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SUMMAR Y

This program, Development and Evaluation of Supercritical Fluid Chroma-
tography/Mass Spectrometry for Polar and High-Molecular-Weight Coal Components,
is funded through DOE Office of Fossil Energy, Advanced Research and Technology
Development Branch, Morgantown Energy Technology Center. It is aimed at the
development of new analytical technologies for the characterization of pre-
viously intractable complex mixtures. The specific goals of this program are
twofold: 1) to develop and evaluate a combined high-resclution, capitlary
column, supercritical fluid chromatograph/high-performance mass spectrometer
{SFC/MS) that is capable of analyzing high-molecular-weight materials, such as
potar and heavy-end components found in coal conversion processes; and 2) to
use this system to develop and evaluate analytical technology applicable to
coal process development technology. Polar fluid systems most appropriate for
polar and heavy-end materials will also be developed and evaluated. This pro-
gram is expected to provide a greatly improved characterization of complex
high-molecular-weight and polar materials, and to determine the feasibility
of using SFC/MS methods for on-line characterization of coal conversion
processes. The effort includes evaluation of quantitative instrumental
approaches, of various ionization modes, and of tandem mass spectrometric tech-
niques for analyzing individual components in complex mixtures. The effort
will define the range of applicability and utility of high-performance SFC/MS
methods.

During FY 1986, technical progress toward the programmatic goals of devel-
oping and evaluating SFC/MS for the analysis of higher-molecular-weight com-
pounds was made in the following areas:

e Studies have been conducted to characterize the requirements for and
to facilitate the transfer of thermal energy to the capillary flow
restrictor region. Such studies have resulted in a new interface
probe design.

e The redesigned interface probe was constructed and tested. The new
design was shown to allow better transport of higher molecular

weight, less volatile compounds than the previous design, decreasing



the mass discrimination occurring at the supercritical fluid chroma-
tograph mass spectrometer interface region.

Methods allowing the mass calibration of the magnetic sector mass
spectrometer to 1400 daltons have been developed.

A digital syringe pump controller, interfaced to an Apple Ile com-
puter has been substituted for the previous aralog pump control unit,
allowing much finer and more reproducible control of the pressure
(density) of the supercritical fluid mobile phase.

Retative nonpolar supercritical fluid mobile phases have been modi-
fied by the addition of small amounts of polar fluids to create
fluids with higher solvating powers than, but with similar operating
parameter to, the non-modified fluids. Results from characterization
experiments indicate an in-depth knowledge of the modified fluid
behavior is required for successful utilization of these modified
fluids.

Polar-modified fluids have been used with the magnetic sector mass
spectrometer in experiments using three types of supercritical fluid
introduction to the mass spectrometer: direct fluid injection,
supercritical fluid chromatography, and supercritical fluid extrac-
tion with high mass resolution.

Capillary columns were exposed to various polar-modified mobile
phases and evaluated for stability. The test results indicated that
our present methods for preparing columns are sufficient, for many of
the stationary phase and supercritical fluid combinations tested, to
create columns that can be successfully used with supercritical filuid
chromatography.
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INTRODUCTION AND PROGRAM GOALS

This program, funded through DOE Morgantown Energy Technology Center, is
aimed at the development of new analytical technologies for the characteriza-
tion of previously intractable complex mixtures. The specific goals of this
program are twofold: 1) to develop and evaluate a combined high-resclution,
capillary column, supercritical fluid chromatograph/high-performance mass spec-
trometer (SFC/MS) that is capable of analyzing high-molecular-weight materials,
such as polar and heavy-end components found in coal conversion processes; and
2) to use this system to develop and evaluate analytical technology applicable
to coal process development technology. Polar fluid systems most appropriate
for polar and heavy-end materials will also be developed and evaluated. This
program is expected to provide a greatly improved characterization of compiex
high-molecular-weight and polar materials, and to determine the feasibility
of using SFC/MS methods for on-line characterization of coal conversion
processes, The effort includes evatuation of quantitative instrumental
approaches, of various ionization modes, and of MS/MS techniques for analyzing
individual components in complex mixtures. The effort will define the range of
applicability and utility of high-performance SFC/MS methods.

BACKGROUND

A supercritical fluid is a substance at a temperature above its critical
temperature, where a distinct liquid phase cannot exist. At high pressures
above the critical temperature, the resulting fluid or "dense gas" will attain
densities approaching that of a liquid, with increased intermolecular interac-
tions, and will begin to assume scme of the properties of a Tiquid. By
increasing the pressure of a supercritical fluid, its properties may be varied
continuously from those of a gas to those of a dense fluid with the solvating
power of a liquid. The combination of gaseous and liquid properties can be
used to advantage with supercritical fluids as mobile phases in chromatography
and as a transport medium for sample introduction in MS., Supercritical fluids
have also shown a potential for important advances in separating and frac-
tionating nonvolatile or thermally labile compounds. The potential for



improved chromatographic methods has been recognized for two decades. With the
development of capillary columns suited for SFC, this potential has finally
begun to be realized.

Supercritical fluid chromatography can separate nonvolatile and thermally
labile compounds that are impossible to separate by gas chromatography {GC).
The introduction of nonvolatile or thermally labile compounds for mass
spectrometric analysis is an important area of research in MS. Current methods
for introducing and analyzing such compounds include field desorption (FD),
desorption chemical ionization (DCI), laser desorption (LD), and a suite of
particle bombardment techniques, such as secondary ion mass spectrometry
(SIMS), fast atom bombardment (FAB), and 2520f—p1asma desorption mass spec-
trometry (ZSZCf-PDHS). However, these methods are subject to difficulties,
incTuding matrix effects, complex mass spectra, responses that vary greatly
with compound polarity, difficult quantitation, spectra that are difficult to
predict and interpret, and sensitivity to the nature of the substrate support
surfaces. The development of the direct fluid injection {DFI} interface at
Pacific Northwest Laboratory has resulted in establishing methods for the
direct characterization of supercritical fluids, as well as demonstrating the
feasibility of the combined capillary column SFC/MS (Smith et al. 1982; Smith,
Fjeldsted, and Lee 1982; Smith and Udseth 1983a,b,c; Smith, Wright, and Udseth
1983; Smith, Wright and Udseth 1984). This approach allows relatively high
molecular weight compounds to be efficiently separated and analyzed, with
detection 1imits generally in the picogram range (Smith and Udseth 1983a). Our
work has shown that excellent "soft" chemical ionization {CI) spectra, amenable
to quantitation, can be obtained for any compound soluble in a supercritical
fluid.

When this program was initiated, capillary SFC development work had been
limited to the analysis of relatively low molecular weight and less polar com-
ponents. These SFC systems were compatible with the limitations of low-
resolution quadrupole mass spectrometers of limited mass range used as
detectors. However, modern coal conversion processes have analytical chemistry
needs that include the analysis of high-molecular-weight and/or polar organic
compounds found in extremely complex mixtures. Analytical techniques that are



capable of such analyses and that are also compatibie with on-line process
monitoring are highly desirable. Current synfuels process monitoring tech-
niques provide information about reaction conditions and bulk characteristics
of the process materials, such as temperature, pressure, reactant gas
(hydrogen) metering, and mass balance. Such information gives the process
engineer some insight as to how the process is operating in general, but does
not provide the detailed chemical information about the process materials that
is ultimately required in order to determine the success of the process or
improvement strategies. On-line process monitoring by GC is used by the chemi-
cal industry, and recently in coal liquefaction processes, for the analysis of
gases and relatively volatile chemical components of feed and product lines in
production processes that require careful process control. However, the heavy-
molecular-weight, relatively nonvolatile components are not monitored in detail
in industrial processes due to the lack of appropriate instrumentation. Simi-
lar problems apply to any process in which high molecular weight mixtures may
be present. A goal of this program is the development and evaluation of new
methods, based upon approaches using supercritical polar fluid systems and
high-performance SFC/MS, for characterizing complex mixtures that contain com-
ponents not amenable to analysis by conventional approaches {e.g., GC/MS),

PROGRAM DESCRIPTION

The program can be conceived as having three distinct sub-phases of
instrument development, a phase of development and evaluation of capillary
column technology, and a phase of development and critical assessment of
analytical potential. The three instrument development sub-phases are defined
here and described in the following paragraphs: 1) design and fabrication of
the supercritical fluid chromatograph, SFC/MS interface, and MS ion source, and
any modifications of the mass spectrometer to allow compatibility; 2) per-
formance evaluation of the instrumentation using supercritical fluids and test
compounds of varying polarity; and 3) use of the instrumentation to develop
analytical methodologies for the characterization of previously intractable
components of complex mixtures, with an initial emphasis on the analysis of
coal conversion materials.



The instrument design and fabrication sub-phase incorporated information
gained from the successful interfacing of supercritical fluid chromatographs to
quadrupole mass spectrometers into the design of a chromatograph and interface
suited to the additional demands imposed by a magnetic sector mass spectrome-
ter. The magnetic sector, high resolution mass spectrometer was chosen as the
detector because of its extended mass range (up to 7000 amu), high resolution
capability, sensitivity for higher masses, and potential for characterization
of individual components in complex mixtures by tandem mass spectrometry
(MS/MS) techniques.

The instrument evaluation sub-phase was to commence during the design and
fabrication phase, and results from the evaluation were to be used to further
modify the instrumentation in order to improve its performance. The instrumen-
tation evaluation was to begin with the analysis of relatively nonpolar com-
pounds, such as alkanes and polynucltear aromatic hydrocarbons, using nonpolar
supercritical fluids, such as pentane and carbon dioxide. The evaluation would
then proceed to the analysis of relatively polar components of higher molecular
weight using more polar fluids, such as methanol and ammonia. During this
phase of the project, the instrumentation would also be used to aid in the
development of capillary column technology aimed at producing stationary phases
and bonded-phase columns suitable for use with polar fluids. This column tech-
nology development and evaluation phase will continue for the 1ife of the
project, beyond the instrument evaluation phases.

After the instrumentation has been sufficiently developed, the analysis of
higher molecular weight and polar materials from a variety of sources will
commence. The sample sources will include, but not be limited to, heavy end
and refractory materials from coal conversion processes that have proved
intractable by conventional analyses. Where possible, the resuits will be
compared with those from other forms of analyses to determine the extent of the
anticipated enhanced level of characterization. Other materials to be examined
will include those of special interest to other DOE programs. This sub-phase
will include the development of analytical methodologies for the characteriza-
tion of a wide variety of materials, and will define the role and limitations



of the SFC/MS technologies. This information will be used to critically assess
the role that SFC/MS and related technologies might have in on-line process

monitoring, and aid in the design of such monitoring systems.






TECHNICAL PROGRESS

The technical progress of the second full year (months 19 through 31) of
this program, from the end of FY 1985 to the end of FY 1986, will be reviewed
in this fourth-quarter Technical Progress Report for FY 1386, The progress
achieved will be discussed in general topic areas, as was the format for the
Technical Progress Report for FY 1985, not as specific program tasks, as has
been the format in previous Technical Progress Reports. The first topics dis-
cussed cover aspects of improving the performance of the instrumentation, such
as optimizing the the capillary flow restrictor performance, improving the
design and function of the supercritical fluid chromatograph-mass spectrometer
interface region, developing methods for mass calibration, and improving the
solvent delivery system. A discussion of the use of polar-modified mobile
phases in capillary supercritical fluid chromatography follows. This discus-
sion leads into the final topics detailing the progress made toward the the use
of polar supercritical fluids with the magnetic sector mass spectrometer and
the development of the technology required to create and evaluate capillary
chromatographic columns suitable for use with polar mobile phases.

RESTRICTOR PARAMETER OPTIMIZATION

Methods have been described in previous reports for reproducibly fabricat-
ing a tapered fused silica restrictor to serve as a decompression zone for
fluid expansion into the mass spectrometer ion source and to control Tinear
velocity of the supercritical mobile phase. It has been established that
tapered restrictors facilitate transfer of ana]yte'mo1ecu1es to the gas phase
by minimizing the rate of density change (and change in solvent strength) along
the Tength of the restrictor and by improving heat transfer to the fluid
through the thinner capillary walls (Chess and Smith 1986). Silica is a good
thermal insulator and, because in most cases cooling occurs during the fluid
expansion, heat input is generally necessary to prevent precipitation of the
analytes,

Studies have been conducted to optimize and facilitate heat transfer to
the restrictor region to compensate for the cooling effects during expansion.



These studies have centered around preheating the fluid in a short length of
uncoated {but deactivated) fused silica tubing that is connected between the
analytical column and the restrictor. Heating has generally been accomplished
by placing the fused silica in a tight-fitting stainless steel (SS} capillary
tube and passing a current through the stainless steel., At Tower detector
temperatures and with higher molecular weight analytes, heating of the mobile
phase to temperatures greater than the chromatographic operating temperature
would improve analyte transmission through the restrictor. This process
appears to be a viable method for supplementing the heat transfer to the
restrictor. Other studies using metal coatings on the fused silica restrictors
have not yet provided any definitive conclusions.

The effect of restrictor heater temperature on the detection of a buta-
diene polymer separation is shown in Figure 1. At the higher restrictor heater
(detector) temperature, a ﬁignificant1y larger range of polymer o¢ligomers was
successfully detected. The separations were accomplished on a 5 m x 50 pm
column coated with SE-54 stationary phase and a carbon dioxide mobile phase
at 100°C. The fluid pressure was programmed from 72 to 360 bar at approxi-
mately 5.5 bar/min. Flame ionization detection (FID) was utilized. In
general, analyte transfer to the gas phase from a supercritical fluid expansion
is aided by increased temperature when the compounds exhibit increased vola-
tility with temperature. For truly nonvolatile compounds, increased tempera-
tures may lead to poorer detectability. This is illustrated by the results of
experiments in which different restrictor temperatures were utilized during the
separation of a nonvolatile polymer, polycarbosilane (see Figure 2). Although
good detectability was never achieved, tHe trend is clear that, at higher
restrictor temperatures, poorer detectability occurred as evidenced by
increased clustering and "spiking,” and finally by the complete loss of signal
as the analyte precipitated. Excessive Toss of analyte can also lead to
restrictor plugging. These results indicate that various approaches are needed
to optimize the restrictor and the interface operating conditions, both of
which are dependent on the chemical characteristics of the analyte.











































































TABLE 3. Stationary Phase Stability Summary

Capaclty Ratios (k')
{Compaund) A B [ D E
Column Fluid Exposure Before Aftar Before Aftter Before After Before After Befaore Aftar

V=17 CO,-CH,0n‘2 D) 0,95 0,99 4,87 486 s.19 479
Ov-17  CO,~CH.CN‘®®) 0,99 0,94 4,87 5.02 479 5.8
V=17 co,-tpa‘® D 0.94 1,04 5,02 4,97 5.83 5,89
SE-54  C54C5-(PA () 17.5 15,7 38,3 39,1
SE-54  c5acs-1pal®) 6.1 2.0 12,0 4.4

(a} 120°C and 2500 psi{Compound)A: n-decyl|bsenzens
(b} 15.4 wt¥ CH,OHB: phenanthrane

ey 18,9 wt¥f CHLCNC:  myristophenone

(d) 25.4 wtf IPA (IsaprapanollD: n-decane

(a) 210-230C, 400-1000 psi, 5 vol¥ IPAE: n-undecane

being stripped by the supercritical mobile phases. However, the chromato-
graphic column listed last in Table 3 displayed a fairly significant decrease
in capacity ratios, indicating that a large portion of the stationary phase had
been stripped from the column. Both of the SE-54 columns were used for several
months under rather demanding conditions of pressure programming. The only
difference in preparation procedures for the two SE-54 columns was that the
more stable column was initially coated with a film of stationary phase that
was approximately three times thicker than the column that lost its stationary
phase, This may account for the greater stability, although differences in
silica surface modification procedures, deactivation methods, and crossiinking
techniques would be expected to have greater impact.

Some experiments to optimize the chromatographic parameters using super-
critical isopentane were unable to be completed due to deterioration of the
chromatographic column., Desired optimized conditions were not achieved because
the capillary flow restrictor would plug as the pressure exceeded 50 bar for
each analysis. It was also noted that the separations between individual mix-
ture components that eluted soon after the solvent peak were becoming smaller
with each analysis. These observations indicated that the efficiency of the
chromatographic column was decreasing rapidly due to some form of modification
of the stationary phase of the column., When the column was removed from the
supercritical fluid chromatograph and evaluated by gas chromatography, it was
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found that almost all the stationary phase had been stripped from the column by
the isopentane. This stripping process undoubtedly supplied much of the mate-
rial that ptugged the capillary restrictors. These results were noted for a
number of columns prepared during a common time period. It was determined that
a cross-linking reagent, azo-t¢-butane, had been contaminated and columns were

not properly prepared. Procedures have been instituted to prevent such prob-
lems in the future,
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CONCLUSIONS

During FY 1986, technical progress toward the programmatic goals of devel-
oping and evaluating SFC/MS for the analysis of higher-molecular-weight com-
pounds was made in the following areas:

e Studies have been conducted to characterize the requirements for and
to facilitate the transfer of thermal energy to the capillary flow
restrictor region. Such studies have resulted in a new interface
probe design,

e The redesigned interface probe was constructed and tested. The new
design was shown to allow better transport of higher molecular
weight, less volatile compounds than the previous design, decreasing
the mass discrimination occurring at the SFC-MS interface region.

e Methods allowing the mass calibration of the magnetic sector mass
spectrometer to 1400 daltons have been developed.

e A digital syringe pump controller, interfaced to an Apple Ile com-
puter, has replaced the previous analog pump control unit, allowing
much finer and more reproducible control of the pressure {density) of
the supercritical fluid mobile phase.

e Relatively nonpolar supercritical fluid mobile phases have been modi-
fied by the addition of small amounts of polar fluids to create
fluids with higher solvating powers than, but with similar operating
parameter to, the non-modified fluids. Results from characterization
experiments indicate an in-depth knowledge of the modified fiuid
behavior is required for successful utilization of these modified
fluids. '

e Polar-modified fluids have been used with the magnetic sector mass
spectrometer in experiments using three types of supercritical fluid
introduction to the mass spectrometer: direct fluid injection,
supercritical fluid chromatography, and supercritical fluid extrac-
tion with high mass resolution.
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Capillary columns were exposed to various polar-modified mobile
phases and evaluated for stability. The test results indicated that
our present methods for preparing columns are sufficient, for many of
the stationary phase and supercritical fluid combinations tested, to
create columns that can be successfully used with supercritical fluid
chromatography.
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