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ABSTRACT

Supercritical-fluld extraction is a useful process fqr upgrading heavy
multicomponent mixtures such as high-boiling petroleum fractions. Design-
oriented calculations are reported for an extraction process using propane to
extract intermediate components from a petroleum fractlon with molecular weights

in the range 150-500.

The composition of the heavy-hydrocarbon mixture 1s described by two
continuous distribution functions of molecular weight, one for paraffinic‘
and one for aromatic components. Process calculations are based on a recently
developed thermbdynamic framework for mixtures with very many components,

- coupled with an equation of state of the van der Waals form.

Particular attention Is given to multicomponént phase equilibria in the
retrograde region where solvent recovery ls favorable. Quantitative results are

given for solvent capacity and selectivity as a function of operating conditiouns.



l. Introduction

Supercritical-fluid extraction 1s a useful process for upgrading heavy
crude petroleum residua, for extractling polymer blends or for purifying natural
producgs such as vegetable oils [1,2,3,4]. A common characteristic of these
systems ls that they are mixtures with very many components. While the study
of binary or ternary mixtures [5,6,7] 1is important for understanding the
effects of process variables on supercritical-fluid extractionv of desired
products, for engineering design it 1s often necessary to describe the pro-

perties of mixtures with very many components.

Figure 1 shows a schematic of a supercritical extraction process (e.g.
propane deasphalting). A heavy crude residuum. is to be upgraded using a super—
critical solvent. In a typlcal extractor, snpercricical propane may extract
from the crude the lighter components; fc is then separated from the solutes
in a- second step by temperature Iincrease or pressure drop and finally, it is
recycled back to the extractor. Efficlent solvent regeneration is the most
important advantage when supercritical-fluid extraction Is compared with con-

ventional liquid=liquid extraction.

In this work we discqss application to supercritical-fluid extraction of
recent work [8,9] on the framework of continuous thermodynamics (i.e. thermo-
dynamics of mixtures with very many components). Continuous thermodynamics
provides a useful method for calculating phase equilibria for those mixtures
where conventional quantitative chemical analysis is not available but where
the mixture's composition 1is given by some statistical_ description. We
present {llustrative calculations to lIndicate the effect of operating condi-
tions (temperature T and préssure P) on supercritical extraction of a conti-

nuous mixture consisting of two ensembles (paraffins and aromatics). We



also discuss conditions leading to preferential extraction of lighter hydro-

carbons and selective extraction of paraffins relative to aromatics.

2. Procedure

2.1 Thermodynamic Framework

Figure 2 contrasts the compositions of a discrete and a continuous
mixture. On the left, the composition of a mixture with a finite number of
components (in this case ten) is characterized by mole fractions‘xi (for each
component i) indicated by a bar; the suﬁ of all mole fractions equals unity.
For a continuous mixture (i.e. a mixture with very many components), shown on
the right of Figure 2, we describe the composition of the mixture in terms of
a distribution variable I (e.g. molecular weight); instead of mole fractions,
we now have a distribution function F(I) such that F(I) Al is the fraction’
of moles within the range I to I+al. The normalization condition is now

given by an integral shown at the bottom.

Suppose that we have a liquid phase (L) and a supercritical phase (SF)
at equilibrium; as dlscussed elsewhere [8], the conditions for equilibrium for

the case of a semi-continuous mixture are

ot = TSF , (1)
-pL = pSF R (2)
for every discrete component i
£ = e5F (3)
and for every continuous component
£L¢1) = £5F(1)  for all I, (4)

where fugacity f can be calculated from an equation of state; for the fugacity

of a continuous component In the liquid phase, we have



£l(1) }»( §(P/RT) | 1 } p vl
ln ———————— = { T.V IT - m—— dV - 1n (5)
F{OD P L S(ag FR(I) T v nk FL(1) RT

where n% is the total number of moles of continuous component and VL is the

volume of the 1liquid phase. Symbol § stands for the functional derivative
operator (8,10]. A similar relation holds for the fugacity in the supercritical

phase.

Flash calculations are essential for engineering design of supercritical-
extraction processes, as fndicated in Figure 3. Given the temperature, pressure
and feed composition, it 1Is necessary to calculate compositions and relative
amounts of the two outlet streams. The outlet streams are assumed to be in
Fhermodynamic equilibrium; further, feed and outlet streams are related through
material balances. Material balances and phase equilibria must be solved

simultaneously using numerical methods as discussed elsewhere [9]. -

2.2 Fluid-Phase Equilibria for a Semi-Continuous Mixture of Propane with Heavy

Hydrocarbons

For illustrative purposes, we represent the heavy crude residuum by a
model mixture consisting of two ensembles, paraffins and aromatics. Figure 4
shows.che assumed distributions that describe the feed. Throughout these
calculations we‘assume that in the feed the molar ratio of paraffins to aromatics
is 3. We further assume that the molar distributions in the feed are given by
a gamma distribution function fll] with mean molecular weights of 200 and 225,
and variances of 1000 and 1600, respectively . The molecular weight of the
lightest paraffin Is 150 and that of the lightest aromatic is 170. However,
our calculational procedure is not restricted by a particular choice of distri-

“bution function. The distribution could be specified Lin a functional form (as is



the case here) or by numerical data at selected points in a range of the chara-

cterizing quantity I.

To represent the phase behavior of the propane/heavy-hydrocarbon mixture,
we use an equation of state simila; to that of Redlich-Kwong as modified by
Soave [12]). This choice restricts us in the upper limit of heavies to approxima-
tely i=500 (molecular welght). Pure-component equation-of-state parameters a

and b are fitted to vapor-pressdre data as a function of molecular weight (MW):

b = b(0) + (1) pw) (6)

al/2 = 201y + (V) (T) W) | (7)

for normal paraffins from C4 to C4g and for alkylbenzenes from Cg to Cop [9].

For the mixture we use conventlional mixing rules as discussed elsewhere [8,9].

For binary interactlion parameter a,g, we use
aps = (aa )t/ 2(1-k ). (8)

From experimental vapor—-liquid equilibrium (VLE) data, we obtain for propane-—

paraffins,

kpg = = 0.05 + 0.1264 exp(-0.0068 [MW]). (9)

Because of the small number of VLE data available for propane=alkylbenzene
binaries, kpg 1s set equal to 0.03, independent of molecular weight. For the

paraffins—aromatics Interactions, we set k. equal to zero.

Figure 5 shows a pressure—-temperature diagram for semi-continuous mix-
tures of propane with heavy hydrocarbonse. Shown are the vapor pressure
curve for pure propane and lsopleths (lines of constant composition) for
mixtures. From the locations of the calculated mixture critical points, we can

conclude that there is a continuous critical locus between the critical point



1)

of pure propane and the critical polnt of the 100 mole 7% heavies 1isopleth.
Thls is conslstent with experimental evidence that the first propane/n—-alkane
system which exhlbits a discontinuous critical locus 1s for a heavy component
above C40 [13]; our system is a Type I mixture according to the classification

of Scott and van Konynenburg [l4].

Our phase—diagram calculations are perfo;med using a direct=substitution
method, described elsewhere [15]. A one-dimensional Newton—Raphgon iteration
is used to converge for the fraction vaporized using the Rachford-~Rice objective
function [16]}. Estimated K-factors are updated for each iteration by succes-—

slve substitution. We define K-factors :

X4 ’

for a discrete component i and

nSF FSF(I)
K(I) = ( ) ( ) (11)
L Fl(1)

for a continuous component (see Figure 3).

This numerical procedure is stable; it converges smoothly and rapidly
at low and moderate pressures. However, in Ehe retrograde region, near the
mixture critical point, good initial guesses of compositions are necessary and
a large number of iterations are required for convergence. More efficient

computational methods are now under development [17].

3. Results

Figure 6 shows the effect of pressure on the extraction of a mixture of

heavy hydrocarbons at 520 K. The feed is composed of 90 mole Z propane; the



remaining 10 mole % are heavies. Results are presented for 6 and 10 MPa in the
form of molar distribution functions (defined as the number of moles of conti-
nuous component In a given stream within the range I to I+AI on the basis
of 1| mole total feed) for both ensembles, paraffins and aromatics, in the
feed (specified) and in the outlet (calculated) streams. Comparing peak
‘heights in the extract phase for both ensembles, we see an increase with rising
pressure. Raising the pressure from 6 to 10 MPa, therefore, increases. solvent
capacity which 1s here defined as the mole fraction of heavies (paraffins and

aromatics) in the fluid phase.

While solvent capacity 1is an lmportant design variable, more important.
is solvent selectivity. Of interest here are two types of selectivity. The
first is with respect to molecular weight and the second is with respect to

molecular structure (paraffins versus aromatics).

We can qualitatively understand the effect of pressure on the pre-
ferential extraction of intermediate hydrocarbons (paraffins or aromatics) by
comparing the shape of the calculated distribution function for the fluid
phase at one pressure with that of another pressure. As shown in Figure 6, at
6 MPa, the fluid-phase distribution function indicates thac.there is essential-
ly no extraction for hydrocarbons with a molecular weight larger than (about)
280. However, at 10 MPa, the fluid—phase distribution functiod indicates that
there 1s essentially no extraction for hydrocarbons with a molecular weight
larger than (about) 320. These results suggest that, in the region investi-

gated, selectivity (of the first kind) falls with rising pressure.

For more detailed quantitative calculations of capacity and selectivity,

we consider a mixture where the molar solvent—-to-feed ratio is 96/4 (zC " =0.96).
348

While this molar ratio 1s high, the corresponding mass ratio Is much lower.



This ratlo ls representative of conditlons in the second stage of a multi-stage
extractlon process [18]. For these conditions, the retrograde region is large,

as shown in Figure 7.

Figure 8 shows that at constant pressure the capacity depends strongly
on temperature. At pressures near 7 or 8 MPa, which are above the mixture
critical point, capacity decreases drastically whéﬁ the temperature 1is raised
slightly. For the 7 MPa isobar, a change from 420 to 430 K decreases the
capacity by a factor of two. As indicated in Figure 8, if is not desirable to
operate at 5 MPa because a change in temperature will not be useful for solvent

regeneration.

Figure 9 shows selectivity (of the second kind) as a function of
temperature; at the conditions considered here, propane prefers paraffins (P) to
aromatics (A). Selectivity Bp/p 1s defined by

SF, L
(n®"/n )Paraffins

Bp/a = .
SF, L
(n™"/n )Aromatics

At 7 MPa, selectivity is highly sensitive to temperature. 'Therefore, if the
purpose of the extraction is to remove paraffins from aromatics, it may be
desirable to use a multistage process at 7 MPa where the temperature changes,

from one stage to another, in the region 420 to 430 K.

Figure 10 presents K—faCCOrsv(eq. 10) for paraffins and for aromatics
as a function of molecular weight. Figure 10 shows that selectivity of
the firsc‘klnd is good at all these pressures but it is best at 5 MPa where
the slope of the line is largest. At pressures above 8 MPa, the lines tend to

flatten, giving poor selectivity of the first kind.



At a fixed molecular weight, the ratio of K-factors (paraffins/aromatics)
gives the selectivity (of the second kind) as a functlon of molecular welght,
shown In Figure 1ll. We see that the selectivity is low at lower molecular
weights but rlses with Increasing molecular weight; further, selectivity is

better at lower pressures.

The results shown in Figures 10 and 1l indicate that propane is a useful
solvent if the purpose of the extraction Is to obtain separation with respect
to molecular weight; it is only moderately useful if the purpose of the extrac-

tion 1s to obtain separation with respect to molecular structure.

The calculations presented here are for mixtures with molecular weights
below 500. In present petroleum technology, primary interest in supercritical
extraction Is directed at mixtures with considerably higher molecular weights.
While the c&lculational procedures discussed here are not limited with respect
to molecular weight, we have not presented results for very-high-molecular—
welght mixtures because, for our 1llustrative purposes, we used an equation of
state of the Redlich-Kwong—Soave form; unfortunately, that equation of state
is not suitable for hydrocarbons with molec;lar weights appreciably in excess
of 500. However, calculations for such mixtures are possible when we use a

pertﬁrbed-hard-chain equation of state; such calculations are now in progress.

Supercritical extraction is most useful in the rétrograde region. When
propane ls the solvent, the size of this reglon Increases with the molecular
welght of the heavy hydrocarbons [19]. A large retrograde region is desirable
because it permits flexibility in setting temperature and pressure for optimum

operation.



4, Conclusions

The operational advantage of supercritical-fluld extractlion ls efficient
solvent recovery. Flash calculations using continuous thermodynamics provide
detalled process Informatlion for both extract and r#ffinate streams at given
operating conditlions. We have lllustrated the advantages of such calculations

for extraction of a 3:1 paraffin/aromatic mixture with supercritical propane.

Using a modifled Redlich—Kwong-Soave equation gf state, we found that,
in the retrograde region, rising pressure decreases preferential extraction
of paraffians to aromatics but increases t@e capacity of the heavies in the
supercritical-fluid phase. For paraffin=-aromatic res;dua, propane is a good
selective solvent with respect to molecular weight but only a modest one with

respect to molecular structure.

The results presented for solvent capacity and paraffin/aromatic selec—
tivity depend, in general, on the values of binary parameter k,5. We found
that for propane/heavy hydrocarbons, the results are relatively insensitive
to reasonable values of kpg. However, for other solvents (e.g. carbon
dioxide), results are often sensitive to the binary parameters. In some
cases, these binary.parameters may affect the quaiitative shape of the phase

diagram (change from type I to type III) [20].

While the 1llustrative calculations presented Iin this paper are for
relatively simple mixtures, the procedure can be applied to any mixture for
which we can establish a sultable molecularfchermodynamic equation of state.
The lmportant conclusion of our work Is that we can now make realistic calcula-
tions for supercritical extraction of mixtures containing very many components

as encountered in industrial practice.
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SUPERCRITICAL FLUID EXTRACTION CALCULATIONS
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DISCRETE AND CONTINUOUS COMPOSITION
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FLASH CALCULATION FOR A SEMI-CONTINUOUS MIXTURE
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MOLAR DISTRIBUTION OF HEAVIES IN THE FEED
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PRESSURE -TEMPERATURE DIAGRAM FOR A SEMI-CONTINUOUS MIXTURE
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EFFECT OF PRESSURE ON THE EXTRACTION OF A CONTINUQUS
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PRESSURE-TEMPERATURE DIAGRAM FOR A
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EFFECT OF TEMPERATURE ON SOLVENT
CAPACITY AT CONSTANT PRESSURE
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EFFECT OF TEMPERATURE ON PARAFFIN/AROMATIC
SELECTIVITY AT CONSTANT PRESSURE
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PARAFFIN/AROMATIC SELECTIVITY IN THE
PROPANE/HEAVY-HYDROCARBON SYSTEM

(T=450 K; zcsHe = 0.96)
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