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Mass Transfer Model for Supercritical Fluid
Extraction Tests

MAHER E. AL-JABARI and MARTIN E. WEBER*
DEPARTMENT OF CHEMICAL ENGINEERING

McGILL UNIVERSITY

3610 UNIVERSITY STREET, MONTREAL, QUEBEC H3A 2B2, CANADA

ABSTRACT

A masstransfer model using alinear equilibrium isothermis presented for the static
and dynamic stages of supercritical fluid extraction tests. In the static stage the frac-
tion extracted is a function of a dimensionless time and a dimensionless equilibrium
parameter. In the dynamic stage the fraction recovered is afunction of a different di-
mensionless time, the same equilibrium parameter, and a dimensionless mass transfer
parameter. Fitting the model to experimental extraction curves showed that increas-
ing the pressure or density increases the equilibrium constant and decreases the over-
all mass transfer coefficient.

INTRODUCTION

Sample analysis by supercritical fluid extraction (SFE) isincreasingly used
due to its ssimplicity, high efficiency, and ease of analyte recovery. The SFE
test is rapid; extraction time can be in the order of minutes, while in conven-
tional liquid extraction it may require hours to achieve full recovery of the
components. These results are consequences of the rapid transport rates and
the increased solubilities in a supercritical fluid at high pressure (being simi-
lar to aliquid).

The SFE test usually consists of three steps. First, the extraction vessel con-
taining the sample is filled with supercritical fluid and pressurized. Second,
the sample contacts the supercritical fluid (SF) for aperiod of time, called the
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static stage. During this stage, much of the analyte transfers into the super-
critical phase. Third, the extraction vessel is swept (or the SF phase is dis-
placed) by fresh SF during adynamic stage. The displaced SF, carrying the an-
alyte, flows at atmospheric pressure to a collection vessel filled with an
organic solvent such as acetone where, upon depressurization, the SF is con-
verted into gas and the analyte is rel eased into the organic solvent.

SFE is used to recover analytes from liquid or solid samples for subsequent
analysis (1-4) or to extract solutes (5-7). In analytical usage the extraction
vessels are small (1-4), but long beds may be used in extraction (5-8). If the
material to be extracted, e.g., a meta, is only dlightly soluble in the SF, a
chelating agent may be added.

In the analytical literature no physical models for SFE have been proposed
although Wang and Marshall (4) noted that the dynamic behavior of the test
could be described as a biphasic exponential decay. Mass transfer models for
SFE have been proposed by severa workers (5-8) for extraction of compo-
nents from packed beds of soil. In these models, flow and axial dispersion are
important. In this paper asimple model is developed for SFE testsin the small
extraction vessels used in analytical work.

MASS TRANSFER MODEL

The model is based on solute mass balances for the supercritical phase and
the sample phase in the static and dynamic stages. Mass transfer during the
pressurizing step is neglected. The assumptions are: 1) the two phases in the
extraction vessel and the liquid in the collection vessel are well-mixed; 2) the
extraction rate is described by an overall mass transfer coefficient; 3) the so-
lute concentration in the solid isuniform: 4) solute equilibriumis described by
alinear isotherm.

For the supercritical fluid phase, the solute mass balance is

de _ g v 4
= —(1— aVpg — Qo &)

eV
where c is the concentration of solute in the bulk of SF phase, g is the mass
fraction of solute in the bulk of the sample, ¢ is the volume fraction which is
occupied by the SF phase, V isthe total volume of the extraction vessdl, psis
the sample density (for porous particulate samples, ps is the solid wall den-
sity), Q isthe volumetric flow rate, and t is the time. Equation (1) is applica-
ble to the two stages, with Q = 0 for the static stage.

The mass balance for the sample phase is

dg/dt = —Kea(Kg — ©) 2
where K. isthe overall masstransfer coefficient, aisthe specific surface area
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of the sample, and K is the distribution coefficient. Subsequently, the con-
centrationsin Egs. (1) and (2) are nondimensionalized using go for g and Kqo
for ¢, where qq isthe original extractable mass fraction of solute in the sam-
ple. The subscripts “s” and “d” denote static and dynamic stages, respec-
tively.

Static Stage

In dimensionless forms, Egs. (1) and (2) become

des 1 dgs
dr K. dr (3)
dgs/dr = —Ke (gs — C9) (4)
where K is the dimensionless equilibrium constant:
_[_e 1K
Ke_|:(1_8):| Ps (5)

T isthe dimensionless static time:
T = Kt (6)

and ks isthe volumetric masstransfer coefficient for the static stage multiplied
by the volume ratio of the phases:

1 _
ks = (chsa)s{ < 8] (7)
Theinitial conditions are:
aT=0, =20 (8
ar=0 g=10 9

The solutions of Egs. (3) and (4) are
o 1- exp[— (1 + Kg)1]

(1+ Ko (109
1+ Keexp[— (1 + Kg)7]
Os = (1 + Ke) (11)

The fractional extraction during the static stage, Ys, expressed as mass ex-
tracted into the SF phase divided by the total initial extractable mass in the
sample, isgiven by

Ys = KeCs (12)
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For long contact times, equilibrium fractional extraction, Ys, iSapproached,
where

Yee = (13)

Dynamic Stage

For the dynamic stage:

dcg 1 dag
- K. dg G (14)
dga/dd = —Keka(Ga — Ca) (15)

where Ky is a dimensionless volumetric mass transfer coefficient for the dy-
namic stage:

VI 1-
kg = (chsa)d (%)[ < 8] (16)
and 0 isthe dimensionless time defined as follows:
_ ([ R
0= td< N) a7

wherety isthe time measured from the beginning of the dynamic stage. Theini-
tial conditions for the dynamic stage are the final conditions of the static stage:

a 0=0 Ccyq=Cg (18)
a 6=0  g¢=0« (19

where ¢ and g are the values of ¢s and gs at the end of the static stage when
T = 15 The solutions of Egs. (14) and (15) are

Ca = é e > cal(s — )6 + 5] + kugu[€™” — 1]} (20)

Ga= 3 € {ael(s1 — %) + %] + keKeoa[e® — 1} (21)

where s;—s; are functions of K. and ky as follows:

s1=+ V1+ 2ky(1 — Ko + [Ka(L + K2 (22)
S =5 [1+ k(1 — Ko + 81 (23)
S = 5 [1+ k(1 + K + 51 (24)
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Collection Vessel

The collected fraction of the analyte (y) is obtained by noting that the mass
of analyte collected is the initial mass less the amount remaining in the ex-
traction vessel:

y=1— 0y — KeCq (25)

RESULTS AND DISCUSSION

Static Stage

In SFE tests the static stage is usually planned for the recovery of a major
portion of the extractable component from the sample. Equations (10)—(12) in-
dicatethat c, gs, and Ys approach their equilibrium values closely for > 2/(1
+ Kg). The model wasfitted to the static stage data of Laintz et al. (3) for their
isothermal experiments at different pressures (yielding different densities of
SF). Figure 1 shows a comparison between the Y data and the model. The fit-
ted parameters, Ke and ks, aregivenin Table 1, which also includes the values
of K¢ estimated from the limiting case, Eq. (13), using the final Y point. The

1.2
p=0.37g/mL
1.0 4 v v v
v
> N
s 08 0.29 g/mL
% A A
o A
= 06 74
T
S
S
S 04
[T
0.25 g/mL
n
° ®
0.22 g/mL
I T
0 10 20 30 40 50 60
Time (min.)

FIG.1 Comparison between static SFE data of Laintz et al. (3) and model curves for the ex-
traction of Cu®* from stirred liquid samples with SF-CO; at different densities.
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TABLE 1
Fitted Parameters for the Static SFE Data of Laintz et a. (3), Shownin Fig. 1

Parameters, Egs. (10) & (12)

SF density (g/mL) ks (min~?) Ke Kefrom Eq. (13)
0.22 0.30 0.12 0.13

0.25 0.17 0.24 0.24

0.29 0.073 2.2 2.4

0.37 0.0082 56 >50

two values of K agree closely. The equilibrium constant, i.e., the solubility,
increases with increasing SF density, as reported previously (9-11). The vol-
umetric mass transfer coefficient decreases with density (or pressure) because
the diffusion coefficient in the SF phase decreases with increasing pressure.

Dynamic Stage

During the dynamic stage, the mass fraction in the sample phase, qq, de-
creases continuously as solute is released. The solution for qq, Eg. (21), has
two time constants, s; and s;. At short times the dynamic behavior is charac-
terized by s; while at large times by s,, yielding a biphasic behavior in agree-
ment with the empirical observations of Wang and Marshal (4). If the static
stage is short, the concentration in the SF phase, ¢4, may go through a maxi-
mum as shown in Fig. 2 where cq is plotted against dimensionless dynamic
timefollowing static stages of different durations, Ts. If Tsissmall, c4increases
initialy; while for sufficiently large 75, ¢4 decreases continuously. This be-
havior is the result of two competing processes. solute is released from the
sample and solute is washed out of the vessel by the SF. The ¢4 curverisesif
therate of release of solute from the sample exceeds the washout rate from the
extraction vessel. The initial slope of the ¢cq4 curve is positive when

_1 da
Ko db

Combining Egs. (10), (11), (15), (18), (19), and (26) shows that the cq curve
risesinitidly if

> ¢y (26)

1
1+ Ke

Ts < IN[1+ kg (1 + Kg)] (27)

Figure 2 shows cq curvesfor different values of Tswith Ko = 2 and ky = 0.1.
For these values, Eq. (27) indicates that the c4 curve will go through a maxi-
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FIG. 2 Effect of the dimensionless static time on the cq curve for Ko = 2 and kg = 0.1.

mum if 75 < 0.087, in agreement with the curves shown in the figure. When
there isamaximum in the cq curve, thereis an inflection point in the y curve.

The effect of the dimensionless equilibrium constant on the dynamic SFE
curvesisshownin Fig. 3for s = 0.5 and ky = 0.1. For the same dimension-
less time, increasing the equilibrium constant by increasing the pressure in-
creases the yield of extraction as observed experimentally by Thurbide et al.
(1) and Al-Jabari and Thurbide (2). At a pressure of 200 atm their static time
of 30 minutesresulted in almost full recovery of the metal component, and the
subsequent dynamic stage behaved essentially as a CSTR. With decreasing
pressure their measured dynamic extraction curves were shifted from the
CSTR curveto longer times, similar to the curvesin Fig. 3.

The model was fitted to the SFE data of Al-Jabari and Thurbide (2) at dif-
ferent pressures by assuming that the amount of analyte collected at the
longest time at the highest pressure (200 atm) represented complete recovery
of the extractable metal. Figure 4 shows the comparison between the experi-
mental and the theoretical dynamic SFE curves. With the parameters given in
Table 2, the model gave a good fit to the data. As for static SFE tests (Table
1), the equilibrium constant increases with increasing pressure (or density)
and the volumetric mass transfer coefficient decreases with pressure.
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FIG. 3 Effect of the dimensionless equilibrium constant on the dynamic SFE curves for kg =

0.1and 75 = 0.5.
1.2
104  CSTR g,
P= 200 atm
0.8 -

100 atm

Collected fraction (y)

0 2 4 6 8 10 12 14 16 18 20

Dimensionless time (6)

FIG. 4 Comparison between dynamic SFE data of Al-Jabari and Thurbide (2) and model
curves for the extraction of Mn from pulp fibers with SF-CO, at different pressures.
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TABLE 2
Fitted Parameters for the Dynamic SFE Data of Al-Jabari and
Thurbide (2), Shownin Fig. 4

Pressure (atm) Ke kg X 10° Ts
75.0 1.7 7.9 0.042
100 7.5 6.7 0.14
200 21 51 Large

CONCLUSIONS

The simple two-parameter mass transfer model provided a good fit to ex-
perimental SFE curves for the extraction of metal ions from solid and liquid
samples for static extraction as well as two-stage extraction. Increasing the
pressure (or density) of the supercritical phase increased the equilibrium con-
stant and decreased the mass transfer coefficient in accord with expectations.
SFE tests can be completed more rapidly by increasing the equilibrium con-
stant, the mass transfer coefficient, as well as the length of the static stage.
When these parameters are sufficiently large, the dynamics of the process ap-
proach that of a CSTR. Such conditions can be achieved at high pressure and
high flow rate and with a moderate static time.

NOMENCLATURE
a specific surface area of the sample (cm?-g~ %)
C concentration of the solute in the bulk of SF phase (g-cm™3)
Cq dimensionless concentration of the solute in the bulk SF phase during
the dynamic stage
Cs dimensionless concentration of the solute in the bulk SF phase during
the static stage

Cyf dimensionless concentration of the solute in the bulk SF phase at the
end of the static stage

distribution coefficient (cm3-g~1)

dimensionless equilibrium constant

overall mass transfer coefficient (cm-s™ %)

volumetric mass transfer coefficient for the dynamic stage defined in
Eq. (16)

volumeitric mass transfer coefficient for the static stage defined in Eq.
(7) (s )

mass fraction of the solute in the bulk of the sample

volumetric flow rate (cm3s )

dimensionless mass fraction of the solutein the bulk of the sample dur-
ing the dynamic stage MarcEL DEKKER, INc.

270 Madison Avenue, New York, New York 10016
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Js dimensionless mass fraction of the solutein the bulk of the sample dur-
ing the static stage

Osf dimensionless mass fraction of the solute in the bulk of the sample at
the end of the static stage

S function defined in Eq. (22)

S function defined in Eq. (23)

S3 function defined in Eq. (24)

t time ()

ty time measured from the beginning of the dynamic stage (s)

\% total volume of the extraction vessel (cm®)

y fraction of the analyte collected during the dynamic stage

Ys fractional extraction during the static stage

Yee equilibrium fractional extraction during the static stage

Greek Letters

€ volume fraction which is occupied by the SF phase
p density of the SF (g-cm™3)
Ps density of the sample (g-cm™3)

T dimensionless time during the static stage

Ts dimensionless time at the end of the static stage

0 dimensionless time during the dynamic stage
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