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ABSTRACT 

This research investigated the adsorption mechanisms of hydrophobic chlorinated 

contaminants in mineral micropores and on iron metal surfaces. Activated adsorption and 

desorption of trichloroethylene (TCE) in mineral micropores was studied using 

experimental and molecular modeling techniques. Adsorption of TCE on a silica gel 

adsorbent was measured using a frontal analysis chromatography technique at 

atmospheric and elevated fluid pressures. The results showed that the increase in pressure 

was able to rapidly induce the formation of a desorption resistant fraction. Grand 

Canonical Monte Carlo (GCMC) modeling was used to elucidate the nature of water and 

TCE behavior within silica micropores. TCE adsorption was energetically most favorable 

in pores that were minimally large enough to accommodate one TCE molecule. 

A molecular level study of the interactions between hydrophobic chlorinated 

contaminants and sediments was performed. GCMC simulations were preformed to 

investigate water and TCE adsorption in slit micropores confined by charged and 

uncharged silica surfaces. Gas-phase single-sorbate simulations with water or TCE were 

performed as well as mixture simulations of bulk water containing TCE at 1% of its 

saturation concentration. Aqueous-phase TCE at a concentration equal to 1% of its 

saturation concentration was able to completely displace adsorbed water in uncharged 

pores. In highly hydrophilic pores, TCE at this concentration was able to displace up to 

50% of the adsorbed water. 

Metallic iron filings are becoming increasingly utilized as reactive agents for 

reductive dechlorination of solvents in contaminated groundwaters. This research 
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investigated the thermodynamic favorability and resulting structures for chemical 

adsorption of trichloroethylene (TCE) and tetrachloroethylene (PCE) to iron surfaces 

using periodic density functional theory (DFT). PCE was found to chemisorb via pi and 

di-sigma bond formation between Fe and C atoms, while TCE was found to chemisorb 

via sigma and di-sigma bonds. Either all of or two of the C-Cl bonds upon TCE and PCE 

chemisorption were activated. This is consistent with experimentally observed reaction 

products. 

Although prior studies have shown that dechlorination rates are normally limited by 

rates of electron transfer, the thermodynamic favorability for chlorocarbon adsorption 

may still have a significant effect on the observed reaction rates. This research used a 

molecular mechanics modeling approach to investigate the thermodynamics of 

trichloroethylene (TCE) and tetrachloroethylene (PCE) chemical adsorption to iron 

surfaces. The Universal force field (UFF) was used to calculate the relative energies of 

di-sigma bonded complexes of TCE and PCE to iron surfaces. A self-consistent reaction 

field charge equilibration scheme was used to account for charge transfer and polarization 

effects associated with chemisorption of TCE and PCE to metallic iron surfaces. The 

presence of atomic hydrogen on the iron surface resulted in lower potential energies for 

both TCE and PCE complexes, and increased electron transfer to the organic compounds. 

In the absence of atomic hydrogen, the potential energy for PCE adsorption was lower 

than that for TCE, but the presence of even small amounts of atomic hydrogen made TCE 

adsorption more thermodynamically favorable than that for PCE. Differences in TCE and 

PCE adsorption, as indicated by the relative potential energies of the adsorbed 
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complexes, are consistent with experimentally observed trends in reaction rates and may 

help to explain some apparently anomalous experimental results. 
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CHAPTER 1 

INTRODUCTION 

1.1 Outline 

This dissertation includes three chapters and four appendixes. Chapter 1 gives 

detailed information of the sources, chemistry, health effects and existing remediation 

technologies for the target contaminants of this research. Chapter 2 illustrated research 

motivation, approaches and key conclusions of this research. Appendixes A and B have 

been pubhshed in the journal. Environmental Science and Technology {1,2). Appendixes 

C and D are going to be sent out to the same journal for review. Appendix A describes an 

investigation of activated adsorption of a hydrophobic organic contaminant (HOC) in 

mineral micropores using both experimental and molecular modeling techniques. 

Appendix B presents an investigation of water and trichloroethylene (TCE) adsorption in 

slit micropores confined by charged and uncharged silica surfaces using Grand Canonical 

Monte Carlo Simulation. Appendix C consists of an investigation on chloroethene 

chemisorption to metallic iron surfaces using periodic density functional theory. 

Appendix D describes the effects of chemisorption on chloroethene reactions at iron 

surfaces. 

1.2 Introduction 

1.2.1 Trichloroethylene (TCE) and Perchloroethylene (PCE) 

Trichloroethylene (TCE) and perchloroethylene (PCE) are man-made industrial 

chemicals. Both of them are colorless liquids at room temperature with a sweet odor 

similar to ether or chloroform. The formula for TCE is C2HCI3. The formula for PCE is 
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C2CI4. TCE is also called 1,1,2 trichloroethylene, ethylene trichloride, and other common 

names. PCE is also called ethylene tetrachloride, tetrachloroethylene, and other common 

names. The vapor pressures for TCE and PCE are 0.078 and 0.02 bar, respectively, at 

20°C. The log Kow for TCE is 2.42 and for PCE is 3.4 (5). 

TCE and PCE have been used worldwide for more than 50 years. Due to their 

cleaning properties, low flammability, and lack of a measurable flashpoint, TCE and PCE 

are used widely by industry as metal degreasers, extraction solvents and refrigerants. 

TCE and PCE are also used in products such as typewriter correction fluids, paint 

removers/strippers, adhesives, spot removers, and rug-cleaning fluids. In the past, TCE 

was even used as a general anesthetic. In 1995, U.S. demand for TCE was about 128 

million lbs (58,000 metric tons), of which about 16.5 million lbs (7,500 metric tons) were 

imported. About 40 million lbs (18,000 metric tons) were exported {4). In 1986, the 

production of PCE was 405 million lbs (182,250 metric tons) {4). From 1987 to 1993, 

according to the Toxics Release Inventory, TCE and PCE released to water and land 

totaled over 1.34 million lbs (4). 

Because of the wide utiUzation of TCE and PCE for such a long time, they have 

been found in at least 460 of 1179 hazardous waste sites on the National Priorities List 

(NPL) and two thirds of Superfund sites (5). Background levels of TCE have been found 

in outdoor air (0.030 to 0.46 ppb) and in many lakes, streams, and aquifers used as 

sources of tap water for homes and businesses. Some federal and state surveys indicate 

that 9-34% of the water supply sources in the United States may be contaminated with 

chlorinated compounds. Water supplies that are contaminated typically contain an 
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average of 1-2 ppb or less (6). PCE has been detected in ambient air at an average level 

of 0.16 ppb in remote rural areas, 0.79 ppb in urban and suburban areas, and 1.3 ppb in 

areas near emission sources. PCE has also been detected in drinking water. An average 

concentrat ion of  0.75 ppb,  with a  maximum level  of  69 ppb has been reported (6). 

TCE and PCE are labeled as dense non-aqueous phase liquids (DNAPL) because 

they sink into the subsurface and displace water from soil pores and eventually reach the 

groundwater while leaving behind residual pockets that may contribute to long-term 

contamination. In some groundwaters, TCE and PCE undergo reductive dechlorination 

catalyzed by anaerobic bacteria that yields vinyl chloride, a potent human carcinogen. 

TCE and PCE are absorbed via inhalation, dermal and oral routes, with the most 

significant uptake being through inhalation of the vapor. Short-term TCE exposure to a 

level of 10,000 ppm by humans causes death (6). In a few of these reports, cardiac 

arrhythmias have been cited as the cause of death, and one report noted massive liver 

damage. Central nervous system problems are the primary effects noted from acute 

inhalation exposure to trichloroethylene in humans, with symptoms including sleepiness, 

confusion, and feelings of euphoria. Effects on the gastrointestinal system, liver, kidneys, 

and skin have also been noted. Effects resulting from acute, inhalation exposure of 

humans to PCE vapors includes irritation of the upper respiratory tract, eyes and kidney 

malfunction. Long-term exposure to TCE and PCE by inhalation in humans can result in 

symptoms such as dizziness, headache, sleepiness, nausea, confusion, blurred vision, 

facial  numbness,  and weakness (6). 
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Although TCE and PCE are suspected of being carcinogenic and mutagenic, the 

cancer risks associated with exposure of TCE and PCE are controversial. Based on 

available animal information, the U.S. Environmental Protection Agency (EPA) has 

estimated that breathing air containing 1 ppm TCE every day for 70 years may place as 

many as 93 persons in a population of 10,000 at risk of developing cancer. EPA has also 

estimated that drinking water containing 1 ppm TCE every day over a lifetime may place 

as many as 3 persons in a population of 10,000 at risk of developing cancer. In contrast. 

The American Conference of Governmental Industrial Hygienists states that TCE is "not 

suspected to be a human carcinogen". Many studies have been done in this field. Lavin et 

al. indicated several discrepancies between the animal data and the human data. They 

concluded that TCE exposure at concentrations likely to be encountered in most 

environmental media is not likely to cause liver, lung, or kidney cancers in humans. (7) 

Although the cancer related effects of TCE and PCE are unclear, most researchers 

believe it is necessary to remediate TCE and PCE from contaminated soil and 

groundwater. EPA has established national drinking water regulations setting a maximum 

contaminant level (MCL) of 5 ppb, for both TCE and PCE. The maximum contaminant 

level goals (MCLG) for TCE and PCE are zero. 

1.2.2 Existing Remediation Technologies 

The most often used methods for TCE and PCE remediation are air stripping, 

carbon adsorption, soil venting, surface bioreactors, and in situ bioremediation. Air 

stripping is a process by which a constant air stream is pumped through contaminated 

groundwater to force TCE or PCE from the water into the gas phase. This process takes 
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TCE or PCE from one medium to another. This method is often combined with carbon 

adsorption. Carbon adsorption is a method that can also be used directly for TCE or PCE 

removal from the aqueous phase. The contaminated fluid is pumped through activated 

carbon granules and TCE or PCE adsorbs on the carbon surface. Soil venting is an in situ 

air stripping method. Air is pumped into the soil subsurface and vented or vacuum 

extracted. The gases that are given off or extracted are treated with a catalytic oxidizer or 

activated carbon before being released into the air. Bio-remediation of TCE or PCE can 

be divided into two categories based on in situ and ex situ approaches. Since TCE and 

PCE are highly oxidized compounds, they are difficult to further oxidize and cannot be 

used as an energy source for most microbes. However, TCE and PCE might be degraded 

by co-metabolism. Co-metabolism is a process by which a microorganism breaks down a 

compound without gaining energy. Bowman et al. reported that TCE competed with 

methane for a specific site on an enzyme in methanotrophic bacteria. Since TCE cannot 

work as an energy source, the microbes still need additional energy sources {8,9). 

In recent years, zerovalent iron has received considerable attention as a treatment 

medium for groundwater contaminated by chlorinated compounds. Permeable reactive 

barriers containing zerovalent iron fillings have been installed at more than 100 sites in 

the United States for remediation of chlorinated compounds and dissolved metal ions. A 

schematic diagram of a permeable reactive barrier is shown in Figure 1.1. In zerovalent 

iron remedial systems, the iron serves as an electron donor that converts chlorinated 

organic compounds to their nonchlorinated analogues and chloride ions. The primary end 
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products of TCE dechlorination are ethane and acetylene with less than 5% of chlorinated 

degradation products {10,11). 
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1.3 Figures 

Groundwater Plume 
Containing Chlorinated 

Compounds ?v". % • V•" S • V"• \ s • 
•".• •'?•' 

•S"S'S'S"S«S'S*S"S* 
"^"V"S"S"S«^>S>S>S« 
•S'S'H"S'S'S*S"S"S* 

Ethene + CI 
-> 

Fe° + TCE + 3H" ^ Ethene + 3Cr + 3Fe 2+ 

Figure 1.1 Remediation of contaminated groundwater containing TCE and PCE using 

zerovalent iron reactive barrier. 
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CHAPTER 2 

PRESENT STUDY 

2.1 Research Motivation 

Remediation methods for removing chlorinated solvents from soil and groundwater, 

such as, soil venting and groundwater pump and treat, have been hindered by the slow 

desorption of contaminants from soil and sediments particles. Past investigation into 

contaminant desorption kinetics reveal a fast initial desorption from weakly bonded 

surface sites, followed by a much slower process that extends from days to years 

{12,13,14,15,16). In order to predict the transport and fate of chlorinated organic 

compounds in soils and groundwater, a mechanistic understanding of sediments-

contaminant interactions is necessary. One aspect of this dissertation research has 

employed molecular mechanics modeling to investigate the mechanisms contributing to 

the slow desorption of TCE from mineral micropores. 

Permeable reactive barriers using zerovalent iron are becoming increasingly popular 

for the treatment of groundwater contaminated by chlorinated solvents. Although the 

reaction pathways and byproducts for most environmentally relevant halocarbons have 

been identified {17,18,19,20), the reaction mechanisms themselves are poorly understood. 

Several investigations have suggested that chlorinated ethenes, such as TCE and PCE, 

may react via a chemisorption mechanism {18,20). However, the evidence for a 

chemisorption mechanism was indirect, and therefore the chemisorption mechanism has 

not been validated. One aspect of this research focused on using ab initio and molecular 

mechanics modehng to investigate the chemisorption of TCE and PCE to iron. 



2.2 Research Approaches 

The modeUng in this research used both molecular mechanics and quantum 

mechanics approaches. Molecular mechanics models interactions between atoms or 

molecules, and quantum mechanics models electron-electron and electron-nuclear 

interactions. Therefore, molecular mechanics cannot be used to investigate chemical 

reactions in which bonds are broken and formed. This factor differentiates quantum 

mechanics from empirical force-field molecular mechanics methods. Density functional 

theory (DFT) is one of several quantum mechanical approaches for determining the 

electronic structure of atoms and molecules, and has attracted much interest in the last 15 

years (21,22). Force-field based models are empirical, ignore the electronic motions, and 

calculate the energy of a system as a function of nuclear positions only. In some cases, 

force-field methods can provide results that are as accurate as the highest-level quantum 

mechanical calculations in short computation time. Force-field methods are able to deal 

with larger systems that cannot be handled by quantum mechanical methods (41). 

2.2.1 Molecular Mechanics 

The validity of force-field molecular mechanics is due to several assumptions. 

The first one is the Bom-Oppenheimer approximation, which allows the writing of 

energy as function of nuclear coordinates. The second is that simple functions, such as 

Hooke's law, can be used to describe bond properties. The third is transferability, which 

enables a set of parameters developed and tested on a relatively small number of cases to 

be applied to a much wider range of problems. The last one is the assumption that 
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parameters developed on small molecules can be used for larger molecules like polymers, 

DNA and proteins. 

2.2.1.1 Force-fields 

Most modem force-fields for molecular systems contain four components to 

describe internal and external molecular forces. They are: bond stretching, bond bending, 

bond rotation and non-bonded interactions. The internal energies represent the energy 

deviation of bonds or angles away from their equilibrium positions. An example of a 

simple force-field is: 

•'(••'')= Zyd,1^(61-81..)'+ E ^(l + cos(no>-T)) 
bonds ^ angles ^ torsions ^ 

N N 

(2-') 
i=i j=i+i Tij rjj 47iSQr^-

Where r(r^)is the potential energy, which is a function of the positions (r) of the N 

particles. The first term in equation 2.1 models the interaction between pairs of bonded 

atoms by a harmonic potential that gives the increase in energy as the bond length 1^ 

deviates from the reference value Ij g. The second term is a summation over all valence 

angles in the molecule. It is modeled by a harmonic potential as well. The third term is a 

torsional potential associated with bond rotation. The fourth term shows the contribution 

from non-bonded interactions including electrostatic interactions and van der Waals 

interactions. A schematic graph represents the four major contributions to a molecular 

force-field is shown in Figure 2.1. Please note that the functional form for each term 

given in equation 2.1 is only one example of the many functions that can be used. 
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Although these four contributions may satisfy many molecular systems, other 

terms may be needed for the energy description. Because all bond stretching, bond 

bending and bond-rotation are within 2-dimensions, in some situations a term to specify 

3-dimensional bending is necessary. This term is called out-of plane bending, which is 

also depicted in Figure 2.1. The out-of-plane bending can be dealt with by defining 

improper torsion angles, which allows the atoms to bend in a different sequence. The out-

of-plane bending can also be specified using harmonic potential of the form: 

v(0) = |0' or v(h) = |h' (2.2) 

Where 0 is bond angle, h is the distance. Both 0and h are shown in Figure 2.1. Cross 

terms, coupling between internal coordinates, are also necessary to achieve optimal 

performance. For example, a change in bond angle may cause the changes in bond length 

of adjacent bonds. The stretch-stretch cross term can be modeled as: 

v(l„l,) = '^[(l,-l,J(l,-l,_J] (2.3) 

The stretching of two bonds adjoining an angle can be modeled as: 

v(l„ 1„ 0) = [(1^ -1, J + (1^ _ 1^ j](0 _ 0 J (2.4) 

The angle-angle cross term can be modeled using 1-3 non-bonded interactions as: 

v(r,3) = ^(r,3-<3)^ (2.5) 

A stretch-torsion cross term can be modeled as: 

v(l,(o) = k(l-lo)cosnco or v(l,co) = k(l-lo)(l-i-cosnco) (2.6) 
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Based on what energy term it includes, force-fields fall into two categories. A class I 

force-field only includes harmonic terms. A class II force-field may have harmonic terms 

and explicit cross terms to account for the coupling between coordinates. (23). 

Two types of force-fields were applied in this study. One is the Universal force-

field, the other is the COMPASS (Condensed-phase Optimized Molecular Potentials for 

Atomistic Simulation Studies) force-field. The Universal force-field was first introduced 

by Rappe et. al. in 1992. Since then it has been successfully applied to organic molecules 

(24) and metal complexes (25). The parameters used to develop the Universal force-field 

include a set of hybridization-dependent atomic bond radii, a set of hybridization angles, 

van der Waals parameters, torsion and inversion barriers, and a set of effective nuclear 

charges. The functional form of Universal force-field is: 

Where Ej^is the bond stretching energy, Eg is the bond bending energy, E^ is the 

dihedral angle torsion energy, is the inversion energy, E^^^ is the van der Waals 

term, and Eg,^ is the electrostatic term. The harmonic model is used for bond stretching: 

The natural bond length r^ is assumed to be the sum of atom-type-specific single bond 

radii (rj and rj), a bond order correction (r gQ ), and an electronegativity correction (r^^^): 

E Ejj  + Eg + E^ + E^ -I- E^j^ + Eg |g (2.7) 

ER=^(r- r , )  (2.8) 

(2.9) 
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where: 

rBo=-^(r i+r j ) ln(n)  (2 .10)  

Ten = (2-11) 
Xii- i  +Xjr j  

Where X is proportionality constant, n is the bond order and x is a parameter that is 

roughly proportional to the electronegativity (26). General Fourier expansions are 

employed in the Universal force-field to describe all angular distortions, which include 

Eg, and E,,: 

m 

E^ =K5]C„cosny (2 .12)  
n=0 

Van der Waals interactions are expressed by a Lennard-Jones-6-12 type expression and 

the electrostatic interactions are calculated by: 

E„.=332.0637(^^) (2.13) 
sKjj 

Where Qj and Qj are charges in electron units, Rjj is the distance in angstroms, and sis 

the dielectric constant. The default dielectric constant is 1 for the Universal force-field 

and no distance cutoff is used. The partial charges are obtained by QEq charge 

equilibration scheme (27). 

The COMPASS force-field is a new force-field based on the PCFF (Polymer 

Consistent Force-Field). A dozen functional groups of most common organic and 

inorganic polymers were parameterized in a CFF-type force-field (Consistent Force-

Field). The COMPASS force-field is generally suitable for condensed-phase 
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applications. The non-bonded parameters and the valence parameters have been changed 

due to the coupling between the valence and non-bonded parameters. The functional form 

used for the COMPASS force-field is (28): 

E„.,= 
b 

2[k,(e-e,)' +k,(e-0„)' +k.(e-6.r]+ 
0 

Elk J (1 - cos(|)) + kj (1 - cos 2^) -h kj (1 - cos3(j))] + 

X b,b' b,6 

^(b-b(,)[ki cos(j) + k2 cos2(j) + k3 cos3(j)] + 
b,(t) 

^(0-0o)[kj cos(j)-i-k2 cos2(|) + k3 cos3(j)] + 
b,(t» 

Xk(6'-e', )<e -e„) + -9,)(e'-e'„ )cos<t. -H 

.0 „o 
qiqj ^ r,, „ r. 

X —+ ZE([2(i)'-3(i)'] (2.14) 
v.. r.. r. ij ij ^ij ^ij 

This function can be divided into two categories: 1) valence terms including diagonal and 

off-diagonal cross-coupling terms, and 2) non-bonded interaction terms. The valence 

terms represent internal coordinates of bond (b), angle (0 ), torsion angle ((j)) and out-of-

plane angle (x), and the cross-coupling terms include combinations of two or three 

internal coordinates. The cross-coupling terms are important for predicting vibration 

frequencies and structural variations associated with conformational changes. For non-

bonded interactions, a Lennard-Jones 9-6 type of function is used for the van der Waals 
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interactions and Coulomb's law is used for the electrostatic interactions. The atomic 

partial charge is parameterized in the COMPASS force-field (35). 

2.2.1.2 Minimization 

In molecular modeling we are especially interested in minimum points on the 

energy surface. Minimum energy arrangements of the atoms correspond to stable states 

of the system and any movement away from a minimum gives a configuration of higher 

energy. There may be a large number of local minima on an energy surface. The 

minimum with the lowest energy is called the global minimum, hi order to determine the 

geometry of the minimum energy, a minimization scheme must be used. There are three 

minimization algorithms commonly used in molecular modeling. They are steepest 

descent, conjugate gradient, and Newton-Raphson methods (35). The steepest descent 

method moves in the direction parallel to the net force and walks directly downhill. The 

new direction vector (vk) is given by: 

Where g^is the energy gradient vector. In the conjugate gradient method, the new 

direction vector is calculated from the prior direction vector using the following 

relationship: 

Vk =-gk/ |gk  (2.15) 

Vk =-gk +YkVk-i  (2.16) 

Yi^is a scalar constant given by (29,30): 

_(gk -gk-i)gk 
f k 

Sk ' gk 
(2.17) 

or 
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(2.18) 

The Newton-Raphson method is a second derivative method, which not only uses the first 

derivatives (i.e., gradients) but also use the second derivatives to locate a minimum. A 

multi-dimensional function (x*) is defined as: 

The steepest descents method causes much oscillation and converges slowly near the 

minimum, but it is extremely robust, even for systems far from harmonic. Both the 

conjugate gradient method and the Newton-Raphson method assume that the 

conformation is close to the minimum. Both of these methods can become very unstable 

if the potential energy is far from the minimum. Therefore, the steepest descent 

minimization is often used for the first 10-100 steps of minimization. 

2.2.1.3 Molecular Dynamics 

In 1957, Alder and Wainwright calculated interactions of hard spheres in a periodic 

box. A statistical approach was used to solve classical equations of motion. Since then, 

this method, called molecular dynamics, has been used extensively in biology and 

material sciences applications (31). 

Newton's equation of motion used in molecular dynamics may be expressed as: 

Where Fj (t) is the total force on particle i at time t, m^ is the mass of particle i, and aj is 

the acceleration of particle i at time t. The force can be calculated from the derivative of 

X* =x ,  (x j  (2.19) 

Fi ( t ) -miai ( t )  (2.20) 
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the potential energy (V) with respect to the coordinates , and the acceleration can be 

calculated from the second derivative of the coordinates tj with respect to time (t). Thus, 

equation 2.20 can be rewritten as: 

5V S'r; 
(2.21) 

at 

Finite-difference methods are used to solve the ordinary differential equation 2.21. A 

finite-difference method called the Verlet leapfrog is used by Cerius2 (32) in dynamics 

simulations. Verlet leapfrog algorithm (33, 34) is the most widely used method in 

molecular dynamics. It is described as following: 

v(t+ ̂ At) = v(t-^At) + Ata(t) (2.22) 

r(t + At) = r(t) + Atv(t + ̂  At) (2.23) 

a(t + At) = ^^^^^^ (2.24) 
m 

F(t + At) = -^^^^^^^~^^^^ (2.25) 
r (t + At) - r (t) 

Where V is velocity, a  is acceleration, and F  is force. After giving the initial value of 

ri(to) and Vi(tQ), the calculation will continue until completion. 

Molecular dynamics can simulate several different statistical mechanical 

ensembles (iJ). They are constant-Number, constant-Energy, constant-Volume ensemble 

(NVE); constant-Number, constant-Volume, constant-Temperature ensemble (NVT); 

constant-Number, constant-Pressure, constant Temperature ensemble (NPT); constant-
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Number, constant-Pressure, constant-enthalpy (H) ensemble (NPH). NVE is also called 

the microcanonical ensemble. It is obtained by solving standard Newton equations 

without any temperature and pressure control. NVT is also called the canonical ensemble. 

It is obtained by controlling temperature. Temperature can be controlled by different 

methods, such as, direct velocity scaling, Berendsen method (36), and the Nose and 

Hoover (37,38) method. NPT can be obtained by controlling both temperature and 

pressure. This method is only valid for a periodic system. Pressure is controlled by 

adjusting the volume. There are several techniques to control pressure, such as the 

Berendsen method (36), the Andersen method (39) and the Parrinello-Rahman method 

(40). NPH is analogous to the NVE ensemble. However, the size of the unit cell is 

variable (40). 

2.2.1.4 Monte Carlo Simulations 

Molecular dynamics is suitable to calculate time-dependent quantities, such as 

diffusion coefficients. Unlike molecular dynamics, Monte Carlo methods heavily rely on 

random sampling instead of numerically solving the equations of motion. There is no 

momentum contribution in a Monte Carlo simulation. The energy function depends only 

on the positions of the atoms. Monte Carlo simulations can calculate the excess 

contribution that may deviate from the ideal behavior (41). It is much easier for Monte 

Carlo method to keep constant temperature and pressure. Monte Carlo simulation often 

gives more rapid convergence of thermodynamic properties of a simple molecular liquid. 

Molecular dynamics is very useful to explore the local phase space, while Monte Carlo 



35 

may be more effective for conformational changes, which jump to a completely different 

phase space {41). 

Monte Carlo methods do not calculate energy minima, but rather give a 

Boltzmann distribution of system energies. The Metropolis scheme is the most widely 

used method for generating this Boltzmann distribution {41). A typical Monte Carlo 

integration with the Metropolis method involves the following steps: 

1. Initialize the system by randomly generating 3N Cartesian coordinates which are 

assigned to the particles. 

2. Calculate the potential energy (V )) of the current configuration. 

3. Randomly choose one particle and move it randomly in the x, y or z direction one 

step length. 

4. Calculate the new potential energy (V (r ̂ ) ). 

5. If V (r ̂ )- V gy (r ̂  )<0, accept the move and go to step 3. 

6. IfV,,^^(r^)-V„,j(r'~')>0, select a random number (s) between 0 and 1. 

7. calculate . .f , < j, 

accept the move and go to step 3. 

8. If E > expj —— j-, reject the move and go to step 3. 

The probability (P) of the new configuration being accepted is; 

P = min 1; exp-
-[V„ew( r^)-V„„(r^)]  

k^T 
(2.26) 
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A constant-chemical potential (p.), constant-Volume and constant-Temperature 

ensemble (|J.VT) can also be simulated by the Monte Carlo method. |j,VT is also called 

the grand canonical ensemble. In Monte Carlo simulations, a constant chemical potential 

is often obtained by fixing pressure or fugacity, because there is a simple relationship 

between pressure and chemical potential: 

P = {exp(|^/kBT)kBT}/A' (2.27) 

where P is pressure, A is Broglie wavelength given by A = -y/h^ /27tmkgT , h is Plank's 

constant and ke is Boltzmann's constant. 

There are three basic moves in a grand canonical Monte Carlo simulation: particle 

is displaced, particle is created and particle is destroyed. The Metropolis method is used 

for particle displacement. The possibility for particle creation is: 

P = min[l;exp(--^-ln''^' '^)] (2.28) 
kf iT f jV 

where AE is the energy change by creating a particle, N is the number of particles, f is the 

fugacity and V is the volume of the simulation cell. The possibility for particle 

destruction is: 

AE N k T 
P = min[l; exp(--- + In-^)] (2.29) 

kgT f jV 

2.2.2 Density Functional Theory (DFT) 

Density functional theory is an extremely successful approach for the description of 

ground state properties of atomic systems. It is capable of describing not only bulk phase 

materials (42,43,44) but also surfaces (45) and complex systems (46,47). The idea of 
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density functional theory is to describe the energy as function of electron density instead 

of the wave-functions of the N electrons in the material. This is based on the theorem of 

Hohenberg and Kohn {48), which states that the ground state properties of any electron 

system can be derived, in principle, from its electron density. 

DFT starts with consideration of the entire electron system as a functional of the 

total electron density as well as the position of the atoms. The total energy is decomposed 

into kinetic energy, T, Coulomb energy, U, and exchange-correlation energy, Exc- The Exc 

term captures all many-body interactions (49). 

E(p) = T + U(p) + Exc(p) (2.30) 

This decomposition is formally exact, but the actual expressions for many-body exchange 

and correlation interactions are unknown. 

The charge density (p) is constructed from single electron wavefunctions (^), 

that are calculated from an antisymmetrized product of one-particle molecular orbitals as 

given by: 

^ = A(n)|(^,(l)-^,(2)---(^„(n)| (2.31) 

When the molecular orbitals are orthonormal, the charge density is: 

P(r) = EkiWr (2-32) 
i 

Where (|)j is the occupied orbital for both spin up (alpha) and spin down (beta) electrons. 

For a spin-restricted calculation, the same (j);is used for both alpha and beta electrons. 

For a spin-unrestricted calculation, different (j); values are used. 
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From the molecular orbitals and charge density, the energy components can be 

written as: 

-V' 
(2.33) 

n N -z 
R „  - r  

W V in Z ( j (*"2 ) / + 
1 J »"l -1-2 

EZi 
Z„Zp 

« P<« 

ZaZp 

a \ ^\\/ l̂ 'l 2̂1/ Ct P<a R„ Rn 

= (- P(ri)VN + P(r,) 
Ve(ri)^ 

+ V. (2.34) 

Where Z^^^is the charge on nucleus a. The first term of equation (2.34) represents the 

electron and nucleus attraction. The second term represents the electron and electron 

repulsion. The last term represents the nucleus and nucleus repulsion. 

Since its functional form is unknown, the exchange-correlation energy requires 

some approximation. One simple approximation is called local density approximation 

(LDA). Local density approximation is based on the known exchange-correlation energy 

of a homogenous electron gas (50,51). This approximation ignores the electron non-

uniformity caused by electron-electron repulsion and nucleus-nucleus repulsion. Thus, 

the local electron density can be used to evaluate the exchange and correlation effects of 

a volume element around r. 
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Exc(p)~ jp(r)exc[p(r)]dr (2.35) 

Where Sxc (p) is the exchange-correlation energy per particle in a uniform electron gas. 

Actual calculations based on DFT with LDA solve the following effective one-

particle Schrodinger equations, which are also known as Kohn-Sham equations: 

[_iv2 -v„ +V, +|axc(r)]Vi(r) = Si\|^i(r) (2.36) 

- (2.37) 
dp 

The total energy can be calculated from eigenvalues £•: 

E, +(|p(r,)[Sxc<P)-Hxc(P)-^^lVv„„ (2.38) 

In practice, the wavefunction is expressed by: 

Where x^is an atomic orbital known as a basis function and Cj^is the molecular orbital 

expansion coefficient. Because the orthonormal, equation (2.36) can be 

rewritten as: 

HC = sSC (2.40) 

Where: 

• -v' 
H.v = Xn(ri) • M'XCP'"! Xv(r,) (2.41) 

and 
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S,v =(x,(ri)|xv(»"i)) (2-42) 

A typical self-consistent field (SCF) procedure includes the following steps: 1. 

Choose an initial set of C-^. 2. Construct an initial set of molecular orbitals (j);. 3. 

Construct p via equation (2.32). 4. Using p, construct Ve and • 5- Construct . 6. 

Solve equation (2.40) for a new set of Cj^ . 7. Construct a new and a new p. 8. If p new 

= p old, evaluate via equation (2.38) and stop. 9. If p new 5^ p old, return to step 4. For an 

organic molecule, about ten iterations are typically required to obtain convergence at 

IP new - Poidl < 10"^. However, for metallic systems, many more iterations are frequently 

required, especially for transition metals (49). 

2.3 Conclusions 

This research used molecular mechanics modeling to study the physical adsorption 

of TCE to mineral solids. GCMC and molecular dynamics modeling was used to explain 

experimental observations of a desorption resistant fraction that could be induced by an 

increase in hydrostatic pressure. GCMC modeling was also used to investigate the 

enthalpy and entropy changes associated with TCE and water adsorption in hydrophilic 

and hydrophobic micropores. The modeling was able to determine differential adsorption 

enthalpies that cannot be determined from the analysis of adsorption isotherms due to 

competitive adsorption effects. 

This research also used molecular modeling to study chemical adsorption of TCE 

and PCE to iron surfaces. Quantum mechanical calculations were performed to 

determine the thermodynamic favorability and resulting structures for chemical 
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adsorption of TCE and PCE to iron surfaces. Molecular mechanics modeling was used to 

study the effects of atomic hydrogen on the thermodynamic favorability for chemically 

adsorbed TCE and PCE. Because TCE and PCE react with iron surfaces, their adsorption 

to iron cannot be investigated experimentally. This makes molecular modeling 

approaches a useful complement to experimental investigations of chemical reaction 

phenomena. 
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2.4 Figures 

Bonds Stretching Angle Bending 

Non-bonded Interactions 
(Electrostatic and Van der Waals) 

Bond Rotation (Torsion) 

Out of Plane Bending 

Figure 2.1 Four contributions to a molecular mechanics force-field. 
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APPENDIX A 

EXPERIMENTAL, MOLECULAR MECHANICS, AND AB INITIO 

INVESTIGATION OF ACTIVATED ADSORPTION AND 

DESORPTION OF TRICHLOROETHYLENE IN MINERAL 

MICROPORES 

A.l Abstract 

This research investigated activated adsorption of a hydrophobic organic 

contaminant (HOC) in mineral micropores using experimental and molecular modeling 

techniques. Adsorption of trichloroethylene (TCE) on a silica gel adsorbent was 

measured using a frontal analysis chromatography technique at atmospheric and elevated 

fluid pressures. Increasing the fluid pressure yielded increased TCE uptake that was not 

released upon lowering the pressure back to atmospheric conditions. This showed that 

the increase in pressure was able to rapidly induce the formation of a desorption resistant 

fraction that previous investigations have shown requires months to develop at 

atmospheric pressure. Grand Canonical Monte Carlo (GCMC) modeling was then used 

to elucidate the nature of water and TCE behavior within silica micropores. The GCMC 

modeling showed that molecular scale packing restrictions resulted in pore fluid densities 

that ranged from 0.28 to 0.78 of those in the bulk solution. The modeling also showed 

that TCE was able to displace water from hydrophilic mineral pores due to molecular 

scale packing restrictions. Exothermic isosteric heats for TCE adsorption up to -27 

kJ/mole were observed, and were greatest in pores of 7 and 8 A. This indicated that TCE 

adsorption was energetically most favorable in pores that were minimally large enough to 
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accommodate a TCE molecule. The pressure induced uptake appeared to result primarily 

from an increase in the packing density in the smallest pores. Ab initio calculations 

showed that small distortions of a TCE molecule from its low energy conformation 

require high activation energies. Results from this study indicate that activated 

adsorption requiring bond angle distortions in the adsorbate may be responsible for the 

slow attainment of adsorptive equilibrium of HOCs on microporous solids. Likewise, 

activated desorption from molecular sized adsorption sites may contribute to the slow 

release of HOCs from aquifer sediments. 

A.2 Introduction 

Predicting the transport and fate of hydrophobic organic contaminants in 

groundwater requires a mechanistic understanding of sediment-contaminant interactions. 

Without a mechanistic basis for these interactions, models cannot predict behavior 

beyond the range of measured data, and accurate assessments of contaminant fate in the 

environment cannot be made. This research investigated the mechanism of 

trichloroethylene adsorption in mineral micropores, defined as pores with diameters less 

than 20 A (i). Adsorption in pores of molecular dimensions is shown to be an activated 

process that may contribute to slow contaminant uptake and release by aquifer sediments. 

Most aquifer sediments are composed of minerals whose surfaces contain polar 

functional groups or formal charges. The charge and polarity render the mineral surfaces 

hydrophilic, and contribute to a structuring of the water adjacent to the mineral surface 

(2,3). Because it is energetically unfavorable for nonpolar organic contaminants to 

displace water from hydrophilic mineral surfaces (4,5), organic compound partitioning 
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into structured water is the commonly accepted mechanism for adsorption of 

hydrophobic organic compounds (HOCs) on the mineral component of aquifer sediments 

(6,7,8). 

Although vicinal water partitioning is a widely accepted mechanism, not all data on 

HOC adsorption to purely mineral solids is consistent with the vicinal water hypothesis. 

For example, Mader et al. (9) reported that neither the sign nor magnitude of the surface 

charge on alumina or hematite affected the amount of HOC adsorption, and that 

adsorption enthalpies for a particular compound were the same on both solids. This 

suggests that surface properties, which control the degree and extent of water structuring 

on open surfaces, did not play a significant role in adsorption of the HOCs. However, the 

surface area normalized uptake of a particular compound differed by up to a factor of 15 

between alumina and hematite. These observations suggest that some property of the 

adsorbent, such as the pore structure, is the most important factor in determining the 

extent of HOC adsorption to the mineral component of geosorbents. 

HOC sorption to the organic matter component of geosorbents is believed to occur 

via a dual partitioning/adsorption mechanism (10,11). Amorphous organic matter serves 

as a partitioning medium, and glassy organic matter serves as an adsorption medium that 

contains specific adsorption sites. These adsorption sites are believed to be nanometer-

sized voids in the organic matter matrix (8). Observations that isotherm nonlinearity and 

contaminant uptake increase with increasing incubation time have suggested that 

contaminant transport to adsorption sites may be responsible for the slow approach to 

equilibrium (10,11). Therefore, a commonly accepted hypothesis is that diffusion 
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through soil organic matter is the predominant mechanism controlling contaminant 

uptake and release under most circumstances (10,11). This has resulted in the wide use 

and acceptance of diffusion models for predicting rates of contaminant uptake and release 

from soils and sediments (12,13,14,15,16). 

Not all experimental data is consistent with diffusional control of contaminant 

desorption rates. If diffusion through amorphous organic matter, where effective 

12 2 diffusion coefficients (Dg) are in the range of 10' cm /s, were responsible for slow 

desorption, the organic matter must be greater than several micrometers in thickness in 

order to explain observed desorption rates (10,11). However, microscopic observations 

indicate that organic matter domains are less than 1 |am in thickness (10,11,17). If 

18 2 diffusion through condensed organic matter, where are in the range of 10" cm /s, 

were responsible for slow desorption, then desorption rates and diffusional activation 

energies should be highly dependent on the size of the adsorbate (10,11,17). However, in 

many cases desorption rates and desorption activation energies do not follow this 

expected trend (10,11,17). This suggests that there may be a nondiffusional mechanism 

that contributes to the slow uptake and release of contaminants on soils and sediments. 

This nondiffusional mechanism may be related to the activation energy required for HOC 

penetration into and out of high energy adsorption sites that are close to the size of the 

adsorbate molecule. 

Several lines of indirect evidence suggest that penetration of adsorbates into and out 

of adsorption sites may contribute to slow sorption kinetics. Comelissen et al. (18) 

reported that the formation of the slow desorbing fraction of several HOCs on aquifer 
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sediments was exothermic, because the fraction of HOCs that were slow desorbing 

decreased with increasing incubation temperature. This is inconsistent with a purely 

transport limited mechanism, and suggests that activated but exothermic adsorption 

processes were responsible for slow contaminant uptake. Activated but exothermic 

adsorption is normally associated with molecular sized pores {19). Additional evidence 

for activated adsorption control of sorption kinetics comes from the observation that 

apparent activation energies for desorption have been found to increase with decreasing 

adsorbed phase concentration (20,21). This preferential adsorption in more recalcitrant 

sites has been observed by other investigators (22), and is inconsistent with purely 

diffusional control of slow desorption. If only transport from remote adsorption sites 

controlled desorption kinetics, there should be no correlation between diffusional 

activation energies and initial adsorbed phase concentrations. 

The nature of HOC adsorption in sediment micropores has been investigated using 

a variety of methods that attempt to indirectly ascertain the mechanisms responsible for 

contaminant sequestration. These indirect methods include; 1) measuring the 

temperature dependence of adsorption isotherm slopes to determine isosteric heats of 

adsorption (23,24); 2) measuring adsorption competition between different adsorbates 

(8,25,26,27); 3) analyzing the temporal changes in isotherm slopes as equilibrium is 

approached (28,29); and 4) measuring the temperature dependence of desorption rates to 

determine desorption or diffusional activation energies (18,20,30). 

Although thermal methods have been extensively employed, they suffer from the 

fact that temperature affects not only HOC adsorption, but also affects adsorption of 
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water, which may compete with HOCs for adsorption sites in micropores. Van't Hoff 

analysis of isotherm slopes to determine isosteric heats of HOC adsorption are strictly 

valid only if the adsorption enthalpy for water is zero. Otherwise, changes in water 

adsorption with temperature confounds determination of the effect of temperature on 

HOC adsorption. In addition, temperature may also affect the structure of the adsorbent 

via mineral dissolution {31), or via relaxation of the organic matter matrix (32). Both of 

these factors may contribute to misleading thermodynamic analyses of HOC sorption 

processes. 

The effect of pressure on the aqueous phase adsorption of HOCs may be used to 

probe the nature of HOC adsorption, and the mechanisms responsible for desorption 

resistance. Although the compressibility of the bulk fluid phase is negligible, pressure 

may have a significant impact on HOC adsorption through its effect on equilibrium 

thermodynamic parameters, and HOC transport rates. Pressure will directly affect the 

fugacity (fi) of a component i in solution according to (33): 

fi = XiYiP^i exp 
P 

[-^dP Jrt 
(A.l) 

where Xj is the mole fraction of component i, yi is the activity coefficient, Pj° is the 

saturation vapor pressure of pure component i, (j)" is the fugacity coefficient for 

component i as a pure saturated vapor, V; is the partial molar volume of component i in 

the mixture, R is the gas constant, T is temperature and F is pressure. If there is a 

difference between Vj and the molar volume of pure i (Vj), pressure will also affect the 

activity coefficient according to (33): 
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^51nYi^ (Vj  -Vj)  

V Jr. X i  

(A.2) 

If there is a difference between V; and the partial molar volume of component i in the 

adsorbed phase pressure will also affect the isotherm slope (K^), according to 

In addition to affecting equilibrium thermodynamic parameters, pressure will also 

affect the diffusion coefficient of the HOC in the fluid phase. In bulk solution, diffusion 

coefficients decrease with increasing pressure (35). However, in microporous 

adsorbents, self-diffusion coefficients for water have been observed to increase with fluid 

pressure (36). This effect has been attributed to an increase in the concentration of steady 

state defects that promote molecular diffusion. 

A recent investigation has shown that micropores in soils and sediments are 

important in determining the sorption behavior of HOCs (27). This research investigates 

the hypotheses that HOC adsorption on hydrophilic mineral solids occurs in pores of 

molecular dimensions, and that the slow approach to sorption equilibrium arises from the 

activation energy required for sorbate penetration into molecular sized adsorption sites. 

Experiments were performed to determine if rapid formation of a slow desorbing fraction 

could be induced by an increase in fluid pressure. Molecular mechanics modeling was 

then used to investigate the nature of trichloroethylene (TCE) adsorption between 

hydrophilic silica surfaces. Ab initio modeling was then performed to assess the 

(34): 

V SP RT 
(A.3) 
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activation energies associated with distorting a TCE molecule from its low energy 

conformation. 

A.3 Materials and Methods 

Column Experiments Silica gel was used as an adsorbent surrogate for mineral solids 

that possess a range of pore sizes, including pores smaller in dimension than a TCE 

molecule. Davisil silica gel was obtained from Alltech and was characterized in previous 

investigations (22,24,37). The sihca gel has a mean pore diameter of 60 A, a specific 

surface area of 300 m^/g, a total pore volume of 0.76 mL/g, and a micropore volume of 

0.11 mL/g. Prior to use, the silica gel was rinsed in deionized water and heated for 24 

hours at 120 ° C to remove any preadsorbed compounds. 

Adsorption isotherms for TCE were measured in 25 cm long by 9 mm internal 

diameter stainless steel columns using a frontal analysis method. Solutions of fixed TCE 

concentration were passed through the column at a constant pressure using a high 

pressure liquid chromatography pump. The pressure in all experiments was controlled 

with varying lengths of 0.004 inch internal diameter stainless steel tubing placed at the 

effluent end of the experimental column. The amount of adsorption at each aqueous 

phase TCE concentration was determined from integration of the breakthrough fronts 

using deionized water as the carrier fluid. Desorption fronts were also measured by 

purging the columns containing adsorbed TCE with deionized water. Influent and 

effluent TCE concentrations were measured using a Beckman UV absorbance detector at 

210 nm. 
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The aqueous solubility of TCE was measured at pressures ranging from 1 to 280 bar 

in order to determine the effect of pressure on the TCE aqueous phase activity 

coefficient. Aqueous solutions saturated with TCE at atmospheric pressure were passed 

through a column containing liquid phase TCE at pressures ranging from 1 to 280 bar. 

Influent and effluent TCE concentrations were monitored at atmospheric pressure using 

UV absorbance. 

Molecular Mechanics Simulations Grand Canonical Monte Carlo (GCMC) simulations 

were performed to determine the effect of pore width on TCE and water adsorption 

between silica surfaces. Canonical molecular dynamics (MD) simulations were 

performed to determine the effect of pressure on the kinetic diameter of a TCE molecule. 

Both the GCMC and MD simulations were performed with the COMPASS force-field 

using the Cerius2 software suite from Molecular Simulations, Inc. (38). A cutoff distance 

0 

of 14 A was used for the intermolecular interactions in all simulations. Test simulations 

runs performed at larger cutoffs showed there was no significant change in results 

compared to the 14 A cutoff. Long-range electrostatic forces beyond the cutoff were 

calculated using Ewald sums (39). The force-field parameters for water and TCE were 

verified using MD simulations to calculate the density of pure water and pure TCE at 25 

°C. The simulated water density of I.Ol g/mL was close to the actual density of liquid 

water of 0.997 g/mL (40). Likewise, the simulated density of liquid TCE of 1.45 g/mL 

was close to the 1.46 g/mL density of actual TCE at 25 °C (40). The GCMC simulation 

run lengths ranged from 5 to 10 million configurations. Average energy and loading 
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parameters were taken from the final 0.5 to 1 million configurations after equilibrium had 

been reached. 

0 

For the GCMC simulations, the adsorbent cell consisted of two 20 A thick silica 

o 
slabs with separations between opposing planes of silicon atoms ranging from 5 to 20 A. 

The two slabs were generated by cleaving an a-quartz {41) crystal through the 001 plane, 

yielding two 20 A thick quartz slabs with a 30 A by 30 A interface. The broken bonds 

were terminated with hydrogen or hydroxyl groups so that each silicon atom on the 

surface was terminated with two hydroxyl groups. Although these silanol terminated 

surfaces may not exactly mimic the surfaces within a real sediment, the goal of the 

simulations was to show that HOC sorption may occur even in hydrophilic pores. 

Periodic boundary conditions were used so that the simulations were effectively 

performed between 2 infinite silica sheets. The simulations for adsorption of water and 

TCE were performed by setting the chemical potential for water and TCE equal to -237 

and 0.724 kJ/mole, respectively. These chemical potentials correspond to an aqueous 

solution at a pressure of 1 bar containing dissolved TCE at 1% of its saturation 

concentration at 25 °C. The isosteric heats reported for water and TCE adsorption reflect 

the enthalpy change in going from a hypothetical solution phase to the micropore phase. 

MD simulations were performed to determine the effect of pressure on the temporal 

size distribution of a TCE molecule. In these simulations a single TCE molecule was 

placed in a simulation cell of varying volume. An MD simulation was then performed to 

determine the pressure in the cell and the interatomic distances between atoms in the TCE 

molecule. The simulation cell volumes for these experiments were chosen by trial and 
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error in order to achieve a span in pressure similar to that used in the column 

experiments. In all MD simulations the temperature was controlled via the Nose'-Hoover 

method (42) using a time step of 0.5 or 1 fs. 

Ab Initio Calculations Quantum mechanical calculations were performed to determine 

the energy associated with distorting the bond angles in a TCE molecule from their low 

energy configuration. The calculations were performed using the 6-3Ig* basis set with 

second order M0ller-Plesset corrections (MP2) to the standard Hartree-Fock formalism. 

Full MP2 calculations were performed for all energies, and included the zero point 

energies at the same level of calculation. Distances between the outer-shell electrons on 

TCE were computed to find the effective size of a TCE molecule as a function of bond 

angle distortions, with other structural parameters allowed to relax. These simulations 

were performed using the Gaussian 98 (43) software package on the National Center for 

Supercomputing Applications Exemplar supercomputer at the University of Illinois in 

Urbana-Champaign. 

A.4 Results and Discussion 

Column Results Adsorption of TCE on silica gel is qualitatively similar to HOC 

adsorption on many mineral solids, which often show linear adsorption (7,44,45) and a 

slow desorbing fraction that increases with increasing incubation time (46,47,48). TCE 

adsorption and desorption isotherms measured using the frontal analysis technique are 

shown in Figure A.l. TCE adsorption produced a linear isotherm, and there was no 

hysteresis between adsorption and desorption. Since each of the 10 individual frontal 

analysis experiments used to generate Figure A.l lasted less than 20 minutes, the absence 
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of hysteresis indicates that TCE adsorption is fast and reversible for short equilibration 

times. However, a previous investigation showed that for longer equilibration times there 

was hysteresis between adsorption and desorption for TCE on this silica gel. For 

equilibration times of one to three months, the adsorption isotherm was linear with a 

Freundlich isotherm exponent of 1.02 ± 0.02, while the Freundlich exponent for the 

desorption isotherm was only 0.58 ± 0.03 (49). In addition to producing isotherm 

hysteresis, longer equihbration times also produced desorption resistant TCE. In a 

previously reported investigation, the mass of slow desorbing TCE from this silica gel 

was found to increase by a factor of 5 for an equilibration time increase from 1 day to 3 

months (31). 

The effect of pressure on formation of a desorption resistant fraction was 

investigated to examine the hypothesis that formation of the slow desorbing fraction is 

caused by an activation energy for penetrating molecular sized pore openings. Figure 

A.2 shows the effect of pressure on TCE adsorption on the sihca gel. Three breakthrough 

fronts were measured for each TCE feed concentration. The first breakthrough was 

performed at a pressure of 1 bar, the second breakthrough was measured at high pressure, 

and the third breakthrough front was measured at a pressure of 1 bar. The point labeled 

as #1 in the diagram was obtained by measuring a breakthrough front for TCE at an 

aqueous concentration of 14 mg/L at a pressure of 1 bar. The second point (#2) was 

obtained by increasing the pressure to 190 bar while feeding the same 14 mg/L TCE 

concentration through the column. Increasing the pressure resulted in an increase in TCE 

uptake of 0.09 mg-TCE per g-silica. Point #3 was generated by decreasing the pressure 
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back to 1 bar, while feeding the same 14 mg/L TCE solution through the column. As 

shown by the overlap of points #2 and #3, decreasing the pressure back to 1 bar did not 

lead to additional adsorption, or to release of the pressure induced uptake. This indicates 

that the increased adsorption between points 1 and 2 cannot simply be attributed to an 

increase in the isotherm slope {Kd) with pressure, and shows that the increase in pressure 

resulted in the rapid formation of a desorption resistant fraction. 

The pressure induced adsorption cannot be explained by an increase in the TCE 

aqueous phase activity coefficient (ytce) with pressure. Experiments measuring the 

activity coefficient as a function of pressure showed that it declined slightly with 

increasing pressure according to: In = 8.594-(2.7 ± 0.3) x 10"'* P(/7ar) The 

magnitude of the decline in Ytce with pressure indicates that the partial molar volume of 

TCE in water is ~7 mL/mole smaller than the 89.8 mL/mole molar volume of pure TCE. 

This finding is consistent with the negative excess volumes of solution that are 

commonly observed for nonpolar hydrocarbons in water (50). 

The process of adsorption at a pressure of 1 bar, followed by adsorption at high 

pressure, followed by adsorption at 1 bar, was repeated for aqueous concentrations of 28, 

42, and 71 mg/L. As shown in Figure A.2, the effect of pressure on TCE adsorption was 

greatest during the first pressure step, and also depended on the magnitude of the pressure 

increase. Point #5 generated by increasing the pressure to 100 bar at a concentration of 

28 mg/L resulted in a smaller pressure induced uptake than the 190 bar pressure step used 

to generate point #2. The 190 bar pressure step used to generate points 8 and 11 resulted 
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in similar pressure induced uptakes, but were only 40% of that induced by the 190 bar 

pressure step at 14 mg/L. 

Also shown in Figure A.2 is an adsorption isotherm for a different silica gel column 

measured at a constant pressure of 1 bar. The TCE adsorbed during the first 

breakthrough at 1 bar for each TCE concentration in the pressure step experiment yielded 

the same isotherm as that measured at a constant pressure of 1 bar. This indicates that the 

TCE uptake induced by the pressure step occurred in different pores than those that were 

accessed at a pressure of 1 bar. 

Simulation Results GCMC simulations of water and TCE adsorption in silica 

micropores were performed in order to elucidate the mechanisms responsible for the 

pressure induced desorption resistant fraction. Because the silica surfaces in the GCMC 

simulations confine adsorption in only one of three spatial dimensions, the simulation 

results are only useful for establishing trends on the effect of confinement on TCE 

adsorption, and not for yielding quantitative results for the silica adsorbents used in the 

column experiments. 

Results from GCMC simulations to determine the effect of pore width on the 

amount and energetics of TCE adsorption are shown in Figures A.3a and b. The 

chemical potentials for water and TCE used in the GCMC simulations correspond to a 

TCE mole fraction of 1.9 x 10'^ in the bulk aqueous solution. The mole fractions of TCE 

adsorbed in the pore are shown in Figure A.3a as a function of the pore width. The 

simulation results show that the mole fraction of TCE in the pore may be increased over 

that in the bulk fluid by more than 5 orders of magnitude. This can be attributed to 
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exothermic heats of adsorption, and to packing effects arising from the molecular scale 

geometry of TCE and water in the slit pore. 

As shown by the isosteric heat of adsorption data in Figure A.3b, TCE adsorption is 

promoted by its exothermic heat of adsorption. This is consistent with results from a 

previous experimental investigation that reported an adsorption enthalpy of -22.2 ±1.5 

kJ/mole for TCE adsorption on this silica gel (49). The lack of TCE adsorption in pores 

narrower than 7 A indicates that the minimum dimension of a TCE molecule is ~7 A. 

The increasing heats of adsorption with decreasing pore width show that TCE adsorption 

is most favorable in pores that are only marginally wider than the TCE molecule itself. 

Higher isosteric heats of adsorption for the narrower pore widths suggests that smaller 

pores will be associated with greater desorption resistance, since the desorption activation 

energy has to be at least as large in magnitude as the isosteric heat of adsorption. This 

conclusion is consistent with the experimental data of Werth and Reinhard who reported 

that increasing isosteric heats of adsorption were associated with increasing desorption 

resistance for TCE from this silica gel (24). 

The isosteric heats for water adsorption shown in Figure A.3b are both exothermic 

and endothermic. The exothermic heats of adsorption can be attributed to strong 

interactions between water and the silanol groups terminating the silica surface. 

Simulations of single sorbate water vapor adsorption in the silica pore yielded isosteric 

heats of adsorption that were up to 15 kJ/mole more exothermic than that for water 

condensation. This indicates that the silica surface is more hydrophilic than water itself. 

The endothermic heat for water adsorption in the 8 A pore can likely be attributed to the 



partial sacrifice of hydrogen bonds that would have been present in the bulk solution 

(51). The molecular scale packing restrictions in the narrowest pores may require the 

sacrifice of hydrogen bonds, which can be associated with up to 10 kJ/mole of potential 

energy in bulk solution (52). 

The importance of molecular scale roughness and packing restrictions are illustrated 

in Figure A.4. Figure A.4a shows a mass distribution plot for water adsorption for a pore 

width of 8 A. The water densities in Figure A.4a show that there are preferred locations 

for water adsorption. These preferred locations are dependent on the molecular scale 

geometry of the pore. Although the nominal pore width between opposing planes of 

silicon atoms is a constant 8 A, molecular scale roughness results in effective pore widths 

that vary by up to a factor of two along the length of the pore. An undulating pore 

geometry of this type was proposed by Werth and Reinhard to explain adsorption 

energies and desorption kinetics for TCE on silica gel (30). 

Locations of the center of mass of adsorbed water and TCE molecules between 

silica sheets separated by 12 A are shown in the mass distribution plot in Figure A.4b. 

The blue marks show the locations of adsorbed water molecules and the red marks show 

the locations of adsorbed TCE. For the adsorbed TCE molecules, the plane formed by 

Cl-H-Cl is generally oriented parallel to the sihca surfaces. Note that water is adsorbed 

in the layer adjacent to the silica surfaces, except near the center of the pore. The ability 

of TCE to displace water from the silica surface at the center of the pore arises from 

packing restrictions of the water molecules, and the fact that water prefers adsorption 

sites at the perimeter of the adsorption cell. 
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Water adsorption is more favorable at the cell perimeter due to the isolated silanol 

groups (53) at edge sites that result from cleaving the a-quartz crystal. Thus, although 

the pore is confined between sheets of silica in only one dimension, it is effectively 

confined by sheets of water in the other two spatial dimensions. Therefore, layers of 

adsorbed water begin building in directions normal to the silica surfaces, and in directions 

normal to the edges of the simulation cell. When these structured water layers meet near 

the center of the pore, molecular packing restrictions arising from "lattice mismatch" (J) 

result in a lower water density at the center of the simulation cell. This lower water 

density is enthalpically unfavorable, and allows TCE to compete with water for 

adsorption sites within the pore. Time evolution of the mass distribution plots show that 

increasing TCE concentrations at the center of the pore eventually allow TCE to displace 

water from the silica surface at pore's center, as shown by the equilibrium mass 

distribution for TCE in Figure A.4b. Preferential adsorption of water at the pore's edges, 

and TCE at the pore's center can also be seen in the mass distribution plots in Figure 

A.4c. 

Although preferential adsorption of TCE at the pore's center is an artifact of the 

simulation cell, it may also occur in real systems due to the higher density of bulk water 

compared to pore water. Figure A.5 shows that the density of water in the micropore is 

considerably less than that of bulk water. This suggests that water in a micropore would 

preferentially adsorb at the pore opening, where it could more closely interact with the 

higher density water outside the pore. Thus, in addition to building outward from the 

mineral surfaces, the water layers would also build inward from the pore opening in a real 
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micropore. Therefore, the artifact of preferential water adsorption at the edges of the 

simulation cell may have a physically based counterpart in a real micropore. 

As previously mentioned, molecular scale packing restrictions resulted in a lower 

water density in the micropore than in the bulk water phase. For example, in the 6 A pore 

the density of the pore water was less than half that of the simulated bulk water, which 

had a density of 1.01 g/mL. Although the lower water density may require the sacrifice 

or the weakening of hydrogen bonds that would be present in bulk water, any increase in 

enthalpy associated with water adsorption may be partly offset by the entropy increase 

associated with a greater free volume for the water molecules in the pore fluid. An 

entropy increase associated with an increased free volume can explain why water adsorbs 

in the 8 A pore in Figure A.3b, despite its endothermic enthalpy of adsorption. 

For pore widths exhibiting both TCE and water adsorption (i.e., > 7A), the density 

cannot be directly compared to that in a bulk fluid, because a single phase fluid could not 

exist for TCE mole fractions greater than 1.9 x 10'"^. However, molecular scale packing 

restrictions on the fluid density can be assessed by estimating the fraction of the pore 

volume occupied by water and TCE according to: 

V • (n V + n V ) 
occupied fraction = — ' (A.4) 

^pore ^pore 

where Vfluid is the apparent fluid volume, Vpore is the pore volume, is the number of 

moles of TCE in the pore, is the number of moles of water, and and are 

the molar volumes of TCE and water, respectively. Although the partial molar volumes 

of TCE and water in a mixture will not be equal to their molar volumes, equation A.4 can 
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be used to establish a trend in the packing density with pore width, as illustrated in Figure 

A.5. The data in Figure A.5 shows that molecular scale packing restrictions become 

increasingly important with decreasing pore width. 

In the GCMC simulations there was no TCE adsorption in pores smaller than 7 A in 

width. This indicates that slit openings less than 7 A resulted in pores that were too small 

to accommodate TCE. Since the smallest pores are expected to be involved in TCE 

sequestration, the effect of pressure on TCE adsorption was investigated for the smallest 

pore width that was able to accommodate TCE. Table A.l shows the effect of increasing 

the pressure from 1 to 190 bar on TCE adsorption in a 7 A pore. The increase in pressure 

resulted in a 150% increase in TCE adsorption, and an 11% decrease in water adsorption. 

The pressure increase also produced a 24% increase in the isosteric heat for TCE 

adsorption and a 3% increase in the isosteric heat for water adsorption. In addition, the 

occupied fraction of the pore increased by 10% with the increase in pressure. This shows 

that the increase in pressure resulted in a more energetically efficient packing of the 

molecules within the pore. 

Results from the simulations reveal several effects that may explain the pressure 

induced uptake of TCE by the silica gel. The coincidence of the 1 bar pressure step 

isotherm with the 1 bar constant pressure isotherm in Figure A.2 shows that the pores 

accessed by the increase in pressure were not the same as those accessed at a pressure of 

1 bar over a time scale of several hours. As indicated by the simulation data in Table 

A.l, the increase in pressure resulted in an increase in pore occupation. This effect would 

be most dramatic in small pores where molecular scale packing effects result in low fluid 
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densities compared to the bulk solution. The higher isosteric heat of adsorption for the 

pressure induced uptake in Table A.l also suggests that the pressure induced adsorption 

occurred in pores smaller than those accessed at atmospheric pressure. The greater 

isosteric heats of adsorption at high pressure may also explain why the pressure induced 

uptake was not immediately released upon lowering the pressure, since adsorption in the 

pressure-accessed pore was more energetically favorable than the adsorption that 

occurred at a pressure of 1 bar. The more efficient molecular packing induced by the 

pressure step may also contribute to isotherm hysteresis. 

The effect of pressure on the effective size of TCE and water molecules may also 

contribute to the pressure induced uptake and its desorption resistance. The effective size 

of an adsorbate molecule is often referred to as its kinetic diameter, which is defined as 

the smallest pore diameter through which the molecule can penetrate {19). This is an 

operational definition that depends on the time scale of interest, as well as the 

temperature and pressure. Thermally induced bond vibrations and pressure induced 

constrictions may decrease the kinetic diameter of a molecule. For TCE, the critical 

dimension limiting its penetration through a cylindrical pore opening will be the distance 

between the two chlorine atoms attached to the same carbon atom, as illustrated in Figure 

A.6a. Due to thermal energy induced bond vibrations, the size of a TCE molecule varies 

with time. Figure A.6b shows the distribution of the distance between the outer shell 

electrons of the chlorine atoms bonded to the same carbon for a TCE molecule at 

pressures of 4 and 226 bar. Both distributions are symmetrical about the mean, and have 

the same mean distance. However, at the higher pressure there is a more narrow 
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distribution of distances. This narrower distribution suggests that the TCE may be able to 

penetrate smaller pores, and adsorb in pores whose dimensions made it energetically 

unfavorable to adsorb in at a lower pressure. Although the effect of pressure on the 

critical dimension of TCE is small, an increase in pressure will also decrease the kinetic 

diameter of water molecules that may be lining a pore opening, and may also increase the 

kinetic diameter of a pore by decreasing the maximum vibrational amplitudes of the 

adsorbent molecules comprising the pore opening. 

If the pressure induced adsorption involves penetration through pore openings 

smaller than the 1 bar kinetic diameter of TCE, there will be an activation energy 

required for desorption at 1 bar. In order for desorption to occur, the TCE must penetrate 

a pore opening smaller than its kinetic diameter. This will require distortion of the 

molecule from its low energy conformation. Figure A.7 shows the energy required for 

distorting a TCE molecule from the low energy configuration shown in Figure A.6a. As 

shown in Figure A.7, the energies associated with even small molecular distortions can 

contribute to high activation energies for desorption. 

Results from this study show that up to the point where steric effects begin to limit 

TCE adsorption, TCE adsorption energies become increasingly exothermic with 

decreasing pore size. Increasingly favorable adsorption with decreasing pore size 

suggests that the mechanism for TCE sequestration within hydrophilic mineral solids 

may involve adsorption in pores of molecular dimensions. Adsorption in molecular sized 

pores, as opposed to partitioning into the vicinal water layer on mesopore surfaces, may 

contribute to contaminant persistence in the environment. Due to steric effects. 
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hydrolysis reactions that occur in bulk solution may be impeded in pores of molecular 

dimensions. This may significantly affect natural attenuation rates of groundwater 

contaminants. 

The rapid inducement of desorption resistant TCE by a pressure increase suggests 

that increasing contaminant sequestration with increasing contact time may partially be 

attributed to the activation energy required for penetrating pores smaller than the low 

energy size of the adsorbate molecule. Contaminant sequestration that is limited by 

activated sorption processes is consistent with experimental observations showing 

hysteresis in apparent diffusion coefficients between adsorption and desorption (54). 

Activated adsorption may not only be important for sorption to the mineral component of 

aquifer sediments, but may also be applicable to HOC sequestration within soil organic 

matter. Data from studies on the effect of pore filling by competing adsorbates suggests 

that activated sorption in molecular sized pores may also be responsible for limiting 

uptake and release rates in glassy organic matter (55). In cases where contaminant 

uptake and release from aquifer sediments are controlled by activated sorption processes, 

diffusional models may not be appropriate for predicting long-term HOC desorption 

rates. 
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A.6 Tables 

Table A.l Comparison of water and TCE adsorption at pressures of 1 and 190 bar for a 
pore width of 7 A. 

Pressure Number of TCE TCE Isosteric Number of Water Pore 
(bar) Molecules Heat (kJ/mol) Water Isosteric Fraction 

Adsorbed Molecules Heat Occupied 
Adsorbed (kJ/mol) 

1 2 -18.2 73.7 -4.52 0.51 
190 5 -22.5 65.6 -4.67 0.56 
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A.7 Figures 
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Figure A.l Comparison of adsorption and desorption isotherms for TCE on silica 

gel measured using frontal analysis chromatography at 22 °C. 
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Figure A.2 Pressure-step isotherm for TCE on silica gel (solid triangles) along with 

TCE uptake measured from breakthrough fronts at a pressure of 1 bar (open squares). 

Also shown is a TCE isotherm measured at a constant pressure of 1 bar using a different 

column of sihca gel (solid circles). 
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Figure A.3 Results from GCMC simulations of water and TCE adsorption in silica 

pores of varying width: a) mole fraction of TCE in the pore; b) isosteric heats for water 

and TCE adsorption. 





Figure A.4 a) Adsorption density plot for water adsorption in a silica pore with an 8 

A spacing between opposing planes of silicon atoms; b) Side view mass distribution plot 

showing the locations of adsorbed water molecules in blue and the locations of adsorbed 

TCE molecules in red for a pore width of 12 A. c) Overhead view of locations of 

adsorbed water (blue) and TCE (red) for a pore width of 12 A. 
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Figure A.5 Fraction of the pore occupied by adsorbed molecules calculated using 

equation A.4. Simulations were performed for adsorption of water only and for 

adsorption of a water and TCE mixture. 
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Figure A.6 Frequency distribution for the distance between the outer shell electrons 

for the two chlorine atoms bound to the same carbon atom of TCE. The low pressure 

simulation corresponds to a pressure of 4 bar and the high pressure simulation 

corresponds to a pressure of 226 bar. 
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Figure A.7 Ab initio calculated energies associated with bond angle distortions from the 

minimum energy configuration of a TCE molecule depicted in Figure A.6a. 



78 

A.8 References 

(1) lUPAC, PureAppl. Chem. 1972, 31, 578. 

(2) Low, P. F. Soil Sci. Soc. Am. J. 1979, 43, 651. 

(5) Droste-Hansen, W. Indust. Eng. Chem. 1969, 61, 10. 

{4) Chiou, C. T.; Shoup, T. D.; Porter, P. E. Org. Geochem. 1985, 8, 9. 

(5) Chiou, C. T.; Shoup, T. D. Environ. Sci. Technol. 1985, 19, 1196. 

(6) Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M. Environmental Organic 

Chemistry, John Wiley and Sons: New York, 1993. 

(7) Rhue, R. D.; Pennell, K. D.; Rao, P. S. C.; Reve, W. H. Chemosphere 1989, 18, 1971. 

(S) Xing, B.; Pignatello, J. J.; Gigliotti, B. Environ. Sci. Technol. 1996, 30, 2432. 

(9) Mader, B. T.; Uwe-Goss, K.; Eisenreich, S. J. Environ. Sci. Technol. 1997, 31, 1079. 

{10) Luthy R. G.; et al. Environ. Sci. Technol. 1997, 31, 3341. 

{11) Pignatello, J. J.; Xing, B. Environ. Sci. Technol. 1996, 30, 1. 

(72) Pignatello, J. J.; Ferrendino, F. J.; Huang, L. Q. Environ. Sci. Technol. 1993, 27, 

1563. 

{13) Pedit, J. A.; Miller, C. T. Environ. Sci. Technol. 1994, 28, 2094. 

{14) Wu, S. C.; Gschwend, P. M. Environ. Sci. Technol. 1986, 20, 717. 

{15) Ball, W. P.; Roberts, P. V. Environ. Sci. Technol. 1991, 25, 1223. 

{16) Steinberg, S. M.; Pignatello, J. J.; Sawhney, B. L. Environ. Sci. Technol. 1987, 21, 

1201. 

{17) Holmen, B. A.; Gschwend, P.M. Environ. Sci. Technol. 1997, 31, 105. 



79 

(18) Comelissen, G.; Van Noort, P. C. M.; Parsons, J. R.; Covers, H. Environ. Sci. 

Technol. 1997, 31, 454. 

(19) Ruthven, D. M. Principles of Adsorption and Adsorption Processes, John Wiley and 

Sons: New York, 1984. 

(20) Johnson, M.; Weber, W. J., Jr. Environ. Sci. Technol. 2001, 35, 427. 

(21) Castilla, H. J.; Werth, C. J.; McMillan, S. A. Environ. Sci. Technol. 2000, 34, 2966. 

(22) Farrell, J.; Reinhard, M. Environ. Sci. Technol. 1994, 28, 63. 

(23) Young, T. M.; Weber, W. J. Environ. Sci. Technol. 1995, 29, 92. 

(24) Werth, C. J.; Reinhard, M. Environ. Sci. Technol. 1997, 31, 689. 

(25) Xing, B.; Pignatello, J. J. Environ. Sci. Technol. 1998, 32, 614. 

(26) Schaefer, C. E.; Schuth, C.; Werth, C. J.; Reinhard, M. Environ. Sci. Technol. 2000, 

34, 4341. 

(27) Li, J.; Werth, C. J. Environ. Sci. Technol. 2001, 35, 568. 

(28) Xing, B.; Pignatello, J. J. Environ. Toxicol. Chem. 1996, 15, 1282. 

(29) Huang, W.; Weber, W. J., Jr. Environ. Sci. Technol. 1998, 32, 3549. 

(30) Werth, C. J.; Reinhard, M. Environ. Sci. Technol. 1997, 31, 697. 

(31) Farrell, J.; Grassian, D.; Jones, M. Environ. Sci. Technol. 1999, 33, 1237. 

(32) LeBoeuf, E. J.; Weber, W. J., Jr. Environ. Sci. Technol. 1997, 31, 1697. 

(33) Kyle, B. G. Chemical Process Thermodynamics, 3rd ed.\ Prentice Hall: Upper 

Saddle River, NJ, 1999. 

(34) Bemasconi, C. F. Relaxation Kinetics; Academic Press: New York, 1976. 



80 

(J5) Lazarus, D.; Nachtrieb, N. H. In Solids Under Pressure-, Paul, W., Warschauer, D. 

M., Eds.; McGraw-Hill: New York, 1963. 

{36) Moroz, N. K.; Kholopov, E. V.; Belitsky, 1. A.; Fursenko, B. A. Microporous and 

Mesoporous Materials 2001, 42, 113. 

(57) Farrell, J. Ph.D. Dissertation, Stanford University, 1993. 

{38) Molecular Simulations, Inc., San Diego, CA. 

{39) Allen, M. P.; Tildesley, D. J. Computer Simulation of Liquids; Oxford Science: 

Oxford, 1987. 

{40) CRC Handbook of Chemistry and Physics, CRC Press: Boca Raton, PL, 1985. 

{41) Frondel, C. Dana's System of Mineralogy, Volume 11 Silica Minerals; Wiley and 

Sons: New York, 1962. 

{42) Nose', S. A In Simulation of Liquids and Solids; G. Ciccotti, D. Frenkel, I. R. 

MacDonald, Eds.; North-Holland: New York, 1987; pp 298-307. 

{43) Frisch, M. J. et al.; Gaussian 98, Revision A.7; Gaussian, Inc.: Pittsburgh PA, 1998. 

{44) Huang, W.; Schlautman, M. A.; Weber, W. J. Environ. Sci. Technol. 1996, 30, 2993. 

{45) Mills, A. C.; Biggar, J. Soil Sci. Am. Proc. 1969, 33, 210. 

{46) Pignatello, J. J. Environ. Toxicol. Chem. 1990, 9, 1107. 

{47) Pavlostathis, S. G.; Mathavan, G. Environ. Sci. Technol. 1992, 26, 532. 

{48) Connaughton, D. F.; Stedinger, J. R.; Lion, L.; W.; Shuler, M.L. Environ. Sci. 

Technol. 1993, 27, 2397. 

{49) Farrell, J.; Hauck, B.; Jones, M. Environ. Toxicol. Chem. 1999, 18, 8, 1637. 



81 

(50) Belousov, V. P.; Panov, M. Yu. Thermodynamic Properties of Aqueous Solutions of 

Organic Substances; CRC Press: Boca Raton, FL, 1994. 

(51) Israelachvili, J. N. Intermolecular and Surface Forces, 2nd. ed.; Academic Press: 

New York, 1992. 

(52) Shevade, A. V.; Jiang, S. Gubbins, K. J. Chem. Phys. 2000, 113, 6933. 

(53) Davydov, V. Ya. in: Adsorption on Silica Surfaces', Papirer, E., Ed.; Marcel Dekker: 

New York, 2000; Chapter 4. 

(54) Harmon, T. C.; Roberts, P. V. Environ. Sci. Technol. 1994, 28, 1650. 

(55) White, J. C.; Pignatello, J. J. Environ. Sci. Technol. 1999, 33, 4292. 



82 

APPENDIX B 

EXAMINATION OF HYDROPHOBIC CONTAMINANT 

ADSORPTION IN MINERAL MICROPORES WITH GRAND 

CANONICAL MONTE CARLO SIMULATIONS 

B.l Abstract 

A molecular level understanding of the interactions between hydrophobic organic 

contaminants (HOCs) and sediments is needed in order to assess contaminant fate in the 

environment. Grand canonical Monte Carlo simulations were performed to investigate 

water and trichloroethylene (TCE) adsorption in slit micropores confined by charged and 

uncharged silica surfaces. Gas phase single sorbate simulations with water or TCE were 

performed, as well as mixture simulations of bulk water containing TCE at 1% of its 

saturation concentration. Gas phase isosteric heats for water adsorption in the uncharged 

pores ranged from -40 to -52 kJ/mol, and the densities of the adsorbed water phases were 

always less than that for bulk water. Gas phase isosteric heats for water adsorption in the 

charged pores ranged from -79 to -170 kJ/mol, and the densities of the adsorbed water 

phases were close to that for bulk water. The isosteric heats and water densities indicated 

that the uncharged pores were mildly hydrophobic, and the charged pores were very 

hydrophilic. In mixture simulations of adsorption from solution, the presence of water 

promoted TCE adsorption in uncharged pores with widths between 14 and 20 A. The 

isosteric heats for TCE adsorption from solution ranged from -14 to -27 kJ/mol in the 

uncharged pores, and from -9.3 to -50 kJ/mol in the charged pores. Strong attractions to 

the pore surfaces were significantly diminished after adsorption of the first two 
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monolayers of either adsorbate. Aqueous phase TCE at a concentration equal to 1% of its 

saturation concentration was able to completely displace adsorbed water in uncharged 

pores. Even in highly hydrophilic pores, TCE at this concentration was able to displace 

up to 50% of the adsorbed water. Apparent differential enthalpies of adsorption 

determined from the temperature dependence of TCE adsorption isotherms 

underestimated the magnitude of the true isosteric heats of adsorption by up to 30 kJ/mol. 

This shows that HOC adsorption enthalpies determined from the temperature dependence 

of their adsorption isotherms underestimate the true strength of HOC-adsorbent 

interactions. 

B.2 Introduction 

Contamination of aquifer and river sediments by hydrophobic organic compounds 

(HOCs) is a widespread problem that affects both the quality of potable water supplies 

and the bioaccumulation of toxic compounds in aquatic organisms (1). A molecular-

scale understanding of sediment-contaminant interactions is needed to assess the risks 

contaminated sediments pose to drinking water supplies, and to assess the transport and 

fate of HOCs in the environment. This research used grand canonical Monte Carlo 

(GCMC) simulations to investigate the molecular-scale interactions between a typical 

HOC and hydrophilic and hydrophobic micropores. 

The uptake of HOCs by soils and sediments has been found to occur on two 

different time scales (2,3). In uptake and release experiments, a fraction of the sorbed 

HOCs equilibrates with the solid phase on a time scale of seconds to minutes, while 
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another fraction requires months to years to reach equihbrium. The slowly equilibrating 

fraction can be significant, and in a wide variety of systems has been found to range from 

10 to 96% of the total HOC uptake {4). 

HOC uptake by sediments is believed to occur via a dual partitioning/adsorption 

mechanism. Rubbery or soft organic matter serves as a partitioning medium, while pores 

in glassy or hard matter, and in the mineral component, may serve as an adsorption 

medium {4,5,6,7,8,9,10,11). Partitioning into rubbery organic matter generally results in 

a linear relationship between HOC concentrations in the solution and sorbed phases. In 

contrast, considerable experimental evidence indicates that the adsorption mechanism 

contributes to isotherm nonlineari ty (12,13,14) and contaminant  sequestrat ion (15,16).  A 

number of studies investigating adsorption kinetics have shown increasing isotherm 

nonlinearity with increasing incubation time (6,17). This observation suggests that a 

slow diffusional mechanism is required to transport contaminants to adsorption sites, 

and/or that occupation of the adsorption sites themselves is kinetically slow (18). Both 

interpretations indicate that the adsorption mechanism is more responsible for the slow 

uptake and release of HOCs by sediments than the partitioning mechanism. Although a 

pore filling mechanism is expected to contribute to nonlinear isotherms, it may also be 

important in systems that show only a small degree of isotherm nonlinearity (12). 

The enthalpy and entropy changes associated with sorption phenomena are often 

used to understand the molecular-scale interactions between HOCs and sediments 

(4,5,19). Partitioning of HOCs into sediment-associated organic matter is believed to be 

a primarily entropy driven process (1). Solvation of nonpolar HOCs by water results in a 
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loss of rotational and translational degrees of freedom for the water molecules forming 

the hydration cavity around the nonpolar solute {20,21). This results in a negative excess 

entropy of solution for nonpolar HOCs in water. The correlation between the extent of 

HOC partitioning into nonpolar phases and the entropy of cavity creation supports the 

entropy domination of HOC partitioning into rubbery organic matter (7). 

Adsorption of HOCs on mineral surfaces is also thought to be a primarily entropy 

driven process (1). The main evidence supporting this belief is the small exothermic, or 

even endothermic, differential enthalpies of adsorption (Ahf'). Differential enthalpies of 

adsorption are often taken as a measure of the attractive forces between the adsorbate and 

the adsorbent, and may be defined as (9): 

•^in/;. 
Ah"'''=-RT^ 

m' 
(3.1) 

where yj is the fugacity of component i in the bulk fluid phase, T is temperature, is 

the adsorbed molar concentration of adsorbate i, and the nj are the adsorbed 

concentrations of all other species, including the solvent. The difficulty in using Ahf' as 

a measure of adsorbate-adsorbent interactions is that this quantity cannot be determined 

experimentally for aqueous systems of HOCs and sediments, since there is competition 

between the HOC and water for adsorption sites. However, this factor is normally 

ignored, and observed differential enthalpies of adsorption (Ah"'"') are determined from 

the temperature dependence of adsorption isotherms using equation B.l, except that the 

concentration of adsorbed water molecules is not held constant (19,16,22). Justification 

for ignoring competitive adsorption of water is the common assumption that HOCs do 
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not displace water from hydrophilic mineral surfaces (1,6,23), or from hydrophilic 

micropores (16). Under this paradigm, HOC adsorption to the mineral component of 

aquifer solids is normally attributed to partitioning into the vicinal water layer adjacent to 

the mineral surfaces (1,6,23). Although the enthalpy change associated with moving 

vicinal water molecules to the bulk solution phase is ignored, solvent effects on the 

enthalpy change associated with forming HOC-adsorbent interactions (Ah'"') are often 

accounted for by subtracting off the enthalpy change associated with condensation of the 

HOC from water (Ah'^"'^), according to (19,22,24): 

Ah"'' ^ Ah""' -Ah""" (3.2) 

Although this correction is not exact, since the HOC does not form a condensed 

phase upon adsorption, the enthalpy change associated with removing highly 

hydrophobic compounds from the bulk aqueous phase can sometimes be much more 

exothermic than the Ah"'" determined from the temperature dependence of the adsorption 

isotherms (22).  

Observations of endothermic, or slightly exothermic, Uh^"' values have lead to 

conclusions that HOC-adsorbent interactions are weak (1,9,22,25). However, Uh"" 

values determined using equation B.2 do not actually measure the enthalpy change 

associated with formation of HOC-adsorbent interactions, since no correction is made for 

the energy required to displace water from the adsorbent (26). Since water competes 

with HOCs for adsorption sites within sediment pores, Uh'"' values determined from 

isotherm data are a good measure of the strength of HOC-adsorbent interactions only if 

the adsorption enthalpy for water is exactly zero. In cases where water adsorption is 
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exothermic, Uh'"' values determined via equation B.2 will underestimate the strength of 

HOC-adsorbent interactions. 

Although competitive adsorption of water prevents experimental determination of 

true differential enthalpies of HOC adsorption, GCMC simulations can be used to 

calculate Ahf' for well-defmed model systems. The Ahf' expressed on a molecule 

basis, often termed the isosteric heat of adsorption (2,""), can be calculated from 

fluctuations in the total intermolecular potential energy (U) and the number of adsorbed 

molecules of type i (Ni) according to (27,28): 

,3.3) 

where k is Bohzmann's constant, and the brackets '( )' denote the average value of 

the statistical fluctuations for each quantity after equilibrium has been reached. 

In addition to enabling determination of the Ahf ' associated with HOC and water 

adsorption, GCMC calculations can also be used to determine the Gibbs energy changes 

associated with HOC and water adsorption. The difference in Gibbs energy between an 

adsorbate molecule in the pore phase and an adsorbate molecule in the bulk solution 

can be calculated based on its mass density in the solution and pore 

phases (//""'), according to (29): 

AGZ —RTln 
ppore 

soln 
VP y 

(3.4) 
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This research investigated the energetics of water and TCE adsorption in sHt 

micropores between silica surfaces using GCMC simulations. Single sorbate simulations 

of water or TCE were first performed to characterize the interaction of each adsorbate 

with the micropore surfaces. Simulations were then performed to investigate competitive 

adsorption of TCE and water in micropores of varying width. The use of GCMC 

techniques with well-defined model pores enabled the true energetics of TCE-adsorbent 

interactions to be determined, and also enabled assessment of the errors involved in using 

the temperature dependence of adsorption isotherms for calculating differential enthalpies 

of adsorption. 

B.3 Materials and Methods 

Adsorbent Construction Simulations were performed in slit micropores delineated by 

either charged or uncharged silica surfaces. All surfaces were generated by cleaving an 

• -quartz crystal (30) through the 001 plane to yield two 20 A thick quartz slabs with a 30 

A by 30 A interface. The dangling bonds resulting from the cleavage were then 

terminated with H or OH groups, in similitude to the hydrolysis reactions that occur when 

a real quartz crystal is cleaved (31). Differences between the simulated surfaces and 

those of real quartz in solution were the degree of silanol group deprotonation (32,33), 

and the absence of charge compensating cations. In order to simulate moderately 

hydrophobic micropores, one type of surface had no silanol group deprotonation. hi 

order to simulate very hydrophilic micropores, the second type of surface had 61% of its 

silanol groups deprotonated. This is the same degree of deprotonation that would occur 
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on real silica at a pH value of 7 {34). However, in order to make the surfaces more 

hydrophilic than real silica, no charge compensating cations were added to the charged 

surfaces. Although the properties of these two surfaces are not characteristic of real 

silica, they were chosen in order to investigate adsorption in pores where HOCs may not 

be expected to out-compete water for adsorption sites. In more hydrophobic pores, such 

as those in soots or charcoals {35), HOC adsorption is expected to be much more 

favorable than in the pores investigated in this study. 

Monte Carlo Simulations GCMC simulations were performed to determine the effect of 

pore width and surface charge on TCE and water adsorption between silica surfaces. The 

GCMC simulations were performed with the COMPASS forcefield using the Cerius2 

software suite from Molecular Simulations, Inc. {36). A cutoff distance of 14 A was used 

for the van der Waals interactions in all simulations. Test runs performed at larger 

cutoffs showed there was no change in results compared to the 14 A cutoff. Long-range 

electrostatic forces were calculated using Ewald sums (25). Periodic boundary conditions 

were used so that the simulations were effectively performed between 2 infinite silica 

sheets. The GCMC simulation run lengths ranged from 5 to 10 million configurations. 

Average energy and loading parameters were taken from the final 0.5 to 1 million 

configurations after equilibrium had been reached. The 95% confidence intervals for the 

enthalpy and loading variations for a single run were less than 0.01% of the mean values. 

Differences in water and TCE loadings between repeat runs with different initial starting 

conditions were less than 5%, and differences in sorption enthalpies were less than 1%. 
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Unless otherwise noted, all simulations were performed at a temperature of 25 °C. 

Except for one set of simulations performed with a constant water loading of 77 

molecules, all simulations involving water at 25 °C were performed using a chemical 

potential for water (|iw) of -237 kJ/mol. This corresponds to the chemical potential of 

liquid water or water vapor at 100% relative humidity at 25 °C. The simulations 

investigating the effect of pore width on TCE adsorption were performed using a 

chemical potential for TCE of 0.724 kJ/mol. This corresponds to TCE in aqueous 

solution at a concentration equal to 1% of its saturation concentration, or to an ideal gas 

phase with a TCE partial pressure equal to 1% of its saturation value (). For the TCE 

isotherm simulations the chemical potential for TCE was varied from -10.69 to 12.13 

kJ/mol. For the gas phase simulations, the Q'^° values reported for water and TCE 

adsorption reflect the enthalpy change in going from a hypothetical ideal gas phase to the 

micropore phase. For the solution phase simulations, the reported values reflect the 

enthalpy change in going from a hypothetical solution phase to the micropore phase. The 

difference between the gas and solution phase values is simply the enthalpy change 

associated with the transfer of a water or a TCE molecule from the gas phase to the 

solution phase, which is -45 and -37 kJ/mol for water and TCE, respectively (37). 

Molecular Dynamics Molecular dynamics (MD) simulations were performed to generate 

a suite of conformational isomers with representative bond angles and bond lengths for 

water and TCE molecules at 25 °C. All MD simulations were performed with a constant 

number, pressure, and temperature ensemble (NPT) using the Open Forcefield (OFF) 
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simulation engine (38). The temperature was controlled via the Nose'-Hoover method 

(39) and a time step of 0.5 or 1 fs was used. MD simulations were also performed to 

verify the forcefield parameters for water and TCE. These simulations calculated the 

condensation enthalpy (ntf) and the density of each compound as a pure liquid at 25 °C. 

Table B.l compares the calculated densities and values for liquid water and 

TCE phases at 25 °C. The calculated parameters are close to those measured 

experimentally. This shows that the forcefields for water and TCE appear to be 

accurately modeling the intermolecular forces for each compound. 

B.4 Results and Discussion 

Single Compound Adsorption Although the purpose of this study was to investigate 

TCE adsorption from aqueous solution, single compound simulations were performed to 

assess the interaction of each compound with the pore surfaces. GCMC simulations of 

water vapor adsorption were performed to assess the hydrophilicity of the charged and 

uncharged pores as a function of pore width. Figure B.l a shows the effect of pore width 

on water adsorption in the charged and uncharged pores. For a pore width of 6 A, the 

density of water in the charged pore was greater than that for bulk water, which is 33.3 

molecules per 1000 at 25 °C (40). For charged pores wider than 6 A, the density of 

adsorbed water was close to that of bulk water, and there were slight variations arising 

from molecular-scale packing restrictions. The adsorbed water densities in the uncharged 

pores were much less than that for bulk water, and decreased sharply for pore widths 

greater than 10 A. This can be attributed to decreasingly exothermic Q'®° values with 

increasing pore width, as illustrated in Figure B.lb. The trend in values with pore 
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width can be attributed to a decreasing overlap of the adsorption potentials of the two 

surfaces, and to decreasing interactions between water molecules adsorbed on opposing 

surfaces. For pore widths greater than 12 A, the values were smaller than the 

for water and a condensed phase did not form. The Q'®° values for water adsorption in the 

uncharged pores were similar to those observed on real silica gels and activated carbon, 

which are in the range of -42 to -52 kJ/mol (41,42), and for high silica, Y-type zeoUtes, 

which range from -35 to -50 kJ/mol (43,44). The values for water were more 

exothermic than those observed for highly hydrophobic surfaces such as graphite, which 

are in the range of -29 to -45 kJ/mol (45,46). The values in Figure B.lb show that 

the uncharged pores can be considered moderately hydrophobic, similar to activated 

carbon surfaces. This characterization is consistent with previous reports of the 

hydrophobic character of uncharged silicate surfaces (47). 

The values for water adsorption in the charged pores were a strong function of 

the pore width for pores up to 12 A in diameter, as shown in Figure B.lb. At a pore 

width of 12 A there were approximately two monolayers of water adsorbed on each 

surface. The nearly constant values for widths greater than 12 A suggest that the 

strong attraction to the charged surfaces was significantly diminished after the first two 

monolayers of adsorbed water. For all pore widths, the Q'®° values in the charged pores 

were always much more exothermic than those normally observed for water adsorption 

on silica surfaces (41). The more exothermic values in this study can be attributed to 

the absence of charge compensating cations that increased the electrostatic component of 

the adsorption interactions. 



To investigate the water-surface interactions, simulations were also performed at a 

fixed water loading of 77 molecules for both the uncharged and charged surfaces. This 

loading corresponds to the number of molecules required for monolayer coverage on each 

surface, assuming an area of 11.6 for each adsorbed water molecule, hi order to 

minimize the overlap of attractive forces from opposing pore surfaces, these simulations 

were performed for a pore width of 20 A. For the uncharged pore, the Qiso value of -36 

kJ/mol was less than the value of -42 kJ/mol that was observed for adsorption at a fixed 

chemical potential in the 20 A pore. The less exothermic Q'®" at fixed loading can be 

attributed to forcing water to adsorb on low energy sites that would not promote 

adsorption at |iiw=-237 kJ/mol. The distribution of water in the uncharged pore indicates 

that portions of the pore surfaces were less hydrophilic than water surfaces. As shown in 

Figure B.2a, multilayer water adsorption occurred at many sites in preference to 

monolayer formation. This contrasts with the adsorption behavior shown in Figure B.2b 

for the charged surfaces, hi the charged pore, the adsorbed water molecules were 

uniformly distributed over the surfaces in a near monolayer arrangement. The fixed 

loading Qiso value of -146 kJ/mol was much more exothermic than the •H'^ for water, and 

was also more exothermic than that for adsorption at fixed This shows that water was 

more attracted to the charged pore surfaces than to either bulk or pore water phases. 

Although the uncharged pores were not sufficiently hydrophilic to promote water 

condensation for widths greater than 12 A, real sediment pores with similar surface 

properties would likely contain condensed water due to capillary condensation, and/or 

hydrostatic pressure effects. The flat surfaces in the simulation cell cannot promote 
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capillary condensation unless interactions with the pore walls are sufficiently strong to 

promote multilayer adsorption that generates a water surface with a negative radius of 

curvature. The absence of water condensation despite the saturation )j,w arises from the 

orienting of adsorbed water molecules by the fixed surface sites. This surface orienting 

effect may decrease the coordination number, increase the distance between nearest-

neighbors, and change the angles of orientation in H-bonds, with respect to bulk water 

{48). This makes water condensation in the pore less energetically favorable than water 

condensation into a bulk water phase, and explains why there was no condensation of 

water in uncharged pores wider than 12 A. 

Because this study aims to investigate HOC adsorption from the solution phase, 

where even hydrophobic pores normally contain condensed water phases, water 

condensation was promoted in uncharged pores wider than 12 A by seeding them with 

water molecules. The seeding process was used to create a curved water surface at the 

pore edge in order to promote capillary condensation. As shown by the data in Figure 

B.la, the seeding process resulted in a greater filling of the pore space by adsorbed water. 

In all cases, the number of seeded water molecules was less than 10% of the ultimate 

uptake by the pore, and the number and position of the seeded molecules had a negligible 

impact on the ultimate uptake. 

Although the seeding process increased the adsorbed water densities in the 

uncharged pores, the densities were still lower than those for the charged pore. This 

simulation result agrees with experimental observations of decreased densities of water in 

hydrophobic pores {49), and of water densities in silica pores that are below those for 
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bulk water (50,51). For example, Takei et al. reported that the density of water in 20 A 

silica pores was only 86-88% of the density of bulk water {48). This is -12% higher than 

the water density in the uncharged 20 A pore in Figure B.la, and shows that the 

uncharged pores were indeed more hydrophobic than real silica pores. In contrast, the 

water densities in the charged pore were slightly greater than those observed in real silica 

pores. This, along with the more exothermic values for water adsorption, indicates 

that the charged pores were more hydrophilic than real silica micropores. 

To investigate the effect of surface charge on TCE adsorption, GCMC simulations 

of TCE uptake at a partial pressure equal to 1% of its saturation vapor pressure {Pjce) 

were performed. The adsorption densities of TCE as a function of pore width in the 

charged and uncharged pores are shown in Figure B.3a, and the associated Q'®° values are 

shown in Figure B.3b. For pore widths 13 A and smaller, the TCE adsorption densities 

were similar in the hydrophilic and hydrophobic pores. However, the values in the 

charged pores were much more exothermic than those in the uncharged pores. This 

suggests that the amount of TCE adsorption in both pores was limited by molecular-scale 

packing restrictions. For pore widths of 14 A and above, there was almost no TCE 

adsorption in the uncharged pore. This shows that overlap of adsorption potentials from 

opposing pore surfaces was required to adsorb TCE at a partial pressure of 1% . For 

pore widths greater than 13 A, the values in the uncharged pore were less exothermic 

than the Dtf for TCE of -35 kJ/mol. The trend in values with pore width in both 

pores is reflective of decreasing TCE-surface interactions with increasing pore width. 
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Mixture Adsorption Figure B.4a compares the TCE adsorption densities in uncharged 

pores with and without water. For pore widths of 13 A and below, the presence of water 

had only a small impact on TCE adsorption. However, for wider pores the presence of 

water actually increased the amount of TCE adsorption. This can be attributed to more 

exothermic values for TCE resulting from increased interactions with water, as 

shown in Figure B.4c. For pore widths of 13 A and below, the Q'®° values for TCE in the 

mixture and single component TCE simulations were similar. However, for pore widths 

greater than 13 A, the Q'®° values for TCE were more exothermic in the presence of 

water. Therefore, greater TCE adsorption in the presence of water can be attributed to 

more exothermic values resulting from TCE-water interactions. This shows the 

importance of adsorbate-adsorbate interactions in promoting adsorption in hydrophobic 

micropores. 

In the charged pores, the presence of water significantly decreased the adsorption of 

TCE, as shown in Figure B.4b. This can be attributed to significantly less exothermic 

Q'^° values for TCE in the presence of water than in the single component simulations, as 

shown in Figure B.4c. In the mixture, TCE could not compete with water for adsorption 

sites on the charged surfaces. Therefore, water adsorbed on the pore surfaces and TCE 

adsorbed between the water layers, as illustrated in Figure B.4d. Note that for pore 

widths of 14 A and greater, the values for TCE adsorption in the mixture simulations 

were similar for both the charged and uncharged surfaces. This shows that if there are 

two or more layers of water adsorbed on the charged pore surfaces, TCE-water 
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interactions are more important in promoting TCE adsorption than TCE-surface 

interactions. 

Figure B.5 compares the volume fractions of the pore occupied by TCE in the 

charged and water-seeded, uncharged pores as a function of pore width. In the uncharged 

pore, TCE was able to out compete water and occupy almost the entire pore volume for 

pore widths between 8 and 14 A. This may be expected due to the hydrophobicity of the 

uncharged pore. More surprisingly, TCE was able to displace up to 50% of the water in 

the charged, hydrophilic pore. A 50% volume fraction of TCE in the pore phase 

represents more than a 5 order of magnitude increase in the pore phase concentration of 

TCE compared to its bulk phase concentration. It is interesting that the surface charge 

had little effect on either the amount of TCE adsorption or the Q'®° values (Fig. B.4c) for 

pore widths of 18 to 20 A. This shows that the effect of surface charge on TCE 

adsorption dies out rapidly with increasing pore width. 

The enthalpic and entropic contributions to the Gibbs energies associated with TCE 

adsorption are shown in Figure B.6. For the uncharged pore, the enthalpic 

contribution (DH) to the total was always greater than or equal to the entropic 

contribution (-TD S). This is contrary to the common understanding that HOC sorption to 

mineral solids is promoted primarily by entropic effects (1,5). The entropic contribution 

to the generally increased with increasing pore width. This trend can be 

understood in terms of narrower pores being associated with greater losses in 

translational and rotational degrees of freedom for adsorbed molecules. It is interesting 

to note that in the 7 A pore, TCE adsorption was actually accompanied by a negative 
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entropy change. This indicates that the gain in entropy arising from removing a TCE 

molecule from the bulk water phase was more than offset by the loss in configurational 

entropy arising from the restrictive pore geometry and the orienting effect of attractions 

to the pore surfaces. If the trends in Figure B.6a continue for increasing pore widths, 

TCE adsorption will become primarily entropy promoted for pores greater than 20 A in 

width. 

The energy changes in the charged pore follow the same trend as those in the 

uncharged pore, in that increasing pore widths were associated with increasing entropic 

contributions to . The negative entropy changes over a larger range of pore widths 

can be attributed to more constrained molecular orientations in the charged pore due to 

the strong forcefield associated with the uncompensated charges. 

The entropic contributions for water adsorption shown in Figure B.6 explain how 

TCE was able to compete with water for adsorption in both the hydrophobic and 

hydrophilic pores. For all pore widths there was an entropy decrease associated with the 

adsorption of a water molecule. This entropy decrease can likely be attributed to 

constrained molecular orientations arising from the pore geometry, and to the orienting 

effects of the forcefield emanating from the pore surfaces. In the charged pores the 

strong forcefield associated with the uncompensated charges resulted in much greater 

entropy losses for water adsorption than in the uncharged pores. However, there was 

greater water adsorption in the charged versus uncharged pores due to more exothermic 

values. 
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TCE adsorption isotherms spanning 4 orders of magnitude in TCE concentration 

were generated for 10 A wide charged and uncharged pores at 25 °C, and for a charged 

pore at 5 °C, as shown in Figure B.7a. In accord with Polanyi-Manes (52) and Dubinin-

Raduskevitch (53) volume filling of micropores theory, there was no TCE adsorption 

until a threshold concentration was exceeded. For aqueous concentrations above the 

threshold, the isotherms were approximately linear until reaching a plateau near the 

maximum TCE capacity of each pore. The maximum TCE capacity of the uncharged 

pore was approximately 4 times greater than that for the charged pore at the same 

temperature. At 25 °C the values for TCE adsorption in the uncharged pore ranged 

from -12 to -20 kJ/mol, and from -39 to -48 kJ/mol in the charged pore. 

Apparent differential enthalpies of adsorption (Ah"'") for TCE in the charged pore 

can also be calculated from differences in the isotherms measured at 5 and 25 °C. Figure 

B.7b compares Ah"'" with those determined from the simulations at 5 °C. The Ah"''" 

values are shown to underestimate the magnitude of the true Q'®° values by up to 30 

kJ/mol. This disparity in the differential adsorption enthalpies for TCE can be attributed 

to highly exothermic values for water adsorption, which ranged from -55 to -83 

kJ/mol. Exothermic Q'^° values for water resulted in more favorable water adsorption at 

5 °C. Therefore, the effect of temperature on TCE adsorption was diminished by the 

competitive adsorption of water. This behavior shows that determination of differential 

enthalpies of adsorption from the temperature dependence of the HOC isotherms 

underestimates the true associated with HOC adsorption. Competitive adsorption of 
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water may have contributed to many past observations of small differential enthalpies of 

adsorption for HOCs on soils and sediments {1, 4, 5). 

This research showed that a nonpolar organic compound was able to displace water 

from both moderately hydrophobic and very hydrophilic micropores. Although the 

amount of water displacement was greater in the hydrophobic micropores, the Q'^° values 

for TCE adsorption were generally greater in the hydrophilic pores. Highly exothermic 

values up to -50 kJ/mol for TCE adsorption suggest that desorption from micropores 

may require activation energies exceeding 50 kJ/mol (4,54). Activated desorption from 

micropores may explain desorption activation energies as high as 66 kJ/mol for small 

HOCs on field soils (55). Activated desorption from micropores may also explain the 

widely observed phenomena of kinetic hysteresis in HOC sorption studies where rates of 

contaminant release are considerably slower than rates of uptake (4,5,56,57). 
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B.6 Tables 

Table B.l. Comparison of water and TCE properties with those calculated using NPT 

MD simulations. 

Compound • H' (kJ/mol) Liquid Density (g/mL) Compound 
Calculated Actual (37) Calculated Actual (40) 

Water -45 -44 1.01 0.997 
TCE -39 -35 1.51 1.46 
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B.7 Figures 
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Figure B.l a) Water adsorption densities at 25 °C in single sorbate simulations 

expressed as the number of molecules per 1000 in charged and uncharged pores as a 

function of pore width. Simulations in the uncharged pores were performed with and 

without seeding with preadsorbed water, b) values for the adsorption of water from 

the vapor phase. 



103 

l.ow Hij^h 

I 

Low Hiyh 

II 

Figure B.2 Water adsorption densities in (a) uncharged and (b) charged 20 A pores for a 

fixed water loading of 77 molecules. 
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Figure B.3 a) TCE adsorption densities at 25 °C in single sorbate simulations 

expressed as the number of molecules per 1000 in charged and uncharged pores as a 

function of pore width, b) values for the adsorption of TCE from the vapor phase. 
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Figure B.4 a) TCE adsorption densities in the uncharged pore for single sorbate and 

mixture simulations, b) TCE adsorption densities in the charged pore for single sorbate 

and mixture simulations, c) values for vapor phase adsorption of water and TCE in 

single sorbate and mixture simulations, d) Snapshot of TCE and water adsorption for a 

charged 20 A wide pore. Carbon atoms are yellow, chlorine are green, oxygen are red, 

hydrogen are white, and silicon atoms are orange. 
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Figure B.5 Volume fraction of charged and uncharged pores occupied by TCE 

molecules. The molar volume of adsorbed TCE was taken as the pure liquid molar 

volume of 89.8 mL/mol. 
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Figure B.6 Enthalpic and entropic contributions to the Gibbs energy changes 

accompanying (a & b) TCE and (c & d) water adsorption in charged and uncharged 

pores. The energy changes are referenced to adsorption from the liquid phase. 
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Figure B.7 a) TCE adsorption isotherms in charged and uncharged pores at 25 °C 

along with an isotherm in the charged pore at 5 °C. Isotherm points were calculated up to 

the saturation concentration of at each temperature, but there was little additional 

adsorption at concentrations above those shown, b) Charged pore Q'®° values for TCE 

adsorption calculated using the van't Hoff equation and the 5 and 25 °C isotherms along 

with values determined using equation B.3 and data from the 5 °C simulations. 
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APPENDIX C 

INVESTIGATION OF CHLOROETHENE CHEMISORPTION TO 

IRON SURFACES USING PERIODIC DENSITY FUNCTIONAL 

THEORY 

C.l Abstract 

Metallic iron filings are becoming increasingly utilized as a reactive agent for 

reductive dechlorination of solvents in contaminated groundwaters. Prior research has 

suggested that chlorinated ethenes react with iron via an inner sphere electron transfer 

mechanism that involves chemisorbed intermediates. This research investigated the 

thermodynamic favorability and resulting structures for chemical adsorption of 

trichloroethylene (TCE) and tetrachloroethylene (PCE) to iron surfaces using periodic 

density functional theory (DFT). Initial configurations for the DFT calculations were 

determined using molecular mechanics simulations employing the COMPASS and 

Universal force fields. DFT modeling of adsorbed species was performed using the local 

density approximation and the Harris functional approach. PCE was found to chemisorb 

via pi and di-sigma bond formation between Fe and C atoms, while TCE was found to 

chemisorb via sigma and di-sigma bonds. Sigma and pi-bond formation was favored for 

o 

initial structures with distances of ~3 A between C and Fe atoms. Upon sigma and pi-

bond formation, all C-Cl bonds became activated, and the CI atoms formed bonds with 

the iron surface. Sigma and pi bond formation also resulted in a shortening of the 

carbon-carbon bond by an amount consistent with the conversion of a double to a triple 

bond. Di-sigma bond formation was favored for initial structures with distances of ~2 A 
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between C and Fe atoms. Upon di-sigma bond formation, only one C-Cl bond on each C 

atom became activated, while the remaining bonds remained unchanged. Bond angles 

and bond lengths indicated that there was no change in bond order of the carbon-carbon 

double bond upon di-sigma bond formation. All binding energies indicated that 

chemisorption was highly exothermic, but the binding energy values can be considered 

only quahtative due to the approximations involved with the Harris functional approach. 

The activation of all or only two C-Cl bonds upon TCE and PCE chemisorption is 

consistent with experimentally observed reaction products. 

C.2 Introduction 

The common practice of using zerovalent iron as a reactive medium for treating 

solvent contaminated groundwater has promoted considerable research into the reactions 

of chlorinated solvents with iron metal. Reductive dechlorination of chlorinated solvents 

by iron metal was first reported by Sweeny (1). Later, Gillham and others proposed 

exploiting these reactions for in-situ remediation of groundwater contaminated by 

chlorinated solvents (2, 3, 4, 5). Although reaction rates and reaction byproducts of most 

one and two carbon chlorinated compounds with iron filings have been measured, little is 

known about the reaction mechanisms. 

Chloroalkane dechlorination has been observed to produce stable intermediates 

containing one fewer CI atoms than the parent compound (6, 7). For reduction of carbon 

tetrachloride to chloroform, prior investigators reported that the reaction mechanism 

involves the outer-sphere transfer of electrons to a carbon tetrachloride molecule 
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physically adsorbed to the iron surface (S). In outer-sphere electron transfer reactions, 

reduction occurs via electron tunneling and no bonds between the surface and the oxidant 

are formed (9). The weak nature of physical adsorption results in only short-term contact 

between the reactant and the surface, allowing desorption to occur after only one CI atom 

has been removed. 

In contrast to the sequential dechlorination observed for chloroalkanes, reduction of 

chloroalkenes produces only trace quantities of chlorinated intermediates (3, 4, 5, 7). The 

near absence of chlorinated intermediates between trichloroethylene and ethene was first 

observed by Orth and Gillham (3) who proposed that strong interactions between the pi-

electrons in TCE and the iron facilitated a sufficiently long association with the surface to 

allow a 6 or 8 electron transfer before desorption occurs. In contrast to the pi-interactions 

proposed by Orth and Gilham, Arnold and Roberts proposed chloroethenes form di-sigma 

C-Fe bonds with the iron surface (10). These hypotheses that chemical adsorption may 

be involved in choroalkene reduction are consistent with data showing that reduction 

rates of TCE are not controlled by an outer-sphere electron transfer reaction (8). Other 

indirect evidence for a catalytic role of the iron surface in chloroalkene reduction is the 

observation that alkyl halides, such as 1,2-DCA, are much less reactive than vinyl 

halides, such as 1,2-DCE, despite having a more positive reduction potential for a one 

(El) and two (E2) electron reduction (10). Although there is some indirect evidence, 

actual chemisorption of chloroalkenes may be difficult to confirm using spectroscopic 

methods due to the fact that reactions with the iron metal occur beneath the oxide layer 

coating the iron surfaces (11). This difficulty makes quantum mechanical modeling 
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approaches attractive for studying the importance of surface bound intermediates in 

dechlorination reactions. 

Density functional theory (DFT) is a quantum mechanical modeling approach based 

on expressing the total energy of a system as a functional of the electron density {12, 13, 

14, 15). The accuracy of the results from DFT are comparable with correlated Hartree-

Fock methods, but require substantially less computational effort {16). Because of its 

computational advantages, DFT has evolved as the most important quantum mechanical 

approach in solid-state physics {17, 18), and can handle large, periodic systems that are 

intractable by correlated Hartee-Fock methods {19, 20). In DFT, the energy is 

decomposed into contributions from the kinetic energy, the Coulomb energy, and the 

exchange-correlation energy. Although this decomposition is exact, its implementation 

requires approximations since the actual functional for the many body exchange and 

correlation energies are unknown {16). 

The goal of this investigation was to determine the thermodynamic favorability and 

resulting structures for chemisorption of TCE and PCE to iron surfaces. A more 

thorough understanding of the mechanisms controlling reductive dechlorination may help 

to resolve some apparent contradictions in the literature, and may aid in the development 

of more effective reduction catalysts. Towards that end, DFT calculations were 

performed to investigate the possible binding modes of TCE and PCE to iron surfaces. 
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C.3 Materials and Methods 

To avoid the problems associated with the effects of cluster size on chemical binding 

{21), this study used periodic DFT. The iron was modeled by a periodic five-layer slab 

with a 5.7 by 5.7 A top surface. The slab was generated by cutting a body-centered cubic 

(bcc) iron crystal through its [100] plane. The top two layers of iron atoms were flexible 

o 

while the bottom three layers were held rigid. This resulted in Fe-Fe distances of 2.645 A 

on the surface and 2.482 A in the bulk phase. In order to prevent interactions between 

the adsorbate molecule and the image of the surface, the slab was separated from its 

image in the z direction by a vacuum space. The relevance of vacuum slab models for 

investigating solution phase catalysis has been demonstrated experimentally by Bradley 

et al. (22). Crispin et al. showed that the electronic structure of a clean metal in 

solution at its potential of zero charge is similar to that of the metal under ultra high 

vacuum conditions (23). 

DFT calculations were performed using the DMol {24) package in the Accelrys 

Materials Studio modeling suite (25). All simulations used double-numeric with 

polarization (DNP) basis sets {24, 26). The nuclei and core electrons were described by 

DFT semi-local pseudopotentials (27). Simulations for gas phase compounds were 

performed using both the local density (LDA) and generalized gradient (GGA) 

approximations. Calculations at the GGA level used the Perdew-Wang PW91 (28) 

functional for exchange and correlation, and the LDA calculations employed the Perdew-

Wang PWC (29) functional. 
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Convergence in the self-consistent field (SCF) iterations could not be obtained for 

adsorbed phase compounds with either the LDA or GGA approaches. This convergence 

difficulty for iron and other transition metals is well-known (30), and necessitated use of 

the Harris functional approximation {31). Although the Harris functional was developed 

for weakly interacting systems, it has been found to give useful results for covalent and 

even ionic systems (32, 33, 34, 35). The Harris approach has been previously used for 

crystalline iron and was found to give lattice constants that were within 3% of 

experimental values (36). 

The starting geometries for adsorbed TCE and PCE were taken from results of 

molecular mechanics simulations using the COMPASS (37, 38) and Universal (39) and 

force fields. In this process, the interaction energy of a single adsorbate molecule with 

the iron surface was minimized in molecular mechanics simulations at 0 K (40). To 

model induced polarization interactions, the Universal force filed simulations utilized the 

QEq charge equilibration scheme of Rappe' and Goddard (41). The QEq method is a 

self-consistent reaction-field scheme that calculates partial atomic charges by equalizing 

the electronic chemical potential on each atom. 

The two approaches were used to generate initial configurations because the 

COMPASS force field may underestimate Coulombic attractions between the adsorbate 

and the iron surface if there are induced polarization interactions. The partial atomic 

charges on each atom in the COMPASS force field are optimized for isolated gas phase 

adsorbates, and the iron atoms in the metal are uncharged. Because these charges are 

fixed during a simulation, induced polarization interactions are not taken into account by 
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the COMPASS force field. This error may underestimate the Coulombic attraction 

between charged atoms in the adsorbates and the iron surface, and may result in an 

adsorption distances that are too far from the iron surface. The Universal force field with 

its accompanying QEq charge equihbration scheme allows these polarization interactions 

to be included in the energy minimization, and results in a closer approach of TCE and 

PCE to the iron surface. 

C.4 Results and Discussion 

Gas phase DFT calculations for isolated TCE and PCE molecules and for the iron 

slab were performed in order to determine the energies of the isolated compounds, and to 

compare the structures determined using the Harris functional approach with those 

determined using other more accurate methods. To illustrate the errors involved with the 

Harris approximation. Figure C.l compares the structure of gas phase TCE calculated 

using Harris and self-consistent LDA/PWC approaches with those calculated using the 

GGA/PW91 approach. Also shown in Figure C.l are the bond lengths for TCE 

calculated in a prior DFT study using a GGA approach (42), and bond lengths for TCE 

from the experimentally measured values (43). All three DFT calculations give C-Cl 

bond lengths that are close to measured values, and are similar to those calculated by 

Barbosa, et al. {42) for TCE. Both the LDA and GGA approaches give good results for 

the C=C and C-H bond lengths. However, the Harris approximation has underestimated 

the C=C and C-H bond lengths by approximately 7%. This is consistent with past studies 

showing that the Harris approximation underestimates bond lengths by up to 9% as 
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compared with other more accurate methods (32). The under prediction of the C=C and 

C-H bond lengths and good prediction of the C-Cl bond lengths is consistent with the 

approximations inherent with the Harris approach, in that the stronger the bond energy, 

the greater the under-prediction of the bond length (32). Published bond energies (44) 

indicate that average C=C (614 kJ/mol) and C-H (413 kJ/mol) bond energies are 

considerably greater than those for C-Cl bonds (330 kJ/mol). 

The starting structures for the DFT calculations were determined using molecular 

mechanics simulations with the COMPASS and Universal force fields. The minimum 

energy configurations for physically adsorbed TCE and PCE determined with the 

COMPASS force field are shown in Figure C.2. For PCE, the two C atoms approach the 

o 

same Fe atom at a distance of 2.934 A. For TCE, the two C atoms approach the same Fe 

atom at distances of 2.995 and 2.939 A. These configurations with the C=C double bond 

centered above a single Fe atom suggest that a pi-bond will form between the 

chloroethenes and the iron surface once the electronic degrees of freedom are relaxed. 

For PCE, the expectation of pi-bond formation was confirmed by the DFT 

calculations, as shown by the structure in Figure C.3a. The electrostatic potential 

diagram shown in Figure C.3b indicates that there was significant overlap in electron 

density between the C and Fe atoms. Although pi-bond formation was also expected for 

TCE, results of the DFT calculations shown in Figure C.4a indicate that a single sigma 

bond formed between TCE and the iron surface. The C-Fe bond distance of 1.83 A is 

close to the values 1.78 to of 1.89 A calculated for C-Fe bonds in gas phase FeC2 and 

FeCs clusters using a gradient corrected DFT approach (45). The electrostatic potential 
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diagram in Figure C.4b showing considerable overlap in electron density between C and 

Fe atoms also indicates that there was C-Fe bond formation. 

Comparison of the gas and adsorbed phase bond lengths in Table C.l shows that 

molecular fragmentation occurred upon PCE and TCE chemisorption. In PCE, all three 

C-Cl bond lengths elongated to nearly 4.3 A, which indicates that the bonds were 

completely broken. This can be seen in Figure C.5 which shows the effect of bond length 

on the C-Cl bond energy for gas phase PCE. A bond length of 4.3 A has only 6% of the 

bond energy associated with the energy minimizing length of 1.73 A. For sigma-bonded 

TCE, all three C-Cl bonds were also significantly elongated, but to a lesser degree than in 

the pi-bonded PCE. The electrostatic potentials in Figure C.4b show that there was 

negligible overlap in electron density between 'C and ^Cl. The C-Cl bond lengths in the 

sigma bonded TCE molecule indicate that activation of the bonds resulted in a loss of 

80% of the bond energy associated with the energy minimizing length of 1.72 A. 

Chemisorption of PCE and TCE appears to have resulted in conversion of the carbon-

carbon double bonds into triple bonds. Upon chemisorption, the inter carbon bond 

lengths in PCE and TCE decreased by 0.13 and 0.16 A, respectively, as compared to their 

gas phase values. This decrease is close to the expected bond shortening of 0.14 A 

accompanying the conversion of C=C to C = C. The underestimation of the true C = C 

bond length of 1.2 A in the bound structures is consistent with the known errors of the 

Harris approximation, as indicated in the gas phase results. 

Energy minimization for PCE and TCE with the Universal force field resulted in C-

Fe distances of -2.1 A prior to commencement of the DFT calculations. The resulting 
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DFT structures shown in Figures C.6 and C.7 show that both compounds formed di-

sigma bonds with the iron surface. The C-Fe bond lengths listed in Table C.l for the di-

sigma adsorbed compounds are consistent with previously reported C-Fe single bond 

lengths, ranging from 1.78 to 1.89A (45). In contrast to the pi and sigma bonded 

structures shown in Figures C.3 and C.4, only one C-Cl bond on each C atom became 

elongated in the di-sigma structures. Additionally, the degree of bond elongation in the 

di-sigma structures was less than those in the sigma structure. However, all the C-Cl 

bond elongations associated with PCE and TCE bonding to iron are much greater than 

those calculated for bonding to other metals and alloys. For example, on CuPd alloys, C-

C1 bonds in TCE were observed to elongate distances between 0.01 and O.ITA, to a 

maximum length of 1.89 A. A similar observation of C-Cl bond breaking upon 

adsorption was reported by Teppen et al. for TCE adsorption to an Fe(II) bearing clay 

mineral (46). Using a gradient corrected DFT approach, one C-Cl bond in TCE was 

found to elongate to 3.3 A, and the clay mineral was found to change from its reduced 

structure containing Fe(n) to that of its oxidized structure containing Fe(III). 

'y 
The bond angles in chemisorbed TCE and PCE are close to those expected for sp 

hybridization of the two carbon atoms. With the exception of the two C-Cl bonds that 

have become significantly elongated and essentially broken, all the C bond angles are 

•J 
within 5° of the ideal value of 120° for sp hybridization. The small decreases in C=C 

bond lengths upon chemisorption are also consistent with maintenance of the double 

bond. This behavior contrasts with the larger decreases observed in the pi and sigma 

bonded structures, and also contrasts with chloroethene behavior on noble metal surfaces. 



125 

For example, on Pd catalysts, TCE chemisorption elongates the C=C bond by 1.2 A to a 

distance that is intermediate between a single and double bond (47); while on Pt catalysts, 

o 
the C=C bond lengths increases from 1.34 to 1.54 A, which is the average bond length for 

a C-C bond (48). 

The breaking of C-Cl bonds and resulting fragmentation of PCE and TCE 

molecules upon chemisorption is associated with bond formation between the CI atoms 

and the surface iron atoms. In the pi and sigma bonded structures, the distances between 

the CI atoms and the nearest Fe atom ranged from 2.22 to 2.30 A, as shown in Table C.l. 

These distances are slightly greater than Fe-Cl bond lengths observed for gas phase FeCli 

clusters of 2.15 A (49), but are less than the Fe-Cl bond length in crystalline FeCla of 

2.31 A (50). This suggests the formation of a chemical bond between the Fe and CI 

atoms. The electrostatic potential diagrams in Figures C.3b and C.4b show significant 

overlap in electron density between the Fe and CI atoms. For the di-sigma bonded 

structures, the Fe-Cl bond distances of 2.24 to 2.35 A indicate slightly weaker bond 

formation than for the pi and sigma bonded structures. 

The binding energies {Ebimd of TCE and PCE to the iron surface can be determined 

from the energy differences between those of the chemisorbed complexes and those of 

the isolated adsorbent and gas phase adsorbates. Table C.2 lists the binding energies 

calculated for TCE and PCE for each of the structures that formed. The large negative 

values for the binding energy indicate that chemisorption of TCE and PCE are highly 

exothermic. However, these binding energies can only be considered qualitative since 

the LDA/Harris approach is known to significantly overestimate binding energies, despite 
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giving reasonably accurate geometries (51). The more exothermic binding energies of 

the sigma and pi bonded structures, as compared to the di-sigma complexes, reflects their 

greater degree of molecular fragmentation and the resulting 2 additional Fe-Cl bonds. 

These modeling results support prior hypotheses that chemical adsorption is 

involved in reductive dechlorination of TCE and PCE on iron surfaces. Chemical 

adsorption catalyzes the reactions and may explain why reaction rates for reduction of 

chloroethenes are greater than those predicted by linear free energy relationships based 

on data for chloroalkanes (52). Although the iron surface may be catalytic for 

chloroethene reduction, the iron also serves as the electron donor. This aspect makes 

chloroethene chemisorption on iron different from that on noble metal catalysts, and may 

explain the greater degree of molecular fragmentation resulting from the chemisorption 

reaction. Equalization of the electronic chemical potentials between the adsorbates and 

the metal result in charge transfer (55). The higher electronic chemical potential (54) of 

Fe (-4.02 eV), as compared to a noble metal such as Pd (-4.75 eV), results in a greater 

charge transfer between iron and the chemisorbed compound. 

The chemisorbed structures observed in this study are consistent with the observed 

reaction products. Activation of all C-Cl bonds to their breaking points in the pi bonded 

PCE and sigma bonded TCE structures is consistent with completely dechlorinated 

reaction products that have been observed in most studies (3, 4. 7, 8, 55). Activation of 

one C-Cl bond on each C atom in the di-sigma bonded structures is consistent with 

observations that trace levels of mono- and di-chloroacetylene are formed from reduction 

of TCE and PCE, respectively (10). Activation of multiple C-Cl bonds upon 
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chemisorption suggests that chloroethene reaction products containing 1 fewer CI atoms 

than the parent compound (5, 56, 57) may result from a mechanism involving reduction 

by Fe(II)-containing oxides or uncatalyzed electron tunneling reactions. Mechanisms 

producing slower reacting chlorinated intermediates may therefore become increasingly 

important over time as oxide buildup decreases chloroethene access to the zerovalent iron 

surface. 
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C.6 Tables 

Table C.l. Equilibrium Bond Lengths (A) for adsorbed TCE and PCE. 

'C-'Cl 'C-^Cl ^C-^Cl 'C-H 'C-^Cl 'C-'C 'C-Fe 

Gas TCE 1.71 1.72 1.71 1.00 - 1.25 -

sigma TCE 3.25 3.35 3.58 1.0 1.1 1.83 

di-sigma TCE 2.98 1.71 2.99 0.99 - 1.21 1.88 

Gas PCE 1.73 1.73 1.73 _ 1.73 1.26 

pi PCE 4.30 4.29 4.30 4.29 1.1 1.93 

di-sigma PCE 2.90 1.71 2.98 - 1.71 1.23 1.90 

^C-Fe 'Cl-Fe 'Cl-Fe 'Cl-Fe "Cl-Fe 

2.91 2.22 2.30 2.23 
-

1.86 2.25 3.05 2.35 -

1.93 2.22 2.22 2.22 2.22 

1.83 2.24 3.11 2.30 3.19 

Table C.2. Binding Energies Calculated for Chemical Adsorption of PCE and TCE. 

Compound Binding E (kJ/mol) Structure 

PCE -915.67 pi 

TCE -805.21 sigma 

PCE -609.56 di-sigma 

TCE -568.93 di-sigma 
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C.7 Figures 

Figure C.l. Bond lengths in units of A for gas phase TCE computed with the: a) 

GGA/PW91; b) self-consistent LDA/PWC; and c) Harris LDA/PWC approaches. Also 

shown are: d) measured TCE bond lengths {43). 
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a. 

* 

Figure C.2. Starting structures for the DFT calculations determined with the COMPASS 

force field, a) PCE; b) TCE. Bond distances are in units of A. 
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Figure C.3. a) Structure for PCE pi-bonded to the iron surface. Bond lengths for this 

structure are given in Table C.l and bond distances are in units of A. b) Electrostatic 

potential diagram for pi-bonded PCE. 
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Figure C.4. a) Structure for TCE sigma-bonded to the iron surface. Bond lengths for this 

structure are given in Table C.l and bond distances are in units of A. b) Electrostatic 

potential diagram for sigma-bonded TCE. 
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Figure C.5. Effect of C-Cl bond length on the C-Cl bond energy (Sbond) for gas phase 

PCE. All atoms were held fixed as the length of the ^C-'Cl bond was stretched. 
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Figure C.6. Di-sigma bonded structure of PCE chemisorbed to the iron surface. Bond 

lengths are given in Table C.l. 
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Figure C.7. Di-sigma bonded structure of TCE chemisorbed to the iron surface. Bond 

lengths are given in Table C.l. 
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APPENDIX D 

UNDERSTANDING THE EFFECTS OF ADSORPTION ON 

CHLOROETHENE REACTIONS AT IRON SURFACES 

D.l Abstract 

Zerovalent iron is widely used as a reducing agent for removing chlorinated 

solvents from contaminated groundwaters. Although prior studies have shown that 

dechlorination rates are normally limited by rates of electron transfer, adsorption energies 

for reactant chemisorption may still have a significant effect on the observed reaction 

rates. The heterogeneous reactions involved in reductive dechlorination first require 

reactant adsorption at the iron surface. However, this aspect of reductive dechlorination 

has received little attention due to the experimental difficulties associated with measuring 

chlorocarbon adsorption to reactive iron surfaces. This research used a molecular 

mechanics modeling approach to investigate the thermodynamics of trichloroethylene 

(TCE) and tetrachloroethylene (PCE) chemical adsorption to iron surfaces. The Universal 

force field (UFF) was used to calculate the relative energies of di-sigma bonded 

complexes of TCE and PCE to iron surfaces. A self-consistent reaction field charge 

equilibration scheme was used to account for charge transfer and polarization effects 

associated with chemisorption of TCE and PCE to metalhc iron surfaces. The potential 

energies associated with di-sigma bonded TCE and PCE complexes were found to be 

dominated by electrostatic attractions between negatively charged chlorine atoms and 

positively charged iron atoms. Complex formation with the surface was found to result in 

significant electron transfer from the iron to the adsorbed species. The presence of atomic 
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hydrogen on the iron surface resulted in lower potential energies for both TCE and PCE 

complexes, and increased electron transfer to the organic compounds. In the absence of 

atomic hydrogen, the potential energy for PCE adsorption was lower than that for TCE, 

but the presence of even small amounts of atomic hydrogen made TCE adsorption more 

thermodynamically favorable than that for PCE. The larger effect of atomic hydrogen on 

the potential energies for TCE can be attributed charge transfer effects. Differences in 

TCE and PCE adsorption, as indicated by the relative potential energies of the adsorbed 

complexes, are consistent with experimentally observed trends in reaction rates and may 

help to explain some apparently anomalous experimental results. 

D.2 Introduction 

Zerovalent iron has been widely used as a chemical reducing agent for removing 

chlorinated solvents from contaminated groundwaters. The use of iron as a reducing 

agent for chlorinated solvents was first reported by Sweeny (7). Later, Gillham and other 

researchers proposed using these reactions for in situ remediation of contaminated 

groundwaters (2,3,4,5). Although, reaction rates and chemical intermediates have been 

measured for most commonly encountered chlorinated solvents, the reaction mechanisms 

themselves have not been fully resolved. These reaction mechanisms may involve either 

physical or chemical adsorption, and may occur via outer sphere electron tunneling, inner 

sphere electron transfer, or reduction by atomic hydrogen produced from water reduction 

(^,7,5) 

Several studies have reported that the relative reaction rates of homologous 

chloroethenes with zerovalent iron have been observed to depend on the reaction 
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conditions (9, 10, 11). For example, Wust et al. reported that relative rates of TCE and 

1,2-DCE dechlorination were found to vary between batch and column reactors. This 

unusual behavior was attributed to differences in mass transfer limitations between the 

batch and column systems, and to differences in TCE and DCE adsorption to reactive 

sites in the batch and column reactors. Other investigators have reported that the relative 

rates of TCE versus PCE dechlorination were dependent on the concentration range 

investigated (10,11) and on the pH value of the solution (11). 

Chloroethene reactions at zerovalent iron surfaces first require either physical or 

chemical adsorption of the compound to the surface. However, the amount of 

chloroethene adsorption at reactive sites on the iron surface cannot be measured 

experimentally due to the reactions that ensue immediately after adsorption and because 

of interference by adsorption to non-reactive iron oxides coating the surface (12,13). This 

inability to experimentally measure reactant adsorption complicates interpretation of 

experimental data. 

Molecular modeling can be used to gain information on aspects of a system that are 

not experimentally accessible. However, there is a trade-off on the level of accuracy, the 

more degrees of freedom allowed, and the smaller size of the system that can be studied. 

Quantum mechanical methods can be used to study individual or small clusters of 

molecules, do not require any experimental data, and can calculate energy changes 

associated with chemical reactions (14,15). In contrast, molecular mechanics methods are 

applicable to systems involving hundreds or thousands of molecules. They require 

parameterized force fields based on experimental or ab initio data, and cannot calculate 
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energy changes associated with bond-breaking and bond-forming chemical reactions 

{16). These disparities between quantum mechanical and molecular mechanics methods 

make them complementary approaches to study chemical reaction phenomena. 

Ab initio calculations using density functional theory have shown that both TCE 

and PCE may form chemisorption complexes with iron surfaces {17). However, due to 

the approximations required in the calculations, accurate adsorption energies could not be 

determined. Furthermore, the effects of other surface adsorbed species, such as atomic 

hydrogen, on TCE and PCE adsorption could not be investigated due to the system size 

limitation. 

Force-field based molecular mechanics is a very useful complement to ab initio 

quantum methods. It can handle the molecular systems that contain too many atoms to 

make quantum mechanical calculations tractable. The Universal force field (UFF) {18) 

has been used to investigate the structure of chemical intermediates bonded to metal 

catalysts and has been found to accurately model organometallic complexes {19). The 

UFF is an atom-based force field whose parameters are based on the element, its 

hybridization and connectivity. Like quantum mechanical modeling, molecular 

mechanics simulations with the UFF can be used to predict bond distances, bond angles, 

atomic charge distributions, and atomic interaction energies within a molecule {20). 

The potential energies {E) in the UFF are composed of internal and external 

energies according to: 

E = Eg + E^ + Ej + E,^ + (D.l) 
int ernal external 
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The internal energy includes bond stretching energy (Eg), bond angle bending and 

distortion energy { E ^ ) ,  dihedral angle torsion energy { E .J.), and inversion energy { E , ) .  

The external energy includes van der Waals {Ey^^) and electrostatic energies. 

The energies associated with bond stretching ( E B )  are set at zero for the natural bond 

length (r,y). Energies associated with bond stretching or compression from the natural 

bond length are described by a harmonic oscillator: 

Es=^(r-r,f (D.2) 

or a Morse function: 

Eg=Dy[e""-">-\]' (D.3) 

where a = [—and Dg is the bond dissociation energy. The natural bond length is 
2D.. 

assumed to be the sum of atom-type specific single bond radii ( r. and rj ), a bond order 

correction (r^o), and an electronegativity correction (re„) according to: 

r^ = r. + r. + (D.4) 

The bond order correction is of the Pauling type (21) as given by: 

fbo=-Mri + rj)ln(n) (D.5) 

where n is the bond order and X is proportionality constant. The electronegativity 

corrections are of the O'Keeffe and Brese type (22) as given by: 
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where x a parameter that is roughly proportional to the electronegativity. General 

Fourier expansions are employed to describe all angular distortions away from their 

minimum energy values. Thus, energies for angular distortions are measured from the 

natural bond angle which is assigned an energy value of zero. The Lennard-Jones 6-12 

potential is used to describe van der Waals interactions and electrostatic interactions are 

described by Coulomb's law. 

The UFF models induced polarization interactions by allowing the partial atomic 

charges to respond to the electrostatic environment using the charge equilibration (QEq) 

method of Rappe' and Goddard (23). The QEq method is a scheme that calculates self-

consistent reaction-field partial atomic charges by equalizing the electronic chemical 

potential on each atom. The core electrons are fixed while the valence electrons are 

allowed to shift centers. Five universal parameters determined from ab initio and 

empirical data are used to describe each atom. Structural-electronic effects, that include: 

electronegativity, resonance, metal-ligand ti bonding, and metal-ligand n -back-bonding 

are accounted for using bond order and electronegativity corrections. 

The goal of this study was to determine if differences in adsorption favorability 

between TCE and PCE can explain the previously observed concentration and pH effects 

on their relative reaction rates. Towards that end, molecular mechanics simulations using 

the UFF and QEq scheme were performed to determine the relative energies of TCE and 

PCE chemisorbed to iron surfaces as a function of the atomic hydrogen surface 

coverages. 
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D.3 Materials and Methods 

All molecular mechanics simulations were performed using the Accelrys Cerius2 

modeling suite {24) with the Universal force field version 1.02 (25). Simulations were 

performed with a four layer thick iron slab with 90 iron atoms on its surface. The iron 

slab was generated by cutting a body centered cubic (bcc) iron crystal through its [100] 

plane. TCE or PCE was chemisorbed to the iron surface by replacing their TT-bonds with 

di-D bonds between adjacent C and Fe atoms. The effect of atomic hydrogen on the 

potential energy changes associated with chemisorption was studied by placing 0 to 54 

hydrogen atoms on the iron surface. 

An iterative energy minimization and charge equilibration was performed to 

investigate the energies associated with chemisorbed TCE and PCE on the iron surface. 

The QEq method (23) was used for charge equilibration and the energies were minimized 

using molecular mechanics simulations performed at 0 K. To avoid local minima, the 

temperature of the system was periodically increased to temperatures between 800-5000 

K in order to enable the structure to pass over potential energy barriers on the way to the 

global minimum. The partial atomic charges are expressed in multiples of the 

fundamental unit of charge |e| which is approximately 1.6 xlO"^^ C/mol. 

D.4 Results and Discussion 

The structure of gas phase TCE and PCE molecules were determined using the UFF 

in order to assess how accurately the force field parameters were able to reproduce the 

bond lengths, bond angles and partial atomic charges in TCE, PCE and crystalline iron. 

Figure D.l compares the structure of gas phase TCE determined with the UFF with the 
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experimentally measured structure for TCE (2(5). All the bond lengths and bond angles 

are in reasonable agreement with the measured values for TCE (27). The UFF structures 

for PCE and crystalline iron were also in close agreement with empirical measurements. 

Also shown in Figure D.l are the partial charges on the atoms in TCE calculated using 

the QEq method. These partial charges yield a dipole moment for TCE of 0.93 Debeye, 

which closely replicates the experimentally measured dipole moment for TCE of 0.9 

Debeye (25). 

Figure D.2 shows the structure of TCE chemisorbed to the iron surface and the 

partial atomic charges on each atom for the conditions of 0 and 6 atomic hydrogen atoms. 

The energies for the TCE-iron complexes as a function of the atomic hydrogen surface 

coverage are given in Figure D.3a. The overall energy was dominated by the electrostatic 

energy arising predominantly from the strong attraction of the negatively charged CI 

atoms to the positively charged Fe atoms, whose partial charges are given in Figure D.4. 

In contrast to the highly favorable electrostatic attractions, the van der Waals energy 

associated with TCE chemisorption was thermodynamic ally unfavorable. The positive 

values indicate that chemisorption brings the TCE molecule sufficiently close to 

the iron surface to experience repulsions. In Figure D.3b, the internal energy changes 

associated with TCE chemisorption are decomposed into those associated with bond 

bending, stretching and torsion. All of these energies are positive and are therefore 

thermodynamically unfavorable for promoting chemisorption. Most of the unfavorable 

internal energy can be attributed to the bond angle distortions associated with the C-Fe 

bonds. 
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The high electrostatic favorability for TCE chemisorption arose from the strong 

interaction between the negatively charged CI atoms and the positively charged iron 

atoms. The partial charges on the atoms in TCE are shown in Figure D.2 and indicate that 

chemisorption of TCE resulted in more negative charges on the CI atoms than in the gas 

phase. The CI atom closest to the surface was the most negatively charged, while the two 

CI atoms further from the surface had smaller charges. 

The decrease in charge on the atoms in TCE was accompanied by an increase in 

charge on the iron atoms. Polarization of the Fe atoms resulting from TCE chemisorption 

is illustrated in Figure D.4. The two Fe atoms involved in bond formation become 

positively charged as a result of electron withdrawal by the TCE molecule. Polarization 

of the two atoms involved with bonding lead to partial atomic charges of 0.24 and 0.23 

le|, as shown in Figure D.4. Polarization of the Fe atoms decreased with increasing 

distance away from the bonding atoms, and were diminished by more than 95% at a 

distance of 3 atoms from the C-Fe bond. Fe layers below the surface became decreasingly 

polarized with depth, and by the fourth layer, the maximum polarization was reduced to 

less than 6% of the maximum polarization in the surface layer. 

The energy values in Figure D.3a show that the presence of atomic H significantly 

enhanced the energetic favorability for chemisorption of TCE. This can be attributed to 

the electron donating ability of atomic H. All but one of the H-atoms surrounding TCE 

became positively charged, with an average charge of 0.118. The presence of atomic 

hydrogen increased the charges on the first layer of iron atoms and decreased the charges 

on the CI atoms, as illustrated in Figure D.2b for the case of 6 H atoms, hiteraction of 
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positively charged H atoms with negatively charged CI atoms also contributed to making 

the potential energy more favorable in the presence of atomic hydrogen. 

The structure of chemisorbed PCE is shown in Figures D.5 a and b for the case of 0 

and 6 H atoms. The potential energy values associated with chemically adsorbed PCE 

are shown in Figures D.6 as a function of the atomic hydrogen surface coverage. In 

Figure D.6a, the total potential energy is broken down to internal, van der Waals and 

electrostatic energies. Similar to TCE, the overall potential energy was dominated by a 

favorable electrostatic contribution. The presence of atomic hydrogen made PCE 

adsorption more favorable, as indicated by the decreasing energies with increasing atomic 

hydrogen surface coverage shown in Figure D.6a. 

In contrast to the case for TCE, all the atomic hydrogen atoms on the surface with 

PCE were positively charged, as shown in Figure D.5b. For the case of 6 hydrogen 

atoms, the electron donation by the hydrogen resulted in a 10 to 42% more negative 

charge on the CI atoms. However, unlike TCE adsorption, the partial charges on iron 

atoms were depressed from 0.288 to 0.198 and 0.205 by the presence of 6 atomic 

hydrogen atoms. 

Figure D.7 compares the potential energies associated with the chemisorbed TCE 

and PCE structures as a function of the atomic hydrogen surface coverage. Although the 

energies in Figure D.7 do not include those required for the bond breaking and bond 

forming reactions necessary to chemisorb TCE and PCE, energy comparisons can be 

made since the same bonds are broken and formed in both compounds during the 

chemisorption reaction. At zero hydrogen coverage, the lower energy for PCE indicates 
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that PCE chemisorption is more energetically favorable that that for TCE. These lower 

energies should result in greater PCE adsorption as compared to TCE. Increasing atomic 

hydrogen coverages decreased the energies for both PCE and TCE structures, but the 

effect of atomic hydrogen on TCE energies was greater than that for PCE. This can be 

attributed primarily to charge transfer effects, rather than the positions of the H atoms. 

Simulations performed with H atoms at the same fixed positions for both TCE and PCE 

cases always showed lower energies for the TCE structures, as compared to those for 

PCE. 

A simple mathematical model can be used to illustrate the effect of adsorption on 

observed reaction rates. For surface mediated reactions that first require adsorption of the 

reactant, the overall reaction rate (r) may be expressed as: 

r = kO^ (D.7) 

where k is the rate constant for the reaction, and is the fraction of the electroactive 

surface covered by an adsorbed reactant molecule (R). According to transition state 

theory, if the reaction is not limited by the rate of adsorption, the adsorption reaction is in 

equilibrium under steady-state conditions (29). Since past evidence has shown that TCE 

and PCE reaction rates on clean iron surfaces are limited by the transfer rate of the first 

two electrons {11), rates of reactant adsorption {vads) and desorption (r^ei) are in 

equilibrium and may be expressed as: 

ra,s = K.s{^-On)C (D.8) 

r,es = KesOR (D-9) 
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where C is the aqueous concentration of R in equilibrium with the surface, and and 

are the adsorption and desorption rate constants, respectively. Because the 

adsorption reaction is in equilibrium under steady-state conditions, rads is equal to r^es, 

and equations D.8 and D.9 may be combined to yield: 

K C 
9,=— (D.IO) 

l + K,^C 

where = kadsl^des- Inserting equation D.IO into equation D.7 gives the rate expression 

for reaction of compound R as: 

r = -k (D.ll) 

Equation D.ll shows that the observed rate of reaction should depend on both the rate 

constant, k, and the adsorption equilibrium constant, Kgq. 

The importance of adsorption energies on rates of TCE and PCE reduction can be 

assessed by comparing predictions based on the model with experimental data. Recently 

published data comparing reaction rates for TCE and PCE at different pH values found 

that the relative reaction rates of TCE and PCE depended strongly on the solution phase 

concentrations and pH value {11). Application of the equation D.ll model to recently 

published data for TCE and PCE reaction with pure iron yields the equilibrium and rate 

constants given in Table D.l. Note that at neutral pH, the Keq value for PCE is greater 

than that for TCE. Greater adsorption of PCE versus TCE is consistent with the lower 

energies observed for PCE complexes for atomic hydrogen surface coverages less than 
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3%. At neutral pH values, previous studies have shown D h  values are in this range under 

open circuit conditions {11). 

The Keq values determined from the published data at a pH value of 3 indicate that 

TCE adsorption is more thermodynamically favorable than that for PCE. The factor of 54 

increase in the Keq for TCE with a drop of 4 pH units is a factor of 3.6 times greater than 

the increase in Keq for PCE. Because a pH value of 3 is associated with 0.1 to 0.2 higher 

values than those at a pH value of 7 {11), the greater effect of pH on the K^q for TCE 

is consistent with results of the modeling. 

Results from this study indicate that there may be significant differences in TCE 

and PCE adsorption energies on iron surfaces. These differences in adsorption energies 

may be sufficient to explain changes in relative reaction rates as a function of 

concentration and pH value, hi contrast, prior studies have attributed the effects of 

reactant concentration and pH on the relative rates of TCE and PCE dechlorination to 

differences in reaction rates with atomic hydrogen {11). While that interpretation cannot 

be directly refuted, the modeling in this study suggests that adsorption effects may also 

be important. 
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D.6 Tables 

Table D.l Rate constants and adsorption equilibrium constants for TCE and PCE at two 

different pH values. 

pH=7 pH=3 

Compound Kgq k Keq k 

TCE 8.7e-7 3.4e-9 4.7e-5 l.le-7 

PCE 1.4e-6 5.9e-9 2.1e-5 1.4e-7 



154 

D.7 Figures 
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Figure D. 1. a) Bond lengths and b) atom partial charges in gas phase TCE computed by: 

a - UFF; b- measured value (26). 
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Figure D.2. a) Atomic partial charges of a chemisorbed TCE molecule on iron surface 

through C-Fe di-sigma bonds, b) Atomic partial charges of the chemisorbed TCE on iron 

surface with the presence of atomic hydrogen. 
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Figure D.3. a) Total potential energies of TCE and their contributions as function of iron 

surface coverage by atomic hydrogen, b) Contributions to internal energy as function of 

the atomic hydrogen surface coverage. 
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Figure D.5. a) Atomic partial charges of a chemisorbed PCE molecule on iron surface 

through C-Fe di-sigma bonds, b) Atomic partial charges of the chemisorbed PCE on iron 

surface with the presence of atomic hydrogen. 
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Figure D.6. a) Total potential energies of PCE and their contributions as function of the 

atomic hydrogen surface coverage, b) Contributions to internal energy as function of the 

atomic hydrogen surface coverage, c) Atomic partial charges of the chemisorbed PCE on 

iron surface with the presence of atomic hydrogen. 
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Figure D.7. Comparison of the potential energies associated with the chemisorbed TCE 

and PCE as a function of the atomic hydrogen surface coverage. 
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