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Abstract: The first successful in situ studies of free combustion processes by one- and two-dimensional
NMR spectroscopy are reported, and the feasibility of this concept is demonstrated. In this proof-of-principle
work, methane combustion over a nanoporous material is investigated using hyperpolarized (hp)-xenon-
129 NMR spectroscopy. Different inhomogeneous regions within the combustion cell are identified by the
xenon chemical shift, and the gas exchange between these regions during combustion is revealed by
two-dimensional exchange spectra (EXSY). The development of NMR spectroscopy as an analytical tool
for combustion processes is of potential importance for catalyzed reactions within opaque media that are
difficult to investigate by other techniques.

Introduction measurement$16 The value of*?®Xe NMR using thermally

In situ nuclear magnetic resonance spectroscopy (NMR) of polarized (i.e., .non(.)ptically.pumped) xenon for intrgcrystalline
high-temperature reactions is of potential value for the inves- Nydrocarbon diffusion studies at low temperature in heteroge-
tigation of catalytic combustion and other high-temperature N€OUS catalysts has been demonstrated extensively in the recent
applications of catalysts such as partial oxidation of hydrocar- Past:" ! . . o
bons and steam reforming. Unlike open flames where reactions 1€ combustion process within the coil region of the NMR
take place within an optically transparent region, the reaction Probe head (Figure 1) takes place on and above the surfaces of
zone in catalytic processes is located within an opaque medium.molecular sieve pellets (i.e., only partially dehydrated Na-X
Noninvasive measurements of gas and reaction dynamics withinZ€0lite). Although catalytic activity of this material is not
the interior of a combustor are therefore challenging. The radio €xPected, the reaction may still be influenced by the zeolite
frequency regime provides a previously unused technology to surface in contact with the flame. The methane is prem|>_<ed Wlt_h
investigate reaction processes in these optically nontransparenfiP-2°Xe outside the probe head and enters the high-field coil
systems. In this publication, in situ NMR of combustion using €gion from below throug a 2 mmvent located just beneath
hyperpolarized (hp)-xenon-129 is demonstrated. Uncatalyzedthe zeolite pellets. A continuous stream of air (used as an
(i.e., free) methane combustion above a region with nanoporous (7) Kaiser, L. G.. Meersmann, T.; Logan, J. W.. Pines Phoc, Natl. Acad
material (i.e., Na-X zeolite pellets) is used for proof of principle Sci. U.S.A200Q 97, 2414-2418. o T ' '
illustrating the prospect of in situ NMR of catalyzed combustion. ®) ?”S”-e.%iéﬁg"s';s%c’ﬁaj; %Jégg&gbg-il%'%f_ﬂzés':-i Fonseca, A.; Nagy,
It is shown how thé?%Xe NMR chemical shift can be utilized  (9) Nossov, A. V. Soldatov, D. V.; Ripmeester, J.AAm. Chem. So2001
to identify different regions in high-temperature reactions. Two- %ﬁsﬁﬁ(ﬁ}\fSBM oudrakovski, 1. L Breeze, S. R Lang, S.; Ratclife,
dimensional (2D) studies of gas exchange within different heat C. I; Ripmeester, J. A,; Sayari, Aangmuir 2002 18, 5653-5656.
zones of the combustion process provide valuable insights into 1) V'\",gﬂg”alfoésl';"'shi#";YT'eéS_;k"éQéX{O\s’;;éaj_c'gfﬁ);s(fgﬁeﬁq'?gggée’iog A
the gas-phase dynamics. High signal intensity’f8ke NMR 5938-5946.

. . . . . (12) Goodson, B. MJ. Magn. Reson2002 155, 157—-216.
is obtained using hp-xenon produced by spin-exchange Optlca|(13) Mair, R. W.; Wong, G. P.; Hoffmann, D.; Hurlimann, M. D.; Patz, S.;

pumpingt~* Optical pumping leads to an increase of the signal 14 gchwartzEL_.a/I.; \kNa:\jIV\'lcl)(rth‘ R. II:ETD){S. ReAIT%t.1999%?}‘\2324—F3;327.
intensity by 4 to 5 orders of magnitude compared to conven- ¥ 1008 138 1550150, | oroon i Fines A Reimer, SAlagn. Keson.

tional12%Xe NMR and has been successfully applied for material (15) Meersmann, T.; Logan, J. W.; Simonutti, R.; Caldarelli, S.; Comotti, A.;

. . . . . Sozzani, P.; Kaiser, L. G.; Pines, A.Phys. Chem. 200Q 104, 11665
science studies of porous medid? and for flow and diffusion 1150_ ' ' ! v e

(16) Kaiser, L. G.; Logan, J. W.; Meersmann, T.; Pines,JJAMagn. Reson.
(1) Raftery, D.; Long, H.; Meersmann, T.; Grandinetti, P. J.; Reven, L.; Pines, 2001, 149, 144-148.
A. Phys. Re. Lett. 1991, 66, 584—587. (17) SpringuelHuet, M. A.; Nosov, A.; Karger, J.; Fraissard].Phys. Chem.
(2) Seydoux, R.; Pines, A.; Haake, M.; Reimer, JJAPhys. Chem. BL999 1996 100, 7200-7203.
103 4629-4637. (18) Magalhaes, F. D.; Laurence, R. L.; Conner, W. C.; SpringuelHuet, M. A.;
(3) Walker, T. G.; Happer, WRev. Mod. Phys.1997, 69, 629-642. Nosov, A.; Fraissard, J. Phys. Chem. BL997, 101, 2277-2284.
(4) Zook, A. L.; Adhyaru, B. B.; Bowers, C. Rl. Magn. Reson2002 159, (19) Bonardet, J. L.; Domeniconi, T.; N'Gokoli-Kekele, P.; Springuel-Huet, M.
175-182. A.; Fraissard, JLangmuir 1999 15, 5836-5840.
(5) Bonardet, J. L.; Fraissard, J.; Gedeon, A.; Springuel-Huet, MCa#al. (20) N Gokoli-Kekele, P.; Springuel-Huet, M. A.; FraissardAdlsorption2002
Rev.—Sci. Eng.1999 41, 115-225. 8, 35-44.
(6) Moudrakovski, I. L.; Lang, S.; Ratcliffe, C. I.; Simard, B.; Santyr, G.;  (21) N'Gokoli-Kekele, P.; Springuel-Huet, M. A.; Bonardet, J. L.; Dereppe, J.
Ripmeester, J. AJ. Magn. Resor200Q 144, 372-377. M.; Fraissard, JBull. Pol. Acad. Sci., Chen2002 50, 249-258.
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high combustion temperatures, but neither experimental nor
theoretical xenon chemical shift data is available in current
literature for temperatures above 1000 K.

The appearance of a second gas-phase signaBgipm is
only observed during combustion in the presence of the zeolite
(Figure 3; see Figure 4 for comparison). It will be demonstrated
in the discussion of the 2D data below that the 350 Hz broad
signal at—3 ppm originates from a region just above the bulk
of the zeolite. Temperatures in this region are likely to be higher
than those in the bulk of the flame, either because of some
catalytic activity on the zeolite surface or because of an
improved premixing with the oxidant. An increased temperature
at the interface to the zeolite may cause the upfield shift3o
ppm. An alternative explanation is that magnetic susceptibility
effects in this region may be responsible for this upfield shift.
The shoulder in the spectrum in Figure 3 without combustion
is most likely caused by susceptibility effects at the interface.
During combustion, the gas flow in the region just above the
Figure 1. (a) Sketch of the probe head for the in situ study of combustion matenal. may be re.dl.J.Ced' This would lead to a more pronounced
by hp42%e NMR spectroscopy. The hp-xenon is premixed with the methane magnetic susceptibility effect and may be responsible for the
before both gases enter the probe head. Air as an oxidant is added—3 ppm peak. It will be left to future experiments (such as
immediately before the combustion area. (b) A photograph of the NMR flow field measurements) to reveal the exact cause of the this
coil region during methane combustion. The upper surface of theXNa peak. However, in either case, its spatial origin is likely to be

zeolite pellets may participate as a catalyst in the reaction. A 39% methane/ . ; .
3% hp-xenon/53% helium/5% nitrogen mixture and air are introduced at the interface between the material and the gas-phase region.

I

a.)

O2+N2

CH4+He+N2+g(

through two separate outlets and partially mixed within the pellet region.
A series of air outlets surrounds the coil region for cooling purposes.

oxidant) enters the detection cell through multiple outlets

The xenon chemical shift within the porous material is also
affected by temperature. At room temperature, the xenon inside
the nanoporous zeolite pellets resonates at approximately 72

ppm (Figure 3a). The signal is shifted to about 68 ppm once
CWe mixture is ignited because the temperature of the material
in the precombustion region increases through thermal conduc-
tivity and IR radiation. In general, the xenon shift within a nano-
or microporous material is strongly affected by the temperature-
dependent xenon loadiriy25 Temperature gradients within the
porous material may be responsible for the additional signal
broadening of 930 Hz compared to 700 Hz without combustion.

Results and Discussion 2D Exchange SpectraXenon transfer between the nano-

1D NMR Spectra. One-dimensional hp-xenon-129 NMR  Porous material and the different temperature regions in the
spectra of the gas mixture flowing through the detection region flame was investigated by 2D H§Xe NMR exchange
during combustion (red solid lines) and without combustion SPectroscopy (EXSY4 The absence of cross-peaks (Figure 5a)
(blue dashed lines) are shown in Figure 3a. A 700 kPa helium demonstrates that exchange between the various regions does
gas mixture containing 5% xenon (and 8%)Nvas used for ~ Not occur during short exchange times < 5 ms. The
optical pumping and continuously mixed with methane gas at corresponding 1D spectrum is displayed above the EXSY for
ambient pressure resulting into approximately 3% xenon, 53% clarity. A significant difference between the common usage of
helium, and 40% methane. Th&Xe NMR signal of the gas ~ EXSY for the study of chemical exchange and the present usage
phase above the porous material without combustion was utilizedfor the visualization of gas dynamics becomes apparent in Figure
as the 0 ppm reference standard. During combustior:2fe 5b—d. Usually, identical back and forward exchange rates in
NMR signal from the reaction zone above the zeolite pellets is €quilibrium systems lead to a symmetric appearance of cross-
shifted upfield by about 29 Hz te-0.26 ppm (Figure 3b). peaks on both sides of the diagonal. In contrast, the asymmetric
Without the porous material, a nearly identical xenon upfield @ppearance of cross-peaks in Figure S is a clear signature of a
shift (i.e., 33 Hz) during methane combustion is recorded and directed exchange that is only present in nonequilibrium systems.
depicted in Figure 4. Among the factors that may contribute to The combustion process is in a nonequilibrium steady state
this upfield shift are the reduced gas density within the high- be(?ause the educts are cons'FantIy fed into the Combqstlon zone
temperature zone, the change of the gas composition due to thavhile the exhaust gases continuously leave the reaction region.
chemical reaction, and the temperature dependence of the first
and second virial coefficient of the chemical sR#&3 The (22) 333}??‘1”2' %;_-gﬁmesonﬁ K.; Kostikin, P.; Baello, B. Chem. Phys.
second virial coefficient is due to binary collisions and therefore (23) debios, A. C.; Jameson, C.J.Chem. Phys1997, 107, 4253-4270.
temperature dependent. The first viral coefficient of the chemical (24) éarlf‘;;?%% aitameson, A. K. Gerald, R. E.; Lim, HIMRhys. Chem.
shift for monatomic gases is typically temperature independent (25) Jameson, C. J.; Jameson, A. K.; Cohen, SIM:hem. Phys1976 65,
for temperatures usually accessible in NMR spectroscopy unless, ., 34013406

. i . (26) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, RI.RChem. Physl979
the electronic structure is affected. This may be the case at the 71, 4546-4553.

surrounding the metharexenon vent. Partial mixing of the
gases takes place between the pellets before the educts rea
the combustion zone at the upper end of the pellet region.
Special care is taken to air cool the NMR probe and the bore
of the superconducting magnet without disturbing the combus-
tion process. Figure 2 provides an overview of the experimental
setup.
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Figure 2. Sketch of the overall set up used for the combustion experiments (see Experimental Section for further details).

. ~1~29 Hz —|1-—33 Hz

H

80 60 40 20 f]ppm
Figure 3. (a) Hp+2°Xe NMR spectra at 110.683 MHz of xenon in the — T T T
combustor using 256 scans, without combustion (blue dashed line) and with 2 1 0-1 -2 ppm

ongoing combustion (red solid line). The relative intensities of the two  Figure 4. Gas-phase hf2?Xe NMR spectra using 256 scans and the same
spectra are shown in arbitrary units. (b) An enlargement of the region, 2 mixture as in Figure 3 but without the presence of the nanoporous zeolite.

n""‘-"t.'

ppm = ¢ = —4 ppm, with adjusted intensities that make the-2® Hz The blue dashed line corresponds to the room-temperature gas phase (0
gas-phase shift during combustion more apparent. TBeppm signal is ppm), while the red solid line shows the spectrum during combustion that
unique to the combustion process above the nanoporous material. is the result of a superposition of two signals. One signal arises from the

bulk of the gas within the flame area that exhibits-83 + 3 Hz shift

At 7 = 20 ms, a cross-peak appears because of the exchangé‘0-27 ppm), and the other signal originates from the gas mixture that is
betw ' | ted in th terial and th still at room temperature and resonates at around O ppm. The latter signal

etween x_en_on ocated In the nanoporous ma_e”a an_ € 985 caused by xenon/methane within the quartz capillary delivery system
phase. A similar peak on the other side of the diagonal is absentbefore mixing with air and entering the combustion region. For clarity, the
since it could only be caused by a reverse exchange against théwo spectra are adjusted to equal intensities. The relative intensities are
gas flow direction. Note that xenon gas in the relatively small S o those shown in Figure 3a.
voids separating the zeolite pellets is neglected for this discus- High Density Optical Pumping. Conventional optical pump-
sion. Closer inspection of the cross-peak shows that transfer ofing uses approximately 5% of xenon in a mixture that
xenon from the zeolite takes place only to a particular part of contains predominately helium. This allows only for small
the gas phase, namely the region that gives rise to the signal aguantities of xenon to be added to the methane. However, due
—3 ppm and not to the one around 0 ppm. Figure 5b also showsto the absence of helium in high-xenon-density optical pump-
a cross-peak that demonstrates exchange from-8i@pm to ing?” the use of higher xenon concentration in methane is
the —0.26 ppm region. When the EXSY data in combination Possible. The spectrum in Figure 6 was recorded with approxi-
with the general direction of the gas flow are taken into account, mately 30% xenon in methane without helium. The signal from
it can be concluded that the3 ppm zone is located between this mixture for the porous material during combustion (at 67
the porous material and the bulk of the flame region further PPM, red solid line) clearly “tails off” toward the higher ppm
above. For longer times (see Figure 5c and d), an exchange "egion (i.e., downfield). This is indicative of a temperature
cross-peak directly between the material phase and the gas phasgradient inside the material that was less visible with a lower
at 0.27 ppm appears, while the diagonal gas-phase peak<oncentration of xenon in the gas mixture. The increased
dlsz?lppear as_ gas exits the .combl_Jstlon zone (I'e" exchange WItQZ?) Mortuza, M. G.; Anala, S.; Pavlovskaya, G. E.; Dieken, T. J.; Meersmann,
regions outside the detection coil). T. J. Chem. Phys2003 118, 1581-1584.
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Figure 5. 2D exchange spectra recorded during combustion. The spectra were obtained at 110.683 MHzwi%B832aw) data points and hypercomplex
frequency discrimination (States) with 64 scans per spectrum. The average experimental time per EXSY with a 0.5 s recycle delay wa$@lwoit 40

(a) No exchange is visible in the EXSY with the exchange time 5 ms. (b-d) With increasing exchange times, cross-peaks appear in an asymmetric
fashion while the gas-phase diagonal peaks start to disappear.

xenon-density optical pumping experiments where low xenon
concentrations ir-90% methane would be used without the
presence of helium. Most importantly, mixtures with small
guantities of xenon as the only optical pumping gas in methane
would allow for experiments with very little disturbance of the
Ay combustion process. More efficient high-density optical pumping
P procedures for in situ combustion NMR are currently under

1 exploration.

Conclusion

80 60 40 20 O ppm It is concluded that hp-xenon promises to be a very useful
Figure 6. Hp-122%Xe NMR spectra with 30% xenon (from high-density ~ tool for in situ studies of combustion processes that may
xenon optical pumping) in 70% methane. The experimental setting is as elucidate heat distribution throughout various regions. Clearly,
described in Figures 1 and 3a. The spectrum in the absence of combustionye qantification or calibration of the temperature dependence
is shown in a blue dashed line, and the spectrum during combustion, in a . . . -
red solid line. The relative intensities of the two spectra are shown in of the xenon chemical shift will not be straightforward because
arbitrary units. of the changing gas composition within a combustion region.

The present study shows, however, that even a qualitative

temperature sensitivity may be attributed to the increased xenoninterpretation of the chemical shift (or the mere usage in a simple
loading in the porous material due to the higher xenon gas “fingerprint” fashion) can provide essential information about
concentrations. The increased xenon loading could also amplifythe combustion process.
the sensitivity of the xenon chemical shift to temperature  Extensive experiments and calculations in the recent past have
variations. However, it is also possible that the temperature demonstrated the value of%Xe NMR spectroscopy for
gradient within the sample has actually been enlarged since theinvestigating intracrystallite diffusion of hydrocarbons in porous
thermal conductivity of the gas phase is reduced without the catalytic material?”1820In particular, the combination d#%e
presence of helium. This could be explored by future high- NMR spectroscopy withH magnetic resonance imaging (MRI)

J. AM. CHEM. SOC. = VOL. 125, NO. 43, 2003 13301
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has been proven very insightft#2! These studies have been helium mixture at 700 kPa pressure is used. Pure xenon gas at the
typically performed in a time-resolved fashion at low temper- same pressure is chosen for the high-density optical pumping experi-
atures. Much shorter time scales can be expected for highments. After pumping and removal of traces of gas-phase rubidium

temperature experiments, but similar experiments should still from the pumping mixture by a cold trap, the gas pressure is reduced
be possible, either because of the use of hp-xenon that required® Slightly above ambient pressure to produce a low flow rate ef 40

less signal averaging or because of steady state reactio 150 cn¥/min. This allows optimal pumping conditions in our system.

o . . . . n1'he flow rate is measured at high pressure before the pumping process
conditions. Not_e that a partlcu_lar spatl_al Qoo_rdlnate ina ste_ady by a flow meter calibrated for nitrogen (using standard equations for
state system will refer to a particular point in time of the ongoing conversion) in order to avoid any depolarization of the xenon by parts

reaction. Despite the presence of paramagnetic oxygen andys the flow meter. A fraction of the optical pumping gas is then released
radicals, the xenon relaxation times are sufficiently long for gas into the atmosphere in order to control the amount of noble gases mixed
exchange studies. Directional exchange in this steady statewith the methane. The individual gas ratios for the different experiments
nonequilibrium system results into highly asymmetric EXSY are described in the figure captions. A tube containing constrictions
spectra. The scale of the gas dynamics observed in thisand expansions is applied as a gas mixer in order to ensure a
communication is sufficiently slow to allow for future chemical- homogeneous gas phase that enters the NMR probe head, as shown in
shift-selective spatial imaging. H3%Xe NMR combined with Figure 1. Air from a gas tank is fed to the methane mixture just beneath
129¢e MRI or *H MRI may be a very promising tool for in situ the coil region with the (if present) porous material.

studies of high-temperature catalytic oxidation processes within ~ The probe-head region is air cooled by multiple rings of outlets

opaque media such as platinum or palladium cata§3tor surrounding the coil region (pa_rtially shpwn in Figur_e 1). The setup is
nanostructured perovskites or hexaalumin&iés. tested outside the magnet with ongoing combustion for prolonged

periods of time within a set of spare shim and spin stacks that are
Experimental Section identical to the ones inside the bore of the magnet. The air cooling is

optimized until the heating of the shim stack is acceptable (ap-
proximately 320 K) without causing any change in the visual appearance
of the open flame. The h{#*Xe spectra are recorded with a Chemag-
netics 400 MHz NMR spectrometer at 110.68 MHz xenon frequency
in a 9.4 T wide-bore (89 mm) superconducting magnet after a thermal
equilibrium in the probe region is reached (approximately after 0.5 h).

A nonrecirculation continuous-flow setup (see Figure 2), is used with
two combined 30 W Coherent diode-array lasers emitting at 794.7 nm
and with an approximately 2 nm line width. (The system is similar to
the ones described for example in refs 2 and 27; however, a
noncirculating, open-flow setup like that in ref 15 is used.) For the
low-xenon-density experiments, a 5% xenon, 8% nitrogen in 87%

(28) Hayes, R. E.; Awdry, S.; Kolaczkowski, S. Tan. J. Chem. Engl999 Acknowledgment. This material is based upon work sup-

- LZ 688—F§39E- Kolaczkowski S. T Li P. K. C.: Awdry. Shem. E ported by the National Science Foundation Faculty Early Career
ayes, R. E.; Kolaczkowski, S. T.; Li, P. K. C.; Awdry, Shem. Eng.

(29) SCi¥2001 56, 4815-4835. y g Development Program under Grant No. CHE-0135082.
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