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ABSTRACT

A microstructured cover flow mixer equipped with two cyclone structures was used for stable con-
tinuous hydrothermal synthesis of ZnO nanoparticles from Zn(NOs), and NaOH aqueous solutions
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in supercritical water. The effects of the NaOH/Zn(NOs), ratio, Zn(NOs), molality, and flow rate on

Zn conversion, crystal structure, particle size, particle morphology, and mixer clogging were exam-
ined. The advantages of this mixer were identified by comparing with the results obtained using
the same chemical conditions with tee-type, cross-type, and central collision-type mixers.

1. Introduction

Nanoparticles (NPs) of metal oxides are promising materials
for constructing products that are smaller, thinner, lighter,
and more functional (Fernandez-Garcia and Rodriguez
2008). The performance of NPs strongly depends on particle
size, particle size distribution, crystal structure, composition,
and crystallinity. Numerous techniques have been proposed
for synthesizing NPs on a laboratory scale (Altavilla and
Ciliberto 2010) but many of these techniques do not con-
form to the concepts of green chemistry. In addition, it is
difficult to manufacture NPs with desirable properties on an
industrial scale, and current techniques require the use of
the concentrated base, growth inhibitors, and organic sol-
vents, as well as multistep treatments, long reaction times,
and high temperatures above 1000 K.

Continuous hydrothermal synthesis in supercritical water
(SCW) is widely recognized as a promising technique for
the industrial-scale synthesis of NPs (Adschiri et al. 2011;
Erkey and Tirk 2021). In this technique, a metal salt aque-
ous solution is mixed with preheated water in a static mixer
using a flow apparatus for high-temperature, high-pressure
use and heated rapidly to SCW conditions (Tc=647K,
Pc=22.1 MPa). Metal oxide NPs are continuously produced
because the SCW environment supports a high rate of
hydrothermal reaction (hydrolysis and dehydration conden-
sation), and the metal oxides are poorly soluble due to the
low density and low permittivity of water (Adschiri et al.
2001). However, the utility of this technique as a practical
industrial process requires consistent production of NPs
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with desirable properties, such as well-controlled particle
size, morphology, composition, and structure, as well as the
narrow size and composition distributions.

A micromixer is an effective device for the rapid mixing of
multiple fluids and promises accurate control of nucleation
and growth processes in particle synthesis (Gutierrez et al.
2011). The properties of SCW change drastically with a slight
change in temperature or pressure. The rate of hydrothermal
reaction and the solubility of metal oxides are also very sensi-
tive to temperature and pressure. Therefore, the time required
to heat the metal salt aqueous solution to the reaction tem-
perature strongly affects the characteristics of the synthesized
NPs, and the use of a micromixer promotes the synthesis of
smaller NPs with a narrow size distribution (Kawasaki et al.
2010). A conventional tee mixer with an inner diameter (i.d.)
of <1.0mm provides good performance at low metal salt mol-
ality conditions. In contrast, at high salt molality conditions,
there is significant heterogeneous nucleation on the inner wall
and clogging of the microchannel of the micromixer. A central
collision micromixer (CC) was recently proposed to address
these performance issues (Sue et al. 2010). In the CC-type
mixer, preheated water is fed equally from four directions at
right angles into a straight channel (0.3 mm id.). The metal
salt aqueous solution is fed from the straight channel and
mixed with the preheated water. This channel structure reduces
the contact of the metal salt aqueous solution with the inner
wall just after the mixing point and works well for homoge-
neous nucleation in reaction systems with a very high rate of
hydrothermal reaction without base, such as Fe,Os;, ZrO,,
TiO,, and spinel ferrites syntheses (Sue et al. 2006; Sue, Aoki,
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et al. 2011; Sue, Kawasaki, et al. 2011). Therefore, novel mixers
for relative low reaction rate systems may be the key to achiev-
ing homogeneous nucleation and preventing clogging both
near the mixing point and in the reaction zone after mixing.

A microstructured cover flow mixer was recently devel-
oped at the Institute for Micro Process Engineering,
Karlsruhe Institute of Technology (Kraut et al. to be pub-
lished). The mixer is equipped with two cyclone structures
(Figure 1). Each cyclone structure has two inlets. The first
cyclone structure is used for the fast mixing of two solutions
to produce particles or precursors. The second cyclone
structure is arranged to supply additional liquid to surround
the mixture stream from the first cyclone and to heat the
mixture stream during continuous hydrothermal synthesis
under SCW conditions for producing metal oxide NPs. This
structure prevents contact of the mixture stream with the
inner wall of the mixer.

The contribution of this study is to describe the hydro-
thermal synthesis of ZnO NPs in SCW using this micro-
structured cover flow mixer. ZnO synthesis from Zn(NO;),
and NaOH was selected as a typical system that the use of
bases is indispensable because the hydrothermal reaction
rate of ZnO synthesis without base is low (Sato et al. 2008).
The effects of Zn(NO3), molality and flow rate on particle
size, particle size distribution, and pressure fluctuations dur-
ing the synthesis were studied. The advantages of the cover
flow mixer are discussed by comparison with results
obtained using conventional tee-type, cross-type, and CC-
type mixers.
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O
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GZn(Nog)2
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" 15t cyclone
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2. Experimental
2.1 Materials

Zn(NOj), aqueous solutions were prepared by dissolving
appropriate amounts of Zn(NO;),-6H,0O (purity 99.9%;
Wako Pure Chemical Industries, Ltd.) in deionized water.
NaOH aqueous solutions were prepared by dissolving
appropriate amounts of NaOH (purity 98.3%; Wako) in
deionized water under an N, atmosphere. The molality of
Zn(NO3), was set to 0.05, 0.10, and 0.20 mol/kg. The molal-
ity of NaOH was set to 0.10, 0.20, and 0.40 mol/kg to keep
constant the molar ratio of NaOH to NO;~ (R=1.00). In
addition, the NaOH molality for the 0.20 mol/kg Zn(NO3),
condition was varied from 0.20 to 0.50 mol/kg (R=0.50-
1.25) to determine the appropriate NaOH molality for pro-
ducing ZnO NPs.

2.2 Apparatus and procedure

A schematic diagram of the experimental apparatus for con-
tinuous hydrothermal synthesis is shown in Figure 2, and
details of the microstructured cover flow mixer are shown
in Figures 1 and 3. The Zn(NOj3), and NaOH aqueous solu-
tions were fed into the first cyclone (Figures 1(a,b)) in the
cover flow mixer and then mixed using cyclone flow. Water
was heated, divided into two channels (Figure 3(a)), then
fed into the second cyclone stage (Figures 1(a,c)) using cyc-
lone flow. The solution of Zn(NOj), and NaOH was sur-
rounded by the preheated water, and the solution was
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Figure 1. Detailed structure of the microstructured cover flow mixer for ZnO nanoparticles synthesis. (a) Overall structure. (b) Top view of the first cyclone plate.
(c) Top view of the second cyclone plate. (d) Cross-sectional view along the green line in (b) of the first cyclone mixer. (e) Cross-sectional view along the green line

in (c) of the second cyclone. (f) Channel structure. (g) Streamline image.



heated to the reaction temperature as it mixed with the pre-
heated water. During heating, the preheated water acts as a
cover flow for preventing clogging and helps promote
homogeneous nucleation. A tubular reactor (1.7mm id,
550 mm long) was connected at the exit of the cover flow
mixer. The reaction was stopped by using an air- and water-
cooled heat exchanger. NPs were separated from the slurry
by using an inline filter with a pore size of 2.0 pm. The NPs
recovered from the inline filter were washed with pure water
and then dried at 333K in an electric oven for 24h. The
temperature of the preheated water was directly monitored
using a thermocouple and was maintained at around 703 K.

Electric heater Heat
—— | insulator

Water
Reactor

Air and water
cooled heat
exchangers

Zn(NOs),
aq. soln.

¥ | Back
pressure
regulator

Figure 2. Schematic diagram of the experimental apparatus for continuous
hydrothermal synthesis.
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Under these conditions, the temperature of the mixed fluid
after the second cyclone was estimated to be 673 K based on
an enthalpy balance calculation using the flow rates and
enthalpies of the preheated water, Zn(NOj3), solution, and
NaOH solution. The temperature of the reactor was con-
trolled at 673 +£0.2K using an electric heater and a thermo-
couple fastened to the reactor tubing. The reaction pressure
in the apparatus was controlled at 30 £0.2 MPa using a back
pressure regulator. Typical flow rates of water and the
Zn(NO3), and NaOH aqueous solutions were 60.0, 7.5, and
7.5g/min, respectively. Three total flow rate conditions of
25, 50, and 75 g/min at the same flow rate ratio were exam-
ined to evaluate the performance of the cover flow mixer.
Depending on the flow rate, the mean residence time was
calculated to be 0.36, 0.54, and 1.07 s based on the total flow
rate, reactor volume, and water density. For comparison,
five conventional mixers (three tee mixers (0.3, 1.3, and
2.3mm i.d.), a cross mixer (1.3 mm i.d.), and a central colli-
sion micromixer (0.3 mm i.d.) were also used, as shown in
Figures 3(b-f). During some experiments, the measured
pressure increased due to a decrease in channel cross-sec-
tional area caused by the precipitation of the products on
the inner walls of the mixers and the reactor tube. To evalu-
ate this behavior, clogging time was defined as the time
from the start of feeding the reaction solution into the
reactor to when the pressure first increased above 30 MPa.

2.3 Analyses

Crystal structures were analyzed by X-ray powder diffraction
(XRD, MiniFlex II, Rigaku) wusing CuKo radiation.
Crystallite size was calculated based on the full width at
half-maximum of the ZnO (100) and (002) peaks using the
Scherrer equation. The value is shown as a complementary
information for particle size from TEM observation because
this evaluation is not suitable for a detail discussion of the

Zn(NO3),
+NaOH aq. soin.

Zn(NO3),
+NaOH aq. soin.

1.7mm(ID)

Figure 3. Views of the mixers. (a) Cover flow mixer. (b) Tee mixer (0.3 mm i.d.). (c) Tee mixer (1.3 mm i.d.). (d) Tee mixer (2.3 mm i.d.). (¢) Cross mixer (1.3 mm i.d.).

(f) Central collision micromixer (0.3 mm i.d.).
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crystals with a broad size distribution. Observations were
performed by transmission electron microscopy (TEM, JEM-
2100, JEOL). The average particle size (APS) and standard
deviation (SD) were determined by measuring the sizes of
500 particles on several TEM images. The molality of the Zn
ionic species remaining in the recovered aqueous solution
was measured by microwave plasma-atomic emission spec-
trometry (4200, Agilent) to obtain the conversion of dis-
solved ionic species of Zn to solid products. The recovered
solution was filtrated with a membrane filter with a pore
size of 25nm before the measurement and a significant
amount of product was not observed. APS was also eval-
uated from ZnO density (5.6 g/cm’) and surface area meas-
ured by BET surface area analysis (NOVA 3200,
Quantachrome) and assuming spherical particles.

3. Results and discussion
3.1 Effects of NaOH molality

The effects of NaOH molality on the hydrothermal synthesis
of ZnO NPs were examined at a total flow rate of 75g/min
and a Zn(NOs), molality of 0.20 mol/kg. XRD patterns of
the products are shown in Figure 4. All diffraction peaks of
the products synthesized in this work could be indexed as
the wurtzite phase of ZnO (JCPDS card no. 36-1451). Zn
conversion dramatically increased with increasing NaOH
molality, from 55% at R=0.5 to 100% at R=1.0, as shown
in Table 1; further increase in the NaOH molality showed
no significant difference. Typical TEM images at given R
values are shown in Figure 5 and NPs with different aspect
ratios were observed. APSs calculated using the long and
short axis lengths of each particle (APS-L and APS-S,
respectively) are shown in Table 1 and Figure 6(a). APS-L
remarkably decreased with increasing NaOH molality, from
157nm at R=0.5 to 30nm at R= 1.0, and then increased to
71nm at R=1.25. APS-S slightly decreased with increasing
NaOH molality, from 45nm at R=0.5 to 17nm at R=1.0,
and then increased to 27 nm at R=1.25. The crystallite size
obtained from the (100) and (002) planes and APS evaluated
from BET surface area are shown in Figures 6(b,c),
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Figure 4. XRD patterns of the products were synthesized using the cover flow
mixer at a flow rate of 75 g/min and a Zn(NOs), molality of 0.20.

respectively, and all showed a similar trend with increasing
NaOH molality. The error bars in Figures 6(a,b) mean
standard deviation (SD) for the estimation of APS and the
crystallite size, respectively. The changes in growth direction
corresponded to the crystallite anisotropy of ZnO, with the
relative growth orientation along the c-axis, that is, the
(002) plane, owing to polarity in the crystal system
(Demoisson et al. 2014; Liu and Zeng 2003). ZnO solubility
decreases as conditions are changed from acidic to neutral,
and then increases under basic conditions even under high-
temperature, high-pressure conditions (Bénézeth et al. 2002).
In addition, the Zn>' species in solution changes from
ZnOH" under acidic conditions to Zn(OH)," under neutral
conditions, and further to Zn(OH); ™ and Zn(OH),>” under
basic conditions. Given these equilibria, the experimental
results can be explained as follows. Under neutral conditions
(R=1.00), concentration of neutral species (Zn(OH),’) is
very low and the coexistence does not strongly affect nucle-
ation and growth. Very low ZnO solubility results in the
formation of smaller ZnO NPs with a low aspect ratio and
also in high Zn conversion due to the high nucleation rate.
Under acidic conditions (R=0.50 and 0.75), high ZnO solu-
bility and the coexistence of cationic species (Zn**, ZnOH™)
cause a low nucleation rate and additional growth processes
along the c-axis. Growth occurs mainly on negatively
charged oxygen-terminated (000-1) planes, and results in the
formation of larger ZnO NPs with high aspect ratio and also
in low Zn conversion. Under basic conditions (R=1.25),
ZnO solubility is likely not very high given the high Zn con-
version; therefore, most Zn species immediately nucleate,
and the coexistence of low-concentration anionic species
(Zn(OH);~ and Zn(OH),*>") causes additional nucleation
and slight growth along the c-axis, mainly on positively
charged zinc-terminated (0001) planes. Orita et al. (2019)
carefully examined the anisotropic growth of ZnO nanopar-
ticles during supercritical hydrothermal continuous synthesis
by time-resolved experiments, analyzed the growth rate
based on a kinetic analysis and chemical equilibrium calcu-
lations, and reported a similar trend that the growth rate
increased at acidic and basic condition.

3.2 Effects of Zn(NO3), molality and flow rate

The effects of Zn(NOj), molality and flow rate on the
hydrothermal synthesis of ZnO NPs were examined at
R=1.00. The Zn conversion was above 99% under all con-
ditions studied. The APSs are shown in Table 1 and Figure
7(a), the crystallite sizes are shown in Figure 7(b), and the
particle size distributions of the products are shown in
Figure 8. Similar trends were observed for APS and crystal-
lite size: the long-axis size decreased with increasing
Zn(NO3), molality and flow rate. As shown in Table 1 and
Figure 9, no clogging occurred at a total flow rate of
75g/min and ZnO NPs were stably produced. However,
clogging increased remarkably with decreasing Zn(NOj3),
molality and flow rate. We offer the following explanation
for these results. At a high flow rate, Zn(NO;), and NaOH
aqueous solutions are instantly mixed in the first cyclone
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Table 1. Summary of experiments on continuous hydrothermal synthesis of ZnO nanoparticles.

Zn(NOs), R(=NaOH/NO3") Flow rate Clogging time APS-L/SD APS-S/SD Zn conversion
Mixer type (mol/kg) (-) (g/min) (min) (nm) (nm) (%)
Cover flow 0.20 0.50 75 1 157/147 45/22 55
0.20 0.75 - 110/134 38/23 78
0.20 1.25 - 71/38 2717 100
0.20 1.00 75 - 30/20 17/6 100
0.10 - 31/21 18/6 100
0.05 - 37/26 19/8 100
0.20 1.00 50 - 43/30 21/7 100
0.10 - 48/40 22/10 100
0.05 20 49/38 22/9 100
0.20 1.00 25 10 48/34 22/9 100
0.10 10 53/50 22/10 100
0.05 6 61/50 25/10 99
Tee, 0.3mm ID 0.20 1.00 75 2 64/38 29/10 100
Tee, 1.3mm ID 1 51/30 35/14 100
Tee, 23 mm ID - 70/55 38/17 100
Cross, 1.3mm ID 15 40/28 19/8 100
Central collision 2 65/58 31/16 100

a) R(=NaOH/NO;)=0.50 b) R(=NaOH/NO5)=0.75

Figure 5. TEM images of the products were synthesized using the cover flow
mixer at a flow rate of 75 g/min and a Zn(NOs), molality of 0.20.

and the nucleation precursor, Zn(OH),, is immediately pro-
duced. The mixture is mixed with preheated water after the
second cyclone stage, heated to the reaction temperature by
the surrounding preheated water, and finally converted to a
slurry containing small ZnO NPs with a narrow size distri-
bution. At a low flow rate, the Zn(NOs3), and NaOH aque-
ous solutions are fed into the second cyclone before they are
mixed well enough to produce a uniform precursor. This
non-uniform mixture is slowly mixed with preheated water
in the second cyclone and gradually converted into a slurry
that contains large ZnO NPs with a wide size distribution.
During mixing after the second cyclone, the molality distri-
bution of Zn(NO;), and NaOH forms high and low R reac-
tion fields and causes undesirable heterogeneous nucleation,
undesirable growth, and clogging, as described in Section 1.
Further, if the reaction proceeds after the completion of
mixing (i.e., after reaching the reaction temperature), the

reactant solution contacts the inner wall of the channel,
leading to heterogeneous nucleation, undesirable growth,
and clogging. Previous studies of continuous hydrothermal
synthesis shed light on the effects of molality of metal salts
(Cote et al. 2003; Gruar et al. 2013; Hao and Teja 2003; Sue
et al. 2004, 2010; Sue, Aoki, et al. 2011) by showing that the
APS of metal oxides increases with increasing molality of
metal salts. This trend is likely due to particle growth and
aggregation in high ionic strength media (Bian et al. 2011)
and due to heterogeneous nucleation on the inner walls of
the mixer and the reactor. In the present study, the opposite
trend was observed: APS gradually decreased with an
increase in Zn(NOs), molality, even under low flow rate
conditions. In SCW, strong electrolytes, such as NaCl do
not dissociate and behave like weak electrolytes due to the
very low dielectric constant of SCW (Ho et al. 2000). This
reduces the effect of ionic strength and affects ZnO solubil-
ity under different molality conditions. If ZnO solubility is
almost constant, then the degree of supersaturation increases
with increasing Zn(NOs), molality, and smaller NPs are
produced. Taken together, these results suggest that an
increase in supersaturation and prevention of heterogeneous
nucleation in the cover flow mixer are major factors in
decreasing APS with an increase in Zn(NO3), molality.

3.3 Comparison with conventional mixers

The cover flow mixer was compared with five conventional
mixers [three tee mixers (0.3, 1.3, and 2.3 mm i.d.), a cross
mixer (1.3mm id.), and a central collision micromixer
(0.3mm i.d.)] as shown in Figure 3 at a Zn(NO;), molality
of 0.20, R=1.00, and a total flow rate of 75g/min. For
experiments conducted using the tee mixers and the central
collision mixer, the Zn(NOs), and NaOH aqueous solutions
were first mixed using the 0.5 mm i.d. tee mixer to form the
Zn(OH), precursor. This mixture was then supplied to the
tee and central collision mixers for heating, as shown in
Figure 3. The APS and standard deviation of the products,
and the clogging time, are summarized in Table 1, and the
particle size distributions are shown in Figure 8. The use of
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Figure 7. Variation in APS with flow rate at different Zn(NO3), molarities evaluated by (a) TEM, and (b) XRD analyses.

the tee mixers provided NPs with remarkably decreased
long-axis APS, from 70 to 51 nm, and the particle size distri-
bution slightly narrowed with a decrease in i.d. from 2.3 to
1.3mm. However, a further decrease in i.d. to 0.3 mm pro-
vided NPs with an increased long-axis APS (64nm) and a
wide particle size distribution, despite the increased mixing
and heating rates. Heterogeneous nucleation and subsequent
growth in the narrow microchannel after the mixing point
likely occurred due to the increase in the surface area to vol-
ume ratio. Using the central collision mixer provided NPs
with an APS of around 64-65nm for the long axis and 29-
31nm for the short axis, similar to the APS obtained with
the tee mixer (0.3mm i.d.). It is notable that the products
obtained using the central collision mixer included large
particles of between 50 and 250 nm, as shown in Figure 8,

and the pressure in the central collision mixer system
sharply increased compared with that in the tee mixer sys-
tems, as shown in Figure 9. The heating time (mixing time)
in the central collision mixer was about 6-fold that in a tee
mixer (Sue et al. 2010). If nucleation is not complete during
this period, there is a very large effect due to heterogeneous
nucleation and growth on the inner surface of the mixer
and of the first tube reactor (0.3 mm i.d.) in the central col-
lision mixer. In the cross mixer (1.3mm id.), small NPs
with a narrow size distribution were produced, and the clog-
ging time was remarkably longer than that of the tee mixer
with the same diameter (1.3 mm i.d.). In the tee mixer, the
Zn(NO3), aqueous solution was mixed with preheated water
after mixing with NaOH, so the Zn(OH), precursor was
formed before heating and nucleation (homogeneous and
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Figure 9. Variation of pressure fluctuation in the (a) water and (b) Zn(NOs),
channels with time during the experiment using different mixers.

heterogeneous) starts and probably finishes in the first tube
reactor (0.8 mm i.d.) during mixing with preheated water, as
shown in Figure 3(e). In contrast, in the cross mixer,
Zn(NO3), aqueous solution was mixed with NaOH in paral-
lel with mixing with preheated water. Consequently, the for-
mation of the Zn(OH), precursor and further nucleation of
ZnO were relatively slow in the cross mixer compared with
the tee mixer. The Zn(OH), precursor forms in the first
tube reactor (0.8 mm id.) and nucleation finishes in the
second tube reactor, as shown in Figure 3(f). A higher inner
surface area to volume ratio in the tube causes heteroge-
neous nucleation (clogging) and the formation of larger par-
ticles. Therefore, the use of the cross mixer resulted in long
clogging times and the formation of small NPs. Compared
with these conventional mixers, the cover flow mixer holds
promise for the stable production of very small NPs with
narrow size distributions.
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4, Conclusion

Continuous hydrothermal synthesis of ZnO nanoparticles in
SCW at 673K and 30 MPa was performed using a micro-
structured cover flow mixer equipped with two cyclone
structures. ZnO NPs with an APS of 30nm and 100% Zn
conversion were stably produced without clogging the mixer
at a high flow rate of 75 g/min under neutral solution condi-
tions with low ZnO solubility (i.e., NaOH/Zn(NOs3), molar
ratio = 2.0). Using the same conditions, previously reported
tee-type, cross-type, and central collision-type mixers
became clogged, and/or large NPs with a relatively broad
size distribution were formed. The results demonstrated that
the cover flow mixer is advantageous for preventing clogging
(i.e., promoting homogeneous nucleation) and for producing
small NPs with a narrow size distribution.
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