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ABSTRACT: 4-Hydroxy-2-butanone, an important intermediate for vitamin A
and fragrances, is usually produced by aldol condensation of acetone and
formaldehyde. Noncatalytic synthesis of 4-hydroxy-2-butanone in supercritical
state, which was fast and had high production yield, was widely applied. Previous
research on 4-hydroxy-2-butanone synthesis in the supercritical state focused on
the formation and dehydration of 4-hydroxy-2-butanone while ignoring side
reactions involving formaldehyde, which were studied in this paper. A reaction
pathway of 4-hydroxy-2-butanone supercritical synthesis containing formaldehyde
side reactions was proposed. The cross-disproportionation of formaldehyde and
formic acid was found to be the main consumption of formic acid. The effects of
initial formaldehyde and formic acid mass fractions in the feed on side reactions
were studied. Based on the experiments conducted from 523.15 K to 563.15 K and
17 MPa, a kinetic model was suggested. The relative deviations between experimental and simulated data were less than 10%.

1. INTRODUCTION
4-Hydroxy-2-butanone (HB), an important intermediate for
vitamin A and fragrances, is usually produced by aldol
condensation of acetone and formaldehyde. Typical HB
synthesis was conducted in the liquid phase with an alkaline
catalyst,1 which produced lots of wastewater and increased the
separation burden. Recently, Wang and Cai.2 used ion liquid to
catalyze aldol condensation in the liquid phase, and the
selectivity of HB was improved greatly. However, the
separation process for ion liquid was still needed. Tanner et
al.3 used vanadium phosphate to catalyze aldol condensation in
the gas phase, but catalyst deactivation was inevitable and an
oxidation treatment was needed for catalyst regeneration.
Attempts have been made to conduct supercritical HB
synthesis where acetone (critical temperature 508.2 K and
critical pressure 4.7 MPa4) and formaldehyde aqueous solution
were mixed and reacted with each other to provide a HB yield
of 90%.5−7 Mei et al.5 found that aldol reaction of acetone and
formaldehyde in the supercritical state was autocatalytic, and
no additional catalyst was needed. From the viewpoint of green
chemistry,8 no additional catalyst meant no extra separation
burden, no catalyst regeneration problem, and less wastewater.
Thus, supercritical synthesis of HB has considerable advantage
in industrial production in the long term.
According to the study of Mei et al.,5 a small amount of

formic acid appeared via noncatalytic self-disproportionation of
formaldehyde during supercritical HB synthesis. The generated
formic acid proved to play the role of the catalyst in the
formation and dehydration of HB. The reaction pathway and
the kinetic model for the main reactions (the formation and

dehydration of HB) were provided. However, the consumption
path of formic acid was not confirmed and side reactions
involving formaldehyde were not included, which made the
kinetic model unable to predict the effects of different initial
concentrations of formaldehyde and formic acid in the feed.
The reactivity of formaldehyde was complex at high

temperature and high pressure. The self-disproportionation
of formaldehyde, the cross-disproportionation of formaldehyde
with formic acid, and the decomposition of formaldehyde and
formic acid existed at the same time in supercritical water.9−11

Density,10 pH,11,13 and catalyst12,13 would change the reaction
pathways. Meanwhile, all of the above research were conducted
in aqueous solution. Reports about formaldehyde activity in
supercritical acetone are scarce.
Now that formic acid is the significant catalyst of HB

synthesis in the supercritical state based on the study of Mei et
al.,5 the generation and consumption of formic acid play an
important role during the synthesis process, which were
possibly the side reactions involving formaldehyde. So, the
study on side reactions involving formaldehyde in HB
synthesis shows great value for both perception of the
reactivity of formaldehyde in supercritical acetone and HB

Received: June 11, 2022
Accepted: October 26, 2022
Published: November 21, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

43450
https://doi.org/10.1021/acsomega.2c03642

ACS Omega 2022, 7, 43450−43461

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhirong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shenfeng+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c03642&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03642?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03642?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03642?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03642?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c03642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


production optimization. This work is aimed to explore side
reactions involving formaldehyde in the supercritical synthesis
process of HB and suggest a more practical kinetic model
containing side reactions.

2. EXPERIMENTAL METHODS
2.1. Materials. Formaldehyde aqueous solution (36−40 wt

%) was purchased from Xi long Chemical Co., Ltd., China. 100
mg/L formaldehyde standard solution was supplied by Aladdin
Industrial Co., Ltd., China. Acetone (purity of 99.5%) was
supplied by Sinopharm Chemical Reagent Co., Ltd., China.
HB (purity of 95.0%), formic acid (purity of 99.0%), 2-
pentanone (purity of 99.0%), and 2-heptanol (purity of 99.0%)
were purchased from Aladdin Industrial Co., Ltd., China. All
chemicals were used without further purification.
2.2. Apparatus and Experimental Procedures. All

experiments were performed in the supercritical fluid reaction
system SFR0.1 manufactured by SEPAREX as mentioned in
the literature.5 The experimental apparatus mainly consisted of
two high-performance liquid chromatography (HPLC) pumps,
a preheater, a cooler, and a volumetric variable 316L stainless
steel tube reactor. A gas/liquid separator was located at the exit
of the reactor to facilitate sampling. Pressure was controlled by
a programmable back pressure valve at the exit of the reactor.
Temperature was controlled by sensors installed at several
points throughout the system. The accuracies of temperature
and pressure were within 1 K and 0.1 MPa, respectively.
All experiments were conducted at 17 MPa. Preheated

acetone (523.15 to 563.15 K) was mixed with unheated
formaldehyde aqueous solution at the entrance of the reactor.
The samples of the liquid-phase product were taken at different
residence times which was controlled between 0.4 and 2.5 min
and calculated by eq 1.

V
V

V
m

,r

s
s

r

r

= =
(1)

where τ is the residence time and Vr is the volume of the tube
reactor (38.0 mL in this job). Vs, mr, and ρr are the volumetric
flow rate, the mass flow rate, and the density of the reaction
solution at reaction conditions. mr was measured by weighing
the feed. An assumption was introduced that the density of the
reaction mixture is kept constant during the reaction and is
equal to that of the feed. Table 1 shows the feed densities
calculated by Aspen Plus V10 with PRWS EOS from 523.15 to
563.15 K.
2.3. Analytical Methods. Both gas-phase products and

liquid-phase products were determined by gas chromatography
(GC)−mass spectroscopy using an Agilent 7890 GC system
equipped with a mass spectrometry detector. Liquid-phase
reaction products were analyzed quantitatively by a GC Agilent
7820A GC system equipped with a 30 m × 0.25 mm × 0.25
μm BP-WAX capillary column and a flame ionization detector.
The column temperature was 70 °C for 7 min, increased to
140 °C at a rate of 40 °C/min, held for 20 min, and increased
to 250 °C at a rate of 10 °C/min. The temperature of the GC
injector and detector was 250 °C. The split ratio was 50:1. The
sample volume was 1 μL.

Methanol, HB, methyl vinyl ketone (MVK), water, 2-
hydroxyethyl vinyl ketone (HVK), and divinyl ketone (DVK)
in liquid phase were analyzed quantitatively via GC. 2-
Pentanone and 2-heptanol were internal standard substances
for methanol and HB, respectively. The GC correction factors
of MVK, HVK, and DVK were calculated by the effective
carbon number approach with methanol as the reference.
Formaldehyde in liquid phase was quantified by the external

standard method via detecting ultraviolet absorption under 415
nm14 after acetylacetone derivatization.15 Before acetylacetone
derivatization, the liquid-phase product was diluted to ensure
that the mass fraction of formaldehyde was within 0.8−1.6
ppm, which was within the measuring range of the external
standard line to ensure accuracy.
The content of formic acid was calculated via detecting the

pH of the liquid-phase product. The substances capable of
ionizing hydrogen ions in the liquid-phase product were formic
acid and carbonic acid whose pKa were 3.75 and 6.37,
respectively. Before pH detection, the liquid-phase product was
diluted till the solution pH was around 4.00. In this case,
ionization of carbonic acid and water could be neglected. The
mass fraction of formic acid in the liquid-phase product was
calculated as follows.

C C Cacid HCOOH HCOO= + (2)

K
C

C C
HCOOH

H HCOO

HCOOH
= ·+

(3)

C CHCOO H= + (4)

C 10H
pH=+ (5)

x
a M C

1000
100%HCOOH acid=

· ·
×

(6)

Cacid/mol L−1, CHCOOH/mol L−1, and CHCOO−/mol L−1 are the
total concentration of formic acid molecule and formate ion,
formic acid concentration, and formate ion concentration in
diluted solution, respectively. KHCOOH is the formic acid
ionization constant with a value of 1.77 × 10−416 at 25 °C. x is
the mass fraction of total formic acid in the liquid-phase
product. a is the mass dilution ratio of the liquid-phase
product. MHCOOH/g is the molecular weight of formic acid.
The content of water in the liquid-phase product, which was

almost the same before and after the reaction, was treated as a
constant and determined from the feed by a Karl Fischer
moisture titrator. Mass fraction of acetone in the liquid-phase
product was determined by conservation of mass.
The total amount of gas-phase products was less than 0.1

mol % of initial formaldehyde in the feed. Thus, the gas-phase
products were neglected during quantitative analysis.

3. RESULTS
3.1. Reaction Pathway. As mentioned in the work of Mei

et al.,5 formic acid degraded in two ways: self-degradation and
cross-disproportionation with formaldehyde. Herein, the
reactivity of formic acid was examined. Formic acid aqueous
solution was mixed with supercritical acetone at 543.15 K, 17

Table 1. Density of the Feed from 523.15 K to 563.15 K and 17 MPaa

temperature (K) 523.15 533.15 543.15 553.15 563.15
density (g/mL) 0.444 0.4251 0.4058 0.3862 0.3665

aData calculated by Aspen Plus V10 with PRWS EOS.
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MPa and reacted for 3 min. The formic acid and water mass
fractions in the feed were around 0.1 and 5%, respectively,
close to maximum during HB synthesis. The mass fractions of
formic acid before and after the reaction were almost the same,
which proved that formic acid was chemically stabilized under
reaction conditions and did not decompose in large quantities.
Meanwhile, during HB synthesis, carbon dioxide was detected
both in liquid-phase and gas-phase products, and no hydrogen
was detected in gas-phase products. So, it was confirmed that
the cross-disproportionation with formaldehyde was the main
consumption path for formic acid.
Formaldehyde could decompose in supercritical state

according to the work of Osada et al.11 and Watanabe et
al.12 The volume flow of the gas-phase product was detected
during reaction at 543.15 K and 17 MPa. It was found that
even if all gas-phase products came from formaldehyde
decomposition, the amount of decomposed formaldehyde
was less than 0.1 mol % of raw formaldehyde in the feed. So,
the self-decomposition of formaldehyde could be ignored.
Traces of HVK and DVK were detected in the liquid-phase

product. It was speculated that HVK came from aldol
condensation between MVK and formaldehyde. DVK was
generated from dehydration of HVK. The mass fractions of
HVK and DVK during HB synthesis from 523.15 K to 563.15
K and 17 MPa were detected, whose maximums were around
2.3 and 7.8 ppm, respectively (less than 0.003 and 0.015 wt %
of raw formaldehyde in the feed).
A small amount of methyl formate was found in the liquid-

phase product. Tsujino et al.17 and Morooka et al.10 also
detected methyl formate in the product of formaldehyde
reaction. It was suspected that methyl formate came from the
bimolecular reaction of formaldehyde.18 The mass fractions of
methyl formate during HB synthesis from 523.15 K to 563.15
K and 17 MPa were detected. However, it was too small to
determine the source (the max mass fraction was round 28
ppm, about 0.06 mol % of initial formaldehyde, during the
reaction).
Based on the above studies, the reactivity of formaldehyde

was described by the reaction pathway shown in Figure 1. The

main reactions were the generation reactions of HB and MVK.
Side reactions contained the self-disproportionation of form-
aldehyde, the cross-disproportionation between formaldehyde
and formic acid, and the formation and dehydration of HVK.
By ignoring HVK and DVK due to their small amounts,

reactions contributing to kinetics are presented below.
R : 2HCHO H O CH OH HCOOH1 2 3+ + (7)

R : HCHO HCOOH CH OH CO2 3 2+ + (8)

R : HCHO C H O(Acetone) C H O (HB)3 3 6 4 8 2+ (9)

R : C H O (HB) C H O(MVK) H O4 4 8 2 4 6 2+ (10)

3.2. Effect of Formic Acid Mass Fraction in the Feed.
The effect of formic acid was examined by artificially adding
formic acid. The HB synthesis was conducted at 17 MPa and
543.15 K with the initial formic acid mass fraction of around 0,
0.11, and 0.22% in the feed. Figure 2 shows the mass fractions
of formaldehyde, methanol, formic acid, HB, and MVK during
HB synthesis. Note that the formic acid mass fraction was 2.37
× 10−6 in the feed with no additional formic acid.
The increasement of HB and MVK generation rate proved

that formic acid catalyzed R3 and R4. The reaction time needed
up to a specific formaldehyde conversion was shorter with a
higher initial formic acid mass fraction. However, no change
could be told for methanol, which indicated that one reaction
of R3 and R4 was promoted and the other was suppressed. Due
to the dropping trend of formic acid with 0.22% initial formic
acid mass fraction, it was more possible that R4 was the
promoted one. In a word, artificially adding formic acid in the
feed would promote the generation reaction of HB and MVK
and improve the yield of HB and MVK.
3.3. Effect of Formaldehyde Mass Fraction in the

Feed. The effect of formaldehyde mass fraction was examined
by changing the mass ratio of acetone to formaldehyde
aqueous solution in the feed. The supercritical HB synthesis
was conducted at 543.15 K and 17 MPa with the mass ratios of
10:1, 15:1, and 20:1. Figure 3 shows the mass fraction of
formaldehyde, methanol, formic acid, HB, and MVK during
synthesis.
Generation rates for all substances were faster with a higher

initial mass fraction of formaldehyde. Meanwhile, as observed
from the plot of formaldehyde, the reaction time up to a
specific formaldehyde conversion was shorter with a higher
initial formaldehyde mass fraction. For the moment, the effect
of initial mass fraction of formaldehyde on the yield of HB and
MVK is not clear.
3.4. Effect of Reaction Temperature. Figure 4 shows the

mass fraction of substances in reaction solutions at different
reaction temperatures.
Generation rates of all substances became faster at a higher

reaction temperature except formic acid whose mass fraction
had different trends at different temperatures. As the reaction
temperature rose, the peak of formic acid mass fraction
appeared earlier, and the mass fraction near the end of the
reaction became lower, which indicated that R2 was more
sensitive to temperature and had a bigger activation energy
than R1. The plots of HB at 553.15 and 563.15 K were close to
each other, which indicated that more HB was transferred to
MVK at a higher temperature. Besides, with a higher reaction
temperature, the reaction time up to a specific formaldehyde
conversion was shorter.
3.5. Kinetic Study. Reaction rate equations were provided

according to reactions R1−R4. In the work of Watanabe et al.,12
self-disproportionation of formaldehyde was a reaction
catalyzed by the hydroxyl ion, and the reaction order for the
hydroxyl ion was 0.2 as shown in eq 11.

kr HCHO H O OH1 r
2

2
0.2

1
= ·[ ] ·[ ]·[ ] (11)

Figure 1. Reaction path containing main and side reactions involving
formaldehyde.
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Figure 2. Mass fraction of formaldehyde, methanol, formic acid, HB, and MVK with the initial formic acid mass fraction of 0, 0.11, and 0.22% in
the feed. The black points represent experiment data with the formic acid mass fraction of 0% in the feed; the red points represent experiment data
with the formic acid mass fraction of 0.11% in the feed; the blue points represent experiment data with the formic acid mass fraction of 0.22% in the
feed.
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Figure 3. Mass fraction of formaldehyde, methanol, formic acid, HB, and MVK with acetone to formaldehyde solution mass ratios of 10:1, 15:1,
and 20:1 in the feed. The black points represent experiment data with the mass ratio of 10:1 in the feed; the red points represent experiment data
with the mass ratio of 15:1 in the feed; the blue points represent experiment data with the mass ratio of 20:1 in the feed.
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where r1 is the reaction rate of R1 and krd1
is the rate constant.

Since the concentration of the hydroxyl ion could not be
detected directly during the reaction in the supercritical state,
it was calculated by ionization of formic acid. An assumption

was made that hydrogen ions in the solution only came from
formic acid and water ionization was neglected. Then, the
concentration of the hydroxyl ion could be calculated from eq
12

Figure 4. Mass fraction of formaldehyde, methanol, formic acid, HB, and MVK during HB synthesis from 543.15 K to 563.15 K and 17 MPa.
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Table 2. KHCOOH and Kw from 523.15 to 563.15 K

T/K 1012·Kw/(mol/L)2 105·KHCOOH/(mol/L)2 109·Kw/(KHCOOH)0.5 deviationa/%

523.15 5.49 1.31 1.52 0.29
533.15 5.20 1.10 1.57 3.49
543.15 4.78 0.93 1.57 3.51
553.15 4.24 0.78 1.51 −0.01
563.15 3.61 0.66 1.40 −7.27

aDeviation
K K K K

K K

( / ) ( / )

( / )
w HCOOH w HCOOH average

w HCOOH average
= . K K( /( ) )w HCOOH

0.5
average represents the average value of K K/w HCOOH from 523.15 to 563.15 K.

Table 3. Rate Constants from 523.15 to 563.15 K

T/K k1/(mol−1.9 L1.9 min−1) k2/(mol−1 L1 min−1) k3/(mol−1.5 L1.5 min−1) k4/(mol−0.5 L0.5 min−1)

523.15 0.073 1.586 0.964 0.169
533.15 0.105 2.540 1.416 0.263
543.15 0.148 3.918 2.034 0.412
553.15 0.222 6.107 3.025 0.642
563.15 0.271 8.005 3.944 1.006

Figure 5. Relationship between k1, k2, k3, k4, and 1/T. (A): ln (k)−(1/T) plot for the disproportionation of formaldehyde. (B): ln (k)−(1/T) plot
for the cross-disproportionation of formaldehyde with formic acid. (C): ln (k)−(1/T) plot for the generation reaction of HB. (D): ln (k)−(1/T)
plot for the generation reaction of MVK.
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K K K

K K

OH / HCOOH

/ HCOOH

W W HCOOH

W HCOOH

[ ] = + ·[ ]

·[ ] (12)

By substituting eq 12 into the reaction rate, the form-
aldehyde disproportionation rate is presented below.

k
K K

k

r HCHO H O
( / HCOOH )

HCHO H O HCOOH

1 r
2

2

W HCOOH
0.5 0.2

1
2

2
0.1

1
= ·[ ] ·[ ]·

·[ ]

= ·[ ] ·[ ]·[ ] (13)

k k K K( / )1 r W HCOOH
0.2

1
= · (14)

where k1 is the modified rate constant. KHCOOH and Kw are the
temperature-dependent constants and estimated according to
the study of Marshall et al.19 and Kim et al.20Table 2 shows
K K/w HCOOH from 523.15 to 563.15 K. For industrial
applications, deviation less than 10% is acceptable. So,
K K( / )w HCOOH

0.2 is regarded as a temperature-independent
parameter and contained in the modified rate constant k1 to

simplify the calculation. The water concentration was treated
as a constant and calculated from the feed.
The cross-disproportionation of formaldehyde with formic

acid (R2) was regarded as an elementary reaction, which is
consistent with the literature.9,10,12

kr HCHO HCOOH2 2= ·[ ]·[ ] (15)

where r2 is the reaction rate of R2 and k2 is the rate constant.
Mei et al.5 listed the synthesis process of HB catalyzed by

HCOOH via a set of elementary steps, and the reaction orders
of formic acid in HB formation (R3) and MVK formation (R4)
were 0.5 in their work.

kr HCHO Acetone HCOOH3 3
0.5= ·[ ]·[ ]·[ ] (16)

kr HB HCOOH4 4
0.5= ·[ ]·[ ] (17)

where r3 and r4 are the reaction rates of R3 and R4, respectively,
and k3 and k4 are the rate constants of R3 and R4, respectively.
The reaction rates of all reactants and products are

presented below according to eqs 13−17.

Figure 6. Absolute relative deviation between simulation and experiment concentrations of all substances. (A) Data with different reaction
temperatures. AARDs of formaldehyde, methanol, formic acid, HB, and MVK are 3.61, 1.81, 1.93, 2.78, and 4.54%. (B) Data with different initial
formic acid mass fractions. AARDs of formaldehyde, methanol, formic acid, HB, and MVK are 5.26, 2.46, 2.44, 2.16, and 4.41%. (C) Data with
different initial formaldehyde mass fractions. AARDs of formaldehyde, methanol, formic acid, HB, and MVK are 5.61, 3.07, 3.15, 2.13, and 5.38%.
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Figure 7. Percentages of formaldehyde consumed by R1 and R2 at various operation conditions. (A) Percentages of formaldehyde calculated with
different initial formic acid concentrations. (B) Percentages of formaldehyde calculated with different initial formaldehyde concentrations. (C)
Percentages of formaldehyde calculated with different reaction temperatures.
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The concentration data/mol·L−1 were calculated with the
densities listed in Table 1. Rate constants, as listed in Table 3,
were regressed via lsqnonlin function in Matlab with the data
at various temperatures in Section 3.4. Activation energies and
pre-exponential factors were regressed according to Arrhenius
equation. The R2 of all fitting lines between ln (k) and 1/T
were above 0.99 as shown in Figure 5.
The activation energies for R1 to R4 are 82.5, 100.9, 87.7,

and 109.2 kJ/mol, respectively. The pre-exponential factors for
R1 to R4 are 1.28 × 107 mol−1.9 L1.9 min−1, 1.95 × 1010 mol−1
L1 min−1, 5.49 × 108 mol−1.5 L1.5 min−1, and 1.33 × 1010
mol−0.5 L0.5 min−1, respectively.
To verify the accuracy of the kinetic model, Figure 6 shows

the comparison between simulated concentrations and
experimental concentrations with different reaction temper-
atures, different initial formaldehyde mass fractions, and
different initial formic acid mass fractions. The absolute
average related deviations (AARDs) of all substances were
calculated via eq 23.

C C C nAARD ( )/ /
n

sim exp exp= | |
i
k
jjjjjj

y
{
zzzzzz (23)

where n is the number of total experiment points, Csim is the
simulated concentration, and Cexp is the experimental
concentration.
The results in Figure 6A with different reaction temperatures

indicate that the activation energies and pre-exponential factors
regressed are accurate. The results in Figure 6B with different
initial formic acid mass fractions indicate that the reaction
order of formic acid in eq 13 is appropriate. The results in
Figure 6C with different initial formaldehyde mass fractions
indicate that the reaction orders of formaldehyde in all rate
equations are appropriate. In a word, the kinetic model
suggested in this paper is successful to describe the
supercritical synthesis of HB from 523.15 K to 563.15 K and
17 MPa.

4. DISCUSSION
4.1. Effects of Operation Conditions on the Percent-

age of Formaldehyde Consumed by R1 and R2. In this
section, the effects of initial formic acid concentrations, initial
formaldehyde concentrations, and temperatures on the self-
disproportionation (R1) and cross-disproportionation (R1) of
formaldehyde were further discussed. The ratios of form-
aldehyde consumed by side reactions (R1 and R2) were
calculated by eqs 24−27 using the data in Section 3.2 to
Section 3.4 with a precondition that methanol was chemically
stable and did not decompose.

f f( HCOOH HCHO ) 2/ HCHO1 r 2 0 0= [ ] + × [ ] × [ ]
(24)

f ( CH OH HCOOH )/2/ HCHO2 3 r r 0= [ ] [ ] [ ] (25)

CH OH CH OH CH OH3 r 3 3 0[ ] = [ ] [ ] (26)

HCOOH HCOOH HCOOHr 0[ ] = [ ] [ ] (27)

where f1 and f 2 are the ratios of formaldehyde consumed by R1
and R2. [HCOOH]r and [CH3OH]r are the concentration
changes of formic acid and methanol during the reactions.
[HCOOH]0, [CH3OH]0, and [HCHO]0 are the initial
concentrations of formic acid, methanol, and formaldehyde
in the feed. [HCOOH] and [CH3OH] are the concentrations
of formic acid and methanol in the reaction solution. Figure 7
provides the percentages of formaldehyde consumed by R1 and
R2 at different operation conditions.
Figure 7A provides the ratio of formaldehyde consumed by

R1 and R2, while the formic acid mass fractions in the feed were
0, 0.11 and 0.22%. It is obvious that the self-disproportionation
of formaldehyde (R1) consumed less formaldehyde with higher
initial formic acid concentration. The result indicated that
formic acid had the ability to suppress R1, which also proved
that the negative reaction order of formic acid in eq 13 was
appropriate. Meanwhile, the cross-disproportionation of form-
aldehyde (R2) consumed more formaldehyde with higher
initial formic acid concentration, which indicated the necessity
of the limit on the initial formic acid concentration. From the
view of the yield of HB and MVK, artificially adding formic
acid in an appropriate range was beneficial because the total
ratio of formaldehyde consumed by R1 and R2 went down with
more formic acid in the feed.
Figure 7B provides the ratio of formaldehyde consumed by

R1 and R2, while the mass ratios of acetone to formaldehyde
aqueous solution were 10:1, 15:1, and 20:1 in the feed. Both
R1 and R2 were promoted. The total ratio of formaldehyde
consumed by R1 and R2 with the mass ratio of 10:1 was almost
twice as large as that with the mass ratio of 20:1. The result
indicated that the self-disproportionation of formaldehyde
(R1) and the cross-disproportionation of formaldehyde with
formic acid (R2) were more sensitive to the formaldehyde
concentration than the generation reactions of HB (R3) and
MVK (R4). The increase of formaldehyde in the feed was
harmful to the yield of HB and MVK. Besides, the ratio of
formaldehyde consumed by R1 was much bigger than that
consumed by R2. Thus, for the yield of HB and MVK, the limit
on R1 was comparatively more effective than that on R2.
Figure 7C provides the ratio of formaldehyde consumed by

R1 and R2 when the temperatures were 523.15 to 563.15 K. All
data points intertwined with each other. It seemed that the
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reaction temperature had nonsignificant effect on the yield of
HB and MVK.
In a word, the ratio of formaldehyde consumed by R1 was

suppressed by artificially adding formic acid and promoted by
increasing the initial formaldehyde concentration; the ratio of
formaldehyde consumed by R2 was promoted by both
artificially adding formic acid and increasing the initial
formaldehyde concentration; the yield of HB and MVK
increased with artificially adding formic acid in an appropriate
range and decreased with higher initial formaldehyde
concentration.
4.2. Discussion on the Self-Disproportionation of

Formaldehyde. In Kruse et al.’s kinetic model,9 the self-
decomposition of formaldehyde (R1) known as Cannizzaro
reaction was regarded as an elementary reaction, and the
concentration of formic acid was not contained. To verify the
effect of formic acid reaction orders, the rate constants of R1
with formic acid reaction orders ranging from 0 to −0.5 were
regressed, as shown in Table 4, using data with different initial
formaldehyde concentrations in Section 3.3.

The relative standard deviation of k1 with the formic acid
order of 0 was almost 4 times that with the formic acid order of
−0.1, which indicated that formic acid concentration should be
considered. In addition, RSD was the smallest when the order
of hydroxide ion was −0.1, which indicated that the order of
−0.1 was comparatively appropriate. On the basis of our work,
it was possible that the reaction rate of the self-disproportio-
nation of formaldehyde (R1) was also controlled by formic acid
concentration except concentrations of formaldehyde and
water. Herein, the whole process of R1 recurred according to
the kinetic model proposed. At the beginning of the reaction,
almost no formic acid existed, and the reaction rate was fast. As
the reaction went on, formic acid was produced quickly and
suppressed the reaction rate. Note that the increase of formic
acid concentration and the decrease of the reaction rate
happened in a very short time, and 0.5 min was enough for the
change in our case. Along with the generation of formic acid,

the cross-disproportionation of formaldehyde with formic acid
(R2) took place. As time went on, under the influence of R1
and R2, the concentration of formic acid remained almost
constant, and the suppression of the self-disproportionation
kept stable too. So, if the self-disproportionation of form-
aldehyde was regarded as an elementary reaction, either the
reaction rate at the beginning was underestimated or the
reaction rate far away from the beginning was overvalued.
However, if a long-time reaction was conducted, possibly, only
the data far away from the beginning of the reaction would be
collected, and the change of reaction rate caused from formic
acid would be ignored. Different from batch reactors used in
the literature,9−12,17 a continuous pipe reactor was employed
to control the reaction time within 2.5 min due to the fast aldol
condensation reaction of acetone and formaldehyde, which
meant that the last experimental point in our work may be the
first experimental point in others’ work. The data in this paper
were more sensitive to the change. Due to limits of the
apparatus like the max flow rate of HPLC pumps, the
minimum residence time was around 0.5 min. If more data
could be got within 0.5 min, the kinetic model in this paper
would be better examined.
Hydrogen ions generated from ionization of formic acid

might be the reason for the suppression effect of formic acid.
As far as our research, it was considered that the
disproportionation of formaldehyde took place in two ways,
as shown in Figure 8, during the synthesis of HB.
Chandrasekhar and Srimannarayana21 proposed the first

path. It was the reaction mechanism of Cannizzaro reaction
which occurred via the initial addition of hydroxide ions to the
aldehydes at room temperature and pressure. Morooka et al.10

proposed the second path. It was believed by them that
disproportionation reactions could take place between HCHO
and CH2(OH)2 automatically under supercritical state without
any catalyst. The addition of formic acid can bring a large
amount of hydrogen ions which can inhibit the ionization of
water. As a result, the free hydroxide ions in the reaction
solution decrease, and the first reaction path of Cannizzaro
reaction is suppressed. The two-path reaction mechanism also
provided an explanation of the reaction order in formic acid.
The orders in hydroxide ions in the first and second paths were
1 and 0, respectively. In the macro reaction kinetics study, the
reaction order of the specific reactant should be determined by
the combination of all relevant elementary reactions. In such a
situation, the total order in hydroxide ions was between 0 and
1. If the concentration of the hydroxide ion was replaced by
the concentration of HCOOH, the total order in HCOOH
would be between −0.5 and 0.

5. CONCLUSIONS
The side reactions involving formaldehyde during the
supercritical HB synthesis were studied in this paper. The
main consumption of formaldehyde included aldol reaction

Table 4. Comparison of Formic Acid Reaction Order

rate constants at various mass ratios

HCOOH orders 1:10 1:15 1:20 RSDa/%

0 0.239 0.258 0.28 6.6
−0.1 0.145 0.149 0.151 1.6
−0.2 0.089 0.086 0.081 3.5
−0.3 0.055 0.05 0.044 8.4
−0.4 0.034 0.03 0.024 13.2
−0.5 0.021 0.017 0.013 18

a kRelative standard deviation /
k k( )

3 average
3 average

2

=
i
k
jjjjj

y
{
zzzzz , and kaverage

was the average value of rate constants.

Figure 8. Two reaction paths of disproportionation of formaldehyde.
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with acetone and self-disproportionation and cross-dispropor-
tionation with formic acid. The cross-disproportionation
between formaldehyde and formic acid was also the main
consumption of formic acid. A detailed reaction pathway was
provided. The effects of the initial concentration of formic acid
and formaldehyde in the feed on the yield of HB were studied.
It turned out that artificially adding formic acid in an
appropriate range was useful in promoting the yield of HB,
and increase of formaldehyde in the feed had the opposite
influence. A kinetic model containing both main and side
reactions involving formaldehyde was suggested. The activa-
tion energy and pre-exponential factor were regressed
according to Arrhenius equation. The relative deviations of
all substances’ concentrations between the simulated and
experiment data were within 10%.
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