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Required materials:  montmorillonite, balance, 7 beakers (150 ml), saturated solutions of

2 2NaCl, MgCl , and CaCl , squeeze bottle with pure water, ring stand, 1" glass (or Plexiglass)
tube, stirrer, rubber stopper with hole for glass tube, 1 large beaker (800 ml), cotton balls,
tweezers, quartz sand, funnel, watch with second hand, methylene blue

INTRODUCTION

"Clay refers to naturally occurring material composed primarily of fine-grained minerals,
which is generally plastic at appropriate water contents and will harden when fired or dried."   The
minerals found in clay are generally silicates less than 2 microns (one millionth of a meter, about the
size of a virus) in size.  However, other disciplines, e.g., civil engineers, colloid chemists, define the
particle-size maximum of a clay at a different value.  Clays are very abundant at the earth's surface;
they form rocks known as shales and are a major component in nearly all sedimentary rocks.  The
small size of the particles and their unique crystal structures give clay materials special properties,
including cation exchange capabilities, plastic behavior when wet, catalytic abilities, swelling
behavior, and low permeabilities.

Clay minerals are used as coatings on paper to produce whiteness and to allow the proper
absorption of ink, to extend the life of rubber in tires, in concrete, as catalysts in many industries,
to purify oils, in pharmaceuticals, in the ceramic industry to make bricks, chinas and porcelains, and
in many other industries and processes.  Clay minerals, and specifically montmorillonite, are used
as clay barriers for nuclear and chemical wastes because of their cation-exchange capabilities, low
permeability, and long term structural stability.

To understand cation exchange capability, it is necessary to learn a little about the crystal
structure of clay minerals in general and montmorillonite specifically.  Cation exchange affects the
mechanical and physical properties of the clay.  The purpose of this laboratory is to illustrate the
importance of chemistry on the physical properties of montmorillonite, the clay mineral most often
used to isolate dangerous waste materials from the environment.
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STRUCTURAL ASPECTS

Clay minerals are commonly phyllosilicates or layer silicates.  These minerals have  platy
morphology because of the arrangement of atoms in the structure.  There are two basic components
to the structure: a sheet of corner-linked tetrahedra and a sheet of edge-sharing octahedra.  Figure
1 illustrates the linkage of atoms to form both tetrahedra and octahedra, whereas Figure 2 illustrates
the linkages of each to form the two varieties of sheets.

Tetrahedral sheets.  The dominant atom in the tetrahedron is the Si  cation, but the Al4+ 3+

cation can occur also at this site.  This is an important point, because the substitution of Al  for Si3+ 4+

produces a charge deficiency that must be balanced somewhere else in the structure.  We will return
to the concept of charge deficiency below, although in a somewhat different sense involving
octahedra.  

Note in Figure 2 that the tetrahedra link up to form a sheet by the sharing of three corners of
each tetrahedron.  For each corner that is shared between two tetrahedra, only one oxygen is involved
in the linkage.  Compare this to the two oxygens involved in two individual tetrahedra.  Thus, it
takes fewer oxygens to complete a sheet of tetrahedra compared to the same number of individual
and unlinked tetrahedra.  If we add the number of oxygens around each tetrahedron by "dividing"
up an oxygen linking two tetrahedra (so each tetrahedron then has one-half an oxygen), then there
are two and a half oxygens per tetrahedron (or 10 oxygens per 4 silicon atoms).  Because the O atom

4 10has a 2- charge, then a tetrahedral sheet with Si O  composition will have an overall charge residual
of 4- (4 x 4  = 16  vs 10 x 2  = 20 ).  Because the overall structure must be charge neutral, another+ + - -

part of the structure, the octahedral sheet, must compensate or compensate in part for this charge
residual.

Octahedral sheets.  The octahedral sheet is composed of edge-sharing octahedra.  Different
phyllosilicates have different cations in the octahedra.  For phyllosilicates with relatively high-
charged, trivalent cations (e.g., Al ) in the octahedra, it is required that for every two octahedra that3+

contain Al , there is an empty octahedron.  The pattern of Al  and vacant sites is illustrated in3+ 3+

Figure 3, and is referred to as a "dioctahedral" sheet.  Alternatively, a "trioctahedral" sheet forms
where all three sites are occupied, which occurs for octahedra occupied by divalent cations (e.g.,
Mg ).  Many phyllosilicates contain a small number of divalent cations in a dioctahedral sheet (e.g.,2+

Mg  substituting in small amounts for Al ) or, conversely, a small number of trivalent cations in2+ 3+

a trioctahedral sheet (e.g., Al  substituting in small amounts for Mg ).  Where this happens, a small3+ 2+

deficiency in charge occurs that must be compensated elsewhere in the structure.  As noted above,
similar charge deficiencies can develop in the tetrahedral sheet as well.

Nearly all phyllosilicates have hydroxyl (OH ) ions involved in the linkages to form sheets,-

in addition to the oxygens.  A hydroxyl ion is an oxygen atom with a hydrogen attached.  The overall
charge of a hydroxyl ion is 1- because the hydrogen atom has a 1+ charge and the oxygen has a 2-
charge.
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Figure 1.  Examples illustrating several ways
to represent coordination octahedra and
tetrahedra.  The large spheres are usually
oxygen atoms enclosing a "site" where smaller
cations may reside.  (Figure courtesy of K.
Rodolfo)

Figure 3.  Octahedral sheets occur as either
trioctahedral (top) or dioctahedral (bottom),
depending on whether a vacant site occurs or
not.  (The two sheets have different scales.)

Figure 2.  Tetrahedra may be linked through a
corner oxygen to form a tetrahedral sheet and
octahedra may be linked by edge sharing to
form an octahedral sheet.  (The two sheets
have different scales.)

Figure 4.  A layer is illustrated in side view.
The octahedral sheet is sandwiched between
two opposing tetrahedral sheets.  (after Koster
van Groos and Guggenheim, 1990)
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Figure 5.  Illustration simplifying the sheets
for easy drawing.  Note the modular
components as indicated by the dark lines.

Figure 6.  Schematic showing flocs may form
by edge-to-edge attraction.

Layers.  The tetrahedral and octahedral sheets may be considered modular components of
a phyllosilicate.  It is now necessary to join the two sheets.  The lateral dimensions of the two sheets
are approximately equal so it is possible to join them together.  As we found with the tetrahedral
linkages to form the tetrahedral sheet, it takes fewer oxygens to complete the linkage than if we had
two individual sheets, because there is a common junction between the two.  This common junction
is a plane of oxygen and hydroxyl groups that belongs to both the tetrahedral sheet and the
octahedral sheet (Figure 4).  For the case of montmorillonite, there are two tetrahedral sheets,
inverted relative to each other, and with an octahedral sheet sandwiched between.  Thus, some of the
oxygens that belong to the tetrahedral sheets also belong to the octahedral sheet.  Only the hydroxyl
ions do not link directly to the tetrahedra.

Although the tetrahedral and octahedral sheets extend laterally over many hundreds of
Angstroms (an Angstrom is 10  cm), we can simplify the drawing of the layers by using finite-8

widths, as in Figure 4.  In turn, we can simplify these representations even further by drawing
modular units that represent tetrahedra and octahedra (Figure 5)  and by leaving out the circles and
lines that represent the atoms and bonds (not illustrated).  As long as we understand and agree to this
drawing as a representation of the structure, then we can use these diagrams as a convenience.

Charge balance and the layer.  Assuming for simplicity that we do not have any
substitutions in an aluminous dioctahedral layer when the tetrahedral cations, octahedral cations,
oxygens, and hydroxyl groups are all taken into account, the resulting chemical composition of the

2 4 10 2layer is Al Si O (OH) .  If we examine the charges for this layer we find that there is complete
charge balance (e.g., for positive charges: 2 x 3  + 4 x 4  = 22  vs for negative charges: 10 x 2  + 2+ + + -
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x 1  = 22 ).  A phyllosilicate of this composition is known in nature and is called pyrophyllite.- -

The composition of the layer in montmorillonite, however, is less ideal, with chemical
substitutions of a small amount of Mg for Al in the octahedral sites.  Thus, the layer has a

0.4 1.6 4 10 2composition close to (Mg Al )Si O (OH) , where 0.4 Mg has substituted for some Al in the
octahedral sites (compare the layer chemistry to that in the preceding paragraph).  If we examine the
charges in this layer, we find that there are 0.4 more negative charges than positive charges (e.g., 0.4
x 2  + 1.6 x 3  + 4 x 4  = 21.6  for positive charges vs 10 x 2  + 2 x 1  = 22  for negative charges).+ + + + - - -

This may not seem like much to you, but it makes a world of difference in the behavior of
montmorillonite compared to other phyllosilicates.  All crystal structures must be charge neutral.
Thus, the net negative charge of 0.4 on the  layer must be compensated, and montmorillonite does

2this by having positively-charged material (and H O) between the layers.  This region is call the
"interlayer" space (Figure 4).

Interlayer material.  It does not really matter what is in the interlayer, as long as it is
positively charged and atomic or molecular in size.  Thus, it is possible to place cations such as Na ,1+

K , Ca , or Mg  in the interlayer, or even organic molecules.  Often, depending on the nature of1+ 2+ 2+

2 2the cation, polar H O molecules enter the interlayer.  For example, copious amounts of H O go into

2the interlayer with Na, whereas many fewer H O molecules enter the interlayer with Ca.  Overall

2charge balance is always maintained, however, because H O is neutral.  Also, charge balance is
maintained with the number of cations entering the interlayer space, as in the case where half as
many Ca cations enter the interlayer than Na, because the charge on Ca is twice that of Na.  In
addition, it is fairly easy to replace interlayer cations with other material, as long as there is a large
amount of that material in the immediate environment.  For example, an aqueous (water) solution
containing many Na cations around a montmorillonite grain will readily allow for Na to exchange
for K, if K is in the interlayer.  Therefore, these cations are often called "exchangeable cations".  The
fact that exchangeable organic molecules can enter into the interlayer explains why montmorillonite
is useful to purify oils, because oil contaminants with a positive charge will enter the interlayer.
However, non-polar and neutral oil contaminants may not enter the interlayer very readily.

CLAY PROPERTIES

To understand how cation exchange works, it is necessary to define "internal" vs "external"
surfaces of a clay particle and to determine how they attract cations and anions.  The internal
surfaces are the two planes of atoms on either side of the interlayer space at the base of the
tetrahedral sheet.  External surfaces are the broken edges of the layer.  Because there are no broken
bonds on the internal surfaces and the negative charge on the layer originates well within the layer
(at the octahedral sheet), the internal surfaces attract cations and other positively charged particles.
In contrast, however, the external surfaces generally attract negatively charged anions because the
cations (e.g., Si , Al ) closest to the broken surface within the clay require the negative charge to4+ 3+

compensate.

Cation exchange is most readily achieved by dissolving a salt in water so that the cation
dissociates from the anion.  Thus, for example, NaCl will dissociate to form Na  and Cl  ions in1+ 1-

water.  The Na  is then available to enter the interlayer to replace whatever cation happens to be1+

present, provided that the concentration of Na in solution is sufficiently high.  Natural
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montmorillonite generally contains a mix of cations, including Na, Ca, K, Mg, Al, etc.  End-member
compositions (e.g., pure Na-exchanged montmorillonite or pure K-exchanged montmorillonite) have
specific and unique properties, so it is useful to make different end-member composition by cation
exchange.

Clay minerals may be made to disperse or flocculate in water.  “Dispersed” clay is the case
where individual particles are separate and remain in suspension in the fluid.  “Flocculation” is
where the particles aggregate to form clumps or “flocs” (Figure 6).  As the clay flocculates, the flocs
fall to the bottom of the glass or beaker.

Colloid chemists are not at all certain about the details of why dispersion and flocculation
occur, although a basic understanding is known.  For the purpose of this laboratory, it is sufficient
to recognize that at a low salt concentration, dispersion generally occurs.  Interparticle attraction
(flocculation) generally occurs at higher salt concentrations.  Thus, a cation exchanged
montmorillonite in a salt solution may be made to disperse by washing in pure water to remove the
salt.  Usually, it takes several washings  (sometimes up to six) to remove the salt sufficiently.
Depending on what experiments or processes are planned, sometimes it is more convenient to work
with either a dispersed or a flocculated clay.



7

EXPERIMENTAL PROCEDURES
Part I.

The purpose of this part of the laboratory is to illustrate the cation exchange capabilities of
montmorillonite and the effect of cation exchange on the physical properties of the clay.  We will
cation exchange Na , Mg , and Ca  into the interlayer of the clay.+ 2+ 2+

1.  Weigh 2 g. of montmorillonite and place it into a 150 ml. beaker.  

2.   A "saturated" solution is one in which no additional solid can be dissolved in water.  Your
instructor has prepared a saturated solution of NaCl.  Decant (pour off just the fluid portion, making
certain that no solid is poured also) approximately 30 ml. of saturated NaCl solution into the beaker
with the clay (label the beaker: Clay + Na).  Stir briefly for 10-15 seconds and then set aside.

2 2Repeat the same procedure for clay + MgCl  solution and clay + CaCl  solution.

3.  Allow each beaker to stand until most of the clay settles to the beaker bottom (about 5 minutes).
The fluid may remain murky.  The high salt content of the fluid prevents dispersion.  Let's now
remove the salt by washing with water.

a.  Decant the fluid from the clay--be very careful not to lose too much clay.

b.  Add water to the clay residual so that it is at the 60 ml. level on the beaker and stir.
Again, allow the clay to settle for about 5 minutes.  Are there any differences between the
way the Na-montmorillonite appears compared to the other two?  
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________

c.  Decant each beaker for a second time.  Again, be careful not to lose the bulk of the clay
in each beaker.  (It may be necessary to decant fluid, allow to settle for a bit longer, and then
to decant again.)  Now add another 60 ml of water.  Stir and allow to settle for about 5
minutes.  Re-examine the clay water mixes and discuss the differences.
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________

4.  Decant as much fluid from each clay/water mix as possible, being careful not to lose the clay. 

Set the beakers containing the wet clay aside for Part II.
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Part II.  

The purpose of this part of the laboratory is to examine the effect on permeability of different
compositions of montmorillonite clay.  We will examine the flow of water and salt water through
a column of (a) sand and (b) montmorillonite + sand mix.

1.  Place three or four cotton balls at one end of the glass column and use a rubber stopper with a
hole to seal that end.  Water saturate the cotton balls.  Place the small glass tube in the stopper, so
that water will be able to flow from the stoppered end without forming a reservoir.  This is the
bottom end.  Leave the top end open.  The purpose of the cotton is to allow the fluid to drip from the
hole without the loss of clay or sand.

2.  Place sand (enough to fill the glass column half way) in the large beaker and add water until the
sand is wet.  Pour off any excess water.  Fill the column from the top end with the wet sand (either
use a funnel or simply spoon the wet sand in).  It helps to tilt the column, so that the sand works its
way down the side of the glass column.  Use the squeeze bottle to wash the sand down the glass, but
use water sparingly so that the sand does not stratify (form layers of equal size sand grains).  Avoid
having large (air) voids in the sand column.  Fill the column only halfway.  Mount the column on
a ring stand, with a beaker at the column base to catch water.  Allow any excess water to drip out of
the column and, once the dripping stops, empty the beaker.

3.  Add 50 ml. water to the column and time how long it takes to pass through the column (i.e., how
long it takes to recover about 50 ml. in the beaker at the column base).  The actual amount of water
that is collected will vary depending on how wet the initial sand was.  However, the collected
amount will be approximately 50 ml. and the flow will be essentially complete.   
time = ____

4.  Repeat step 3 with 50 ml of saturated NaCl solution (NOT the clay-water mix).
time = ____

5.  Remove the sand from the column and place it in the large beaker.  Add water to the sand, stir,
and then decant.  Wash the sand in this way several times to remove the NaCl.  Try to eliminate any
excess water.

6.  Decant the residual water from the Ca-exchanged montmorillonite from Part I.  Add one-half of
the amount of clay to the wet sand and stir in well.  It is best to try to stir and fold the clay and sand
mix by hand.  It is important that you make a sincere effort to stir in the clay uniformly throughout
the sand.

7.  Place the clay/sand mix into the column.  As before, place a cotton ball at the bottom first.  Also,
it is permissible to add a small amount of water to aid in getting the mix to flow into the funnel, but
use water sparingly.  It may be necessary to decant any excess water off the top of the column.  (Do
NOT allow the clay in the excess water to settle on the top of the column.  Therefore, decant this
excess water off.)

8.  Add 50 ml. pure water in to the column top and determine the amount of time it takes to collect
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in the beaker at the bottom.    time = ____

9.  Repeat the experiment by timing 50 ml. of NaCl saturated fluid.   time = ____

10.  Now add 50 ml. of water to the top of the column and record the time it takes to drain.  time =
____  Empty the beaker.  Repeat with 50 ml. more water.  Again time the results.  time = ____  
Empty the beaker before continuing.  Finally, repeat a third time.  time = ____

11.  Add a small amount of methylene blue dye to 50 ml. of water.  Add this solution to the top of
the column and determine the amount of time it takes to collect 50 ml. in the beaker at the
column base.  What do you find?_____________________________________________________
________________________________________________________________________________
______________________________________________________________________________

If time permits:

Each group of students should report the times for 50 ml. flow of saturated NaCl solution through
the sand column, and times for saturated NaCl solution and three times for pure water in the sand
+ clay column.  Discuss the possible reasons for the variations in times between each set of
measurements.

Discussion after completing the experiments:

1.  What was the purpose of adding water to the column in Part II, Question 10?  Remember, we
used Ca-exchanged montmorillonite in the experiment and added NaCl-saturated water to the
column first.

2.  Na-exchanged montmorillonite is found naturally and in large quantities in bentonites.
Bentonites are extensive beds derived from volcanic ash (natural glass) deposits that have
recrystallized as montmorillonite.  This material is used in many industrial processes and for clay
liners in chemical and radioactive waste disposal sites.

a.  How effective would the clay liner be if the ground water contained appreciable NaCl?
 ...only pure (fresh) water?

b.  What would you have to know about the nature of the chemicals in a chemical waste
dump, if montmorillonite is to be used as a clay liner.  What would the effect of different
chlorides have on the effectiveness of the liner?    
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LOW LEVEL RADIOACTIVE WASTE DISPOSAL: DISCUSSION

Background.  The Lilly Light Company was active from 1946 to 1952 in making luminescent
light dials from thorium in West End Chicago, a town of about 20,000 in 1946.  During this period,
the company employed about 300 women, who painted numbers on the watch dials with radioactive
paint.  It should be remembered that this period was before the time when radioactivity was
considered potentially harmful.  In fact, X-ray machines were commonly used in shoe stores to
determine if the shoe-size was correct by simultaneously X-raying the foot in the shoe, and radiation
therapy was a common treatment for acne.

The Lilly Light Company maintained over 100 buildings in West End Chicago.  Almost all
were contaminated by thorium and related mine tailings.  The contamination consisted generally of
particles of thorium dispersed throughout large volumes of construction material.  Thorium ( Th)230

has a half life of 80,000 years, and the general "rule" for more common radioactive waste is that
disposal sites should be constructed to maintain radioactive materials for about 10 half lives.
Although radioactivity from low level waste should be obviously avoided, an equally important
problem is where radioactive particles become airborne as dust.  Once inhaled, such particles remain
trapped in the lungs to damage tissue over long periods.

In 1952 the Lilly Light Company filed for bankruptcy and was purchased by the Nosean
Mining Company, as part of a larger take-over of several companies.  The Chairman of the Board
of Nosean considered briefly the manufacture of Nosean "Nite-glo Facial Tissues", by combining
the concept of thorium-based luminescence with softness and strength, to produce a tissue that will
glow in the dark on every night table in the U.S.  This scheme failed to gain momentum, and Nosean
concentrated its efforts elsewhere, although the company remained in control of the assets of the
Lilly Light Company.

Over the years since the bankruptcy of Lilly Light, the town (now city) developed around the
abandoned buildings.  The buildings, which covered many city blocks, were protected by an aging
chain-linked fence.  The fence was routinely breached by children.  The community was becoming
concerned that the property had become an "attractive nuisance" for the neighborhood children and,
furthermore, it was concerned about the rapidly deteriorating buildings, several of which already had
collapsed roofs.  In addition, the land had become an "eyesore", and property values around the area
were depressed.

In 1978, the State of Illinois petitioned the U.S. Nuclear Regulatory Commission (NRC) to
decommission the site.  Because thorium production and use was involved, the NRC had jurisdiction
over the site.  Although the Nosean Mining Company did not gain greatly from its purchase of Lilly
Light and had no involvement in the use of thorium on the site, it had legal responsibility as property
owner of the land.  The City of West End Chicago was involved in the litigation as an "interested
party".

The NRC ordered Nosean Mining to examine the site and to suggest remediation.  It was
generally understood that the site would be decommissioned--Nosean did not want a long-term
commitment for maintaining the site, the NRC had an ever-burgeoning number of sites in the U.S.
and did not want long-term jurisdiction if an alternate approach could be found, and the City and
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State wanted to remove the blight so property values would rise.

Site conditions.  Nosean found that the vast number of buildings were contaminated with
thorium dust and particles.  Contamination included building materials (wood beams, brick, etc.),
soil around the buildings, and soil and clay from retention ponds apparently used in the processing
and concentration of ore.  By 1981, Nosean workers were ordered to wear protective suits to avoid
contamination, and the old fences were replaced with newer chain-linked fences.  Warning signs
were placed around the site.  There was concern that as contaminated buildings collapsed and
deteriorated further, more thorium particles would be exposed to wind and rain, thereby spreading
to areas away from the site.  There was some evidence that this had already happened.  However,
thorium migration downwards to the water table under the former retention ponds was very minimal
because thorium oxides are not very soluble. 

Remediation.  Nosean picked a plan to dispose of the low level radioactive waste at the Lilly
Light plant site.  It was argued that, although sites may be available downstate, transport of the large
volumes of waste would create greater danger than disposal at the plant site.  For example, according
to Nosean Mining, unacceptable amounts of dust would be created at the site by loading onto trains
and trucks, further dust would be made airborne during shipping and unloading, and the containment
of water used for dust abatement would be difficult to handle.  It would also cost the company nearly
$60 million for transportation and more to acquire land downstate.  Some estimates were as high as
$87 million.  On-site disposal, on the other hand, would only cost an estimated $20 million.

Nosean Mining extensively described the characteristics of the site at West End Chicago.
It is underlain by glacial till, including kaolinite, sands and gravel.  The water table is not near the
surface.  The containment cell was first described as illustrated in Figure 1.  It consists of a large clay
cover and "manufactured" clay lining of locally derived clay.  Because the site will be
decommissioned after it is assured that the cell has "stabilized", Nosean Mining suggested that the
City would be able to use the top surface as clay-based tennis courts.

Figure 1.  The initial proposal for waste disposal at the West End Chicago site, circa 1982.  
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