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The restricted umbrella sampling method proposed by Shing and Gubbins was applied to calculate the
solubilities of hexamethylbenzene and those of phenanthrene in supercritical carbon dioxide. It was also used
to calculate solubility enhancements of phenanthrene by the addition of octane in supercritical carbon
dioxide. The Lennard-Jones (12-6) potential was used as the intermolecular potential and the Lorentz-
Berthelot mixing rule was adopted for unlike molecular pairs. The solubilities of phenanthrene and those of
hexamethylbenzene in supercritical carbon dioxide were calculated quantitatively by introducing only a
binary interaction parameter between unlike molecules. Furthermore, the entrainer effects calculated by the
Monte Carlo simulation show good agreement with the experimental data.

Introduction

Separation methods for high-boiling components
have generated considerable interest in recent years.
Supercritical fluid extraction shows promise of being a
new separation method and has the following advan-
tages. Solvent recovery can be easily achieved either by
decompressionorbytemperaturechange. Becauseofthe
high volatility of supercritical fluid there is little solvent
contamination of the product extracted. Solubility data
of high-boiling components in supercritical fluids are
veryimportantasfundamental data, althoughthe appa-
ratusforhigh-pressuremeasurementsmaybeexpensive.
However, computer simulation may be feasible for
obtainingthermodynamicdataformixtures. The super-
critical fluid extraction method is used to separate cer-
tain components from a condensed phase which may be
solid or liquid. In this work the authors studied the case
in which the condensed phase is a solid consisting of
pure high-boiling component. Since the supercritical
fluid can be assumed to be insoluble in the solid, the
fugacity or chemical potential of solid component in the
solid phase can be obtained from the properties of the
purecomponent. Computersimulationisonlynecessary
to calculate the fugacity or chemical potential of solid
componentinthesupercriticalfluidphase.Furthermore,
the simulation can be easily achieved because the solu-
bility of solid component in supercritical fluid is usually
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very low and the composition of solid component can be
assumed to be infinite dilution.

Recently, Shing and Chung'® applied Widom’s
test-particle method and the Kirkwood method to calcu-
late the solubilities of naphthalene in supercritical
carbondioxide. Nouacerand Shing® calculated the solu-
bilities of naphthalene in supercritical carbon dioxide +
watermixture by the Grand Canonical Ensemble Monte
Carlo method. However, they did not optimize the
potentialparameters,andthecalculatedresults werenot
in good agreement with the experimental data. In a pre-
viouswork”,theauthorsappliedthetest-particlemethod
proposed by Widom'® to calculate the solubilities of
naphthalene in supercritical carbon dioxide at 308.15
and 328.15 K and showed that the calculation results
were in good agreement with the experimental data
when a binary interaction parameter was introduced
between carbon dioxide and naphthalene. In this work,
the solubilities of hexamethylbenzene in supercritical
carbon dioxide were calculated by the test-particle
method and the restricted umbrella sampling (RUS)
method proposed by Shing and Gubbins ' so as to com-
paretheresults of these methods. Furthermore, the solu-
bilities of phenanthrene in supercritical carbon dioxide
and the entrainer effect of octane were calculated by the
RUS method.
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Table 1. Critical constants and potential parameters

Component Tc(K) P (MPa) o (A) &k (K)

CO, 30421 7.37'D 391 225.3

Hexamethylbenzene  751.1'2 2.382 7.70 556.4

Phenanthrene 878.0') 2.90? 7.60 650.4

Octane 568.8') 2.48'M 6.93 4213
1. Method

1.1 Potential parameter
TheLennard-Jones(12-6)potential wasusedforall
particles:

py=4¢;{(0;/1)*~(04/1)° 6}

where ¢ is the intermolecular potential, € the energy
parameter, othe size parameter, and r; the intermolec-
ular distance between molecules i and j.

Whenthefollowingreduced variablesareused, the
corresponding-state principle assures that all Lennard-
Jones fluids for pure components obey the same reduced
equation of state:

p*=Nc>/V, T*=kT /€, P*=0’Pl¢ 2)

where pis the density, N the number of particles, V the
volume, k the Boltzmann constant, 7 the temperature
and P the pressure. Superscript * means the reduced
property. Nicolas et al.¥ proposed reduced critical con-
stant values of pc*, T*, and P* at the critical point as
0.35, 1.35, and 0.1418 respectively. In this work the
pure-component parameters were calculated using 7
and P-because the values of T-and P-are more reliable
than that of V. The values of critical constants and
potential parameters adopted in this study are listed in
Table 1.

AccordingtotheLorentz-Berthelotrule,thepoten-
tial parameters between components i and jare given as
follows.

0;=05(0,+0,) 3
and

g;=(1-k;)(€ag;)'"? C))

it ©jj

where k;; is the binary interaction parameter between
unlike molecules i and j.
1.2 Residual chemical potential

Shing and Gubbins'¥ proposed the restricted
umbrellasampling (RUS) method to calculate chemical
potential in dense fluid where Widom’s test-particle
method fails. In this work, the authors adopted the RUS
method to calculate the chemical potential of high-
boiling component in supercritical fluid. The RUS
method is explained briefly. In the simulation, the
authors used the canonical (NVT) ensemble. The stan-
dard Metropolis “importance sampling” method was
used to obtain new configurations. After alarge number
of configurations were generated to reach equilibrium
condition, atest particle was inserted. Forevery 50 con-
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figurations of thereal particles, atest particle was placed
atrandom locations until the potential energy wexperi-
enced by the test particle was lower than y,,,.. Then it
was set in random movement within its neighborhood.
The movement of the test particle was accepted when
at a new position was lower than y,,,.. When y at the
new position was higher than y,,,,, the movement was
rejectedandthetestparticle wasreturnedtothe previous
position. For each fixed configuration of 108 real parti-
cles, the test particle moved 55 times. Five movements
immediately after introducing the test particle were
neglected in order to allow the system to equilibrate.

The residual chemical potential of test particle
component i, {1, was calculated by the following equa-
tion.

ui=—kTIn{{exp(~ ¥/ kT)) 03/ W} ®)

where < >g is a canonical ensemble average of the
system of 108 real particles and W is calculated by the
following equation.

W=£ W/ f(y ©)

where f,, (W) and f () are the distribution function of
exp (—w/kT) for weight and uniform sampling respec-
tively.
1.3 Calculation of solubility

The residual chemical potential of solute 2 (high-
boiling component), u,’, can be related to Henry’s con-
stant H, at infinite dilution:

Hy=pkT exp(us/kT) )

where pisthenumber density in supercritical phase. The
solubility of high-boiling component y, is usually very
low. Therefore, y, can be calculated by the following
equation.

)’2=J§G/H2 (8)

where £, is the fugacity of component 2 in the gas
phase. Since the fugacities of component 2 in the gas
phase and the solid phase for pure high-boiling compo-
nent are equal, the next equation is obtained.

Pival exp{vég [P - PZS‘”]}

£=5= RT

)
where P*#is the saturation pressure, vthe molar volume,
R the gas constant, and superscript S means the solid
state.

From Eqgs. (7)-(9) the solubility of high-boiling
component 2 is given as follows:

P.ml S P_anl
Y2 = 152 eXp{VZ(RT : ]} (10)

1.4 Pressure
The pressure of the system can be calculated from
Pv _ 2N dg,; ¥, 3
RT=13VokT 22V g 8t dr an

where V, is the volume of the cell, N the number of real
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Fig. 1 SolubilityofhexamethylbenzeneinsupercriticalCO,at
323.15 K: —, experimental data®; (J, O, @, Monte
Carlo calculation by RUS method with &,=0.10,0.15,
0.20, respectively; [], Monte Carlo calculation by
Widom’s method with k;, = 0.15; Vertical lines
represent 95 % confidence limits

particles in the cell, y the mole fraction, r the distance,
and g;; the radial distribution function. Half of the side
length of the cell was used for cut-off distance r,,,. Con-
tributions to the energy and pressure for r>r,,, were cor-
rected by assuming that g; = 1 in the region.

2. Results and Discussion

2.1 Supercritical CO, (1) + hexamethylbenzene (2)

system

The RUS method was applied to calculate the solu-
bilities of hexamethylbenzene in supercritical carbon
dioxide at 323.15 K. The value of v, is 152.7 cm*-mol™!
and P,**at323.15Kis2.3853 Pafrom the literature data
of Weast and Astle' and Ambrose et al.", respectively.
The length of the calculation was 2 x 10° configurations
for the lower-density region of carbon dioxide, i.e., the
pressure was less than 12 MPa. For the higher-density
region, it was 3 x 10° configurations. The initial 2 x 10°
configurations were neglectedtoattainequilibrium. The
95 % confidence limits for the residual chemical poten-
tial are calculated by using the overall averaged for exp
(—w/kT) and sub-averaged for every 10* insertions.
Figure 1 shows the calculated results with various values
of k;,. As shown in this figure, the solubilities calculated
with k;, = 0.15 are in good agreement with the experi-
mental data. Thecalculatedresultsby Widom’s test-par-
ticle method are also shown in Fig. 1. Details of Widom’s
methodandcalculationprocedureweregiveninprevious
work™ in which the solubilities of naphthalene in super-
critical carbondioxide were calculated. Thelengthof the
calculation was longer, because the diameter of hexame-
thylbenzene is larger than that of naphthalene and it
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Fig. 2 Solubility of phenanthrene in supercritical CO, +
octane at 308.15K: —, -- -, experimental data®>*, mole

fractions of octane in gas phase are 0 and 0.035,
respectively; O, ], Monte Carlo calculation by RUS
method, molefractionsof octanein gasphase are 0 and
4/108, respectively; Vertical lines represent 80 and 50
% confidence limits, respectively

becomesdifficulttoinsert hexamethylbenzene in super-
critical CO,. The lengths of the calculations were 3 x 10
and 1 x 10° configurations when the pressure ranges
were higher than 12 MPa and less than 12 MPa, respec-
tively. Widom’s method gives results similar to those by
the RUS method except for the highest density (highest
pressure) when the same value of binary interaction
parameter kj, is used. However, the 95 % confidence
limits by Widom’s method are higher than those by the
RUS method. At the highest density the reliability of
Widom’s method was less satisfactory. Therefore, the
authors adopted the RUS method for the following sys-
tems.
2.2 Supercritical CO, (1) + phenanthrene (2) system

The RUS method was applied to calculate the solu-
bilitiesofphenanthreneinsupercriticalcarbondioxideat
308.15 K. The value of v, is 151.2 cm*mol™! and P,**
at308.15 K is 6.585 x 1072 Pa from the literature data of
Perry etal.'” and Kudchadker etal.”, respectively. The
value of k;, was adjusted to give good representation of
theexperimental dataofthe solubilities of phenanthrene
in supercritical carbon dioxide. As shown in Fig. 2, the
calculated solubilities are in good agreement with the
experimental data when 0.14 is used for k,.
2.3 Supercritical CO, (1) + phenanthrene (2) +

octane (3) system

The solubility of phenanthrene in supercritical
carbon dioxide increases by the addition of octane in
supercritical phase. This is well known as the entrainer
effect. Before calculation of the entrainer effect, the
binary interaction parameter between CO, and octane,
ki3, was estimated. Henry’s constant for CO, gas in
liquid octane at low pressure and 308.15 K was calcu-
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Fig. 3 RelationshipbetweenHenry’sconstantofCO,inliquid
octaneandbinaryinteractionparameterk,;at308.15K
andlowpressure:---,experimentaldatum'”;O,Monte
Carlo calculation; Vertical lines represent 95 %
confidence limits; —, smoothed line
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Fig.4 Averagedistanceofoctaneparticlesat308.15K:Molar
volume is 70 ml-mol~! and pressure is 9.8 MPa, Four
particles of octane and 104 particles of CO, are in cell;
O, Monte Carlo calculation

lated by the RUS method. As shown in Fig. 3 the value
of ki3 was determined as —0.14 to give good representa-
tionof interpolated data'” of Henry’s constant at 308.15
K.

Dobbs et al.¥ measured the solubility of phenan-
threne in supercritical carbon dioxide + octane phase.
The mole fraction of octane in the gas phase was 0.035.
To calculate the entrainer effect, 104 particles of carbon
dioxide and four particles of octane were set in the cell.
In the simulation, the mole fraction of octane was 0.037,
slightly higher than the experimental condition. The
average distance between the four particles of octane is
shown in Fig. 4. As shown in this figure, the particles of
octane may not reach aggregation state. Long length of
configurationsis usually needed for the binary system of
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Fig. 5 Averaged values of residual chemical potential of
phenanthrene in supercritical CO, +octane at 308.15
Kasfunctionoflengthofconfigurations: Mole fraction
of octane in gas phase is 4/108; ---, Molar volume of
gas phase is 70 ml-mol~! and pressure is 9.8 MPa; —,
Molar volume of gas phase is 67 ml-mol~' and pressure
is 14.3 MPa
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Fig. 6 Relationship between solubility of phenanthrene in
supercritical CO,+octaneand binary parameter ky; at
308.15 K and 9.8 MPa: ---, experimental datum®; O,
Monte Carlocalculation; Vertical linesrepresent 50 %
confidence limits; —, smoothed line

real particles to reach equilibrium condition compared
with the single system of real particles, because it may
take along time to become random mixture. First of all,
the calculation of solubilities of phenanthrene at 9.8
MPa was carried out with k,3 = 0.0. The result of the
chemical potential calculated by 1 x 107 configurations
was almost the same as that by 4 x 10% configurations as
shown in Fig. 5. So the authors additionally calculated
the chemical potentials at three values of k,; by 4 x 10°
configurations to show the dependence of values of k,;
for the solubilities. The calculated results are shown in
Fig. 6. The value of k,; was determined to be —-0.45. The
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Fig.7 PVTrelationship of CO, + octane system at 308.15 K:
O, 0, A, Monte Carlo calculation, mole fractions of
octane are 0, 4/108, and 6/108, respectively;

—, ---, —-—, smoothed lines

solubilities of phenanthrene in supercritiCai carbon
dioxide withoctane were calculated athigherpressure at
that value of k3. The calculated results of solubilities are
shown in Fig. 2. The experimental results are in good
agreement with the experimental data when the mole
fraction of octane is 0.035 in the gas phase. Long length
of configurations is necessary at high pressure, i.e., high
density. The changeinchemical potential withthe length
of configurations are shown in Fig. 5 when the pressure
was 14.3 MPa as an example.

Asobtained above, the binary interaction parame-
ters are ky, = 0.14, kj3 = =0.14 and k3 = —0.45. Essen-
tially, k; may be expected to be slightly positive.
However, k|3 determined by Henry’s constant is nega-
tive. Further, k,5 is highly negative. This may be due to
the factthatthe value of k,; was indirectly determined by
using the ternary system data. At present it seems diffi-
cult to estimate the value of k; based on some rule. It
should be evaluated by fitting the model to accurate
experimental data.

The authors tried to calculate the solubilities of
phenanthrene in which the mole fraction of octane in gas
phase is 0.0525. However, the calculated results showed
serious fluctuation. Figure 7 shows the relationship
between the reduced density and pressure for the CO,+
octane system. The volume of octane particle is much
largerthanthatofcarbondioxideparticle. Therefore, the
free volume is reduced according to the increase in con-
centration of octane. This means that it is difficult to
insert phenanthrene particle in the high-concentration
conditionof octane, and serious fluctuations occurinthe
canonical ensemble average in Eq. (5). The RUS method
cannot give reliable results in that case.

Conclusions

The restricted umbrella sampling (RUS) method
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proposed by Shing and Gubbins was appliedtocalculate
the solubilities of hexamethylbenzene in supercritical
carbon dioxide. It was shown that the RUS method gave
reliable results. The method was also used to calculate
the solubilities of phenanthrene and solubility enhance-
ments by addition of octane in supercritical carbon
dioxide.The Lennard-Jones (12-6) potential wasused as
intermolecular potential and the Lorentz-Berthelot
mixing rule was adopted for unlike molecular pairs. By
introducing the binary parameter between unlike mole-
cules, the calculated results showed good agreement
with the experimental data.
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Nomenclature
f = fugacity [Pa)
f(y = uniform distribution function [-]
o (W) = weighted distribution function [-]
g = radial distribution function [-]
H = Henry’s constant [Pa]
k Boltzmann constant [J-K"
k;; = binary interaction parameter [-]
N = number of particles [-]
P = pressure [Pa]
r = distance between particles [m]
R = gas constant [J-mol™.K™
T = absolute temperature [K]
Ve = volume of cell [m?]
v = molar volume [m3-mol™]
w weight [-]
y = mole fraction in supercritical fluid phase [-]
I = energy parameter [J
u residual chemical potential [11
P = density [m™]
o = size parameter [m]
¢ = intermolecular potential [J]
v = potential energy experienced by test particle  [J]
Wiax = maximum value of potential energy experienced

by test particle [J]
<Superscripts>
G = gas phase
S = solid phase
sat = saturation
* = reduced value
<Subscripts>
C = critical property
ij = components i and j
1 = supercritical carbon dioxide
2 = high-boiling component

(hexamethylbenzene or phenanthrene)
3 = entrainer (octane)
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