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Abstract

A simple SFE apparatus is presented. Particular emphasis is placed on the design of the restrictor, whereby the
advantages of a special restrictor nozzle are discussed in relation to problems in conjunction with the use of
capillary restrictors. The rubber additives, fullerenes and soil constituents used as example application underline
the possibilities offered by the new restrictor presented here.

1. Introduction

Supercritical fluid extraction (SFE) is today
frequently used as an alternative to Soxhlet
extraction, because substance solubility and dif-
fusion coefficients in supercritical fluids can be
varied over a wide range [1] and, for example,
biogenic and anthropogenic compounds can be
extracted mildly from very different matrices.
Currently a shift in interest from supercritical
fluid chromatography (SFC) to SFE can be
observed [2]. On the one hand, this is due to the
fact that, in spite of all the advances made in the
field of chromatography and spectroscopy, there
are still crucial unsolved problems involved in
specimen preparation procedures; on the other
hand, particularly SFE can provide very promis-
ing initiation points for specimen preparation
procedures in the future [3-7]. Particular em-
phasis is placed on on-line and off-line coupling
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of SFE with chromatographic and spectroscopic
techniques.

Compared with conventional extraction meth-
ods (e.g. Soxhlet), SFE can provide a drastic
reduction in the time required for the extraction
and relocation of substances from a wide range
of analytes. Furthermore, the solvent quantities
required for extraction are considerably reduced.

A basic problem in SFE, which will continue
to be a point of study in the future, is the strong
matrix dependency of the extraction yield. In
order to facilitate an easier detachment of the
analytes from the matrix, modifiers such as
alcohols, methylene chloride or carbon disul-
phide may be added to the supercritical carbon
dioxide, as applicable from case to case. This
eases the extraction of more polar compounds
[8-12]. In our applications only pure, un-
modified carbon dioxide was used.

The solvent characteristics of supercritical car-
bon dioxide (0.8-0.9 g/ml) have been compared
with those of benzene [13] and toluene [14].

Besides the difficult methods involved in

0021-9673/94/$07.00  © 1994 Elsevier Science B.V. All rights reserved

SSDI 0021-9673(94)00543-1



148 F. Mellor et al. | J. Chromatogr. A 679 (1994) 147152

procedural development, on-line SFE methods
have the disadvantage that only small amounts of
specimen can be used. They are well suited for
trace analysis in matrices that are not co-ex-
tracted [15]. The advantage of off-line extrac-
tions is that traces of substances are enriched and
subsequently extracts can be analysed using the
established analytical procedures HPLC and GC
or GC-MS, respectively. Off-line extraction is
thus particularly suited for instances where larger
specimen amounts are available [15], and it was
therefore used in our applications.

Although positioned at the end of the ap-
paratus —as seen in the solvent flow direction—
the restrictor unit is the crucial component of
every SFE apparatus, and it will accordingly be
dealt with in more detail here. However, in
discussing the restrictor design, the problems
involved in off-line extraction will also become
evident [7,15-18]. As a result of the Joule-
Thompson effect, the tip of fused-silica capillary
restrictors commonly used in commercial extrac-
tors cools down when the carbon dioxide transits
from the supercritical state to the gas phase. As
a result, the extracted components fall out more

_easily and block the restrictor.

Burford et al. [18] present three different
types of restrictors, with particular consideration
being given to their heatability and the transfer
of the extracted substances to different recipient
vessels. The most effective arrangement was
found to be with the capillary directly submerged
in the recipient liquid and the upper part heated
in a heater block.

For these reasons we led the restrictor nozzles
directly into simple recipient vessels.

2. Experimental

HPLC columns were used as extraction cells.
Stainless steel capillaries 1/16-inch (1.6 mm)
O.D. having an internal diameter of 0.25 mm
were used as connecting capillaries; the screw
connections were based on the Knauer Dynaseal
system. A column thermostat was used to pro-
vide the correct temperature for the extraction
cells.

A Knauer HHPN nozzle was used as a restric-
tor. This nozzle is normally part of the hydraulic
high-pressure nebulizer system used for injecting
specimens in atomic absorption spectrometry,
and is suitable for pressures up to 40 MPa.It was
not absolutely necessary to make changes in the
nebulizer system, but it is planned to lengthen
the nozzle mount in order to optimize the
restrictor outlet. The o-ring is not used in SFE;
instead of a polyether ether ketone (PEEK)
capillary we used a stainless steel capillary.

To feed the liquid carbon dioxide, we used on
the one hand the injection pumps used in com-
mercial SFC units by Fisons and Dionex (density
programming possible) and, on the other hand,
the isocratic HPLC double-piston pump L-6000
by Merck. To provide a means of cooling the
pump head of the Merck L-6000, this pump head
was bored and threads were tapped from both
sides to accommodate coolant tubes; the pump
head was then integrated into a coolant circuit.

The Merck pump can be flow controlled as
well as pressure controlled. The Teflon tube on
the suction side was replaced by steel capillaries
(0.5 mm diameter) and the valve mount on the
suction side was replaced by a valve mount on
the pressure side.

3. Results and discussion

The following solutions are apparent for pre-
venting restrictor blockages, currently the main
problem in off-line SFE [15,18]:

1. Minimising the pressure drop between the
extraction cell and the restrictor outlet

2. Heating the restrictor

3. Using a ‘‘suitable” solvent in which the
substances are dissolved when the supercritical
fluid expands

4. Extracting smaller amounts of specimen

5. Using restrictors which afford a greater
amount of flow

Fig. 1 shows the cross section of the entire
nozzle. The nozzle plates are offered with laser
boreholes of various sizes (one each). Nozzle
plates (thickness 0.3 mm) having bore diameters
of 5, 10 and 20 mm were tested for their
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1 nozzle holding screw 6  PEEK copillory

2 nozzle 7 split-grooved clamping ring
3 nozzle plote (PL/ Ir ) 8  polymer seal

4 nozzle seol 9 DYNASEAL bushing

5 o-ring

Fig. 1. Cross section of nebulizer nozzle (restrictor) and

nozzle mount Z. (expanded plot). Reproduced with permis-
sion of Dr. Ing. H. Knauer GmbH.

suitability. Compared with fused-silica capillary
restrictors, this nozzle is easier to handle in
off-line operation because the nozzle plates can
readily be replaced and blockages in the nozzle
openings can easily be eliminated by turning the
nozzle plate around.

Thus, once the nozzle plates have been ac-
quired, when the task for which the equipment is
being used is changed, it presents no problem to
clean the nozzle plates and reuse them. On the
other hand, capillary restrictors block up rela-
tively quickly when in use, particularly in con-
junction with soil extractions, and have then to
be discarded and replaced with new ones [16].

A further advantage of the tested restrictor is
that the supercritical medium only expands when
it reaches the borehole in the plate; the expan-
sion does not take place over a length of feed.
This provides an exceptional solution for meet-
ing the requirement stated under item 1.

Table 1
SFE conditions

Temperature control of the restrictor (~ 50°C)
may serve not only to prevent blockages but also
to facilitate “fine-tuning” of the volume flow
[18]. Since the nozzle mount is made of titanium,
temperature control can be provided by wrap-
ping heater wire around the upper part of the
nozzle mount and the capillary connection, and
then heating (item 2). The temperature can be
measured at the upper part of the nozzle mount
beside the Dynaseal bushing. That part of the
nozzle mount that extends into the recipient
liquid (20 ml of toluene at room temperature) is
to be inserted in a PEEK or PTFE tube to avoid
heat tramsition from the nozzle mount to the
recipient liquid.

Toluene was used as the recipient liquid since
it proved to be a universally applicable solvent
for compounds having aromatic structure com-
ponents (item 3).

Blockages only occurred with soil extractions,
not with fullerenes or rubber additives, using
5-um nozzles without heating. In our applica-
tions with soil extractions, heating of the nozzle
was not necessary when nozzle plates with a
larger bore diameter, e.g. 20 um were used
(item 5); this resulted in a higher consumption of
liquid carbon dioxide and an occurrence of
bigger gas bubbles in the recipient vessel.

Table 1 shows the experimental conditions of
three applications using SFE with this restrictor.

Extractions of rubber additives are chosen
because they are less frequently described in the
literature.

The main components of the extracted addi-

Rubber additives Fullerenes Soil extract
Extraction cell Empty column 30 X 4 mm LD. 30x 4 mm LD. 60 x4 mm L.D.
Weighed specimen Finely ground rubber, 0.05 g Soot, 0.04 g Air-dried soil, 1 g
Oven temperature - 70°C 40°C 40°C
Pressure of CO, 41.5 MPa 25 MPa 30.5 MPa
Density of CO, 0.87 g/ml 0.88 g/ml 0.92 g/ml
Volume flow 2 ml/min liquid CO, 2.4 mi/min 1 ml/min
Nozzle aperture 20 pm 20 pm 10 pm
Extraction time 30 min 30 min 30 min
Recipient liquid Toluene Toluene Toluene
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tive of the rubber specimen in our example are
N-(1,3-dimethyl-butyl)-N’-phenyl-p-phenylene-
diamine, alkylated phenols and alkylphenylic
sulfonates.

Fig. 2 shows the SFC chromatograms created
on the Dionex SFC unit of the extract on SB-
Biphenyl-30 and, for comparison, the following
components: N-(1,3-dimethyl-butyl)-N’-phenyl-
p-phenylene-diamine, octylated diphenylamine,
alkylphenylic sulfonates and stearic acid.

A total of 9.4% extractable components [ap-
proximately 90% of the amount of extractable
components that can be attained with Soxhlet
extraction (1 h) using acetone] was found.

A further example of the possibilities offered
by SFE using pure carbon dioxide is shown with
the extraction of fullerenes.

Fig. 3, lower trace, shows the HPLC sepa-
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Fig. 2. SFC chromatograms of the rubber extract (lower
trace), of stearic acid, octylated diphenylamine and N-(1,3-
dimethyl-butyl)-N’-phenyl-p-phenylene- diamine (in this
order, middle trace) and of alkylphenylic sulfonates (upper
trace). SFC conditions: Column, SB-Biphenyl-30 (ID 50 pm;
10 m); temperature, 120°C. Density program: initial density
0.2 g/ml, increase to 0.6 g/ml at 0.025 g/ml/min, then
increase to 0.65 g/ml at 0.002 g/ml/min.
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Fig. 3. HPLC chromatogram of fullerenes Cg, and C,,
following their SFE with pure carbon dioxide (lower trace)
and with carbon dioxide/10% acetone (upper trace). HPLC
conditions: Column, Inertsil ODS 2, 150 A, 5 pm; flow: 1.0
ml/min; dimensions, 250 X 4.6 mm [.D.; injection, 20 ul;
eluent, CH,CL,-MeOH (60:40, v/v); detector, UV, 260 nm.

ration of C, and C,, out of the SFE recipient in
accordance with the described example in Table
1. The extraction using supercritical carbon diox-
ide yielded 6% extractable components. The
fraction of C4, and C,, is unknown [19].

Fig. 3, upper trace, shows the result of the
SFE for C,, and C,, using supercritical carbon
dioxide and 10% acetone as a modifier in accord-
ance with Ref. 20. A lower yield was obtained
under similar SFE conditions using carbon
dioxide—-10% acetone.

As investigations by Jinno et al. [21] show, the
yield can be increased through the addition of
toluene as a modifier.

Our third application example involves a soil
extraction. Before a soil-humus complex is char-
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acterized, it is necessary to separate from it any
unincorporated organic components, and to do
so in such a way that its primary structure is not
considerably denaturalised, so that subsequent
fractionation of the humin substances into fulvic
acids, humic acids and humin can provide a
realistic interpretation of the structural composi-
tion of the individual fractions. This can be
achieved through the mild SFE process, where-
by, if necessary, modifiers may be added.

In our example, a soil from an exposed posi-
tion on the Dahlem test field of the Federal
Biological Research Centre for Agriculture and
Forestry (BBA) was selected for presenting the
results. The components were extracted from 1 g
of soil each ranging from 1...30 cm soil
horizon, and were determined using GC-MS
(Finnigan MAT).

Fig. 4a, b and c are parts of the same GC-MS
chromatogram. Fig. 4a shows alkylated benzenes
eluting first out of the column (8 to 12 min
elution time), then polyaromatic hydrocarbons
(Fig. 4b) and hydrocarbons up to 46 min elution
time (Fig. 4c). Evidence of approximately 20
compounds of the classes alkylated benzenes
(Fig. 4a) and hydrocarbons (4c), and approxi-
mately 10 compounds of the class polyaromatic
hydrocarbons (Fig. 4b) was found in the soil
extract.

4. Summary

The point of emphasis in the above paper is
the presentation of a new restrictor design as
part of a simple SFE apparatus. The advantages
of the restrictor nozzle are discussed in com-
parison with capillary restrictors.

Handling of the presented restrictor nozzle
proved to be good, as shown by a number of
selected examples in SFE practice.

The apparatus is suitable for extraction with
supercritical carbon dioxide as well as with

mixtures of carbon dioxide and modifiers. In
order to set solvent gradients for SFE, it is
necessary to use 2 pumps and a mixing chamber.
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