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Abstract

Dynamical molecular properties like diffusion and sorption activation energy are of importance for a reliable prediction of the fate and remediation
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fficiency of organic contaminants in the subsurface. In this study, molecular dynamics, a computational technique aiming to describe the
f molecules in time, has been used to study the sorption of organic contaminants in soil organic matter. The simulation results of t
inetics and thermodynamic properties of toluene in humic acid are in reasonable agreement with experimental data. We believe that th
ill become an alternative and powerful tool not only to help understand the sorption mechanism at the molecular level but also to facilit

he problems of contaminated soil clean-up.
 2005 Elsevier B.V. All rights reserved.
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. Introduction

The sorption behavior of volatile organic compounds (VOCs)
n humic substances plays important roles in controlling pol-
utant fate and the remediation of contaminated sites. There
ere many studies on mechanisms of the sorption process[1].
revious works[2–10] have focused on examining sorption
inetics of VOCs with different types of environmental sor-
ents. These prior researches focused on studying sorption and
iffusion behaviors in complex organo-mineral aggregates or
oil humic substances at large length scales. Various rate mod-
ls have been used to simulate contaminant uptake and release

n a macroscopic scale. As to the mechanism controlling sorp-
ion dynamics, it still remains unclear due to the difficulty
n observing its dynamic behavior at the microscopic level
11].

∗ Corresponding author. Tel.: +886 4 22854152; fax: +886 4 22862043.
E-mail address: yhs@nchu.edu.tw (Y.-h. Shih).

Recently, molecular modeling techniques based on the d
opment of fundamental physical theories and their applica
to numerical simulation techniques are applied to environm
tal issues. For example, some researchers applied the mol
modeling techniques to explain the environmental phenom
such as the persistency of toxaphene in mammals[12], the pre-
diction of polychlorinated hydrocarbons from municipal wa
incinerators[13], the sorption mechanisms of organic che
cals onto clays and minerals[14–18], the interactions of hum
substances and minerals[19], and the interactions of contam
nants and natural organic matter[20,21]. But to our knowledg
there is very little molecular modeling work involved in sorpt
kinetics and thermodynamics study of a contaminant in hu
substances.

Therefore, in this study we, will first use the molecu
dynamics simulation technique to verify our method by com
ing the kinetic results of simulation with the real experime
data estimated by our research group under dry condition[5].
Then we will explore the possible mechanism governing
interaction between toluene, the target VOC, and humic
927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2005.09.041
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Finally, we will evaluate the sorption activation energy of toluene
in humic acid.

2. Computational methods and structural model

2.1. Structural model

The building block structure used here for humic acid was
described previously[22,23] and was used to examine thor-
oughly the conformation by Sein et al.[24]. Sein et al.[24]
indicated that multiple structural models of humic acid build-
ing blocks were in agreement with the experimental conditions
of the studies. In this work, the basic building block struc-
ture of humic acid was produced using the C2 Builder modules
[25]. The humic acid model consisting of seven monomers was
built by adding one monomer after another gradually and at
the same time the energy minimization calculations was carried
out to assure its stable confirmation. Finally, the target com-
pound, i.e. the toluene molecule, was inserted into the void space
formed among chains within humic acid to establish our struc-
tural model as shown inFig. 1. The unit-cell dimensions are
19.78Å × 20.52Å × 20.86Å and α = 87.02◦, β = 91.32◦, and
γ = 92.05◦.

2.2. Molecular dynamics simulation
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whereF is the force applied to the atom;m, the mass of the
atom;a, the acceleration; andr, the position vector. The molec-
ular dynamics model tracks the time evolution at the atomic
level of ensemble of particles acting under specified interatomic
forces by numerically solving the equation of motion in an iter-
ative manner. Calculation of the forces of one specific system
allows prediction of the positions and velocities of all atoms at
the next time step based on Eq.(1). Subsequently, a new sys-
tem configuration is obtained and the next iteration starts. The
energy terms of one given system configuration and the veloci-
ties of the atoms can be calculated using intramolecular potential
functions and intermolecular potential functions. The definitions
of these energy terms and the values of the parameters consti-
tute a force field. The force field descriptions obtained from the
known structures are able to predict the energies of unknown
structures. The interatomic force parameters used in this study
were taken from the burchart 1.01-universal 1.02 force field dis-
tributed by MSI (Molecular Simulation Inc.)[25]. The burchart
1.01-universal 1.02 force field combines the burchart and uni-
versal force fields. In this field, the burchart force field treats the
framework of the model and the universal force field treats the
intramolecular and intermolecular interactions. The parameters
for all non-bond interactions between the framework and the
m both
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The motion and the applied force to atoms in molec
ynamic simulations are based on Newton’s second law:

ig. 1. The lowest-energy humic acid model containing a toluene molecu
all and stick form). Carbon atoms are gray, nitrogen atoms are blue, o
toms are red, and hydrogen atoms are white. (For interpretation of the refe
o colour in this figure legend, the reader is referred to the web version of the
rticle.)
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olecules in the model are derived from parameters from
orce fields.

The simulation procedure used in this study was as foll
irst, the simulations of the previous structural model of hu
cid plus the toluene were run using the Dynamic modu

he Cerius2 molecular modeling suite with the periodic bou
ry conditions. These simulations at 300, 350 and 400 K
quilibrated for 50 ps in the NVE ensemble and then run
00 ps each in the NVT ensemble, when data were colle

or mean square displacement of the migrations. For the
nsemble, the number of moleculesN, volumeV, and energyE
f the system are kept constant, whereas for the NVT ense

he number of moleculesN, volumeV, and temperature of th
ystem are kept constant. The time step of 1 fs is taken
onstant for all the simulations of this study. The tempera
as maintained by coupling the system to a temperature
sing Nose–Hoover approach[26]. From the molecular dynam

cs trajectories of the system we are able to estimate diffu
oefficients via the Einstein relationship.

.3. Diffusion coefficient

The diffusion coefficient is estimated from the proportiona
onstant according to the Einstein form of diffusion based o
tatistical mechanical principles[27,28]

= lim
t→∞

1

6t
〈(ri(t + t0) − ri(t0))2〉 (2)

ith D the diffusion coefficient;ri(t), the center of mass of th
peciei at timet andt0 all possible time origins of the producti
uns.
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3. Results and discussion

3.1. Diffusivity inside humic acid

The proposed humic acid model (Fig. 1) is based on the com-
bination of the average structural unit of humic acid obtained
from Sein et al.[24]. They generated a stable helical structure
by building a link between the amine and carboxylate of these
molecules. Our structural model of humic acid has a very similar
helical feature by gradually adding several monomers to fill the
lattice.

Because the positions of the toluene molecule in humic acid
matrix may affect the mobility of toluene, the toluene molecule
was inserted at three different positions to get the lowest energy
conformation before collecting the dynamic trajectory. Consid-
ering a binary system consisting of a natural polymer, humic
acid, and a penetrant, the toluene molecule, root mean square
displacement from the dynamics trajectory is equal to the aver-
age of the displacement in Eq.(2) for the calculation of the
diffusion coefficient.

The estimated diffusivity of toluene based on Eq.(2) in humic
acid is 8.43× 10−8 cm2/s at 300 K. This value is about an order
of magnitude larger than the experimental data, the diffusivity
of 6.6× 10−9 cm2/s for sorption and 1.2× 10−9 cm2/s for des-
orption at 298 K estimated by Chang et al.[5]. In general, the
calculated diffusivity value becomes closer to the value obtained
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Fig. 2. Effect of simulation time on diffusion coefficient of toluene in the humic
acid.

Aromatic ring of toluene molecule seems to parallel interact
with the aromatic ring in the humic acid structure throughout the
molecular dynamics simulation run. On analysis of each of the
conformations obtained it was discovered that�–� interaction
occurred frequently between aromatic� systems of humic acid
matrix and benzene ring of toluene molecule.

On the basis of both molecular simulation and experimental
results[5–8], we propose that the penetration of VOC is con-
trolled by diffusion mechanism of VOC molecules in the humic
substance matrix. Also the value of the diffusivity of toluene in
humic substances is far less than that in the air or in the water.
By using the diffusion coefficients of contaminants predicted
from the molecular dynamic model and assuming the thickness
of soil organic matter in the subsurface, the time needed for
contaminants to penetrate soil organic matrix can be estimated.

3.2. Diffusional activation energy

The effect of temperature on the diffusion coefficient can be
described by the Arrhenius equation[5,7,30]

D = D0 exp

(
− E

RT

)
(3)

whereD0 is the diffusion coefficient of the reference state and
E, the activation energy of the diffusion process. The apparent
d
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t the infinite simulation time as the simulation time beco
onger. However, the diffusivity did not decrease with incre
ng the simulation time in this case. The shorter simulation
f 10 and 20 ps has been used in studying several chemic
morphous polymers[29].

To appreciate this slightly inconsistency between our
ulated diffusion coefficient and the experimental estim
iffusion coefficient, we found that the density of this hu
cid model is 0.92 g/cm3 instead of 1.23 g/cm3 as used in expe

mental works[5]. The density of 0.92 g/cm3 was calculate
rom the volume of the unit cell and the mass of the atom
he humic acid model. We propose that the lower density o
olymer will give higher diffusivity and thereby increase
obility of penetrates.
One new humic acid model with a higher density

.08 g/cm3 was generated from the previous humic acid m
y adding one more monomer and running energy m
ization calculations. We examined the effect of simula

ime on the calculated values of diffusivities. Simulation t
onger than 200 ps did not change the diffusivity very m
Fig. 2). The experimental value was calculated with 20
imulation.

The average diffusivity of toluene in this humic acid mode
.93× 10−8 cm2/s at 300 K. The diffusivity decreased with t

ncrease of the density of humic acid matrix. The same trend
bserved in three different organic diffusants in two polym

29]. Li et al.[29] also mentioned that the difference between
alculated and experimental diffusivities could be more than
rders of magnitude in polymer systems so one may con

he calculated value reasonable if the difference is less tha
rders of magnitude.
s

r
o

iffusional activation energy was found by plotting lnD versus
/T.

The average diffusivities of toluene in humic acid w
he higher density are 1.67× 10−7 cm2/s at 350 K and
.69× 10−7 cm2/s at 400 K shown inTable 1andFig. 3. Toluene
orption diffusivity increases with temperature, which is con
ent with the experimental results[5]. The fact that a highe

able 1
alculated diffusion coefficients of toluene in the humic acid

emperature (K) Diffusivities (cm2/s)

96± 8 2.93× 10−8 ± 2.31× 10−8

46± 10 1.67× 10−7 ± 2.37× 10−7

94± 11 8.69× 10−7 ± 1.04× 10−6
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Fig. 3. lnD vs. 1/T (K) for toluene sorption. Temperature ranges from 300 to
400 K.

temperature increases a vapor’s diffusion rate is attributed to the
enhanced motion of both polymer segments and VOC molecules
by the thermal energy. And it can be clearly observed in the pro-
cess of the molecular dynamics simulation.

In Fig. 3 and Eq.(3), toluene molecules surmount the acti-
vation energy barrier of 7.4 kcal/mole when they are squeezing
through the macromolecular matrix. Compared to the activation
energy of toluene 10.1 kcal/mole for sorption and 15.7 kcal/mole
for desorption into humic acid at 15–45◦C estimated in[5], the
value of this study is slightly lower than the experimental data.
A slightly underestimated activation energy may result from the
density difference discussed previously. But the similar trend
between the molecular modeling and macroscopic experimen
tal results in the finding that the molecular dynamics method
may provide an alternative tool to predict molecular motion of
contaminants in humic acid systems.

The computer simulation model used in our molecular
dynamic simulation normally has to be refined several times and
tested by different chemicals to improve its prediction capacity.
Although the time for molecular dynamics calculations might
be costly now, the time expense for computer simulations will
be decreased with the increase of the computing power of com
puter systems. A more realistic structural model of the humic
acid could be built by increasing the density of humic acid model
and adding some water molecules in the model. The force field
in the molecular dynamics simulations may be able to use the
s anic
c

4

u-
l rate
o mic
s with
o cing
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i ted.

This overestimation could be further improved by using a more
realistic structural model of the humic acid and the suitable inter-
atomic force parameters. Finally, our studies have shown that
molecular dynamics simulation of volatile organic compounds
in humic substances does yield meaningful results.
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