nitrate method, cation-exchange capacity values from
pH 4 to pH 7.0, did not vary more than 10% for montmorillonite
and vermiculite; and did more than 15% for kaolinite and illite.
Conseqqent]y, increase in sorption with increasing pH cannot
be satisfactorily explained to arise from an increase in the pH
dependent cation-exchange capacity of the minerals.

Several workers (Fordham, 1969; Menzel and Jackson, 1950;
Kishk and Hassan, 1973) have reported on diva]ent-méfa] sorption
on kaolinite. Fordham (1969) using Fe, suggested polymerization
as the initial stage in the formation of a precipitate on
kaolinite. Menzel and Jackson (1950) suggested that the simplest .
type of exchange to occur at low pH was in the form of Cu2+,
but as copper concentration increases, and, in the absence of
cupric hydroxide precipitate, hydroxy cupric ions are sorbed;

adsorption of the latter was more pronounced with kaolinite than

montmorillonite (Menze] and Jackson, 1950).
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A

From the sets of experiments, it became evident that
use of the Langmuir equation over a wide concentration range
has allowed slight understanding of heavy metal adsorption
on 2:1 expanded type layer silicates; and, secondly, both
expanded and non-expanded layer silicates conformed to the
Freundlich relationship. However, conformity with Langmuir
on one hand, by vermiculite and montmorillonite, and not by
illite and kaolinite may partly explain that at low pH, two
different adsorption mechanisms take place. It is accepted
that at pH below 5.0, divalent exchange would be the main form
of exchange reaction; consequently, effects such as ion-pairing,
hydrolyzed metal ion sﬁecies, polyhydroxy polynuclear species
and other éo]id phases of the metals would be absent.

Several ion-exchange theories have been used to ekp]ain
the behaviour of ion-exchange processes using adsorption as
the basic principle. Babcock (f963) stated that in the
statistical thermodynamics model, the mutual interaction
energy of the adsorbed ions is the same for the ions of the
same valence, and that, when a polyvalent ion of valency Zi
replaces Zi monovalent ions (in this study, Na+), the mutual
interaction energy is decreased by the interaction energy
of the monovalent ions. This postulate would become questionable
when the adsorbate is subject to hydrolysis, since theories of

ion-exchange are based on the premise that the exchanging ions
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retain their identity (Marinsky, 1966). Thé constant (K])

of the Langmuir equation is assumed to describe bonding
energies. Under low pH condition, one would have expected

(in the case of vermiculite and montmorillonite) to obtain
uniform values regardless of metal type; since no consistent
trend in Ki values was observed, it can be inferred that the
bonding energy constant from the Langmuir equation cannot be
used to support the statistical thermodynamics model. Probably
they should not correlate, since the principle behind the
Langmuir theory is based on uniforh monolayer adsorption,
whereas the'statistica1 thermodynamics model (discrete phases
of solid and solution) describes the adsorbing surface to be
composed of identical discrete sites with unit electric charge,
and, fhe adsorbed ions are localized. The distribution of
mobile positive ions near the solid surface follows the Poisson-
Boltzmans distribution (Eriksson, 1952).

In the diffuse double layer theory (no distinct boundary
between solid and solution), at equilibrium, the same number of
ions enter the double 1ayer (sorbed) as compared to the same
amount leaving it (desorbed). Increasing the concentration
of the electrolyte compacts the double layer and reduces the
energy barrier between the solution and the solid phase. The
double layer concept fails to consider the effect of ionic size,
because it considers ions as point charges and the charge density
on the surface of the partié]es to be uniform; it also fails to
consider specific reactions between the adsorbent and adsorbate

as well as between adsorbate molecules or ions.
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From the KZ/CEC ratios obtained, it would appear that
below pH 5.0, the divalent species retain their identity
and that the heavy metals are concentrated in the double
layer of bofh vermiculite and montmorillonite with different
energies of interaction. In the case of kaolinite and il1lite,
the adsorbed metal ions are probably localized at low pH and
conseqﬁent]y do not conform to the Langmuir relationship.

At high pH, the behaviour of the exchangé processes is masked
by the loss of identity of the exchanging ions that it becomes
difficult to properly understand the mechanism.

Using the diffuse double layer concept, increasing the
concentration of the solution phase no doubt reduces the energy
barrier between Surface_and electrolyte thus partly explaining
adsorption in excess of cation-exchange capacity. Santillan-
Medrano (1974) considefing ion-pair associations and heavy metal
adsorption applied a correction due to jon-pairs only, to be

equivalent to the CEC of the soil.

Competition Study

In this phase of the study, the approach taken was more
empirical than in the individual study. This approach was
taken to amass data for comparing the affinities of heavy
metals when in competition for adsorption on montmorillonite

and kaolinite. The results of this study are illustrated in
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Table XV Langmuir constants and statistical analysis of heavy metal adsorption on

montmorillonite with an equivalent mixture (1:1:1:1) of Cd, Pb, Cu and Zn at pH 5.0*.

Regression Standard Standard Standard
Constant Coefficient F(ratio) Error Error Error Coefficient of
Montmorillonite a b b a b y Determination
: rz
cadmium 0.19 0.168x10'4 34.7 0.12 0.28x10'5 0.30 0.853
Lead 0.12 ° 0.761x107°  14.5 0.07  0.20x10°° 0.18 0.675
Copper 0.23 0.121x10'4 11.9 0.14 O.35X10'5 0.36 0.628
Zinc 0.31  0.189x10°%  41.1 0.13  0.29x107° 0.3 0.872
*

Langmuir model Y = a + bx

86
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Fig. 6 and Fig. 7 and the data in Appendix XV.

Montmorillonite: Sharp upward trends were observed

(Fig. 5) for all metals at dilute concentration ranges
with the curves flattening at an equilibrium concentration

of 107!

me; beyond this point, irrespective of metal a
sharp upward trend was again observed. When the data were
incorporated into the Langmuir equation, coefficients of
determination (rz) obtained for cadmium and Zinc were (0.85
and 0.87, respectively); but, for lead and copper, they were
respectively 0.67 and 0.63; The linear regression analysis
data (Table XV and Table VII) clearly indicate that in both
competition and individual studies, heavy metal adsorption
by montmorillonite conforms to the Langmuir equation at pH
5.0. Sharp upward trends at the higher concentration ranges
can be interpreted to represent the precipitated forms of
the heavy metals following neutralization of the unbalanced
forces on the minerals.

When the adsorption maxima (KZ) were computed (Table XVI)
lead was found to be sorbed to a much greater extent (131.4
me/100 g) followed by copper (82.3 me/100 g), cadmium (59.5
me/100 g) and zinc (52.7 me/100 g). The interesting findings

from these data are that, despite low pH condition of 5.0 and

competition effects, lead is adsorbed in excess of the cation
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Table XVI
Bonding energy constants (K]) and adsorption maxima (K2)
for cadmium, lead, copper and zinc in competition by
montmorillonite at pH 5.0, for original concentration

of 0-50.0 me/1.

1 2
(me/100 g)
Cadmium 0.09 59.5
Lead 0.06 131.4
Copper 0.05 82.3

Zinc 0.05 52.7
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exchange capacity of montmori]]onite, copper to the same
extent; and, cadmium and zinc less than its CEC. If it is
assumed that at this pH, almost 95% of the metal ions are
in the divalent form, and, that, ion-exchange processes are
the only processes occuring between the solution and the
mineral surface, then the sorption capacity of montmorillonite
from one equivalent mixture of copper, lead, zinc and cadmium
would be the sum of their adsorption maxima (Table XVI), which
in this case .would be 325.8 me/100 g. This value is
approximately 4-5 times the CEC of montmorillonite.
Excluding the possibility of inorganic complexes at
this pH such as ion-pairs or polyhydroxy complexes, it would
appear that two kinds of reactions could happen; either the
working concentration was so high (50 me/litre), that the
energy barrier between the solid phase and solution was
drastically reduced thus allowing increased adsorption through
an extension of the diffuse layer; or due to ionic interactions
between the metal ions and the solvent molecules, the con-
ditional solubilities were exceeded thus causing the metals
to be physiéa]]y adsorbed in their precipitated forms.
Absorption maxima values for cadmium, copper and zinc,
~individually at pH 5.0 were 2, 3 and 4 times greater respectively

than the values found in this experiment.
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In the case of lead, more was absorbed in the competition

study? which could be probably caused by precipitation.

2+ 2+ 2+

Since an equivalent mixture of Cu® , Pb in~ , Cd2+

was used, and having made the assumption that the same divalent
species existed fd]]owing equilibration, one can talk of
relative affinities while considering the absorption maxima.
From the foregoing considerations and Table XVI, it could be
interpreted that montmorillonite had the following affinities

2+ 2 2+ . 2+

while Na+ was being displaced: Pb“ >Cu +>Cd ZIn” 3 1in the case

of individual studies, the sorption capacities at the same pH
were as follows: Cu>Zn>Pb>Cd. Bittell and Miller (1974)

derived se]ectivify coefficients for Pb and Cd and found Pb2+

2+

adsorption to be favoured over Ca on montmorillonite, illite

and kaolinite, but 1ittle difference was observed between Cd2+

and Ca2+

exchange.

Sorption capacities or affinities for a metal would be
closely related to interaction energy; in this part of the study,
the binding energy constants for Cu and Zn were similar (0.05),
for Pb (0.06) and for Cd (0.09) (Table XVI). These binding
energy_va]ues were higher than the ones obtained for the in-
dividual studies. It would be difficult to delineate the exact

causes since many factors are involved; cation exchange equilibria

are primarily dominated by coulombic interactions between the



Table XVII Freundlich constants and statistical analysis of heavy metal adsorption
(a) montmorillonite and (b) kaolinite with an equivalent mixture (1:1:1:1)

of Cd, Pb, Cu and Zn at pH 5.0*.

Regression Standard Standard Standard
Constant Coefficient F(ratio) Error Error Error Coefficient of
a b b a b y Determination
r2
(a) Montmorillonite
Cadmium 9.82 0.499 26.8 1.34 0.096 0.39 0.817
Lead 8.71 0.593 37.4 1.36° 0.097 0.41 0.842
Copper 8.21 0.552 25.9 1.43 0.108 0.45 0.787
Zinc 8.71 0.505 10.1 1.73 0.159 0.63 0.626
(b) Kaolinite
Cadmium 2.40 0.736 129.2 1.26 0.065 0.23 0.949
Lead 7.83 0.535 60.0 1.27 0.691 0.31 0.909
Copper 5.48 0.576 63.8 1.28 0.072 0.29 0.901
Zinc 2.16 0.735 158.0 1.23 0.058 0.21 0;958

* Freundlich model Y = ax

€0l
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counter ions {(in various hydrated forms) and the fixed
groups of the exchanger; and also by ion-dipole or induced
dipole interactions between the counter-ions and the water
molecules (ionic hydration).

The data also conformed to the Freuhd]ich equation
(Table XVII), with r2 values for Cd, Pb, Cu and Zn being,
respectively 0.82, 0.84, 0.79 and 0.63. The Freundlichs'
constants for the metals did not differ significantly (8.2
to 9.8) indicating that at this pH when in competition, the
energy of interaction did not vary widely.

Kaolinite: The adsorption data when plotted (Fig. 7)
did not give consistent patterns as obtained for montmorillonite
(Fig. 6); it would therefore be difficult to derive any inter-
pretation from their description. When data for the kaolinite
study were incorporated into the Langmuir equation lack of
conformity was obtained (very low rl values); consequently F-
tests showed the regression equations to be insignificant; the
results have not been reported. Lack of the Langmuir relation-
ship in both individual and competition studies indicated that
the monolayer theory of adsorption cannot be applied to heavy
metal adsorption by kéo]inite and probably by the kaolin group
of minerals. It would also seem that the concept of uniform

distribution of charge-density cannot therefore be applied to



o)
o
l

1073

METAL ADSORBED (me/g)
| 5
1

1073t L & — '
100 10t 107 SN [0 S To
- EQUILIBRIUM CONCENTRATION (I0~5me)
FIG. 7. HEAVY METAL ADSORPTION BY KAOLINITE AT pH 5.0 FROM AN

EQUIVALENT MIX TURE (I I:1:]) OF Cd,Pb,Cu,Zn

501



106

minerals such as kaolinite; instead charges can be considered
to be localized, and, consequently, the adsorbed ions are
localized which would therefore partly explain failure of the
monolayer adsorption.

The experimental data did contform to the Freundlich
relationship (coefficients of determination >0.90 for all
metals). The Freundlich's constants were not spread narrowly
as they were for adsorption on montmorillonite; in this case,
zinc and cadmium had almost the same values (2.1-2.4), (Table XVII);
lead, 7.8 and copper 5.4. These values would seem to suggest
that when the metals compete for localized sites, their energies
of interaction are different; whereas when they compete for
charge density sites (prbbab]y uniform) on montmorillonite,
their energies of interaction are almost similar (it should be
noted that at pH 5.0, they all behave primarily as divalent
species).

Deductions from the use of Freundlich and Langmuir equations
are not sufficient for interpreting the mechanisms, since
identification of fundamental entities (atoms, ions, charge
density, etc.) in the solid-solution system were not possible.
The generalizations derived from this phase of the study are of
predictive value, though they do not provide an understanding

as such of the phenomena.
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An extens1on of the phys1co chem1ca1 approach used in -
these c]ay mineral studies, to so11 systems, would be a]so
'usefu1 for pred1ct1ng availability of heavy meta1s in soil
| so]ut1on under d1fferent cond1t1ons of PH and concentrat1on

ranges. Such an attempt w111 be made in the next section to
1nvest1gate the retent1on ‘mechanisms of some agr1cu1tura1 so11s

and surround1ng sed1ment of the Sa]mon R1ver Watershed
CONCLUSIONS

Adsorption isotherms were obtained for the heavy metals
“cadmium, ]ead} copper and zinc,on montmoriilonite,'vermicuTite,
iilite'and kao11n1te. Heavy metal adsorption-in all cases
»Was. found to‘increase'with increasing pH. |

When the data for montmor111on1te and verm1cu11te were
'1ncorporated into the Langmu1r equat1ons, cadm1um, lead and
zinc adsorpt1on conformed to the-Langmu1r re]at1onsh1p; ind
the case of copper, exper1menta1 data beyond pH 5. O d1d not
obey .the re]at1onsh1p

Conformity'with Langmuir, allowed the computation of
._adsorption maXima'on montmorillonite and vermiculite These
rat1os have served as sorpt1on 1nd1ces for both 1nd1v1dua1
and compet1t1on stud1es At pH 4 O,-montmor111on1tevadsorbed
cd, Pb, Cu and in jn the ratios of'];T:]:Z,'respectiye]y, but

vermiculite was found to adsorb them in the ratio of 1:1:1:1.
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At pH 5.0, the ratios for montmorillonite were 1:1:2.5:2,
whereas for vermiculite, they were 1:1.5:2:1.1.

Irrespective of heavy metal, montmorillonite could adsorb
approximately twice its CEC at pH 5;0; at pH 6.0, the sorption
capacities varied between two to three times the CEC. Beyond
pH 6.0, with the exception of éadmiﬁm, high ratios were obtained;
it was difficult to identify the processes, since the extent of
chemicé] to physical sorption, formation of inorganic complexes
or precipitation could nbt be delineated.

 Results of the studies with il1l1ite and kaolinite showed
non-conformity with Langmuir, thus failing to show monolayer
adsorption of the heavy metals; instead adsorption at localized
sites is being suggested.

Heavy metal adsorption on the 2:1 expanded, 2:1 non-expanded
and 1:1 clay minerals also followed the Freundlich relationship
under all working pH conditions and concentration range of 0
to 3000 ppm.

Competition studies showed conformity with Langmuir for
montmorillonite at pH 5.0 for all metals; no relationship was
observed with kaolinite. Computation of adsorption maxima for
montmorillonite showed the Tatter to have affinities in the

2 2+> n2+. The sorbtion maximum of mont-

order Pb2*scu®t>ca®tsz
morillonite at pH 5.0, was at least four times its CEC in the
competition study. Experimental data for both kaolinite and
montmorillonite were significant at the 5% level when incor-

porated into the Freundlich equation.
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PART III

Heavy Metal and Sorption Isotherms for some
Soils and Sediment of the Salmon River Area

(British Columbia)

INTRODUCTION

The amounts of some of the heavy metals responsible for
acute intoxication are fairly well established and have been
recently reviewed (National'Research Council 1973; Friberg,
1973; National Academy of Sciences, 1974). For example,
poisoning caused by cadmium has been well exemplified in the
Jihtsu River Valley of Japan (Kobayashi, 1971). The biological
effects of continuous exposure to the lesser amounts present
in the modern environments are largely unknown.

Numerous surveys have been carried out to identify the
nature and extent of heavy metal pollution of the physical
environment: (a) soils and plants (Lagerweff, 1967, 1971;
Chow, 1970; John, 1971, 1972b,1973; Takijima and Katsumi, 1973;
Warren et al, 1971); (b) sea-water (Preston et al., 1972); (c)

rainfall (Hallsworth and Adams, 1973), estuaries and rivers
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(Carmody,_]973) and glacier contamination (Neiss and'KOide,‘_
n197])t Know]edge-pertaining to uptake by lite4ferms is
‘-sldw]y accumulating. | It appears that leve]s of heavy meta1'
'p011ut1on vary with man's act1v1ty within a qeograph1c reg1on
'and the sources may be from any or a combination of the
“following: . m1n1ng and sme]t1ng operat1ons, gaso11ne and
fossil fue]’combustien (Lagerweff,'1§67);.biocides‘(Lisk,
1972), 1tmestonefand phosphate fertilizers (Wi11iams.anq-
David, 19735 Schroeder, 1963) and, .sewage and 1ndnstria1 s]udée
;apbiications to’agrtcu]tura] (Webber, 1975;’Purves_and.MacKenzie,
1973) ahd'forested Iands (Sopper and Kardos, 1973). Since the
:hydrologica1 cycle interaets_wjth the cycle of rocks, heavy
metal transport fromxsoils is related to their presence in the
sediments dfirivers, 1akés'and estuaries; Winds, sewer outfalls,
storm and river runoff‘have been identified as transporting
agents for heavy metal acd1t1on to sed1ments (Bruland, et ;l.,
1974) : Contam1nat1on of Cu, Pb, Ni, Zn in surface sed1ments_
near waste disposal areas were found to be ten to hundred t1mes
greater than in uhcontam1nated sed1ments (Carmody, 1973); the
wastes conswsted'bf dredge spoils from inner harbour, sewage
s]udge from treatment‘p]ants anq chenical discharges erm.in;
"dustry. Slow enrichment of heavy meta]s in sediments wouldv

.reducehbiological~act1v1ty in urban aquatic environments.
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Ion exchange equilibria in the soil system would be a
function of: unbalanced forces arising from the net charge
on the clay minerals, secondly, from the ionic and non-ionic
groups exhibited by the organic fraction and thirdly by
amorphous oxides. Stevenson and Ardakani (1972) described
two groups of soil organic compounds to react with metals;
the first group of naturally occuring compounds such as
polyphenols, organic acids, amino-acids, proteins, poly-
saccharides and, the second group to be of secondary origin,
namely humic and fulvic acids. |

The solubility and mobility of heavy metal compounds
in soils are becoming increasingly important. Since mobility
affects levels in waters and availability to 1ife-forms, it
is imperative to understand the mechanisms controlling
availability in soil solution. Availability in soil solution
is controlled by: |

1. adsorption on clay colloids,

2. complexing with organic matter (organo-metallic

and organo-metallic clay complexes), and
3. solubility of the ionic speciés and nature of

the solid phase of the metal.

Heavy metal sorption studies on a wide range of soils are

needed before generalizations can be made regarding heavy metal
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transport in natural systems. Considerations have been given

1. (1969) to specific and non-specific sorption

by Tiller et
of isotopically labelled cobalt; and by McLaren and Crawford
(1973) on the specific sorption of copper at very low con-
centration in a chloride system. The sorptive capacities for
zinc by soils rich in calcium (Udo et al., 1970) and soils of
varying organic matter and clay content (Shuman, 1975), for

lead sorption on soils of differing texture (Anon, 1974), and
for cadmium sorption in a chloride system (John, 1972b)with

PH unadjusted have been reported. Other observed phenomena
studied have dealt with the adsorption of Pb and Cd on hydrous
oxides of Mn (Anon, 1974) and heavy metal complexing with iron
oxide (Leeper, 1972). Santillan-Medrano (1974) emphasized the
importance of ion-pair formation in adsorption of Pb and Cd to
soils. Lagerweff and Brower (1973) found lead adsorption to be
greater in Ca-treated soils than Al-treated soils. 1In leaching
studies (Anon, 1974) it was found that only 1/3 of the Pb retained
in the soil can be removed by CaC]Z, but most of it by leaching
with EDTA. A survey of the literature revealed that in Western
Canada and in particular British Columbia, very few heavy metal
studies have been undertaken to identify the intensity of soil
contamination (Warren, Delavault and Fletcher, 1971, John, 1971,

1972¢). Potential sources of pollution in the province would be
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primarily from the forestry and mining industries and
municipal wastes. The agricultural industry commonly
regarded as a non-point sourcé of pollution has been
assessed but the sorptive capacities of agricultural
soils have not been determined. The Salmon River Water-
shed is an important agricultural area in the Lower
Mainland of British Columbia and the Salmon River is a
tributary of the Fraser River.

Some of the inorganic constituents (clay minerals)
commonly found in the soils were the subject of investigation
in Part II. Since clay minerals in soils do not react
singly, but intermingle in various proportions with the
other soil constituents, adsorption reéu]ts obtained, could
be quite different than that exhibited by soils.

[t is the purpose in this part of the study to investigate
further the adsqrptive behaviour of cadmium, lead, copper and
zinc whenlsorbed individually ds well as when in competition
on some selected soils and sediment of the watershed. Causal
relationships between sorption capacities and soil properties
are also examined. A wide concéntration range of the nitrate

ion was chosen to simulate conditions of nitrate pollution.
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MATERIALS AND METHODS

Description and Preparation of Samples

Three surface horizons (Ap) representative of the soils
found in the watershed and a surface sediment were chosen for
this part of the study. They have been referred to in Part I
as Site I, Site III and Site IV and Sediment sample 52'
. Selected physica] and chemical properties of these samples

have been reported in Appendices.

Na_saturation: Samples were air-dried and ground to pass

100 mesh stainless steel sieve before sodium-saturation.
The procedure used was similar to that for the clay
minerals and has been described in Part II page 56.

Stock solutions: The preparation of stock solutions of

Cd, Pb, Cu and Zn have been described in Part Il page 57.

Analytical Method

a. Individual study

In the individual studies, i.e. between adsorbent and
single absorbate, the procedure described in Part II page 58
was used.

Experiments were conducted between the heavy metals
(Cd, Pb, Cu and Zn) with soil samples from Sites I, III and V

and sediment sample 52' These studies were conducted at pH 5.
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In addition experiments with lead and soil samples from Sites I
and III at pH values of 4, 6 and 7 were conducted as lead was
found to be more pH dependant than the other elements.

b. Competition Study

This study was conducted at single pH 5.0 using
equiva]enf mixture of cadmium, lead, copper and zinc and the

procedure described in Part II (Page 59) was used.

Cation Exchange Capacity

Procedure was similar to that described in Part II (Page 59)
with the exception that 2.5 g of (<100 mesh) soil and sediment
samples were taken.

Treatment of data: The data were treated in a similar

manner to the clay mineral studies and are described in Part II

page 60.

RESULTS AND DISCUSSION
Individual Studies
Lead sorption: A1l experimental data were incorporated
into both the Langmuir and Freundlich equations using the least
square technique. The results have been summarized and pre-
sented in Tables XVIII-XIX and Appendix XVI. Selected chemical
and physical properties of the samples are reported in Appendices

IV,VI. Mineralogical properties are reported in Appendix VIII.
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Cation exchange capacities of the samples as determinedrby
NaNO3 for alluvium, outwash, marine loam and sediment were
found to be 42 me/100 g, 15.1 me/100 g, 19.5 me/100 g and
18.7 me/100 g respectively.

Fig. 8 (a) and Fig. 8 (b) illustrate the adsorption
patterns for lead at pH 4, 5, 6 and 7 on the surface horizons
of marine loam and glacial outwash. The sorption characteristics
at pH 4.0 and 5.0 were almost similar for both soils. At pH
6.0 and beyond an equilibrium concentration of about 1200 ppm,
the adsorption isotherms for both soils rose steeply. At pH
.7‘0’ and low equilibrium concentrations, the curves rose
steeply and remained close to the Y-axis. From these adsorption
isotherms, it became clearly evident that at pH 6.0 and 7. 0,
phenomena other than ion- exchange seemed to occur.

It has been suggested (Anon, 1974) that very little

hydrolysis of Pb2*

occurs at pH 6.0 and that adsorption involves
Pb2+ only. The sharp upward trends in sorption observed beyond
pH 6.0 (Fig. 8) were also observed in the clay mineral studies.
These would seem to suppoft the suggestion that whenever a rise
in the isotherm accompanied by a small change in equilibrium
concentration takes place, precipitation of the heavy metal

is the most l1ikely phenomenon. Specific sorption of lead through

metal hydrolysis WOu1d probably not be able to account for such

sharp upward trends in the case of both soils and clay minerals.
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Regression analysis of the data (Table XVIII) showed
conformity with the Langmuir equation over all working pH
conditions; with coefficient of determination (rz) varying
from 0.90—0.96 up to pH 5.0 for both marine loam and 6ut—

.wash surface horizons and 0.70 to 0.78 beyond pH 6.0.
Analogous results were obtained for the smectite group of

clay minerals; these would indicate that adsorption phenomena
of heavy metals on soils of differing texture are similar to
that occuring with the smectite group.

Variation in the nature of the solid phase (soil) arises
from the nature of the clay minerals, amorphous oxides and
organic constituents. Adsorption of heavy metals on amorphous
oxides of Fe, Al and Mn 1slwe11 known; adsorption of Pb, Cd,
and Zn on hydrous manganese oxide were favoured with increases
in pH; and_the sorptive capacity was found to follow the order:
Pb>Zn>Cd (Anon, 1974). It has been suggested that adsorption
on hydrous oxides can be treated as surface compiex formation
or as an ion exchange process. Reactions of heavy metals with
organic soil colloids have been extensively reported. Functional
groups such as hydroxyls, carboxyl, phenolic, imino groups, etc.

are responsible for holding metal ions in pentagonal or hexagonal

chelate structure (Leeper, 1972). Nature of complexing in the



Table XVIII Langmuir constants and statistical analysis of lead adsorption

*
on marine loam and glacial outwash at four pH values .

Regression Standard Standard Standard
Constant Coefficient F(ratio) Error Error Error Coefficient of
a b b a b y Determination
r2

Marine Loam

4 5.99 0.019 120.8 2.23 0.002 3.90 0.970

5 3.96 0.017 40.8 3.43 0.003 5.91 0.911

6 0.81 0.007 15.4 1.38 0.002 2.58 0.755

7 0.30 0.004 18.6 0.28 0.001 0.52 0.788
Glacial Outwash

4 8.45 0.020 61.2 2.97 0.002 5.00 0.924

5 4.47 0.012 49.9 1.91 0.002 3.46 0.909

6 1.68 0.006 12.2 1.26 0.002 2.26 0.709

7 0.38 0.004 16.5 0.35 0.001 0.64 0.767

*
Langmuir model Y = a + bx

6Ll



Table XIX Freundlich constants and statistical analysis of lead adsorption

*
on marine loam and glacial outwash at four pH values .

Regression Standard Standard Standard
‘Constant Coefficient F(ratio) Error Error Error Coefficient of
b b _ a b y Determination
r2

H Marine Loam

4 2.14 0.262 49.9 1.10 0.037 0.07 0.926
5 2.93 0.186 11.1 1.16 0.055 0.16 0.735
6 3.10 0.320 38.1 1.12 0.121 0.15 0.884
7 3.51 0.400 76.4 1.09 0.046 0.13 0.939

Glacial Qutwash

4 1.83 0.302 47.0 - 1.13 0.044 0.08 0.904
5 2.81 0.227 27 .1 1.12 0.044 0.12 0.844
6 2.89 0.332 51.7 1.12 0.046 0.13 0.912
7 3.21 0.416 65.4 1.11 0.051 0.14 0.929

Freundlich model Y = axb

0¢l1



121

case of copper-humic acid was found to occur with the
nitrogen of porphyrin groups (Goodman and Chesire, 1973);
whereas laboratory made complexes with humic acid have
been linked to carboxyl and phenolic groups. Chelated
metals remain in solution at much higher pH values than
do the inorganic forms since the protected cations are not:
subject to precipitation as insoluble hydroxides. Stébi]ity
complexes with humic acid (Anon, 1974), followed the order
Cu>Pb>Cd>Zn; and similarly in the case of fulvic acid com-
plexes, Cu>Pb>Zn (Stevenson and Ardakani, 1972).

In the present study, the soil matrix is considered
to be a mixture of different kinds of adsorbents acting
singly and also interacting with each other. It would
therefore be difficult to differentiate the distribution
of the charge density; despite this- fact, adsorption similar
to the monolayer type is exhibited. It would appear that
under high pH, pH effects such as precipitation overrides
'chemica1 and mineralogical properties since both soils pro-
duced almost similar sorption capacities (Table XX). The
adsorption maxima at pH 4.0 for both soils were analogous;
but at pH 5.0, more lead was sorbed on glacial outwash than

on marine loam.



Table XX

Bonding energy constants (K]) and adsorption maxima

(K2) for lead on two soils at four pH values for

. original concentration of 0-3000 ppm.

pH

N oY ol

~N Oy O B

o O O O

o O O O

.0031
.0042
.0092
.0128

.0023
.0026
.0036
L0111

K2
me/100 g
Marine Loam (Ap)
51.44
57.79
130.78
247.73

Glacial Qutwash (Ap)
48.67
82.42
166.67
228.87

K2/C.

E.

.63

2.96
6.71

11

.70

.22
.45
.03
15.

15

122
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The bonding energy constants (K]) (Table XX) increased
with a rise in pH for both soils; values ranged from 0.003
to 0.013 for lead adsorption on marine loam and 0.002 to
0.011 on glacial outwash. These would seem to suggest thatA
irrespective of the nature of the parent material and_texture,
the average bonding energy for lead is the same for both soils.
Data incorporated into the Freundlich equation also
showed conformity (Table XIX). The constants are reported
in actual units and were observed to increase with increasing
pH; values ranged from 2.14 at pH 4.0 to 3.5 at pH 7.0 for

marine loam, and, 1.83 to 3.21 at pH 7.0 for outwash.

Heavy metal sorption at pH 5.0

,To evaluate the sorptive capacities of the soils and the
sediment for various metals, adsorption at a single pH was
determined. The pH of 5.0 was chosen because it was close
to that exhibited by the samples under natural conditions
(Appendix 1V).

Fig. 9 illustrates the adsorption patterns of Cd, Pb, Cu,
and Zn on the surface horizons of glacial outwash, alluvium
and marine loam soils, as well as on the surface sediment (52)’
The original readings are reported‘in Appendices XVII and XVIII.

Adsorption of copper on the outwash followed a different

pattern than that observed on alluvium, marine loam and sediment.
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In the case of the outwash, at an equilibrium concentration
of approximately 1250 ppm, no sharp increase in adsorption
was observed, whereas for the other samples and at the same
equilibrium concentration, steep rises in the copper curves
were noted (Fig. 9). Since differences in clay and organic
matter contents and CEC could not gkp]ain this phenomenon, it
might be inferred that adsorption on outwash was primarily

due to Cu2+

and practically no precipitation as Cu(OH)2

occured. In the case of the heavy metals Pb, Cd and Zn,

the adsorption patterns were sihi]ar for all samp]es. Curves

for zinc and cadmium gave plateaux up to an equilibrium con-
centration of 1300 ppm on outwash, marine loam and sediment;
beyond the 1300 ppﬁ equilibrium concentration, steep rise in

the curves could be the result of precipitated forms. Adsorption
isotherms of Zn and Cd on the alluvial horizon were smooth

2+

(Fig. 9), indicating that total adsorption occurs as Zn and

cd?t.

At pH 5.0, it is regarded that the most prevalent ionic
species would be divalent species. Since the alluvial horizon
contained the highest amount of clay (33.3%), CEC (52.4 me/100 g)
and OM (21.3%), it could be inferred that more éurface area is
available and therefore more uniform adsorption is possible.
Consequently, it would seem that the solubility products of

zinc hydroxide and cadmium hydroxide were not exceeded, whereas

they did in the other cases.
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When the four samples were compared (Fig. 9), it became
evident that irrespective of soil or sediment, sorptive
capacities were almpost similar up to an equilibrium con-
centration of 1250 pbm with adsorption following the order

Pbtscultscdltsznlt

+>Zn When the experimental data for the
working range bf 0-3000 ppm were incorporated into the Langmuir
equation, it was observed to lack conformity in some cases
Table XXI. For instance, adsorption of Cd, Pb and Zn on
alluvium followed Langmuir (r2 = 0.72 to 0.98); in the case

2

of copper adsorption, the r° value was only 0.20, but when

data for a working range of 0 to 1500 ppm were incorporated,
an r2 of 0.75 was achieved. Conformity for Cu adsorption was
poor even at the 0 to 1500 ppm concentration range for all
other samples. The same remarks can be made for cadmium
adsorption since r2 values at 1500 ppm concentration range
varied from 0.97 (alluvium) to 0.90 (sediment); whereas they
ranged from 0.72 to 0.09 in the working range (0-3000 ppm)
(Table XXI). These data would seem to suggest that before
generalizations can be made regarding heavy metal adsorption,
the concéntration range as well must be taken into account,
since it seems to influence adsorption phenomena. The Langmuir
relationship was obeyed for the adsorption of Zn and Pb in the
working range of 0 to 3000 ppm since the regression equations

were significant at the 5% level (Tab]e XXI). Data obtained



Table XXI Langmuir constants and statistical analysis of heavy metal

*
adsorption on some soils and sediment at pH 5.0 .

Regression Standard Standard Standard
Constant Coefficient F(ratio) Error Error Error Coefficient of
a a b a b y Determination
r2
Alluvium
Cadmium 5.09 0.040 109.7 2.78 0.004 4.13 0.973
14.32 0.020 13.2 7.36 0.005 12.76 0.725
Lead 1.17 0.009 364.1 0.48 0.001 0.93 0.986
Copper 6.16 0.019 ' 8.8 4.05 0.006 5.98 0.745
10.59 0.006 1.3 5.37 0.005 8.73 0.202
Zinc 15.59 0.202 23.7 5.57 0.004 9.66 0.826
Glacial Qutwash
Cadmium 19.06 0.046 14.7 8.99 0.012 12.76 0.830
35.73 0.009 0.4 13.59 0.010 22.58 0.138
Lead 4.47 0.012 49.9 1.91 0.002 3.46 0.909
Copper 10.64 0.016 2.6 6.22 0.009 8.85 0.465
14.66 0.005 1.5 4.95 0.004 8.37 0.232
Zinc 25.81 0.023 14.5 8.35 0.006 14.29 0.743
Marine Loam

Cadmium 13.05 0.059 49.9 6.41 0.008 9.18 0.943
34.47 0.009 0.5 17.62 0.012 29.15 0.093
Lead 3.96 0.017 40.8 3.43 0.003 5.91 0.912
Copper 10.52 0.016 2.4 6.54 0.010 9.33 0.439
15.14 0.003 0.2 6.30 0.006 10.05 0.045
Zinc 18.51 0.029 30.1 7.34 0.005 12.65 0.857

*
Model Y = a + bx



Table XXI (continued) Langmuir constants and statistical analysis of heavy

*
metal adsorption on some soils and sediment at pH 5.0 .

l Regression Standard Standard Standard
Constant Coefficient F(ratio) Error Error Error Coefficient of
a b b a b y Determination
' 2
r
Sediment
* %
Cadmium 10.86 0.043 26.5 6.24 0.008 9.06 0.898
24.73 0.011 1.4 11.61 0.009 19.51 0.214
Lead 4.37 0.011 43.3 1.94 0.002 3.50 0.896
* %
Copper 13.58 0.020 2.9 8.00 0.011 11.20 0.496
19.02 0.001 0.0 10.07 0.011 14.75 0.002**
Zinc 12.33 0.041 24.9 6.08 0.008 8.76 0.892
24.26 0.015 4.5 9.53 0.007 16.18 0.473

*

Model y = a + bx

* %
Data for original concentration of 0-1500 ppm.

8elL
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Table XXII

Bonding energy constants (K]) and adsorption maxima (K2)
for some soils and sediment at pH 5.0 for original con-

centrations of 0-3000 ppm and 0-1500 ppm.

K, Ko Kp/C.E.C.

me/100 ¢

AlTuvium (Ap)
Cadmium 0.0079 43.9 1.0"

0.0014 88.5 2.1

Lead 0.0078 105. 4 2.5
Copper 0.003] 163.9 3.9”
Zinc 0.0013 151.4 3.6

Outwash (Ap)
Cadmi um 0.0024 38.9 2.6
Lead 0.0026 1 82.4 5.5
Copper 0.0015 199.2 13.2"
Zinc 0.0009 133.0 .8

Marine loam (Ap)
Cadmium 0.0045 30.1 1.5"
Lead 0.0042 57.8 .0
Copper 0.0015 197.9 10.1"
Zinc 0.0016 105.6 5.4

Sediment
Cadmium 0.0023 40.9 2.2"
Lead 0.0026 86. 2 4.6
Copper 0.0015 153.2 8.2"
Zinc 0.0033 74.4 4.0"

*
0-1500 ppm.
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from the present study would seem to indicate that although
adsorption patterns are analogous (Fig. 9), they do not
explain the nature of adsorption. Apb]ication of the Langmuir
relationship indicates that heavy metal adsorption on soils
varies partly with the nature of the metal, the working
concentration range and pH condition.

The bonding energy constants (K]) are reported in Table
XXII; values ranged from 0.001 for cadmium and zinc to 0.007
for lead; K] values determined from both working concentration
range of 0 to 3000 ppm and 0 to 1500 ppm, stayed within the
mentioned values, thus indicating that 1ittle difference in
energies of interaction existed between the metals and Ap
horizons derived from different parent materials. MclLaren and
Crawford (1973II) reported bonding energy constants at pH 5.5
to range from 0.30 to 1.93 for copper sorption on soils. John
(1972) also found the bonding energy of Cd on soils to vary
considerably.

Adsorption maxima (K2) are presented in Table XXII. It
was assumed that all ions were divalent and their activities
unity. In all cases, at pH 5.0, the amount of heavy metal
sorbed exceeded the cation exchange capacity. Similar findings
have been reported for the adsorption of heavy metals on clay
minerals (See Part IT) and soils (Santillan-Medrano, 1974; Anon,

1974). Santillan-Medrano (1974) stressed the presence of ion-
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pairs; he derived an exchange function for the determination

of sorption capacity from experimental isotherm data of Cd

and Pb; the maximum correction applied while determining the
sorptive capacity was twice the CEC of the soil. The CEC of
the soil does not change, but the divalent ions after forming
ion-pairs with non-valent ligands require only one equivalent
exchange site to be adsorbed rather than two. He did not
differentiate whether the heavy metal was adsorbed or pre-
cipitated; but rather regarded both phenomena to be responsible
as a general sink for a given heavy metals he also suggested
that the main mechanism for lead fixation in soil to be pre-
cipitation, and exchange to be the more important mechanism

for Cd fixation. In this study, the adsorption maxima (Table
XXII) showed greater equivalent amounts of zinc and copper
sorbed than lead, with cadmium the least; however, when the
isotherms (Fig.“9) were compared, beyond an equilibrium con-
centration of 1250 ppm, the sorption peaks followed the order
Cu>Pb>Cd>Zn. Udo et al. (1970) suggested while studying
adsorption of zinc on soils with carbonate that at moderate]y
high levels of Zn, zinc precipitated as Zn(OH)Z. It has been
stated (E11is, 1973; Lindsay, 1972) that inorganic solid phases
(precipitates) participate in the dynamic equilibria involving
"soil solution, soil exchange complex, adsorption surfaces, uptake
and release of nutrients by micro-organisms and removal of

nutrients by plants.
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Adsorption maxima fbr 1ead on alluvium, outwash and
sediment were almost similar (82.6 - 88.5 me/100 g), but
only 57.8 me/100 g was adsorbed on marine loam. Ratios
for zinc adsorption on sediment were not calculated for
the 0-3000 ppm range; but rather for the 0-1500 ppm range.
The K2 values showed more zinc to be adsorbed than lead and
cadmium by all samples. Values reported for copper were not
regarded as meaningful Qince the regression equafions were
not significant at the 5% level.. McLaren and Crawford
(197311) found K2 values for Cu at pH 5.5 in a chloride
system to vary between 340—5,780 ug/g soil. The K,/CEC
ratios presented in Table XXII are useful for comparing the
sorptive capacities of heavy metals within the same soil
sample, but not quite practical to compare between soils.
It would seem that comparing adsorption maxima (Kz) would
be more meaningful. The higher ratios obtained at pH 5.0
~on soils compared to those for the 2:1 or 1:1 type clay
minerals, indicated that, use of a soil property such as
cation exchange capacity alone would not exp]éin the observed
differences.

It would appear that sur%ace areas contribution by the
presence of amorphous oxides of Fe, A1, Mn, Si as well as

the various organic components are important parameters that
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must be taken.into account. MclLaren and Crawford (19731)
fractionated soil copper into five fractions: (1) soil
solution and exchangeable copper(2) copper weakly bound

to specific sites (3) organically bound copper (4) copper
occluded by oxide material and (5) residual copper mainly

in clay lattice structures. Organic matter extracts such

as humic and fulvic acids have also been found to be

effective in complexing heavy metals in soils and sediments.
The equilibria of such metal complexes or chelates have been
reviewed (Schnitzer and Khan, 1972; Norvell, 1972; Geering

and Hodgson, 1969; Santillan-Medrano, 1974).' It is considered
that organo-metallic complexes are ubiquitous in nature.

Humic and fulvic acids from both soluble and insoluble stable
complexes with polyvalent cations (Stevenson and A]dakani, 1972;
Tan et al., 1971), and that, fulvic acids because of relatively
low molecular weights and high acidities form mobile metal com-
plexes. Rashid and Leonard (1973) emphasized the important role
of humic acids in accumulating metals in sedimentary deposits;
they found sedimentary humic matter or its acid-hydrolyzate to
adsorb metals up to 628 mg/g of organic matter from their
insoluble salts. The scavenging nature of hydrous oxides
towards heavy metals has been well exemplified; for example

enrichment of Co and Ni in manganese nodules in ocean bottoms
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e (Aoon, 1974). The change in the surface charge of hydrous
oXioes_with pHeas‘we11 as the mechanism_responsib1e for
vheary metal sorption are not well uhderstood. “Recent studies
_(Anon,r1974) found.]éad vas adsorbed much:more strong1y thah
Cd, In, K, Mg, Ca on the same hydrous manganese ox1de samp]e
cLaren and. Crawford (197311) showd adsorpt1on maxima for
copper to fo]]ow the order Mn02>organ1c matter>iron oxides>
clay. m1nera1s |
| Tab]e XXIII reports the- regress1on equations obta1ned
jwhen the exper1menta1 data at pH 5.0 were 1ncorporated Tnto 3
the Freundlich's equation A11 the regress1on equat1ons were
_s1gn1f1cant at the 5% Tevel for the work1ng concentrat1on
~range (0-3000 ppm) The Freund11ch's constant (a) Table XXIII
for, 1ead varied between 2. .8-3.0, cadmium 0.9-2.1; copper
'0.671.8_and~z1ncs1f2—1.6. These values would 1ndicate that
_forvthe concehtratioﬁ rangeistudied, this parameter varfes
within narrow Timits for all samples; tme same applies for éinc
:but'not to the same extent for cadmium;- It would appear that
in the.case of copper,pprobab1y,.forms of-Cu other than Cu2+

were adsorbed in a different manner.



Tab1e XXIII' Freund]ich cbnstants and statistical ana]ysfs of héavy'meta1

: ‘ _ v e *
adsorption on some soils and sediment at pH 5.0 .

Regression | Standard Standard Standard

Constant Coefficient F(ratio) Error  Error . Error _Coefficieht-ofl
a b b a b y Determination
o - r2
_ _ o , AlTuvium f _ _
Cadmium 2.09 0.228 12.3 1.19 0.06 0.13 0.711
Lead 3.05 " 0.278 1505.0 1.08 0.07 0.21 0.997
Copper 1.82 0.374 8.6 1.40 0.13 0.27 0.632
Zinc 1.56" 0.310 ' 16.4 1.24 0.08 0.14 0.766
_ » . S Glacial Qutwash '
Cadmium 0.90 0.482 10.8 1.51 0.15 0.23 0.683
~Lead - 2.81 0.227 27.1 1.12 0.05 0.13 0.844
Copper 1.07 0.529 22.1 1.36 0.11 0.18 0.815
Zinc 1.21 0.364 .16.0 1.29 0.09" 0.15 - 0.762
o _ o ' Marine Loam A o
~ Cadmium 0.97 0.467 7.9 ~1.59 0.16 0.25 0.614
- Lead . - 2.92 0.186 ' 11.1 ‘1.1¢ 0.06 - 0.16 0.735
Zinc 1.35 0.333 72.0 10.10 .12 0.04 0.935
‘ ' _ o : : Sediment o o ‘ .
Cadmium 1.62 1 0.313 5.4 7 1.45 0.13 - 0.25 0.521
Lead 2.81 S 0.232 28.7 1.12 0.04 0.12 - 0.852
Copper - -0.61. 0.745 8.8 1.97 0.25 - 0.34 0.639
“Zinc 1.32 1 0.365 11.4 1.35 0.11 0.18 S 0.695

Freundlich model Y_=.abXA
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Correlation Studies:

When correlation studies were performed between the
Langmuir adsorptioh maxima of Pb, Cd and Zn at pH 5.0 and
selected soil properties (Table XXIV), they were all
positively correlated with % clay, % carbon and CEC. With
clay, highest correlation was obtained for lead (r = 0.94)
followed by Cd (0.84) and Zn (0.63). In the case of zinc,

a high correlation with Pb or Cd was obtained with carbon
content and CEC. Udo et al., (1970) found the K, values for

zinc to be also related to clay cbntent, OM and CEC with r
values 0.75, 0.67 and 0.75, respectively. Negative correlations
were obtained for both Pb and Cd with oxalate-Fe and oxalate-Al;

but zinc was positively correlated.

Table XXIV. Correlation between Langmuir adsorption
maxima and some soil properties

clay carbon oxalate-Fe oxalate-Al CEC

%
Pb ~ 0.94 0.68 -0.20 -0.56 0.67
cd 0.84 0.50 -0.39 -0.59 0.51
In 0.63 0.74 0.71 0.37 0.70

Positive correlations of Cd and Pb were also observed
with increasing CEC (Santillan-Medrano, 1974). However Tiller

t al; (1969) working with very low concentrations of cobalt
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fpund posﬁtive correlations between Langmuir sonption capacity,’
c]aydcontent and pH:but not WTth’organic matter'
An exam1nat1on of the dom1nant soil propert1es affect1ng
the sorpt1on capac1ty of lead was. undertaken. Adsorption
':max1ma data'for mar]ne 1oam,‘outwash alluvium and sediment

samples under all worP1ng pH conditions were used for mu1t1p1e

. regression ana]ys1s_by the e11m1nat1on techn1que. The dependent

variables chosen were pH, % c]ay, % carbon, % oxa1ate Fe, %

oxalate-Al and CEC. The mu1t1p1e regress1on obta1ned was as

fp]1ows: |
Aéorption makima = -249.3+64.33 pH+0.49 clay- 25 8 oxa]ate—
(mg‘Pb/g soil) Fe+14 88 oxalate- A1+O 67 CEC.

The statistical results showed pH the on]y»independenf
-vaniabTe to be significant at the 5% leyeTiv.The pH effect
was ds expected; Pkobab]y due'to 1ack’df'suff1cient observations
~-and variabi]ﬁtydin thedsoi1 properfies, the_1ndependentevériab1es
other. than pH nene not significant at‘the_S% Tevel. Multiple
' regreésion.enaﬂysis’(Hassett, 1974) revea]edIOn the other hand
that soil properties such as CEC, OM, high surface area and
hdgh clay content showed a'greater effect on lead sorption than
~ pH did' bnt McLaren and Crawford (19731) a]so by multiple
regress1on analysis found oM and free MnO2 to be. the dom1nant

const1tuents contr1but1ng towards spec1f1c sorpt1on of s01i1 copper.
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Competition Studies:

Surfacé horizons from the outwash and marine loam parent
materials were used in this part of the study. The experimental
data are reported in Appendices (XIX). When they were in-
corporated into the rearranged form of the Langmuir equation
(C as the independent variable and C/x/m as the dependent
variable) on the computer program, poor correlations were
obtained in all cases. In the case of the outwash sample, r
values between C and C/x/m were as follows: Cd?(0.37), Pb
(0.54), Cu (0.29) and Zn (-0.17); the correlation coefficient
values for competitive adsorption on the marine loam were
found to be: Cd (0.46, Pb (0.29, Cu (0.35) and Zn (-0.02).
Consequently, the independent variable C/x/m was found to.be
non-significant at the 5% level and no meaningful adsorption
maxima could be calculated. |

Fig. (To) illustrates the shape of the isotherms obtained
for competitive adsorption of the metals on glacial outwash
surface soil. Adsorption patterns showed adsorption to increase
with increasing concentration. A1l the curves rose sharply
beyond an equilibrium concentration of 0.01 me mixture of the
heavy metals. The adsorption isotherms obtained for the glacial
marine surface soil were almost identical (Fig.’]1). This was
as expected since both soils did not differ significantly in

physical, chemical and mineralogical properties (Appendices
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: jboth so1ls, caused probably by greater prec1p1tat1on of Cu(OH)
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IV, VI and VIIL). Competitive adsorption below an equilibriun
concentration of 0.01 me followed the drder‘Pb>Cu>Cd>Zn. At
h1gher concentrat1ons, more copper than lead was sorbed on
o
Compar1ng the resu]ts obtawned in this compet1t1on study
' nith those_for.compet1t1ve adsorpt1on on montmorillonite and
:kao11nite (see Part IT), it could be suggested that the adsorpt1on
phenoma‘on‘sci1s.was d1fferent than that on montmor1]]on1te

Lack of conform1ty with the rearranged Langmu1r p]ot for both,
so11s and kao]1n1te does not necessar11y mean that s1m11ar

adsorpt1dn'phenomena occured for adsorb1ng equivalent mixtures
-of heavy meta1s."In the.case of competitidn df heavy metals
fon soiis; severa] interacting factors coutd-affect the adsdrptive
: behaviour; some of these factors would no doubt arise from the
nature and compos1t1on of the 1norgan1c and organ1c const1tuents
‘aS'we11 ascinteractipns between these two groups from var1at1ons
'}Tn charde—densities in these different fractﬁdns;-and from the:
1on1c strength of the med1um |

Though the compet1t10n stud1es on soils have not been able

'to‘predict sorptive'capacitﬁes,.the adsorption 1sotherms‘have
pr0v1ded'eV1dence that heavy metaT adsorption when in competition
- does not behave in a similar fash1on as the adsorpt1on of

1nd1v1dua1 meta1s
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‘efFrom‘the foregeing stddies:and_11tefature sukveyed, it
'uwou1d appearvthat heavy metal'depoéition in natureleenvfronments
:sgch asvsoi1s, sediments and. waters {s regulated by many

| ‘factors. A;hyeothetﬁea1 soil- heavy metal model that may.

_regulate mobility is presented be]ow;

- N _ Clay-mineral-HM : |
-Pd1yhydroxy— '_' , ‘ Hydrous oxides--HM

- polynuclear complexes
=Eomg1exes Cu Heavy metal 2//7"

-2 (in so]ut1on) HM-Simple organic
o k{////z s\\Samd complexes.
Ton-pair comp]exes R\\\\\& HM--Complex organic

e.g. PbCO,.(Pb(OH) So11d phase  acid complexes (humic
Zn(P0,), | e.g. Cu(OH), acids, fulvic acids)
CONCLUSIONS

 The7abi1ity of.agricu]tufql'5011s and surfaceesedimenfs.
"to,sbrb 1ead‘was'fouﬁd t0'increaee with increasing_pH. -Re-
gression anaTyeis of the']ead data showed coﬁformity With both
jLengmuir and Freundiich eqeations over the 0 to 3000 ppm range
_at:a11 pvaaiues studied;‘thus ihdieating-sim11arity 1n’adsorption'
phenemeha_with the smecfitevgroup of clay minerals. Nd:differences
.in bonding energy of 1eadIWere observed between the soils et the

same‘pH.
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Heavy meta] sorpt1on in excess of cation exchange capac1ty was
observed by both so11s and sed1ment at 1ow pH va]ues
'Irrespect1ve of so11 or sed1ment sorptive capacities were
similar up to an equ111br1um concentrat1on of 1250 ppm, w1th

2+ 2+ 2+ 2+

'adsorpt1on fo11ow1nq the order Pb™ >Cu” >Cd" >Zn" . There

' was conform1ty with Langmuir .in the concentrat1on range of

. 0- 3000 ppm at pH 5.0 for Pb and Zn but not for Cu and Cd

conformity with Freund11ch was obtained for all metals 1n'
‘the 0-3000 ppm range.

In all cases at pH 5.0;‘the amount'of heavy metal sorbed

:'eXceeded the respective cation-exchange capacity; simi]ar'

) findings'wehe'ohserved with the clay minerals.

| App|1cat1on of the Langmuir relationship has perm1tted
the 1nference that heavy metal adsorption phenomena on so1ls
:vary w1th meta] type, concentration range and pH.

“Langmuir adsorption maxima'at pH 5.0 of Pb, €Cd and Zn on
'the samp]es were pos1t1ve1y corre]ated with clay content,
organ1c carbon and cation-exchange capac1ty Negat1ve-corre1ations
were obta1ned for both Pb- and Cd w1th oxa]ate Fe and oxa]ate Al,
‘but zinc was pos1t1ve1y corre]ated |

Adsorpt1on isotherms for Cd, Pb, Cu-and Zn When in oom-
petttion sh0wedfsorption on soils to increase with increasing
original‘concentration;'however, data incorporated into the
Lanqmu1r equat1on 1acked conform1ty, thus 1nd1cat1ng d1fferent

‘adsorpt1on phenomena than 1nd1v1dua1 meta] adsorpt1on
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SUMMARY

The effects of short term and long term exposure to
heavy metals by life forms are not clearly understood.

Both urban and rural areas of British Columbia often
receive substantial amounts of heavy metals through in-
dustry, that, it has become a matter of concern for the
Province.

Empirical and mechanistic approaches were used to
study the fate and behaviour of heavy metals in soils.
Recovery of added elements Cd, Pb, Cu and Zn to soils of
British Columbia showed that 0.1 N HC1 and 0.05 M E.D.T.A.
were better extractants than nitric and acetic acid.
Irrespective of heaVy metal, differences in organic matter
and cation exchange capacity between surface and sub-surface
samples showed significant differences in per cent recovery.
No significant differences at the 5% level existed between
per cent recovery of added heavy metals and extraction
shaking periods of two and six hours.

Lead, cadmium and zinc levels decreased with depth in
the different soils of the Salmon River Watershed; however,
copper distribution in the profiles stayed constant. Lead
was retained to a greater extent than the other metals and
correlated strongly with organic matter and to a lesser

extent with cation exchange capacity.
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Comparative data from soils under different land use
practices showed Pb and possibly Cd to be associated with
traffic proximity. B

Analysis of sediments from the Salmon River indicated
higher metal values in industrial, intensive agricultural
and near estuary sites than from upstream rural sites.
Mineralogical composition of the less than two micron fraction
of sediments showed only very small differences between com-
position of soil clay and sediment clay within the watershed.

In studying the retention mechanisms by the predominant
clay minerals present in the soils studied, it was observed
that clay minerals such as montmorillonite, vermiculite,
il1lite and kaolinite adsorbed Cd, Pb, Cu and Zn beyond their
cation exchange capacity; and that, adsorption increased with
increasing pH. However, only the 2:1 expanded type of clay
minerals conformed to the Langmuir relationship, whereas the
2:1 noﬁ expanded i11ite and 1:1-kaolinite did not. Data for
all minerals conformed with the Freundlich equation under all
working pH conditions and the concentration range of 0-3000 ppm.

Competition studies with an equivalent mixture (1:1:1:1)
of Cd, Pb, Cu and Zn on mdntmori]lonite at pH 5.0, showed
conformity with Langmuir but Kaolinite failed to obey the

relationship. 'The Langmuir fit allowed computation of adsorption
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maxima for montmori]]onite‘and vermiculite.

Ah extension of this physico-chemical approach to soils
and sediments, provided adsorption maxima that are of pre-
dictive value for the metals Cd, Pb, Cu and Zn. Similar
sorptive behaviour by the soils, as for the smectite group
of minerals, were observed with increasing pH, for lead, over
the 0-3000 ppm range. The ability of agricultural soils to
sorb lTead was found to increase with increasing pH. No
differences in bonding energy of lead were observed between
the soils at the same pH. Heavy metal sorption in excess of
the cation exchange capacity was also observed by both soils
and sediment at low pH values. ‘

Conformity with Langmuir in the concentration range of
0-3000 ppm at pH 5.0 was obtained for lead and zinc, but not
for copper and cadmium; data for all metals fitted the
Freundlich equatiqn in the 0-3000 ppm range; Adsorption of
Pb, Cd and Zn on soils and sediment at pH 5.0, were positively
correlated with clay content, organic matter and cation exchange
Capacity; negative correlations by Pb and Cd were observed with
.oxalate-Fe ahd oxalate-AL, but zinc was positively correlated.

Adsorption from the mixture (1:1:1:1) 1in equivalent of
Cd, Pb, Cu and Zn on two soils of differing texture and organic
matter content did not fit the Langmuir equation over the 0-50
me/1 range, thus indicating adsorption to be other than the

monolayer type.
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APPENDIX I
Heavy metal distribution following sample fortification and six hours shaking

(without pH adjustment)

Extract

Supernatant Solution
ppm (Average)

ppm (Average)

Cd Pb Cu Zn Cd Pb Cu

Ah 8.3 0.2 2.3 8.7 5.0 % CH3CooH 4.1 0.0 "8.0
Bgf 9.3 2.6 7.3 - 2.0 1.7 7.3
Ah 8.3 0.4 2.4 8.5 10.0 % CH3C00H 4.3 -3.1 9.6
Bgf 9.1 2.3 7.4 - 2.0 14.7 7.7
Ah 8. 0.4 2.2 8.5 0.IN HCI 6.0 14.3 18.1
Bgf 9.5 2.7 7.4 - 2.1 28.8 9.2
Ah 8.2 0.4 2.2 8.9 T1.0N HC1 4.8 27.0 23.7
Bgf 9.2 2.7 7.4 - 2.1 31.6 10.2
Ah 8.1 0.4 2.2 8.3 0.05M EDTA 5.7 22.0 26.1
Bgf 9.3 2.8 7.4 - 2.0 31.1 9.4
Ah 8.1 0.4 2.1 8.4 1.0 NHN03‘ 6.1 12.3 20.1
Bgf 9.2 2.2 7.3 - 2.0 26.5 9.2
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APPENDIX II (a)
Heavy metal distribution following sample fortification |

and two hours shaking

Supernatant Solution " Extract
ppm (Average) ppm (Average)
Cd Pb Cu n Cd Pb Cu n
0.IN HC1 Ah 5.4 N.D 1.1 7.0 10.1 19.3 21.7 10.6
Bgf 8.1 2.1 4.8 9.3 5.9 26.6 15.5 5.5
1.0N HC1 Ah 5.9 N.D 1.3 7.3 12.1 34.9 30.6 14.6
Bgf 7.9 2.4 4.5 9.1 4.6 23.9 14.0 5.2
0.05M Ah 6.2 N.D 1.4 7.4 11.3 31.3 30.1 11.2
. EDTA
Bgf 8.4 3.1 5.5 9.5 5.4 29.2 15.2 5.0
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APPENDIX II (b)
Heavy metal distribution following sample fortification and

pH adjustment with six hours shaking

0.IN HC1

1.0N HCI

0.05M
EDTA

Supernatant Solution Extract
ppm (Average) ppm {Average)
Cd Pb Cu Zn Cd Pb Cu
Ah 5.0 N.D 1.0 6.1 15.6  16.8  23.7
Bgf 8.2 1.9 5.1 9.0 4.7 23.8 14.1
Ah 6.5 N.D 1.5 7.7 12.1 33.2 31.5
Bgf 8.1 2.2 4.9 9.0 6.4 30.7 12.9
Ah 6.4 N.D 1.6 7.7 14.1 31.7 31.2
Bgf 7.0 2.8 6.2 9.6 7.7 37.6 18.9

In
15.4
5.1
12.6
6.9
13.3
7.7
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APPENDIX III
Heavy metal distribution following sample fortification and

pH adjusfment with two hours shaking

Supernatant Solution Extract
ppm (Average) ‘ ppm (Average)
Cd Pb Cu In Cd Pb Cu In
0.IN HCT Ap 1.4 N.D 0.21 2.0 29.1 21.6 28.0 9.2
(Site I)
Ap 6.0 N.D 1.30 2.0 11.1 24.4 27.1 23.0
(Site III)
1.0N HC1 Ap 1.4 N.D 0.19 7.1 28.2 29.4 36.3 21.8
(Site I)
Ap 6.0 N.D 1.30 7.1 10.9 32.4 32.0 10.5
(Site III)
0.05M Ap 1.3 N.D N.D 2.1 39.0 46.2 46.1 36.2
EDTA (Site 1) ‘
Ap 6.3 N.D 1.30 6.6 13.3 41.5 31.9 14.2
(Site III)
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'"APPENDIX IV

Selected chemical properties of some soils of the Salmon River watershed

Exchangeable cations

Parent Hor-  Depth (ﬁﬂ]) (ﬁﬁ]) o.u ORI p oy G Mg K Na o CE.C.
Material jzon (cm) HZO HZO % g ppm m.e/100 g
ATTuvium Ap 025 5.1 4.3 21.3 2.15 13.9 5.7 2.85 0.47 0.02 N.D 52.42
(Site 1) Bg 25-40 5.6 4.6 2.1 0.11 9.6 11.0 1.42 0.54 0.01 -  16.70
c a0+ 5.6 4.7 2.9 012 9.6 13.9 1.30 0.52 N.D -  15.83
AlTuvium Ap 0-20 5.5 4.5 12.8 1.44 35.6 5.1 12.25 2.17 0.79 -  42.75
(Site I1) Bg 20-40 5.5 4.4 4.2 0.22 33.8 11.0 6.52 1.68 0.86 0.07 39.28
c 40+ 5.4 4.5 2.1 0.10 14.0 12.4 10.06 3.42 0.18 0.21 32.42
Glacial Ap 0-12 5.4 4.6 7.1 0.44 23.9 9.4 3.00 0.46 0.31 N.D 25.27
Outwash B 12-90 5.6 4.6 2.0 0.08 30.2 14.2 0.44 0.11 0.25 -  21.20
(Site 11I)  C o0+ 5.8 4.6 0.8 0.03 39.8 14.7 0.27 0.07 0.20 -  11.65
Glacial A 0-10 5.1 4.3 1.2 0.92 47.5 7.1 2.22 0.32 0.10 -  30.35
Outwash B 10-40 5.2 4.1 3.1 0.10 20.0 183 0.75 0.08 0.05 0.02 17.94
(Site IV) c 40+ 5.5 4.1 0.9 0.03 13.0 17.0 0.59 0.20 0.04 0.01 12.25
Marine A 0-10 5.1 4.0 84 0.8 12.9 5.8 3.59 0.3 0.06 0.03 28.60
Loam B 10-70 5.6 4.5 5.4 0.21 9.7 15.0 2.49 0.62 0.03 0.08 27.03
(Site V) c 70+ 5.9 4.5 0.6 0.04 25.5 8.5 2.3 1.79 0.02 0.24 10.73
Marine H 0-4 3.6 3.1 241 0.49 19.6 28.5 5.48 1.10 0.31 0.03 59.80
Loam Bf  4-75 4.4 3.9 7.1 0.24 14.9 17.3  0.03 0.08 0.08 0.02 30.55
(Site IV) c 75+ 4.9 4.3 1.7 0.06 13.0 16.8 0.15 0.07 0.02 0.03 15.96
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APPENDIX V

Selected chemical properties of some surface sediments of Salmon River

Surface (520) (520) Org.C 0.M Total o Ca E)ﬁ;hdngezb]e N cc.
Sediment  1:1 111 & ppm - c/n —— me/100 g-

Site 1 55, 4.7  0.90 1.5 0.060 37.5 15.0 5.00 1.02 0.19 0.16 10.59
Site2 5.3 4.2  3.48 6.0 0.234 42.0 15.1 7.12 1.3 0.29 0.27 24.90
Site3 5.6 4.7  0.99 1.7 0.040 17.3 24.7 5.25 1.44 0.33 0.73  5.06
Site6 5.6 4.7  0.19 0.3 0.003 17.2 63.3 1.62 0.29 0.10 0.06 3.70

Site 7 5.6 4.9 0.3 0.6 0.004 34.7 85.0 1.62 0.24 0.11 0.05 4.1
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APPENDIX VI

Particle-size distribution of the < 2mm fraction of surface horizons and
surface sediment of watershed

Sand ~ Silt Clay Texture

Parent Material y Class
Alluvium 21.0 45.7 33.3 Clay loam
(Site I - Ap)

Qutwash 30.4 51.6 18.0 Silt Toam
(Site III - Ap)

Marine 40.9 47.6 11.5 Loam
(Site V - Ap)

Sediment

S1 24.4 63.0 12.6 Silt loam
S2 44.5 37.1 13.4  Silt loam
S3 83.9 7.9 3.2 Sand

S6 93.0 5.6 1.4 Sand

S7 91.8 6.5 1.7 Sand
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APPENDIX VII
Extractable iron and aluminum from the soils and sediments studied

Parent Material

AlTuvium
(Site I)

Alluvium
(Site II)

Outwash
(Site III)

Qutwash
(Site IV)

Glacial
Marine
(Site V)

Glacial
Marine
(Site VI)

Surface Sediment

S1
S2
S3
S6
S7

Sodium pyrophosphate

Fe

15.
2.

O O1 00 Y W N

N w >

N Oy E-NerNe))

O oY,

Al

14.
2.
2.

14.
17.
9.

16.
8.
4.

17.
12.
6.

16.
19.
4.

10.
20.

N 00 WO

~N O W O o w

O N W

w o

9.4

Ammonium oxalate

OO —

o O O O O

OO0 [N oNol o - -

Fe

.50
.51
.06
a1
.16

Al

—_— Y —

O — - O N~ [N e N OO O

——l—-‘o

QO O O o o

.60
.12
A2

.80
.98
.40
.70
.00
.98
.43
.88
.94
.37
.58
.13
.48

.84
.01

.14
.31
.25
.08
17
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APPENDIX VIII
X-ray mineralogy of <2u fraction of some

soils of the Salmon River watershed

Mineral
Parent . . .
Material Horizon Dom1naht Moderate Minor
AlTuvium Ah vVt Kt Ct,It,Mt.
(Site I) B Vt It,Kt,Ct Mt ,Mt-Lt-Vt, Q,F.
C vVt Kt,Ct. Mt,Mt-1t-Vt,Q,F.
AlTuvium Ap Vt It,Kt,Ct It-Vt,Q,F.
(Site II) B Vt Kt,Ct,Kt It-Vt,Q,F.
C vVt Kt,Ct Mt,It,It-Vt,Q,F.
Glacial Ap Kt Ct Vt,Q.
Outwash B Ct Kt Vt.q.
(Site III) C Ct Mt or It, Vt,Q.
Kt.

Glacial A Vt Kt Mt or It,Q.
Outwash B vVt Kt Mt or It,Q.
(Site IV) C vVt Kt,Ct It,Qt.
Marine Ap Vt Kt Q
Loam B Vt Kt Q
(Site V) C Ct Kt It,Vt.
Marine H vVt Kt qQ,F.
Loam Bf vVt Kt Q,F.
(Site VI) C Vt Kt,Ct Q,F.

Vt : Vermiculite

Mt : Montmorillonite

Kt : Kaolinite

It : I1lite

Ct : Chlorite

F: Feldspars

Q Quartz

A Amphibole

M Mica
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APPENDIX IX
X-ray mineralogy of <2u fraction of the surface

sediment of the Salmon River

Mineral

g:gngnt Dominant Moderate Minor
S1 Vt Kt,Mor It Mt,Q,F
S, Vt Mt,Kt Ct,Mt,It
S, Vt Mt ,Kt Mt,It,Q,F
S vt Ct,Kt Mt,It,Q,F
S Vt Kt Ct,It,A,Q,F


http://Ct.Mt.lt

APPENDIX X

Single correlation coefficients (v) between % recovery of heavy metals and some so0il

properties for three extractants:

(a) 0.IN HC1 (b) 0.ON HC1 and (c) 0.05M EDTA

Lead Copper Cadmium Zinc

0.IN 1.0N  0.05M 0.IN 1.0N  0.05M 0.IN 1.0N  0.05M 0.IN 1.0N  0.05M

HC1 HC1 EDTA HC1 HC1 EDTA HC1 HCI EDTA HC1 HC1 EDTA
Pyr-Al +0.99 +0.91 -0.07 +0.96 -0.19 -0.99 -0.99 -0.90 -0.99 +0.89  +0.99 -0.93
Pry-Fe -0.99 -0.91 +0.97 -0.96 +0.19 +0.99 +0.99 +0.90 +0.99 -0.89 -0.99 +0.93
0x-Al +0.99 +0.91 -0.97 +0.96 = -0.19 -0.99 -0.99 -0.90 -0.99 +0.89 +0.99 -0.93
Ox-Fe -0.99  -0.91 +0.97 -0.96 +0.19 +0.99 +0.99 +0.90 +0.99 -0.89 -0.99 +0.93
0.M -0.99 -0.91 -0.97 -0.96 +0.18 +0.99 +0.99 +0.90 +0.99 -0.89 -0.99 +0.93
Clay -0.99 -0.91 +0.97 -0.96 +0.18 +0.99 +0.99 +0.90 +0.99 -0.89 -0.99 +0.93
Pyr = Na-pyrophosphate extractable

Acid ammonium oxalate extractable
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APPENDIX XI

Experimental values for cadmium adsorption under four pH conditions on

montmorillonite, vermiculite, il1lite and kaolinite

Orininal pH
concen- 4
tration C x/m c x/m C x/m C x/m
ppm ppm mg/g ppm mg/g ppm mg/g ppm  mg/g
Montmori1- 100 5.0 11.88 4.3 11.96 5.7 11.79 5.0 11.87
Tlonite 250 51.0 24.87 36.0 26.75 22.0 28.50 14.0 29.50
500 282.5 27.19 268.3 28.96 245.8 31.78 215.0  35.64
1000 755.0  30.62 721.7  34.79 624.0 46.88 622.3 47.19
1500 1243.0 31.35 1201.7 37.29 1115.7  48.01 1057.5 55.30
2000 1760.0  30.00 1602.5 49.50 1547.5 56.60 N.A. N.A
3000 2655.0 43.13 2545.0 56.90 2481.7 64.80 2340.0 82.50
Vermiculite 100 5.3  11.90 1.0 12.40 1.3 12.40 1.0 12.40
250 56.5 24.20 11.0  29.90 5.7 30.60 2.3 31.00
500 199.0 37.60 147.0  44.00 132.5  45.90 125.0 46.90
1000 641.5 44.80 632.5 46.00 580.8 52.40 505.0 61.90
1500 1109.0 48.80 1095.0  50.30 1045.0 56.90 923.0 72.30
2000 1505.0 61.90 1455.0  68.40 1408.0  73.90 1285.0 89.40
3000 - 2345.0 81.90 2308.0 86.50 2285.0 89.40 2135.0 -108.00
I1lite 100 N.A - N.A N.A  N.A N.A - NJA N.A  N.A
250 217.3  4.10 200.0  6.18 176.3  9.20 135.0 14.40
500 455.6  5.50 445.8  6.80 397.5 12.80 359.1 17.60
1000 947.5  6.57 928.3  9.00 877.0 15.30 812.3 23.50
1500 1408.0 11.45 1385.0 14.40 1342.7 19.60 1225.7  34.30
2000 1828.0 13.45 1830.0 21.30 1797.5 25.30 1526.0 59.40
3000 2816.7 22.93 2730.0 33.75 2608.0  48.90 2250.0 93.70
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APPENDIX XI (Cont'd)

Original

concen-
tration C x/m C x/m C x/m C x/m
ppm ppm mg/g ppm mg/g ppm mg/g ppm mg/g
Kaolinite 100 N.A N.A N.A N.A N.A N.A. 31.0 8.60
250 237.0 1.62 242.0 0.94 229.7 2.54 139.5 13.81
500 465.0 4.37 - 452.0 5.90 456.7 5.41 359.2 17.60
1000 926.2 9.22 921.9 9.75 895.0 13.10 776.7 27.90
1500 1335.8 20.52 1366.0 16.70 1310.0 23.75 1211.7 36.04
2000 1797.0 25.30 1785.0 26.80 1758.0 30.20 1655.0 43.10
3000 2730.0 33.75 2690.0 38.80 2613.3 48.30 2520.0 60.00
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APPENDIX XII
Experimental values for lead adsorption on kaolinite, montmorillonite and

vermiculite under four pH conditions

Original pH
concen- 4 5 6 7
tration C x/m C x/m C x/m C x/m.
ppm ppm mg/g ppm mg/g ppm mg/g ppm mg/g
Kaolinite 100 91.0 1.13 89.7 1.29 59.3 3.83 16.6 10.42
250 231.7 2.29 223.7 3.29 159.0 11.41 20.5 28.69
500 465.8 4.27 448.3 6.56 391.0 13.50 93.5 50.80
1000 951.7 6.04 940.0 7.50 812.5 23.40 353.7 80.70
1500 1422.0 9.79 1432.5 8.44 1122.0 47.00 692.5 100.94
2000 1895.0 13.13 1855.0 18.12 1556.0 55.40 N.A N.A
3000 2800.0 25.42 2791.7 26.04 2340.0 82.50 1710.0 161.25
Montmoril- 100 7.0 11.63 . 9.7 11.28 12.5 11.33 14.3 10.71.
Tonite 250 8.3 30.25 30.3  27.46 25.0 28.12 25.3 28.08
500 25.8 59.25 25.0 59.40 42.5 57.19 N.A N.A
1000 440.0 69.98 433.0 70.83 303.0 87.08 163.7 . 104.50
1500 845.8 81.77 841.0 82.20 705.8 99.26 227.3 159.06
2000 1330.0 83.80 1218.0 97.71 915.0 137.50 309.0 211.39
3000 2203.3 99.58 2150.0 106.25 1463.3 175.80 633.0 295.83
Vermiculite 100 2.3 12.20 5.3 11.84 3.7 12.04 6.0 11.71
250 5.3 30.60 7.7 30.29 9.3 30.09 9.7 30.04
500 30.0 58.70 8.3 61.46 15.8 60.52 15.8 60.52
1000 196.7 100.42 60.8 117.39 7.5 124.06 3.3  124.59
1500 488.3 126.46 248.3 156.46 20.0 185.00 7.5 186.00
2000 945.0 131.88 633.3 170.80 173.3 228.33 47.5  244.07
3000 1856.7 142.92 1185.0 226.88 716.7 285.42 135.0 358.13
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APPENDIX XIII
Experimental values for copper adsorption on montmorillonite, vermiculite

il1ite, and kaolinite under four pH conditions

pH-
Original :

concen- 4 5 6 7
tration Cc - x/m C x/m C x/m C x/m
ppm ppm mg/g ppm mg/g ppm mg/g ppm mg/g
Montmoril- 100 6.0 11.70 12.0 11.10 10.0 11.20 N.A 31.00
lonite 250 80.3 21.00 75.3 21.80 62.3 23.40 2.0 61.70
500 312.5  23.40 303.7 24.50 244.2 31.90 6.7 123.90
1000 793.3  25.80 785.0 26.90 268.7 91.40 9.2 186.50
1500 1332.0 21.00 1203.3- 37.00 337.5 182.80 8.3 249.40
2000 1781.7  27.30 1482.0 64.60 27.0 246.70 5.0 249.40
3000 N.A N.A 2375.2  78.10 10.0 373.70 13.3 373.30
Vermiculite 100 1.6 12.30 2.3 12.2 3.0 12.10 4.0 12.00
250 20.7 28.70 2.3 31.0 2.0 31.00 2.0 31.00
500 226.2 34.20 87.5 51.6 31.2 59.90 3.3 62.10
1000 705.0 36.90 550.8 56.1 225.5 97.20 10.8 123.60
1500 1115.0  48.00 990.0 53.7 370.0 141.30 9.2 186.40
2000 1630.0 47.50 1472.3 66.3 88.0 238.70 10.0 248.80
3000 2619.0 47.80 2095.0 113.1 78.3  365.20 7.5 374.10
[Tlite. 100 225.0 3.10 N.A N.A 9.3 11.40 1.7 12.30
250 457.5 5.30 226.6 4.00 143.0 13.40 3.7 30.80
500 922.5 9.70 425.5  9.30 150.0 43.70 14.2 60.70
1000 1325.0 21.9 861.2 17.30 95.8 113.00 13.3 123.30
1500 1920.0 9.40 1285.0 26.90 60.8 176.20 15.8 185.50
2000 1925.0 9.38 1705.0 36.90 50.2 243.60 8.3 248.40
3000 N.A N.A 2691.7 38.50 50.2  368.60 6.7 374.00
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APPENDIX XIII (Cont'd)

Original pH
concen-

tration C x/m C X/ mi C x/m C x/m
ppm ppm mg/g ppm mg/g ppm mg/g ppm mg/g
Kaolinite 100 84.5 1.90 76.0 3.00 60.5 4.90 0.7 12.40
250 226.0 3.0 191.0 7.40 102.0 18.50 3.1 30.90
500 456.7 5.40 431.0 . 8.70 100.8 49.90 4.7 61.90
1000 906.0 11.70 876.5 15.50 98.7 112.60 5.3° 124.30
1500 1380.0 14.90 1291.7 26.00 85.0 176.90 9.4 186.30
2000 1886.6 14.20 1785.5 26.50 115.0 235.60 5.3 249.30
3000 N.A N.A 2330.0 83.70 5.0 374.30 4.4 374.40
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APPENDIX XIV
Experimental values for zincradsorption on montmorillonite, vermiculite,

i11ite and kaolinite under four pH conditions

Original pH
concen- 4 5 6 7
tration C x/m C x/m C x/m c x/m
ppm ppm  mg/g ppm  mg/g ppm  mg/g ppm mg/g
Montmoril- 100 3.0 12.12 123 12.30 1.0 12.50 N.A N.A
Tonite 250 128.3 15.21 125.0 15.63 117.7  16.50 23.7  -28.30
500 368.3 16.43 356.7 17.91 163.7 42.03 47.5  56.60
1000 779.2  27.60 783.2  27.10 590.0 51.23 132.5 108.40
1500 1261.3  29.90 1168.7  41.40 871.5 78.53 282.5 152.20
2000 1715.0  35.60 1585.0 51.90 1340.0  82.50 397.5 200.30
3000 2644.0 47.25 2542.5 57.20 2230.0 96.20 757.0  280.0
Vermiculite 100 1.0 12.38 1.0 12.50 1.0 12.50 1.0 12.50
250 47.6  25.29 32.7 27.20 15.7  29.30 8.0  30.20
500 246.6  31.67 221.7  34.80 196.7  37.90 62.5  54.70
1000 708.7  36.40 703.3  37.10 510.0 61.00 126.2 109.20
1500 1180.0  40.00 1152.5  43.40 930.0 71.50 202.5 162.20
2000 1665.0  41.90 1630.0 46.30 . 1350.3 81.30 356.7 205.40
3000 2585.0 51.90 2552.5 55.96 2310.0 86.30 825.0 271.00
I1lite 100 N.A  N.A N.A  N.A -- -- 4.3 12.00
250 219.3  3.83 63.7 23.29 -- -- N.A N.A
- 500 456.7  5.42 277.5 27.80 -- -- 220.0  35.01
1000 902.5 12.18 705.0  36.90 -- -- 548.0  56.40
1500 1346.7 19.17 1170.0 41.20 -- -- 638.7 107.60
2000 1786.0 76.67 1730.0 33.75 -- -- 685.0  164.40
3000 2693.0  38.30 2571.0 53.54 -- -- 807.0 274.00
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APPENDIX XIV (Cont'd)

Original pH

concen- 4 5 6
tration C x/m C x/m C x/m C x/m
ppm ppm  mg/g ppm  ing/g ppm  mg/g ppm mg/g
Kaotlinite 100 N.A  N.A N.A.  N.A N.A  N.A N.A N.A
250 242.3  0.96 227.0  2.90 212.0  4.80 69.0  22.60
500 477.5  2.80 452.5  5.90 435.0 .8.13 145.8  44.30
1000 913.0 10.80 905.0 11.90 771.7  28.56 458.7  67.60
1500 1373.0 12.80- 1350.0 18.70 1170.0 41.00 808.3  86.40
2000 1905.0 11.90 1875.0 21.40 1620.0 47.50 928.3 134.00
3000 2773.0  28.36 2760.0  30.10 2555.0  55.00 931.7  258.00
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APPENDIX XV
Experimental values for heavy metal adsorption from an equivalent mixture (1:1:1:1)

of Cd, Pb, Cu and Zn on montmorillonite and kaolinite at pH 5.0.

Original Cadmium Lead- - Copper Zinc
concen-

- C x/m c x/m C x/m C x/m
tration m.e m.e/g m.e m.e/g m.e m.e/g m.e m.e/g
m.e/1 -5 -5 -5 -5 -5 -5 -5 -5

' x10 x10 x10 x10 . x10 x10 x10 x10
Montmorillonite
0.025 12.0 250.0 15.0 237.5 25.0 187.5 42.0 102.5
0.050 21.0 518.7 27.5 487.5 37.5 437.5 46.7 391.2
0.100 40.0 1050.0 50.0 1000.0 60.0 950.0 N.A N.A
0.500 150.0 5500.0 75.0 5900.0 75.0 5900.0 50.0 6000.0
1.000 157.0 11725.0 100.0 12250.0 175.0 11000.0 150.0 12020.0
5.000 10000.0 12500.0 7100.0 27000.0 9250.0 15700.0 9750.0 13750.0
10.000 20750.0 21250.0 17080.0 39580.0 19800.0 26000.0 21062.0 18080.0
20.000 N.A N.A 39750.0 51250.0 44000.0 30000.0 43750.0 31250.0
50.000 113500.0 57500.0 96500.0 142500.0 108500.0 90600.0 115000.0 50000.0
Kaolinite
0.025 38.5 120.0 5.0 287.5 11.2 256.2 37.5 125.0
0.050 65.5 297.5 12.5 562.5 22.5 512.5 87.5 187.5
0.100 171.0 395.0 68.5 907.5 92.5 787.5 180.0 350.0
0.500 1130.0 600.0 900.0 5800.0 1000.0 1250.0 1150.0 500.0
1.000 2230.0 1350.0 N.A N.A 2080.0 2100.0 2300.0 850.0
5.000 11500.0 5000.0 11000.0 7500.0 11300.0 6000.0 11500.0 5000.0
10.000 22250.0 13750.0 22250.0 13750.0 22250.0 13750.0 23000.0 10000.0
20.000 46250.0 18750.0 45000.0 25000.0 45000.0 25000.0 46000.0 18750.0
50.000 108700.0 81250.0 87500.0 187500.0 99060.0 129600.0 115000.0 50000.0
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APPENDIX XVI
Experimental values for lead adsorption under four pH conditions on two

soils: Ap (marine loam) and Ap (glacial outwash)

Original pH

Soi1 concen- 4 5 6 7
tration C Cx/m C x/m C X/m C x/m
ppm ppm  mg/g ppm  mg/g ppm mg/g ppm mg/g
Ap 100 9.0 11.4 0.0 12.5 0.0 12.5 0.0 12.5
(Marine 250 125.0 15.6 124.0 15.5 22.0 28.5 2.0 31.0
Loam) 500 327.5 21.5 175.0  40.6 37.7 59.6 7.5 61.5
1000 740.0 32.5 327.5 84.1 167.0 104.0
1500 1215.0 35.6 805.0 86.9 290.0 151.2
2000 1665.0 41.9 1558.0 55.0 1215.0 98.1 455.0 193.1
3000 2600.0 50.0 2525.0 59.4 1245.0 219.6 576.7 302.9
Ap 100 16.0 10.5 0.0 12.5 0.0 12.5 = 0.0 12.5
(Outwash) 250 141.0 13.6 106.0 18.0 20.0 28.7 9.0 30.1
500 357.5 17.8 230.0 33.7 150.0 43.7 10.0 61.2
1000 783.3 27.0 657.5 42.8 413.2 -73.3 192.5 100.0
1500 1217.5 35.4 1057.5 55.4 745.0 94.4 367.5 141.5
2000 1687.5 39.0 1520.0 60.0 1140.0 107.5 535.0 183.1
3000 2130.0 46.2 2330.0 83.7 1308.3 211.4 585.0 301.9
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APPENDIX XVII
Experimental values for the adsorption of Cd, Pb, Cu and Zn on alluvial

soil (Ap) and glacial outwash soil (Ap) at pH 5.0.

Original

Concen- Cadmium Lead Copper Zinc
tration C x/m C x/m C x/m C Xx/m
ppm ppm  mg/g ppm mg/g ppm mg/g ppm  mg/g

Alluvium (Ap)
100 10.0 11.2 0.0 12.5 6.0 11.7 22.0 9.7
250 - 150.0 12.5 22.5 28.5 130.0 15.0 183.0 8.4
500 380.0 15.0 127.5 46.6 362.0 17.1 395.0 13.1
1000 832.5 20.9 417.5 72.8 720.0 35.0 800.0 25.1
1500 1312.5 23.4 825.0 84.4 1137.5 45.4 1277.5 27.8
2000 1750.0 31.2 1235.0 95.6 1450.0 68.7 1770.0  28.7
3000 2595.0 50.6 2143.0 107.6 1696.7 162.7 2641.6 44.8
Glacial outwash (Ap)

100 42.0 7.2 0.0 12.5 26.0 9.2 38.0 7.7
250 204.0 5.7 106.0 18.0 156.0 1.7 204.0 5.7
500 427.0 9.1 230.0 33.7 392.0 13.4 412.5 10.9
1000 894.0 13.2 657.5 42.8 727.5 34.0 877.5 15.3
1500 1350.0 18.7 1057.0 55.4 1137.5 45.4 1352.0 18.4
2000 1725.0 34.4 1520.0 60.0 1455.0 68.1 1770.0  28.7
3000 2475.0 65.6 2330.0 83.7 2205.0 99.4 2725.0 34.4
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APPENDIX XVIII
Experimental values for the adsorption of Cd, Pb, Cu and Zn on marine

Toam soil (Ap) and surface sediment at pH 5.0.

Original Cadmium Lead Copper Zinc

concen-

tration C x/m C x/m C x/m C X/m
ppm ppm  mg/g ppm mg/g ppm  mg/g ppm  mg/g

Marine Loam Soil (Ap)

100 40.0 7.5 0.0 12.5 25.0 9.4 44.0 7.0
250 192.0 7.2 124.5 15.5 154.0 12.0 178.0 9.0
500 427.5 9.1 175.0 40.6 395.0 13.1 392.0 13.4
1000 900.0 12.5 N.A N.A 720.0 35.0 .877.5 15.3
1500 1375.0 15.6 1215.0 35.6 1137.5 45.4 1340.7 19.9
2000 1645.0 44.0 1558.0 55.0 1450.0 68.7 1820.0 22.5
3000 2425.0 71.9 2525.0 59.4 1710.0 161.2 2730.0  33.1
Surface Sediment
100 14.0 10.7 0.0 12.5 41.0 7.4 28.0 9.0
250 - 182.0 8.5 102.0 18.5 164.0 10.7 194.0 7.0
500 412.5 10.9 222.5 34.7 402.5 12.1 398.0 12.7
1000 868.3 16.4 642.5 44.7 830.0 21.2 870.0 16.0
1500 1330.0 21.2 1070.0 53.7 1165.0 41.7 1327.5 21.6
2000 1638.3 45.2 1490.0 63.7 1210.0 98.7 1740.0 32.0
3000 2430.0 71.8 2290.0 88.0 1292.5 213.4 2560.0 55.0
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APPENDIX XIX
Experimental values for heavy metal adsorption from an equivalent mixture (1:1:1:1)

of Cd, Pb, Cu and Zn on outwash soil (Ap) and marine soil (Ap) at pH 5.0.

Original Cadmium- Lead - Copper Zinc
Concentration c %/m c %/m C x/m C %/
m.e/1 m.e m.e/g m.e m.e/g m.e m.e/g m.e m.e/g
) -5 -5 -5 -5 -5 -5 -5 -5
x10 x10 x10 x10 x10 x10 x10 x10

Glacial outwash soil (Ap)
0.025 5.0 287.5 N.A N.A 0.0 625.0 1.5 250.0
0.050 76.7 350.0 N.A N.A 20.0 1150.0 N.A N.A
0.100 145.0 525.0 0.0 1250.0 590.0 3300.0 N.A N.A
0.500 1090.0 800.0 370.0 4400.0 1550.0 4750.0 1167.0 415.0
1.000 2020.0 2400.0 1110.0 6950.0 8775.0 18625.0 2205.0 1475.0
5.000 10620.0 9400.0 8900.0 18000.0 16720.0 41400.0 11150.0 6750.0
10.000 18350.0  33250.0 17500.0 37500.0 35250.0 73750.0 20370.0 23150.0
20.000 44370.0 28150.0 41350.0 43250.0 64120.0 . 304400.0 38370.0 58150.0
50.000 105587.0  96650.0 88000.0 185000.0 N.A N.A 106000.0  95000.0
Glacial marine soil (Ap)

0.025 2.5 300.0 N.A N.A N.A N.A 2.5 300.0
0.050 5.0 600.0 N.A N.A 0.0 625.0 N.A N.A
0.100 52.0 -990.0 0.0 1250.0 7.5 1212.0 N.A N.A
0.500 1040.0 1050.0 297.0 4765.0 562.0 3440.0 1135.0 575.0
1.000 1940.0 2800.0 1010.0 7450.0 1207.0 6465.0 2172.0 1640.0
5.000 9175.0 16625.0 8000.0 22500.0 7625.0 24375.0 10150.0 11750.0
10.000 18725.0 31250.0 15700.0 46500.0 15250.0 48750.0 19100.0  29500.0
20.000 N.A N.A 38500.0 57500.0 30750.0 96250.0 N.A N.A
50.000 101870.0 115650.0 82550.0 212250.0 58870.0  330650.0 104120.0 104400.0
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