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SECTION 1
INTRODUCTION

During the past several years, increasing emphasis nas been
placed on control of air and water pollution at the federal,
state, and local levels. With stricter .controls on air and water
pollution and the increasing costs of associated pollution con-
trol equipment and fuel, interest in the land disposal of munic-
ipal and industrial wastes has increased. This, coupled with
the essentially complete prohibition of ocean dumping has re~
sulted in the on-land disposal of large amounts of processing-
manufacturing chemical wastes. While land disposal of waste is
often relatively easy and relatively inexpensive where inexpen=-
sive land is readily available, it is not without significant
potential environmental problems, the most important of which is
groundwater contamination.

Protection of the quality of groundwater resources of the US
has been a grossly neglected arca which needs immediate atten-
tion. Although the passage of the 1974 "Drinking Water Act" pro=-
vides the legislation necessary to protect the US groundwater
resources from contamination from wastes disposed of on land, in
many cases the techniques and methodologies have not been avail-
able to proper.iy implement or enforce these regulations. For ex-
ample, this act makes provisions to pronibit on-~land dispesal
of municipal and industrial waste where there is a significant
potential for groundwater contamination. However, ir order to
properly implement this provision, procedures are needed wiich
can be used to predict the transport of municipal and industrial
waste components from their on-landdisposal site to groundiwaters.
When developed, these tests should be employed routinely to pro-
vide the regulatory agencies and the individuals responsible for
disposal of wastes, with "go" or "no go" information for a par-
ticular type of waste in a particular land disposal system.

Although wastes may contain one or more hazardous substances,
wh.:ther they pose a threat of groundwater pollution or not will
depend on a variety of factors including: quantity of waste,
leachability, rainfall, permeability, attenuative properties of
the so0il, and the distance to and quality of the groundwater,

In most cases, it {s not known beforehand whether disposal of a
given waste at a given on-land site will result in groundwater



contamination. In fact, due to linited or non-existirg ground-
water monitoring, pollution incidents are not usually predicted,
nor are they realized, until actua' damage has been experienced.

To protect public health and the envirorment, it is desir-
able to develop a procedure or procedures that can be used for
any given site to 1) evaluate the potential for groundwater
degradation from potentially hazardous wastes,; and 2) determine
if a potentially harmful quantity of a waste is to be involved
in a given disposal situation. These procedures should te in-
corporated into the standard site evaluation p.ocess used by
regulatory agencies.

This research project was aimed toward development of proce-
dures by which to evaluate the potential for groundwater con-
tamination by hazardous industrial wastes disposed of on land.
Studies were conducted tc describe the attenuative properties of
the soil, soil permeability, and th? effects of a number of com-
mon components cf hazardous wastes on the characteristics of
soils and standard clays. This study represents the first sys-
tematic effort to determine tre effects of bulk organic solvents
and solvent/water mixtures on the characteristics of clays. An
attempt was also made to develop a model to predict the poten-
tial impact on groundwater quality that may result when a
particular type of hazardous waste is disposed of onto a particu-
lar type of land or remolded clay barrier (liner). It should be
noted that while throughout this report, the clay-soils Kosse
Kaoline, Fire Clay, and Ranger Shale are referred to as "clays,"
only portions of these materials were clay minerals,



SECTION 2
SUMMARY AND CONCLUSIONS

Increasing amounts of industrial wastes are being dispored
of on land. This is a result of a variety of factors including
increasingly stringent reguilations to protect against air and
water pollution. Land disposa! of municipal and industrial waste
carries with it a significant potential for groundwater contami-
nation; there are numeroue instances of groundwater pollution
from such disposal operations, As part of this study, a review
¢f state regulations governing land disposal has been conducted.
It has been found that only a few of the 50 states have defini-
tive regulations.  Some states on the other hand, specify the
maximum permeability of the subsoil strata in the disposal area,
require the use of clay liners of a given thickness and permea-
bility if the natural permeability is greater than the specified
amount, and reguluate the types of wastes that may be disposed of
in these pits. Many of the ctates that specify a maximum permea-
bility have not indica“ed huw permeability tests should be con-
ducted and in particular the types of liquids that should be used
in the tests. 1t is generally recognized that there is need to
develop a more te~hnically valid approach for the control of land
dispnsal of industrial wastes than exists today., Since many in-
dustrial wasnte disposal pits receive large amounts of organic
solvents, it is concz2ivable that these solvents could be readily
transported to groundwater.

The <ata obtained during this study have provided a basis
for predicting the movement of hazardous organic chemicals
through clays and soils. Models for the behavior of organic
substances in dilute aqueous solutions in contact with clays,
and for clays immersed in bulk liquids and liquid mixtures have
been developed. These will aid pollution control agencies in
assessing the potential environmental hazard associated with
land disposal of industrial wastes. The specific conclusiors
reached are outlined below:

1. Sorption is an important parameter for assessing the
attenuation of contaminants by clay liners and by soil
and subsoil systems. Because of the large quantities
involved in some industrial waste disposal operations,
the c¢rganic solvents frequently used in manufacturing
represent a significant potential for groundwater

3



2.

contamination when disposed ¢f on land. It is there-
fore important to examine the sorption of organic sol-
vents on clays. Techniques have been daeveloped during
this study for obtaining valid sorptior data for highly
volatile organic compoundis such as o.ganic solvents.
These techniques involve takirg precautions to minimize
the number of transfer steps, reducing the free volume
above the liquid (head space) to a few cubic centimeters
and preparing solution concentrations accurately using
methods described in this report.

Based on the systems studied, sorption of hydrophobic
solutes by the clays was extensive in most cases and
showed a marked increase with compounds of increasing
octanol/water partition coefficients. Of the three com-
pounds tested with each of three clays, xvlene (highest
octanol/water partition ccefficient of the three) con-
sistently showed the greatest amount of sorption. Those
clays richest in kaolinite tended to be the most effec-
tive sorbents.

It has been concluded that sorption by clays is an im-
portant mechanism by which the transpsrt of low molec-
ular weight organics from waste disposal pits to ground-
water is minimized.

The shrink-swell properties of cla’s in contact with
solvents is of importance in determining the ability of
clay liners in industrial waste disposal pits to retain
wastes, This study was the first systematic effort to
examine the effects of bulk organic solvents and sol-
vent mixtures on the swelling of clays. It can de con-
cluded that swelling probably occurred through inter-
particle separation rather than through intercalation
or complex formation. For a first approximation, the
solvent dielectric constant gave an indication of the
degree of swell of the clay with which it is in contact.
The montmorillonite (expandable layer clay) content of
the clay was of no consequence in predicting swell, but
there was a correlation between percent clay swell and
the percent organic carbon content of the clay.

In some pure solvent systems, notably those having low
dielectric constants, shrinking occurred probably due
to dehydraticn of the clay by the solvent. That {is,
there was & transfer of water out of the clay with no
commensurate replacement by solvent molecules,

With respect to swell, each component of a solvent mix-
ture appeared to have behaved independently of the

others, so that swelling of clays was caused solely by
that component having the greuater (greatest) dielectric
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constant. In systems with a mixture of solvents, the
degree c¢f swelling of the clay will be roughly the same
as it is in a system of the clay with the pure solvent
of the greater (greatest) dielectric constant. Wastes
centaining solvents with only low dielectric constants
shculd be mixed with a high dielectric solvent such as
water during disposal in order to prevent cracking of
clay liners. Additional work must be done on the effect
of clay organic carbon content on the shrink-swell prop-
erties of a clay-solvent gystem in order to determine
the significance of this parameter in influencing the
ability of clay liners to retain industrial wastes.

The primary objective of t*is study was to determine the
effect of organic solvents on the permeability of clay
liners, soils, and subsoil systems to water-organic mix-
tures. Ar importanrt contribution of this work has been
the development of permeability test techniques for
organic solvents. The conventicnally-used techniques
suitable for water are not satisfactory for use with
many organic solvents because of the interaction between
the sealants used and the solvent. The new procedure
involved packing the clay directly into the column with-
out the use of sealants.

A somewhat surprising and important conclusion of this
study was that the permeability of packed clay columns
to organic solvents was lass than to water., This can
be attributed to the tendency of an organic molecule to
escape from the aqueous, inter-aggregate phase and to
thus be strongly sorbed on the clays, and to various
other factors including microbial decomposition of the
organic solvent and subsequent liberation of gases which
clog clay pores. This biological interference was
likely a factor in the permeability test results ob-
tained for Ranger Shale,

The correlation between the permeability of solvents
through a clay, K, and their octanol/water partition
coefficients, P, was such that the larger the value of
P (greater escaping tendency from the aqueous phase),
the lower the value of K, Also, there is an apparent
relationship for a given clay between the solvent di-
electric constant and the coefficient of permeability;
the larger the dielectric constant, the greater the
flow permeability. As expected, the cosfficient of
permeability is also markedly dependent upon the
packed, bulk clay density; tha denser the clay the
lower the equilibrium permeability coefficient.

The behavior of solvent mixtures in clay column tests
was in general similar to the behavior of the most polar
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solvent compcrent of the system, both ip terms of.the
equilibrium values of K, and the variation of K with
time.

During permeability tests with carbon tetrachloride,
xylene, and benzene, breaikthrough was observ?d. How-
ever, when benzere and CCl, were mixed individually
with acetone, breakthrough was not observed over the
36=day test period. This phenomenon of breakthrough
seemed to be related to the shrinking of the clays
noted above. It is concluded that designed co-disposal
of solvents may be an effective way of eliminating po-
tential cracking of clay liners.

Based on the single solvent systems examined, the fol-.
lowing empirical relationship has been derivad for esti-
nating the coefficient of permeadbility, X, (in cm/sec):

0.75

log K = 1.17 (log (e2-75/47)) - 7.23
where ¢ = dielecfric constant

d = packed Lulk clay density (g/cc)

While most of the data optained in this study fit this
relationghip, with further work it is likely that a
more widely applicable relationship can be developed.

An important conclusion of this study was, however, that
the effect of organic solvents on the coefficient of
permeability may be estimated from readily obtainable
information, i.e., the dielectric conutant of the sol-
vent and the packed, bulk density of the clay.

4. Interlayer spacings as measured by X-ray diffracticn
were esaentially constant for a given clay in contact
with a variety of sclvents and solvert-water mixtures.
This indicates that in the presence of trace amounts of
mnisture, a characteristic clay-water complex is formed,
and that there is no interlayer perietration of organic
molecules under these ccnditions which aiters the ciay
molecular structure,.

From an overall point of view, this stud: has shown that or=-
ganic solvents of tie type that are commonly used in manufactur-
ing can have a significant impact on the ability of disposal pit
clay liners to retain industrial wastes. Further, information
has berer. dJeveloped which will likely prove to be of significant
value in providing guidance on the operation of industr.al waste
iand disposal sites., It has been shown that simple solvent and
clay properties can be used to predict their effects on transport
of contamirants through packed clay dispcosal pit liners. There
is a need for field studies to verify the conclusions drawn from
this study. '



SECTION 3
RECCHMMENDATIONS

This study represented the first phase of a planned longer-
term investigation designed to ascertain the potential for migra-
tion of organic solvents from industrial waste disposal pits to
groundwater. The first phase of this study was to be devoted to
pure solvent-defined clay systems in order to determine if any
generalized relationships could be developed under controlled
latoratery, simplified conditions. Based on these studies, the
following recommendations have been made,

1.

All liquid organic wastea should be tested prior to be-
ing disposed of on land, using the consclidometer, to
determine whether they cause the specific clay of inter-
est to shrink or swell. If shrinking is observed, as
may be the case for low dielectric solvents, a spent
solvent of higher dielectric constant or water should be
added =0 that the mixture gives a smooth swelling pro-
file. It is felt that frequency and extent of testing
of this type can be significantly recuced once the gen-
eral characteristics of the waste from a particular
manufacturing process have been ascertsined.

Using the relationship Zeveloped in this study an esti-
mate should be made of the nermeability coefficient of a
waste material prior to disposal, to insure that the
value of permeability is within the limits set by state
regulations.

Because of the potential vaiue of an e¢quation which can
be used to estimate permeability coefficients for a
variety of diverse systems, further efforts should be
directed toward establishing such a relationship, appli-
cable to both pure solvents and to the most complicated
mixtures. The direction that 3uch an effurt might take
has been indicated is5. this study; but there is need for
more laboratory data, particularly on mixtures, and fo:.
more sophisticated irvestigations tc establish the mech-
anism of solvent movement through clay.

Additioral column tests shculd be run using "sterilized”
clays in order to avoid the complications whizh arise
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from micrcbial activity. Using such a column a greater
range and diversity cf solvents and mixtures should be
studied. Also, clays of different bulk densities and
moi .ture contenzs should be tested in order to determine
the effects of these parameters on permeability.

The apparent importance of clay shrinkage as it relates
to shrinkage of clay liners used in waste disposal pits
warrants that {urther work te carried out in this area
in order that this phenomenon can be predicted given a
knowledge of clay and solvent properties.

rield tests should be conducted, both with substances
such as CCly, benzene, and xylene which show a tendency
to migrate in bulk through clays, and with these sub-
stances mixed with acetcne, mixtures which are well
behaved in the laboratory. There {8 need to determine
whetlrer the conclusions reached in the laboratorv phase
of this study are equally valid under field conditions
for a vgriety of natural substrates, clay liners, and
waste mixtures,



SECTION u
LiTERATURE REVIEW"

INTRODUCTION

The groundwater supply of the United States is a major nat-
ural resource, which, until recently has been considered virtual-
ly immune to contamination by the activities of man. Yet du.'ing
the past decade, numerous incidents of groundwater pollution from
chemical spills and landfill seepage have been reported and have
shown that even our sequestared reservoirs of potable water are
vulnerable. The potential seriousness of the problem becomes
apparent when it is realized that groundwater prcvides water fcr
about 100 million people in the U.S. (Jeffrey, 1974), nearly half
of the population.

Concern over the quality of the nation's groundwater is re-
flecte. in the clarity, specificity and stringency of recent
iegislation aimed at protecting this resource. The Safe Drinking
ater Act of 197v was the first major pisce of water management
legislation to specifically recognize groundwater as an indis-
pensibis seginent of the total national water resource. This act
was int:ndec to protect underground sources of drinking water
by regulating both deep-well injection of chemicals and on-lana
disposel of municipal and {ndustrial wastes.

Concern for groundwater quality is further evidenced by the
increased allotment of federal research funde for studying the
movement and fate of hazardous chemicals in the aquatic ard scil
environments. One of the focal points of recently propos«:
federal regulations guverning on-land disposal of municipai ana
industrial wastes, t'ie December 18, 1978 Federal Register, is
the protection of groundwater. In this section of this report,
the results of these and related investigations which are per-
tinent to the pres2nt study are summarized.

“Ted Palit co-authored drafts of parts of thie section of this
report



STUDIES OF MOVEMENT OF INDUSTRIAL WASTES TC GROUNDWATER

The variety of industrial chemicals that have been and may
be disposed of or spilled on land is enormouvs and includes toxic
heavy metals, mineral acids, volatile organic solvents, pesti-
cides and highly refractcry compounds such as PCBs. Members of
all of these classes are potenrial threats to the quality of the
nation's grcundwater suppiies. There have been several labora-
tory studies conducted to evaluate the potential for migration of
industrial wastes through soil systems. For example, Houle et al.
(1976) studied the migration potential of industrial wastes con-
taining cadmium (from nickel-cadmium batteries, electroplating,
water-based pairt and irorganic pigment wastes) in laboratory
test columns. 1he migration potential of cadmium was found to
be largely dependent on “he physical and chemical composition of
the socil upon which the warte was placed. However, differences
in waste composition and lz2achability caused large differences
in migration of specific elements or compounds through the soil.
Houle et al. (1976) also found that specific metals leach dif-
ferently from waste mixtures, depending on the type of solid or
solution complex in wnich the metal exists. The composition of
the leachate and its solubilizing and exchanging characteristics
determined how a specifiz retal migrated through a given soil.

. Streng (1976) attempted to assess the impact of co-disposal
of industrial hazardous waste materials containing Hg, Cr, Cu,
Zn, Pb, et., with municipal solid waste. In generai, there was
a reduction in the moisture adsorption capacity resulting from
the combining of tha municipal solid waste with semi-solid indus-
trial wastes containing high c¢:acentrations of heavy metal con-
taminants, Metallic ions became more soluble due to acid and
reducing conditions. Mercury was converted either chemically cv
microbially, to a form nrore amenable to transport. Municipal
solid waste and refinery sludge mixtures underwent rapid decom-
position which reduced the quantity of organic matter in the
leachate,

The transport of the chelatirg agent NTA to groundwater un-
der various ccnditions was studied by Dunlap et al. (1971). They
concluded that when NTA moves through unsaturated soil, rapid
and complete degradation to inorganic nitrogen compounds and
carbonate results. However, i{f NTA is transported thrcugh satu-
rated soil, degradation is quite limited and a major portion of
the compourid reaches the groundwater intact. Under these cir-
cumstances, higher concentrations of complexed metals scch as
iron, zine, chromium, lead, cadmium, and mercury, would b= like-
ly *o be: tiransported to the groundwater,

Walker (1973) investigated several hazardous materizl dis-

posa. sites for their potential for transmitting ccntaminants to
groundwater., He found that contaminants from disposal sites may
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move through aquifers in a bulb-like mass at rates of a few feet
per year. Therefore, a fairly small quantity of a toxic substance
may enter a well as a hazardous slug several vears after it has
been deposited on land.

Pettyjohn (1974) examined groundwater pollution problems
from the disposal of neutralized pickling liquors (wastes) into
an abandoned strip mine in eastern Ohic. He monitored all of
the surrounding and nearby waterbodies and found that water quai-~
ity was adversely affected by polluted groundwater drainage from
the disposal area. The samples collected from disposal pit seep-
age were characterized by low pH and hizh concentrations of dis-
solved solids, hardness, sulfate, chlor’de, nitrate, iron,
fluoride, aluminum, chromium, nickel and zinc. In addition to
contanination from the 4ispcsed industriali waste, acid mine
drainage from surrounding areas was found to degrade both sur-
face and groundwater quality. It was concluded that the prob-
lem of acid mine drainage would not have occurred in the aban-
doned strip mine had the mine not been used for waste disposal.

Two landfills, one 27 years o0ld and the other 41 years old,
in the upper glacial aquifer on Long Island, New York were
studied by Kimmel and Bzirds (1974). The plumes of leacheate
fror these landfills were found to sink to the bottom of the
aquifer and extend out about 3,200 and 1,5C0 m, respectively.
The pH in most of the leacheate-contaminated grouudwater ranged
from about 7 near the landfills to about $ near the perimeter
of the plume. Heavy metals other than iron, manganese, and zinc
were not feund in concentrations greater than several tens of
micrograms per liter in the plume. The authors corncluded that
lining the landfill and collecting the leacheate to eliminate
4 potentially dangerous source of contamination, may be worth
the added cost.

Groundwater pcllution problems caused by a leaking gasoline
pipeline near the City of Los Angeles were the subject of a paper
by Williams and Wilder (1971). It was estimated that 250,000
gallons (950 m3) of gasoline had seeped into the groundwater,
pclluting the groundwater supply of the area. Skimning opera-
Tions to drain off gasoline resulted in recovery of 50,000 gal-
lons (190 m3). The area has bean closely monitore: since these
remedial measures were taken., Most of the wells in the area
now have only a taste or odor of gasoline with two of the wells
showing detectable levels of free gasoline. It is hoped that
bacteria will eventually break down the residual chemicals %o
that the aquifer may be restored to service.

In this connection, Golwer et al. (1971) investigated the

procees of self-purification of groundwater near disposal sites.
The results of the study indicated that many pollutants are, in
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fact, wliminated by geochemical and biochemical processes in
groundwater. Organic compounds such as gasoline residue may be
decomposed by bacteria.

Osgood (1974) reviewed the literature on over 200 on-land
spills of petroleum znd petroleum products and concluded that
regardless of volume discharged, all were potentially dangerous.
The critical factor in determining the fate of the material, ac-
cording to him, was the hydrogeologic character of the area, par-
ticularly the wuirection of groundwater flow.

A specific incident involving spillage of a petroleum pro-
duvct was reported and studied in detail by Delfino and Dube
(1176). They monitored nine domestic and industrial wells in the
vicinity of an accldental phenol spill and found that groundwater
an the area (up to 400 m from the affected site) contained
ineavurable concentrations of the compound during the 19-month
stuay periocd Diuring this time there was also an increase in the
incicence of zas=<rointestinal disorders and mouth sores of thLe
people *eing this water for drinking. The temporal and spatial
clustering of these symptons strongly suggested that an epidemio-
logical episode related to the phencl spill had occurred,

Lewallen (1971) ianvestigated a farm well which was polluted
with pecticides derived from contaminated soil placed near the
well casing. Water and soil in and around the well were moni-
tored for more than four years and it was found that both DDT and
toxaphene persisted over this period. Levels in the sediment
were mich higher than those in the water, probably because of
the low aqueous solubilitv of these substances and their ten-
dency to sorb onto clays. Vertical soil samnling in the area
indicated that the pesticides had moved down ground water only
slightly.

Gibb (1976) evaluated the extent of groundwater pollution
from surficial toxic waste disposal sites in humid regions.
He found coring to be an effective tool for mapping the migra-
tion patterns of chemical pollutants. He also provided field
cata to verify the effectiveness of various types of soil to
adsorb or retain different chemical pollutants.

EXPERIMENTAL ON-LAND DISPOSAL PRACTICES

Land disposal of industrial and hazardous wastes has been
ccmmonly practiced all over the U.S. In most cases the poten-
tial impact ef such operations on groundwater quality was not
irnvestigated. It is only recently that the need for selectivity
in s.t.ng, and strict control of disposal practices has become
recogn.zed. As discussed below, a variety of factors is
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involved in deciding where and with what precautlons a particular
waste should be disposed.

Snyder et al al. (1976) studied the land di:vosal of oil refin-
ery wastes and evaluated methcds of applying and treating these.
The investigation was conducted in a semi-arid area and supple-
mental fertilizer was applied. Adequate drainage control, soil
characteristics which allow good drainage, and microbial activity
were the major factors considered during site selection. Soil
samples were taken from established land plots and analyzed to
determine soil characteristics, nutrient levels, heavy metals,
pH, o0il content, dehydrogenase activity, soil respiration,
microbial activity, and microbial composition and density. The
chemical analysis of the soil showed that the heavy metal content
did not change over this one-year study period. The pH values
also did not change appreciadbly, On fertilized plots, oil
degradation was found to be about 80 percent complete within
one year. On a study plot that had not been fertilized, the oil
had degraded only 55 percent.

Wiles and Lubowitz (1976) explored the possibility of dis-
posing some so0lid or semi-solid hazardous industrial wastes con-
taining arsenic, lead, mercury, selenium, beryllium, cadmium,
zinc and chromium by encapsulating them with a plastic jacket.
They first used a binder resin to agglomerate the waste and
then encapsulated it with a 0.25 inch (0.64 cm) thick jacket
of high density polyethylene and fused it with powdered poly-
ethylene, in situ. The test specimens were sudjected to leach-
ing with simulated ocean water fo 120 days. The leaching data
indicated that the system had graaf ‘ability to prevent or at
least limit pollution by leaching to acceptable levels. The
specimens were also tested for other prcperties such as compres-
sive strength, freeze-thaw resistance, impact streng+<hs, punc-
turability, etc. The overall performance of the spe..imens was
founi to be highly satisfactory. The investigators therefore
recommended that the polymeric encapsulation process be used for
disposal of hazardous wastes containing constituents such as
sodium meta-arsenate and arsenic trisulfide, etc., which may not
be adequately manageable by other techniques.

The effect of different clay liners in attenuating selected
trace elements such as As, Cd, Cr, Cu, Hg, Ni, Pb, Se, V, and
Zn from landfill leachate was discussed by Fuller (1977).
They observed different migration rates of various trace ele-
ments through soils and found that organic constituen: . in the
waste had an effect on dg attenuation. The kinds of clay mater-
ials they recommended for liners were: agricultural limestone,
hydrous oxides of iron (ferrous sulfate mine waste), lime-sulfur
oxide (stack-gas waste), certain organic wastes and soil sealants
(natural clay material).
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Liskowitz et al. (1976) examined the efficacy of ten natural
and synthetic materials (bo*tom ash, fly ash, vermiculite, il-
lite, Ottawa sand, activated carbon, kaolinite, natural zeolites,
activated alumina, and cullite) for removal of contaminants in
the leachate and liquid portion of three different industrial
sludges, by sorption. They found no single sorbent of those ex-
amined that could significantly reduce the ccncentration of all
the centaminants in a leachate to acceptable levels, They did
find, however, that depending upon the type of sludge disposed,
a combination of sortents can be used to reduse the contaminants
in the leachate to acceptable levels.

SORPTION-DESORPTION AND ION EXCHANGE

Among the most important soil properties influencing the
ability of a g0il to retard the movement of hazardous chemicals
are sorption-desorption and jon exchange. Considerable effort
has been expended to understand these complex processes and while
there appears to be much literature dealing with the uptake
of metals and polar organic molecules by clays, there has been
very littlie written on the sorptive behavior of vnlatile, weakly
polar organics. This review focuses on the interactions of or-
ganics with clays.

Sanks et al. (1975) investigated cation exchange capacity
(CEC) and carbonate content of different clay materials with re-
epect to their clay mineralogy. Their cdata showed that CEC of
clays increased both with increasing percent montmorillonite and
decreasing percent carbonate, Also, if two clays with the same
percent montmorillorniite were evaluated for CEC, tne one with the
lower percent carbonate would exhibit the highest CLC. They
concluded that the decreasing values for CEC resulting from in-
Creasing percent carbonate may be due in part to the calcium
carbonate fraction exchanging Ca** with the clay mineral fraction.

McAfee (1959) studied the replacement of inorsanic cations
on montmorillonite by base exchange with organic compounris. Re-
placement of sodium from tne hom01on1c Na-bentonite and the re-
piacement of divalent Ca** and Mg** from Ca-Mg bentonite were
studied for comparison, The results of the experiments showed
that sodium is replaced relatively easily_bx the large organi~z
cation on the Na-bentonite compared with Ca®** and Mg*' replace-
ment oin Ca-Mg bentonize.

Adsorption of anionic, cationic and nonionic surfactants
onto montmorillonitic soils and kaolinite was the subject of an
1nvest1gatzon by Law and Xunze (1966). They observed that
anionic surfactants were not appreciably adsorbed and that anion
exchange capacity of the kaolinite appeared to be equal to or some-
what greater than that of mcntmorillonite, Cationic surfactants
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were strongly adsorbed to all the clay samples in amounts either
equal to or greater than the cation exchange capacity of the
soils. The excess, it was speculated, was held by Van der Waals
forces betwe2n the alkyl radicals. Montmorillonitic clays ad-
sorbed considerably greater amounts of nonionic surfactants than
kaolinite. The amount of adsorption by the clays was highly
dependent on the surfactant concentration.

A radiochemical-tracer technique was used by Wayman et al.
(1963) to study the adsorption of ABS (alkyibenzenesulfonate)
‘on montmorillonite. They found that the adsorption of ABS on
montmorillonite depended on the length of the alkyl chain and on
pH. Montmorillonite clay adsorbed more pentadecyl ABS per gram
than dodecyl ABS and more ABS from acid or neutral solutions than
from alkaline solutions. For ABS adsorption, they found the
optimum condition to be pH &,

Aly and Faust (1964) examined the uptake of the herbicide
2,4=D and its ester derivatives on kaolinite, Wyoming bentonite
(a montmorillonite clay), and Fithian illite. Results were
analyzed using the Freundlich equation and it was found that
sorption of these hydrougen bonding compounds from aqueous solu-
tion was insignificant (0.02 to 0.1l% mg/g).

Euang (1971) looked at a varie*ty of factors of possible sig-
nificance in the sorption behavior of pesticides in aquatic
systems. In the pH range of 6 to 10, decreasing the pH had the
cffect of slightly increasing the sorption of dieldrin on mont-
merillonite, whereas varying the temperature (between 10° and
30°C) caused no appreciable change in thig system. Likewise,
addition of salt, various organic pellutants such as glucose and
alanine, and soluble organic matter from domestic wastewater had
ilittle or no effect on dieldrin uptake by montmorillonite,

Fuggenberger 2t al. (1973) discussed adsorption and mobility
of pesticides in scils and noted that pesticide molecules in
gereral are strongly adsorbed by soils having high organic con-
tent and/or high clay -ontent, but only weakly adsorbed Ly sandy
soilse. The latter observation is conristent with an earlier
study by Boucher and Lee (1972) who frund that lindane was sorbed
to only a small extent by natural aquifer sand. Boucher and Lee
also found that dieldrin was taken up in greater quantity than
lindane in this sand system. As a rule, pesticides with a low
water solubility are sorbed to a greater degree than those with
higher aqueous solubility.

Hoffman and Brindley (1960) investigated the sorption of non-
ionic aliphatic molecules from aqueous solutions onto mentmoril-
lonite. It was concluded thatr a chain length of from five to six
units is necassary for these molecules to show any appreciable
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sorption. For larger molecules (up to 10 units) the effect of in-
creased chain length is to increase sorption. Also importart is
the electron withdrawing capacity of the functional group at-
tached to the hydrocarbon chain. Molecules with stronger elec-
tron withdrawing groups, it was found, tended to be sorbed to a
greater extent.

As part of their effort to determine the suitability of clay
beds for storing industrial wastes, Sanks et al. (197%) studied
the sorption of acetone, acetaldehyde and phenol onto five Texas
ciays. Sorption at an equilibrium concentration of 0.1 moles/
liter, ranged from 1 to 90 mmoles/kg of cley, with acetaldehyde
showing greater uptake than either phenol or aceto: e.

The only reported attempt to measure sc. ption of highly
volatile orgenics from dilute aqueous solutiont was discussed by
Sanks et al. (1975) whc remarked on the extreme experimental
difficulties encountered in working with benzene. Because of
errors associated with the transfer, centrifugation and analysis
¢f aqueous benzene solutions, no data were published.

Lee and Jones (1978) have recently reviewed the state-of-the-
art in assessing the significance of sorptidn-desorption for pre-
dicting the environmental chemistry-fate of organic ¢nntaminants.
While their review was primarily directed toward dilute, aqueous
slurry systems such as might be associated with suspended sedi-
ments in surface waters, it contains some information that mayv
be useful in assessing the significance of sorption in ground-
water systems. The following section has been extracted from
their review. :

Considerable progress has been made in the past few years
in developing techniques for assessing the extent that sorption
reactions may occur for contaminants in the aquatic environ-
ments. From relatively simple laboratory batch-type sorption
experiments, it is now possible to derive information that can
be used to predict, in a general way, whether sorption-desorption
processes will likely be of major significance in influencing
the environmental chemistry-fate of a chemical contaminant in
aquatic environments,

To a large extent, environmentally relevant sorption research
has been restricted to pesticide-soil systems (Karickhoff - US EPA
Athens, GA, personal communication). According to Karickhoff, for
these types of systems, the extent of sorption has been related to
pesticide properties (such as pKa, pKj, water solubility, and
polarity) and soil properties (such as particle size distribu-
tion, organic matter content, and cation eichange capacity (CZEC)).
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The Freundlich equation,

x/m = KCel/n (1)

is frequently used to describe the adsorpticn equilibrium, where
x/m is the mass of contaminart sorbed per unit mass of adsorbant,
Ce is the equilibrium solution concentration, and K and n are
constants. Some investigators choose to use¢ this for eaviron-
nental chemistry- ate modeling. Deviation of the value of r from
l, a common ckbservation (AIBS, 1974), reflects the non-liriearity
of the process. If n were 1, then K would equal the partition
coefficient, Kp defined in Equation 2. According to Karickhoff
(personal communication), sorption cf many organic compounrds on
sediment and suspended particulates in dilute aqueous systems is
approximately linear and can be described in terms of the linear
partition coefficient., This has been described by Baughman and
Lassiter (1978) by the equation:

K, = [P,/(P] (2)

where Ky is the partition coefficient, and [P], and [P] are
equilibrium concentrations of the contaminant on the sorbent and
water, resgectively,

One of the most important factors affecting the partitioning
cf many organic contaminants between sediment and water is the
organic carbon ccntent of the sediment. I¢ has been found that it
is frequently useful t> normalize sorption partition coefficients
by the organic carbon content of the sediment or soil. An ad-
sorption constant (Kgeo) is defined as the amount cf chemical ad-
scrbed per unit of organic carben (in ppm) divided by the ccncen-
tration of the chemical Jdisszclved in the water (in ppm). While
this normalization has been found to be applicable to a large
number of organic compounds especially non-ionics, it is not ap-
plicable to some of the othzr groups of organic compourds., Fur-
ther work is needed to define the major factors controlling the
sorption-desorptinon of these compounds in natural water sedi-
ments.

During the past several years, the US EPA Athens, GA, labora-
tory has undertaken a substantial research effort devoted to en-
vironmental chemistry-fate modeling., A significant part of this
effort has been devoted to sorption-desorption of contaminants
on natural water particulate matter and soils. Sor.e of this work
has been published (e.g.,Baughman and Lassiter, 1978)., Substan-
tial parts of the results of tnhis effort are in preparation as
reports and papers or are in press at this time. The reader is
referred to publications of this group as well as the review
paper by Hamaker (1972) for further information on the state-of-
the-art of modeling sorption-desorption processec in natural water
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systems and soils. The work conductecd by this laboratory': staff
arnd their contractors (e.g., Baughman and Lassiter, 1978; Karickhoff
et al., 1979) as well as others has resulted in the following
general conclusions:

1. The sorption of contaminants occurs to zbout the same
extent on sediments and soils.

2 When normalized by sediment organic carbon content, the
sorption ¢f neutral organic compounds on sediments from
different areas varies by a factor of 2 to 3 (Baughman
»nd Lassiter, 1978). This is an extremely important
conclusion which, if substantiaced based on additional
studies, greatly simplifies tnhe prediction of the en-
vironmental behavior of mary organics that tend to sorb,
since the results of sorrtion tests conducted on one
or a few sediments would in general be applicable to
natural water systems located throughout the world.

3. While much of the sorption on natural water particulate
matter is rapid (essentially complete within a few hours)
and reversible, there are some compounds which apparent-
ly do not desord or do so very slowly.

4. In general sorption on natural wWater particulate matter
has a ilow temperature coefficient (activation energy).

4y

S. an”Jf the most promising recent developments is the
correlation between the distribution coefficient for the
uptake of dilute neutral organics by natural water
s0iids and the octanol/water partition coefficient. A
relaticnship of this type is to be expected for a large
group of organic chemicals, especially the necn-ionic
type. Results oi studies at the US EPA-Athens, GA
laboratory provide the information needed to estimate
sorption distribution ccefficients {rom octanocl/water
partition coefficients (Karickhoff et al., 1979). Also
Kenaga and Goring (1978) have recently completed a re-
view of this topic.

PERMEABILITY OF SOILS

Permeability is the ability of a material to transmit water
or other fluids, A material is said to be permeable if it con-
tains continuous voids. Sirce such voids are contained in all
soils including the stiffest clay, and all non-metallic construz-
tion materials including sound granite and neat cement, all of
these materials show s2-me degree of permeability. Furthermore,
the flow of water through all void-containing solids obeys the
same general laws.
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Soil permeability is one of the mcst importart soil
characteristics in the stucdy of subsurface pollution problens
since migration of the pollatant itself is likely to be dependent
on the permeability c¢f soil. In the design of a confinement
area for hazardous chemical disposal, permeability characteris-
tics of the liner and strata in the disposal area should be
determined ir order to prevent pollution of groundwater by chemi-
cal contaminants. The permeability tests should be run with in-
dividual potential contaminants or mixtures of potential con-
taminants rathe:: than with water only. Presented below jis a
summary of the current general knowledge related to permeability
of both soils and subsoil systems as it relates to the movement
of hazardous materials.

Coefficient of Permeability

Taylor (1948) discussed in detail the flow of water through
the pores of soil. The pores of most soils are sufficiently
small so that flow of water through them is laminar. In laminar
flow, the water flows along definite paths which never intersect
other flow paths. However, in coarse soils, the flow may some-
times be turbulent where the flow paths are irregular and tw1st-
ing, crossing and recrossing at random.

Darzy (1256) demonstrated that the rate of flow of water
through porous media is proportional to the hydraulic gradient.
According to Darcy's Law,

v i (3)

velocity of flow (m/sec)
hydraulic gradient (m/m)

£
=g
®
2}
[}
<
"

v = Q/A (4)

flow through the aquifer per unit time
cross-gsectional area of the aquifer

where Q
A

From Equations (3) and (&)

Q = Ai
Q = KAL

KA (ah/al) (s)

O
"
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where K = coefficient of permesbility

Ah/AL

hydraulic gradient

The coeificient of permeability, K, has the units of velocity.
It can be interpreted as the velocity of flow under unit hydrau-
lic gradient.

Permeability, Hydraulic Conductivity and Transmissibility

There 1s considerable variation in the definition of the
terms permeability, hydraulic conductivity, and transmissibility
by different authors and investigators. Walton (1970) and Black
(1965) defined hydraulic conductivity (K) in the same way as the
coefficient of permeability has been defined, i.e., the velocity
of flow under unit hydraulic gradient. They have, howeve:, de-
fined permeability as a function of hydraulic conductivity, as
follows: :

P = Kn/pg (8)

hydraulic conductivity
permeability

fluid viscosity

fluid density

acceleration due to gravity

Thus, according to these authors, hydraulic conductivity has
the units of velocity while permeability has the units of length
squared.

Walton (1970) defined transmissivity as follows:

T = KD (7
where T = transmissivity '

K = hydraulic conductivity

D = depth of aquifer

Transmissivity is thus defined as the rate of flow of water
through a vertical strip of the aquifer of unit width, ex<ending
through the total thickness of the aquifer under unit hydraulic
gradient,

From an overall point of view, the literature seems to in-
. lcate that authors and investigators with geoscience backgrounds
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prefer the term "hydraulic conductivity" and very seldom use the
term "coefficient of permeability"”. The National Water Well
Association (NWWA) usually uses the term hydraulic corductivity
in most of their publications. But, Hailberg and Martinell (1976)
used the term permeability in one of the recent publications of
NWWA. Tndd (1959) defines both of these terms, coefficient of
permeability and hydraulic conductivity, as being analogous.
Walton (197C) also refars to the terms as being analogous. vut
confused them in later applications with permeability. While in
general no strict principle has been followed in any area fcr the
use of these terms in this study, coefficient of permeability

and hydraulic conductivity are considered to be analogous terms;
but, permeability is ideally considered to be a property of the
porous medium alone.

Measurement of Coefficient of Permeability

The coefficient of permeability is one of the most important
characteristics of clay material to be considered in assessing
the suitability of the material for use as liners in hazardous
waste disposal sites. Coefficients of permeability are deter-
mined under the assumption that Darcy's Law is applicable. The
fundamental assumption in the application of Darcy's Law is
that flow in a porous medium is laminar. The Reynold's number
(Ng) has been developed an a criterion to distinguish between
laminar and turbulent flow, and is expressed as:

NR 2 pvD/n (8)

density of fluid

velocity

diameter of the fluid patn
viscosity of the fluid

J0O<O
" e an

To adapt this criterion to flow in a porous medium, the ap-
parent velocity defined by Darcy's Law is used for v and an
average grain diameter, d, is substituted for D in the equation
for Reynold's number. According to Todd (i959), when various
investigators have at:empted to estimate the value of Reynold's
number to determine the condition of flow in grcundwater, they
have found the value 5f Reynold's number to vary widely in the
range of 60 to 700, below which laminar flow could be possible
and above which the flow condition could be termed turbulent.
This implies that the Reynold's number it not a good criterion
for judging the condition of laminar or turbulert flow in ground-
water. For almost all natural groundwater movement, however,

NR < 1 and Darcy's Law should be applicable. VMoreover, materials
with low coefficients of permeability (silt, clay, etc,) have
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iy values much less *han one. Burmister (1954) presented the
realm of validity of Darcy's Law and showed that in all materials

-

finer than silt, flow will always be laminar.

The coefficient cf permeability can be determined in three
wavs:

l., By latoretory tests on soil samples.
2. By field tests.
3. By use of empirical formulae.
Each of these approaches is discussed below.
Laboratory Determination--

The most convenient and moderately reliabie way to determine
the coefficient of permeability is by laboratory tests on soil
sampies. It is based on the Teasurement of the quantity of water
that flows under a given gracdient through a soil sample of known
length and cross-sectional area in a given pericd of time.
Terzagh: and Peck (19u8) were the original investigators of the
characterization of soil permeabilities and different methods
of laboratory analysis. Kezdi (197u4) and Black (1965) also
presented detailed procedures to determine the coefficient of
perneability. As discussed by them, labcratory determination
of coefficients of permeability can be made by two methods.

1. Constant-head permeability tesct.
2, TFalliing-liead permealbility tesrt.

Constan:t-head permeameters are particularly suitable for testing
highly pervious, coarse-grained soily, For soils with medium to
iow permeability, the falling-head permeameters are used.

The principle of the constant-head permeameter is schewn with
sketches in Tigure 1, Upward and downward flow types can be
censtructed., In both, water levela are kept constart by means
of overflows. The hydraulic gradient, i, can be coz~uted as
the difference between the constant water levels, h, divided
by the depth of the sample, L. Cperation of both the upward-
fiow and downward-flow constant-head permeameters depends on the
ability to cbtain a measurable quantity of leschate. The upward-
flow type with plezometer .tubes is mcre applicable for samples
with less pervious, fine sands and silty sands. More reliable
results can be obtained by measuring the sctual water pressure
in the sample by means of piezometer tubes, The discharge, Q,
during a given time, t, is collected in a graduated cylirder to
cdeterminc the volume discharged.
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N downward flow type

Figure 1. Constant-head Permeameter

1 - overflows; 2 - measuring cylinder; 3 - sofi sample;
4 - screen and filter layer;, 5 - base plate

(See text for explanation of symbols)
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For soils of low permeability, measurable flow through a
sample cannot easily be obtained by the constant-head tesrt.
Moreover, test results wculd be uanreliable due to evaporation.
In such cases, the falling-nead permeameter is more suitable.
Figure 2 displays in principle the operation of such a permea-
meter. A cylinder centaining the scil sampie is placed intec a
base fitted with a fine gauze screen. <{n top, the cylinder is
2lugged with a rubber stcpper into which is inserted a graduated
standpipe or burette. During the test, the fluid level in the
pipe will eontinuously drap. The quantity of fluid that flowed
tarcugh the pipe reed nct te collected and measured in this test,
since it can be :alculated from the fall of the fluid level.

If, as shown in Figure 2,

hi1 = height of the water in the standpipe from trough
at initial time, t)

hy = height of the water in tre ctandpipe from trough
at the end of the period of observation, t,

h = difference of height of the water column (hl-hj)
in the intermediate time, t
a = cross-sectional area of the standpipe
A = crcss-sectional area of the sample
£ = length of the soil sample
then, the velocity of flow in the standpipe = =(dh/dt) (9)

(- is used to indicate that the water level de-
creases as time increases)

According to Darcy's Law
Q=A (h/1) (10)

orQ = -a (dh/dt) = KA (h/t) where K is the coef-
ficient of permeability.

Separating the variables and integrating both sides, within the
limits,

h2 t2
- a [ (dh/n) = K (A/2) f  dr (11)
hy 131
Hence K = (a%/A) o(1/:c,-t1)}tn (hy/hy) (12)

Sanks et al. (1975) attempted to conduct laboratory permea-
bility tests with both undisturbed and remolded samples. Their
experiments with undisturbed samples proved unsuccegsful.
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Figure 2. Falling-head Permeameter

1 - stopper; 2 - cylindrical column; 3 - suill sample;

4 - screen and filter; 5 - overfiow
(See text for explanation of symbols)
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Further, they encountered lack of reproducibility of results in
their studies with remolded samples. They concluded that labora-~
tory permeability tests on cores collected in the field, even
from closely spaced test borings in the same horizon, can pro-
duce results which vary by factors of five or more.

Ficld Measuremen+t. "K" values obtained from laboratory
tests often differ considerably frem the true coefficients of
permeability of the soil obtainel by field measurements. There
ar2 maay reasons for this discrepancy, the most important being
thar the permeability of natural soil masses is greatly in-
fluenced by the heterogeneity and cdelicate, or even undetectable,
stratification of the scil and by the uneven distribution of the
fine-grained fractions within it. Such effects can rarely be
simulated in ncrmal laboratory testing.

A simple approach to determination of field coefficients of
permeability has been described by Black (1965). This method,
the Auger-Hole method, involves construction of a cavity with a
minimum of soil disturbance. Flow of water into the soil or
out of the scil into the cavity is then measured, depending on
whether the position of the cavity is above or below the water
table. Coefficient of permeability can be determined by direct
substitutien into Darcy's equation.

A more sophisticated method for the field determination of
coefficients of permeability is the pumping test. To conduct a
pumping test it is necessary that the well yield be in a steady
state. Figure 3 shows a section through a well and surrounding
aquifer. 1In order to determine permeability of th~ aquifer in
tiie region cf the well, the feollowing assumptior- are made:

1. The water table is of infinite extent in the horizontal
direction.

2. The water bPearing stratum is homogeneous, horizontal
and is of constant thickness.

3. The test well is a perfect well. This means that it
extends to the bottcm of the permeable stratum and is
perforated over the section which is beiow the water
table.

4, In its original state, the groundwater is at rest and
there is no flow into cr out of the system during the
test.

Pumping generates a radial flow of water forward to thne
center of the well and as a result the water table assumes a
curved surface callied the draw-down surface. If the pumping is
czntinued for a sufficient time, a steady~-state flow is even-
tually attained.
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1 - To pump; 2 - original groundwater table; 3 - lower groundwater
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For computation of the coefficient of permeability, Darcy's
Law is applicable at the steady-state condition. The rate of
radial flow through a cylindrical surface of radius r is propor-
tional to the cross-sectional area of the aquifer multiplied by
tne hydraulic gradient.

q = AY i (13)

where ¢ flow through the well

AY cross-sectional area of the aquifer
i = hydraulic gradient
Therefore q = RAY is= KAY (dz/dx) = K 2Mlxz (dz/dx) (14)
' where K = coefficient of permeability

(z and x are shown in Figure 3)

Separating the variables and integrating both sides,

{24z = [(qdx/2KIx)

22 = (q/7K) in x + ¢ (15)

The constant of integration, ¢, can be determined from the
boundary conditions as follows:

when x = r, Z = h

C = h®- (¢/TK) tn r (13)
Substituting C,
2 _ 2

Z° - h® = (q/nK) (loge - loger)
Solving for K,

K= (@/M) {2n (x/r)} /(22-n?) (.7

The derivation is based on several simplifying assumptions.
The highest deviation from the theoretical assumptions exists in
the immediate vicinity of the test well. Therefore, instead of
using the abnve equation for a single well, it is advisable to
maxe two observation wells located at some larger distances x
and X, and use the heights Z. and 22 to determine the coeffic}ent
"K." “The formula thus becomés:
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2 ,2
K = (q/N) {2n(xl/x2)} /(27-25) (18)

Naney et al. (1976) studied hydraulic conductivity of
aquifers and attempted to formulate predictive models for the
evaluation of groundwater paths. They used two approcaches 1in
the study. One was the paraliel steamtubes concept and the
other was the converging steamtube concept with flow converging
toward the center. The latter provided a hydraulic conductivity
distribution more nearly like that expected.

Although the pumping test is the best approach by'which.to
determine the value of the true coefficient of permeability in
the field, it cannot be used to determine "K" values for materials
such as silt and clay. First, with cley of low permeabiliyy, it
is not possible to obtain a steady state condition of pumpirg.
Second, the above list of assumptions is not applicablg for_any
type of clay material. Therefore, for fine-grained soils with
very low coefficients of permeability, there are very few re-
liable field methods for the determination of "K" values.

Use of Empirical Formulae. The determiration of coefficients
of permeabiliity by the use of empirical formulae is tased on
Poiseuille's Law which expresses the relationship governing the
flow of water through round capillary tubes. The law says that
the average velocity through a capillary tube is proportional to
the square of the diameter of the tube. Therefore, it is rea-
sonable to expect that the seepage velocity through a given soil
and the coefficient of permeability of the soil are propertional
to the square of the average pore dimensions. Since grain size
has the greatest effect on the size of the pore, it may be con-
cluded that the coefficient of permeability is proportional to
the square of the grain size.

Hazen (1911) found that the permeability of filter sands
could be roughly expressed by

K = 100 (D,,)? (19)

where D;q is the grain size diameter, such that the aggregate
weight o? all smaller size grains is 10 percent of the total
weight of the sample. This is also called the effactive size or
Hazen's Effective Size. Hazen's observations were made on sands
for which the effective sizes were between 0.1 and 3 mn diameter
and for which the unifcrmity coefficient (the ratio of Dgy to
Dyg) did not exceed S.
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Porosity and void ratios are also measures of pore spaces
in a soil sample. They are defined as:

Porosity = e/(1l+e) (20)
where e = void ratio
e = Vv/(V—VV) ) (21)

total volume
total volume of wvoids

<
<
(L 1}

Terzaghi and Peck (1948) developed a for@ula.for fairly uni-
form sands, which reflects the effects of grain size and void ratio:

. 2 2
K = 200 (Do) e (22)

where Dlo effective grain size
e

void ratio

Amer and Awad (1974) studied the dependence of the hydraulic
conductivity on the uniformity coefficient, effective diameter
and the void ratio for cohesionless (natural sand and gravelly
sand scils; soils., They develored an empirical formula for the
determination of coefficients c¢f permeability for cohesionless
soil as follows:

K=3.5x 107" (e¥/(10e)} %8 D 232 (y/u) (23)
where K = hydraulic conductivity
e = void ratio
z uniformity coefficient (ratio of D to Dlo)
Dig = grain size diameter having 10% of ggains
smaller
Y ¢ specific weight of fluid
B = dynamic viscosity of fluid.

Green and Corley (1971) studied s2veral predictive models
for the calculation of the hydraulic conductivity of porous media.
Their equations were based on the work of Marshall (1958) and
Millington and Quirk (1960), with the introduction of a matching
factor (measured saturated conductivity + calculated saturated
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conductivity!. The modified equations adequately pradicted the
experimentally measured values and provided satisfactory con-
ductivity data for many applications.

Johnson (1963) used laboratory permeability and geological
data to predict the transmissibility of water over large areas
where obtaining actual data from well testing was not econcmically
feasible. Based on the relationship of particle size to permea-
bility, he prepared graphs and tabies for predicting permeability
where data were not available.

Zanker (1972) developed a nomograph for the determination of
hydraulic conductivity and intrinsic permeability in a labora-
tory wa*er-soil system, based on common parameters such as length
of the soil sample, volume of leachate, the differential head,
the area of the sample, the duration of observation and the
temperature of the water.

Although the above empirical formulae and relationships pro-
vide a means to estimate the coefficient of permeability, in
general they are not applicable to clay-coils. The bourd water
associated with clays is thought t> be the primary factor re-
sponsible for the inapplicability of these relationships., Be-
cause of this bound water on clays, seepage occurs only through
a part of the vore space.

The effect of sorption on the movement of ions through ex-
change columns and on the mobility of pesticides in soils has
Leen reported in the literature. Hashimoto et al. (1964), for
examp.e, defined a retardation factor, R, as:

R=1+PkNCcNl/g (24)

where P bulk density of the column,

KEN constants in the Freundlich equation
(S = KCN), (S = amount sorbed per unit
. mass of solid)
C = equilibrium concentration, and
e =

column wate> content.

Since R appears in the denominator of a general transport equa-
tion {(Hashimoto et al., 1964), the larger its value, the more
slowly the solute moves,

That a given organic solvent moves through soil at a rate
which depends upon its distribution between an aqueous phase and
the soil itcself has been domonstrated by Briggs (1973), who re-
ported a liriear relationship between log (1/Rp-1l) and log Q, where
Rp is the retention factor for an unionized pesticide (obtained
from soil thin layer chromatography), and Q is the soil organic
mattertwater partition coefficient. Briggs has taken the
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aralysis a step further and developed an equation relating Rp to
the octanol/water partition coefficient, P {see subsequent dis-
cussion). -

changes in Permeability With Time

Several investigators have reported on changes in the mea-
sured coefficient of permeability as a function of time. Bodman
(1337), for example, observed in laboratory column tests on
California soils that the permeability "constant" decreised with
time, precipitously for the first 20 days and gradually there-
after. Rates of decrease were found to correlate closely with
silt content, whereas final permeabilities were related to the
percentage of clay-size material in the sample. Based on a study
of the conductivity of the percolate, Bodman concluded that the
permeability decrease could be attributed to leaching of electro-
lytes from the soil, and consequent arrangement of particles
into conducting pores.

In a later, more detailed study of this phenomenon,
Poulovassilis (1972) concluded that changes in pore volume and
geometry, while important, were responsible for only 15 percent
of the decrease in permeability. Of greater significanre was
the evolution and entrapment of gases of microbial origin which
had the effect of clogging pores and thus of reducing permeabili-
ty by as much as 83 percent of the original value., Earlier,
Allison (19u47) had recognized that microorganisms were respon-
sible for decreased permeability in submerged soils and attri- 'Tq
buted this to the natural clogging of soil pores by cells, slim4',
and products of microbial growth.

ATTERBERG LIMITS

Physical properties of clay are critically dependent on
moisture content; a clay may exhibit liquid or plastic behavior
depending on how much water it contains. The water contents which
characterize the onset of liquid and plastic behavior and which
characterize soil or clay saturation are referred to as the Atter-
berg limits. The significance of these limits was noted by
Terzaghi (1926) wlen he wrote, "The results of the simplified
soil tests (Atterberg limits) depend precisely on the same physical
factors which determine the resistance and the permeability of
soils (shape of particles, effective size, uniformity) only in
& far more complex manner."

The liquid limit (W,) is that water content above which the
particles of a soil are no longer held together by attractive,
cohesive forces, that is at this limit or water content, the soil
behaves like a viscous fluid or paste. Yong and Warentin (1975)
defined the plastic limit (W ) as, "...that water content below
which the soil is no longer Blastic when it is worked, and
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crumbles on application of pressure". The plastic limit can be
interpreted as the lowest water content where cohesion of parti-
cles is low enough to allow movement but hEgh enough to permit
particles to maintain their positions after remolding. The shrink-
age limit (Wg) is the smallest amount of water that can completely
saturate a soil. .

Kezdi (1974) indicated that typical values of Wy ranged from
40 to 180 and values of W_ from 25 tc 50 for clays. The range
of water content between Yhe liquid and plastic limits is caliled
the plasticity index, I_, and for clays this extends between 10
and 100 (Kezdi, 1974), PIin general, the greater the plasticity
index, the greater the swelling potential of a clay (Mitchell,
1876). A graphic summary of Atterberg limits is given in Figure U4,

CLAY-ORGANIC STUDIES: X-RAY INVESTIGATIGN OF SWELLING

It is commonly known that expandable layer silicates are
capable of forming interlayer complexes with water and with or-
ganic molecules and that the characteristic spacing between the
layers is dependent upon the nature of the intercalated molecule.
Greene-Kelly (1955) has observed, for example, that the d(001)
spacing in montmorillcnite can vary from 9.5 when unexpanded,
to 23.3 A in the presence of pyridine. In his orientataiorn
studies with aromatic compounds, Greene-Kelly (1955) concluded
that molecules could orient themselves either parallel or per-
pendicular to the silicate sheet and that the preferred orienta-
tion depended upon the external concentration.

Olejnik et al. (1974), who investigated the swelling of
montmorillonite In polar organic liquids, obtained much largen
interlayer spacings, particularly for substances which have high
dipole moments and high dielectric constants such as formamide.
In general, the degree of swelling observed .or a variety of
homoionic, alkali metal montmorillonites, was not in keeping with
expectations based on Norrish's (Norrish, 195u4) swelling index.
According to Norrish (13954), swelling should be related to
UE/v?, where U is the solvation energy ({.e., the amount of hea“
given off when water or an organic molecule interacts with an
interlayer cation), L is the dielectric constant of the inter-
layer liquid, and v is the valence of the interlayer cation. The
failure of this relationship has led Olejnik et al. (1974) to
conclude that the measured bulk dielectric constan* of a liquid,
and the actual dielectric constant of that same liquid in the
interlayer regicn of a clay, might be radicaily different. Still,
as Barshad has observed (Barshad, 1952), <nhe dipole moment and
the dielectric constant can be effective predictors of swelling
behavior. This point will be returned 1o in the discussion of
swelling presented in this report.
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An extensive review of clay-organic interactions can be
found in Theng's book The Chemistry of Clav- Organic Reactions
(Theng, 1974). The nature cf clay-organic cumplexes, including
the effect of organic molecules on interlayer spacings, is dis-
cussed for alcohols, polyhydroalcohols, ketones, aldehydes,
ethers, nitritz2s, amines, aliphatic and arcmatic hydrocarbons,
organic pesticides and positively charged organic species. Of
interest nere is Theng's olservation that even in dehydrated
clays, intercalation of non-polar organic molecules either does
not occur at alill, or proceeds only with great difficulty. This
is reasor.able since substances such as benzene would be only
weakly adsorbed and would therefore be incapable of expanding
the silicate liayers.

In this connection, Barshad (1952) has observed, using X-ray
diffraction, that benzene and n-hexane intercalated with some
montmoril 2nite samples after these had been dehydrated at 293°K,
but did not intercalate when the samples had bean dried at 5$230K.
McEwan (19u48) observed no intercalation with n-hexane ani
n-heptane, even after the air-dried samples of mcntmorillonite
had Leen boiled in the hydrocarbon liquids. Benzene, however,
did form a double-layer complex after this treatment. This is
in con*rast to the results of Greene-Kelly (1955) who used a
similar vechnique (where montmorill»nite was dried at 3539K)
but failed to achieve intercalation. The reccrd is somewhat
mivcd cu efforts to form clay-organic complexes with molecules
having low polarity.

It should be pointed out that while a considerable litera-
ture exists on interlayer swelling of clays in organic liquids,
no o.ae has reported on the shrinkage or swelling of bulk quanti-
ties of clay in contact with organic sclvents, using the ccnsoli-
dometer method employed in the currenrt study. For the most part
consolidometer studies have been ccnfined to aqueous clay sys-
tems in connection with ground swell potential, failure of
structures, highway maintenance, etc. To the knowledge of the
authors, this investigaticii is the first sv stematic study cf
mechanical shrink-swell behavior using organic liquids.

OCTANCL/WATER PAXTITION TOEFFICIENT

Early studies on the partitioning of organic substances be-
tv.een water aand an apolar phase were conducted independently by
Mayer and Overton who were interested in the effect of organic
compounds in producing anesthesia and narcosis (Hansch, 197u4).
They were able to show that the potency of a narcotic is direct-
ly related to the extent to which the compound partitions itself
between olive o0il and water, that is, to its olive oil/water
partition ccefficient. Mayer and Overton reasoned that since
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nerves are surrounded by fatty membranes, the more fat goluble
compounds would partition into these and disrupt nerve operation
more effectively than drugs with an affinity for the aqueocus
dhase.

Hansch and Elkins (1971) found a uwore satisfactory relation-
ship to exist be*ween medicinal properties and the octanol/water
partition coefficient, P, defined as

_ccnecentraticn of solute in n-octanol (25)
concentration of solute in water

Hansch et al. (1968) also reported that an excellent linear
correlation exists between the logarlthm of *he aqueous solubili-
ty of organic liquids and log P as given in the equation:

log (1/S) = a log P + b (26)

where £ i{s the molal solubili*ty of the organic liquid in water;
P is the partition coefficient of the liquid between l=-o0ctanol
and water; and "a" and "b" are constants. In general, the lower
the solubility of a substance in water, the greater its parti-
tion coefficient, P.

Chiou et al. (1977) reported an empirical correlation be-
tween the aqueous solubilities of a variety of potential environ-
mental contaminants (including aromatic hydrccarbdons; organo-
phosphate and organochlorine pesticides; and polychlorinated
biphenyls (PCB's))and the n-octancl/water partition coefficients
of those contaminants. More importantly, they also showed that
a good correlation exists between the bioconcentration factor of
an organic pollutant in rainbow trout and the aquecus solubility
of the pollutant, according to the equation:

log (B.F.) = 3.41 - 0.508 log S (27)

where B.F, is the bioconcentration factor and S is the aqueous
solubility (y moles/l). Thus, it is now possible to use widely
available solubility or partition coefficient da*a to predict the
uptake of certain organic pollutants by certain aquatic organisms.

More pertinent to the present study {s the finding by Briggs
(1973) that there is a relationship between the octanol/water
Fartition coefflcient for wunionized organic compounds and their
adsorption on and movement through soils. Using Rfp (retenticn
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facter for unionized pesticide) as an index for the mobility of
organic chemicals through soils, Briggs has classified compounds
into five types, ranging frcm inmobile to very mobile, and has
shown that in general immobile compounds are those which have
high values for log P (>3.78), and very mcbile compounds are
those with icw values (Log P < 0.(8). This suggests that the
rate of movement of an unionized organic substance throupgh water
containing soils can be related ts the tendency of the substance
to escape from the interparticle aqueous phase and to become
sorbed onto the immobile soil particle itself. The greater this
escaping tendercy as measured by log P, the lower the mobility

cf the organic substance., (See discussion of sorption ari
permeability).
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SECTION 5§
METHODS

INTRODUCTION

This sectionrn of the report presents the experimental proce=-
dures for studies on those properties of clays which might in-
fluence their ability to augment or alter the transmission of
fluids.,

Three clay-soils and one soil sample were initially selected
for study, but, for a variety of reasons, only the three clay-
soils (without deflocculent) were used extensively in tests with
crganic solvents (ACS grade or equivalent), Samples of the three
clay-soils, Ranger Shale, Kosse Kaoline, and Fire Clay, were ob-
tained from a commercial clay supplier. The scil sample was coi=-
iected from Parker, Texas (Collin County). The Parker sample was
otbtained using an auger, from a depth of about 8 teet (2,5 m),
which was well below the third soil horizon.

CLAY MINERALOGY

Clay minerclogy for Ranger Srale, Kosse Kaoline, apnd Fire
Clay was determined at the Coloraido School of Minez Research
Institute, Orien<ed mounts were prepared, scanned over ? - 2]1°
of 28, glycolated and then rescanned over the same rdange to dater-
mine expandable clays. Parker soil was examined in the UTY labo-
ratory using glycolation as discussed in Pierce and Siegel (19f9)
and in Biscayne (1965).

PARTICLE SIZE ANALYSIS

Fifteen to 25 grams of sample clay were measured into a 250
n. Erlenmeyer flask containing 100 to 150 ml of distilled water.
The flasks were stoppered with Parafilm, plzced on a gyroshaker
anc shaken at 250 rpm for 12 to 16 hours. The rotating motion of
the table gerntly disintegrated the sample without significantlyv
reducing the individual particle sizes. The sample was then
quarticatively transferred to a one li‘er glass cylinderr. One
grem ¢f Calgon was added as a deflocculant, Some samples were
run without Calgon tu compare results of flocculated ard de-
flocculated samples, After thorough stirring, the mixture was

38



allowed 1o stand for 24 hours to be sure it showed no signs of
flocculation. If rlecculation was observed, the amcunt of Calgon
was increased., If no signs of flocculation wera observed the mix-
ture was again thoroughly stirred; when stirring was ceased, tine
was recorded. The settling ve.oci+y of a particle 2 p in diam=-
eter was determined according to Stokes' Law (Black, 1963). Time
rejuired for particles < 2 u diameter to settle a dlstan,g cf 10
°m was then calculated, After settling for the calculated time,
a 20 ml sample was drawn wit* a tipette from a depth of 10 cm so
that it ccntained perticles abtout 2 y In diameter. The sutsample
was transferred into a beaker of anown weight, evaporata2c at 1i10°
C focr 24 hours and reweighed.

The clay size fraction was determinzd from the following
relationship:

LA P/100 (28)
where W = weight of particles present in the volume at
time, t;
@ = weight of par+icles in the volume initially;

P = percentage of particles by weight, of size 2
micron and smaller,

The sand fraction was determined by pouring the rest of the
sample through a number 40 sieve, washing it with distilled
water and collecting theire51dua- meterial in a preweighed
beaker. This material wis! dried at 110°C for four hours and re-
weighed. The weight of clay was taken to be of sice 2 micron
and less and the weight of the sand was determined as the dried
material retained on the number uQ sxeve Silt was calculated
to be the remainder of the sample.

MOISTURE-DENSITY RELATIONSHIPS

The Harvard Miniature Compaction Apparatus manufactured
by Soiltest, Inc., Evanston, Illinois, was used to determine the
mcisture-density relationshics and optimum moisture content of
the test clays. The Harvard Miniature Ccmpaction test is a
method suggested by the American Society for Tecting and Materials
(ASTM) for determining moisture-der ity relationships of
szils (Soiltest, Inc., 1976). The test determines the relation-
ship between the m:;;ture content of soils and reculting densi-
tiee {uven-dry weight per volume) when the so0il is compacted
in the laboratory with this apparatus giving maximum dry density.
The Harvard Miniature Compaction Apparatus closely approximates
the action of the sheepfoot rcller (So11t°;t, Inc., 1976). 1Its
mcld capacity is 1/u5L cu. ft (62.3 cm- 3). The procedure follcwed
fcr determining moisture-density relationships was teken from
ASTM (1970) and is ocutlined below.

39



Each sample was prepared by air drying two to three pcunds
of the clay sample to a slightly damp condition. Lumps were
broken and then homogenized so that the material passed through
a number 40 sieve. The sample was then divided into 6 to 8 por-
tions, such that each portion contained siightly more than enough
material for one test. To each portion, the approximate re-
quired amount of water was added to obtain the desired range of
moisture content. Afta2r thoroughly mixing, each portion was
placed in a small glass jar tightly fitted with Parafilm and
stored overnight or until ready for testing. For samples that
mixed readily with water and had low dry strength, it was satis-
factory to add water and mix the specimen immediately prior to
testing. A compacted specimen should rot be remixed and used
over again.

Prepared clay was put in the mold. The surface was leveled
using a wood plunger. The tamper was inserted in the mold until
it was in contact with the surface of the soil, and pressed down
until the spring began to compress. After the force was released,
the tamp was shifted to another position. Each of the four tamps
was applied in a separate quadrant, adjacent to the mold. The
fifth tamp was in the center, making one complete coverage. This
cycle was then repeated until the appropriate number of tamps had
been applied. T=n tamps with a 20 1b. (9 kg) spring were needed
for the standard low compaction test. The tamps were ajpiied at
the approximate rate of 10 tamps per 15 seconds.

The next layer of sample was added and the procedure repeated
until the required number of compacted layers had been placed
in the mold. The top layer extended at least 1.3 cm into the ex-
tension collar.

The mold assembly was then transferred to the collar re-
mover. The mold was removed from the base and the excess soil
from the top of the mold was trimmed away. The sample from the
mold was removed with the ejector and was placed in a preweighed
container and reweighed.

The sample wa- then dried in an oven at 110°C for 24 to u8
hours. Drying was continued to constant weight. If the speci-
men was us2d for a permeability test it was either done at
known moisture content or the moisture content was determined
from the excess material removed from the collar. Additional:
specimens were compacted until points had been established on
both sides of the optimum moisture content curve.

TTERBERG LIMITS
Atterberg Limits were determined using methods for finding

liquid limits and plastic limits for soils by the American
Association of State Highway Officials designations T-89 and
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T-30, respectively (Black, 1965). For the liquid limit test,
Standard Liquid Limit Device (CL-207) manufactured by Soiltest,
In=., Evanston, Illiinois, was used. For the plastic limit test,
Plastic Limit Set (CL-251) by 3¢0iltest, Inc.,, Evanston, Ill;n01s,
was used. The standard liquid limit device was made of hard
rubber to maintain the uniformity cf hardness, size and density
of all devices., The brass cup was die-formed to specified di-
mentions. The cup and drop adjustment parts and aluminum hand
crank were mounted on an alurminum housing.

Determination of liquid limi< was based on the number of
drops of the standard tamp needed to close the gap made 1in the
clay with the stardard grooving tool and the corresponding mois-
tare content cf the clay. The number of blows needed at various
ranges of moisture content were determired and the values were
plotted as the log of the number of blows versus moisture content.
This relationchip was found to be linecar. The liquid limit was
determined from the graph, as the moisture content at 25 blows.

Determination of plastic limit was based on the moisture
content of the clay which crumbled at the surface as the clay
sample was rolled narrower than 1/8" (3,2 mm) diameter. It was
determined by the use of the standard plastic limit plate.

SPECIFIC GRAVITY

Specific gravity was obtained by a standard proceduire using
a pycnometer, It was calculated from the mass volume c¢f the
sample., The mass was determined by weighing and *“he wolume by
calculation from the mass and density of water displaced Ly the
sample,

CATION EXCHANGE CAPACITY

Cation exchange capacity was determined from the procedure
of Busenberg and Clemency (1373) using an ammonia specific ion
electrode. The procedure, which requires saturation of the ex-
change sites with ammcnium ion, utilizes the electrode in the de-
termination of ammonia released by treatment of the ammonium-
saturated clay with strong base., The procedure is as follows:

Ammonium-saturated clay samples were prepared by placing *“he
samp}e 1n an excess amount of a 1 N ammonium acetate solution and
shaking on a gyroshaker for 16 tc 20 hours. The solution was ad-
Justed to pH 7 and was transferred to a 50 ml centrifuge tube.

It was centrifuged at 24,000 g for 10 minutes. The supernatant
was then decanted. A 1 N ammonium chloride solution was added
and the mixture was shaken for 5 minutes. After recentrifuging,
the supernatant was decanted. This procedure was repe:“ed four
times.,

Excess ammonium salts were removed by washing with isopropyl
alcohol. Isopropyl alcohol was added, the mixture was shaken,
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centrifuged and the supernatant decanted: Th%s prgcedure was re-
peated four times. After the clay was air dried, it was ready
for CEC determination. One gram of air dried (treated) clay was
placed in a 150 ml beaker and 100 ml of deionized water were
added and the mixture was stirred well. Then 1 ml of a 10 M
sodium hydroxide solution was added. After about a minute, the
released ammonia was measured by the Urion Specific ion ammonia
electrode method.

Calculation of CEC

The CEC of the sample was determined by the following
equation:

CEC = {c)(v)/(w)(f) . (29)
where CEC

Cation Exchange Capacity of the sample in
meq/100 g clay . :
concentration of ammonia in moles/liter
volume of water added in ml

weight of the sample in mg

conversion factor, in this case a constant

ecual to 1075,

"mE<On
T

Exchangeable Cations

Exchangeable cations were identified by treating 10 g of
distilled watar washed clay with 1 N NH, Cl overnight. The re=-
sulting solution was analyzed for Ca and Mg by titration (APHA
et al., 1976) and for Na and K by flame photometry using a
Torning Model 430 Flame Photometer.

TOTAL CARBON AND CARBONATE ANALYSIS

Total carbon content of the clay sample was determined in
the IR-12 Carbon Determinator (Leco Corporation, St. Joseph,
Michigan). For carbonate analysis, total carbon was determined
on acidified samples. About S grams of sample were acidified
with dilute HC1l (20%) in a porcelain crucible until no further
bubbling of CO, occurred. The operation was repeated several
times until bugbling completely stopped. The sample was thern air
dried and analyzed for total carbon on the IR-12 carbon analyzer.
The difference between total carbon content of unacidified and
acidified samples was equal to the carbonate carbon content.

SWELL PROPERTIES

Swell properties were measured (using remolded clay) with a
6.4 cm diameter consolidometer manufactured by Karol-Warner, Inc.,
Highland Park, N.J. The dial indicator on this insturment was
capable of measuring displacements up to one ten thousandth of an
inch (2.5 % 10-%cm). Studies involving organic solvents were run
in a desiccator to prevent evaporaticn and, in the case of mix-
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tures, changes in solvent composition. Experiments were con-
ducted in a constant temperature room at 22 ¢ 1°C. The detailed
procedure adapted from ASTM (1970) is given below.

A 500 to 600 g aliquot of well-ground (passed through a No.
8 sieve), air-dried sample was weighed and transferred to a mix-
ing pan. The amount of deionized water required to achieve the
optimum moisture content of the clay was added to the clay sam-
rle. After thorough mixing, the sample was placed in a glass
jar tightly fitted with Farafilm and stored overnight or urtil
ready for testing. For samples that mixed readily with water
and had low dry strength, it was setisfactory to add water and
mix the sample immediately prior to testing. It is important
that a compacted clay not be remixed and used over again. A
specially designed mold (7.6 cm long, 6.0 cm inner diameter) and
rcliar (7.5 cm long) were used to make the remolded clay sample.
With the mold and collar clamped to the base, about half of the
mixed clay was placed in the mold. ™.c surface was leveled with
a wood piunger. The sample wa. inen compacted with a 5.5 1b.
(z.5 kg) standard hammer to conform to the standard compaction
test procedures (12,375 ft. 1lb. per cu. ft, (5.9 x 105 joules/n3)
of compacted volume). About 10 to 20 percent additional pressure
wes applied depending on the amount of excess volume of compacted
clay. After remcving the ccllar and shaping the sample with a
straight a2cdge, the sample was ejected with a specially designed
pilunger.

A 3/4 in, (1.9 cm) long sample was then cut and shaped
preperly using a sharp knife and a straight edge. A 1.9 em loug
collar was used to create a fine and precise finish on the szm-
ple. The molded sample was then transferred to a specially de-
signed conso.idometer (3,8 c¢m long, 6.4 cm inner diameter) over
a 0.6 cm thick porous stone. Another piece of porous stone of
the same size was placed at the top of the sample. A load block
was then placed at the top. A dial gage indicator capable of
measuring within a range of 0.0001 to 0.5 inch (0,002 to 13 mm)
was mounted in proper position. To read any possible shrinkage
c¢f the sample the dial gage indicator was adjusted to read in-
itially at 0.01 to 0.02 in. (0.025 cm to 0,05 cm). If more
shrinkage was expected, the uial gage was initially adjusted
accordingly. The consolidometer was transferred to a desiccator
(without the desiccant). Fluid was then introduced up to a level
l,S cm above the consolidometer, that is, samples were flooded
with the fluid. Wall friction in these experiments was assumed
to be negligible. Measurements of the swell or shrinkage of the
sanple were made as a function of time.

COEFFICIENTS OF PERMEABILITY FOR LIQUIDS AND LIQUID MIXTURES
IN CONTACT WITH CLAYS

_ In this study the coefficients of permeability were detef-
mined on remolded clay using a laboratory apparatus with heavy-
duty permeameter columns (see Figure S). These permeameters were

43



|“iz

High Pressure

f————=—=T0 Nitrogen

Liquid Level Tank
93 cm ;8 mm Graduated Stanpipe
High Pressure Swagelock
Fitting (Teflon)
Clamp
~——— 1.8 c¢m Thick X 10 cm ID
14 cm Pyrex Glass
|~ Teflon Gasket
q
I _ High Pressure Joint

IJ cn .
Whatman GF/A Fiberglass

Filter

. 40 Mesh Stainless Steel Screen
6 cm Pyrex Glass Support

NOT TO SCALE

¢To Collection
Figure 5. Pressure permeability column

by



designed and built with Pyrex glass in the University of Texas-
Dallas machine shop especially for this study. All joints in
the columns were lined with Teflcn to make them suitable for use
with organic solvents. The procedure fcllowed for determining
the coefficient of permeability, adapted from ASTM (1970), is
given below,

About 1000 g to 12C0 g of well-ground (pass through a No. u
sieve) air-dried sample were weig.ed and transferrec to a mixing
pan. The required amount of deionized water corresponding *o
the optimum moisture content, was added to the clay sample.

After mixing, the sample was placed in a glass jar, fitted with
Parafilm, and stored overaight. For samples that mixed readily
with water and had low dry strength, it was satisfactory to add
water and mix the specimen immediately prior to testing. It is
important that a compacted specimen not be remixed and used over
again. With the mold and collar clamped to the base, about half
of the mixed clay was placed ir the mold. The surface was level-
ed by pressing lightly with a wooden plunger. The sample was
then compacted with a 5.5 1lb. (2.5 kg) standard hammer to conform
to the standard cgmpaction est procedures (1z,37% ft. 1b. per
ca. ft., (5.9 x 10° joules/m?’) of compacted volume). About 10 to
70 percent additional energy was arplied depending on the amount
of excess volume of coapacted clay. Actual moisture content of
the clav sample was determined separately, by oven drying a dupli-
cate sample at 110°C for 24 hours., The excess clay in the mold
was s<raped and leveled carefully up to the 2 in. (5 cm) mark
derth. The molded clay wes ready for testing in the permeability
cclumn, which was then ascembled and test fluid introduced.

Final fluid level in the graduated standpipe was adjusted very
precisely with the help of a pipet bulb. Temperature measure-
ments of the fluid were takan with a thermometer well immersed

in a reagant bott.e filled with the fluid. The open end of the
standpipe was firmly coverec with two layers of Parafilm and a
hypodermic needle was inserta2d through the Parafilm, Using this
technique, evaporation of so.vent was reduced to an insignificant
amount. If any clay-fluid system had a coefficient of permeabii-
ity less than 10-10 em/sec, the open end cf the standpipe could
be attached to a pressurized nitrogen tank and a constant pres-
sure in the range of 10 to 50 psi could be maintained. The co-
efficient of permeability 'K' in cm/sec was computed as:

K = QL/AH (30)
where Q is the flow of the percolate in ml per second, L is
the height of the sample in the column in e¢m, A is th2 cross
sectional area of tre sample in square cm, and H is the
average head of the fluid medium on the sample in cm.

The void ratio was calculeted from the actual moisture content
of the compacted clay.
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X-RAY DIFFRACTION STUDIES OF CLAYS IN CONTACT WITH SCLVENTS
AND SOLVENT MIXTURES

Clays (< 2 u diameter) separated by settling according to
Stokes' Law were used to study the effect of organics on lattice
spacxng. Approximately one gram of the separated clay was mea-
sured into a 250 ml Erlenmeyer flask containing 100 ml of treat-
ment solution.* The flask was then pleced on a gyroshaker and
run for 12 to 18 hours at 250 ~pm. The clay solution was sub-
sequently transferred to a polypropylene tube and centrifuged at
36,000 g for fifteen minutes. 2fter centrifuging, the super-
natant was decanted and the wet clay at the bottom of the tube
was smeared onto glass slides to form a thin, smooth coating.
The slides were then allowed to air dry for several minutes.
After drying, they were run in a Norelco X-ray diffractometer
and scanned at 2° 20 per minute from 2° to 30° 28 with copper
radiation. The 28 values of the peaks wera ccnverted to clay
lattice spacing in A.

Initially, difficulties were encountered in obtaining X-ray
data for clays in contact with the neat organiec iizvids. Ranger
Shale treated with benzene, for example, formed a Stlff mass
which did not adhere to glass. It was found, however, that add-
ing three drops of distilled, deionized water to the centrifuged
clay (as recommended by Hoffmann and Brlndley, 1960) facilitated
adhesion. The clay was then dried in a desiccator over ons for
15 hours, and X-ray patterns obtained.

DETERMINATION OF MAJOR IONS

Three clay samples were sent to the University of Texas-
Dallas Applied Research Laboratory where they were examined for
major iong using the electron microscope. Intensities of char-
acteristic X-ray lines were compared with the intensities from
reference oxide standards for Si, Al, Ca, Fe and K.

DETERMINATION OF SORPTION ISOTHERMS FOR VOLATILE ORGANICS

Considerable time was spent in developing 'a method for ob-
taining reliable sorption isotherms, partic*larly for the highly
volatile hydrophobic compounds being used in this investigation.
A review of the literature revealed a few helpful references on
this subject, although Sanks et al. (1975) did point out some of
the difficulties which they encountered in their unsuccessful
efforts to plot Freurdlich isotherms for benzene on several
clays. Although there are a number of papers which discuss the
sorption cf organic compounds from dilute aquatic solutions, no
successful work has been reported for highly volatile organic
solutes.

*Baker Analyzed Reagent Grade Solvents,
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Originally, it was proposed tc conduct sorption studics
with ?5 grams of clay mixed with 75 ml of solution in a 250 ml
Erienmeyer flask. The extent of sorption was to be determined
by measuring the difference between initial and equilibrium
organic carbton concentrations with the Beckmarn Total Carben
Analyzer. However, in a series of experiments using benzene and
Rarger Shale, several very serious sources of error wers encoun-
tered which necessitated extensive mcdifications cf the technique.

Despite the fact that Ranger Shale had a low organic carbon
content, 0.28 percent, there was sufficient organic material
leached from the clay to iInterfere with analysis. The presence
of humic acids and other carbon-containing compounds in solution
gave apparent equilibrium concentrations which were errcneously
high. In some cases, where sorption was low, the equilibrium
concentration actually exceeded the concentration of the sta.dard
solution. The problem was solved by using gas chromatography
which separated the compound of interest “rom interfering sub-
stances,

A second, somewhat more subtle, problem in working with
velatile organics was loss of vapor to the air space above the
solution. Initially, it was thought that the quantity of benzene,
for example, lost to the air space would be insignificant when
compared to the amount sorbed by the clay. However, as tihe
following calculation shows, vaporization to the air space can
be appreciable:

Suppose that 50 ml of §n aqueous benzene solution having a
concentration of 1.52 x 10" °M is placed in 100 ml volumetric
flask capped with a ground glass stopper, and that the tempera-
ture is 20°C. The initial number of moles in the system is
76 x 107° moles. The molecules will distribute themselves ac-
cording to Henry's Law whichcan be written as:

P/c = k (31)

partial pressure in atmospheres of benzene over
the solution,

¢ 3 concentration in mcles/l, and

k = 4.22 (Atm/mole) (at 20°C)

(Green and Frank, 1979)

where P

If ny is the number of molws of benzens in the lxquxd and N, is
the numbes of moles in the vapor phase, then the folloawiny
equations must be satisfied:
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ng + n, = 76 x 107% | (32)

g
and
P/C = (ngRTNQ/(ng/Vy) #{(ng) (82.02)(293.18)/50}/(ny/0.05)
= 480.3 ng/(ny/0.05) = u.22 (23)
where V_ = volume occupied by the vapor in cma, and

2
Vg = volume of the solution in liters.

30lving for n, gives 64.7 x .1.0'6 moles or a concentration of

1.29 x 10°3 moles/1l in the liquid phase. WUnder these condiiions,
a concentration charige of 0.23 mmoles/l can be expected as a re-
sult of vaporization alone. This is comparable to the amount
sorbed by the clays. Consequently, it is necessary to minimize
air space abtove the liquid.

While the escaping tendency for hydrophobic soclutes is
higher than for acetone which hydrogen bonds with water, the
vapor pressure ¢f acetone over aqueous solutions at low concen-
trations is also sufficiently high to warrant reduction of air
space above the liquid to a minimum. For examg&e, at a concen-
tration of 2000 mg/l (inole fraction = 6.2 x 10 ') the partial
pressure of acetone is 0.714 torr (V,ashburn, 1923).

A technique was developed for obtaining satisfactory iso-
therms for volatile solutes which involved *aking a number of
precautions to prevent evaporative losses. Standard sclutions
were prepared by using a variation of Marketos' method (Mar-
ketos, 1969) in which a small quantity of the sclute (ranging
from 50 to 2000 mg) was weighed into a $§ ml capped vial, The vial
was immersed in a dry ice-acetone slurry (for acetone, liquid
N, should be used) to freeze the contents. Once the liquid
was solidified, the cap was removed and the vial contents were
quickly transferred to a volumetric flask filled with one liter
of carbon free water and containing a stirring bar. Following
the practice of Bohun and Claussen (1951) in their studies of
hydrocarbon solubilities in water, the ground glass cap of the
flask was coated with silicone grease and securely taped. The
volumetric flask was then inverted a number of times to insure
mixing and the flask was placed on a magnetic stirrer for 2u
hours.

Chilled stock sclutions were transferred in a cold room
to a re-pipette bottle and an accurately measured volume of the
solution was added to a flask containing a weighed amount of
clay. For both acetone and the hydrophobic organic compounds,
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10 to 25 grams of clay per 100 ml of stock soluticn gave equi-
librium concentrations 5 to 50 percent lower than the ftock

solutions.

Flasks with the taped, silicone-coated stoppers which con-
tained the c¢lay, the sclution, and several steel balls (to pre=-
vent settling) were placed on a1 gyroshaker and swirled at 1590
rpm for 24 tc 4€ hours. The equilibration time used in this
work is consisten< with the prccedures of Hoffman and Brindlev
(1900), Huang (1471), and Alv and Faust (196t) and with obser-
vations in the cur-ent study that benzene sorption on Ranger
Shale is essentiaily complete within six hours (see Figure 6).

75

45

35k

Time (h»s)
Figure 6. Change in peak hefght (concentration) with time
for benzene sorbed oato Ranger Shale
Ari alternative procedure whicn alio gave good results ine-

v.1lved the use of stoppered bottles with ground glass caps.
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Mixing was accomplished by magrietic stirring in this case.

After equilibration, mixtures were transferred to polyprcpylene
centrifuge tubes, care being taken to avoid air space above the
mixture. Centrifugation was carried out at 3°C for five minutes
at 43,000 g. At this temperzture, no evapcrative loss of
benene or xylene was det:cted for solutions run in the absence
of clay. The time rejuired for essentially ccmplete compaction
of the clay was abrut cne minute; during this period the temp-
erature of the solution fell 2 vo 3°C. It is unlikely that a
significant shift in the equilibrium concentration, which is re-
ported for 24 t 30C, took place under these conditions. The
clear supernatant was analyzed using a Varian gas chromatograph
with a flame ionization detector. Table 1 lists the conditions
for analysis.

TABLE 1. CONDITICNS FOR ORGANIC SOLVENT ANALYSIS

Gas Flow Oven Relay

Rate Temp "~ Time

Compzund Packing (cc/min) (°c) (Min)
Acetone Chromasorb W 30 110 . 1.25
Benzene Chromasorb W 30 110 1.6
m-xylene Chromasorb W 30 110 2.0
Carbon Te+trachloride Chromasorb W S0 S £ Y1) 0.5

Throughout the course of this invastigation, improvements
in the method which might allow for more expeditious collection
of data or for better analytical precision were constantly
sought. In the last months of the project, 50 ml stainless steel
centrifuge tubes equipped with 0-rings were used to equilibrate
and centrifuge the samples in the same container, thus eliminat-
ing one of the transfer steps.

A recommended procedure consistent with the above fincd.ings
can be summarized as follows:

Weigh out three to fifty grams of clay into eac* of eight
50 ml stainless steel tubes. Place two 0.25 inch (0.6 cm)
diameter stainless steel balls into each of the tubes to insure
good contact between the clay and the organic solute. Add a
measured amount of solution sufficient to completely fill the
container; ca», and place on a gyroshaker at 225 rpm for a mini-
mum of 24 hours. Without transfer, centrifuge at room tempera-
ture for 20 minutes on a Beckman Model J-21B centrifuge (cooling
is not required with the stainless steel tubes). Then analy:ze
the supernatant fcr organic compounds of interest using a gas
<hromatograph.
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SECTION b6
RESULTS AND DISCUSSION

INTRODUCTION

Presented in this section are the characteristics of the
clays used in this investigation; the results of the work on
sorption of organics from dilute aqueous solutions onto clays;
swelling of clays in water, organic solvents, and solvent mix-
tures; permeability of clays to water, organic solvents and sol-
vent mixtures; and the behavior of clay lattices in contact with
various liquids (X-ray diffraction studies). Also presented is
a discussion of the results obtained on the effects of solvents
and solvent mixtures on the characteristics of the clay and soil
samples examined. '

CHARACIERISTICS OF CLAYS USED IN THIS INVESTIGATION

Particle 3ize Analysis

Particle size distribution is an important parameter in
characterizing the type of solid substrate. Size distributicns
for materials used in this study are presented in Table 2. The
particle gsize distribution for Parker soil was obtained with
and without Calgon polyphosphate dispersant in order to deter-
mine the effects of this material on particle size results.
From the data in Table 2, it is evident that Calgon had a meas-
urable impact on the particle size distribution of the Parker
soil. As expected, the deflocculant caused an increased per-
centage of the clay particle size fraction.

Table 2 shows verv righ clay content (particles of size
€2y without deflocculant) for all the samples except the Parker
84il. In terms of clay fractions, the materials used in this
study ranked in the following order: Kosse Kaoline > Fire Clay >
Ranger Shale > Parker Soil, It should »e pointed out, however,
that the 2u limit is somewhat arbitrary and that some clay miner-
als may exceed this size (Mitchell, 1976, p. 2u4),.

Clay Mineralogy

While it is generally not possible to predict the behavior
of clays and scils on the basis of their composition alone,
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Tatle 2

PARTICLE SIZE DISTRIBUTION*

. s Cla'\_! Sllt Synd
Sample “WeIght Percent

Ranger Shale

A ] 59
B 40 59
Fire Clay
A 4s 53 2
3 u3 56 1

Kcsse Kaocline

A 57 Ll
B ug 51
Parker Soil
A 10 70 20
B 11 71 18

rarker Scil (with
deflocc:ilant)

A 18 66 16
B 22 58 20

A and B are duplicates.

*'riiess5 otherwise noted, all samples were run without deflocculant,



clay mineralogy is of extreme importance in urderstanding the
physical and chemical behavior of soils. Mitchell (1978, p. 71)
hes called attention to the domirnating influence of the clay
phase by noting that "In general, the greater the quantity =f
clay mineral in the soil, the higher the plasticitv. the greater
the potential shrinkage and swell, the lower the permeability,
the higher the compressibility. the higher the true cchesion

and the lcwer the true angle of interral frictiocn."

Each of the clay minerals is characterized by a particular
structure. Kaolinite consists of a silicate sheet (Si,0:4)
bonded to an aluminum-hydrcxyl sheet in a two-layer stru%%ure in
which re;lacement of the aluminum and silicon ty other elements
is rare. In montmorillonite, the aluminum-hydroxyl sheet is
positioned between two silicate sheets stacked along the c-axis.
This arrangement allows for variable water content between the
layers; montmorillonite is known to expand in water and in other
polar liquids. Because substitution of other elements such as
iron, magnesium and zinc, for alumirum is possible, the chemical
composition of mon*morilloni<e is highly variable., Illite is a
general term relerring to 2 mixture of muscovite (a potassium-
rich mineral) and montmorillonite, hoth of which are three-
layered ¢ a3 s (Mason, 1953).

Results of the X-ray 4diffraction determination of clav
mineralogy »f ti.e samples evaluvated iIr tnis investigation are
presented in 'ible 3, The clay fraction of the Parker soil was
1) percent by weight; approximately 50 percent of the clay was
montmorillonite, 35 percent iilite, and 15 percent kaolinite.
The clay fraction of the Ranger Shale (50 percent by weight) was
compesed of a variety of clay types with about 10 percent being
montmorillonite. The clay fractions of the Kosse Kaoline and
Fire Clay were predominantly kaolinite with about § percent
illite-mica and 10 to 16 percent quartz. The amount of expand-
able layer clays was low in all clay-soils evaluated.

Moisture-Density Relationships

The moisture-density relationships for the solids used in
this investigation are plotted in Figures 7, 8, 8 and 10. These
figures display o well-defined relationship between moisture and
density., It has been found that the Harvard Minlature Compaction
unit is easy to handle and requires a much smaller sample to per-
form the test of this type than the larger units normally used.
I+ i35 sensitive to minor moisture changes. Its operatinn some-
what resembles methods used for compactiorn of clay liners for
industrial waste disposal pits., The clay-soils used in this
study for swelling and permeabllity measurements were packed at
the optimum moisture content determined frcm these figures.

Table 4 presents the optimum moisture content and corres-
ponding dry density for the solids under investigation. Parker
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Table 3

CLAY MINERALOGY

Percentige of Clay Fraction?®

Sample Illite- Chlorite- -
Kaolinite Quartz Mica Montmorilionite Amorphous Feldspar
Parker Soil A 1y - 35 51 - -
B 14 - 39 47 - -
Kosse Kaoline 85 10 S - - -
Ranger Shale 24 28 24 10 9 5
Fire Clay 78 16 6 - - -

®Values represent fracticn of the clay portion of the sample. Parker Soil was 10,5
percent clay; Kosse Kaoline ~ 53 percent; Ranger Shale, 40 percent; and Fire (lay,
44 percent. (See Tadble 2). No deflocculant used. '

A and B are duplicates,

Dash (-) indicates negligible amounts found.
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Taktle 4

CPTIMUM MOISTUREI CONTENTS

Optimum Corresponding
Sample ‘ Moisture Content Dry Density
(%) (1bs/£t3)  (g/ce)
Ranger Shale 17.5 108 1.73
Kosse Kaoline 31 85 1.36
Fire Clay 16 113 1.81
Parker Soil 18 116 1.86
Table 5§

ATTERBERG LIMITS

Plastic Limit Liquid Limit Plasticity Index

Sample Moisture Moisture Moisture
(%) (%) , (%)
Ranger Shale 36 46 10
Kosse Kaoline 38 50 12
Firs Clay 31 32 1
Perker Soil 22 26 Y
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Scil had the greatest dry density at optimum moisture contert,
followed by Fire Clay, Ranger Shale and Kosse Kaocline.

Fer a given soil sample, the maximum dry density represents
the minimum void ratio. That is, at maximum dry density the
ratio of the volume of voids to the volume of solid material is
a minimum. At maximum dry density, the porosity of a given
mater.al is, therefore, at its. lowest point. The dry dencsities
reported here are scmewhat higher than those determined by
Sanks et al. (1975) who measured values ranging from 60 to
95 1b/Ft37(0.96 to 1.52 g/cc) for six different Texas soils.
The moisture content and dry density were used to calculate the
void ratio. (See discussion of Permeability.)

Atterberg Limits

The values for the Atterberg Limits for the solid substrates
are presented in Table 5. The plastic and liquid limits were
in the order Kosse Kacline > Ranger Shale > Fire Clay > Parker
Soil and the plasticity index followed the order Kosse Xaoline >
Ranger Shale > Parker Soil > Fire Clay.

Mitchell (1976, p. 173) has collected data on Atterberg
Limits for various clays and these indicate that montmorillonite
has the highest liquid and plastic limits (100 tn 900 percent
and 50 to 10G percent, respectively) followed by illite (60 to
120 percent and 35 to 60 percent) and kaolinite (30 to 110 per-
cent and 25 to 40 percent). These data are for various
ionic forms and the ranges of values reflect the dependencv of
soil plasticity on the type of substituted cation. The Atterberg
Limits obtained in this study are quite low when compared with
the ranges given by Mitchell for pure clays. This is probably
due to the high perccntage of silt in the samples evaluated in
this study.

Odell et al. (1960) have shown that the Atterberg Limits
can be correlated with the percent clay in a soil and have pre-
sented equations relating liquid and plastic limits and plastic-
ity index to the perc«ntage of particles less than 0.002 mnm
(clay). 1In general, liquid limits observed in this study were
smaller than those estimated on the basis of Odell et al.'s
equations, while observed plastic limits were larger. The
measured plasticity indices are thus considerably lower than
predicted. Other factors besides percentage clay, such as per-
cent organic carbon and percent montmerillonite clay also in-
fluence plasticity and these could in part be responsible for
the observed differences.

Seed et ai. (196u4) have related the plasticity incdex tc the
tendercy of a clay to undergo swelling. In general, the higher
the plasticity index, the greater the total expansion of the
clay when exposed to water. The plasticity indices determined
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in this study suggest that Ranger Shale and Kosse Kao}ine should
expand mcre than Fire Clay. This trend was observed in this
study anc is commented on in a later section of this report.

14

{Z2e section on Swelling.)

~aticn Zkzhange Zapacity

The cation exchange capacities (CEC) of the solid substrates
examined are presented in Table 5, The Kosse XKaoline, Fire Clay,
ar.d Parker Soil had CEC values ranging from 11 to 14 me3/100 g,
whereas the value for the Ranger Shale was about 54 meq/100 g.
The CFC of montmorillonite typically ranges from 80 to 150 meq/
100 g as compared with 3 to 5 meq/109 g and 10 to 40 meq/100 g
values for kaolinite and illite, respectively (Grim, 1953). The
low CEC values obtained are in keeping with the generally low
montmorillonite content of these clays.

TABLE 6. CATION EXCHANGE CAPACITY

Catior Exchange Capacity(TEC); [meq/100 3)

Sample Test No. 1 Test No. 2 Vﬂ Average
Kesse Kaoline 13.4 13.3 13.4
Fire Clay 11.2 11.2 11.2
Panger Shale 54.8 54.0 S5u4.u4
Parker Soil 13.4 lu.8 1%.1

Cation exchange capacity might Le expected to have a
marked effect on the capacity of a soil to attenuate the move-
ment of heavy metals frocm a landfill to groundwater supplies.
The effect of CEC on the movement of epolar organic solvents
has not been investigated.

Exchangeable Tations

Ranger Shale, Kosse Kaoline and Fire Clay were examined for
exchangeable Na, X, Ca and Mg. The results which are presented
in Table 6A, indicate that for all these clay-soils, calcium was
the dominant exchangeable cation. Na and K were present in
relatively small amounts and magnesium could not be detected in
- any of the samples. Ranger Shale, which had the highest CEC also
had the larges*: amount of exchangeable calcium.
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TABLE 6A. EXCHANGEABLE Na, K, Ca, AMND Mg
(meq/100 g)

Sample Ca Mg Na K
Fire Clay 9.7 - 0.5 0.3
Kosse Kaoline 4.6 - 2.0 0.3
Ranger Shale 59 ] - 1.0 0.7

PDash (-) indicates none dmatectable.

Major Ions

The three clay-scils used most frequently in tests with or-
ganic solvents in this study, namely Ranger Shale, Kosse Kaocline,
and Fire Clay, were analyzed for major elements using the Applied
Research Laboratory Electron Microprobe. Five of the major ele=-
ments in each clay were determined using the electron microprote
and their values are expressed in weight percent of oxide in
Table 7. As expected, in all clays used, the dominant cation
determined was Si and the second most dominant was Al,

The relatively high percentage of potassium in Ranger Shale
was a reflection of its substantial illite content, illite being
a clay-sized muscovite (K;Al,(SigAl;)0,(0H)y), or a muscovite-
montmorillonite mixture, The iron present in the Ranger Shale
probably substituted for aluminum in the aluminum-hydroxyl unit,
as in the mineral nontronite.

Kosse Kaolir.e was the richest in calecium while Fire Clay
was characterized by a high aluminum content. Ther2 are no
apparent correlations between major ion content and other proper-
ties reported herein.

Total Carbon and Carbonate Content

The percent total carbon and percent carbonate content of
the test soils are presented in Table 8. Al:. four test samples
contained low percentages of both total carbon and carbonate
with the Ranger Shale, Kosse Kaoline and Fire Clay containing
less than one percent total carbon. The Parker soil contained
approximately three percent total carbon. The carbonate content
ranged from zerc in the Kosse Kaoline and Fire Clay to approxi-
mately 0.4 percent in the Parker soil. The higher carbonat~
content in the Parker soil is to be expected ¢ e it is from a
calcareous area containing large amounts of dei. iial limestone.
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Lee and Jones (.978) have commented on the ability of organic
carbon ty increase the sorptive capacity of soils for certain
types of organic pollutants. It also appears to be the case
(see section on Swelling) that clays having a high organic carbon
content swell more extensively in organic (waste) liquids than
clays with a low organic content. The significance of this is
discussed in a later section.

TABLE 7. MAJOR ION CONTENT CF CLAYS STUDIED
(all valies in weight percent of oxide)

Clay Fe203 -K20 A1203 Cal SiO2 Total
Ranger Shale 6.10 2.35 15.13 3.11 4L2.88 69.57
Kosse Kacline G.3u 0.21 27.4 9.36 41.28 78.59
Fire Clay 1.37 0.74 35.29 4L.03 50.67 $2.10

TABLE 8. TOTAL CARBON AND CARBONATE CONTENT
Sample % Toial Carbon % Carbcnate
Ranger Shale A 0.61 0.32
B 0.60 0.33
Average 0.60 0.32
Kcsse Kaoline A 0.11 0
B 0.12 0
Average 0.12 0
Fire Clay A 0.03 0
B 0.03 0
Average 0.03 0
Parker Soil A 3.16 0.ul
B 3.19 : . 0.u2
Average 3.18 0.u2

A and B are duplicate tests
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ZFFECTS OF ORGANIC SOLVENTS ON CLAY LATTICE SFACING

He=ray diffraction data were collected for the clay-soils
which had been in contact with solvents and with solvent mix-
tures. Values of 28 were converted tn lattice spacings by using
the Bragg relationship., All data for pure solvents are presented
in Tables 9 through 12. The purpose of this part of the invaesti-
gation was to examine the effect of solvents qn clay lattice spac-
ings in order to determine whether or not a correlation could be
found betweer, lattice spacing and permeability. The existence c¢f
such a correlation would enable permeabilities to be pradicted
from easily-obtained X-ray diffraction measurements.,

Initial work focused on the effect of water, acetone, carbcn
tetrachloride, xylene, trichloroethylene (TCE) and aqueous mix-
tures of these organic solvents on Ranger Shale. Data for the
n2at liquids are presented in Table 9. Examination of these
values indicates that there is little, if any, relationship be-
tween the lattice spacing and solvent type. The d(001) values
ranged from 13.95 & for TCE to 14,34 R for acetcne, with no ob=-
vious correlation between the spacings and molecular properties.
Furthermore, the spazings were all sufficiently close to the
d(001) value for Ranger Shale in contact with water that, giveg
the errors to be expected in these measurements (* 0.2 to 0.3 A),
it was concluded that what was being observed was the spacing for
the Ranger Shale-water znfeﬂlayer complex. This indicates that
in the presence of atmosgheric moisture, or in the presence of
even the small amounts of water dissolved in the nominally pure
orga.aic liquids, Ranger Shile will preferentially form a charac-
teristic water complex with possibly complete exclusion of the
organics from the interlaver region. The data in Table 13 show
that this is true for the mixtures as well., (It should be pointed
out here that the mixtures are, with the exception of acetone-
water, two-phase systems where the aqueous phase is saturated with
organis component and the organic phase is saturated with water.
Solvent systems of this type would be in contact with clay in a
typical disposal pit). This behavior can be explained if inter-
calation is recognized to be a competitive process wherein mole-
cules in the treatment solution compete for sites around the
interlayer cation. Water, because it is a small, highly polar
molecule, can effectively out-compete any of the organics studied
here for solvation sites in the clay, even when it is present ir
relatively minute amounts.

Barshad (1952) discussed the problems involved in forming
characteristic clay-organic complexes and showed that for a num-
ber of weakly polar molecules, such a complex can only be formed,
if at all, by dehydration of the clay at temperatures up to 250°C,
SBenzene, even under the extreme conditions used by Barshad, gave
n> complex. Olejnik et al, (1974) in their study of the mont-
morillonite swelling In polar liquids, found 1t necessarv to pre-
treat the clay by heating at 150°C arJd 4 x 10=% mm of mercury to
remove traces of water. They alsoc tcok care to scrupulously dry
the xmmerszon liquid over a molecular sieve for several days.
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TabLl v,

RESULTS

vt

X-K

AY

DIFFRATIUN MLASUREMENTS 0t Alk GRIED

RANGER SHALE ATTUR LAPOSURE Tu VAKIUUSL SOLVLNTS

[
Solvent ~ Values of 28 _ _ _.._Calculated Values of dJd(A) _
- Ist nd 3rd yth L 6th Tth Ist 2ad rd Wth Sth 6th Tth
Acetone A v.? 8.8 12.9 17.0 /0.9 4.9 20 ./ 163 10.vu 1.1 5.0 “. ) 3.0 3.3
B - 8.7 12.3 17.7 20.9 4.8 26.6 - la.2 1.2 5.0 u.3 l.¢ 3.3
Xylene A 6.3 8.8 12.8 17.8 21.0 25.0 26.7 1v.0 10.0 7.1 5.0 6.2 3.6 3.3
R 6.2 . 8.9 12.n 17.8 20.9 2v.9 26.7 1v.1 9.9 7.1 $.0 “.? 3.6 3.3
CQrbon
Te<rachloride A 6.3 9.8 12.% 17,9 20.9 2.0 26.7 Is. U 10.0 7.1 5.0 u.? 3.t 3.3
0.2 8.8 12.3 17.7 20.6 2%.9 26.6 1.2 10.0 1.2 5.0 v.3 3.6 3.
Trichloro-
ethylerne A 3.3 8.9 12.v 17.98 21.0 24,95 26.7 ) U 10.0 7.1 5.0 v.? 3.6 3.3
8 5.4 8.9 12.% 17.8 20.8 2.0 26.7 13.8 10.0 7.1 5.0 w.3J 3.8 1.3
Water® A 5.1 8.9 12.4 17.9 20.9 25.0 6.7 1%, 10.0 7.1 5.0 “.3 3.0 l.iA
B 3.2 8.8 12,4 17.8 20.9 24.9 26.6 | ] l10.cC 7.1 5.0 “.3 3.6 3.3
A 6.3 - - - - .. - 1%.1] - - - -
B 3.2 - - - - - 16.2 - - - -
A 5.2 - - - - - - 18,2 - - - -
B 3.2 - - - - - - 1v.3 - -

A and B are replicat: saesples.
%) sets of duplicates run.

Dash (-) indicates not measured.
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TOULE 19.

RESULTS OF X-RAY DIFEFYACTION MEASUREMEN1S FOk AIR-DRIED
MOSSE XAOLINE IN CUNTACT wWITH VARIOUS SOLVENTS

Va.ues of 20

2
Calrulated Values ot d(A)

Solvent ot Trd T BETY 3 ~— 3 ~ & th fth  Tst Tnd Ird  &th Sih £th 7th
Acetone A 5.6 8.9 12.4  17.8 22.6 250 26. 1s.8 9.9 7.1 5.0 1.9 3.6 5.3
8 5.6 8.3 12.%  17.8  22.% 5.0 26. 15.7 9.9 71 5.0 3.9 3.6 3.3
Fenzene A 5.2 8.9 12.«  17.9  22.6 25.0 16. 17.0 9.9 7.1 ) 3.9 3.6 3.3
B 5.1 8.8 2.4 17.9  22.6  25.0  26. 17.3 10.0 7.2 5.0 3.9 [ 3.3
Xylene A S8 8.8 i2.e  17.8 22.6 25.0 26. 16.¢ 10.0 7.1 5.0 3.9 3.6 3.3
8 . 9.8 12.8  17.7  22.5 24.0 26 16.2 10.0 71 5.0 39 16 3.3
Carbon
Tetrachloride A 5.6 8.8 12.  17.8 22.6 25.0  26. 1.7 10.0 7.1 $.0 3.9 3.6 3.3
B $.6 °.8 12.4 17.8 22.% 25.0 26. 15.9 10.0 1.2 5.0 u.0 3.6 3.3
Trichloru-
ethylene A 5.8 8.9 12.4  17.8  22.8 25.3  26. 16.0 9.9 7.2 5.0 39 3.6 3.3
B 5.6 8.8 12.¢  17.7  22.8 25.0  26. 15.8 10.0 7.1 5.0 33 3.6 3.3
Water A 5.3 8.8 12.«  17.8 22.6 25.0 26. 16.8 10.0 7.1 5.0 1.9 3.6 3.3
) sl 8.9 12.% 17.8 22.S 25.0 26, i7.3 9.9 1.3 5.0 1.9 3.6 3.2

A and B are replicate

Samples.



TABLL 11, FKLLULTS Ut N-PAY DIFFRACTION MIALVRLMENTS FOF ALR-DRILL
FIRE CLAY IN CONTACT WMITH VARIUVUS SOLVENTS

E]
vValues ot 29 Calculated Vaiues ot Jd(A)

h9

Solvent 1st 2nd irg wth Sth 6th 7th 1st nd 3rd uth Sth 6ih 7th
Acetune A “.h 8.9 12.2 17.7 22.7 24.9 26.7 15.8 9.9 7.2 S.0 3.9 3.6 3.3
B PR} 8.8 12.2 17.7 22.5 25.0 26.0 16.v 10.1 7.2 S.0 3.9 3.6 3.3
Benzene A $.2 8.9 12.2 17.8 22.% 25.0 26.7 17.0 9.9 7.2 5.0 4.y J.6 3.3
B 3.2 8.% 12.1 17.7 2. 2%.7 26.5% 16.9 10y 7.3 5.0 Y. 9 3.6 3.
Xy lene A 5.0 8.9 12.3 17.7 22.5 25.9 26.7 17.8 10.0 7.2 5.0 1.9 3.6 3.3
8 $.3 9.0 12.2 17.7 22.6 24,9 26.80 16.6 3.8 7.2 5.0 43 K Y 3.3
Carbon
Tetiach.orie A $.% 8.9 12.2 17.9 22.% 2%.0 26.7 16.1 9.9 7.2 5.0 3.0 1.6 3.3
B 5.8 8.8 12.3 17.9 22.5 2%.9 26.6 16.4 10.1 7.2 5.0 1.4 3.6 3.2
Trichlor-
ethylene A $.9 8.8 1¢.d 17.8 22.% 25.0 26.7 16.1 10.0 7.2 5.0 4.9 3.6 3.
B $.% 3.7 12.2 17.6 22.) 28,9 26.6 6.1 10,2 7.3 5.0 .0 3.6 30
Water A 5.6 8.9 12.5 17.9 22.8 25.2 27.0 15.8 10.0 7.1 $.0 3.3 3.8 3.
[} 5.8 6.9 12.3 17.8 22.5 25.0 26.8 16.3 10.1 1.2 5.0 3.9 3.6 3.

A and B are replicate

samples.
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T2BLE 12. RESULTS OF X-RAY DIVFRACTION MEASUREMENT™ FOR AIR-URIED
PARRLR SCIL IN CUNTACT WITH VAPIOUS SOLVENTS

B
Solvent Values of 2¢ Calculated Values of d(A)
Ist nd Ird wth Tth 5th Sth 1st 2nd Ird uth Sth 6th
Acetone A 6.5 8.7 12.6 17.0 3.1 26.7 "9.4 13.6 10.1 7.0 $.2 3.6 3.3 3.0
B 6.3 8.9 12.0 16.4 e3.1 6.7 29.9% 14.0 9.9 7.9 5.3 3.8 3.3 3.0
Benzene A 6.3 8.3 12.5 16.9 21.0 26.7 29.% 18.0 10.7 7.1 5.3 3.9 1.3 3.0
8 6.2 8.3 12.» 16.9 T Es 26.7 29.5 .2 10.7 7.1 $.2 3.8 3.3 3.0
Xylene A 6.4 8. 12.9 16.6 23.1 26.8 29.5§ 13.8 10.5 6.9 5.3 3.8 3.) 3.0
B 6.8 8.5 12.5 16.3 22.0 26.6 29.% 13.8 10.4% 7.1 S.u% 3.9 3.9 3.0
Carbon
Tetrachloride A 7.0 8.9 12.2 16.9 23.0 26.6 29. % 12.6 10.0 7.3 $.2 3.9 3.9 3.0
6.2 9.1 12.2 16.5 23.1 26.7 29.5 1v.3 9.7 7.2 S.4 3.8 3.3 3.0
Trichloro-
ethylene A 7.6 9.5 12.% 16.5 23.1 26.7 29.% 11.6 10.% 7.2 5.4 3.9 3.3 3.0
B 7.6 8.9% 12.8 16. % 23.1 26.6 29.5 11.6 10. % 7.1 5.v 3.8 3.3 3.0
Water A 6.v 8.1 12.1 16.6 23.2 26.80 29.5 13.8 11.0 7.3 $.3 3.8 3.3 3.0
B 6.6 8.8 12.3 16.2 23.1 26.7 29.5 13.3 10.0 7.2 5.5 1.8 1.3 3.0

A and B are replicate samples.



TABLE 13, RESULTS CF X-RAY DIFFRACTION MEASUREMENTS OF AIR

DRIED MCONTMZRILLONITE AFTER EXPOSURE TO VARIOQUS
SOLVENT-WATER MIXTUKES

Treatment So.ution Mean Vaiue of d (&)

(*clume % Crganic) ilst 2nd rd
£% Acetone iL.36 1C.0u 7.13
5 14,44 10.090 7.1%
25 lu.48 12.0u 7.16
5% 14.38 10.10 7.13
7% 1u.50 10.21 7.13
100 14.34 10.10" 7.158

*
0% Carbon Tetra- (lue.23) 14.26 10.00 7.1u
chloride

) 14.13 9.95 7.12
25 (14.03) 14,315 9,494y 7.13
£) ' (l8.22) 14.21 9.3¢€ 7.13
1249 1u.,12 10.02 7.13
$% Xylene (1lu.31) 13.88 9.9u 7.12
25 (14%.04) 1,02 9.96 7.10
50 (1%.23) 14.13 9.97 7.12
100 14.08 9.96 7.13
5% Trichloroethylene 16,13 9.96 7.13
25 1u.26 10.013 7.12
50 13.94 10.02 7.12
130 13.95 9.94 7.13

-]
* /alues for 1lst d(A)for additional run.

Since this study centers on how clays behave when in contact
with crganic solvents under conditionrs approximating those in the
fleld, such measures as dehydrating tne clay and the immersion
ligquicd were considered unnecessary and indeed, inappropriate.

From the work with Ranger Shale, it appears that when an
orzanic liquid conteining small quantities ~f mnisture (as would
be tne case in the field) is in contact with air-dried clay, *he
lattice spacing (4(231)) will bte that corresponding to the clay-
water complex (~14,2A) regardless of the organin solvent involved.
That i3, there is no penetration c¢f organic mclecules into the
inter-layer spaces.

After the s3%udy of Ranger Shale, it was decided that only
pure solvents should be looked at since mixtures appeared to
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yieid little interpretable information. Samples of Kosse Kacline,
Fire Clay and Parker Soil in contact with six solvents were X-
raved and the d(301) values were computed. These are summarized in
Table l4. Similarities in lattice spacings regardiess of ‘solvent
were 2gain ap:zarent. For example, the d{(00l1) value for Kosse
Kaoline in acetone, xylene, CCl, anc¢ TCZ were all in the vicinity
of 16 A. The similarity of effects of water and benzene, two
highly dissimilar solvents, appeared to be anomalious. valuez for
Fire Clay in acetone, CCly, TCEL and water are also abocut 1 ’
with benzene and xylene being slightly greater. For Parker Soil,
d(001l) values were all close to }u with the exception of TCE
which gave a spacing a full 2.§ lower.

A rationale has been preserted for the constancy of the lat-
tice spacing for Ranger Shale in a variety of solvents running
the gamut of molecular properties. The sane explanation applies
to the other clays. The exceptions noted abecve are more difficult
to acccunt for and no attempt will be made to do so in this report.

TABLE 1lu. d(001l) SPACING FOR CLAYS IN CONTACT
WITH PURE SOLVENTS

\\\\\~\\\S;ay Fire Xosse Ranger Parker
Zolvent Clay Kaoline Shale Soil

o~
Acetone 16.08 15.78 lu, 34 13.79
Benzene 16.9F 17.16 - lu.07
Xuiane 17.18 16.36 lu,03 13,79
CClu 16.26 15.78 1u.12 14,26
TE 16.09 15.869 13.9% 11.62
Water 16.07 17.07 1u,26 13.57

2ash (-) indicates not measured; see previous discussion in
Me~hods Secztion.

SORPTION ISOTHERM STUDIES

In waste disposal areas, sorption »nto the native soil or
clay liners is one of the most important mechanisms relied upon
for preventing the movement of hazardous materials from the dis-
posal arec to groundwater. This characteristic is ~rucial in
explaining and predicting the permeability of a soil or clav to
water and organic solvents,
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Transport of contaminants is primarily determined by the
permeability of the material through which this solution is
passing. As previcusly discussed, the permeability of clays
csuid be markedly afferted by organic solvents. However, even
if the cliays are sufficiently permeable tc allow transport of
the liquid consisting of a water-crganic mixture, the orgzanic
Is ornly of consequence in affecting groundwat2r quality if the
clay sorption capacity for that orgaric is exceeded. Therefcre,
it tecomes important to learn something about the extent of
sorptior of organics on clays. This is an area that has received
attention in this study.

Tables 15,16, and 1~ present the data collected for the
sorpticn of various organic compounds on Ranger Shale, Kosse
Kaciine, and Fire Clay. These data were used to define the
Freundlich isotherms according to: (Glass*one, 1955)

leg(x/mi= (log K)+ ((1/n) lecg C,) “(34%)
where x = amount scrbed in millimoies,
m = mass of clay in kg, and
C, = equilibrium concentration of the solute in
©  millimole/1l.
X and n = empirical constants

The ox»dinate, x/m, was calculated as follows:
w/m = ((Cy - CeIV)/m (3%)

where C; = initial concentration in millimole/l and
v volume of solution in contact with c¢lay, in 1.

Th2 Freundlich isotherms for the organic sclvents on the three
clays are presented in Figures 1L through 24. Lines of best fit
were determined visua.ly. It appears that sorption in these
sryanic-clay systems generally obeyed the Freundlich relation-
ship as evidenced by the linear relationships seen in Figures
il +hrough 26, The rreuncdlizh equation constants, K and n, were
ttained Irom tne plcts and are reported in Table 18. The values
©! these constants arc useful in estimating the amounts of sorp-
tion of the solvents on clays under various conditions and solute
and clay concentration rarnges.

or
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TAEBLE 15. SCRPTION OF ORGANIC SOLVENTS ON RANGER SHALE

(25 ¥ 3%)
Initial Ceonc. tquilibrium Conc. Wt. of Clay Amount Scorbed
(mM) (mMoles) (grams) (mMoles/kg)
Benzene
18.5 17.1 5.0u 29.8
9.22 8.00 10.01 13.4
1.56 1.u46 5.u% 1.8u
m-xylene
1.55 0.749 10.07 3.75
1.55 0.767 10.03 3.09
n.899 0.528 10.12 1.83
J.504 0.388 10.03 0.58
0.5Cu 0.37% 10.06 0.62
Acetone
39.16 37.07 25 8.36
1¢.9u 14.75 25 4.76
3.87 3.06 25 3.24
Carbon Tetrachloride
9,09 5.50 20 lu.36
3.08 - .83 20 5.00
2.29 1.60 20 2.76
2.29 1.u40 20 3.56

69



TABLEZ 18.

SORFTICN OF CRGANIC SCLVENTS CN KOSSE KAOLINE

(25 * 3%, .
nitial Equilibrium Zone. Wt. of Clay Amount Sorbed
(M) (mMoles) (grams) (mMoles/kg)
Benzene
12.56 15.3 5.03 65.6
9,7¢ 3.6¢8 1.65 3€.3
1.50 1.53 1.02 2.94
1.55% 1.6 5.03 1.99
m-xylene
1.50 0.875 1.08 28.9
1.20 0.812 2.13 22.1
1.00 0.686 6.03 12.9
1.0C ~0.638 g8.02. 11.3
1.00 0.539 5.09 7.3
Carbon Tetrachloride
L.3 1.23 3 43.0
L.32 1.39 4 29.1
4,92 1.39 5 21.9
4,32 1.33 6 17.4
L, 3?2 1.12 12 6.33
4,932 0.88 18 4.0u
£.92 0.66 18 2.60
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TABLE 17. SORPTICN OF ORGANIC SOLVENTS IN FIRE CLAY
(25 % 300)
Initiai Conc. Equilibrium Conc. wt. of Clarv Amount 3orbed
(mM) (mMoles) (grams) (mMoles/kg)
Benzene
22.8 12.55 3 157.2
22.8 9.85 6 59.5
22.8 8.98 12 46.1
22.8 8.61 18 27.6
22.8 7.86 24 18.7
22.8 7.88 30 12.4
22.8 6.25 4?2 6.7
m-xylene
1.85 0.3u48 12 5.00
1.85 0.333 18 2.95%
1.85 0.290 24 1.95
1.85 0.2u9 23 1.33
1.85 0.185 L 36 1.06
Carbon Tetrachloride
1.55 1.18 20 4.62
1.55 0.98 30 4.75
2.68 2.11 20 7.12
2.68 1.84 30 7.00
3.70 2.63 20 13.40
3.70 2.u48 30 10.16
5.12 3.32 20 22.37
5.12 3.22 30 15.83
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TABLE 18. FREUNDLICH EQUATICN CCNSTANTS
FOR SORPTION OF ORGANIC SOLVENTS
CNTO CLAYS

System n K
@-xylene/R.S. - 0.30 7.5
LCLu/R.S. 0.77 1.9
3enzene/R.S. .93 1.2
Acetone/R.S, 2.72 2.0
m-xylene/K.K. 0.2y bz
CCly/K.K. 0.22 7.2
Benzene/K.K. 0.68 1.3
m-xylene/F.C,. 0.36 72

Cly/F.C. 0.93 ' .0 _,
3enzene/F.C. p 0.18 2.2x10
F.S. = Ranger Shale
K.K., = Kosse Kaoline
F.C. = Fire Clay

One way the results of the sorption tests of the various
sclvents on The three clays can be compared is if the amount of
organic sorbed is computed at a single equilibrium concentration.
Comparable sorption values across solvents or sordbents can be
obtainad Ly extrapolation or interpclation of the x/m value
which corresponds to an equilibrium concentration, (e, of 1 mil-
limolar. These x/m values for the systems tested are presented
in Tablie 13.

These values can be interpretecd in tne following manner:
If one kilogram of Kosse Xaoline, fcr example, is placed in an
effectively infinite reservoir of a 1 mM acueous solution of
m-xylene, then the clay would sorb 42 mill:imoles of the organic
compound. Examnination of this table indicates that a greater
amount of m-xylene tends to sorb per unit mass of clay than
either CCl, or benzene. 1In general it appears that a greater
amount of carbon tetrachloride than benzenz2 wouild sorb onto
clays. It is importan* to emphasize that these conclusions are
based on the 1 mmolar equilibrium concentraticn of the solvent
in contact with the clay and do not apply to substantially dif-
{erent concentration ranges. However, for Ranger Shale, where
n increases from m-xylene through acetone, it can be supported
using equation 34 that relative sorption is .r. the order
m-xylene > CCly > benzene > acetone for all equilibrium concen-
trations, Ce.
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TABLE 19. SORFTION OF CRECANIZ COMPGCUNDS ONTO CLAYS
AT EQUILIBRIUM COHCENTRATIONS OF 1 mM

(values in mmoies/kg)

PO ng Ccranos/ - . .
soaute o Water Fartitisn  TAnger _Kosse Fire -
Cilay foerficiont® Shale Kaoline Clay
m- ylere 3.25 7.5 L2 72
Aarwon
recrachloride 2.64 1.3 7.2 4.0
Banzere 2.13 1.2 1.3 2.2x10”"
AZetone -C.2u 2.0 - -

indicates not measured.
nsch e+ al. (13%£3).

The x/m value obtained for acetone at Cg=l mM (7 mmoles/kg)
falls within the range observel by Sanks et al. (1375) who
found that acetone was sorbed by Texas clays to the extent cf
3.8 to 1) mmoles/kg. They observed similar values for phenols.
The extent of xylene uptake measured in the current study was
c-nslderably greater than the s~-rption of apolar DDT determined
oy Sanks et al. (1975). This is surprising since xylene is 4
more hydrophobic, less scluble substance than LDT and its sorp-
tion would be expected to have been less.

In light of the 4ifficulties in determining sorption ten-
derncies of highly volatile organics and in light of the goal of
developing a model to predic*t +the behavior of solvents and
s>ivent mixtures bLased on mure easily measured characteristics
.1 the solvent(s) and the clays, it is c¢ value to determine if
the sorption tendency of a scivent can te related to one of its
mure readily measvreable characteri-t:cs. PBavughman and
Lassiter (1978) suggested *that the physical driving force for
srntion of molenules from aguecus solution is the fugacity, or
tne es3-aping tandency of the solute freom scliution. One readily
“Ltainable measure of the escapying tendency <f a substance is
i+5 nctanol/water partition coefficient, P, Zefined as the
233ilisriuwn coencentration of a substance, 1, in octanol, 2ivided
L 1t3 ¢nncentration in water when a small amount of i is
#iiilitrated with an immiscible mixture of water and octanol,

e,

en
ey
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P = [C (oct)] / [C;(H 0)] (36)

Thus, it might be expected that the greater the octanol/water
partition coefficient, the greater the extent of scrption from
aquecus soluticn cnto a given clay-soil. The octanol/water par-
tition ccefficients for the organics tested are presented in
Table 19. For Ranger Shale, Xosse Kaoline, and Fire Clay the
order of sorption from the 1 millimolar solution paralleled the
order of the log of the octanol/water partition coefficients,
i.e., m=xylene, with the highest lcg P value, showed *ne greatest
sorption, and benzene, with the lcwest log P value, showed the
least sorption at a C_ of 1 millimole/l. An exception was the
sorption cf acetone off Ranger Shale which was somewhat greater
than for benzene at 1 mM. It wculd be exp.cted, thererore,-'that
substances such as ri-Xylene which have large P values or high
escaping terdencies from aqueous solution would be taken up and
immobilized by clays to a greater extent than benzene, for ex-
ample, which has a smaller P value,

Based on the limited data collected it also appears that
clay-soils having a high total weight percentage of kaolinite,
such as Kosse Kacline (45 percent) 2nd Fire Clay (34 percent),
have a larger sorptive capacity for apolar or weakly polar com-
po.ads than clay-soils with iow kaolinite content such as Ranger
Shale (9.6 percent). Based on these results it appears that coils
rich in kaolinite will tend to reduce the concentration of hazard-
ous, hydrophobic compounds in the aguaric environment to a greater
degree than thcse clay-3oils which are welatively poor in this
mineral.

In the permeability section of this report it will be argued
thac the large and unexpected difference in the permeability of
clav-soils to water on the one hand, ¢1d to several organic s5o0l-
vents covering a range of bulk and molecular properties on the
other, is due to the ability of the clay-soils to strorgly sorbd
and therefore *o impede the motion of organic molecules through
the ceolumn, It is at this juncture that the sorptive properties
of clay-soils - organic systems becomes crucial in explaining and
predicting the results of columr. tests and of field experiments,

As a final note on the sorption studies, it was observed
that meta-xylene appeared to undergo isomeric conversion to jara-
xylene in the presence of Ranger Shale. A comparison of chroma-
tograms for the m-xylene standard soluticn (Figure 21) and tte
same standard solution after 24 hours' contact with Ranger Shale
(Figure 22) shows the appearance of a distinct new peak having
the same retention time as p-xylene after exposure of the standard
solution to Ranger Shale. 'When a solution containing a mixture of
ortho, meta, and para isome ‘s of kylene was left in contact with
Ranger Shale for a three we:k period, the height of the peak assc-
ciated with p-xylene increesed reiative to tie others. Figure 23
is the chromatogram of the initia’ ,rylene solution; Figure 2&
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shcws the increase In the h2ight of the para-xylene peak after
lcnper term expesure tc Ranger Stale, This phencmencn was nct
Investizated furgner, SHut 1t suggests that possible micro-
sislegical acztivity &f rthe clav-scils mignt piay a role in the
cvansformarion or dacrnpesizion of organic molecules in the
snvirenment, and might have @ praoncunced effect on parameters
zunh as permeabilivy ‘see permeabllity discussion).



SWELLING ©F CLAYS IN CONTACT WITH WATER, ORGANIC SOLVENTS, AND
SOLVEINT MIXT'.RES

Another characteristic of clays which must be considered in
evaluating the potential of & given systen to transport orgaric
solvent wastes i1s the solid's tendency to shrink or swWwell upon
exposure to a liquid 3uch as water and wastes disposed of on
land. It is important then to determine the effect that organic
colvents and solvent mixtures mav have o1 thic parameter. If a
sclvent causes ar expancdable layer clay *n sw=21l, this action
could aid in waste retention:; however, 1f it caused the lattl._.e
*o shrink, additicnal transport of contaminants through a clay
liner mav result.

Results

Data on shrink and swell characteristics of the clays in
contact with the various solvents and solvent mixtures examined
are tabulated in Appendix “ables A 1 through A 25. The percent
swell of the clays during contact with each solvent and solvent
mixture tested is plotted as a functior of time in Figures 2%
through 48; smooth curves were fitted to the data visually.

Benzene =3used the two clay-soils tested (Ranger Shale and
Fire Zlay) to shrink prior to causing them to swell /Figures 25
and 26). In the case of Ranger Shale, after shrirking by 0.07 per-
cent, the clay swelled rapidly, reaching an egquilibrium of about
0.05 percent swell after a total of abcut three drys' exposure.
For the fire Clay exposed to ben:ene there was a three-day lag
period prior to the shrinking (by 0.03 percent) during whirh
swell to about 0.03 percent was noted. Overall, benzene caused
tre Fire Clay to swell *o a greater cdegree than kanger Shale,
equilibrium at about 1.3 percent swell was reached after 28 days.

Xylene caused both Rarger Shale and Fire Clay to shrink
(Figures 27 and 28). TFor Loth clays equililrium was reached a*
about 28 days; maximum shrinkage of Ran‘,er Shale was about (.1l
percent and of Fire Clay, about 0.25 pe cent. Xylene cau.,ed the
¥osse Kaoline to swell C.2 percent in about two cays (F.igure 29).
The clay then apreared to gradually shrink by about 0.04 percent
over the next 20 days of exposure.

Carbon tetrachloride caused Ranger 5Shale to swell after an

approximately six day lag period (Figure 30). By the luth day

of exposure the clay had swelled by 1.1 percent where [t remainec!
for the duration of monitoring. The carbon te*rachloride caused
t2th the Kosse FKacline and Fire Clay to shrink (Figures il and
32). The Kosse Kanline shrank by about 0.013 percent in ‘he
first cday and maintained that level for about two weeks when the
apparent equilibrium percent shrink increased to about 0.026
percent., Fire Clay showed a iinear cecreace in size until day 7
when it reached an ejuilibrium of about 0.63 percent shrink.
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Fach cf the three clay=-soils exposed to trichloroethylene
showed a different shrink-swell response. Ranger Shale (Figure
33) swelled bv 1 percent over a several day period. Kosse Kao=-
lire (Figure 3u4) showed a gradual shrinking by about 0.1 percent
during trhe first 32 days of exposure. During the following 12
davs, it showed a net swell of about 0.6 percent. Fire Clay
(Figure 35) showed a swell of about 0.6 percent by day 2; the clay
then shrank by about 0.53 percent during the following two weeks'’
axposure. Its net equilibrium result was about u.C7 percent
swell.

Acetone caused the Range~ Shale, Kosse Kaoline and Fire Clay
to> swelil, each reaching equilibrium in about one day (Figures 36,
37, and 38). Ranger Shale swelled by about S percent in the first
day and equilibrated at about 4 percent swell by about the second
day of exposure, Kosse Kaoline swelled by 8.5 percent and Fire
Clay by 3.5 percent.

The last solvent tested on each clay was deionized water,
For all clay-soils, it caused greater swelling than any of the
other pure solvents tested. Duplicate swell measurements were
made using Ranger Shale in deionized water. The data in Appendix
Tabl2s Al6 and Al7 show that in the first run, at equilibrium, the
clay-soil had swelled by 11.55 percant and in the second run, by
11.83 percent. The rates of swell and swelling profiles (Figures
39 and 40) are the same within experimental error. The difference
in the two values indicates that the relative error to be expected
for these measurements is on the order of 2 percent. Kosse Kaoline
in water also swelled by about 11 percent in about § days (Figure
41); Fire Clay swelled by about 8 percent in 12 days (Figure u2)..
For the same solvents tested, ncne of the three clays consistently
showed greatest amcunt of swell; Ranger Shale and Kosse Kaoline
tended to shrink 1o a greater extent than Fire Clay, however,

For the pure organic solvents tested witi. Fire Clay, benzene,
acz2tone, and trichloroethylene caused a net swell (in order of
decreasing amount of swell) and xylene and CCl, caused net shrinke
ing. Exposure of Kosse Kaoline to acetone, richloroethylene, and
xylene resulted in n=t clay swelling (in order of decreasing per-
cent swell) cver the period monitored. Carbon tetrachloride
caused Kosse Kacline to shrink.

Expcsure of Ranger Shale to pure metharol (Figure u43),
glycerol {(Figure 4u), carbor tqtrachloride (Figure 30) and tri-
chloroethylene (Figure 33) resulted in clay swell (in order of
decreasing amount of net swell) whereas xylene caused Ranger Shale
to shrink.

Percent swell of Ranger Shale was tested using three acetcne
benzene mixtures; 25/7%5 mcle % acetone/benzene (Figure u45);
50/50 mole % acetone/benzene (Figure 46); and 75/25 mole §
acetone/benzene (Figure 47). In the 285/75 acetone/benzene solu-
tion Ranger Shale showed an initial shrinkage as was seen with
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the pure benzene solution (Figure 25), The clay-soil swelled
after the first day by about 5.5 percent durirg the following
two weeks' exposure. That percent swell was maintained for the
following three weeks when the test was terminated. The Ranger
Shale swelled to a greater extent when exposed to the 25/75
acetone/benzene mixture than when exposea to either pure benzene
(about 0.05 percent) or pure acetone (net L percent in two days)
(Figure 36).

Tne 50/50 mole percent acetone/benzene mixture caused
Panger Shale to swell by about 2.2 percent during the first two
days' exposure, shrink by about 0.4 percent by day 6, then
t0 steadily swell by a net of 4 percent when the test was ter-
minated (day 36) (Figure 46). Equilibrium was not apparently
reached during that time. The 75/25 mole percent acetone/ben-
zene mixture caused the Ranger Shale to behave in a manner
similar to whei it was exposed to pure acetone (Figures 47 and
36). Response to the mixture was not rapid as it had been in
the pure solvent, however,

The 50/50 volume percent xylene/deionized water immiscible
mixture (Figure u48) caused the Ranger Shale to shrink by about
0.15 percent during the first four days (as seen for pure xylene
(Figure 27)), and then increase essentially linearly to a maximum
of about 0.9 percent swell bty day 34 when the test was termi-
nated. Pure deion%ied water had caused the clay to equilibrate
at a percent swelllof about 11 percent after several days ex-
posure. ‘

The 50/50 volume percent acetone/water mixture caused
Ranger Shale to equilibrate at about 11 percent swell after
about one week of exposure (Figure 36). This response was
essentially the same as the response to exposure to pure water
(Figure 39).

Discussion

One of the clay-soils (Ranger Shale) contained measurable
amounts of montmorillonite. Montmorillonite is an expandable
layered silicate mineral, each laver consisting of an aluminum
octahedral sheet between two tetrzhedral silicate sheets. The
forces holding the negatively charged montmorillonite layers
together are weak electrostatic interactions between the ex-
changeable interlayer cations and either the surface oxygen (if
one adopts the Hoffman-Endell-Wilson structure) or the surface
hydroxy groups (if the Edleman-Favejce structure is accepted)
(Theng, 1974).

X-ray investigations have shown that water or other polar
liquids can penetrate into the interlamellar regions of montmo-
rillonite and cause expansion along the c-axis. Olejnik et al.
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(1974) have pointed out thot the degree of swelling (as measured
by X-ray diffraction) of montmorillonite in water depends on a
variety of factors including the polarizing power of the exchange-
able cation, the hydrostatic pressure, and the salt concentration
of the swelling liquid solution. For the case of non-aqueous sol-
vents, Barshad (1952) examined the effect of the dielectric con-
stant «f the immersion liquid on interlayer spacing and found

that the degree of swelling of dehydrated montmorillonite and
vermiculite increased with increasing dielectric constant when
the clays were immersed in polar liquids (such as alcohols and
xetones) of similar dipole moments. However, low dielectric
liquids such as benzene, pentane, hexane and octane caused no
interlayer swelling as detected by ¥-ray diffraction. Since me-
chaﬂ-cal swelling of clays in low dielectric media was observed

in the current study using the consolidometer, an explanation is
required.

While the purpose of this study was neither to provide a
detailed mechanism for the swelling process, nor to sort out the
significance of each of the numerous molecular and ionic proper-
ties affecting that process, an attempt has been made to corre-
late the swelling data with certain bulk or molecular chardc-
teristics of the clays and solvents under investigation.

Sinze swelling experiments were done not with the pure cla
but rather with a sample of the clay-soil containing water (optimum
moisture content), the interlayer cations of the montmorillonite
were probably hydrated to an appreciable degree before the clay
was immersed in the test liquid. Walker (1961) demonstrated
that this water of hydration is of two types: the first, Water
I, is d1“ectly coordinated and thus strongly bound to the inter-
layer cartion; the second, Water II, is indirectly linked to the
cation through the primary hydration shell., This second type
of water is more labile than the first and hence more susceptlble
to replacement. Interlayer swelling of Ranger Shale in a given

liquid can, therefore, be attributed to any or all of the follow-
ing:

1. Direct solvation of an unsolvated or partially solvated
interlayer cation (Type I interaction).

2. Indirect solvation of interlayer cations through'bridg-
ing waer molecules (Type II interacticn).

3. Replacement of either Type I or Type II water, or
both, by molecules of the immersion liquid. This
would only be expected for highly polar molecules.

Evidence that water and polar organics generally interact
w1th exchangeable cations to cause interlayer swelling, rather
than with the negatively charged s ilicate sheets, has been pro-

90



vided by infra-red spectroscoty (Mortland, 197C). For e given
clay sample, it seems reasonable that preogerties such as the
dipole moment and the polarizabilitv of the molecules of the
immersion liquid, or the “ulk dielectric constant of the liquid
itself, shnuld be related to tre degree of swelling.

It is known that the interlayer swelling discussed above
can cause at most a doubling of the volume cof the dry clay. The
greater degree of swelling o“ten observed for montmorillonite
and other clays requires that a second mechanism be postulated.

The surface of a clay particle ca- be thought of as a nega-
tively charged area on which water molecules are adsorbed and
to which cations are attracted by coulombic forces. Because of
thermal agitation, cations are not rigidly bound to the surface
but instead form a diffuse ion layer (diffuse double layer)
whose average distance from the negatively charged surface de-
pends upon such factors as ionic charge and dielectric con-
stant of the medium in which the particle is immersed (typically
water). The interaction of the diffuse ion layers associated
with two adjacent particles i3 important in determining the ex-
tent of swelling. '

Interparticle swelling can be envisioned to occur in the
follcwing manner. If a clay is immersed in water, there will be
a tendency for the water to be adsorbed at negative particle
surfaces, as long as the free energy of the adsorbed water is
lower than that of the free water. This adsorbed water will
force adjacent particles apart causing expansion. Van Olphen .-
(1963) refers to this stage as short range particle interaction,
or swelling due to surface hydration. It has been estimated
(Yong and WArentiR, 1975) that when the inter-particle distance
exceeds about 15 A, diffuse ion layers -- ones associated with
each particle surface -- begin to form. Since the concentration
of ions is higher in the region between particles than in the
pore water itself, water molecules will move in response to
this concentration gradient into the interlayer region. Addi-
tionally, so-called "osmctic swelling" results. Van Olphen
(1963) calls this longer-range particle interaction either
osmotic swelling or electrical double layer repulsion.

X-ray data obtained in the current study show that the
various solvents used did not cause interlayer swelling to occur.
It can be concluded, therefore, that the expansion of clays
observed in consolidometer tests was the result of some combina-
tion of short-range and long-range repulsion between particles,
that is, interparticle swelling.

For double layer repulsion, those factors which tend to
increase the extent of the double layer near a particle surface
also tend to increase the swelling potential of a clay or soil
(Mitchell, 1976, p. 118). According to the Gouy theory, double
layer thickness, 1/K, is determined by the following relationship:
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(1/K) # [(ekT) / (snnoe232>19 (37)

where € is the dielectric constant, n. is the electrolyte con-
centration, 2z is cation valence, e is the unit electrical charge,
k is the Boltzmann constant and T is absolute temperature. From
this it can be seen that an increase in dielectric constant of
the immersion fluid should cause an increase in the thickness of
the diffuse double layer rnear a pavticle and that this shculd
lead to enhanced repulsion and swelling.

Table 20 presents the dipole moments and dielectric con-
stants for the solvents tested and the resulting swell for Ranger
Shale, Kosse Kacline and Fire Clay. First, it should be noted
that even the two substances having zero dipole moment, carbon-
tetrachloride and benzene, caused some expansion of clay exposed
to it. Second, and more importantly, it can be seen that there
is a rough relationship betwecin the degree of expansion and the
magnitude of the dielectric constant, as predicted by the Gouy
Theory and as shown in FTigures 4% a, b, and ¢. (Plots of per-
cent swell vs € (dielectric constant) showed better linearity
than plots using ek% as might be suggested in equation 37.)

In Figures 49 through 51, percent swell caused bv each sol=-
vent is plotted as a function of the solvent's dielectric con-
stant for each of the three clays studied. In all cases, the
solvents with high and intermediate dielectric constants (water
and acetone, respectively) caused the clays to swell much more
than those solvents in the low dielectric range (benzene, xylene,
carbon tetrachloride and trichloroethylene). The deviation from
linearity suggests that during swelling experiments some of <he
adsorbed water remained attached to the clay surface. This
would cause the dielectric constant to be higher than expected.

Interestingly, the montmorillonite content of the clays
appeared to have little effect on the degree of swelling. That
is, Ranger Shale, which was the only clay-soil to contain mont-
morillonite, swelled 11.7 percent in water, the same as Kosse
Kaoline which contained no measurable montmorillonite. The sol-
vents with low dielectric constants caused about the same degree
of swelling i1 all three clays. The fact that there is no cor-
relation between the percent expandable layer silicate (mont-
morillonite) and the degree of swelling reaffirms the conclusion
that for these systems, interlayer expansion is of relatively
little importance.

Not shown in Figure 49 is the point for methanol. Ranger
Shale swelled more than 1l percent in this solvent but the re-
sult was vitiatad by the fact that a dense bacterial or fungal
growth occurred throughout the liquid and the clay. It seems
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TABLE 20. PERCENT SWELL OF 1EST CLAYS IN CONTACT WITH LIQUIDS COMPARED TO
DIELECTRIC CONSTANTS AND DIPOLE MOMENTS OF LIQUID

Im@ergion Dielectric* giﬁgi:‘ Equilibrium Perceqt Swel}
Liquid Constant (Debyes ) Ranger Shale Kosse Kaoline Fire Clay
Water 79.38 1.82 11.7 11.7 8.2
Glycerol 42.5 - 5.3 - -
Methanol © 3207 2.87 11.uk# - -
‘Acetone 20.70 2.69 4.0 8.7 4.0
Trichloroethylene 3.42 0.80 1.0 0.6 0.1
Carbon
tetrachlorida 2.24 .0 1.1 -0.03 -0.6
o Benzene 2.28 0.0 0.05§ - 1.3
“ Xylene 2.32 0.3 -0.11 0.16 -0.15

®After Riddick and Bunger (1970).
*%See text discussion.

Dash (=) indicatzs not tested.
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clear that the extent of swell was influenced by this growth,
The phenomenon should provide an interestir.g future investiga-
tion.

While the dielectric constant of the solvent plays the majoi-
rcle in determining swell properties, a more subtle factor for
the hydrcphobic solvents is the percent organic carbon content
cf the clay. 1In Tahle 21, degree of swelling and milligrams
organic carbon per gram clay are presented. For all these three
hydrophotic solvents studied cn three clav-soils, an increase
in percent swell was cbserved with an increase in organic car-
bon content from Fire Clay with 0.3 mg C/g, to Kosse Kaoline
with 1.2 mg C/g, to Ranger Shale with 2.8 mg C/g. This is
likely the result of Vap der Waal's interactions between sol-
vent molecules and the organic substances contained in the clay-
soils.,

TABLE 21. PERCENT SWELL OF CLAYS DUE TO HYDROPHOBIC SOLVENTS
IN RELATION TO ORGANIC CARBON CONTENT OF CLAY

(values are percent swell)

Solvent Fire Clay Kosse Kaoline Ranger Shale

(0.3 mg C/g) (1.2 mg C/g) (2.8 mg C/g)
Xylene -0.25 0.16 -0.11
CCIU -0.6 -0.03 1.1
TCE 0.1 0.6 1.0

For a number of clay~solvent mixtures, the phenomenon of
shrinkage has been observed., The clay-organic systems have
therefore been classified into four categories, depending on
whether they exhibited only swelling, only shrinkage, or some
combination of the two (Table 22). Typically, those solvents
which caused swelling only were polar liquids while those which
caused only shrirkage were apolar. However, there is no one
generalization that can be applied to Table 22.

The behavior of a clay in a given organic solvent depends
upon a complex array of factors. Thermodynamic equilibrium
will be attained once the fnllowing two conditions are satisfied
(where u is chemical potential):

&, H.0 H.O
w 2 o=yl (38a)

clay soln.
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b. org org.

"} sy (38bd)
clay soln.

Condition 38a states that the chemical potential of the
water in the clay is equal to the chemical potential of warter
in the organic solvent. Condition 38b states that the chernical
potential of the organic in the clay is equal to the chenmical
potential in the solution (traces of water dissclved in organic
liquid).

TABLE 22. CLASSIFICATION OF CLAY-ORGANIC SOLVENT SYSTEMS
ACCORDING TO SWELL FROPERTIES

~Swelling Swelling Then Shrinking Then Shrinking
Only Shrinking Swelling Only
R.S./H,0 R.S./Acetone R.S./Benzene R.S./Xylene(N.S.)
R.S./Gylcerol K.K./Xylene K.K./TCE K.K./CClu(N.S.)
R.S./Methanol F.C./Acetone F.C./Benzene F.C./CClg(N.S.)
R.S./CClu F.C./TCE
R.S./TCE F.C./Xylene(N.S.)

K.K./Water
K.X./Acetone

F.C./Water

R.S. = Ranger Shale K.K. = Kosse Kaoline
F.C. = Fire Clay TCE = Trichloroethylene
N.S. = Net Shrinkage (Net Swell

observed unless indicated
otherwise)

Two transfer procesgsses occurred during the experiment,
namely, the transfer of some water from the clay to the sol-
vent, that is dehydration of the clay; and transfer of solvent
from the liquid into the clay. Depending on which one of these
processes predominated at equilibriuwr, the clay would either
swell or sihrink. For thcse clay/solvont systems which undergo
swelling, there is a net transfer of liquid into the clay; for
those systems which undergo shrinkage, there is net transfer
in the opposite direction.

The factors which favor movement of water out of the clay

are a) interleyer cations with small charge/radius ratio, and
b) relatively high water solubility in the organic liquid.
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Factors which tend to favor movement of the organic into the clay
are a) weak intermolecular forces in the liquid itself, and b)
strong interactions of the organic molecules either with clay
cations or with organic materials found in the clay.

The situation as outlined above is sufficiently complex at
‘the molecular level %¢ preclude predicting at this time the ef-
fect of a given solvent on a giver clay. Even an analysis of
the elemental composition of the =lays has not provided the basis
for a rationalization of the observed behavior in terms of inter-
actions at the molecular level.

While the degree of swelling depends upon thermodynamic
factors, the rate is a matter of kinetics. Whether swelling
precedes shrinking or vice-versa is determined by the relative
rates of transfer of water out c¢f the clay and for organic
solvent into the clay matrix. Table 22 shows that, in most
cases, the latter process cccurs more rapidly causing swelling
of the clay.

The behavior of carbon tetrachloride and xylene deserves
additional comment. Of all of the solvents studied these
were the only ones which caused a net shrinkage to occur in
scme of the clays (see Table 22). Carbon tetrachloride
caused Kcsse Kaoline and Fire Clay to shrink while xylene
brought about shrinkage of Ranger Shale anc¢ a net shrinkage
(after initial swelling) of Fire Clav. In all experiments in-
volving these solvents there was shriﬁﬁige at sor.e time during
the run. In column tests discussed in the next section,-
Xylene, benzene, and carbon tetrachloride tended to "break
through" tne clay plug in the permeameter chamber, that is,
they exhibited bulk flow, often instantaneous, through the
colunn. This phenomenon can probably be attributed to the fact
that these solvents cause clay shrinkage, which results in the
formation of channels either in the bulk of the clay or between
the clay and the permeameter walls. This points out the pos-
sibility that under field conditions, solvents which cause
shrinking and cracking of liners might be transmitted abruptly,
in bulk, to the surrounding groundwater. Based on this study,
however, the prcblem should be expected only for solvents of lcw
dielectric constant in the absence of water.

Since industrial wastes will, in most instances, be dis-
posed ¢f as mixtures, an effort was made to understand how
simple binary solutions behave and to explain this behavior,
where possible, in terms of the properties of the individual
ccmponents. Swell properties were determined for Ranger Shale
in three acetone/benzene mixtures ranging in composition from
25 to 75 mole percent; in an immiscible mixture of xylene and
deionized water; and in an acetone/water solution. The results
are summarized in Table 23.
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TABLE 23. SWELL PROPERTIES OF RANGER SHALE IN
FIVE SOLVENT MIXTURES

Percent
System Swell Comment
2% moled acetone/
75 mole% benzene 5.75
50 mole$ acetone/ System not at equili-
50 mole% benzene 5.7 brium
75 mole% acetone/
25 moled benzene 4.6
S0 volume$ xylene/ System far from equili-
S0 volume% water 0.8 brium :
59 volume% acetone/ .
50 volume% water 11
benzene 0.05 Net swell
acetone u
xylene -0.11 Net shrink
water 11.7

The conclusion drawn from these data is that in mixtures of
solvents, a clay will tend to swell as though it were immersed
in the component of higher dielectric constant only. That is,
Ranger Shale swelled about 11 percent both in pure water and in
the 50 percent acetone/water mixture. In the three acetone/
benzene mixtures, the percent swell ranged from 4.6 to 5:75,
which compares closely to the 4 percent swell observed for Ranger
Shale in pure acetcne. Thus it appears thet a clay selectively
sorbs that component of a miscible solvent mixture with which it
can interact more (most) strongly. Since tihe driving force
for swelling is the energy lost when surface or interlayer ions
are solvated by molecules of the swelling liquid, it seems
reasonable that the more polar component of the mixture (water
in the case of acetone/water mixtures; or acetone in the case
of acetone/benzene) should be preferentially imbibed by the clay.

The significance of this observation is that it suggests
that in cases where a disposed solvent might cause a clay liner
to shrink and crack (e.g., xylene or CCl,), that solvent should
be co-disposed of with a liquid such as dcetone or water, which
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would prevent this from occurring. This possibility will be
discussed in the next section.

Concluding Remarks

The swelling and shrinkage behavior of clays and soils in
contact with water has been a subject of major interest to the
civil engineer for many years. Swelling of soils can have a
profound impact eon the integrity of building foundations and
pavement; cracking, often associated with shrinkage, can have
adverse effects on the stability of dams and embankments.

In general, shrink-swell behavior has received little at-
tention in the literature from those concerned with the storage
of waste materials in landfills. For example, Sanks et al.
(1975) investigated the suitability of clay beds for industrial
waste storage and reported in some detail on the characteristics
of the clays used. Fuller (1977), who studied the movement of
various metals :in soils also discussed a number of important
factors to be considered in selecting disposal sites. In
neither report, however, was snarink-swell behavior discussed.

Also virtually absent from the literature are reports
dealing with the effects of organic liquids on the behavior of
soil. As Mitchell (1876, p. 125) nected in his discussion of
the effects of the low dieclectric solvent ethanol on the extent
of the diffuse double layer, "detailed consideration of the in-
fluence of dielectric consta:t may seem academic because the pore
fluid in soils usually is water." Mitchell went on to say that
there may be certain cases where 2il or waste chemicals could be
the pore fluid. These cases, however, have apparently not re-
ceived wide attention.

The clays and soils used in this study all had low plasticity
indices according to the criteria of Holtz and Gibbs (1956)
and it is not surprising that the measured volume increases
were generzlly sinall (maximum ~ 12 percent), even for immersion in
water. The greatei degree of swelling observed for the Kosse
Kaoline and Ranger Shale in water (11.7 percent) when compared
with Fire Clay (8 percent) can be explained in terms of the
higher plasticity indices for the former clays. The results
here agree with expectations based on the work of Seed et al.
(19¢€u).

The cbservation that organic liquids caused swelling to occur
in consolidcineter tests but did not change the characteristic
interlayer distance, d(00l1), for the clays, indicates that the
mechanism for volume change is interparticle repulsion. This
conclusion is supported by the fact that the high dielectric
liquids cause greater swelling than low or intermediate di-
electrizs, in keeping with the general theory of clay particle
interactions.
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The clay organic content, recently discussed by Lee and
Jones (1978) in relation to scvrption, was established as an
important factor governing the percent of swell of clays in
nonionic hydrophobic solvents.

Shrinkage was observed for some clays in carbon tetrachlor-
ide and xylene, probably as a result of clay dehydration by
these solvents. In nature, shrinkage of clay soils also occurs
as the result of changes in moisture content and is often asso-
ciated with cracking. The cracks formed in dehydrated clay
soils can conduct wastes through an otherwise impermeable
material (Yong and Warentkin, 1975). The results of this study
suggest that certain solvents of low dielectric constant hava
an ability to cause shrinkage and cracxking and might, therefore,
cause damage to clay-lined pits. This implies that co-disposal
measures, which have been discussed by Streng (1976) for
hazardous inorganic wastes, might also be employed for spent
industrial solvents. The results of work with mixtures in the
current study suggest that low dielectric liquids be mixed

*with those of higher dielectric constant in such proportions
as to give a smooth swelling curve.



EFFECTS OF ORGANIC SCLVENTS CN PERMEABILITY

The coefficient of permeability is probably the single most
important laboratory-determined parameter for predicting the
movement of hazarcous solvents through clay liners. However,
this is one parameter which can be measured only over long
periods of time (typically on the order of a menth), using equip-
mer.. which is neither commercially available nor readily con-
structeble., One of *he objectives of this research has been to
relate the coefficient of permeability to more readily measurable
parameters of clays and solvents in order that permeability might
be estimated under a variety of circumstances.

Results

Permeability data were collected on 15 clay/solvent systems.
These data are presented in Appendix Tables B 1 through B 19.
Figures 52 thrcugh 70 show the coefficients of permeability over
time.

For mest of the pure organic solvents tested, Ranger Shale
showed patterns of decreasing permeability for the first five
to ten days, before a plateau was reached. After eight days'
axposure to benzene, Ranger Shale exhibited breakthrough (Figure
$2). The permeaibility of Ranger Shale to xylene equilibrated
after about ten days at 4 x 10-% cm/sec {Figure 53); the per-
meability to carbon tetrachloride reached an apparent equilibrium
of 25 x 109 cm/sec after about four days (Figure 54). Equi-
librium permeability of Ranger Shale to trichlorocethylene,
2 x 10-9 cm/sec, was reached after about two weeks whereas
that of acetone, 2.5 x 10-9 cm/sec, was reached after approxi-
mately one month's exposure (Figures 55 and 56). Equilibrium
permeability of Ranger Shale to methanol was about 15 x 10-°
cm/sec and was reached after about three weeks of exposure
(Figure 57); for glycerol, permeability at equilibrium was
0.9 x 10-9 cm/sec after about a week's exposure (Figure 58).
The permeability of Ranger Shale to deionized water remained
mcre or less constant at about 38 x 10-9 cm/sec during the one
month's monitoring period (Figure 59).

The permeability of Kesse Kasline to m-xylene (Figure 6C),
acetone (Figure 8l1) and deionized water (Figure 62) appeared to
decrease during the first week or so of exposure and then in-
Crease to a plateau level., For xylene an equilibrium permea-
bility ccefficient of about 50 x 10-3 cm/sec was reached after
about 24 days; for acetone, the equilibrium was about 65 x 10-9
cm/sec and was reached after about three weeks; and for de-
ionized water, equilibrium of 220 x 10~9 cm/sec was reached
after about two weeks.

As was found for permeability of Kosse Kaoline to xylene,
acetone, and water, the permeability of Fire Clay to xylene

10¢
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(Figure 63), acetone (Figure 64), and water (Figure 65} de-
creased ir. the fiist week of exposure, remained low for 1.5

to 2 Weeks, and then increased. It appears that xylene broke
through _after maintaining a permeability coefficient of about

1 x 103 em/sec. Equilibrium levels for acetone and deionized
water were 7 x 10-9 and 13.5 x 10-9 cm/sec, respectively; both
reached equilibrium after about four weeks., The coefficient of
permeability of Fire Clay to trichloroethylene decreased over
the first month of monitoring to an equilibrium level of about
2.5 x 10-9 cm/sec {(rigure 66).

There was considerable scatter in the coefficient of per-
meability values for Ranger Shale with mixtures of 75/25 mole
percent acetone/benzene and 50/50 mole percent acetone/benzene
such that patterns over time were difficult to determine (Fig-
ures 67 and 68). Equilibrium vaiues of about 7.5 x 10-9 cm/sec
and on the order of 15 to 20 x 109 cm/sec, respectively, were
found for those systems. The permeability of Ranger Shale to
the 25/75 mole percent acetone/benzene mixture appeared fairly
constant at about 5 x 10”9 cm/sec over time (Figure 69). Per-
meability behavior over time did not appear to be related to
that fourd for either the benzene or acetone pure systems.

Figure 70 shows the permeability over time of Ranger Shale
to a 75/25 mole percent acetone/carbon tetrachloride mixture.
Behavior appeared similar to that for acetone alone, although
equilibrium was reached more rapidly and the equilibrium per-
meability was somewhat higher (9 x 10~9 cm/sec) than that for
acetone.

Table 24 summarizes the values of equilibrium permeabilities
of the clays to the pure solvents tested. Ranger Shale showed
greatest permeability to carbon tetrachloride and water (discount-
ing the benzene breakthrough), and least permeability to glycerol,
trichlorocethylene and acetone. Both Kosse Kaoline and Fire Clay
showed greatest permeability to water (discounting xylene break-
through), followed by acetone. For all solvents tested, Kosse Kao-
line was much more permeable than either Ranger Shale or Fire Clay.

Initially, experiments were carried out in an air condi-
tioned room without careful temperature control. Large daily
fluctuations in K under these conditions were probably due to
changes in room temperature, which had the effect of increasing
or decreasing the volume of fluid in the permeability chamber,
This volume change was then reflected as a rise or drop of the
meniscus in the 8 mm diameter graduated standpipe. After the
initial runs with water and Ranger Shale, experiments were con-
ducted in a temperature contro.iled room in order to minimize
scatter in the data.

The most common pattern observed in the permeability data
was an exponential decrease in K during <he early stages of the
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TABLZ 24. EQUILIBRIUM PERMEABILITIES OF CLAYS TO ORGANIC
SOLVENTS AND WATER

(x 10~9 cm/sec)

Ranger Kosse Tire
Shale Kaoline Clay
Benzene 2 (Break) - -
Xylene ) S0 1l (Break)
Carbon tetrachloride 25 - -
Trichloroethylene 2 - 2.5
Acetone 2.5 65 7
M:thanol 15 - -
Glycerol ) 0.9 - -
Water 38 229 13.5 -

Dash (-) indicates not measured.

experiment followed by a gradual leveling off as the system
approached equilibrium. Variations in K with time have been
reported in the literature by a number of investigators (Allison,
1347; Bodman, 1937). Poulovassilis (1972) studied the factors
governing this phenomenon for water and aqueous solutions in
contact with natural clays and showed that by far the most pro-
nounced reductions in K were caused by microbial production of
gases, and consequent clogging of soil pores. Because of evi-
dence for microtial activity observed during the sorption and
swelling tests conducted during the current study, it is possible
that the decline in K with time was due in pavt to microbial
production of either CO, or CHy during the early stages of the
experiment when organic concertrations in the column were still
sufficiently low tc be non-toxis (see Alexander, 1961 for a
discussion of the effect of soil microorganisms on organic com-
pounds).

In addition to microbially incduced changes in K, changes
arising from a reduction in the pore space geometry of the clay
also seem plausible. Poulovassilis (1972) has used this ex-
Planation to account for the 15 percant decrease in hydraulic
conductivity (coefficient of permeability) observed with steri-
lized soils where microbial action was not a factor.

What is perhaps most striking about the permeability data
collected during the current study is the fact that each of the
organic solvents when in contact with a given clay had equili-
brium permeability values which were smaller than that of water
on the same clay, by an order of magnitude in most cases. Ac-
cording to Davis and De Wiest (1966), the coefficient of per-
meability K, can be determined by:
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K = ed® (y/u) : (39)
where ¢ = dimensionless constant or shape factor which
includes grain size, packing ani porosity,
d = average pore size of the porous mediunm,
Y = density of the solvent, and
¥ = viscosity.

If the first two terms (¢ and d) are taken to be characteristic
of the clay or soil, the coefficient of permeability will depend
upon the ratio v/u. Table 25 presents y/u values for solvents
evaluated in this study. Based on the equation above, most of
the organic solvents wnul” have been expected to move through
Rangar Shale between 1.k and 2.5 times more rapidly than water.
The results of the current study, however, which showed that
water had the highest permeability of all solvents tested, con-
tradicted this prediction. It is interesting to note that it is
likely that Equation 39 (basically yv/u) which was developed
based on permeabilityof saline solutions would likely have been
used as a basis for estimating the permeability of organic wastes
if this study had not been conducted. It is evident from the
results of this study that this approach is not appropriate

for organic solvents.

TABLE 25. DENSITY-VISCOSITY RATIOS FOR ORGANIC SOLVENTS

AND WATER

Solvent y (g/cc) o Ratie v/u
Water X.0 1.0 1.0
Clycerol 1.26 1412 8.9 x 10-4
Methanol . 0.796 0.551 l.44
Acetone 0.79 0.32 2.46
Trichloroethylene 0.79 0.34 2.32
Carbon Tetrachloride 1.59 0.100 1.59
Benzene 0.875 c.6u9 1.35
m-xylene 0.60 0.50 1.20

After Riddick and Bunger (1970).

It was mentioned earlier that the swelling of grains tends
to have a retarding effect on the transmission of fluids through
a clay by decreasing the pore sizes. UData have been examined,
therefore, for a possible correlation between the degree of
swelling and the permeability. Table 26 lists the values for
swell properties and coefficients of permeability for all single

1Zu



TABLE 26. PERMEABILITIES AND PERCENT SWELL FOR ALL SINGLE
SOLVENT SYSTEMS TESTED

Parcent Coeff;czent ?1 Permeability
Clay Soivent Swell (xx 10-3 com/sec)
Ranger Shale Benzensc 0.05 2 (Break)
Xylene -0.11 4
Carbon tetra-
chloride 1.1 25
Trichloro-
ethylene 1 2
Acetone 4 2.5
Methanol 11.u 15
Glycerol ‘5.3 0.9
Water 11.7 38
Kosse Kaoline Xylene 0.16 50
Acetone 8.7 , 65
Water 11,7 220
Fire Clay Xylene «0.25 1 (Break)
Carbon tetra-
o chleride -0.6 2.5
11 Acetone 3.6 7
l i Water 8.2 13.5

solvent systems tested. It can be seen that the markedly smal-
ler permeabilities of the organic solvents cannot be a“tributed
to attenuation of flow through swelling. In fact, the solvent
which caused each of the clays to undergo the greatest swelling,
namely water, had the largest coefficient of permeabllzty -~ a
result which directly conflicts with expectations based on
earlier work with aqueous solutions.

To account for the permeability results, it is necessary
to considar how an organic molecule (or water) might move
through a sorbing, porous medium containing interstitial water.
Such a medium has been described by van Genuchten and Wierenga
(1976) as consisting of the following five regions: (see’
Figure 71)

l. Air space

2. Inter-aggregate water
3. Intra-aggregate water
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Representation of water-containing clay

Figure 71.

After van Genuchten & Wierenga (1976)
(See text for discussicn of areas)
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4. A dynamic soil region, in contact with the inter-
aggregate water, where sorption can occur readily

5. A stagnant soil region where sorption can occur
only after organic molecules have diffused through
the surrounding intra-aggregate water.

Molecules of the permeant move by diffusion and cenvection
through the inter-aggregate water and at each stage along the
way are partitioned between the aqueous phase and the dynamic
soil region according to the Freundlich equation. Those mole-
cules which are weakly sorbed by soil particles tend to move
quickly through the aqueous channels. Hydrophobic substances
such as benzene, xylene, carbon tetrachloride and trichloro-
ethylene, which are highly partitioned at any instant onto the
soil or clay phase, would be expected to have lower permeabili-
ties than water and acetone. This model suggests a plausible
correlation between the coefficient of permeab’lity, whiah
measures the rate of movement of the permeant along the column,
and the octanol/water partition coefficient, which measures the
tendency of permeant molecules to escape from the aqueous phase.
Along these iines, Briggs (1973) has shown thit the rate of
movement of unionized pesticides through soils correlates with
their octanol/water partition coefficients.

It can be seen in Table 27 that, in general, for 2 single
clay-soil, the permeability of a liquid decreases as “he log
of its octanol/water partition coefficient, P, increases. Since
P is a measure of escaping tendency of the material.from water
(Baughman and Lassiter, 1978), it seems reasonable that those
substances least compatible with water should move most slowly
through the column. This gereralization seems to hold for sol-
vents on Kosse Kaoline and Fire Clay, as can be seen when the
coefficient of permeability is plotted against the log of the
octanol/water partition coefficient for solvents on these clavs
(see Figure 72 and Table 27). 1In both cases, the more positive
the value of log P, the smaller the value of K, or in other
words, the more hydrophilic the organic, the more rapidly it
moves through the clay. This relationship ¢did not apply as con-
sistently in the case of Ranger Shale, however, The three sol-
vents which exhibited anomalous behavior may have done so for
the following reasons:

1. Carton tetrachloride. Despite a high value for log P,
carbon tetrachleride had a coefficient ¢f permeability
much larger thar that of the other hydrophobic solverts
studied (i.e., benzene, xylene and trichlorcethylene).
This is possibly the result of its ability to cause
clay shrinkage. This is discussed below.
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TABLE 27. PERMEABILITIES AND GCTANOL/WATER PARTITION

COEFFICIENTS FOR SOLVENTS ON THREE CLAYS

Equilibrium Log Octanol/Water
Clay Solvent Coefficient of Partition
Permeabillity Coefficient

(x 10-9 cm/sec)

Ranger Shale Benzene 2 2.13
Xylene 4 3.15
Carbon tetra-
chloride 25 2.64
Trichloro-
ethylene 2 2.37
Acetone 2.5 -0.24
Methanol 1S -0.32
Glycerol 0.9 -2.506
Water 38 «1.15
¥osse Aylene 50 3.15
Kaoline Acetone 65  =0.24
Water 220 -1.15
Fire Clay Xylene 1 3.15
Carben tetra-
chloride 2.5 2.64
Acetone 7.0 -0.24
Water 13.5 «1.15
2. Acetone. This is a hydrophilic substance having a
negative value for log P; it would have been expected
to move through the clay much more rapidly than benzene
and xylene. That it did not suggests the possibility
that microbial decomposition of acetone on the biologi-
cally active clay, Ranger Shale, resulted in CO, produc-
tion and clogging of pores, thus reducing the ofserved
permeability value.
3. Glycerol. Thitc has a more negative log P value than

waver itself and would he¢ve been expected to permeate

at a higher rate than water. Here, however, the extreme
viscosity of glycerol (1400 cp as opposed to 1.0 cp

for water) was clearly a factor in reducing flow. It
should be noted, however, that glycerol permeates much
more ranidly than would have been 2xpected based on a
simple comparison of its viscosity with that of water.
Given this consideration alone, it should have moved at
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1/1000th the rate of water. That in fact it had a K
value of 1/36th that of water can be explained in terms
cf its high 2ffinity for the aqueous phase. Work witn
glycerol suggests that viscosity is a factor that should
be considerzd in any model of solvent flow through clays
but it is clearly not as important as the hydrophilic

or hydrophobic character (as measured by P or by €] of
the permeating substances.

There also appears to be a good relationship between the
perrieability of clay to a sonlvent and the solvent's dielectric
constant, such that the greater the dielectric constant, the
greater the value of K (figures 73 through 75). This is nct
surprising in view of the above model, since the dielectric con-
stant is ancother approximate measure of a liquid's hydrophobic
or hydrophilic character. Substances with high dielectric con-
stants tend to be hydrophilic and carn therefore be expected to
move more quickly through the aqueous channels in the clay. Low
dielectric substances will be sorbed and thus retarded in their
movement. The relationship between this parameter and the coef-
ficient of permeability will be discussed at the end c¢f this sec-
tion.

A numnber of the systems clearly showed anomalous behavicr
with respect to the permeability = dielectric constant relation-
ship; one of these was carbon tetrachloride/Ranger Shale. Here,
the value of K was too high when compared with other soclvents
having similar dielectric constants and octanol/water partition
coefficients. As noted earlier, of all the solvents studied,
CClu had the greatest tendency to cause shrinkage of clays. As
a result of this shrinkage, channels were formed which allowed
the solvent to flow through the system more readily. Measured
permeability val-ies were therefcre higher than expected and this
caused the point for CCl, to be far from the line of best fit
in Figure 73. Glycerol, as discussed previously, had an unusual-
ly low permeability probably because of its high viscosity. This
is reflected in its positien in Figure 73. .

Although the benzene/Ranger Shale system showed solvent
breakthrough due to clay shrinkage during several permeability
tests, it appeared to fit the general relationship between per-
meability and dielectric conscant shown in Figure 73. Fire Clay
in xylene also shcwed solvent breakthrough eventually. The
point for this system in Figure 7§ represents equilibrium
position seen in Figure 63.

Solvent Breakthrough

An important aspect of the question of the effect ¢f organic
solvents on clay permeability is the breakthrough phenomenon
which was observed in a number of solvent/clay systems. These
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cases were related to the fact that certain solvents caused the
clay to shrink, thus forming channels through which the solvent
could flow, in addition to migrating by convection in two unsuc-
cessful runs with the permeability testing system, CCly broke
through Ranger Shale in t£ix and eight days. After one break-
through, fresh CCl, was poured onto the column and was observed
to flow along the glass walls of the permeameter.

Another extreme case of solvent breakthrough caused by
shrinkage was observed with benzene on Ranger Shalz (see Figure
52). There, the permeability vs. time curve appeared to be nor-
mal for the first seven days of the run, but by the eighth day
all of the solvent had drained vut of the permeameter chamber. A
less dramatic case of breakthrough occurred with xylene on Fire
Clay (see Figure 63) when after 24 days of normal behavior,
the coefficient of permeability rosc precipitously over a four
day period from an equilibrium value of 1 x 10-9 cm/sec to
45 x 109 cm/sec. Examination of Figure 28 shows that Fire Clay
underwent slow shrinkege in xylene, and it is likely that this
was responsible for the breakthrough. While initial shrinkage
was seen in the Shrink-Swell tests conducted on Ranger Shale
with benzene, the Ranger Shale - CCl, system showed about 1.1 per-
cent swell during the first 10 days of exnosure.

It can be concluded that any solvent which causes a clay to
shrink appreciably during any stage of a snrink-swell experiment
is a potential hazard when stored in a clay-lined disposal
area. Even though such a solvent may move slowlv through a
wet clay by diflusion and convection, there is in principle a
danger that it will eventually cause shrinking and cracking
and thereby allow fluid transmission in bulk. Because of its
obvious implication for the storage of commercial organic sol-
‘vents in clay-lined pits, this is one of the signal observations
to be derived from this study.

Properties of Clays of Potential
Importance in Governing Permeability

Table 28 summarizes several properties of the clays inves-
tigated which might be influential in governing their
permeability to solvents.

Montmorillonite Content: Montmorillonite is an expandable
layer clay; esposure to liquids could cause swelling of indivi-
dual montmorillonite grains and clogging of soil pores and
crhannels. Ranger Shale was the only clay-soil evaluated that
had measurable montmorillonite. While it might have been ex-
pected to have the lowest permeabilities, this was not observed.

Void Ratio: The void ratio, or volume of voids divided by
volume of solids, (e = Vv/Vs) is generally acknowledged to be an
important fantor in determining permeability. (8ee, for example,
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TABLE 28. CLAY-SOIL CHARACTERISTICS

Packed, Bulk Percent Percent K (x 1079
Clay-Soil Density Organic Montmoril- Void cm/sec)
1b/ft3 g/cc Carbon 1linite Ratio For H90
Ranger Shale 108 1.73 0.28 4 0.4 -0,53 38
Kosse Kaoline 85 1.36 0.12 - 0.37-0.74 220
Fire Clay 113 l1.81 0.03 - 0.19 13.5

Terzaghi and Peck (1948) and Amer and Awad (1974)). Based on
void ratios, Ranger Shale should have been the most permeable
clay, followed by Kosse Kaoline and then Fire Clay. The ob-
served order was Kosse Kaoline > Ranger Shale > Fire Clay.
Therefore, for the limited numnber of ¢lays evaluated in this
study, there was no correlation between void ratio and perme-
ability.

Clay Density: Clay density, which is a function of mineral
composition and packing, seems like a less fundamental parameter
than void ratio and no correlation between this and permeability
was anticipated prior to the experimental work. Yet, of all the
properties considered, density appeared to be the one which
correlated best with the observed data. The observed relation-
ship was that as packed, bulk density increases, the permeability
of the clay decreases. This is shown in Figure 76. (Later in
this section of the report, an empirical equaticn is derived
which relates permeability to clay density).

Permeability to Solvent Mixtures

Permeability data were obtained on four binary soluticns
containing acetone mixed with either benzene or carbon tetra-
chloride. The choice of solvent systems was based on the need
for acquiring information on the behavior of mixtures, particu-
larly those containing one component that causes clay shrinkage
and another that causes swelling. Shrinkage can in principle
bring about a rapid transmission of fluid through the clay and
should be prevented at all costs, possibly by judicious mixing
of solvents. This set of experiments was designed, in part, to
test the effectiveness of such mixing in preventing breakthrough.
Solution compositions and permeability coefficients for the sol-
vent mixtures evaluated are listed in Table 29.

The acetone-benzene mixtures all had higher permeability
coefficients than either of the pure components, but there
appeared to be no correlation between permeability and solvent
mixture compesition. One likely explanation for the higher
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TABLE 29. COEFFICIENTS OF PERMEABILITY FOR FOUR
BINARY MIXTURES

(with Ranger Shale)

System K (x 1072 en/sec)

25 mole% acetone/
75 mole% bHenzene ' 5.0

50 mole% acetone/

50 mole% benzene 17.5

75 mole% acetone/

25 mole% benzene 7.5

75 mole% acetone/

25 mole% carbon tetrachloride 9.1

acetone 2.5

benzene 2.0 (before break-
through)

carbon tetrachloride 25

permeability values follows from the earlier discussion of swell-
ing. There it was noted that clays tend tc behave selectively
in their interactions with mixtures. Such selectivity probt.bly
comes into play during permeation as well, with one component

of the mixture moving more rapidly than, and independently of,
the other. Since acetone has the lower octanol/water partition
.refficient it should migrate more quickly through the saturated
pores of the clay. Thus the measured coefficients for the
mixtures probably represent, to a large degree, the movement cf
acetone alone. This is entirely consistent with the view that
the clay plug acts as a chromatographzc column and part;tlons
molecules according to their sorption behavior.

This, however, leaves unexplained the fact that mixtures
have a higher permeability than acetone itself. One possibility
is that the K value obtained for pure acetone is low because
of the aforementioned microbial activity. TFor the mixtures,
such activity would be prohibited by the bactericidal properties
of benzene and carbon tetrachloride.

The nost important observation, however, is that none of

the mixtures, after a period of 36 days, underwent breakthrough
as did pure xylene, benzene and, in two preliminary cases, pure
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carbcn tetrachloriae. This is significant, because it indicates
that mixing two solvents in such proportion as to cause swelling
(recall that the thr2e mixtures being discussed all caused Kanger
Shale to swell more than 5 percent) prevents breakthrough fron
occurring. Even though the coefficients of permeability are
higher for the mixtures than the pure solvent, they are still
guite low as compared with water,

‘'Tor the mixture of acetone and carbon tetrachloride, the
coefficient of permeability was markedly lower than for carbon
tetrachloride alone. The lower value :an be attributed to the
fact that in this mixture the clay 2i7 not undergo shrinkage, so
there was no possibility of leakage a.uvund the edges. Agzain,
the measured permeability was due largely to the movement of
acetone, and it was for this reason that the K value for the
acetcne/carbon tetrachloride mixture (75 volume percent/25
volume percent) closely approximated that for acetcna/benzene
(75 percent/25 percent).

Finally, it should be noted tha+ the behavior of mixtures
was, in general, quite similar to that of pure solvents, both in
terms of the temporal variaticn in the permeability coefficient,
and in terms of its magnitude. Based on an understanding of the
behavior of the components, it is now poscible to predict the co-
efficient of permeability for organic solvent mixtures. Based
cn the dielectric constants as shown in Table 20 and the findirgs
shown in Table 29, a quaterﬁaky solution composed of equal
amounts of benzene, xylene,i carbon tetrachloride and metlancl,
would be expected to have a ccefficient of permeability {using
Rarger Shale) of 15 to 30 x 10-9 cm/sec, a somewhat higher
permeability value than for methanci.

While there is considerable work to be done in the area of
mixture permeability studies, this investigatiun has shown that
an understanding of the basic properties of organic solvents and
clays can, in principle, be used 'o predict the behavior of com-
plex industrial wastes.
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CONCLUDING REMARKS

The ccefficient of permeability, one of th2 most important
scil characteristics affecting contaminant transport from land
dispusal sites to groundwater, can have a wide range of values
extending over many orders of magnitude. Terzaghi and Peck
(1967) have summarized representative values which are presented
in Table 30.

TABLE 30. COEFFICIENTS OF PERMEABILITY FOR
TYPICAL SOILS

. cm

Soil Type K(EEE) Comment
Course Gravel > 1 x 1072 Very Permeable
Sand or Fine Sand 101 to 10-3 Medium Permeability
Silty Sand 10°3 to 10™5 Low Permeability
Silt, Fine Sandstone 1075 to 10°7 Very Low Permeability
Clay <1 x 10”7 Impervious
After Terzaghi and Peck (1967). p”

i

K values as low as 2 x 1010 cm/sec hare been observed for some
clays.

Based on_this svstem of classificiation, Ranger Shale
(K = 38 x 10~9 cm/sec for water) and Fire Clay (K = 13.5 x 10-%
cm/sec for water) are "impervious" and Kosse Kaoline (K =
2.2 x 10~7 em/sec for water) has a "very low permeability.”
With respect to the organics studied, all of the soils are
"impervioug" since the highest coefficient of permeability ob-
tained in this work for an organic solvent was 0.65 x 10~/ cm/sec
for acetone on Kosse Kaoline.

The numerous equa+tions which have been reported for pre-
dicting the permeability of porous media [e.g., Hazen (1911),
Amer and Awad (1974), Terzaghi and Peck (1948)] have had
limited applicability, and none have proved satisfactory for
estimating fluid behavior in clays. The failure of the widely
used Kozeny-Carman equation, showi, below,
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has been discussed in detail by Mitchell (1976, p. 2u8) and con-
siders largely the effect of unequal pore size in the clay.
Mitchell has also noted that the permeability of a clay can be
strongly influenced by molding water content and by method of
compaction and that, in general, "properties of any given soil
are dependent on structure to such an extent that analyses based
on properties determined from the same material but with a dif-
ferent structure mzy be totally in error." The problem of
predicting permeability is thus related to the considerable
difficulties involved in adequately representing soil structure by
4 suitable parameter.

Ideally, the Kozeny-Carmen equation should be applicable
to all permeants since the fluid viscosity and density are in-
cluded as variables., However, the results of this study point
out an additional problem, namely, that the permeability of a
non-ajueous liquid does not depend on the ratio of density to
viscosity as widely supposed but rather on the hydrophobic and
hydrophilic character of the solvent. This hydrophobic/
hydrephilic nature is best represented either by the logarithm of
the octanol/water partition coefficient or by the dielectric
cons.ant. Any future efforts to develop a general permeability
equetion for the movement of liquids through a water-containing
soil should take these into account.

The permeability data reported here were analyzed in the
following way: It was assumed that the coefficient of per-
meability, K, was related to the dielectric constant, €, by
the equation

K = Le® (41)

m was the slope obtained by plotting log K vs. log & for sol-
vents cn a given clay; L was a constant. For all three clays,
m was estimated to be about 0.75.

Based on limited data, the density of the clay appeared to

be the other significant variable and the dependence of K on
density, 4, was obtained from
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K = Rd" (42)

From a plot of log K vs. 1lcg d for each solvent, n, the slope,
was determined to be approeximately 7; R was a constant,

anall¥ combining Eguaticns 41 and 42, K was plotted
against €0. g/d7 on log-log paper {(see Figure 77) and from
the measured slope and intercept the empirical dependence of
the coefficient of permeability on sonlvaent dielectric constant
and density was determined to be

log K = 1.17 {log (e9-7%/a7)] - 7.23 (43)

Table 31 presents calculated and observed values for the 11
single solvent systems which behaved in reasonable accnrd with
the model discussed in this section. In general, the estimates
of measured K values are quite gocod. The purpose of developing
this equation was twofold:

l. It provides an empirical reiationship between per-
meability and the iwo major variables found in the
study and therefore acts asz a summary of the per-
meability res:ulcs for this work.,

2. It calls attencion to ine important role which di-
electric coastant plays in determning permeability.

In its present fcrm, this relaticnship cannot be used to predict
permeabilities for any clay-solvent system., It is expected,

for example, <hat it would not hold at moisture c¢oantents other
than optimum, nor would it apply to the same clays compacted in
a different way. 1In general, it summarizes too small a number
of data points to be of significance other thain as a prototype
for equctions incorporating dielectric constant.

A nore empirical approach to predicting permeabilities of
clay liners to hazardous organic wastes would be to obtain the
permeability of the liner to water and then, using the results
of this study, «stimate the permeability of the clay to the
waste. Based on the loregoing discussion, this could be a~-
complished using the equation

R 3.75 .
Ks s kw (es/ew) (4u)

where K_ and K are the coefficients of permeability of the
sclvent and wa%er, respectively, and €y and £, ar? the respective
dielectric constants.
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TABLE 31. CALCULATED AND OBSEIRVED PERMEABILITY
VALUES FOR ZLEVEN SINGLE SOLVENT SYSTEMS

System Kobs K
(cm/sec x 109) (cm/sega%clo9)

Ranger Shale

Benzene 2.0 1.38

Xylene 4,0 1.40

Trichloroethylene 2.0 1.96

Methanol 15.0 . 4.0

Water 38.0 30.8
Kosse Kauvline

Ace:one 65.0 67.5

Water 220 219
Fire Clay

Xylene 1.0 1.00

Carbon tetrachloride 2.5 : 0.98

Acetone 7 6.8

Water 13.5 22.2

The development of an equation which can be used to predict
the permeability of any soil to any permeant is a formidable
task and attempts to accomplish this have met with only limited
success. The contribution of this study, in this regard, has
been to point out the significance of permeant properties other
than viscosity and density and to show how these might be used
to estimate the permeability of soils to hazardous organic
wastes. In addition, it has been shown that the ability of low
dielectric liquids to dehydrate and shrink clays and to possibly
cause them to transmit fluids more rapidly, adds a significant
dimension to the problem of waste storage anc containment. How-
ever, the results of mixture experiments indicate that the
potential for breakthrough is greatly diminished or eliminated
by the addition of a high dielectric liquid such as water.

The results point out the need for more laboratory studies
to be undertaken on the effect of clay properties on the
transmission of crganic solvents. There is also a crucial need
for field work to test the validity of the generalizations of-
fered in this report. Until this has been carried out it will
not be clear to what extent the conclusions drawn here actually
apoly to a real wasta ctorage problem.
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SECTION 7

SURVEY OF CURRENT PRACTICES FOR LAND DISPOSAL
OF HAZARDOUS WASTES

INTRODUCTION

Shortly after initiating this study, it was decided that it
would be informative to determine current state regulations and
practices for land disposal 'of hazardous wastes. In late summer
1977, a letter was sent to each state's pollution control agency
reques<ing a copy of the regulations governing land disposal of
hazardous wastes. Specific information was requested on the
handling of waste organic solvents, specifications for permeabil-
ity of soils and/or liners (maximum permeability coefficients)
for industrial waste disposal pits, methods for determination of
permeability cf soils and liners, and other information pertinent
to land disposal ¢f hazardous industrial wastes with a high or-
ganic sclvent content.

Many of the states responded to the initial request during
the fall and winter, 1977, Two additional follow-up requests
were made to those agencies who had not responded to previous
requests. By the spring of 1978 all states had responded.
Several states indicated in their response that they were in the
process of developing regulaticons pertinent to this area. Further,
a number of states indicated that they were planning to review the
US EPA's forthcoming criteria for land disposal of hazardous chem-
icals for adoption. These criteria were published in the Decem-
ber 18, 1978 Federal Register.

SUMMARY OF RESPONSES

Over three-fourths of the states did not, at the time of
inquiry, have specific regulations or guidelines governing the
land disposal of potentially hazardous wastes containing organic
solvents. A number of states did not, at the time of inquiry,
permit the disposal of hazardous wastes of this type within the
state. feveral states also responded that no regulations were
needed within the state., Many states indicated that they ap-
proached land disposal of hazardous waste on a case-by-case basis
but did not provide any guidelines or other information upon
which they based their decision about the suitability of a dis-
posal site or wastes permitted to be disposed. Many states
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indicated that they required monitcring of dis?osa; sites but
did not specify the characteristics of the monitoring program
that should be followed.

Of particular pertinence to this study, is that only 11
states specified a maximum permeability for clay liners or the
soils in the regicn of the disposal area. The specified values
ranged from 10 ° cm/sec for soils in their natura] state (Michi-
gan) to Califsrnia'’'s and Oklahoma's values of 10 ~° cm/sec.

Most frequently a maximum permeability of 10 =/ cm/sec was
specified. None of *he states specified the procedures that were
to be followed in determining the coefficient of permeability.
Texas was the only state that specified that some of the waste
material should be tested, however no specific guidance was given
or. how this should be done.

A wide variety of soil types and liner thickness were being
permitted fer use in disposal 3areas. There seemed to be little
or no concensus abcut appropriate soii types or thickness of
solil liners.,

From an overall point of view, it appears from the rcsults
of this survey that most states have not developed specific
criteria for such parameters as soil type, liner permeability
and thickness, and methods of measurement of permeability as
they apply to hazardous waste disposal site selection. The US
EPA in the December 18, 1378 Federal Register proposed a soil
permeability of not less than 10 =7 cm/sec. They do not, how-
ever, specify the procedure for determination of permeability.
This is a significant omission in that many of the standard
permeability tests that are used can not be performed satis-
factorily in the presence of organic solvents. It is evident
from this survey that there is an immediate need for evaluating
the significance of organic solvents in affecting the ability of
industrial waste disposal pits to retain hazardous wastes.

Since the initiation of this study, there has been a
general public and legislative awakening to the potential and
real hazards of land disposal of some types of industrial wastes.
This increased awareness has further increased the need for work
in this area.

A synopsis of the information obtained from the states as
well as a syropsis of portions of the December 18, 1978 Federal
Register pertinent to this project have been submitted to the
U5 LrPA-Ada as a separate set of Appendices to this report. Copies
are available from the Robert S. Kerr Environmental Research Labo-
ratory upon request.
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