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recyclable resources such as the biomass should be set at the 
core. This means the realization of distributed production 
with multi-purpose low-volume production. To achieve this, 
establishment of highly controllable compact processes 
with high-speed reaction is desired. The compact process 
here means a safe, f lexible, and efficient process with low 
environmental load, where the cycling of resource and energy 
can be done easily. It also must have high-speed and highly 
controllable performance, enabling low-volume production at 
distributed sites.

The microreactor is gaining attention as the core technology 
of the low-volume dist r ibuted product ion due to its 
compactness and the precise controllability of its reaction 
field[1]. In general, it is a device for conducting chemical 
reaction in a microspace of width from a few m to a 
few hundred m. It is categorized into the microreactor, 
micromixer, and micro heat exchanger according to its 
purpose and function. The microreactor has large surface 
area per unit volume (specific surface area), and therefore 
has extremely high heat exchange efficiency, and allows 
rapid temperature operation (heating and cooling) and 
precise temperature control. The large specific surface area 
of the reactor means that the reaction occurs at the interface 
efficiently. Also, since the micro f low channel has short 
diffusion distance, mixing by molecular diffusion occurs 
rapidly, and high-speed and efficient mixing takes place. 
These characteristics fulfill the conditions (high speed 
and high controllability) required in the compact process. 
However, the conventional microreactor is composed largely 
of materials that can be processed easily such as silicon, 
glass, and plastic, and cannot be used in high-temperature 
and/or high-pressure conditions, where the property of the 

1 Background and objective of the research

The large-scale production at concentrated sites that forms 
the core of the chemical industry has significantly raised 
the modern living standard, and brought great wealth in 
the latter half of the 20th century. By using this method, 
the product cost was decreased dramatically, and excellent 
products became reasonably available to many people. In 
general, the production cost is said to increase approximately 
at the power of 0.6 of the production volume. According to 
this rule of scale-up, the production cost for 1,000 yen/kg 
will become 10 yen/kg at a production scale 100,000 times 
greater (105×0.6 ÷ 105 = 10-2). The dramatic economic impact 
of the large-scale production at concentrated sites lead to the 
expansion (scaling up) of production scale in various fields. 
However, this system assumes the one-directional use of a 
large amount of fossil resources, it is extremely difficult to 
create a material cycling system since it is difficult to balance 
the recovery and reuse. On the flip side to mass-production, 
there were the issues of mass consumption (depletion) of 
fossil resource, immense energy consumption due to the 
global transportation of fossil resource, and generation 
of substantial wastewater and waste products. These are 
inducing various environmental problems such as global 
warming and organic pollutant contamination.

In order to realize sustainable development, it is anticipated 
that industrial structure, social and technical systems based 
on large-scale production at concentrated sites dependent 
on fossil resources must be changed in the near future. 
Specifically, it is essential to create a safe, f lexible, and 
efficient process with low environmental load, where cycling 
of resource and energy can be done easily, and the use of 
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microreactor can be taken advantage of more efficiently. 
Currently, the technology for a microreactor that can 
withstand high-temperature or high-pressure has not been 
established.

On the other hand, the supercritical f luid is defined as a 
f luid above its critical point (endpoint of saturated vapor 
pressure curve), and is called the fourth fluid that does not 
belong to the three phases of substance: solid, liquid, or gas. 
However, it is not very special, but is a non-condensible 
fluid that does not liquidize even when compressed to high 
density. The density of the supercritical fluid can be changed 
continuously and at great range from gas to liquid equivalent 
by changing the temperature and pressure, and the transport 
properties such as viscosity and diffusion coefficient, and 
solvent properties such as dielectric constant and ion product 
greatly change accordingly[2][3]. Particularly, the dielectric 
constant of the supercritical water, which is a state over its 
critical point (374 ºC, 22 MPa), is like an organic solvent, and 
is considered to be the only stable reaction solvent at high 
temperature. Also, the ion product can be increased to 10-10, 
and the supercritical water is expected to take the role of acid 
or base catalyst. Such properties imply the application of the 
supercritical water in high-speed chemical reaction, and the 
technology using supercritical water is expected to become 
the core technology of the low-volume distributed production.

2 Integrat ion of the microreactor and 
supercritical water

Until about 2002, the common knowledge was that in 
the chemical process using supercritical water or high-
temperature and high-pressure water, the decomposition 
of organic compounds (by hydrolysis and pyrolysis) was 
possible, while synthesis was not[4]. In fact, although the 
acid and base properties, which were not present in regular 
water, were observed in the supercritical water from 
physicochemical or spectroscopic studies, the results always 
produced none or very low yield of the target substance when 
organic synthesis experiments under supercritical water 

condition were conducted using the batch reaction device[5]-[7]. 
From these results, the use of supercritical water in organic 
synthesis was thought to be extremely difficult, and the 
research for the application of supercritical water fell into 
stagnation (the valley of death) for a while. Research funds 
declined and we had no alternative but to continue to conduct 
reactions by self fabricating a lab-scale flow reactor using 
old pumps for liquid chromatography and used-up high-
pressure tubes. Suddenly, we found that the yield increased. 
When we observed closely, we understood that the reason 
that the target product could not be obtained before was 
because the breakdown and side reactions of the raw material 
or the target product occurred in the heating range (cooling 
range) if long heating (or cooling) time was taken to achieve 
the reaction temperature, even though the reaction time at 
the reaction temperature was controlled carefully. From this 
moment, our research moved forward rapidly[8]. Figure 1 
shows the conceptual diagram of the importance of the rapid 
heat exchange in this reaction. The example of the reaction 
that prologued the organic synthesis under supercritical water 
condition will be described below.

The synthesis of -caprolactam, a material for nylon, is 
conventionally done by the Beckmann rearrangement reaction 
of cyclohexanone oxime using concentrated sulfuric acid as 
an acid catalyst. However, in this synthesis, the concentrated 
sulfuric acid must be neutralized by ammonia, which generates 
large amount of ammonium sulfate, and its disposal is a major 
environmental and economic issue. We suggested a method 
of Beckmann rearrangement reaction using the acid catalyst 
property of the supercritical water[5][8]. The result of the 

Fig. 1 Points in the development of organic synthesis using supercritical water (need of rapid heat exchange)
Since the supercritical water has high reactivity, side reactions and breakdown reactions occur and inhibit the main reaction if too 
much time is spent on heating or cooling. Rapid introduction and withdrawal from the reaction field is necessary.
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experiment is shown in Table 1. The reaction conditions were 
the same at 400 °C and 40 MPa, but the yield was a few % in 
the batch process, while the yield increased dramatically to 80 
% or more in the continuous microreaction. This difference 
was due to the reaction time (here, it is the time required to 
increase from room temperature to reaction temperature + 
retention time at reaction temperature). In the batch process, 
the heating speed was very slow, and cyclohexanone oxime 
was broken down to cyclohexanone in the heating process. In 
contrast, since the heating was done by mixing the supercritical 
water directly with the raw material in the continuous 
microreaction, the reaction temperature could be reached in an 
extremely short time, the Beckmann rearrangement became the 
predominant reaction, and the -caprolactam was synthesized 
at high yield. This showed that the effect could be achieved by 
combining the microreaction field and supercritical water, and 
would have not been achieved by each alone. This was a result 
of the integration of supercritical water and microreaction 
field in the organic synthesis reaction. Several experimental 
investigations were done on the ranges for high-temperature 
and high-pressure water below the critical point, in addition to 
supercritical water, and the possibilities of organic synthesis 
using water became realistic. The issues after this included the 
efficient realization of rapid introduction of raw material into 
the reaction field (rapid heating) and the rapid withdrawal of 
the product from the reaction field (rapid cooling).

3 Establishment of the high-temperature  
high- pressure microdevice and high-
pressure microengineering

To achieve the rapid heat exchange (rapid heating and rapid 
cooling) discussed in the previous chapter, it was necessary 
to develop the direct heat exchange method employed for 
the -caprolactam synthesis or an extremely highly efficient 
indirect heat exchange method. In the direct heat exchange, 
heating to the target temperature is achieved by the direct 
mixing of the raw material at ordinary temperature and 
supercritical water, and cooling to the necessary temperature 
(where the reaction stops) is done by directly mixing the 
cooling water with the high-temperature and high-pressure 
reactants. The necessary temperature and mass flow of the 
supercritical water and the cooling water are determined by 
the heat balance calculation. The rate of heat exchange in 
the direct heat exchange is dependent on the performance 
of the mixer since it is determined by how the material and 
the supercritical water, or the high-temperature and high-
pressure reactant and the cooling water are mixed to reach the 
equilibrium temperature. Therefore, the direct heat exchange 
method results in the development of the high-pressure 
micromixer capable of rapid mixing. On the other hand, to 
what extent rapid heat exchange is possible in the indirect heat 
exchange method will be explained later based on the heat 
transfer concept.

3.1 High-pressure micromixer (direct heat exchange 
method)
When the high-pressure micromixer is used as the heat 
exchange device for the supercritical water reaction, the 
turbulent condition with high Reynolds number can be 
readily applied since the supercritical water has 1/10 or 
smaller of viscosity coefficient compared to the ordinary 
temperature values, and high flow rate can be applied. In the 
micro device operation under the ordinary pressure condition, 
the flow rate must be kept low since the pressure drop cannot 
be large because of the reactor material (glass or plastic). 
However in the high-pressure micro device operation, 
high flow rate condition is possible since there is relatively 
greater allowance for pressure drop that occurs in the mixer. 
Therefore, the high-pressure micromixer employs the mixing 
method based on forced turbulence, and has different mixing 
method compared to the conventional micromixer where the 
dispersal is controlled by the laminar condition. The mixer 
structures include: the commercially available T-shaped 
mixer; swirl mixer that actively utilizes the swirl flow; and 
the central collision mixer where the two fluids collide in 
the mixing chamber. As examples of T-shaped mixers, Fig. 
2 shows the standard type SS-100-3 (STD TEE) and low 
dead volume type SS-1F0-3GC (LDV TEE) of the Swagelok 
Company. Compared to the internal flow channel diameter 
of 1.3 mm of the STD TEE, the internal channel diameter 
of the LDV TEE is only 300 m, and good mixing result 
based on large Reynolds number (turbulence effect) has been 
reported[9].

The CFD (computational fluid dynamics) simulation results of 
the two types of mixers are shown in Fig. 3 as the comparison 
and evaluation of the mixing performance. The calculation 
conditions were: pressure was constant at 30 MPa; supercritical 
water was supplied at 463 ºC, 33 g/min; raw material at 15 ºC, 
12 g/min; and the temperature after mixing was 400 ºC. The 
property data of water at 30 MPa were used for the calculations. 
The Reynolds numbers of the STD (inside diameter of 1.3 
mm) and LDV (inside diameter of 0.3 mm) at these conditions 
were 16,700 and 72,500, respectively. In Fig. 3, in the STD, 

Fig. 2 T-shaped mixers (STD, LDV)
The commercially available 1/16 inch T-shaped mixer (left is the 
standard type, and right is the micro type of inside diameter 0.3 mm 
mixing flow channel).
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the low-temperature fluid that flows in from the bottom part 
is mixed with the supercritical water that flows from the left, 
a temperature transition zone is formed at the bottom of the 
flow channel, and a temperature gradient forms within the 
flow channel. On the other hand, in the LDV, the homogeneous 
temperature fluid is formed in the micro flow channel with 
inside diameter of 300 m and length of 1.3 mm, and quick fluid 
mixing is achieved. Figure 4 shows the plot of the maximum 
and minimum temperatures in the vertical cross sections from 
the center of the mixer to the downstream direction of the 
mixed fluid. It can be seen from the figure that the temperature 
difference is shown at the mixer exit in the STD (9.2 mm from 
the mixing point), while the temperature is homogenized 
rapidly at the mixer exit that is only 1.3 mm from the mixing 
point in the LDV. Estimating the average heating rate in the 
flow channel, the STD is 31,000 ºC/s while LDV is 270,000 
ºC/s, and there is a 9 times difference. The difference in the 
heating rate, or the mixing rate, indicates that it is possible to 
precisely control the delicate synthesis reaction in which side 
reactions may occur.

Figure 5 shows the photograph of the micro swirl mixer that 
we developed and the result of the CFD simulations[10]. The 
raw material at ordinary temperature is supplied from the 
left, and supercritical water divided into two is supplied at 
60° angle from the central axis. Further, the supercritical 
water is connected eccentrically and mutually from the 
center of the mixer, and the swirl flow can be generated by 
the divided supercritical water at the center of the mixer. The 
raw material is given the inertial force in the circumferential 
direction as well as the axial direction by the swirl f low, 
and it is considered to enhance the mixing performance. In 
the T-shaped mixer, a vortex is formed at the bend as the 
fluid makes a right angle turn. Since this vortex region may 
cause accumulation, the increase of unexpected retention 
time is a concern. On the other hand, in the micro swirl 
mixer, the accumulation region does not form in the center 
of the mixer since the mixed fluid is rotating and flowing out 
at all times. The central collision mixer shown in Fig. 6 is 
composed of the raw material supply channel with a needle 
that moves up and down in the upper part (the raw material 
is introduced through the thin film channel along the exterior 
surface of the needle) and the f luid mixing chamber with 
several supercritical water streams in the bottom part (central 
collision area), and is capable of realizing quick mixing 
and heating[11]. The raw material is not affected by the heat 
transfer from the supercritical water (due to the cooling 
effects by the cooling medium in the inner tube of the needle, 
the radiation effect by the air cooling fin, and the heat transfer 
limitations by a small metal seal ring), and is introduced into 

Fig. 3 Result of the CFD simulation of fluid mixing using 
the T-shaped mixer (temperature contour diagram)
In the STD TEE, the temperature was not even at the exit (length 9.2 mm 
from mixing point) of the mixer, while in the LDV TEE, mixing was 
almost entirely even at the exit (length 1.3 mm from mixing point) of the 
micro flow channel.
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Fig. 4 Temperature profile of fluid after mixing
The temperature did not converge in the STD TEE, while it rapidly 
evened out in the LDV TEE.
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The supercritical water is mixed with the raw material by forming a 
swirl flow by dividing the supercritical water. The structure prevents 
the generation of vortex of the T-shaped mixing.
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the mixing field at almost the ordinary temperature without 
preheating. In this mixer, the needle length can be changed 
continuously in the fluid mixing section to control the mixing 
performance.

3.2 High-pressure micro heat exchanger (indirect 
heat exchange method)
The heat exchanger in the supercritical water reaction 
operation plays the role of a heater to achieve rapid 
temperature increase to reaction temperature, and as a cooler 
for rapid cooling to temperature range where the reaction 
stops. The high-pressure micro heat exchanger will basically 
use a high-pressure microtube from the perspective of 
pressure resistant design, and the inside of the tube will be 
used as the microspace. As mentioned earlier, since some 
degree of pressure drop is allowed in the supercritical water 
process, the mass flow can be set high. Therefore, the inside 
of the microtube will be in a severely turbulent condition 
(high Reynolds number), and extremely high values can be 
expected for the inside heat-transfer coefficient of the tube 
(heat receiving side, low temperature side). The issue will 

be how high the outside heat-transfer coefficient of the tube  
(heat giving side, high-temperature side) can be attained. 
In a general supercritical water manufacturing equipment, 
the convection and radiation heat transfers from the electric 
nichrome wire furnace are used as heating source. However, 
the outside heat-transfer coefficient of the tube, which is the 
rate at which the heat from the red-hot nichrome wire furnace 
transfers to the outer surface of the microtube, is extremely 
small, and that limits the overall rate of heat transfer (overall 
heat-transfer coefficient).

We proposed a heating method for the high-pressure 
microheater where the joule heating is done by passing 
electricity through the microtube itself[12]. If this method can 
be employed, the outside heat-transfer coefficient of the tube 
can be considered apparently infinite, and the heat transfer 
can be determined by the metal heat transfer resistance and 
the inside heat-transfer coefficient of the tube. There are 
two methods to electrify the microtube: electromagnetic 
i nduc t ion and d i rec t  ene rg i za t ion method .  I n  t he 
electromagnetic induction method, it is necessary to install 
the induction coil on the exterior and is limiting in terms of 
downsizing, and therefore we selected the direct energization 
method. Figure 7 shows the schematic diagram of the high-
pressure microheater using the direct energization method 
(tube dimensions: inside diameter of 0.25 mm, outside 
diameter of 1.6 mm, length of 200 mm), and Fig. 8 shows the 
evaluation results. The heat transfer property improved as 
the flow of supplied pure water increased, and this is because 
the inside heat-transfer coefficient of the tube increases due 
to the flow increase. The overall heat-transfer coefficient was 
maximum 10,000 W/m2・ºC and the heat efficiency was 95 
% or higher, and an extremely efficient heating was realized. 
Converting this into the rate of temperature increase, it will 
be maximum 150,000 ºC/s. This shows that the water can be 
heated to critical temperature or above in a few milliseconds, 
and is a result that matches the temperature increase time by 
the direct mixing of supercritical water.

Fig. 7 Schematic diagram of the high-pressure 
microheater by direct energization heating
By using direct energization heating, the overall heat-t ransfer 
coefficient becomes extremely high.
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The description of the high-pressure microcooler will be 
omitted in this paper, but the high-pressure microcooler 
can be constructed easily by installing a cooling jacket 
outside the microtube. In the cooler, the outside heat-transfer 
coefficient of the tube can be raised by increasing the flow 
of cooling water. Also, during cooling, the temperature 
difference can be set larger than in heating, and therefore it is 
not difficult to achieve relatively large rate of heat transfer.

3.3 Numbering up strategy and the establishment of 
high-pressure microengineering
As an issue in realizing the microreactor, how to achieve the 
throughput increase is the major point. In the conventional 
chemical engineering, this is dealt by scaling up (such 
as increasing the size of the reaction container). In the 
microreactor, of course, such scaling up cannot be done 
because we want to utilize the advantage of being micro. 
Therefore, the parallelization approach (numbering up) 

is selected. However, an ordinary microreactor has small 
throughput per basic structure, and in many cases a realistic 
parallel number cannot be obtained. In contrast, since the 
high-pressure microreactor allows pressure drop to some 
degree, it has the advantage of raising the flow amount per 
basic structure. The high-pressure microheater described 
above can process maximum of 5 kg/h per microtube (inside 
diameter of 0.25 mm, outside diameter of 1.6 mm, length 
of 200 mm). Maintaining this high-pressure structure, the 
basic structure can be modularized (5 microtubes/module), 
and by parallelization of the module (4 modules/device), 
numbering up to 100 kg/h becomes possible. The concept of 
numbering up is shown in Fig. 9, and the photograph of the 
prototype numbering-up equipment is shown in Fig. 10. In this 
equipment, heating is done by direct energization method (12.5 
kW/module × 4 modules), and cooling is done by circulating 
the cooling water in the jacket installed outside each module. 
As a result, we confirmed that the heat exchange performance 

Fig. 10 100 kg/h class microreactor plant (parallel 
operation of four-module system)
The throughput was successfully increased while maintaining the heat 
exchange performance in single direct energization heating device.

Fig. 11  Establishment of the high-pressure microengineering
From establishment of basic technology, configuration design and optimization of device and equipment, to 
the development of the application process.
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was comparable to the basic structure, and verified that 
the exchange amount of heat equivalent to the substance 
production of several hundred tons/year could be carried out 
rapidly and stably through the compact process that could be 
installed in about 1 m × 2 m space. Comparing the capacity of 
the high-pressure microheater by direct energization heating 
used here with the conventional electric furnace heating 
method, the heat efficiency is estimated to be about 2 times, 
and the overall heat-transfer coefficient is 100 times or more. 
Since the difference of heat efficiency is directly related to 
the energy requirement, the energy cost will be one-half. 
Moreover, the difference of heat-transfer coefficient is thought 
to be almost proportional to the required heat transfer area, or 
the total length of the heating tube, and the heating tube will 
be 1/100 or less in length. As mentioned above, with 100 kg/h 
production capacity, the high-pressure microheater must have 
the total length of heating tube of 4 m (200 mm × 5 tubes/
module × 4 modules/device = 4,000 mm), but the electric 
furnace heating method will require 400 m or more and the 
facility will grow large.

Figure 11 summarizes the processes of high-pressure 
microengineering including the items discussed above. Stage 0 
(foundation) means the clarification of technical issues such as 
rapid heat exchange toward the integration of the microreactor 
technology and the supercritical fluid technology. To solve the 
issues, starting from the establishment of basic technologies 
such as micro structuring and micro bonding (Stage 1), moving 
on to configuration design and optimization of the high-
pressure device such as mixers, and the various high-pressure 
equipments (Stage 2-3), we are working our way toward the 
developments for process applications.

4 Establishment of the compact process 
through high-pressure microengineering
 
4.1 Organic synthesis process using supercritical water
The organic synthetic process using supercritical water 
and high-pressure and high-temperature water overturned 
the common knowledge that the supercritical water was 
inappropriate media as a organic synthesis field, as in the 
Beckmann rearrangement explained earlier, by realizing 
the rapid heating and cooling in the order of millisecond 
to microsecond by microengineering technology[8]. As 
another example, we describe the nitration of the aromatic 
derivatives. The most frequently used nitration in industry is 
the method using nitric-sulfuric acid, or the so called mixed 
acid. However, this production method has been used from 
the early 20th century without any change in methodology. 
The serial problems of the disposal of sulfuric acid waste 
as well as safety still remain, and the development of a new 
nitration technology with decreased waste has been awaited. 
To overcome the problems, we developed the new nitration 
without mixed acid by using the high-pressure and high-
temperature microengineering technology, to generate 
nitronium ion or radical from diluted nitric acid in the high-
pressure and high-temperature water. Even though the 
strong acids including nitric acid in high-pressure and high-
temperature water create very corrosive conditions, we newly 
developed some microdevices, such as microtubes and joints 
made of titanium-lined inconel 625 and succeeded to operate 
these strong acids in high-temperature and high-pressure 
conditions using these devices. Using the high-pressure 
and high-temperature resistant titanium-lined devices, we 
conducted the nitration of aromatics, such as naphthalene, 
with nitric acid. The conceptual diagram of the apparatus is 
shown in Fig. 12, and the results are shown in Fig. 13. The 
reaction condition was 40 MPa and 200~325 ºC. The nitration 
of naphthalene proceeded at 225 ºC or above, and 91 % of the 
maximum yield of nitronaphthalene (1-nitronaphthalene 85 % 
and 2-nitronaphthalene 6 %) was achieved at 250 ºC within 
only 1.3 sec reaction time. It was also found that hardly any 
highly explosive dinitronaphthalene and trinitronaphthalene 
were produced.

Fig. 12 Outline of non-catalyzed nitration apparatus 
under high-temperature high-pressure water
Inconel tubes and joints lined with titanium in the interior are used 
after introduction of nitric acid up to rapid cooling.

Fig. 13 Result of nitration experiment of naphthalene
Nitration progressed at 225 ºC or over, and maximum yield of 91 % was 
achieved at 250 ºC.
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We further developed a process for conducting safer nitration 
using highly active acetyl nitrate as a nitration agent under 
the high-pressure conditions in microreactor for the precise 
reaction control of reaction time, reaction temperature 
and reaction point. In this method, the acetyl nitrate was 
generated instantly in the micromixer by exothermic reaction 
with acetic anhydride and nitric acid, while the mixing 
temperature was maintained at desired temperature of 40 ºC 
± 0.2 ºC. The nitration of phenol was achieved of the yield 
of 96 % with the selectivity of almost 100 % at reaction 
temperature of 40 ºC and the reaction time of 1.8 sec. Since 
the reaction was conducted at low temperature of 40 ºC, 
corrosion of reaction system hardly occurred and as the 
unreacted acetyl nitrate in reaction residue easily hydrolyzed 
in water after the reaction, we can safely and easily handle 
these reactions outside of the system. This reaction system 
can realize efficient low temperature nitration in high-
pressure condition, and can be applied to the various aromatic 
compounds having substituent groups, particularly for the 
nitration using medical and agrochemical intermediates. We 
also realized ultrafast and highly efficient organic reaction 
in water for piancol rearrangement, Claisen rearrangement, 
and estirification by our reaction methodology with precise 
control by rapid heating, and rapid cooling in high-pressure 
and high-temperature micromixer[13]-[15]. At present, we 
further achieved the high yield, high selectivity synthesis of 
useful compounds from sugars derived from biomass, such 
as 5-hydroxymethylfurfural for which physiological activity 
such as blood pressure decrease has been reported[16].

4.2 Metal oxide fine particle synthesis process using 
supercritical water
The supercritical hydrothermal synthesis is a method 
for obtaining fine nano-level particles by reducing the 
solubility of the metal oxides produced in the hydrolysis 
and dehydration reactions by heating the metal salt water 
solution rapidly to a supercritical state[17][18]. In the subcritical 
condition (200~300 ºC), the reaction rate of the hydrothermal 
synthesis is low, the dielectric constant of water is high at 
about 30, and the produced crystals tend to grow large. On 
the other hand, in the supercritical condition (representative 
condition is 400 ºC, 30 MPa), the reaction rate increases, the 
dielectric constant falls to a single digit, and the produced 
crystals do not grow. Therefore, the point of this method 
is how to increase the temperature rapidly to supercritical 
condition, and this rapid heating can be realized by the direct 
mixing of the metal salt water solution and the supercritical 
water. Figure 14 shows the particle size distribution of the 
product obtained by using different mixers for the synthesis 
of boehmite by supercritical hydrothermal synthesis using 
aluminum nitrate as raw material. The mixers used were 1/16 
inch STD TEE described above, swirl mixer, and central 
collision mixer (adjustable needle of fluid channel space is 
applied). The reaction condition was 400 ºC, 30 MPa, and 
2 sec. From the figure, both the swirl mixer and the central 

collision mixer produced microscopic particles and showed 
narrow distribution compared to the standard T-shaped mixer 
(STD TEE: flow channel diameter 1.3 mm). In the central 
collision mixer, the fluid mixing performance is higher when 
the needle position is L = 1 mm (see Fig. 6) with narrower 
flow channel clearance, and as a result, fine particles were 
synthesized by rapid mixing. The efficacy of this technology 
was shown in the synthesis of compound oxides as well as 
single oxides, and is expected to be applied in various usages 
such as f luorescent substances, ferromagnetic substances, 
transparent electrodes, cell electrode materials, and catalysts.

4.3 Innovative painting process by supercritical 
carbon dioxide
The total amount of volatile organic compounds (VOC) 
emitted from all industries in Japan is about 1.5 million tons 
(FY 2000), of which 33 % or 500,000 tons is the emission 
from the paint industry. The paint industry is the largest VOC 
emitter among all industries. The VOC is a cause substance 
of photochemical oxidants and suspended particulate matter, 
and their reduction is demanded immediately. We aimed 
to develop a painting method to significantly reduce the 
VOC emission by changing the thinner solvent (major VOC 
material) used abundantly in spray coating of conventional 
organic solvent paints, with extremely small amount 
of carbon dioxide, while maintaining the finish quality 
equivalent to the one achieved by organic solvent paints. 
The basic principle of this technology was developed as a 
new painting process[19] principally by the Union Carbide 
Corporation of the U.S.A., but in this process conventional 
static mixer was mainly used for mixing paint and carbon 
dioxide based on the fluid multi-stage segmentation theory, 
and quick mixing was difficult. For this reason, the paint 

Fig. 14 Particle size distribution of the fine particles 
from Beohmite synthesis by the micromixer
Large difference in the particle size distribution can be seen depending on the 
type of the high-pressure micromixer (difference in quick mixing property).

400 ℃・30 MPa

Supercritical hydrothermal synthesis was conducted 
using different types of rapid heating mixers.

Reaction time 2 sec

Cooling
water

Supercritical
water

Metal nitrate
salt

10 100 1000
0

5

10

20

25

30

35

15

Particle diameter (nm)

Fr
eq
ue
nc
y 
(%
)

Central collision type
(needle position L = 1 mm)

Central collision type
(needle position L = 0 mm)

Swirl mixer

STD T-shaped mixer



Research paper : Establishment of compact processes (A. Suzuki et al.)

−159−Synthesiology - English edition Vol.3 No.2 (2010) 

that could be used was limited due to the problem of line 
clogging. In contrast, the carbon dioxide painting process 
that we developed uses the high-pressure micromixer based 
on the turbulence mixing theory, and enables extremely 
fast mixing and allows stable painting regardless of the 
type of paint. The conceptual f low diagram of the carbon 
dioxide painting technology is shown in Fig. 15. The paint 
and carbon dioxide are mixed instantly in the mixer, and the 
carbon dioxide dissolves completely in the paint. As a result, 
the viscosity decreases and spraying is enabled. The mixer 
was a version of the central collision micromixer modified 
for painting, and it was originally developed to realize the 
rapid heat exchange in the supercritical water reaction. As 
a result of evaluation by a third party of the painted sample 
using this method (mixer condition: 40 ºC, 10 MPa), it was 
confirmed that the paint film quality was of practical level[20]. 
Therefore, the VOC from the thinner solvent can be basically 
reduced, and seen from the amount of thinner solvent used 
currently (several hundred-thousand tons per year), the effect 
of reduction is thought to be significant.

5 Summary and future development

The organic and inorganic synthesis reactions using high-
temperature and high-pressure water have the potential of 
greatly changing the conventional process of the large-scale 
production at concentrated sites. In this reaction field, an 
efficient and ideal substance synthesis is possible through 
rapid and precise temperature, pressure, and spatiotemporal 
control. As a result, fine chemical synthesis and creation of 
high value-added substance by natural product conversion in 
addition to bulk chemical synthesis is strongly expected.

For example, the -caprolactam that was described as the 
prologue in the organic synthesis using supercritical water 
is produced at about 100,000-ton scale per year per factory. 
It consumes the same amount of sulfuric acid and about half 
of ammonia, and discards about 1.5 times the amount of 
ammonium nitrate as waste product. If this is done as low-

volume distributed production using the supercritical water 
organic synthesis of 10,000-ton scale per year, production 
is possible without using sulfuric acid or ammonia. Though 
further advancement in high-pressure microengineering is 
necessary to increase the processing amount at a basic unit 
(structure), to achieve this, a compact process of 10,000-ton 
scale per year can be realized.

On the other hand, the quick diffusion of carbon dioxide 
painting is demanded as the key technology for reducing 
VOC. The objective of this technology is not simply to 
reduce VOC, but also to save energy by reducing the energy 
for the drying process etc, and can be considered as the key 
technology in reducing carbon dioxide. The atomization 
using carbon dioxide can also be applied to wide ranging 
areas such as the technologies for painting, printing, 
adhesion, and application (film coating) of functional films, 
as well as particle technologies for drugs, polymers, and 
functional substances.

The establishment of high-pressure microengineering to 
realize the integration of the microreactor technology and 
the supercritical f luid technology will help to realize the 
low-volume distributed production (compact process) and 
contribute greatly to a sustainable society.

Fig. 15 Schematic diagram of carbon dioxide painting 
technology
Central collision type micromixer developed for painting was employed 
as the mixer.
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Discussions with Reviewers

1 Overall
Comment (Koh Harada, AIST Tohoku)

Please explain why you used both words of “integration” and 
“concert” in the subtitle.
Answer (Akira Suzuki)

The subtitle “Integration and concert of high-pressure 
microengineering and supercritical f luid”, expresses the point 
that these integrations are not merely “1+1=2”, but the property 
of supercritical f luid may become 3 or 4 or anything by using 
microengineering. Recently, in the world of chemistry, the phrase, 
“concerted reaction field”, comes into use. The word “integration” 
does contain the element that it is more than simply getting 
together, and therefore to enhance the reader’s understanding, I 
deleted “concert”, and the subtitle shall be “Integration of high-
pressure microengineering and supercritical fluid”.
Comment (Yoshiro Owadano, Research Coordinator, AIST)

For non-specialist readers, I think you should write clearly 
to which category the compact process described in this paper 
belongs:

1) Makes possible the synthesis that was conventionally 
impossible

2) Achieves lower environmental load or higher yield 
compared to the conventional method

If 2) is the case, please indicate as much as possible, what 
the volume of production (possibility) or rate of energy saving 
is in quantitative terms, or what are the figures set as the goal. 
For example, I think you should describe a more specific future 
image, such as what manufacturing method and in which industry 
this will be used in the sections, “Numbering up strategy” and 
“Future development”.
Answer (Akira Suzuki)

The compact process described in this paper is a high-speed, 
highly controllable process to convert the bulk chemicals that were 
produced conventionally by large-scale concentrated production 
to low-volume distributed production for producing the necessary 
amount at the necessary place. Therefore, it is not a process for 
synthesizing products that were conventionally impossible, but 
is a process that has low environmental load and realizes high 
yield compared to the conventional processes. In this paper, two 
reactions (Beckmann rearrangement and nitration) are given as 
examples of organic synthesis. While both reactions conventionally 
use concentrated sulfuric acid as the acid catalyst, in the compact 
process, high-temperature and high-pressure water plays the role 
of concentrated sulfuric acid, and it is now possible to establish a 
process that uses no catalyst (no sulfuric acid  low environmental 
load) and has high speed (microreaction  high yield).

To clarify the above discussion, we described the superiority 
of the micro heat exchange compared to the conventional 
technology in the “Numbering up strategy”. We described the 
possibility of increasing the production volume using the example 
of -caprolactam synthesis in the “Future development”.
Comment (Koh Harada)

I think that the phrase “compact process” used in this paper 
has a narrower meaning that is used specifically in the chemical 

industry, compared to the general usage. Please define what is the 
“compact process” for non-specialist readers.
Answer (Akira Suzuki)

In the text, we added: “The compact process here means a 
safe, flexible, and efficient process with low environmental load, 
where the cycling of resource and energy can be done easily. It 
also is high-speed and has highly controllable performance, and 
enables low-volume distributed production”.

2 Balance in establishing a circulating system
Question (Koh Harada)

In the discussion of “1 Background and objective of the 
research”, you state the “balance or recovery and reuse” are 
important. Is this a requirement to establish the circulating system?
Answer (Akira Suzuki)

In the large-scale concentrated production method, the 
amount handled is extremely high. Although reuse in other 
processes or at other plants may be done through the recovery of 
the byproduct or recycling of waste products produced in certain 
processes, I don’t think they provided realistic solutions due to the 
balance of supply and demand and the problem of transportation. 
The establishment of the circulating system was difficult in the 
large-scale concentrated production method.

3 Comparison with conventional method
Question (Koh Harada)

You would be better to mention about a comparison of your 
method with the conventional method at the beginning of the 
discussion of “2 Integration and concert of microreactor and 
supercritical water”.
Answer (Akira Suzuki)

The caprolactam synthesis by Beckmann rearrangement using 
concentrated sulfuric acid is a high-yield process of 98 %. On the 
other hand, the yield by high-temperature and high-pressure water 
described in Table 1 is 83 %, and is inferior in terms of numbers, 
but is superior in the fact that it does not use concentrated sulfuric 
acid at all. Here, to emphasize that the yield can be dramatically 
increased using supercritical water alone by precisely controlling 
the reaction time, we intentionally did not mention the yield of the 
conventional method.

4 Advantage of electromagnetic induction
Question (Koh Harada)

In “3.2 High-pressure micro heat exchanger”, what is the 
advantage of the electromagnetic induction method? It was 
written that it was not employed due to its size, but in what case 
would it be more advantageous?
Answer (Akira Suzuki)

Compared to direct energization application, the advantage of 
the electromagnetic induction may be that there is no need to take 
measures against electric leaks, and the heating intensity can be 
changed by how the induction coil is wound. Which is better is a 
case-by-case consideration, but I think for a microdevice, direct 
energization application is better because it does not require the 
induction coil.




