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Abstract
Thermal decomposition mechanism of hydroxyacetone from 850 K to 1390 K was examined by
using flash pyrolysis vacuum ultraviolet photoionization time-of-flight mass spectrometry (VU V-
PI-TOFMS) combined with density functional theory (DFT) calculation. The results showed that
keto-enol tautomerisms could occur prior to thermal decomposition of hydroxyacetone. The
decomposition pathways of hydroxyacetone and its isomer 2-hydroxypropanal were characterized.
The thermal decomposition reactions started at about 950 K. The homolysis reactions related to
the cleavage of Cco-Ccon bond of hydroxyacetone and 2-hydroxypropanal, as well as CH3 loss of
hydroxyacetone, dominated the initial decomposition reactions. The subsequent decompositions
of the radical intermediates generated by the initial homolysis decompositions were the major
secondary decomposition reactions. The formation pathways of small molecules, such as H>, CHa,
H>0 and HCHO, were proposed to proceed via molecular elimination reactions facilitated by the

active a-H atoms. These elimination reactions were not negligible at high temperatures above 1230
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1. Introduction

Biomass, the largest renewable energy resource, is attracting more and more attention due to the
depletion of fossil fuels, increasing energy demand, and environmental concerns.!> Hydrogen and
synthesis gas production via thermal and catalytic reforming techniques have been considered as
one of the promising ways of biomass utilization.*® Hydroxyacetone, also known as acetol, can be
produced by pyrolysis of biomass-derived materials, such as cellulose,”” hemicellulose,'” sugar'"”
12 and glycerol.!*'® Hydroxyacetone is considered as the highest content in the ketone fraction and
between the fifth and eighth of the major nonacidic compounds of bio-oil.!”"!® Therefore, the
knowledge of the pyrolysis mechanism of hydroxyacetone is important for understanding the
processes of steam reforming and thermal conversion of biomass/bio-oil. However, to date, only a
few studies have been reported on this topic.

Ramos et al.!” reported that H,, CHa, CO, CO2 and C; species were produced in gaseous yields
with the participation of steam via R1 in the non-catalytic process of hydroxyacetone over 450-

650 °C. However, Bimbela et al.!” suggested that steam did not participate in R1 in the steam
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reforming of hydroxyacetone over 550-750 °C. Fuentes-Cano et al.® claimed that hydroxyacetone

was thermally decomposed via R2 by stoichiometry.

CH;COCH,OH Steﬂ» H, + CH, + CO + CO, + C, Species R1

Wang et al.2% proposed that the primary decomposition pathways of hydroxyacetone were methyl

1.21

radical and hydrogen elimination via R3 and R4. Albuquerque et al.”" pointed out that

dehydrogenation of hydroxyacetone leads to pyruvaldehyde and H> through RS.

N, :
CH—C E — CH—C + «CH;j4 R3

HO \O HO \\‘O

H CH, H CHs

\CH—C< —_— >CH—C< + WH R4
HO/ \o -0 \0

H CH, o) CHs,

N e XS

/CH C\\\O /C c\o H, R5

Jing et al.?? investigated the tautomerization and decomposition of hydroxyacetone using density
functional theory (DFT) at the M06-2X/6-31G(2df,p) level. They found that the H atom could be
eliminated via R6. This pathway also occurred in the catalytic oxidation process of
hydroxyacetone.”® In addition, the result showed that hydroxyacetone isomerized to 2-
hydroxypropanal via H atom transfer with low barrier heights of about 40 kcal/mol. Then 2-
hydroxypropanal decomposed via two competitive pathways to produce formaldehyde (R7) and

methyl radical (R8), respectively.
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To the best of our knowledge, a thorough thermal decomposition mechanism of hydroxyacetone
has not been reported. In this work, the mechanism was systematically investigated using a flash
pyrolysis vacuum ultraviolet photoionization time-of-flight mass spectrometry (VUV-PI-TOFMS)
combined with the DFT calculation. The experimental approach of flash pyrolysis coupled to
supersonic expansion/molecular beam sampling and VUV-PI-TOFMS provides a short reaction
time to investigate the initial steps of pyrolysis, supersonic cooling/molecular beam sampling to
preserve the reaction intermediates and products, mass spectrometry detection of a broad range of
reactive intermediates and products, and minimized ion fragmentation due to the low
photoionization energy. The bond homolysis and molecular elimination pathways in the initial
stage of pyrolysis can be directly observed simultaneously in this work, with minimal complication
from the subsequent reactions. The detailed thermal decomposition mechanism of hydroxyacetone

would benefit the understanding of thermal treatment of biomass and bio-oil.
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2. Experimental and Computational Methods

The VUV-PI-TOFMS experimental setup has been described in detail previously.?*28
Hydroxyacetone (Sigma Aldrich, 99%) was used in this work without further purification. The
hydroxyacetone sample (~ 0.3%) was prepared by bubbling helium (~ 1.5 atm) through the
hydroxyacetone liquid in a bubbler at room temperature.?’ The sample was transferred via a pulsed
nozzle into a micro-pyrolyzer made of SiC tube (Carborundum, 40 mm long, heated length 10 mm,
2 mm O.D., 1 mm L.D.). The pyrolysis micro-reactor was based on the design described by Chen
and co-workers.>® The pyrolyzer was heated up to 1390 K by varying the electric current passing
through the SiC tube. A type C thermocouple was attached to the pyrolyzer to measure the
pyrolysis temperature. The gas flow properties in the SiC microreactor were investigated
previously at elevated temperatures and at 1-2 atm backing pressure (i.e., under conditions similar
to our experiment).’!3 The speed of the sample flow was approximately sonic in the short, heated
region, with a ~ 50 ps residence/reaction time for precursors in the He carrier gas. The very dilute
concentration of the precursor in He buffer gas and short reaction time in the heated region favored
unimolecular reactions, and bimolecular reactive collisions were estimated to be sufficiently minor

except at very high temperatures (> 1400 K), as suggested by the modellings®*-*

and our previous
study.?” Similarly, under these experimental conditions, the intermediates produced from the initial
thermal decompositions of the precursor would not undergo significant secondary decompositions
at the initial and medium high temperatures (e.g., 900-1100 K) (due to the short reaction time and

small decomposition rate constant of the precursor) until at more elevated temperatures. It should

be noted that the distribution of pressure and temperature inside the microreactor was nonuniform
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and likely not at equilibrium,**3 thus this work focused more on qualitative reaction mechanisms
than quantitative kinetics. The gas pressure at the exit of the tube was still sufficient to produce a
supersonic expansion and cooling; upon exiting from the heated reaction zone, the nascent
products, intermediates, and any remaining reactants were sampled into and supersonically cooled
in a molecular beam (with an internal temperature of 20-150 K),***! which significantly reduced
their internal energy and dissociative photoionization. Downstream in a high vacuum detection
region, they were photoionized by a 118.2 nm (10.49 eV, 10 Hz) VUV radiation generated by
tripling the 355 nm output of a Nd: YAG laser in a Xe gas cell (~ 20 Torr). The positively charged
ions were extracted into a linear TOFMS and collected by a microchannel plate detector. The
pyrolysis mass spectra were recorded in a digital storage oscilloscope. Each spectrum represented
the averaged signal of 512 laser shots. The TOF spectra were then converted to the mass spectra.
DFT theory has been widely employed to investigate the pyrolysis mechanism of organic
compounds.'? 2% 3% In this work, the possible decomposition pathways were located at the
(U)B3LYP/6-311++G(d,p) level of theory. Frequency and intrinsic reaction coordinate (IRC)
calculations®® were performed in order to ensure the accuracy of the transition states. Single point
energies of related reactants, transition states, and products were calculated at the (U)B3LYP/6-
311++G(d,p) level with zero point energy (ZPE) correction. The energy barrier was defined as the
energy difference between the transition state and the corresponding reactant. All calculations were
performed using the Gaussian 09 program.’® The calculated single point energies at the
(U)B3LYP/6-311++G(d,p) level are within 1.0 kcal/mol with respect to those of the CBS-QB3

method and within 2.0 kcal/mol with respect to those of UM06-2X/6-311++G(2df,2p) (see Table
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S1 in Supporting Information (SI)), respectively, indicating a good accuracy of the (U)B3LYP/6-
311++G(d,p) method. All the geometry coordinates of the species related to hydroxyacetone
thermal decomposition are provided in SI.

Unimolecular reaction rate constants of the initiation reactions were calculated using transition
state theory (TST). For the unimolecular dissociation reaction with a well-defined transition state,
the rate constant was calculated using TST with Wigner tunneling correction.’’-*’ The single point
energy and frequencies of reactants and transition states were obtained from the DFT calculations
at the (U)B3LYP/6-311++G(d,p) level of theory using the Gaussian 09 package as described before.
For the bond homolysis (barrierless) reactions, variational transition state theory (VTST) with
Wigner tunneling correction was applied.’’*® A series of constrained optimizations along the
reaction path were carried out, and at each optimized geometry (“trial transition state”), the
potential energy and vibrational frequencies were calculated at the same level of theory. The
dividing surfaces for the barrierless reactions at different temperatures were determined by finding
the maximum Gibbs free energy change AG°(T) of the “trial transition state” along the reaction
pathway at individual temperatures. This computational protocol was similar to previous works,*!"

43 All the rate constant calculations were performed using the KISTHELP program.3% 444
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3. Results
3.1 Experiments of Thermal Decomposition of Hydroxyacetone

The mass spectra of hydroxyacetone pyrolysis over 295-1390 K are shown in Fig. 1 and 2. Two
photoionization peaks at m/z 74 and 43 were found at 295 K. They corresponded to the
hydroxyacetone parent mass peak and the CH3CO" dissociative photoionization mass peak,
respectively. Two other minor dissociative photoionization peaks at m/z 58 and 31 were also
identified. The minor m/z 31 peak may be attributed to the ionization of ‘CH>OH, which is the
coproduct of CH3CO". The minor m/z 58 peak may be produced by CHs elimination via
photoionization dissociation. As the pyrolysis temperature was increased, no new peaks were
found in the range of 295-850 K. The first distinguishable peak produced by thermal
decomposition was observed at m/z 45 at 950 K, and it grew significantly when the temperature
increased from 950 K to 1140 K. It was the mass peak of the neutral CoHsO radical. It should be
noted that the CH3CO radical at m/z 43 could be formed by thermal decomposition of the parent
molecule in this initial temperature range. The first sign of the appearance of the CH3CO radical
from thermal dissociation could not be determined clearly because it was mixed with the
dissociative photoionization fragment peak of the parent at m/z 43. The production of the CH3CO
radical could be inferred indirectly because the intensity ratio of the m/z 43 peak and the parent
peak increased slightly with the increasing temperature in this region. Methyl radical peak at m/z
15 was detected at 1140 K. It could be directly produced by unimolecular decomposition of
hydroxyacetone. Another possible formation pathway of the methyl radical was subsequent

decomposition of the CH3CO radical, which could serve as additional evidence of the CH3CO
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Fig. 1 Mass spectra of thermal decomposition of hydroxyacetone over 295-1140 K. The mass

spectra are offset for clarity.
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Fig. 2 Mass spectra of thermal decomposition of hydroxyacetone over 1190-1390 K. The mass

spectra are offset for clarity.
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radical production. Meanwhile, the intensity of the m/z 31 peak of the CH,OH radical, the
counterpart of the CH3CO radical produced by Cco-Ccon homolysis of hydroxyacetone, increased
slightly. Therefore, it is reasonable to consider that the CH3CO radical could be generated
thermally at or above 1140 K.

The m/z 15 peak increased significantly from 1190 K to 1390 K. The m/z 31 peak increased
modestly to its maximum intensity from 1190 K to 1270 K, then decreased slightly from 1310 K
to 1390 K. Two small peaks at m/z 72 and 42 started to appear at 1190 K. The m/z 72 peak
representing C3H4O2 was probably formed by H> elimination of hydroxyacetone via R5. The m/z
72 peak remained a minor peak up to 1390 K. The m/z 42 peak was ketene (H,C=C=0) formed
by H loss of the CH3CO radical. The m/z 42 peak increased significantly when the temperature
increased from 1230 K to 1390 K. The peak at m/z 44 started to increase at 1190 K and became
significant at and above 1230 K. The intensity ratio of the peak at m/z 43 to the peak at m/z 44
was about 4:1 at 1230 K, which was obviously larger than the ratio of the peak at m/z 43 to its 1*C
isotopic peak at m/z 44. Therefore, the increased peak at m/z 44 above 1190 K may indicate the
formation of ethenol by formaldehyde elimination of hydroxyacetone (rather than the isotopic
effect of the peak at m/z 43). The formaldehyde counter fragment was not detected due to its high
ionization energy (10.86 eV)* above the photon energy in this study. A small peak at m/z 56
corresponding to C3H4O was also found at 1230 K. It may be formed by H>O elimination of
hydroxyacetone or 2-hydroxypropanal (an isomer of hydroxyacetone and to be discussed in detail

in the following section). The m/z 56 peak increased with increasing temperature up to 1390 K.

The m/z 58 peak increased slightly from 1230 K to 1390 K. A small peak at m/z 59 appeared at

10
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1230 K; this could be the co-fragment in the CH3-loss channel of hydroxyacetone. A very minor
peak at m/z 73 seems to appear at 1230 K, and it remained very small or barely present at higher
temperatures. A peak at m/z 29 was observed at 1270 K. It might be the peak of the HCO radical.
It was possibly formed as the counter fragment of CH3C(H)OH (m/z 45) from the Cco-Ccon bond
cleavage of CH3CH(OH)-CHO (2-hydroxypropanal), which is an isomer of hydroxyacetone and
will be discussed in detail in the following section. The m/z 45 peak (CH3C(H)OH) increased to
its maximum intensity at ~ 1250 K and then decreased at higher temperatures, indicating its
secondary decomposition. An alternative source for the m/z 44 peak was H-atom loss of
CH3C(H)OH forming ethenol or acetaldehyde. No new peaks of significant intensities were
detected from 1310 up to 1390 K.

The intensities of the main peaks versus temperature are plotted in Fig. 3. The intensities of
hydroxyacetone (m/z 74) and peak at m/z 43 decreased rapidly starting from 1190 K (as the main
source of the m/z 43 peak was CH3CO" from dissociative photoionization of the parent), while the
intensities of the methyl radical (m/z 15), ketene (m/z 42) and ethenol (m/z 44) increased obviously
starting from about the same temperature of ~ 1190 K. These indicate that the initial main stage of
thermal decomposition of hydroxyacetone took place at and above 1190 K. The intensity of the
C2H50 radical (m/z 45) gradually increased from 950 K and peaked at 1230 K, and then decreased
with the increase of temperature, showing that the rate of the subsequent decomposition reactions
of the CoHsO radical overcame the rate of its formation reactions. Besides the parent peak, the
peak of the CH3CO"/CH3CO radical at m/z 43 was prominent when the temperature was lower

than 1310 K. The peak of the methyl radical became dominant at 1350 K and higher temperatures.

11
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Fig. 3 Intensity evolution of the main peaks of hydroxyacetone pyrolysis over 850-1390 K.

3.2 Computational Results
3.2.1 Isomerization Reactions

The possible isomers and isomerization pathways of hydroxyacetone are shown in Scheme 1.
Two stable conformers of hydroxyacetone are found. Syn-hydroxyacetone with intramolecular H-
bond between the carbonyl group and hydroxyl group has a lower single point energy than anti-
hydroxyacetone. The energy barrier between these two conformers is 5.1 kcal/mol. Keto-enol
tautomerism is a typical isomerization of ketone. Different conformers lead to different
tautomerism pathways. Syn-hydroxyacetone has three isomerization pathways corresponding to 3

different types of H migrating to the carbonyl group. The H in -CH»- migrates to the carbonyl

12
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Scheme 1. Possible isomerization pathways of hydroxyacetone (numbers in parentheses are single
point energies and energy barriers relative to syn-hydroxyacetone in kcal/mol, with ZPE

corrections).

group via Pla to give an enol type isomer A, while the H in -CHj3 migrates to the carbonyl group
via P1b to give another enol-type isomer B. The H in -OH can move directly to the carbonyl group
via P1d to form (S)-2-hydroxypropanal because of the effect of intramolecular H-bond. Among
these three H-migration reactions, P1d is the most energetically favorable pathway with an energy
barrier of 41.2 kcal/mol. Anti-hydroxyacetone has two isomerization pathways. H migrations via
Ple and Pli produce the enol isomers C and D, respectively. Isomers A and C are enediol
intermediates and can further isomerize to (S)-2-hydroxypropanal and (R)-2-hydroxypropanal via
P1f and Plg by migration of the H on -OH, respectively. Isomerization to P1f has the highest
energy barrier with respect to syn-hydroxyacetone (74.6 kcal/mol) among all the isomerization

pathways. The structures of the species presented in Scheme 1 are closely related. Syn-

13
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hydroxyacetone and anti-hydroxyacetone are conformers, and so are B and D. A and C are cis-

trans isomers. (S)-2-hydroxypropanal and (R)-2-hydroxypropanal are optical isomers.

3.2.2 Thermal Decomposition of Hydroxyacetone

The bond dissociation energy (BDE) values of syn- and anti-hydroxyacetone were calculated
and provided in Table S2 in SI. The bond homolysis between the carbonyl carbon and the carbon
attached to the hydroxyl group (Cco-Ccon) via P2a, producing the CH3CO + CH>OH radicals, is
found to be the most energetically favored pathway with an energy threshold of 72.4 kcal/mol in
Fig. 4. The BDE values of bond homolysis reaction R3 and R6 are higher than that of P2a. R3

gives CHz and OCCH>0OH (m/z 59) radicals. Bond homolysis R4 has the highest energy threshold
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Fig. 4 Possible decomposition pathways of syn-hydroxyacetone. Numbers in parentheses are
single point energies and energy barriers relative to syn-hydroxyacetone in kcal/mol, with ZPE

corrections. Numbers in blue are m/z values.
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1 of 105.7 kcal/mol, thus least likely to occur. Three molecular elimination pathways (P2b, P2c, and
2 P2d) of syn-hydroxyacetone are determined. Formaldehyde elimination of syn-hydroxyacetone
3 via P2b yields ethenol (m/z 44) with an energy barrier of 81.8 kcal/mol. In the process of P2b, the
4  H in the hydroxyl group migrates to the carbonyl group to form a new hydroxyl group. Meanwhile,
5 the H in the methyl group migrates to the carbonyl group and forms a new bond with the carbonyl
6  carbon. The elimination of methane from syn-hydroxyacetone via P2c has a slightly higher energy
7  barrier with a value of 82.6 kcal/mol. The by-product of methane via P2c is hydroxyl ketene, and
8 this may explain the small increase in m/z 58 in Fig. 2. The H> elimination of syn-hydroxyacetone
9  via P2d occurs at 91.1 kcal/mol, which is much higher than that of P2b and P2c. The H atoms

10  eliminated are from the methyl and methylene groups, respectively.
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The possible unimolecular decomposition pathways of anti-hydroxyacetone are shown in Fig.
5. The pathway P2e to the CH3CO + CH>OH products, corresponding to the homolysis of the Cco-
Ccon bond, has a relatively low bond dissociation energy of 72.4 kcal/mol with respect to syn-
hydroxyacetone, showing that P2e is the most energetically favorable decomposition pathway. The
BDEs of other homolysis pathways, such as R3, R4 and R6, are similar to those in syn-
hydroxyacetone. Formaldehyde elimination of anti-hydroxyacetone via P2f is unlikely to occur
due to its high energy barrier (99.4 kcal/mol) with respect to syn-hydroxyacetone. The energy
barrier of H» elimination of anti-hydroxyacetone via P2g is 90.8 kcal/mol with respect to syn-
hydroxyacetone, which is similar to P2d for syn-hydroxyacetone. It should be noted that the co-
products of the formaldehyde and H> elimination of anti-hydroxyacetone are different from those
of syn-hydroxyacetone because of the different initial configurations.

The VTST/TST calculations were performed for decomposition of both syn-hydroxyacetone
and anti-hydroxyacetone in order to reveal the competition among the homolysis and molecular
elimination pathways. Fig. 6 shows the reaction rate constant curves from 700-1400 K of the
pathways with energy barriers lower than 85.0 kcal/mol (those with energy barriers greater than
85.0 kcal/mol are considered as less competitive). Homolysis pathways P2a, P2e, and R3 have
large reaction rate constants compared with homolysis R6 and molecular elimination pathways
(P2b and P2c). The homolysis products of the Cco-Ccon bond of hydroxyacetone via P2a and P2e
are the CH3CO and CH>OH radicals, which can further decompose by loss of H atom or methyl
radical. The decomposition of CH3CO radical yields CO and methyl radical with an energy barrier

of 12.2 kcal/mol with respect to CH3CO radical, and produces ketene and H atom with an energy

16
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barrier of 42.3 kcal/mol. This indicates that methyl radical is energetically more favorable to be
produced than ketene. The H loss of the CH>OH radical produces formaldehyde. R3 relates to the
formation of CH3 and OCCH2OH (m/z 59) radicals; R3 (syn-hydroxyacetone) becomes important
at the highest temperatures. OCCH2OH (m/z 59) can further lose an H atom to form

OC=CHOH(m/z=58); this may be another source of the m/z 58 peak.

LN —=—P2a —=—P2b

Ny, ——P2c  —v—P2e
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—+— R6(Anti)—=— R6(Syn)
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Fig. 6 Reaction rate constants of possible decomposition pathways of hydroxyacetone from 700-
1400 K.

3.2.3 Thermal Decomposition of 2-Hydroxypropanal

The BDEs of (S)- and (R)-2-hydroxypropanal were calculated and provided in Table S3 in SI
The three lowest energy homolysis pathways are shown in Fig. 7. The homolysis of the Cco-Ccon
bond of (S)-2-hydroxypropanal via P3a forms the CH3;C(H)OH and HCO radicals. The

dissociation energy of the Cco-Ccon bond is 76.0 kcal/mol with respect to syn-hydroxyacetone.

17
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corrections. Numbers in blue are m/z values.

The H loss pathway via R9 has an energy threshold of 74.0 kcal/mol. R8 has the highest
dissociation energy among all the pathways including molecular elimination channels, indicating
that R8 is energetically unfavorable. The H,O elimination of (S)-2-hydroxypropanal via P3b has
the lowest energy barrier (69.9 kcal/mol) with respect to syn-hydroxyacetone. (S)-2-
hydroxypropanal can decompose via two additional molecular elimination pathways. The methane
elimination of (S)-2-hydroxypropanal through P3c is similar to that of P2c. P3¢ needs to overcome
an energy barrier of 76.5 kcal/mol to form hydroxyl ketene and methane. The formaldehyde
elimination of (S)-2-hydroxypropanal via P3d (R7) also has a similar energy barrier (77.1 kcal/mol)

with respect to syn-hydroxyacetone.
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The possible decomposition pathways of (R)-2-hydroxypropanal are shown in Fig. 8. The
homolysis of the Cco-Ccon bond of (R)-2-hydroxypropanal via P3e forms the CH3C(H)OH and
HCO radicals. The dissociation energy of the Cco-Ccon bond is 76.0 kcal/mol with respect to
syn-hydroxyacetone. The H-loss R8 and CHs-loss R9 of (R)-2-hydroxypropanal have larger
energy barriers than those in (S)-2-hydroxypropanal. Direct H>O elimination of (R)-2-
hydroxypropanal takes place via P3f, leading to 2-propenal with a relatively low energy barrier of
67.7 kcal/mol with respect to syn-hydroxyacetone. The formaldehyde elimination of (R)-2-
hydroxypropanal via P3g produces ethenol as a co-product. The elimination mechanism of P3g
(R7) is simpler compared with P2b, involving elimination of the carbonyl group and the adjacent

H in methyl group.
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The homolytic and molecular elimination decomposition pathways of (S)- and (R)-2-
hydroxypropanal have similar energy barrier or threshold. In order to determine the main pathway
amongst these, the VTST/TST calculations were performed for their decomposition pathways with
energy threshold or barrier below 85 kcal/mol. As shown in Fig. 9, the overall trend of the rate
constant k is consistent with the values of the energy barriers. Noteworthily, the rate constant of
homolysis of the Cco-Ccon bond of (S)-2-hydroxypropanal via P3a (black line, which mostly
overlapped with that of Cco-Ccon bond homolysis P3e, purple line) is larger than that of H,O

elimination P3b (red line) even though P3b has a relatively lower energy barrier. This is consistent
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with the fact that the H>O molecular elimination P3b proceeds via a reaction barrier and a tight
transition state (with a smaller preexponential factor), while the Cco-Ccon bond homolysis P3a
proceeds via a loose transition state (with a larger preexponential factor), which could make P3a
more competitive than P3b in the initial thermal decomposition of hydroxyacetone at the modest
temperatures, even though the former has a slightly higher activation energy. This shows that the
homolysis of the Cco-Ccon bond via P3a is the main initial decomposition reaction. This
conclusion is also supported by the experimental results that the first distinguishable peak at m/z
45 corresponding to the CH3C(H)OH radical was found at 950 K, while only a small peak at m/z
56 corresponding to 2-propenal in the H>O elimination pathway P3b was found at 1230 K. At
higher temperatures, the H>O molecular elimination became more significant as observed. For (R)-
2-hydroxypropanal, the Cco-Ccon bond homolysis P3e and H>O elimination P3f have larger rate
constants than other pathways in (R)-2-hydroxypropanal. The rate constant of P3e becomes greater
than that of P3f over 1060 K. This indicates that the homolysis of the Cco-Ccoun bond via P3e and
the water elimination pathway P3f are the main initial decomposition pathway of (R)-2-
hydroxypropanal. R9 and P3c have medium rate constant k, and R7 (P3d or P3g) have the smallest
rate constant k. These pathways are less competitive than the Cco-Ccon bond homolysis pathways

(P3a and P3e) and the H,O elimination pathways (P3b and P3f).
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4. Discussions
4.1 Initiation Reactions

Based on the energetics calculation results, the energy barriers of isomerization reactions of
hydroxyacetone (41.2-74.6 kcal/mol) are significantly lower than those of the unimolecular
decomposition reactions of hydroxyacetone (67.7-105.7 kcal/mol). This implies that the
isomerization reactions can take place prior to and in competition with the thermal decomposition
reactions. Therefore, the conformers and isomers of hydroxyacetone contribute to the initial
thermal decomposition reactions and their intermediates and products. However, the initial
decomposition pathways of isomers labeled as A, B, C and D in the enol form are much less
important and are not further considered. The reason is that it is relatively more difficult to break
the C-C double bond compared to the C-C o single bond. In addition, the planar structure of enol-
type isomers hinders concerted molecular elimination due to the steric effect. The H>O elimination
pathways of the enol-type isomers were examined theoretically here. These pathways obviously
have greater energy barriers (87-95 kcal/mol, seen Table S4 in SI) than that of P3b and P3f (69.9
and 67.7 kcal/mol).

As shown in Fig. 1, the CH3CO (m/z 43), CH3;C(H)OH (m/z 45) and CH3 (m/z 15) radicals were
found at medium temperatures (950-1140 K). It demonstrates that the homolysis reactions
dominate the initial thermal decomposition reactions of hydroxyacetone. The CH3CO radical at
m/z 43 is produced by the homolysis of the Cco-Ccon bond of hydroxyacetone via P2a and P2e
The CH3C(H)OH radical (m/z 45) is formed by the homolysis of the Cco-Ccon bond of 2-

hydroxypropanal via P3a and P3e. The calculated reaction energetics and rate constants also
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support that the pathways corresponding to the Cco-Ccon bond dissociation are the main initial
pathways. The CHs-loss R3 and H-loss R6 have higher energy barriers (77.4-81.9 kcal/mol), and
the kinetic calculations show that the rate constants of R3 are obviously greater than those of R6.
Especially for R3 of syn-hydroxyacetone, the corresponding rate constant becomes the greatest
among all the R3 and R6 decomposition pathways, and at the highest temperature, it becomes
competitive with that of P2a and P2e. The m/z 15 and 59 peaks would be generated when R3
occurred. While m/z 15 was prominent at high temperature, m/z 59 was of small intensity in the
mass spectra. One possible reason is that the m/z 59 radical underwent secondary loss of an H
atom to form OC=CHOH(m/z=58), which was found to increase at > 1230 K in the mass spectra.
Therefore, R3 is a possible initial decomposition pathway. The m/z 73 peak was observed with
very small or nearly no intensity at and above 1230 K, indicating very small contributions from
the R6 pathways. H-loss R4 and CHs-loss R8 are not considered as the initial decomposition
pathways since their BDE values are greater than 85 kcal/mol.

Small molecules, such as H>, methane, H>O, and formaldehyde can be produced by direct
molecular eliminations of hydroxyacetone and 2-hydroxypropanal. The corresponding peaks of
the co-products are at m/z 72, 58, 56, and 44. However, these peaks produced by the initial thermal
decomposition were not detected in the initial temperature range of 950-1140 K but only at higher
temperature range above 1190 K, showing that the concerted molecular elimination reactions are
not important as the initial pathways at the medium temperatures of 950-1140 K. The energy
barriers of the H>, CH4, and HCHO molecular eliminations of hydroxyacetone are greater than

81.8 kcal/mol, which is higher than that of the homolysis of the Cco-Ccon bond (72.4 kcal/mol in
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syn- and anti-hydroxyacetone). The energy barriers of the CH4 and HCHO molecular eliminations
of 2-hydroxypropanal are in the range of 76.5-82.0 kcal/mol. These energy comparisons render
that the Cco-Ccon bond homolysis is more competitive than the Ho, CH4, and HCHO molecular
elimination pathways, consistent with the observed pyrolysis mass spectra of hydroxyacetone (Fig.
1 and 2). The energy barrier of the concerted H>O elimination of (S)-2-hydroxypropanal via P3b
is only 69.9 kcal/mol. However, as indicated by the TST/VTST calculations, the rate constant of
the H>O elimination P3b is lower than those of the Cco-Ccon bond homolysis P3a and P3e. This
is confirmed by the pyrolysis mass spectra. The CH3CO (m/z 43) and CH3C(H)OH (m/z 45)
radicals produced by the homolysis pathways were found at 950 K. In comparison, the m/z 56
peak (co-product of H>O elimination) appeared at ~ 1230 K, indicating that P3b occurred at higher
temperatures than the Cco-Ccon bond homolysis of hydroxyacetone. At higher temperatures, the
H>0O molecular elimination became more significant. The energy barrier of the H>O molecular
elimination of (R)-2-hydroxypropanal via P3f is only 67.7 kcal/mol. The TST/VTST rate constant
calculations showed that the P3f pathway was more important than the Cco-Ccon bond homolysis
P3a and P3e at temperatures below 1060 K. This is not consistent with the pyrolysis mass spectra.
It 1s not clear what causes the discrepancy, and further improvements of the energetic and kinetic
calculations could be needed. One possible reason is that there are four steps from syn-
hydroxyacetone to the H>O elimination of (R)-2-hydroxypropanal (Plc—Ple—P1f—P3f)
according to Scheme 1 and Fig. 8. The isomerization reaction P1f is the rate-determining step with
the greatest energy barrier of 74.6 kcal/mol. Therefore, the m/z 56 peak from the H>O elimination

was not shown in the mass spectra at the initial and medium temperatures even though P3f has a

24



10

11

12

13

14

15

16

17

18

19

20

21

relatively large rate constant.

4.2 Secondary Decomposition Reactions

Secondary decomposition reactions mainly refer to the subsequent decomposition reactions of
the radical intermediates produced from the initial decomposition reactions in this study. These
radical intermediates can be further activated by secondary thermal collisions with the buffer gas
(which is >99% of the gas mixture) at more elevated temperatures above the initiation temperature.
The CH3CO radical (m/z=43), produced by the cleavage of the Cco-Ccon bond via P2a and P2e,
decomposes by loss of a methyl radical (m/z 15) with an energy threshold of 12.2 kcal/mol (by the
DFT calculation). The CH3CO radical can also lose a hydrogen atom on the methyl group to form
ketene (m/z 42) with an energy threshold of 42.3 kcal/mol. Fig. 3 clearly shows that the intensities
of the peaks of ketene and methyl radical gradually increased with the decrease of the intensity of
CH3CO radical starting from 1190 K. This experimental result confirms the subsequent
decomposition pathways of CH3CO radical proposed based on the DFT calculations. The CH,OH
radical (m/z 31), the counterpart of CH3CO radical in the homolysis of Cco-Ccon bond of
hydroxyacetone, decomposes by losing one H atom to form formaldehyde (m/z 30) with an energy
barrier of 35.9 kcal/mol. This is consistent with the increase of m/z 31 peak to its maximum from
1140 K to 1270 K, followed by a slight decrease in intensity from 1310 K to 1390 K (Fig. 1 and
2). The peak of formaldehyde was not observed throughout the whole temperature range because
of its high ionization energy (IP=10.86 eV).*

The cleavage of the Cco-Ccon bond of 2-hydroxypropanal via P3a and P3e generates the
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CH3C(H)OH and HCO radicals. The CH3C(H)OH radical (m/z 45) can eliminate the H atom in
the methyl group to form ethenol (m/z 44) with an energy threshold of 25.9 kcal/mol or the H atom
in the hydroxyl group to form acetaldehyde (m/z 44) with an energy threshold of 38.1 kcal/mol,
respectively. The ethenol + H pathway is more favorable due to its lower energy. From the
pyrolysis mass spectra, the first distinguishable peak of ethenol or acetaldehyde at m/z 44 was
found at 1230 K, while the peak of CH3C(H)OH radical at m/z 45 was found at 950 K. This
indicates that CH3C(H)OH radical is formed prior to ethenol or acetaldehyde. The intensity
evolution curves in Fig. 3 also show that the intensity of the m/z 44 peak increased accordingly
and significantly with the decrease in intensity of the m/z 45 peak when the temperature was above
1230 K. In other words, the amounts of ethenol or acetaldehyde increase with the depletion of the
CH3C(H)OH radical. It should be pointed out that ethenol (m/z 44) can also be generated by
formaldehyde elimination via P2b and P3d (R7). However, pathways P2b and P3d are much less
important as their energy barriers are greater than that for the homolytic production of the
CH3C(H)OH radical (which can then undergo the H loss upon activation by secondary collisions).
The HCO radical (m/z 29), the co-product of the CH3;C(H)OH radical formed via P3a and P3e,
decomposes into H atom and CO (m/z 28). The peak of the HCO radical was clearly observed at
1270 K, while the peak of CO was not found in the pyrolysis spectra due to its high ionization

energy (14.00 eV).*’

4.3 o-H Reactivity and Elimination Reactions

In addition to the homolysis reactions in the process of hydroxyacetone pyrolysis, reactions
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involving o-H are also important. It is well known that the a-H of aldehyde or ketone is acidic
because of the inductive effect of the carbonyl group. The activity of a-H enables the keto-enol
tautomerisms. Hydroxyacetone has two types of a-H, the H atom in -CH3 group and the H atom
in -CHz- group. The reactivity of the a-H in the -CHz- group is higher than that in the -CH3 group
because the OH group attached to the -CH»- group enhances the inductive effect. This conclusion
is evident from the calculation results that the energy barrier of P1b involving the a-H in CHj3 is
greater than that of Pla involving the a-H in -CHaz- group. A similar result can be obtained by
comparing the pathways of P1e and P1i. Another type of reactions related to a-H are H> elimination
reactions. H> can be formed by P2d and P2g (RS5) involving the a-H in the -CH»- group of
hydroxyacetone. The peak of the co-product of H> at m/z 72 was found above 1190 K. The energy
barriers of P2d and P2g (R5) are 81.8 and 90.8 kcal/mol with respect to syn-hydroxyacetone. The
energy barrier values suggest that P2d is more energetically favorable than RS.

CHa, formaldehyde and H>O elimination reactions are also related to a-H, and are not negligible
at high temperatures (> 1190 K) except for the H> elimination reactions. CH4 can be produced via
P2c and P3c. The appearance of the peak of the CH4 co-product at m/z 58 manifests that P2c and
P3c are present in the process of hydroxyacetone pyrolysis. P2b, P2f, P3d (R7) and P3g (R7) are
four different pathways of formaldehyde formation by direct molecular elimination. The peak of
the co-product of formaldehyde at m/z 44 was found at temperatures above 1230 K. Among these
pathways, P3d (R7) has the lowest energy barrier with a value of 77.1 kcal/mol with respect to
syn-hydroxyacetone. The direct formation of H>O during the pyrolysis of hydroxyacetone has not

been reported in the literature. The formation pathways of H>O via P3b and P3f are verified in the
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present study. The peak of the co-product of H,O at m/z 56 was also observed when the

temperature was greater than 1230 K.

5. Conclusions

The thermal decomposition mechanism of hydroxyacetone has been studied systemically by
using VUV-PI-TOFMS combined with the DFT calculations. The results show that the keto-enol
tautomerism can occur when the temperature is not high enough to cause thermal decomposition.
Possible decomposition pathways of syn-hydroxyacetone, anti-hydroxyacetone, (S)-2-
hydroxypropanal and (R)-2-hydroxypropanal are discussed in the present work. Thermal
decomposition reactions occurred from about 950 K. Homolysis reactions involving the Cco-Ccon
bond via P2a, P2e, P3a and P3e, as well as the homolytic CH3-loss R3, are determined as the main
initial decomposition reactions. The subsequent decompositions of the radical intermediates
(CH3CO, -CH;OH, -CH3C(H)OH and -HCO) are considered as the main secondary
decomposition reactions. Elimination reactions to produce small molecules, such as H>O, H, CH4
and HCHO, were identified at temperatures above 1230 K, with the H>O elimination being the
most important molecular elimination channels. The active a-H atoms play an important role in
these elimination reactions. The detailed mechanism of the thermal decomposition of
hydroxyacetone would provide useful insights for improving steam reforming and thermal

conversion of biomass and bio-oil.
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