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. 1 LASER INDUCED PYROLYSIS TECHNIQUES*

NICHOLAS E. VANDERBORGH

. Loa Alamos Scientific Laboratory, Lus Alamos, NM 87545, USA

Since the commercialization of the laser slightly more than 15 years
ago, this technology has been applied to many tasks in chemistry. The ma-

" Jority of these utilize the unique monochromicity of laser radiation. We

: shall not consider these photochemical studies. Rather we look to the

.¥ utilization of a laser as a unique tool to rapidly and precisely deposit

. known amounts of energy into material causing a unique pyrolysis process.

Laser pyrolysis gas chromatography was first reported in the early

. part of this decade [1-4]). Our initial studies [5], like those of others

[6,7), were to characterize polymeric matevial. Initial resuits showed
that a variety of polymers including those of high thermal stability were

readily degraded by a laser beam. Concurre.. with these studies were a

. number of activities desigred to determine the nature of laser irteractions

* with matter. For instance, laser induced pyrolysis, conducted wiikin the

)

high vacuum chamber of a mass [8,9] spectrometer, investigated plume ve-
locities. Other workers were tempted to explore the possibilities of chem-
ical synthesis using hiph power densities emanating from a laser. Several
workers poin’ ¢ out, for example, that direct transf{nrmation »f cral into
valuable hydrocarbons might be possible [10]. Consequently, napers have
appeared concerning laser deposition into coals [11-13]. In addition laserms
have also been extensively used for welding and cutting operations. An-
other area, using extremely high power pulsed laser deponsition te initiate
nuclear reactions is also being actively explored.

All of these disciplines have contributed tn our understanding of the

interaction of laser cnergy with matter [14]. Laser beams arc unusual in

‘spectral purity, i.e., narrow band width. Also important, is the fact that

the radlation is =ssentially unidirectional, i.e., a small degree of beam
divergence occurs. Thus light propagates in a single direction. This fact
suggests that high power densities are pnssible even for modest devices for
the light can be aimed and focused into n sampling location. Equally im-
portant is the fact that the energy delivered from pulsed lasers arrtives

in short times, i.e., narrow pulse length. Thus heating can be done rapidly
vith very short thermal rise times. Consider now how these properties are

utilized in laser pyrolyeis.

"
Work done under the auspices of Uniied States Energy Research and
bevelopment Administration.



THE LASER PYROLYSIS EVENT

As mentioned previously, considerable work has been report=d on laser

interactions with matter [15]. It would be incorrect, however, to indicate

' that these processes, especially with high power devices, are well under-

~ stood. Clearly the usual models for spectrochemical excitation are only

. important during initial absorption, for laser deposition typically results

in ionization; following that process, absorption by unbound electrons ap-

i pears to be a primary mechanism.

This can be represented aschematically in Figure 1. A normal burst

. laser, elther ruby or Nd-glass (others could be used) is focused and depos-

ited into a sample The pulse width of such a device 1s approximately 0.001

| sec and frequently energies of about 5 joule/pulse are utilized. Should

. this energy be focused to a spot diameter of 0.1 cm, the power deposition

from that event is 6.4x10° watt/cmz.' Q-switched modes lead to powers orders

. of magnitude grecter although total energy may be lower. Power densities

. of this magnitudc result, in part, from the narrow pulse widtk. This is

reflected in a rapid thermal rise time.

Inicially a fraction of the energy is absorbed in the sample material.
This absorption occurs with high probability at the foecal point on the sam-
ple. There are several well established mechanisms for this processa; prob-
ably the best described of these is multi-photon absorption {15]. Data

suggest that many classes of compounds which normally show limited
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Fig. 1. Representation (f Laser Induced Pyrolysis.
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Absofption at either 694.3 or 1060 nm, readily absorb ruby and Nd radia-

tion [16]). Through these absorption processes, part of the sample is pumped

into a plasma consisting of highly energetic ions, radicals of unusual sta-

~bility and electrons. This plume grows, during the duratlion of the event,

. Into the direction of the laser beam. Velocities of plume growth in vacuum

are found near 105 cm/sec [l7]. Data show clearly that the absorptivity of
light by the plasma {s far more probable than i{in the sample [18]. Thus,

- during the course of the event, the more energetic fragments move into the

beam at the fastest rate absorbing even more energy. The majority of these

" energetic fragments appear to be electrons; laser energy is converted into

. electron thermal energy. High pressures resulting from this absorption

i+ drive a shock wave into the sample. Electron thermal conductivity is mark-

5/2

edly temperature dependent (aTe ) [18); rapid heat flow iz maintained

.. while the temperature is high and it may be expected that a sharply defined

nearly isothermal region results. The temperature of such a high tempera-
ture plasea is difficult to estimate; however temperature, as measured by
velocities of atomic fragments, i3 in excess of 105 K [19]. Modelling this
type of process would involve a difficult problem of kinetizs and heat
transfer. Carbon spectroscopy on the plume shows that molecular fragment
concentrations peak following the termination of the pulse. However the
entire event 1s almost as rapid as the pulse width, near 0.001 sec. The
thermal fall time is approximately the same as the rise time.

It 1s of interest to consider how energy leaves the system during the
rapid quench following pulse term!nation. Certainly radiatian is ane guch
mechanism. In this case deceleration of electrons 1s probably an important
factor, Collision with cold gas molecules, such as the carrier gas in the
inlet port of the GC, is also important. Likewise, wall collisions with
the containment quartz tube contribute to energy loss in this rapid quench-

ing process.
LASER PYROLYSIS GAS CHROMATOGRAPHY

In laser pyrolysis-gas chromatography one follows the appearance of

. products after degradation of the sample. Fart of the product distributica

comes from the quenching of this high temperature plasma. Other products
result from thermal shock into the sample. Figure 2 shows results obtained
for phenanthrene. The initial intense peak 18 a mixture of low molecular
weight gases- the plasma-quenched products. Following are a series of high-
er molecular weight compounds. These, typlcally, are in far lesser amounts

than the first group. Shown here are benzene, naphthalene, two different



inubstil:uted napthalenes, the methyl and dimethyl and, in peak 6, the parent
species. Fragmentation during this process seems to yleld quite simple and
predictable patterns. When one ignores the plasma-quenched enscmble, the
distributions are not unlike those found in mass spectrometry.

Pyrolyais gas chromatography has clearly shown the effects of heating
rates on product distributions. Thies is especially true when dealing with
complex organic molecules for different pyrolytic mechanisms may predominate
in different temperature ra2gimes. One i3 struck by the few products evi-
dent [7]) in laser-induced pyrolysis compared to the large number found using
filament type pryolyzers. This most probably results from the fact that

this "pyrolysis" is most probably primarily a shock phenomenon. These high-
er molecular welght fragments, the ensemble from the thermal blow off, are
a simple and predictable group of products.

There have been several reports on the reproducibility of laser-induced
pyrolysis. Data are shown in Table 1. These data [20) were obtained using
a thin section of a polymeric material. The laser beam was used to dirill
a hole through the material. As can be seen, for the four peaks detected,
reproducibility approaches the stated accuracy of the integrator used for
these studies. This conclusion has not been always reached, however [20].

Reproducibility of this methed depends upon a number of factors including

the optical system. It depends upon the pulse energy and how that energy
A
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Fig. 2. Laser Pyrogram of Phenanthrene. Products Seﬁginted on Aplezon N.
Peak Identification: A= methane, ethylene, acetylene (main),
butadiyene, B= benzene, C= napthalene, D= methyl naphthalene,

E= dimethylnapthalene, F= phenanthrene (parent).



! Table 1

Reproducibility of Laser-Induced Pyrograms: Analysis of iow Molecular
Weight Peaks

Fuak No. Area X (Uncorrected) Z Rel. Dev.
1 3.26 + 0.17" 5.2
2 60.27 + 0.75 1.2
3 12.83 + 0.58 4.5
4 23.61 + 0.52 2.2
Total Area (Counts) 10,801 + 3.200 29.6

.1 Standard deviation.
Sample - Polymeric (PVC-PE) Tubing
Radiation: 693 nm (Ruby)

is deposited into the sample. The type of data analysis, as shown in
Table 1, is quite dependent upon the number cf peaks observed. As that
number increases, the error in each peak influences the error in other
peaks and the total error increases. Although it has proven difficult to
sort out the errors caused by sampling problems from those due to instru-
mental problems, data of adequate reproducibility is readily available.
Another problem with this cechnique results from the fact that some
sampler do nat efficiently couple with laser radiation. Ac mcntisncd pre
viously, initial absorption is necessary for plasma generation; should this
not cccur (as is the case, at times, with white crystalline solids), laser
Pulsing results in no apparent product formation. This problem has been
long recognized and has been addressed using two approaches. Either the
samplc has been placed upon a substrate that does absorb [2] or absorbing
centers have been incorporated in the sample [7] prior to analysis. The
first of these approaches complicates the pyrolysis process by spreading
the pulse width of the thermal event. Adrquate thermal conductivity must
be maintained across the sample-substrate boundary as well. This technique
will probably seldomly be used. Initially, several studies appeared de-
scribing the use of carbon as a material to provide absorbing centers.
This approach markedly changes [21] the product distribution both in the
low molecular uéight gas ensemble and in the thermal blow off fragmentation
products. More recently, it has been shown [22] that powdered nickel is a
sensible way to incorporate absorbing centers. One simply thoroughly mixes
nickel metal with the sample of interest and then pyrolyzes. The resulting
pattern ie not influenced by the addition of this type of absorbing center,



* This technique removes the uvne severe limitation of lauer-induced
Pyrolysis.

It has been argued that high temperature distributions can be success-
' fully frozen out of laser-induced plasmas [10]. Our data shows that high
temperature, equilibrium thermodynamic distributions are found upon analy-
8is of the plasma-quenched ensemble of low molecular weight gases [16].
The implications of this fact are that, =t least for simple systems, an
analysis of the concentrations of these gases gives a rapld and straight-
forward characterization of the sample. We have termed thls Plasma Stoi-
:E chiometric Analysis (PSA) [22].
. The basis of this techailque is shown in Figure 3 for a binary wolecular
system-hydrocarbons. We consider again laser induced heating to produce an
': energetic plasma which is rapidly quenched, rapidly enough to freeze a high
temperature distribution. The plasma quenched ensemble consists of a series
of low molecular weight gases ranging in increasing hydrogen activity from
carbon though several hydrocarbons to hydrogen. If we select a temperature -
near 3500 K for tha "temperatur:'" of the quenched distribution, we would
find that the major products should be C(S)' hydrogen and acetylene. How-
ever this does rot consider the stoichivmetry of the plasma but assumes
unit activities of each element in that system. Acetylene is a sensitive
indicater of such plasmz stolchiocmetry. Carbon-vich aysiewms yields igh
fractions of this gas. As the hydrogen fraction increases, the acetylene

fractlon decreases. in Tigure 4, results are shown for the hydrocarbon
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Fig. 3. Represcntation of Quenching Routes for Binery Hydrocarbons:
Plasma Stoichiometric Analysis.
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system. The percentage of acetylene is shown plotted versus the hydrocarbon
to carbon ratio in the sample. The results are well predicted by assuming
a quenching 'temperature” near 1500 K.

This c¢emperature may be the maximum temperature of the plasma. Unlike
other systems manufactured in high vacuum, generation of a laser induced
plasma in helium gas (as done here) could lead to decreased plasma temper-
atures. The temperature may also be an indication of thr. energy of the
system at the first instance that etabl - cheirical bonds form. Following
thet ti=e, the quenching process is rapid en. ugh to preclude additional

~ tran-formation. In any case, ample evidence suggests that the low molecu-
. lar weight product distribution can be well predicted by equilibrium ther-
modynamics. And, conversely, using measured data of product distribution
and referring to gencrated data from chemical thermcdynamics, one can de-

termine the nature of the sample.



UYILITY OF LASER PYROLYSIS

Consider now some of the applications of this technique. Polymer
characterization has been mentioned previously. Figure 5 shows results for
. a serles of quinoxalines, high temperature-stability organi: materials.
These results were accomplished by ruby pyrolysis. In each caze initially
i low molecular weight gases result from the plasma quenching process. Each

of the quinoxalines then yields & highly characteristic fragmentation pat-
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Fig. 5. Representative Laser Pyrograms Resulting from Ruby Deposition
into Temperature Stable Quinoxaline Compounds. First peak is un-
resolved mixturc of low molecular weight gases (plasma quenched
ensemble) followed by thermal blow off products.

Column: 10% Apilezon N on 60-80 ABS; 75-350°C, Carrier Flow 20 ml
He/ain.

A. 5,6~dimethyl-2,3-di (2-pyridyl) quinoxaline.
B. 1,4-di (2-quinoxalyl) benzene.

C. poly(2,2-(1,4-phenylene)=-6,6-bisquinoxaline)
D. 2,3-dimethylquinoxaline.

Laser pyrolysis has also been shown well suited fur the characteriza-
tion of naturally occurring carboneous materials. Our studies concentrated
oa 0il shales from the Green River Formation in the Western United States
[23]). These shales are a Marlstone typr of rock incorporating organic ma-
terial ranging up to 152 by weight. The carbonaceous material is intimate-
ly associated with mineral matter; these organics show a vast predominance

of aliphatic compounds upon retorting and a H/C ratio close to 1.6. Laser



1 pyrolysis on these materials results in a complex mixture of products.
Consider only the low molecular weight gases as shown in Figure 6. Here
' results are shown for two simultaneous detectors. The FID, the lower trace,
shows a response for methane, acetylene and ethylene. The upper trace
shows that the major products hydrogen and carbon monoxide are not neglectecd
z by the FID, Efforts have concentrated on using these low molecular weight
. gases for the need in oil shale characterization center on rapid methods
to replace the time consuming Fischer assays.
The first task i1s to develop a rapid method to assay the material. The
:_ carbon in these materials 1s of two types, organic carbon in the hydrocar-
. bons and inorganic, incorporated as carbonates in the rock matrix. Free
energy calculations suggest that as the hydrocarbon content increases, the

fraction of ethylene found in the low molecular weight pases will increase

T

BILD .

-

|

. Fig. 6. Laser pyrograms from Green River oil shale sample. Separation of
low molecular welght gases. Upper trace- BILD detector; lower
trace-FID detector. Peak identification: a=H;, b=CO, c=CH,,
d=C0,5, e=CpH,, f-CzHA. Higher molecular weight fragments are not
eluted in times shown here.
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Fig. 7. Laser pyrolysis gas chromatography data for Green River oil
shales. Comparison of the ratio of ethylene/acetylene in the low
molecular welght gas pyrolvsis products to the measured (Fischer
assay) oil yiclds.

accordingly [24]. Ttis is shown in Figure 7 whici. shows the ratio of
ethylene/acetylene 1s a sensitive measure of oil content of the shale. By
normalizing the data in this way, variations in pulse t¢ pulse intensitices
are minimized. Water is also a pyrolysis product although analysis condi-
tions used in Figure 6 precluded the elution of that compound. If one does
compare the intensity of the water peak and compares that to known gravi-
metric values for that compound, data such as are shown in Figure 8 result.
Likewise our studies have shown that these results predict H/C ratios in
these materials and can be used to distinguish between organic and inor-
ganic carbon. Certainly each of these tasks can be done by other methods;
some can be done more accurately by other methods. However, lpgc offers

a convenlent, rapid method for characterization of s~amplea of this type.
Pyrolysis and quantification of these low molecular weight gas mixtures 1is
a task that can be done in a few minutes, 1f not a few seconds. It has
been recommended chat only the total hydrocarbon content be measured using
a hydrocarbon monitor utilizing no prior separation. Certainly, if one 1is

simply after the oil yield, this technique will give in a few seconds
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Figure B. laser pyrolysis-gas chromatography analysis of Green River 0il
Shales: Analysis of water content. Comparison of detector
(BILD) responsc for intensity of water peak compared to water
content (gallons/ton) in standard samples.

results that compare favorably in precision with those determined with
classical Fischer assay methods.

Studies have also been done on samples of coals. Table 2 shows the
coals considered for these investipations. Two lignites were selected,
two bituminous coals and one esubbituminous sample. Table 3 lists analysis
of the low molecular weight gases, methane, acetylene, hydrogen and carbon
monoxide for these five coal samples arnd compares these data to calculated
values determined assuming the atomic ratio: caken from Table 2 and aasum-
ing a quenching tecperature of 3300 K. These calculations assume that the
gaseous carbon (C(g)) is juenched to a nonvolatile film in the pyrolysis
chamber and that the (CZH-) fragment combines with C2H2 to form acetylene
while H- couples to form “2 and to increase the yield of molecular hydrogeu.

The yieclds of methanc are far higher than predicted. We assume that
this simply reflects the methane incorporated in these coals, i.e., methane
predominately is a thermal blow off product. Since methane content of
these powdered muterials is highly dependent upon sample history, these

data probably are not suggestive of the methane incorporated in the



- Table 2

Analysis of Coal Samples (Ultimate Analysis); Values Calculated on a
Moisture-free Basia

wmle 1 2 3 ‘ ;
Sample Ligrite Subbituminous Lignite Bituminous Bituminous
- Type (Texas) (New Mexico) (Louisiana) I11. #6 Central Illinois #6
" % Carbon  43.1) 65.26 60.10 72.21 65.40
Z Hydrogen 3.39 4.73 4.23 5.03 4.59
- X Nitrogen 0.73 1.07 1.26 1.29 1.08
Z Chlorine 0.03 0.07 0.14 0.04 0.06
Z Sulfur 2.45 1.47 0.83 2.99 4.41
2 Oxygen 11.96 12.78 14.60 9.60 8.5/5
+ % Ash 38.26 14.62 18.04 8.84 15.¢61

Analysis data supplied by Paul Welr Company, Chicago, Illinois.

Tablz 3

Plasma Stoichiometric Analysis - Comparison of Measured Low Milecular
Weiqht Gases to that Composition Predicted at 3300 K on Five coal Samples
(All values in volume %)

Methane Acetylene Hydrogen Carbon monoxide
(CZHZ + CZH) (H2 + u) {Co)
Sanple Meas. Calc. Meas. Calc. Meas. (Calc. Meas. Calc.
1 2.05% 1.36).'.10_3 15.3 15.€ 44.5 46.1 22.9 26.4
2 3.70 1.42x10-3 20.5 20.3 46.6 46.7 20.9 21.5
3 1.93 1301000 17.4 18.2  50.2  47.8  25.1  25.9
4 J3.05 1.66;10-3 22.1 23.7 51.4 47.2 17.;  16.2
5 3.83 1.45)&10-3 22.0 23.4 45.4 47.0 21.7 15.8

original samples. However, they do sungest that lpgc may oe a rapid method
to analyze fresh coals for methane content. However the other calculated
values agree favorably with these found by experiment. Data for acetylene
ylelds is shown in Figure 9 which shows the calculated quantity of acetylen=
compared to that found by experlment. The calculated quantity is a sensi-
tive mecasure of the atomic composition of the original material. By refer-
ence to these data, one can again determlne the composition of this mater-
ial to learn the H/C ratlio, the methane content, the oxygen content, etc.
These data clearly point to the validity of plasma quenching calculations

and to the possibilities of laser induced pyrolysis.



Fig. 9.
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Comparison of the percentage acetylene measured in the low molecu-
lar welght pgases resulting from lpge on five coal samples and that
predicted from thermodynamic calculations assuming the plasma ls
quenched at 3300 K.

These discussivns have concentrated upon the applications of the

plasma quenched distribution. This has been done. Much of the other work

covered herc will stress the other use nf laser induced pyrolysis- genera-

tion of characteristic molecular fragments.
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