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Abstract

Molecular beam (MB) time-of-flight mass spectrometry has been used to investigate thermal
decomposition of triolein, to reveal the mechanisms of low temperature soot/coke formation
characteristic for triglycerides (TGs). Mass detected pyrolysis products were observed at
incremented temperatures using both VUV single photon ionization (general product detection)
and REMPI based selective detection of aromatic products. To augment the simple mass
characterizations, we have employed stoichiometric considerations; we have supplemented the
analysis further by using the detailed information available from product analysis of batch
reactor TG cracking. Both the VUV photoionization and batch reactor studies indicated that
formation of C;-sized stable products is a marker of significant triolein decomposition that is
coupled with PAH formation. A significant fraction of the C; species observed likely formed as
a result of a C-C bond scission at the allylic position to the ®-9 double bond of oleic acid.
REMPI detection indicated a high specificity for PAH formation at three distinct molecular
weight values, 276, 352 and 444 amu (the latter being a fullerene precursor). The stoichiometric
analysis has shown that these PAHs likely arise from condensation reactions of either C;- or Cg-
sized fragments (three, four and five, respectively). The Cg-sized intermediate would become
essential whenever the PAH product of C; fragment condensation contained an odd number of
carbon atoms, resulting in a less stable aromatic structure with an incomplete double bond
conjugation. MB experiments involving either addition or in sifu generation of hydrogen
resulted in an enhancement of lower molecular weight PAH formation, i.e., a decrease in the
effective number of condensing fragments. In contrast, an increase in temperature yielded the
opposite effect.
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1. Introduction

Triglycerides (TGs) are abundant plant products (e.g., crop oils) that potentially can
provide sustainable hydrocarbon fuel production via thermal or catalytic cracking. For this
reason, TG pyrolysis chemistry has been studied for many years, primarily through batch reactor
studies. A number of key chemical reactions have been identified by this approach,!-® though a
comprehensive understanding is far from complete. Hindrances include the necessity of time-
consuming heating of reaction vessels to high temperatures and the rather long reaction times
required before product sampling; real time monitoring of reaction chemistry is impractical.
While batch reactor studies can provide a thorough and quantitative identification of volatile
terminal products,”!? higher mass products, particularly PAHs with more than six fused rings,
are not amenable to gas chromatography (GC) analysis, the main analytical method in this area.
A further inhibition of analysis arises because large PAHs are embedded into the solid phase
products (coke).

Our previous work demonstrated that standard mass spectrometric molecular beam
methods (MB-TOFMS) can offer a fruitful alternative approach for studying TG pyrolysis.!!:12
Overall product chemistry can be monitored with 118 nm single photon (10.5 eV) VUV
ionization (SPI); aromatic specific product detection can be done quickly with a simple REMPI
approach, two photon ionization at 266 nm. As a result, product chemistry as a function of
temperature can be followed in real time using both methods. The REMPI measurements have
for the first time revealed an unusual PAH chemistry in TG pyrolysis. PAH formation was
unexpectedly selective and began at surprisingly low temperatures, <300 °C.!2 We found that
PAHs of certain molecular weight (MW) and size were preferentially formed, particularly those
corresponding to detected photoions at m/z 276, 352 and 444. (Henceforth, we will designate
TOFMS peak values obtained for ions in m/z units; we will apply amu units only to neutral
species from which photoions were produced.)

The observed PAH formation chemistry!!-!2 has transformed our perspective on these
system studies. While better understanding the chemistry of TG pyrolysis may contribute to
renewable fuel production, TG pyrolysis, employing MB-based real time analysis of gas phase
products, now presents itself as a novel and experimentally tractable system for studying nascent
soot precursors: selective PAH production in this system ensues at temperatures far lower than

in combustion.
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In spite of its significant advantages, the MB-TOFMS approach has weaknesses. Besides
limitations in product quantification, the major weakness is limited ability to make product
identifications, only on the basis of mass. For low mass non-aromatic species (m/z < ~100) this
deficiency can be mitigated by use of simple stoichiometric based attributions (e.g., Table 1 in
this paper). For high mass aromatic species we also can make some plausible formula arguments
and possible assignment of base species in some observed homology series.!?

Additional direct experimental data obviously would be highly useful. One powerful
experimental approach that has yielded great insight in model combustion reactions is the mass
dependent measurement of photoionization efficiency (PIE) as a function of VUV single photon
energy, a capability available at synchrotron facilities. For example, Zhao et al.'3 recently used
measured PIE curves to make isomeric characterizations of C3H; (m/z = 166 for major isotopic
peak) products that were formed in a reaction under combustion-like temperatures, reacting 2-
naphthyl isomer (C;oH7) with allene (C;H,) and methylacetylene (C;H,). For comparison with
reference data, Zhao et al. needed to measure PIE calibration curves for six distinct C;3H;g
isomers. Unfortunately, an analogous approach would be almost insurmountably difficult for the
key PAHs observed in our studies: The NIST PAH structure index!# lists 15 PAH structures for
MW 276 and 48 for MW 352. There are no tabulations for MW 444, where there would be a
very large number of possible isomers. Similarly, IR/UV ion dip spectroscopy, unavailable to
us, would be invaluable in providing mass selected species information. '3

For complementary data that might yield further insight into the MB-TOFMS results, we
have turned to batch reactor experiments;'? we make similar recourse to analogous
complementary data in this paper. Detailed analyses of prior batch reactor TG thermal cracking
experiments have revealed a relatively selective pattern of product molecular sizes. For example,
when canola oil, a plant oil rich in oleic acid, was thermally cracked, GC-MS/FID product
analysis revealed a homology profile of carboxylic acids featuring three peaks, at C,-C;, C; and
Cy-Cyo molecular sizes.!* Oleic acid contains a ®-9 double bond (Scheme 1), which is believed
to facilitate decomposition into these fragments. This observation led to a plausible explanation
of mechanistic pathways of TG pyrolytic product formation.> The homology patterns of non-
oxygenated products, monocyclic hydrocarbons and alkenes, showed a single, though broad,

peak centered near the C; size.?
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Scheme 1. Triglycerides used in this study. A. Triolein B. Other carboxylic acid moieties replacing some oleic acid

moieties in canola oil.
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Our MB-TOFMS observations in this paper are therefore combined with comparable
batch reactor results obtained from the pyrolysis of canola oil, containing a high proportion of
oleic acid; this naturally occurring feedstock was used instead of triolein in relatively large scale
experiments due the much higher price of triolein. The chemical structures of triolein and main
carboxylic acid moieties of canola oil are shown in Scheme 1. The batch reactor results herein,
not reported earlier, lead to detailed homology profiles of alkanes, all hydrocarbons and total
products. While keeping in mind the difference in process timescales, we attempt to correlate
the MB-TOFMS results with the batch reactor product homology profiles.

A significant portion of batch reactor TG pyrolysis products (10-20%) comprised a solid
coke/tar fraction,’-® largely representing soot and its precursors. While soot formation has been
investigated extensively for higher temperature processes such as combustion,'®!” TG thermal
cracking occurs at significantly lower temperatures, 300-450 °C. For TG pyrolysis processes, a
better understanding of coke/tar formation is of particular interest. On the one hand, these
products are undesirable in pyrolytic processes to create transportation fuels and in food
chemistry. On the other hand, they are potentially valuable as a feedstock to produce high purity
coke (including fullerenes and their precursors), carbon black, or carbon fibers.

In connecting the MB results to those obtained by the GC analysis of TG thermal
cracking products, we concluded in our previous work that the observed PAHs were formed as a
result of associative chemical reactions between hydrocarbon fragments of several predominant
sizes, C7-C11.'2 However, direct comparison between the coke precursors and liquid products of
TG pyrolysis by using GC is hindered, because the former appear to segregate from the latter
very early in the process.!? This assumption was recently confirmed by Fanglin et al., who
showed that high MW PAHs can be recovered from TG pyrolytic products only by a solvent
extraction of the coke formed.'?

A major initiative in this paper is to assess the effects of added H, on PAH product
formation. Batch reactor experiments had indicated that the presence of externally added H, did
not positively impact PAH formation at temperatures above 400 °C but did show effectiveness at
lower temperatures.! The addition of hydrogen is known to initiate and/or speed up
decarboxylation of triglycerides and carboxylic acids.!”?! A concomitant bonus in the
completed H, study, reported herein, has been further insight into the likely in situ chemistry that

sensitively depends on sample medium and sample holder geometry/dimensions.
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Another key initiative of this paper, comparing concurrent VUV SPI and REMPI mass
spectra, is to establish detailed connections between non-aromatic products of low MW (< ~100
amu) and the appearance of selectively formed PAHs of rather high mass (276, 352, 444 amu).
As already noted, analogous real time studies are not possible in batch reactor experiments.
Possibilities for bulk product studies by direct MS, instead of GC, are similarly limited. Such
studies are usually conducted in the liquid phase, where the solvent or products present in large
amounts may overwhelm the detector. To the best of our knowledge, no direct MS analysis
results have been reported for TG pyrolysis, perhaps due to this constraint.

It is the combination of the approaches employed herein that have allowed us to pinpoint
the most important size PAH building blocks as C; fragments; stoichiometry then determines
why and when one Cg fragment has to replace one of the C; fragments to yield fully conjugated

PAHs.

2. Experimental
2.1 MB-TOFMS experiments

Details of the MB-TOFMS experiments have been described elsewhere.!12 A two stage
sample holder was employed, since efforts to use single stage configurations produced poorer

results. A dimensioned schematic is shown in Figure 1; the TOFMS part of the setup has been

described in previous publications.'!'> The stages were L
1/4" Swage

solidly packed with deactivated glass wool. One drop of Ji
1/8 NPT

liquid triolein (~16 mg, Sigma-Aldrich, >99% purity) B
3/8 NPT

was deposited in the upper portion of the first stage, after
sample deposition
which further glass wool was added. A second stage T — fictelage
2.25"

ending in a d = 100 um pinhole, also packed with

deactivated glass wool, was attached to the first via a 1/8 Rl

second stage
1.25"

NPT coupling. The C/C’ results shown in Figures 2 and

80 um VCR filter/gasket =

3 were obtained using a first stage of similar dimensions . _ ;
100 pm pinhole on VCR gland
to the one used in the A/A’ and B/B’ experiments but
. Figure 1. Schematic of sample holder. The
with a denser glass wool network. main body of the first stage was custom
. . machined from brass. Other fittings were
As the temperatures were raised, continuous gas  standard Swagelok components, all in
. . . . . stainless steel.
expansions were carried out with carrier gas backing
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pressures of ~0.5 atm absolute. The center stream of the gas expansions was skimmed. Nd:YAG
laser pulses effected soft photoionization (i.e., little or no parent ion fragmentation), either at 118
nm (frequency tripling of 355 nm pulses in rare gas) or at 266 nm (Nd:YAG 4™ harmonic). The
118 nm (10.5 eV photon energy) pulses produced single photon ionization of almost all neutral
species present and the ion yields roughly reflected relative species concentrations. With
aromatic species, 266 nm pulses can produce nearly resonant two photon ionization. Using
unfocused pulses of ~1 mJ, robust ion signals were observed for aromatics. In contrast, for non-
aromatic neutrals the process would be non-resonant two photon ionization. Under the same
conditions, these ion signals were undetectably small. Following photoionization, cationic
species underwent TOFMS in a reflectron-based TOF configuration. TOF mass waveforms were
acquired with both 118 nm PI and 266 nm PI at incremented sample temperature intervals.

In all experiments using 118 nm PI, we always performed the following procedure at one
or more temperatures, to assess effects of residual 355 nm radiation. First, product detection was
done with 118 nm PI (rare gas in the tripling cell); the detector voltage was set so that the largest
product peaks were ~80% of the detection dynamic range. After TOFMS were acquired, rare gas
was removed from the tripling cell, so that 355 nm radiation alone was present; additional
TOFMS were acquired with the same detector voltage and the results compared.

Experiments proceeded by acquiring TOFMS at successively higher sample
temperatures. We also carried out analogous He flow sample heating sequences for the purpose
of collecting the products that emerged from the pinhole. In these instances, a liquid nitrogen-
cooled copper cold finger holding a 10 mL beaker was placed just above the skimmer, such that
products exiting the pinhole were collected in the beaker. For the product collections, carrier gas
flow conditions replicated those in TOFMS experiments; the stepped heating duration intervals
also matched TOFMS experiments, terminating at ~400 °C. After each cumulative collection
was completed, the collection beaker was brought to room temperature, sealed with Parafilm,

then stored in a freezer until further analysis was completed.

2.1.1 APCI characterization of cumulatively collected products

Analysis of the collected products was performed via atmospheric pressure chemical

ionization-high resolution time-of-flight mass spectrometry (APCI-HR TOFMS) using an
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Agilent 6210 HR TOFMS (Agilent Technologies, Santa Clara, CA, USA). In this method, the
gaseous solvent (methanol) and fully or partially cracked triolein sample were ionized by a
highly charged corona discharge electrode. APCI allowed for soft ionization of nonpolar or
slightly polar molecules by removing an electron from a neutral molecule, without depositing
enough internal energy to cause fragmentation. Coronene standard (Sigma-Aldrich, (St. Louis,
MO, USA), a mixture of sixteen PAHs (Sigma-Aldrich) and the TG trilinolenin standard [Nu-
Chek Prep. Inc. (Elysian, MN, USA)] were used for APCI-HR TOFMS condition optimization.
The most efficient ionization was achieved in the positive APCI mode with a corona current of 5
LA, capillary and fragmentor voltages of 4000 and 150 V, respectively. Ammonium acetate with
a final concentration of 2.5 mM in 1:1 methanol/water (v/v) was used as a background

electrolyte.

2.1.2 Post processing analysis of MB-TOFMS

As previously described,!! we have employed multivariate curve resolution (MCR) and x
loading plots of principal components to characterize and clarify evolving product chemistry
trends. These methods have previously been applied to electron impact ionization MS of
evolving woody biomass pyrolysis.?> MCR synthesized mass spectra can be correlated to early,
intermediate, and high temperature regimes, clarifying trends observed in the direct experimental
set of TOFMS. Similarly, examination of the x loadings of the principal components (i.e.,
correlation coefficients of various mass peaks within a given PC), mainly for the major PC, PC-
1, can be helpful in clarifying correlations in growth/diminution of product peaks compared to
one another. For input in our computations using the multivariate analysis program The
Unscrambler 10.3, we have re-expressed the experimental TOFMS waveforms as intensity
variables in 1 m/z “boxes.” The computed 1 m/z mass resolution causes some, but not

particularly severe, diminution of mass resolution compared to direct TOFMS waveforms.

2.1.3 Experimental approach and setup

Over numerous runs involving different TGs, we have observed sensitivity in the details

of the product chemistry as a function of apparently small changes in the sample holder, sample
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medium (deactivated glass wool in current experiments), and placement of TG into the medium.
If comparisons are to be made between TOFMS employing pure He carrier gas versus He with
added H,, care must be taken that the sample handling and sample deposition conditions are the
same. To achieve this aim, successive sample preparations using the same sample holder stages
were first run with pure He carrier gas, with both 118 nm PI and 266 nm PI mass spectra
recorded as a function of increased heating temperature. These “training spectra” were recorded
with close observation of the preparation details until successive runs displayed no more than
minor differences in mass spectra at the same temperatures. At this point, additional run
sequences were carried out under the same conditions using carrier gas that was 10% H, in 90%
He. Experimental TOFMS waveforms were recorded and averaged at 20-40 °C intervals.

Spectra with and without hydrogen addition are designated in Figs. 2-3 as A & B and A’
& B’ with 118 and 266 nm photoionization, respectively. If sample conditions are identical,
observed A/B and A’/B’ differences are due only to hydrogen addition. However, subtle sample
handling changes can make for nontrivial product chemistry differences. To qualify and contrast
the A/A’ with B/B’ differences, also possibly to obtain some insight into their cause, we present
results with a slightly different stage 1/2 sample holder (results C/C’ in Figs. 2-3). In this case,
denser glass wool packing took place. As a result, in situ hydrogen generation appears to have
been facilitated.

Comparisons in A/B could be made between product mass spectra at similar temperatures
with and without added H,. Key temperatures for comparison/examination are ~260-280 °C,
where a variety of aromatic products begin to appear, and ~380-400 °C, where selectively
formed PAHs have become predominant. (See supplemental Figure S2, showing TOFMS as a
function of temperature for pure He carrier gas, 118 nm and 266 nm PI. The appearance of new
product peaks at a given temperature, relative to baseline results, indicates the onset of pyrolysis
products.) One approach was to compare TOFMS recorded at similar temperatures with and
without added H,. Another approach was to compute MCR components for each total set of
TOFMS, with and without added H,, sets of TOFMS ranging from low temperatures to highest
temperatures.

In each instance, three computed MCR components resulted. One corresponded to a
product mass spectrum at the lowest temperatures, the second to mid-range temperatures (~280

°C), and the third to the highest temperatures. The advantages of the MCR approach are that the
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entire sets of TOFMS are condensed to a smaller number of comparison mass spectra, with peak
growth trends magnified compared to any single TOFMS. While either type of comparison
resulted in similar observations, because of the apparent advantages we display MCR
components in Figures 2-3. Figure 4, considered later, shows the computed PC-1 x loadings for
the B (118 nm PI) and B’ (266 nm PI) series of TOFMS—pure He case; the actual TOFMS
appear in Fig. S2.

10
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intermediate temperature

He C
92 (different holder)
A 388
246
232 258 352 He B’
444
=E0 274276
184
140 H, + He A
92 126 154
'1Q4 P
0 100 200 300 400 500
118 nm Pl %8
360 He C
M (different holder)
30
100
280 He B
28
40 84
H, + He A
58
0 100 200 300 400 500

m/z

Figure 2. MCR components corresponding to intermediate (~280 °C) temperatures. Labels A, B and C (A’, B, and C’ for
266 nm photoionization specific for aromatics) reflect the difference in sample preparation conditions — 10% H, in the
carrier gas, pure helium as a carrier gas, and additional glass wool in the sample holder to promote the atomic hydrogen
formation, respectively. In these mass spectra and others in following figures, the labels within the mass spectra denote

specific m/z values.
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high temperature 976

266 nm Pl
He C’
w (different holder)
A .
444
352
He B’
Hy + He A
o MMJL/\&__A__‘A_ J
0 160 260 3CI)0 4CI)0 5CI}O
276/280
He C
(different holder)

360

He

m/z

Figure 3. MCR components corresponding to high (~380 °C) temperature. Labels A, B and C (A’, B, and C’ for 266 nm
photoionization specific for aromatics) reflect the difference in sample preparation conditions — 10% H; in the carrier gas,
pure helium as a carrier gas, and additional glass wool in the sample holder to promote the atomic hydrogen formation,

respectively.
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2.1.4 Stoichiometric analysis for likely characterization of product peaks observed

The MB-TOFMS provide no structural information, only peak m/z values. However, we
have previously shown that for PAH species, a simple stoichiometric analysis based on the
combination of nearly-integer atomic masses of carbon, oxygen and hydrogen can accurately
estimate the number of carbon atoms for a given molecular weight. As a result, some likely
structural insight was possible for relatively low MW PAH molecules.!?

We have now extended this method to non-aromatic low MW products of TG pyrolysis.
Table 1 shows the hydrocarbon and carboxylic acid species pertinent to observed ions whose
neutral species MW do not exceed 120 amu. Hydrocarbons, monocarboxylic acids, and
dicarboxylic acids were observed in batch reactor studies as the major products of TG thermal
cracking.!* The less expected species, alcohols and aldehydes/ketones, which were either not

observed or recovered only in trace amounts among the batch reactor TG pyrolysis products, are

listed in Table S1.

Table 1. Molecular weights of expected species for possible correlation with observed MB-TOF low MW (below 120 amu)
peaks.

Species Types C, C, C; C, Cs Cs C; Cs
Hydrocarbons*:

Alkanes 16 30 44 58 72 86 100 114
CnH2n+2 CH4 C2H6 C3H8 C4H10 C5H12 C6H14 C7H16 C8H18
Alkenes & cycloalkanes 28 42 56 70 84 98 112
CnH2n C2H4 CSHG C4H8 CSH10 C6H12 C7H14 C8H16
Alkynes, cycloalkanes, alkadienes 26 40 54 68 82 96 110
CqyHana - CH, C3Hy C4Hs CsHg CeHio  CiHp CgHiq
Aromatic, with saturated side chain - - - - 78 92 106
CnHZn-6 - - CGHG C7HB C8HlO
Aromatic, with unsaturated side chain - - - - - - 104
CnHZn—S CSHS
Carboxylic acids:

Monocarboxylic acids 46 60 74 88 102 116

CiH200; CH,0;  GH40;  C3HeO2  C4HgO2  CsHiO, CeH120,

Dicarboxylic acids - 90 104 120

CyH2n204 CHy04  C3H 04  CyHEO4

* The corresponding free radicals, potential intermediates, have the MW less by 1 amu.

13
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Species listed in the tables form homology series, i.e., are 14 amu apart, upon the addition
of an extra carbon atom. The correctness/consistency of assignments for species in the TOFMS

can be verified by observed 14 m/z differences between the nearest homologs.

2.2 Canola oil pyrolysis experiments

The reactions were carried out in a 1-L laboratory scale reactor made of stainless steel.
The reactor was rated for a pressure of up to 37.2 MPa (5400 psia), compatible with hot-charge
reactants injection and the removal of reaction-temperature volatile materials at reaction
pressure. The reactor, fitted with a stirrer, was externally heated by electrical ceramic heaters.
All connections were made with 1/8” or 1/4” stainless steel tubing (Swagelok).

Pyrolytic experiments were carried out at 430 °C under vacuum. A Hydra Data Logger
was used to monitor the reactor pressure and temperature once every 6 seconds. After the set
temperature was reached (in ca. 30 min), the reaction mixture was maintained at this temperature
for 60 min.

The experiments were conducted in triplicate. At the end of each experiment, the reaction
products (present mostly as vapors at reaction pressure and temperature) were transferred from
the reaction mixture by slow opening of the high-pressure vent valve. This gaseous reaction
mixture was passed through a water-cooled condenser where the organic liquid product (OLP)
was condensed using water at 25 °C. Following the separation of the gas and solid (coke/tar)
phases, the OLP was collected in pre-weighed flash traps. The OLP was characterized by its

chemical composition as described in the following section.

2.2.1 OLP chemical characterization

The detailed chemical analysis was performed using an Agilent 7890 gas chromatograph
equipped with mass spectrometric (Agilent 5975) and flame ionization detectors (GC-MS/FID),
with an Agilent 7683 series autosampler. The separation was performed on a DB-Petro capillary
column (100 m long, 0.25 mm id, with a 0.5 pm film thickness, J&W Scientific, Rancho
Cordova, CA, USA) at a constant helium flow rate of 1.5 mL/min. Samples (0.2 pL) were
injected with a split ratio of 1:30 into a programmed temperature vaporizer at 25 °C, which was
heated at a rate of 720 °C/min to 350 °C. The GC temperature program started at 5 °C followed
by a gradient of 2.5 °C/min up to 300 °C, with the final hold of 15 min. The FID and MS

14
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temperatures were set at 350 °C and 280 °C, respectively. The MS data were acquired using
electron ionization in a full scan of 50-500 m/z. Quantification was done using the internal
standard method as described previously.!?

Identification was performed by matching observed product retention times to those of
known chemicals in standard mixtures and confirmed using the mass spectra. For chemicals
whose standards were unavailable (long-chain substituted cycles, particularly, branched and
polycyclic), the tentative identification was performed using the MS library. Details of

identification and quantification for pyrolytic products are described by Stavova et al.!?

3. Results and Discussion

3.1 Qualification of experiments to observe H, addition effects in MB-TOFMS

MCR mass spectra corresponding to intermediate temperatures (~280 °C) for triolein are
shown in Figure 2, for 118 nm PI in the lower portion (unprimed letter labels) and 266 nm PI in
the upper portion (primed letter labels). Fig. 3 similarly shows computed MCR mass spectra
corresponding to high temperature (~380 °C). In both figures, the A/A’ mass spectra are with
10% H, in He while B/B’ employ the same sample holder and conditions with pure He. The
cases for comparison are A versus B, A’ versus B’. Similarly, C and C’ are the spectra obtained
with extra glass wool designed to enhance the atomic hydrogen generation (see Materials and
Methods).

As Figs. 2 and 3 make clear, differences between the A to C and A’ to C’ mass spectra
are particularly evident in the lower (~280 °C) temperature range but less evident in the higher
(~380 °C) range. The overall observations are consistent with the batch reactor results, where
added hydrogen did not significantly impact thermal cracking liquid hydrocarbon product
formation at temperatures above 400 °C.! Both the MB and batch reactor trends can be
explained by ample in situ hydrogen formation at higher temperatures, as a result of multiple
dehydrogenation reactions. A more detailed discussion of the observed trends at ~280 °C and

then ~380 °C follows.

3.2 Comparison of MB-TOFMS and MS-APCI results: Apparent high MW product
fragmentation

15
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The 118 nm PI-TOFMS taken at successively higher temperatures revealed the first
appearance of non-aromatic pyrolytic products at ~220 °C. (See the detailed TOFMS data in
Supplement, Fig. S2.) One might have expected the initial observation of some high mass
species, arising directly from early fragmentations of the TG. However, only low mass species,
m/z < 100, were observed. At temperatures approaching the intermediate regime, as shown in
Fig. 2 (~280 °C), the beginning appearance of higher MW species (m/z 263, 276, 280, 360) is
consistent with associative chemical reactions of smaller-size species rather than primary
fragmentation. Such associative reactions (called henceforth “associative chemistry”) are
slightly underway in Figs. 2 A/B and quite extensive in Fig. 2C. As with triolein, MB-TOFMS
experiments using oleic acid also revealed only small fragments at lower temperatures. Higher
MW species apparently were only formed later due to associative chemistry.!!

In contrast, batch reactor pyrolytic studies conducted with canola oil (rich in oleic acid)
typically showed significant formation of linear alkanes and alkenes in the C3-C,4 size range
(Figure 5). While the 118 nm PI-TOFMS do not show any tri-, di- or monoglycerides or
unfragmented oleic acid (282 m/z), we did detect some of these species in subsequent APCI-HR-
TOFMS analysis of cumulatively collected products exiting the pinhole. Although the APCI
analysis showed little or no intact triolein, numerous significant product peaks appeared between
m/z ~480-650 (see Suppl. Figure S1). The ionization potential of gas phase triolein is in the low
7 eV range.?* Since photoionization should have occurred, these high MW species were not
observed in the MB-TOFMS either because: (1) they were not present in appreciable
concentrations after the pinhole or (2) following photoionization, initial ions underwent
fragmentation to smaller ionic species. The APCI analysis appears to eliminate possibility (1),
so evidently fragmentation of these ions occurred in MB-TOFMS.

In the 118 nm PI TOFMS (Fig. 2 A-C and Fig. S2), fragmentation of the expected high
m/z non-aromatic ions could be due to effects from residual 355 nm photons. While we
employed a setup that reduces the residual ~15 mJ of 355 nm present,'? nontrivial residual
amounts still can produce effects. Optimum conversion efficiency of 118 nm generation is
typically only ~10-3.24 Even with substantial separation of 355 nm radiation in the
photionization region, the majority of photons present could still be those at 355 nm.

As described under Materials and Methods (Section 2.1), 355 nm pulses in the absence of

118 nm generation (no rare gas in tripling cell) typically produced an m/z 12 peak, closely

16
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matching the intensity of this peak with rare gas in the cell. There were also some weaker peaks
at m/z < 50, now with minor intensity compared their detection with 118 nm generation. No
other peaks were evident. The m/z 12 peak speaks to some, albeit apparently relatively minor,
355 nm multiphoton ionization accompanied by ion fragmentation.

It is also possible that residual 355 nm caused some fragmentation of parent ions
produced by 118 nm PI; this phenomenon would explain the observed difference between PI-
TOFMS and APCI-HR- TOFMS results. Though the experimental arrangements evidently did
not allow for the observation of larger size initial cracking products, these circumstances actually
offered an enhanced opportunity to observe certain more stable products of association reactions
by clearing out the middle MW range. In particular, only PAHs and their fragmentation resistant
precursors (presumably cyclic) were observed in 266 nm PI MB-TOFMS (Fig. 3 A’-C),
enabling the study of their link with low MW product formation. The second group of products
targeted in this work, low MW products, could not be observed in earlier batch reactor studies by
mass spectrometric methods for the liquid phase due to the necessity of a solvent delay to
prevent the MS detector from being overwhelmed.

Residual 355 nm may account for the occasional observation of non-negligible peaks at
m/z 12, 24, and even 36, C*, C,*, and C;™, respectively. Presumably these species originated from
ionic fragmentation of PAH deposits formed in either the same or previous runs. Removal of one

or two carbon atoms stoichiometrically results in a smaller size PAH.

3.3 Initial pyrolysis product chemistry trends (~280 °C, Figure 2, Figure S3)

3.3.1 118 nm PI: general product mass spectra

A distinctive feature in this temperature range is the appearance of several lower MW
non-aromatic peaks. In most of the runs (Fig. 2, A-C, Fig. S3), a C, size hydrocarbon peak
(ethane, 30 m/z) appears first, followed sometimes by 58 m/z (a C,4 species, likely butane, from
Table 1). With further temperature rise, the diminution of these peaks appears to correlate with
the rise of a broader peak, appearing in all runs, at m/z 80-86, sometimes more narrowly centered
at m/z 84 (Fig. 2 A-C, Fig. S3). This peak arises from multiple C4 species with varying degrees

of unsaturation. For example, m/z 84 corresponds to hexene (Table 1). Although contributing
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species could be unsaturated C, carboxylic acids, this alternative is less likely since the saturated
member of the series, at 88 amu, was not detected.

A critical hydrocarbon product size distribution strongly correlates with a ramp-up of
associative chemistry, as exemplified in Fig. 2 featuring peaks of m/z > 200, with more examples
provided in Figs. S2 and S3. The appearance of stable C¢ products (m/z 80-86) seems to be the
invariable prelude to increased associative chemistry. In effect, the stable (non-radical) Cg
products are “marker species” linked to this ramp-up.

A subsequently appearing C; marker species marks an even greater ramp-up of higher
mass associative chemistry product peaks (see Fig. 2 A/B and Fig. S2). The enhanced
production of small radical fragments is consistent with C-C bond cleavage occurring at the
periphery of the fatty acid chains, with the bonds located deeper inside the carbon chain
becoming accessible only under harsher conditions, i.e., higher temperature.

The observed trends connecting low and high MW peak occurrence are summarized in
Table 2. Both the C4 and C; markers signify the facilitated occurrence of associative chemical
reactions; the latter also marks the shift to three selectively formed product peaks, 276, 352 and
444 m/z, as will be shown in the subsequent sections.

When one looks at a set of successive temperature TOFMS, either for 118 nm PI or 266
nm PI, it is possible, albeit only generally, to discern correlated peak growth trends (see Fig. S2
for the pure He data series from which the mass spectra in Figs. 2 B/B’ and 3 B/B’ were
computed). In the 118 nm PI case the C; marker peak gets larger as the Cq peak decreases;
similarly, the three selectively formed PAH peaks can be seen to grow relatively at higher
temperatures in the 266 nm PI case. Principal component analysis can help to display such
correlated product peak growth trends. For both 118 nm PI and 266 nm PI, the most important
principal component, PC-1, accounts for around 70% of total variance and is a strong contributor
to TOFMS at high temperatures. In the x loading plot of Fig. 4A, 118 nm PI case, growth of the
C; marker peak is correlated with Cg peak diminution; the C; marker seems to be the one most
directly related to growth of higher mass species. In Fig. 4B, 266 nm PI case, the three

selectively formed PAHs grow at the expense of all the non-selectively formed PAHs.

Table 2. Qualitative observations on low and high MW peak appearance in MB-TOFMS spectra.
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Apparent direct relationship to high MW species
(including and focusing on PAHs)

.............. Simultaneous appearance with species up to 300 amu;

well developed PAH homology series

.............. Similar to Cq up to 300 amu at lower temperatures; correlation

with the appearance of higher MW PAHs, up to 500 amu,
at higher temperatures; eventual survival of selectively
formed PAH peaks only, replacing homology series
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Figure 4. Computed x loadings (see text) for PC-1, the most important principal component, computed from
the Figures 1-2 B series (pure He) of TOFMS for (A) 118 nm PI and (B) 266 nm PI. The y axes show relative

correlated contributions.
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3.3.2 118 nm PI: Influence of hydrogen

As seen in Fig. 2, there are A/B differences in this low temperature range that arguably
are partly or substantially due to hydrogen gas addition. In Fig. 2A (added H,), little or no
higher MW products are present. (The fact that higher mass peaks are evident in the aromatic,
266 nm PI, mass spectrum, Fig. 2A’, means that the overall aromatic product fraction must be
very low.) Instead there is a different distribution of lower mass hydrocarbon products. The
prominent C; 100 m/z peak has barely appeared and the trends seen in Fig. 2B (no added H,) are
more retarded. Important low mass products in the presence of hydrogen (Fig. 2A) include
unsaturated C,Hy (28 amu) and C;H,4 (40 amu), whereas in Fig. 2B a saturated C,Hg (30 amu)
product has the largest prevalence. Thus, surprisingly, hydrogen addition does not necessarily
lead to the predominance of double bond saturation reactions — but instead promotes general
cracking reactions.

The addition of hydrogen apparently induces a smaller size product distribution at lower
temperatures, with reduced growth of Cg (m/z 82/86) and then C; (m/z 100) products (compare
Figs. 2A and B). These results are consistent with hydrogen gas promoting early C-C bond
scission to make smaller size products but with a relative hindrance to the formation of larger-
size species. The foregoing observations are in accord with an earlier report that hydrogen
promotes TG pyrolysis at lower temperatures.! These effects would be facilitated by the
production of atomic hydrogen from the added H,. Perhaps the glass wool that filled the sample
holder aids in catalyzing pertinent gas phase reactions, particularly high energy H-H bond
scission. Atomic hydrogen should also be produced in situ via numerous dehydrogenation
reactions such as aromatization. Thus, the difference between A, B and C is quantitative rather
than qualitative, i.e., both A and C catch up with B at higher temperatures.

The MCR mass spectrum in Fig. 2C (118 nm PI, pure He carrier gas but different sample
holder) shows pronounced differences from B as well as A. They arise mainly from much more
extensive associative chemistry, leading to a considerably greater abundance of higher mass
species (~100-360 m/z). Some of the associative chemistry products are aromatic (compare with
C’, the corresponding aromatic-specific mass spectra considered in the next section). Mass
spectrum C also shows extensive 2 m/z peak structure, indicating that original fragmentation

products are evolving further due to hydrogenation/dehydrogenation. A product at 98 m/z has
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also become significant, indicating the formation of an unsaturated C; hydrocarbon, in contrast
to A and B. Enhanced associative chemistry may arise both from enhanced medium surface area
promoting it along with enhanced cracking due to the presence of hydrogen. Evidence for

enhanced hydrogen occurrence in case C/C’ is discussed in the next section.

3.3.3 266 nm PI: aromatic product mass spectra

The occurrence of higher mass peaks of aromatic products appears to be correlated first
with the emergence of C¢ non-aromatic hydrocarbon products, then by growth of the heptane
(C4, 100 m/z) peak (Table 2, Figs. 2 A/B and S3). This progress is suppressed by the addition of
H, (Fig. 2A), perhaps because hydrogen quenches relevant free radicals before they can
participate in associative chemical reactions. Hydrogen effects on aromatic products can be seen
in Fig. 2 A’/B’. The progress toward formation of higher MW selectively formed PAHs has
been inhibited in favor of lower MW aromatics, the distribution of lower mass aromatic peaks
being enhanced in A’.

Both hydrogen gas (A’ vs. B’) and denser glass wool packing (C’ vs. B”) promote similar
changes, in this case the survival of certain PAH precursors. In Fig. 2A’, several discrete
product peaks are particularly enhanced compared to 2B’, m/z 184, 258/260, 274. Enhancement
can also be seen at m/z 218. Trends in Fig. 2C’ are somewhat analogous. There is weak
appearance of m/z 184 and 218 and substantial enhancement of m/z 232, 246, 258, and 274. The
m/z 232, 246, 258/260 and 274 species constitute a homology series consisting of alkyl-
substituted pyrenes (e.g., 258 amu) and dihydropyrenes (e.g., 260 amu) or their isomers, C;3-C;
in size. The preferred and abundant formation of these specific members of this homology series
can be interpreted as a combinatorial association of Cg and C; size fragments (Cg + C¢ + Cg, Cg +
Ce+ Cq, C¢ + C; + C7and C; + C; + C, respectively). The m/z 184 peak will be discussed
subsequently.

Corroborating the trend of enhanced formation of lower MW aromatics, added hydrogen
gas has promoted the appearance of a new homology series in A’, appearing as clusters of peaks.
This effect can be understood to arise from enhanced cracking caused by the presence of
hydrogen. In our previous paper,'> we reported similar, though relatively weaker, peak cluster

series (different sample holder than A’ or C’). There, however, these peaks were shifted to
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higher masses by 2-4 m/z; they therefore were assigned to homologous naphthalenes and
indenes, respectively. Now, in the presence of hydrogen, the peaks are at lower masses, m/z 126,
140 and 154. According to the stoichiometric analysis, these highly unsaturated aromatic
hydrocarbons cannot be bicyclic, thus are assigned as alkadiynyl benzenes, with triple bonds in
the side chains. We attribute the further unsaturation of the aromatic species in C’ to
dehydrogenation facilitated by a more extensive glass medium in this case.

Two lower MW species stand out, toluene (92 m/z) and one corresponding to a prominent
184 m/z peak; the latter may be either a C4-substituted naphthalene or Cs-substituted indene
dehydrogenated at the side chain, a C4 species. Their significance for high MW PAH formation
is discussed in subsequent sections. Without added hydrogen, these low MW peaks are barely
evident.

Based on the discussion to this point, the effect of hydrogen appears to be dual: (1)
enhanced presence of lower mass aromatics due to enhanced cracking and (2) damping of the
growth of the higher mass selectively formed PAHs due to extensive hydrogenation. Both
reactions would require atomic hydrogen generation, presumably catalyzed by glass wool.

Consistent with these conclusions, the evolution to a small number of higher MW
selectively formed PAHs (276, 352 and 444 amu) is clearly more advanced in B’. Some of the
significant aromatic products in C’, such as m/z 258 and 274, are typically more prevalent at the
earlier stages of PAH product chemistry. In these respects, there is more of a resemblance to A’
(added hydrogen). In essence, the apparent presence of significant amounts of in situ produced
hydrogen in C’ seems to cause a proportionately massive formation of lower MW aromatics.

The observed C’ to A’ correlation seems to be explained by the relatively enhanced
presence in each case (compared to B”) of atomic hydrogen, which could be related to sheer H,
abundance in A’ or greater glass wool content in C’. As noted, hydrogen appears on the one
hand to initiate association by inducing more initial radicals. On the other hand, it limits the
probability of multi-step association by “quenching” the growing radicals, thereby forming either

smaller MW PAHs or their immediate hydrogenated precursors.

3.4 Subsequent pyrolysis product chemistry trends (~380 °C and higher, Figure 3)

3.4.1 118 nm PI: general product mass spectra
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Overall product chemistry distributions are more similar in each case at higher reaction
temperatures (Fig. 3 A-C). In each instance a 100 m/z peak of similar relative intensity is
present, either along with a broad 80-86 m/z peak or gradually replacing it. Concurrent with the
appearance of the 100 m/z marker (heptane, C,), significant higher MW peaks are evident,
indicating enhanced association reactions (Table 2). Fig. 3 panels A, B, and C all display fairly
similar relative ratios of 263 and 280 m/z non-aromatic products, with similar 276 m/z aromatic
product peaks as well. However, compared to B (He only), mass spectrum A (H, added) shows
an additional non-aromatic product at 270 amu. It could be a non-aromatic analog of the
observed abundant PAHs with 258 and 260 m/z.

Developments at higher temperature appear to mark the onset of significant TG cracking
that produces ample hydrogen, also coupled with the largescale onset of associative chemical
reactions. The onset temperature for significant TG pyrolysis in the MB study appears to match

the one observed in the bulk product analysis study.!

3.4.2 266 nm vs.118 nm PI: mass spectra of the most abundant PAHs and their non-
aromatic precursors

The selectively formed aromatic peaks become more pronounced as the temperature
increases (primed letter peaks in Fig. 3 versus Fig. 2, peak correlations/anticorrelations in Fig.
4B). The disproportionate growth of these products is consistent with the observation that the
abundant formation of C4 and then C; reactive fragments triggers PAH formation. The main such
PAH peaks are at 276, 352 and 444 m/z (Fig. 3 A’-C’). In these cases there may be
corresponding ““satellite” non-aromatic peaks appearing in the 118 nm PI spectra at MW values
slightly higher than the corresponding aromatic peaks (Fig. 3 A-C). For example, next to the 352
m/z peak, there is also a weak non-aromatic mass peak at 360 m/z. Based on observations of its
subsequent growth pattern in many experiments, it arises from association of several smaller
fragments resulting from oleic acid pyrolysis, as previously discussed.!? These satellites may be
eventual PAH precursors that require additional dehydrogenation for aromatization. Such
intermediates are most likely cyclic, explaining their relative survival from fragmentation
characteristic of other non-aromatic products.

In the 118 nm PI-TOFMS (Fig. 3 A-C), all peak heights are in rough proportion to

relative species concentrations. As we reported earlier for 118 nm PI-TOFMS, the ratio of these
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PAH peaks to non-aromatic species peaks was significantly smaller with glass beads than with
glass wool.!'l These combined observations point to significantly greater facilitation of
dehydrogenation reactions on the surface of glass wool, presumably due to its high surface area.
The C vs. B effects—both glass wool media—are less pronounced than glass beads vs. glass

wool media.

3.4.3 266 nm PI: trends in aromatic product mass spectra

A clearer and more conspicuous difference arises between C’ vs. B’ in these spectra (see
Fig. 2), evidently due to a denser glass wool medium. B’ shows a growing predominance of m/z
352, then overtaken by m/z 444.12 These trends are significantly less developed in C’. There are
some correlated trends in the 118 nm PI. The aromatic m/z 444 peak is markedly absent in C; so
is the non-aromatic m/z 498 peak. The absence of m/z 498 indicates that the fragment number
densities needed for its formation must be much lower in C; the same also must hold for m/z 444.
As stated throughout this paper, this difference may be due to abundant in sifu formation of
reactive atomic hydrogen in C, which quenches the radical producing/growing sites more
effectively than molecular hydrogen in A/A’. As a result, there are only 2-3 fragment
associations rather than 4-5.

Notably, long homology profiles observed at lower temperatures disappear in this higher
temperature regime, now replaced by single hydrocarbons of distinct sizes (Table 2, Fig. 4).
These outcomes point to specific combinations of fragments of certain sizes as well as the
survival of only select species, presumably the most stable PAHs (likely fully conjugated and
non-substituted). Unlike the wider range of aromatics at lower temperatures, the
stoichiometrically determined numbers of carbon atoms in these PAHs (C,,, C,5 and Cs¢ for 276,
352 and 444 amu, respectively) are correlated with the most likely sized “building blocks,” 7 or 8
carbon atoms rather than 6.

Multivariate principal component analysis applied to the aromatic product case (266 nm
PI), Fig. 4B, shows that the selectively formed PAHs (photoions at m/z 276, 352, 444) grow at
the expense of all the non-selective lower-MW PAHs. For numerous separate sequences of
experimental runs, reflecting slightly different sample handling conditions, the PC-1 x loadings

computed from the 266 nm PI series of TOFMS consistently show a positive peak at m/z 92,
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toluene, often more prominent than in Fig. 4B and usually with no other lower mass peaks.
Toluene, the C; aromatic hydrocarbon, would arise from “quenched” benzyl radicals that did not
participate in the further growth of the selectively formed PAHs, as discussed further throughout
the paper. Similarly, as mentioned in the section on low-temperature aromatic products, the peak
at 184 m/z, attributed to a C,4 aromatic species, becomes most abundant in the presence of
hydrogen, indicating that this is another quenched intermediate of high-MW PAH formation. It is
notable that the C; and C,4 aromatic peaks are, by far, most prominent within the corresponding
homology series, thus emphasizing their significance. The significance of C; sized intermediates

was verified in batch reactor studies reported in the next section.

3.5 Batch reactor results

3.5.1 Homology patterns of canola oil pyrolysis products obtained in a batch reactor

The liquid phase products account for 55-60 w/w% of the original feedstock (canola oil);
an additional 10-25% became coke and tar and the rest gaseous products.!* When all GC-
recovered products are added up, including the estimates for unresolved and unidentified
compounds,'? mass balance closes to 90-95% within the liquid phase (not shown). This indicates
that the concentration of high MW non-GC elutable products is insignificant.

The homology profiles of all products, all hydrocarbon products (i.e., without carboxylic
acids) and n-alkanes are shown in Fig. 5, panels A-C, respectively. According to these data,
canola oil thermal cracking products are rich in C¢-Cyg species. The homology pattern is
consistent with a predominant C-C bond break occurring at the allylic position to the ®-9 double
bonds. This pattern, in turn, is consistent with the observed abundance of C4-C7 species peaks in
MB-TOFMS and their proposed role as markers of pronounced TG cracking.

The observed predominance of Cs-Cy hydrocarbons in batch reactor experiments and
relative absence of the complementary peak of occurrence, at Cy; (Fig. 2C), is consistent with the
allylic C-C bond scission occurring preferentially on the w-side of the ®-9 double bond. This
double bond is present in all major naturally occurring unsaturated fatty acids. Apparently, long
chain alkenyl radicals formed upon the non-symmetric scission of the original C,g fatty acid on
the a-side (C;; and longer) are not converted to n-alkanes, instead yielding other hydrocarbon

products. This conclusion is supported in Fig. 5C, pertaining only to alkanes. Note the
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discontinuous drop-off in the distribution in going from Cy to C;(. On the other hand, Fig. 5B,
which accounts for all the hydrocarbons, is a smoother distribution than Fig. 5C. In conclusion,
longer fragments end up becoming other, unsaturated/cyclic hydrocarbons recovered in the liquid
phase (their analysis was published earlier?). Fig. 5A shows a still more even profile for all
products. This is because C, and C; carboxylic acids are much less volatile than the
corresponding alkanes, so their recovery by GC is significantly more complete.

A relatively high abundance of the C5 and C, linear alkanes (Fig. 5A) is apparently due
to the alkyl radicals formed from the original TG FAs via decarboxylation. Alkanes are relatively
abundant only up to and including C,;. A sizable drop in abundance is observed for higher
homologues (Fig. 5C). Note that the C;;7 hydrocarbon is the largest one that may be directly
formed from Cig fatty acid chains contained in TGs. Higher MW alkanes (>C;7) must be formed
via radical recombination (doubling), which would explain their much smaller amounts. This
trend is even more pronounced for the homology profiles of total hydrocarbons. (See how
abruptly the pattern ends at Cy7 in Fig. 5B.) The foregoing observations indicate that the gas
phase pyrolytic reactions (ultimately yielding liquid phase products in batch reactors) lack
virtually any degree of fragment condensation, in stark contrast to the solid phase reactions
leading to coke formation.

Furthermore, the PAHs recovered in the liquid phase were only bicyclic (indanes and
naphthalenes), <C,; size,’ in contrast to the large size PAHs observed in the MB work. These
observations are consistent with the previously stated assumption that larger PAHs are coke

precursors, therefore not appearing among the liquid phase TG cracking products.!?
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3.5.2 Connection between the MB-TOFMS and batch reactor studies

High MW PAHs (276, 352 and 444 amu) are characteristic for MB-TOFMS but are
absent in batch reactor liquid phase products. Obviously, the observation of these gas phase
species as they exit the pinhole in MB experiments means that sufficient association chemistry
has occurred to produce them. In contrast, the association chemistry occurring in ~1h in batch
reactors leads to different terminal outcomes. While similar PAHs may have appeared initially,
they continue undergoing association to result in coke and tars. Corroborating observations were
recently made by Fanglin et al., who extracted high MW PAHs from tars formed as a result of
TG pyrolysis, while such PAHs were not recovered among the liquid phase products.!® The
generated solid phase may serve as a catalyst for numerous heterogeneous reactions (similar to
glass wool in MB-TOFMS experiments), including C-H bond scission, resulting in atomic
hydrogen formation.

The batch reactor hydrocarbon product homology profiles, though broader than those
obtained by MB-TOFMS, match the predominant C; size of primary decomposition products.
The predominance of C; size fragments, as opposed to the kinetically controlled generation of
smaller fragments, can be explained by the thermodynamically favored C-C bond cleavage at the
allylic position to the ®-9 double bond. The appearance of a strong 100 m/z peak at higher
temperatures appears to signify a switch to thermodynamic factors, i.e., when all C-C bonds
become accessible. Once the switch occurs, larger fragments than C;, Cg-Cy, are less likely to
form as a result of primary cracking reactions, due to much larger bond energies when the
cleavage occurs closer to or at the double bond.> The MB-TOFMS experiments show that high
MW species start forming in abundance at this point as a result of fragment condensation
reactions—but only in the segregated solid phase contacting the gas phase (as opposed to the
bulk liquid phase), leading to higher-MW PAH formation. The relatively broad homology profile
in the batch reactor is presumably due to much longer reaction times, randomizing the C-C bond
scission pattern.

While both saturated and unsaturated/cyclic hydrocarbons occur without any preference
for Cg or C; among the liquid phase products (Figs. 5B and C), the MB-TOFMS product profile
shows the prevalent (virtually, exclusive) occurrence of the saturated C; product (heptane, 100

amu) rather than C¢ hydrocarbons varying in their unsaturation extent (82-86 amu, Fig. S3). It
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may be that unsaturated C; size intermediates also form in abundance in MB-TOFMS
experiments, but then are immediately consumed in association reactions. In our previous
publication,'? we provided arguments (based on both literature and our experiments) that C;-
sized alkenyl radicals are more reactive in association reactions than their C¢ analogs because
they lead to the formation of benzyl radicals, which are relatively stable yet trigger further
association. The observed formation of toluene (Figs. 2-4, see panels A’-C’ in Figs. 2 and 3),
presumably as a result of quenching of benzyl radicals with hydrogen, is consistent with this
suggestion.

It is notable that batch reactor thermal TG cracking is conducted under significant
pressure, >200 atm.!3 Under ambient pressure, a yellow solid (apparently cross-linked) polymer
is formed instead that decomposes only at very high temperatures to yield coke and gases, with
virtually no liquid products. This observation may explain the observed difference between the
MB-TOFMS and batch reactor liquid phase TG pyrolysis products. Under high pressure the
reaction occurs in the liquid (or pseudo-liquid, subcritical) phase, where conditions may reduce
the probability of intermolecular chemical reactions occurring within or on the surface of the

solid phase.

3.6 Plausible pathways for high MW PAH formation

This section will be focused on the formation of the most abundant PAHs corresponding
to the 276, 352 and 444 m/z peaks, Cy,H,, CsH 6 and C;36H;,, respectively. They account for a
surprisingly large fraction of the observed PAH products, suggesting significant selectivity in
their formation. Based on previous arguments,!? we narrowed the list of key candidate
precursor intermediates from C;-Cy; to just C; in size. Fully conjugated PAHs with 7x2=14
(anthracene or phenanthrene) and 7x4=28 carbon atoms are known and common. By contrast,
fully conjugated PAHs with 7x3=21 and 7x5=35 carbon atoms do not exist, thus necessitating
the replacement of one of the C; fragments with Cg. This conclusion is consistent with the Cy,
and Cs;4 PAHs actually observed. The increasing predominance of the C,g and C3; PAH
products in the TOFMS is consistent with the stability of non-substituted fully conjugated PAHs.

Formation of such products is also observed in flames.!¢ Possible pathways of formation of all
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three abundantly occurring PAHs are shown in Scheme 2, using the assumption of fully

conjugated non-substituted PAHs. We will discuss their potential precursors. We will not
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Scheme 2. Possible paths and reactions of PAH formation.



Physical Chemistry Chemical Physics

consider the less abundant PAHs formed via condensation of fragments of other size; they occur
non-selectively at lower temperatures, as discussed in the previous sections.

We identified toluene 92 m/z, as a notable peak, since it can be viewed as a marker, a
quenched version, of the benzyl radical. The arguments of the preceding paragraph indicate the
need for associative chemistry also involving Cg species. In this context, an observed 104 m/z
peak, styrene (see Fig. 2A’), appears to be a marker for Cg association chemistry species. The
fact that this peak is smaller than the C; marker is because there are more reactive C;
intermediates present than reactive Cg. By contrast, in Fig. 2B’ the styrene peak has disappeared
and the toluene peak is now barely discernible. As indicated throughout this paper, additional
hydrogen has deactivated more of the reactive species, resulting in larger C; and Cg peaks (Fig.
2A’). We pointed out that the appearance of C¢ sized compound peaks marked a prelude to
significant associative chemistry, that they may be directly involved in the intermediate PAH
formation at relatively low temperatures. However, unlike Cg, C4 reactive species do not appear
to be involved directly in the high-temperature associative chemistry leading to the selectively
formed PAH products (Table 2).

Based on the C; size, a heptyl radical appears to be the key intermediate starting the chain
of reactions leading to PAH structures (reaction I, Scheme 2). If atomic hydrogen is abundant,
heptane is formed as a dead-end product in the competing path (reaction Ib). Alternatively,
radical stabilization via dehydrogenation can lead to a heptenyl radical, starting the sequence that
leads to PAH formation. Since no heptene was observed among products in the 118 nm PI-
TOFMS, this postulated intermediate appears to proceed substantially to formation of benzyl
radicals (reaction Ia). The stable hydrogenated marker species form of benzyl radical, toluene
(m/z=92), is relatively abundant among the aromatic products.

Further along the indicated pathways, essential reactions of cyclization, addition and
double bond migration are known to have low activation energies.>>?° One of the potential paths
(II), involving radical addition to 1-heptene, ultimately yields a C4-substituted naphthalene, with
a subsequent formation of phenanthrene. An alternate path could be the isomerization of 1-butyl
naphthalene (or its radical) to slightly more stable 2-butyl naphthalene, with the ultimate
formation of anthracene instead of phenanthrene. As we have noted, C,4-sized hydrocarbons,

particularly a prominent 184 m/z peak, were observed in low temperature MB-TOFMS

32

Page 32 of 41



Page 33 of 41

Physical Chemistry Chemical Physics

experiments at intermediate temperatures as the most abundant members of the corresponding
homology series (Figs. 2, 4B).

By contrast, dehydrogenation reactions may be unlikely unless facilitated by the
formation of highly conjugated m bond networks. They also have lower activation energies when
occurring in the condensed phase.’® The observation of highly dehydrogenated intermediate
products at lower temperatures indicates that these reactions are not prohibited in MB
experiments. At higher temperatures, the direct observation of PAHs and their non-aromatic
“satellites” in 118 nm PI spectra are consistent with this conclusion (Figs. 2 and 3). As pointed
out throughout this paper, these reactions appear to be facilitated by the glass wool surface.

One facilitated dehydrogenation reaction well known in synthetic chemistry is shown in
Scheme 2 as reaction III. Doubling of benzyl (and also indenyl) radicals is considered as one of
the main paths of PAH formation in combustion reactions.?!3? In those instances stilbene is
converted to phenanthrene with a very low activation energy, 13 kJ/mol.>?> This reaction is also
used in synthetic chemistry to produce large PAHs.?* The peaks of both phenanthrene (m/z=178)
and its precursor, stilbene (m/z=180), along with their more hydrogenated precursor (m/z=184),
are observed among the products at intermediate temperatures (Figs. 2 A’-C’ and 4B). However,
an alternate pathway bypassing stilbene, through dihydrophenanthrene formation, was observed
under combustion conditions. !>

We cannot definitively state which of the two reactions, II or III, is more plausible. On
the one hand, reaction II assumes a rather fortuitous series of cyclizations. On the other hand,
reaction III assumes a significant abundance of benzyl radicals. Multiple in-between cases are
also possible: benzyl radicals may attack either double bonds or aromatic intermediates to yield
larger aromatic structures.

Once either phenanthrene or its partially hydrogenated C,4 precursors are formed, they
are less likely to react with another C; fragment, since none of the unsubstituted C,; PAHs
(C,1Hy») 1s fully conjugated (as in the case of indane, CoHg). By contrast, the C», (C;,H; ;) PAHs
(m/z=276) are conjugated; one such isomer is shown in reaction IV. Even though a direct high
temperature styrene reaction with phenanthrene has not been reported, styrene is well known to
undergo thermal dimerization,3* Diels-Alder addition,> polymerization®¢ or co-polymerization.3’
Thus this reaction is plausible, given that it forms a highly conjugated product with the release of

three H, molecules. An alternate path may involve the reactions of the corresponding free

33



Physical Chemistry Chemical Physics

radicals: inter-PAH reactions are known to be facilitated by the addition of free radical
sources.’®

The doubling of Cy4 precursors of phenanthrene (e.g., trans-stilbene) may lead to a Cyg
PAH (CygH;6, m/z=352, reaction V). In this case, intermolecular dehydrogenation would be
facilitated by significant additional aromatization. An alternate path is the attachment of two
separate C; fragments, one by one, to either stilbene or phenanthrene or their C,4 precursors.

Finally, the C35 PAH (C3¢H,, m/z 444) is likely formed from the C,, PAH as a result of
reaction with cis-stilbene (reaction VI) or phenanthrene/precursors, or by two consecutive
reactions with C; fragments. It may also be formed by the reaction of a C,3 PAH (or its
hydrogenated precursors) with styrene. Note that a C34H;¢ hydrocarbon cannot occur as a
common planar PAH molecule since more hydrogens would have to occupy the pertinent
positions on its periphery. Elimination of those extra hydrogens is possible only when dome-like
structures, characteristic of fullerene precursors, are formed,? as illustrated in Scheme 2 by the
distortions in the structure of the product of reaction VI.

The ultimate formation of fullerene (i.e., soot) precursors at high temperatures is
expected. We previously reported that at high temperatures all low MW PAHs proceed to vanish
at the expense of the one with m/z 444.12 Based on the prevalence of C; fragments and
stoichiometric considerations applied in this work, this phenomenon may result from a direct

conversion of smaller PAH precursors while adding C; (and Cg whenever necessary) fragments.

Conclusions

Significant pyrolytic chemical reactions in the MB experiments were first observed
below 300 °C. They commence with decomposition reactions yielding small fragments (C;-C4 in
size, growing with temperature), eventually marked by the appearance of a ~84 m/z peak. Itis in
this relatively low temperature regime that H, addition has its clearest effect. The result is an
enhancement of lower mass (< ~100 amu) overall products, with the appearance of a new MS
marker species for associative chemistry at 100 m/z. This marker product, heptane, also appears
in the runs with the He carrier gas, but at higher temperatures. Its facile production is expected to
occur by the C-C bond cleavage at the allylic position to the oleic acid double bond (Scheme 1),

thus being consistent with organic chemistry based mechanistic considerations. The formation
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of Cs-C; markers appears related to enhanced association chemical reactions leading to PAH
precursors; higher MW products are seen to form at high temperatures when the C; marker
becomes prevalent. For the subset of products that are aromatic, the effect of hydrogen is an
enhancement of aromatics of lower mass. A different MB sample preparation resulted in
significant shift of all products, particularly, aromatic, toward lower MW, apparently related to
hindering of intermolecular, associative reactions as a result of enhanced in situ atomic hydrogen
formation. PAHs formed in the MB experiments were shown to undergo reactions with C; and
Cg aromatic fragments leading to formation of higher MW PAH products. The PAHs observed at
high temperatures appear to result from the association of 3-5 such fragments, ultimately forming
soot precursors. By contrast, the association reactions at lower temperatures leading to homology

series of substituted PAHs appear to include C¢ fragments as well.
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Influence of Early Stages of Triglyceride Pyrolysis on the Formation of PAHs
as Coke Precursors

Evguenii Kozliak, Mark Sulkes, Ibrahim Alhroub, Alena Kubatova, Anastasia Andrianova, Wayne Seames

Molecular beam mass spectrometry has been used to investigate thermal decomposition of triolein, to reveal the
mechanisms of low temperature soot formation characteristic for triglycerides (TGs).

CagHyo, m/z 444



