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INTRODUCTION

Over the past decade, sophisticated chromatographic and spectroscopic lechniques have
greatly increased our knowledge of the composition and structure of coal-derived liquids as
wel! as of the corresponding feed coals [1]. Notwithstanding these advances, relatively little
is known about the precisc reaction pathways as well as the intermediate reaction products
;avolved. In order 10 study these processes in greater detail, previous aclivities in our
laboratory have focused on the developmeat of advanced mass spectrometric techniques in
which thermally driven coal conversion reactions are carried out directly within the vacuum
environment of an NS ion source (e.g., vacuum TG/MS (2], Curie-point Py-MS [3]) ¢r at
ncar-ambicnt pressures with a capiilary ransfer line connection 1o a combined IR/MS system
(¢.g.. TGAGC)IRMS [4]) while maintaining sufficiently short sampling intervals to provide
kinetic information. Although successful in modeling and even predicting [S]. a range of
dittcrent coal liquefaction, devolaiilization and gasification reactions, an inhetent shoricoming
of this class of techniques is the inability lo simulate catalytic coal conversion processes at
high pressures. Consequently, we have undertaken the development of a direct MS interface
for high pressure reaction products under real-tim. analysis conditions while minimalty
disturbing the reaction process.

Effecuvely, whereas our earlier work attempted 10 bring the reactor into the mass
spectromeler, we are how making an effort to bring the mass spectrometer into the reactor.
Bc. i~ providing us with the opportnity 1o study coal conversion processes under more
realistic veacasn conditions, the new approach also enables us o interface cur spectrometric

cquipment W - broader range of CAIsting reaclor types and processing envi.onments. In doing



so, we were fortunate enough to profit from several recent developments with regard 10
automated vapor sampling techniques for GC/MS [6] as weil as with regard to mobile,
ruggedized GC/MS instrurnents [7) suitable for use in a wide varicty of demanding industria!
process engineering environments.

EXPERIMENTAL

A high priority objective in cur present work is development of on-line GC/MS
monitoring techniques tor baich or Jow through type autoclave reactors. Due 1o the
relanvely long residence times primary reaction producss formed in 2utoclaves are noloriously
susceptible 10 secondary, or even weriary reactions. Application of real-time. on-line
chromatographic and/or spectroscopic techniques capable of throwing light on these processes
13 hampered by the high temperatures and pressares inside the reactor which complicate direct
interfacing to standard analvtical instruments.

Using a novel automated vapor sampling (AVS) technique developed at the University
of Utah, Center for Micro Analysis and Reaction Chemistry (U.S. Patent No. 4,.970,905). we
construcied an on-line mass spectrometry interface for high pressure reactor environments (see
Figure 1. The interface consists of a valveless, all quartz, heated inlet device suitable for
auimated, repeative vagor sampling. The AVS module connects directly 10 a 1 m long, 150
um i.d., fused silica capillary GC column, thereby providing a highly useful degree of
chromatographic preseparation. The effluent from the capillary column is fed directly into the
on source Of a highly sensitive on trap mass spectrometer (ITMS) capable of operating in
GCMS as well as tandem MS (MS™ mode while providing clectron ionization (EI) as well as

chemical wnizanon (Cl) options.



Since the AVS inlet is designed 10 operate at near-ambient pressures in order 10 ensure
a constant, stable flow of carrict gas through the capillary transfer line column into the high
vacuum of the MS system, the high pressures in the autoclave reactor reed 1o be first reduced
to0 near-ambient pressure by means of a 1 m length of narrow bore (e.g. 10 um) fused silica
capillary tubing. This tubing is kept at relatively high temperatures (< 300 C) 10 minimize
condensalion losses. Moreover, utmost care is taken lo ¢liminate dead spaces al the high
pressure end of the transfer line in order o avoid unduly long response {imes due 0 the very
low liquid Nows (¢.g.~ 0.1 pl/min) in the narrow bore capillary tube.

Figure 1 shows a schematic picture of the on-line sysiem, whereas Tables 1 and 2 list
the experimental conditions for a series of on-line GCMS studies with model compounds,
aimed at establishing the feasibility of our instrumental approach. A second objeclive was to
perform preliminary studies of low temperature hydrotreatment and hydro-
de(oxygen)(nitrogen)sulfuriz)ation processes playing a key role in ongoing iow temperature
ceal liquefaction studies under the University of Utah task within the Consortium for Fossil

Fuel Liguefaction Science.

RESULTS AND DISCUSSION

Asidz from ocassional plugging ol the 10-15 um i.d. capillary pressure reduction line
and the protecuve 2 and 0.5 um frits the system pecformed reliably. The cause of the
plugging appears o be traccable 1o partictes released by the catalyst. Obviously, more
sophisticated particulate matter removal strategies are needed before on-line analysis of

conversion processes in coal solids can be attempted. Conscquently, current expesimeatal
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protocols call for the analysis of carefully filtered liquid samples ranging from model
compounds to actual coal derived liquids and/or subfractions.

Apart from these limitations, system performance exceeded design specifications with
regard to GC/MS performance, especially isothermal GC resolution (note the scparation of
decalin isomer peaks in Figurc 2) and dynamic range (solvent peaks representing >80% of the
reactor contents were as readily measurable as smal! product peaks representing less than 100
ppm concenirations thus establishing an effective dynamic sange >10%. As also demonsirated
n previous work [8], the combination of automated, pulsed vapor sampling and short column
capillary "transfer line” GC enabled repetitive recording of complete isothermal GC runs at 1-
4 minute intervals. Moreover, the transfer time of nonretained sample components between
reactor and detector was found to be less than 1 minute. In short, the system shown in Figure
1 is capable of delecting minute changes in sample compasition in a time which is shon
compared to the typical reaction times in autoclave reactors.

Specific results of the three series of experiments shown in Figures 2-7 illustraic the
case with which kinetic profiles of reactor feed as well as reaclion products can be obleined
in a single experimenial run.  Using conventional o/f-line experiments, which usually require
the experunent 10 be repeated numerous times while Increasing temperature and/or residence
tune, it would have waken several weeks or months 10 obtain equally deiailed kinetic profiies,
as many among us know all 100 well from personal expericnce with autoclave 1ype
experiments. [t should also be noted that the reduction in number of cxperiments carried out
greatly lessens the demand for excessive quantities of expensive model compounds as well as

the eventual disposal of hazardous experimental wasies. Finally, the ability 10 measure both
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the fecd components and the reaction products in 8 single experiment should be instrumental
in hetping to close mass balances as well as elucidate reation pathways. The mild
hydrocracking (Figures 2 and 3), hydrodeoxygenation (Figures 4 and 5) and
hydrodenitrogenation and -desulfurization (Figures 6 and 7) experiments provide readily
interpretable information about the mechanisms and the kinetics of the primary conversion

reactions under catalytically as well as thermally controlled reaction conditions.

CONCLUSIONS

1. Aside from occasiot.l plugging of the capillary pressure reduction line, the system

performed reliably and according to design specifications.
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Valveless, pulsed sampling of reactor effluents onto short capiilary GC columns
provides complete GC/NS profiles at 1-4 min intervals. For nonretained sample
components the tran ler Lime between reactor and detector is less than 1 minute.

3 A highly useful degree of chromatographic preseparation is achicved as cvidenced by
the separation of the two decalin (cis an* 1rans) isOmer peaks.

4. Use of stable solvents in a 9:1 solvent/feed ratio does not adversely affect the
performance of the chromatographic sysiem, even if the solvent peak clutes lawr than
most of the reaction product peaks.

s Product concentrations of less than 100 ppm are readily monitored under the same

GC/MS conditions as the solvent peak, thereby establishing an eflective dynamic range

>10°: L
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6. Effects of time. temperature and catalyst tyre on hydrocracking and hydro-
de(oxygen)(nitrogen)(sulfuriz)ation are readily measurable.
7. Kinetic profiles of feed as well as product concentrations can be obtained in a fraction

of the time needsd for conventional off-line measurements.

FUTURE PLANS

To obtain precise mass balance information we are planning to perform similar on-linc
GC/MS experiments on catalytic »ad thermal coal conversion reactions in a high pressure TG
System. Alsa, this will further reduce the feed sample quantities needed per experiment,
thereby permitting the use of rare and/or expensive model compounds. Since high pressure
TG/MS experiments will need 10 be primarily carried out in solventless environments (e.g.
under hydropyrolysis conditons) narticulate matier related plugging problems (frits and
transfer lines) should be elimin:ted.

Up till now only relatis ¢ly simple modei compound mixtures have been studied.
Nevertheless, the system is ¢ tpected 10 perform quite well with more complex samples such
&s actual coal-derived liquils. In spite of the rather limited range of compounds which can
be analyzed in a single isnthermal GC run the formidable analytical capabilitics of the ion
‘rap mass specirometer usd in these experiments, which include tandem MS (MS™), as well
as various chemical ionizations options, compensate for the shortcomings of the GC system in
many applications. Furthermore, we are currently equipping the transfer line GC moduic with

rapid temperature program ning (up to 10 K/sec) capability. This should considerably extend
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the range of compounds which can be analyzed in a single GC/MS run, aibeit al the expense

of longer repetitive intervals, duc to the time needed 10 cool the transfer line between runs.
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TABLE !

Recsction  Feed Solvent Laternal Products Temp. Catalyst
Type Standard
HT diphenyl decalin biphenyl  benzene 350C none
methane toluer.e
HT diphenyl decalin bipheny]l  benzene 350C  FeCly
methane toluenc: Si0,-
Al,0,
HDO dibenzyl ether  decalin biphenyl  tolucne 340 C none
xylenes
HDO dibenzy! ether  Jecalin biphenyl twluenc 300C CoMoN-
xylenes Al,O,
HDN,HDS indole dodecane benzene 300C CoMok-
& HDO  diphenyl trimethyi 4-amino- AlLO,
sulfide benzenc benzoaitrile
diphenyl ether 2-ethyl-
benzenamin
c
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TABLE 1i

Reactor Conditions:

. Reactor

- Reactor Volume
- Pressure

- Feed Flow Rate
. Reaction Gas

- Heating Speed

. Final Reaction Temperature

- Catalyst

Autoclave Engineering, Inc. (Penr.)

50 cc

1600-1650 psi

30 cc/hr

continuous flow H, 50 sccm

ambient --> 300 C in ~18 min

thermal reaction 340 C, catalytic reaction 300 C
~1 g sulfonated COMO/r-Al,O,

“Pressure Reduction Line Conditions:

. Pressure Reduction Line

1 m x 10-15 um i.d. fused silica capillary tube

- Temperature 175 C

- Pressure 1600-1650 psi --> ambient pressure
- Liquid Flow ~0.1 ml/min

Sample Inlet Conditions:

- Temperature 270 C

- Pressure ambient pressure

- Dilution He Flow Rate 100 ml/min

- Carricr Gas He Flow Rate 40 mi/min

- Sampling Valve Flow Rate 43 ml/min

- Bleed Flow Rate 10 mi/min

- Sampling Pulse

550 ms at 2 min intervals for dibenzy! ether
550 ms at 3 min intervals for model compound
mixtures

“Transfer Line Conditions:

- Column 1 m x 150 um i.d. coated with 0.12 um CP-SIL 5CB
- Temperature dibenzyl ether reaction 105 C
model compound mixture reaction 80 C
- Pressure ambicnt --> 10° 1017
MS Conditions:
- Mass Spectrometer Finnigan MAT lon Trap MS
- Pressure 10* 1orr
- lon Trap Temperature 9% C
- lonization electron inapact (with automatic gain control)
- Spectrum Scanning Speed 4 specira/s
- Mass Range m/z 50-200
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Concentration X

12

.-‘—ﬂ .

e C Thermal Reaction
diphenyl methane 1

v v Catalytic Reaction

Reaction Time (min)

Figure 3. Kinctic profiles of diphenylmethane conversion (¢ .V ; and benzene and ioluene
formation (< , <) under thermally (@, 0) and catalytically (v . ) controlied conditions.
Note major increase in reaction rate in the presence of catalyst.
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. L 1

0 20 40 60 80
Reaction Time (min)

Figure 5. Kinetic profiles of dibenzyicther conversion (e .w ) and toluene and xylenes
formation {¢ . ) under thermally (@, C) and catalytically (y , ) controlled conditions.
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Figure 6. Total ion chromatogram profile obtained at 300 C, for different reaction times of
diphenyl ether, indole and diphenyl sulfide under cata'yticaily controlled hydro-
de(oxygen)(niirogen)(sulfuriz)ation conditions.
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Figure 7. Kinetic profiles of dipheny] ether, indolc and dipheny: sulfid:

as well as benzene, 2-¢thyl-benzenamine and 4-amino-
caualytically controlied conditions.
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