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Direct Mass Spectrometric Analysis
of Supercritical Fluid Extraction Products
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PHYSICAL SCIENCES DEPARTMENT

PACIFIC NORTHWEST LABORATORY*
RICHLAND, WASHINGTON 99352

Abstract

A method is described for the direct mass spectrometric analysis of the products of
supercritical fluid extraction processes. A sample placed in an extraction cell is
pressurized to supercritical conditions with a high pressure pump. The extracted
products are continuously analyzed by direct fluid injection of a small sample (<50
#L/min) into a mass spectrometer chemical ionization ion source. The extraction
process can be observed as a function of pressure to determine * threshold pressures™
for individual solutes or as a function of temperature at constant pressure for
nonisothermal kinetic studies. The method is demonstrated for a supercritical fluid
extraction of a bituminous coal using a n-pentane-isopropanol mixture at 280°C and
pressures of 10 to 100 atm.

INTRODUCTION

The last decade has seen a dramatic growth in the application of
supercritical fluid extraction methods to a variety of areas (I, 2). The strong
and often selective solvating power of supercritical .fluids under controlled
conditions (/, 3) can often provide for the extraction of specific compounds
[e.g., caffeine from coffee ()] as well as efficient extraction of a wide range
of compounds under more severe conditions. Under more extreme conditions
the “extraction” process is undoubtedly a combination of chemical reactions
resulting in breakdown of a complex matrix combined with the extraction—
distillation process of the supercritical fluid. In some cases it may be possible

*Qperated by Battelle Memorial Institute.
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to use the reaction chemistry to particular advantage for modification of
“extracted” products. Such systems may be extremely important in the
development of synthetic fuels from solid fossil fuels, for example, The
potential importance of these methods has been underlined by recent reviews
describing the range of applications (1, 2).

A major deficiency in the development of supercritical fluid extraction
(SFE) processes for a given application is related to the difficulty in direct
and continuous analysis of high pressure and, sometimes, high temperature
fluids. In particular, the desired analysis method should be selective,
sensitive, and applicable to all extracted compounds and should not disrupt
the process. Previous attempts at direct supercritical fluid analysis using
mass spectrometry (2) have suffered from either inadequate sensitivity or
extreme instrumental complexity and only very limited results have been
reported (4, 5). The purpose of this communication is to report a new
technique for SFE analysis, using mass spectrometry, which meets the
desired criteria,

EXPERIMENTAL

The method developed in our laboratory for direct SFE process analysis
involves the continuous removal of a small sample for direct mass
spectrometric analysis. Recent work in our laboratory (6) has led to the
development of a direct fluid introduction (DFI) interface for capillary
column supercritical fluid chromatography and mass spectrometry. Similar
DFI methods may be used to monitor SFE processes.

Figure 1 gives a schematic illustration of the SFE-MS instrumentation. A
Varian Model 8500 high pressure syringe pump is used to maintain the
desired pressure in the extraction cell. Extraction cells have been constructed
having volumes ranging from 50 uL to 50 mL. The sample to be extracted is
placed in the cell and restrained by 1/8" diameter 10 um filters; an additional
0.5 um filter is used on the mass spectrometer side of the extraction cell to
prevent the passage of particles and possible plugging of the DFI probe
orifice. The sample is transported using a 90-cm length of 100 um id.
platinum-iridium tubing, through a transfer line, and the DFI probe which is
maintained at the same temperature as the extraction cell. For studies at less
than 200°C an alternative liquid bath adjacent to the probe is used, reducing
the transfer line to 25 em. The DFI probe terminates with a pressure
restrictor having an orifice diameter of approximately 3 um and a length of
50 to 200 um. The entire sample line volume is approximately 7 uL and, for
our typical flow rates of 5-50 uL/min, the time from extraction to analysis is
less than 1 min. Flow rates as high as 80 to 100 uL/min can be used (6) if
shorter times to analysis are desired. It should be noted that the time delay



*s9559%01d HONOBNXS pInyy [eonuoiedns jo sisAjeue 1Paap 10 smyeredde oy jJo uwopEnSA[l dIBWAYOS ‘T "OIF

HIOAH3S3Y
ISVHd
37i80W

1102 AJtenuer Gz 9g €T

1Y papeo |umog

IATYA
433y (w05 04 M 08)
JHNSS3Yd 713D NOILDVHLXI SHILTI4
\ / $/7 008 S/700Z°L
diNNd \_NnO ¥ YIGAVHD NOISITI0D
| 39NIYAS III_H_E.ll ﬁ d ﬁ ﬁ ﬁ HLIM HIZATYNY
UNSSIHd , 3704NHAYND 318000
HOIH / /
AV 7y
CERRIE 3904d 1HQ ]
13INI SVYD
_=;=_E F NOISITI0D
SY9 AUVITIXOY |v||||lD_ il = —]I= =
1 [ — )
- Hip — s N & )
HI9NASNYL HOLINOW 3¥NSS3Ud 4= l_..i“_===: = |
3WNSSId i
! 7
2 104N0S 1D-3 43dILINW
NOH19313
% _ L 2 v
HIWWVHOOHd : SOINOYLI313
34NSSIdd »|  HILNWOD  |e— ONILNNOD NOI
24s ANy 90TVNY




13:36 25 January 2011

Downl oaded At:

248 SMITH AND UDSETH

does not imply a corresponding time constant in the analysis, and signifi-
cantly better time resolution can be obtained.

Fluid extracted from the cell is injected directly into the chemical
ionization (CI) region of an Extranuclear Laboratories (7) *‘simultaneous”
dual EI-CI source where a constant CI pressure is maintained as described
previously (6). The mass spectrometer is an Extranuclear tandem quadru-
pole mass spectrometer equipped with a cell for collision-induced dissocia-
tion (CID) studies (8). The mass spectrometer, pressure regulated pump,
oven temperature, and data acquisition have been interfaced for complete
computer control.

RESULTS AND DISCUSSION

The SFE-mass spectrometric apparatus has been successfully demon-
strated in our laboratory for a variety of complex samples. The supercritical
fluid reaction or extraction processes can be readily studied under both
nonisothermal and nonisobaric conditions. Low extraction cell volumes
allow evaluation of compounds extracted as a function of pressure for the
determination of “‘threshold pressures” for specific components (2). Large
reaction volumes allow one to observe the fluid phase processes as a function
of either temperature: or pressure where the parameter is varied in some
known fashion with time. For large reaction cells (>>50 mL) the actual loss
due to mass spectrometric sampling (<25 ul/min) can be made insignificant
for reasonable reaction times. Thus the data obtained in these studies can be
made amenable to kinetic analysis using nonisothermal or other deconvolu-
tion schemes.

The potential power of the SFE method is illustrated in Fig. 2. A 40-mg
sample of a bituminous coal, sized to 80 um average particle size and
previously washed with pentane, was packed into a ~75-uL cell and
extracted at 280°C using a 95% pentane-5% isopropanol mixture. The mass
spectra were obtained using the CI mode of operation to reduce most ionic
fragmentation. After an initial 2-h period at 10 atm the pressure was
increased at a rate of 0.4 atm/min between 10 and 100 atm. There have been
many studies of coal extraction using batch autoclave methods (see, for
example, Refs. 9-14) but no previous analyses utilizing the capability of
direct mass spectrometric sampling. Figure 2 gives normalized reconstructed
single ion profiles for eight typical ions as a function of pressure and the total
ion current (TIC) profile. The figure illustrates several distinct extraction
regions where it is obvious that quite different groups of compounds and
molecular weight ranges are being extracted. The variation in the extracted
molecular weight distribution with pressure is illustrated in Fig. 3, providing
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FIG. 2. Total ion current and eight reconstructed selected ion profiles for the direct monitoring
of the supercritical fluid extraction of coal in a 95% pentane-5% isopropanol mixture at 280°C.
Each profile is normalized to its maximum signal during extraction.

information on chemical nature and molecular weight distribution of the
material from the same experiment. Figure 3 gives normalized mass spectra
obtained at 10, 12, 20 and 57 atm. More detailed profiles for individual
components can, in principle, be obtained by the application of CID methods
for materials as complex as coal. Examination of Figs. 2 and 3 shows that
large groups of compounds clearly have threshold pressures in the 10—13 and
25-28 atm ranges. Between 40 and 80 atm a large amount of complex higher
molecular weight material is extracted shown by the high molecular weight
“tail” in the 57-atm spectrum. Examination of the individual mass spectra
confirms this observation and demonstrates major shifts in the average
molecular weight of the coal extraction products as a function of pressure.
Weighing of the coal before and after extraction showed approximately 20%
of the coal is extracted under these conditions, in good agreement with
previous batch autoclave experiments (/17).
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Fi1G. 3. Mass spectra for four pressures during a supercritical fluid extraction of coal under
nonisobaric conditions (see Fig. 2).
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These supercritical fluid extraction methods with direct MS analysis have
a wide variety of potential applications. These can include the extraction of
thermally sensitive or labile compounds using low temperature SF solvents
(e.g., CO,, ethane) or higher temperature extraction-reaction pocesses for
fuel liquefaction or gasification. Advantages of supercritical fluid extraction
methods compared to conventional liquid extraction result from the greater
selectivity, since SFE resembles a combination of distillation and extraction
(1, 2), and significantly enhanced solubilities for severe conditions or highly
compressed gases. Appropriate selection of the solvent system, temperature,
and pressure will often allow the highly selective dissolution of a desired
product or the removal of a troublesome component. The direct fluid
introduction with mass spectrometric detection has been demonstrated to
transfer high molecular weight and nonvolatile compounds efficiently to the
ionization region (15, 16), extending the range of mass spectrometric
application well beyond that possible using conventional gas or direct probe
inlet systems. The direct mass spectrometric analysis of these SFE processes
on a microscale greatly enhances the practicality of evaluating complex
systems to determine optimum extraction parameters.
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