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Hydrothermal synthesis of metal oxide nanoparticles
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Hydrothermal synthesis reactors 
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Synthesis with plug-flow reactor
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Figure 12. ZnO particles obtained in the reactor with the different mixing junctions. 
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Figure 13. Simulation results for Figure 12 (a) mixing configuration: a) Flow pattern, 
and b) particles concentration. 

 
hand, for the case of side injection, a relatively smooth flow pattern and 
uniform particle growth occur, as shown in Figure 14. This result agrees well 
with the experimental results shown in Figure 12. This result suggests that the 
simulation may enable us to design reactors rationally for hydrothermal 
synthesis under supercritical conditions.  
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Figure 13. Simulation results for Figure 12 (a) mixing configuration: a) Flow pattern, 
and b) particles concentration. 

 
hand, for the case of side injection, a relatively smooth flow pattern and 
uniform particle growth occur, as shown in Figure 14. This result agrees well 
with the experimental results shown in Figure 12. This result suggests that the 
simulation may enable us to design reactors rationally for hydrothermal 
synthesis under supercritical conditions.  

Mixing of supercritical water and reactants affects the products



Experimental approaches

Model fluid

Blood, et al., Chem. Eng. Sci. 59, 2853 (2004).
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Clearly, the key to eliminating the build-up of particles in
the reactor, is to generate uniform mixing throughout the
reactor and its outlet-arm, whilst avoiding any inlet-mixing,
stagnant zones or !ow partitioning.
In this geometry, the solution mixing pattern is relatively

poor. The dominant mixing zone is in the top inlet arm
of the T-geometry. This mixing seems rotational in nature
suggesting that the mass transfer in this area is relatively
poor, i.e. stagnant zone. Furthermore, the !ow partitioning
phenomena can be clearly observed in the side-arm MeOH
inlet.
The inlet-mixing was by far the strongest observed in this

pseudo-reactor geometry and if it were to occur in the actual
scH2O reactor it would result in the rapid nucleation of metal
oxide pariculates in this area. This, combined with the rota-
tional nature of the !ow and the poor transport processes/net
!ow occurring in this area, would allow the particles to
grow and accumulate on the tube walls. If this process were
prolonged, the result would be an eventual blockage within
the top feed arm of the T-geometry reactor. Recent exper-
iments carried out using the actual scH2O system, con"rm
that blocking occurs very readily in these areas, strengthen-
ing our premise that this modelling technique can be used
to predict potential process hazards.
The fact that the mixing mechanism is driven by buoy-

ancy forces means that the orientation of the reactor and the
relative positions of the inlets and outlets become key prop-
erties in reactor design. Thus, not only geometrical variants,
but also orientation and inlet/outlet variants must be inves-
tigated in the search for a optimal reactor design.
Of course, the steady-state images presented do not illus-

trate fully the processes that occur in these pseudo-reactors.
Much more information was provided by creating real-time
animations of the concentration maps produced at 30
frames per second. This was done by bulk processing
each digital video frame by frame and subsequently bind-
ing them into an animation. All real-time animations
produced during the simulations contained in this jour-
nal paper are available for downloading from http://www.
nottingham.ac.uk/!eczehl/reactordesign/ as supplementary
information to this paper.

3.2. Geometry B: alternative !ow orientation

Our second example quanti"es the extent that the !ow ori-
entation a#ects the eventual mixing mechanism within the
reactor. In this case, the two inlet streams were interchanged
from the previous geometry, i.e. MeOH was fed into the top
arm of the reactor model whereas the dyed sucrose solution
entered from the side-arm. The !owrates used in this situ-
ation were identical to those used previously in geometry
A. The resultant steady-state concentration map is given in
Fig. 7.
A simple comparison of Figs. 6 and 7 illustrates that the

inlet orientation does have a signi"cant e#ect on the resul-

Fig. 7. Steady-state concentration map for geometry B (alternative !ow
orientation) with concentration colour bar. Flowrates: MeOH from top arm
—270 cm3 min!1 and sucrose solution from side arm—611 cm3 min!1.

tant mixing patterns. For this geometry B, the sucrose so-
lution simply !ows along the bottom of the side-arm, due
to the !uid density di#erence, resulting in the formation of
clear !uid partitioning. Once the T-junction is reached, the
sucrose solution cascades down the bottom arm at a signif-
icant velocity, again, due to the buoyancy forces. As a con-
sequence, mixing is only observed in the outlet arm, leav-
ing the top arm pseudo-scH2O inlet uncontaminated—both
are desirable properties for an ideal reactor design. How-
ever, the !uid partitioning observed the side-arm is highly
undesirable because the very poor mixing and highly lami-
nar nature of the !ow occurring means that particles could
readily form and accumulate in this area. These particles can
build-up in the system and eventually result in pipe block-
age—as stated earlier, a problem regularly seen during the
real process.
This result supports the observation from our "rst geom-

etry that the density di#erence is the main driving force for
the mixing mechanism within this system and that the e#ect
of gravity is a vital factor in reactor design.

3.3. Geometry C: rotation of the T-piece

Our "nal example involves the rotation of the T-geometry
reactor itself. A steady-state concentration map, for one such
case, is given in Fig. 8. In this case, the !uid partitioning
phenomena dominates the entire reactor. This results in a
less distinctive mixing pattern within the pseudo-reactor.
Clearly, through observation alone, it can be seen to be a
poor reactor con"guration.
Adschiri et al. (2003) have simulated a similar arrange-

ment, but at higher !owrates, using a CFD/kinetics model.
Their calculations also suggested this con"guration is

View cell

T. Aizawa, et al., J. Supercrit. Fluids 43, 222 (2007).
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234, 347, 438 !C to make final solution temperatures of 100,
200, 300, 400 !C, respectively. When the ratio was set to 2:1
(0.4 mL/min:0.2 mL/min), the pre-heater was set to 140, 284,
403, 496 !C to make final solution temperatures of 100, 200, 300,
400 !C, respectively. The precise temperature values were deter-
mined by calculation using an enthalpy balance. The cell was
heated to 100, 200, 300, 400 !C, respectively, to compensate for
the effect of thermal losses of the cell and to match the expected
outlet temperature from the mixing of the two streams. In super-
critical fluids, it is not clear that classical approaches to flow
regimes, such as Reynolds number, are strictly valid, however,
Reynolds number is roughly calculated as a point of reference in
this work, by Re = UD/!, where U is the flow velocity, D the aver-
age of vertical length and horizontal length of the trench, and
! is kinematic viscosity. Reynolds number was calculated on
the assumption that the fluid was homogeneous by the perfect
mixing. Reynolds numbers after complete mixing were 5–70
under these conditions. At this point in the research, although
it is desirable to analyze color gradients and compare those
with simulation results, available dyes typically are unstable in
supercritical water. For example, indigo carmine decomposes at
temperatures over 300 !C making it difficult to quantify density
or concentrations from the color gradients, however, the rate of
decomposition is slow enough to allow observation of flow pat-
terns. The rate of decomposition of the dye is on the order of
10 s, allowing enough time for visual observation of the mixing
at the video rate of 30 fps.

3. Results and discussion

Results of the mixing with both sides are shown in Fig. 6.
Preheated water entered from the left side of the channel-tee,
and colored water at room temperature flowed in from the
right (Fig. 6). The outlet of the channel is at the bottom in
Fig. 6. Flow rate of preheated water was 0.5 mL/min and that of
water at room temperature was 0.1 mL/min. For this case, pre-
heated water flowed above the color’s room temperature water,

Fig. 6. Mixing at various temperatures at 45 MPa. Flow rates of preheated water
and water containing dye are 0.5 mL/min and 0.1 mL/min, respectively. Pre-
heated water comes from left side, and water at room temperature comes from
right side. Temperature of preheated water is 116, 234, 347, 438 !C, respectively.

Fig. 7. Mixing at various temperatures at 45 MPa. Flow rates of preheated water
and water containing dye are 0.5 mL/min and 0.1 mL/min, respectively. Pre-
heated water comes from top, and water at room temperature comes from left
side. Temperature of preheated water is 116, 234, 347, 438 !C, respectively.

at room temperature at the inlet of water at room temperature
(right of channel-tee), which was due to the density differences
(0.6 g/cm3) between the two streams. Complete mixing was not
observed under 438 !C preheated water conditions, as a color
gradient existed from right to left. For this case, the Reynolds
number was estimated to 70 after complete mixing, so laminar
flow was expected at these conditions.

Fig. 7 shows other configurations of the channel-tee mixing.
Preheated water entered from the top, and colored water at room
temperature was put in from the side. Preheated water penetrated
into inlet of water at room temperature (left of channel-tee),
which was similar to Fig. 6. Complete mixing was not observed
even for 438 !C preheated water conditions, as shown by the
mixing at the outlet tube, in which a color gradient existed from
the left-side to the right-side (Fig. 7).

The mixing shown in Fig. 8 behaved differently from the
previous two examples. Preheated water entered from the side,

Fig. 8. Mixing at various temperatures at 45 MPa. Flow rates of preheated water
and water containing dye are 0.5 mL/min and 0.1 mL/min, respectively. Pre-
heated water comes from left side, and water at room temperature comes from
top. Temperature of preheated water is 116, 234, 347, 438 !C, respectively.

Buoyancy force Cascade down



Mixing of two water streams
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Experimental setup

S. Takami et al., J. Supercrit. Fluids 63, 46 (2012).

@ B4 port of Kyoto University Research Reactor Institute 
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I/I0 images
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Averaged water density
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Comparison between mixing modes
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Nanoparticles were produced using these mixer.
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Simulation by Prof. Tsukada

K. Sugioka, et al., J. Supercrit. Fluids 109, 43 (2016).

1.0 g/min8.0 g/min
0.01 M 

Ce(NO3)3

Experiment

1.0 g/min

8.0 g/min

100nm�

100nm�

0.01 M 
Ce(NO3)3

Simulation

Concentration 
of products Streamline

Concentration 
of products Streamline

[kmol/m3] [kmol/m3][m/s] [m/s]

Unsteady-state vortex flow



Further questions

Water Density (g/cm3)
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Density (temperature at constant pressure) was visualized by radiography.

However, temperature is affected by heat transfer from tube wall, 
in addition to mixing.

• Distribution of reactant solution (flow from side)

• Chemical reaction of metal ion
• Nucleation and growth of particles

Questions



Visualization of reactant solution

H2O

H2O

Aqueous solution of 
Gd(CH3COO)3

Mixing of Gd3+ solution 
with heated water

Linear attenuation coefficient of 
solutions at 25°C, 1 atm (cm−1) 

H2O 3.83

0.1 M Gd3+ solution 6.79

0.1 M B3+ solution 3.88



Experimental setup
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Experimental condition

Tube 
diameter

QSC  
(g/min)

QRT  
(g/min) TSC (°C) Tmix (°C) CGd3+  

(mol/L)

1/4 in.
(4.8 mm) 16 8

23 23 0.1, 0.2

5 MW219 113 0.1

285 181 0.1

388 331 0.025 1 MW

1/8 in.
(2.3 mm) 20 4 384 279 0.1 1 MW

QSC

QRT

TSC

Tmix

60 s for 1 image (1 MW)

30 s for 1 image (5 MW)

5 images for 1 condition



Mixing at room temp.
Absorption by solution Absorption by solute

5 mm

Distribution of metal ion solution was visualized.

H2O, 16 g/min

Aqueous solution of 
Gd(CH3COO)3, 8 g/min



Mixing at ~113°C
Mixing with water

H2O, 16 g/min, 
~219°C

H2O, 8 g/min, 
~24°C

Mixing with Gd3+ solution

Aqueous solution of 
Gd(CH3COO)3, 8 g/min

H2O, 16 g/min, 
~220°C

15 s for 1 image
40 images



Mixing at ~113°C
Mixing with water

H2O, 16 g/min, 
~219°C

H2O, 8 g/min, 
~24°C

Mixing with Gd3+ solution

H2O, 16 g/min, 
~220°C

H2O, 8 g/min, 
~24°C

Deposition of Gd(OH)3 on the inner wall of tube occurred.



Other conditions
H2O, 16 g/min, 

~388°C

0.025 MGd3+,  
8 g/min, ~26°C

H2O, 20 g/min, 
~384°C

0.1 M Gd3+,  
4 g/min, ~24°C

1/4 in. tube1/8 in. tube

Plugging occurred in both cases.
60 s for 1 image

40 images
60 s for 1 image
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Product from Gd(CH3COO)3
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Gd(OH)3, ICDD:00-038-1042

Gd(OH)3 was produced by hydrothermal reaction.



Summary
Neutron radiography was performed to visualize the mixing 
of reactant solution with water in plug-flow reactor.

• Distribution of reactant solution around mixing point 
was visualized using Gd(CH3COO)3.

•  Gd(OH)3 was produced during imaging.

• Deposition of Gd(OH)3 on the inner wall of reactor 
occurred at high temperature.

To visualize the distribution of reactant solution, we will try

• Diluted Gd3+ solution / Inactive Gd species

• Synthesis of Gd-containing compound nanoparticles

• Use of Gd2O3 nanoparticles as a tracer

• Use of B3+ or other metal ions in heavy water


