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GRAND CANONICAL MONTE CARL0 
SIMULATION FOR SOLUBILITY CALCULATION IN 

SUPERCRITICAL EXTRACTION 

M. NOUACER and K.S. SHING 

Department of Chemical Engineering, University of Southern California, Los 
Angeles, California 90089-1211, USA 

(Received January 1988; in Jinal form April 1988) 

The Grand Canonical Ensemble Monte Carlo (GCEMC) technique is used to simulate highly nonideal 
dilute mixtures in the near vapor-liquid critical region. These systems are commonly found in supercritical 
fluid extraction processes. Mixtures composed of model CO,/naphthalene/water molecules are studied. 
Very large and highly correlated concentration fluctuations were observed. It was found that when the total 
number of molecnles in the system exceeded about 150, system size dependence was not significant. The 
GCEMC method breaks down when the system density exceeds about 1.5 times the solvent critical density 
due primarily to the low probability of successful addition and removal of the large naphthalene molecules. 
In some systems, the presence of a small amount of water caused a dramatic increase in the system density 
and in naphthalene solubility. By examining the radial distribution functions in these mixtures, the origin 
of this effect can be attributed to the preferential aggragation of the solute naphthalene molecules around 
the highly polar water molecules. 

KEY WORDS: Grand Canonical Ensemble, Monte Carlo, supercritical extraction, dilute mixtures, sol- 
ubility. 

1 .  INTRODUCTION 

Supercritical extraction is an industrial separations process in which a compressed gas 
solvent above its critical point is used to selectively extract certain components from 
a condensed phase, which may be a solid or liquid mixture [l]. In this work, we are 
particularly interested in the case in which the condensed phase is a solid. Since the 
solvent gas can be assumed to be insoluble in the solid, the chemical potential of any 
solid solute in the supercritical solvent phase is equal to that of the pure solid solute 
at the extraction pressure and temperature. The density of the supercritical phase is 
usually less than normal liquid densities because of the high cost associated with very 
high pressure operations. To better understand the relationship between solubilities 
and molecular characteristics of solute and solvent, we have previously use the N p T  
ensemble to study these systems [2] .  The N p T  ensemble, however, does not allow 
specification of the chemical potentials and also suppresses concentration fluctu- 
ations, which are important in the near critical region. Therefore, the Grand Canoni- 
cal Ensemble Monte Carlo (GCEMC) method appears to be an attractive and ideal 
technique to use for these systems. Our purpose in conducting this study is two-fold: 
first, to examine the general applicability and behavior of GCEMC in the near 
vapor-liquid critical region for highly nonideal mixtures. The second objective is to 
examine the thermodynamic behavior of typical supercritical fluid extraction (SFE) 
systems in this region of the phase diagram. 
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56 M. NOUACER AND K.S. SHING 

The effect of adding a trace amount of water is also studied. This is of interest 
because in some experimental studies, the addition of highly polar components 
resulted in greatly increased solubilities and hence extraction efficiencies [3]. The 
physical origin of this effect is best studied using molecular simulation because 
molecular simulation provides structural information in the form of distribution 
functions which shed light on such pheonomena as preferential molecular aggrega- 
tion. 

The model mixture we chose to study is a naphthalene-like large hydrocarbon 
solute dissolved in C 0 2 ,  a typical SFE solvent. This is the same mixture we studied 
previously using the NpT ensemble, so comparisons can be made. 

2. THEORY AND SIMULATION METHOD 

-7 f T ~ P  Algorithm 

When a solid solute (assumed pure) coexists in equilibrium with a supercritical solvent 
containing some of the solute. the chemical potential of the solute is equal in both 
phases, i.e.. 

where p:' and p:f are the configurational chemical potentials of the solute (component 
I )  in the solid and supercritical fluid phases. respectively. p;" is a known function of 
temperature (7') and pressure (P), whereas p:' is a function of T,  P and composition. 
The GCEMC method uses the prescribed values of pi,', (solvent chemical poten- 
tial), T and volume P' to calculate the composition (or the solubility). 

The GCEMC algorithm used in this work is a straightforward generalization of the 
one used by Adams [4]. Adopting Adams' notation for the chemical potentials. we 
define 

BR, = 

where 11: is the residual chemical potential of component i. and is given by 

/ .  ,,kr,i are respectively the configurational chemical potential of component i, and 
that for component i as an ideal gas at the same temperature occupying the same 
volume V. For the t w o  component case (solute F I ,  solvent = 2) the algorithm is as 
follows. 

The temperature T, volume V and BB, and BBZ are chosen so that the state 
condition corresponds to a near critical state for the system. A randomly selected 
molecule is moved and the move is accepted or rejected as in a canonical ensemble 
simulation. Then, with equal probability, we decide to add or remove one solute or 
solvent molecule. The removal attempt is accepted with probability 
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SOLUBILITY CALCULATION IN SUPERCRlTlCAL EXTRACTION 51 

where PN, is the probability of finding a configuration with N,  molecules of component 
i, with energy U(Ni).  AU-  = U(Ni - 1) - V(Ni)  is the congfigurational energy 
change due to deletion of a molecule of component i .  Here i can be 1 (solute) or 2 
(solvent). The addition attempt is accepted with probability 

- = -  exp BBi - - [ kT 
PN,+ I 
p ,  N,  + 1 

where 

AU+ i~ U(Ni + 1) - U(N;).  ( 5 )  
The pressures and internal energies are calculated in the usual way. The volumes are 
selected so that the average number of molecules in each system is between 100 and 
200. The average length of each simulation is 5 x lo6 configurations, with each 
configuration a single attempted move. 

2.2 Intermolecular Potential Models 
As mentioned previously, we are interested in modelling a large hydrocarbon solute 
which is naphthalene-like and the solvent is CO,. One to two molecules of water are 
added to some mixtures to study the effect of the presence of water. The model pair 
potentials selected and the values of the parameters are summarized in Table 1. 

3. RESULTS AND DISCUSSIONS 

In this work, we studied a single isotherm, kT/& = 1.719, which corresponds to a 
temperature above the critical temperature of the model C02  (estimated to be about 

Table 1 Intermolecular potential models and molecular parameters used. 

QR* Q2 d !4 d Qbt 
h l  151 161 

Model Interacting Elk 
pair (u-b) [ " X I  
co, -co, 198.00 3.76 0.90 

NAPH-CO, 312.27 4.60 3.29 
LJ + QQ NAPH-NAPH 492.28 5.45 12.02 

LJ + DD H,O-H,O 355.89 2.72 2.33 
LJ + DQ HZO-CO, 265.45 3.24 1.448 

H,O-NAPH 419.82 4.08 5.292 

LJ = Lennard-Jones potential. q50h = 4cah[ t$)'* t+ )*I 
00 = auadruoole-ouadrooole interaction. defined as in 171 . . .  . .  . 
DD = dipole-dipole interaction. defined as in [7]. 
DQ = dipole-quadrupole interaction, defined as in [7]. 

fie:p$ I 

Q:Q; z !?!.!$f. Q,. Qh = quadrupole moments of molecules a and b in the interacting pair a-b. 

, p,. fib = dipole moments of molecules a and b in the interacting pair a-b. 

Here L and u arc those for the C 0 2 - C 0 ,  pair potential [8]. 
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k7; /i-: = 1.54). We present results for the following: 

i )  GCEMC method in the near vapor-liquid critical region, 
i i )  The size of fluctuations in GCEMC in this region, 

i i i )  The effect of varying the chemical potential of solute B B , ,  
i v )  The effect of varying the chemical potential of solvent BB,, 
v )  The dependence of results on system size V, 

v i )  The effect of water addition. 

All results are reduced with respect to i-; and CT, the energy and size parameters o f  the 
Lennard-Jones part o f  the COz-C02 potential. 

3.1 Size ef',flur.tuation.s in the near criticul region 

I n  Figure 1 we show the fluctuations in concentrations ( N ,  ) and ( N 2 ) ,  in the internal 
energy (0') and the pressure for a near-critical density system. We note that the 
fluctuations in density (e* = ( N ,  + N2)a7 /V)  are large, of the order of 12%, and the 
fluctuations in concentration of solute are much larger than for the solvent (70% 
versus 12%). This is because the concentration of the solute is low (about 3%) and 

\ /  I 

1 i L 

2 3 1 5 

Figure I Fluctuations in  GCEMC simulations of C0,:naphthalene mixture in the near vapor-liquid 
critical region. k 7 : c  = 1.719, BR, = - 5 . 8 ,  REz = 3.75. I"r' = 305. (0 ' )  = ( ( N , )  + (N2))oi 
V =: 0.44. I he linc indicate subaverages over I x 10' configurations. The ensemble averages over the 
uholc simulation arc rcprcscnted hy the horizontal str-aight lines. The quoted iiricertainties are roo-mean 
q u a r c d  deviations of the suhaverages from the overall average. 
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SOLUBILITY CALCULATION IN SUPERCRITICAL EXTRACTION 

also because the system is close to the vapor-liquid critical point. Since significant 
deviations from the mean values persist over large numbers of configurations (see for 
example the subaverages between 3-4 x lo6 configurations in Figure I ) ,  meaningful 
averages cannot be obtained unless the simulations are quite long. We also note that 
there is almost perfect correlation between the fluctuations of N l  , N2 (and hence the 
overall density), and the internal energy. This correlation can be explained in physical 
terms by noting that an instantaneous increase in the local density due to successive 
successful additions of either solute or solvent molecules favor further addition of 
solute molecules since the solubility is approximately an exponential function of 
density over a large portion of the density range [2]. As a result, increases in N ,  are 
always accompanied by increases in N2 and vice versa. This correlation in N ,  and N2 
also leads to accompanying fluctuations in U. The pressure fluctuations are less 
strongly correlated because pressure does not vary significantly with density in the 
near-critical region. The behavior shown in Figure 1 is typical of mixtures studied in 
this work. The size of the fluctuations depends on the mean density; large fluctuations 
occur at less than the critical density and smaller fluctuations occur above critical 
density. 

59 

3.2 Comparison between GCEMC { p  VT) and isothermal-isobaric (NpT) simulation 

We selected two state conditions and performed both NpT and pVT simulations. 
These two states correspond to a gas-like density of about e* = 0.1 and a near critical 
density of e* = 0.3. The comprisons are shown in Table 2. We see that the results for 
NpT and p VT are in agreement, given the statistical uncertainties of the simulations. 
We also note that small changes in the specified configurational chemical potentials 
in the pTV simulation resulted in a significant change in the density (changing pi/kT,  
&/kT from - 11.4, - 2.69 to - 11.7, - 2.39 changed the density from 0.1 19 to 0.38 
and (N,)  from 0.044 to 1.61). On the other hand, the residual chemical potentials 
showed a much larger change between the two densities. The reason for this is that 
since pLf/kT = p : / k T  + In ( ~ * y , )  ( i  is either 1 or 2 here amd y,  is the mole fraction of 
i) ,  and p: decreases with density while In (@*yo increases with density (and concentra- 
tion), these two effects tend to balance each other, leaving p; /kT only slightly chan- 
ged. This means that the densities and concentrations are very sensitive to p:/kT,  
which are the specified parameters in p VT simulations. As shown in 2.1 the statistical 

results 

Table 2 Comparison of NpT and p V T  results for two densities 

F V T  NP T P VT NPT 
V/Uj 296 947 296 309 
p: 1 kT - 2.45 - 2.56 - 6.45 - 6.72 
pi /kT ~ 11.4 ~ 11.7 - 11.7 * 
p;/kT -0.56 -0.51 - 1.38 - 1.20 
&/kT - 2.69 - 2.69 - 2.39 - 2.39 
en' 0.119 0.114 0.38 0.36 
PO' / E  0.14 0.15 0.30 0.31 

(NZ) 35.2 I08 1 1 1  108 
* (N, ) 0.044 1.61 2.0 

(U)/Ns - 1.16 - 1.01 - 3.08 - 2.94 

'Due to the very low value OF N,. this NpT simulation was done at infinite dilution. 
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60 M NOUACER AND K.S SHING 

uncertainity in ( N , )  I S  rather large, especially when N, is small. This leads to a large 
uncertainty in the calculated p : / k T  and makes comparing p: /kT  from p VT and NpT 
simulations difficult because in N p T  simulations p: /kT are directly calculated and are 
not subject to uncertainties in N , .  Since the residual values account for nonidealities 
and are the quantities of interest, it is unfortunate that we cannot directly specify 
p: / k T  in p VT simulations. 

3.3 The e fec t  of variation in BB, 
For a given solid solute 1,  the chemical potential py is primarily determined by the 
temperature, so varying BB, ( = &/kT + In( Y/o’) at constant temperature does not 
correspond to any physically realizable changes in the system such as pressure 
variation or changing the solute (the same potential models are used). Since BB, is one 
of the prescribed parameters in the simulation, it would be useful to determine the 
consequence of varying its magnitude, so that when one wishes to optimize potential 
parameters to fit experimental data, the observed trends can be used as a guide. In  
Figure 2, we show the dependence of various observed quantities as a function of BB,  . 
BB,, the chemical potential parameter of the solvent, is fixed at 3.35. The major trend 
observed is that the solubility of the solute ( N , )  increases with BB, ,  the solute 
chemical potential parameter. This is the expected behavior for most mixtures. The 
increase in BB, also significantly increases the solvent concentration ( N 2  ) and hence 
the density, internal energy, and pressure of the mixture. This observed significant 
dependence of the concentration of one component on the chemical potential of 
another component is characteristic of fluids close to critical points. 

3.4 The effecf of’ varying BB, 

The primary effect of changing BB, is to vary the density of the mixture. Since the 
isotherm we chose is supercritical, varying BB2 continuously changes the density from 
gas-like to liquid-like densities. In Figure 3. we show a plot of ( N , )  and ( N 2 )  versus 
BB, for BB, = - 5.6. First we observe that ( N 2 ) ,  the solvent density, increases very 
rapidly from a low value of less than 50 (corresponding to reduced density of about 
0.16, a gas-like density) to about 150 (e* = 0.48, above critical density, or liquid-like 
density) over the BB2 range of 3.2 to 3.4. Beyond BB2 of 3.4, ( N 2 )  increases very 
slowly, due to the reduced compressibility of a liquid-like fluid. We already observed 
in Section 3.3 that changing the chemical potential of one component also affects the 
concentration of other components present. Similarly here. ( N ,  ) increases with BB, 
up to BB, = 3.4. Unlike ( N z )  which continues to increase, the observed ( N , )  
reaches a peak, after which it drops rapidly. The decreasing portion of ( N ,  ) in Figure 
3 is shown as a dotted line because this is not representative of real behavior. In real 
systems, ( N , )  behaves exactly like ( N , ) ,  showing a gradual increase in this region 
and ultimately reaching a maximum at quite high densities (corresponding to a 
situation where molecules are so close together that the average pair interaction is 
repulsive) [9]. 

The maximum in ( N , )  observed here is indicative of the failure of the GCEMC 
technique to adequately sample concentration fluctuations in the dense fluid region 
[4]. This failure is much more pronounced and occurs at lower densities for the solute 
than for the solvent because the solute here is a much larger molecule and attempts 
to add or remove solute molecules become extremely difficult as the density of the 
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SOLUBILITY CALCULATION IN SUPERCRITICAL EXTRACTION 61 

Figure2 
V/u3 = 305. 

Effect ofvarying the solute chemical potential parameter BE, = p i / k T  + In(N,). BBz = 3.35, 

system increases. This can be seen by examining equations (4) and (5 ) .  When i is a 
large molecule and when the system density is moderate to high, both AU- and AU+ 
tend to be large and positive. As a result, the addition/removal probability is nearly 
zero and dominated by the AUt / k T  term, the & BB, term is irrelevant. Physically, this 
means that, first of all, N ,  no longer changes and the grand canonical ensemble has 
degenerated into a canonical ensemble. Also, because the specified BB, values are 
irrelevant, the observed density and concentrations do not correspond to the specified 
chemical potentials. In Figure 3, we see indeed that while the fluctuations in N ,  and 
N ,  are quite large close to the critical region (BB, = 3.1-3.4), they become very small 
for BB, > 3.5. Therefore, in GCEMC simulations, small concentration fluctuations 
may be an indication that the method no longer works and the averages obtained are 
artificial. We note also that the artificial values of ( N ,  ) shown along the dotted part 
of the curve depend on the initial configuration of the simulation, particularly on the 
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M NOUACER AND K S. SHING 

~ u l u e  of N ,  a t  the beginning of the simulation. In our simulations, we always started 
with ,Y, = 0 and allow the GCEMC sampling to reach the equilibrium value of ( N ,  ).  
For the mixture we studied. GCEMC cannot be used when the reduced density 
exceeds about 1.5 times the critical density [lo]. 

3.5 TIM> tjffi'ct o f  .s~~.c:en~ size 

In order to study the system-size dependence of GCEMC for our mixtures. we 
performed parallel simulations using 3 different values of volume I' for a represen- 
tative state condition, The values of C'were chosen so that the 3 simulations contained 
approximately 30, 150 and 300 molecules respectively. The results are shown in Table 
3. We see that the fluctuation magnitude relative to the mean value decreases with 

Table 3 Sy.;tsm s i x  dependence ( N )  = (h' > + (N, )  

64.9 
~ 11.3 

~ 2 36 

0.49 * 0.05 

-. ' 6  i 2 
29.2 i 5 
0.7x * 0.20 

-5.9 2 1.4 

0.08 2 0.08 

30 I 
~ 11.3 

~ 1.36 

0.40 * 0.04 0.50 0 04 

8.9 i 4 13.9 * 7 
139 & I ?  249 i I8 

0.35 i 0.09 

(1.06 (I01 0.06 z 0 0 3  

0.35 i 0.07 
~~ 5.3 * I . ?  -~ 5.4 i 1.0 
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system size as we would expect. The pressure and solute concentration are most 
sensitive to system size. This is understandable because we have observed previously 
that the solubility is very sensitive to density fluctuations which are more restricted in 
small systems. The pressure is sensitive to V because it is calculated from the virial 
expression and is related to the derivative of the potential and hence converges more 
slowly than the internal energy. The tail correction for pressure is also more significant 
than that for U .  For the properties we studied here, the system size dependence is not 
significant as long as the average N exceeds about 150. 

3.6 The eflect of addition of water 

We investigated the elfect of addition of a trace amount of water on the solute 
solubility. Two sets of simulations were performed, one set at  a starting density below 
the critical density and the second set starting at above the critical density. One and 
two molecules of water were added to the mixtures at constant BB, and BB,. In Table 
4, we show the results for the first set of simulations. We see that with the addition 
of one molecule of water, there is a slight increase in the overall density and solute 
solubility. With the addition of a second molecule of water, there is a very large 
increase in density and a very dramatic increase in the solubility from about 
y ,  = 0.005 to y ,  = 0.10. This dramatic increase in solubility is closely related to the 
high compressibility of the mixture near the critical density. The fact that the system 
is near the critical point can be deduced from the much larger statistical fluctuations 
observed when two water molecules are added. The addition of a highly polar 
molecule such as water interacts strong!y with the solvent CO, .and solute nap- 
hthalene, both of which are quadrupolar. The strong interactions result in an increase 
in the cohesive energy of the mixture and a large density increase which in turn induce 
a higher solubility . 

It is somewhat surprising that the addition of the first water molecule had such littlc 
effect, while the addition of the second molecule resulted in a dramatic solubility 
increase. Our speculation is that having only a single H,O molecule in the volume is 
essentially similar to a situation in which H,O is present at infinite dilution. In such 
cases there can be no preferential aggregation of H,O molecules, which may bc 
important in the near critical region. (Molecular aggregation effects are discussed in 
more detail in Section 3.7 where distribution functions are shown). When more than 
one water molecule is present, they tend to aggregate due to strong dipolar inter- 

Table 4 Effect of water addition at below critical density. V/a' = 305, (N) = ( N , )  + (N?) + N,+ 

- 5.0 ~ 5.0 - 5.0 
3.1 3. I 3.1 

BB, 
BB, 
N"?,, 0 1 2 

Q* = ~ 0.15 i 0.01 0.16 k 0.01 0.35 f 0.25 (N)  6 1  

V 

0.17 i 0.03 0.23 0.04 10.6 i 8.4 
44.7 f 3.2 44.4 f 3.5 92.8 f 30.5 

0.18 * 0.01 0.18 f 0.01 0.23 f 0.12 
- 1.47 i 0.12 -1.61 i- 0.15 -3.37 f 2.0 

0.0038 0.0048 0.10 ( N , )  
(N) YI = ~ 
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actions; thus, local regions of relatively higher densities are created where further 
addition of solute is favored. The water aggregates can be regarded as “sites” where 
the solutes can “condense”. 

Another reason that adding one single water molecule has little effect is that the 
starting density (about e* = 0.18) is probably too low compared to the critical 
density, so that one single H,O molecule does not provide sufficient cohesive energy 
to draw molecules close together. We suspect that if the starting density were closer 
to, but below, the critical value, a single HzO molecule might be sufficient to cause a 
dramatic effect as well. This dependence on starting density is further illustrated in 
Table 5 where one and two H,O molecules are again added to a CO ,/naphthalene 
mixture, but now the starting density is e* = 0.42. which is higher than the critical 
density of the solvent. We see that the addition of H,O increases the solubility as one 
would expect, but the effect is undramatic. The overall density is also only slightly 
increased. We note that the values of BB, used in the two sets of simulations shown 
in Tables 4 and 5 are different. A higher value (corresponding to a more soluble 
solute) was used for the lower density set (Table 4) so that the solubility is not too low 
and meaningful values of ( N , )  could be obtained. 

3.7 Distribution Fuiictions - molecular uggregution 

We have attributed the variation of solubility, fluctuations and the effect of water 
addition to the presence of local density variations. When the average density is 
subcritical and the temperature is slightly supercritical, the addition of a highly polar 
molecule such as water attracts the solvent and solute molecules strongly and creates 
a local high-density environment in its vicinity. This favors addition of more solute 
and a high local solubility results. Therefore, aggregation of solute about water 
molecules serves to stablize the large solute molecules in the supercritical phase. Such 
local preferential aggregations of solutes and solvents can be seen from studying the 
distribution functions obtained from the simulations. We show here only a few typical 

Figure 4 shows the C02-COz radial distribution function g2, which is typical of 
moderately dense fluids and is given for comparison purposes. The only point to note 
is that the first peak is about 2 and occurs at approximately r* = 1 . 1 .  For the 
C0,-napthalene radial distribution function g , ? ,  the first peak is higher, indicating 

plots. 

Tahle 5 Effect of water addition a1 about critical density P~ 0’ = 305. (N) = <hi, ) + (!V2 > + ,A’,,.,, 

BB, 6 .  I - 6. I ~ 6.1 
twI 3.35 3 . 7 5  3 35 

:N) (ri i‘* = - 

u,,:,, ( J  1 

0.4: * 0.05 0.45 I 0 05 0.46 I O.Oh v 
2.4 r 2.0 -3.5 i 1.7 4.3 2 3 . 0  

122 * 1s 130 .i 13 I10 * 15 
0.33 & 0.08 0 . 3 2  * 0.08 0.34 k 0.09 

-4.0 * 1.2 - 4 4  & I 7  - 4 6  f 1.4 

0.0 19 0 026 0.032 
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r 

Figure 4 
function g,?. BB, = -6.1, BB: = 3.35. V/o’ = 305. 

Typical C02-C02 radial distribution function g2> and C0,-naphthalene radial distribution 

CO, molecules are drawn closer to solute naphthalene, due to the stronger inter- 
actions. The first peak in g,, for the low density case (BB, = 3.1,  @* = 0.15) is higher 
than that for the higher density case (BB2 = 3.35, @ *  0.42), because the increase in 
local density due to presence of solute is more pronounced at low densities due to 
higher compressibility. 

The naphthalene-naphthalene radial distribution functions shown in Figure 5 
indicate that, first of all, there is a strong tendency for the napthalene molecules to 
pair up and the first peak is now quite high (about 4.5). Furthermore, there seems to 
be a secondary peak at about r* = 1.6, corresponding to the presence of triplets and 
larger aggregates. This secondary peak is diminished when water is added because 
H,0  is also a strongly interacting molecule and the naphthalene molecules can now 
aggregate around the H, 0 molecules as well as around other naphthalene molecules. 

The effect of H ,0  is further illustrated in Figure 6 where the H,O-naphthalene 
radial distribution functions g,, are shown. The fact that the solute napthalene 
molecules are strongly attracted to H,O and tend to aggregate around H,O is 
indicated by the very large first peak. Again, the first peak is reduced when more water 
is added because there is now more competition for the naphthalene molecules since 
they can choose to aggregate around any of the H,O molecules present. The trends 
shown by g,, and g , ,  should be considered as qualitative only, because the statistics 
are not too good since both naphthalene and H,O are present in low concentrations. 
Unless very large systems or very long simulations are used, there is little one can do 
to significantly improve the statistics. Despite the poor statistics similar qualitative 
trends are observed in other simulations carried out in this study. 
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Figure 5 
dition ;I? f o r  Figurc 4 

~aph tha lenc -naph tha lene  radial distributon functions g , ,  with and without water. State con 

i27 

r" 

Figure 6 Water-naphthalene radial dist~-ibution functions p , ? .  State condition as  for Figurc 4 
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4. CONCLUSIONS 

GCEMC simulations for highly nonideal mixtures can be carried out in the near 
critical region. The results are in agreement with those obtained from NpT simula- 
tions within the statistical uncertainties. The GCEMC method has the advantage of 
allowing specification of the configurational chemical potentials p: at the beginning 
of the simulation; however, due to the rather large statistical uncertainties in (Ni), the 
residual chemical potentials, which are direct measures of nonidealities, cannot be 
obtained with high precision. The GCEMC method also permits density and con- 
centration fluctuations. These fluctuations are found to be large and highly correlated 
in the near critical region; therefore, artificial suppression of these fluctuations in one 
component of the mixture (by fixing one of the N ,  in the system for example) in a 
finite-size system may lead to erroneous results. 

In our system, we found that changing the chemical potential p: of any component 
i, while keeping the other chemical potentials constant, affects not only the concentra- 
tion of that particular component, but significantly changes the concentration of all 
other components present as well. This is a result of the strong interactions between 
solute and solvent molecules as well as the fact that the state conditions are near 
critical. Such features are typical of supercritical extraction systems. Unfortunately, 
this also means that a certain amount of trial and error is necessary in selecting the 
appropriate combination of chemical potentials and volume to simulate the physical 
state of interest. 

The solubility of the naphthalene was found to be strongly dependent on density 
and increases rapidly as the system density increased from a gas-like value, in 
agreement with other simulation studies and experimental results. The observed 
solubility exhibited an artificial decline at moderately high density due to the failure 
of the GCEMC method to sample density and concentration fluctuations adequately. 
Four our system, this failure occurred when the density reached about e* = 0.55, 1.5 
times the solvent critical density. When a small amount of a highly polar molecule 
such as water was added to the system, the solubility was increased due to favorable 
interactions between water and solute. The increase in solubility was relatively small 
if the system density before water addition was near or higher than critical because 
the mixture compressibility was low. If the density before water addition was low 
compared to the critical density, the observed increase in solubility due to water 
addition was very dramatic. This dramatic solubility enhancement is the result of a 
combination of several factors: the high compressibility of the mixture in the near 
critical region, and the ability of the strongly polar water molecules to attract solute 
molecules around it to form stable aggregates. The tendency of the solute and water 
molecules to aggregate was clearly demonstrated in the radial distribution functions, 
where large and broad peaks were observed in the naphthalene-naphthalene and 
water-naphthalene distribution functions. This direct link between fluid structure at 
the molecular level and observed solubility behavior makes molecular simulation a 
very powerful tool in mixture studies. 
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