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SORPTION AND DESORPTION OF VOLATILE CHLORINATED ALIPHATIC 

COMPOUNDS BY SOILS AND SOIL COMPONENTS 

Robert G. La Poe, Ph.D. 
Cornell University, 1985 

L 
Many groundwater supplies in the industrialized nations of the 

world are contaminated with low concentrations of certain volatile, 

chlorinated, aliphatic compounds, such as trichloroethylene ^HCl^, 

tetrachloroethylene (C^Cl'j), carbon tetrachloride (CCl^), and chloro¬ 

form (CHC13). One aspect of this problem, about which very little is 

known, is that of the (potential) sorption of these chemicals (in 

dilute aqueous systems) by the soils comprising the groundwater aqui¬ 

fers, and by soils and soil components in general. This research was 

performed to expand our very limited knowledge in this area, and 

utilized ]^C-labeled sorbates in conjunction with liquid scintilla¬ 

tion counting. 

This investigation has shown that the above compounds are negli¬ 

gibly adsorbed by the inorganic solids (clays and minerals) which 

would typically comprise subsurface soils, with some evidence suggest¬ 

ing that they are slightly negatively adsorbed by these solids. 

Sorption (and some desorption) isotherms were determined for each 

sórbate with each of the following sorbents: a mineral soil, a peat 

soil, a muck soil, activated carbon, graphite,,Jiumi.£-acid^n£l. lignin. 
u Use, r1 

The sorption equilibrium distribution coefficients (K^) in the linear, 

low-concentration regions of these isotherms were determined for each 



sorbent-sorbate system. These values were regressed with various 

properties of the sorbates, which included molecular weight, dipole 

moment, polarizability, molar volume, parachor, aqueous solubility, 

and octanol-water partition coefficients. The results of these corre¬ 

lation studies showed that polarizability and aqueous solubility are 

the best predictors of Kd values investigated in this research. 

The sorption free energy (aG°), enthalpy (AH0), and entropy 

(aS°) were measured by conducting isotherms at three temperatures. 

The mean AH0 values were approximately -1 to -2 kcal/mol, and the 

AG° values ranged from about -1 to -4 kcal/mol. These relatively 

low values, together with the results of the correlation studies, 

implicated the London (dispersion) forces and the ion-induced dipole 

interaction as the most plausible mechanisms to account for the sorp¬ 

tion of these compounds by soils. 
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I. INTRODUCTION 

The contamination of groundwater supplies by volatile, chlorinated, 

hydrocarbon compounds has become a very serious environmental problem for 

industrialized countries of the world. Chemicals such as trichloroethylene, 

tetrachloroethy1 ene, carbon tetrachloride, chloroform, methylene chloride, 

trichloroethanes, vinyl chloride, dichloroethanes, and dichioroethylenes 

have been found in numerous groundwater aquifers worldwide. (They are 

also present in some surface waters, but usually at a much lower concen¬ 

tration because of their high volatility.) The above compounds are 

presently undergoing review for possible inclusion in the National Revised 

Primary Drinking Water Regulations (Federal Register, 1982) (except for 

chloroform which is already regulated by the existing National Primary 

Drinking Water Regulations). 

The synthetic chlorinated hydrocarbons named above are principally 

used as solvents in industrial or domestic applications. For example, 

trichloroethylene (TCE) has been used for or in: metal degreasing, solvent 

dyeing, dry cleaning, refrigerants, fumigants, cleaning and drying elec¬ 

tronic parts, diluent in paints and adhesives, textile processing, 

anesthetics, spot removers, rug cleaners, and even air fresheners (Hawley, 

1981; Love and Filers, 1982). Table 1.1 shows the world production capaci¬ 

ties for some of these chlorinated hydrocarbons (from McConnell et al_., 

1975). The largest users of these solvents are industries (e.g., chemical 



TABLE 1.1 Estimated World Production Capacities (1973) for Various 

Chlorinated Hydrocarbons, in Tons per Year (From McConnell 

et al.) 

Trichloroethylene 1,010,000 

Tetrachloroethylene 1,050,000 

1,1,1-Trichloroethane 480,000 

Methylene Chloride 400,000 

Vinyl Chloride 10,500,000 

1,2-Dichloroethane 19,500,000 

Carbon Tetrachloride 1,000,000 

Chloroform 245,000 

manufacturing, metal finishing, electronic, and airlines) and maintenance 

facilities at military bases. 

As a result of improper disposal practices, accidental spills, or 

leaking storage tanks, many groundwater supplies have become contaminated 

with one or more of these compounds. (Other minor sources of these sol¬ 

vents in groundwater include septic tank degreasers and similar products 

from households, sewer leaks, water from cleaning and rinsing of storage 

tanks and machinery, and treated wastewaters used for groundwater recharge 

[Love, et aK, 1983]). It is likely that more of these polluted aquifers 

will be discovered in the future as water sampling programs become more 

extensive. 

*■ m ^ 
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The reason for the concern over the trace-level presence of these com¬ 

pounds in drinking water is that most of them are suspected human carcino¬ 

gens (vinyl chloride is the only one of those listed above which is a 

"confirmed" human carcinogen) (Council on Environmental Quality, 1981). 

At high concentrations and doses (acute exposures), these compounds 

generally cause nausea, dizziness, tremors, blindness, or other health 

problems. At lower concentrations, skin eruptions can develop, or the 

central nervous system may be impaired. At still lower concentrations 

(i.e., those typical of contaminated groundwaters), over a period of many 

months or years (chronic exposure), some of the health problems are 

tolerable and some are fatal (Council on Environmental Quality, 1981). 

There is often a long latency period between the time of exposure,and 

manifestation of the disease induced by animal or human carcinogens. 

It should be noted that there is no direct evidence which implicates 

trace levels of these compounds in drinking water with adverse human 

health effects. Rather, the adverse health effects are extrapolated 

from evidence based on occupational exposures, epidemiological studies of 

populations drinking chlorinated water, and laboratory studies of chemical 

carcinogen effects on animals. 

Nevertheless, it is no doubt prudent policy to prevent contamination 

of groundwater aquifers by these chemicals, and, if the aquifer is 

already contaminated, to spare no effort in "cleaning it up". Indeed, 

the politics of the situation will generally demand that the polluter 

take measures to reduce the contaminant concentration to a specified 

level. Fortunately, water treatment technologies are available for the 

removal of these volatile organics. The most promising techniques 

presently available are air-stripping and adsorption onto activated 
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carbon. Numerous studies have been performed on these (and other) water 

treatment technologies. 

However, one aspect of this type of groundwater contamination problem 

which has received very little attention is the sorption of these compounds 

with soils and soil components. If certain soils or soil fractions sorb 

these compounds to any extent, then the total amount (mass) of contaminant 

in the aquifer could be surprisingly more than that estimated by multiply¬ 

ing the aquifer water volume by an average contaminant concentration. In 

other words, sorption by the soil provides additional "storage capacity" 

for the contaminant in the aquifer. Therefore, the sorption and desorption 

characteristics of these compounds with soils could have an impact on the 

length of time that a treatment system must operate to ensure that a parti¬ 

cular groundwater aquifer is "cleaned up". Furthermore, sorption parameters 

are needed in the transport equations for modeling the movement of ground- 

water contaminants; and lastly, sorption may affect the kinetics of the 

compounds' biodegradation, volatilization, or other mechanisms which may 

bring about their transformation. Therefore, an understanding of the 

sorption characteristics of these types of compounds with soils is 

clearly essential. 

This study is undertaken with the overall goal of measuring, describ¬ 

ing, explaining, modeling, and correlating the equilibrium sorption (and 

desorption) characteristics of chloroform, carbon tetrachloride, trichloro¬ 

ethylene, and tetrachloroethylene with soils and soil components. Primary 

emphasis is given to the relationship between sorption and certain funda¬ 

mental molecular properties. Also, an attempt is made to implicate the 

predominant sorption mechanism(s) involved, based on the results of the 
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isotherm correlation studies, and estimation of the free energies 

enthalpies, and entropies of sorption. 
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II. BACKGROUND 

A. Adsorption Versus Absorption 

Adsorption is generally defined as the accumulation or concentration 

of a substance at an interface between two phases. Absorption refers to 

the penetration or transfer of a substance from one phase into another. 

The term sorption is used when it is not desired (or is experimentally 

impossible) to distinguish between adsorption and absorption phenomena. 

(The term sorption is often used in this thesis since it has not yet been 

conclusively demonstrated which concept applies to the uptake of neutral 

[nonionic] organic compounds by certain soils or soil components. However, 

the term adsorption is used in those cases where it is known to occur, 

such as in the accumulation of substances at the surfaces of activated 

carbon, graphite, clays, and minerals.) 

For a sorption system consisting of an aqueous soil suspension to 

which a neutral organic solute is introduced, the two opposing (but not 

necessarily mutually exclusive) explanations for what occurs are: 

1) The solute molecules are adsorbing onto the surfaces of the 

soil solids. 

2) The solute molecules are absorbing into the solid (or semisolid) 

phase of soil organic matter. 

Since virtually all the organic matter in soils is associated with (i.e., 

coated onto) the clay/mineral fraction (Greenland, 1965; Schnitzer and 

Kodama, 1977), the two processes are similar in that they involve the 

distribution of a solute between an aqueous phase and a solid (or semi¬ 

solid) phase. The mechanisms at work which govern this distribution are 



theoretically the same, whether the phenomenon is one of adsorption or 

absorption, since the same intermolecular forces are at work in each 

case. Nevertheless, the theory and fundamentals of the adsorption and 

absorption (liquid-liquid extraction) processes are discussed separately 

below (in Sections B and C, respectively), since the two phenomena are 

also quite different in many respects. Because adsorption and liquid- 

liquid extraction are both vast subject areas, discussion is limited to 

those aspects relevant to sorption in aqueous soil systems containing 

dilute concentrations of organic solutes. 

B. Adsorption Theory and Fundamentals Relevant to This Research 

Adsorption from solution is an extremely complicated phenomenon, and 

no single theory has yet been developed which adequately explains the 

process from a molecular standpoint. The main reasons for its complexity 

are: 

1) It not only involves the interaction of the adsorbent with the 

adsorbate, but also interactions between a solvent (water) with 

the adsorbate, and with the adsorbent. 

2) Molecular interactions in condensed systems differ from those 

occurring in the gaseous phase because distances between the 

interacting molecules are much smaller. 

3) A rigorous theory for the structure of liquid water is far from 

being developed (Eisenberg and Kauzmann, 1969). In addition, 

various thermal anomalies have been reported in the properties 

of water and aqueous solutions (Drost-Hansen, 1967). That is, 

it appears that many properties of water (including surface and 
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interfacial phenomena) exhibit relatively abrupt transitions at 

certain distinct temperatures (Drost-Hansen, 1967). 

1. Adsorption Isotherms and Models 

Perhaps the most useful way to present equilibrium adsorption data is 

via an adsorption isotherm. The isotherm is a plot of the mass of solute 

adsorbed per unit mass (or surface area) of solid (i.e., adsorption density) 

versus the equilibrium solute concentration* (at constant temperature). 

According to Giles (1970), equilibrium adsorption data plotted as isotherms 

can potentially yield a surprising amount of information including: the 

nature of the adsorption reaction; the heat, free energy, and entropy of 

the reaction; the specific surface of the solid, its degree of porosity, 

and the size and shape of its pores; and the size of the adsorbate molecule, 

its orientation at the surface, and its degree of self association. 

By the early part of this century, a great deal of isotherm data 

(especially on gas-solid adsorption systems) had been generated, and 

interests were mounting to develop an adsorption theory/model to explain 

and "fit" these data. Several theories/models have been derived or pro¬ 

posed since that time, but none were specifically applicable to liquid- 

solid adsorption systems. Each theory/model has its utility, and each has 

its shortcomings. 

*To be thermodynamically rigorous, the isotherm should actually plot the 
activity of the adsorbed solute molecules versus their activity in solu¬ 
tion at equilibrium. However, since the activity of an adsorbed species 
cannot be defined in terms of the usual activity coefficients and standard 
states, isotherm plots based on the activity of the adsorbed solute are 
not meaningful. Isotherms may, however, be plotted as sorption density 
versus the equilibrium solute activity, although this is seldom done. 

- ^ .aJL..^Z. 



The major theories and models for adsorption from solution have been 

"borrowed" from those which were originally derived for adsorption of 

gases onto solids. Many of the assumptions made in these theoretical 

derivations are not applicable to the case of adsorption from solution 

(especially when soil is the adsorbent). For example, the Langmuir (1918) 

adsorption model was derived for the adsorption of gases onto nonporous 

solids (such as glass, platinum, and mica), and makes the following 

assumptions: 

1) The energy of adsorption is the same at each site and is 

independent of surface coverage (i.e., the surface is energet¬ 

ically homogeneous). 

2) There are no interactions between adsorbed molecules, and they 

cannot migrate over the surface. 

3) A molecule can only be adsorbed by a vacant site. (In other 

words, a monomolecular layer represents the maximum amount that 

can be adsorbed on the solid.) 

It is very likely that none of these assumptions are true for the adsorp¬ 

tion of solutes by soils. Nevertheless, the Langmuir adsorption isotherm 

is sometimes used to describe the experimental data for liquid-solid adsorp¬ 

tion. (However, a successful fit of experimental data to the Langmuir 

equation does not imply that its underlying assumptions are valid.) 

The Langmuir equation is: 

C 
$ i + kcV 

(2-1 ) 
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where Cg is the surface concentration of the adsorbate; Cs is the maximum 

adsorption possible (complete monolayer coverage); is the equilibrium 

solution concentration of the adsorbate; and K is an equilibrium constant. 

Another equation that is much more widely used to describe liquid- 

solid adsorption data is the Freundlich or exponential, empirical equation 

which is 

C$ = KcJ/n (2-2) 

where C , C , and K are as previously defined; and 1/n is an exponent which 
s i 

is usually less than or about equal to one (Hamaker and Thompson, 1972). 

The use of 1/n is an archaic remnant of an attempt to give the Freundlich 

isotherm physical meaning, and is retained only because its use has be¬ 

come embedded in the literature (Hamaker and Thompson, 1972). Although 

the Freundlich equation has no established theoretical basis, it is 

interesting to note that it can be derived through statistical thermo¬ 

dynamics , if one starts with the Langmuir equation, but assumes that the 

adsorption energy per site decreases exponentially with increasing sur¬ 

face coverage (Adamson, 1982). The major drawbacks of the Freundlich 

equation are: 

1) It does not reduce a "Henry's law" relationship (see next 

paragraph for explanation) as the system approaches infinite 

dilution, except for the rare case where n exactly equals one. 

2) It predicts that adsorption increases indefinitely with solute 

concentration, and therefore, could never be applicable to the 

case of monolayer adsorption (since there are only a finite 
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number of adsorption sites, which would eventually become 

saturated). 

Therefore, use of the Freundlich equation should be restricted to the 

region of the isotherm between "Henry's law" regime and the start of 

site saturation (for the case of monolayer coverage). This restriction 

very often limits the Freundlich model to representing only a narrow 

range of the isotherm curve. According to Belfort (1980), many investi¬ 

gators have incorrectly extended this empirical model beyond its valid 

experimental range. 

The simplest possible isotherm equation is the one in which the 

adsorption density is directly proportional to the equilibrium solution 

concentration: 

Cs=KCt (2-3) 

(where the variables are as previously defined). Equation (2-3) is fre¬ 

quently referred to as Henry's law (for adsorption), since it is analo¬ 

gous to Henry's law in gas-liquid equilibria (i.e., the solubility of a 

gas in a liquid is directly proportional to its vapor pressure). All 

adsorption equations (or models) must reduce to this linear (Henry's law) 

isotherm as infinite dilution is approached, in order to be valid from a 

theoretical standpoint. (Note that the Langmuir equation obeys this 

boundary condition, but the Freundlich one does not, except for the 

trivial case in which the exponent equals one.) The linear isotherm 

has been used extensively to model the sorption of nonionic, organic 

compounds by soils. 



Although other isotherm models exist, those described above are 

the ones principally used in the soil sorption literature. Therefore, 

the discussion herein has been limited to these models. 

2. Adsorption Forces and Mechanisms 

A variety of mechanisms have been proposed in an attempt to explain 

adsorption phenomena at the molecular level. The principal ones are: 

- van der Waals-London Forces 

- Ion-Dipole (Direct and Induced) Interactions 

- Hydrophobic Interaction 

- Charge Transfer 

- Hydrogen Bonding 

- Ion Exchange 

- Ligand Exchange 

- Chemisorption 

- Magnetic Bonding 

Ion exchange can clearly be ruled out as a possible mechanism for the sorp¬ 

tion of the compounds under consideration in this research. Also, magnetic 

bonding would probably not be applicable since it is only significant in 

large organic molecules with conjugated double bonds (Hirschfelder, 1965). 

These two mechanisms, therefore, shall not be discussed below. 

a. van der Waals-London Forces 

The van der Waals-London interaction is actually comprised of three 

distinct interactions*: 

*Some texts refer only to interaction (3) as being van der Waals-London. 
However, this thesis will follow the same categorization as Adamson 
(1982), and group these interaction potentials together since they all 
vary inversely with the sixth power of intermolecular distance. 



(1) Dipole-Dipole 

(2) Dipole-Induced Dipole 

(3) Induced Dipole-Induced Dipole 

The last interaction is better known as the London or "dispersion"* force, 

and turns out to be the most significant of the three in condensed systems. 

It will, therefore, be discussed first. 

The London interaction is present between all atoms and molecules in 

close proximity. The force originates from the oscillating motion of elec¬ 

trons in their orbitals around atoms/molecules, which results in an instan¬ 

taneous dipole. The instantaneous dipole of one molecule/atom will induce 

a synchronous dipole in a nearby molecule/atom, and an attractive energy 

will result. This energy, E(r), between two different atoms is given by 

the following expression: 

E(r) 3 “l0^_ 

2 r6[(l/h^) + (l/hv2)] 
(2-4) 

where 

QL|, q2 = polarizability** of atoms 1 and 2, respectively, 

r = distance between the two atoms; 

V|, V2 = oscillating frequency of the electron-nucleus system for atoms 1 

and 2, respectively; 

h = Planck's constant. 

*This term originated from the fact that the quantum-mechanical mechanism 
which causes the London force, also causes the refraction (or dispersion) 
of light passing through gas molecules (Maitland, et al_., 1981). 

**An atom's polarizability is a measure of how "loosely" the nucleus controls 
its electron distribution under the influence of an applied electric field. 
Quantitatively, it is the proportionality coefficient, a, in the following 
equation: y= aE,where is the dipole induced by the applied 

electric field, E. 

» » i. • . - * ■■-„V.v.v 
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(The quantities hv-| and hv2 are approximately equal to the ionization 

potentials of the respective atoms, and it is these values that are 

normally used in the above equation.) 

The dispersion force usually accounts for the majority of the inter¬ 

action energy between two neutral molecules (see Table 2.1 below). Two 

important characteristics of the dispersion interaction are that it is 

independent of molecular orientation; and it is approximately additive 

for the case of a collection of molecules. This additivity property 

results in an interaction potential (energy) which is inversely proportional 
O 

to the cube of the distance (E(r) * 1/r ) between an atom (or molecule) and 

a particle (e.g., colloid); and inversely proportional to the square of the 

distance (E(r) « 1/r2) between two particles. Therefore, the London force 

generally predominates over the other van der Waals forces in colloidal 

systems (For example, the London interaction is the principal attractive 

force in the aggregation [or coagulation] of colloids in suspension, accord¬ 

ing to some models.) Another prime example of attractive interaction consist¬ 

ing almost exclusively of dispersion forces is the adsorption of nonpolar 

molecules by covalent solids (e.g., graphite) (Clark, 1970). 

The dipole-dipole attractive interaction results when two polar mole¬ 

cules approach each other. It would seem that the random thermal molecular 

motions in the gas and liquid phases would yield no net attractive force, 

since on the average, the two molecules' dipole moments would be non-aligned 

just as often as they would be aligned (i.e., repulsive forces would cancel 

out attractive ones). However, because of the tendency of one dipole to 

align the other into a favorable arrangement, the attractive orientations 

slightly outweigh the repulsive ones. The average dipole-dipole attractive 

interaction energy between two molecules is given by the following equation: 
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E(r) 

2 2 vi y 
y1 2 (2-5) 

where 

y2 = dipole moment of molecules 1 and 2, respectively; 

eQ = permittivity in a vacuum; 

e = permittivity of the medium; 

kn = Boltzmann constant; 

I = temperature; 

r = distance between the two molecules. 

Note that this interaction energy is inversely proportional to the sixth 

power of the separation distance, and inversely proportional to temperature. 

(This latter dependence reflects the fact that the favorable attractive 

orientations between two dipoles are disrupted by increased thermal agita- 

tion.) 

The dipole-induced dipole interaction results when a molecule with a 

permanent dipole moment is in the vicinity of another molecule (which may 

itself be polar or nonpolar). The first molecule will induce a dipole in 

the second, and an attractive force will result, whose average interaction 

energy is: 

where the symbols have the same meaning as given previously. 

In order to put the three van der Waals-London interactions in per¬ 

spective, the following table is presented (from Laidler and Meiser, 1982 

p. 756). Note that the dipole-induced dipole energy is generally quite 
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small relative to the total interaction potential; and that the dispersion 

energy is generally the most significant except for those molecules with 

unusually high dipole moments (such as ammonia and water molecules). It 

is also important to realize that the total net van der Waals-London inter¬ 

action energy would be the sum of the three separate attractive interactions 

(e.g., -479 J/mol for HC1), plus the repulsive interaction potential, 

TABLE 2.1 Attractive Energy Contributions Between Neutral Molecules 

(After Laidler and Meiser, 1982, p. 756) 

Dipole Polar- ... 
Moment, izability,* E(r) (J/mol) due to the separate 

u a interaction potentials:** 

Molecule (10'3° C-m) (lo"30 m3) u.y y_a a_a 

He 0 

Xe 0 

CO 0.40 

HC1 3.43 

NH3 5.01 

H20 6.14 

2.5 0 

50.3 0 

25.0 -0.012 

33.0 -72.0 

27.8 -324.0 

18.6 -732.0 

0 -4.6 

0 -850.0 

-0.22 -260.0 

-2.0 -405.0 

-39.0 -360.0 

-39.0 -180.0 

*The polarizability values actually given by Laidler and Meiser are a 
factor of (1/4tt) lower than those given here, since these authors used 
"rationalized" units for electromagnetism. To conform with the litera¬ 
ture on dielectrics, "unrationalized" units are used in this thesis 
(see Hill, et al., 1969, p. 7). 

♦♦Calculated at an intermolecular separation, r, of 500 pm (= 5 A) 

generally considered to be inversely proportional to the twelfth power of 

separating distance. That is, the net interaction energy between two 

molecules is 
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E(r)net = -^ + ~T2 r r 
(2-7) 

where A and B are constants. (Note that the repulsion term is negligible 

except at very small values of r.) 

Based on the foregoing, it is expected that the dispersion force will 

be the predominant van der Waals-London mechanism operating in the sorp¬ 

tion of those molecules under consideration in this research. The differ¬ 

ential heats of adsorption for the van der Waals-London interactions are 

generally on the order of 1 to 2 kcal/mol for atoms and small molecules 

(Hamaker and Thompson, 1972). However, values of 5 to 15 kcal/mol (de¬ 

pending on the polarizability of the adsorbate) were calculated by 

Kiselev (1969 and 1970) for (gas-phase) adsorption (attributable to dis¬ 

persion forces) of alcohols, ketones, hydrocarbons, and C02, onto graphi- 

tized carbon black. 

b. Ion-Dipole and Ion-Induced Dipole Forces 

The electric field surrounding an ion will cause an attractive force 

toward a polar molecule with an interaction potential given by: 

o 

(2-8) 

where 

z = ion valence; 

e = electron charge; 

0 = angle between the dipole moment and an imaginary line connecting the 

ion with the polar molecule. 
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(The remaining terms have previously been defined.) 

An ion can also induce a dipole moment in a molecule which has no 

permanent dipole. The energy of this interaction is: 

E(r) = --2-^ (2-9) 
8 ire er 

0 

where all the symbols are as previously defined. 

Ion-dipole forces probably play an important role in the complexa¬ 

tion of neutral, polar, ligand molecules with metal cations associated 

with the solid surface. It is therefore important in the coordination 

reactions of water molecules with metal cations. However, it is surmised 

that the solute molecules under consideration in this research will simply 

not be able to compete with the highly polar water (solvent) molecules in 

the ion-dipole interaction. In fact, it seems likely that this force 

could result in exclusion (or negative adsorption) of the solute, since 

the solute molecules may be excluded from the "enriched water atmosphere 

surrounding an ionic solid or clay-type adsorbent. Nevertheless, this 

mechanism shall not be ruled out unless further evidence warrants it. 

The ion-induced dipole interaction energy is a function of the adsor¬ 

bate molecule's polarizability, a. Since all the compounds selected in 

this research have polarizabilities higher than that of H2Q, their induced 

attractive force to an ion would be stronger than that for H20. The ques¬ 

tion is whether or not this induced ion-dipole force between the ion and 

the organic compound is stronger than the direct ion-dipole force between 

H20 and the ion. The answer is that it depends on the distances between 

the ion and each of the two species. If one equates Equations (2-8) and 
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(2-9) above (assuming that cos e % 1, the ion-induced dipole energy for 

H20 is negligible, and that z = +2) and solves for r, the solution is 

r = (ae/vf. Then, substituting in the appropriate values of a for tetra- 
on o 

chloroethylene (151 x 10" m — the highest polarizability of any 

-30 
compound used in this researrh), y for (6.17 x 10 C-m), and e 

(1.602 x 10"19 C), the corresponding value of r is calculated to be 1.98 

x 10"9 m (or 19.8 8). That is, at separation distances greater than this 

value, H20 is more strongly attracted than tetrachloroethylene (C2C14) to 

the ion, whereas for distances below this value, C2C14 is more strongly 

attracted. Therefore, the ion-induced dipole interaction must be consid¬ 

ered a possible sorption mechanism in this research, unless it is ruled 

out from experimental evidence. 

c. Hydrophobic Interaction 

As previously mentioned in this chapter, the structure of liquid water 

is not completely understood, and several theories and models have been 

proposed over the past 60 years. Excellent reviews of these theories and 

models of liquid water structure have been presented by Eisenberg and 

Kauzmann (1969), Gurikov (1969), Martin (1970), and Horne (1969). One 

of the popular theories is the two-state mixture model, which postulates 

that liquid water is an equilibrium mixture of two different species: 

(1) bulky and (2) dense. The bulky species is considered to be an open, 

"ice-like" cluster of H20 molecules linked by extensive hydrogen bonds; 

and the dense species is assumed to be amorphous with very little or no 

hydrogen bonding. 

...C-. .«Î-.1.. ...l’a. . 
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According to many researchers (Frank and Evans, 1945; Kauzmann, 1959; 

Birshtein, 1969; Sidorova et aJL , 1971; Zhukovskii and Sidorova, 1971), 

the dissolution of a nonpolar molecule in water causes a shift in the 

structural equilibrium, favoring the formation of the open, "ice-like" 

arrangement. One explanation for this occurrence is that water molecules 

cannot form hydrogen bonds with these hydrophobic, low-solubility mole¬ 

cules, but instead, form "clathrate cages" (Frank and Quist, 1961) around 

them to minimize their interaction with other ^0 molecules. This has 

the effect of making the water much more highly structured, and hence, 

the entropy of the solution is reduced. In an effort to regain its lost 

entropy (and thus, lower its free energy) the water molecules attempt to 

"squeeze" these hydrophobic molecules out of solution, if the opportunity 

is available. In qualitative terms, this is the basis of the hydrophobic 

interaction. The thermodynamic favorability for the adsorption of non¬ 

polar solutes onto certain surfaces can, therefore, be dramatically ampli¬ 

fied because of the hydrophobic interaction. 

It should be emphasized that the hydrophobic interaction (HI) actually 

does result in an additional attractive force between two hydrophobic 

species, over and above the presence of other forces (e.g., van der Waals- 

London). The free energy of the HI for adsorption in solution has been 

interpreted by Mel ander and Horvath (1980) as the free energy above and 

beyond that which would be measured if the adsorption were occurring in 

the gas phase alone. That is. 

*G° = + AGS, (2-10) 

- - • m ■> m * * 5 k'b _*» —'» ■> ' % % ,-¾ "N, .. * ' % "V *„ » * ■* ’ * 

ui 



where 

P, 

aG? = free energy for adsorption from solution; 
X/ 

aG° = free energy for adsorption from the gas phase; 

ag°= free energy of the hydrophobic interaction. 
HI 

However, this interpretation is probably not valid since it does not take 

into account the free energy associated with the displacement (i.e., 

desorption) of H20 molecules from the surface, upon adsorption of the 

solute. 

Several investigators (Nemethy and Scheraga, 1962; Birshtein, 1969; 

Ben-Naim, 1980) have observed that the strength of the HI increases with 

increasing temperature, and have attempted to relate this phenomenon to 

changes in water structure with temperature. For the case of a nonpolar 

solute whose partitioning between aqueous and organic solvent phases is 

controlled primarily by the HI, this means that the equilibrium partition 

(or distribution) coefficient increases with increasing temperature, and 

furthermore, that the standard enthalpy and entropy for this partitioning 

process are each positive values. In other words, for those cases where 

the HI predominates (over other mechanisms), the partitioning of a solute 

between water and an organic solvent is an endothermic process in which the 

system entropy increases. This is why the HI is sometimes said to be 

"driven by entropy". 

The HI is expected to play a role in the sorption of (at least) the 

nonpolar molecules studied in this research. 

. *\ -% -\ «\ '\ -:. -% -r. ■ . **. 
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d. Charge Transfer 

This adsorption mechanism involves the partial exchange of electron 

density between adsorbate and adsorbent molecules, and the partial overlap 

of their respective molecular orbitals. (Charge transfer is also some¬ 

times referred to as an electron donor-acceptor complex formation.) Accord¬ 

ing to Hamaker and Thompson (1972), the formation of a charge-transfer 

complex involves the creation of resonance structures between ionic forms 

of the donor and acceptor molecules. These authors also state that such 

complexes may be formed between structures containing u-bonds or lone 

pair electrons, and cite the alkenes (in addition to many other classes 

of organic compounds) as possible electron donors because of their 

electron-rich ir-cloud. 

Since two of the adsorbate compounds investigated in this research 

(trichloroethylene and tetrachloroethylene) are chlorine-substituted 

alkenes, this adsorption mechanism would appear to be possible. However, 

the neutral, chlorinated hydrocarbon compounds investigated herein are 

relatively non-reactive, and have no tendencies (known to this author) 

to form ionic structures in aqueous solution. Furthermore, in adsorption 

onto soils, it is generally the electron-rich aromatic structures of soil 

humic substances which serve as the electron donor, and not the adsorbate 

molecules. Indeed, the soil adsorption studies which have postulated the 

charge-transfer mechanism (see Khan, 1978, p. 143) have all been perform¬ 

ed using cationic adsorbate molecules, which would behave as electron 

acceptors. Therefore, the alkenes (as adsorbates) would not be likely 

candidates for the charge-transfer complex formation with soils, and 

this particular mechanism is considered highly unlikely in regards to 

this research. 



e. Hydrogen Bonding 

Hydrogen bonding is actually a very strong dipole-dipole interaction, 

but because of its special importance and uniqueness, it is considered 

separately. A hydrogen bond is formed when the hydrogen atom serves 

as a bridge between two electronegative atoms, one being held by covalent 

bond and the other by electrostatic forces. Because of hydrogen's 

extremely small size, the resulting attraction between the species is 

much greater than for other dipoles. 

It probably could be argued that hydrogen bonding might be possible 

between the C-H or C-Cl bonds of the adsorbate molecules of this research, 

and the amino or oxygen-containing functional groups in soil organic 

matter. However, according to Berlow et aK (1982), carbon is not suf¬ 

ficiently electronegative to induce a strong enough partial positive 

charge on the H atom of a C-H bond for this group to engage in hydrogen 

bonding. Thus, the only other possibility left for the formation of a 

hydrogen bond (for the compounds used in this research) is if the Cl atom 

in the C-Cl bond is sufficiently electronegative to acquire a strong 

partial negative charge; but it appears that it is not. Numerous 

chemistry texts (Patterson et aK, Berlow et al_., Masterson and Slowinski, 

Si si er et al_., Meislich et aK , Jones et aK» Holum) all indicate that 

virtually the only atoms which participate (with hydrogen) in hydrogen 

bonding are the small, electronegative ones: oxygen, nitrogen, and 

fluorine. Although the chlorine atom is fairly electronegative, it is 

apparently too large to have a high enough "density" of partial negative 

charge. Even the HC1 molecule (which constitutes a much stronger dipole 

than the C-Cl bond) is not known to form hydrogen bonds. 



Reasoning of a different nature also leads to the same conclusion 

(that hydrogen bonding would not occur for chlorinated hydrocarbons): 

If hydrogen bonding is possible for these molecules then this implies 

that they should easily engage in such bonding with H20 molecules. 

However, if this occurred, their aqueous solubilities would be very 

high, which they are not. 

For the above reasons, it is concluded that hydrogen bonding would 

probably not play a role in the adsorption of the solutes examined in 

this research. 

f. Ligand Exchange 

Ligand exchange would occur in adsorption if the adsorbate molecules 

were stronger ligands (or chelating agents) than those existing on the 

adsorbent. For example, it is postulated that S-triazines replace the 

H20 ligands bound to transition metals in humic acids, and thereby become 

adsorbed by the soil (Hamaker and Thompson, 1972). 

The adsorbate molecules considered in this research are not known 

(by this author) to have any ligand or chelating agent characteristics. 

In any event, it is unlikely that they would be able to compete with the 

ubiquitous solvent (H20) molecules as a ligand for metal cations assoc¬ 

iated with the adsorbent. Therefore, the ligand exchange mechanism is 

probably not applicable in this research. 

g. Chemisorption 

The paramount feature which distinguishes chemisorption from the 

other adsorption mechanisms is that the adsorbent and adsorbate establish 

a chemical (usually covalent) bond (Atkins, 1978). It is, therefore, an 

exothermic process which is normally accompanied by a large heat of 
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adsorption, typically in the range of 30 to 50 kcal/mol, and occasion¬ 

ally much higher (see Adamson, 1982, p. 621). A molecule being chemi¬ 

sorbed may actually undergo chemical reaction because of the high adsorp¬ 

tion energies involved, and thereby lose its identity (Atkins, 1978). 

Two distinguishing characteristics of chemisorption reported by 

Hamaker and Thompson (1972) are: 

(1) It can take place at extremely low adsorbate concentrations 

and still produce adsorbent site saturation; and 

(2) It can occur at elevated temperatures. 

Both are consequences of the high enthalpy of adsorption. The former 

characteristic gives rise to an isotherm which appears to start at a 

finite value on the adsorption density axis (the ordinate) rather than 

passing through the origin. This gives the appearance of significant 

adsorption near zero adsorbate concentration, with almost an immediate 

flattening of the isotherm (signifying attainment of Langmuir monolayer 

coverage) at relatively low adsorbate concentrations. 

Chemisorption of the compounds in this study is probably unlikely 

because of their low reactivity, however, it shall not be ruled out. 

Evidence in the form of adsorption and desorption isotherm characteristics, 

and energies and enthalpies of adsorption, should indicate whether or 

not chemisorption is occurring. 

3. Thermodynamics of Adsorption from Solution 

Adsorption, like all other natural phenomena, is a thermodynamic 

process which occurs because the system (comprised of water, soil, and 

an organic solute in this case) is attempting to achieve its lowest 

possible free energy state, which it attains at equilibrium. Theoreti¬ 

cally, adsorption equilibrium is a function only of the temperature. 

V VJV V V > V’> V V V V V W ■ 
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pressure, .adsorbent surface area, and the total amounts of the chemical 

species present in the system. An adsorption isotherm experiment is usual¬ 

ly performed by holding all these variables constant except for the mass 

of adsorbate added to the system. An alternative method is to hold all 

these variables constant except for the adsorbent surface area (i.e., 

the amount of adsorbent added), and (sometimes) the mass of adsorbate 

added.* 

The adsorption of a hydrophobic, organic solute from aqueous solu¬ 

tion (at infinite dilution) can probably best be represented by the 

following equilibrium expression**: 

(2-11) X + sv + h2o = SX + h2o 

where X is the adsorbate molecule, $v represents a vacant adsorption site, 

and SX is the adsorbent-adsorbate complex. The equilibrium constant, K, 

for reaction (2-11) is given by 

(2-12) 

where the a.'s represent the activities of the subscripted species. A key 

assumption must be made at this point: At infinite dilution, the activity 

*It would seem that this alternative method should yield an isotherm iden¬ 
tical to the one obtained using the first method; however, O'Connor and 
Connolly (1980), as well as other investigators, have reported that this 
may not be the case. They cite evidence which indicates that the concen¬ 
tration of solids used in isotherm experiments affects the resulting 
partition coefficient (see Section D.3 of this chapter). 

**Note that water molecules appear in the reaction, but do not participate 
in it (i.e., they can be cancelled out). I chose to represent the reac¬ 
tion this way because these organic sórbate molecules (in this research) 
do not solvate with water (in the usual sense). Furthermore, it is highly 
unlikely that they would replace water at an adsorption site (see "Adsorp¬ 
tion Forces and Mechanisms" Section). Water was entered in this equation 
simply to show that adsorption is taking place in aqueous solution. (It 
turns out that the results of the derivation which follows are the same 
even if one assumes displacement of H20 during adsorption.) 



of the "vacant sites" is analogous to the activity of a pure solid phase, 

and is, therefore, defined as equal to one.* This results in the follow¬ 

ing expression for K: 

(2-13) v>r 
where activity coefficients (y.) and concentrations** (C.) have been 

A* 

introduced. At this point, a second problem is encountered: What is the 

activity coefficient for adsorbed species? The answer to this question 

has not been completely reconciled in the literature, and usually further 

assumptions or definitions are introduced at this point to circumvent 

this complication. Not to go against this trend, one further assumption 

shall be made: The activity coefficient for the adsorbent-adsorbate 

complex is considered constant for all cases of adsorption from dilute 

solution in this research. Therefore, y can simply be incorporated 
«> A 

into the value of K, and thus be removed from the expression. Thus, we 

are left with 

K 
d 

(2-14) 

where y has also been removed since it would be %1 in dilute solution; 
X 

a. 

and the subscript "d" indicates a distribution coefficient (which 

h 

Although this assumption is only valid at infinite dilution, it is still 
a good approximation as long as the number of occupied sites is negli¬ 
gible relative to the total number of sites. 

** 

The "concentration" of the adsorbate on the surface, C , is actually 
the adsorption density (e.g., yg adsorbate/g adsorbent*. 

The sorption equilibrium constant is also sometimes called a partition 
coefficient, but the word "partition" in this thesis shall be used only 
in conjunction with absorption phenomena. 
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distinguishes it from the previously used K; i.e., Kj =yxK/ysx)- T|,1US> 

the equilibrium adsorption (or distribution) coefficient, which is a 

measure of the strength adsorption, is simply the slope of the isotherm 

at infinite dilution (i.e., in the Henry's law region), 

Burchill et al_. (1981) relate this distribution coefficient to the 

standard differential Gibbs energy of adsorption (¿8°^) by 

û (ids = -y Kd (2-15) 

where Rg is the universal gas constant, and T is the temperature. They 

also point out that the infinite dilution criterion does not have to 

apply in the case of a linear isotherm. 

The standard differential enthalpy of adsorption (also called the 

isosteric heat of adsorption) can be determined from the van't Hoff 

expression which relates the differential change in an equilibrium con¬ 

stant with respect to a differential change in temperature: 

d In Kc 

dT 

AH 

y 
ads 
T (2-16) 

where AH^ is the differential heat of adsorption. If Equation (2-16) 

is integrated, assuming AH°ds to be independent of temperature,* then 

one obtains: 

K 
AH 

In ads 1 1 (2-17) 

*This is probably a safe assumption over the small temperature ranges 
reported in the literature and used in this research. 
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where aH°j can be calculated by determining the distribution coefficients 
ads 

for two isotherms, one at temperature Tp the other at An alternative 

form of the integrated van't Hoff expression is: 

aH°, 
In Kd = - -pp + constant. (2-18) 

In this form, it is apparent that a plot of In Kd versus 1/T should yield 

a straight line whose slope is Equation (2-18) would be the 

preferred equation for solving for AH°d$ if more than two isotherm dis¬ 

tribution coefficients are measured. Again, both Equations (2-17) and 

(2-18) assume that aH®^ is independent of T, and the only thermodynamic 

variable that changes (among isotherms) is T. 

Once aG°. and aH°. have been determined, it is a simple matter of 
ads ads 

using the relation: 

4Gads = 4Hads - TsSads 
(2-19) 

to find the differential entropy of adsorption, AS°ds. A knowledge of 

the free energies, enthalpies, and entropies of adsorption can provide 

clues to the type(s) of adsorption mechanism(s) and force(s) involved. 

C. Absorption (Liquid-Liquid Extraction) Theory and Fundamentals Relevant 

to This Research 

Some investigators in this field have postulated that the sorption 

of nonionic organic compounds by soils can best be explained and modeled 

as a solvent (i.e., liquid-liquid) extraction process (see Chiou et al_., 

1979, 1983, and 1984), wherein the organic solute partitions itself 

■> , 
*. ¥ ^ 4JN| * ^ - " « ** • j, 



between the "liquid" or polymeric soil organic matter phase, and the 

aqueous phase. Since this hypothesis has neither been adequately proven 

nor disproven at this point, it was deemed necessary to include a brief 

discussion of the fundamentals of solvent extraction chemistry, emphasiz¬ 

ing those aspects which might be relevant to sorption by soils. 

The adsorption forces and mechanisms discussed in Section B.2. of 

this chapter are also applicable to extraction (absorption).* The 

primary difference is that in liquid-liquid extraction, intermolecular 

forces are exerted among the solute and the two bulk solvent phases (e.g., 

aqueous and organic), whereas in liquid-solid adsorption the forces are 

among the solute (adsorbate) molecules, the liquid (aqueous) phase, and 

a solid surface. 

The distribution of a species between two solvents (one aqueous and 

one organic) is generally expressed as a distribution (or partition) coef¬ 

ficient, Kp, given by 

K = (2-20) 
p a 
H aq 

or, in sufficiently dilute solution where the activity coefficients (for 

the solute in each phase) are unity, then 

where the subscripts "org" and "aq" denote the organic and aqueous phase 

*The terms "absorption", "extraction", and "partitioning" are used 
interchangeably in this thesis. 
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respectively; and "a" and "C" are the activities and concentrations, 

respectively, for the solute in each phase. 

This partition coefficient is obviously related to the solute's 

mutual solubility in each of these solvents. In fact, if the mutual 

solubility of the two solvents is negligible (i.e., the solvents are 

completely immiscible), and the solute solubilities in each of the 

organic and aqueous phases are low enough such that activity correc¬ 

tions are negligible over the range from infinite dilution to saturation, 

then the partition coefficient, Kp, is theoretically equal to the ratio 

of these solute solubilities. Therefore, because of the close connec¬ 

tion between solute partitioning and the concept of solubility, the 

theoretical attempts to explain solvent extraction behavior have 

generally been based on solubility theory. 

The most successful of these solubility theories is the "Regular 

Solution Theory", which attempts to explain/predict the solubility of 

substances from the fundamental viewpoint of molecular forces. Although 

the application of regular solution theory to solvent extraction is some¬ 

what limited, it has been applied to various solution systems with moder¬ 

ate success (Sekine and Hasegawa, 1977). In "regular" solutions, certain 

intermolecular forces such as chemical interaction, association, and 

strong dipole-dipole interactions are considered negligible. Because of 

this assumption, the regular solution theory is not suitable to aqueous 

solutions due to the highly polar water molecule (Sekine and Hasegawa, 

1977). Indeed, Horvath (1982) pointed out that the theory does not give 

a satisfactory treatment for the solubility of halogenated hydrocarbons 

in water (and it therefore would not be useful in connection with this 

research). Nevertheless, certain equations based on regular solution 

..y ..-1 m--. .«j» ■_.«A.- ^ ^ . 
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theory have been proposed for aqueous systems. An example of such an 

equation is (Sekine and Hasegawa, 1977): 

log K 2.3 RT 
(6 +6 -2ô)(ô -6 )+ RT 
v°aq org xM aq org7 

1 1 

V V 
org aqj 

(2-22) 

where the "x" subscript denotes the solute; V^, is the molar volume 

(cm3/mol) of species l at the system conditions, and <5^ is the solu¬ 

bility parameter ([cal/cm3]*) for species l given by: 

6 - = (2-23) 

where aE is the molar heat of vaporization. It is not known whether 
vap 

Equation (2-22) has been successful in predicting Kp values in aqueous- 

organic solvent extraction systems; but nonetheless, it would be diffi¬ 

cult to apply to aqueous soil systems since the values for ôQrg and Vorg 

would not be known for the soil organic matter phase. 

The equilibrium reaction for the partitioning of a solute, X, 

between two phases can be represented as: 

X 
aq 

(2-24) 

At equilibrium, the chemical potentials* of the solute in both phases are 

equal : 

*The symbol G (partial molar free energy) is used to denote chemical 
potential since the symbol V in this thesis is used for dipole 
moment. 
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Gaq " Gorg 

then 

^aq + RT ln aaq = ^rg + RT ln aorg 

or 

RT l-l Corg + RT ln Vg - RT ln Caq - RT ln Yaq = ^q - 5^rg 

Solving for Cor /Ca which is equal to the partition coefficient, Kp, 
org' aq 

the result is: 

C 

P c aq 
K = ^ra = _Î3_ exp[(ií„ - t„J/RT] 

org aq org' 
(2-25) 

Since the exponential term in Equation (2-25) is constant at a given 

temperature, the distribution coefficient, Kp, is simply a function of 

the ratio of solute activity coefficients in each phase, Yaq/Yorg 

Thus, if y /y is relatively constant (i.e., independent of solute 
aq org 

concentrations) then the partition coefficient will also be relatively 

constant. The constancy of Kp values over a wide range of solute con¬ 

centrations (in either phase) is, in fact, frequently observed (McCabe 

and Smith, 1976; Sekine and Hasegawa, 1977), which indicates that the 

ratio of activity coefficients does indeed remain relatively constant. 

For solute partitioning in octanol-water systems, Chiou and 

Schmedding (1982) derived the following expression: 

1 'w 
ow 

S V*Y* Y 

■ > . - - . -. j 

(2-26) 



(2-27) log Kow = -log S - log '7* - log y*Q + ïoq(y*/yJ 

where 

K = octanol-water partition coefficient 
ow 

S = molar solubility of solute in water (mol/1 ) 

V* = molar volume of the organic (octanol)-rich phase (i.e., corrected 
o 

for the octanol-water mutual saturation) at the system conditions 

(1/mol ) 

V* and V* = solute activity coefficients in the water-saturated octanol 
' o w 

phase, and octanol-saturated water phase, respectively. 

y = solute activity coefficient in pure water. 
'w 

Chiou et al_. (1983) then used the "Flory-Huggins theory" (Flory and 

Huggins have each authored numerous references on polymer chemistry) 

to define the activity of a solute in a polymer: 

In ax = In <(> + <t>p 1 (2-28) 

where a is the solute activity in the polymer, is the volume fraction 
X 

of solute, <j>p is the volume fraction of polymer, ?xis the solute molar 

volume, Vp is the average molar volume of polymeric substances, and x is 

the Flory-Huggins interaction parameter.* Chiou et aK asserted that 

★Chiou et al. (1983) did not explain this "Flory-Huggins interaction 
parameter11--in their paper. Flory (1953) described it as a dimension¬ 
less quantity which characterizes the interaction energy per solute 
molecule. The quantity kqTx represents the difference in energy of a 
solute molecule immersed in the pure polymer, compared with one sur¬ 
rounded by molecules of its own kind (i.e., in the pure solute). 

~ V ’ •*. * 
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the properties of a , <j>, <j> , V , and xs are those corrected for the effect 

of sorbed water. (For example, <j>p is the volume fraction of soil organic 

matter [SOM] and sorbed water, and Vp is the average molar volume of 

water-saturated SOM.) The authors then make the following assumptions: 

the solute concentration is dilute in each of the solvent phases; Vp 

corresponds to V* of Equation (2-27); <(> % 1 ; y^/yw % 1 ; and Vx/Vp « 1. 

Upon making the appropriate substitutions into Equation (2-27), the 

following final result was obtained by the authors: 

Tog Kon1 = -log SVX- log p - (1 +\)/2.303 (2-29) 

where K is the solute partition coefficient between the SOM and aqueous 
om 

phases, and p is the SOM density. Thus a plot of log KQm versus log SVX 

should be linear for a given soil (i.e., p is constant), assuming 

that X remains constant. (The authors also stated that since the vari¬ 

ability of V is small compared to that of S, plots of log K versus 
A 

log S should also be linear.)* 

The thermodynamic properties of solvent extraction (aG°x, aH°x> and 

AS0 ) are defined analogously to those for adsorption. That is, 

-RgT ,n kp 
ï 

*The authors used their experimental findings that log Kom versus log S 
(or log SVX) yielded a highly linear relationship as direct support for 
a partitioning phenomenon. However, the same type of relationship has 
also been observed in cases where adsooption is known to be occurring. 
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3 ln K 

3T 
2. < and 

ï 

where the equilibrium partitioning coefficient, Kp, is defined the same 

way as Kd for a soil-water-solute system. Since the thermodynamic vari¬ 

ables are determined identically for both adsorption and extraction 

phenomena (for the system of interest), the "ads" and "ex" subscripts 

are henceforth dropped, and it shall be understood that aG°, aH°, and 

AS0 refer to the free energy, enthalpy, and entropy of sorption, respec¬ 

tively. However, the subscript "d" in Kd shall be retained as a sorption 

distribution coefficient, which can be applied to both adsorption and 

extraction phenomena. 

D. Factors Influencing the Sorption of Nonionic, Organic Solutes in 

Soil Solution 

From the previous discussion of thermodynamics, it is clear that the 

solute concentration, temperature, adsorbent surface area (or sorbent 

mass), and pressure can all affect the quantity of solute sorbed. (The 

effect of pressure variations at the earth's surface on sorption from 

solution is considered negligible, and this parameter is always assumed 

to be constant at ^ 1 atmosphere in such experiments. Therefore, the 

influence of pressure shall not be discussed below.) However, in addition 

to these variables, there are other characteristics and/or properties of 

the sorbent, sórbate, and solution which can influence (or have been 

significantly correlated with) the strength of sorption. All of these 
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variables, characteristics, and properties are discussed below. Also, a 

discussion of reversibility and desorption is presented in Section 4 (below) 

since this is deemed pertinent to this research. 

1. Sorbent (Soil) Characteristics 

The soil components which account for virtually all sorption phenomena 

in soils are the clays, hydrous metal oxides, and organic matter. The most 

important of these components in "controlling" the sorption of nonionic, 

organic compounds is the soil organic matter (Bailey and White, 1964; 

Lambert, 1967; Osgerby, 1970; Pierce et al_., 1974; Karickhoff et al_.» 

1979; Chiou et ak, 1979; Peck et al_., 1980; Sharom et al_. » 1980; Means 

et al_., 1980; Brown and Flagg, 1981; Schwarzenbach and Westall, 1981; Chou 

et aK, 1981; Stevenson, 1982; Means and Wijayaratne, 1982; Weber et al_., 

1983). In fact, many studies have found that the soil organic matter con¬ 

tent is essentially the only soil property which affects the sorption of 

these types of compounds. That is, other soil characteristics such as 

clay type and content,* surface area, and the cation exchange capacity 

(CEC) are generally considered to have negligible influence on sorption.** 

(However, two papers pertaining to the sorption of PCB's by various sor¬ 

bents [Hiraizumi al*> 1979; Horzempa and Di Toro, 1983] reported strong 

correlation between sorption and surface area, as well as to organic carbon 

contents.) 

*It should be noted that these soil characteristics would certainly influ¬ 
ence the sorption of ionic solutes. 

**Since many soil properties are correlated to each other (e.g., soils 
high in organic matter content are typically high in CEC) a high corre¬ 
lation between sorption and a particular property may be obtained. 
However, this does not always mean that this property is influencing 
sorption. 

■\ i*. ,% „• 
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So many studies have established strong correlation between sorption 

and soil organic matter content, that the sorption distribution coeffi¬ 

cient reported in the literature is usually normalized to the fraction of 

organic carbon (foc) present in the soil, as indicated in the following 

equation: 

oc 
(2-30) 

oc 

where K is the normalized distribution coefficient. An excellent sum- 
oc 

mary of Kqc values reported for numerous pesticides in soils is presented 

by Hamaker and Thompson (1972, see pp 68-90). Examination of their table 

reveals that K values for any particular chemical are generally not 
0 c 

precise constants. (For example, three values of Koc reported for the 

sorption of silvex by three different soils are: 440, 2786, and 4682.) 

One possible reason for this variability in Koc values (for a particular 

chemical) is the variation in organic matter composition among soils. That 

is, two soils with identical percentages of organic carbon, may have dras¬ 

tically different percentages of humic substances, polysaccharides, 

proteins, and lipids. If these separate fractions of soil organic matter 

sorb with different intensities, then this could be a plausible explanation 

for the high variability of K values. Another possible explanation 
U V- 

(which would be likely for adsorption phenomena) is the variability of 

specific surface area among soils. 

2. Sórbate Properties 

The two most popular sórbate properties used in sorption correlation 

studies have been aqueous solubilities and octanol-water partition coef- 



ficients. The general rule for the inverse correlation between sorption 

and a compound's solubility was first expounded in 1920 by Lundelius. The 

rule serves as a useful guide, but numerous exceptions have been reported. 

For example, Harris and Warren (1964) concluded that no general relation¬ 

ship exists between sorption and solubility for the widely differing herbi¬ 

cides which they examined; Weber (1966 and 1970) found that the solubility 

differences of S-triazines were not reflected in their sorption differences; 

and Hance (1965 and 1967) found no relationship between the sorption of 

substituted ureas and their solubilities. The use of a compound's octanol- 

water partition coefficient (Kow) as a correlating parameter probably 

originated with the works of Lambert (1967) and Hance (1967). These investi¬ 

gators suggested that the sorption of a neutral organic compound to soil was 

analogous to the liquid-liquid partitioning of a solute between water and 

an immiscible organic solvent. The use of KQW as a predictor of the Koc 

value for a given compound has since become widespread, and numerous investi¬ 

gators have reported regression equations relating these two variables 

(Briggs, 1973; Karickhoff et al_., 1979; Means et^al.> 1980 and 1982; Brown 

and Flagg, 1981; Schwarzenbach and Westall, 1981). 

Other correlating parameters which are used less often are the sór¬ 

bate 's bioconcentration factor and parachor. A compound's parachor, P, 

is a function of molecular structure and, for liquids, is defined as 

p . m»* 

where M is the molecular weight, a is the surface tension, the liquid 

density, and py the vapor density. Since p£ » py, the equation reduces to 



-40- 

p = = Vai 

where V is the molar volume. 

Regression equations developed between sorption and the above sórbate 

properties normally take the form 

log K = A log Y + B 
3 oc 

where A and B are regression coefficients, and Y is the particular sórbate 

property (i.e., solubility, K , or bioconcentration factor). (The excep- 

tion is parachor which is regressed directly with log Koc.) It is inter¬ 

esting to note that values of Koc estimated from these regression equations 

can vary by as much as two orders of magnitude (i.e., 100-fold) for any 

particular sórbate chemical. 

It should be emphasized that these correlations were developed 

primarily for pesticides (insecticides, herbicides, and fungicides) and, 

to a lesser extent, aromatic and polynuclear aromatic hydrocarbons. 

Many of these compounds have high molecular weights, extensive molecu¬ 

lar branching, and the presence of a variety of functional groups. 

Therefore, their sorption characteristics may be quite different from 

the compounds chosen for study in this research. Furthermore, it 

appears that virtually no research studies attempt to correlate sorp¬ 

tion to more fundamental sórbate properties such as polarizability, 

dipole moment, and molecular weight and size. (Credit should be given 



to the fundamental nature of parachor, however, since it is related to 

molecular volume and surface tension.) 

3. Solution Properties 

Properties of the solution which may affect the sorption of compounds 

(ionic and nonionic) in soils are: temperature, pH, ionic strength (or 

salt concentration), sórbate concentration, solids concentration (water 

content), and the presence of other sorbates. These are each discussed 

below. 

Most references state that since adsorption is an exothermic reaction, 

it should decrease with increasing temperature. However, only adsorption 

from the gas phase is strictly exothermic according to the following logic 

(McBride, 1982): Since adsorption from the gas phase always results in a 

reduction in entropy for the system, i\S^s is always negative. But the 

Gibb's free energy of adsorption, AGacls (given by AGad$ = AHads - TASads), 

must also be negative in order for the reaction to occur spontaneously. 

Therefore, the adsorption enthalpy, AHad$, must be negative, and also 

|AHadsl > lT AS I in order to make AGads < 0. (Hence, the reaction is 

exothermic since AHads < 0; i.e., heat is given off when gas molecules 

are adsorbed at an interface.) However, sorption from solution is a 

different matter, si. ¿ the presence of a third component —the solvent 

must be reckoned with. As mentioned previously in the section on the 

hydrophobic interaction, the sorption of certain compounds may, in fact, 

be enhanced by an increase in system entropy during the sorption process. 

Therefore, the sorption enthalpies in these cases may be either negative 

or positive. That is, in sorption from solution, the reaction may be endo¬ 

thermic and still occur spontaneously. Nevertheless, the majority of 



studies on the sorption of organic compounds in soil solution do indicate 

that sorption decreases with increasing temperature. Some of the excep¬ 

tions to this trend are: (1) Yaron and Saltzman (1972) found that the 

equilibrium sorption of parathion in soil solution was not appreciably 

influenced by temperature; (2) Francis (1972) found that increasing temper¬ 

atures resulted in increased sorption equilibrium of polyvinylpyrrolidone 

by several clays; (3) Pierce aK (1974) reported an endothermic reac¬ 

tion for the sorption of DDT by humic acid in sea water*; and (4) Horzempa 

and Di Toro (1983) also obtained an endothermic enthalpy of sorption for 

hexachlorobiphenyl (a PCB) by sediment (i.e., sorption of the PCB increased 

with increasing temperature). Therefore, the effect of temperature on 

sorption is not always predictable, and should be verified experimentally. 

The pH of the soil solution has a strong influence on sorption for 

ionizing sórbate species, especially weak acids and weak bases which can 

undergo ionization in the mid-pH ranges characteristic of soil environ¬ 

ments . Therefore, depending upon the pH (and the compound's pKa or pKb 

value) these sorbates (weak acids and weak bases) may exist as an ion or a 

neutral molecule which would markedly affect their sorption. However, in 

the case of nonionic sórbate molecules, the literature indicates that pH 

has virtually no effect unless some pertinent soil change is produced 

thereby (Hamaker and Thompson, 1972; Lyman, 1982). Since all the sórbate 

compounds investigated in this research are neutral, no significant pH 

effects are expected. However, since pH would affect the properties of 

♦Pierce et al. did not use the normal sign convention for AH values (i.e., 
negative ATTdenoting an exothermic reaction) and the signs on the aH 
values reported in Table 4, p. 1068 of this reference should all be 
reversed. 
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certain soil organic matter components (e.g., humic polymers), the 

effect of pH on sorption shall be experimentally assessed. 

The solution ionic strength can affect sorption via three 

possible mechanisms: 

(1) Sorbed organic ions can be displaced by the inorganic (salt) 

ions in an ion exchange reaction. 

(2) The activity of the sórbate in solution is altered. 

(3) Sorbent structure/characteristics are altered. 

Mechanism (1) above would mainly affect the sorption cationic sorbates, 

since virtually all sorbent soil particles are negatively charged in solu¬ 

tion. Mechanism (2) would result in reduced sorption of ions, but enhanced 

sorption of neutral molecules, with increasing ionic strength. (This is 

because the activity of ions decreases, but the activity of neutral mole¬ 

cules increases, with ionic strength.) Nevertheless, the sórbate activ¬ 

ity effect on the sorption of neutral, organic molecules should be minor 

since their activity is not significantly altered within the range of 

ionic strengths (<0.1 M) typically encountered in soil solutions*. 

Mechanism (3) may or may not affect the sorption of these types of mole¬ 

cules by soils. 

Sórbate concentration always influences the amount sorbed (otherwise 

isotherms would merely be horizontal lines). As the sórbate concentration 

increases, of course, the amount sorbed increases (but there is not nec¬ 

essarily a linear correspondence), until the sorbent becomes "saturated" 

with the sórbate. Beyond this point, increasing sórbate concentration will 

*For example, Gossett and Lincoff (1981) determined an activity coeffi¬ 
cient equal to about 1.05 for trichloroethylene in a 0.1 M aqueous 
KC1 solution. 
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not further increase the quantity sorbed, and the isotherm should become 

flat. However, it appears that this saturation point is rarely attained 

in the sorption of neutral, organic molecules by soils. Two possible 

explanations for this lack of sorbent saturation are: (1) the sorption 

phenomenon is one of solute partitioning between water and the organic 

matter "solvent" in the soil, wherein the solute is completely miscible 

with the soil organic matter "solvent"; or (2) the aqueous solubilities 

of these types of compounds are too low to approach site saturation on 

the sorbent (for the case of absorption). 

As the solids concentration or water content of a soil suspension is 

altered, the amount of solute sorbed and its equilibrium solution concen¬ 

tration will, in general, change. However, the distribution coefficient, 

K^, should theoretically remain the same. The literature on this topic 

offers conflicting results, with the bulk of the data indicating that Kd 

increases as the solids concentration decreases (Grover and Hance, 1970; 

Cox, 1970; O'Connor and Connolly, 1980 - [this reference contains an 

excellent review of the phenomenon and cites several other references as 

well]; Voice et .a_l_., 1983; Di Toro et al_’> 1984; Gschwend and Wu, 1984). 

On the other hand. Nearpass (1967), Green and Obien (1969), and Garbarini 

and Lion*(1984) obtained no significant differences in values as a 

function of solids concentration. O'Connor and Connolly were unable to 

explain why increasing solids concentration yielded lower values, but 

Grover and Hance suggested that the degree of soil colloid dispersion is 

greater in the more dilute suspensions, and hence, more surface area is 

*Garbarini and Lion measured equilibrium solute concentration via the 
compound's gas-phase concentration, employing Henry's law. Therefore, 
the method may have "avoided the cause" of the frequently-observed 
"solids effect" on K^. 
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available for sorption. An alternative explanation (Gossett, 1984) is 

that sorption equilibrium is approached faster in the dilute system than 

in the concentrated system, resulting in a higher "apparent" value 

(i.e., the samples containing the higher solids concentration are farther 

from equilibrium at the time all samples are analyzed, and thus yield a 

lower measured value). Voice et al_. (1983) and Gschwend and Wu (1984) 

concluded that the "solids effect" (on the partition coefficient) results 

from the presence of sorbent "microparticles" and/or "macromolecules" 

which are not removed from the suspension during separation procedures. 

Since the supernatant of the reaction vessel containing the higher solids 

concentration would contain a higher concentration of these sorbent 

microparticles and macromolecules, the experimenter would measure a higher 

"apparent" solute concentration for this reaction vessel; and since the 

amount sorbed is calculated by difference in solute concentration, the 

net effect would be to measure a lower "apparent" Kd value for the reac¬ 

tion vessel containing the higher solids concentration. On the other 

hand, Di Toro et al_. (1984) performed several experiments which seem to 

refute the above conclusion of Voice et aK Di Toro et aK proposed a 

"particle interaction induced desorption" model to account for the 

"solids effect". This model assumes that a binary interaction between 

particles causes desorption to occur, but the authors are unable to fully 

explain the mechanism for this proposed reaction. Therefore, assuming 

that there is a solids concentration effect on K^, there is much contro¬ 

versy in the literature on the specific cause of this effect. 

The presence of a mixture of solutes in a sorption system may mutually 

enhance sorption, may act independently, or may compete with one another 



-46- 

for sorption (Weber, 1972). However, this aspect of sorption will not be 

investigated in this research, and is therefore not further discussed. 

''V V-' 
« - I 

4. Desorption and Reversibility 

Very few desorption studies have been performed, but those that have 

generally indicate that the desorption process is slower to reach equili¬ 

brium than sorption (Hance, 1967; Williams, 1968). Also, it is frequently 

observed that a. portion of the sorbed compound is very c’^ficult to remove 

(Talbert and Fletchall, 1965; Yaron et al_., 1967; Williams, 1968; Peck 

et al_., 1980; Rogers et al_., 1980; Horzempa and Di Toro, 1983). Other 

investigators have found that if sorption equilibration times are rela¬ 

tively short, and are immediately followed by the desorption experiment, 

that the process is essentially reversible (i.e., sorption and desorption 

isotherms are coincident) (McGlamery and Slife, 1966; Graham-Bryce, 1967); 

but that if the soil is dried and rewet after the sorption phase, or if 

sorption equilibration times are long, then the two isotherms are non¬ 

singular, and the sorbed chemical much more difficult to extract (Hilton 

and Yuen, 1963; Hamaker et al_., 1966; Graham-Bryce, 1967; Saha et al_., 

1969). Based on the above results, it appears that the sorption of some 

compounds in soils may be partially irreversible, resulting in hysteresis 

for the two isotherms (sorption and desorption). Rao and Davidson (1980) 

have critically reviewed the findings on reversibility and desorption, and 

have concluded that, while hysteresis in sorption isotherms is often an 

artifact of the experimental methods used, it can be real and significant 

for some compounds. 
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E. Previous Research on the Sorption of Volatile Chlorinated Hydrocarbons 

(One and Two-Carbon Chlorinated Aliphatics) by Soils 

Our present knowledge of the sorption interactions of these types of 

compounds with soils or soil components is indeed limited. An extensive, 

computer-assisted literature search turned up only six papers dealing with 

this topic. The relevant aspects of these studies are discussed below 

(in chronological order of publication date). 

1) Chiou et al_. (1979) found linear sorption isotherms for 1,2- 

dichloroethane; 1,1,1-trichloroethane, and tetrachloroethylene (and four 

other halogenated hydrocarbons) in water with a Willamette silt loam. 

They hypothesized that the uptake of neutral organic chemicals by soil 

organic matter is essentially a process of solute partitioning rather 

than physical adsorption. This hypothesis was based on their findings 

that: 

(a) The isotherms for the seven organic compounds tested showed 

no indication of curvature even at concentrations approaching 

(aqueous) saturation, and 

(b) The extensive data from the literature (and their own work) 

indicated that sorption distribution coefficients (normalized to 

fraction organic matter in soil) were highly correlated (inversely) 

with solubilities and (directly) with octanol-water partition 

coefficients. 

The main criticisms of Chiou's work are: 

(a) they did not demonstrate that their isotherms extended into 

the high surface coverage regime (if one assumes the adsorption 

concept applies). In fact, a rough calculation (see Appendix A) 

. A 
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indicates that fractional surface coverage was less than five 

percent in all cases. At low surface coverages such as this, ad¬ 

sorption equilibria obey Henry's law, and linear isotherms should 

always be obtained. 

(b) A strong inverse correlation between sorption distribution 

coefficients and compound solubility does not constitute evidence 

in favor of a partitioning or absorption phenomenon. In fact, this 

very same correlation between adsorption and solubility was first 

expounded by Lundelius in 1920. 

(c) The article contains no explanations of materials and methods 

used to measure the sorption isotherms. 

Based on criticisms (a) and (b) above, the partitioning (absorption) hypo¬ 

thesis proposed by Chiou et al_. does not seem to be justified.* 

2) Rogers and McFarlane (1981) investigated the sorption of carbon 

tetrachloride (CT) and trichloroethylene (TCE) (and ethylene dibromide) with 

soil and clay. They found no apparent sorption of either TCE or CT onto 

a Ca+2-saturated montmorilIonite, but reported surprisingly high sorption 

of TCE onto an Al+3-saturated montmorilIonite (17¾ of the available TCE 

sorbed). Sorption of these compounds by all soils and clays tested was 

*In all fairness, however, it should be pointed out that Chiou et al. 
have published other works (two of these are discussed in Section II. 
C.) which argue for the partitioning phenomenon. (The reader is also 
referred to MacIntyre and Smith versus Chiou et aK [1984] for an 
excellent "debate" of the adsorption-absorption Issue.) The best sup¬ 
port for the absorption side is probably the recent paper (in press at 
this time) by Chiou et al. (1984), in which they showed that the sorp¬ 
tion of parathion ancFlTndane in aqueous soil suspensions is noncompe¬ 
titive and yields highly linear isotherms (characteristic of absorption 
phenomena); whereas the sorption of these compounds with dehydrated and 
partially dehydrated soils in nonaqueous suspensions is competitive and 
results in highly curved, "Langmuir-type" isotherms (characteristic of 
adsorption phenomena). 
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+3 six percent or less, except for the case of ICE onto A1 -saturated mont- 

morillonite. The authors were unable to explain this anomaly. Another 

anomalous finding reported by Rogers and McFarlane was that the normalized 

sorption constant (Koc) foï' CT obtained experimentally was quite different 

from the values obtained using several predictive relationships which 

correlate Koc with the compound's aqueous solubility (S) or octanol-water 

partition coefficient (KQW). It therefore appears that it is more than 

just the S or Kqw for these compounds that controls their sorption 

behavior. 

Some of the problems with the Rogers and McFarlane study are: 

(a) An equilibration period (t^) of only 16 hours was selected, 

even though additional sorption was still occurring beyond this 

time. (The authors stated that the values of the Freundlich equili¬ 

brium coefficients at t = 144 h were always within two-times their eq 

values at teq = 16 h, and therefore, 16 hours was chosen for conven¬ 

ience as the equilibrium time period.) Thus, the Freundlich constants 

reported in the paper cannot be regarded as true equilibrium values. 

Furthermore, since many of the Freundlich constants determined are 

within a factor of two-times of each other, it is not clear whether 

valid comparisons of sorption characteristics can be made. (Perhaps 

the increased sorption was always by the same fractional amount in 

all cases, in which case the comparisons would be valid. However, 

the authors did not state that this was the case.) 

(b) The experiments were conducted at a temperature of 25°C, but 

centrifugation of the reaction vials was done at 5°C. It is not 

clear why this was done, especially since the settling velocity of 
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suspended particles decreases with decreasing temperature. It is 

possible that this refrigerated centrifugation affected the accuracy 

of the resulting isotherms which are supposed to be for T = 25°C. 

3) Wilson et al_. (1981) measured retardation factors* for chloroform, 

1,2-dichloroethane, tetrachloroethylene, 1,1,2-trichloroethane, and tri¬ 

chloroethylene (as well as several other halogenated hydrocarbons) in a 

sandy soil (0.087¾ organic carbon). For all the compounds named above, 

they found retardation factors <1.5, except for TCE and tetrachloroethylene 

whose R.F. values were 1.6 and 2.5, respectively. They concluded that most 

of the compounds examined in their study would be readily transported 

through soil (because of their very low retardation factors), and hence, 

wind up in the groundwater. 

The major deficiency in the work of Wilson et al_. is that they limited 

their transport/sorption study to a single sorbent: a sandy soil with a 

very low organic carbon content. Since most of the literature on the sorp¬ 

tion of nonionic compounds by soils indicates that it is primarily the 

organic matter fraction which is responsible for sorption, it is not sur¬ 

prising that the retardation factors (and hence, the sorption coefficients) 

*The retardation factor of a solute with respect to water is: 

R.F. = 1 + (pB/ew)K = Pw/vs 

where: 

R.F. = retardation factor 
3 

= bulk density of soil (g/cm ) 

= volumetric water content (ml/cm ) 

= sorption equilibrium distribution coefficient (ml/g) 

= interstitial pore water velocity 

= apparent velocity of solute through soil. 

B 

9w 
K 

v 
w 

t'r 



determined by these researchers were so low. Furthermore, it is not known 

whether the sorption which occurred was associated with the sand or the 

traces of organic matter present. 

4) Schwarzenbach and Westall (1981) determined sorption partition coef¬ 

ficients for tetrachloroethylene (and 12 other nonpolar organic chemicals) 

with a variety of sorbents. They found that: 

(a) The sorption isotherms for these nonpolar compounds were 

linear and reversible at low concentrations ("typically encountered 

in natural waters"). 

(b) The sorption partition coefficients were highly correlated 

with the organic carbon (O.C.) contents of the sorbents (for those 

sorbents with O.C. content exceeding 0.1%). 

(c) Sorbents with very low organic matter contents had small 

partition coefficients even though their specific surface areas were 

high. 

(d) ‘ The logarithms of the partition coefficients of the different 

compounds and the logarithms of the corresponding octanol/water parti¬ 

tion coefficients (K ) had a highly significant linear correlation ow 

(for all nonporous sorbents). 

(e) For sorbents with O.C. contents greater than 0.1% the parti¬ 

tion coefficients can be estimated for many nonpolar organic compounds 

from their Kow's and the O.C. content of the sorbent. (Predictions 

within a factor of 2 were possible.) 

The main criticisms of this work are: 

(a) No sorption isotherms were depicted in the publication. 
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(b) Isotherm linearity was only substantial at very low solute 

concentrations (i.e., Henry's law region) using sand as the sorbent. 

(c) Their conclusion regarding isotherm reversibility is question¬ 

able, and it is not clear from their paper how they came to this con¬ 

clusion. The authors'only comment about reversibility/desorption was: 

. . the column experiments did indicate that sorption-desorption 

hysteresis is not too significant for the solutes and sorbents investi¬ 

gated." However, the only sorbent used in the column experiments was 

sand. Since previous studies on isotherm hysteresis in soil solution 

implicate the soil organic matter (as the cause of isotherm hysteresis), 

the authors' selection of sand for these experiments would appear to be 

inappropriate. 

(d) Equilibration time for batch sorption experiments was only 

about 18 hours, even though no kinetics experiment revealed that 

equilibrium was achieved by this time. 

f. 

i 
% . 
l", i 

s"', 
K ■ 

(e) Sorbent solids in the test tubes were gravity-settled (instead 

of centrifuged). Thus, it is not clear how the fine fractions of each 

sorbent were removed from the aqueous phase prior to removing a 

supernatant sample for analysis. 

(f) The coefficients of variation for the measured partition coef¬ 

ficients were relatively high (^30%) for many of the reported data. 

5) Richter (1981) determined sorption isotherms for TCE with various 

inorganic soil components, organic peat, and a natural soil. He showed 

that the sorption capacity decreased in the following order: organic 

peat > montmorilIonite > manganese oxide > kaolinite > iron oxide. 

However, Richter's work suffered from the following problems/inadequacies: 
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(a) ICE volatilization losses were likely during the experiments, 

but were neither determined nor accounted for. 

(b) Sorbents were dried at 100°C for 1 hour which may have altered 

their surface properties. 

(c) The temperature at which the isotherms were conducted was not 

reported. 

(d) The isotherms were presented as Freundlich log-log plots which 

tend to "smooth out" the irregularities and imprecision of the data. 

It should also be noted that the above work revealed nonlinear isotherms 

for all sorbents (except possibly the manganese oxide), even though the 

solute concentration range was relatively low. This anomalous result was 

neither mentioned nor discussed by Richter in his report. 

6) Lion and Garbarini (1983) examined the sorption of TCE (as well 

as toluene and naphthalene) using several synthetic and natural soils. 

(The synthetic soils consisted of humic acids,and hydrous aluminum oxide 

which had been coated with humic acid.) The following observations/findings 

were made by Lion and Garbarini: 

(a) Toluene was "excluded from solution" by over a wide 

range of sorbent concentrations. This unusual result could not be 

explained by the salting-out effect at the low ionic strength (cal¬ 

culated via the measured specific conductance) of the solution. (The 

authors speculated that the charged A^Og colloids may be affecting 

the toluene activity.) 

(b) TCE and toluene were sorbed by both humic acid (HA) and 

HA-coated A1„0V However, the percentage solute sorbed was consist- 

ently higher (for both compounds) with the humic acid alone than with 

the HA-coated hydrous aluminum oxide (for equal amounts of HA). 
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Based on this, the authors concluded that the presence of the 

suppressed the sorption of these compounds. 

(c) The sorption densities of TCE and toluene on HA were 

independent of their equilibrium solution concentrations, indicating 

complete coverage of the HA sorbent. (The authors later concluded 

in a follow-up paper [Garbarini and Lion, 1984] that these sorption 

isotherms were, in fact, linear with non-zero slopes.) 

(d) The sorption of naphthalene by a variety of soils (with O.C. 

contents ranging from 0.11 to 0.54¾) was not controlled by the mass of 

O.C. present. 

My major criticisms of this research are: 

(a) The investigators did not distinguish between sorption and 

binding phenomena in their experiments. That is, the solutes were 

considered to be "sorbed" by both the particulate and soluble forms 

of humic acid. Although the distinction between colloidal and dis¬ 

solved species is somewhat arbitrary, it is useful in connection with 

groundwater contamination studies, since soluble species are assumed 

to be transported by dispersion/advection, whereas particulate species 

are assumed to remain relatively fixed. Thus, a solute that is sorbed 

is generally considered to be removed from the liquid phase (whether by 

accumulation at an interface between two phases, or by interpenetrating 

another phase). Therefore, the sorption concept should perhaps not be 

applied to the case of compounds binding to soluble HA molecules. 

(b) All reaction vessels contained a swamping NaCl electrolyte 

(0.1 M) in order to minimize any possible effect of the colloidal sor¬ 

bent on compound activity. Such a high ionic strength is rarely found 



in natural soils, and may in itself be influencing sorption by increas¬ 

ing the surface tension of water or by altering the structure of the 

HA polymer.* (However, as pointed out by Lion [1984] in a personal 

communication, certain comparisons between sorption characteristics 

made in their paper may still be valid.) 

*Garbarini and Lion (1984) later demonstrated that these ionic strength 
effects were negligible. 



III. OBJECTIVES AND PROGRAM OF STUDY 

The literature review given in the previous chapter clearly demon¬ 

strates how scanty our knowledge is regarding the sorption behavior and 

characteristics of volatile, chlorinated, aliphatic hydrocarbons (at 

least relative to our knowledge of pesticide sorption). The following 

deficiencies, shortcomings, and ambiguities in the literature are 

evident: 

(1) No correlation attempts have been made between sorption and 

fundamental molecular properties. 

(2) The specific sorption mechanism(s) is(are) not clear.* 

(3) The constituent of the soil organic matter which is causing 

sorption of these compounds has not been identified. 

(4) Some studies show measurable adsorption of these compounds 

onto mineral (inorganic) soil components, some show negli¬ 

gible adsorption, and some indicate negative adsorption. 

(5) No studies have examined the desorption and reversibility 

characteristics of these compounds with soils. 

(6) There is no convincing experimental evidence to indicate 

whether it's an adsorption or absorption phenomenon. 

(7) Virtually no studies have investigated the influence of 

various factors such as temperature, pH, ionic strength, 

*For example, no one has attempted to determine values for the free 
energy, enthalpy, and entropy of sorption for these compounds by 
soil, or soil components. A knowledge of these thermodynamic vari¬ 
ables should provide clues to the sorption mechanism(s)/force(s) 
involved. 
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solids concentration (water content), and sorbent specific 

surface area, upon sorption of chlorinated aliphatics by 

soils. 

A. Objectives 

In light of the above shortcomings in the scientific literature, 

the following research objectives have been formulated for this study: 

Primary 

(a) Measure, describe, explain, and model/correlate the 

equilibrium sorption (and desorption) characteristics 

of the selected compounds with soils or soil components, 

with primary emphasis given to the relationship between 

sorption and fundamental molecular properties (such as 

polarizability, dipole moment, molecular weight, molar 

volume, and parachor). In addition, attempt to correlate 

the normalized sorption distribution coefficient (K ) to oc 
compound solubility and octanol-water partition coef¬ 

ficient, as is commonly done in the literature. 

(b) Attempt to implicate the predominant sorption mechanism(s)/ 

force(s) involved, based on the results from (a) above, and 

by determining three fundamental thermodynamic properties 

of the sorption process (free energy, enthalpy, and entropy) 

2. Secondary 

(a) Determine the adsorption/desorption (if any) of the 

selected compounds onto a variety of common mineral 
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components likely to be present in subsurface soils (i.e., 

groundwater aquifers). 

(b) Attempt to identify the specific constituent(s) of the 

soil organic matter which is (are) primarily responsible 

for the sorption of these compounds. 

(c) Attempt to determine whether the phenomenon is one of 

adsorption or absorption. 

(d) Determine the influence (if any) of the following factors 

upon sorption: temperature, pH, ionic strength, solids 

concentration (water content), and the specific surface 

area and organic carbon content of the sorbent. 

B. Program of Study 

This research was divided into six phases of study discussed below, 

each corresponding to one of the above objectives (although the 

chronology was different from that implied above). 

1. Phase I: Accomplishment of Secondary Objective (a) 

A logical beginning for this research was considered to be an 

investigation of whether or not adsorption of the selected compounds 

occurs onto inorganic soil components. Since the bulk of soil organic 

matter occurs within the top few meters of the surface, the mineral 

components would probably best represent the soil composition of a 

groundwater aquifer. However, some subsoils are known to contain 

organic matter (Foster, 1975), and it is not known what effect the 

coating of mineral soils by trace levels of organic matter might have 
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upon the sorption of these compounds. Nevertheless, there is a need 

to know the adsorption characteristics of the selected compounds 

onto "pure" mineral components. The planwasthis: if adsorption 

was observed for certain (or all) mineral components used, then these 

would also be used as adsorbents in other phases of the study, if no 

(or negligible) adsorption occurred using these mineral components, 

then soils (or soil components) containing organic matter would be 

used in accomplishing the remaining objectives. To this end, the 

following clays and minerals, commonly found in soils (Bear, 1964; 

Dixon and Heed, 1977), were examined for their adsorption of the 

selected compounds: 

(1) MontmorilIonite 

(2) Kaolinite 

(3) $i02 (Silica) 

(4) A1(0H)3 (Gibbsite) 

(5) (Hematite) 

(6) CaC03 (Calcite) 

(7) Mn02 (Pyrolusité) 

2. Phase II: Accomplishment of Primary Objective (a) 

Sorption (and some desorption) isotherms were determined for 

the selected compounds, using the following sorbents: 

(1) three "real" surface soils, each with different composition/ 

characteristics; 

(2) activated carbon; and 
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(3) three organic matter components (from Phase III) which yielded 

significant sorption. 

For each sorbent, an attempt was made to correlate the strength of 

sorption (as measured by the sorption distribution coefficient, , 

determined from the linear Henry's law region of the isotherm) to the 

compound properties mentioned in Primary Objective (a). (Unfortunately, 

many of these sórbate properties were mutually correlated with each 

other.) Also, the organic carbon content of each sorbent was determined 

in order to calculate the normalized sorption distribution coefficient, 

K . These K values were then correlated to the compound's solubility, oc oc 
octanol-water partition coefficient, and polarizability. 

3. Phase III: Accomplishment of Secondary Objective (b) 

In this phase, an attempt was made to identify the components of 

the soil organic matter which are primarily responsible for the sorption 

of these compounds. According to the literature, the most frequently 

used method in this regard is to sequentially extract or destroy various 

organic components from a soil, using a variety of chemical or physical 

treatments (e.g., IN NaOH, H2C>2, ignition, benzene-methanol mixtures, 

etc.). However, the use of these methods has been criticized by Burchill 

et a]_. (1981) because they inevitably alter the surfaces of the inorganic 

components. Furthermore, these methods are not truly selective for the 

organic components they intend to remove or destroy; and lastly, any 

chemical used (e.g., as an extractant) may itself sorb with the test 

soil. Therefore, it may not be valid to interpret the differences in 

sorption as being caused by the components removed during the treatment. 
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Therefore, a different technique was employed in this research: a 

variety of "pure" organic chemicals, which have been identified in 

soil organic matter, were examined for their sorption characteristics. 

Three of these organic components yielded significant sorption, and 

were also used in other phases of this research. 

4. Phase IV: Accomplishment of Primary Objective (b) 

An attempt was made to determine the thermodynamic properties of 

free energy, enthalpy, and entropy of sorption by performing isotherms 

for each compound with several sorbents, at three different temperatures. 

By using the van't Hoff expression, it is theoretically possible to cal¬ 

culate values for the differential (or isosteric) heat of sorption, 

aH°. Also, the sorption free energy (aG°) is related to the isotherm 

distribution coefficient, K^, via aG° = -RT In K^. Thus, the only 

remaining unknown is the sorption entropy, which can be calculated from 

the relation: aG° = AH0 - TaS°. 

However, as will be evident later, these attempts met with only 

limited success. Many of the values did not exhibit a trend (with 

respect to temperature) in accordance with the van't Hoff relation. 

These unexpected results were attributed to a combination of very low 

AH0 values, and relatively poor data precision for some of the Kd values. 

Nevertheless, I was able to establish confidence limits for these thermo¬ 

dynamic properties, and certain conclusions regarding sorption mechanisms 

and forces were drawn therefrom. 
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5. Phase V: Accomplishment of Secondary Objective (c) 

Two methods were used in this research for distinguishing between 

adsorption and absorption phenomena. The first was to examine isotherm 

characteristics over a broad range of solute concentrations (and hence, 

sorption densities). If the phenomenon is one of adsorption, then the 

isotherms should exhibit significant curvature (either downward due to 

adsorption site saturation, or upward due to multilayer adsorption); 

but if it is one of absorption then the characteristic feature should 

be (virtually) linear isotherms since the partitioning of a solute be¬ 

tween two phases is relatively independent of its concentration. For 

example, octanol-water partition coefficients are fairly constant except 

at solute concentrations >> 0.01 mole/1 (Lyman et bL*» ^982). In addi¬ 

tion, isotherm characteristics and sorption thermodynamic properties for 

the soils and soil components were compared to those for sorbents (e.g., 

graphite and activated carbon) for which the phenomenon is known to be 

one of adsorption. 

The second method was to evaluate sorption strength (capacity) as 

a function of sorbent surface area. If the phenomenon is one of adsorp¬ 

tion, then the distribution coefficient (Kd) should vary with sorbent 

surface area; on the other hand, if the phenomenon is one of absorption, 

then Kd should be (theoretically) independent of sorbent surface area. 

Therefore, a suitable sorbent was fractionated into two classes of 

particle size, which also represented two different specific surface 

areas. (Surface areas were quantitatively verified.) Sorption experi¬ 

ments were then conducted using equal sorbent masses from each of the 

particle size classes. 
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6. Phase VI: Accomplishment of Secondary Objective (d) 

The effects of temperature, pH, ionic strength, solids concentra¬ 

tion, and sorbent surface area and organic carbon content, on sorption 

of one or more of the selected compounds, were determined, by altering 

each variable in turn, while holding all other variables constant. An 

attempt was made to explain, from a theoretical standpoint, the observed 

influence of each factor upon sorption. 



IV. EXPERIMENTAL PROCEDURES AND MATERIALS 

This chapter contains only those experimental procedures and 

materials which are common to all phases of study performed in this 

research. The remaining experimental procedures and materials 

(which are phase-specific in nature) are described in the appropriate 

sections of Chapter V, "Results and Discussion". 

A. Analysis of Sórbate Concentrations and Preparation of Stock Solutions 

It was initially intended to use the gas chromatographic headspace 

technique (see Dietz and Singley, 1979; Richter, 1981; Lincoff and 

Gossett, 1983; Lion and Carbarini, 1983) as the analytical method for 

determining sorption data. However, early experiments using this tech¬ 

nique yielded unusual results in some cases (some of this early work 

is discussed in Appendix B). Therefore, other methods for quantitative 

analysis of these highly volatile organic solutes were investigated. 

Direct injection of an aqueous phase sample into the gas chromatograph 

(GC) was considered, but rejected, because of the large volume of water 

which would have to be injected along with the organic solute (this 

water would have deleterious effects on the GC column). (Pfaender et 

aL [1978] described modifications to the GC to enable it to accept 

direct injections of aqueous samples. However, since our laboratory 

GC was committed to other researchers injecting only gas-phase samples, 

this modification idea was rejected.) Another alternative was the liquid- 

liquid extraction (LLE) procedure, in which the solute is extracted from 

the aqueous phase by equilibrating it with an organic solvent such as 

> v v 'v'v ^ 
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pentane or hexane. A small volume sample of the organic solvent (con¬ 

taining the solute) is then injected into the GC for analysis. However, 

this method typically yields erratic or low extraction efficiencies for 

volatile compounds (Bellar and Lichtenberg, 1974; Rhodes and hulton, 

1981; Glaze et al_., 1981; Junk et aK , 1981), and in some cases, 

poor analytical precision (Munz and Roberts, 1982). Another pro¬ 

cedure used for quantifying volatile solutes is the "purge-and-trap" 

method, described by Bellar and Lichtenberg (1974). However, this 

technique requires several pieces of commercial equipment, which then 

must be modified to meet the needs of the method. 

Because of the foregoing problems associated with GC analyses of 

the sórbate compounds (and since our laboratory had recently acquired 

a liquid scintillation counter), it was decided to use radiolabeled 

isotopes in conducting the sorption experiments. Attempts were made 

to obtain all the chlorinated aliphatics listed previously in Table 

1.1 (and several others as well) in radiolabeled form, from several 

commercial sources. However, the only ones available were: 

(1) ^C-Chloroform 

(2) ^C-Carbon Tetrachloride 

(3) -Trichloroethylene 

(4) ^C-Tetrachloroethylene 

Although this represents a limited sample of compounds from which to 

draw comparisons and correlations in sorption behavior, it is fortui¬ 

tous that they are quite different in regard to the following 

properties: (a) polarity (two are polar, and two are nonpolar); 

(b) aqueous solubility; and (c) octanol-water partitioning. . Further- 

. .«t-. 
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more, these compounds constitute a "miniature series" of chlorinated 

alkanes and alkenes. (For a complete discussion of the properties of 

these compounds, refer to Chapter V.) 

All the above compounds were obtained from New England Nuclear, 

Inc., with a purity of >99%. Table 4.1 lists the pertinent data for 

these compounds as reported by New England Nuclear. 

TABLE 4.1 Compound Data as Reported by New England Nuclear, Inc. 

Total Specific 
Activity Activity Mass 

(mCi)* (mCi/mmol) (mg) Compound 

Chloroform 0.1 4.6 2.6 

Carbon Tetrachloride 0.25 13.7 2.8 

Trichloroethylene 0.25 

Tetrachloroethylene 0.25 

4.5 7.3 

15.6 2.7 

12 
*A curie (Ci) is equal to 2.2 x 10 disintegrations per minute (DPM). 

All compounds were shipped in break-seal tubes, in the "neat" form. 

That is, they were not dissolved in any type of solvent, as many 

organic radioisotopes are. Also, most of the air in the tubes 

was evacuated during preparation, so that the isotopes were essentially 

sealed in a vacuum. 

Sórbate stock solutions were prepared as follows: Distilled 

water was bubbled with high-purity nitrogen gas through a diffuser 

stone for approximately 1 hour in order to remove dissolved oxygen 

(since Dilling et aU [1975] reported that the presence of oxygen 

accelerated the decomposition rates for some chlorinated aliphatics). 

This oxygen-purged water was then quickly transferred into preweighed. 



250-ml, amber bottles, and sealed with preweighed Mininert™ valves 

(Supelco, Inc.) (to be described later). (Amber bottles were selected 

to contain the stock solutions since a few studies showed that sunlight 

can also hasten the degradation of these sórbate compounds [McConnell 

et al_., 1975; Dilling et al_., 1975]). Prior to the transfer* of the 

radiolabeled compounds to the stock solution bottles, the break-seal 

tubes and stock bottles were immersed in ice-water for several hours. 

This served to minimize volatilization losses during transfer, and also 

to "condense out" the radiolabeled compound on the walls of the break- 

seal tube. The top, open portion of the break-seal tube (which is 

separated from the closed portion by a glass membrane) was filled with 

the oxygen-purged, distilled water at 0°C. The seal was then broken 

with a glass rod and the cold water rushed into the evacuated chamber 

containing the radioactive compound. Shortly afterwards, a very tiny 

ball (a few millimeters in diameter) was observed at the bottom of the 

water column in the break-seal tube (these compounds are all denser than 

water). The liquid was then immediately poured into a stock bottle, and 

the break-seal tube was rinsed several times with the (^-purged distilled 

water and poured into the stock bottle in order to salvage residual 

traces of the radioisotope. The stock bottles were sealed with the 

Mininert™ valve, and placed in a dark, locked cabinet** for a minimum 

of 5 days, to allow the organic solute to completely dissolve. The 

*It should be emphasized that all procedures involving the transfer 
of these volatile, radioactive chemicals were performed under a 
fume hood. Calculations showed that Federal and New York State 
air quality standards for radioactive emissions would not be 
exceeded, even in the worst-case event of all the radiolabeled 
compounds volatilizing up the hood duct simultaneously. 

**This locking cabinet had been pre-constructed inside a fume hood for 
secure storage of all the radiolabeled stock solutions, when not in 
use. Its secondary purpose was to contain the Beta emissions from the 
14C nuclei. 



filled bottles (with caps) were then reweighed,* and a small sample 

removed for analysis on the liquid scintillation counter (LSC) 

(sampling and LSC procedures are described later). Based on the 

resulting counts per minute (CPM) in each of the above "high-level11 

stock solutions, corresponding "low-level" stock solutions were 

prepared by calculating the volume of "high-level" stock solution 

to add to a known volume of oxygen-purged, distilled water, in order 

to yield a "low-level" stock solution containing an activity concen¬ 

tration of about 60,000 CPM/ml. (This value was chosen since it 

yields a target activity concentration of 10,000 CPM/ml, when 1 ml 

of the stock solution is combined with 5 ml of liquid in the actual 

reaction vial.) The preparation of these "low-level" stock solutions 

normally required the transfer of several milliliters (the exact 

volume was always calculated) from the "high-level" stock solutions 

to a known volume (usually -^230 ml) of the 02-purged distilled water, 

contained in the same type bottle and cap. Again, the transfer was 

made at 0°C, as quickly as possible, in order to minimize volatiliza¬ 

tion losses. Later, a 1-ml sample of this "low-level" stock solution 

was analyzed on the LSC in order to verify its activity concentration. 
TM 

All stock solution bottles were sealed with screw-cap Mininert 

valves which provided a dual-sealing system. The outer seal was a 

rubber septum, and the inner seal a solid teflon valve. When removing 

a sample from a stock solution bottle, the bottle was partially 

★The empty and filled bottles were weighed to calculate the mass of 
liquid within each bottle, which in turn, was used to determine the 
total activity of each compound actually received. That is, it was 
merely done to verify the total activity of the shipment reported by 
N.E.N., Inc., and was of no experimental relevance. 
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inverted*, the teflon valve was opened, and a syringe needle inserted 

through the septa into the solution. After the needle was withdrawn, 

the teflon valve was closed. 

It should be noted that both the "high-" and "low-level" stock 

solutions for each of the four compounds contained only the radio¬ 

labeled compound (i.e., they were not spiked with stable compound). 

However, for the case of trichloroethylene (ICE), three additional 

stock solution bottles were prepared with varying amounts of stable 

ICE (Fisher Scientific Cc.) added. These were to be used as "very 

high-level"' stock solutions for examining isotherm characteristics 

in the high concentration region. The main drawback to spiking a 

radiolabeled stock solution with stable compound is that the accuracy 

of the mass of these volatile compounds added to each bottle is 

extremely difficult to ascertain. Thus, the specific activities for 

spiked stock solutions are not only likely to be inaccurate, but they 

are also different because of the different levels of spiking. By 

contrast, although the specific activity reported by N.E.N., Inc., for 

a particular radiolabeled compound may not be accurate, it will at 

least be constant for all unspiked stock solutions of that compound. 

For example, the low- and high-level stock solutions for chloroform 

each have the same specific activity, which is reported to be 4.6 mCi/ 

mmol. The specific activity is important because it is one of the 

factors used in converting the DPM (or CPM) output of the LSC into 

units of compound mass. However (as will be demonstrated in Section 

*An apparatus was constructed with rods and clamps to hold the stock 
bottles at a slight downward angle for withdrawal of samples. 



C of this chapter), the sorption equilibrium distribution coefficient, 

Kd, is independent of the accuracy of the specific activity (S.A.). 

That is, any value can be assumed for the compound's S.A., and it 

simply cancels out in the calculation of isotherm slope, or Kd. 

B. Procedures for Sampling from Sorbent Stock Suspensions 

Samples from all suspensions were withdrawn using either a volu¬ 

metric pipet or an Oxford Precision Macro-Set Pipettor (Fisher Scientific 

Co.). The clay and mineral suspensions were uniformly mixed by vigorous 

shaking of the stock bottles. Complete mixing of all other suspensions 

was accomplished via rapid magnetic stirring for a minimum of 1 minute 

before the sample was withdrawn. (The suspension was also being stirred 

during sample removal, to ensure a uniform suspension throughout the 

bottle.) 

C. Procedures Used in the Determination of Sorption (and Desorption) 

Isotherms Using Liquid Scintillation Counting Techniques 

1. Materials and Methods 

All sorption (and desorption) equilibrations were performed in 5.0- 

ml "Micro Reaction Vessels" (Supelco, Inc.), supplied with hole caps 

(screw-type) and teflon-faced rubber septa. (Care had to be taken to 

ensure that the "shiny" side of the septa was inserted such that it al¬ 

ways faced the vial contents when the cap was screwed on, since this 

was the teflon-lined face.) These vials were made of borosilicate glass 

with heavy walls, and could be autoclaved or centrifuged. In setting up a 

- . ’’ , 
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sorption experiment, a series* of these reaction vials (R.V.'s) were 

usually filled with 5.0 ml** of the desired sorbent suspension, and an 

equal number of R.V.'s filled with 5.0 ml of distilled water to serve 

as controls. 

Each isotherm data point could be determined from a single sorbent 

R.V. and a single control R.V., but there would be no way to assess the 

precision of such an isotherm. Therefore, usually two (but sometimes 

three or more) replicates were run for each data point, requiring a 

total of four R.V.'s: two sorbent and two control. (Thus, an isotherm 

containing six data points would usuaTly require 24 R.V.'s.) Once the 

R.V.'s were filled with the appropriate liquids, they were transferred 

to a fume hood where they would each receive a measured volume of a 

particular radiolabeled stock solution. These volumes were dispensed 

using three different-sized syringes: 0.1, 0.5, and 1.0 ml. A 

typical experiment set-up for a six-point isotherm is shown in Table 

4.2 below. In addition, a sorbent and control R.V. each containing 

no radiolabeled compound, were run as indicators of background radia¬ 

tion. (These background counts were subtracted from all results 

provided by the liquid scintillation counter prior to calculations.) 

After each R.V. was injected with its appropriate dose of labeled 

solution, it was quickly capped and sealed. When this step was completed, 

*The exact number was determined by the number of isotherm data points 
desired, and the number of replicates used. 

**Some experiments used suspension/di stilled water volumes different 
than 5.0 ml, for reasons explained in the appropriate sections of 
this thesis. 
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TABLE 4.2 A Typical Experiment Setup for a Six-Point Isotherm 

Isotherm Data 
Point No. 

Reaction Vial 
No. and Type 

1,2 Control 

3,4 Sorbent 

Receives this 
Volume (ml ) 

0.1 

From this Radio- 
labeled Stock 
Solution* 

LL 

5,6 Control 

7,8 Sorbent 
0.5 LL 

9,10 Control 

11,12 Sorbent 
1.0 LL 

13,14 Control 

15,16 Sorbent 
0.1 HL 

17,18 Control 

19,20 Sorbent 
0.5 HL 

21,22 Control 

23,24 Sorbent 
1.0 HL 

*LL = Low Level 

HL = High Level 

•Vv'v. 
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R.V.'s were transferred to a rotating tumbler* and equilibrated for four 

days** at constant temperature'*’. At the conclusion of the equilibration 

period, the R.V.'s were removed from the tumbler, inserted into specially- 

constructed centrifuge adaptors, and centrifuged (Beckman Model J2-21 

Centrifuge) at ^3000 G for 30 minutes, at the equilibrated temperature 

(A preliminary experiment demonstrated that losses of these volatile com¬ 

pounds from the sealed vials occurred when centrifuged with the vacuum 

system engaged. Therefore, the R.V.'s were always centrifuged with the 

vacuum system disconnected.) The R.V.'s were then carefully removed from 

the centrifuge (and their adaptors) so that the settled solids would not 

be disturbed, and transferred to a vial holder in the fume hood. Using a 

♦Actually, two tumblers were constructed for this research. One was 
built inside an insulated ice chest where it was positioned just above 
a thermal reservoir of water contained in the bottom of the chest and 
connected to a constant temperature circulator (Neslab Instruments, Inc.) 
thus serving as a miniature constant temperature chamber. The other tum¬ 
bler was not contained, and was placed in a 20°C room. Both tumblers 
rotated at rpm. 

**Some sorbents were equilibrated for 2 days. . . 
+The early experiments in this research were subject to poorer precision 
of temperature control than the remaining experiments. This was because 
the tumbler used rotated in the vapor phase (above the constant-tempera¬ 
ture reservoir) within the insulated ice chest, and the temperature ot 
this vapor phase varied slightly with room temperature. When this dis¬ 
crepancy was first noted, a thermometer was placed in the vapor phase 
compartment and its temperature was frequently checked at various room 
temperature and water bath temperature conditions. The temperature range 
of the vapor phase was generally ±2°C of its mean value, depending on the 
extremes in room temperature. This problem was corrected by raising the 
water reservoir level within the ice-chest so that the R.V. s would be 
submerged during tumbling. Under these conditions, the control of temp¬ 
erature precision improved to about ±0.1°C. For those experiments per¬ 
formed in the constant-temperature room, the temperature range was also 
monitored and found to be 20°C ± 0.5°C. (The only experiments in which 
R.V.'s were tumbled in the vapor phase were those involving TCE with the 
clays/minerals, and the mineral soil.) 

++During the early experiments, the control R.V.'s were centrifuged along 
with the sorbent R.V.'s. Later experiments demonstrated that centrifu¬ 
gation had no effect on solute concentrations in the control R-V. s, 
and they were therefore not centrifuged afterward (except when needed 
to balance the centrifuge). 
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vials was minimal, compound partitioning into the gas phase was 

accounted for in the calculations of sorption density. A small 

headspace was intentionally retained in the R.V.'s for the following 

reasons: (a) it promoted more thorough mixing of the vial contents 

during equilibration (tumbling) (i.e., it probably increased sorp¬ 

tion kinetics); and (b) filling the R.V.'s exactly "to the rim" 

prior to sealing would have been very difficult, and may have resulted 

in loss of liquid during capping/sealing. 

To simplify the explanation for the derivation of the isotherm 

(sorption and desorption) equations, consider the three-phase sorbent 

R.V., two-phase control R.V., and their accompanying symbols, shown 

in Figure 4.1. The solute equilibrium concentration, C^, is obtained 

from by the use of a conversion factor (C.F.) which simply converts 

DPM to units of mass. The C.F. for a particular radiolabeled compound 

is a function only of its molecular weight and specific activity. 

For example, the C.F. for TCE is: 

131.4 mg/wole x ,„-3 mCi. x 1 wCi. -x 103 = 1.32 x ID'5 
4.5 mCi/mmo! uCi 2 22 x 10^ DPM ^ DPM 

The conversion factors for the remaining compounds are: 

Compound 

CHC13 (Chloroform) 

CCl^ (Carbon Tetrachloride) 

C2C1^ (Tetrachloroethylene) 

Conversion Factor (yg/DPM) 

.-5 
1.17 x 10 

2.47 x 10 

4.79 x 10 

-5 

-6 
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vials was minimal, compound partitioning into the gas phase was 

accounted for in the calculations of sorption density. A small 

headspace was intentionally retained in the R.V.'s for the following 

reasons: (a) it promoted more thorough mixing of the vial contents 

during equilibration (tumbling) (i.e., it probably increased sorp¬ 

tion kinetics); and (b) filling the R.V.'s exactly "to the rim" 

prior to sealing would have been very difficult, and may have resulted 

in loss of liquid during capping/sealing. 

To simplify the explanation for the derivation of the isotherm 

(sorption and desorption) equations, consider the three-phase sorbent 

R.V., two-phase control R.V., and their accompanying symbols, shown 

in Figure 4.1. The solute equilibrium concentration, C^, is obtained 

from by the use of a conversion factor (C.F.) which simply converts 

DPM to units of mass. The C.F. for a particular radiolabeled compound 

is a function only of its molecular weight and specific activity. 

For example, the C.F. for TCE is: 

131.4 mg/mmole 1n-3 mÇi_ 1 uCi x in3 y£ = 
4.5 mCi/mmol uCi 2 22 x 106 DPM mg 

1.32 x 10*5 
lu DPM 

The conversion factors for the remaining compounds are: 

Compound 

CHC13 (Chloroform) 

CCI4 (Carbon Tetrachloride) 

C2C14 (Tetrachloroethylene) 

Conversion Factor (yg/DPM) 

,-5 
1.17 x 10 

2.47 x 10 
-5 

4.79 x 10 -6 
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FIGURE 4.1 Three-Phase Sorbent Reaction Vial and Two-Phase 

Control Reaction Vial Systems, and Their 

Accompanying Symbols 
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Definition of Symbols: 

(The "o" superscript denotes variables associated with the control R.V.) 

X , Xo i "radioactivity" concentration in the liquid phase (DPM/ml) 
& A/ 

X = "radioactivity" density on the solid (DPM/g) 
s 

X , Xo = "radioactivity" concentration in the gas phase (DPM/ml) 
9 9 

M E mass of solid (g) 
s 

V , V° = liquid volume (ml) 
X» X/ 

V j V° = gas (headspace) volume (ml) 
9 9 

As an example of this conversion, suppose the LS-9800 determined an 

X value for CCI-, of 7673 DPM/ml; the corresponding C value would be: 

2.47 X 10-5¾] [7673 ^ 
DPM 1000 

ml) 
= 190 

Thus, the general equation for C. (in units of ug/1) is: 

C£ = (1000)(0.F.)(X£) (4-1) 

The derivation of the sorption density, Cs, is a bit more complicated. 

Referring back to Figure 4.1, in any sorption experiment, the liquid 

volumes present in the sorbent and control R.V.'s are the same. Thus, 

V = Vo; and V = Vo (since the total volume of each R.V. is approxi- 
i i 9 9 

mately the same). Now, consider a mass balance on the radioactivity 

initially added to each vial* For the sorbent R.V., the total added 

★This mass balance assumes that the volume occupied by the sorbent is 
negligible compared to V^, which is the case for all work reported 
in this thesis. 



quantity of radioactivity, Rj (DPM)* is: 

(4-2) 

and for the control vial: 

(4-3) 

where RL and R° represent any possible losses of compound mass (in DPM) 

(e.g., due to leakage, sorption onto glass walls of R.V., or sorption 

onto septa)* during the equilibration period, from the sorbent and 

control R.V.'s, respectively. (It is assumed that losses occurring 

during the delivery of an isotope to both the sorbent and control 

R.V.'s are identical [and probably also negligible]. Also, loss of 

compound during sampling is negligible since the samples are withdrawn 

by piercing the rubber septa with a syringe [i.e., the seal remains 

intact during sampling].) For any set of R.V.'s used to determine a 

single isotherm data point, the amount of radiolabeled compound 

delivered to each R.V. is identical. Therefore, RT = R°. Also, 

since the volume of each vial is 6.4 ml, V^ = 6.4 -V^. Lastly, Henry's 

law can be used to express the gas-phase concentrations in terms of 

liquid phase concentrations: 

♦Various experiments which have been performed implicate compound sorp¬ 
tion on the teflon lining of the rubber septa as the principal (and 
perhaps, only) source of these losses. These experiments are detailed 
in Appendix D, along with a discussion of losses. 
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*3 = i*-*) 

Xo = ïxHcX° (4-5) 

where Hc is the compound's "dimensionless" Henry's constant. (The values 

for Henry's constants used in this research are given in Appendix C, 

as well as a method for measuring H using LSC techniques.) Making 

these substitutions (assuming that y = 1, since solution is dilute), 
A 

and equating the expressions for RT and R° yields: 

MA+ \h + '6'4 -\»ch + rl = + <6-4 -Wl+ Rf <4-6> 

Solving for X$ and collecting terms, we obtain: 

X 
s 

K - VA+ Hc<6-4 A» + R? - rl 
(4-7) 

If mass losses from each R.V. (sorbent and control) are identical, then 

the last two terms in the numerator of Equation (4-7) cancel each other. 

However, experiments have shown that these mass losses* are approximately 

proportional to the solute equilibrium concentration in the reaction 

vial. This indicates that the reaction causing these losses (probably 

sorption of compound by the septum's teflon lining*) follows simple first- 

compound mass losses are addressed in Appendix D, along with evidence 
of probable cause. As a matter of interest at this point in the thesis, 
the following losses were observed for each compound during a 4-day 
equilibration experiment at 20°C: CHCI3 ^ 0; CCI4 ^ 1.3%; C2HCI3 ^ 4.4%; 
and C2CI4 ^ 8.2%. These losses were strongly dependent on temperature, 
with higher temperatures resulting in higher percentage losses. See 
Appendix D for more detail. 
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order kinetics. Mass losses occurring from the control R.V. (R°) 

can be determined by the use of another control vial which is analyzed 

at the beginning of the experiment. This "initial" control vial was 

prepared identical to the "reaction" control vial, but was only given 

several minutes of equilibration time (at the same temperature as the 

sorption experiment). In addition, this "initial" control vial was 

vigorously hand-shaken for 1 minute in order to establish gas-phase 

partitioning equilibrium*. If we designate the aqueous concentration 

of radioactivity in this initial control vial as x], then mass loss 

from the reaction control vial is given by: 

R° * [vtxl+ (6-4 -wj] • [V?+ (6-4 -VHcx°] (4-8) 

where the terms in each bracket represent the total quantity of radio¬ 

activity present in the initial and reaction control vials, respectively; 

and thus, the difference represents the loss of radioactivity from the 

reaction control vial during equilibration. Equation (4-8) can be 

simplified to: 

R? = <xî - + Hc'6-4 -V] 
(4-9) 

If we assume that the rate of mass loss is proportional to instantaneous 

solute concentration,and that sorption is rapid, then R° « X°, and 

*Dietz and Singley (1979) demonstrated that 1 minute of vigorous hand¬ 
shaking was sufficient to establish partitioning equilibria for each 
of the solute compounds used in this research, in serum vials contain¬ 
ing dilute aqueous solutions of each compound. 

.'•V'-.M'’ >>.•* CW .. , . * , V* V ' . * . • . V. • « < .4 • 
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Rl * X^; or R° = kX°, and RL = kX&J where k is a proportionality con¬ 

stant which is different for each compound. Instead of assessing 

this k-value for each compound, we may simply eliminate it via the 

following ratio: 

1 
,o 

l(X 

KX 
or R. = V (4-10) 

Substituting the above expressions for R° and R^ (i.e.. Equations [4-9] 

and [4-10]) into Equation (4-7), and letting V* = [V + (6.4 -V )H ], 
X» X, C 

we obtain: 

X = 
$ 

<x° - X^lV* + (xj - X°)V* - (xt/x°)(xj - x“)V* 

M (4-11) 

Upon simplification, Equation (4-11) reduces to: 

X = 
jO 

(X? - (4-12) 

and noting that sorption density, C (yg/g), is simply equal to the 

appropriate conversion factor (C.F.) times Xs, yields: 

C = (C.F.) 
s ' 

<x° - Xt)V*/Ms (4-13) 

This interesting result shows that, if compound mass losses are propor¬ 

tional to solute concentration, sorption is relatively rapid, and activ¬ 

ity corrections are negligible, the correct sorption density, Cs, is 
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simply equal to the sorption density that would be calculated if 

there was no mass losses (or if losses from each vial were equal), 

times the "correction factor", Equation (4-13) is the one 

used to calculate the sorption density values for all sorption iso¬ 

therm data in this research. 

The derivation of the desorption equation (for the mass of solute 

sorbed on the solid) is more involved, but leads to the following 

surprisingly-simple result: 

C 
s 

(c-F.nxj -x; + (yxjxx“' - x>] 
(4-14) 

where the "primed" values represent those measured at the end of the 

desorption experiment. The actual derivation of Equation (4-14) is 

presented in Appendix E; and this equation was used to calculate all 

desorption isotherm data used in this research. The equation for the 

solute equilibrium concentration (at the end of the desorption cycle) 

remains the same. That is, 

C; = 1000(C.F.)(X¿) . (4-15) 

Note that the slopes of the linear portions (e.g., the Henry's law 

region) of the sorption and desorption isotherms (obtained by plotting 

a series of C vs. C., and C' vs. C' data points, respectively) are 
$)6 $)6 

simply equal to aC /aC , or C /C with respect to the origin. Therefore, 

these slope values are clearly independent of the conversion factor, 

C.F., since it cancels out in the ratio, C^C^. The compounds' specific 



activities provided by New England Nuclear, Inc., being the only 

questionable "constants" which comprise these conversion factors, 

are thus shown to have no effect upon the determination of isotherm 

slopes, and hence, values.* 

>Kh values reported in this research are actually equal to 1000 ppb/ppm 
times these isotherm slope values, in order to make them quasi-dimen- 
sionless constants. That is, the units of Cgiug/g or ppm) * Co(yg/l 
or ppb) yield slope units of ppm/ppb, which is multiplied by 1000 
ppb/ppm in order to make "dimensionless". 



V. RESULTS AND DISCUSSION 

A. Adsorption of the Selected Compounds onto Clays and Minerals 

The experimental procedures and materials applicable to this section 

are detailed first, with the results/discussion given afterwards. 

1. Preparation of Na+-, Ca*2-, and Al+3-Saturated MontmorilIonite 

Suspensions 

In order to examine the effects of various cations (occupying the 

exchange sitesof the clay) upon adsorption, three montmorilIonite 

suspensions were prepared with three different saturating cations: Na+, 

Ca+2, and Al+3. These cations were selected because they are commonly 

found (especially Ca+2 and Al+3) as exchange cations in mineral soils 

(Dixon and Weed, 1977; Brady, 1974). 

Distilled water was added to 15 grams of montmorilIonite (#25 API 

standard; Upton, Wyoming; obtained from Professor Murray McBride [Agronomy 

Department, Cornell University] who, in turn, obtained it from Ward's 

Natural Science Establishment, Inc., Rochester, NY) and a large excess 

of the appropriate salt to make a 1-liter suspension. The salts used 

were reagent grade NaCl, CaCl2-2H20, and A1C13-6H20 (Mallinckrodt Chemical 

Works). The mass of salt added corresponded to that required to yield a 

1 N solution of the particular cation*. These suspensions were occasion- 

ally, vigorously stirred and shaken over a period of two days, but it was 

♦Since the montmorilIonite has a CEC of approximately 100 meq/100 g, 
the 15 g of clay in suspension would have a CEC of ^15 meq (0.015 eq). 
Therefore, a 1 N (= 1 eq/1) solution of the cation would contain about 
67-times as many cations as available exchange sites, and should thus 
serve to saturate the sites with the desired cation. 



observed that several extremely hard clumps of clay resisted dispersion. 

I decided to place the bottles containing the suspensions in an ultra¬ 

sonic bath (Branson Cleaning Equipment Company) while stirring frequently 

with a glass rod. The montmorilIonite clumps gradually dispersed (i.e., 

they were observed to become smaller) and virtually uniform suspensions 

were obtained after about 30 minutes of this treatment*. The suspensions 

were removed from the bath and set aside (with occasional shaking) for a 

period of one day. (This was to ensure that the clay became saturated 

with the desired cation.) The suspensions were then transferred into 

dialysis tubes (Carolina Biological Supply Co.) and placed in separate 

baths containing distilled water. (This allowed the excess salt ions to 

be removed from the suspensions, while maintaining the montmoril!onite in 

a virtually satuvated condition.) The distilled water in the baths was 

tested daily for chloride ions (note that chloride was the common anion 

for all the salts used) by removing a sample of bath water and adding to 

it several drops of a concentrated AgNOg solution. (AgCl is very insolu¬ 

ble and forms a white precipitate in solution.) If chloride was detected, 

the bath water was changed and the process repeated each day. Typically, 

after 5 to 7 days of this procedure, no further chloride was detected in 

the bath water; and the suspensions were poured into their final 2-liter 

stock bottles, and sealed with ground-glass stoppers. In order to verify 

that the excess dissolved salts had been removed from these suspensions. 

*0ther researchers (Rogers et aK, 1980) have also used ultrasonics in 
dispersing their montmorilTõmte clay suspensions. 
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their conductivities* were measured and found to be 50, 30, and 60 ymho/cm 

for the Na+-v Ca+^-s and Al+^-saturated montmorillonite suspensions, respec¬ 

tively; thus, confirming the salt removal. The pH values1- for these sus¬ 

pensions were also determined and found to be 5.6, 5.3, and 4.3, respec¬ 

tively. 

2. Preparation of Kaolinite, Silica, Gibbsite, Hematite, Calcite, 

and Pyrolusite Suspensions 

The following materials were used to represent these sorbents: 

(a) Kaolinite: A water-processed (to reduce soluble salt content) 

kaolinite clay, obtained from Georgia Kaolin Co. The particular 

manufacturer's grade was "Hydrite Flat D" with a reported median 
2 

particle size of 5.0 ym, and BET surface area of 7 m /g. 

(b) Silica: "Min-U-Sil 30" obtained from Pennsylvania Glass Sand 

Corp., and reported to be 99.7¾ silicon dioxide (S^). Sur- 
2 

face area was reported to be 0.54 m /g and average particle 

size 8.8 ym. 

(c) Gibbsite: Aluminum Hydroxide [A1(0H)3] (Reagent Grade, Fisher 

Scientific Co.) and y-Al^O^^H^O (Sigma Chemical Co.). 

(d) Hematite: Ferric Oxide (Fe203) (Reagent Grade, Allied Chemical 

Co.) 

(e) Calcite: Calcium Carbonate (CaC03) (Fisher Scientific Co.). 

*A11 conductivities reported in this research were determined using a 
Chemtrix Type 70 Conductivity Meter (Chemtrix, Inc.) 

+A11 pH values reported in this research were determined using a Fisher 
Accument pH Meter, Model 610A (Fisher Scientific Co.) 



-88- 

(f) Pyrolusite: Manganese Dioxide (MnC^) (K & K Laboratories, Inc.) 

Distilled water was added to 15 grains* of each of the above sorbents to 

make 1-1 iter suspensions. These suspensions were stored in reagent 

bottles with ground-glass stoppers. 

In order to ascertain that ionic strengths for these suspensions 

would not produce significant effects upon solute activities, the con¬ 

ductivities of each suspension were measured and are listed below. 

In addition, the pH values of these suspensions were determined and are 

also given below. 

Sorbent Suspension 

Kaolinite 

Si Do 

Conductivity 
(umho/cm) Æ 

y-A1203 -3H20 

A1(0H). 

Fe2°3 

CaCO- 

MnOr 

20 

12 

23 

25 

23 

105 

160 

5.0 

5.5 

8.4 

8.3 

6.0 

8.2 

7.5 

Using a correlation derived by Russell (1976) (as reported by Snoeyink 

and Jenkins [1980]) in which 

.-5 
X = 1.6 X 10 X Conductivity (ymho/cm) 

*The selection of 15 g/1 as the solids concentration for the clay/mineral 
sorbents was based on striking a balance between having enough sorbent 
mass present to detect slight amounts of sorption, and at the same time, 
keeping the sorbent mass low enough so that the error associated with 
corrections for the volume occupied by the solids would be minimal. 
Most soil sorption work has been done at solids concentrations much 
lower than 15 g/1 (see Hamaker and Thompson, 1972), but the solutes are 
generally pesticides which have relatively high sorption intensities. 

...n . » - »I, ....It.,-.. - »?- -*... .S- . .:... ........ ..X,.. . -5...-.. 
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(where X is ionic strength in moles/1), the estimated ionic strengths 

-4 -3 of these suspensions ranged from 1.9 x 10 M to 2.6 x 10 M. The 

activity coefficients (y) for uncharged species have been approximated 

by the following equation (Butler, 1964; Drever, 1982): y = 100,1 I. 

Using this expression with the above range in I values, the correspond¬ 

ing range in y for these suspensions is calculated to be 1.00004 to 

1.0006. Thus, for all practical purposes, the solute activities in all 

these suspensions are equal to their corresponding solute concentrations. 

(That is, any differences in ionic strengths among these suspensions 

would have negligible effect upon sorption equilibria.) 

3. Brief Summary of Procedures Used in These Experiments 

Each sorbent reaction vial (R.V.) contained 5.0 ml (unless otherwise 

noted) of the appropriate sorbent suspension (at a solids concentration 

of 15 g/1), and each control R.V. contained 5.0 ml of distilled water. 

Each R.V. was then spiked with 0.5 ml from a low-level radiolabeled stock 

solution, and quickly capped/sealed. After all R.V.'s were processed in 

this manner, they were placed on a rotating tumbler for a minimum of two 

days. All the adsorption tests with clays and minerals were conducted 

at a temperature (T) of 20°C ± 2°C for TCE, and T = 20°C ± 0.1°C for the 

remaining compounds. (See Section IV.C.l. for a discussion of temperature 

precision, and an explanation of this discrepancy.) At the end of the 

equilibration period, the R.V.'s were centrifuged, and 1-ml supernatant 

samples were withdrawn for analysis. 



4. Results and Discussion 

In Table 5.1 below, TCE adsorption onto a particular clay or mineral 

sorbent can be assessed by comparing the mean "radioactivity" concentra¬ 

tion in the control R.V. (X^), to that present in the supernatant of the 

sorbent R.V. (X^). Note, however, that in all cases except one (Na+- 

montmorillonite), the values of X^ exceed the corresponding value for 

V In order to determine if any of the X^ values differ significantly 

from their corresponding X^ value, a two-tailed t-test was performed on 

each pair of means (sorbent versus control), within each experiment. 

The t-test revealed that at the 95¾ confidence level, none of the X 
i 

values differ significantly from their corresponding X^ value. Also, a 

one-tailed t-test (to test the hypothesis that IT > ÿ°, where ÿ and 

]SÍ are the population means corresponding to the sample means, X£ and 

X^) at the 95% confidence level revealed that none of the X^ values are 

significantly greater than their corresponding X^ values. Nevertheless, 

the interesting fact remains that in eight of the nine pairs of means, 

X£ was greater than X^. If neither negative nor positive adsorption of 

TCE is occurring, and the errors associated with the measurements of the 

X^ and variables are strictly random, then the probability of observing 

eight out of nine values in which X^ > )^ is 0.0176*. Therefore, the 

anomalous data given in Table 5.1 are probably not the result of random 

error. 

One possible explanation for these unexpected results is: due to 

the volume occupied by the solids in the suspensions, the sorbent R.V.'s 

♦Obtained from the trinomial distribution under the assumption that the 
probability of an X£ value exceeding its corresponding X¿ value is 0.5; 
ajgd the probability that any X^ value is less than its corresponding 
)C value is also 0.5. 



TABLE 5.1 Tests for Adsorption of TCE onto Clays and Minerals 

Type Solid K or X£ 
Experiment (for Sorbent R.V.'s) (CPM/ml) 

Control+ 7005 

^+2 + 
Ca -montmorillonite 7055 

S.D.** 

(CPM/ml) C.V.*** 

± 107 ± 1.5% 

± 61 ± 0.87% 

Control 6413 

Na+-montmorillonite 6344 

+3 
B A1 -montmorillonite 6424 

Kaolinite 6519 

Silica 6526 

±125 ± 1.9% 

±58 ± 0.91% 

±35 ± 0.54% 

±95 ± 1.5% 

±77 ± 1.2% 

C 
Control 

y-A1203*3H20 

6607 ±11 ± 0.17% 

6610 ±83 ± 1.3% 

D 

Control 

CaC03 

Mn02 

6402 ± 141 ± 2.2% 

6574 ±53 ± 0.80% 

6578 ±27 ± 0.41% 

6438 ±89 ± 1.4% 

♦Mean value of three replicates. 7 ^ — 2 i 
**S.D. s sample standard deviation = [ I (x . - x) /(n-1)] . 

4=1 
***C.V. = coefficient of variation = (S.D./x)(100%). 

+These R.V.'s contained 4.5 ml of liquid, to which 0.5 ml of the TCE 
stock solution was added, yielding a total liquid volume of 5.0 ml. 

-, ;v % s. "T, ■r' , '•.«I * » *7. ‘""•I *"« m *. % ^ m •' . *" . . . «* . , «•”. •»’m ** • *" •' •" >m i*" «T "t"- 
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contained a slightly lower volume of water than the control R.V.'s, 

which would result in X£ being greater than X^. In order to determine 

if this could account for the observed differences between J and Xo, 

the values for X^ were corrected (adjusted) to what they would be if 

they had the same water volume as the control R.V. This correction 

causes the liquid (or suspension) and total volumes in each "adjusted" 

sorbent R.V. to be slightly greater (by an amount equal to the volume 

occupied by the solids) than that in the control R.V. A mass balance 

on the radioactivity delivered to the actual and adjusted R.V.'s leads 

to the following expression*: 

X # 
£ 

\ * Hc<6-4 - V . 

v! + hc<6-4 - V * 

(5-1) 

it 
where V and V are the water volumes contained in ths actual and ad- W U) 

justed sorbent R.V.'s, respectively ; H is the dimensionless Henry's 

constant; 6.4 ml is the total volume of each R.V.; and V^ is the (actual) 

liquid volume in each R.V. (= 5.5 ml for all experiments in this section, 

unless otherwise noted). Note that V# = V„; and that V = V - V , where 

V$ is the volume occupied by the solids. The key unknown variable in 

Equation (5-1) is V^, which turns out to be strictly a function of the 

mass of solids (Ms) in the sorbent R.V.'s (0.075 g for each of the clay 

and mineral R.V.'s when 5.0 ml of suspension are used), and the density 

*The derivation of Equation (5-1) assumes losses are negligible. The 
inclusion of losses (proportional to solute concentration) simply adds 
a constant, k (loss proportionality constant), to both the numerator 
and denominator of the right-hand-side of Equation (5-1). This has 
the effect of slightly increasing the value of xj but this effect is 
negligible for all practical purposes. 1 
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of the solids, p . The volume occupied by the solids is given by: 
$ 

1/=- 
s p. 

(5-2) 

Therefore, the water volume in the sorbent R.V.'s is: 

V = V. 
O) i 

(5-3) 

Table 5.2 gives the solid densities, p (Weast and Selby, 1967); the 

volumes occupied by the solids, Vs, calculated from Equation (5-2); 
ä 

the values for V calculated from Equation (5-3); the values for 
œ ~ ' ..- i 

calculated from Equation (5-1); and the experimentally-determined values 

of Xo (previously given in Table 5.1 -- shown here for comparison pur¬ 

poses). Table 5.2 shows that if the volume occupied by the solids is 

taken into account, six of the nine sorbent R.V.'s would still have 

higher solute concentrations than their corresponding control R.V.'j. 

Although this can perhaps be attributable to random error, it is 

interesting to note that there doesn't appear to be any correlation 

between the volume occupied by the solids, and the extent of the "volume 

exclusion effect" on solute concentration. For example, the MnC^ solids 

occupy a relatively small volume of the suspension (because of their 

high density), and yet this sorbent gave the largest fractional differ¬ 

ence between xj and X^. Also, the ’3H2° so1ids disPlace the 

largest volume of water, and yet, resulted in no apparent volume exclusion 

effect (i.e., xj was less than X°). Therefore, the "solids vol ume 
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TABLE 5.2 Solid Densities (p ), Solids and Water Volumes in the 
s 

Sorbent Reaction Vials (V^ and V.), Corrected 
3 CO 

# 
Solute Concentrations in the Sorbent Reaction Vials (X£), 

and (Actual) Mean Solute Concentrations in the Control 

Reaction Vials (X^) 

Solid 

MontmorilIonite Na,Q 
A1 d 

Kaolinite 

Silica (Si02) 

Gibbsite [Al(OH). or 
y-A1203.3H20] 

Calcite (CaC03) 

Pyrolusite (Mn02) 

Hematite (Fe203) 

n>2.5 0.027 4.973 
^2.5 0.030 5.470 
^2.5 0.030 5.470 

2.65 0.028 5.472 

2.65 0.028 5.472 

2.4 0.031 5.469 

2.8 0.027 5.473 

5.06 0.015 5.485 

5.26 0.014 5.486 

Y# d -ÿO e 

7020 7005 
6311 6413 
6391 6413 

6487 6413 

6494 6413 

6575 6607 

6543 6402 

6561 6402 

6422 6402 

aFrom Weast and Selby (1967) 

^Calculated from Equation (5-2) 

cCalculated from Equation (5-3) 

^Calculated from Equation (5-1) 

Obtained from the experimentally-determined values reported in Table 5.1. 
.p 

*The R.V.'s used in the Ca -montmorilIonite experiment contained liquid 
volumes of 5.0 ml instead of 5.5 ml. 



exclusion" hypothesis may not completely account for some of the anomalous 

data (e.g., the cases of Mn02 and CaCO^, in which [relative to 

the other data]). However, the differences between the paired values of 

X# and Xo in Table 5.2 are still not significant at the 95% confidence 
i a 

level, and therefore, definite conclusions cannot be drawn at this point. 

Other experiments were performed with ICE and these inorganic com¬ 

ponents, in order to elucidate the effects of equilibration time and 

solute concentration. The results are shown in Tables 5.3 and 5.4. Note 

that in all cases the adjusted sorbent R.V. solute concentrations are 

higher than their corresponding controls. These two tables demonstrate 

that the lack of positive adsorption (and the possibility of slight 

negative adsorption) of TCE with these solids is clearly not an artifact 

of equilibration time or solute concentration. 

An issue that perhaps should be addressed at this point concerns 

the following question: If negative or positive adsorption is occurring 

with these inorganic solids, what is the minimum detectable level that 

is statistically significant (e.g., at the 95% confidence level), given 

the variances of the pertinent variables? An analysis of error propoga- 

tion* for the functions defining the dependent variables C$ (given by 

Equation [4-13]) and Kd (= 1000 C^/C^, where is given by Equation 

[4-1]) revealed that the variances (observed or estimated) for X„, V^, 

H , M , and 6.4 ml, are each negligible relative to the variances for X 
c s 

and X°, for the case of the clays and minerals. 

*See Appendix F for the error propogation analysis for Kd. 

: r - * J» . a_^ a. * - V- ^ 

Vv-V/.* 
V ' . • »I ^ » "Si 



TABLE 5.3 Effect of Equilibration Time on the Interaction Between TCE 

and Ca+2-Saturated MontmorilIonite Clay 

' ' j " 

Equilibration i i 
Time (days) (CPM/ml)* (CPM/ml) (CPM/ml)* 

3 1068 (± 1.0¾) 1062 1024 (± 4.0¾) 

11 835 (± 2.6¾) 831 818 (± 3.1¾) 

*Mean values based on three replicate R.V.'s; coefficients of variation 
are given as the ± values in parentheses. (The differences between the 
3-day and 11-day values represent TCE losses.) 

TABLE 5.4 Effect of TCE Solute Concentration on the Interaction 

Between TCE and Ca+2-Saturated MontmorilIonite Clay+ 

î, î, * 
(CPM/ml)* (CPM/ml) (CPM/ml)* 

1477 (± 2.5¾) 1470 1428 (4 2-n) 

7055 (10.87¾) 7020 7005 (±1.5°/) 

14950(11.2¾) 14876 14874 (13.4¾) 

+Equilibration Time = 2 days; the R.V.'s used in this experiment 
contained total liquid volumes of 5.0 ml. 

*Mean values based on three replicate R.V.'s; coefficients of variation 
are given as the ± values in parentheses. 
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Since C oc (Xo - X ), or more specifically, for the case of the 
s z i 

clay/mineral solids, cs Œ 1¾ “ I » the variance of xj must be esti¬ 

mated before proceeding. An error propogation analysis on the expression 

for X# (given by Equation [5-1]) revealed that the variances of all 

terms (independent variables and constants) in Equation (5-1) are negli¬ 

gible compared to the variance of X^. Therefore, it is assumed that the 

variance of xj is essentially identical to that for X^. Therefore, the 

question of significant positive or negative adsorption really becomes a 

question of whether the difference between the means X^ and X^ is signi¬ 

ficant at the 95¾ confidence level. In order to carry out the analysis 

which answers this question, the following values were considered to 

represent approximate “averages" for the applicable variables from the 

previous experiments in this section with TCE: 

X°z = 6500 CPM/ml C.V. = ±1% S.D. = ±65 

It was assumed that X^ (and hence, xjjj) had the same C.V. (and hence, 

S.D.) as X^, for the sake of simplicity. The key was to solve for that 

value of xj which yields significant difference between the means (X^ 

and X#) at the 95% confidence level (C.L.). Since three replicate samples 

were used for control R.V.'s, and three for the sorbent R.V.'s, the 

student's t-distribution is applicable with n^ + ng - 2 (= 3 + 3 - 2 = 4) 

degrees of freedom. A two-tailed t-test (since we are interested in the 

minimum detectable [significant] positive or negative adsorption) was 
U 

employed. The results showed that |6500 CPM/ml - Xj > 170, or that 

X# > 6670 or <6330 CPM/ml, in order for the difference between the means 
& 

to be significant at the 95% C.L. or greater. Substituting these values 

i’'"V»i 
. ^ M ^ «L " *1 * I -V ; > . ,- ■ • ' • > *> V ’■j" 'V V 



-98- 

(along with the appropriate values for the other terms) back into the 

adsorption equation, yields a C value of ± 0.17 ug/g. In other words, 

until the |C I value rises to about 0.17 ug/g, we cannot be certain 
's' 

(with 95% confidence) that any adsorption or negative adsorption is, 

in fact, occurring. Hence, Cs = ± 0.17 ug/g represents the approximate 

minimum detectable (statistically significant) sorption density, based 

on the approximate, experimentally-obtained means and variances used in 

the above analysis. This results in a minimum detectable value (at 

the 95% C.L.) of about ±2.0. Therefore, in those cases where the dif¬ 

ference between X° and xj is not statistically significant at the 95% 

C.L. (which is the case for almost all the results in this section), we 

can only claim that |CS| and |K^] are less than certain values, which 

for TCE were derived above. 

The experimental procedures used in the test for adsorption of 

tetrachloroethylene (PCE*) onto the inorganic soil components were iden¬ 

tical to those used for TCE, except as follows: 

(a) All the solids were tested in a single experiment using a 

single set of controls (consisting of four replicates). 

(b) Two replicates were used for each sorbent R.V. 

Figure 5.1 depicts a bar graph of the results. Precision of the 

data was excellent (as before), and ranged from 0.035% to 2.3% (expressed 

as the coefficient of variation). Notice again that the values are 

each higher than the X^ value. 

*The symbol "PCE" is sometimes used in this thesis to designate 
tetrachloroethylene since this chemical is commonly called 
perchloroethylene. 
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Figure 5.2 depicts the PCE adsorption test using the corrected 

(adjusted) values for the sorbent R.V.'s. As in the case of TCE, 

accounting for the solids volume does not seem to completely explain 

the general trend of higher solute concentrations in the sorbent 

versus control R.V.'s. 

Figures 5.3 and 5.4 show the results for the adsorption experi¬ 

ments with CHC13 and CC1^S respectively, in which the sorbent data 

values have been corrected using Equation (5-1), as in the case of 

PCE. Figure 5.3 shows that even after correcting for the effect of the 

solids volume, each of the sorbent R.V.'s still contain higher solute 

concentrations than the control. The probability of this occurring 

simply due to random errors in the and variables is 0.00195 

(i.e., less than two chances in a thousand). Therefore, the cause for 

these results must either be a systematic error, or the presence of 

slight negative adsorption of CHCl^ by these solids. 

If negative adsorption is occurring then this would mean that the 

clay and mineral colloids are surrounded by an atmosphere of water 

molecules which excludes the presence of the CHCl^ molecules. Further¬ 

more, this "water-enriched atmosphere" surrounding the colloids would 

have to remain intact upon centrifugation. It is not known why these 

colloids might "repel" CHC13 molecules. A consideration of molecular 

properties would lead one to surmise that CHC13 would be the least 

likely candidate (of the four compounds in this research) to be nega¬ 

tively adsorbed by these colloids: Since CHC13 has the greatest dipole 

moment, it could potentially interact with the colloid-associated ions 

and their surrounding molecules via ion-dipole and dipole-dipole 

interactions. However, this apparently does not occur. 
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Systematic errors due to experimental procedures (e.g., pipeting) 

have been considered, but were rejected as a possible cause of these 

results. An example of one of the hypothesized systematic errors 

considered was that the presence of the solids somehow reduced the 

compound loss rate from the sorbent R.V., which, of course, would have 

resulted in a higher solute concentration for this R.V. However, 

since losses of CHC13 (from control R.V.'s) at 20°C over a two-day 

period are not detectable, this source of error was ruled out. Also, 

the non-inclusion of losses in Equation (5-1) for determining the 

value of XÍ cannot account for the apparent negative adsorption since 

inclusion of losses in this equation results in a slight increase in 

apparent negative adsorption. (This is because the inclusion of 

losses in Equation (5-1) causes a slightly higher value of X^.) 

Figure 5.4 presents the adsorption test results for CCl^,which 

seem to contradict the general trend displayed by the other three 

compounds. That is, only three of the nine sorbents yield higher 

solute concentrations than the control. However, as in the previous 
U 

results, the values of X^ are too close to the value of X^ to draw 

any statistically valid conclusions. 

Some of the early work in this research (using the gas chromato¬ 

graphic headspace technique with stable compounds) indicated that the 

headspace concentrations (and, therefore, presumably the solution 

activities) for methylene chloride and 1,1,1-trichloroethane were 

+2 significantly increased in the presence of a Ca -saturated 

montmorilIonite*. Lion and Garbarini (1983) reported similar results 

♦Experimental details are provided in Appendix B, 
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with toluene in an aqueous suspension of A12Q3. Such observations could 

have been due to a real increase in solution concentration caused by 

exclusion from water associated with the solids (i.e., a true negative 

adsorption). Alternatively, a high ionic strength induced by the charged 

colloids could have resulted in an increased activity coefficient for the 

uncharged solutes (i.e., a "salting out" effect), causing an increased 

headspace concentration via an increased effective Henry's constant.* 

The "salting-out" effect would seem to be ruled out as a plausible 

explanation because: (a) increased headspace concentrations were not seen 

in identical experiments performed with TCE and PCE as solutes**, and 

(b) the later, radio-tracer studies reported in this chapter seem to indi¬ 

cate a real—although often insignificant-increase in solution concentra¬ 

tion of the solutes in the presence of solid sorbents. If "salting out" 

were appreciable, one would, in fact, expect observed decreases in solu¬ 

tion concentrations by virtue of greater transfer to the headspaces of 

samples with sorbents present. However, either or both of the following 

arguments could be made in regard to the absence of salting out in my 

experiments: 

(a) There was insufficient headspace volume in the R.V.'s for 

salting out to be detectable. 

(b) The sorbent R.V.'s were centrifuged, which thus eliminated 

the suspected cause of the salting-out effect (i.e., the 

suspended, charged colloids). 

*Since the salting out phenomenon is believed to be caused by the same 
mechanism as negative adsorption (i.e., the ions in solution are sur¬ 
rounded by layers of structured [coordinated] water molecules which 
exclude the neutral solute molecules), the distinction between the two 
concepts is somewhat contrived. However, with respect to the experi¬ 
ments performed in this section, an important distinction is that the 
solids (causing negative adsorption) can be centrifuged from solution, 
whereas ions (causing salting out) cannot. 

**Experimental details are provided in Appendix B. 
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In order to determine if these arguments had any merit, two addition¬ 

al experiments were performed. In each of these experiments the total 

liquid volume (V.) was fixed at 3.5 ml, which allowed a headspace volume 
X/ 

of 2.9 ml; and solute concentrations were sampled from both centrifuged 

and non-centrifuged, completely-mixed, sorbent R.V.'s. The presence of 

the solids in the scintillation cocktail (for the completely-mixed 

samples) had no apparent effect on the LS-9800 counting efficiency of 

the 14C beta emissions. The corrected values (i.e., and X^) were 

calculated by entering the appropriate data into Equations (5-1), (5-2), 

and (5-3). (For example, the values for and in these experiments 

are 3.5 ml and 0.045 g, respectively.) The first experiment tested the 

effect at A1(0H)3 on C2C14 solute activity, and the second tested the ef¬ 

fect of Al+3-montmorilIonite on CHC13 solute activity. Table 5.5 summar¬ 

izes the results of these experiments. 

These data clearly demonstrate that salting out (i.e., increased 

solution activity) does not occur—even under conditions of increased 

headspace volume, and complete mixing of the sorbent R.V.'s. Neither 

one-tailed nor two-tailed t-tests at the 95% confidence level show signi- 
+3 

ficant differences between any of the mean values for the CHC13/A1 - 

montmorilIonite experiment (but note that X^ is again slightly higher than 

Xo). For the C2C14/A1(0H)3 data, neither one-tailed nor two-tailed t- 

tests at the 95% confidence level yield significant differences between 

the Xcm# and Xo values (which is what would be expected if there were no 
£> Í/ 

effects of the solid on the activity coefficient). However, a one-tailed 

t-test shows that xj > X°r even at the 99% confidence level. (This pro¬ 

vides additional evidence to support the negative adsorption hypothesis 

proposed earlier.) 

= the corrected solute concentration in the completely-mixed, non- 
centrifuged, sorbent R.V. (DPM/ml). 

» - h ^ •** p~m V"* %*■* é*' j** jVkN1 js 
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It is not known why certain solutes exhibit this negative adsorp¬ 

tion behavior in the presence of clay or mineral colloids. It was 

initially thought that perhaps the phenomenon is related to the com¬ 

pound's molecular polarity, since methylene chloride and 1,1,1-tri- 

chloroethane have substantially higher dipole moments than the com¬ 

pounds in this research. However, the more recent work of Lion and 

Garbarini (1983) with toluene caused rejection of this proposed 

relationship since the dipole moment of toluene is relatively low 

(even compared to CHClg and C2HC12)« 

An interesting question which arises in connectfon with the 

findings of this section is: What is the volume of bound (exclusion) 

water surrounding the colloids which could account for the observed 

negative adsorption? A balance on the total compound mass in the sor¬ 

bent and control R.V.'s leads to the following equation for the volume 

of exclusion water, Vex: 

[Vt + (6.4 - Vt)Hc](X* - # 

ex 
(5-4) 

[Note that since Equation (5-4) incorporates the variable X^, the 

volume occupied by the sol ids is already accounted for, and does not 

[•% 

need to be included in this expression.] If we consider the case of 

J the Si02-TCE system, wherein xj = 6494 CPM/ml, and X° = 6413 CPM/ml, 

the resulting value for VOY is 0.07217 ml (or cnT). Since the specific 
t A 

surface area of the Si02 is known to be 0.54 m /g (Pennsylvania Glass 

Sand Corp.), the approximate thickness of the exclusion water surround¬ 

ing each Si02 colloid would have to be ^1.78 ym or 17,800 8. Assuming 

a water molecule "diameter" of 2.4 8 (McBride, 1982), this would amount 

*. ' V 
I»'» » * - - J, * (fc ^ I» *■ «* »* *"•,***' i»"'* k"1* * ' M • I» 'I w"y WN «»''l,'' m'* M 
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to ^ 7400 monolayers of ^0 molecules surrounding each colloid. 

Although this seems to be a relatively large amount of bound water, 

it does not necessarily weaken the negative adsorption hypothesis. 

For example, the electric (diffuse) double layer "thickness" in 

aqueous solution at low ionic strength is on the order of 500 to 1000 

8 (van Olphen, 1977, p. 35). It could be that the atmosphere of 

counterions (and their waters of hydration) surrounding each colloid 

is much thicker than this at the very low ionic strengths character¬ 

istic of the experiments herein. However, it is not known if such a 

large diffuse double layer would lie within the particle's plane of 

shear (slipping plane), in order to be considered bound (to the 

particle). Nevertheless, moderately long-range effects of charged 

surfaces on certain properties of the water phase (e.g., density) 

are reported to exist (van Olphen, 1977, p. 53), which appear to 

contradict certain aspects of colloid stability theory. Therefore, 

negative adsorption still appears to be the best explanation for the 

anomalous experimental results of this section. 

In summary, the results of this section provide some evidence to 

suggest that the compounds examined (except possibly CC14) are slightly 

negatively adsorbed (i.e., excluded) by the clays and minerals investi¬ 

gated herein. Even accounting for the relatively small volume occupied 

by the solids in suspension could not explain this anomaly. Also, the 

compounds (based on the results for TCE) appear to be negatively 

adsorbed regardless of equilibration time or solute concentration. 

Lastly, the solution activity coefficients of these compounds appear 

to be unaffected by the presence of clays/minerals in suspension. 

kail 



B. Sorption and Desorption of the Selected Compounds with the Mineral 

Soil. Peat, Muck, and Activated Carbon in the Low Concentration 

Region 

1. Collection of "Real11 Soil Samples, and Preparation of Their 

Suspensions 

Over 20 different types of soil samples were collected as poten¬ 

tial sorbents in this research, with many showing insignificant sorption 

of the radiolabeled compounds. (It should be pointed out that only the 

mineral soils* with very low organic matter contents yielded negligible 

sorption.) All the soils collected fell into one of three categories: 

(1) mineral soil, (2) peat, and (3) muck (the latter two being consid¬ 

ered organic soils). I decided to select a representative soil from 

each of these categories for examining sorption characteristics in 

greater detail. Therefore, only three aqueous suspensions of these 

"real" soils were made. 

The mineral soil chosen for study (because of its high sorption 

capacity for the compounds used in this research) was collected on the 

bank of the Cascadilla Gorge near Hollister Hall, Cornell University, 

NY. An undisturbed site was selected, the surface litter (i.e., dead 

leaves, twigs, etc.) removed, and soil (to a depth of ^20 cm) was placed 

in plastic sample bags and sealed. Professor Ray Bryant (Agronomy 

Department, Cornell University) classified this soil as a Udifluvents 

*A mineral soil is defined as one consisting predominantly of, and 
having its properties determined predominantly by, mineral matter; 
and usually contains <20% organic matter (Brady, 1974; Foth, 1978; 
Hausenbuiller, 1978). 
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Entisol. A particle size analysis of this soil (see Table 5.6 below) 

revealed that its textural classification was loam. (This soil shall 

henceforth be referred to as the "mineral soil" in this research.) 

The organic soils (peats and mucks) were collected on separate 

field trips (led by Processor John Duxbury of the Agronomy Department, 

Cornell University) as part of his "Organic Soils" course. The parti¬ 

cular peat sample chosen to undergo extensive sorption study (a Limnic 

Sphagnofibrist Histosol) was obtained from a sphagnum moss-covered peat 

bog near Dryden, NY. The sample was taken from a depth of about 25 cm, 

and Duxbury (1983) stated that it was "virtually 100% organic matter" 

The muck soil was obtained from an "Edwards" muck (a Typic Medisaprist 

Histosol) near Savannah, NY, and was also taken from a depth of ^25 cm. 

The Fibrist suborder (under which the selected peat is classified) 

includes organic soils in which the undecomposed, fibrous, organic 

materials are easily identified. On the other hand, the Saprist sub¬ 

order (under which the selected muck is classified) represents those 

Histosols containing highly decomposed organic materials. The selected 

peat and muck thus represent opposite ends of the suborder classification 

spectrum, and may shed light on the role of the stage of organic matter 

decomposition on sorption phenomena. 

Table 5.6 below lists some of the characteristics of these soils 

which are pertinent to this research. These characteristics pertain to 

the soils, as dried from their respective suspensions, and are there¬ 

fore representative of the fine particle-size fractions of each respec¬ 

tive "whole" soil. The peat and muck soils obey the general rule that 
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TABLE 5.6 Pertinent Characteristics of "Real Soils"—Mineral Soil, 

Peat, and Muck (Obtained by Drying Liquid Samples of 

Their Prepared Suspensions) 

Fraction Fraction 
Organic Organic 

Soil Carbon3 Matter3 

Fraction 
Humic + 
Fulvic 
Acidsc 

Specific 
Surface 
Area3 
(m2/g) 

Mineral Soil6 0.181 

Peat 0.410 

Muck 0.296 

0.160 ± 0.004 

0.903 ± 0.038 

0.573 ± 0.017 

0.0436 ± 0.0019 

0.412 ± 0.004 

0.228 ± 0.008 

6.32 ± 0.08 

0.339 ± 0.006 

2.81 ± 0.02 

determined by the "Wet Combustion" procedures described in Sections 
29-2.3 and 29-3.3.2 of Methods of Soil Analysis, Part 2, 2nd Edition, 
Editors: Page, A. L., et al., published by ASA-SSSA, Madison, WI, 
Ü.S.A. (1982). Samples were oven-dried at 50°C for 4 days prior to 
the test. 

determined as the loss on ignition resulting from heating the sample 
for 24 hours at 430°C. (These values were selected since Davies [1974] 
showed that a 24-hour heating at 430°C did not destroy CaCOi. Also, 
other researchers [Mitchell, 1932; Ball, 1964] have found that ignition 
of samples at 35C° to 440°C destroys organic matter without removing 
the structural water associated with inorganic soil components.) The 
suspension samples received no prior chemical treatments, but were 
oven-dried (103°C for 2 days) to drive off non-structural water. That 
is, the fractions of organic matter reported are based on the oven-dry 
weights of the samples, and represent the means and standard deviations 
of three replicates. 

Procedure used was as follows: Three replicates of each soil suspension 
were centrifuged (3000 G for 30 min), the supernatants carefully dis¬ 
carded, then oven-dried for 4 days at 50°C. The R.V.'s + soils were 
then weighed, 5 ml of 0.1 N NaOH added, and placed on a tumbler (20°C) 
for 4 days to extract the humic and fulvic acids. Samples were then 
centrifuged (3000 G for 30 min), and the supernatants carefully dis¬ 
carded. The settled solids were dried for 4 days at 50°C, then reweighed. 
The resulting mass loss was attributed to the extraction of the HA and 
FA by the 0.1 N NaOH solution. 



Table 5.6 continued 

^ TM 
Measured with a Quantasorb instrument (Quantachrome Corp.) using 
single-point B.E.T. isotherms with N2 gas as the adsorbate. All 
samples were outgassed for a minimum of 1 hour at 90°C with dry No 
gas. Values given represent the mean and standard deviation based 
on three runs (replicates) ner sample. In an attf^t ^0 assess the 
accuracy of the Quantasorb™, the specific surfac. àr .a of a "known" 
sample was determined. The solid was y-Alo03 (Alfa Products), and 
Professor Leonard Lion (Department of Civil and Environmental 
Engineering, Cornell University) had previously measured its specific 
surface area to be 95.8 irr/g. Three runs with this solid on the 
Quantasorb™ yielded a specific surface area of 89.2 ± 0.8 m^/g. 
Professor Lion pointed out that this somewhat low value was probably 
attributable to the accumulation of moisture by the y-A^Oj, which 
was not removed by 1 hour of outgassing at 90°C. (This would have 
resulted in a higher apparent mass of solids being measured, and 
hence, an underestimated surface area per unit mass [i.e., specific 
surface area]). 

eA particle size analysis was performed on the mineral soil (as 
collected--!'.e., the whole soil), with the following results: 

Sand Silt Clay 

45.7% 42.9% 11.4% 

Therefore, the textural classification of the mineral soil is "loam". 
The particle size analysis was conducted using the "Pipette Method" 
described in Section 43-4.1 of Methods of Soil Analysis, Part I, 
Edited by Black, C. A., et al_., Am. Soc. of Agron. »Madison, Wl 
(1965). 



f* % 2f , but the mineral soil does not. (No explanation can be offered om oc 

for this apparent discrepancy.) These data also show [by dividing 

column (c) by column (b)] that the organic matter contents of the 

mineral soil, peat, and muck are comprised of approximately 27%, 46%, 

and 39%, respectively, humic acid + fulvic acid (HA + FA). Lastly, the 

specific surface areas were measured using single-point B.E.T. isotherms 

with N2 gas as the adsorbate.** By necessity, the sorbents must be com¬ 

pletely dry prior to their surface area measurements. Therefore, the 

specific surface areas given in Table 5.6 are probably not at all repre¬ 

sentative of what they would be in aqueous suspension. This is especially 

true of the organic soil sorbents, which would be expected to have specific 

surface areas much higher (than those given in this table) when immersed 

in water. Obviously, the dehydration of these sorbents drastically alters 

their structures. Furthermore, since nitrogen is a relatively weak sór¬ 

bate, it is probably unable to penetrate any internal structure present in 

the organic matter, just as it is unable to penetrate the internal surfaces 

of montmorilIonite. Therefore, it is not known if the specific surface 

areas listed in Table 5.6 are relevant to this research; nevertheless, 

B.E.T. surface areas for soils are frequently reported in the literature 

pertaining to sorption by soils. 

*f = fraction organic matter, om 

**A multi-point isotherm, using a sample of the muck soil, demonstrated 
that a B.E.T. plot of the data was relatively linear. (These data were 
obtained with the assistance of Professor Murray McBride [Agronomy 
Department, Cornell University], using the multi-point Quantasorb™ 
apparatus in the Agronomy Department.) Based on these data it was 
decided that use of single-point B.E.T. isotherms would be adequate 
for these sorbents. 
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The stock suspensions for these three "real" soils were prepared 

similarly. A large excess of each soil (^100 g) was vigorously stirred 

with 1 of distilled water in glass beakers for several minutes. The 

mixtures were then wet-sieved through a #20 U.S. standard mesh in order 

to remove twigs, gravel, roots, clumps, etc. The filtrates were then 

wet-sieved several times through a #70 U.S. standard mesh (which removed 

soil particles >210 ym size). (This was done to ensure that when the 

soil suspensions were mixed prior to and during the withdrawal of a 

sample, that there would be no large particles tending to settle out, 

creating a nonuniform suspension.) The final filtrates were then trans¬ 

ferred to 1-1 iter, amber bottles, and capped. For the case of peat, the 

presence of soluble humic substances (as evidenced by the brown color of 

the supernatant liquid after several days of quiescent settling and 30 

minutes of centrifugation at <3000 G*) necessitated the removal or reduc¬ 

tion of this component.** Therefore, the peat suspension was transferred 

to several Nalgene^ bottles and centrifuged at ^3000 G for 30 minutes. 

The brown supernatant was carefully discarded, replaced with distilled 

water, and the process repeated twice again. At the end of the third 

centrifugation, the supernatant was again replaced with distilled water, 

and the suspension transferred back to the stock bottle. 

In order to ensure that pH and ionic strength differences were 

not factors affecting the relative sorption behaviors of these three 

♦Acceleration due to gravity is represented by the symbol "G" where 
G = 9.8 m/sec2. 

♦♦Removal or reduction of the soluble humic material was desired primarily 
because of the dramatic effect of color on the sample quenching during 
LSC analyses. 

. 
>>■ V- , 
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sorbents, they were all adjusted to a common value. Their original 

pH values and conductivities were measured to be: 

Sorbent EÜ_ 

Mineral Soil 7.7 

Peat (after washing) 4.5 

Muck 7.6 

Conductivity (ymho/cm) 

225 

150 

210 

The common values selected were pH =1 7.7 and conductivity = 225 umho/cm 

(i.e., those values corresponding to the mineral soil). Therefore, the 

pH and conductivity of the peat and muck were raised to these values by 

adding the necessary amounts of NaOH and NaCl, respectively. 

Note that because of the procedure used to prepare these "real" 

soil suspensions, the sorbent solids concentrations were unknown. The 

solids concentrations for these suspensions had to be estimated by 

measuring (in triplicate) the Total Residue (also called Total Solids 

or TS)* content of three, 10-ml samples withdrawn from each completely- 

mixed suspension. The mean values of these TS measurements were taken 

as the approximate solids concentrations for the suspensions and are 

shown below. (The total dissolved solids were negligible by comparison. 

Sorbent 

Mineral Soil 

Peat 

Muck 

Total Solids 
_ 

9.6 

3.8 

10.1 

Coefficient 
of Variation 

0.5¾ 

5.4¾ 

1.5¾ 

*Procedure used was in accordance with Standard Methods for the 
Examination of Water and Wastewater, 15th Edition, publisneo 
jointly by'APHfi, AWWA, "and WPCF','7art 209A, page 92 (1981 ). 



2. Preparation of Powdered Activated Carbon (FAC) Suspension 

The EPA (1983) reported that the organic compounds used in this 

study all have adsorption densities on the order of 10 mg/g (at a 

solute concentration ^0.1 mg/1) on several different activated carbons. 

Calculations revealed that this corresponds to a PAC solids concentra¬ 

tion of about 0.01 g/1 (based on ^50% adsorption of the compound from 

solution). Indeed, initial experiments within ^C-trichloroethylene 

showed that this PAC concentration resulted in of the trichloro¬ 

ethylene being adsorbed from solution. Therefore, the PAC suspension 

was prepared by adding distilled water to 10 mg PAC (No. C-5260, 

Untreated powder, 250-350 mesh, Sigma Chemical Co.) to make a 1-1 iter 

suspension. The pH and conductivity of this suspension were 8.0 and 

77 umho/cm, respectively. 

¡> /- /* „ 

3. Results and Discussion 

The isotherm calcul ative procedures for this section (as well 

as the remainder of this chapter) are described in Chapter IV and 

Appendix E, unless otherwise noted. All experiments in this section 

were conducted at T = 20°C ± C.1°C (except for TCE with the mineral 

soil, which was 20°C ± 2°C). The pH and approximate ionic strength 

(l)* for the "real" soil suspensions were each 7.7 and 0.0036 M, 

respectively. The pH and I for the PAC suspension were 8.0 and 

0.0012 M, respectively. 

Figure 5.5 presents the sorption kinetics data for C2C14 and 

CHC13 with the mineral soil. Note that the bulk of the sorption occurs 

♦Calculated from the previously-given correlation by Snoeyink and 
Jenkins (1980): I = 1.6 x 10‘5 x conductivity (umho/cm). (All 
"I" values calculated in this chapter are based on this formula.) 
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(relatively) rapidly, with (what appears to be) almost complete sorp¬ 

tion of CHC13 occurring within the first hour of the experiment. The 

rate of sorption for C2C1^ is somewhat slower, which is what one would 

expect if sorption kinetics are diffusion-limited (since diffusivities 

in liquids generally vary inversely with the solute's molecular weight 

or volume). Based on these data, I decided tc use an equilibration 

time of 4 days (i.e., 96 hours) for all isotherm experiments with the 

mineral soil*. (That is, the sorption and desorption cycles were 

each 4 days long) 

Figures 5.6 through 5.9 present the sorption and desorption iso¬ 

therms for C2HC13, CgCl^, CHCl^, and CCl^, respectively, with the 

mineral soil as the sorbent in all cases. These isotherms represent 

the "low concentration range" which is arbitrarily defined as < 

200 yg/1, so that at least three data points would be included in 

♦Although some additional sorption of both CHClo and C2C14 appears to 
be occurring beyond 4 days, at the time these data were gathered, this 
slight increase was believed to be relatively minor. Furthermore, the 
vast majority of soil sorption isotherms reported in the literature are 
based on equilibration times of one day or less (with many of these 
ranging merely from 0.25 to 4 hours). More importantly, with respect 
to my sorption kinetics data, it was computed that the fractional 
increment of sorption (by the mineral soil) beyond 4 days was approxi¬ 
mately the same for CHCI3 and C2CI4. Assuming that this would also 
hold true for CCU and C2HCI3, the lack of attainment of "true" equili¬ 
brium would not affect correlations of to sórbate properties (since 
the "nonequilibrium" values would have the same relative values as 
the "true" equilibrium values). However, it would (or might) affect 
correlations of Kj to sorbent properties. One of the final experiments 
of this research revealeci that some additional so-rption by the mineral 
soil occurs, even up to 22 days (and possibly beyond) (see Section J 
of this chapter). This appears to be the only sorbent studied which 
displays this curious behavior, which may, in fact, explain some of the 
anomalous data obtained for the mineral soil. These issues are dis¬ 
cussed in Section J.2. of this chapter. 
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i 

this region. (Extended isotherms, which cover a higher solute concen¬ 

tration range, are presented and discussed in Section H.) Also, the 

lines depicted in these figures represent least-squares regressions, 

which have been "forced" through the origin. That is, the origin 

data point (0, 0) was given "infinite" weighting since all isotherms 

(whether they describe adsorption or absorption) must pass through the 

origin. Note that in most cases the data appear to be fairly linear, 

which is consistent with the majority of the research findings for 

sorption of nonionic compounds with soils. However, there is one 

glaring anomaly in Figures 5.6 through 5.9: The desorption isotherms 

each lie above their respective sorption isotherms, giving the appear¬ 

ance that sorption of these compounds with the mineral soil is not 

thermodynamically reversible. Two additional experiments were per¬ 

formed in the final phase of this research in an attempt to determine 

the cause for this peculiar behavior. The results and discussion of 

these experiments are presented in the final section of this chapter, 

"Desorption and Reversibility". However, to satisfy the reader's 

(likely) curiosity at this point, it was discovered in these later 

experiments that these "nonsingular" sorption and desorption isotherms 

for the mineral soil are apparently due to the lack of attainment of 

sorption equilibrium. 

Figure 5.10 summarizes the sorption isotherms for the four com¬ 

pounds with the mineral soil. (In this thesis, i.t is assumed that the 

sorption isotherm [as opposed to the desorption isotherm] more accurate¬ 

ly represents the equilibrium relationship between water, sorbent, and 

solute, due to the possible uncertainties in quantifying mass losses 

which occur during the desorption experiment. Therefore, only sorption 

¡Kl," » ' « ” - *v ” « ' » " 
LM * • « "j» * • _*• _* j 



-125- 

F-i 
\r 
V 

8 
(6/6rf) 

0 
'0 'AilSN3a NOIldyOS 

P- k 

o 
oo 

<0 
s- 
OJ c 

ai 
JZ 
+J 

to 
-a 
3 
o 
CL 
E 
o 
o 

S- 
o 

M- 
(/) 
E 
i- 
0) 

JC 
o 
(/) 

c 
o 

CL 
s- 
o 

00 

o 
r— 

uo 

a: 
ZD 
CD 

«*- . - ,--, 1 ■, , -, -- .■ .' *, * » .--i,--,--,--. --,-- ,--,--, V ,--,-- l’-,--,-- ■,--,--. - ,*-J 

.  L.,'-.. .'jj., J-, i..., .. .1..., .,. .i-,. i.. J-ç,. », Jh... Jj... . 



isotherms and their distribution coefficients are used in exploring 

possible interrelationships and correlations reported in this research.) 

Note that the order of sorptive strength is: ^Cl^ > C2^3 >:> CH(^3 > 

cci4. 

Figure 5.1^ depicts the adsorption kinetics for C2HCI3 (TCE) 

onto the powdered activated carbon (PAC). Based on these data, an 

equilibration time of 48 hours (for each of the adsorption and desorp¬ 

tion cycles) was selected for all PAC experiments. 

Figures 5.12 through 5.15 show the adsorption and desorption iso¬ 

therms (low concentration region) for each of the compounds onto PAC. 

Note that all isotherms appear to be reasonably linear over this solute 

concentration range, and that there seems to be no consistency in the 

location of the desorption isotherm (with respect to the adsorption 

isotherm). That is, the desorption isotherm is slightly higher than 

the adsorption isotherm for the cases of C2HCI2 (Figure 5.12) and CHClg 

(Figure 5.14); significantly lower for the case of ¢281^ (Figure 5.13); 

and virtually identical for the case of CCl^ (Figure 5.15). No explana¬ 

tion is offered for this variability in the location of the desorption 

isotherm (with respect to the adsorption isotherm) except experimental 

error—most likely in the desorption isotherm determination. 

Figure 5.16 summarizes the adsorption isotherms for the four com¬ 

pounds onto PAC. The order of adsorption strength is: ¢2^ » C^HC^ 

» cci4 > chci3. 

Sorption (and desorption) experiments for both the peat and muck 

samples were run using equilibration periods of 4 days, as with the 

mineral soil. Desorption experiments for these sorbents were conducted 
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only for the case of ¢£1-1(:13 (TCE), and the results are shown in 

Figures 5.17 and 5.19 for peat and muck, respectively. Note that 

the sorption and desorption isotherms for the peat/C^HCl^ system are 

virtually identical, indicating complete thermodynamic reversibility 

over the 4-day sorption and 4-day desorption cycles. The sorption and 

desorption isotherms for muck appear to be nonsingular; however, this 

may be due to experimental error since the extended portion of the 

muck/C2HCl3 sorption and desorption isotherms (presented later in this 

chapter) seems to be singular. 

Figures 5.18 and 5.20 summarize the sorption isotherms for all 

compounds with the peat and muck, respectively. Note that for the 

case of muck, CCl^ sorbs almost as strongly as (^HCl^, and for the 

case of peat, it actually sorbs more strongly. 

C. Sorption of the Selected Compounds with Humic Acid, Lignin, and 

Graphite in the Low Concentration Region 

Sorption experiments using a variety of soil organic matter (SOM) 

components (discussed in Section F of this chapter) revealed that humic 

acid, lignin, and graphite*appear to be the principal SOM components 

responsible for the sorption of the selected compounds. 

1. Stock Suspension Preparation of Soil Organic Matter Components 

The following components of soil organic matter were prepared in 

suspension form: 

(a) Graphite: Graphite powder. Grade #38 (Fisher Scientific Co.) 

(b) Humic Acid: Humic Acid, Sodium Salt (Aldrich Chemical Co., 

Inc.) 

♦Various forms of elemental carbon (such as graphite) are believed to 
be quite rare in soils (Duxbury, 1983). 

... 
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(c) Lignin: Kraft Pine Lignin, "Indulin AT", (Westvaco Chemical 

Division). 

14 
Preliminary tests on the sorption of C-tetrachloroethylene by 

these materials indicated that the following sorbent concentrations 

were suitable: 

Sorbent Solids Concentration (g/1) 

Graphite 4 

Humic Acid 2 

Lignin 10 

Therefore, distilled water was added, in turn, to 2 g of graphite, 

1 g of humic acid, and 5 g of lignin, to make 500-ml suspensions of 

each. In order to keep the humic acid and lignin insoluble, these 

suspensions were adjusted to pH of 2.0 by the addition of HC1. The 

pH values, conductivities, and approximate ionic strengths of the 

three suspensions are given below. 

Suspension 

Graphite 

Humic Acid 

Lignin 

£H 
Conductivity 

(umho/cm) 
Approximate Ionic 
Strength (M) 

6.6 25 O.C0040 

2.0* 8400 0.13** 

2.0* 10500 0.17** 

♦Adjusted by addition of HC1. 
**The potential impact of these non-dilute systems on resulting 

Kj values is addressed in Section D of this chapter. 

The fractions of organic carbon and specific surface areas of these 

soil organic matter components are listed in Table 5.7. The "pure" 

material was used for these determinations, and not the dried residue 

from their liquid suspensions. 

...«■■■»-J:. 
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TABLE 5.7 Fraction Organic Carbon and Specific Surface Area of 

Graphite, Humic Acid, and Lignin Sorbents 

Specific 
Surface ? 
Area1- (nr/g) 

Fraction 
Organic 
Carbon* Sorbent 

Graphite 0.868 8.64 ± 0.38 

Humic Acid 0.336 ± 0.030 0.355 

2.11 ± 0.02 Lignin 0.336 

*Determined by the "Wet Combustion" method [see Footnote (1) of 
Table 5.6 for reference citation]. Samples were oven-dried at 
50°C for 4 days prior to the test. 

, TlUl 

Specific surface areas were measured on a Quantasorb (Quantachrome 
Corp.) by single-point B£.T. isotherms using No as the adsorbate gas. 
Samples were outgassed with dry nitrogen at 90°C for a minimum of 
1 hour. Data represent the mean value ± standard deviation, calcu¬ 
lated from three separate desorption signals for the same sample. 

2. Results and Discussion 

The low concentration, "single-point" isotherms for all compounds 

with the humic acid, lignin, and graphite sorbents are shown in Figures 

5.21, 5.22, and 5.23, respectively. (The use of single-point isotherms 

for these sorbents assumes that these isotherms are linear. Since they 

were determined in the low concentration region, with a large excess of 

sorbent mass [or surface area] relative to the sórbate mass [or surface 

area], there is no reason to expect that these isotherms would not be 

linear. Furthermore, the extended [very high concentration region] 

isotherms for these sorbents [with TCE] were virtually linear [see 

Figure 5.37 in Section H], and therefore, the low concentration region 

isotherms should be linear, as well.) Equilibration time for these 

sorbents was 2 days, and two replicates were run for each control and 

each sorbent R.V. 
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Note that the interrelationships of sorptive strength among com¬ 

pounds are very similar for humic acid (HA) and lignin, which in turn, 

are similar to the interrelationships for peat depicted in Figure 5,18 

(and, to a lesser extent, for muck shown in Figure 5.20). These obser¬ 

vations are not too surprising, since HA and lignin have many struc¬ 

tural similarities, and would therefore be expected to sorb in a 

similar fashion. Also, the extractable humic substance (HA + FA) con¬ 

tent for the peat (and muck to a lesser extent) were determined to be 

relatively high (see Table 5.6). It is also interesting to note that 

the adsorptive interrelationship among the compounds for graphite 

(Figure 5.23) closely resemble that of PAC (Figure 5.16). Again, 

this is to be expected in view of the structural similarities between 

graphite and activated carbon, the main difference being the vast 

internal pore structure, and hence, much larger specific surface area 

for PAC. 

D. Correlation of Sorptive Strength with Various Molecular Properties 

of the Sórbate 

Table 5.8 summarizes the sorption distribution coefficients (K^'s)* 

and their standard deviations for all sorption isotherms presented in 

*There is a strong likelihood that the Kj values determined throughout 
this thesis are "conditional" in that they depend upon the solids 
concentration employed in the experiment. However, this has no influ¬ 
ence on the results and conclusions of this section (i.e.. Section 
V.D.), since the correlations are between the values and compound 
properties of each sórbate, for a given sorbent. That is, there is no 
reason to expect that the rei ati ve Kh vaYues among the sorbates (for 
any particular sorbent) would vary with the sorbent concentration, and 
hence, the correlations should be unaffected. Refer to Section V.I.3. 
for experimental work pertaining to the "solids effect", and a discus¬ 
sion of how it (potentially) affects the results of other aspects of 
this research. 



TABLE 5.8 Summary of Linear Sorption Distribution Coefficients (K^) 

and Their Standard Deviations, for Each Compound and 

Sorbent (T = 20°C)* 

i 

Sorbent 

Mineral Soil 

Peat 

Muck 

Humic Acid+ 

LigninT 

Graphite 

PAC 

chci3 

7.80 ± 0.32 
(0.996) 

40.9 ± 1.0 
(1.000) 

6.89 ± 0.43 
(0.989) 

20.0 ± 3.3 

19.9 ± 1.6 

0.48 ± 3.6 

6140 ± 735 
(0.967) 

CCI4 

5.39 ± 0.68 
(0.984) 

119 ± 1.5 
(1.000) 

22.9 ± 0.2 
(1.000) 

39.8 ± 19 

80.1 ± 7.8 

21.9 ± 4.8 

13700 ± 971 
(0.990) 

c2hci3 

56.4 ± 1.6 
(1.000) 

90.7 ± 2.4 
(0.998) 

25.1 ± 1.2 
(1.000) 

38.9 ± 5.1 

63.2 ± 3.0 

110 ± 8.3 

63700 ± 4670 
(0.987) 

71.1 ± 1.2 
(0.999) 

281 ± 5.7 
(0.999) 

68.6 ± 5.8 
(0.986) 

153 ± 24 

172 ± 11 

878 ± 100 

285000± 12700 
(0.996) 

♦Standard deviations are given as the ± values (see Appendix F for 
the method of their determination). Correlation coefficients (R) 
are given in parentheses for the multi-point isotherms. NOTE: The 
«d values listed above (and others reported throughout this thesis) 
are probably "conditional" in that they depend upon the solids con¬ 
centration employed in the experiment. Refer to Section V.I.3. for 
a discussion of this issue.) 

+The Ka values given for HA and lignin may be ^ 5% higher than their 
"true" infinite dilution values because of the effect of X upon Ka 
(see Section V.I.2.). No attempt was made to correct for the 
influence of X on for these sorbents. 
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Sections B and C of this chapter. (Consult Appendix F for the proced¬ 

ures used in determining the standard deviations given, and a discussion 

of error propogation analysis.) The linear correlation coefficients 

(R) are also given in this table (in parentheses) as a measure of the 

"linearity" of the data points (for the multi-point isotherms). As 

stated previously in this thesis, the Kd values are simply equal to 

the slopes of the linear isotherms (forced through the origin) in the 

low concentration region, multiplied by a factor of 1000 g/1 in 

order to make them "quasi-dimensionless". The precisions (coeffi¬ 

cients of variation) of the values range from ±0.87% (for the 

CCI 4-muck system) to ±750% (for the CHCl-j-graphite system). In 

general, of course, the precision for the multi-point, linear regres¬ 

sion Kd values is better than that for the single-point values. 

Table 5.9 presents a variety of properties of the sórbate com¬ 

pounds used in this research. The dipole moment and polarizability* 

are the ones of primary interest (in this research), since they are 

the only sórbate properties which enter into the equations for 

intermolecular forces/energies. However, as seen in the Lorentz- 

Lorenz equation (Footnote [c] of Table 5.9) used to calculate the 

polarizability, a is directly proportional to M or M/p--which is the 

molar volume, V. Thus, for compounds in general, there is typically 

a strong correlation between a and V, and to a lesser extent, between 

a and M. In addition, the equation defining P also includes V (and 

surface tension [0]--which, in turn, is a function of intermolecular 

*"Polarizability," as used in this thesis, shall always refer to the 
electronic polarizability, since other types (of polarizability) do 
exist. 



TABLE 5.9 Summary of Compound Properties to be Used in Sorption 

Correlations 

Property CHClg 

Molecular Weight9 
(M, g/mol ) 119.38 

Dipole Moment*3 
(u, Debye) 1.01 

Electronic Polarizability0 
(a, 10-24 cnr) 106 

Molar Volume^ 
(V, cnvfymol) 80.07 

p 
PA r* hn p'- 

(P, cm3.dyne^/mol•cm^) 182.8 
f 

Aqueous Solubility 
(S, mmol/1) 68.8 

q 
Octanol-Water Partition 
Coefficient (K , dimension¬ 
less) ow 93 

c2hci3 c2ci4 CCI 4 

153.82 

0 

132 

96.49 

219.8 

5.23 

437 

131.39 

0.99 

126 

89.87 

209.4 

8.24 

195 

165.83 

0 

151 

102.17 

242.5 

0.899 

398 

aFrom Weast (1967). 

kprom McClellan (1963 and 1974) (Note: 1 Debye = 3.336 x 10 ^ 
coulomb-meter .) 

cValues given represent the electronic polarizabilities of the molecules, 
calculated using the Lorentz-Lorenz equation: 

3M (nj; - 1) 

N0p (n^ + 2) 

where: M = the compound's molecular weight (g/mole) 
N0 = Avagadro's number (6.023 x 1023 molecules/mole) 
p = density of the compound at T = 20°C (g/cm3) 
nD = index of refraction for the compound at T = 20°C, using 

light of wavelength 589 nm (dimensionless) 

Values for p and no were obtained from either Weast (1967) or Dean 
(1979). (Note: Some references include a factor of [l/4ir] on the 
right-hand-side of the above Lorentz-Lorenz equation.) 
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Table 5.9 continued 

Calculated from V = M/p, where thep values are for T = 20°C, obtained 
from Weast (1967). 

Calculated from P = VoC where a = surface tension of the compound at 
T = 20°C (dyne/cm). Values for a (T = 20CC) were obtained from 
Weast (1967), except for aTCE which was obtained from Dean (1979). 

Crom Horvath (1982) (see pp. 485, 486, 500, and 501). 

^Values of 
and K ,, for ow 

Kqw for 
c2hci3 

CHCI3, CCI4, and C2CI4 are from Chiou (1977); 
is from Rogers and McFarlane (1981). 
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forces, and hence, a and u!). Finally, the extent to which a compound 

dissolves in water (i.e., its aqueous solubility), or distributes it¬ 

self between octanol (or any solvent) and water, is partially governed 

by a competition among intermolecular forces.+ Unfortunately, for these 

types of compounds, these intermolecular forces are principally 

governed by their polarizabilities. This is because these compounds 

are either nonpolar or weakly polar, and hence, their intermolecular 

potentials are primarily controlled by their induced dipole moments, 

rather than their permanent dipole moments; and these induced dipole 

moments are directly proportional to the compounds' polarizabilities. 

Therefore, the unfortunate possibility exists that all these proper¬ 

ties (except perhaps dipole moment) are highly inter-correlated. 

In order to test for this possible mutual correlation among 

properties, I decided to (initially) linearly regress each variable 

(i.e., property) in turn with a,* using the regression equation: 

Y = Aa + B where "Y" is the property in question, and "A" and "B" are 

the regression coefficients. The most important coefficient to be 

determined in these regressions is the linear correlation coefficient, 

R, which is a measure of how well the two variables are linearly cor- 

+Ironically, the other significant property affecting both solubility 
and partitioning phenomena is the compound's molecular size or volume, 
since this determines the size of the cavity which must be created in 
a solvent in order to accomodate the solute molecule. Thus, S and Kow 
may be strongly correlated to V for the solute. But since t is, in 
turn, highly correlated with a, S and KpW may also be indirectly 
(highly) correlated to a via the solvent cavity effect. 

*The property, a, was selected as the independent variable merely to 
serve as an example of possible mutual correlations. Obviously, 
any of the variables listed in Table 5.10 could have been chosen for 
this purpose. 



related. (The value of R ranges from -! to +T, with values of R ^ 0 

indicating negligible correlation, and |R| = 1 indicating "perfect" 

linear correlation between the two variables.) Table 5.10 exhibits 

the results of this regression. As expected, some of the properties 

(Y, M, and P) do indeed show strong correlation to a. Based on this 

linear regression, neitherS nor K are (strongly) linearly correlated 

TABLE 5.10 Test for Linear Correlation Between Sórbate Properties and 

Polarizability* 

Property (Y) 

M (Molecular Weight) 

V (Dipole Moment) 

Y (Molar Volume) 

P (Parachor) 

S (Solubility) 

K (Octanol-Water Partition 
ow Coefficient) 

Linear Correlation Coefficient 

0.950 

-0.800 

0.982 

0.999 

-0.868 

0.836 

♦Regression equation is Y = Act + B. Each regression is based on four 
pairs of observations, and the probability that R > 0.950 if the vari¬ 
ables are unrelated is 0.05. Values for "A" and "8" were determined 
but not given since they are not pertinent to the discussion. 

with a.+ In order to test for a non!inear correlation between these 

variables, arithmetic plots of S versus a, and KQW versus a were made. 

+Since y and a are fundamental molecular properties which are independ¬ 
ent of each other, there is no reason to expect or attempt any typé of 
correlation between these two variables. The correlation coefficient 
for y versus a was presented in Table 5.10 for the sake of completeness, 
and also to show that these two variables are indeed not highly corre¬ 
lated (even by chance), (i.e., there is always the possibility that 
two variables can be highly correlated, even though they have no 
causal connection to each other.) 



and these are displayed in Figures 5.24 and 5.25, respectively. Note 

that S appears to be an exponential function of a, but KQW versus a 

does not result in a monotonie, nonlinear relationship. In order to 

test for this suspected exponential relationship between S and a, a 

linear regression was performed.between the variables ln S versus a. 

The result was that R = -0.999, which verifies that S does in fact 

have a strong nonlinear correlation with a. 

Despite the fact that many of the properties exhibit strong inter¬ 

correlation, they are by no means "perfectly" correlated with each 

other. Therefore, it was decided to assess the correlation of sorptive 

strength to each of these properties, since it is possible that some dif¬ 

ferences of significance might exist, and conclusions drawn therefrom. 

Therefore, correlations were attempted between the values for each 

sorbent (given in Table 5.8), and the molecular properties of the 

sorbates (given in Table 5.9). 

In order to determine which functions of the variables should be 

regressed, the following reasoning was applied. Since sorption free 

energy (aG°) is proportional to the natural logarithm of the sorption 

equilibrium distribution coefficient (K^), and intermolecular energies 

are directly proportional to either y, y , or a, the independent vari- 
2 

ables in the form of "y", "y ", r "a" should be regressed with the 

dependent variable in the form of "In K^". The resulting regression 

equation will then have the form: in = AY + B where Y is either 

2 ^ y, y , or a. 

For the cases of M, ¥, and P as the independent variables, I chose 

to regress them "as is" versus In K^. (This was mainly because they 

were shown to be highly [linearly] correlated with a.) Also, since ln S 
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is highly correlated with a, and furthermore, since the free energy of 

solution (AGgoip) these compounds (with water) is directly propor¬ 

tional to ln S (where S is expressed in moles/1 and the activity 

coefficient is assumed to be unity),* I chose to regress "In K^" with 

"ln S". Lastly, since KQw is a partition coefficient, and since Kd 

would likewise be a partition coefficient if the extraction (i.e., 

absorption) hypothesis for soil sorption is correct, then perhaps the 

best way to regress these two variables is simply as versus Kow. 

Table 5.11 presents the resulting linear correlation coefficients 

(R) from these regressions. (The regression coefficients "A" and "B" 

are not given since they are not pertinent to this discussion, and 

furthermore, are only valid for the particular sorbents used in this 

research.) The results clearly indicate that the sorption distribu¬ 

tion coefficient is strongly correlated (except for the cases of the 

mineral soil and RAC) to both the polarizability and solubility of 

the sórbate (and to a lesser extent, parachor and molar volume). 

The nature of the statistics applicable to Table 5.11 is somewhat 

analogous to the situation regarding the (postulated) slight negative 

adsorption by the clay and mineral solids. In other words, the 95% 

Cl for these correlation coefficients are too wide (in most cases) to 

*This latter reason (i.e., aG° -. « in S) for choosing this functional¬ 
ity is based on the assumption that the sorption free energy (aG°) is 
much more likely to be directly proportional to the variable "aG“ " 
than to the variable "S". That is, aqueous solubility, S, simply0 
expresses the number of molecules (or moles) of a substance in a unit 
volume of solution at saturation. On the other hand, AGr0in expresses 
the free energy utilized (expended or released) in dissolving a mole 
of solute (originally part of a pure solute phase) into the aqueous 
phase (at standard-state conditions). But since aG° expresses the 
free energy utilized in removing the same mole of solute from the 
aqueous phase, and placing it in (or on) a sorbent (at standard-state 
conditions), the two processes are in some respects the reverse of 
each other. 
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TABLE 5.11 Correlation Coefficients (R) for Regressions of In Kd 

versus u, y2, a, M, V, P, and ln S; and Kd versus KQW+ 

In Kd versus 

Tn S 

Kd 
versus 

Kow 
2 

Sorbent y or y 

Mineral Soil 0.007 

Peat -0.804 

Muck -0.685 

Humic Acid -0.700 

Lignin -0.781 

Graphite -0.546 

PAC -0.399 

a M V 

0.576 0.298 0.424 

1.000 0.952 0.978 

0.984 0.881 0.944 

0.962 0.881 0.899 

0.993 0.935 0.984 

0.932 0.779 0.878 

0.863 0.670 0.756 

0.539 -0.592 0.174 

0.997 -0.996 0.706 

0.977 -0.990 0.628 

0.949 -0.954 0.571 

0.994 -0.998 0.746 

0.921 -0.946 0.469 

0.839 -0.870 0.449 

+Each regression is based on four pairs of data values, and the 
probability that R _> 0.950 if the variables are unrelated is 0.05. 

♦Since y values are either zero or % 1.0, the squaring of y has 
virtually no effect on the outcome of this regression. 

draw any statistically significant conclusions between any two R 

values. Nevertheless, the fact remains that for each sorbent, the 

variables a or ln S are the best predictors of In Kd (and hence, 

Kd). 



s 
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E- Determination of the Normalized Sorption Distribution Coefficient 

(Koc) and Its Correlation to the Sorbate's Aqueous Solubility, 

Octanol-Water Partition Coefficient, and Polarizability 

The literature pertaining to the sorption of nonionic, organic 

compounds with soils usually reports high correlation between sorptive 

strength and the fraction of organic carbon (foc) in the sorbent; and 

sometimes reports a correlation between the normalized sorption 

distribution coefficient, K , and the sorbate's solubility (S) and oc 
octanol-water partition coefficient (Kow). It is therefore of interest 

to know to what extent these variables are correlated for the data 

accumulated in this research. Also, it was decided to include the 

sorbate's polarizability (a) in the correlations with Koc, since the 

previous section demonstrated that it was an effective predictor of 

Kd- 

From Tables 5.6 and 5.7 the organic carbon contents for the real 

soils and SOM components are listed again below.** 

Sorbent 

Fraction Organic 
Carbon (f„J oc 

Mineral Soil 

Peat 

Muck 

Humic Acid 

Lignin 

Graphite 

0.181 

0.410 

0.296 

0.355 

0.336 

0.868 

oc d oc 
**Powdered activated carbon (PAC) is intentionally omitted from this 

section since it is not a (natural) SOM component. Furthermore, PAC 
is a porous solid, and its high specific surface area clearly makes 
its adsorption virtually independent of organic carbon content. 

V. v-/- ;vv; • • * • % ' 4. »I -. W i* „'>» j, • „ ** J*V »’•Wk ^ m • . * k** l."'* J“* .** / 
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To examine the relationship between sorptive strength and fraction 

of organic carbon, a least-squares linear regression was performed 

between the Kd values for each sorbent (within each sórbate category) 

and their corresponding f values. These regressions were of the 
U L* 

form K. = Af , where "A" is the slope linear regression coefficient, 
d oc 

That is, the regression lines were forced through the origin since the 

"normalization" of Kd with foc assumes this form of equation. Table 

5.12 shows the linear correlation coefficients obtained from these 

regressions, which indicate that the correlation between Kd and foc is 

poor for CHC13 and CCl^, and fairly high for C2HC13 and CgCl^. 

Table 5.12 Linear Correlation Coefficients (R) for the Regression 

of Kd versus foc* 

CHC1. CCI, 

0.599 

'4 

0.676 

C2HC13 C2C14 

0.951 0.946 

*R values based on six pairs of data, and the probability that R >_ 
0.881 if the variables are unrelated is 0.05. 

Inspection of Table 5.8 reveals that the Kd values for graphite 

(with CHC13 and CC14) are unusually low considering its high foc value. 

Indeed, if graphite is excluded from the linear regression for Kd 

versus foc, the corresponding R values increase significantly for CHC13 

and CC14; (on the other hand, it slightly decreases the R value for 

C2HC13). The revised linear regression correlation coefficients, 

resulting from the deletion of graphite from the analysis, are depicted 

. -.% V** V "• L. 

..t..^. 

, , 



in Table 5.13. Note that now, the correlation of sorptive strength to 

fraction of organic carbon is moderately high. 

Table 5.13 Linear Correlation Coefficients (R) for the Regression 

of Kd versus foc. Excluding Graphite* 

CCI CHC1 4 3 

0.953 0.934 0.892 0.922 

*R values based on five pairs of data, and the probability that R > 
0.878 if the variables are unrelated is 0.05. 

Since adsorption by graphite is apparently not controlled by its 

organic carbon content (as evidenced by the previous correlation analyses 

for the cases of CHC13 and CC14), it was decided to exclude this sorbent 

from further analyses in this section. As an added justification, the 

occurrence of graphite (and other forms of elemental carbon) in soils 

is believed to be quite rare (Duxbury, 1983). 

The calculated Koc values are given in Table 5.14. If Kj's are, 

in fact, "perfectly" (linearly) correlated with foc's (hypothetically 

speaking), then the Koc values for a given sórbate would be identical, 

regardless of the sorbent. Therefore, the wide range in KQC values 

(for a given sórbate) is simply another way of expressing the observa¬ 

tion that, in this research, sorption is not solely a function of the 

sorbent's organic carbon content. 



Table 5.14 Summary of the Normalized Sorption Distribution Coefficients, 

Koc (and their standard deviations*), for Each Compound and 

Sorbent (Except PAC and Graphite) 

Sorbent 

Mineral Soil 

Peat 

Muck 

Humic Acid 

Lignin 

chci3 

43.1 (±1.8) 

99.8 (±2.4) 

23.3 (±1.5) 

56.3 (±9.3) 

59.2 (±4.8) 

29.8 (±3.8) 

290 (±3.7) 

77.4 (±0.68) 

112 (±54) 

238 (±23) 

C2HC13 

312 (±8.8) 

221 (±5.9) 

84.8 (±4.1) 

110 (±14) 

188 (±8.9) 

393 (±6.6) 

685 (±14) 

232 (±20) 

431 (±68) 

512 (±33) 

♦Standard deviations were determined using the general formula for error 

propogation on the function K 
oc W That is- gk 

[(3K /3Kd)2oK2]4, which yields 
d oc 

(This analysis assumes that the error contributed by the foc values is 

oc 
a,, /f as the final result. 

Kd oc 

negligible relative to that for K^.) 



Table 5.15 below gives the means and standard deviations for the 

Kqc values listed in Table 5.14. 

Table 5.15 Mean (Koc) and Standard Deviation (S.D.) Values of the 

Normalized Sorption Distribution Coefficient for Each 

Sórbate* 

CHC1 CCI c2hci3 3 4 

56.3 ± 28 149 ± 110 183 ± 91 451 ± 166 

*The Koc values for RAC and graphite have been omitted from this analysis. 

The coefficients of variation for these data range from 37 to 74 percent, 

which indicate that Koc values for a given compound are not very precise 

constants. 

These results seem to be somewhat contrary to those generally 

reported in the literature for the relationship between sorptive strength 

and fraction of organic carbon. However, it should be pointed out that 
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some workers in this field believe that K values within an order of oc 

magnitude of each other (for a given sórbate) represent "good" constants. 

For example, Lyman (1982) stated that numerous studies showed that K 
oc 

values for a specific chemical are relatively constant and reasonably 

independent of the soil or sediment used, even though these same studies 

yielded Koc values whose coefficients of variation ranged from 10 to 140 

percent! Under this criterion, the Koc values which I obtained (Table 5.15) 

would all be considered "relativelv constant". (In this sense, my K 
oc 

values may not be contrary to some of those reported in the literature.) 

My results are in accord with those of Lion and Garbarini (1983), 

who also obtained a range in Kqc values for the sorbates (toluene and 

TCE) which they examined. As these researchers concluded, the sorption 

of these compounds does not appear to be controlled solely by organic 

carbon content of the sorbents. It could be that such factors as the 

composition of the SOM, the specific surface area of the SOM, or the 

presence of an inorganic fraction, influence sorptive strength* 

Using the K values in Table 5.15, and the S, K , and a values oc ow 

from Table 5.9, linear regressions were performed to determine the 

relationship between log R and log S, and log K and log K 
oc oc ow 

(which represent the regression relationships most commonly reported 

*It should be pointed out that the "solids effect" may also be 
partially responsible for the variability in the K values. 
(See Section V.I.3.) u"' 
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in the literature), and log Koc and a. The resulting regression equa¬ 

tions are: 

log Kqc = -0.468 log S + 2.61 (S in mmol/1) (R = -0.980) (5-5) 

log Koc = 0.930 log Kow + 0.0019 (R = 0.786) (5-6) 

log l<oc = 0.0195 a - 0.295 (a in 10"24 cm3) (R = 0.974) (5-7) 

According to the correlation coefficients, S and a are better predictors 

than K , for K . 
ow oc 

Equations (5-5) and (5-6) seem to be in fairly good agreement with 

some of the regressions reported in the literature for these variables. 

For example, Lyman (1982) presented the following regression equations 

which had been determined by various investigators: 

log K 
3 oc 

log K 
3 oc 

log K 
3 oc 

log K 
3 oc 

log K 
3 oc 

log K 
3 oc 

-0.55 log S + 3.64 (S i 

-0.557 log S + 4.277 (S 

0.544 log Kow + 1.377 

0.524 log Kow + 0.855 

0.94 log K ,, + 0.02 

1.029 log K - 0.81 
OW 

mg/1) (R * - 0.84) 

in ymol/1) (R = -0.99) 

(R = 0.86) 

(R = 0.92) 

(R not available) 

(R = 0.95) 

Also, the following additional equations were reported in various 

publications by the authors indicated: 
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Authors 

Karickhoff et al_. 

Karickhoff et a]^. 

Brown and Flagg 

Means et al_. 

Means et al_. 

Schwarzenbach and 
Westall 

Equation 

log K = -0.54 log S + 0.44 (S in mole fraction) 
3 oc 

(R = -0.97) 

log Koc = 1.00 log KQW - 0.21 (R = 1.00) 

log Koc = 0.937 log KQW - 0.006 (R = 0.97) 

log Koc = -0.686 log S + 4.273 (S in mg/1) 

(R = -0.97) 

log Koc = log Kow - 0.317 (R = 0.99) 

log Koc = 0.72 log Kqw + 0.49 (R = 0.97) 

It is interesting to note that although the correlation coefficients 

for most of these regressions are quite high, if the regression equa¬ 

tions are compared amongst one another, some show significant differ¬ 

ences. This observation is illustrated by plotting all the equations 

given above which relate Kqc with Kow. (The Koc vs. S equations are 

not plotted since most of the S variables have different units.) These 

plots are shown in Figure 5.26. Note that the log Koc vs. log KQW 

regression line obtained from the data in this research [Equation (5-6)] 

is in good agreement with the majority of those reported in other studies. 

F. Identification of the Principal Soil Organic Matter Components 

Responsible for the Sorption of the Selected Compounds 

1. Discussion 

Based on the results presented thus far in this chapter (and also 

on the profuse research findings of others), it is clear that the sorp¬ 

tion of the compounds in this research (and of other neutral, organic 
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sorbates as well) with soils is attributable primarily to soil organic 

matter. The question addressed herein is: Which component(s) of this 

soil organic matter (SOM) is(are) responsible for this sorption? The 

answer to this question is important since therein may lie the reason 

for the high variability of Koc values for the same sórbate among sev¬ 

eral types of soils> For example, if it is found that the soil lipid 

fraction is responsible for virtually all the sorption of these types 

of compounds, then this could explain why two soils with identical 

organic carbon contents (but different lipid fractions) would sorb the 

same compound with different intensity. 

As previously stated in the "Background" Chapter, the techniques 

normally employed by investigators attempting to answer the above 

question, involve the "selective" removal/destruction of certain organic 

fractions via physical and/or chemical treatments of a soil. However, 

these techniques suffer from the following potential problems: 

(a) The techniques are (generally) not truly selective for the 

organic component(s) which they intend to remove or destroy. 

For example, Flagg et al_. (1975) noted that the usual sodium 

hydroxide extraction procedure for the separation of humic 

and fulvic acids, results in the dissolution of various non- 

humic components such as hemicellulose and lignin; and 

chemical alteration or condensation reactions which affect 

the protein and carbohydrate fractions of the soil. 

(b) The treatment may modify surface properties (e.g., by alter¬ 

ing or removing various surface functional groups). 
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(c) The chemical used in an extraction procedure may itself sorb 

with the soil, and thus (potentially) result in different 

sorption characteristics for the "test" sórbate (which would 

inadvertently be attributed to the soil component presumably 

extracted). For example, various organic solvents (such as 

benzene, ether, ethanol, methanol, or mixtures of these sol¬ 

vents) are typically used to extract the lipid fraction of 

soil organic matter. However, if these compounds sorb with 

the soil in the process, then they would likely affect any 

future sorption by this soil. 

In view of the above problems, I decided to use a different method 

for identifying the organic components responsible for sorption. A 

variety of "pure" organic materials were selected to represent the 

various classes of soil organic matter, and used as the sorbents in the 

sorption tests. The selection or these organic materials is discussed 

below, preceded by a brief discussion of SOM classification. 

Components of soil organic matter are commonly categorized as either 

humic or non-humic substances. The latter category includes those sub¬ 

stances which retain clearly defined physical-chemical properties, such 

as exact elementary composition, sharp melting point, definite infrared 

spectrum, and exact refractive index (Schnitzer and Khan, 1978). The 

non-humic substances therefore include the SOM sub-categories of 

carbohydrates (polysaccharides), lipids (fats, waxes, and resins), 

organic nitrogen/phosphorus/sulfur compounds (e.g., proteins, peptides, 

amino acids, nucleic acids, and phospholipids), and various small 

organic molecules (which may not fit in any of these sub-categories). 
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In addition, Allison (1965) included "inert forms of nearly elemental 

carbon, such as charcoal, coal, or graphite" as a sub-category of SOM. 

The humic substances, by contrast, do not exhibit specific physical- 

chemical properties, and are (generally) further classified by the 

following fractions: (1) humic acid, which is soluble in dilute alka¬ 

line solution, but precipitates upon acidification of the alkaline 

extract; (2) ful vie acid, which remains soluble when the alkaline 

extract is acidified; and (3) humin, the humic fraction which cannot 

be extracted from soil by either dilute base or acid. These humic sub¬ 

stances are amorphous, three-dimensional polymers (with molecular weights 

ranging from several hundred to several hundred thousand), and tend to 

be aromatic structures with acidic functional groups (Ahlrichs, 1972). 

The humic substances constitute approximately 60 to 70 percent of total 

soil organic matter (Schnitzer and Khan, 1978); the polysaccharides 

about 5 to 20 percent (Duxbury, 1983); and the lipids about 1 to 5 

percent for mineral soils, and 10 to 20 percent for organic soils 

(Braids and Miller, 1975).* 

Humic acid was selected as the representative component from the 

class (i.e., sub-category) of humic substances, primarily because it 

was readily available, and can be maintained in the solid (i.e., 

insoluble) form during sorption experiments by reducing pH (i.e., the 

sorption experiments [using the methods in this research] would not be 

possible with fulvic acid since this component would be soluble). 

Furthermore, the structure and properties of humin are reported to be 

*Data on the relative abundance of the other SOM sub-categories were 
not available. 
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very similar to that of HA (rather than FA) (Schnitzer and Khan, 1978). 

Lignifi was also selected for study under this class of SOM, even though 

it is not generally classified as a humic substance. (However, lignin 

would meet the operational definition of a humic substance, since it 

would solubilize in dilute alkaline solution.) According to current 

theory, lignin is one of the "building blocks" of humic substance forma¬ 

tion (Stevenson, 1982), and it might be of interest to know how its 

sorption (if any) compares with that of HA. Furthermore, this consti¬ 

tuent was readily available (and remains insoluble at low pH). I 

therefore decided to test its sorption capability, along with that of 

HA. 

Cellulose was chosen as the representative carbohydrate (polysac¬ 

charide) since most of the carbohydrate added to the soil is in the 

form of cellulose (Greenland and Oades, 1975). Furthermore, it is 

highly insoluble in water, and was also readily available. 

Numerous compounds have been identified in the soil lipid fraction, 

and many of these were listed by Braids and Miller (1975). The selec¬ 

tion of compounds to "represent" the lipid class from this list was done 

primarily on the basis of availability. That is, many of the compounds 

listed by Braids and Miller (see pp. 346-355 of this reference) were 

not available from various suppliers. Also, an attempt was made to 

obtain a variety of lipid components with respect to their molecular 

structures and compositions. As a result, the following compounds were 

obtained for representing the lipid fraction: pyrene, carbazole, 

lignoceric acid, and L-a-phosphatidylcholine. 



I decided to select a single amino acid—L-glutamic acid, to repre¬ 

sent the organic nitrogen/phosphorus/sulfur class of SOM components. 

This was done because the nitrogenous organic compounds are the most 

abundant of the three, and furthermore, glutamic acid is a fairly common 

amino acid in soils (Parsons and Tinsley, 1975—see Table 4, p. 285). 

Lastly, graphite was selected as the representative form of elemen¬ 

tal carbon solely on the basis of availability. (Charcoal was available 

only in the "activated" form.) 

It should be emphasized that because of the plethora of organic 

components in SOM, it would be virtually impossible to conclude that 

only certain components are responsible for sorption of the compounds 

in this research. However, it is believed that the components selected 

for examination serve as worthy representatives of their respective 

classes; and since these SOM classes (i.e., sub-categories) include the 

bulk of all soil organic matter, valid conclusions can probably be drawn 

regarding which of these SOM classes are causing most of the sorption. 

2. Materials and Methods 

The following "pure" organic materials (underlined below) were 

selected to represent the various classes of soil organic matter in 

these experiments: 

(a) Humic Substances: Humic Acid, Sodium Salt (Aldrich Chemical 

Co., Inc.) and Lignin*, Kraft Pine, "Indulin AT", (Westvaco 

Chemical Division). 

♦Although technically) lignin is not classified as a humic substance, it 
is believed to be a precursor, and also would be removed along with the 
humic and fulvic acids during the extraction procedure. Therefore, for 
purposes of this research, it is grouped in this category. 



(b) Carbohydrates (Polysaccharides): Cellulose, "Sigmacell", 

Type 20, microcrystalline cellulose, 20 ym average particle 

size (Sigma Chemical Co.). 

(c) Lipids (Fats, Waxes, and Resins): 

(1) Pyrene, C-]gH^g--a hydrocarbon (Sigma Chemical Co.). 

(2) Carbazole, C^gHgN—a heterocyclic (Sigma Chemical Co.). 

(3) Lignoceric Acid, CHgiC^^COOH-'a high molecular weight 

fatty acid; also called tetracosanoic acid (Sigma 

Chemical Co.). 

(4) L-a-Phosphatidylcholine—a phospholipid; also called L-a- 

lecithin; obtained from soybean (Sigma Chemical Co.). 

(d) Nitrogenous Substances (Proteins): L-glutamic Acid, free acid; 

crystalline (Sigma Chemical Co.). 

(e) Elemental Carbon: Graphite, powder. Grade #38 (Fisher Scienti¬ 

fic Co. ). 

A "target" mass of 0.05 g (or slightly more) of each organic material 

(except for graphite and HA) was added to a reaction vial.* For the 

cases of graphite and HA, the masses used were approximately 0.02 and 

0.01 g per R.V., respectively.** Also, for the lignin, glutamic acid, 

*The "exact", final mass delivered to each R.V. was always measured, 
using a Mettler Instruments Corp. analytical balance. 

**The concentration of HA was limited to ^0.01 g per 5.5 ml of solution 
in order to remain within the quench curve of the LSC. That is, the 
soluble HA content at higher concentrations caused the quench level of 
the scintillation vial sample to exceed the applicable range of the 
quench curve. 

For the case of graphite, it was thought that 0.05 g of this adsorbent 
might result in excessive adsorption. Therefore, a preliminary ("ball¬ 
park") test was run, which showed that 0.02 g graphite per R.V. was a 
suitable amount to use. 



(GA), and HA sorbents, I was interested in assessing the effect on sorp- 
+3 

tion, of the presence of an inorganic solid. For this purpose, an A1 - 

saturated rnontmorilIonite suspension (with a solids concentration of 15 

g/1 ) was used. Since the adsorption of lignin, GA, and HA to mont- 

morilIonite are maximized at low pH, the pH of these suspensions was 

lowered to 2.0* by the addition of HC1. In addition, sorption by the 

lignin, GA, and HA were measured at pH = 2.0 in the absence of the 

clay; and for lignin and GA (at pH of 6.3 and 3.3, respectively, 

without the clay present (i.e., simply lignin or GA with distilled 

water). Therefore, depending on its use, each sorbent R.V. received 

(after the appropriate solids were weighed into them) either: (a) 5.0 

ml of distilled water (DW), (b) 5.0 ml of DW adjusted to pH = 2 (by 

addition of HC1), or (c) 5.0 ml of an A1 -rnontmorilIonite suspension 

adjusted to pH = 2 (by addition of HC1). The control R.V.'s were also 

prepared as (a), (b), or (c) above, as necessary (without the organic 

sorbent, of course). In addition, a control R.V. of A1 -rnontmorilIonite 

suspension at pH = 4.3 (i.e., non-buffered) was prepared to assess any 

(possible) effect of pH alone on the adsorption (of the sórbate compound) 

by the clay. Two replicates were used for each sorbent R.V. and each 

control R.V. Once prepared, each R.V. was injected with 0.5 ml of the 

low-level ^C^Cl^ stock solution. (Tetrachloroethylene was selected 

*This is well below the isoelectric point of GA, and the pKa's of the 
phenolic-0H and carboxylic acid (-C00H) functional groups predominant 
in HA and lignin. Thus, adsorption of these SOM components to the 
clay should have occurred. The adsorption of the HA and lignin to 
the A1 ^-rnontmorilIonite was in fact confirmed visually. That is, 
within a matter of minutes of adding the acidified clay suspension 
to these SOM components (and mixing), the previously white, clay 
solids were coated brown; and the liquid phases were virtually clear, 
indicating removal of the soluble HA and lignin components. 
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as the sórbate in these experiments since it consistently sorbed more 

strongly than the other compounds for any given sorbent.) The experi¬ 

ments were conducted at T = 20°C and t^ = 2 days. Conductivities of 

the suspensions used in these experiments were not measured, and thus, 

ionic strengths are not reported. 

3. Results 

Table 5.16 exhibits the outcome of these experiments. A one-tailed 

t-test* at the 95 percent C.L. revealed that, of the organic components 

tested, only lignoceric acid, graphite, lignin, and HA were significant 

sorbents for PCE. However, the sorptive capacity and value of the 

lignoceric acid was judged to be negligible (i.e., only 0.161 yg/g and 

7.22, respectively) compared with that for the other three, and far too 

low to account for the sorption observed with the "real" soils. 

Therefore, it is postulated that the principal soil organic matter 

components responsible for the sorption of the compounds studied herein 

are humic acid, humin, lignin, and forms of elemental carbon (e.g., 

charcoal and graphite). This postulation assumes that the humin fraction 

would sorb similar to the HA fraction, since their structures are basic¬ 

ally similar;** and likewise regarding various forms of elemental carbon 

and graphite. Because only a limited number of many possible soil organic 

components were examined, the possibility that other (less common or abund¬ 

ant organic matter components could contribute to the sorption of these 

*The (alternative) hypothesis tested was that < X? for each sorbent 
and its corresponding control. 

* 

**The FA fraction is more hydrophil lie than the HA and humin fractions 
since it possesses more oxygen-containing functional groups. Further¬ 
more, Garbarini (1985) found that TCE (and toluene) was much more 
strongly sorbed by the HA than by the FA fractions extracted from a 
surface soil. 



TABLE 5.16 Test for Sorption of Tetrachloroethylene ^Cl^) with 

Various Soil Organic Matter Components (T = 20°C; 

= 2d) eq 

Experiment A — 

Component X? or MDPM/ml) CJyg/l) Cs(ug/g) 

Control 
(Distilled Water) 

Cellulose 

Carbazole 

Lignoceric Acid 

Pyrene 

4923 ± 3 

4933 ± 80 

4864 ± 64 

4648 ± 63 

4897 ± 40 

22.3 0.161 7.22 ±1.75 

L-a-phosphatidyl 
choline* 

*This component formed a colloidal phase which could not be separated 
via centrifugation. 

Control (DW) 

Graphite 

-- Experiment B -- 

4310 ± 25 

1130 ± 74 5.41 4.75 878 ± 100 

.V.'a .-¾. /..:..‘»■..'ia, .w:.. .......J. 



TABLE 5.16 (continued) 

-- Experiment C 

System 
Components 

Control (DW + HC1) 

Control (DW) 

Control (Ali¬ 
ment. suspension 
+ HC1 ) 

Control (Al+3- 
mont. suspension) 

Lignin + Al+^- 
mont. + HC1 

GA + Al+^-mont. 
+ HC1 

Lignin + HC1 + DW 

GA + DW + HC1 

Lignin + DW 

GA + DW 

pH yDpM/mi> 
2 4389 ± 184 

5.6 4398 ± 131 

2 4366 — 

4.3 4420 ± 21 

2 1575 ± 88 

2 4391 ± 88 

2 1755 ± 62 

2 4391 ± 6 

6.3 1852 ± 26 

3.3 4354 ± 42 

C^yg/l) C$(yg/g) Kd 

7.54 1.60 212 ± 22 

8.41 1.51 180 + 15 

8.87 1.46 165 ± 10 

— Experiment D -- 

Control (Ali¬ 
ment. + HC1) 2 4688 ± 23 - - - 

HA + Al+3-mont. , „ 
+ HCl 2 4174 ± 2 20.0 3.07 154 ± 8 

— Experiment E -- 

Control (DW + HCl) 2 4310 ± 25 - - 

HA + DW + HCl 2 3458 ± 81 16.6 2.54 153 ± 24 

Abbreviations : DW = Distilled Water 
GA = Glutamic Acid 
HA = Humic Acid 

Mont. = MontmorilIonite 
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TABLE 5.16 (continued) 

Notes: 

Standard deviations are given for X^, )f£) and K^, as the ± values. 

(Consult Appendix F for the error propagation analysis used in deter¬ 

mining the standard deviations for the single-point Kd's.) Values for 

C , C , and K. are given only for cases where sorption is significant 
Ä/ $ Q 

at the 95-percent confidence level. Each sorbent reaction vial con¬ 

tained a target organic component concentration of % 10 g/1, except 

for graphite and HA whose concentrations were % 4 g/1 and % 2 g/1, 

respectively. (The "exact" mass added to each vial was always 

measured.) The Al+3-montmorillonite concentration was 15 g/1. 

...v...,."-4*v " liMM. 
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compounds cannot be ruled out* On the other hand, since 60 to 70 percent 

of the total soil carbon occurs in humic materials (Schnitzer and Khan, 

1978), and the presence of elemental forms of carbon in soils is probably 

quite rare (Duxbury, 1983), it seems probable that in most cases, humic 

substances (including lignin, but probably excluding FA) could account 

for virtually all the sorption of these types of compounds. 

Other conclusions can also be drawn from examination of the data 

in Table 5.16. Experiment "C" shows that for the GA, neither the pres¬ 

ence of the clay, nor the pH affected sorption by this component (i.e., 

GA did not sorb PCE under any conditions). Whereas for lignin, the 

presence of the clay resulted in the highest sorption, followed by 

lignin + HC1 (pH = 2), and lignin alone (pH = 6.3). This trend is 

attributed to the decrease in the fraction of lignin associated with the 

solid phase for the systems: clay > pH = 2 > pH = 6.3. (This trend in 

the fraction of particulate lignin was verified by the sample H#'s 

provided by the LSC, which yields an indirect measure of the soluble 

lignin content.) 

Experiments "D" and "E" in Table 5.16 reveal that the presence of 

the Al+3-saturated montmorilIonite had no apparent effect on the sorp¬ 

tion by HA. This can be readily seen by comparing the "single-point" 

K. values (i.e., 1000 C /0 ), computed from each experiment as 154 (± 8) 
Q 5 .V 

and 153 (+ 24), for Experiments "D" and "E", respectively. That is, 

*For example, Garbarini (1985) found significant sórption of TCE by the 
lipid fraction extracted from a real soil. On the other hand, he 
measured a higher Koc value for the lipid-extracted soil than for the 
whole (untreated) soiT. Garbarini stated that an "unmasking" effect 
(i.e., the lipid fraction has been surmised to mask active sorption 
sites) may account for his observed results, if it is assumed that all 
the ethyl ether extractant was removed from the sorbents prior to the 
actual sorption tests. 



the distribution of CgCl^ between the HA and aqueous phase seems to 

be independent of the presence of the clay. (This result is somewhat 

contrary to that of Lion and Garbarini [1983] who observed that the 

presence of inhibited the sorption of toluene by HA.) 

G. Determination of Sorption Thermodynamic Properties (Free Energy, 

Enthalpy and Entropy) and Discussion of Probable Sorption Mechanisms 

1. Experimental Procedures 

The standard Gibb's free energy (aG°), enthalpy (aH0), and entropy 

(aS°) of sorption can be determined from isotherm values, and the 

equations given in Chapter II.* The aG° value can be calculated from 

a single (linear) isotherm using the relationship aG° = -RT In Kd; 

however, aH° (and thus, aS°) requires the determination of values 

for at least two isotherms, each performed at different temperatures. 

Most studies of sorption thermodynamics reported in the literature 

use only two isotherms for this analysis. In an attempt to improve 

upon the reliability of the resulting thermodynamic variables (aH° and 

AS0), I chose to perform isotherms at three different temperatures for 

each soil and SOM component (including graphite). (The only exception 

to this was for the system of TCE with the mineral soil, for which iso¬ 

therms at five different temperatures were determined, since this was 

the first system to be analyzed.) 

*A1though the actual values for aG°, aH°, and aS° determined in this 
section are not "rigorously" correct because of the problems associ¬ 
ated with the activity (or activity coefficient) of a sorbed species, 
they are nevertheless useful values for comparative purposes. Further¬ 
more, if the assumptions made in Chapter II for the derivation of 
are valid, then the values for these thermodynamic properties are 
probably quite reasonable. 
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A temperature (T) of 20°C was an obvious choice for one of the 

temperatures, since all the previous isotherms had been determined at 

this value. For the other two temperatures, I had initially selected 

2°C and 50°C, in an attempt to cover a fairly broad range. However, 

occasional experimental problems were encountered during equilibration 

at 50°C (i.e., some of the vial caps would loosen, and poor data pre¬ 

cision in a few cases suggested that compound leakage from the vials 

was occurring ). Dropping the temperature to 45°C (and checking cap 

tightness daily) eliminated this problem, and all the experiments were 

repeated at this temperature. Therefore, the three isotherm tempera¬ 

tures used in the analyses of thermodynamic properties were 2°, 20°, 

and 45°C. 

The experimental procedures used in the determination of isotherms 

at the low (2°C) and high (45°C) temperatures were the same as those 

used for the 20°C isotherm experiments, with the following exceptions: 

(1) the 2°C and 45°C values were determined from "single-point" iso¬ 

therms,* whereas the Kd values for the 20°C isotherms (for the real 

soils) were based on linear regressions from a minimum of three data 

points; (2) the "single-point" isotherms were determined from three 

replicate samples for the case of the real soils, and two replicate 

samples for the case of the SOM components; (3) the R.V.'s (and their 

liquid contents) for the high temperature experiments were preheated 

to ^50°C prior to the injection of the radiolabeled compound and vial 

sealing, so that equilibration at 45°C would not create a positive 

*The slope of these isotherms was simply the value of Cs/C¡¿ for the 
single data point (i.e., the slope of a line from the origin through 
the data point). 



pressure in the R.V.'s (which would have potentially caused compound 

leakage from the R.V.'s); (4) centrifugation was performed at the 

temperature corresponding to that of the isotherm (i.e., not 20°C as 

in the case of all previous isotherms); and (5) during the (short) 

period between centrifugation and actual sampling, the R.V.'s were 

maintained at (approximately) their corresponding isotherm temperature, 

by immersing them in a water bath (at approximately this temperature). 

The pH and approximate ionic strength of each of these sorbent 

suspensions are summarized in Table 5.17. 

TABLE 5.17 pH and Approximate Ionic Strength (X) of the Sorbent Suspensions 

Sorbent pH X*(M) 

Mineral Soil 7.7 0.0036 

Peat+ 7.7 0.0036 

Muck+ 7.7 0.0036 

Humic Acid# 2.0 0.13 
ä 

Lignin 2.0 0.17 

Graphite 6.6 0.0004 

Calculated using the correlation of Snoeyink and Jenkins (1980): 

-5 
I = 1.6 X 10 X Conductivity (ymho/cm). 

+The pH and I for these sorbents were adjusted (by addition of NaOH 
and NaCl) to correspond to that for the mineral soil. 

ä 
The pH for these sorbents was adjusted to 2.0 (by addition of HC1 ) 
to minimize their solubility. 



2. Results 

Table 5.18 presents the matrix of values and their standard 

deviations* determined for each sorbent-sorbate pair at the three dif¬ 

ferent temperatures. Note that in most cases sorptive strength either 

decreases with increasing temperature, or shows no apparent trend. 

The following additional observations are made with regard to 

Table 5.18: 

(1) Most of those instances where no apparent trend is revealed, 

the Kj value at 20°C is the lowest of the three. (Note 

that this observation is always true for the case of peat.) 

(2) The only cases where values clearly increase with tempera¬ 

ture are for CgHC^ and C2CI4 with the mineral soil. [The 

CCl^-6 system is not mentioned since Kc|(20C) ^ ^(20^).] 

(3) The sorption by lignin and HA were roughly comparable (Kj 

values were within a factor of two for any given sórbate and 

temperature), reflecting the similar chemical natures of 

'■.hese components. 

(4) The ordering of sorptive strength among the compounds (for 

any given sorbent) was roughly the same for the three differ¬ 

ent temperatures. For example, the sorptive strength of the 

compounds for graphite decreased in the order C2C14 > C2HC13 

> CCI4 > CHCl^ for aXl temperatures; and the ordering for peat 

was CgCl^ > CCI4 > CgHClg > ^ ill temperatures. 

(5) The sorptive strength of peat was greater than any other 

sorbent (for any given sórbate, at all temperatures) except 

for the CgCl^-G system, and CgHCl-j-G (at 20oC) system. 

♦Refer to Appendix F for the methods used to determine the standard 
deviations of the values. 
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Footnotes to Table 5.18 

*MS = Mineral Soil; P = Peat; M = Muck; HA = Humic Acid; L = Lignin; 
G = Graphite. 

♦♦Kj values determined froM single-point isotherms, except for the real 
soils (with all sorbates) at T = 20°C, which were determined from 
multipoint isotherms. Refer to Appendix F for the determination of 
the standard deviations (given in parentheses). 

+ Multipoint isotherms for the C2HCl2“MS system were also determined at 

T = 7°C and T = 50°C, with Kd values of 48 and 75, respectively. 

(Note that these values are also in accord with indicated trend.) 

The lack of trend in Kj versus temperature (in accordance with 

the van't Hoff expression |>efer to Equations (2-16)-(2-18)]) for 

certain sorbent-sorbate pairs can probably best be explained by a 

combination of unexpectedly high uncertainties in some of the 

values—coupled with, what appears to be (in many cases), a very small 

enthalpy of sorption.* Nevertheless, the following (less probable) 

explanations are offered, since they cannot entirely be ruled out: 

(a) The enthalpy of sorption (aH°), which is assumed to be 

relatively independent of temperature over the 2 to 45°C 

range in this study, may, in fact, be significantly depend- 

end on temperature. (For example, if the aH° value for a 

particular sorbent-sorbate pair is near zero [i.e., very 

low], but is slightly negative in the low temperature range, 

and becomes slightly positive in the high temperature range, 

then this could explain those cases wherein the Kd value at 

20°C is the lowest of the three. 

♦That is, the variation of K. with respect to temperature was relatively 
small. 

Av *.*,*.• 
...=. 
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(b) The structural properties and characteristics of the sorbents 

may be affected by temperature, which may, in turn, affect 

their sorption characteristics. 

(c) As previously mentioned in Chapter II, various thermal anomalies 

("kinks") in the properties of water and aqueous solutions have 

been reported (Drost-Hansen, 1967). These "kinks" have been 

observed for equilibrium and transport properties related to 

interfacial phenomena, and there is good evidence for these 

thermal anomalies in the properties at water-solid, water-air, 

or other water-interface surfaces (Martin, 1970). These 

thermal anomalies are most frequently observed at transition 

temperatures of 15°, 30°, 45°, and 60°C, and thus, could 

account for some of the "anomalous" variations in (as a 

function of temperature) determine in this research. 

The assumption is made that the general lack of (expected) trend 

in with respect to temperature was principally due to experimental 

error (and that the "true" Kd values would, in fact, have followed a 

van't Hoff-type of trend). In addition, I assume that the sorption 

enthalpy (aH°) is relatively constant over the 2° to 45°C temperature 

range, and thus, the following integrated form of the basic van't Hoff 

expression* could be used: 

aH° 
In Kd = ß-y- + constant . (2-18) 

♦That is, (aln K/sT) = (AH°/RgT^), which defines the change in an 
equilibrium constant, K, with respect to temperature. 



s 

I C, 
:: 

A plot of In Kj versus 1/T should therefore result in a straight 

line whose slope is equal to -AH°/Rg. Since the variances in the Kd 

measurements were known (i.e., calculated), I chose to use a weighted, 

least-squares, linear regression of In Kj versus 1/T in determining this 

slope (and hence, aH°). In other words, the regressions were performed 

by weighting each of the data points by a factor equal to the reciprocal 

of the variance of the corresponding Kj for that data point. That is, 

W- = 1/a^ , where a!" is the variance*, and W. is the weighting factor, 
^ Kd • ^ 

of the ¿th^Kj value, ft is assumed that errors in the measurement of T 

(and hence, 1/T) were negligible compared with that for Kj. 

The aH° values (and their corresponding standard deviations) which 

result from the weighted, least-squares regressions are depicted in 

Table 5.19. Note that in some cases the magnitude of the standard 

deviation is larger than its corresponding aH° value, indicating the 

high degree of uncertainty in these data. Also, since each regression 

line is determined from three data points, the possibility exists that 

the (apparent) high precision (i.e., low S.D.) in some of the aH° 

values is strictly due to chance. Table 5.19 also shows that 17 of the 

23 aH° values were negative quantities. The null hypothesis that 

AH0 = 0 (and that the fluctuations of the AH0 values [about zero] in 

Table 5.19 are strictly due to the random error), can be rejected at 

the 95 percent confidence level (CL), but not at the 99 percent CL. 

Therefore, the predominantly negative AH0 values are probably signifi¬ 

cant, and not attributable to random error. 

* It is assumed that the best estimate of this population variance is 
provided by the sample variance (i.e., the sample standard deviations 
[given in Table 5.18] squared). 
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TABLE 5.19 Sorption Enthalpies (aeP)and Their Standard Deviations 

Calculated Using Weighted, Least-Squares Regressions* 

on Plots of In versus 1/T 

Sórbate 

CHC1. 

Sorbent** 

MS 
P 
M 
HA 
L 
G# 

aH° (kcal/mol)+ 

-0.71 
+0.31 
-7.6 
-0.27 
-2.4 

S.D. (kca1/mol)t+ 

± 1.4 
± 5.3 
± 0.71 
± 0.88 
± 1.6 

MS 
P 
M 
HA 
L 
G 

-5.0 
-1.5 
-1.9 
+2.1 
+0.88 
+0.74 

± 1.6 
± 3.5 
± 0.79 
± 1.3 
± 0.60 
± 0.91 

C2HC13 

MS 
P 
M 
HA 
L 
G 

+3.1 
-3.4 
-3.0 
-2.1 
-2.1 
-2.4 

± 0.41 
± 3.3 
± 1.5 
± 1.3 
± 0.44 
± 1.3 

C2C14 

MS 
P 
M 
HA 
L 
G 

+3.1 
-2.7 
-3.0 
-1.6 
-1.2 
-4.1 

± 0.09 
± 1.4 
± 0.28 
± 0.55 
± 0.15 
± 1.2 

*The weighting factors were equal to the reciprocal of the variances of 
the Kd values. Errors in the measurement of T (and hence 1/T) were 
assumed to be negligible relative to that for K^. 

**MS = Mineral Soil; P = Peat; M = Muck; HA = Humic Acid; L = Lignin; 
G = Graphite. 

+ Calculated as -Rg (= 1.987 x 10‘3 kcal/mol °K) times the slope of the 
weighted, least-squares regression line for the plot of In Kd versus 

1/T. 

^Calculated as the standard deviation of the slope coefficient multi¬ 
plied by Rg. 

# The aH° value for this case was undefined since two of its Kd values 
were about equal to zero. 
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In an attempt to determine the 95 percent confidence limits on 

the aH° values, I assumed that the "true" sorption enthalpies for each 

sorbent-sorbate pair within each sórbate group would be approximately 

equal. (The implicit assumption here is that heats of sorption are 

predominantly controlled by properties of the sórbate, rather than the 

sorbent.) Furthermore, I chose to use a "normal" mean for the aH° 

data, rather than a weighted mean, since I did not want to assign 

(possibly) "undeserved" weighting to the aH° values which "appeared" 

to have greater precision.* The resulting mean aH° values (designa¬ 

ted by aH°) and their 95 percent confidence intervals (Cl) are: 

Sórbate aH° í 95% CI (kcal/mol) 

-2.1 ± 4.0 

-0.78 ± 2.7 

-1.7 ± 2.5 

-1.6 ± 2.6 

CHC1. 

CCI, 

c2hci3 

C2C14 

The sorption free energies and entropies (and their corresponding 

errors) were also calculated (for T = 20°C), and are presented in 

Table 5.20. The standard deviations given in this table were calculated 

by error propagation analyses through the corresponding equations defin¬ 

ing AG° and aS° (refer to Table 5.20 footnotes). The free energies of 

sorption (at T = 20°C) for these compounds by the various sorbents 

examined, range from-0.98 to-3.9 kcal/mol, with AG° values within each 

*In other words, the variances of the aH° values were assumed to be 
statistically the same. This assumption is supported by an F-test 
at the 95 percent CL, which showed that the majority of these vari¬ 
ances are not statistically different. 

....-Xv . 
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TABLE 5.20 Sorption Free Energies (aG°) and Entropies (aS°) (and 

Their Standard Deviations) Determined at F = 20°C 

Sórbate Sorbent* aG° (kcal/mol)f AS°(10~3 kcal/mol °K)t+ 

MS 
P 
M 
HA 

-1.2 (± 0.02) 
-2.2 (± 0.01) 
-1.1 (± 0.03) 
-1.7 (± 0.10) 
-1.7 (± 0.05) 

+1.7 (± 4.8) 
+8.6 (± 18) 

-22. (± 2.4) 
+1.4 (± 3.0) 
-0.07(± 5.5) 

-0.98(± 0.08) 
-2.8 (+ 0.01) 
-1.8 (± 0.01) 
-2.1 (± 0.28) 
-2.6 (± 0.06) 
-1.8 (± 0.13) 

-14. (+ 5.5) 
+4.4 (± 12.) 
-0.34(± 2.7) 

+14. (+ 4.7) 
+12. (± 2.1) 
+ 8.7 (± 3.1) IMS 

P 

HA 
L 
G 

j MS 

1 P 
C2C14 I HA 

-2.3 (± 0.02) 
-2.6 (± 0.02) 
-1.9 (± 0.03) 
-2.1 (± 0.08) 
-2.4 (± 0.03) 
-1.7 (± 0.05) 

-2.5 (± 0.01) 
-3.3 (± 0.01) 
-2.5 (± 0.05) 
-2.9 (+ 0.09) 
-3.0 (± 0.03) 
-3.9 (± 0.06) 

+18 (± 1.4) 
-2.7 (± 11) 
-3.8 (± 5.1) 
0.0 (± 4.5) 

+1.0 (± 1.5) 
+1.0 (± 4.4) 

+19 (± 0.31) 
+0.6 (± 4.8) 
-1.7 (+ 0.99) 
+4.4 (± 2.0) 
+1.8 ± 0.52) 
-0.b8(± 4.1) 

*MS = Mineral Soil; P = Peat; M = Muck; HA e Humic Acid; L e Lignin; 
G e Graphite. 

+ Calculated from the formula AG° = -RT In where the value used 
is that for T = 20°C. The standard deviations (given as the ± values 
in parentheses) are calculated using the general error propagation 
equation: 

° „0 = [(34G°/3Kd)2 o2]4 
aG d 

where it is assumed that makes the only significant contribution 
to error. 

^Calculated from the formula AS0 = (aH0-aG°)/T where a temperature of 
293°K (20°C) was used. The standard deviations (given as the ± values 

\'A" 
• * • • i 
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TABLE 5.20 (continued) 

in parentheses) were determined using the general error propagation 
formula: 

3AS .••O') 2 

(9AHOJ 
3AS 
3 AGO 

or 

where it is assumed that the error contributed by T is negligible. 

^The aG0 and AS0 values for this case were undefined since K.(20oC) 
%0, and also aH° was undefined. a 

sórbate group generally decreasing in the order CgCl^ > CgHCl^ ^ CCl^ 

> chci3. 

The establishment of 95 percent confidence limits were also desired 

for the AS0 variable. Since most of the errors associated with the aS° 

values were contributed by their corresponding aH° values, the same 

approach (as that used for the aH° values) was used in establishing 

their 95 percent Cl's. That is, it was assumed that the "true" sorp¬ 

tion entropies for each sorbent-sorbate pair within each sórbate group 

would be about the same; and that each of the measured AS0 values in 

Table 5.20 have statistically comparable variances*. Therefore, a 

*An F-test for the difference between variances at the 95% CL supports 
this assumption, by showing that most of these variances are not 
statistically different. 
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simple "normal" mean of the sample AS0 values would constitute the 

best estimate for the population aS° values. The mean aS° values 

(AS0) and their 95 percent Cl which result are: 

Sórbate AS0 i 95% Cl (10~3 kcal/mol°K) 

CHCI3 

cci4 

C2HC13 

-2.2 ± 15. 

+4.1 ± 10. 

+2.3 ± 8.0 

+3.9 ± 7.7 

3. Discussion of Probable Sorption Mechanisms 

The relatively low values for the sorption free energies and enthal¬ 

pies determined in this research are characteristic of the weaker physical 

sorption forces (e.g., van der Waals-London, ion-dipole, ion-induced 

dipole, and HI), and therefore, chemisorption of these compounds with 

soils and soil components can now be ruled out. It is interesting to 

note that the experimentally-determined heats of sorption (aH°) (even 

considering their wide Cl's) are generally less than the compounds' 

aqueous heats of solution (AH°0in). For example, Horvath (1982) 

reported a AH°0in value for CHCI3 of -9.8 kcal/mol at 25°C; and a aH0^ 

for CC14 of -6.0 kcal/mol at 15°C. This is analogous to the physical 

adsorption energies in gas-phase systems being similar to the heats of 

condensation of the adsorbate gases, and is thus further evidence to 

support the rejection of chemisorption. 

The remaining sorption mechanisms discussed in Chapter II, which 

were not entirely ruled out a priori, are*: 

*The only mechanisms which were definitely ruled out in Chapter II were 

ion exchange and magnetic bonding. 
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(a) van der Waals-London forces 

(1) dipole-dipole 

(2) dipole-induced dipole 

(3) induced dipole-induced dipole (London or dispersion force) 

(b) ion-dipole and ion-induced dipole 

(c) hydrophobic interaction (HI) 

(d) charge transfer 

(e) hydrogen bonding 

(f) ligand exchange. 

As demonstrated in Section D of this chapter, the sorptive strengths 

of these compounds with most of the sorbents are very well correlated 

with the compounds' polarizabilities, but very poorly correlated with 

their dipole moments. Since a and y are the only sórbate properties 

which enter into the fundamental equations of intermolecular forces, 

this finding tends to implicate the following "induction" forces as the 

ones responsible for the sorption observed in this research: 

(1) London (dispersion) 

(2) ion-induced dipole 

(3) dipole-induced dipole (the case in which the sorbate's dipole 

is the one being induced). 

Since these three forces are all directly proportional to the sorbate's 

polarizability, they cannot be distinguished from one another based on 

methods used in this research. However, since the London and ion-induced 

dipole interactions are typically much stronger than the dipole-induced 

-- .- V * 'y'* m1’ 
, I % * \ *„ V O % 1 • 
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dipole interaction, it is surmised that these two mechanisms are the 

ones primarily involved in the sorption observed in this research. 

Unfortunately, it is not clear from the experimental data gathered 

whether or not the HI played a role in the sorption under investigation 

in this research. Since sorptive strength was also shown to be highly 

correlated (inversely) with aqueous solubility (see Section V.D.), one 

might be tempted to suggest that this constitutes evidence for the HI. 

However, the literature pertaining to HI theory does not link this 

phenomenon with aqueous solubility. In my search and review of the HI 

literature, I attempted to find some type of property which might be 

exclusively characteristic of the HI. My efforts met with some success 

while reading the book Hydrophobic Interactions by Ben-Naim (1980). This 

author reported that large positive values of aH° (for the distribution 

of a nonpolar solute between water and a variety of organic solvents) 

may be the result of structural changes induced in the water due to the 

HI. Therefore, I had originally intended on using this criterion to 

implicate the HI. (For example, if AH0 > 0 for CC14 and C2C14 [the non¬ 

polar solutes], but AH0 < 0 for CHClg and C2HCI2 [the polar solutes], 

then this could have suggested the presence of HI.) However, the mean 

sorption enthalpies (aÎï0) determined herein were relatively small nega¬ 

tive values for each of the sorbates. Even considering their relative¬ 

ly wide Cl's, none of the 95 percent confidence limits (on aH°) for any 

sórbate exceeded a value of +2.0 kcal/mol. A re-examination of Table 

5.19 shows that the sorption of C2HCI2 and CgCl^ by the mineral soil 

resulted in the highest observed (positive) enthalpies (+3.1 kcal/mol 

in each case) in this research. However, the implication of HI in 
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these two cases is not logically sound, since if HI were present, one 

would expect that sorption of the nonpolar CCl^ and species would 

be enhanced with respect to sorption of the polar CHC13 and C2HC13 

species. But for sorption by the mineral soil, the exact opposite 

occurred: This sorbent either inhibited sorption of the nonpolar 

species, or enhanced sorption of the polar species (or maybe both). 

Therefore, no definite conclusions can be drawn from the experimental 

data regarding the presence of the HI mechanism in the sorption systems 

investigated herein. 

The charge transfer, hydrogen bonding, and ligand exchange mechanisms 

were each considered highly unlikely to occur (for the sorption systems 

used in this research) for the reasons given in Chapter II. The possi¬ 

bility of these mechanisms is further discussed below, in light of the 

experimental results. 

If charge transfer is the predominant sorption mechanism then it 

must involve ionic forms of the sórbate molecule. Although these 

aliphatic, chlorinated alkanes and alkenes are not known to undergo 

ionization in aqueous solution, the (remote) possibility exists that a 

sorbent may serve, for example, as a catalyst which would promote such 

a transformation. However, if such a reaction occurred, then (by 

definition) the process would be one of chemisorption. But since the 

sorption aG° and aH° values determined are far too low to involve 

chemisorption, the charge transfer mechanism is rejected. Furthermore, 

even if one disregards the above chemisorption argument against this 

mechanism, if charge transfer is occurring, it would most likely involve 

ionic forms of CHC13 and C2HC13, since these molecules already possess 

a partial charge differential (i.e., they are polar). Therefore, if 

. - T..* 

•v-\ -V*’-v-'.y 
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charge transfer were the primary mechanism, one would expect the sorp¬ 

tion of CHClg and C2HC13 to be consistently stronger than for CC14 and 

C2C1^. But this was not observed to occur, and thus, this second argu¬ 

ment also supports the contention that the charge transfer mechanism 

is not relevant to this research. 

Hydrogen bonding is not believed to occur for the chlorinated 

compounds used in this research (Horvath, 1982). Nevertheless, if it 

was the principal sorption mechanism, then once again it would be expected 

that CHC13 and C2HC13 would be much more strongly sorbed than either 

CCI4 or CgCl^. Since this was not observed to occur, hydrogen bonding 

is ruled out as a predominant mechanism. 

Lastly, the same argument can be used to reject ligand exchange as 

a significant mechanism, since the ligand-exchanging strength of the 

sórbate would be related to its polarity. Furthermore, if ligand exchange 

for these compounds was a significant sorption mechanism, then they 

should have been able to replace H20 molecules serving as ligands to the 

ions associated with the clay and mineral surfaces. But no sorption of 

these molecules to the clays and minerals was observed, which is further 

evidence to reject ligand exchange in this research. 

In conclusion, the sorption of CHC13, CCl^, C2HC13, and C2C1^ with 

soils and soil components is believed to occur principally via the weak 

induction forces of London (dispersion) and/or ion-induced dipole,* with 

possible contributions from the HI neither being ruled out nor demonstra¬ 

ted. 

♦These two forces cannot be distinguished by the methods used in this 
research. 

•'"m •"a ^ - " • " *,* ■ 'l*»* V 'V "L V % K» .% .*«■ j,"* ■.**>**».*■ »"’■j**’' ■* *’ « *> 



An interesting theoretical question relevant to sorption mechanisms 

in this research is: Why did adsorption of these compounds not occur 

with the clay and mineral sorbents, and furthermore, why was exclusion 

(negative adsorption) possibly occurring? The explanation is as follows. 

Since these clays and minerals are all ionic solids and/or possess a 

surface charge due to isomorphous substitution (e.g., montmorillonite), 

they are very hydrophilic due to the strong ion-dipole interactions 

between the ions (associated with the solid surface) and the highly polar 

water molecules. Therefore, in order for these hydrophobic, organic 

molecules to be adsorbed to the clays or minerals, the cumulative adsorp¬ 

tion forces operating between the solid and a sórbate molecule must 

exceed the cumulative adsorption forces operating between the same solid 

and a water molecule. Otherwise, the adsorption of HgO molecules to the 

solid surface will predominate. One way of expressing the energy of 

interaction between ions and HgO molecules is simply via the hydration 

+ +2 
energy. For example, the hydration free energies for Na , Ca , and 

A1 (i.e., the cations used to saturate the montmorillonite clay) are 

-97, -378, and 'v -1100 kcal/mol, respectively; and for OH" (a common 

mineral surface functional group) is -110 kcal/mol (McBride, 1982). 

Since the free energies of sorption (for the other soils and soil com¬ 

ponents) were determined to range from about -1 to -4 kcal/mol, it is 

hardly surprising that no adsorption to the clays and minerals was 

observed. That is, the free energies of hydration for most ions are 

typically about two orders of magnitude higher than the sorption free 

energies for the compounds investigated. Furthermore, the ion-dipole 

interaction would appear to be the predominant force involved in the 
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hydration of ions, and since this interaction energy is proportional 

to 1/r^, it would be considered a "long range" force. Thus, the inter¬ 

action potential between an ion and molecule is not only very strong 

(relatively speaking), but is also exerted over large distances (at the 

molecular level). Thus, each cl ay/mineral colloid is probably sur¬ 

rounded by an "atmosphere" enriched in water which excludes the presence 

of the adsorbate molecules. 

H. Experimental Attempts to Distinguish Between Adsorption and 

Absorption Phenomena 

Examination of Tables 5.19 and 5.20 reveals that the sorption thermo¬ 

dynamic variables for graphite (for which the phenomenon is known to be 

one of adsorption) are roughly comparable with those for the soils and 

soil components. Although it is tempting to assert that this provides 

some evidence in favor of the adsorption phenomenon, it could simply be 

an outcome of the likelihood that similar sorption forces and mechanisms 

are at work in each case. That is, whether the phenomenon is one of 

adsorption or absorption, it is highly likely that the same (weak) 

intermolecular forces (postulated in the previous section) are working. 

Therefore, no convincing conclusions can be drawn from the thermodynamic 

data, with respect to this issue. 

Extended sorption isotherms were determined (for many sorbent- 

sorbate pairs) for the purpose of examining isotherm characteristics in 

the regions of higher solute concentration (and hence, higher sorption 

density). The experimental procedures used in determining these iso¬ 

therms were identical with those employed in Sections B or C of this 

chapter (depending on the sorbent). All isotherms were performed at 
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T = 20°C unless otherwise noted, and the pH and ionic strength of all sus¬ 

pensions were previously given in Table 5.17. 

* 
These extended isotherms are shown in Figures 5.27 through 5.37. (For 

the sake of clarity, the "curves of best fit" were drawn only with respect to 

the sorption data points.) Note that Figures 5.27 and 5.37 actually cover 

the "very high concentration" region (relatively speaking) as a result of 

using the "very high-level"** TCE stock solutions in these exoeriments. 

Although this results in attaining a TCE solute concentration of ^ 80 mg/1, 

it is still far from aqueous saturation since the solubility of TCE is 

-V 1100 mg/1 (Horvath, 1982). 

Most of the isotherms exhibit some degree of curvature toward the 

C£-axis, while a few systems (CCl4-mineral soil, CgHCl^-peat, CHClg-peat, 

and C2HC13 with graphite, HA, and lignin) display virtually linear isotherms 

over the entire solute concentration range. It is very difficult (if not 

impossible) to draw any conclusions with respect to the adsorption-absorption 

issue from these isotherm characteristics, since the same degree of curvature 

might also be observed for the solvent extraction "isotherms" of these com¬ 

pounds. However, if Lyman's (1982) criterion of virtually linear octanol- 

water partitioning isotherms occurring over solute concentrations up to (at 

least 0.01 M, also applies to (an assumed) SOM-water partitioning process,1- 

then perhaps the downward isotherm curvatures in most of the above figures lend 

*The reader should note that the curves in Figures 5.27 through 5.37 have been 
drawn to illustrate possible curvature in the data. Since the curves were 
not mathematically fit to the data their position is admittedly arbitrary. 

**Refer to Section IV.A for the procedures used in preparing the various 
"levels" of solute concentrations in the stock solutions, 

t 
The aqueous solute concentrations for the isotherms in this section are 
well below 0.01 M for any of the compounds. The solute concentrations in 
the SOM phase are estimated by assuming an SOM (particle) density of 1.35 
g/cm3 (Brady, 1974, p. 50), and using the organic matter contents (¾ 2 x 
f0c) of the respective sorbents. These calculations show that the solute 
concentrations in the SOM phase are < 0.01 M in all cases except C0HCI3 

with HA and lignin (Figure 5.37), for which it is on the order of T.O M. 
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some support to the adsorption phenomenon. But it is not known whether 

the solute behavior in SOM is similar to that in octanol, and therefore, 

the application of the above criterion is questionable. 

Figure 5.37 is rather interesting since it depicts virtually linear 

isotherms for C2HC13 with HA and lignin, even though the estimated 

solute concentration in the SOM phase is >> 0.01 M. A comparison of 

this figure with the isotherms for the same systems in the low concen¬ 

tration region, shown in Figure 5.38, reveals a striking difference: 

The sorption intensity of the graphite is decreased dramatically with 

respect to HA and lignin. Table 5.21 exhibits the Kd values for these 

systems over the two solute concentration regimes. These data yield 

Table 5.21 Comparison of the Sorption Distribution Coefficients 

(Kd's) for C2HC13 with Graphite, Humic Acid, and Lignin 

over the "Low" and "Very High" Solute Concentration 

Regimes* 

.+ 

C2HC13 Concentration Regimes 

Sorbent 
Low 

(0 to ^70 yg/1) 
Very High 

++ 

(^6000 to -^80000 ug/1 ) 

Graphite 

Humic Acid 

Lignin 

110 (± 8.3) 

38.9 (± 5.1) 

63.2 (± 3.0) 

15.7 ± 2.0 

34.2 ± 4.3 

39.5 ± 1.6 

♦Standard deviations are given in parentheses--consult Appendix F 
for the method of their determination. 

+Kcj values based on slopes of single-point isotherms. 

++Kcj values based on slopes of least-squares regression lines through 
each set of three data points, not forced through the origin (since 
these are high concentration region isotherms). 

y* >>v*y-V*- v% Va*V*rv'vvy*•* “v'v*V V v.v'Vlv'v V V V V v'v 
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^ reductions in the Kj values (from the low to very high concentration 

y regimes) of 85.7%, 12.1%, and 37.5%, respectively, for the graphite, 

HA, and lignin sorbents. However, even these data don't really prove 

i 
!» . 

U 

anything--sinee it could be argued that the specific surface areas 

for the lignin and HA in solution far exceed that of graphite. (For 

example, the SSA for graphite in solution is probably not too different 

o 
from that measured in the dry form [> 9 m /g], whereas the SSA for 

humic materials ranges from 500 to 800 m /g [Ahlrichs, 1972]). Thus, 

the data in Table 5.21 could be explained by either the adsorption or 

absorption concepts. 

A final experiment was performed in an attempt to unravel the 

adsorption-absorption enigma. The objective of this experiment was to 

determine if sorptive strength (as measured by K^) varied with the 

specific surface area of a "suitable" sorbent. The sorbent chosen was 

lignin since this could be considered a "pure" organic material; and 

more importantly, its organic composition would remain uniform regard¬ 

less of particle size. Furthermore, lignin was shown (Section V.F.) 

to sorb the solute compounds with (relatively) high intensity, and is 

similar in many respects to the humic substances which predominate 

soil organic matter.* Tetrachloroethylene ^Cl^) was selected as the 

sórbate. 

*The reader might be wondering why humic acid (HA) was not selected as 
the sorbent in this experiment. The reason is that a much higher mass 
of lignin (than HA) could be sustained in the sorbent R.V. without 
significantly affecting the quench level of the scintillation sample. 
That is, even low HA solids concentrations resulted in sorbent R.V. 
supernatants (following centrifugation) with a brown tint, which had 
a dramatic effect on scintillation sample quench level. Although the 
sample DPM/ml was always corrected for quench level, this could only 
be done if the quench level was within the limits of the established 

.V-..v> 
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The experimental procedures were as follows. Distilled water (DW) 

was added to 10 g of lignin to make a 500-ml suspension. This suspen¬ 

sion was placed in an ultrasonic bath for 10 minutes (and frequently 

stirred) to completely disperse the lignin particles. (The purpose of 

this step was to disperse the lignin prior to the 4-day tumbling step 

[i.e., the equilibration period], so that [hopefully], no further disper¬ 

sion of the lignin would occur during the tumbling process.) The suspen¬ 

sion was then thoroughly mixed and quickly poured into two, 250-ml 

Nal gene™ bottles and capped. The two bottles (and their suspensions) 

were then centrifuged at 4000 rpm (^ 1500 G) for 15 minutes, and the 

supernatants (containing the unsettled colloidal fraction) were discarded 

and replaced with DW. This step was repeated until the supernatants 

were virtually clear, requiring four repetitions. (The purpose of this 

step was to eliminate the non-settling, colloidal lignin fraction, so 

that this component would not be an influential factor in this experi¬ 

ment.) After the fourth centrifugation, the supernatants were replaced 

with DW which had been adjusted to pH = 2.0 (by addition of HC1), in 

order to keep the (remaining) lignin virtually insoluble. The two 

Nal gene™ bottles were then thoroughly shaken (to resuspend the pre¬ 

viously-settled lignin), and their contents transferred to a 500-ml 

graduated cylinder and allowed to gravity-settle. After several minutes 

of quiescent settling, 5-ml aliquots of the supernatant were periodically 

removed with a pipet and transferred to a 250-ml (amber) glass bottle. 

quench curve. An HA solids concentration 1.0 g/1 resulted in a 
quench level exceeding the upper limit of the quench curve; whereas a 
lignin solids concentration many times this (e.g., even -v 25 g/1) did 
not result in exceeding the upper limit of the quench curve. 

A large sorbent mass was desirable since it reduced the uncertainty 
in the Kh value. That is, the error propagation analyses (reported 
in Appendix F) revealed that the variance of Kj is (approximately) 
inversely proportional to the square of solids mass (i.e. cr£ « 1/M^). 

d s 



(This was to eventually become the "fine lignin fraction" [FLF]). 

After removing and transferring 200 ml of the supernatant, I noticed 

that the remaining suspension constituted a region of zone settling, 

and no further aliquots were withdrawn. This zone-settling suspension 

was thoroughly mixed, and re-transferred back to a Nal gene™ bottle, 

and centrifuged for 10 seconds at 'v 10 G. Most of the supernatant from 

this bottle was then added to the FLF suspension, again using a 5-ml 

pipet. The DW (buffered at pH = 2.0) was then added to the lignin sus- 

TM 
pension remaining in the (centrifuged) Nalgene bottle, vigorously 

shaken (to resuspend the settled lignin), and decanted into a second 

250-ml (amber) glass bottle. (This suspension contained the "coarse 

lignin fraction" [CLF].) The pH of each suspension was measured and 

found to be 2.3. Therefore, several drops of concentrated HC1 were 

added to each suspension (while mixing) until a pH of 2.0 was attained. 

Three replicate, 10-ml aliquots of each uniformly-mixed suspension were 

withdrawn for determination of total solids* concentration. The results 

showed that the lignin concentration in the fine fraction was 3.5 g/1 

(± 0.066 g/l), and that in the coarse fraction was 12.7 g/1 (± 0.14 g/1). 

A target lignin concentration of ^ 10 g/1 was selected, which required 

that the FLF suspension be concentrated, and the CLF suspension be 

diluted. Therefore, the FLF suspension was centrifuged (3000 G for 

30 minutes), and a pre-computed volume of supernatant withdrawn to yield 

the target lignin concentration. For the CLF suspension, a pre-computed 

♦Procedure used was in accordance with Standard Methods, 15th Edition, 
published jointly by APHA, AWWA, and WPCF, Part 209A, page 92 (1981). 



volume of DW (buffered at pH = 2.0 with HCl) was added, to attain the 

target concentration. After these adjustments were made, the total 

solids (TS) of each suspension were again measured (using procedures 

identical to those used before).* The results Miich were obtained 

after the actual experiment had begun) revealed that the solids concen¬ 

tration of the adjusted FLF suspension was 8.96 g/1 (± 0.02 g/1 ), and 

that of the adjusted CLF suspension was 9.72 g/1 (± 0.052 g/1). This 

small difference between the lignin concentrations of the two suspensions 

would result in a negligible "solids concentration effect" on the Kd 

values determined for the two suspensions. (This can be verified by 

referring to Figure 5.41 of Section V.I.3.b.). The conductivity for 

the CLF and FLF suspensions were measured to be about 10,000 ymho/cm 

for each suspension which corresponds to an I of ^ 0.16 M. 

The experiment was set up in the usual manner except that four 

replicate R.V.'s were used for each of the suspensions, and four R.V.'s 

for the controls. Each sorbent R.V. contained 5.0 ml from its corres¬ 

ponding suspension, and each control R.V. contained 5.0 ml of DW 

(adjusted to pH = 2.0 with HC1). Each R.V. was then injected with 0.5 

ml from the low-level, 14C-C2C14 stock solution. (Other procedures 

are as described in Chapter IV.) The R.V.'s were tumbled for 4 days 

at T = 20°C. 

*It should be mentioned that visual verification of a difference in 
particle size between the two suspensions was possible during these 
TS tests. When the suspension volumes were transferred into the 
evaporating dishes, the particles were easily visible against the 
white background of the dish. The lignin particles comprising the 
CLF were observed to settle rapidly to the bottom of the evaporating 
dishes, whereas the FLF particles were not observed to settle out. 



Table 5.22 exhibits the resulting Kd values and their standard 

deviations. The specific surface areas (SSA's) of each lignin frac¬ 

tion were measured using B.E.T. isotherms (with ^ gas as the adsor¬ 

bate), and these values are also given in this table. The S.V. 

samples from the CLF and FLF sorbent R.V.'s had mean Hff's (97 and 96, 

respectively) almost as low as that for the control R.V.'s (92), 

indicating that the washing procedure was indeed effective, and that 

the soluble lignin component removed, did not reform during the 4-day 

tumbling period. 

Table 5.22 Sorption Distribution Coefficients (and Specific Surface 

Areas) for Two Particle-Size Fractions of Lignin Used in 

a Sorption Experiment with C2C1^ 

2 
Lignin Fraction Specific Surface Area* (m /q) 

Coarse 5.39 (± 0.023) 

Fine 7.04 (± 0.095) 

239 (± 14) 

228 (± 16) 
___— yn 

♦Specific surface areas were measured on a Quantasorb (Quantachrome 
Corp.) by single-point B.E.T. isotherms using N2 as the adsorbate gas. 
Samples were outgassed at 90°C for a minimum of 1 hour. Data represent 
the mean value (± standard deviation), calculated from three separate 
desorption signals for the same sample. Samples were obtained from the 
residue remaining after drying liquid samples of each (uniformly-mixed) 
suspension for 2 days at 103°C. 

^Values represent the means (± standard deviations) based on four repli¬ 
cate sorbent R.V.'s for each lignin fraction, and four replicate R.V.'s 
for the controls. Standard deviations were determined via error 
propagation methods, detailed in Appendix F. 
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A two-tailed t-test at the 95-percent CL showed that there is no 

statistically significant difference between the two mean values 

given in Table 5.22. A one-tailed t-test also at the 95-percent CL, 

revealed that the SSA for the fine lignin fraction is significantly 

greater (statistically, that is) than that for the coarse lignin frac¬ 

tion. These data show that the value for the sorption of PCE (and 

presumably other nonionic, organic compounds as well) by lignin is not 

a function of surface area, and thus provide strong evidence to support 

the absorption concept. Furthermore, assuming that the humic substances 

(which, in addition to lignin, were shown in Section V.F. to be pri¬ 

marily responsible for the sorption of these types of compounds) would 

sorb similarly to lignin; and assuming that this sorption behavior would 

remain the same when these SOM components are bound with (or in the 

presence of) the soil mineral fraction,* it can be concluded that sorp¬ 

tion of these compounds by soils in general is probably one of absorption, 

rather than adsorption. 

Although the 3.E.T. surface areas determined for the two lignin 

fractions were significantly different statistically, their magnitudes 

were relatively close (i.e., the SSA for the FLF was only 31 percent 

higher than that for the CLF). Furthermore, it could perhaps be argued 

that these SSA's bear no relationship to what they would be in solution. 

Therefore, it was decided to quantitatively verify that these two 

lignin fractions indeed represented two different classes of particle 

♦Several "incidental" pieces of data gathered in this research (see 
Section V.F.) suggest that this assumption is correct. 

-v* 
'JLh Ai '/VvnA- 
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TM 
size. Samples from each suspension were examined using a HIAC Particle 

Size Analyzer (Model PC-320) with a sensor range of 5 to 300 ym. 

According to Garbarini (1984), a lignin concentration of ^ 2 mg/1 

resulted in a satisfactory counting level. Thus, each suspension was 

diluted to this level by adding 0.1 ml of each completely-mixed suspen¬ 

sion to 500 ml of DW buffered at pH = 2.0 with HC1.* The background 

"particle" counts of the diluent were also determined for each particle 

size interval, and subtracted from the corresponding particle counts 

for the suspensions. Three replicates were run for each of the suspen¬ 

sions, and also for the background counts. 

Table 5.23 depicts the results, which show that (of particles > 5.0 

ym) the FLF has a greater proportion of its particles in the smallest 

particle size interval (i.e., 5 to 10 ym), and the CLF has a greater 

proportion of its particles in the larger particle size intervals (i.e., 

> 15 ym). It is clear from Table 5.23 that many (if not most) of the 

particles in each of these lignin fractions are less than 5 ym in size. 

Since a good portion of the actual particle size distribution (for 

each lignin fraction) is not represented, any determination of mean 

particle diameters would not be representative of the respective distri¬ 

butions. 

However, a rough idea of the relative particle sizes for each frac¬ 

tion was obtained as follows. Note that the total number of counted par¬ 

ticles per milliter in the FLF is about four-times that in the CLF. Since 

*This was done to avoid possible pH effects on particle size, since 
the previous experiment had been performed at a pH of 2.0. 
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TABLE 5.23 Particle Size Analysis of the Coarse and Fine Lignin 

JM 
Fractions as Determined by the HIAC Particle Size 

Analyzer* 

Channel 

Size 
Interval 

(WTl) 

Percent 
of 

Total 
#F 

Percent 
of 

Total 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

5 - 10 268 (± 1.1) 

10 - 15 108 (± 6.1) 

15 - 25 94.6(± 2.7) 

25 - 40 49.8(± 0.20) 

55 18.4(+ 0.50) 

75 7.35(± 0.35) 

75 - 100 2.50(± 0.50) 

100 - 150 0.55(± 0.10) 

40 

55 

48.8 

19.7 

17.2 

9.1 

3.3 

1.3 

0.45 

0.10 

150 - 200 0.0165(+0.030) M) 

200 - 250 0 

250 - 300 0 

0 

0 

1243 (± 15) 

404 (± 5.8) 

266 (± 4.3) 

83.2(± 1.6) 

12.5(± 0.75) 

1.7(± 0.25) 

0.19(± 0.12) 

0.065(± 0.029) 

0 

0 

0 

61.8 

20.1 

13.2 

4.1 

0.62 

0.08 

^0 

^0 

0 

0 

0 

Ñ^LF = 549.2 Ñ^.LF = 2011 

♦Notation: 

uCLF ttFLF mean number of particles per milliliter in the ith channel 
(corrected for corresponding background count of diluent) 
for the coarse and fine lignin fractions, respectively. 

total (mean) number of particles per milliliter in all 
channels (corrected for background count) for the coarse 
and fine lignin fractions, respectively. 

Notes: 

Values for N^F and n*-f represent the mean (and standard deviation) for 

three replicates. Percent of total = Ñ¿/Ñj x 100% (where j = CLF or FLF) 



TM 
the suspension samples analyzed by the HIAC contained approximately 

the same concentration (i.e., ^ 2 mg/1)*, this means that the FLF 

must consist of smaller particles. (An alternative explanation is 

that the CLF particles are denser, but this seems highly unlikely 

since the lignin particles would be expected to have reasonably uniform 

composition.) Furthermore, if it is assumed that the particles > 5 ym 

constitute most of the mass for each suspension, and that these masses 

are approximately equal for each lignin fraction, then the average 

particle volume (since volume is proportional to mass) for the CLF must 

be about four-times larger than that for the FLF; and since diameter is 

proportional to the cube-root of volume (assuming approximately spheri¬ 

cal particles), the CLF must be about 1.6-times larger in diameter (on 

average). However, it is surmised that the ratio of FLF to CLF particles 

in the undetected range of < 5 ym is much greater than four**, and 

therefore the above factor of 1.6 probably represents a minimum value. 

(In other words, if the entire particle size distribution of each frac¬ 

tion could be determined, it is speculated that the ratio of total 

particles counted for the FLF to CLF would be greater than four.) 

Thus the two lignin fractions do indeed contain different particle 

size classes. 

If the CLF particles have nominal diameter > 1.6 times that of the 
2 

FLF particles, then one would expect the specific surface area (m /g) 

*To be exact, the concentrations of the FLF and CLF were 1.79 and 
1.94 mg/1, respectively, based on their original suspension concen¬ 
trations and the dilution factor. 

**This conjecture is supported by the trend in the FLF to CLF particle 
ratios, which can be obtained from the data of Table 5.23. 
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of the FLF to be > 1.6 times that of the CLF, in the extreme where 

only the particles' external, superficial areas are considered. On 

the other hand, since lignin is an amorphous, polymeric substance 

whose structure may be quite open with respect to its sorption of 

small, neutral, organic molecules, then lignin particles may possess 

considerable, available internal surface area for adsorption. In the 

extreme case where the entire polymeric internal structure is suf¬ 

ficiently open so as to "receive" potential sorbates, then the specific 

surface area would be constant, independent of particle size. 

AÍ this extreme, distinction between absorption and adsorption 

becomes irrelevant; for what is absorption other than the complete in¬ 

terpenetration of a sorbent? The BET data of Table 5.22 suggest that 

the situation with 1ignin~and perhaps, by extension, with "real" 

SOM—is somewhere between these two extremes. (That is, the specific 

surface area ratio between FLF and CLF samples was only 1.3--greater 

than 1.0, but less than 1.6.) 

In summary, one has to conclude that these results support the 

absorption theory more so than the adsorption theory, since signifi- 

cantly-different specific surface areas were generated and found to 

result in insignificant differences in K^. However, the less-than- 

dramatic difference in specific surface area between the two fractions, 

coupled with the usual concerns with relevance of BET data (and the 

obvious concerns with the relevance of experiments with lignin as a 

representation of SOM), prompt this support to be regarded as 

tenuous. 
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The effects of temperature and organic carbon content (foc> on 

—- 
surface area. 

1. EÜ 

a> Fxperimental Procedures^ 

The mineral soil (MS) and TOE «ere selected as the 

sórbate, respectively. Each sorbent R.V. was filled «' 

of three MS suspensions, whose pH values had been p 

““a o 6 5 and 9 0, by addition of small amounts of concentrated 
to 4.0, 6.5, and pH of the 

HC1 or NaOH, as appropriate. (The ong f 

„S sospension was 7.7 ) had been pre- 

distilled water (DW) from one of three 
r /1 n c c nr 9 0, by addition of HCl or NaUH, bufferedtoapHof 4.0, 6.5,or9.0, y 

— -—and two rr::::- .«.1^ 
each pH level. Each R.V. was injected with 0.5 mi 

a ,„d sealed, then tumbled for four days 
14r TCF stock solution, capped and sea lea, 

C-TCE scock .,ontirai with those described 
at T = 20°C. (Remaining procedures were 

1 T i 4,ho nu adiusted suspensions were 
Chapter IV.) The conductivities of the pH-adjuste > 

240 23o, and 225 umho/cm, for the suspensions at PH of 4.0, 6.5, and 

9.0, respectively. These conductivities correspond to an ionic 

strength of approximately 0.004 M. 



b. Results and Discussion 

i 

The Kd values and their corresponding uncertainties (i.e., standard 

deviations) determined via error propagation analyses (described in 

Appendix F) are presented in Table 5.24. The previously-determined 

value from the TCE-MS sorption experiment at pH = 7.7 (i.e., non- 

adjusted), and T = 20°C, is also incorporated into the results of this 

experiment. (The Kj value resulting from the set of R.V.'s correspond¬ 

ing to the 0.5-ml injection by the low-level, ^C-C^HCl^ stock solution 

was used.) Obviously, a two-tailed t-test at the 95 percent CL does not 

yield any differences among these Kd values. The effect of pH on 

sorption for this experiment is also illustrated in Figure 5.39, wherein 

the percent of TCE sorbed is plotted against pH. Clearly, pH has negli¬ 

gible influence on TCE sorption by the mineral soil over the pH ranges 

normally encountered in soil solution. (It is assumed that this also 

holds true for the other compounds, and the other soils and soil 

IÍ Table 5.24 Equilibrium Sorption Distribution Coefficients (K^) as 

^ a Function of pH, for the Mineral Soil-CgHClg (TCE) 

System 

pH 

4.0 

6.5 

7.7 

9.0 

62.4 

59.2 

59.9 

59.0 

Standard Deviation of K^* 

± 4.2 

± 4.9 

± 3.6 

± 3.6 

♦Calculated from error propagation analyses on the function defining 
Kd, as described in Appendix F. 

^ «TL .* 
* * ‘'«•li*» %m * 
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components. Recall the previous experiments in Section V.F., wherein 

the sorption of C2C1^ by lignin increased slightly with decreasing pH. 

However, this was attributed to the effect of pH on lignin solubility, 

and not on the sorption process per se.) The experimental results de¬ 

picted in Table 5.24 and Figure 5.39 are in accord with the majority 

of the literature, which reports negligible effects of pH on the sorp¬ 

tion of nonionic compounds by soils. 

Since pH would have negligible effect upon the sorbates' molecular 

properties, the real question being addressed by the experiment herein 

was: Would the effect of pH upon SOM properties have a measurable 

impact on sorption characteristics? Schnitzer and Kodama (1975) and 

Chen and Schnitzer (1976) (using an electron microscope and scanning 

electron microscope, respectively) observed that the shape, size, and 

degree of aggregation of humic and fulvic acid particles varied with 

pH, over a range of 2 to 10. Apparently, sorption of these compounds 

by soils is not significantly affected by these pH-effects on their 

humic components. But as stated previously, pH may indirectly 

influence sorption by controlling the solubility of certain SOM con¬ 

stituents, such as HA and lignin. 

2. Ionic Strength 

a. Experimental Procedures 

The experimental procedures used were identical to those used in 

the previous pH experiment, except that the R.V.'s received the appro¬ 

priate mass of KC1 (instead of HC1 or NaOH) to yield suspension (or 

solution) ionic strengths (l) of either ^ 0.0, 0.1 or 1.0 M. Also, 

the Kd values determined from the experimental data (and reported below), 
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experiments) by Gossett and Lincoff (1981) to be % 1.6. The aqueous- 

phase TCE activity coefficient (at X = 1.0 M) based on the sorption 

experiment is calculated to be ¾ 1.5.* This compares favorably with 

the previous value, and suggests that the effect of X on sorption of 

TCE is simply caused by its effect on the aqueous-phase activity coef¬ 

ficient of TCE. 

3. Solids Concentration 

a. Preliminary Discussion 

As mentioned in Section II.D.3., the bulk of the experimental evi¬ 

dence from the literature indicates that Kd increases as solids concen¬ 

tration decreases, for any given sorbent-sorbate pair. There are pres¬ 

ently several theories which attempt to explain this unusual and unexpect¬ 

ed (from a thermodynamic viewpoint) result, two of which are discussed 

below. 

One of the theories, proposed by Voice et al.. (1983), and later 

corroborated by Gschwend and Wu (1984), states that the "solids concen¬ 

tration effect" (i.e., the observation that Kd increases as solids 

concentration decreases, or vice versa) is due to the presence of sor¬ 

bent microparticles or macromolecules which are not removed from the 

*This value was calculated from the ratio of the effective sorption dis¬ 
tribution coefficients at 1 = 1.0 M to that for 1 = 0.0 M. Since YTrF 
% 1 when I = 0.0 M, then 

ttce(@ I = 1.0 M) 
yTCE V13 1 = 1 -° M) ai .g 
(1) Kd(@ X = Ö.0 M) ‘ 54.8 * .5 

This method for determining y assumes that changes in TCE solution 
activity are solely responsible for changes in sorption; and that the 
presence of the salt does not significantly affect the activity of the 
sorbed species. 

'J* ■ J* 
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supernatant during the solid-liquid phase separation process (e.g., 

centrifugation).* Since the reaction vessels (samples) containing the 

higher concentration of solids will also contain the higher concentration 

of these microparticles and macromolecules in their supernatants, the 

result is that the experimenter (unknowingly) determines a lower 

"apparent" value for these samples. In other words, the sorbent 

microparticles and macromolecules bind with the sórbate molecules, but 

remain in the supernatant phase which is sampled and analyzed for 

determining the equilibrium solute concentration (i.e., C ). Thus, 
Aj 

the samples containing a higher sorbent solids concentration not only 

yield a higher apparent "dissolved" sórbate concentration, but also a 

lower apparent sorption density, C .** The net result is, therefore, a 

lower (apparent) Kd value. 

The other theory, propounded by Di Toro et al_. (1984) explains the 

solids concentration effect by invoking a mechanism referred to as 

"particle interaction induced desorption". The hypothesized mechanism 

assumes that a binary interaction between particles causes desorption 

to occur, but the authors are uncertain about the further details of 

this mechanism. The kinetic equations which include the "particle 

interaction induced desorption" step, lead to a sorption equilibrium 

*Additional (indirect) support for this theory comes from the works of 
Lion and Garbarini (1983) and Garbarini and Lion (1984). These inves¬ 
tigators found Kj to be independent of solids concentration using the 
gas-chromatograpnic headspace technique to determine solute concentra¬ 
tion (and hence, Cs and Kj). Since this technique employs sampling 
and analysis of the gas phase, no liquid phase separation process is 
necessary, and the presence of microparticles and macromolecules does 
not "interfere" with the measurement of the dissolved sórbate concen¬ 
tration. 

**This occurs because sorption density, C$, is typically determined by 
the difference in solute concentrations between sorbent and control 
reaction vessels. 



expression which seems to account for the observed solids concentration 

effect. (However, this does not substantiate their proposed mechanism.) 

Various experiments performed by Di Toro e£ al_. seem to refute the 

first theory discussed above. 

b. Experimental Procedures 

To determine if the solids concentration effect occurs for the 

sorbents and sorbates of this research, an experiment was undertaken 

to measure as a function of solids concentration. Lignin and CgCl^ 

were selected as the sorbent and sórbate, respectively. Various masses 

of lignin were weighed into 13 different sorbent R.V.'s and afterwards, 

5.0 ml DW was added to each of these R.V.'s. Three replicate controls 

were prepared by adding 5.0 ml DW to each control R.V. Each R.V. was 

then injected with 0.5 ml from the low-level ^C^Cl^ stock solution. 

(Remaining procedures were as described in Chapter IV.) The lignin 

concentrations which resulted, spanned a range of 0.44 to 24.7 g/1 (a 

56-fold range). Equilibration temperature and time were 20°C and 2 d, 

respectively. The pH and ionic strength of the resulting suspensions 

in each sorbent R.V. were not determined. However, based on another 

experiment with lignin (in which these values were measured), the pH 

and X are estimated to range from 6.0 to 7.0, and 0.002 to 0.04 mol/1 , 

respectively (wherein pH decreases, and X increases, with increasing 

lignin concentration). 

c. Results and Discussion 

Figure 5.41 displays a plot of versus lignin solids concentration 

(S.C.), which clearly demonstrates the presence of the solids concentra¬ 

tion effect. 
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In order to assess the possibility that the "effect" was due to 

differences in sorption rates among the R.V.'s (i.e., that sorption 

kinetics increases as S.C. decreases), another experiment was conducted, 

this time using lignin and C2HCl2>* In this experiment, the variation 

in Kd as a function of time was determined at two levels of lignin con¬ 

centration, 2.0 and 2QlO g/1. These suspensions were prepared by combining 

the appropriate amounts of lignin and DW. The pH and (approximate) I 

for the 2.0 g/1 suspension were 6.5 and 0.004 mol/1 , respectively; and 

for the 20.0 g/1 were 6.2 and 0.03 mol/l , respectively. The pH and I 

for the 2.0 g/1 suspension were adjusted (by addition of HC1 and NaCl) 

to the corresponding values of the 20.0 g/1 suspension, to eliminate 

any possible influences of pH and I on sorption. The sorbent R.V.'s 

each received 5.0 ml from their respective suspensions, and each control 

R.V. received 5.0 ml DW. 

The results of this experiment are shown in Figure 5.42, which 

clearly demonstrate that the S.C. effect is not due to kinetic consid¬ 

erations. That is, the Kd values corresponding to the two different 

lignin concentration levels, show no sign of converging even after 

almost nine days of equilibration. 

In both of the above experiments, the "dissolved" lignin fraction 

(defined as that which remained in the supernatant following centrifuga¬ 

tion) increased with increasing lignin (solids) concentration, as evi- 

*A different sórbate was selected since the S.C. effect could then be 
confirmed (or denied) for a different sórbate while simultaneously 
investigating the role (if any) of kinetics. The implicit assumption 
is, of course, that if kinetics is shown to be responsible for the 
S.C. effect in the lignin-CoHC^ system, it is also responsible for 
the S.C. effect in the lignin^Cl^ system. 

-A.;.L.. 
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I 
denced by the H reported by the LS-9800* (and also by visual inspection 

of the supernatants). Figure 5.43 gives the sample as a function of 

lignin solids concentration added to the reaction vials. This figure 

shows that the level of lignin microparticles and macromolecules indeed 

increases as S.C. increases, which could account for the observed dis¬ 

crepancies in "apparent" Kd values. Therefore, these two experiments 

seem to support the microparticle-macromolecule explanation of the solids 

concentration effect. 

A final experiment was performed regarding the S.C. effect, in which 

an attempt was made to remove the microparticles and macromolecules from 

the system prior to equilibration. For this experiment, graphite was 

used as the sorbent since it should have minimal "solubility" in the 

aqueous phase (i.e., the presence of graphite "macromolecules" in solu¬ 

tion can probably be ruled out). The graphite was thoroughly mixed with 

distilled water, then centrifuged at ^ 1000 G for 30 minutes. The super¬ 

natant was discarded and replaced with distilled water, the suspension 

thoroughly shaken, and again centrifuged at ^ 1000 G for 30 minutes. 

The supernatant was again discarded, and the settled graphite was oven- 

dried (103°C) for two days to remove the remaining water. The treated, 

dried graphite was then used to prepare two stock suspensions having 

graphite concentrations of 2.0 and 20.0 g/1, respectively. Three repli¬ 

cate samples were run for each graphite concentration (as well as three 

replicates for the control samples), and all samples were equilibrated 

for two days at 20°C. The graphite R.V.'s were then centrifuged at 

*As the reader will recall, the H# is the (external standard) value 
provided by the LSC as a measure of sample quench level. In this 
instance, it can be interpreted as an indirect measure of the color 
(and hence, dissolved lignin) present in the sample. 

. ■<% •'. %V-V *>V*V*VvV^V«V*V* 
ms, .a,* 
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^ 3000 G for 30 minutes to achieve phase separation. (Note that this 

final centrifugation force was three-times stronger than the centrifu¬ 

gation force used during the removal of the graphite colloids. This was 

done intentionally so that more of the graphite fines would be discarded 

in the supernatant, or if still remaining, would be centrifuged out in 

the final step.) 

Table 5.26 shows the values determined for each of the graphite 

concentration levels. As with lignin, a solids concentration effect is 

TABLE 5.26 Adsorption Distribution Coefficient (Kd) for C2HC13 and 

Graphite at Two Different Solids Concentrations 

Solids (Graphite 
Concentration) 

-(9/1)_ 

Uncertainty Due to 
Kj Error 
_ Propagation 

2.0 153.3 ± 3.4 

20.0 91.5 ± 7.3 

evident, even though an attempt was made to remove any graphite micro¬ 

particles. 

To determine whether or not the two graphite suspensions had dif¬ 

ferent levels of graphitic colloids (i.e., microparticles), a large- 

volume sample (^ 200 ml) of each completely-mixed suspension was with¬ 

drawn, placed in 250-ml Nal gene™ bottles, and centrifuged at ^ 3000 G 

for 30 minutes. Several aliquots of supernatant from each of the two 

bottles were analyzed for turbidity level using a HACH Model 2100 Turbi¬ 

dimeter. The supernatant samples for the 2.0 g/1 and 20.0 g/1 graphite 



suspensions were found to have a turbidity of 0.17 ± 0.035 NTU and 

0.16 ± 0.017 NTU, respectively. In other words, based on turbidity 

measurements, the supernatants for each of the suspensions had virtual¬ 

ly identical colloidal particle contents. However, it should be pointed 

out that the suspensions used in the turbidity measurements had not 

undergone a two-day tumbling process prior to analysis. The possibility 

that graphite microparticles were formed during this tumbling process 

(i.e., the equilibration period) cannot be ruled out. (However, based 

on a previous experiment using washed lignin, the "soluble" lignin 

fraction did not reform during a four-day tumbling period.) It could 

also be possible that the turbidimeter is simply not sensitive to the 

levels of graphite microparticles present in the two suspensions. 

Therefore, although the above experimental results with graphite cast 

some uncertainty upon the microparticle-macromolecule theory of the 

solids concentration effect, it by no means disproves it. 

In summary, it appears that in many instances the S.C. effect can 

be attributed to the non-separation of colloidal particles during the 

experiment; but in other cases (in particular, the various experiments 

conducted by Di Toro et aK, and the experiment with graphite performed 

herein) the experimental procedures and results seem to rule it out as 

a possible cause. Thus, the solids concentration enigma remains 

unsolved. 

d. Impact of t'^e "Solids Effect" on Other.Facets of this 

Research 

Assuming that the other sorbents used in this research exhibit a 

similar type of solids concentration effect upon (as discovered 

above for the cases of lignin and graphite), then the values reported 
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in this thesis would all be conditional ones. That is, they would be 

valid only for the particular particle concentration employed in the 

experiment. The impact of using these (assumed) conditional values 

on the other facets of this research would be as follows. 

For Section V.D., in which Kd values were correlated with compound 

properties, the use of conditional values should have had no effect 

on the resulting correlations (and conclusions). This is because the 

same sorbent suspension (and hence, particle concentration) was used 

for each sórbate, for each correlation. 

In the determination of Koc values and their correlation to several 

sórbate properties (Section V.E.), use of conditional values probably 

resulted in under-estimating the "true" K and K values* for each 
Uv« U V* 

sórbate. The extent of this under-estimation is most likely a function 

of the sorbent, and the solids concentration employed. For example, 

the Kd values for the 1ignin-C2HCl3 system decreased from about 130 to 

50 (a reduction of 62%), and those for the graphite^HCl^ system 

decreased from 153.3 to 91.5 (a 40% reduction), in going from a solids 

concentration of 2 to 20 g/1 (in both cases). Therefore, the "solids 

effect" may very well be (at least partially) responsible for the high 

variability in the Koc values obtained in this research, and elsewhere 

in the literature. However, the use of conditional Kd values is sur¬ 

mised to have had little effect on the R values which resulted from 

the correlation of K„ with the sórbate properties S, K . and a, OC r r OW 

*The term "true", as used here, refers to the values which would have 
been obtained at infinitely dilute solids concentration. 

.^.. ' 
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This is because the individual sórbate KQc values for a particular 

sorbent were determined at identical particle concentrations. There¬ 

fore, the relationship of these K_ values (for any given sorbent) to 
Ul* 

the sórbate properties should be virtually independent of S.C. However, 

the Kqc values predicted by these regression equations [(Equations (5-5), 

(5-6), and (5-7)] would probably under-estimate the "true" value of 

V 
In Section V.G., where the aG°, aH°, and aS° values were determined, 

the use of conditional Kd values probably resulted in under-estimating 

the "true" (absolute) values of AG° and AS0. That is, the "true" AG0 

values would probably be slightly more negative, but the "true" aS° 

values slightly more positive, than those reported in Section V.G. On 

the contrary, the H° values are probably not affected by S.C. since 

they were calculated from the variation in with respect to tempera¬ 

ture, and not the actual (i.e., conditional) values themselves. 

However, the "solids effect" itself could be a function of temperature, 

in which case the AH0 values would, of course, have been affected; but 

it is surmised that such a relationship (between solids effect and 

temperature) is unlikely, and probably negligible (if it does exist). 

The "solids effect" should not have influenced isotherm linearity 

(or nonlinearity) used in Section V.H. in attempting to distinguish 

between adsorption and absorption. This is because each isotherm (for 

a given sorbent) was determined at a constant sorbent concentration. 

Also, the use of conditional values in the lignin particle size 

fractionation experiment (probably) had no bearing on the results, 

since roughly the same S.C. was used for each lignin fraction. 



4. Specific Surface Area 

It was hoped that the specific surface areas (SSA's) of the various 

sorbents used in this research, as measured by their B.E.T. isotherms, 

would be more representative of what they were in aqueous suspension. 

But as shown in Tables 5.6 and 5.7, the only sorbents whose SSA's might 

correspond to that which exist in suspension are perhaps the mineral 

soil (SSA = 6.32 m^/g) and graphite (SSA = 8.64 m^/g). The peat, muck, 

humic acid, and lignin, would definitely have SSA's significantly higher 

in aqueous suspension that those determined by their B.E.T. isotherms. 

Nevertheless, a few conclusions can be drawn regarding the role 

of sorbent surface area in the sorption of the compounds studied. To 

begin with, sorbent SSA is clearly not the sole determinant for the 

sorption of these compounds. The negligible sorption of these compounds 

by the soil minerals and clays, some of which have extremely high SSA's 

.2 (e.g., montmorilIonite SSA % 800 m /g), is perhaps the best corrobora¬ 

tion for this conclusion. On the contrary, for those solids which do 

absorb these compounds, SSA can dramatically influence sorptive strength. 

This is exemplified by comparing the adsorption of these compounds by 

graphite and powdered activated carbon (PAC). The structures of these 

two sorbents are quite similar except for the vast network of internal 

pores which characterize the activated carbon, and provide it with an 

.2 enormous SSA (on the order of 1000 m /g). The values for the RAC are 

noted to range from two to three orders of magnitude higher than those 

for graphite (see Table 5.8) reflecting the large difference in SSA's 

between these sorbents. For the case of polymeric humic substances 

.-VlvVJ 



(including lignin), the role of SSA is a bit more elusive, and depends 

on how "surface area" is defined. Refer to the latter part of Section 

V.H. for a discussion of this issue. 

J. Desorption and Reversibility 

1. Procedures, Results and Discussion 

In Section B of this chapter it was shown that the desorption iso¬ 

therms for each of the compounds with the mineral soil lay above their 

respective sorption isotherms. Two additional experiments were performed 

in an attempt to determine the cause for this anomaly, and these experi¬ 

ments and results are discussed below. 

The procedures used in this Section were as described in Chapter IV 

and Section B of this chapter, unless otherwise noted. The pH and I of 

the mineral soil suspension were 7.7 and ^ 0.0036 M, respectively. 

The first experiment explored the possibility that slow desorption 

kinetics (relative to sorption kinetics) caused the nonsingular iso¬ 

therms observed in Figures 5.6 through 5.9. That is, if the desorption 

cycle was longer, the desorption isotherm data points would ultimately 

"migrate" toward the sorption isotherm and yield a singular, reversible 

isotherm. 

To test this hypothesis, a single-point sorption isotherm was 

determined for the mineral soil with CHC13,* using 12 sorbent R.V. 

replicates, and 12 control R.V. replicates, equilibrated over the usual 

four-day sorption cycle. The mean sorption value and its 95 percent 

*CHCl3 was selected as the sórbate so that compound mass losses would 
be minimal during the experiments (since long-term equilibration periods 
were involved). (Compound mass losses are discussed in Appendix D.) 

' .• V \** v\v V w V V > w V *’* ‘W* • ■'V* ^ .*• .> .v.vavv . 
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CI for these 12 replicate samples was 8.75 ± 1.17. Following the sorp¬ 

tion cycle, the desorption cycle was set up in the usual manner (described 

in Section IV.C.l.) except that samples were analyzed at various desorp¬ 

tion equilibration times. A total of five, single-point, desorption 

isotherm data points were determined (corresponding to various desorp¬ 

tion equilibration times), with two replicates used for each of the 

first four data points, and four replicates used in the final data 

point. 

The results of these experiments are shown in Figures 5.44 and 

5.45. Figure 5.44 illustrates the desorption isotherms (determined at 

the indicated desorption equilibration times) relative to the sorption 

isotherm. Figure 5.45 depicts the same data but presented in different 

format, which better illustrates the variation in (the desorption 

distribution coefficient) with respect to time. These two figures 

plainly demonstrate that slow desorption kinetics has nothing to do 

with the observed discrepancy between sorption and desorption isotherms. 

In fact, instead of the desorption isotherms (or Kj values) converging 

to the sorption isotherm (or value) with respect to increasing desorp¬ 

tion equilibration time, they appear to be diverging! 

Having eliminated slow desorption rates as a possible explanation, 

an alternative hypothesis (which could also account for the results ob¬ 

tained in the previous experiment) is that the sorption data do not 

reflect equilibrium conditions (i.e., 4 days was insufficient time to 

attain sorption equilibrium). To test this hypothesis, a long-term 

sorption experiment was set up, again using the mineral soil-CHCl3 system. 

Each single-point, sorption isotherm data point was determined from 

three replicate samples (three sorbent and three control R.V.'s), which 
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were analyzed as a function of sorption equilibration time. (All other 

procedures were as previously described in Chapter IV and Section V.B.) 

The results of this experiment are depicted in Figure 5.46, which 

shows that sorption by the mineral soil appears to continue indefinitely 

(although at a very slow rate). Therefore, it is apparently slow sorption 

kinetics which accounts for the anomalous, non-singular isotherms for 

this soil with each of the sorbates. 

2. Discussion of Possible Cause of Slow Sorption Kinetics for 

the Mineral Soil and Impact of Using (Apparent) Non-equilibrium 

K. Values for the Mineral Soil on Other Facets of This Research 
-0..—.... -- L 

Unfortunately, the lack of attainment of true sorption equilibrium 

for the mineral soil was not known until the final phase of this research. 

(In fact, it would not have been discovered if not for the investigation 

of the anomalous, non-singular isotherms for this sorbent.) 

It is not known for certain why this sorbent behaves in this 

manner, but a possible explanation (in light of other findings in this 

research) is: Perhaps the humic materials (presumably causing the 

sorption of these compounds) in this sorbent are very tightly bound to 

the mineral fraction*, and therefore, do not exhibit their typical, 

open structure that they would in the "pure" form. If this is true, 

then the sórbate molecules might have greater difficulty sorbing into 

the tightly-bound, polymeric humic materials (which coat the inorganic 

surfaces of this sorbent), and therefore require more time to completely 

*This supposition is supported by the fact that only a small portion 
of the organic carbon fraction of the mineral soil was extractable 
with 0.1 N NaOH, relative to the other soils. 
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diffuse into its structure in attempting to achieve equilibrium. 

Furthermore, the implication is that other mineral soils may behave in 

this fashion, and the above explanation could therefore apply to many 

of the other findings in the (soil sorption) literature, of non-singular 

sorption and desorption isotherms. 

The impact of using the (apparent) non-equilibrium values for 

the mineral soil upon the other facets of this research may or may not 

be significant. The only aspects which it might affect are discussed 

below. 

For Section V.D., in which values were correlated with sórbate 

properties, recall that the mineral soil (MS) was poorly correlated to 

all sórbate properties. If one assumes that the non-equilibrium Kd 

values (for the mineral soil) used in these correlations have the same 

relative values, then the results of Section V.D. would not be affected. 

But if the "true" equilibrium values do not have the same relative 

values (as those shown in Table 5.8 for the mineral soil), then 

obviously, this would affect the correlations (for the mineral soil 

only), and might explain the poor correlations for this sorbent. 

For Section V.E., where the Koc values were determined and corre¬ 

lated to several sórbate properties (S, KQW, and a), the use of non¬ 

equilibrium Kd values for the MS would have the effect of making the 

resulting Kqc values lower than what they should be. However, inspection 

of Table 5.14 shows that the K values for the MS seem to be "in line" 
w V# 

with the Kqc values for the other sorbents for CHC13 and C2C14; whereas 

the Kqc value for CC14 is significantly lower, and that for C2HC13 is 

significantly higher, than their corresponding K values for the other 
U V# 

sorbents. Nevertheless, the use of higher "true" Kd values for the MS 

V .* ,\ >> V'\>" v»'■'j, .»i«r* kV.*-«'••’.'»'•V.v V ■»'V v • . • „ • - " r ! 
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would result in slightly higher K values in Table 5.15 for each sor- 
U V* 

bate. But if the fractional change in these Koc values is assumed to 

be approximately the same for each sórbate, then the outcome of this 

change on the resulting correlations with S, Kow> and a would be 

negligible. 

In Section V.G., where it was attempted to measure various thermo¬ 

dynamic sorption properties, values were determined at three differ¬ 

ent temperatures. If the 20°C values for the MS do not represent 

equilibrium, then one would expect the 2°C Kd value to be even further 

from equilibrium, and the 45°C value to be closer to equilibrium, since 

sorption kinetics increases with increasing temperature. Examination 

of Table 5.18 shows that this does not hold true for CHCl^ and CC14; 

but does for CgHClg and C2d4. (In fact, the values for CgHClg were 

also determined for 7°C and 50°C, which also fit the trend.) Therefore, 

lack of attainment of true equilibrium for the MS may have resulted in 

this observed trend for CgHClg and 0201^. (These two cases were, 

in fact, the only ones where clearly increased with temperature.) 

On the other hand, it is not known why this trend was not observed for 

CHCl^ and CCI^. Nevertheless, if the anomalous trend in Kd with tempera¬ 

ture for the MS-CgHCl-j and MS^Cl^ systems is attributed to sorption 

kinetics, then it would result in measuring a higher (more positive) 

than actual aH° (and aS°) value for this sorbent. This, of course, 

would also have the effect of computing a slightly higher than actual 

aH° (and AS0) values for these sorbates. 

The mineral soil was also used in Section V.I. to test the effects 

of pH and I on sorption. However, the variation of pH and 1 in these 

experiments should have had negligible influence on sorption rate. 
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Also, the results of these tests were not dependent on achieving equili¬ 

brium. That is, the effect of pH and I would be detectable without 

achieving complete equilibrium. Therefore, the impact of non-equilibrium 

for the mineral soil in these experiments is judged to be inconsequential. 



VI. FINDINGS AND CONCLUSIONS 

The principal findings and conclusions of this research are: 

1. The free energies and enthalpies of sorption for CHCl^» 

CCl^, C2HC13, and C2C1^S in dilute aqueous systems with soils or 

soil organic matter (SOM) components, were relatively low, and 

characteristic of weak physical sorption forces. The sorption free 

energies determined ranged from about -1 to -4 kcal/mol; the mean 

sorption enthalpies ranged from -1 to -2 kcal/mol; and the 95 percent 

confidence limits determined for the sorption enthalpies (for all 

compounds) were about -6 to. +2 kcal/mol. Based on these results, 

sorption of these compounds via the chemisorption mechanism was ruled 

out. 

2. Strong correlations were found between sorption distribution 

coefficients, Kd, and the fundamental molecular property of electronic 

polarizability, a; but very poor correlations were found between the 

Kd values and the compounds' dipole moments, y. This suggests that the 

following induction-type of intermolecular forces might be primarily 

responsible for the sorption of these compounds by soils and SOM 

components : 

a. London (dispersion) forces 

b. ion-induced dipole 

c. dipole-induced dipole*. 

*The case in which the sórbate's dipole moment is the one being induced. 



Although there was no experimental evidence to suggest the presence of 

the hydrophobic interaction, it could not be rejected on the basis of 

deductive reasoning, and therefore, should be considered a possible 

contributing mechanism. 

3. The natural logarithm of the compounds' aqueous solubilities 

(S) was also found to be highly correlated with sorption strength (K^), 

but the octanol-water partition coefficients (Krtll) were poorly corre- 

lated to Kj. However, there is no fundamental consequence of the high 

correlation between and S; whereas a appears in most of the funda¬ 

mental equations defining intermolecular forces/energies, upon which 

all sorption phenomena depend. Furthermore, the solubilities for 

nonpolar or weakly polar solutes are in most cases controlled by their 

polarizabilities. (Indeed, a and S were shown to be significantly 

mutually correlated in this research.) Nevertheless, S would probably 

be the more useful compound property for prediction or estimation of 

sorptive strength (especially from an engineering standpoint) since 

these values are (generally) readily available. On the other hand, 

a values are not well publicized, and usually must be calculated. 

4. The correlation of to fraction of organic carbon (in the 

sorbent) was only moderately high (R values ranged from 0.892 to 

0.953). Also, the mean K values (K ) determined for each sórbate 
U w U V# 

were not very precise constants, suggesting that sorption of these 

compounds by soils and SOM components is not controlled solely by the 

sorbent organic carbon content. The Kqc values and their standard 

deviations were: 
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chci3 cci4 

56.3 ± 28 149 ± 110 

c2hci3 c2ci4 

183 ± 91 451 ± 166 

5. The following regression equations were determined between 

the normalized sorption distribution coefficient, K , and: 
oc 

a. the compound's octanol-water partition coefficient, K 
ow 

lo9 Koc = 0.930 Kow + 0.0019 (R = 0.786) 

b. the compound's aqueous solubility, S (mmol/1) 

1og Koc = -0,468 1og S + 2-61 (R = -0.980) 

24 3 
c. the compound's polarizability, a (10 cm ) 

log Koc = 0.0195 a - 0.295 (R = 0.974) 

Although the correlation between KQC and Kow is rather poor, the regres 

sion equation itself agrees quite well with others reported in the 

1 iterature. 

6. These compounds appeared to have very little affinity for some 

of the common inorganic constituents of soils, yielding negligible 

adsorption (¡Kd| < 2) onto the following clays and minerals: 

a. Na+-montmorillonite 

+2 
b. Ca -montmorilIonite 

+3 
c. A1 -montmorilIonite 

d. kaolinite 

e. Si02 (silica) 

■fc ^ w ^ t 
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f. A1(0H)3 or y-A1203-3H20 (gibbsite) 

g. Fe203 (hematite) 

h. CaC03 (calcite) 

i. Mn02 (pyrolusité) 

In fact, there was some evidence to suggest that negative adsorption 

of these compounds was occurring with these solids. This possible 

negative adsorption was attributed to the very hydrophilic nature of 

these clay and mineral colloids in aqueous suspension. It was postu¬ 

lated that water molecules are so strongly attracted to their surfaces 

that a significant region (volume) surrounding each colloid is composed 

of virtually solute-free water (i.e., the solute is excluded from this 

region). 

7. Experiments demonstrated that this negative adsorption (in 6. 

above) is apparently the cause of increased (equilibrium) gas-phase 

concentrations (characteristic of certain other organic compounds) in 

closed systems containing suspensions of various clays or minerals. 

The effect was originally believed to be caused by the influence of the 

clay or mineral colloids on the solute's activity coefficient (i.e., 

salting out); but the experiments performed herein seemed to reject 

this hypothesis. 

8. Sorption experiments using a variety of "pure" organic chemicals 

to represent the different classes of soil organic matter showed that 

only humic acid, lignin, and graphite sorbed the chlorinated aliphatics 

with sufficient intensity to account for their sorption in real soils. 

...-:....•. 
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Therefore, it was postulated that the humic substances (with the possible 

exception of fulvic acid) and lignin are principally responsible for the 

sorption of these compounds by soils, since the occurrence of graphite 

(and other forms of elemental carbon) in soils is quite rare. 

9. The sorption isotherms for these compounds were reasonably 

linear in the low concentration regime (i.e., an equilibrium solute 

concentration range from 0 to ^ 200 ug/1), and was therefore modeled 

by the equation: 

r Kdct 
S ' Tõõõ 

where C is the sorption density (ug/g); C is the equilibrium solute 
O K, 

concentration(yg/l>, Kd is the sorption equilibrium distribution coef¬ 

ficient (quasi-dimensionless) ; and 1000 (g/1) is a factor inserted to 

make quasi-dimensionless (which is commonly done in the literature). 

The portions of the isotherms representing the high concentration regimes 

(i.e., equilibrium solute concentrations greater than 200 ug/1 , and 

ranging up to as high as ^ 80,000 yg/1 in some cases) were generally 

curved slightly downward (i.e., toward the C -axis), but a few were 

virtually linear over the complete range. 

10. The general order of affinity of the sorbates for the 

sorbents tested in this research was: C2CI4 > ¢£^1 g % CCl^ > CHClg. 

11. Sorption Kj values for the lignin-CgCl^ system were independ¬ 

ent of lignin particle size and measured B.E.T. surface area. If sorp¬ 

tion by lignin and the humic substances in "real" soils is similar (in 



this respect) to their sorption in the pure form, then this provides 

evidence in support of the absorption (rather than adsorption) concept 

as the appropriate model for soil sorption of nonionic, organic com¬ 

pounds. However, for sorbates capable of free penetration of three- 

dimensional , polymeric organic sorbent structures, nearly the entire 

sorbent macromolecular structure would be accessible, making distinc¬ 

tions between ad- and absorption both impossible and—thankfully— 

irrelevant. 

12. Variations in pH over the range normally encountered in soil 

solution (4 to 9) were found to have negligible effect upon the sorption 

of C2HC13 by the mineral soil. However, for highly organic soils, pH 

may have the effect of reducing the solubility of certain organic matter 

components (such as humic acid and lignin), resulting in a higher 

apparent value. 

13. Sorption of C2HC13 by the mineral soil increased with increas¬ 

ing ionic strength. The Kd values measured at 0.0, 0.1, and 1.0 mol/1 

(as KC1) ionic strength were 54.8, 64.3, and 81.8. The effect of I on 

sorption was attributed to its influence on the solute activity coeffi¬ 

cient. 

14. The "solids concentration effect" (i.e., measuring higher Kd 

values at lower sorbent concentrations, and vice versa) was observed for 

both the lignin and graphite sorbents (which were the only sorbents 

tested for this effect). For the case of lignin the effect appeared to 

be due—at least in part—to an increased amount of lignin in the 

supernatants of the reaction vials (following centrifugation) as the 
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lignin particle concentration increased. However, for the case of 

graphite, wherein the non-settling fraction of this sorbent was pre¬ 

sumably removed, the effect was still evident. Therefore, no definite 

conclusions can be drawn regarding the cause of the solids concentration 

effect. Because of this effect, the Kd values determined in this 

research are probably conditional, in that they depend on the concen¬ 

tration of solids employed in the experiment. 

15. The nonsingular sorption and desorption isotherms, determined 

using the mineral soil for all sorbates, were shown to be caused by a 

very slow, but continuous sorption by this soil, beyond the four-day 

equilibration period employed. Such behavior could be characteristic 

of other mineral soils as well, and may explain the frequently-observed 

nonsingularity (hysteresis) for sorption and desorption isotherms 

reported in the literature. 



APPENDIX A 

ESTIMATE OF FRACTIONAL SURFACE COVERAGE FOR THE ISOTHERMS 

OF CHIOU et al_. (1979) 

Chiou et^ ai- used a ("Willamette") silt loam in their sorption 

experiments. Although these authors did not report a specific surface 

2 
area for this soil, Ahlrichs (1972) gave a range of 50 to 150 m /g for 

o 
silt loams. Therefore, 100 m /g shall be assumed for the silt loam 

used by Chiou et^ a]_. for purposes of these calculations. The sorbates 

used by Chiou e_t aK are low molecular weight, halogenated, aliphatic 

compounds (except for one chlorinated aromatic). The sórbate used for 

purposes of this computation is 1,1,1-trichloroethane (HgC-CClg)» which 

Horvath (1982) reported as having a total molecular surface area of 

264 82. It is assumed that the actual area which each CHgCClg molecule 

occupies on the surface of the solid is somewhat less than this, and 

100 82 is chosen as a "ballpark" figure. The mass of soil used in the 

reaction vessels was 5 g.* Lastly, the maximum sorption density repre¬ 

sented by the CHgCCl^ isotherm was ^900 yg/g. Using the above assumed, 

estimated, or known values, the fraction surface coverage (which I 

shall symbolize as 8S) can be calculated. 

First, the total surface area available (As) on the 5 g of soil 

is : 

♦This figure, as well as the experimental procedures in general, were 
not reported in the article by Chiou et al_. Therefore, I mailed a 
request for these procedures to the authors, which they graciously 
sent to me. (The mass of sorbent used [5 g] was in this separate 
summary of the experimental procedures which I received.) 
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As = (5 g)(100 m2/g) = 500 m2 

Second, the number of CH3CC13 molecules required for complete monolayer 

coverage (i.e., es = 1) of this soil is: 

.(500 iwiUKdl = 5 X ',020 molecules 
100 ír/molecule 

which corresponds to 8.3 x 10 ^ mole (= 830 ymol) of CH3CC13. Now, 

the actual number of moles of the sórbate on the soil surface (at a 

sorption density of 900 yg/g) is: 

(900 yg/q)(5 g) 
133.4 yg/ymol 

= 33.7 ymol 

where 133.4 yg/ymol is the molecular weight of CH-jCCl-j, 

•• 8s ' Hriisr' °-04 or 

Since ^900 yg/g represents the maximum sorption density for all the iso¬ 

therms reported by Chiou et ah, and since the molecular surface areas 

and weights for all the sorbates used are roughly the same as for 

CH3CC13, it is concluded that es would be less than 5 percent for aV]_ 

the isotherms reported in their paper. 



APPENDIX B 

EARLY EXPERIMENTS USING THE GAS CHROMATOGRAPHIC 

HEADSPACE TECHNIQUE WITH STABLE COMPOUNDS 

Experimental Procedures 

Several experiments were performed to test the adsorption of 

various (stable) chlorinated, aliphatic compounds onto montmorillonite 

clay (in the early stages of this research). The adsorbates examined 

were: C2HC13 (TCE), C2C14 (PCE), CH2C12 (methylene chloride), and 

C2H3C13 0 >1 >l-trichloroet,lane)- The montmorillonite clay was satu- 

+2 
rated with Ca ions (according to the procedures described in V.A.l. 

of this thesis) prior to the experiments. (The solids concentration, 

+2 
pH, and ionic strength of this particular batch of Ca -montmorillonite 

were 13.4 g/1 , 5.5, and 'v-S.S x 10 M, respectively.) 

Saturated stock solutions of each solute (i.e., adsorbate) were 

prepared by adding an excess amount of the pure compound to distilled 

water. These saturated stock solutions were contained in 120-ml serum 

vials, sealed with teflon-faced rubber septa and aluminum crimp-caps. 

Aqueous solute samples were removed by piercing the septa with a syringe 

needle, and withdrawing the desired volume of solution from the aqueous 

phase. These saturated stock solutions were maintained in a 20°C water 

bath to maintain a constant aqueous solubility for each solution. The 

aqueous solubilities for each of these compounds at 20°C (according to 

Horvath [1982]) are: 
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Adsorbate Solubility (mq/1 ) 

1100 

150 

ch2ci2 

C2H3C13* 

14000 

1550 

These aqueous solubilities were used to determine the mass of solute with¬ 

drawn from a particular stock solution. 

The reaction vessels used in these experiments consisted of 120-ml 

serum vials. The sorbent vials were filled with a certain volume of 

suspension (usually 50 ml), and the control vials received the same 

volume of distilled water. Each vial was then injected with either 10, 

100, or 1000 ul from the aqueous phase of the appropriate saturated 

stock solution, thenquickly capped and sealed (using teflon-faced rubber 

septa with aluminum crimp-caps). The vials were then mounted on a 

wrist-action shaker and equilibrated for a minimum of one day at room 

temperature (which varied from 20°' to 24°C for the experiments reported 

herein). After equilibration, a 0.5 ml gas-phase sample was withdrawn 

using a 0.5 ml gas-tight syringe (Precision Sampling Corp.), and 

injected into a gas chromatograph (GC). The GC was a Vari an Aerograph, 

Model 1440, with a flame ionization detector. The chromatographic 

column was stainless steel, 3 M by 0.32 cm, packed with 20% SP-2100/0.1% 

Carbowax 1500 on 100/120 Supelcoport (Supelco, Inc.). The column 

temperature was 100°C, and gas flow rates were as follows: 

♦Solubility is for the 1,1,1-isomer (i.e., H3C-CC13). 



*K 

Gas 

M2 (carrier gas) 

H, '2 

Air 

Flow Rate (ml/min) 

30 

30 

300 

Results 

In the following table, the mean peak height responses (?) for 

the replicate vials are given where applicable. (In addition, the 

value of the peak height (P) for each vial is actually the average 

from two injections into the GC.) Previous work by Lincoff (1983) 

showed that solute concentration (Cn) was directly proportional to P 

for the concentration ranges used herein. The data of Table B.l 

reveal negligible adsorption of CgHCl^ and C2C1^ by the clay (which 

was later substantiated by the work with these compounds in radio- 

labeled form), and quite significant negative adsorption of CHgCCl3 

and Cl^Clg. 

An experiment was also performed using stable TCE, to test the 

effect of the clay suspension on the solute activity coefficient. 

That is, an alternative explanation for the greater peak height from 

the sorbent vial than the control vial is that perhaps the clay 

colloids in suspension are increasing the solute activity coefficient 

(also referred to as "salting out"). If this were the case, then 

spinning down the solids in the sorbent vials should eliminate (or at 

least significantly reduce) this (postulated) effect. Therefore, a 
.+2 

set of four serum vials were each filled with 50 ml of the Ca 

montmorilIonite suspension, then injected with 50 yl from the TCE- 

[•»*» - ‘>’* '•'*.''v VT,*1 ”*■<"* V" 'j- V V ".'.V V Vv.v V,V V 
.A.;-J 



TABLE B.1 Comparison of Gas Chromatographic Peak Heights (P) Between 

Sorbent (Ca+2-Montmorillonite) and Control Serum Vials, 

Using Various Adsorbates 

i 

i 
S; 

Approximate Solute Copcentration Values of P (± S.D.) 
Adsorbate in the Control ViaH*J (mq/1) Sorbent Control 

F2l — Experiment AL J 

c2hci3 

ch2ci2 

CH3CC13 

ch2ci2 

0.1 40 37 
10 64 65 

r pi 
— Experiment BL J — 

0.2 85.7 78.8 
2 97.7 90.9 

20 102.0 97.0 

F3l 
-- Experiment CL J — 

2 

0.2 

F41 
-- Experiment DL J 

65.2 (±0.85) 51.5 (±5.5) 

80.8 (±2.9) 82.3 (±4.7) 

2 69.1 (±2.9) 59.9 (±1.4) 

[1] Estimated from the volume of stock solution delivered to the vial, 
adsorbate aqueous solubility, and compound (i.e., adsorbate) 
partitioning into the serum vial headspace. (Henry's constants 
determined by Lincoff [1983] were used.) 

[2] Values of p in these experiments are based on a single sorbent and 
single control vial for each concentration level ,. 

[3] The CH3CCI3 p value is based on two replicate samples; and the 

C2C14? value is based on three replicate samples; (for each of 

the sorbent and control vials). 

[4] Value of F is based on six replicate samples for the sorbent vial 
and three replicate samples for the control vial. 

aiaifa. 
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saturated stock solution. (This resulted in an approximate TCE solute 

concentration [assuming negligible adsorption] of 0.7 mg/1.) After 

capping and sealing, the vials were then placed on a wrist-action shaker 

for 2 days. The serum vials were then placed in a 20°C water bath for 

2 hours, centrifuged at ^800 G* for 45 minutes, then returned to the 

20°C water bath for 1 hour. The headspace samples of these centrifuged 

vials were then injected into the GC. The vials were then vigorously 

shaken to resuspend the settled c¡ay, and returned to the 20°C water 

bath for 1 hour. (Vials were maintained at constant temperature during 

and between headspace samplings, in order to eliminate the effects of 

changing temperature upon the compound's gas-phase concentration. [That 

is, Henry's constant is very sensitive to changes in temperature.]) The 

vials were removed from the water bath, thoroughly shaken again, and 

samples of their headspace re-injected into the GC. 

The resulting mean peak heights were 47.5 (± 1.54) for the centri¬ 

fuged vials, and 48.2 (± 1.90) for the completely mixed vials (subsequent 

to centrifugation). Obviously, the null hypothesis that there is no 

difference between these means, cannot be rejected at the 95 percent 

confidence level. Therefore, this experiment (as well as a later experi¬ 

ment using 14C-C2HC13) disproves the salting out hypothesis, leaving 

negative adsorption as the only viable explanation for some of the data 

in Table B.l. 

*These serum vials were not centrifugable, and spinning them at 
higher G-forces frequently resulted in breakage. 

yttJLA 
V.V .■ • „* ■ A '.n'.*-. /• -. 



APPENDIX C 

HENRY'S CONSTANTS USED IN THIS RESEARCH AND A METHOD FOR DETERMINING 

THESE CONSTANTS WHEN USING RADIOLABELED COMPOUNDS 

The dimensionless Henry's constants (H ) for all compounds used 

in this research except CCl^, are from the work of Lincoff and Gossett 

(1983). These researchers reported the following values of Henry's 

constants at 20oC, along with regression equations which define the 

temperature dependence of these constants: 

Compound 

chci3 

C2HC13 

c2ci4 

CH2C12+ 

CHjCCljt 

Henry's Constant 

at 20°C (r,i3-atm/mol ) 

0.0033 

0.00764 

0.0130 

0.00215 

0.0132 

Temperature Dependence 

Regression Equation 

H = exp(8.553 - 4180/T) 

H = exp(ll.94 - 4929/T) 

H = exp(13.12 - 5119/T) 

H = exp(8.200 - 4191/T) 

H = exp(10.21 - 4262/T) 

The dimensionless* Henry's constants (Hc) are obtained by dividing 

the above values by the quantity 'RJ"', where R is 82.05 x 10 6 
y y 

atm m^/moi °K. This operation results in the following Hc values at 

20°C: 

The experiments using these compounds (in my research) are reported 
only in Appendix B. 

*The dimensionless Henry's constant is the more useful form in connec¬ 
tion with this research, since it represents the ratio of gas-phase 
concentration to liquid-phase concentration for the compound (i.e., 

Hc = yv- 
-261- 
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Compound 

chci3 

c2hci3 

C2C14 

ch2ci2 

CH3CC13 

Hc (20°C) 

0.139 

0.318 

0.541 

0.0936 

0.549 

Also, for CHC13, C2HC13, and C2C14, the Hc values at 2° and 45^ were 

needed, since isotherms were also conducted at these temperatures. 

The regression equations given above were used to estimate these values, 

which are as follows: 

Compound 

chci3 

c2hci3 

C2C14 

Hc (2°C) 

0.0575 

0.112 

0.182 

H (45°C) 
c __ 

0.388 

1.09 

1.95 

For the case of CCl^, Hc values at 2°, 20°, and 45°C were deter¬ 

mined by experiment using labeled CCl^. If two R.V.'s are filled 

with different amounts of distilled water, but injected with identi¬ 

cal masses of CCl^, then a mass balance on the two systems (equated 

through the equal compound mass term) ultimately yields the following 

equation, using the nomenclature of this research (refer to "List of 

Symbols" in Appendix G, if necessary). 

,0 y„0 Xu u 1 

»C- 
K.Æ’Vb - V. 
V ■ ^VCV] 

(C-l) 



where the "a" and "b" subscripts denote the values associated with vial 

"a" and vial "b", each containing a different volume of solution. 

Volumes of 2.5 and 4.5 were selected, and two replicates were run for 

each volume. Each R.V. received either 2.0 or 4.0 ml of DW, and was 

then injected with 0.5 ml from the low-level ^C-CC1^ stock solution. 

The R.V.'s were then tumbled for a minimum of one day (Lincoff and 

Gossett [1983] demonstrated that this was sufficient time to achieve 

gas-liquid equilibrium for these types of compounds). The values 

applicable to Equation (C-l) which were obtained in this experimental 

determination of Hc for CCl^ at 20°C, are summarized below: 

X° a = 3198 (± 8) DPM/ml ; V0 = 2.5 ml ; V = 3.9 ml £,a i ,a g ,a 

X° b = 3249 (±29) DPM/ml ; V^ = 4.5 ml ; ^ = 1.9 ml 

Substitution of these values into Equation (C-l) results in Hc(20°C) 

= 1.05. Identical experiments performed at 2° and 45°C yielded the 

Hc values for CC14 of 0.368 and 1.78, respectively. 

Using the above technique, values of Hc at 20°C for CHCl^» C2HClg> 

and C2C1^ were also determined, and found to be 0.180, 0.277, and 0.478. 

These values compare reasonably well with the corresponding Hc values 

from Lincoff and Gossett (1983), given previously. 

In the experiment of Section V.I.2. of this thesis, there was a 

need to know the value of the "effective'1 Henry's constant at various 

ionic strengths (X). The effective Henry's constant is simply yxHc, 

where yx is the activity coefficient of the solute, X. The values for 
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as a function X (as moles/1 KC1) were determined by Gossett and 

Lincoff (1981), who found that the following equation satisfactorily 

modeled this function: 

log10 yTCE % °*21 1 (C_2) 

where 0.21 is referred to as the salting-out coefficient (which is a 

function of the type of salt used). Using Equation (C-2), the values 

of corresponding to X values of 0.1 and 1.0 M, are 1.05 and 1.62, 

respectively. Therefore, the effective Hc values for TCE at 20°C, 

corresponding to 1 values of 0.1 and 1.0 M, are 0.334 and 0.516, 

respectively. 

*/• Y V.V V\*>> V V V V v 



APPENDIX D 

SORBATE LOSSES FROM THE REACTION VIALS 

AND DETERMINATION OF PROBABLE CAUSE 

The sorption kinetics experiments performed in this research re¬ 

vealed that the sórbate Activity"(i.e., DPM/ml) in the control reaction 

vials (R.V.'s) (and presumably, the sorbent R.V's*) would decrease 

slightly with time. The quantity (mass) lost seemed to be proportional 

to solute concentration, and was also characteristic of the sórbate. 

The loss-rate for each sórbate decreased in the following order: 

C?C14 > C2HC13 > CC14 > CHC13. (It is interesting to note that this 

was also the general order of decreasing sorptive strength for many of 

the sorbents examined in this research.) 

Figures D.l through D.3 illustrate arithmetic plots of control 

R.V. solute activity (DPM/ml) versus time for all of the kinetic-type 

experiments (T = 20°C) conducted in this research. If loss rate, 

defined as dX°/dt (i.e., the instantaneous slopes of the curves in 

these figures), is proportional to instantaneous solute concentration, 

then: 

or 

(D-l) 

♦Obviously, losses from the sorbent R.V.'s could not be measured since 
they cannot be distinguished from sórbate removal by sorption. 
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where k is a proportionality constant. Integration of Equation (D-l) 

yields: 

ln X” + B = -kt (D-2) 

where B is the integration constant. Therefore, the plots of In 

versus t should be linear if loss rate is proportional to instantaneous 

solute concentration. 

Figures D.4 and D.5 show the same data as in the previous graphs, 

except plotted as log X° versus t.* The plots appear to be reasonably 

linear, which justifies the original assumption that loss rate is propor¬ 

tional to instantaneous solute concentration. This implies that the 

mechanism(s) causing sórbate mass loss is(are) probably a first-order 

reaction, which is not too surprising since the two mechanisms that 

could be causing sórbate losses—volatilization and/or sorption (by the 

vial itself) are frequently found to be first-order with respect to 

solute concentration. 

Since the sórbate loss rate is approximately proportional to solute 

concentration, and the bulk of the sorption (by the sorbents used in 

this research) occurs relatively rapidly, the mass losses occurring from 

the sorbent R.V.'s are approximately proportional to their final solute 

concentrations. In the derivation of the sorption density (C ) equation 

(Section IV.C.2.), it was shown that the correction factor, x]/X°, r i 

♦Since In X° = 2.303 log X°, Equation (D-2) can also be expressed as: 

log X° + B/2.303 = -(k/2.303)t 
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completely accounted for these losses, based on the above assumptions. 

The values for these loss correction factors for two- and four-day 

sorption experiments are given in Table D.l (based on the data pre¬ 

sented in Figure D.3). 

TABLE D.l Loss Correction Factors (xJ/X°) for Each Sórbate for Two- 

and Four-day Sorption Experiments (T = 20°C) 

Sórbate 

chci3 

cci4 

c2hci3 

(XXV=2d 
_§9_ 

1.000 

1.000 

1.022 

1.042 

(XX)t 
ÊSL 

4d 

1.000 

1.013 

1.046 

1 .089 

The loss correction factors were also required for the experiments 

performed at 2° and 45°C. These factors were determined to range from 

approximately unity for all sorbates at 2°C, to 2.125 for CgCl^ at 45°C 

(in the 4-d experiment). Thus, the loss rates were strongly temperature- 

dependent. 

I was also interested in finding the cause of these sórbate mass 

losses. Two mechanisms were postulated: 

(1) compound volatilization from the R.V.; and 

(2) compound sorption by the R.V. itself. 

Ò ■v"' v'"' •l'"'. • ’ 1 •A« .V. .- V? , •Y - V-■.'-V-'..'''.-'V''. '• ¿a 



It would be very difficult to "prove" mechanism (1) experimentally, 

whereas mechanism (2) could be tested fairly easily. I decided that 

if mechanism (2) was ruled out as the cause of these losses, then 

mechanism (1) must be responsible by implication. 

Therefore, an experiment was set up, first to determine whether 

sorption of these compounds occurred onto the glass walls of the R.V.'s. 

For this test, a previously-broken R.V. was thoroughly washed with dis¬ 

tilled water, then ground into "sand-sized" particles using a mortar 

and pestle. These grindings were then thoroughly washed with distilled 

water (DW), then oven-dried (103°C for 60 minutes). Two sorbent R.V.'s 

were created, one containing 0.175 g of the ground glass, the other 

containing 0.350 g. To ensure that this glass had no residual background 

count (from its prior usage in experiments), two background control 

R.V.'s were also employed, one containing 0.178 g, and the other 0.353 g 

of the ground glass. Also, two regular control R.V.'s were utilized. 

Each R.V. received 5.0 ml of DW and 0.5 ml from the low-level 14C-C2C14 

stock solution (except for the background controls which only received 

DW). (Tetrachloroethylene was selected as the sórbate since its loss 

rate was consistently higher than that of the other compounds.) All 

R.V.'s were tumbled for 4d at 20°C. Other procedures are as described 

in Chapter IV. 

The results of this experiment are shown below, from which it can 

be concluded that sorption of these compounds by the glass walls of the 

R.V.'s is negligible. 

The next step was to test for sorption of these compounds by the 

teflon™ lining of the rubber septa (since this is the only other 

•.Ov.V.V.V.V. i-l* r.V.M 



R.V. Type 

Control 

Sorbent 
(ground glass) 

Background 
Control 

Mass of Ground 
Glass (g) 

0 

0.175 
0.350 

0.178 
0.353 

x° or X£ 
(PPM /ml ) 

4458 (± 2) 

4356 
4349 

a. 0 
^ 0 

material which comes into contact with the solution). It was initially 

desired to peel off this teflon lining from several septa, and use it 

directly as the sorbent. However, I was concerned that if any sorption 

was observed, it could be attributed to the glue or tiny fragments of 

rubber adhering to this lining. Therefore, I decided to use "pure" 

teflon™ as the sorbent in these experiments. There are several types 

of teflon™, and the one used as the lining for the rubber septa (used 

throughout this research) is type "PTFE" (which stands for polytetra- 

fluoroethylene, ^w0 sources of PTFE were used in these 

experiments: One consisted of the shavings (i.e., very small slivers) 
TM 

from a (new) teflon -coated,magnetic stirring bar; the other was 

teflon™ tape, which was cut-up into many small pieces. Various amounts 
TM 

(masses) of each of these teflon sorbents were added to the sorbent 

R.V.'s, and three replicate control R.V.'s were run. Each R.V. received 

5.0 ml DW and 0.5 ml from the LL 14C-C2C14 stock solution. All R.V.'s 

were tumbled for 4d at 20°C. (Other procedures used áre described in 

Chapter IV.) 

The results of the teflon™ sorption experiment are given below. 

These data demonstrate that PTFE-type teflon does indeed sorb signifi¬ 

cant amounts of 0201^. Therefore, although loss due to volatilization 

■ V V V V V V Vi' ■* *. ä.* *• “ «L,*1 «J* V 
1.' -fl..-fr.-il.., 
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R.V. Type 

Control 

Sorbent 

'1 

T ™ Teflon 
Source* 

MSBS 

MSBS 

MSBS 

IT 

IT 

IT 

t xn ™ Teflon 
Mass (g) 

0 

0.114 

0.116 

0.419 

0.114 

0.114 

0.306 

X° or Xji 

(PMjüD. 

4648 (± 8) 

2052 

1962 

982 

3937 

3868 

3176 

Percent 
Sorbed 

57.9 

59.8 

80.3 

16.4 

18.0 

33.5 

*MSBS = magnetic stirring bar shavings 

TT = teflon™ tape. 

cannot be ruled out, it appears that the losses of these compounds 

incurred in this research can be attributed primarily to sorption 

by this teflon™ lining.* 

*0ne possible mechanism of this sorption is that the sórbate molecules 
become incorporated into the PTFE structure, or substitute themselves 
for TFE molecules. This would not be too surprising since the struc¬ 
ture of tetrafluoroethylene is very similar to that of tetrachloro- 
ethylene and trichloroethylene (to a lesser extent), and could explain 
why these two sorbates typically exhibited the highest loss rates. 



APPENDIX E 

DERIVATION OF DESORPTION EQUATION USED TO CALCULATE THE SOLUTE'S 

SORPTION DENSITY (AT THE CONCLUSION OF THE DESORPTION EXPERIMENT) 

Symbols used in this derivation are defined as follows: 

R.J., R° = radioactivity initially delivered to sorbent and control 

reaction vials, respectively, at the beginning of the sorp¬ 

tion experiment (DPM); 

V£ = liquid volume in each vial (ml); 

H = dimensionless Henry's constant; 
0 

M = mass of solid (sorbent) (g); 
s 

6.4 = total volume of each vial (ml); 

X^, X° = radioactivity concentration in the liquid phases of the sorbent 

and control reaction vial (R.V.'s), respectively (DPM/ml); 

X1 e radioactivity concentration in the liquid phase of the "initial" 
£ 

control vial, measured at the beginning of the sorption experi¬ 

ment (DPM/ml); 

X e radioactivity density on the solid (sorbent) (DPM/g); 
$ 

RL, R° e radioactivity (<* mass) losses from the sorbent and control 

R.V.'s, respectively (DPM). 

All "primed" variables represent those measured at the end of the desorp¬ 

tion experiment; or, in the case of losses, those occurring during the 

desorption experiment (which includes losses incurred upon opening and 
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refilling the vial). The "non-primed" variables pertain to the previous 

sorption experiment. 

A mass balance on the total radioactivity initially delivered to 

the sorbent and control R.V.'s (at the start of the sorption experiment), 

but applicable to the desorption experiment, is given below. Note that 

the 2 ml of supernatant removed from each R.V. at the end of the sorp¬ 

tion experiment is accounted for by the terms ZX^ and 2X°: 

rt = v;+ v;+ (6*4-vhcx; + 2x£+ rl + rl 

rt = v°'+ (6*4"VHcx<r+ 2x°+ rl + rl' 

Again, equating Ry and R° (since the quantity of radioactivity delivered 

to each R.V. in the set defining a given isotherm data point is the 

same), yields : 

M X' + V*X' + 2X + R. + R,' = vY' + 2X° + R° + R° 
$ $ i Ä,LL H Z L L 

where V* = [V„ + (6.4-V.)Hr]. Solving for X! yields: 
X, X, C p 

(X°‘ * XY*+ 2(X° - Xz') + (Rl ■ Rl) +(Rl’ “ RL) 

The expressions for R^ and R° were derived previously for the sorp¬ 

tion equation, and the quantity R° - RL is thus given by: 



lypKlijvpip PPIW..P.».,..«i "'¡»»"¡"•'i' ' S" W 

i. 

i 

i 

Vf"» . «Il ■■ ip,. I -P, 

-278- 

R° - \ = (xi - X1)V* - -4(x] - X°)V< ,0' a 

fxi 
lx^ 

xîx! 
*î--hr*\ V* 

Now, the radioactivity lost from the control R.V. during the desorp¬ 

tion experiment (not including the 2 ml intentionally removed at the 

end of the sorption experiment) is given by: 

i = (v* - 2v ■ x°,v* 

Again, assuming losses proportional to solute concentration, losses 

from the sorbent R.V. may be expressed as: 

rl = 
J, 
,0 RY' = - 2) 

y Xo 1 
v* 

(An implicit assumption in this expression for R^ is that the majority 

of mass loss occurs during opening of each vial, and the addition of 

2 ml distilled water, prior to resealing. The experimental data 

generally support this assumption.) Substitution of these equations 

jO i -:. for R£ and Rj^' into the above equation for X¿ yields: 

X' = (X°' - x;)v* + 2(X° - X ) + i 0 Vt 
xî - x° x« 

V* + 

(X^V* - 2X^ - X°'V*) - 
XX'- 

X£(V*-2) - V* * M. 



U- 
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This expression can be expanded, and many terms thus cancel out: 

X' 
s 

X X 
Xo'V* - X'V* + 2X° - 2X + xV - xV - -^-V* + i a 

a 

Xe 
stî, 

X X?s 
X£v* + X°V* - 2X° - x°-v* - X^V* + 2X^ + V* Í M. 

We are left with the following expression r'.r 

[x; - x¿ t (xt/x°)(x5' 1xJ|]v* 
M. 

and 

r1 = 
Ls 

(c.F.)[xj - x; + (xt/x“)(x°' - xj)]v* 
FT 

where C.F. is the appropriate conversion factor (unique and constant 

for each radiolabeled compound) to convert units of DPM into units of 

mass. 

.. 



APPENDIX F 

ERROR PROPAGATION ANALYSIS OF THE SORPTION DISTRIBUTION 

COEFFICIENT, Kd 

The values for Kd were determined by two methods in this research: 

(1) For the case of a multi-point (Henry's law) isotherm, the Kd value 

was equal to 1000-times* the slope of the least-squares regression line, 

forced through the origin; and (2) for the case of a single-point 

(Henry's law) isotherm, the value of Kd was simply 1000-times the slope 

of the line from the origin to the data point (i.e., 1000 ^/C^). The 

uncertainty of Kd associated with the former method (i.e., the multi-point 

isotherm) is simply (1000-times) the standard deviation of the slope 

regression coefficient.** However, the error in Kd associated with the 

latter method must be calculated using error propagation analysis on the 

equation defining Kd. This analysis is presented below. 

The equation defining Kd for a single-point isotherm is given by 

1000 C /C , or 1000-times Equation (4-13) divided by Equation (4-1), 
$ Jo 

the result of which is given by Equation (F-l) below. 

lOOOiC.F.MX^KX^-X^EV^ + Hc(6.4-Vä)]/Ms 

1000(C.F.) X£ 

1000 C 
$ (F-l) 

*As stated previously in this thesis, the factor of 1000 (ppb/ppm) was 
employed so that Kd would be a "quasi-dimensionless" number. 

**These Kj values and their standard deviations were obtained using the 
"MINITAB" statistical computer program. The command 'N0C0NSTANT' 
forced the least-squares, linear regression through the origin, thus 
eliminating the intercept coefficient. 
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Equation (F-l) simplifies to: 

or 

x¡(x“ - X,)[V„ + H (6.4 - V,)] 
K - ^ ¿ 

' uo 
x, x, Ms 

(F-2) 

Kd = 

xX + Hc(6.4 - V£)] x;[V^ , Hc(6.4 - V,)] 

X,Ms XX 
(F-3) 

(Equation [F-3] is given since some of the partial derivatives which 

follow are simplified by using it.) 

The general equation used to determine the propagation of errors 

in a function, Q, of several variables, x, y, z, ... [i.e., Q = f(x, y, 

z, ...)] is given by 

aQ 
32.12 2 
9Xj X 

+ (F-4) 

where the represent the variances of the ¿th variable, and Oq is the 

standard deviation of the dependent.variable, Q. However, Equation 

(F-4) is only exact if the errors associated with the independent vari-, 

ables (x, y, z, ...) are independent and random. Unfortunately, the 

errors associated with the "independent variables" (X^, X°, X^, Mg Hc, 

6.4, and Mg) in the Kd expression are not independent. For example, 

errors in the values of V^, Hc, 6.4, or Ms> can affect the errors in the 

values of X¡, X°, or X . Therefore, an appropriate error propagation 

expression to use is (Taylor, 1982): 
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'>,.V.V,V.\".%'••■; 
.. 

JQ "- 
<& 
3X 

a + 
X 3y V 

ÜÛ 
3Z °z + 

(F-5) 

where the a. are the standard deviations of the Xth variable. The 
A. 

value of eg given by Equation (F-5) represents the upper limit on the 

uncertainty (standard deviation) of Q, regardless of whether or not 

the errors in x, y, and z are independent (and whether or not they 

are normally distributed). 

Equation (F-5), applied to the function for Kd, yields: 

3K. 

3X 
a i + 

X1 

3K. 

3X 
o . + 

Xo 

3K. 

3X, 
a + 

X. 

3K 

3V, 
a + 

V. 

3K. 

3H, °HC + 

3K 

3(6.4) 
°(6.4) + 

3K. 

3M M 
(F-6) 

A few subtleties regarding Equation (F-6) are noted. First, the value 

for V is actually comprised of two separate measurements: the suspen- 

sion volume (which shall be symbolized as VSUSp)» an<^ radiolabeled 

stock solution volume (which shall be symbolized as V ). That is. 

V = V + V . The application of Equation (F-4) to determine the 
l SUSP X rr 

error (variance) in V yields a» * a» + a» .* Second, the 
l SUSP X 

value for M (solids mass) is actually the product of solids concen- 
$ 

tration (S.C.) and suspension volume Vsusp. That is, Ms - (s-c*XVsusp)» 

and therefore. 

2 Í 9^s 

$ v °s.c. + 
3M. 

3V 
SUSP 

2 
' 2 

°V 
SUSP 

♦Equation (F-4) can be utilized in these instances since errors in the 
independent variables are independent of each other. 

éhméÉíIíh -...•-..¿. /- /- ■.- *.. 
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2 2 2 2 2 
Taking these partial derivatives yields: aM = Vsuspas ^ + (S.C.) av 

Thus, the uncertainties in the measurements of and Ms are each 

dependent on two other variables. 

The seven partial derivatives of in Equation (F-6) were deter¬ 

mined from Equations (F-2) or (F-3), and are given below: 

3K 

3X 

(xj - Xt)V< 

X° X* Hs 

(F-7) 

3K 

3X 

d _ 
0 " 
l 

xj V* 
(F-8) 

,i 
3Kd x; V* 

3X, 77 a s 

(F-9) 

9K. d xX • xt»1 - (F-10) 

3V* x* xt Ms 

3Kd xX - Xt)(6.4 - Vj) 
(F-ll) 

3Hc ' Xt 'i Md 

3K x1t'x° - XA d 
3(6.4) 

x; x« ms 

(F-12) 

3Kd xJ(X0r Xt)V* 

3Hs X? xt HI 
(F-13) 

where V* represents the term [V + H (6.4 - V )]. 

■feial 
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In order to assess which terms in Equation (F-6) might be signifi¬ 

cant, and which might be negligible, the following "average" values for 

the variables were assumed, and their corresponding standard deviations 

(errors) were either measured, provided by the manufacturer (e.g., for 

the syringes and pipets), or estimated: 

X1 = 5500 ±110 DPM/ml(1) JO 
X° = 5400 ± 108 DPM/ml^ 

£ 

X = 4000 ± 80 DPM/ml(1) 
X/ 

7^=5.5 ± 0.0275 ml(2) 

Hc = 0.5 ± 0.015 ^ 

6.4 = 6.40 ± 0.02 ml 

M = 0.03 ± 0.0003 g^5^ 
s 3 

(NOTE: Please refer to 

next page for footnotes.) 

The contribution of each source of error can now be estimated by sub¬ 

stituting the above values into Equations (F-6) through (F-13). The 

following results are obtained: 

Error Term 

9K, 

3X! 

aK, 
ax a¥0 

9K 

ax: 

Error Value 

1.41 

4.04 

Percent of Total Error 

11.7¾ 

33.5% 

5.46 45.3% 
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(1) 

(2) 

(3) 

(4) 

(5) 

Based on a "typical" precision (i.e. coefficient of variation) of 
±2.0%. 

Based on the manufacturer's reported precision for the pi pet and 
syringes of ±0.5%. 

Based on an "average" precision value for measured Henry's constants 
of ±3%, reported by Lincoff (1983, refer to p. 93). 

Measured from a random sample of 10 R.V.'s. 

Estimated using the previously-derived expression: 

aM = ^VsuspaS.C. + (s-c*)2 IJ** where vsusp = 5*° m1, $ r susp 
av = 0.025 ml (from pipet precision of ±0.5%), S.C. = 0.03 

susp r 

g/5 ml = 0.006 g/ml, and ¢. = 3 x 10~° g/ml. (This is based 

on an assumed precision of ±0.5% for solids concentration—which 
is probably much higher than it actually is, since all aliquots 
were withdrawn from completely-mixed suspensions. That is, the 
suspensions were [theoretically, at least] isotropic with respect 
to solids concentration, and the removal of repeated, large-volume 
samples [i.e., relative to the size of a single sorbent particle— 
which 5.0 ml certainly is] should [theoretically] contain identical 
solids concentrations. Nevertheless, I decided to use a precision 
of ±0.5% for the S.C. variable so that a "worst-case" error would 
be represented.) Substitution of these values into the expression 

for aM (given in this footnote) yields a value of 2.1 x 10"4 g. 
® -4 

However, I decided to round this up to 3 x 10 g (= 0.0003 g), 
(which represents a precision of ±1% for the M§ variable), to remain 
on the high side for the estimate of error. The numerous total 
solids tests performed in this research had coefficients of variation 
ranging from ±0.05% to 5.4%, with ±1% representing the approximate 
mode of this distribution. Therefore, the use of aM =0.01MJ. is 

rl S 
$ 

herein justified, and shall also be used in the error propagation 
analysis for the actual data obtained in this research. 
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Error Term 

3K. 

3H, 

Error Value Percent of Total Error 

0.160 1.33% 

3K, 
3(6.4) 6.4 

0.119 0.987% 

3K 

3M. Nl 

Total Error 

0.707 

12.06 

5.86% 

100% 

As a matter of interest, the value which results from the above 

"average" values for the variables is 70.7, and 12.06 (obtained 

by summing the above error values). 

This analysis shows that (based on the values given above) only 

three of these variables are significant sources of error: X^, X°, and 

X^. However, a sensitivity analysis (employing the full range of the 

variables encountered in this research), revealed that when the mass of 

solids gets below ^ 0.025 g, or when the precisions for the xj, X°, and 

X£ variables are < ±2%, this source of error (i.e., Mg) starts to be¬ 

come significant. (This is a resylt of the error term for being 

inversely proportional to M^.) Therefore, the standard deviations of 

the single-point values include the error contributed by Ms as well 

as by xj, X°, and X£. 

The issue now addressed is whether to use an expression of the 

form of Equation (F-4) or Equation (F-5) to assess the uncertainty in 

Kj. Since ox is (theoretically) dependent on oM , the use of Equation 
9j $ 



i 

» 

V 

(F-4) would be justified only if this dependency is demonstrated to be 

statistically insignificant. One method of accomplishing this is to 

statistically compare the variance of a sample of X data with the 

2 . 
variance of a sample of data. Since Oyo is completely independent 

of a? , if the variances of X. and X° are found to be statistically 
M ÍL l 

S 
indistinguishable, then the influence of aM on ax must be insignifi¬ 

cant. That is, if av is significantly dependent on aM , then this 

should cause the variance of the X. variable to be (significantly) 

greater than the X° variable. 

To accomplish this comparison, a normal sorption experiment 

(T = 20°C; t = 4d) was performed, except that 12 replicate sorbent. 

and 12 replicate control R.V.'s were run. (The mineral soil was used 

as the sorbent, with CHC13 as the sórbate.) The standard deviations 

for the 12 control and 12 sorbent R.V.'s were ±58 DPM/ml and ±80 DPtyml, 

respectively. The F distribution was used to choose between the null 

hypothesis, that the population variances of X° and X^ are the same, 

or the alternative hypothesis, that the population variance of X^ is 

greater than that of X°. Therefore, a one-tailed F-test (applicable to 

the ratio of variances) was used at the 95 percent confidence level, 

with 11 degrees of freedom in both the numerator and denominator. The 

result showed that the null hypothesis cannot be rejected. Therefore, 

it is concluded that errors associated with the M variable have an 
2? 

insignificant effect on X^. Thus, for all practical purposes, the four 

error-determining variables (X^, X°, X^, and Ms)can be considered to 

have independent errors, and an expression of the form of Equation (F-4) 

can be used. This is quite fortunate since Equation (F-4) yields a 



definite value for the error in the dependent variable (e.g., 

whereas Equation (F-5) yields an upper limit to this error. 

Equation (F-4) is recast below, using the variables of interest. 

.¾. 2 

9X 
0 
a) 

(F-14) 

Substituting in the appropriate partial derivatives, given by Equations 

(F-7), (F-8), (F-9), and (F-13), yields: 

r 
M 

nx°t - x/ i i 2 ,i2 ,i2/„o X, \2 
9 % ? % ? x (S - Xo) 2 

(F-15) 

Equation (F-15) is used in this thesis to determine the uncertainty 

(standard deviation) in the single-point Kd values. The application of 

Equation (F-15) to the "average" values of the variables given previously, 

results in a o. of ±8.05. (Recall that K. for these "average" values 

was determined to be 70.7, and av < 12.06 [based on Equation (F-6)].) 
Kd “ 



APPENDIX G 

LIST OF SYMBOLS AND ABBREVIATIONS 

1. Variables and Constants 

a . 
X, 

C. 

C 

,max 

e 

E 

E(r) 

aE 
vap 

Roman Symbols 

activity of species 'X', or the activity of a solute in 

phase '¿' 

concentration of a solute in phase '¿' 

equilibrium solute concentration at the end of the sorption 

experiment 

equilibrium solute concentration at the end of the desorp¬ 

tion experiment 

sorption density at the end of the sorption experiment 

sorption density at the end of the desorption experiment 

maximum possible sorption density for the case of monolayer 

coverage 

charge of electron (= 1.602 x 10 C) 

electric field intensity 

interaction (potential) energy between two species (e.g., 

atoms, molecules, or particles) separated by distance r. 

molar heat of vaporization 

*Some of the variables listed hereare given in the text with a bar 
over the top (e.g., AH0, Xo, and X^M). Unless otherwise noted, the 
bar designates the mean value for that particular variable. 
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f fraction of organic carbon 
oc 

f fraction of organic matter om 
2 

G acceleration due to gravity (= 9.8 m/s ) 

G partial molar free energy, or chemical potential 

aG° standard Gibb's free energy of sorption 
-34 

h Planck's constant (= 6.63 x 10 Js) 

aH° standard enthalpy of sorption 

Hc dimensionless Henry's constant 

AH0 t standard enthalpy of solution soin 
I ionic strength 

k used as a general proportionality constant 

kD Boltzmann constant (= 1.38 x 10"^ J/°K) 
D 

K used as a general sorption equilibrium constant 

Kj equilibrium sorption distribution coefficient 

K equilibrium sorption distribution coefficient normalized 
oc 

to fraction of organic carbon (i.e., Koc = K^oc^ 

K octanol-water partition coefficient ow 
K equilibrium solvent extraction partition coefficient 

P 
M molecular weight 

M mass of solid (sorbent) s 
n Freundlich exponent 

nQ index of refraction 

P parachor 

r distance between two species (e.g., atoms, molecules, or 

particles) 

R linear correlation coefficient 

V ' 



O r\ 

universal gas constant (= 1.987 x 10~J kcal/mol K or 

82.05 x 10'6 atm m3/mol °K) 

quantity of radioactivity delivered to the sorbent and 

control reaction vials, respectively 

quantity of radioactivity lost from the sorbent and control 

reaction vials, respectively, during the sorption experiment 

quantity of radioactivity lost from the sorbent and control 

reaction vials, respectively, during the desorption experiment 

retardation factor 

aqueous solubility 

vacant site on the adsorbent 

sorbent-sorbate complex 

standard entropy of sorption 

temperature 

equilibration (i.e., tumbling) time 

interstitial pore water velocity 

apparent velocity of solute through soil 

gas volumes in the sorbent and control reaction vials, 

respectively 

liquid volumes in the sorbent and control reaction vials, 

respectively 

volume occupied by the solids 

volume occupied by the water 

liquid and water volumes, respectively, in the (hypothetical), 

corrected (for the volume occupied by the solids), sorbent 

reaction vial 



represents the (repetitive) terni--[Vji + (6-4-V¡,)Hc] 

molar volume 

molar volume of species 'V 

molar volume of species 'V , corrected for non-ideal 

conditions 

general symbol used to represent a solute 

concentration of radioactivity in the gas phases of the 

sorbent and control reaction vials, respectively 

concentration of radioactivity in the liquid phases of the 

sorbent and control reaction vials, respectively, at the 

end of the sorption experiment 

concentration of radioactivity in the liquid phase of 

the initial control vial 

density of radioactivity in (or on) the sorbent, at the end 

of the sorption experiment 

concentration of radioactivity in the liquid phases of the 

sorbent and control reaction vials, respectively, at the 

end of the desorption experiment 

density of radioactivity in (or on) the sorbent at the end 

of the desorption experiment 

concentration of radioactivity in the completely-mixed, 

liquid phases of the sorbent, and corrected sorbent, 

reaction vials, respectively 

ion valence 



Greek Symbols 

electronic polarizability 

activity coefficient of species 'V , or the activity coef¬ 

ficient of a solute in phase '1' 

solute activity coefficient in phase 'x', corrected for the 

presence of a third component 

solubility parameter 

permittivity of the medium 

permittivity of a vacuum (= 8.854 x 10 C / J m) 

angle between the dipole moment vector and an imaginary line 

connecting the two atoms or molecules 

fractional surface coverage of a sorbent 

volumetric water content 

dipole moment 

induced dipole moment 

oscillating frequency of the ith electron-nucleus system 

density of soil organic matter 

bulk density of soil 

liquid density 

vapor density 

surface tension 

standard deviation of variable 'V 

variance of variable 'V 

volume fraction of solute 

volume fraction of polymer 

Flory-Huggins interaction parameter 

• J-Vv V-V/' 
•V . ■ 

* V m 

. 



2. Abbreviations 

API American Petroleum Institute 

B. E.T. Brunauer, Emmett, Teller (authors who derived the B.E.T. 

i sotherm model ) 

CEC cation exchange capacity 

C. F. conversion factor 

Cl confidence interval 

CL confidence level 

CLF coarse lignin fraction 

CPM counts per minute 

CT carbon tetrachloride 

C.V. coefficient of variation 

DPM disintegrations per minute 

DW distilled water 

FLF fine lignin fraction 

GA glutamic acid 

GC gas chromatograph 

HA humic acid 

HI hydrophobic interaction 

HL high level 

LL low level 

LIE liquid-liquid extraction 

LSC liquid scintillation counter (or counting) 

MS mineral soil 

N. E.N. New England Nuclear 

O. C. organic carbon 



PAC powdered activated carbon 

PCE tetrachloroethylene (perchloroethylene) 

R.F. retardation factor 

rpm revolutions per minute 

R. V. reaction vial 

S. A. specific activity 

S.C. solids concentration 

S.D. standard deviation 

SOM soil organic matter 

SSA specific surface area 

S.V. scintillation vial 

ICE trichloroethylene 

IS total solids 
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