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Abstract—Molecular dynamic simulations have been evaluated for systems containing supercritical carbon dioxide
to predict high-pressure diffusion coefficients of binary mixtures. Diffusion coefficients of high boiling compounds
in supercritical fluids are important for the design of supercritical extractors, separators and reactors. Since high-pressure
experiments are time intensive and difficult to perform, molecular simulations could prove a useful framework to obtain
thermodynamic properties; however, their reliability is still in question. In this work, an NVT ensemble single site model
molecular dynamic simulation using gear predictor corrector algorithm has been applied to calculate diffusion coeffi-
cients of carbon dioxide, naphthalene, 2,6-dimethylnaphthalene and 2,7-dimethylnaphthalene in supercritical carbon
dioxide system at 317.5 K. The Lennard-Jones (12-6) and the Coulomb potential function have been combined into
an intermolecular potential function to measure the binary molecular interaction. The simulation results of the diffusion
coefficients are being compared with similar experimental data near the critical points. The calculated diffusion co-
efficients for each system behaved as a monotonic decreasing function of the molar density and the molecular simulations
results, and the selected experimental data are in good agreement.
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INTRODUCTION

Research and applications in the field of supercritical fluids (SCFs)
have increased due to their unique properties like high diffusivity,
low viscosity, and adjustable solvency power. The supercritical fluids
region is defined as a part of PVT surface which is located above
the critical point except near critical and extremely high-pressure
regions [1]. Recent research is focused on the prediction of funda-
mental property values needed for design and understanding of the
molecular interactions for physicochemical process such as SCFs
system that have been widely used as solvents in chemical reac-
tions, extraction and adsorption processes [2-4].

Diffusion coefficients of high boiling compounds in supercritical
fluids are needed for the design of supercritical extractors, separa-
tors and reactors. Since it is necessary to ascertain the values of the
mass transfer parameters of the system in the modeling and subse-
quent design of industrial processes, recent research is expanding
the database for binary diftusion coefficients and exploring the influ-
ence on solute diffusivities the addition of a second component to
the process fluid [5-8].

However, compared to other transport properties, experimental
data on diffusion coefficients are scarce because of the technical
difficulties of these measurements [9]. In the traditional sense, pre-
dictive equations for diffusion in liquids or gases are not applicable
in the supercritical region, and high-pressure experiments are time
intensive and difficult to perform; thus molecular dynamic (MD)
simulation could prove a useful tool to obtain thermodynamic prop-
erties [10].
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Usually, computer simulation methods have been used to inves-
tigate structural and thermodynamic properties, and other useful
information that is hardly obtained by experiment [11]. During the
last decades MD simulation techniques have opened avenues in the
estimation and prevision of thermo-physical properties (both under
equilibrium and non-equilibrium conditions) of simple molecular
fluids [12]. Despite MD simulation only being applied for a narrow
range of molecular weight ratios, molecular diameter ratios, and
densities and the limitations imposed by the computing resources
currently available, simulations can still be considered cheaper and
faster than real experiments, at least for simple molecules [10].

In previous works [13,14], the Lennard-Jones potential function
has been adopted for intermolecular potential to calculate the diffu-
sion coefficient of supercritical carbon dioxide and aromatic hydro-
carbon systems. In this work, the Lennard-Jones (12-6) and the Cou-
lomb potential function have been combined to an intermolecular
potential function to measure the interaction between pairs of mole-
cules.

An NVT ensemble single site model MD simulation with the
Lennard-Jones (12-6) and the Coulomb potential function has been
applied to calculate the self diffusion coefficients of carbon dioxide
and diffusion coefficients of naphthalene, 2,6-dimethylnaphthalene,
and 2,7-dimethylnaphthalene in supercritical carbon dioxide system
at 317.5 K. The simulation results of the diffusion coefficients are
compared with the experimental data [15,16] near the critical points.

THEORY
1. Potential Function and Parameters

The accuracy of predictions by molecular simulation strongly
depends on the intermolecular potential involved, and the determi-
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nation of a suitable potential has also proved to be a considerable
challenge [17]. A good potential should be accurate, simple in form
and more importantly transferrable, which means that it can be easily
used to study systems. For the above reasons, in this study molecu-
lar dynamics simulation has been performed with the TraPPE-UA
force field and elementary physical model (EPM2) model [18]. The
TraPPE-UA force field model is adopted due to accuracy and sim-
plicity in forms, which means that it can be easily used to study both
single-component and multi-component systems. The EPM2 poten-
tial is selected due to its simplicity and it has been proven suitable
for simulations of simple mixtures, and EPM2 carbon dioxide uses
partially charged Lennard-Jones beads for modeling the carbon atom
as well as for representing the two oxygen atoms [19]. It is widely
believed that the carbon dioxide molecule is very stable with a linear
geometry. However, some investigations regarding supercritical CO,
(SCCO2) have shown that its structure has a marginal deviation
from linear geometry [11].

To account for this deviation, the EPM2 potential is used to de-
scribe supercritical carbon dioxide, naphthalene, 2,6-dimethylnaph-
thalene, and 2,7-dimethylnaphthalene. This bonded potential mole-
cule consists of rigid bonds and a flexible bond angle potential. The
non-bonded and charged interactions are between atoms belonging
to different molecules. Carbon dioxide was treated as a single-site
molecule, and aromatic compounds were treated as multisite mole-
cules. For aromatic compounds, a benzene ring, a methyl group
and a hydroxyl group were adopted for unlike pair states [20,21].
In this work, the software Gaussian RO3W, version 6.0 has been
adopted to check the value of the molecular weight, coordination,
connectivity, length, and degree of structural angle.

For the non-bonded van der Waals interactions, the Lennard-Jones
(12-6) and the Coulomb potential function have been combined
into an intermolecular potential function to measure the interaction
between a pair of molecules,

(7] . Ojj ¢ i
o)=4s](Z) ~(Z) |+ ()
where O is the intermolecular potential, ¢ is the energy parameter,
o'is the size parameter,  is the molecular distance, q is the charge
parameter and i and j denote the particles i and j, respectively. The
intermolecular potential parameters and partial charges carried by
each group are listed in Table 1.

For interactions between groups of like molecules, pure compo-
nent parameters had been determined using the Lorentz-Berthelot
combining rules in the case of calculating Lennard-Jones parame-

Table 1. Intermolecular potential parameters and charge

Molecule clA] ¢[K] qle]
Carbon dioxide [22] C-C 3.033 28.129 +0.6512
O0-0 2757 80.507 -0.3256
Naphthalene [18] C-R1 3.695 67.229  0.0000
C-R  3.700 41.419  0.0000
Dimethylnaphthalene [18] C R1 3.695 69.723  0.0000
C R 3.830 28.994 0.0000
Si R 3.700 41419 0.0000
C 13 3.750 13.530  0.0000
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ters to study binary liquids mixtures,
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where /; and k; are the intermolecular interaction parameters be-
tween unlike molecules.

The Lorentz-Berthelot rules estimate the intermolecular potential
parameters for a mixed pair of molecules (ij where i#j) by combin-
ing the analogous potential parameters for the two pairs of identical
molecules (ii and jj). These relations allow the calculation of the
solubility of high-boiling compounds in SCCO2 [23-25].

The Lennard-Jones (L-J) (12-6) potential function has been ex-
pressed by the van der Waals energy corresponding repulsion and
attraction which creates temporarily induced dipole moment occur-
ring by the motion of electrons and describes effectively the inter-
action between two uncharged molecules or atoms. In L-J (12-6)
potential function, the r'* term describes Pauli repulsion at short
ranges due to overlapping electron orbitals, and the 1 term describes
attraction at long ranges that is called van der Waals force. The L-J
(12-6) potential function has simply explained the properties of gases,
particularly accurate for gas, and to model dispersion and overlap
interactions in molecular models [26].

The Coulomb potential function describes the interactions between
molecules due to their permanent dipole moments that attract and
repel one another. The Coulomb interaction energy between two
molecules in a van der Waals complex has been computed by sum-
ming the additive atom-atom contributions between the molecules
[27].

2. Einstein Function

To get diffusion coeflicients, the Einstein equation has been used

for the center of mass of the solute molecules,

1 i
Lysp= N ) N|r (-1 i(t0)|2 @

D= 6LAtLMSD (5)
where t is the elapsed time, r is the position of a particle for each
component and N is the number of molecules. The diffusion coeffi-
cients D were determined from the Einstein relation as the mean-
square displacement along the unfolded trajectory of a tracer parti-
cle [28].

To determine the long time limit of the slope of a mean squared
displacement function, it is plotted over time in a so-called Einstein
plot. The long time limit of the slope is then obtained from a least
squares fit of a straight line to the linear regime of the plot. From
the derivation of the generalized Einstein relations, it is known that
the mean squared displacement, its corresponding time correlation
function and the derivative of the mean squared displacement with
respect to time are closely related to each other by simple mathe-
matical operations. From the relationships between the functions it
is evident that the slope is obtained by the fit of a straight line to
the mean squared displacement. This equals the value of a constant
obtained from a fit to the time integral of the time correlation func-
tion in the same interval. Thus, diffusion coefficients could have
equally well been evaluated from time correlation functions [29].
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Carbon dioxide

In this work, the diffusion coefficients have been calculated between
30 ps and 50 ps by the slope of a mean squared displacement func-
tion.
3. Gear Predictor-corrector Method

The gear predictor corrector algorithm has been used in simula-
tion which improves efficiency, but the iteration procedure cannot
be completely avoided. The gear method is a classical method con-
sisting of the simplest polynomial predictor and a corrector to deter-
mine the means of the v(t) and r(t), which are closely dependent on
the assumptions made about a(t), and which result in different simu-
lation methods. In gear predictor-corrector algorithms, higher order
terms in the Taylor expansion are used to predict steps along the
trajectory, and then the actual particle accelerations computed for
those points are compared to those that were predicted by the Taylor
expansion. The differences between the actual and predicted val-
ues are used to correct the position of the point on the trajectory
[30-32].

RESULTS AND DISCUSSION

An NVT ensemble, which is called a canonical ensemble MD
simulation, was applied to calculate the diffusion coefficients in super-

Table 2. The length of a cubic cell used in the simulations

v [em*/mol] [TA]
40 25.71499249
50 27.70063594
60 29.43631815
70 30.98839511
80 32.39891273
100 3490061431
120 37.08743687
150 39.95123028

937

2,7-Dimethylnaphthalene

Fig. 1. The structures of carbon dioxide, naphthalene, 2,6-dimeth-
ylnaphthalene and 2,7-dimethylnaphthalene used in the mo-
lecular simulations.

Table 3. Calculated results of diffusion coefficients of carbon dioxide, naphthalene, 2,6-dimethylnaphthalene and 2,7-dimethylnaph-

thalene at 317.5 K

Pure carbon dioxide

Carbon dioxide (1)+naphthalene (2)

v [em*/mol] P [Mpa] Dx 10® [m*/s] v [em*/mol] P [Mpa] D, x10® [m%s] D, x 10® [m*/s]
60 13.6490 2.279052 50 17.9697 1.511308 0.989336
80 11.8077 3.455879 60 15.1892 2.132804 0.880228
100 10.1289 4.471802 70 12.1696 2.846175 0.859658
120 9.5759 5.628574 100 10.1125 4411213 1.482982
150 8.8549 7.120219 120 9.2321 5.711718 2.047809
150 8.8965 6.927376 3.671937

Carbon dioxide (1)+2,6-dimethylnaphthalene (2)

Carbon dioxide (1)+2,7-dimethylnaphthalene (2)

v [em*/mol] P [Mpa] D, x10* [m%*s]  D,x10® [m?¥s] v [em*/mol] P [Mpa] D, x10° [m%*s]  D,x10® [m?¥s]
40 127.7730 0.843399 0.301031 40 123.4786 0.863581 0.474168
50 19.0592 1.526922 0.703624 50 18.8851 1.511236 1.201598
60 14.9391 2.183780 1.052775 60 15.8048 2.148198 1.698282
70 11.9860 1.511236 1.201598 80 10.8928 3.447764 1.575863
100 8.8498 4.424247 2.057316 100 9.9400 4.433834 1.657225
150 7.044837 3.068370 150 8.9240 7.126000 2.536917

Korean J. Chem. Eng.(Vol. 29, No. 7)



938 J.-H. Yoo et al.

critical carbon dioxide. The canonical ensemble is a collection of all
systems whose thermodynamic state is characterized by a fixed num-
ber of atoms, N, a fixed volume, V, and a fixed temperature, T. In
this work, the system consists of 256 particles of carbon dioxide
for self-diffusion coefficient in a cubic cell with periodic boundary
conditions. Each binary system consists of 1 particle of naphtha-
lene, 2,6-dimethylnaphthelene, and 2,7-dimethylnaphthalene, and
255 particles of carbon dioxide. The simulations were performed
at an initial temperature of 317.5 K.

For the practical purposes of molecular modeling, it is custom-
ary to neglect sufficiently small forces [33]. This is done by setting
a distance, called the cutoff distance, at which it is assumed that all
direct interactions between one atom and another would involve
negligible forces. In this work, to avoid structural artifacts, the cutoft
distance was set to half the molecular length. Both the energy and
its derivative become zero at these cutoff distances in L-J (12-6)
potential function and do not to lead to undesirable discontinuity.
In practice, cutoff distances are usually employed in evaluating non-
bonded interactions, so the simulation cell needs to be surrounded
by only one set of nearest neighbors [31]. The length of a cubic cell
used in the simulations is shown in Table 2.

The time step for integration of the equation of motion was set
to 1fs and a production run for a 256 particle system consisting of
1,000,000 time steps to reach equilibrium condition. The time steps
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Fig. 2. Diffusion coefficients of carbon dioxide, naphthalene, 2,6
dimethylnaphthalene (2,6DMN) and 2,7-dimethylnaphtha-
lene (2,7DMN) in supercritical carbon dioxide at 317.5 K
as function of molar density. Experimental data: @ carbon
dioxide in pure carbon dioxide at 308.2 K [35], ¥ naphtha-
lene in carbon dioxide+naphthalene at 318.2 K [5], I 2,6-
dimethylnaphthalene in carbon dioxide+2,6-dimethylnap-
ahthalene at 308.2 K [16], 4 2,7-dimethylnaphthalene in
carbon dioxide+2,7-dimethylnapahthalene at 308.2 K [16].
Calculated results at 317.15K: O carbon dioxide in pure
carbon dioxide, A naphthalene in carbon dioxide+naph-
thalene, [1 2,6-dimethylnapahthalene in carbon dioxide+
2,6-dimethylnaphthalene, < 2,7-dimethylnaphthalene in
carbon dioxide+2,7-dimethylnapathalene.
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should be as large as possible to still get accurate trajectories on the
time scale needed and conserve of energy. From the start time 100
steps, a time interval for output 100 steps was determined to prevent
wild fluctuations and get efficient conformation samples.

The diffusion coefficients were calculated by the slope of mean
square displacements between 30 ps and 50 ps.

All calculations were done using the software WinMASPHYC
2.0 Pro, version number 2.00.015 and WinMASPHYC 2.0 Ultra,
version number 2.00.015 to measure diffusion coefficients. The cal-
culated diffusion coefficients of carbon dioxide and aromatic com-
pounds in supercritical carbon dioxide at 317.5 K are shown in Table
3 and Figs. 2-6.

As shown in Fig. 2, the calculated diffusion coefficients for each
system behaved as a monotonic decreasing function of the molar
density. The simulated results of this work are slightly smaller than
the experimental results [15,16], because the approximation of L-J
sphere is rough and the diameters of the solute molecules are large.
In this study, the molecular simulations data and the selected experi-
mental data show a similar tendency even near the critical point of
carbon dioxide. For aromatic compounds, the diffusion coefficients
of naphthalene are slightly larger than the ones of 2,6-dimethylnaph-
thalene and 2,7-dimethylnapathalene, since the side-chain effects of
methyl group have occurred between molecules and have affected
intermolecular potential parameters.
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Fig. 3. Diffusion coefficients of carbon dioxide, naphthalene, 2,6-
dimethylnaphthalene (2,6DMN) and 2,7-dimethylnaphtha-
lene (2,7DMN) in supercritical carbon dioxide as function
of pressure. Experimental data: @ carbon dioxide in pure
carbon dioxide at 323.15 K [36], ¥ naphthalene in carbon
dioxide+naphthalene at 318.2 K [5], B 2,6-dimethylnaph-
thalene in carbon dioxide+2,6-dimethylnapahthalene at
308.2 K [16], @ 2,7-dimethylnaphthalene in carbon diox-
ide+2,7-dimethylnapahthalene at 308.2 K [16]. Calculated
results at 317.15K: O carbon dioxide in pure carbon diox-
ide, A naphthalene in carbon dioxide+naphthalene, [] 2,6-
dimethylnapahthalene in carbon dioxide+2,6-dimethylnaph-
thalene, < 2,7-dimethylnaphthalene in carbon dioxide+2,7-
dimethylnapathalene.
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Fig. 4. Diffusion coefficient of naphthalene as function of pressure.
Experimental data: O naphthalene in carbon dioxide+naph-
thalene at 318.15K [S], A naphthalene in carbon dioxide
+naphthalene at 308.2 K [5], (] naphthalene in carbon di-
oxide+naphthalene at 328.15 K [37]. Calculated results: @
naphthalene in carbon dioxide+naphthalene at 317.15 K.
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Fig. 5. The molar volume of carbon dioxide, naphthalene, 2,6-dim-
ethylnaphthalene (2,6DMN) and 2,7-dimethylnaphthalene
(2,7DMN) in supercritical carbon dioxide as a function of
pressure. Experimental data: @ 2,6-dimethylnaphthalene
in carbon dioxide+2,6-dimethylnapathalene at 308.2 K [16],
V¥ 2,7-dimethylnaphthalene in carbon dioxide+2,7-dime-
thylnapathalene at 308.2 K [16]. Calculated results at 317.5
K: O 2,6-dimethylnaphthalene in carbon dioxide+2,6-dim-
ethylnapathalene, A 2,7-dimethylnaphthalene in carbon di-
oxide+2,7-dimethylnapathalene.

Fig. 3 shows the pressure dependence of the diffusion coefficients
and Fig. 4 the diffusion coefficients of naphthalene at different tem-
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Fig. 6. Diftusion coefficient of supercritical carbon dioxide at 317.5
K as function of molar density. Calculated results at 317.15
K. @ carbon dioxide in pure carbon dioxide, V carbon di-
oxide in carbon dioxide+naphthalene, ll carbon dioxide
in carbon dioxide+2,6-dimethylnaphthalene, < carbon di-
oxide in carbon dioxide+2,7-dimethylnaphthalene.

peratures. The difference between calculated values and the experi-
mental ones is sufficiently small. Fig. 3 and Fig. 4 suggest that the
diffusion coefficients can be expressed as a function of the pressure
at similar temperature. The calculated results of diffusion coeffi-
cients are listed in Table 3.

As indicated in Fig. 5, the diffusion coefficients of 2,6-dimethyl-
naphthalene and 2,7-dimethylnaphthalene are slightly different. One
possible explanation is that stacking of molecular arrangements re-
ferred to 77 interaction [34] has occurred because overlapping of
p-orbital in 7~conjugated system has affected inter-atomic interac-
tion.

Fig. 6 shows the calculated diffusion coefficients of SCCO2 as a
decreasing monotonic function of molar density at 317.5 K. The
simulation was done by using a periodic boundary condition for a
system containing 256 particles. In the case of self-diffusion coeffi-
cient all of the particles were carbon dioxide molecules. For the binary
systems one molecule was set to represent the naphthalene mole-
cule, and the remaining 255 particles were modeled as carbon diox-
ide molecules. The absolute difference in CO2 molecules for the
two cases is just a single molecule, which explains the similar behav-
ior of the diffusion coefficients obtained by the simulations.

CONCLUSIONS

The molecular dynamics simulation using gear predictor correc-
tor algorithm has shown to be proven acceptable in predicting dif-
fusion coefficients of carbon dioxide, naphthalene, 2,6-dimethyl-
naphthalene, and 2,7-dimethylnaphthalene in SCCO2 system.

The calculated diffusion coefficients with Lennard-Jones (12-6)
and Coulomb potential functions when compared with the experi-
mental ones and show a similar tendency near the critical point. There-

Korean J. Chem. Eng.(Vol. 29, No. 7)
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fore, the authors believe that suggested procedure has proven the
reliability of molecular simulation for the prediction high-pressure
diffusion coefficients for the selected mixtures.

The simulation accuracy might be improved if the pressure would
be averaged over a larger number of simulation time steps. How-
ever, this would increase the simulation time considerably, thus mak-
ing it more inefficient as engineering tool. An optimum would be a
balance between simulation time and pressure deviation, and the
authors believe that the presented results are close to the optimum.

REFERENCES

1. N. Koichiro, Fluid Phase Equilib., 144,217 (1998).
2. Y. V. Tsekhanskaya, M. B. lomtev and E. V. Mushkina, Russ. J. Phys.
Chem., 38, 1173 (1996).
3. H. Nichiumi, M. Fyjita and K. Agou, Fluid Phase Equilib., 117,356
(1996).
4. K. Ago and H. Nishiumi, Ind. Eng. Chem. Res., 37, 1692 (1998).
5. H. Higashi, Y. Iwai, Y. Nakamura, S. Yamamoto and Y. Arai, Fluid
Phase Equilib., 166, 101 (1999).
6. M. Fermeglia and S. Pricl, Fluid Phase Equilib., 166,21 (1999).
7. E. Kiran and J. F. Brennecke, Supercritical fluid engineering sci-
ence, American Chemical Society Symposium Series, Los Angeles
(1991).
8.J. L. Bueno, J.J. Suarez, J. Dizy and 1. Medina, J. Chem. Eng., 38,
344 (1998).
9. A. E. Nasrabad, J. Chem. Phys., 130, 024503 (2009).
10. A. P. Eaton and A. Akgerman, Ind. Eng. Chem. Res., 36,923 (1997).
11. W.H. Xu, J. C. Yang and Y. Y. Hu, J. Phys. Chem. B., 113, 4781
(2009).
12. M. Fermeglia and S. Pricl, AIChE J., 45,2619 (1999).
13. H. Higashi, Y. Iwai and Y. Arai, Ind. Eng. Chem. Res., 39, 4567
(2000).
14. H. Higashi, Y. Iwai, H. Uchida and Y. Arai, J. Supercrit. Fluids, 13,
93 (19983).
15. H. Higashi, Y. Iwai and Y. Arai, Fluid Phase Equilib., 234, 51 (2005).
16. H. Higashi, Y. Iwai, Y. Takahashi, H. Uchida and Y. Arai, Fluid
Phase Equilib., 144,269 (1998).
17. G Raabe, B. D. Todd and R. J. Sadus, J. Chem. Phys., 123, 034511

July, 2012

(2005).

18. D. W. Collin, G M. Marcus and J. I. Siepmann, J. Phys. Chem. B.,
104, 8008 (2000).

19. J. Vorholz, V. 1. Harismiadis, B. Rumpf, A. Z. Panagiotopoulos and
G. Maurer, Fluid Phase Equilib., 170,203 (2000).

20. A. Srivastava, C. Alleman, S. Ghosh and L. J. Lee, Modelling Simul.
Mater. Sci. Eng., 18, 22 (2010).

21. Y. Iwai, H. Uchida, Y. Koga and Y. Arai, Ind. Eng. Chem. Res., 35,
3782 (1996).

22.J. G Harris and K. H. Yung, J. Phys. Chem., 99, 12021 (1995).

23. J.J. Potoff, J. R, Errington and A. Z. Panagiotopoulos, Mol. Phys.,
97,1073 (1999).

24. H. Higashi, Y. Iwai and Y. Arai, Chem. Eng. Sci., 56,3027 (2001).

25. A. White, DSTO aeronautical and maritime research laboratory,
Melbourne (2000).

26. K. Meier, Computer simulation and interpretation of the transport
coefficients of the lenmard-jones model fluid, Dissertation, Univer-
sity of the Federal Armed Forces Hamburg (2002).

27.N. Attig, K. Binder, H. Grubmueller and K. Kremer, NIC Series,
23,1 (2004).

28. M. P. Allen and D. J. Tildesley, Computer simulation of liquids, Clar-
endon Press, Oxford (1987).

29. K. Meier, A. Laesecke and S. Kabelac, Int. J. Thermodynam., 22,
161 (2001).

30. J. Kolafa, J. Chem. Phys., 122, 164105 (2005).

31. C.J. Cramer, Essentials of computational chemistry, John Wiley &
Sons, Ltd., West Sussex (2004).

32. L.J. Hou and Z. L. Miskovic, Comput. Phys., arXiv:0806. 3912v2
(2008).

33. W. Ware, Distributed molecular modeling over very-low-bandwidth
computer networks, The Fifth Foresight Conference on Molecular
Nanotechnology (1997).

34. G B. McGaughey, M. Gagne and A. K. Rappe, J. Biological Chem.,
273, 15458 (1998).

35.H. A.Jr. O’hern and J. J. Martin, Ind. Eng. Chem., 47,2081 (1955).

36. P. Etesse, J. A. Zega and R. Kobayashi, J. Chem. Phys., 97, 2022
(1992).

37.D.M. Lamb, S. T. Adamy, K. W. Woo and J. Jonas, J. Phys. Chem.,
93, 5002 (1989).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


