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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 remediati
efficiency of organic contaminants in the subsurface. In this study, molecular dynamics, a computational technique aiming to describe the moven
of molecules in time, has been used to study the sorption of organic contaminants in soil organic matter. The simulation results of the sorpt
kinetics and thermodynamic properties of toluene in humic acid are in reasonable agreement with experimental data. We believe that this techn
will become an alternative and powerful tool not only to help understand the sorption mechanism at the molecular level but also to facilitate solvi
the problems of contaminated soil clean-up.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Recently, molecular modeling techniques based on the devel-
opment of fundamental physical theories and their applications
The sorption behavior of volatile organic compounds (VOCs)to humerical simulation techniques are applied to environmen-
in humic substances plays important roles in controlling poltal issues. For example, some researchers applied the molecular
lutant fate and the remediation of contaminated sites. Thermodeling techniques to explain the environmental phenomena,
were many studies on mechanisms of the sorption prddé¢ss such as the persistency of toxaphene in mamidals the pre-
Previous works[2—-10] have focused on examining sorption diction of polychlorinated hydrocarbons from municipal waste
kinetics of VOCs with different types of environmental sor- incinerators[13], the sorption mechanisms of organic chemi-
bents. These prior researches focused on studying sorption andls onto clays and minergis4—18] the interactions of humic
diffusion behaviors in complex organo-mineral aggregates osubstances and minerdls], and the interactions of contami-
soil humic substances at large length scales. Various rate modants and natural organic matfef,21] But to our knowledge
els have been used to simulate contaminant uptake and releabere is very little molecular modeling work involved in sorption
in a macroscopic scale. As to the mechanism controlling sorpkinetics and thermodynamics study of a contaminant in humic
tion dynamics, it still remains unclear due to the difficulty substances.
in observing its dynamic behavior at the microscopic level Therefore, in this study we, will first use the molecular
[11]. dynamics simulation technique to verify our method by compar-
ing the kinetic results of simulation with the real experimental
data estimated by our research group under dry condifins
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Finally, we will evaluate the sorption activation energy of toluene d?r

in humic acid.

2. Computational methods and structural model

2.1. Structural model

F=ma=m a2 (1)
whereF is the force applied to the atomi, the mass of the
atom;a, the acceleration; ane 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-

The building block structure used here for humic acid was,ive manner. Calculation of the forces of one specific system
described previously22,23] and was used to examine thor- 4ji0ws prediction of the positions and velocities of all atoms at

oughly the conformation by Sein et 4R4]. Sein et al.[24]

the next time step based on HG). Subsequently, a new sys-

indicated that multiple structural models of humic acid build-tem configuration is obtained and the next iteration starts. The
ing blocks were in agreement with the experimental conditiongnergy terms of one given system configuration and the veloci-
of the studies. In this work, the basic building block struc-jes of the atoms can be calculated using intramolecular potential

ture of humic acid was produced using th&Blilder modules

functions and intermolecular potential functions. The definitions

[25]. The humic acid model consisting of seven monomers wag; these energy terms and the values of the parameters consti-
built by adding one monomer after another gradually and afie 4 force field. The force field descriptions obtained from the
the same time the energy minimization calculations was carriefhown structures are able to predict the energies of unknown
out to assure its stable confirmation. Finally, the target COmstryctures. The interatomic force parameters used in this study
pound, i.e. the toluene molecule, was inserted into the void spaggere taken from the burchart 1.01-universal 1.02 force field dis-
formed among chains within humic acid to establish our strucyipyted by MSI (Molecular Simulation Inc[p5]. The burchart

tural model as shown ifrig. 1. The unit-cell dimensions are 1 o1.universal 1.02 force field combines the burchart and uni-

19.78A x 20.52A x 20.86A and «=87.02, =91.32, and

y=92.05.

2.2. Molecular dynamics simulation

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
molecules in the model are derived from parameters from both

The motion and the applied force to atoms in moleculaforce fields.

dynamic simulations are based on Newton’s second law:
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The simulation procedure used in this study was as follows.
First, the simulations of the previous structural model of humic
acid plus the toluene were run using the Dynamic module of
the Ceriug molecular modeling suite with the periodic bound-
ary conditions. These simulations at 300, 350 and 400K were
equilibrated for 50 ps in the NVE ensemble and then run for
100 ps each in the NVT ensemble, when data were collected
for mean square displacement of the migrations. For the NVE
ensemble, the number of moleculésvolumeV, and energy¥
of the system are kept constant, whereas for the NVT ensemble,
the number of molecule, volumeV, and temperature of the
system are kept constant. The time step of 1fs is taken to be
constant for all the simulations of this study. The temperature
was maintained by coupling the system to a temperature bath
using Nose—Hoover approaf26]. From the molecular dynam-
ics trajectories of the system we are able to estimate diffusion
coefficients via the Einstein relationship.

2.3. Diffusion coefficient
The diffusion coefficient is estimated from the proportionality

constant according to the Einstein form of diffusion based on the
statistical mechanical principl¢27,28]

D = lim é((r,-(t + t0) — ri(t0))?) (2)

Fig. 1. The lowest-energy humic acid model containing a toluene molecule (the 1—>00

ball and stick form). Carbon atoms are gray, nitrogen atoms are blue, oxygen
atoms are red, and hydrogen atoms are white. (For interpretation of the referenc\g

ith D the diffusion coefficientr;(r), the center of mass of the

to colour in this figure legend, the reader is referred to the web version of the&PECIE at timer andto all possible time origins of the production

article.)

runs.
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3. Results and discussion 6.00E-07
3.1. Diffusivity inside humic acid 5.00E-07 -
3

The proposed humic acid modé&li¢. 1) is based on the com- g HOOBOT
bination of the average structural unit of humic acid obtained - —_
from Sein et al[24]. They generated a stable helical structure 1=
by building a link between the amine and carboxylate of these & ;5 gop.07 -
molecules. Our structural model of humic acid has a very similar [
helical feature by gradually adding several monomers to fill the 1.00E-07 |-
lattice.

Because the positions of the toluene molecule in humic acid G0BA00, ‘

0 200 400 600 800

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-ig. 2. Effect of simulation time on diffusion coefficient of toluene in the humic
ering a binary system consisting of a natural polymer, humiacid.

acid, and a penetrant, the toluene molecule, root mean square

disp|acement from the dynamics trajectory is equa| to the aver- Aromatic ring of toluene molecule seems to parallel interact

age of the disp|acement in E(Q) for the calculation of the with the aromatic ring in the humic acid structure thrOUghOUt the
diffusion coefficient. molecular dynamics simulation run. On analysis of each of the

The estimated diffusivity of toluene based on B)inhumic ~ conformations obtained it was discovered thatr interaction

acid is 8.43x 108 c?/s at 300 K. This value is about an order occurred frequently between aromatisystems of humic acid

of magnitude larger than the experimental data, the diffusivitynatrix and benzene ring of toluene molecule.

of 6.6 x 10~9 cnr?/s for sorption and 1.2 10~9 cmé/s for des- On the basis of both molecular simulation and experimental

orption at 298 K estimated by Chang et @&]. In general, the results[5-8], we propose that the penetration of VOC is con-

calculated diffusivity value becomes closer to the value obtainedolled by diffusion mechanism of VOC molecules in the humic

at the infinite simulation time as the simulation time become$ubstance matrix. Also the value of the diffusivity of toluene in

longer. However, the diffusivity did not decrease with increas-numic substances is far less than that in the air or in the water.

ing the simulation time in this case. The shorter simulation timeBY using the diffusion coefficients of contaminants predicted

of 10 and 20 ps has been used in studying several chemicals ffPm the molecular dynamic model and assuming the thickness

amorphous polymeri@9]. of soil organic matter in the subsurface, the time needed for
To appreciate this slightly inconsistency between our calcontaminants to penetrate soil organic matrix can be estimated.

culated diffusion coefficient and the experimental estimated

diffusion coefficient, we found that the density of this humic 3.2. Diffusional activation energy

acid model is 0.92 g/chinstead of 1.23 g/cfas used in exper-

Simulation time (Picosecond)

imental works[5]. The density of 0.92 g/cthwas calculated The effect of temperature on the diffusion coefficient can be
from the volume of the unit cell and the mass of the atoms irdescribed by the Arrhenius equatifin7,30]

the humic acid model. We propose that the lower density of the £

polymer will give higher diffusivity and thereby increase the D = Dy exp(—RT> (3)

mobility of penetrates.
One new humic acid model with a higher density of whereD is the diffusion coefficient of the reference state and
1.08 g/cnt was generated from the previous humic acid modelg, the activation energy of the diffusion process. The apparent

by adding one more monomer and running energy Mminigiffusional activation energy was found by plottingZinversus
mization calculations. We examined the effect of simulationy;r.

time on the calculated values of diffusivities. Simulation time  The average diffusivities of toluene in humic acid with
longer than 200 ps did not change the diffusivity very muchthe higher density are 1.6710 7cm?/s at 350K and
(Fig. 2. The experimental value was calculated with 200 psg.69x 10~ cm?/s at 400 K shown iffable landFig. 3 Toluene
simulation. sorption diffusivity increases with temperature, which is consis-

The average diffusivity of toluene in this humic acid model istent with the experimental resulf§]. The fact that a higher
2.93x 108 cm?/s at 300 K. The diffusivity decreased with the

increase of the density of humic acid matrix. The same trend wag,, . 1
observed in three different organic diffusants in two polymerscaiculated diffusion coefficients of toluene in the humic acid
[29]. Li et al.[29] also mentioned that the difference between the

. . . Temperature (K Diffusivities (cRis
calculated and experimental diffusivities could be more than four P ) (cris)
orders of magnitude in polymer systems so one may considé&P6+8 2.93x 1Wji2-31>< 10‘3

; : is less than twa¢6+ 10 1.67x 1077 £2.37x 10~
the calculated value reasonable if the difference is less tha 11 860w 10-7 £ 1,04 10-5

orders of magnitude.
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-8 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.

InD =-3725x (1/T) - 5.306
R?=10.968

5

InD (cm’/s)
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Fig. 3. InD vs. 1IT (K) for toluene sorption. Temperature ranges from 300 to
400K,
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