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ABSTRACT

The general hydrology, water chemistry, and seasonal variations of 
mine drainages in the Front Range Mineral Belt of Colorado have been 
previously studied (Wildeman, Cain and Ramirez, 1974, Ramirez, 1976, and 
Wentz, 1974). In this report is analyzed the solid sediment deposited in 
a mine drainage and its effect on the solution chemistry; specifically, 
the adsorption of heavy metals by the hydrous oxides of manganese and 
iron.

Forty-two sediment samples were collected from mine drainages in the 
Front Range and sieved to minus eighty mesh for analyses. A selective 
chemical attack on the sediments with a hydroxylamine hydrochloride and 
acetic acid mixture showed that manganese oxides controlled the amount of 
Co, Cu, Cd, Zn and Hi in the sediment. Hydrous oxides of iron, however, 
did not adsorb metals from solution and in fact had a negative correlation 
with Mg, Al, Ca, Ha, K, Cu, Pb, Ni, Mn, Zn, Co, and Cd. The sorption be
havior . of manganese and iron hydrous oxides are strongly controlled by 
pH. At the low pH’s of the mine drainages, iron oxides have a positive 
surface charge, thus preventing the adsorption of cations; manganese oxides 
have a negative surface charge at these pH’s. Through the extraction 
method it was found that a large portion of the mine drainage sediments 
are adsorbed or precipitated material, the exact percentage being depend
ent on pH, Eh, complexing agents, stream flow, sediment distribution co
efficients and other factors.
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A model was designed and tested which will enable an experimentor 
to determine the distribution or isotherm for a metal between its aqueous 
form and as a sorbed species. The isotherm method involves equilibration 
of a metal in solution with complexing agents and icn-exchangers, with 
subsequent determination of all forms of the metal. The ion-exchange 
method was used to determine the free metal and complexed metal concentra
tions in solution. Under ideal laboratory conditions, using synthetic ex
changers and controlled solution parameters, the isotherm method was accu
rate in determining the ’true’ isotherm for Zn(Il) when citrate was present 
as a complexer. It remains for further work to apply the isotherm method 
to real drainages to try and determine a sediment’s distribution coeffi
cient and the various forms of a metal in the system.
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INTRODUCTION

There are several hundred abandoned mines in the Front Range of Colorado 
(EPA report, 1975)* Most of these mines are base metal mines dominated by 
sulphides of iron, copper, zinc, lead and silver. If water drains from an 
abandoned underground mine it is most often highly acidic and contains large 
concentrations of metals because of sulphide ore oxidation. The water enter-, 
ing the mines is essentially melt water and will eventually exit the mine 
carrying large concentrations of heavy and trace elements most of which are 
of interest to the geochemist.

The drainage hydrology, water chemistry and seasonal variations have 
been previously studied by Wildeman, Cain and Ramirez (197*0 5 Ramirez (1976), 
and Wentz (197*0 • Presented in this report will be one final parameter in 
a mine drainage; the solid sediment and its effect on the water chemistry.

An investigation of sediment-water interactions, and especially one 
involving such high concentrations of transition metals, is an investigation 
of adsorption and desorption processes. Eh-pH considerations are often used 
to determine stable aqueous ions and to predict when a particular species 
may cross the boundary between solid and aqueous phases. However, under 
natural conditions Eh-pH diagrams are only approximate and, as in the case of 
the mine drainage system, hydrous oxides of manganese or iron may dominate 
solid-liquid interactions.

Presented here will be two methods which partially define sorption 
processes occurring in water systems. At present very little data is avail
able for comparison of one sorption system with another. Most field studies
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can only describe empirically the metal relationships occurring in any 
particular soil or sediment. While Eh-pH data for aqueous systems is be
coming more abundant, very little can be obtained from the literature to 
predict the effects of adsorption or desorption on a system.
Mechanism of Adsorption:

Jenne (1967) described four basic mechanisms of adsorption: surface
sorption, solid state diffusion, surface complex ion formation, and ion 
exchange.

An example of surface sorption may be the retention of metals by carbon
ates (Jenne, 1976). Also important in this category may be metals that are 
fixed because of an attracting surface charge, where adsorption arises from 
electrostatic attraction alone (Parks, 1966). Iron and manganese hydrous 
oxides can have both positive and negative surface charges depending on the 
pH of solution arid ionic strength (Parks, 1966). Any metals fixed by Fe 
and Tin at pHfs other than their isoelectric points may only be surface sorbed 
species.

Solid state diffusion or lattice penetration may take place in stream 
sediments. Parks (1966) noted that a metal may be adsorbed onto a surface 
when the surface has no charge if there is some non-ionic bonding present. 
Cobalt fixed onto manganese is a good example of adsorption by non-ionic bond
ing or solid state diffusion. Burns (1976) believes low-spin Co+3 ions may 
displace manganese in the s-MnC>2 lattice thus accounting for the often high 
Co concentrations in manganese nodules. Lastly, a reduction in the cation 
exchange capacity of clays after the addition of heavy metals lends cred
ibility to solid state diffusion (Jenne, 1967). It is unlikely, however, 
that a large cation could penetrate more than the first few atomic layers of 
a phyllosilicate.
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Surface complex ion formation occurs when metals chelate or complex 
with organic matter. Ion exchange can take place at active sites on organic 
molecules and in 'holes’ in clays. Ion exchange also probably only takes 
place at the first few atomic layers in clays.
Extraction Method:

A common method used to determine the extent of metal adsorption on a 
solid sediment is to use a leaching agent which extracts mainly non-mineral- 
lie metals. Many different leaching agents have been used to extract only 
the adsorbed or precipitated metals from a sediment (Jenne, 1967)* It 
should be noted that none of these extraction methods quantitatively removes 
all adsorbed material. The specific method the author chose to use was 
developed by Chester and Hughes (1967) and will yield "an estimate of the 
trace element content incorporated.into carbonate minerals, ferro-manganese 
nodules (and associated iron oxide minerals), and by adsorption onto all 
mineral surfaces". The sediments used in this extraction study were taken 
from several mine drainages in the Front Range of Colorado.

Once an extraction is obtained one can examine and qualify any correla
tions between the heavy metals. If for example, Co is being adsorbed by Mn 
hydrous oxides, then a correlation should show up between Co and Mn in the
extracted portions. Many such correlations have been made previously and

\
the results often agree on specific heavy metal relationships (Jenne, 1967).

Taylor and McKenzie found Co in their soils could be 
almost entirely accounted for by the manganese miner
als (Jenne, 1967)* Burnes and Fuerstenau found a 
preference of Cu and Ni for manganese bands and Co 
for iron rich bands in oceanic manganese nodules 
(Jenne, 1967)* Zinc was found to concentrate in the 
limonite fraction of a Tennessee soil (Jenne, 1967)*
Saurez and Langmuir (1976) found that the amount of 
Co, Ni, Cu and Zn extractable from their soils could 
be predicted from the amount of Mn extractable.
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Using 10% H2O2 in 0.001 N nitric acid as the extract, 
manganese, cobalt, nickel and zinc were found to be 
concentrated in the extract solution (Jenne, 1967).

In general it seems that Mn exerts a greater control on the heavy 
metals, (Co, Ni, Zn, Cu) than Fe unless the iron concentration is many 
times greater than that of manganese (Saurez and Langmuir, 1976). The 
nature of the adsorption will also depend on the particular mineral species 
of iron and manganese present, the particle size and surface area, and the 
]H and general chemistry of the solution.
Isotherm Method:

The use of an adsorption isotherm is the second method presented in this 
report for possibly describing sorption onto stream sediments. Isotherms are 
probably the most common method used for describing the interplay in hetero
geneous reactions. Langmuir used an isotherm for interpreting the adsorption 
of gases onto solids (Gardiner, 1969), isotherms are used to define the parti
tion of an element in liquid-liquid extractions and also for ion exchange 
media. Basically an isotherm plots the distribution of an element between 
heterogeneous phases at a fixed temperature.

An example of an isotherm is shown in figure 1. When the fraction of 
s ites occupied approaches zero then the curve is linear. As the fraction of 
occupied sites approaches unity, the curve asymptotically approaches unity.
F or a solid sediment in an aqueous medium the upper limit of the curve is 
often called the cation exchange capacity of the solid.

A cation exchange capacity (CEC) for a solid sediment is obtained by 
saturating all available sites on the solid and reporting the millequiva- 
lents adsorbed per gram of solid. Hem (1976) used the CEC of a synthetic 
clay to predict the exchange behavior of lead onto the clay surface.
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Using the total exchange capacity is useful in determining how much 
metal may he taken out of solution by an adsorbent. This report suggests 
using the entire isotherm, not just the upper limit, to display the adsorp
tion characteristics of a particular solid. Each system has its own char
acteristic isotherm and by monitoring all parameters one should be able to 
get reproducible isotherms for any adsorbent-metal system.

There are a few problems in getting an isotherm in natural systems. 
First, any single isotherm will only be true for the pH and ionic strength 
at which it was taken. To standardize the effects of pH and ionic strength 
the solid adsorber should be experimented with under laboratory conditions. 
In the laboratory not only can pH and ionic strength be monitored but also 
the weight of adsorbent and its particle size.

Other problems are knowing the total amount of metal sorbed onto the 
sediment, which is not so difficult in itself, and the amount as free metal 
in solution. Any complexing agents present in the water will make measuring 
the free metal activity very difficult. One direct way of obtaining the 
total free metal in solution is to measure the activity directly using a 
specific ion electrode. Gardiner (197*0 and Dunn (197*0 have used specific 
ion electrodes to study the interaction of Cd (II) with humic substances.
The liquid-liquid partition method was used by Hodgson, Geering and Norvell 
(1965) for estimating heavy metal complexing with soild solution. This 
method relies on the determination of the free metal concentration. Lastly 
ion-exchange equilibrium has been used in determining complexation constants 
in solution (Miller, Ohlrogge (1958), Schnitzer and Skinner (1966) and 
Schubert and Richter (l9**-7))«

The ion-exchange method (sometimes called the Schubert method of ion- 
exchange) is a method of measuring the distribution of a metal between its
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complexed and free forms in solution. The ion-exchange method was chosen 
for this work because it is mechanically a simpler method to work with than 
liquid-liquid partition and is not interfered with by other metal ions as 
may occur with ion-selective electrodes (Peters, Hayes and Hieftje, 197*0- 
The method is a direct measure of the distribution of a metal ion between 
phases regardless of how complex the system or how many metals are present 
(McCarthy and Mark, 197&, In Press).

Using the ion-exchange method and the extraction method together we 
could determine a metal's concentration on the sediment, as a free ion in 
solution and as complexed species. With these variables and an isotherm 
in hand, an experimentor could predict what effect a sediment will have on 
the total aqueous system. In the section entitled 'Isotherm Method' a 
model is designed that approximates a real system in that an aqueous phase 
and solid phase are present. Through the study of the model the general 
usefulness of the isotherm method is proven and its basic premises confirmed 
It remains for further workers to try the method on natural water systems.
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EXTRACTION METHOD

Theory:
There are many different choices available for extracting agents. The 

experimentor1s choice of reagent will depend on what minerals and elements 
he wishes to remove from the sediment or soil.

In dealing with stream sediments the important metals are often tied up 
in precipitated hydrous oxides or on clay mineral surfaces. In running an 
extraction the choice of reagent can be decided by comparing the reagent's 
Eh and pH range with the Eh and pH range of the sediment portion one wishes 
to extract. For example, if it is desired to extract only manganese dioxide 
and its occluded metals, then a reagent with an Eh-pH field of hydroquinone 
could be used (see figure 2, from Rose, 197*+). The experimentor can predict 
if the hydrous oxide of iron, manganese or both will be removed by comparing 
the Eh and pH of the reagent with the stability fields of iron and manganese 
hydrous oxides. It must be remembered that this is only a rough approxima
tion since metastable species of iron and manganese are probably present in 
the sediment (Jenne, 1976)«

Iron and manganese hydrous oxides are not the only trace element sinks 
in aqueous systems. Clay minerals, carbonates, organics and other metal 
oxides can also adsorb metals, although in a mine drainage they will be of 
minor importance due to the abundance of iron and manganese. Clays may be 
important as sinks for certain metals. The extractability of clay will 
depend largely on the solubility of aluminum (Rose, 197*+). Within the pH 
range of 5-8, aluminum is relatively insoluble and clay minerals will not
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dissolve appreciably. A low pH, therefore, is conducive to clay dissolu
tion and extraction of their entrapped metals.

In this report the extracting agent used was hydroxylamine hydrochlo-
r

ride and acetic acid. The Eh and pH of this solution is shown in figure 2.
Chao (1972) found that hydroxylamine hydrochloride at a pH of 1 re

moved poorly crystalline manganese oxide instantly and pyrolusite (MnC^) 
more slowly. Hematite, goethite, and magnetite dissolved in traces and 
FeCOH)^ dissolved about Q%. Suarez and Langmuir (1976) also used hydro
xylamine hydrochloride at a low pH to remove manganese oxides and their 
included metals without attacking the iron oxides.

Highly acidic solutions will solubilize iron oxides. Chester and Hughes 
(1967) have combined acetic acid and hydroxylamine hydrochloride to remove 
both manganese and iron oxides without appreciably attacking silicate minerals. 
The low pH of the reagent will also partly dissolve clays and release their 
entrapped metals. Suarez and Langmuir (1976) also used this mixture to 
remove all adsorbed and precipitated material.
Experimental:

The preparation of the reagents and the general method is described by 
Chester and Hughes (1967)* Reagent grade chemicals were used along with 
twice distilled nitric acid and twice deionized water.

One gram of minus 80 mesh sediment was air dried and accurately weighed. 
The sediment was placed in a stoppered flask with 50 ml of the hydroxylamine 
hydrochloride and acetic acid mixture. It was found that a stirring time of 
about 2h hours was needed to reach equilibrium. The solution was filtered 
through a Whatman No. 40 filter into a teflon beaker. To destroy the excess 
reducing agent, 2 ml of concentrated nitric acid was added to the filtrate.
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After evaporating to dryness the residue was dissolved in 100 ml of water 
with X% v/v nitric acid and stored in a polyethylene bottle. Analyses of 
12 metals was done on a Perkin Elmer Model 303 atomic absorption spectro
meter, using standards of comparable composition.
Results and Discussion:

In general, when trying to correlate heavy metals in a sediment, one 
usually, will selectively attack the, trace element sink of interest (Mn, Fe, 
clays, organics). However, since this report deals with many samples it is 
better to remove all precipitated and adsorbed metals and then correlate 
them to their respective trace element sinks. This procedure also reduces 
the large error made in assuming only the sink of interest is being attacked 
by the reagent.

Graphs are useful in depicting relationships between a metal and an 
adsorbent (see figures h through 7) but more often correlation coefficients 
are used. The correlation coefficient is the measure of linearity between 
two variables. The value of the coefficient is 0 when there is no linear 
relationship, -1 when there is a perfect linear relationship with negative 
slope and +1 for a perfect linear relationship with positive slope. It 
can be said that the closer the coefficient approaches one, the more linear 
the relationship. Walpole and Myers (1972) go so far as to say the correla
tion coefficient squared, times 100 equals the percent linearity of a relation
ship.

The correlation coefficients for the metals in the extracted portion are 
shown in Tables I and II and III. In table IV are shown the correlations 
for the total sediment analyses that differ from the extract correlations.
The correlations for the extracted portion and the total analyses are very
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similar except for lead. The similarity is due to the environment under 
which these sediments were deposited. An acid mine drainage has extreme 
Eh-pH values (Ramirez, 1976) and therefore most of the sediment will he 
adsorbed or precipitated material. The bulk of the sediment will be 
similar to the portion that is extracted with hydroxylamine hydrochloride 
and acetic acid.

The behavior of lead in the mine drainages is different than expected. 
Lead was thought to be controlled by iron hydroxide sorption (Ramirez, 1976). 
In the extracted portion, lead does not correlate with manganese, iron, or 
the other heavy metals but rather a strong correlation is noted with the 
silicate forming elements (Ca, Al, K, Ha, Mg). The lead concentration in 
solution is therefore not controlled by iron oxides or manganese minerals.
Two possible mechanisms are suggested: l) The lead is controlled by adsorp
tion onto clays as suggested by Hem (1976). This would account for the 
association of lead with the silicate elements. 2) The lead concentration 
is controlled by the solubility of anglesite; PbSO^. . This explanation does 
not account for the strong correlation between lead and the silicate elements.

The Argo Tunnel Drainage was used as an example to test what might be 
controlling the lead in solution. Using the pH of the Argo and various 
constants from Sillen and Martell(1964) the conditional solubility product 
of PbSO^gj was calculated (Stumm and Morgan, 1970)* Comparing the total 
lead and total sulfur concentrations in the Argo with the conditional solu
bility product shows that the lead is indeed being controlled by the solu
bility of anglesite. This, however, does not rule out the sorption of lead 
onto clay particles, and the association of lead with Ca, Al, K, Ha and Mg 
suggests that some lead may be exchanged onto clay surfaces.
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In the total analyses lead correlates strongly with zinc and cadmium, 
and only slightly with cobalt. This is probably due to the mineralogy of 
the area; galena and sphalerite are often associated in the surrounding 
rocks (Wildeman, Cain and Ramirez, 197*0 •

Chromium was not detectable in the extract portion because of its 
relative immobility even under acid conditions. In the total analyses 
chromium does correlate strongly with aluminum, magnesium and sodium and 
less with potassium. This correlation is probably due to the association 
of chromium with aluminosilicates (Berry and Mason, 1959)* Also, in the 
total analyses chromium has a strong negative correlation with iron possibly 
due to Fe and Cr being mobile under different Eh and pH conditions.

In the extract and total analyses manganese correlated strongly with 
Co, Cu, Cd, Zn and Ni. Similar correlations have been found previously .
(see Introduction). Overall these five heavy metals seem very suseptible 
to adsorption by Mn or Fe hydrous oxides. Most solids in solution will have 
a positive or negative surface charge depending on the pH and ionic strength 
of the solution. At one particular pH and ionic strength, called the iso
electric point (IEP), the solid will have no net charge, below the IEP pH 
the solid will have a positive surface charge and above the IEP pH a negative 
surface charge. The IEP for manganese and iron hydrous oxides are about 
pH 1.8 and pH 5-9 respectively (Suarez and Langmuir, 1978). At the low pH's 
of the mine drainages, manganese precipitates probably have a negative surface 
charge while iron is positively charged. This would explain the preference 
of the heavy metals for manganese. There was no linear relationship between 
the amount of manganese in the sediment and the amount of Na, K, Mg, Ca, Al,
Pb or Cr.
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Iron was found to have a strong negative correlation with eight ele
ments; Mg, Al, Ca, Na, Cr, K, Cu, Pb, Ni, and a weak negative correlation 
with Mn, Zn, Co and Cd. In fact, every element analysed had a significant 
negative correlation with iron in the extract. This is due to two related 
factors: l) At the low pH’s of the mine drainages hydrous iron oxide
probably has a positive surface charge thus inhibiting the adsorption of
metal cations. The abundance of iron in the drainages and its ability to 
coat other particle surfaces could reduce the sorption of all metals onto 
the sediment where iron concentrations are high. 2) Iron III is immobile 
even at low pH’s. The fact that iron precipitates at low pH’s while other 
elements are mobile causes a negative association between iron and the 
other elements. Both of the above factors contribute to give a negative 
correlation between iron and the other metals.

The total weight percent of the sediment extracted in a leach will 
depend on the following:

1. The Eh-pH of the extractant (see figure 2).
2. The metal content of the water. Factors affecting the metal con

centration will be Eh-pH, mineralogy of the weathered rock, dis
tance of any sediment downstream from the metal source, complexing 
agents present and others.

3. The distribution coefficient of the sediment. This will be influ
enced by the specific minerals present, the degree of crystallin- 
ity, the surface area and surface charge.

The weight percent of any sediment extracted using hydroxylamine hydro
chloride and acetic acid is listed in Table V. In Table VI are the percent
ages of Mn and Fe removable by the extractant.
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The Eh-pH conditions of the drainage will help determine, the metal 
concentration in the water and thus the precipitate concentration on the 
bottom. Drainages with low pH values will generally contain large amounts 
of metals and will subsequently have large amounts of precipitated and 
adsorbed material in their sediments. The National, Argo and Lucania adits 
have low Eh or pH values and also have large percentages of extractable 
material (98$9 92$ and 60$ respectively). On the other hand West Clear 
Creek with both high Eh and pH values has only 3-7% extractable material.

The surrounding mineralogy will largely control the condition of any 
mine drainage water. Wildeman, Cain and Ramirez (197*0 showed how the 
mineralogy, especially the amount of pyrite, will effect the pH, Eh and 
metal concentrations. In instances where the Eh and pH are not extreme, 
the mineralogy could control the amounts of metals like Pb, Zn, Fe and Cd 
due to dissolution of their respective sulfides. It follows then, that the 
abundance of sorbed and precipitated metals in the sediment may also be 
affected by mineralogy.

Moving downstream in any drainage will decrease the amount of extract- 
able sediment. This is probably due to changes in the acidity and redox 
potential but also to the adsorption of metals upstream. The chances of any 
aqueous species being adsorbed increases as it travels farther downstream. 
Decreases of adsorbed sediment downstream can be seen in the National, Vir
ginia Canyon, Little James and Argo drainages.

If complexing agents were abundant in the mine drainages of the Front 
Range they would compete with solid adsorbants for metal ions. The major 
anion in water is sulphate. Sulphate, however, is a weak complexing agent. 
The organic content of the water has not been analysed, but from the amount
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present in the sediment (see Appendix l) and the amount in most soils (Bear, 
1955) it seems there should he a typical amount in the drainage water.
Reuter and Perdue (1977) feel that organics may he important complexers in 
surface waters at 0.1 to 10 mg per liter concentrations, which is the average 
range of U.S. waters. In a few of the drainages (Emmett and Little James 
Creek) fluoride ion is present from the weathering of fluorite. Fluoride 
forms a strong complex with aluminum and thus enhances its solubility. Over
all, complexing agents will not he important in controlling mine drainage 
sediment composition except in drainages where special conditions exist.

Another control on the weight percent of a sediment that is extractable 
is the mineral form of the adsorbing sediment. Most of the sediment is 
authogenic although some clay size or larger particles may he transported by 
the drainage. The flow of the drainages is too low to allow transport of 
very large detritus.

The exact mineral forms of the iron and manganese hydrous oxides are 
not known although the low temperature of the waters would contribute to an 
amorphous state (Jenne, 1976). Iron hydrous oxides generally exist as oxide 
coatings while the manganese oxide is probably present as free particles. 
Adsorption is enhanced by the microcrystalline character and high surface 
area of the sediment particles.

The amount of adsorbed and precipitated material in any drainage will 
also depend on the flow of the water. A higher flow will circulate the water 
deeper into the drainage bed and allow for better sediment-water contact. 
Also, a large flow will carry more suspended material and again create more 
sorption.
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Lastly, the distribution coefficient of a particular adsorbent -will 
help determine the amount of material that is sorbed. As of yet, there is 
no information in the literature for distribution coefficients of natural 
sediments but part two of this paper will present a method for evaluating a 
distribution coefficient.

From the foregoing information it can be seen that it would be extremely 
difficult to predict how much material will be adsorbed or precipitated for 
any particular system. Any of the parameters mentioned could affect the 
adsorption of metals from solution. As can be seen from Tables V and VI the 
amount of extractable material follows no apparent pattern except for drain
ages with extreme conditions. If the pH or Eh is extreme then the amount of 
extractable sediment is generally high but beyond this the unknowns and 
complications make predictions too unwieldy.
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TABLE I

Correlation coefficients between Mn and the other elements in the extract

Strong Correlation Ho Linear Relationship
Mn:Co 0.96 Mn:Na -0.12
Mn: Cu 0.84 Mn:K -0.19
Mn:Cd 0.73 Mn:Mg 0.03
Mn:Zn 0.72 Mn:Ca 0.00
Mn:Ni 0.67 Mn:Al O.lU

Mn:Pb -0.09
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TABLE II

Correlation coefficients between Fe and the other elements in the extract. 

Strong Correlation Weak or No Correlation
Fe:Mg -0.66 Fe :Mn -0.33
Fe :A1 -0. 66 Fe: An -0.32
Fe: Ca -0.62 Fe: Co -0.35
Fe :Na -0.55 Fe: Cd -0.31
Fe :K -0.55
Fe: Cu -0.51
Fe:Pb -0.50
Fe :Ni -0.44



T-1944

TABLE III

Correlation coefficients in extract with rock forming minerals. 
A coefficient above 0.39 is significant at the 0.05 level.

Na 1.00
K 0.81 1.00
Mg 0.66 0.56 1.00
Ca 0.47 0.43 0.83 1.00
A1 0.38 0.38 0.83 0.91 1.00
Ni 0.40 0.21 0.48 0.20 0.34 1.00
Pb 0.40 0.62 0.55 0.7 0 0.69 0.02 1.00

Na K Mg Ca A1 Ni Pb
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TABLE IV

Correlation coefficients for the total analyses. A correlation above 0.3 
is significant at the 0.05 level.

Cr:Al 0.73
Cr:Mg 0.60
Cr:Na 0.50
Cr:K 0.39
Cr:Fe -0.46

Pb:Zn 0.79
Pb:Cd 0.59
Pb:Co 0.35
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TABLE V

Extraction using 1 M Hydroxylamine Hydrochloride and 25% v/v Acetic Acid.

Extraction Weight percent of
Drainage Name* pH Eh(+mv) time (hours) sample extracted
National 1+ 3.6 320 25 98
National 2 5.1 690 24 4o
National 3 5*3 770 24 48
National 4 --- 440 24 13
Argo 2.5 650 24 76
Lucania 6.2 390 24 60
Russell Gulch 2.7 680 24 11
Lower Lake 2.2 620 24 13
Virginia 1 2.75 690 24 3.7
Virginia 2 2.-55 740 24 5.8
Little James 1 3.65 550 24 l4
Little James 2 5.5 390 24 13
Little James 3 5-3 420 24 11
N. Clear Creek (1976) 7.5 390 24 10
Nat ional (1976) 6.0 340 4 47
Quartz Hill (1976) 1 2.8 770 24 16
Quartz Hill (1976) 2 2.8 770 24 8.1
W. Clear Creek (1976) 7.9 460 24 3.7
Argo (1976) 1 2.7 680 4 92
Argo (1976) 1 2.7 680 12 92
Argo (1976) 1 2.7 680 24 85
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Extraction Weight percent of
Drainage Name* pH Eh(+mv) time (hours) sample extracted
Argo (1976) 2 2.7 690 4 58
Argo (1976) 2 2.7 690 20 62
Argo (1976) 2 2.7 690 12 60
Argo (1976) 2 2.7 690 24 6l
Left Hand Creek (1976) 7.2 370 24 18

*Taken in 1973 unless otherwise noted. 
+Denotes relative position downstream.
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TABLE VI

The percent of the total iron and manganese removed by hydroxylamine hydro
chloride and acetic 'acid. Extraction time - 24 hours.

Drainage Name % of Total Fe Extracted % of Total Mn Extracted
National 1 74 86
National 2 52 66
National 3 77 19
National 4 36 51
Argo 70 80
Lucania 68 95
Russell Gulch 26 19
Lower Lake 21 24
Virginia 1 9.4 100
Virginia 2 16 28
Little James 1 37 100
Little James 2 15 100
Little James 3 16 49
N. Clear Creek (1976) 9,6 43
Quartz Hill (1976) 1 43 45
Quartz Hill (1976) 2 19 37
W. Clear Creek 12 30
Argo (1976) 1 90 92
Argo (1976) 2 76 72
Left Hand Creek (1976) 18 56
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ISOTHERM METHOD

Theory:
A description of an isotherm and its general uses is presented in 

the Introduction. In this report an isotherm is suggested as a means of 
identifying and characterizing adsorbents in sediments. Even if they 
cannot be differentiated by their adsorption isotherms it would be extreme
ly useful to know the distribution coefficient of a metal between a sediment 
and the aqueous phase. This distribution coefficient or isotherm would 
yield much information concerning the effects of a solid adsorbent on the 
total aqueous system, the ability of sediments to adsorb or release metals, 
and the ability of soluble complexing agents to strip metals from sediments.

In order to get values of distribution coefficients that are reproducible 
from one laboratory to the next, certain conditions must be duplicated.
First, because hydrogen ions will compete with other, cations for adsorption 
sites, the pH of the solution must be maintained constant and duplicated 
from one experiment to the next. In addition, the concentration of spectator 
cations must also be controlled. In many experiments with ionic exchangers, 
temperature is not regarded as an important parameter but some researchers 
do regulate temperature closely (Schnitzer and Skinner, 19^6). Lastly, the 
amounts of solution and exchanger should be known exactly although this 
value need not be duplicated from one experiment to the next. It is desir
able, however, to use relative amounts of solution and exchanger such that 
the metal content in each is of the same order of magnitude.

It must be noted that the presence of a complexing agent will compli
cate the determination of the isotherm. The isotherm is concerned with the
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distribution of a metal between its free form in solution and a solid 
adsorbent. A complexing agent will effectively compete with the solution 
and solid phases for the metal. An adsorption isotherm, therefore, must 
take into account and eliminate the effects of complexing agents.

Without complexers the pertinent chemical equilibrium is:
R + Mn+ R - M CD

where R is the solid adsorbent and M is the metal. In this case the iso
therm is easily obtained by measuring the concentration of M in solution,
{M}, and the amount of M adsorbed, (R-M), either directly or through 
subtraction.

With complexing agents present the equilibrium is complicated by the 
following additional reaction:

Mn+ + L = ML ^assuming a 1:1 complex (2)
Here, M is the metal as before, L is the ligand and ML the resulting complex. 
The isotherm for equation (l) remains the same in spite of reaction (2), 
but the measurement of free M becomes much more difficult. Using standard 
analytical techniques one can measure (M + ML). The problem is to determine 
how much of M in solution is present as free metal ion.

To plot an isotherm one must determine the free metal concentration 
and the metal bound to the adsorbent. The .total metal in solution (free 
plus complexed) is readily measured directly and the metal on the sediment 
can be found through subtraction or through leaching of the sediment to 
extract the metal of interest. The free metal concentration is difficult 
to measure if any complexing agents are present. Even if all determinates 
are controlled, including solution composition, some ligands may leach out 
of the soil or sediment.
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As mentioned in the Introduction, the ion-exchange method vas chosen 
over, the liquid-liquid partition method and ion selective electrodes for 
determination of the free metal concentration. The liquid-liquid partition 
method basically involves finding the distribution of the free metal between 
the aqueous phase and a second immiscible liquid phase, usually organic 
(Hodgson, Geering and ETorvell, 1965). This method vas not used in this 
research because it is mechanically difficult to work vith, although it 
may be useful in cases where the ion-exchange method fails. Ion selective 
electrodes were not used because of the number of ions that interfere with 
direct determination. These electrodes have been used successfully for 
transition metal determinations (see Introduction for references) but only 
a very few metals are detectable by this method. If the researcher wants a 
free choice of which metals he wishes to study, then selective ion electrodes 
cannot be used.

The theory behind the ion-exchange method can be found in Schubert 
(19^7)5 aud McCarthy and Mark (1976, In Press). The exchange medium used 
is generally an ion-exchange resin (Miller and Ohlrogge, 1958, Schnitzer and 
Skinner, 1966, and Geering and Hodgson, 1969). The author used both a cation 
exchange resin and cation exchange membrane and found the membrane easier to 
work with and the results obtained using it to be just as reproducible as 
when the resin was used. The exact description of both exchangers can be 
found in Appendix 3.

The major assumption in the ion-exchange method, as used here, is that 
only uncomplexed metals are adsorbed. All complexed metals are assumed to 
remain in solution. The method would not be valid if the metal complexes 
are adsorbed by the exchanger, such as might occur when a positive metal
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complex is present with a cation exchanger. Therefore, to prove the useful
ness of the general method the ligands were carefully screened in this 
research. Further work on natural systems may require the use of a differ
ent method for determining the metal distribution in solution. The liquid- 
liquid partition method mentioned previously would be the next most useful 
technique for determining the free metal concentration.

The first step is to establish the adsorption isotherm for known ex
changer. The known exchanger would be a synthetic resin or membrane. This 
involves determination of the variable XQ ; the distribution of the metal 
between the adsorbent and the solution:

= ii*l (3){M}
where {Mr } is the concentration of the metal bound to the exchanger, ex
pressed in moles per gram, and {M} is the concentration of free metal in 
solution, expressed in moles per liter. These measurements are made at 
constant pH and ionic strength using pH buffering, and nitrates for ionic 
strength.

Under the same conditions the variable X is evaluated:

A = (k)
(M + Me)

except that this time a complexing agent is present and Me is the complexed 
metal concentration in solution, expressed in moles per liter.

Combination of equations (3) and (U) gives the ratio of complexed to 
free metal ion if only free metal ion is adsorbed:

(4°->" 1 = w r  (5)
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Up to this point in the theory, the ion-exchange method is undisputed. 
Other researchers have used the method mainly for calculating soil solution- 
met al for-astion ’ constants (Geering and Hodgson, 19^9) an(i some have tried 
to describe microscopic processes from the data. Such uses for the ion ex
change method are disputable (McCarthy and Mark, 1976, In Press). In this 
research the method is taken no farther than equation (3).

It is more convenient to work with the linear portion of the isotherm 
which requires keeping the metal concentration well below the exchange ca
pacity of the adsorbent. Two problems arise here: l) When working with

—6very small metal concentrations, say below 10 molar, adsorption onto glass 
surfaces can be a problem. Also, at too low of concentrations, anomalies 
may show up on the adsorption isotherm. 2) If the metal concentration is too 
large, then adsorption may not be linear due to the saturation of a signif- 
cant portion of sorption sites. Furthermore, higher metal concentration 
could result in the precipitation of metal hydroxides or other complexes.

The ion-exchange medium is merely a tool for determining the complexed 
to free metal ratio. Of prime importance is an isotherm for the soil or 
sediment of interest. A very simple isotherm would be a measure of the total 
metal in solution versus the metal bound to the sediment. This value, how
ever, would only be true for the exact chemistry of the system under study 
since complexing agents in solution will effectively compete with the sedi
ment for the metal ion of interest (see figure 8). A more absolute index 
would be the distribution of the metal between its free form in solution and 
as an adsorbed species. Therefore, by equilibrating an ion-exchanger (with 
a known XG ) and our soil or sediment in a single system, we should net the 
free metal concentration as well as the complexed metal concentration and
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Figure 8. Diagramatic description of the experimental approach 
of obtaining an adsorption isotherm and pertinent 
chemical equilibria.

C Known ion-exchanger, R, and 
metal bound to exchanger, R-M.

C
c

Fr£e metal, M, Complexed metal, 
ML, and Ligand, L, in solution*

Unknown ion-exchanger, S, and 
metal bound to unknown exchanger, 
S-M.

4 '

CHEM I C A L  EQUI LI B R IA

R-M
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this should yield a more meaningful isotherm for the sediment. It would 
also yield a more complete description of the metal species in solution. 
Experimental:

The exchangers used in this report were a resin and a membrane. The 
resin was a Dowex 50 W-X4 cation exchange resin converted to the potassium 
form. The membrane was an IONAC MC-3470 cation exchange membrane, also 
converted to the potassium form. The preparation, capacity, and percent
water of both these exchangers is reported in Appendix 3- 
Determination of Aq for Single-Exchanger System:

The first step was to determine XQ for the resin and membrane. All
chemicals were reagent grade. The nitric acid was twice distilled and the 
water twice deionized. Teflon or polyethylene containers were used whenever 
possible. The procedure follows:

1. Pipet 5-0 ml of 2 N KNO^ into a 100 ml volumetric flask. Next 
add Cu, Zn, and Mn or Zn alone from 1.00 mg/ml nitrate solutions 
in 0.050 ml to 1.00 ml aliquots. Adjust the pH to 7 using a few 
drops of either 0.1 N K0H or 0.1 N HNO^ solutions. Finally, make 
up to 100 ml with deionized water.
2. Weigh out 1 gram of either the K-saturated resin or membrane
and place in a polyethylene bottle. Add a magnetic stir bar and
the solution containing the metal and KNO^. Stopper the bottles
and stir for 2 hours while maintaining the pH at 7*0 + 0.1 with 
K0H and HNO^ solutions. Remove the exchange resin by filtration, 
washing the filter paper several times with water. If using a 
membrane remove the membrane and rinse with water. Add the wash
ings to the original solution. Evaporate the washings and solution



to dryness in a teflon beaker. Acidify with nitric acid and 
redissolve to 50 ml. Store in polyethylene bottle for A.A. 
analyses.
3. To extract the metal from the exchanger:

Resin - Wash the resin in the filter paper with approx
imately 150 ml of 15% HC1 solution. Wash with 100 ml water.
Evaporate, acidify, dilute to 50 ml, and store for A.A. analy
sis .

Membrane - Rinse the membrane four times in 50% HC1 baths 
for thirty minutes apiece. Rinse three times with water. Col
lect all washings and baths and evaporate, acidify, dilute to 
50 ml, and store for A.A. analyses.

Double Exchanger System:
To test the proposal of using the ion-exchange method for obtaining an 

adsorption isotherm, the experiments were carried out under ideal laboratory 
conditions. Instead of using a stream sediment or soil as the adsorbent, 
a synthetic resin or membrane was used. The test therefore involves a 
synthetic exchanger of known characteristics separated from-.a second ex
changer the characteristics of which are unknown; both exchangers are in 
contact with a solution containing a known amount of complexer. The ex
perimental procedure will be written for the case of two membranes in the 
system, but a resin may be used in place of the membrane. An effective 
method for the separation of the two exchangers is imperative. The method 
is essentially the same as the single-exchanger system except that two 
exchangers are used simultaneously here.

1. Pipet 5*0 ml of 2 N KNO^ into a 100 ml volumetric flask.
Next add from 0.200 ml to 0.800 ml of 1.00 mg/ml zinc nitrate
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solution. Vary the metal concentration to obtain the isotherm.
Pipet 1.0 ml of 1.0 M citric acid solution into the volumetric 
flask. Adjust pH to 7 and make up to volume (100 ml) with water.
2. Weigh out two 1 gram strips of cation exchange membrane in 
the potassium form. Cut the two membranes differently for identi
fication and subsequent separation, and place them both in a- poly
ethylene bottle. Add a stir bar and the solution containing the 
KNO^, zinc and citrate. Cap and stir for 4 hours while maintain
ing the pH at 7-0 +_ 0.1.
3. Decant off the main solution. Wash the membranes several 
times with water. Add the washings to the main solution and 
evaporate to dryness in a teflon beaker, being careful not to 
oxidize the citrate as this would create a solid suspension in . 
the solution which may interfere with A.A. analyses. Acidify, 
dilute to 50 ml and store for A.A. analyses.
b. Place the two membranes in separate teflon beakers. Remove 
adsorbed metal in HC1 baths and water rinsings as described earli
er. Evaporate the two rinse solutions to dryness, acidify, dilute 
to. 50 ml, and store for A.A. analyses.
All experiments were first run over varying lengths of time to see if 

equilibrium had been achieved. An inherent assumption in the complete treat 
ment is that all systems are at equilibrium; metal-ligand as well as metal- 
exchanger.
Results and Discussion:

Some conclusions can be drawn about exchangers and isotherms in general 
from the results of the A0 experiments. First of all, as we would expect,



T-1944 41

the slopes of the isotherms for each of the metals Mn, Zn and Cu were 
different. The difference in slope denotes the different affinity of each 
metal for the membrane (see figure 9)* All three metals were equilibrated 
simultaneously with the membrane, another advantage of using the ion ex
change method in natural systems (McCarthy and Mark, 1976, In Press).

Figure ll shows that different exchange media will have isotherms of 
different slope. It could happen, however, that two completely different 
exchangers will coincidentally have the same adsorption isotherm. The two 
exchangers used in this research, the membrane and resin, both have a sul
fonic acid group as their active site.

As mentioned earlier in this section several metals may be used simul
taneously in the ion-exchange method. Proof of this is shown in figures 10 
and 11 where the isotherm for zinc alone with an exchanger is compared to 
the isotherm for zinc, along with manganese and copper, with an exchanger. 
They both have the same slope. Adding several metals to a solution contain
ing an ion-exchanger should not affect adsorption unless the total amount of 
metal becomes significant in comparison to the total ionic strength, or the 
number of exchange sites. In the experiments presented here a 0.1 molar 
KNO^ buffer was used, thus preventing the addition of 10"6 molar metals from 
becoming significant. The weight of exchanger used in a run was chosen such 
that the exchange capacity (expressed in meq./gm) was several orders of 
magnitude greater than the maximum concentration of all three metals in 
solution. This precaution guarantees a linear isotherm.

An erratic behavior is noted for copper in equilibrium with an exchanger 
in figures 12 and 13. This anomalous behavior of copper is probably due to 
the precipitation of copper as an oxide. Stumm and Morgan (1970) report
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— 5that at a pH of* seven and a copper II concentration of 10 to 10
p imolar, the stable species of copper II borders between the Cu ion and 

the CuO solid.
In all of the isotherms it can be seen that the straight lines do 

not intercept the axes at (0,0). Where extremely low metal concentrations 
were plotted (figure 14) there appears to be a sharp break in the isotherm 
as it approaches zero. One conclusion that might be drawn from this is 
that there is some metal already present on the exchanger before it is 
equilibrated with solution. However, no metal was found on the unused mem
brane even after extraction with concentrated hydrochloric acid. The pre
experiment resin did contain a small amount of all three metals but this 
would be extracted by the experimental washings. The answer to the problem 
could lie in some inherent anomaly of the exchangers at very low metal con
centrations or in adsorption of the metals onto glass surfaces. The author 
found no supporting evidence in the literature for the anomalous behavior 
but it should be pointed out that most researchers using the ion-exchange 
method do not use metal concentrations below 10“5 molar (Miller and Ohlrogge, 
1958, and Schnitzer and Skinner, 1966). Schubert in his original paper on 
the ion-exchange method (19^7)» did use radiostrontium concentrations of

_ Q10 * molar but he makes no comparison of the isotherm obtained at this con
centration; one cannot conclude that his isotherm is linear throughout the 
micro-molar range.

Previous workers using the ion-exchange method have found that their 
isotherms were linear at low concentrations and they assumed that they went 
through the origin. In this work, because of the extreme sensitivity of 
the calculations, one cannot make that assumption. Therefore, several points
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should be plotted for each isotherm in order to net a reasonable slope and 
y-intercept. In other -words, in this paper XQ and X will not represent 
slopes, of isotherms but rather actual ratios of specific values.

One final caution when plotting isotherms for transition metals. All 
of the first row transition metals may precipitate as hydroxides at neutral 
or basic pH's. Care must be taken in keeping the metal concentration low 
enough so as not to exceed the metal-hydroxide solubility product. This is 
especially important when working with several metals simultaneously, for 
once one metal precipitates it may adsorb other metal ions and ruin the 
experimental results.

The first problem encountered in the X experiments (complexed solution) 
was how to separate the exchangers. How does one separate the known resin 
from the test resin or sediment in the same system and still reach equili
brium? This is just a matter of experimental mechanics but it is mentioned 
to point out the usefulness of a little used exchange medium - the exchange 
membrane.

The first mode of separation used was to place the two exchangers into 
the complexed solution with one exchanger in a dialysis bag. However, the 
dialyses membrane proved to be rather impermeable. Equilibrium was not 
reached even after five days. Through the use of organic dyes it was also 
found that sintered glass was too impermeable for our use. We also tried 
separating the exchangers by placing a very small beaker inside the reaction 
flask thus segregating the two exchangers. This too was very slow in reach
ing equilibrium.
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Eventually the existence of a cation exchanger in the membrane form 
became known to us. Although membranes are normally used for water purifi
cation work, they turned out to be very reproducible and easy to work with 
in our ion-exchange experiments. The effective separation of a membrane 
from a resin or a sediment is obviously very simple. In realistic systems, 
where particle size cannot be controlled, small sediment particles may 
cling to the exchange membrane. If this presents a problem perhaps another 
filter could be used to separate the sediment from the known exchanger; a 
filter' more permeable than a dialyses membrane but with small enough pores 
to prevent migration of colloidal size particles.

When measuring isotherms of natural soils and sediments, complexing 
agents may be leached out when the soil or sediment is placed in solution. 
Under ideal laboratory conditions, using synthetic exchangers, one must add 
the complexing agents in order to test the hypothesis. The first complexer 
tried was potassium bicarbonate. Bicarbonate ion was chosen because it is 
a known constituent in natural waters and it could easily be present when 
calcareous soils or sediments are tested.

After equilibrating both membranes and resins with metals in 0.01 molar 
bicarbonate solution it became apparent that something wasnft right. Accord
ing to the ion-exchange method any complexers present in solution should 
’compete1 with the solid exchanger for the metal ion. In other words, the 
slope of the X isotherm (with complexing agent) should be less than the 
slope of the XQ isotherm (no complexing agents). A look at figures 15 
through 19 will show that this is not what occurred. With the bicarbonate 
ion present, the membrane and resin showed equal or even stronger adsorption 
of metal than when no complexers were present.
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The first explanation for this odd result is that the metals are pre
cipitating as bicarbonate or carbonate species. If this is happening it 
would explain the steeper X isotherms. Calculated solubility products 
(Stumm and Morgan, 1970) show that both zinc and manganese are very close 
to the stability fields of ZnCO^g) and MnCO^g). Copper does not form an 
insoluble carbonate under the conditions of this experiment but its use 
has already been excluded due to its precipitation as CuO. To experimen
tally test for precipitation of the metals as carbonates, zinc and manganese 
at 10”6 molar concentrations were equilibrated with 0.01 M KHCO^ at a pH 
of 7»0. The solutions were then filtered and analysed to see if any metal 
was lost in filtration. Results confirmed the calculated solubility prod
ucts as manganese definitely formed a precipitate and zinc did to a lesser 
extent.

It appears that carbonate is a poor ligand to use with zinc and manga
nese. However, there are still some discrepancies in the results that can
not be explained by carbonate precipitation alone. For the case of the resin 
in equilibrium with the metals and carbonate, the separation of the phases 
was accomplished by filtering out the resin and then extracting the metals 
from the resin with acid. If any metal had precipitated it would be filtered 
out along with the resin and would show up as apparent adsorbed metal. There
fore, the X curve would show a stronger adsorption of metal than the XQ curve. 
This is supported by the results. However, for the case of the membrane the 
separation of phases was accomplished by merely washing the membrane several 
times with water and adding the washings to the main solution*.. If any metal 
had precipitated it would not effect the apparent adsorption profiles of the 
membrane, unless the precipitate ’stuck' to the membrane.
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Another explanation for these inconsistent results would be if the 

c omplexed metal in the bicarbonate solution were being adsorbed by the ex

changer. However, the literature reports no soluble bicarbonate or car- 

b onate complexes with either zinc or manganese (Stumm and Morgan, 1970). 

Further work is needed to determine the exact causes of the increased ad

sorption in the presence of carbonate.

Previous workers have used organic ligands when using the ion—exchange 

m e thod (Schubert and Richter, 1947, Geering and Hodgson, 1969). A negatively 

charged complex will not be adsorbed by a cation exchanger. For this reason 

the ligand next chosen to add to the system was citrate ion. Schubert and 

Richter (1947) found citric acid to entirely dissociate at ionic strengths 

a n d  p H Ts comparable to those used in this report. They also found citrate 

t o  be a triple negative ion, thus assuring a negative complex with Zn (II) 

cation. Only one metal was used in our experiment in order to avoid unnec- 

e ssary variables, but several metals could be used simultaneously in a single 

e xperiment.

Citrate is an extremely strong complexing agent with transition metals, 

so only 0.001 molar concentrations of citric acid were used with a maximum 

Z n  (II) concentration of 1.5 x 10 ” 4 molar. All other procedures were carried 

o u t  the same as in the bicarbonate tests.

As with the bicarbonate tests, synthetic exchangers were used instead 

of natural sediments in order to check our results. In the first test, two 

membranes were equilibrated with the citrate solution, separated and analysed. 

Then, using the ion-exchange method, the A o  isotherm was calculated for one 

of the membranes and compared with the TtrueT7\0 * T^e true value of7\0 

taken from the isotherm of the membrane with no complexing agents present.
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The second test is basically the same only a resin and a membrane are 
used.

The isotherms for the two membrane tests are shown in figure 20. The 
calculations used for testing the validity of the ion-exchange method in 
determining an adsorption isotherm are presented in Tables I and II. For 
the membrane-resin test only one value for X was determined for each ex
changer. This was done to test the accuracy ’of the method. All values 
were taken from the isotherms in figures 10 and 11.

From the calculations it can be seen that the isotherm method works 
under ideal laboratory conditions. Using citrate ion as the complexing 
agent there is no metal precipitated and the metal complex is not adsorbed 
by the exchangers.

The calculations are sensitive to deviations but in general the accuracy 
is very good for geochemical work. For very accurate work several values 
should be used and a least squares line calculated as in Table I. However, 
for most geochemical work only one or two points need be determined for the 
unknown adsorbent’s isotherm. An error of less that 10 percent, as found in 
Table II, is acceptable.
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TABLE I

Sample Calculation for Membrane-Membrane -with Citrate

All metal concentrations are coded to eliminate the exponential term.
To get the true value simply multiply by 10“°. Refer to figure 15 for 
isotherms of membranes A and B.
General Procedure:

In order to have close control over our system we will use a cation 
exchange membrane rather than a sediment as our unknown. This will also 
enable us to check our calculated results with the true isotherm for the 
membrane.

Assume only 1 (isotherm with complexing agent) is known for membrane A
and we wish to know the true isotherm, We can calculate XQ for A by
equilibrating A and a known exchanger, membrane B, in the complexed solution.
The true isotherm, XQ, is known for B and X will be measured for B and A
once they are in the system. Then, using the ion-exchange equations we can
calculate the free metal concentration in solution from the X and X valueso
of the known exchanger, B. Once the free metal concentration is known we
have only to measure the metal bound to the unknown exchanger, A, and we
have the XQ isotherm for A: XQ = (M^) where (Mm ) is the metal bound to

{M}
the membrane in moles per gram, and {M} is the free metal concentration in 
solution in moles per liter.
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Least Squares Line (from figure 15):
for membrane A; XQ : Unknown

for membrane B; XQ : = 1.82 + 0.325 M

1) Choose a value for the x-axis to use in the following calculations. The
value of X and XQ is a ratio of y/x and therefore will be different at any 
given point along the isotherm unless the line runs through (0,0). To 
standardize our calculations we shall choose one x value and use it through
out: 50.0 mole/liter
2) Evaluate Xq = (M + Mc)/{M} using known isotherms of membrane B. After

X
equilibrating our system of two membranes (one known and one unknown), metal 
and complexing agent we proceed with the analyses as described in the experi 
mental section. The numbers we get for XQ and X for B are then used as 
follows:

Xo = 0.362 = 39. T
x 0.00912

. Xo = (M + Me) = {Mtotal} = 39-7
^  W  — ----

3) Calculate the free metal concentration M , in the system: at x =
50.0 mole/liter

{^total} = 50.0 mole/liter

{Mtotal>/{M} = 39-7
{M} = {^otal}/ 39.7 = 50.0 mole/liter

39.7
{M} = 1.26 mole/liter
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4) Calculate XQ for unknown membrane A: at x = 50.0 mole/liter

*0 = (^m) = 0.456 mole/gm : from figure 15
{M} 1.26 mole/liter from 3)

XQ = 0.362
5) Compare calculated XQ from 4) to 'true’ A0 for a cation exchange mem
brane. The true XQ value is taken from figure 6:

calculated XQ = 0.362
true Aq = 0.362

6) In summary we can see that the ion-exchange method worked very well in 
this case for finding the free metal concentration. The subsequent calcula
tion of the Aq isotherm, using the free metal concentration, agrees exactly
with the true XQ9 evaluated in a solution containing no complexing agents.
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TABLE II

Membrane-Resin with Citrate

All metal concentrations are coded as in Table I.
General Procedure:

Assume only A is known for the resin and we wish to know the true 
isotherm, AQ. We can calculate AQ for the resin by using-the ion exchange 
method and A0 and A values for the membrane. In this test a least squares 
line is not used for the AT s. Only one value for the A of the resin and 
membrane is used in the calculations to test the efficiency of the method.

Least Squares Line for AQ of the known membrane:
Mm  = 1.82 + 0.325 M

Resin A:
0 g83 .ole/gran = g
71.9 mole/liter

Membrane A:
0.415 mole/gram ^
71.9 mole/liter ~ °*0°577

l) Evaluate A0/A = (M + Mc)/{M} using known isotherms of the membrane: 
at x = 71*9 mole/liter,

A0/A = 0.350 = 60.7
0.00577

A0/A = (M + Me) = {̂ o t a l } = 60.7
{M} {M}



T-1944

2) Calculate the free metal concentration M, in the citrate solution:
{Mtotal} ~ 71*9 mole/liter
{^total /M} ^ -60.7

{ M }  =  {MtotalJ/60.7 =  71-9 mole/liter
60.7

{M} = 1.18 mole/liter
3) Calculate AQ for the resin:

XQ = Mr/m = 0.583 mole/gram _ 0.492
1.18 mole/liter

4) Compare calculated A0 from 3) to ’true’ AQ from figure 2:
at X = 71*9 mole/liter
calculated A0 = 0.4-92
’true1 A0 = 0.525

or approximately a 6% error.
5) In this example only one test was run on the unknown resin. An error of 
6% from the true isotherm is acceptable for geochemical work.
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SUMMARY

Extraction Method:
1. The mine drainage sediment is largely sorbed or precipitated material. 
For some heavy metals, particularly Co, Ni, Cu, Cd and Zn, sorption may 
be the major control on their concentrations in solution.
2. Manganese oxides are the most important adsorbents in the mine drainage 
system. As expected, Co, Cu, Cd, Zn and Ni are all adsorbed strongly by 
manganese dioxide.
3. Hydrated iron oxides shoved a negative correlation with all elements 
analysed. This is due to a positive surface charge on the iron at the low 
pH's of the drainages. Iron often occurs as a coating on particle surfaces, 
and therefore may prevent sorption onto minerals it has coated.
4. The lead concentration in a mine drainage is not controlled by the 
hydrous oxides of Fe or Mn. It is controlled by th'e solubility of anglesite 
(PbSO^) and possibly sorption onto clay particles.
5. The surface charges of solid adsorbents will be largely controlled by 
the pH of the drainage. At the low pH's of a mine drainage iron hydrous 
oxide has a positive surface charge while manganese dioxide has a negative 
surface charge.
6. The weight percent of a sediment that is extracted, or in other words 
the percent of a sediment that is sorbed or precipitated material, depends 
on several factors. One cannot predict from only one parameter, such as 
pH, what percentage of a sediment will be extracted.
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7. The extraction method is a useful method for qualifying adsorption in 
aqueous systems. It allows one to approximately extract the portion of the 
sediment that is of interest and study the associations between metals and 
adsorbents.
Isotherm Method:
1. An adsorption isotherm for a soil or sediment would be very useful for 
determining the influence of sorption on the total aqueous system.
2. The ion-exchange method proved accurate for determining the free metal 
concentration in solution when citrate ion was used as the ligand.
3. A known ion-exchanger can be used in solution with an unknown exchanger 
and complexing agent to obtain an adsorption isotherm for the unknown ex
changer.
U. Several metals may be used simultaneously in using the ion-exchange 
method to determine the free metal concentration in solution.
5. A total metal concentration of 10~^ to 10"5 molar when equilibrated with 
approximately one gram of synthetic exchanger and 100 ml of water, was found 
to be ideal for obtaining a linear adsorption isotherm; any lower and an 
anomalous behavior results, any higher and Mn, Cu, or Zn may precipitate
as hydroxides at a pH of 7-
6. Cation exchange membranes are easy to work with and give reproducible 
results when working with the ion-exchange method.
7- Bicarbonate is a poor ligand to use in a test of the ion-exchange method 
becuase both Zn and Mn may form a carbonate precipitate at a pH of 7.
Copper was excluded from all tests at pH 7 because it is very close to the 
stability field of the solid CuO.
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8. Although, the isotherm method worked ■well under ideal laboratory 
conditions, several problems may arise when trying to evaluate an isotherm 
for a natural sediment or soil. Mainly, in naturally occurring exchange 
materiaus such as clay, bentonite, peat and soil a wide variety of ion 
active groups may be present and variations may exist between individual 
particles (Bauman and Eichhorn, 1947). Synthetic organic exchangers, as 
used in this report, are chemically homogenous and contain only one active 
exchange site. If different exchange sites are present in a sediment, and 
especially if both anion and cation exchange sites are existent, then a 
metal could conceivably be adsorbed regardless of its charge or complexed 
state. In this case the determination of an isotherm as described in this 
report may be extremely difficult or impossible.
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RECOMMENDATIONS

1. The effect of pH on sorption with respect to Mn and Fe would he a
worthwhile study. Such a study could he conducted in the laboratory with
purified samples of hydrous Mn and Fe or in the field. For example, hy-

0drous iron oxide is thought to he an important adsorbent in the oceans with 
a pH of around eight, hut in the mine drainages with pH’s of three to five 
it had a negative sorption effect.
2. The next logical step in the research of the isotherm method is to apply 
the successful model to a real system. The author would recommend such a 
transition from ideal laboratory to field conditions to he performed in a 
series of steps. First, different ligands should he tried in the laboratory 
to see if similar problems arise as they did with bicarbonate. If the ion- 
exchange method proves unsuitable in conjunction with natural ligands, then 
perhaps the liquid-liquid partition method could be used. Second, more 
natural adsorbents should be tested in place of the unknown exchanger. A 
logical first choice might be a fairly clean clay and subsequently using 
more and more natural adsorbents. Eventually, when a natural drainage sedi
ment is tested, no ligands need be added to the system as they will leach 
out of the sediment itself. Finally, once an isotherm for a natural sedi
ment has been successfully obtained, it would be important to try and piece 
together the entire aqueous system: metal complexes, free metal, adsorption 
effects, and precipitation effects.
3- In this and other work it has been found that the pH of solution is an 
important factor in determining surface charges and overall sorption extents.
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It would be informative to look at sorption processes with mine drainage 
sediments at various pH’s. Along with this, the Isoelectric points of 
the sediments could be determined.
U. The importance of particle size in sorption mechanisms cannot be over
looked. In this paper, only the less than eighty mesh fraction of the 
sediment was studied. Other workers have used smaller particle fractions 
and even cobble coatings to study the fixation of metals. It would be 
useful to know the variation of adsorption with particle size and to deter 
mine what size fraction of the sediment is most important in controlling 
adsorption.
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TOTAL SEDIMENT ANALYSES

Mine Drainage sediment samples were collected at  various s i tes  in the 

Front Range of the Colorado Mineral Belt .  The samples were a i r  dried then

sieved into greater than ten mesh, between ten and eighty mesh, and less

than eighty mesh fract ions.  All analyses were done on the less than eighty

mesh f ra c t io n .  I t  is this f rac t ion  (less than two microns) that  contains

the clay size part ic les  (Bear, 1958).

Two separate tota l  analyses were done on a l l  42 sediment samples and 

several duplicates were run also. Tenth-gram aliquots of the sediments were 

fused with 1ithium metaborate at  950° C for  10-15 minutes in graphite cruc i

bles. The molten glass was then poured d i re c t ly  into 150 ml of 3% n i t r i c  

acid and s t i r re d  unti l  dissolved in te f lon  beakers. The solutions were 

then made up to 200 ml and stored in polyethylene bott les .  Analyses of  

aluminum and s i l icon  were done on a Perkin-Elmer Model 303 A.A. spectrometer 

using standards of  comparable composition. A more thorough description^of  

this  method can be found in a paper by Ingamells, 1970.

The second method of tota l  analyses is described by Miesch, 1976. One 

gram aliquots of the sediments were mixed with 25 ml of a 1:1:1 mixture of 

n i t r i c ,  perchloric ,  and hydrofluoric acids in 500 ml te f lon beakers. The 

beakers and contents were then heated a t  approximately 90° C unt i l  dry.

During this  heating fumes of perchloric ,  n i t r i c  and a si 1icon-f luor ide  gas 

complex are given o f f .  I f  minerals remained undissolved a second treatment 

with hydrofluoric  acid was performed.

After  heating to dryness again, a small portion of n i t r i c  acid and water 

was added to each beaker to dissolve the sa l t .  The contents were then poured



through f i l t e r s  and stored fo r A.A. analyses. The residue remaining in 

the f i l t e r s  as res is ta te  material was dried and weighed and subtracted from 

the orig ina l sample weight fo r  reporting of elemental percentages. Subse

quent analyses of the res is ta te  showed i t  to be mainly iron and therefore  

probably magnetite.

Elements analysed were Fe, Mn, Na, K, Ca, Mg, A1, Cu, Zn, N i , Co, Cd,

Pb and Cr. Combining the two methods, the major elements are reported as 

oxides in percentages and the minor elements in e ith e r  percent or PPM. The 

sum percent often adds up to over 100 but only when the s i l ic a  content is 

high. This could be due to s i l ic a  being present not as SiC^ but as a s i l i 

cate mineral.

Loss on Ign itio n  and Per Cent h^O 

To determine the percentage of water in the minus eighty mesh samples, 

they were weighed, placed in a 105° C oven fo r  approximately two hours, 

cooled in a dessicator and reweighed. The d ifference in weight is due to 

water loss. From duplicate runs the error in loss of water (105° C) was 18%.

Loss on ig n it io n  or to ta l absorbed water was done in a s im ila r  manner. 

The samples were placed in a 900° C oven fo r  two hours. This value would in 

clude the water loss. Error from duplicate runs fo r loss on ig n itio n  was 2%.
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LOSS ON IGNITION (900°)

PERCENT H 0 (105°)
2

Soil Sample Number % H 0 
2

Loss Ign itio n

1 .63 .89 4.6

2 6.9 , 8.1 28.5

3 .52 .91 3.69

4 1.0 , 1.7 6.19

5 1.5 , 2.5 9.5

6 2.5 , 3.8 10.9

7 2.8 , 4 .6 21.8

8 4.4 5 6.5 18.6

9 2.1 , 3.4 16.8

10 4.0 , 5.6 19.0

11 .48 .56 6.29

12 5.8 , 6.1 15.6

13 .54 .58 5.52

14 5.6 , 6.3 16.9

15 8.9 , 10.0 34.0

16 6.3 , 8.2 20.3

17 .79 , 1.0 7.33

18 1.30 , 1.38 11.4

19 3.5 , 4.1 19.8

20 6.4 , 7.1 17.5

21 .74 .87 7.63

22 10.0 , 10.9 20.7

23 .57 .58 3.01
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LOSS ON IGNITION (900°) 

PERCENT H20 (105°)

Soil Sample Number % h20 Loss Ig n itio n

24 .73 , .78 3.93

25 .88 , 1.0 5.18

26 .62 , .68 3.44

27 4.2 , 5.2 15.3

28 1.9 , 2 .2 6.62

29 1.8 , 2 .0 6.28

30 1.55 , 1.61 6.18

31 1.3 , 1.4 8.95

32 1.5 , 2.1 9.35

Scum 33 10.4 , 15.1 38.2

* .02 .002

34 1.00 4.72

35 17.4 30.0

36 0.70 , .84 3.58 , 3.60

37 2.66 8.93

38 0.44 2.58

39 11.7 39.5

40 8.0 28.0

41 4.48 , 5.81 25.0 , 25.9

42 2.09 , 2.21 11.2 , 11.0

*Empty crucible
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SEDIMENT SIZE DISTRIBUTION 

Gram Weight

Drainage Greater Than 10 Mesh  10 to 80 Mesh_______ less Than 80 Mesh

Nevada Gulch 822 1332 150

Nevada Gulch 392 880 402

Nevada Gulch 970 1078 189

Rare Avis 565 954 290

Rare Avis 138 560 485

Bonanza 367 1290 310

Bonanza 545 368 224

National 537 770 156

National --- 1051 205

National 1621 228

National --- 1888 470

Williams --- 330 436

Williams --- 1983 707

Williams Tunnel --- 356 353

Argo ---

Lucania --- 192 134

Niagra Mine --- 439

Lower Lake --- 620

Burleigh Mine --- --- 159

S ilv e r  Plume --- --- 224

Unreal Clyde Mine --- --- 67

Actual Clyde Mine --- 170

V irg in ia 347 610 610



T-1944

Drainage 

Vi rg in ia  

V irg in ia  

V irg in ia  

L i t t l e  James 

L i t t l e  James 

L i t t l e  James 

L i t t l e  James 

Corning 

* Clyde Mine 

Argo Scum 

North Clear Creek 

National 

Quartz H i l l  

Quartz H i l l  

West Clear Creek 

Argo

Argo lower 

Argo cobbles 

Left  Hand Creek 260

610 157

513 184

507 64

534 47

178 291

2100 750

750 39

750 465

670 250

1480 575

20 5

225 140

10 5

925 470

SEDIMENT SIZE DISTRIBUTION 

Gram Weight

Greater Than 10 Mesh 10 to 80 Mesh . Less Than 80 Mesh

452 610 604

272 610 610

192 610 610

Creek —  —  —

Creek 323

Creek 110

Creek 164

246 

55

95

252

108

200
250

65

205

2
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CATION EXCHANGE CAPACITY

The determination of the to ta l cation exchange capacity was done accor- 

ing to Bear, 1958. The to ta l exchange capacity so determined is equivalent

to the exchangeable bases plus the exchangeable hydrogen. The determinations

were carried out on seven representative sediments; three of them from uncon

taminated drainages and four from mine drainages. The uncontaminated samples
*

were taken from areas of s im ila r  petrology to the mine samples.

Experimental

Weigh out 10 grams of minus 80 mesh soil on Whatman number 40 f i l t e r  

paper and leach with succesive portions of neutral 0.1 N 63 ( 02^ 02)2 solu

tion to 500 ml. Pour 10 ml of a 10% BaCl^ solution over the soil in the

f i l t e r .  Wash out the excess barium with doubly deionized water; te s t  fo r  

chlorides. Displace the adsorbed barium with 0.5 N HC1 to a volume o f  

500 ml. P rec ip ita te  barium by addition of 80 to 90 ml o f 2% ^SO^ to 

the hot HC1 solution. From the weight of BaSÔ  p re c ip ita ted , ca lcu la te  

the to ta l cation exchange capacity in mil 1iequivalents per 100 grams. 

Results and Discussion

North Clear Creek and West Clear Creek have higher exchange capacities  

than Left Hand Creek in the uncontaminated so ils . I t  appears, from d if f ra c t io n  

studies that Le ft  Hand Creek is mainly quartz and fledspars. D iffrac tio ns  

were not done on the other two but they may contain more clays or metal oxides.

The two Quartz H i l l  drainages are d ra s t ic a l ly  d i f fe re n t .  D if fra c t io n  

data again might t e l l  o f th is  d iffe rence . The only d ifference in chemical 

composition is that the downstream sedirrient has about twice as much manganese



as the upstream sample. The downstream sample has the higher exchange capacity.

The upstream Argo sediment has twice the capacity of the downstream sample. 

Once again the higher capacity sample has about twice as much manganese and 

more iron than the lower one.

Shown in Table 2 are exchange values for some clays and manganese and iron 

oxides. Before these values are compared to my data a few points must be made. 

F irs t  o f a l l  the exchange capacity fo r  The clays was done with calcium and 

not barium as I did. Second, the author did not take into account the possi

b i l i t y  tha t his clays were coated with metal oxides; th is  could e f fe c t  the 

capacity. Third, the clay present in an acidic  mine drainage is probably not 

of the expansable layer type but o f the k a o lin ite  group. K aolin ite  type clays 

w il l  have a somewhat lower exchange capacity (K1usman, 1977).

For the case o f manganese and iron i t  must be noted that the exchange 

capacity was determined using a heavy metal rather than an a lk a lin e  earth.

This could make a large d ifference . Manganese and iron oxides have an a f f in i t y  

fo r  the heavy metals l ik e  n ic k e l,  z inc , cobalt and manganese.

The l i te r a tu r e  values were included to give one idea of the range into  

which my sediments f i t .  My sediments have exchange capacities on the same order 

of magnitude as clays and manganese oxides. I t  is impossible at th is  point to 

predict what portion of my sediments is responsible fo r  the exchange capacity 

merely from the CEC data. The values can only be used as a comparison.
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TABLE 1

Soil Sample Type of Drainage
Exchange Capacity 
mi 11iequivalents  

per 100 gram

North Clear Creek

Quartz H i l l

Quartz H i l l  
(downstream)

West Clear Creek

Argo

Argo
(downstream)

uncontaminated 

mine drainage 

mine drainage

uncontami nated 

mine drainage 

mine drainage

97.4

36.6  

139

47.6  

36.1

17.4

Left Hand Creek uncontaminated 18,7

J
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TABLE 2 

From Roberson, 1974

Clay
Exchange Capacity 
mi 11 iequivalents  

per 100 gram

Monmorilloni te  

Vermiculite

Vermiculite (muscovite)

140

74

100

Adsorbant

From Morgan and Stumm, 1965

Mn Ion Adsorption 
mil 1 iequivalents  
Mn+ 2 per 100 gram

s-Mn0-

Fe(0H) 3(a)

23 

5,62

Note: For s-Mn02 the exchange capacity was only s l ig h t ly  less 
fo r  N i , Zn and Co ions.
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PREPARATION AND DESCRIPTION OF CATION EXCHANGE RESIN AND MEMBRANE

The cation exchange resin used was the Dowex 50 W-X4, 100-200 mesh. I t  

is a polystyrene exchanger with active  sulfonic acid groups. The resin was 

f i r s t  washed in d i lu te  HC1 and the fines decanted o f f .  I t  was then thorough

ly  conditioned by repeated exchange cycles. This involves washing the resin  

successively with d ilu te  HC1 and d i lu te  K0H. The resin was f in a l ly  converted 

to the potassium form by washing with an overabundance of d i lu te  K0H and 

rinsing with doubly deionized water.

The cation exchange membrane used was an I0NAC MC-3470 7 ml membrane.

This was prepared as recommended by the I0NAC Company. The membrane was washed 

in a water bath fo r  30 minutes, equ ilib ra ted  fo r  30 minutes in a I N  KNO3 solu

t io n ,  equ ilib ra ted  in a fresh KN0 soltuion fo r  30 minutes and f in a l ly  washed
w

in 90°-100° C water for 30 minutes. This l e f t  the membrane in the potassium 

form.

The exchange capacity fo r  both exchangers was determined as described in 

HeTfferich (1962, pp. 91-92). Basically  th is  involves changing to the hydrogen 

form, e q u il ib ra tin g  overnight with standardized NaOH and then t i t r a t in g  aliquots  

of the solution with acid to determine the amount of sodium adsorbed. The re 

sults are reported as m ill ieq u iva len ts  exchanged per gram of dry exchanger.

The dry weight or percent water was also determined as in H e lf fe r ic h .

About four grams of a i r  dried resin or membrane (normal condition, H-form) were 

dried overnight a t 110° C and the water loss was calculated.

Percent Water

Cation Exchange Resin 71.5%

Cation Exchange Membrane 7.99%
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Total Cation Exchange Capacity 

Resin 5.44 meq/dry gm

Membrane 2.55 meq/dry gm
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MICROBIOLOGY OF THE SEDIMENT 

Inorder to see how closely our natural water system approaches equilibrium  

and to determine i f  the reaction ,

F e + II I  + h20 = Fe(0H)3 / s v + 3H+ 

is reve rs ib le , the following experiment was carried out:

Three samples were co llected; two from the Argo tunnel and 

one from the National tunnel. The sample bottles contained both 

mine water and top sediment with no a i r  trapped in the b o tt le  to 

in h ib i t  oxidation of ferrous iron.

Several ferrous iron determinations were made over a three  

week period ( t i t r a t io n  with KMnO^). Total iron analyses was also 

done at the same time using Atomic Absorption. I t  was hoped the 

results  would show whether or not our system was a t equilibrium .

I f  a change does occur in e ith e r  the ferrous or to ta l iron con

centration then we w i l l  know our system is not in equilibrium .

I f  oxidation or reduction takes place then the Eh should change 

along with the F e ^ /F e * 11 ra t io .  I f  dissolution or p re c ip ita tio n  

is  taking place then the to ta l iron concentration should change.

The results are shown in Tables 1 and 2 and figures 1 and 2. The immedi

ate results  showed that .the ferrous iron concentration was increasing with  

time. This is contrary in an in tu i t iv e  sense. I t  was at f i r s t  suggested that  

during the t i t r a t io n  of ferrous iron with KMnÔ  we were also oxid izing bac

te r ia  in the bo ttles . However, even a f te r  f i l t e r in g  the solutions through 

0.22 micrometer f i l t e r s  to e lim inate the bacteria , the ferrous iron concentra

tion  was s t i l l  increasing. Also note that the to ta l iron in solution increased



with time.

The ro le  of bacteria in the oxidation of p y r ite  ranges, depending on 

which author you read, from important to absolutely essentia l. Bacteria can 

be found almost anywhere on the face of the earth , from g lacia l snow to the 

bottom of the ocean. One hardy s tra in ,  the Thiobacillus bacteria , have been 

found to th r iv e  in acid mine waters with pH's as low as one or two (Lungren, 

Bestal and Tabita , 1972). They c a ta l iz e  the oxidation of sulfides of iron, 

copper, zinc and lead. Thiobacillus ferrooxidans and thiooxidans are auto

trophs, meaning they can e x is t without any other organic matter being present. 

The ferrooxidans are the best known catalysts for the oxidation of ferrous 

iron. The exact mechanism is not known but Lungren and others believe the 

bacteria uses the extra electron made availab le  by the Fe^+ = Fe^+ oxidation  

in an electron transport chain to generate energy. Sulfate ion is essential 

in the process and may be the end receptor for the lo s t  e lectron.

The presence of these acid mine water 'bugs' did not explain the reduction 

and dissolution of iron taking place in our experiment un til  a very recent re

port by Brock and Gustafson (1976). In th e ir  report they found that Thioba

c i l lu s  bacteria could also reduce iron under certa in  conditions; 1) Under 

aerobic conditions and in the presence of elemental s u lfe r ,  T. thiooxidans 

were found to reduce f e r r ic  to ferrous. 2) Under anaerobic conditions only,

T. ferrooxidans were found to reduce f e r r ic  to ferrous. Since our experiments 

were carried out anaerobically , and because T. ferrooxidans are the most com

mon bacteria found in acid mine waters, i t  seems l ik e ly  that th is  s tra in  is 

present in the water and was the cause of the reduction and dissolution of 

iron in our experiments.
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