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Mechanisms and Kinetics of Acetaldehyde Reaction in Supercritical Water: Noncatalytic
Disproportionation, Condensation, and Decarbonylation
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Noncatalytic reaction pathways and their rates of acetaldehyde were determined in the neat system and in
supercritical water at 400C and the density of 0-20.6 g/cn3. In supercritical water, acetaldehyde undergoes

five types of reactions: (i) decarbonylation into methane and carbon monoxide, (ii) self-disproportionation
producing ethanol and acetic acid, (iii) cross-disproportionation generating ethanol and carbonic acid, (iv)
condensation forming crotonaldehyde, and (v) the subsequent polymerization of crotonaldehyde or its
decarbonylated monomer. Reactions i and iv proceed irrespective of the presence of water, while water
suppresses reaction i. Reactions ii and iii are characteristic of aldehyde under hydrothermal conditions. Although
reaction ii produces the same products as the classical Cannizzaro reaction, it does not require any added
catalysts. Reaction iii manifests the role of formic acid as a reducing aldehyde. Actually, it is shown that
reaction iii involves a larger weight than reaction ii and leads to the excess production of ethanol. The rates
of these reactions are sensitive to the water density, and path weight control is thus possible through variation
of the thermodynamic conditions. New reaction mechanisms are proposed for the present set of high-temperature

processes.

Introduction Equation 2 is called cross-disproportionation because it involves
two different kinds of aldehydes; formic acid is hydroxyl
aldehyde (HG-CHO). Methanol is actually yielded in excess
to formic acid, and its yield reaches as much~a&%. The
excess generation of methanol was confirmed later also in
supercritical watef.This is in sharp contrast to the conventional
cross-Cannizzaro reaction witbrmaldehyden the presence

of a large amount of base catalyst like OF In the cross-
disproportionation in supercritical water, not formaldehyde but
formic acid has been used to reduce the aldehyde to alcohol
and is itself oxidized to carbonic acid, leading to carbon dioxide
and water. In addition, it has been shown that the aromatic
aldehyde benzaldehyde transforms into benzyl alcohol and
benzoic acid at a ratio of 2.5:1'®In this reaction, formic acid

is considered to be produced from benzaldehyde=(RsHs)
through a two-step reaction represented by eqs 3 and 4:

Unlike ambient water, hot water mixes well with organic
compounds. It can thus induce noncatalytic chemical reactions
of organics that never take place without acidic, basic, or
metallic catalysts under ambient conditidn$? To control
hydrothermal reactions in a manner friendly to the earth, we
need a systematic investigation on each functional group.
Aldehydes are important in laboratorial and industrial processes
as solvents and synthetic starting materials. Conventionally, they
are transformed in the presence of catalysts into alcohols,
carboxylic acids, alkanes, alkenes, acetals, and so on. In
particular, it is well-known that alcohols can be prepared from
the corresponding aldehydes through hydrogenation, Cannizzaro
or Grignard reactio® Under hydrothermal conditions, detailed
information about the noncatalyzed reaction pathways of
aldehyde is required for both scientific and industrial purposes.

This is one of a series of papers on the noncatalytic reactions R—CHO— R—H + CO 3)
of aldehydes in hot water studied by the application of
NMR.19-22 Here, we have attempted to elucidate the reaction CO+ H,0— HCOOH (4)

kinetics and mechanisms of acetaldehyde in supercritical water.

In our previous communicatiorf822the simplest aldehyde,
formaldehyde, was investigated in subcritical water at 250
using a quartz tube that has no catalytic effect. It has been foun
to undergo two types of honcatalytic disproportionation reactions
that are expressed as follows:

The first is the decarbonylation of benzaldehyde, and the second,
the assumed conversion of the generated CO to formic acid
gthrough hydratiot?2! The noncatalytic synthesis of formic acid
from CO by eq 4 was confirmed recently in subcritical wéter.
It is thus expected qualitatively that the noncatalytic cross-
disproportionation reaction pathway expressed as e i&
2R—CHO+ H,0 —~ R—CH,0H+ R—COOH (1) common to the aldehyde family in hot water. However, the
reaction is complex enough that it involves the paths given by
R—CHO+ H,0 + HCOOH— R—CH,0OH + H,0 + CO, egs 4 at least (and is proven later to involve more). Further
2) progress can be achieved only through quantitative and com-
prehensive elucidation of the reaction pathways. For this
When R is H, eq 1 is the self-disproportionation of two purpose, itis necessary to focus on an aldehyde with an R group
formaldehydes to generate methanol and formic acid and eq 2which is simple enough but can be differentiated from the CHO
is the cross-disproportionation between formaldehyde and formic moiety. We pay attention to acetaldehyde, the simplest member
acid to produce methanol and carbonic acid §CP H;0). of aliphatic aldehydes witl-hydrogen.
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Under ambient conditions, it is well-knowhthat the main liquid-phase gas-phase
reaction pathway of acetaldehyde in the presence of base observation observation
catalysts is the aldol (condensation) reaction:

sample tube
0.D., 4.0 mm
2CH,CHO o sealed quartz 1D, 5.0 mm
1
CH,CH(OH)CH,CHO— CH,CH=CHCHO+ H,0 (5) T — |
sodium benzoate 0.D., 3.0 mm
D,O solution I.D., 1.5 mm

In contrast, it has previously been reported in a short com- (¢xtemal reference) |
munication that acetaldehyde undergoes noncatalytic self-
disproportionation (eq 1) and cross-disproportionation (eq 2)
and decarbonylation (eq 3) in supercritical water at 200the
products were analyzed only at a long reaction time of?4 h.
The condensation products were not detected in the previousFigure 1. Schematic illustration of the sample setup for the liquid-
observation. It is then considered that the condensation products@nd gas-phase NMR observations. When the gas phase is measured,
acetaldol and crotonaldehyde, are short-time-lived under su- he vessel is turned upside down. In this case, the liquid phase stayed
itical diti 40"([2 d that the i di at the top due to the surface tension and its interfering signal is absent
percr.ltlca water conditions ( ) and that the Interme "'?ue with a far enough meniscus from the rf coil center.
species are further transformed through decarbonylation like eq

3 and some polymerization. To establish the detailed reaction yongjty under homogeneous supercritical conditions, and it was
pathways, here, we have performed a quantitative study by NMR 4 e from 0.1 to 0.6. This means that the water density for

of all the products except solid polymers over a wide range of ¢ gy percritical water is 0-10.6 g/cnf. The detailed analysis
time. We have attempted to identify the key |ntermed|ates N of the hydrothermal reaction is performed at 0.5 gicifhe

eq 4, CO and HCOOH, and such aldol condensation productSqtion was prepared under ambient conditions so that the initial
as those involved in eq 5. After the reaction, such gaseous qncentration of acetaldehyde is set to 0.125 and 0.5 MM
products as Clj CO, and CQare distributed among the liquid  ,6}/4n8) under supercritical conditions. In this scheme, the
and gas phases n the reaction vessel., Gind C.O are concentration of a sample under ambient conditions is given
exclusively present in the gas phase. Thus, not only liquid-phasey,, e arget concentration under supercritical conditions divided
products bu'g also gas-phase ones are obsgrved here to eIuC|da§§\y the filling factor, that is, respectively, 0.25 and 1.0 M for
the mechanisms of the noncatalytic reactions of acetaldehydey, sample reacted at 0.5 gfenfFor comparison, the neat
in supercritical water. Furthermore, the solid polymers are o5ction was also examined at 460. In this case' no water
examined on the production mechanism based on the massy,|yent was added in the sample and the density of acetaldehyde

balances for carbon and hydrogen. _was set to 0.125 and 0.5 M before the reaction, in accordance
One of the most important features of hydrothermal reactions \;ith those for the supercritical water reaction.

is that water behaves as a reactant as well as a solvent, as can The reaction temperature was fixed at 4@ The sample

b_e seeninegs 1, 2, aqd 4. Ind_eed, water is a re_active specie_s Jhas put into a programmable electric furnace kept at 400
high temperatures which readily causes hydration, hydrolysis, the temperature was controlled withial °C. In the sample

and dehyd(a}tion. As a solvent, §upercritical water can stabilizg vessel, the system is homogeneous during the reaction. After a
polar.trang |1t;on states by SO'.V ation and accelerate I’lonc"’m”‘lyt'creaction time, the sample was removed quickly from the furnace
Eie_fz?cnonslbv Thus, Lhe reaction pat_hlzvayz an_dhrates Sho‘fldht_)e and quenched in a cold-water bath. It toeRO s for the sample

! efe.”tl_ et\;\lleen the rea(;ltlons with and without wa;er, t 'Sdto cool. Actually, the time scales for heating and cooling the
potentia 'tyﬁ owshus to (_T_?] ancea t?rg?t reaction pathway an sample are shorter than those for the reactions at the thermo-
suppress the others. e control of competitive reaction dynamic states of interest. After the sample is cooled, the liquid
pathways is essential for the development of supercritical water y 4 4ag phases coexist in the sample vessel. The liquid and gas
chem_|cal engineering. Hence, to elucidate how water affe_cts phases were separately subjecteéH@nd*C NMR measure-
the titled reactions of acetaldehyde, we compare reaction oo:c ot room temperature using ECA400N, ECA400W, and
products and their time dependences with and without water. ECA500W (JEOL) through a method illustrated in Figure 1,

' . and the products and residual reactant were quantified. The

Experimental Section concentrations of carbon monoxide and carbon dioxide could

Acetaldehyde (CECHO, 99%) was purchased from Merck Esddee\t/s;r;ﬁ s gdmf/g? t?]:rc 'gho;ﬁtﬁc:g;ﬁ otﬂ%?é: enriched acetalde
Co., and!C enriched acetaldehyd&CH3*CHO, 99.9%:3C '
enrichment, 99.27%) was from ISOTEC Co. They were used
without further purification. Thé3C enriched acetaldehyde was
employed for reliable quantification of carbon monoxide and  First, we show what kinds of products are generated in the
carbon dioxide by NMR. Water was distilled three times after neat reactions and supercritical water reactions of acetaldehyde
being ion exchanged by a Milli-Q lab filter (Millipore). Sodium  according to thé3C andH NMR spectroscopic analyses at a
benzoate (99.5%) was obtained from Nacalai, and its solution fixed reaction time of 20 min. The identification of the reaction
in D,O (99.9% D) was used as an external reference for NMR products is followed by the analysis of the time evolution of
observation. A sealed tube of quartz was used as a vessel fothe reactant and the major and minor products detected at
the reaction. different initial concentrations. The reaction mechanisms of the
The solution of acetaldehyde in& was loaded in a quartz ~ supercritical water reactions of acetaldehyde are discussed on
tube of 1.5 mm i.d. and 3.0 mm o.d. The sample was sealedthe basis of the product distributions and rate constants
after the air in the reactor was replaced by argon. The filling determined.
factor, which is defined as the ratio of the solution volume to ~ Neat Reactions As can be seen in Figure 2a, such gases as
the vessel volume at room temperature, determines the watermethane and carbon monoxide are produced by neat reactions

1™ ¥ observation range
by NMR

Results and Discussion
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CHCHO oy presence of such minor products as propane, ethane, ethylene,
carbon dioxide, and hydrogen molecules. However, the total
yields of these minor products are negligible and below 10%
at 60 min in the neat reaction at 0.125 and 0.5 M, respectively.
The reaction mechanism considered on the basis of the
—— e e e e B e e R experimental observation is in conformity with the optimized
200 150 100 50 0 structure of the transition state elucidated by the recent ab initio
CH, molecular orbital calculation of the singlet-state potential energy
surface (9).242>The bond scission is possible without resorting
to an intersystem crossing to the triplet statg){$ome radical
mechanisms can be realized however photochemically. The
reaction mechanism is thus not radical but ionic irrespective of
‘2(')0' T '1;0' T '1(')0' n '5'0' mT (') T the presence of water. This seems to be characteristic of
aldehydes; see the mechanistic transition from the radical to
the ion in the study of the hydrolysis ¢ért-butyl chloride as
reference . . . .
\ a consequence of the increase in the density (hydration) of
supercritical watef® It has been revealed that the motion along
© 1 the reaction coordinate from the reactant to the transition state
S essentially involves two motions; one is the rotation of H around
2 1 0 -1 the carbonyl carbon toward the methyl carbon, and the other is
O CH,CH(OH), CH;CHO cH.CcOOH the simultaneous €C bond elongation. It is therefore concluded
that the decarbonylation of acetaldehyde is induced by the
CH,CH=CHCHO / Lo thermal excitation of concerted vibrations as mentioned
— 3
above.
CH, As shown in Figure 2a, some other byproducts are detected.
: ’ T e They are crotonaldehyde and propene produced by the following
10 8 6 4 2 0 reactions:

Chemical Shift / ppm
Fi 2. NMR tra for th ti ducts of acetaldehyde aft 2CH,CHO=
igure 2. spectra for the reaction products of acetaldehyde after . .
being treated at 408C for 20 min. Part a represents tH€ spectrum (CH;CH(OH)CH,CHO) —~ CH,CH=CHCHO+ H,0 (5)

for the neat reaction without solvent water. Parts b, ¢, and d represent

the gas-phas&C, gas-phaséH, and liquid-phaséH spectra for the CH;CH=CHCHO— CH,CH=CH, + CO (39
reaction in supercritical water at 0.5 g/&mespectively. The acetal-

dehyde sample used is enriched"9 in parts a and b and is naturally  Crotonaldehyde is generated by the quick dehydration reaction
abundant in parts ¢ and d. The initial concentration is 0.5 M under the ot gcetaldol which is formed by the bimolecular thermal

reaction conditions. The neat reaction spectrum (a) was obtained by a : .
high-temperature measurement at 280 under these conditions, the condensation of acetaldehyde without any base catalysts.

sample system is homogeneous. In thespectra, sodium benzoate ~ Furthermore, crotonaldehyde is decarbonylated to propene and
solution was employed as an external reference for the quantification carbon monoxide, as is the parent aldehyde. The condensation
of the species of interest. GAH(OH), is the hydrated form of is considered to take place in an acetaldehyde dimer with their
CH;CHO and is a reactant. aldehyde-group planes in parallel and their dipoles antiparallel.
The condensation mechanism must be unique and different from
] the ordinary one that requires a base catalyst and solvent to
of acetaldehyde at 408C. When no solvent water is added, generate the carbanion under ambient condit?@iihe inter-
they are detected as the main products. Thus, the decarbonylatiopyglecular &-C bond is formed accompanying the proton
reaction of acetaldehyde proceeds under neat conditions asyansfer from the methyl carbon in one aldehyde to the polarized
follows: carbonyl oxygen in the other. In a sense, this is similar to the
mechanism of the intramolecular disproportionation mentioned
CH;CHO—CH, + CO ) above. The concerted proton transfer is expected to be induced
by the thermal excitation of strongly coupled vibrations ofH
The C2 molecule (acetaldehyde) is thermally fragmented into C—C=O0 in the dimer at high temperatures; a key role is played
the two C1 molecules without catalysts. In the fragmentation by the acidic character of carbonytprotons.
induced by rotational proton transfer, one (methane) is more The products discussed above can be compared with those
reduced and the other (carbon monoxide) is more oxidized; thisreported for the neat reaction undergone in a silica vessel at
can be called an “intramolecular disproportionation”. For the 523 °C at a pressure much lower than the atmospHéfe.
reaction mechanism, we consider that both theGCbond Hydrogen, acetone, ethane, ethylene, and carbon dioxide were
scission and the rotational proton transfer from the polarized reported to be formed as minor products from the methyl and
carbonyl carbon to the methyl carbon take place simultaneously; formyl radicals produced by the homolytic decomposition of
as a result of the strong coupling of anharmonic vibrations of acetaldehyde. According to the radical chain mechanism
many degrees of freedom, some vibrations associated with bondproposed, the stable main products can be considered to be
formation and breakage can be significantly softened. The methane and carbon monoxide. The products reported cor-
concerted proton transfer is expected to be induced by therespond to our products except for acetone. The absence of the
thermally excited vibration involving the methyl-carbon, car- condensation products, crotonaldehyde and propene, can be
bonyl-carbon, and aldehyde-hydrogen groups at high temper-explained by considering the marked effect of the initial
atures. As shown in conventional studies, a homolytieQC concentration on the intermolecular reaction. We confirmed that
bond-breakage process may be considered because of théhe yields of the condensation products are reduced 1Y%

CH,CHO
b CH,CH=CHCHO

lco cngr-cn,

@

() f

External

[=2}
w
g
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CH,CHO External H,
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as the initial concentration of acetaldehyde decreases from 0.5hyde. The additional production can be made possible by the
to 0.125 M. This indicates that the bimolecular reaction, cross-disproportionation reaction given by

condensation, is suppressed by the decrease of the initial

concentration of acetaldehyde, which leads to the lowering of CH,CHO +

the yield of propene. Although acetone was reported in the -

previous work”28as the low-yield product according to the gas- H0 + HCOOH™ [CH,CH(OH), + HCOOH]
chromatographic analysis, it was not detected in this work. In — [CH,CH,0OH + HOCOOH]
conclusion, there are two types of thermal reaction pathways

of acetaldehyde, decarbonylation and condensation. The former — CH,CH,OH + CO, + H,0

is a unimolecular bond-breaking reaction, whereas the latter is (2)
a bimolecular bond-forming reaction. Thus, the weight of these
reaction pathways is dependent significantly on the initial
concentration of acetaldehyde.

Hydrothermal Reactions. Now, we examine how the
reaction products are modified by the presence of hot water.
As can be seen in Figure 2fl, the products are generated in
the following decreasing order: metharecarbon dioxide>
hydrogen> carbon monoxide> ethanol> crotonaldehyde> . . ) .
acetic acid> formic acid. Methane is produced in the largest (OH). to HCOOH Ilke.the self-@sprpportmnqﬂon.
amount. This indicates that the decarbonylation of acetaldehyde The two types of disproportionation reactions are common

i ,22,29
(eq 3) proceeds also in supercritical water through the mech- ]EO Otg%: a:l;jehyo:gsr:n dhOt v(\;att)er. Inléeﬁegt studt?e?§, ¢ we dint
anism of intramolecular disproportionation considered for the ound that formaldenyde and benzaldenyade are transtormed into

neat reaction. It is to be noted, however, that carbon dioxide asthe corrgspondlng alcohol gnd car boxylic acid without any
well as carbon monoxide is formed in supercritical water. In a caj[alysts,_th_e ?'COhO'S are y|elqled in excess to the carboxylic
separate experiment, we confirmed that acetic acid is stable atauds. This indicates that the S|multaneou_s tran_sfers of H ‘?‘nd
400 °C; that is, neither C®nor methane is produced by the OH take place.for any type of aIdehydg |nclud|.ng aromatic.
high-temperature treatment of acetic acid under the Ioresen,[Formaldehyde is more reactive for the disproportionations than

conditions. The emergence of carbon dioxide and hydrogen andthe other aldehydes. This is consistent with the higher population

the relative deficiency of carbon monoxide can be explained of the hydrated for_m in the hydration gqumbnum. .
by the conversion to formic acid and its decomposition into Crotonaldehyde is generated as a minor product as in the case

carbon dioxide and hydrogen as follows: of the neat reaction. This indicates that the proton transfer
' required for condensation can be activated irrespective of the

Formic acid, the hydroxyl “aldehyde”, reduces the hydrated form
(1,1-ethanediol) of acetaldehyde to ethanol and is itself oxidized
to carbon dioxide. This implies that formic acid is a stronger
reducing reagent than acetaldehyde in hot water. The reaction
requires water; water behaves as a reactant as well as a solvent.
The mechanism is presumed to be the simultaneous transfers
of H from HCOOH to CHCH(OH), and OH from CHCH-

CO + H,0—HCOOH (4) presence of water in the vicinity of the acetaldehyde dimer. The
sum of carbon monoxide and carbon dioxide generated is larger
HCOOH— CO, + H, (6) in amount than methane. Thus, carbon monoxide is produced

also by the decarbonylation of crotonaldehyde as in the neat
In a recent stud§,we found that formic acid is formed as an reaction. In the supercritical water reaction, however, the
intermediate product of the water-gas-shift reaction. decarbonylation product, propene, was not observed. This
In the supercritical water reaction, carbon dioxide, ethanol, suggests that the decarbonylation product further transforms
acetic acid, and formic acid are generated in addition to the readily into a polymeric one such as polypropylene through the
products of the neat reaction mentioned above, but propene isfollowing reaction:
not observed. The presence of ethanol and acetic acid shows

that the noncatalytic bimolecular self-disproportionation reaction —CH—CH,~

between acetaldehyde and its hydrated form takes place in 7 CH;CH=CH, — ( CH >

supercritical water as follows: 3 ! 9
2CH,CHO + H,0 — [CH,CH(OH), + CH,CHO] The polymerization is considered to take place also by

crotonaldehyde; the polymer contains carbonyl groups and can

— CHyCH,OH + CH;COOH 1) be decarbonylated by the following reactions:

Here, it is speculated that the hydrated form (1,1-ethanediol)

of acetaldehyde is involved in the noncatalytic disproportion- ,, cH,CH=CHCHO — (_|CH_|CH_>

ation. The disproportionation reaction, where the one reactant CH; CHO/,

is reduced and the other is oxidized, is achieved by the (_CH_CH_> (_CH_CH2
n

®)

simultaneous transfers of H from GEHO to CHCH(OH), éH ICHO ICH
and OH from CHCH(OH), to CH;CHO; the dimer would be 3 3
formed with the methyl groups facing in the opposite directions.
Rotational proton transfer and softening of coupled vibrations  The time dependence of the amount of these polymers will
play a key role in controlling the noncatalytic disproportionation be discussed later in a quantitative manner.
in supercritical water, as in the case of the aldol condensation All reaction pathways of acetaldehyde in supercritical water
in the neat reaction. in the absence of catalysts can be summarized as in Figure 3.
As can be seen in Figure 1d, however, ethanol is produced Acetaldehyde can have four types of reaction pathways, such
as~3 times as large as acetic acid, in sharp contrast to the 1:1as decarbonylation, self- and cross-disproportionations, and
alcohol/acid ratio in the self-disproportionation reaction. This condensation, in supercritical water. The competitive reaction
implies that ethanol production involves another reaction scheme is further confirmed below quantitatively on the basis
pathway in addition to the self-disproportionation of acetalde- of the time evolution.

_) +1nCO
" )
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CH;CHO + H,0

self-
disproportionation (1')

CH,CH,OH + CH;COOH

CH;CHO
condensation (5')

CH;CHO CH;CH=CHCHO + H,0

decarbonylation (3"

decarbonylation (3")
/ \ polymerization (8)
CH-CH,
CcO 1

CH CH;CH=CH, —— >
4 3 2 polymerization (7) < CH; >n

hydration (4)| H,O CH—CH—)
n

- | |
decarbonylation (9)< CH; CHO

CH;CHO +H,0
HCOOH ————————> CH;CH,0H + CO, + H,0
decarboxylation (6) disproportionation (2')

CO, + H,

Figure 3. Noncatalytic reaction pathway of acetaldehyde in supercritical water. The numbers in parentheses denote the equation numbers of the
reactions in the text.

Time Evolution of Products and Kinetic Analysis.We can monoxide is converted into carbon dioxide and hydrogen in hot
confirm the reaction schemes considered above by inspectingwater. As discussed below, this is caused by the transformation
how the concentrations of acetaldehyde and the products varyof carbon monoxide into formic acid (eq 4) followed by the
with time in the neat and supercritical water reactions. As shown decomposition to carbon dioxide (eq%).
in Figure 3, there are two types of neat reaction pathways of The slowdown of the decarbonylation of acetaldehyde
acetaldehyde, decarbonylation and condensation; the former andnduced by water can be quantitatively shown by a comparative
the latter are uni- and bimolecular reactions, respectively. The study of the rate constants with and without water. At the lower
weights of the reaction pathways are therefore expected to beinitial concentration, the rate constant for the single decarbo-
dependent on the concentration of acetaldehyde. We examinenylation path can be determined; see Figure 4a and c. The first-
the time evolution of acetaldehyde and its products at different order rate constants listed in Table 1 are determined by
initial concentrations of 0.125 and 0.5 M. As can be seen in monitoring the concentrations of (i) methane, (ii) the sum of
Figure 4a and b, the increase of the initial concentration spreadscarbon monoxide and carbon dioxide, or (iii) acetaldehyde;
the distribution of the products. Such decarbonylation products among these methods, the first one (i) is the most reliable. The
as carbon monoxide and methane are generated equally at theate constant is found to be reduced by a factor0f6 by the
lower initial concentration, whereas the former is more than presence of water. The value calculated by the decrease of
the latter at the higher initial concentration. The yields of carbon acetaldehyde is somewhat larger than those estimated on the
monoxide and methane are indeed nearly equal (within an errorbasis of methane and carbon monoxide. This is caused by the
of ~10%) to the amount of decreased acetaldehyde. The excesslight contributions of condensation and disproportionation.
carbon monoxide is due to the decarbonylation of the condensa- To elucidate the mechanism of the conversion of carbon
tion product, crotonaldehyde. The production of crotonaldehyde monoxide to carbon dioxide in supercritical water, we normalize
and propene is evidently enhanced by the increase of the initialtheir time-dependent yields by that of methane at the low and
concentration, as expected. The enhancement of the condensdiigh concentrations; see Figure 5. Assume that only acetalde-
tion leads to the relative decrease of the methane production,hyde is subjected to the decarbonylation and that the de-
as can be seen from Figure 4b. carbonylation product, carbon monoxide, is quickly transformed

Carbon monoxide is produced by the decarbonylation reac- into carbon dioxide via formic acid, as seen in eqs 4 and 6.
tions of both acetaldehyde and crotonaldehyde. This is why the Under these assumptions, the decrease in carbon monoxide
amount of carbon monoxide is the largest (see Figure 4a andshould be symmetric to the increase in carbon dioxide and the
b) and why the yield of carbon monoxide is equal to the sum sum of the normalized yield is equal to unity. Especially, the
yield of methane and propene. At the higher initial concentration, normalized yields for carbon monoxide and carbon dioxide
however, the sum decreases©20% due to such reactions as are equal to zero and unity, respectively, in the long-time
polymerization and transformation to minor products involved. (equilibrium) region ¢120 min). At the lower concentration,
Thus, the total mass in the gas and liquid phases is kept constanthis is the case. The evolution of carbon dioxide is almost
at low concentrations but not at high concentrations. symmetric to the depletion of carbon monoxide. Thus the rate

To see how the weights of the reaction pathways and the of the conversion of carbon monoxide to carbon dioxide is
rates are modified by hot water, we compare the time evolutions indeed fast. Strictly speaking, however, the long-time yield of
with and without water at a low (0.125 M) and a high (0.5 M) carbon dioxide slightly and significantly exceeds unity, respec-
initial concentration (Figure 4c and d). The yield of methane tively, at the low and high concentrations, as an indication of
as the main product is reduced by the presence of water; thethe contribution of the decarbonylation other than the parent
yield at 60 min is~35% in the neat reaction, whereas iti85% molecule, acetaldehyde; crotonaldehyde makes such a contribu-
in the supercritical water reaction whatever the concentration tion (see egs'3and 9). The time scale of the conversion of
of aldehyde. This can be caused by the suppression of thecarbon monoxide to carbon dioxide explains why the carbon
reactive vibrating mode by water. If only the decarbonylation monoxide is not observed in the previous stétigs mentioned
takes place as in the neat reaction, methane and carborin the Introduction. As can be seen in Figures 4 and 5, a reaction
monoxide should be equally generated. However, carbontime o 4 h used for the analysis is long enough for the complete
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Figure 4. Time evolution of the concentrations of acetaldehyde and the products treated 4Z.4P@rts a and b represent the neat reaction at

initial concentrations of 0.125 and 0.5 M, respectively. Parts ¢ and d represent the hydrothermal reaction at a water density &&0. igitiad
concentrations of 0.125 and 0.5 M, respectively. The normalized concentration denotes the concentration of the compound of interest divided by
the initial concentration of acetaldehyde. The proton mass balance denotes the ratio of the hydrogen amount in acetaldehyde and the products
except H at a specified reaction time to the initial amount in acetaldehyde. The exceptioni®fbdcause its hydrogen atom is the water origin.

TABLE 1: Rate Constants of the Decarbonylation of d. Ethanol is generated more than acetic acid. This is because
ﬁggtgédgrqé/ngUﬂ?fnf@Neat and Hydrothermal Conditions at ethanol is produced by both the self- and cross-disproportion-
~9 ations. It is interesting to see which pathway is more important
rate constant/s in the ethanol production. This can be elucidated by analyzing
compound used for calculation neat hydrothermal  the ratio of ethanol to acetic acid; acetic acid is generated only
methane 1.6¢ 104 8.8x 105 from the self-disproportionation. The production ratio of ethanol/
carbon monoxide 1.% 10 9.7 x 10752 acetic acid is increased during the course of the reaction time.
acetaldehyde 2% 10 14x10* The ratio is~2 at the shortest time (10 min) and4 at the
aThe rate constant was calculated by the sum of carbon monoxide longest (240 min). The rate law and kinetic analyses are
and carbon dioxide. presented in the Appendix, and the cross-disproportionation is
conversion. Thus, both carbon monoxide and the intermediate,found to be faster than the self-disproportionation. The rate
formic acid, were not observed there. constant of the cross-disproportionatidg) (is larger than that

Although the decarbonylation discussed above is a first-order Of the self-disproportionatiork(, and the cross-disproportion-
reaction, the self- and cross-disproportionations are considered@tion is more important even though the concentration of formic
to be second-order ones; see the reaction scheme in Figure &cid is much lower than that of acetaldehyde. The larger
and the rate equations (egs 13 and 14) in the Appendix. Thereactivity of formic acid than acetaldehyde can be explained
higher reaction order of the disproportionations is indicated by by considering that the hydroxyl group on the carbonyl carbon
the strong dependence of the ethanol production on theintensifies the polarization of formic acid and stabilizes the
concentration of acetaldehyde, as can be seen in Figure 4c anchegative partial charge in the transition state. The larger
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1.6 L ' ! be caused since the hydration of carbon monoxide into formic
acid is promoted with water density. On the other hand, the
1.4 B yield of methane seems to be constant in the medium densities
2 i of 0.3-0.6 g/cnd.
’ Before going to the conclusion, now we consider a remaining
< 1.0+ L problem concerning the relation between the polymerization of
g crotonaldehyde and its decarbonylation. The solid polymer
2 08+ - formed was not identified het€but can be estimated according
= initial concentration to the!H and*C NMR measurements for the other products
2 0.6 (11.2_5”();5.]\_Acarbonmonoxide " detected in the gas and liquid phases by assuming the mass
04 —&-, —o— carbon dioxide | balances for carbon and hydrogen. As can be seen in Figure
’ 4d, the total mass (hydrogen-based) obtained by the NMR
024 L measurements decreases steeply in the early reaction st@ge (
min) due to the polymerization of crotonaldehyde. The amount
0 : T : T e of polymerized crotonaldehyde can be obtained by using the
0 50 100 150 200 250 following quantities expressed in terms of the monomer unit:
Time / min
Figure 5. Time dependence of the concentrations of carbon monoxide A= (4[CH,CHO], —y) 10
and carbon dioxide normalized by the methane concentration at initial - 8 (10)

acetaldehyde concentrations of 0.125 and 0.5 M in supercritical water
at 400°C and 0.5 g/crh [c] denotes the concentration of carbon

monoxide or carbon dioxide. where
025 ' ' ' y= Z[j]nj (11)
c Og/cm3 (neat condition) M
= 0.1 glom’ zh
- 024 @ 02gem’ - and
S 0.3 g/em’ B
E =@ 04 gon’ B=[CO] +[CO,] — [CH] (12)
8 0.15] 0.5 gfem’ -
=] 3 & . ..
3 m 06gem Here, [] denotes the molar (M) concentration of the spegjes
T 0 - for example, [CHCHOY], is the initial concentration of acetal-
s dehyde. The quantity; denotes the number of hydrogen atoms
E contained in the detected specjefor example n; is taken to
0.05 | - be 8 (not 6) for the monomer unit (crotonaldehyde) because of
the release of one molecule of water. The quariipdicates
R : : the amount of polymerized crotonaldehyde (see eqs 7 and 8)
0 ethanol aceticacid | methane crotonaldehyde determined by the undetected hydrogen atoms, expressed in

Figure 6. Product concentrations in various water densities at a fixed terms of two acetaldehydes. The amount of polymers without

supercritical temperature of 40C, reaction time of 20 min, and initial - 2/dehyde groups can also be computed from the gas products
concentration of 0.5 M. The normalized concentration denotes the (Carbon-based), as shown by the quanBtyn eq 12. Since
concentration of the compound of interest divided by the initial carbon monoxide is produced by the decarbonylation reactions
concentration of acetaldehyde. of acetaldehyde, crotonaldehyde, and its polymer and since CO
is converted to CgQ the sum of CO and CfOsubtracted by
CH, is equal to the amount of the solid polymers decarbonylated.
The quantityA is always larger than or equal to the quanBty

In the limits of the complete decarbonylatighandB are equal.

To examine how the polymers mentioned above are produced,
we plot A and B calculated from Figure 4d (the initial
acetaldehyde concentration is 0.5 M, and the water density is

.5 g/cn¥) against time for comparison in Figure 7. The curve

contribution of the cross-disproportionation with formic acid is
common to other aldehydé%21-2°For example, in the case of
formaldehyde, the rate constants of the self- and cross-
disproportionations are respectively determined as10~* and
1 x 103 M~1s1at 225°C on the water saturation curg@.
The self- and cross-disproportionation reactions require water
as a reactant as well as a solvent, as shown in egqsd 2.
Therefore, they are expected to be enhanced as the supercritic > .
water density is increased, in contrast to the decarbonylation ' A initially rises and reaches a plateau after a long enough

of acetaldehyde. We examine the water density dependence ofMe t0 consume the monomer, crotonaldehyde. Skiceludes
the product yields at fixed parameters of a supercritical all kinds of polymers irrespective of decarbonylation, in fact,

temperature of 400C, reaction time of 20 min, and initial Als Iarger.thaer, until they finally bec.ome equal. Their .
concentration of 0.5 M. As can be seen in Figure 6, the yields 2Jreement implies that the decarbonylation from polymers is
of ethanol and acetic acid increase with the water density, COMPleted; a variety of polymers are finally reduced to
whereas those of methane and crotonaldehyde show decreasingClYPropylene.

tendency. The increasing rate of ethanol is larger than that of
acetic acid; the yield ratio change by the density elevation from
0.1 to 0.6 g/criiis ~10 for ethanol, whereas it is3 for acetic We have found that acetaldehyde in supercritical water
acid. This indicates that both the self- and cross-disproportion- undergoes such new reactions as noncatalytic self- and cross-
ations are accelerated. Furthermore, the production ratio of disproportionations, condensation, and decarbonylation. The
ethanol/acetic acid is increased+® from ~2 by the density decarbonylation generates carbon monoxide, which is trans-
elevation. Thus, the importance of the cross-disproportionation formed into formic acid in the presence of water, and formic
increases as the water density is elevated. This is considered t@cid, hydroxyl aldehyde, which is subjected to the cross-

Conclusions
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Figure 7. Time evolution of the amount of polymerized crotonaldehyde
(quantity A), polymers without aldehyde groups (quantB), and
crotonaldehyde.

250

disproportionation. Supercritical water acts as a reactant as well

as a solvent in the self- and cross-disproportionations.

In the self- and cross-disproportionations, ethanol production
is found to be increased with an increase in the supercritical
water density or initial concentration of acetaldehyde. Acetic
acid is produced only through the self-disproportionation, and

the production ratio of ethanol/acetic acid exceeds 2. This is a

clear indication of the higher reactivity against acetaldehyde of
formic acid (cross-disproportionation) than that of acetaldehyde
(self-disproportionation). The dimer of acetaldehyde, where the
carbonyl groups face in opposite directions, is considered for
the interpretation of the reaction mechanism. The dispropor-
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for the Promotion of Science and by the Grant-in-Aid for

Creative Scientific Research 13NP0201 and the Grant-in-Aid
for Scientific Research on Priority Area 15076205 from the
Ministry of Education, Culture, Sports, Science and Technology,
Japan.

Appendix: Kinetic Equations

As can be seen in Figure 3, acetaldehyde undergoes two types
of ethanol production reactions; one is the self-disproportionation
and the other is the cross-disproportionation with formic acid.
In this appendix, we show through an estimate of relative rate
constants based on the rate equations that the cross-dispropor-
tionation reaction is faster than the self-disproportionation. The
rate equations for the production of ethanol and acetic acid are
expressed as follows:

d[CH,CH,OH] )
— = kJCH,CHO]J" + k[CH,CHO][HCOOH]
(13)
d[CH,COOH] 5
———— = kJCH,CHQ] (14)

dt

whereks and k. represent the rate constants of the self- and
cross-disproportionations, respectively. Thus, the production
ratio of ethanol to acetic acid can be expressed as follows:

[CH,CH,OH]
[CH,COOH]
[{ dt(k{CH.CHOF + k[HCOOH][CH,CHO])

- dt(k{CH.CHOP)

tionation reactions are achieved by the simultaneous rotationalsjnce the concentration of formic acid is much smaller than

transfers of H from CHCHO or HCOOH to CHCH(OH), and
OH from CH;CH(OH), to CH;CHO or HCOOH. Softening of

that of acetaldehyde during the course of the reaction time
([HCOOH] < [CH3CHQY)), eq 15 can be transformed into the

coupled vibrations and simultaneous rotational proton transfer following inequality as expressed by the ratio of the rate

play a key role in controlling the noncatalytic disproportionation.
The bimolecular condensation reaction leading to crotonal-

dehyde can take place even in the absence of catalysts and
solvent water. For the reaction mechanism, a dimer of acetal-

dehyde with antiparallel dipoles is considered to be formed, in

contrast to the conventional idea about a complex between the

catalyst-induced carbanion and the positively polarized carbonyl
carbon. The concerted proton transfer from the methyl carbon
in one aldehyde to the polarized carbonyl oxygen in the other
is expected to be induced by the thermal excitation of strongly
coupled vibrations of HC—C=0O in the dimer at high
temperatures.

constants:

[CH.CH,OH] __ f7dt(k[CH,CHOF + k [CH,CHOP)

— ] c
kS

From Figure 4d, it is seen that the yield ratio of ethanol/acetic
acid is 2-4 throughout the observed reaction time. Thus, the
rate constant ratiokg/ks) is much larger than13. This is a

The decarbonylation and condensation occur even under neatjear indication of the larger rate constant of the cross-
gas conditions. For these reactions, not a radical but an ionic disproportionation k) than that of the self-disproportionation
reaction mechanism is concluded here. The presence of solventy,).
water decelerates the decarbonylation of acetaldehyde; the rate
constant decreases by a factor of 0.6. This is caused by theReferences and Notes
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