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ABSTRACT 

This is a study of trichloroethylene and carbon 

tetrachloride adsorption onto natural and synthetic 

adsorbents. Single solute behavior and multicomponent 

interaction were researched using the batch isotherm method. 

The results were tested against several predictive models, 

the Jain-Snoeyink, the Langmuir and the modified IAS model. 

From the batch isotherm data, the partition coefficient was 

determined for a peat soil. Regression equations which 

predict a partition coefficient value as a function of the 

soil's organic matter content from chemical parameters such 

as aqueous solubility were used. The results were within 

1.2 orders of magnitude of the experimental findings. 

Implications of this' research for hazardous wastes siting, 

assessment of contaminant transport and remedial action are 

delineated. 

x i  



INTRODUCTION 

Almost half the drinking water in the U.S. comes 

from groundwater. The EPA estimates that presently much 

less than 1% of the nation's groundwater is contaminated by 

organic chemicals [1]. However, the potential for such 

contamination by organic compounds from many sources seeping 

through soil, entering the water table and spreading through 

the aquifer by means of plumes is indeed very great. 

The "Interim Report on Groundwater Contamination" 

issued by the Committee on Government Operations (1980) gave 

a quantitative best estimate overview of the potential 

hazard [2]. The report found that of the 170,000 waste 

impoundment sites, 26,00 are industrial; of these, 70% 

(18,200) are unlined; 35% (9,100) may contain hazardous 

wastes; 30% (7,800) are unlined and situated above the 

groundwater table and 10% (2,600) are unlined and within a 

mile of water supply wells. 

Two positive developments have recently provided 

confidence that this imminent threat can be controlled. 

Greater public awareness has sustained a resource commitment 

for immediate remedial programs while long-term policy aimed 

at prevention is being formulated. Secondly, the impressive 

1  
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collaboration between hydrogeologists, engineers and 

research scientists has generated an array of assessment, 

containment and treatment technologies that have served to 

protect the public. 

The purpose of the project was to obtain a broad 

knowledge into the spectrum of engineering methods available 

for dealing with water contamination problems from volatile 

organic compounds (VOCs). These chemicals are a general 

category of organics that include low-molecular weight, 

volatile aliphatic and aromatic hydrocarbons, many of which 

are halogenated. Their presence in groundwater supplies has 

been reported with increasing frequency [1]. The study was 

limited to trichloroethylene (TCE) and carbon tetrachloride 

(CCl^); interactions of these two VOCs with other compounds 

was also investigated. 

Adsorption onto natural sorbents was researched. 

Various components that are found in soils, such as humic 

acids, aluminum oxides and hydroxides, organic matter, were 

studied with respect to their VOC adsorptivity. Such 

knowledge may be used for judicious selection of soils to 

include attenuation as a front-line security measure in 

industrial and hazardous wastes site design. Once contamina

tion of the aquifer has occurred, the modeling of the 

spreading plume is vital for remedial action. The models 

require physical parameters, one of which is the adsorption 
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partition coefficient, K^, for determining the retardation 

term in the advection-dispersion equation. An approximation 

method for rough and inexpensive estimation of soil 

adsorption of non-polar organic compounds was therefore 

included into the project. Since synthetic sorbents are 

routinely used for removal of VOCs, comparative study of 

activated carbon and resin was conducted. This also served 

to establish an order of magnitude sense of hierarchy 

between natural and synthetic sorbents. Finally, four 

adsorption isotherm models were used to evaluate their 

efficacy in predicting single and multisolute adsorption, 

especially on natural sorbents. 

Throughout the course of this project the literature 

was reviewed, with special attention linking aspects of this 

research to the existing body of methods for water 

contamination control. 



OBJECTIVES 

The objective of this project was to study 

adsorption of trichloroethylene and carbon tetrachloride on 

a variety of natural and synthetic adsorbents. Single 

solute behavior and then bisolute behavior were researched 

using the batch isotherm method. The results were tested 

against several predictive models. From this data the 

partition coefficient for several soils and clays was 

obtained . 

4  



LITERATURE REVIEW 

General Nature of Organic Compound 
Adsorption onto Soil 

Adsorption of organic contaminants onto a soil phase 

is a highly complex process. The area of research, ranging 

from numerous empirical efforts to the more fundamental 

endeavors of surface chemistry, is vast. Only those factors 

of current interest to environmental engineers, as evidenced 

by recent publications, are presented here. 

Adsorption is defined as a process whereby a 

"chemical species passes from one bulk phase to the surface 

of another, where it accumulates without penetrating the 

structure of this second phase" [3]. Adsorption, in turn, 

is divided into two main branches—chemical and physical 

[3, 4]. Chemical adsorption involves bonding, i.e., sharing 

of electrons between the sorbate and the adsorbing surface. 

This process requires high activation energies, high heats 

of adsorption over a lengthy period of time confined to 

specific adsorption sites. Physical adsorption is driven 

primarily by Van der Waals forces; it is rapid, has low 

heats of adsorption, occurs throughout the adsorptive 

surface, and leaves the chemical species intact. Many 

adsorption systems have been found to lie in between the 

5  
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chemical and the physical [A], though some researchers 

believe that adsorption of many organics is due primarily to 

physical forces [3], 

The adsorption of organics in aqueous solution onto 

a soil is in part determined by an interplay of factors such 

as the nature of the organic, its solubility in water, the 

type of soil or clay, and the presence of biological 

organisms [3, 4, 5]. 

In terms of chemical nature, the molecular 

structure, e.g., a large non-ionic organic molecule is more 

likely to be adsorbed than a smaller one; and the charge 

characteristics, especially for ionic compounds in a clay 

environment, have been found to be important properties 

governing adsorption. 

Water solubility, or the hydrophobic and hydrophilic 

properties of an organic have been studied regarding 

adsorption [6, 7]. Though one might expect a strict 

correlation between degree of hydrophobicity, there are 

differing opinions in the literature [4]. Bailey et al. and 

Briggs empirically verified such a relationship but stressed 

that it was valid only within specific groupings of 

compounds [6, 7]. 

Perhaps the strongest factor affecting adsorption 

behavior, particularly of neutral organics, is the organic 

content of the soil [8, 9, 10]. Graham-Bryce [5] has 
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suggested that a more generally observed partitioning 

process rather than adsorptive attraction onto specific 

sites may be in operation. It is stressed that the 

three-phase system of organic mat ter-water-contaminant and 

the attractions of each part for itself and for each other 

determine equilibrium conditions. Since most of the 

organics of concern are hydrophobic, there will be a 

partitioning tendency to accumulate on some other 

hydrophobic surface such as that offered by tne constituents 

of organic matter. This correlation between adsorption and 

organic matter has led to an expression that normalizes the 

distribution coefficient in terms of its organic content. 

The clay (colloidal) mineral makeup of the soil and 

adsorption has been extensively researched with respect to 

pesticides [11, 12]. The relevance of these studies to 

behavior of low concentration contaminants in aqueous 

solution is questionable [13]. In the case of highly polar 

compounds, mineral type has been found to be an important 

factor [A, 14]. Richardson and Epstein conducted 

experiments that suggested a relationship between clay 

surface area and pesticide adsorption, since the surface 

area is an indicator of the clay type, with montmorillonite 

> illite > kaolinite [14]. Montmorillonite, which has the 

highest charge, is theoretically more active to pesticides 

than illite, while kaolinite, with the least charge, is the 
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most unreactive. However, Adams warns against assuming a 

direct correlation between particle size and pesticide 

adsorption [4 ] . 

Another aspect of soil affecting adsorption, 

especially of ionic organics, is the pH of the soil. Many 

pesticides, for instance, are weak acids and are more easily 

adsorbed at low pH [5]. Graham-Bryce states that general 

conclusions can not be drawn since detailed effects of pH on 

adsorption can be a function of intricate and poorly 

understood mechanisms [5]. 

Graham-Bryce, in his comprehensive review of studies 

concerning behavior of pesticides in soils, conclude that 

though much is understood about adsorption mechanisms, 

prediction of adsorptive behavior is largely empirical. 

They found the organic matter content of the soil to be the 

most reliable indicator, with clay content and pH at times 

being relevant factors [5]. 

Noteworthy Experiments Concerning 
Adsorption of Organics and a 

Discussion of Important Results 

Over the past 30 years or so, many experiments have 

been conducted to gain insight into processes of adsorption 

of organic compounds on soils. Until the 1970s, most of 

these experiments focused on the adsorption and fate of 

pesticides in a soil environment [3]. Though much was 

learned, little of this work applied to present-day concerns 



over the presence of low concentration organic contaminants 

in subsurface water. The complexity of the multi-phased 

system comprising adsorption confined much of the work to 

case-by-case empirical deductions, lacking in general 

principles that could be used for prediction of contaminant 

migration. 

A major advance occurred in 1962, when Goring [13] 

demonstrated a significant correlation between the organic 

fraction of the soil and adsorption of neutral organic 

pesticides. Lambert [9] extended this work by suggesting 

that the organic fraction of the soil, and not the entirety 

of the soil, functioned as a sorbing medium. Thus a 

constant distribution coefficient was derived, independent 

of the intricacies of soil type, solely as a function of 

organic carbon content. This coefficient, K , served to ° oc 

normalize values by a simple division: 

Kd 
Koc = o^7% 100 

where 

K^ = distribution coefficient mass of solute 
adsorbed percent mass of sorbent mL 

equilibrium concentration of solute g 
in solution 

0C% = percent organic carbon in the soil 

K = normalized partition coefficient as a 
oc r 

function of organic carbon soil composi-

mL 
tion — 

g 
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More importantly, Lambert viewed the partitioning 

between the organic fraction and water to be similar to that 

partitioning occurring when a low-solubility organic is 

placed in a solvent-water solution. This suggested that a 

relationship could be defined between solvent-water 

partitioning coefficients and the normalized distribution 

coefficient, K . Karickhoff and his co-workers f 161 
oc L J 

applied these advances to study sorption of organics in a 

low-concentration aqueous solution for the purpose of 

deriving an empirically based equation to predict Kqc values 

from existing octanol-water partitioning coefficients. 

The organics used were hydrophobic contaminants of 

both high and low volatility. For neutral organics in 

dilute solution, i.e., concentrations below 10 ^ M or under 

one-half the solute water solubility [13], the adsorption 

isotherms will generally be linear. All the compounds fit 

this linear pattern, and the Freundlich equation reduced to: 

q = KdC 

where q is the mass of solute species adsorbed per unit mass 

of sorbent (mg/g), C is the equilibrium solute concentration 

(mg/L) and the partition coefficient (L/g). 

The organic content for each particle size 

distribution was analyzed, and it was found to have a 
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Gaussian distribution: very low for sand, a maximum for 

silt "fines," and low again for clays. As a rule of thumb, 

the "fines" in the silt range were found to correlate well 

with organic content. 

If the entire soil was considered as a sorbing 

medium, then could be expressed as the sum of the 

coefficients for each size distribution of the soil: 

' d - l V  
where 

i = size fraction 

f = fraction of total mass 

Karickhoff et a1. simplified this relation by 

expressing it as a function solely of the organic content, 

independent of other soil properties, where: 

K , = I1K1 f1 

d oc oc 

The Kqc was determined experimentally for each 

fraction. Karickhoff et al. then plotted the logs of Kqc 

and Kqw (octanol-water partition coefficient) values for the 

organics under study and obtained a regression equation of 

the form 

log K = 1.00 log K - 0.21 
° oc B ow 

2 
(R , the regression coefficient 

=  1 . 0 0 )  



12 

Another method, based on the fact that hydrophobic 

properties could be equated to partitioning, used water 

solubility as a predictive criteria. Using linear 

regression, an equation for Kqc was obtained: 

iog Kqc = -0.541 log S + 0.44 (R2 = 0.94) 

where 

S = water solubility (mole fraction) 

Karickhoff et al. showed that K for neutral 
oc 

organic hydrophobic contaminants at low concentrations could 

be calculated within a factor of 2 from readily available 

octanol-water distribution coefficients. The results, using 

water solubility criteria, were not very good. 

Subsequently, numerous investigations have been 

undertaken to determine the adsorption of a wide variety of 

organic contaminants, using the above technique. Khan 

et al. [6] studied the effect of soil organic matter content 

on the adsorption of acetophenone, and aromatic ketone 

present in coal gasification burn wastes. The isotherms 

were linear over a dilute concentration range conforming to 

q = K^C. Using Karickhoff's regression equation, log Kqc = 

1.00 log K - 0.21, K values were determined from 
° ow oc 

octanol-water partition coefficients. The results corrobor

ated Karickhoff's findings, suggesting a good correlation 

between predicted and measured K values. Khan et al. 1 oc 
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found that Kqc could be determined through the organic 

content of soil independent of clay type, except in samples 

which had a high montmorillonite to organic carbon ratio. 

Means et al. [18] studied the adsorption of four 

polynuclear aromatic hydrocarbons (PAH's) by four different 

soils. Isotherms for all four compounds were linear; 

adsorption was found to be independent of cation exchange 

capacity, soil pH, clay mineralogy texture, and to be solely 

a function of organic matter content. K 's were determined ° oc 

from Kqw coefficients using Karickhoff's equation. An 

equation developed by Chiou et al. [9] using solubility 

criteria: 

log K = -0.82 log S + 4.070 

also yielded good results. 

Hassett et al. [20] studied sorption of dibenzothio

phene, a polynuclear aromatic compound and suspected 

carcinogen used as a lubricant, onto soils and sediments. 

The isotherms were linear, and correlated with organic 

matter content independent of other conditions properties 

such as pH and CEC. A Kqc was experimentally determined at 

a value of 11,230; the predicted value using Karickhoff's 

equation was 14,798. 

Hassett et al. suggested, similar to assertions by 

Chiou [19] earlier, that the adsorption of dibenzothiophene 
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could be attributed to weak solute-solvent reaction rather 

than a strong adsorptive attraction to organic matter. In 

other words, the greater the hydrophobic properties of a 

compound, the greater its attraction for octanol, the higher 

its K value, and hence an increased K denoting a 
ow oc ° 

tendency for higher adsorption. 

Chiou et al. [19] developed an empirical equation to 

determine octanol-water coefficient, K , as a function of 
ow' 

water solubility from a study of a number of pesticides and 

aromatic hydrocarbons. They derived the following 

regression equation: 

low K = 5.00 -0.670 log S ow ° 

For non-ionic organics of similar size, those with 

lower solubility, and hence greater hydrophobicity, had 

greater Kqw values and thus would be expected to show 

greater adsorptive properties. In the same study, another 

regression equation based on research into the adsorptive 

behavior of seven organic compounds related G (soil 

organics-water distribution coefficient (Kqq = G/1.724), to 

solubility, S: 

log G = A.04 - 0.557 log S 

Kenega also used a solubility approach to predict 

the K soil adsorption distribution coefficients and 
oc 
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bioconcentration factors for 358 organic compounds. The 

solubility equation had previously been developed jointly by 

Keneaga and Goring [21]. 

log K = 3.64 - 0.55 log S - 1.230 6 oc ° 

The results as compared to experimental findings 

showed that 87% fell within an order of magnitude and 95% 

within two orders of magnitude. A number of striking 

anomalies seemed to have been due to the ionic properties of 

the compounds. Kqc values over 1000 were all directly 

related to low water solubility. 

Scott et al. [22] have warned that the batch method 

used to determine adsorption distribution coefficients is 

most conducive to microbiological activity, and hence 

coefficients may be significantly affected by microbial 

degradation of the contaminant. Rogers et al. [23], in a 

study to determine the partition coefficient for benzene, 

found that their value was time-dependent. They 

concluded that a portion of what was measured as adsorption 

was actually decay of benzene due to microbial activity. 

The soil in this case was functioning as a medium for 

degradation rather than adsorption. Scott et al . [22] 

studied the adsorption of phenol at low concentrations. 

Using sterilized and non-sterilized samples, they found that 

microbial degradation had caused the values to increase 



16 

in the non-sterile sample, while the values from the 

sterile sample remained constant in time. They concluded 

that determination of amount and rate of adsorption of 

labile organics is made more complicated due to microbial 

processes at work. 

Wilson et al. [24] studied the adsorption and 

transport of thirteen volatile organic pollutants in a sandy 

soil having very low organic content. Because of the 

volatility of the organics used, the experimental setup for 

the column was a closed system such that both the amount 

volatized and amount eluted could be measured. It was found 

that a significant amount of each contaminant filtered 

through the soil column despite the high volatility for some 

of the compounds. They obtained results showing that once 

in the sand the volatility of the organic compounds was 

suppressed by an order of magnitude. Retardation or 

relative residence time was calculated and found to be very 

low; between 1-10 with most compounds in the < 2.5 range. 

Kqc was predicted using Chiou's equation, log G = 4.04 -

0.557 log S. Good correlations were obtained with 

experimental values and data obtained from a field study. 

Wilson et al. suggest that one deviation from predicted 

behavior, chlorobenzene, may have occurred as a result of 

multicomponent interactions. The authors conclude that 
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groundwater underlying sandy soils of low organic matter are 

susceptible to pollution from the volatile organic studied. 

Hutzler et al. [25] investigated the adsorption of 

low molecular weight chlorinated hydrocarbons onto a variety 

of soil and clays. They found that the isotherms were 

linear and that Kqc values were proportional to organic 

matter content. Two of the organics tested, carbon 

tetrachloride and 1,4-dichlorobenzene were adsorbed onto 

Na-montmorillonite but not onto kaolinite, thus 

corroborating the findings of others [4], that nonpolar 

organics have greater affinity for montmorillonite than 

kaolinite. 

Green et al. [26] studied the interaction of clay 

soils with water and organic solvents to determine 

permeabilities and the transport of solvents through clays. 

It was found that transport-retardation of the solvents was 

a function of their octanol-water coefficients. Compounds 

with high Kqw moved slowly through the column, and the clays 

had low hydraulic conductivities for these compounds. Green 

et al. used dielectric constants to predict partitioning 

behavior because they serve as a measure of a solvent's 

hydrophobic tendencies. High dielectric constants indicate 

high solubility, greater swelling of clay, and low 

retardation, whereas low dielectric constants indicate the 

opposite. Based on this approach, an empirical regression 
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equation to predict K from dielectric constants was 

derived. However, no data were given as to how measured and 

predicted values correlated using this approach. 

The study found that hydrophilic liquids with low 

K caused swelling, whereas a large K indicating ow ° ° ow ° 

hydrophobic properties caused no swelling; and in two cases, 

for carbon tetrachloride and xylene, caused net shrinkage of 

the clay. Green et al. suggested that the shrinkage was 

caused by water moving out of the clay to the hydrophobic 

solvent. The shrinking was of a magnitude that cause cracks 

and channels to form, allowing rapid advective transport of 

the two contaminants. The authors warned that clay liners 

used to secure hazardous waste sites may be vulnerable to 

such cracking in the presence of hydrophobic contaminants. 

Recently the method of relating octanol-water 

partition coefficient or solubility with an organic-soil 

distribution coefficient by means of regression equations 

has been challenged. Mingelgrin and Geristl [27] argue that 

at best this is an "estimation technique" that works only 

within a specific set of limiting conditions. Furthermore, 

claims that this approach in principle "proves" a 

partitioning mechanism were critically examined and shown to 

be in error. 

An experiment involving adsorption of nonionic 

pesticides at low concentrations into various soils was 
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conducted. Some pesticides yielded nonlinear adsorption 

isotherms in soils containing organic material and linear 

isotherms in clays. These results cast doubt on the claim 

that the lipid fraction of organic matter is the phase onto 

which partitioning occurs. 

Other objections to universal application of the Kqc 

- Kqw regression equations are: 

1. The existence of numerous nonionic compounds (e.g., 

parathion) for which the clay mineral matter 

predominates as an adsorbing medium. 

2. For most soils, organic content is very low, whereas 

clay content is usually an order of magnitude 

greater. Thus the clay content may have a much 

greater effect on adsorption, even though the affin

ity for the organic matter may be more significant. 

3. Assumption that all organic matter in soil behaves 

in a similar manner is sometimes wrong. This may 

account for the variations in reported K values. r oc 

4. Complexity of surface interactions (e.g., crystal 

energy of solids) may cause great divergence from 

predicted adsorption rates using solubility 

criteria. 

5. Molecular structure in some cases affects solubility 

and adsorption differently, thus yielding unexpected 

K results from K criteria. 
oc ow 
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6. Even when good correlation between K and K was 
° ow oc 

obtained, the various regression equations derived 

from different sets of data show discrepancies of up 

to an order of magnitude over the low concentration 

range. 

The correlations between K and K are thus not 
oc ow 

expressions of an underlying universal principle but rather 

an empirical result that is expected to be valid to the 

degree that the organic compounds are of a similar chemical 

nature. Karickhoff had earlier posited that the technique 

was appropriae as long as the ratio of fugacity coefficients 

for the aqueous and organic content phases and the ratio of 

fugacity coefficients for the solutes' partitioning in 

octanol remained constant. 

Thus regression equations derived from a homologous 

grouping of organic compounds may be used to predict the 

adsorptive behavior of a compound from the same family with 

hope of success. The greater the grouping or the further 

away a compound is from the source compounds upon which the 

regression is based, the greater the divergence. Provided 

these limitations are kept in mind and other complicating 

mechanisms not ignored the estimating technique may be 

useful. 
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The authors propose that an estimating method based 

more on structural parameters of the adsorbate such as one 

proposed by Lambert may yield better predictive results. 

Synthetic Macroporous Polymeric Resins 

Synthetic resins are increasingly being studied as 

possible alternatives to activated carbon for removal of 

organic compounds [36]. Macroporous polymers differ from 

ion exchange resins in that they do not have ionic 

functional groups. Their porous structure and degree of 

cross-linking is controlled by polymerization reactions. 

The capacity of XAD-8 polymethacrylic ester for 

removal of humic substances was investigated by Boening et 

al. [37]. The results indicated that the adsorption 

capacity of XAD-8 for the large molecular weight humic 

substances was unacceptably low. XAD-4, another polymeric 

adsorbent, was found by Chudyk et al. to be a poor adsorbent 

of 2-methylisoborneal, a taste and odor producing compound, 

and chloroform. Of special note is a comparative study of 

activated carbons and resins conducted by Weber et al. [38]. 

Among the compounds used in this thesis research was carbon 

tetrachloride. One of the findings was tht the XAD-8 

adsorbent did not perform well in removing CCl^. The slope 

of the isotherm for XAD-8 was found to be significantly 

steeper than those for the carbon adsorbents. For 

water-treatment purposes, where removal is often conducted 
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in the microgram-per-liter level, this steep slope for XAD-8 

was an indication of poor performance. 

Adsorption of Organics by 
Activated Carbon 

Granular and powdered activated carbon are routinely 

and extensively used in conventional water treatment for 

removal of organic compounds. Of increasing interest is the 

use of GAC in conjunction with other techniques, such as air 

stripping, for groundwater decontamination [28, 29, 30, 31]. 

The general physical-chemical principles governing 

activated carbon adsorption of organics is rendered in 

standard environmental and related engineering texts 

[32., 33, 34], A recent compilation edited by Suffet and 

McGuire provides an overview of adsorption of pure and 

multisolute organic compounds [35]. 

In the experimental work done for this paper, 

activated carbon adsorption functioned solely as an order of 

magnitude reference point, to which adsorption onto natural 

sorbents could be compared. Thus the body of current 

literature was for the most part not germane to this 

project's concern. However, several general principles 

stressed in the literature regarding the adsorbability of 

organic compounds will be mentioned. 

Weber stresses that solubility is a controlling 

factor and is expressed by Lundelius' rule, which states 
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that the extent of adsorption of a solute onto a sorbent is 

inversely related to its solubility in the solvent [32]. An 

accompanying rule, Traube's rule, states that the adsorption 

of organic substances from aqueous solutions increases 

strongly and regularly as the homologous series is ascended 

[32]. Lundelius' rule espcially was found to be of 

relevance to this experiment. 

Activated Alumina 

Activated alumina is used in water treatment 

primarily for the removal of fluorine compounds. Recently 

Ghosh et al. showed that trace quantities of arsenic and 

selenium can be removed from solution with activated 

alumina: arsenite (As III), arsenate (As V), selenite 

(Se IV) and selenate (Se VI) were found to adsorb onto F-l 

activated alumina at pH's below the zero point charge for 

the alumina surface [39]. 

A literature search indicated that no prior 

investigation of nonpolar organic adsorption onto activated 

alumina had been undertaken. 

Modeling Adsorption Isotherms 

The most widely used models for characterizing 

single so].ute adsorption are the Langmuir and Freundlich 

approaches; these are described in numerous standard texts 

[32]. 



24 

The Langmuir model is based on the hypothesis of 

single layer adsorption [40]. It assumes that maximum 

adsorption corresponds to a saturated layer of solute upon a 

single-layered adsorbent surface; that the energy is 

constant; and that there is no migration of adsorbate 

through the adsorbing surface plane. The Langmuir equation 

as presented by Weber is: 

QbC 
q = 
e i + bC 

where 

qg = x/m = amount of solute adsorbed per unit weight of 

adsorbent at equilibrium concentration 

Q = amount of solute adsorbed per unit weight of 

adsorbent in forming a complete monolayer on 

the surface (total capacity) 

b = constant related to energy of adsorption or 

net enthalpy of the solute 

C = measured concentration in solution at 

equilibrium 

Graham-Bryce, in his study of pesticide adsorption 

onto soils, reported that even for single-solute adsorption 

the Langmuir model gave very poor results [5]. This was 

attributed to multilayer adsorption and to the nonuniformity 

of the soil surfaces. Furthermore, natural sorbents are 

composed of a wide range of diverse materials that greatly 
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increases the heterogeneity of the surface. Graham-Bryce 

concluded that for soil studies the Langmuir equation is of 

little value. Similar conclusions are drawn by Burchill and 

Hayes, who state that adsorption of organics onto soil will 

seldom approach the Langmuir fit. In addition to reasons 

already cited, they point out that the differential enthalpy 

of adsorption will vary with surface coverage as a function 

of surface heterogeneity, thus violating a central 

assumption of the Langmuir model. 

The Freundlich model is a useful, empirically based, 

curve-fitting approach derived from the Langmuir equation 

[13]. Since the Langmuir model reduces to qg = KC at low 

concentrations and qg = Q at high concentrations, an 

equation of the form qg = RC"^11 has been developed for 

intermediate concentrations. 

Though much work has been done to model multisolute 

adsorption onto synthetic sorbents, especially GAC, 

competitive adsorption of volatile organics onto soils has 

not been extensively researched. 

The competitive Langmuir model as proposed 

originally by Butler and Ockrent [41] is presented by Weber 

in the form: 
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where , b^ are Langmuir constants determined from single 

solute batch tests and 's are the respective equilibrium 

concentrations in the mixture. 

Jain and Snoeyink [42] have indicated the inadequacy 

of the bisolute Langmuir model. The authors focused their 

attention on cases where Q-^ and , the adsorption 

capacities, are not equal. In this case a portion of the 

adsorption will occur without competition, on sites that are 

either unavailable or inaccessible to one of the solutes. 

The Langmuir monolayer surface coverage assumptionj are not 

valid and the model is not expected to apply. 

Jain and Snoeyink present a model for this case when 

^ C^, based on the hypothesis that no competition is 

occurring for the number of sites given by the quantity -

Q2 where Q-^ > The equations for bisolute adsorption 

ar e: 

(Ql - Q2)bici + ^2blCl 

1 + 1 + ^ C ̂ + b 2C 2 

The first term is a modified Langmuir equation for the 

amount of solute species 1 that adsorb per weight of sorbent 

relative to (Q^ - ) • The second term, also based on the 

Langmuir equation, gives the amount of solute 1 adsorbed per 

weight of sorbent, relative to the competition with species 

2 and proportional to C^. The adsorption of solute 2 in 

competition with solute 1 is given by the Langmuir equation 
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for the case where (i.e., the Jain-Snoeyink model 

reduces to the Langmuir). 

The model is expected to apply when a portion of the 

adsorption is noncompetitive, such as the case where the 

chemical characteristics of a solute allow it to adsorb on 

specific sites that are not amenable to the competing 

solute; or for cases where molecular size differences affect 

availability of sites, i.e., pore size exclusion. Jain and 

Snoeyink tested this hypothesis with bisolute mixtures onto 

activated carbon for the following cases: (1) adsorption 

with equal competition for adsorption sites, and (2) 

adsorption of two species on two different kinds of sites 

with weak competitive interactions. The proposed model and 

the Langmuir yielded similar results for the competitive 

case. In the second case the Langmuir gave poor results 

whereas the proposed model provided a good description of 

the experimental data. 

There are numerous models to predict bisolute 

organic adsorption that are not based on simplifying 

Langmuir assumptions. An overview of such models is 

presented in a recent compilation by Suffet and McGuire 

[35]. Many of the models are based upon thermodynamic 

criteria. The Radke-Prausnitz model, known as the ideal 

adsorbed solution (IAS) model [43] has successfully been 

used to predict multisolute adsorption; further work by 
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Rosene and Manes based on Polanyi potential theory has also 

yielded good results [44]. 

However, the IAS model requires involved mathemati

cal calculations to obtain parameters such as the spreading 

pressure at the sorbent solution interface. Digiano has 

proposed a simplified competitive equilibrium model based on 

the Radke-Prausnitz thermodynamics as modified by Baldauf 

and Frick [45]. The Digiano model assumes identical 

isotherms for the competing solutes. By transforming a 

bisolute system into two identical monosolute systems, the 

Radke-Prausnitz equations are considerably simplified. 

Modelling of competitive adsorption for the more realistic 

case in which solutes have different isotherms is 

accomplished by averaging of the logarithmic form of the 

Freundlich parameters n and K to obtain the average isotherm 

constants n' and K1 . The simplified IAS model to obtain 

individual loadings in multisolute system is given by: 

q = K' (n' - l/n,)(K C )1/n'[I [4Ci J17"']"'-1 
1 J. J. X 

The model was tested for a number of bisolute 

systems and compared to experimental data and to the 

Radke-Prausnitz predictions. The two models were found to 

be in good agreement with each other and with the data over 

a given concentration range. 



EXPERIMENTAL PROCEDURES 

Batch Isotherm Test Procedure 

Adsorption isotherms were developed in the following 

manner. Variable amounts of a given adsorbent were 

introduced into 150 mL serum vials. These bottles were 

filled with distilled water (pH 5.5). Using a 25 mL 

Hamilton syringe, a given amount of sorbate was withdrawn 

from the stock standard and injected into the batch bottle. 

The bottle was capped immediately with a Teflon septum and 

crimped with a metal top to create headspace-free conditions 

and prevent any exposure to the atmosphere. Concentrations 

were calculated as shown for the illustrative example below: 

7.5yg/mL TCEx20mL = 10Q0 g/L TC£ 

0.15 L 

Two bottles without any adsorbents were prepared in 

an identical manner to serve as controls. 

The batch bottles were placed on a gyratory shaker 

for 24 hours at a constant laboratory temperature of 23°C. 

Based upon a review of previous experiments, a contact time 

of 24 hours was deemed sufficient for achieving equilibrium 

[13, 16, 21, 37, 38, 39]. For example, the EPA, in its 

research of toxic organics adsorption onto activated carbon, 

29 
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found that approximately 99% equilibrium capacity was 

achieved within 24 hours [46]. 

The batch bottles were then placed into a centrifuge 

at 30,000 rpms for half an hour. 60 mL of distilled water 

was pipetted into 120 mL batch bottles and then 60 mL of the 

centrate was transferred to the new bottles. This procedure 

was tested with repeated experiments and controls, and 

volatilization losses were estimated to be approximately 6% 

on the average (Table 1). The bottles were immediately 

capped with Teflon septa and sealed to prevent any further 

volatilization losses. 

Analysis of TCE and CCl^ was accomplished by gas 

chromatography using liquid/liquid extraction. An aliquot 

of 5 ml of pesticide-grade n-Pentane (Fisher Chemical Co.) 

was injected into the batch bottle and 5 ml of solution was 

displaced through an outlet needle inserted through the 

Teflon septum. The batch bottle was then vigorously shaken 

for 2-1/2 minutes. A 3 JJ L aliquot of the pentane layer were 

removed using a 10 yL Hamilton syringe and injected into a 

Hewlett Packard 5794 GC with an EC detector to determine the 

TCE or CCl^ concentration. The readings of the diluted 

concentrations were re-equated to give actual concentra

tions. 

Using the Freundlich equation the concentration data 

was used to develop isotherms 



Table 1. Test to determine extent of volatilization losses due to experimental 
procedure. 

Sample Vol (ml) 
Initial 

TCE (yg/L) 
Volume 

Reduction 
(ml) from/to 

Method 
Measured 

TCE 
yg/L 

% Loss 

Control 
A1 

150 146.32 150/120 Pour 108 6.9 

Control 
A2 

145.20 109 

Control 
B1 

150 232.1 150/120 Pour 165.54 10.5 

Control 
B2 

193.8 

Control C1 
150 170 150/120 Pour 80.3 4.4 

Control 
C2 

168 77 .1 8.2 

77.9 7.2 

82.8 1.5 

79.0 6.0 

Average % = 6.4 

S = 2.86 
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X/M = KC1/n 

where 

X = Cq - = amount of solute adsorbed (mg/L) 

Cq = initial concentration of solute (obtained from 

controls) 

= equilibrium or final concentration in solution 

M = weight of sorbate added to solution 

K and 1/n = empirical constants 

Data were then put into linear graph form using the 

logarithmic form of the Freundlich equation 

log x/M = log K + 1/n log 

For the dilute solutions studied, the data were 

modelled to fit a straight line with a slope of 1/n and an 

intercept of log K. 

A duplicate batch test was conducted with trichloro-

ethylene on activated carbon to examine whether these 

Freundlich prameters were reproducible by the experimental 

method used (Table 2). Both the K and 1/n values were found 

to be below 4- 10% difference, which is within the EPA 

standard of reproducibility [46]. 

Preparation of Standard Stock VOC Solutions 

Standard stock solutions for the four VOCs were 

prepared according to procedures delineated by the USEPA [46]. 
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Table 2. Duplicate batch tests with trichloroethylene and 
activated carbon. 

M 
(mg/l) (mg^l) 

C - C, = x 
o f 

x/M 
(mg/g) 

Run #1 0 1.000 
111 0. 270 0. 730 6. 58 
222 0. 068 0. 932 4. 20 
333 0.017 0. 983 2. 95 
444 0.008 „ 0. 992 2. 23 
555 7.2x10 * 0.993 1. 79 
666 5.6x10 3 0.994 1. 49 

Run #2 0 1.095 _ _ 

111 0. 310 0. 785 7.072 
222 0. 050 1. 045 4. 707 
333 0.011 _ 1.084 3. 255 
444 7.8x10 ^ 1. 088 2. 450 
555 7.0x10 * 1. 088 1. 96 
666 5.8x10 1.089 1. 63 

Freundlich Parameters 

Run #1 Run #2 

K 11.58 11.58 
1/n 0.36 0.34 
r 0.98 0.97 

1/n 

Average 11.29 0.350 
Standard deviation 0.41 0.014 
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A volumetric 10 ml flask was filled with approxi

mately 9.8 ml of CH30H, manufactured by the Fisher Chemical 

Co. The flask was allowed to stand exposed to the air for 

approximately 30 minutes to allow wetted surfaces to dry and 

to achieve a pseudo-equilibrium. The flask was then weighed 

on the analytical balance. Three drops of solution 

containing the given VOC were immediately added to the flask 

using a 25 yl syringe. Care was taken to ensure that the 

drops had no contact with the walls of the flask. The flask 

was then capped and reweighed. Additional methanol was 

added to the 10 ml marking. 

Adsorption of Methanol onto PAC and XAD-8 

An experiment was conducted to ascertain whether 

methanol (CH^OH) competes with the VOCs for adsorption sites 

onto the various adsorbents. This test was required because 

methanol was used routinely, according to EPA 

specifications, to prepare VOC standards that could then be 

introduced into aqueous solution. Prior to this test an 

experiment was conducted to determine the degree of 

stability of TCE in aqueous solution without methanol. A 

310 yg/L solution of TCE was prepared in a headspace-free 1 

liter volumetric flask and stirred for 1 hour. Six .15 L 

aliquot portions of solution were removed by Teflon tubing 

and poured directly into 6 numbered batch bottles, which 

were immediately capped and sealed. Concentrations were 
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then determined by gas chromatographic analysis and are 

given in Table 3. 

The results showed that TCE in aqueous solution is 

unstable and direct injection of TCE into water would not 

give consistent results. The EPA method based on the 

miscibility of TCE in methanol was then used. 

Therefore, a test to determine the affinity, if any 

of CH^OH for activated carbon and XAD-8 resin, was 

conducted. 

Pesticide-grade CH^OH, manufactured by the Fisher 

Chemical Co., was used. Two methanol solutions, one 

containing 7 mg/L CH^OH- as carbon, and 336 mg/L CH^OH as 

carbon were prepared. Thus both high and low experimental 

ranges were tested for using a Dohrman DC-80 carbon 

analyzer. The carbon component of the methanol was 

calculated in the following manner: 

Density of CH^OH = 0.79 g/ml = 790 mg/ml 

7 , 9 0Omg CH30H 
Methanol solution: 790 mg/ml x 10 ml = • 1 L water 

7,900mg/L CH 3OHXO,17L Q  

carbon = 

3 37mg 

Amount CH^OH as carbon = x ( 32CH OH^ 
0.15 L 3 

CHo0H as carbon L 3 

Five vials (150 ml) each received 17 ml of a 

methanol/distilled water solution of approximately 336 mg 
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Table 3. Test to determine stability of TCE in aqueous 
solution without CH^OH. 

Concentration Reading Initial Concentration 
Run (pg/L) (yg/L) 

1 309.8 310 

2 287.9 310 

3 278.3 310 

4 301.5 310 

5 263.4 310 

6 288.3 310 



CH^OH as carbon. Three of the vials also contained 150 mg 

of activated carbon. The other two vials were used as 

controls. The vials containing activated carbon bottles 

were allowed contact times of 1 hour. The controls were 

analyzed with a Dohrman DC-80 total organic carbon analyzer 

system to determine baseline carbon concentration. The 

batch bottles containing activated carbon were then analyzed 

with the same system to ascertain whether any adsorption had 

occurred. The results for this high methanol concentration 

experiment are given in Table 4. 

Low methanol concentration experiments, based on 

approximately 7 mg/L carbon were conducted onto activated 

carbon and XAD-8. The results are shown in Table 4-5. 

Tests of significance were conducted on the results 

using the one-way analysis of variance equation, to 

determine whether there was any significant difference 

between the controls and the vials containing methanol. 

This statistical test showed that F,.^ = 3.48 and = 5.99, 

therefore the means of the five groups in the experiment 

were found to equal, i.e., = ^3 = ^4 = • It may 

therefore be deduced that the groups tested are not 

significantly different at 95% and 99% confidence levels. 

These tests indicate that no significant difference 

exists between the sample data from the control group and 

the data from the test group. Published experimental 
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Table 4. Data for experiment to determine methanol adsorp
tion onto activated carbon at high concentration. 

Sample Run # TOC Reading (mg/L) 

Control I 1 336.8 
2 340.6 
3 346.2 

Control II 1 346.9 
2 348.8 
3 343.4 

Carbon and Methanol I 1 341.2 
2 342 . 5 
3 331.2 

Carbon and Methanol II 1 333. 7 
2 332 . 8 
3 337 .0 

Carbon and Methanol III 1 342 . 2 
2 340. 7 
3 335.3 
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Table 5. Data for experiment to determine methanol adsorp
tion onto activated carbon and XAD-8 at low 
concentration. 

Sample Run # TOC Reading (mg/L) 

Control I 1 6. 64 
2 6. 64 
3 6.49 

333 mg/L PAC 1 6.51 
2 6. 58 
3 6. 49 

167 mg/L XAD-8 1 6. 74 167 mg/L XAD-8 
2 6. 70 
3 6.71 
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results report a 3.6% adsorption of CH^OH onto activated 

carbon [34]. This figure is outside'the sensitivity range 

of the experimental technique used for the VOC batch tests. 

Therefore it was concluded that the methanol does not 

compete with VOCs for adsorption sites to any significant 

extent. 

Sorbates 

Contamination of groundwater aquifers by synthetic 

organic chemicals is a recognized problem in the U.S. The 

EPA is presently reviewing a number of volatile chlorinated 

organic contaminants for inclusion into the maximum contami

nant level (MCL) drinking water standards. The sorbates 

studied in this experiment--trichloroethylene and carbon 

tetrachloride are among this group of toxic organics. 

The USEPA has reported that often two or more 

organic compounds of the same homologous grouping are found 

in contaminated groundwater. It has been suggested that 

this may be due to the manufacturing process, in which 

compounds are fractionated according to temperature, 

acidity, and other conditions. In the course of production, 

a solvent may be composed of several compounds. Others have 

suggested that this phenomenon may be the result of 

biodegradation transformations. Due to this phenomenon, a 

homologous grouping of chlorinated hydrocarbons (with the 

exception of DCB) was chosen to simulate this condition. 
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The primary purpose of this project, however, was to 

study the adsorption behavior of trichloroethylene and 

carbon tetrachloride. The competitive effects of trichloro-

ethylene in the presence of compounds of less water 

solubility (PCE, 1,4 DCB) was studied only from the 

standpoint of their effect on TCE adsorption. Therefore, no 

data was gathered or included in this report on the single 

solute behavior of any solutes other than TCE and carbon 

tetrachloride. Reference to PCE and p-DCB is made only for 

the purpose of documenting their use in bisolute 

experiments. The characteristics, comparative data (see 

Table 6) and major uses of TCE and CCl^, as well as the two 

compounds used in the multisolute batch tests are discussed 

below. Ail of the above are nonpolar and hence hydrophobic. 

DCB belongs to the general family of chlorinated benzene 

rings. They all have approximately the same molecular 

weight and density; however, their solubilities differ 

significantly. Adsorption was found to correlate well with 

decreasing solubility. They are all volatile and are 

characterized by moderate to high Henry's Law constants. 

TCE (C2HCI2) is a heavy, clear, colorless liquid 

that is used principally as a powerful degreasing solvent. 

It is produced by chlorinating ethylene or acetylene. U.S. 

production (1980) was reported as 234,000 metric tons; 



Table 6. Comparative sorbate data. 

Trichloro- Tetrachloro- Carbon Tetra- p-Dichloro-
Parameter ethylene ethylene chloride benzene 

Molecular Weight, 
g/mol 

131. 5 165 . 8 153. 8 147 

Density, g/mL 1. 46 1. 62 1. 59 1. 46 

Boiling Point, °C 87 121 77 173. 4 

Solubility, mg/L 1100 150 1,160 49 

Vapor Pressure, 
mg Hg 

74 19 91 

Henry's Law Constant 0. .49 1. 1 1. 2 0. 1 

Log K" & ow 
2. . 29 2. 60 2. 72 + 0.15 3. 39 



43 

however, stringent regulations have resulted in its 

declining use. 

It has low solubility, high volatility, and has been 

successfully removed from groundwater supplies via air 

stripping and aeration. It is considered a carcinogen, and 

the EPA recommend level in drinking water is zero. 

Carbon tetrachloride (CCl^) is an aliphatic 

hydrocarbon. It is used principally in the manufacture of 

fluorocarbons and as an industrial solvent. U.S. production 

is approximately 423,000 metric tons per year. CT is 

nonpolar, hydrophobic and volatile. Among the VOCs studied, 

it had the highest solubility in water, 1,160 mg/L. 

Volatilization is the primary mode of CT removal from 

aquatic systems. 

As of 1970, CT has been banned from all consumer 

products in the U.S. In 1978 its use as an aerosol 

propellant was prohibited. 

Tetrachloroethylene (C2C1^) is an inflammable liquid 

used principally as a solvent by the dry cleaning industry. 

It is produced by chlorinating acetylene or ethylene 

dichloride. Its low water solubility and high octanol/water 

partition coefficient render it hydrophobic. Removal from 

aquatic systems occurs mostly through volatilization, as it 

has a high Henry's Law constant. 
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1,4 Dichlorobenzene is a colorless white crystal 

solid used principally as a moth repellant, air deodorizer 

and in the manufacturing of soil fumigants and pesticides. 

The Henry's Law constant is lower than the other chemicals 

cited; however, of the four, it has the lowest solubility in 

water. 

Sorbents 

Natural Sorbents 

Humic Acid. A sample of humic acid was obtained 

from the Aldrich Chemical Co. (Lot No. 121137). This humic 

substance, according to the supplier, is mined from a site 

in West Germany. No analysis was done on its humic acid 

composition. 

A stock slurry of humic acid was made at 50 mg/mL 

concentration. All subsequent dilutions were made from this 

original stock. A known amount of humic acid and water were 

introduced to a beaker and vigorously mixed with a magnetic 

stirrer for 3 hours. 

Initially the humic acid tended to form clumps and 

did not stay in suspension. However, prolonged mixing broke 

down the clumping and a slurry was finally formed. In this 

form the humic acid could be easily handled. Appropriate 

volumes were pipetted into the 0.15 L vials. 

Kansas Soil. A Kansas topsoil was obtained from 

Woodward Clyde consultants, Wichita, Kansas. The gradation 
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analysis and organic matter content was determined by the 

supplier. Organic matter content was found to be 5%. 

Moisture analysis was conducted in the lab and found to be 

12.5%. 

Two methods were employed in the investigation of 

VOC adsorption onto the Kansas soil. 

1. The soil was dried in a 103°C oven overnight to 

remove moisture. It was then ground with a mortar 

and pestle to achieve a uniform grain size, passing 

a 2 mm size sieve. The prepared soil was then 

weighed out in variable amounts using an analytical 

balance and introduced to the 0.15 L bottles. 

2. No soil preparation was done to ensure against the 

possibility that the previous drying and grinding 

preparation destroyed some vital soil components. 

The soil was weighed as received, and introduced 

into the 0.15 L vials. No difference was observed 

in the experimental results for the two methods of 

preparation. 

Peat Soil. A commercially available peat soil was 

obtained from the Bacto Michigan Peat Co. of Houston, Texas. 

The peat was analyzed for water content, and percent organic 

matter content. 

Five weighing pans were pre-weighed, filled with 

peat and weighed again. They were placed in an oven at 
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180°C for 1 hour to evaporate water. The peat pan was 

weighed again to determine the percent moisture content. 

The peat pan was then introduced into a 550°C oven for one 

hour, combusting organic material. The peat pan was weighed 

to determine percent organic matter content. The organic 

matter content was found to be 85.2% and moisture 13.2%. 

Samples were prepared for batch tests by weighing 

out given amounts of peat on the analytical balance. The 

required amounts were then introduced into 0.15 L vials that 

were subsequently filled with distilled water. The 

peat-water mixture was shaken vigorously to aid in the 

removal of entrained air within the peat. Further tapping 

of the bottles was often required to augment this process. 

Al-Montmorillonite. A Na-montmorillonite sample was 

obtained from Western Technologies Corp. This clay was then 

converted to Aluminum Montmorillonite using the procedures 

outlined by R. Rogers et al. of the USEPA Environmental 

Monitoring Systems Laboratory. 

Fifty (50) grams of Na-Montmorillonite were placed 

in a large beaker. Five hundred ml of 1 M A^CSO^)^ were 

introduced to the beaker. The solution was mixed on a 

stirring table for 5 hours. The cation exchange properties 

allow Al+^ to replace Na + \ After mixing, the clay was 

allowed to settle and the supernatant poured off. Distilled 

water was added and mixed, the clay allowed to settle, and 
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the supernatant was decanLed. This procedure was repeated 

3+ + 2-
six times to remove residual A1 , Na and SO 

The Al-Montmorillonite was then used to develop a 

known slurry concentration. This slurry was gravimetrically 

determined. Variable slurry volumes were introduced into 

0.15 L bottles by pipetting. 

Na-Montmorillonite (Bentonite). A Na-Montmorillonite 

clay (bentonite) sample was obtained from Western 

Technologies Corp. The bentonite clay was weighed out in 

variable amounts on the analytical balance and placed in 

0.15 L vials. 

This clay, however, posed a number of problems. 

Bentonite, a smectite, tends to swell appreciably due to its 

layered structure [50]. Its experimental use was hindered 

by this property. The shaker table did not provide adequate 

vertical mixing. To overcome this problem, the 

bentonite-VOC-water mixture was taken off the gyratory table 

and was mixed with a magnetic stirring rod over a 2-day 

period. 

Kaolinite. A kaolinite clay was obtained from 

Western Technologies Corp. Variable amounts of kaolinite 

were weighed out on the analytical balance and placed into 

0.15 L vials. The bottles were filled with distilled water 

and attention was paid to removing entrained air prior to 

VOC injection. 
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Because the horizontal shaker did not provide 

sufficient mixing, a magnetic stirrer was placed in the vial 

to create turbulence. The kaolinite-VOC-water mixture was 

then stirred for 2 days on the magnetic stirring table. 

Synthetic Sorbents 

XAD-8. A polymeric adsorbent, XAD-8, manufactured 

by Rohm and Haas (Batch 2-4786) was used in isotherm 

experiments. The BET surface area has been estimated to be 

2 3 
140 m /g; the particle density is 0.445 g/cm ; the pore 

3 
volume is 1.434 cm /g, and the average pore diameter is 410 

X. 

The XAD-8 resin was cleaned by allowing it to soak 

in a 1-li.ter beaker in a methanol solution for one hour. 

Agitation was provided by magnetic bar stirring. The 

supernatant was decanted; distilled water was added, stirred 

and decanted. This procedure was repeated twenty times to 

remove any residual methanol. The cleaned resin was then 

put in a 103°C over for 2 hours until residual moisture was 

evaporated. 

Samples were prepared for batch tests by weighing 

out variable amounts of XAD-8 on the analytical balance. 

The required amounts were then introduced into 0.15 L vials 

which were then filled with distilled water. 

Activated Carbon. A pulverized form (< 32 mesh) of 

a commercially available activated carbon, Filtrasorb-400 
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(Calgon Corp.), was used in isotherm experiments and is 

hereafter referred to as PAC. Filtrasorb 400 is a 

bituminous coal-based activated carbon. It has a BET 

2 
surface area of 1100 m /g, a particle density of 0.811 

3 3 
g/cm , a pore volume of 0.7570 cm /g, and an average pore 

diameter of 27.5 A. A carbon stock slurry was prepared for 

batch testing in the lab according to procedures outlined by 

the EPA [46]. 

A portion of Filtrasorb 400 was precleaned by 

placing it in boiling distilled water. The supernatant was 

removed and the activated carbon was dried for 24 hrs in an 

103°C oven, and cooled in a dessicator. 

Fifty grams of PAC were weighed out on the analyti

cal balance and transferred to a 1-liter volumetric flask. 

The resulting slurry contained 50 mg/ml of PAC. Other 

standard slurries of 16.7 mg/mL, 4.00 mg/mL, 2.00 mg/mL and 

0.38 mg/mL were prepared by serial dilution of the stock 

slurry. The appropriate carbon dosages for isotherm 

experiments were obtained by pipetting a given amount from 

one of the slurry concentrations. 

Activated Alumina. F-l activated alumina (Alcoa 

Corporation) was used in batch isotherm experiment. This 

brand of activated alumina contains 92% A^O^ with a P^^PC 

of 7.9. The average surface area (BET) for 28 x 48 mesh 

size is 218 m^/g. 
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The F-l activated alumina was ground into fine 

particles, passed through a 325 mesh, washed with 0.01 M 

NaOH, and rinsed with distilled water. It was then dried at 

103°C for 24 hours and placed in a dessicator. Required 

portions were then weighed out on the analytical balance and 

placed into 0.15 L vials. 



RESULTS AND DISCUSSION 

Natural Sorbents 

Batch isotherm tests were conducted for the natural, 

i.e., soil and clay, sorbents delineated in the earlier part 

of this report. A tabular listing of experiments conducted 

and the presence or absence of significant adsorption is 

given in Table 7. 

The batch test results differed from those reported 

in the literature in that no detectable adsorption was 

observed despite the presence of a sizeable organic matter 

C.5%) adsorbing medium. Results for TCE adsorption onto 

Kansas soil at relatively high and low soil masses at dilute 

concentrations are presented in Table 8. 

A number of factors may have, in combination, 

contributed to this negative result. Experimental error due 

to volatility losses and variability in gas chromatography 

results were calculated to be approximately 8%. A 6% error 

was due to volatility losses (see Table 1); and a +_ 2% gas 

chromatography error was arrived at by averaging percent 

variations for 12 GC injections for 6 pairs of controls. 

The 8% error may account for some of the scatter in the 

results. 

51 
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Table 7. Adsorption of TCE and CCl^ onto natural and synthe
tic adsorbents. 

Adsorption No Adsorption 

Kansas Soil X 

Kaolinite X 

Bentonite X 

Aluminum X 

Humic Acid X 

Peat X 

Activated Carbon X 

XAD-8 X 
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Table 8. Batch test results for TCE and Kansas soil. 

TCE Cone 

Run 1 

Run 2 

Mass Soil (g) Equilibrium Cone. Initial Cone, 
(yg/L) (Mg/L) 

6 279 249 
9 244 
12 233 
15 233 
18 236 
2 1  2 2 6  

0.1005 189 210 
0.2017 211 
0.3023 184 
0.5010 184 
0.7034 200 
1.0031 203 
1.5053 199 
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Furthermore, it was observed that the horizontal 

action mixer was inadequate and did not provide sufficient 

vertical agitation. Glass beads were inserted into the 

vials to aid in agitation, but as the mass loadings were 

increased, they proved ineffective. Experiments were 

conducted using magnetic stirrers; hoi- "er, it was observed 

that rotational motion resulted with little agitatory 

mixing. The lack of mixing would adversely impact the 

kinetics and efficiency of mass transfer. 

A careful perusal of the literature concerning 

adsorption onto soils and clays indicated that many of the 

reported isotherms were obtained at either very dilute or 

very high concentration ranges. The low ranges require a 

very high mass of sorbent, which were outside the material 

constraints of the present experiment, whereas the high 

concentrations were outside the objectives and concerns of 

this project. 

For example, Hutzler et al. [ 2 5 ] ,  in their study of 

adsorption onto a silty-sand soil (O.M. 4.85%), used 

concentrations of 150-75,000 pg/L to develop isotherm data 

for chloroform and other VOCs. Similar concentrations were 

used to develop adsorption isotherms for Na-Montmorillonite. 

The soil concentration varied from 6000-125,000 mg/L. 

Green et al. [26] obtained isotherms for trichloro-

ethylene, carbon tetrachloride and other organic compounds 
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onto a variety of clays using concentrations of 100,000-

188,000 yg/L. Means et al. [18] studied adsorption of 

polynuclear aromatic hydrocarbons with relatively high 

adsorption capacities onto soils, using dilute concentra

tions of between 5-60 yg/L, 20-120 yg/l, and 10-50 yg/L. 

The sorbent dosages reported were 4 g soil per AO ml water, 

or 100,000 mg/1. To obtain similar mass loadings for this 

project would have required between 10-20 grams soil placed 

in a 0.15 L batch bottle, a range which, as indicated by run 

#1 (see Table 8) was found to be unworkable. 

It should also be noted that the experiments 

conducted at the low concentration/high mass range used mass 

balance controls discussed by Means and Hassett [51]. These 

14 3 
controls include using C and H labelled tracers to 

maintain mass balance control conditions. More intricate 

controls have been reported in experiments involving VOCs 

[24]. 

Humic Aci.d 

The humic acid obtained from the Aldrich Chemical 

Co. showed no adsorption of trichloroethylene or carbon 

tetrachloride. Initially inadequate mixing gave scattered 

results. A method of dissolving the humic acid into a 

uniform slurry and applying variable dosages by pipetting 

was developed. This method yielded consistent data. The 

isotherms for TCE and CCl^, Figures 1 and 2, indicated a 
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Figure 1. Freundlich isotherm for trichloroethylene on 
humic acid. 
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Figure 2. Freundlich isotherm for carbon tetrachloride on 
humic acid. 
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straight line with an infinite slope, which is indicative of 

no measurable adsorption. 

Peat Soil 

Based on Lambert's and Karickhoff's work confirming 

the relationship between organic matter and adsorption of 

hydrophobic compounds, it was hypothesized that a very high 

organic soil might show significant affinity for the 

compounds tested such that meaningful results could be 

obtained. To this end, a peat soil was obtained and 

analyzed as containing 85% organic matter. 

In accordance with the general procedure of this 

project, first single solute isotherms for trichloroethylene 

and carbon tetrachloride onto peat were obtained. These 

isotherms are presented in Figures 3 and 4. Bisolute 

isotherms were then obtained for TCE in competition with 

carbon tetrachloride (Figure 5); and carbon tetrachloride in 

competition with TCE (Figure 5). Two additional multisolute 

isotherms were developed. One for TCE interaction with 

tetrachloroethylene (Figure 6) and another for TCE interac

tion with 1,4 dichlorobenzene (Figure 7). The purpose of 

the latter two experiments was to compare single-solute 

adsorption behavior for TCE to bisolute adsorption behavior 

in the presence of solutes of lower solubilities. 

In pure solution (Figure 3), trichloroethylene shows 

more favorable adsorption than that of carbon tetrachloride 
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Figure 3. Freundlich isotherm for trichloroethylene on 
peat soil. 
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Figure 4. Freundlich isotherm for carbon tetrachloride on 
peat soil. 
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Figure 5. Freundlich models of bisolute isotherms for TCE 
in the presence of 1.07 mg/L CCI4 and CCI4 in the 
presence of 1.228 mg/L TCE on peat soil. 
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Figure 6. Freundlich models of bisolute isotherms of TCE 
in the presence of 0.980 mg/L 1,4 DCB on peat 
soil. 
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Figure 7. Freundlich bisolute isotherm of TCE in the presence of 1.003 mg/L 
PCE on peat soil. 
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(Figure 4). This trend is probably due to TCE's lower 

solubility. In a bisolute mixture (Figure 5), competitive 

effects come into play and adsorption is significantly 

reduced. The slopes for both TCE and CCl^ isotherms become 

more steep, indicating less solute removal over a range of 

loadings. Neither of the two compounds outcompete for 

available adsorption sites. Rather, in competition it 

appears that the available sites are shared with a resultant 

shift of the isotherm to the right, demonstrating an 

increased preference for the aqueous phase. 

In the presence of 1.003 mg/L tetrachloroethylene, 

Figure 7, and 0.980 mg/L p-dichlorobenzene, Figure 6, the 

adsorption of TCE is reduced. In single solution, 92% of 

the initial TCE concentration is adsorbed by a 26,667 mg/L 

dosage of peat. For the comparable dose in competition with 

tetrachloroethylene and p-dichlorobenzene, only 45% and 51%, 

respectively, of the initial TCE concentrations are 

adsorbed. 

This leveling out of TCE adsorption in the presence 

of more strongly competitive solutes may be related to the 

heterogeneous surface characteristics of peat soil. Perhaps 

initially the two compounds compete for high energy sites. 

As these sites become occupied by the more strongly sorbed 

solute, adsorption onto sites of lower energy become 
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increasingly unfavorable for TCE. This might be a result of 

the uneven adsorption energies that characterize soils. 

As previously stated in the literature review 

section, a number of estimation techniques has been 

developed to predict the distribution coefficient, K^, based 

upon solubility and other criteria in relation to the 

organic matter components of the soil. The regression 

equations previously stated were used to predict and to 

compare these estimates to the experimentally determined 

value. 

The partition coefficient for trichloroethylene 

adsorption on peat was first experimentally determined. 

From the single solute isotherm for TCE, the Freundlich 

parameters K and l/n were found to be 0.92 and 1.04, 

respectively. 

The Freundlich equation describing TCE adsorption 

onto peat could thus be written as: 

q = x/M = .92C1*04 

e 

It was assumed that the adsorption intensity slope of 1.04 

was sufficiently close to unity, and therefore the equation 

could be reduced to: 

q /C = 0.92 
e 
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where 0.92 is the distribution coefficient (in L 

adsorbed/g soil). 

The estimation technique expresses the tendency of a 

chemical to be absorbed in terms of a parameter Kqc , which 

is largely independent of the properties of the soil. Kqc 

is a ratio of the amount of chemical adsorbed per unit 

weight of organic carbon in the soil to the solute equilib

rium concentration. K is related to K, as follows: 
oc d 

k h  
K = —S- (100) 

oc O.C.-u 

The methods for estimating Kqc relate this 

partitioning coefficient to some property of the solute such 

as water solubility (S) and octanol-water partition 

coefficient Eight empirically derived regression 

equations listed in Table 9 were used to obtain Kqc values 

from which values were easily computed. Table 9 includes 

a brief description of the compounds used to develop each 

regression equation. A limitation in applying these equa

tions to predict TCE behavior is apparent in that only one 

of these equations, number 3, is based on chlorinated 

hydrocarbons. Furthermore, according to Lyman et al., none 

of the soils used to derive the regression equations 

exceeded a 20% organic matter content. 

Using Equation 4 from Table 3, Kqc and were 

calculated as follows: 



Table 9. Regression equations for the estimation of Kqc [53]. 

Equation r Groups Represented 

1. log 
(S 

K 
oc 
in 

= -0.55 log S + 
mg/L) 

3. 64 0. . 70 Mostly pesticides 

2. log 
(S 

K 
oc 
in 

= -0.54 log S + 
mole fraction) 

0.44 0. .94 Aromatic and polynuclear 
aromatics; 2 chlorinated 

3. log 
(S 

K 
oc 
in 

= -0.557 log S + 
mole/L) 

4. 277 0. ,99 Chlorinated hydrocarbons 

4. log K 
oc 

= -0.544 log K 
ow 

+ 1.377 0. ,74 Mostly pesticides 

5. log K 
oc 

= 0.937 log K 
6 ow 

- 0.006 0. ,95 Aromatics, polynuclear 
aromatics, triazines and 
dinitroaniline herbicides 

6. log K 
oc 

= 1.00 log K 
° ow 

0.21 1. 00 Mostly aromatic; two 
chlorinated 

7. log K 
oc 

= 1.029 log K ° ow 
- 0.18 0. .91 ; Insecticides, herbicides 

and fungicides 

8. log K 
oc 

= 0.524 log K ° ow + 0.856 0. .84 Substituted phenylureas 
and allcyi N-phenylcarbam 
ates 

K = soil adsorption coefficient 
oc 
5 = water solubility ^ 

K = octanol water partition coefficient ^ 
ow 

r2 = correlation coefficient for the regression 
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log K = 0.544 log K + 1.377 ° oc ° ow 

where log K (see Table 6) for TCE is 2.29. Thus, ° o w ' 

Koc = 419-5 ~g~ x 1000 mL = -42 L/s 

To convert Kqc to it is necessary to know the 

percent organic carbon in the soil. Chiou et al., Lyman and 

others suggest an approximate relationship of organic matter 

(O.M.) to organic carbon (O.C.) [19, 53]: 

O.C. = O.M./I.724 

Based on this algorithm, the organic carbon 

composition of the peat soil was calculated as 49.3%. From 

this parameter, was computed using: 

(%0.C.)K 1 ' oc 
K  =  =  .  4 9 3  ( . 42 ) = 0.21 L/g 

d  1 0 0  

In this particular case the predicted result is within less 

than an order of magnitude of the experimental result of 

0.92 L/g. The other predicted K and K, values as 
oc d 

calculated from each of the regression equations are given 

in Table 10. Except for Equation 4, all the results are off 

by more than one order of magnitude. The geometric mean for 

the predicted values was 0.05, or 1.2 orders of magnitude 

different from the mean of experimental values of K^. 

According to the literature, estimates that come within 1-2 



69 

Table 10. values as predicted by chemical 
solubility in 1^0 and octanol/water 
partition coefficient for trichloroethy-
lene adsorption onto peat. 

Regression Equation K Predicted K , 
(see Table 9) oc d 

1 . 093 . 05 

2 .041 .02 

3 .141 . 07 

4 . 420 .21 

5 .137 .07 

6 .120 .06 

7 .149 . 07 

8 . 114 . 06 

Geometric mean K, = 0.05 
d 
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orders of magnitude are considered reasonable approximations 

[53]. 

The agreement between the predicted Kqc values is 

surprising considering that (1) halogenated organics are 

almost completely absent from most of these equations, and 

(2) the organic carbon content of the peat soil was beyond 

the ranges used to develop the regression equations. The 

above technique must therefore be used with caution, subject 

to the restrictions outlined by Mungelgrin and Gerestl [27] 

and Lyman et al. [53]. Appropriate equation selection based 

on chemical classes covered by each equation; range of K 

values valid for a given regression equation, and the type 

of data available are all important selection criteria. 

Also assumptions about linearity, namely, that 1/n = 1, if 

not valid will yield significant errors. 

Though numerous Kqc values have been published, they 

are mostly for pesticides, reflecting the research efforts 

of the previous decade. Regression equations based on low 

molecular weight halogenated organics would presumably 

enhance the accuracy and the applicability of this method to 

present day concerns. 

Bentonite, Kaolinite, and 
Aluminum Montmorillonite 

Batch isotherm experiments were run using bentonite 

and kaolinite clays with TCE and carbon tetrachloride. 
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Bentonite is a double-layer montmorillonite clay with high 

surface area and highly active surface. The experiment was 

intended to explore the possibility that the relationship 

sugested by Richardson and Epstein with respect to pesticide 

adsorption onto montmorillonite being greater than onto 

kaolinite might also be relevant for halogenated 

hydrocarbons. 

The results, given in Table 11, showed no measure-

able adsorption. Hutzler et al. also report no adsorption 

of carbon tetrachloride onto kaolinite, but were able to 

measure adsorption onto a montmorillonite clay. General 

conclusions are difficult to draw, since many authorities 

warn against the use of clay surface area as a viable 

sorption indicator. Rather, as Hutzler emphasizes, clay 

type determined by X-ray diffraction provides a much better 

measure of clay adsorption potential. 

Furthermore, the difficulties mentioned regarding 

soil batch tests were magnified here due to the resistance 

to mixing. The cohesion of the clay in solution was very 

difficult to break down. 

A batch experiment for TCE onto Al-saturated 

montmorillonite was run in conjunction with the above clays, 

and also showed no apparent adsorption. The purpose here 

was to determine if the replacement of Na+ with the higher 

charged Al+++ would have any affect on sorption of non-ionic 
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Table 11. Adsorption data for trichloroethylene and 
carbon tetrachloride on bentonite and 
kao Unite. 

Mass Sorbent Equilibrium Cone. Initial Cone, 
(g) (yg/L) (yg/L) 

Bentonite/TCE 

1 90.0 
2 108.1 98 
3 90.6 
5 118.5 

Kaolinite/TCE 

2 97.3 98 
5 102.5 
8 94 . 5 
17 95.3 

Bentonite/CT 

1 98.7 
2 112.4 95 
4 106.0 
6 93.6 

Kaolinite/CT 

2 93 . 2 
5 101.7 95 
8 96.3 
17 103.4 
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compounds. Rogers and McFarlane reported no adsorption of 

trichloroethylene and carbon tetrachloride onto 

Ca++-montmorillonite, but a 17% adsorption of initial TCE 

concentration by Al-montmorillonite. However, they found 

less than 6% adsorption for carbon tetrachloride and 

Al-montmorillonite. 

The differences in results may be due to the fact 

that the Al-montmorillonite was prepared in the lab and thus 

there may have been variability in the methods used. 

Synthetic Adsorbents 

Activated Carbon and XAD-8 Resin 

Single solute batch experiments were conducted for 

trichloroethylene and carbon tetrachloride. The single iso

therms for TCE and CCl^ onto carbon, resin and for purposes 

of comparison, peat soil are plotted on a logarithmic scale, 

Figure 8, and on an arithmetic scale, Figure 9. The former 

plot (Figure 8) provides a better grasp of the orders of 

magnitude differences between the sorbents, whereas the 

latter (Figure 9) emphasizes more clearly the trend towards 

favorable or unfavorable adsorption. Figures 10 through 13 

are single component Freundlich isotherms for TCE and CC1 ̂ 

onto the two synthetic sorbents. 

The superiority of activated carbon for the removal 

of trichloroethylene and carbon tetrachloride is evident 

from Figures 8 and 9. A dosage of 333 mg/L activated carbon 
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Figure 10. Freundlich isotherm of trichloroethylene on 
activated carbon. 
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removes approximately 98% of a 1.0 mg/L solution of TCE 

while for the same dosage of XAD-8 only 38% removal of 0.9 

mg/L TCE is obtained. The arithmetic plot of loading vs 

equilibrium concentration (Figure 9) indicates that 

adsorption onto XAD-8 for both solutes, does not conform to 

a favorable curve. This can also be deduced by comparing 

the 1/n slopes for activated carbon and XAD-8 on the 

Freundlich graphs (Figures 8, 10 and 11). For activated 

carbon the TCE 1/n value is 0.36 while for XAD-8 the value 

is 1.94; carbon tetrachloride has 1/n slopes of 0.33 and 

1.64 on activated carbon and XAD-8, respectively. Thus for 

a given amount of solute removal, much more XAD-8 mass is 

required. This suggests that XAD-8 resin is not very 

effective in removing VOCs of the same homologous group as 

TCE and CCl^. Furthermore, in water treatment where removal 

of the above two contaminants to the 5 yg/L level is 

required by Arizona State Law, XAD-8 would be unacceptable 

in cost and possibly ineffective. This result is consistent 

with unfavorable adsorption for chloroform on XAD-8 reported 

by Weber [38 ] . 

Of the two compounds, TCE is more favorably adsorbed 

onto both sorbents. Adsorption capacity onto activated 

carbon for TCE was 11, and for carbon tetrachloride 3.7. 

Figures 10 and 11 show that removal close to the EPA' s 

Recommended Maximum Contaminant Level of 5.0 yg/L was 
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achieved with 666 mg/L carbon (X/M = 1.49) for TCE, and 

1,666 mg/L (X/M = 0.59) for carbon tetrachloride. The 

greater affinity of TCE for adsorption is in accordance with 

its lower water solubility, a trend that could be predicted 

from Lundelius1 rule. 

The competitive adsorption between TCE and carbon 

tetrachloride on carbon and XAD-8 is shown in Figures 14 and 

15. In both cases the isotherms are shifted to the right 

and acquire steeper slopes. On activated carbon removal of 

carbon tetrachloride becomes increasingly unfavorable at 

lower concentration. It is difficult to discern any 

additional significant trend with respect to competitive 

adsorption on XAD-8 (Figure 15) because the isotherms are 

too close and therefore any differences may simply be due to 

scatter inherent in the experimental method. 

Figures 16 and 17 show TCE adsorption onto activated 

carbon in the presence of less soluble compounds. 

Tetrachloroethylene and 1,4 dichlorobenzene, respectively. 

Though in both cases adsorption of TCE has become less 

favorable, this is not immediately apparent from the 

logarithmic presentation of the data. TCE in the presence 

of PCE (Figure 16) maintains its adsorption capacity with K 

equal to 10.6 as compared to 11 for the single solute case, 

but the slope 1/n has increased slightly from 0.36 to .38. 

The difference in adsorption is is more marked at lower 
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Figure 16. Freundlich bisolute isotherm of TCE in the 
presence of 0.911 mg/L PCE on activated carbon. 
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concentrations. At 333 mg/L 98.3% of a 1 mg/L TCE was 

removed for the single solute, whereas only 96.2% of a 0.904 

mg/L solution of TCE was removed in the bisolute system. In 

absolute figures the difference between 17 yg/L and 54 yg/L 

may be very significant in water treatment. Furthermore, no 

additional measurable adsorption of TCE was obtained when 

the dosage was increased to 500 mg/L carbon. These effects 

are not immediatly evident, in part because the experiment 

was conducted at significantly lower dosages than the single 

solute case due to the high adsorption of PCE. The 

Arithmetic plot, Figure 22, shows the adsorption trends more 

clearly. 

TCE adsorption on carbon in the presence of 1.111 

mg/L DCB also becomes more unfavorable. The isotherm shifts 

to the right and develops a steeper slope. These results 

are also in accordance with Lundelius' rule. The 

competitive effects on TCE adsorption onto XAD-8 (Figured 

18) are not that strong, particularly in the case of TCE and 

PCE interaction (Figure 18) the isotherms for both single 

and multisolute experiments are very similar. 

Activated Alumina 

TCE and CCl^ adsorption on activated alumina was 

investigated using the batch experiment method. The results 

indicated no measurable adsorption. 
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The control of pH is the principal factor in 

determining adsorption of ions onto oxide surfaces. During 

the experiment, it was found that the pH varied with time 

and concentration and that equilibrium of the surface with 

the aqueous phase was slow. This phenomenon has also been 

reported by Ghosh et al. [39]. A curve developed in that 

experiment comparing initial and final pH of alumina in 

suspension was used to approximate the desired equilibrium 

pH values. 

The sorbates, 1.00 mg/L TCE and CCl^, were placed in 

0.15 L vials with 150 mg of activated alumina. Using 

hydrochloric acid, solutions were prepared at pH's of 3, 4, 

5, 6 and 7. These pH's are below the P^pQ 7.9. Several 

runs were also conducted at pH 8.6 above the pH^pQ. The 

vials were placed on a shaker table for 24 hours and then 

analyzed. There was no measurable adsorption at any pH 

range. 

From this limited experiment, the conclusion is 

drawn that F-l activated alumina is not a good sorbent for 

removal of nonpolar VOCs. This also suggests that aluminum 

oxides which are present in the solid component of the soil, 

as well as in most particulate matter in natural waters do 

not significantly act to attenuate transport of such 

nonpolar organic chemicals. A^O^, as is stressed by Huang 

and Stumm, performs a most important role in regulating the 
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composition of sediment-water systems [54]. The amphoteric 

properties of A^O^ allow it to adsorb cations and replace 

bound protons and to adsorb anions that replace OH- from the 

surface at pH below ZPC. No such mechanisms appeared to be 

at work with the neutral organics tested. 

Modeling Equilibrium Isotherms 

Three competitive models were used, the Langmuir, 

the Jain-Snoeyin, and the Digiano modified IAS model. 

The Langmuir competitive model in the form 

previously cited 

= 
QlblCl 

q i + b1c1 + b2c2 

gave increasingly poor simulation as experimental results 

deviated from favorable adsorption conditions that 

presumably approximate the assumptions underlying the model. 

For TCE in the presence of carbon tetrachloride (see Figure 

19) on activated carbon, the Langmuir gave a poor fit. 

The Jain-Snoeyink model in the form of: 

(Qx - Q2)bici Q2blCl 
ql 1 + b1C1 

+ 1 + b1C1 + b2C2 

gave an excellent simulation for the same experiment. From 

single solute experiments for TCE and CCl^ a linear form of 

the Langmuir equation was plotted from which the Langmuir 

parameters Q (adsorption capacity) and b (adsorption energy 

coefficient) were determined. Q was found to be 6.0 for TCE 
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and 2.8 for CCl^. This condition met the criteria of the 

Jain-Snoeyink model, namely, that is greater than . 

Under this condition Jain-Snoeyink predicts that a portion 

of the adsorption will be occurring with no competition and 

therefore will be higher than that predicted by Langmuir, 

which assumes competition along the entire 'monolayer.' 

Indeed, as Figure 19 demonstrates, the Langmuir estimate is 

very low. The Jain-Snoeyink correction, which includes a 

term taking into account no competition for a quantity of 

sites equal to (Q^ - ). comes very close to the 

experimental findings. The Jain-Snoeyink model could not be 

used to simulate TCE adsorption in the presence of p-DCB 

(Figure 21) and PCE (Figure 22) because in these two cases 

the adsorption capacities for the competing compounds are 

greater than that of TCE. 

The Langmuir competitive model provided a 

satisfactory simulation of TCE in the presence of PCE 

(Figure 22) and what might be considered an acceptable 

approximation for TCE in the presence of 1,4 DCB (Figure 

21). Of course the Jain-Snoeyink correction does not apply 

for these two cases ((^ > Q^) and thus TCE is competing for 

sites proportional to the presence of the respective 

compounds. 

The Digiano model in the form cited: 

qi . K'<°' " 1/n,)<K.C. )l/n'[J [-^C. 
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gave good results for TCE and CCl^ interactions (Figures 19 

and 20) and TCE competition with 1,4 DCB (Figure 21). 

However, the prediction for TCE in the presence of PCE 

(Figure 22) is high and not consistent with the experimental 

results. 

For XAD-8 as a sorbent, results derived from TCE did 

not fit the Langmuir model and no parameters were 

obtainable. A major weakness of the Jain-Snoeyink model 

became evident in this case. Since it functions as a 

correction to the Langmuir it relies on Langmuir parameters 

obtained from single solute batch tests. When some of the 

assumptions of the Langmuir model break down, the 

Jain-Snoeyink model cannot be used. For modeling of 

interactions on heterogeneous surfaces, it is doubtful if 

this model could be of much use. 

The XAD-8 arithmetic competitive isotherms for TCE 

interactions with CCl^ (Figure 23), PCE (Figure 24), and 1,4 

DCB (Figure 25) indicate, as did the Freundlich plots 

(Figures 17, 18 and 15) that the competitive effects are not 

that strong. The differences may be the result of the 

inherent experimental errors remarked upon earlier. The 

Digiano model generally follows the experimental isotherm 

trend; however, it consistently overpredicts the amount 

sorbed per mass of sorbent (qg)- This phenomenon 

underscores both the strength and weakness of the Digiano 
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model. The Digiano modification to the IAS model in effect 

eliminates the thermodynamic components of that model and 

thus reduces the IAS to a somewhat refined averaging of 

parameters curve fitting method. The key assumption that 

Digiano makes is that the competing solutes have identical 

isotherms and therefore their spreading pressures of 

adsorption--the only measurable thermodynamic parameter of 

the IAS model—are the same and can be ignored. This 

assumption is then modified, i.e., curve fitting, for the 

cases where the isotherms of competing solutes have 

different K and 1/n values. This is accomplished by an 

averaging technique. T". is may explain the high qg estimates 

for the experiments cited. The K values for the compounds 

of lower water solubility are averaged in with the K value 

for TCE yielding the overestimation. 

The shortcomings of the Digiano model are more 

evident wich respect to a natural sorbent where the 

assumption of equal spreading pressures is very far from the 

reality of heterogeneous surface energies. The Digiano 

model approaches the IAS model for the case where the 

competing solutes have identical isotherms or when one 

Freundlich equation describes the entire concentration range 

of each solute and the 1/n values are equal. The K and 1/n 

values for the various compounds as shown in Table 12 and 
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Figure 19. Isotherm of TCE in the presence of 1.03 mg/L 
CCI4 on activated carbon from experimental and 
model results. 
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Figure 22. Isotherm of TCE in the presence of 0.911 mg/L PCE on activated 
carbon from experimental and model results. 
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may provide some insight into the simulations presented in 

Figures 26 through 29. 

Table 12. Freundlich parameters with respect to peat soil. 

TCE CC1, 
4 

PCE* 1,4DCB* 

1/n 1. OA 2.18 1. 37 1. 04 

K 0. 92 0. 93 1. 40 1. 03 

* Values for PCE, DCB reprinted with permission from W. 
Odem, M.S. thesis, in preparation. 

When 1/n values for the competing sorbates differed 

significantly as is the case for the TCE, CCl^ interaction 

(Figures 26 and 27), the Digiano model rendered the poorest 

results. In the case of TCE/DCB, Figure 29, the predicted 

curve is higher due to the averaging of K values, but 

because the 1/n values are equal the predicted curve follows 

the slope of the experimental curve. The model is not 

sensitive to the lowering of surface tension energies along 

a heterogeneous surface and cannot give an accurate quantita

tive estimate of actual loadings; however, it appears that 

if the 1/n slopes are sufficiently close then the model is 

able to provide a good qualitative trend prediction. 
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CONCLUSIONS AND IMPLICATIONS 

The project studied the adsorption of trichloroethy-

lene and carbon tetrachloride onto a variety of synthetic 

and natural sorbents. From the research conducted, the 

following may be concluded. 

Humi c Acid 

There was no measurable adsorption of TCE and CCl^ 

onto humic acid, this was so at low mass dosages and very 

high dosages that one could not expect to encounter in a 

natural environment. 

Kansas Soil 

There was no measurable adsorption of TCE and CCl^ 

onto the Kansas topsoil, which contained 5 % organic matter. 

This result was inconsistent with many reported findings in 

the literature where adsorption of neutral organics was 

found to be a function of organic matter content. 

Bentonite, Kaolinite, 
Al-Montmorillonite Clays 

There was no measureable adsorption onto these three 

clays. The literature also reports no adsorption of TCE and 

carbon tetrachloride onto kaolinite or Na-montmorillonite. 

1 0 5  
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TCE adsorption onto Al-montmorillonite has been reported. 

It is concluded that along with experimental procedure diffi

culties already cited, the preparation of Al-montmorillonite 

in the lab may have differed from that reported in the 

literature. 

Peat Soil 

Adsorption of both TCE and CCl^ onto an 85% organic 

matter content peat was measured and isotherms were 

developed. TCE was adsorbed more than carbon tetrachloride. 

In bisolute competition adsorption of TCE and CCl^ were 

significantly reduced. In competition with p-DCB and PCE, 

solutes of much lower water solubility, adsorption of TCE 

was further reduced. 

Regression equations were used to estimate the 

distribution coefficient for trichloroethylene. This 

method relates the organic carbon content of the soil to 

distinct properties of the solute such as octanol/water 

partition coefficient and water solubility. The estimated 

partition coefficients derived from 7 equations was over an 

order of magnitude different from the experimental value. 

One estimate was within an order of magnitude. This result 

was surprisingly good in light of the fact that chlorinated 

VOCs are poorly represented in the regression equations. 

The approximation method for estimating values was thus 
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found to be very useful, subject to the constraints 

delineated in the literature. 

Activated Carbon 

TCE adsorbed more strongly onto carbon than did 

CCl^. This was especially relevant for removal down to the 

5 g/L level. Carbon tetrachloride required three times the 

dosages of that for TCE removal at the 5 g/L range. 

Adsorption of TCE and CCl^ in bisolute mixture was reduced; 

TCE adsorption was reduced in competition with p-DCB and 

PCE. The reduction, though not dramatic, would be 

significant in water treatment. 

XAD-8 Resin 

The adsorption isotherms for TCE and CCl^ on XAD-8 

resin indicate that XAD-8 is an unacceptable sorbent for low 

molecular weight VOC removal. The steep Freundlich 

isotherms show that for removal down to the 5 g/L level 

adsorption becomes increasingly unfavorable. This result 

was also reported for adsorption of chloroform onto XAD-8 

[38]. 

F-l Activated Alumina 

No measurable adsorption was found for TCE and CCl^ 

onto F-l alumina. The experiment was conducted over a broad 

range of pH values, above and below the P^pQ of activated 

alumina. It was concluded that activated alumina is of no 
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benefit for the removal of non-polar VOCs in the same 

grouping as TCE and CCl^. 

Model Results 

Three models were used to simulate experimental 

results; the Langmuir, Jain-Snoeyink, and Digiano. The 

first two models were found to have application for model

ling adsorption onto activated carbon. The thermodynamic 

assumptions underlying these two equations were perhaps best 

approximated by PAC. In the case of weak competition 

bet ween TCE/CCl^ the Jain-Snoeyink provided an excellent 

correction to the Langmuir. Unfortunately the Jain-Snoeyink 

model relies upon Langmuir single solute parameters, and 

when adsorption does not fit the Langmuir model, the 

Jain-Snoeyink cannot be used. This was the case for 

adsorption onto XAD-8. The two models were not able to 

approximate adsorption onto peat. The heterogeneity of 

natural sorbents does not conform to the assumptions of 

Langmuir . 

The Digiano model generally gave a good qualitative 

"trend" approximation. However, this model is in essence a 

curve fitting approach and the goodness of fit is dependent 

on how close the averaged Freundlich parameters are to the 

ideal case of two identical single solute isotherms. 
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Implications 

There are several implications suggested by this 

work for engineering practice in the field of groundwater 

contamination/hazardous waste contaminant, assessment and in 

situ treatment. 

If the partitioning of the solute can be approxi

mated by the distribution coefficient, K^, then the 

retardation of the front with respect to the water mass is 

given by: 

pb 

qA ~ 1 + n Kd 

where is the average water velocity (m/s), q_^ is the 

average velocity of the contaminant (m/s), is the bulk 

3 
density of the porous medium (g/m ) and n the porosity. The 

Pb 
term [1 + —— K^] is known as the retardation factor. It 

expresses the fact that the front of a solute undergoing 

adsorption will move at a linear velocity smaller than that 

of the water front by a factor given by the retardation 

term. This retardation term may then be substituted into 

the advection-dispersion equation to determine the contami

nant transport. 

Numerous numerical solutions to the advection-

dispersion equation exist for a variety of boundary and 

initial conditions. However, an estimate of the partition 

coefficient as a real physical parameter of the system is 
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necessary. The estimation technique for determining from 

Kqc values could be very useful for this purpose. Even 

though the predicted results for in this experiment 

differed from the experimental by more than an order of 

magnitude, the procedure provides sufficient accuracy for a 

first approximation. If the model shows sensitivity to the 

retardation factor relative to other terms such as 

dispersion, biodegradation, etc., then it may be deemed 

necessary to obtain a more accurate approximation of by 

the batch isotherm method. 

The experiment has shown that bisolute competitive 

effects, expecially with respect to the natural sorbent 

peat, was important. In a situation where multisolute 

contamination has occurred, a likely scenario at abandoned 

industrial waste sites, it could be judicious to obtain 

competitive partition coefficients for the transport model. 

The competitive effects on retarding adsorption have not 

been sufficiently stressed in the literature concerning VOC 

adsorption onto soils. 

Again, an approximation technique could be used by 

the practicing engineer to at least obtain an understanding 

of the qualitative trends of competitive effects. The 

Digiano model, subject to the limitations cited, in most 

cases provided such a qualitative sense. Initially, 

sensitivity and not accuracy will generally be of concern. 
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If the sensitivity is positive and these parameters are thus 

shown to be of significance, then more costly laboratory 

analysis can be undertaken for greater accuracy. Perhaps 

other models whose theoretical foundations offer a better 

representation of adsorption onto natural media might be 

available for this purpose. 

The estimation of contaminant front retardation 

through a soil containing organic matter suggests that soils 

could be more judiciously selected for their attenuation 

properties at hazardous waste landfill disposal facilities. 

In the past, clays were selected based primarily upon their 

permeability characteristics. Recent research has shown 

that impermeable clays with hydraulic conductivities of 1 x 

10 ^ cm/s, under certain conditions can react with non-polar 

organic compounds, resulting in unfavorable shifts of 

several orders of magnitude in permeability [26]. A broader 

view of the matter is necessary, and possibly a combination 

of multi-layered soils and clays could provide a more sound 

front line defense to protect against vadose zone migration. 

The project, for instance, demonstrated that 

Na-montmorillonite clay, despite its impermeable properties, 

might be a poor choice for a site anticipating disposal of 

low molecular weight VOCs. 

When leakage from a disposal site has been detected, 

as in the case of an abandoned industrial site, some 



1 1 2  

emergency iji situ measures are suggested by this research. 

If the groundwater table is shallow, a prevalent condition 

for much of the eastern and southwestern parts of the U.S., 

a permeable treatment bed can be created out of a trench. 

Powdered activated carbon, for instance, can be packed into 

a vertical column intersecting the groundwater flow. If a 

municipality did not have the funds immediately at hand to 

initiate treatment with costly pre-packaged modular systems, 

this could provide a temporary stop gap measure while more 

viable solutions are being developed. It is even 

conceivable that an engineer using published K and 1/n 

values could determine the necessary loadings of PAC and 

place several of these trenches in series for better 

removal. This research has shown that the synthetic medium 

for organics removal must be carefully selected and must 

have proven efficiency for efficient contaminant removal 

down to the concentration required. 



RECOMMENDATIONS FOR FURTHER RESEARCH 

The presence of contaminant mixtures in solution 

requires knowledge of their interactions to model their 

transport. The multisolute models available have been 

developed primarily for adsorption on activated carbon. 

Several of the more mathematically intricate models (Polyani 

potential, Radke-Prausnitz, etc.) are based on sound 

thermodynamic principles that may render them suitable for 

modelling multisolute adsorption on heterogeneous, 

multilayer surfaces. Numerical and nomographic solutions to 

some of these equations have been developed. For instance, 

the most formidable aspect of using the IAS model is 

determination of the spreading pressure, TT , which is given 

by : 

_ / r \ RT 
TT (C . ) — « 

v l' A 

C. 
1 n. (C. ) 

i i 
~~c:— dCi 

0 1 

where R is the universal gas constant, A is the surface area 

per unit weight, n^ is the solid phase loading and C^ is the 

fluid phase concentration. Experimental single solute 

n i 
isotherms can be constructed to give a curve of — as a 

i 
function of C. and the area under this curve would determine 

i 

TT . The other equations can be solved numerically. The 

1 1 3  



1 1 4  

point here is that the thermodynamic based equations in 

conjunction with batch isotherms may provide a means for the 

prediction of multisolute behavior in natural systems for 

engineering applications. 

A second important research area is to develop 

several more regression equations based on chlorinated 

hydrocarbons. As has already been stated, the existing 

equations were developed primarily for pesticides and do not 

focus on the VOCs being considered for inclusion in the 

USEPA Recommended MCL list. 



APPENDIX A 

DATA TABLES FROM BATCH ISOTHERM EXPERIMENTS 
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Table A.l. Raw isotherm data for TCE on activated carbon. 

Dose = M (mg/L) Cf (mg/L) C - C, = X 
o f 

X/M (mg/g) 

0 1. 00 — — 

111 0. 270 0. 730 6. 58 

222 0.068 0.932 4.20 

333 0.017 0. 983 2.95 

444 0. 008 0. 992 2. 23 

555 7.2 x 10"3 0. 993 1. 79 

666 5.7 x 10"3 0. 994 1. 49 

Freundlich Parameters 

K 11 

1/n 0.36 

Corr. Coeff. r 0.98 



1 1 7  

Table A.2. Raw isotherm data for CC1, on activated carbon. 

Dose = M (mg/L) Cf (mg/L) Cq - Cf = X X/M (mg/g) 

0 0. 984 — — 

444 0. 086 0.898 2.02 

666 0. 040 0. 944 1. 142 

888 0. 020 0. 964 1. 09 

111 0.017 0.967 0.87 

Freundlich Parameters 

K 

1 /n 

Corr. Coeff. r 

3. 72 

0. 33 

0.94 
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Table A.3. Raw isotherm data for TCE onto XAD-8. 

Dose = M (mg/L) Cf (mg/L) C -
0 

Cf = X X/M (mg/g) 

0 0.877 — — 

71 0 . 730 0. 147 2.07 

333 0. 548 0. 329 0.99 

1337 0. 279 0. 598 0.45 

2000 0. 216 0. 661 0. 33 

2987 0.177 0. 700 0.23 

Freundlich Parameters 

K 

1 /n 

Cor r. Coe f f. r 

7 . 22 

1. 94 

0. 99 
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Table A.4. Raw isotherm data for CC1, on XAD-8. 
4 

Dose = M (mg/L) Cf (mg/L) C -
0 

Cf = X X/M (mg/g) 

0 0.984 •- — 

347 0.369 0. 615 1.772 

660 0.333 0. 651 0.986 

1333 0.258 0. 726 0.545 

1993 0.164 0. 820 0.411 

Freundlich Parameters 

K 

l/n 

Corr. Coeff . r 

6 . 8  

1. 64 

0.92 
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Table A.5. Raw isotherm data for TCE on peat soil. 

Dose = M (mg/L) 
Cf 

(rng/L) C -
0 

X
 

11 <4
-1 C

J 

X/M (mg/g) 

0 0 .861 • - — 

667 0 .602 0 .  258 0.387 

2667 0 .182 0 .  679 0.255 

4667 0 .141 0 .  720 0.154 

6667 0 .102 0 .  759 0.114 

26,667 0 . 071 0 .  790 0. 030 

Freundlich Parameters 

K 

1 / n 

Cor r . Coeff. r 

0. 92 

1. 04 

0. 87 
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Table A.6. Raw isotherm data for CCl^ on peat soil. 

Dose = M ( mg/L) Cf (mg/L) C - C, = X 
o f 

X/M (mg/g) 

0 0.928 — — 

533 0. 738 0.190 0.356 

2556 0.409 0.519 0.195 

4667 0. 329 0.599 0.128 

20,000 0.259 0.669 0.033 

26,667 0. 210 0. 718 0. 027 

Freundlich Parameters 

K 

1/n 

Cor r. Coe f f. r 

0. 93 

2  . 1 8  

0. 94 
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Table A.7. Raw isotherm data for TCE in the presence of 
CC1, on activated carbon. 

4 

Solute Dose = M (mg/L) CF (mg/L) CQ - CF = X X/M (mg/g) 

0 0 .819 — — 

111 0 .066 0. 753 6. 78 

222 0 .063 0. 757 3.41 

333 0 . 059 0. 760 2.28 

447 0 .012 0.807 1.81 

667 0 . 006 0. 813 1. 22 

0 1 . 034 — — 

111 0 . 218 0.815 7. 34 

222 0 .191 0.843 3. 80 

333 0 . 174 0. 860 2. 58 

447 0 .094 0. 940 2 .10 

667 0, . 051 0. 983 1. 47 
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Table A.8. Raw isotherm data for TCE in the presence of PCE 
on activated carbon. 

Solute Dose = M (mg/L) (mg/L) Cq - = X X/M (mg/g) 

0 0. 904 — — 

14 0. 752 0.152 o
 

00
 

o>
 

83 0. 410 0.494 5.97 

117 0. 100 0. 804 4. 82 

222 0. 052 0.852 3.84 

333 0. 034 0.870 2. 61 

0 0. 911 — — 

14 0. 320 0. 591 42 .21 

83 0. 062 0.849 10.26 

167 0. 015 0. 896 5.37 

222 0. 007 0.904 4.07 

333 _ — 
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Table A.9. Raw isotherm data for TCE in the presence of 
1,4-DCB on activated carbon. 

Solute Dose = M (mg/L) C^ (mg/L) Cq - C^ = X X/M (mg/g) 

0 0.896 — — 

3. . 80 0.834 0, . 062 16.3 

13. . 3 0.744 o, .152 11 .4 

40. .0 0.482 0. .414 10.4 

53. .3 0.432 0. .464 8.7 

0 1.111 - - — 

1. 27 0.682 0. .429 338.0 

3. 8 0.412 0. ,699 183. 9 

13. 3 0.098 1. 013 76 .0 

53 . .3 0.033 1. .08 20.2 



1 2 5  

Table A.10. Raw isotherm data for TCE in the presence of 
CC1. on XAD-8. 

4 

Solute Dose = M (mg/L) (mg/L) Cq - = X X/M (mg/g) 

0 1. . 070 - - — 

107 0. , 728 0. . 342 3. . 20 

340 0, ,472 0. .598 1. . 76 

720 0. . 358 0. , 712 0. . 99 

1007 0. . 250 0. .820 0, ,81 

2000 0. . 171 0. .899 0. , 45 

2667 0. .143 0. .927 0. ,35 

0 1. .228 — - -

107 0. .816 0. .412 3. .85 

340 0. , 571 0. 657 1, . 93 

720 0. .432 0. .796 1. ,11 

1007 0. , 309 0. ,919 0. , 91 

2000 0. ,216 1. 012 0. .51 

2667 0. , 187 1. 041 0. , 39 
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Table A.11. Raw isotherm data for TCE in the presence of 
PCE on XAD-8. 

Solute Dose = M (mg/L) (mg/L) Cq - = X X/M (mg/g) 

0 1. , 228 — - -

67 0, . 838 0, . 390 5, . 85 

367 0. .692 0, .536 1, ,46 

667 0, , 503 0, . 725 1, . 09 

987 0. . 370 0, .858 0, . 87 

2007 0. , 261 0. , 967 0, . 48 

2673 0. , o98 1. , 03 0, , 38 

0 1. ,002 - - - -

67 0. . 65 0. ,346 5. ,19 

367 0. 376 0. , 626 1. , 71 

667 0. , 215 0. , 787 1. , 18 

987 0. ,13 0. 866 0. ,88 

2007 0. 088 0. 914 0. 46 

2673 0. 063 0. 939 0. 35 



1 2 7  

Table A.12. Raw isotherm data for TCE in the presence of 
1,4 DCB on XAD-8. 

Solute Dose = M (mg/L) C^ (mg/L) Cq - C^ = X X/M (mg/g) 

0 1. 248 — — 

87 0.697 0 . 551 6. 33 

333 0.596 0 . 652 1. 96 

673 0. 362 0 .886 1. 32 

1007 0. 330 0 . 918 0.91 

1373 0.314 0 . 934 0. 68 

2020 0.229 1 . 019 0.50 

0 0.980 — — 

98 0. 505 0 .475 5.46 

673 0.142 0 . 838 1. 25 

1007 — -- — 

1373 — — 
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Table A.13. Raw isotherm data for TCE in the presence of 
CCl^ on peat soil. 

Solute Dose = M (mg/L) (mg/L) Cq - = X X/M (mg/g) 

0 1. 228 — — 

720 0. 966 0. 262 0. 364 

2067 0. 952 0. 276 0.134 

4700 0. 898 0. 538 0. 070 

13,333 0. 562 0.666 0.050 

0 1. 070 — — 

720 0. 890 0.180 0. 250 

2067 0. 878 0.192 0.093 

4700 0. 826 0. 244 0.052 

13,333 0. 533 0.537 0.040 

26,667 0. 514 0. 556 0. 021 
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Table A.14. Raw isotherm data for TCE in the presence of 
PCE on peat soil. 

Solute Dose = M (mg/L) (mg/L) Cq - C^ = X X/M (mg/g) 

TCE 

PCE 

0 

187 

760 

2133 

4800 

13,333 

20,000 

26,667 

0 

187 

720 

2133 

4800 

13,333 

20,000 

26,667 

1. 248 

1 . 1 2 0  

1.006 

0. 869 

0.850 

0. 728 

0. 736 

0 .  6 8 2  

1. 003 

0. 804 

0. 720 

0. 665 

0.458 

0.373 

0 .  1 2 8  

0. 242 

0. 379 

0. 398 

0. 520 

0. 512 

0. 566 

0. 199 

0.283 

0.338 

0.545 

0.630 

0. 684 

0. 318 

0.178 

0.083 

0. 039 

0.026 

0. 021 

0. 093 

0.059 

0. 025 

0.027 

0. 024 
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Table A.15. Raw isotherm data for TCE in the presence of 
1,4-DCB on peat soil. 

Solute Dose = M (mg/L) C^ (mg/L) Cq - C^ = X X/M (mg/g) 

0 1 . 000 — — 

187 0 . 905 0 . 095 0.51 

860 0 .718 0 .282 0.33 

2133 0 . 613 0 . 387 0.18 

4807 0 .566 0 .434 0. 09 

13,333 0 . 541 0 . 459 0. 03 

20,013 0 .486 0 .514 0.026 

0 0 . 980 — 

187 0 .908 0 . 072 0.39 

860 0 . 647 0 . 333 0. 39 

2133 0 .474 0 .506 0.24 

4807 0 . 344 0 . 636 0.13 

13,333 0 . 234 0 .746 0.06 

20,013 0 .163 0 . 817 0.04 
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