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The reaction pathways and kinetics of C1 aldehydes, formaldehyde (HCHO) and formic acid (HCOOHd
HOCHO), are studied at 400°C in neat condition and in supercritical water over a wide range of water
density, 0.1-0.6 g/cm3. Formaldehyde exhibits four reactions: (i) the self-disproportionation of formaldehyde
generating methanol and formic acid, (ii) the cross-disproportionation between formaldehyde and formic acid
generating methanol and carbon dioxide, (iii) the water-independent self-disproportionation of formaldehyde
generating methanol and carbon monoxide, and (iv) the decarbonylation of formaldehyde generating hydrogen
and carbon monoxide. The self- and cross-disproportionations overwhelm the water-independent self-
disproportionation and the formaldehyde decarbonylation. The rate constants of the self- and cross-
disproportionations are determined in the water density range of 0.1-0.6 g/cm3. The rate constant of the
cross-disproportionation is 2-3 orders of magnitude larger than that of the self-disproportionation, which
indicates that formic acid is a stronger reductant than formaldehyde. Combining the kinetic results with our
former computational study on the equilibrium constants of the self- and cross-disproportionations, the reaction
mechanisms of these disproportionations are discussed within the framework of transition-state theory. The
reaction path for methanol production can be controlled by tuning the water density and reactant concentrations.
The methanol yield of∼80% is achieved by mixing formaldehyde with formic acid in the ratio of 1:2 at the
water density of 0.4 g/cm3.

1. Introduction

C1 chemistry is the chemistry of simplest organic compounds
with single carbon atom. Coupled with energy issues, one of
the most important targets of C1 chemistry is the production of
such compounds as alcohols or olefins.1-9 To obtain a desired
product, reaction path control is indispensable, and it is often
done by using hazardous organic solvents and catalysts. Organic
reactions in supercritical water, in contrast, can be controlled
through solvation by tuning the reaction temperature and the
water (solvent) density.3,4,10In the present work, we thus develop
the C1 chemistry in supercritical water and provide a clean C1
chemistry without any catalysts. Here we focus on the non-
catalytic reactions of C1 aldehydes, formaldehyde and formic
acid, and develop a clean process of methanol formation in
supercritical water on the basis of kinetic analysis with the water
density variation at 400°C.

Methanol is an alternative energy source to fossil fuels and
is commercially produced by the gas-phase reaction of carbon
monoxide and hydrogen (synthesis gas) in the presence of
catalysts.11 The reaction of C1 aldehydes in supercritical water
can serve as a new and clean way of methanol production. In
hot water, aldehyde is a source of the corresponding alcohol
through the noncatalytic self- and cross-disproportionations.1,2,12

The former is a redox reaction of two aldehyde molecules of
the same kind to produce alcohol and carboxylic acid, and the
latter is a redox reaction of aldehyde and formic acid (hydroxyl
formaldehyde) to produce alcohol and carbon dioxide. Both
proceed without base catalyst in sub- and supercritical water,
which sharply differentiates the hydrothermal disproportion-

ations from the base-catalyzed Cannizzaro reaction in ambient
condition.13 Here we use supercritical water as a clean reaction
medium and optimize the methanol yield by tuning the water
density.

Hydration strongly influences the hydrothermal reactivity of
organic molecules. The variation of the water density allows
us to control hydration and to clarify the reaction mechanisms.
However, there are a limited number of studies which focus on
the water density effect on aldehyde disproportionations in
supercritical water14 despite the intensive studies of hydrother-
mal aldehyde disproportionations with a wide range of pH
variation from basic to acidic conditions.15-22 In the present
work, we study the water density effect on the self- and cross-
disproportionations of formaldehyde through the determination
of the rate constants at 400°C in the water density range of
0.1-0.6 g/cm3. Previously, we computationally examined the
equilibrium constants of the self- and cross-disproportionations
and the formaldehyde hydration in a wide range of temperature
and water density.3,4 Combining the experimental and theoretical
results, here, we elucidate the reaction mechanisms of the self-
and cross-disproportionations by proposing a key role of
methanediol (CH2(OH)2), the hydrated form of formaldehyde,
as a reactant in the self-disproportionation.

In the former experimental work on the hydrothermal
reactions of C1 aldehydes in subcritical water, we focused on
the clean C-C bond formation without organic solvent or metal
catalyst.1,2 In the present work, we expand the formaldehyde
reaction into supercritical conditions and focus on the clean
methanol formation, which serves as a model for various alcohol
productions from corresponding aldehydes in hydrothermal
conditions.14,23-25 On the basis of the kinetic analysis, we control

* To whom correspondence should be addressed. E-mail: nakahara@
scl.kyoto-u.ac.jp.

2697J. Phys. Chem. A2007,111,2697-2705

10.1021/jp066785y CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/20/2007



the reaction path for methanol production by the water density
and reactant concentrations and show that supercritical water
is more suitable for selective methanol formation than subcritical
water. Our kinetic analysis is performed using1H and13C NMR
spectroscopy to detect all of the products in the gas and the
liquid phases and monitor the minute-scale production of
methanol.

The experimental procedure is in section 2. In section 3.1,
we discuss the reaction scheme on the basis of the product
distribution at a fixed reaction time. In section 3.2, the time
evolutions of reactants and products are examined in both neat
and hydrothermal consitions. In section 3.3, the reaction
mechanisms of the self- and cross-disproportionations are
examined on the basis of the rate constants and the former
computational studies.3,4 In section 3.4, path weight control for
methanol formation is demonstrated as a clean method for
methanol production. Conclusions are given in section 4.

2. Experimental Section

1,3,5-Trioxane (a formaldehyde trimer, calleds-trioxane
hereafter) was obtained from Nacalai and used without further
purification.13C-enriched formalin (99 at. % and 20% in H2O)
was obtained from ISOTEC and was used as received. As a
solvent, water (H2O) was purified using a Milli-Q Labo
(Millipore) filter system.

13C-enriched formalin was sealed in a quartz tube with water
under argon atmosphere. The tube was 2.5 mm i.d. and 4.0 mm
o.d. The reaction temperature was fixed at 400°C. The sample
filling factor, defined as the volume ratio of the solution to the
total sample tube at room temperature, determines the water
density in supercritical conditions and was varied from 0.1 to
0.6. The filling factor corresponds to the water density in the
range of 0.1-0.6 g/cm3. While the water density was varied,
the concentration of formaldehyde in supercritical conditions
was fixed at 0.1 M (mol dm-3). To clarify the effect of water,
the neat reaction was also studied at 400°C. In the neat reaction,
s-trioxane was used as a formaldehyde producer and was sealed
in a Pyrex NMR tube of 7.0 mm i.d. and 8.0 mm o.d. under
argon atmosphere without water. The initial formaldehyde
concentration was set to 0.1 M, which corresponds to the
s-trioxane concentration of 0.1/3 M.

Each sample tube was heated in a programmable electric
furnace kept at the reaction temperature of 400( 1 °C. In the
hydrothermal reaction, the sample was removed from the furnace
after a desired reaction time and cooled to room temperature
by a water bath. The sample was then put in a Pyrex NMR
tube, and the1H and proton-decoupled13C NMR spectra were
measured at room temperature with 400- and 500-MHz NMR
(ECA, JEOL). In the reaction tube, the liquid and gas phases
coexist, and the both phases are measured to identify all the
products. The liquid and gas phases were separately measured
as described elsewhere.14 In the neat reaction, the sample was
cooled with air within a minute and the1H and proton-decoupled
13C NMR spectra were measured with 400- and 600-MHz NMR.
In this case, the NMR spectra were taken at 130°C so that the
sample may be in the homogeneous gas phase.

In the neat experiment, we used a Pyrex tube with a thickness
of 0.5 mm as a reactor. The time evolution was observed for
the reactant and products at time intervals of 5-15 min by the
repetition of heating, cooling, and measuring of a single sample.
Because of the thinness of the used tube, the sample reaches
the reaction temperature in less than 30 s. We have confirmed
that the neat reaction of formaldehyde does not proceed at all
within 60 min at the reaction temperature lower than 300°C.

The essential dead time is therefore the time needed for a sample
to reach 400°C from ∼300 °C and is much shorter than 30 s.
Thus, the effect of the time needed for the sample to reach the
reaction temperature was not taken into account due to the
separation of the time scales of the reaction monitoring and the
essential dead time. The hydrothermal reaction was studied at
a time step of 1 min since the reaction is rather rapid. A series
of samples were used to obtain the time evolution of the spectra
instead of repeating the heating, cooling, and measuring of a
single sample. A number of samples were prepared for each
reaction mixture, and every sample was assigned to a different
reaction time as described in the previous paper.1 This is because
it takes about 1 min until the sample attains the desired reaction
temperature due to the low thermal conductivity of quartz26 and
because this “dead time” brings an artifact to the time evolution.
The reaction time was set to 2 min or longer. This treatment
reduces the error of reaction time to less than 1 min, while with
a single sample, the error increases as the number of repetition
time of the reaction and measurement increases.

3. Results and Discussion

The reaction scheme and kinetics of formaldehyde in super-
critical water are studied by analyzing the neat and hydrothermal
reactions of formaldehyde at 400°C. To establish the kinetics,
all the chemical species need to be analyzed quantitatively in
both liquid and gas phases. We have applied powerful1H and
13C NMR spectroscopy to quantify the time evolution of all
the reaction products with and without protons.

3.1. Products and Reaction Pathways.3.1.1. Neat Reaction.
First we examine what products are generated and how they
are distributed in the reaction of formaldehyde in the absence
of water at 400°C. The initial concentration ofs-trioxane is
set so that it may provide 0.1 M formaldehyde after immeasur-
ably fast monomerization. Figure 1a shows the1H NMR
spectrum after 60 min of reaction. More than 91% of the proton-
based mass balance is maintained through the reaction; all of
the main reaction pathways are covered by the present study.

Formaldehyde, carbon monoxide, and methanol are observed
as major products. Products are generated in the decreasing
order:27

The numbers in the parentheses are the yields, the product
concentrations divided by the initial concentration of formal-
dehyde. The yield of carbon monoxide is nearly equal to the
sum of methanol and hydrogen yields. The equality can be
explained by the following reactions:

Equation 1 is the water-independent self-disproportionation of
formaldehyde, in which one formaldehyde molecule reduces the
other into alcohol and oxidizes itself to carbon monoxide in
the absence of water.24 It is striking that formaldehyde dispro-
portionates without any solvents or catalysts. The water-
independent bimolecular self-disproportionation is found only
for formaldehyde.14 Equation 2 is the proton-transferred decar-
bonylation of formaldehyde.24 In this reaction, one proton is
intramolecularly transferred to the other proton attached to the
same carbonyl group to form a hydrogen-hydrogen bond,
followed by the carbonyl group elimination through a breakage
of two hydrogen-carbon bonds. The proton-transferred bi-

HCHO (0.32)> CO (0.20)> CH3OH (0.14)> H2 (0.05)

2HCHOf CH3OH + CO (1)

HCHO f CO + H2 (2)
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molecular decarbonylation found here for the C1 aldehydes is
common to other aldehydes.14,23,25

3.1.2. Hydrothermal Reaction.Here we examine how the
reaction of formaldehyde is modified by the presence of water.
The reaction is studied for 0.1 M formaldehyde at a water
density of 0.4 g/cm3 at 400°C. Parts b and c of Figure 1 show,
respectively, the liquid-phase1H NMR and gas-phase13C NMR
spectra after 4 min of reaction. It is to be noted that the mass
balance is maintained through the reaction within an error of
2% based on carbon atom. As seen in Figure 1b, methanol is
the primary product. Products generated are in the decreasing
order as follows:

It is of great interest that the methanol yield is∼3 times larger
than that in the neat gas and that the reaction is much faster in
supercritical water. A trace amount of formic acid is detected
in supercritical water, in contrast to the neat condition. Unlike
the neat condition, neither ethane nor methyl formate is
observed.27 Importantly, the yields of byproducts including
formaldehyde polymers are less than 2%. Thus hot water
strongly enhances the methanol formation and suppresses side
reactions of formaldehyde such as polymerization.

As mentioned above, the methanol formation is significantly
enhanced by the presence of water. A new reaction path is
opened by the presence of water. It is proposed as the following:

Equation 3 is the self-disproportionation of formaldehyde, in
which two molecules of formaldehyde react to reduce one
formaldehyde and oxidize the other.1,2,12 We propose a mech-
anism as shown in Figure 2a. One formaldehyde is first hydrated
into methanediol and then disproportionates with unhydrated
formaldehyde. In supercritical water, no base catalyst is needed
to reduce formaldehyde, in sharp contrast to the usual base-
catalyzed Cannizzaro reaction in ambient condition.13

The self-disproportionation is to generate methanol and formic
acid in an equal amount with each of their yields not exceeding
50%; see eq 3. There is, however, a marked difference in the
yield between methanol and formic acid. Some other reaction
path must exist that can generate methanol besides eqs 1 and
3. Methanol can be produced additionally by

Equation 4 is the cross-disproportionation, a redox reaction
between aldehydes of different kinds. Here, formic acid, a
member of C1 aldehyde, reduces formaldehyde into methanol
and oxidizes itself into carbon dioxide.28 The mechanism is
proposed in Figure 2b. Similar to the self-disproportionation
(eq 3), the cross-disproportionation in supercritical water
proceeds without base catalysts. The extremely low concentra-
tion of formic acid indicates that formic acid is a reactive
intermediate and that as soon as formic acid forms, it is
consumed by the cross-disproportionation. It is of interest that,
practically, formic acid, the oxidized formaldehyde, has a
stronger reducing ability than formaldehyde. In the case of other
aldehydes, the cross-disproportionation with formic acid also
proceeds faster than the self-disproportionation.14,25 Hot water
makes base catalyst unnecessary that is needed in the ambient
condition. Thus, the hydrothermal disproportionations illustrate
the potential of sub- and supercritical water as a new solvent
for green organic chemical reactions.

Figure 1. (a)1H NMR spectrum for the reaction of 0.1 M formaldehyde
(s-trioxnae) after 60 min at 400°C without solvent. Since H2 shows a
broad signal, it overlaps with other peaks. (b)1H NMR spectrum of
the liquid phase for the reaction of 0.1 M formaldehyde (13C-enriched
formalin) after 4 min with water density of 0.4 g/cm3 at 400°C. Though
the signal of methanediol is a doublet due to13C-H coupling, one of
the signals is hidden by the peak of H2O. (c) 13C NMR spectrum of
the gas phase. Neat spectrum a is measured at 130°C to make the
sample homogeneous. Spectra b and c of the hydrothermal reaction
are measured at 40°C. Since the NMR measurement is performed at
room temperature, formaldehyde is hydrated and is observed as
methanediol in spectrum b.

CH3OH (0.38)> CO2 (0.28)> CH2(OH)2 (0.24)>
H2 (0.09)> CO (0.07)> CH3OCH2OH (0.01)>

HCOOH (<0.01)

Figure 2. Proposed reaction mechanisms of (a) the self-dispropor-
tionation and (b) the cross-disproportionation.

2HCHO+ H2O f HCHO + CH2(OH)2 f

CH3OH + HCOOH (3)

HCHO + HCOOHf CH3OH + CO2 (4)
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Figure 3 shows the proposed reaction scheme of formaldehyde
in supercritical water at 400°C. The reactions which require
water as a reactant or solvent are written with horizontal
arrows, and the reactions which proceed in both neat and
hydrothermal conditions are written with vertical arrows. The
self-disproportionation and the hydration of carbon monoxide
give rise to formic acid,5,6 which is consumed immediately by
the cross-disproportionation. The formation and consumption
of formic acid are the core of the hydrothermal reaction of
formaldehyde. It is thus significant that formic acid is observed
in this study, which strongly supports the reaction scheme shown
in Figure 3.

3.2. Time Evolution of Reactants and Products.In super-
critical water, methanol is produced from the water-independent
self-, hydrothermal self-, and cross-disproportionations. To
determine each reaction path weight, it is thus indispensable to
divide the observed time evolution of methanol into components
of each disproportionation. In supercritical water, every product
is provided by multiple reactions, as seen in Figure 3, and it is
impossible to discuss the path weight based on the product
distribution in supercritical water alone. In this section, we first
determine the rate constants of the water-independent self-
disproportionation (eq 1) and the decarbonylation of formalde-
hyde (eq 2) in the absence of water. Then we clarify the path
weights of other reactions in supercritical water, assuming that
the solvent water has little effect on the rate constants of the
water-independent self-disproportionation and the formaldehyde
decarbonylation.

3.2.1. Water-Independent Self-Disproportionation and De-
carbonylation of Formaldehyde.Here, we determine the rate
constants of the water-independent self-disproportionationkwi-self

and the decarbonylation of formaldehydekdeCO based on the
time evolution of formaldehyde, methanol, and hydrogen. Figure
4a shows the time evolution of the reactants and products in
the reaction of 0.1 M formaldehyde (0.1/3 Ms-trioxane) in the
absence of solvent at 400°C. According to eqs 1 and 2, the
rate equations for methanol and hydrogen are expressed as

The reactions of formaldehyde are considered to be second order
in the water-independent self-disproportionation and first order
in the decarbonylation. Since the concentration of formaldehyde
[HCHO] can be considered as constant at the early stage of
reaction (<15 min),kwi-self andkdeCOare respectively obtained
by expressing the concentrations of methanol [CH3OH] or
hydrogen [H2] as a linear function of the reaction time. The
values ofkwi-self andkdeCO are determined as (8( 4) × 10-4

M-1 s-1 and (4.4( 0.3) × 10-5 s-1, respectively.

Here, we compare the decarbonylation rate of formaldehyde
and acetaldehyde. The value ofkdeCOfor formaldehyde is∼0.2
of that for acetaldehyde at 400°C obtained in the previous
study.14 This result corresponds to the orbital size of the proton-
accepting atom. In the decarbonylation of formaldehyde, the
orbital of transferred proton must overlap with another proton
orbital to form a proton-proton bond, while in the decarbon-
ylation of acetaldehyde, the transferred proton’s orbital overlaps
with a carbon orbital of a methyl group to form a proton-carbon
bond. Because the size of the proton orbital is small, the
formation of a proton-proton bond in a single formaldehyde
molecule is more difficult than that of a proton-carbon bond
in an acetaldehyde molecule.

3.2.2. Time EVolution of Reactant and Products in Super-
critical Water.Here we examine how the time evolution of the
products varies with the water density. Parts b and c of Figure
4 show how the reactant is depleted and products are evolved
in the hydrothermal reaction of 0.1 M formaldehyde at 400°C
and water densities of 0.1 and 0.4 g/cm3, respectively. The time
evolution of formic acid is expanded in Figure 4d because of
its low concentration. As seen in Figure 4a,b, the methanol
formation is markedly accelerated by the presence of water (note
the time scales of Figure 4a,b). The methanol yield of∼30% is
achieved within 10 min in supercritical water at the water density
of 0.1 g/cm3, whereas in the neat condition, it attains only∼3%
within the same reaction time. The methanol formation in the
hydrothermal condition is clearly governed by the reactions
unique to the hydrothermal condition and not by the water-
independent self-disproportionation (eq 1). The self- (eq 3) and
the cross-disproportionations (eq 4) are to be the major reactions
in supercritical water. It is of interest that the reaction scheme
is changed so drastically by the presence of water even when
the water density is so low as 0.1 g/cm3.

When the water density is increased from 0.1 to 0.4 g/cm3,
the product distribution varies notably indicating the path weight
variation. As seen in Figure 4b-d, the methanol formation is
accelerated and the formic acid concentration decreases as the
water density increases. This implies the acceleration of the
cross-disproportionation, as discussed in detail below. Also it
should be noted that the yield of carbon monoxide is∼20%
and is almost constant at 0.1 g/cm3, while at 0.4 g/cm3, it attains
only ∼10% and disappears after 9 min of reaction. It is
suggested that, at the high water density of 0.4 g/cm3, water is
plenty enough to convert all carbon monoxide into formic acid
through the hydration, while at 0.1 g/cm3, this process does not
proceed appreciably for lack of water. This corresponds well
to the reaction scheme in Figure 3, in which formic acid is
provided from both self-disproportionation (eq 3) and hydration
of carbon monoxide. The hydrothermal disproportionations (eqs
3 and 4) and the formation of formic acid through the hydration
of carbon monoxide are common to other aldehydes.14,23-25

To see the path weights of the methanol formations, we divide
the observed methanol yield into the partial yields of the water-

Figure 3. Proposed reaction pathways of C1 aldehydes in supercritical water at 400°C.

d[CH3OH]

dt
) kwi-self[HCHO]2 (5)

d[H2]

dt
) kdeCO[HCHO] (6)
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independent self-, the hydrothermal self-, and the cross-
disproportionations. Since the reaction scheme in supercritical
water is too complicated to solve, we estimate the weight of
the water-independent self-disproportionation (eq 1) and the
decarbonylation of formaldehyde (eq 2) in hydrothermal condi-
tions using the rate constants obtained in the neat condition.
See Appendix A for details of methanol yield partitioning.
Figure 5 shows the methanol yields from the hydrothermal self-
[CH3OH]self and the cross-disproportionations [CH3OH]cross,
respectively, after 5 min of reaction at the water densities of
0.1-0.6 g/cm3. The water density dependence of [CH3OH]self

and [CH3OH]cross are not monotonic. Both [CH3OH]self and
[CH3OH]cross increase as the water density increases from 0.1
to 0.4 g/cm3, and at higher densities, the methanol yields slightly
decrease.29 [CH3OH]crossis comparable to [CH3OH]self despite
the extremely low concentration of formic acid compared to
that of formaldehyde (cf. Figure 4b-d and eqs 3 and 4). The

cross-disproportionation is to be much faster than the self-
disproportionation.

3.3. Water Density Effect and Reaction Mechanisms.To
see the effect of water density in more detail, we determine the
rate constants of the self- and cross-disproportionations,kself and
kcross, in the water density range of 0.1-0.6 g/cm3. The rate
equations for the self- and the cross-disproportionations are
expressed, respectively, as30

The order of [HCHO] in the self-disproportionation is taken to
be 2. See Appendix B for the rate determination. The values of

Figure 4. Time evolutions of the formaldehyde and product concentrations at 400°C. (a) Neat reaction with the initial concentration of 0.1 M. (b
and c) Hydrothermal reactions with the initial concentration of 0.1 M at water densities of 0.1 (b) and 0.4 g/cm3 (c). The time scale in the supercritical
condition (b and c) is one-sixth of that in the neat condition (a). (d) Time evolution of formic acid at the water densities of 0.1 and 0.4 g/cm3. Note
that the ordinate scale in panel d is smaller by three orders than those in panels a-c. The normalized concentration denotes the ratio of the product
concentration against the initial concentration of formaldehyde except for unknown polymers: the normalized polymer concentration is the ratio of
the proton concentration carried by the unknown species against the initial proton concentration due to formaldehyde. The mass balance in panel
a is proton-based, and in panels b and c, the mass balance is carbon-based. Since the NMR measurement is performed at room temperature,
formaldehyde is hydrated and is observed as methanediol in the NMR spectra for panels b and c.

d[CH3OH]self

dt
) kself[HCHO]2 (7)

d[CH3OH]cross

dt
) kcross[HCHO][HCOOH] (8)
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kself andkcrossare shown in Table 1 and Figure 6. Figure 6 shows
that the water density dependence of the rate constantskself and
kcross is not monotonic. As the water density increases to 0.4
g/cm3, kself weakly increases but does not vary significantly at
higher densities. On the other hand,kcrossshows a steep increase
with the density increase, has a maximum at the density of 0.4
g/cm3, and slightly decreases as the density further increases.
In neutral supercritical water, the main reaction paths of the
two disproportionations are neither base-catalyzed nor acid-
induced because the water density dependence ofkself andkcross

cannot be explained in terms of hydroxide ion [OH-] and proton
[H+] concentrations generated by the autoprotolysis of water.
When the water density is varied from 0.1 to 0.6 g/cm3, [OH-]
and [H+] increase by 5-6 orders of magnitude (from 1× 10-11

to 9 × 10-6 M), which is too large compared to the variation
of kself andkcross.31

Here we propose methanediol (CH2(OH)2) as a reactant in
the hydrothermal self-disproportionation (cf. eq 3). To discuss
the methanediol-participating self-disproportionation, we intro-
duce the equilibrium constants of the self-Kself and cross-
disproportionationsKcross, and the equilibrium constantKr of
the formaldehyde hydration.Kr is the ratio of the methanediol
concentration to the formaldehyde concentration.Kself andKcross

are expressed as32

Kself corresponds to the equilibrium between the far left- and
far right-hand sides of eq 3, andKcrosscorresponds to eq 4.Kself,

Kcross, and Kr were examined computationally in previous
works.3,4,32Figure 7 showsKself andKcrosswith the water density
variation from 0.1 to 1.2 g/cm3 at 400°C. In aqueous solution,
formaldehyde is in part hydrated into methanediol. The rate
constantk′self and the equilibrium constantK′self of the meth-
anediol-participating self-disproportionation are introduced,
respectively, as

Thus we obtainkself ) k′selfKr andKself ) K′selfKr (cf. eqs 7 and
9), considering that the formaldehyde hydration is much faster
than the self-disproportionation. Note thatK′self corresponds to
the equilibrium between the middle and the right-hand side of
eq 3. The water density dependence ofK′self is shown in Figure
7. According tokself shown in Table 1 andKr from ref 3,kself

increases by∼70% and, correspondingly,Kr increases by∼60%
by the water density change from 0.1 to 0.4 g/cm3. The variation
of kself is close to that ofKr. The methanediol population change
can be the main cause of the water density dependence ofkself.
In the water density range of interest, the value ofk′self is

Figure 5. Methanol yields of the self- and the cross-disproportion-
ations, [CH3OH]self and [CH3OH]cross, respectively, after 5 min of
reaction at the water densities of 0.1-0.6 g/cm3 and 400°C.

TABLE 1: Rate Constants of the Self- and
Cross-Disproportionations at 400°C

rate constants/(M-1 s-1)

water density/(g cm-3) kself kcross

0.1 (1.3( 0.1)× 10-2 (8 ( 2) × 10-1

0.2 (1.6( 0.2)× 10-2 9 ( 2
0.3 (2.0( 0.1)× 10-2 18 ( 4
0.4 (2.3( 0.3)× 10-2 25 ( 2
0.5 (1.9( 0.4)× 10-2 11 ( 3
0.6 (2.6( 0.4)× 10-2 13 ( 1

Kself )
[CH3OH][HCOOH]

[HCHO]2
(9)

Kcross)
[CH3OH][CO2]

[HCHO][HCOOH]
(10)

Figure 6. Rate constants of (a) the self-disproportionation and (b) the
cross-disproportionation at the water densities of 0.1-0.6 g/cm3 and
400 °C.

d[CH3OH]self

dt
) k′self[HCHO][CH2(OH)2] (11)

K′self )
[CH3OH][HCOOH]

[HCHO][CH2(OH)2]
(12)
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determined as∼20 M-1 s-1, which is comparable to the value
of kcross. Thus the population of methanediol can be the cause
of the apparent difference in the reducing ability between formic
acid and formaldehyde (cf. Table 1). As seen in Table 1, the
increase of the water density from 0.4 to 0.6 g/cm3 has little
effect onkself while it slightly decreaseskcross. We consider that
although the transition states of the self- and cross-dispropor-
tionations are both destabilized in this water density region,33

the increase ofKr compensates for the destabilization of the
transition state in the self-disproportionation.

To discuss the reaction mechanisms of the self- and cross-
disproportionations, here we compare free energy changes of
the cross- and methanediol-participating self-disproportionations.
According to the transition-state theory and the rate constants
k′self and kcross, it is found that the activation free energies of
the methanediol-participating self- and cross-disproportionations
at 400°C differ only by∼4 kcal/mol, which is∼10% of their
own activation free energies.34 Also, K′self andKcrossshown in
Figure 7 indicate that the total free energy changes of these
disproportionations differ by∼3 kcal/mol, which is also∼10%
of their total free energy changes.3,4 The parallelism between
the activation free energies and the total free energy changes
of the cross- and methanediol-participating self-disproportion-
ations supports the mechanisms proposed in Figure 2a,b. In both
disproportionations, two hydrogens attached to carbon and
oxygen of the reducing molecule are transferred to formaldehyde
through the formation of 6-membered ring. The reaction
mechanisms of the methanediol-participating self- and cross-
disproportionations are thus considered to be similar.35

3.4. Methanol Formation.With the aim of efficient methanol
production, we compare the reduction of formaldehyde in
supercritical water with that in subcritical water and show that
supercritical conditions are preferable to subcritical in terms of
reaction time and efficiency of formic acid as a formaldehyde
reducer.

The supercritical water dramatically shortens the reaction time
for the reduction of formaldehyde into methanol, without the
loss of the final yield. As seen in Figure 4c, supercritical water
reduces∼60% of formaldehyde into methanol without any
catalysts within 10-20 min, while it takes a few dozens of hours
to give the same yield in subcritical condition.1 The methanol
yield of 60% is close to the maximum (67%), which is achieved

only when the cross-disproportionation is dominant. The su-
percritical water can serve as the effective solvent for the
aldehyde reduction into alcohol.

We show that we can achieve even higher methanol yields
than ∼60% by adding formic acid or carbon monoxide36 to
accelerate the cross-disproportionation. As a formaldehyde
reducer, the excessively added formic acid works more ef-
ficiently in the supercritical water than in the subcritical water.
The amount of formic acid needed to attain a desired methanol
yield depends on the ratio of the rate constants of the self- and
cross-disproportionations,kcross/kself. As kcross/kself gets larger, a
less amount of formic acid is needed to suppress the self-
disproportionation. At 400°C, kcross/kself is maximized when the
water density is 0.4 g/cm3. In this case, the value ofkcross/kself

is more than 2 orders of magnitude larger than that at 225°C.
Thus added formic acid or carbon monoxide should work more
efficiently in the supercritical water than in the subcritical water.
At 0.4 g/cm3 and 400°C, the reaction of 0.1 M formaldehyde
and 0.2 M formic acid resulted in the methanol yield of∼80%
with the reaction time of 15 min. Only 2-fold of formic acid
against formaldehyde is needed to attain such a high methanol
yield. At 225°C on the saturation curve, however, about 7-fold
of formic acid is needed to achieve the same methanol yield
with the reaction time of 2 h.1,37 The reduction of aldehydes
using formic acid or carbon monoxide in supercritical water
serves as a new way of alcohol production which is a clean
process without any catalysts and fast enough for practical use.

4. Conclusions

For the reaction of formaldehyde in supercritical water, we
have established the reaction kinetics including the effect of
the water density. Formaldehyde is found to produce methanol
through the water-independent self-, the hydrothermal self-, and
the cross-disproportionations in supercritical water at 400°C.
The water-independent self-disproportionation is found only for
formaldehyde. On the basis of the product distribution and the
time evolution of reactant and products, the methanol yields of
the water-independent self-, the hydrothermal self-, and the
cross-disproportionations are determined, respectively. The
noncatalytic hydrothermal disproportionations are found to be
dominant.

To clarify the reaction path weight and the reaction mecha-
nism, the water density dependence of the rate constants of the
self- and cross-disproportionations are studied in the range of
0.1-0.6 g/cm3. The rate constant of the cross-disproportionation
is found to be 2-3 orders of magnitude larger than that of the
hydrothermal self-disproportionation in the supercritical condi-
tion at 400°C. Combining the result of kinetic analysis with
the equilibrium constants of C1 aldehyde reactions from the
former computational studies,3,4 we have elucidated the role of
methanediol as a reactant in the self-disproportionation. The
reaction mechanisms of the cross- and the methanediol-
participating self-disproportionations are similar to each other.
By adding 2-fold of formic acid to formaldehyde from outside,
we can enhance the reaction path weight for methanol produc-
tion. The methanol yield of∼80% is achieved within 15 min
at the water density of 0.4 g/cm3 and 400°C. Added formic
acid is found to reduce formaldehyde more efficiently in
supercritical water than in subcritical.

Appendix A: Determination of Methanol Yields of Three
Disproportionations

According to Figure 3, the total yield of methanol [CH3-
OH]total can be expressed as

Figure 7. Equilibrium constants of the self-disproportionation (Kself

andK′self) and the cross-disproportionationKcrossat 400°C. The values
of Kcrossare from ref 4.Kself is obtained by multiplying the concentration
of water to the equilibrium constant in ref 4 so that the dimensions of
Kself andKcross are made the same.
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where [CH3OH]wi-self, [CH3OH]self, and [CH3OH]crossdenote the
methanol yields from the water-independent self- (eq 1), the
hydrothermal self- (eq 3), and the cross-disproportionations (eq
4), respectively. For [CH3OH]wi-self, we adopt the methanol yield
that we estimate from the rate constantkwi-self obtained in section
3.2.1. The determination of [CH3OH]wi-self in supercritical water
is described in Appendix B. The values of [CH3OH]self and
[CH3OH]crossare obtained in the following way. Since carbon
dioxide is provided from the cross-disproportionation (eq 4) and
the decarboxylation of formic acid, the methanol yield from
the cross-disproportionation [CH3OH]crosscan be expressed as

where [CO2]total and [CO2]deCO2 are the total yield of carbon
dioxide and the carbon dioxide yield from decarboxylation of
formic acid, respectively. We obtained [CO2]deCO2 by determin-
ing the hydrogen yield from the decarboxylation of formic acid
[H2]deCO2, since [CO2]deCO2 ) [H2]deCO2 (cf. Figure 3). Using
the total hydrogen concentration [H2]total and the hydrogen yield
from the decarbonylation of formaldehyde (eq 2) [H2]deCO,
[CO2]deCO2 can be written as

The value of [H2]deCO can be estimated from the rate constant
kdeCO; see section 3.2.1. The determination of [H2]deCO in
supercritical water is described in Appendix B. Then we can
obtain the methanol yield from the self-disproportionation [CH3-
OH]self through

Here, we assume that that the solvent water has little effect
on the rate constants of the water-independent self-dispropor-
tionation kwi-self and the decarbonylation of formaldehyde
kdeCO. According to our former experiment, the solvent water
has little effect on the decarbonylation (∼30%).14 Further, both
water-independent self-disproportionation and decarbonylation
of formaldehyde are very slow compared to the hydrothermal
self- and cross-disproportionations (cf. Figure 4a-c). We can
thus adopt the assumption safely.

Appendix B: Rate Equations

The methanol yield [CH3OH]wi-self of the water-independent
self-disproportionation and the hydrogen yield [H2]deCO of
formaldehyde decarbonylation in supercritical conditions are
estimated by the following equations:

where∆ denotes the sampling interval, which is 1 min in the
present study. [HCHO](i) indicates the yield of formaldehyde
at a time ofi. The values of [CH3OH]wi-self and [H2]deCO are
obtained using [HCHO](i) at each reaction time and the rate

constants of the water-independent self-disproportionationkwi-self

and the formaldehyde decarbonylationkdeCO determined in
section 3.2.1.

To obtain the rate constants of the self- and cross-dispropor-
tionations,kself and kcross, the integrations of eqs 7 and 8 are
approximated, respectively, by the summation of reactants
concentrations with short time interval as

The values ofkself andkcrossare determined by calculating their
values in every minute until formic acid becomes undetectable
and by averaging them respectively.
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