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Production of titania nanoparticles by using a new microreactor
assembled with same axle dual pipe
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Abstract

The validity of utilizing microspace for nanoparticles production was investigated by using a newly proposed microdevice. The proposed
reactor consists of same axle dual pipes, and this assembly gives a microspace by an annular laminar flow of two immiscible liquids. We
tried to produce titania particles by supplying tetraisopropoxide (TTIP) solutes to the inner tube and isopropanol/water mixture to the
outer tube. Mono-modal spherical particles of titania with narrow size distribution were successfully produced without precipitation of
the particles at the wall. It was also found that the particle size was possible to control in the range from 40 to 150 nm only by changing
the diameter of the inner tube at a low TTIP concentration. Thus, the proposed concept was confirmed to be valid for the production of
nanoparticles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction by controlling the gradient of temperature, concentration of
reactant and so on. From this viewpoint, a microchannel is
Nanoparticles are receiving interesting attention becausevery attractive for easily forming the reaction conditions in
of their distinct physical and chemical properties. It is ex- continuous production. A few studies for the production of
pected that nanoparticles will be applied to many new and nanoparticles have been reported using chip-based microre-
high-functional deviceg1-3]. When the particle size de- actors and the advantages of microreactor for the nanoparti-
creases in single nanoscale, the quantum size effect appeargle production were claimgd3-15] However, a chip-based
and properties such as magnetic optical electronics greatlyreactor has an essential problem for particle handling. A
change by their size and shafge-7]. Considering such an  way should be developed to prevent the clogging of tubes
application of the nanoparticles, it is important to develop a by adhesion of precipitated particles to wall surfaces.
manufacturing process for the nanoparticles with narrow size  In this study, a microdevice with the double-pipe struc-
distribution. To date, various chemical methods have beenture shown inFig. 1 was presented to control the condition
applied for the production of the nanoparticles with narrow for the nuclei formation and aggregation mentioned above.
size distribution such as microemulsion mettjgd10], hot Two immiscible liquids were flowed in the inner and outer
soap methof 1], and electrospray pyrolysj&2]. However, tubes, respectively, and maintained an annular and laminar
it is difficult to control the reaction precisely in a conven- flow of separated phase to create a microspace by the outer
tional macroreactor because of the non-uniformity of the fluid wall. The radius of inner flow, which means a created
residence time, mixing and so on. To overcome this, it is microchannel, can be changed by the operation condition.
expected that microreactors can be applied to the produc-On the basis of this concept, the reaction can be precisely
tion of nanoparticles with narrow size distribution, because controlled by the gradient of temperature and/or concentra-
microreactors provide a uniform reaction field in which the tion of reactant in the outer fluid. In addition, the outer fluid
reaction condition is precisely controlled. plays the role of preventing precipitated particles from ad-
Generally, itis essential to design precise nuclei formation hering to the tube wall. The device also has several advan-
and aggregation processes for high quality particles. The waytages such as easy maintenance, cheap setting, etc. We tried
to form the nuclei is to keep a proper super-saturation stateto perform hydrolysis of titanium alkoxide as an example
for a very fast reaction using the presented device, and clar-
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Fig. 1. Schematic of the microdevice presented.

2. Experimental method
2.1. Materials

Cyclohexane, 1-hexanol, 1-octanol, 1-decanol, and tita-
nium tetraisopropoxide (TTIP) (Wako Pure Chemical Indus-
tries Ltd.) were used as materials.

2.2. Observation of flow pattern

Visual observations of two-phase flow patterns in the mi-
crodevice were carried out by changing the combination of
average velocities of fluids in the inner and outer tubes.
The 67 vol.% of isopropanol aqueous solution flowed in the
outer tubes. To investigate the effect of the interfacial tension
on two-phase flow pattern, cyclohexane and 1-octanol were
supplied to the inner tube. Inner tubes of 307 and 877 um
i.d. were used to examine the effect of the diameter on the
flow pattern.

2.3. Preparation titania particles

Titania particles were prepared by supplying TTIP solu-
tion to the inner tube and 67 vol.% of isopropanol aqueous
solution to the outer tube, respectively, through two syringes.
Theflow velocities of theinner and outer tubes were adjusted
to 0.372 and 0.075ms ™1, respectively. Since the length of
reaction zone after encountering inner and outer fluids was
75mm, the residence time of inner fluid was 0.2s. In the
microreactor, the TTIP in the solvent was reacted with the
water in isopropanol at the interface between two immisci-
ble liquids and titanium oxide was formed by the hydrolysis
(1) and the condensation (2):

Ti(OCgH7)4 + 4H20 — Ti(OH)4 + 4C3H70H (1)

Ti(OH)4 — TiO2 - xH20 + (2 — x)H20O 2

In order to investigate the effects of the various parame-
ters on the particle size and shape, the titania particles were
prepared under 1-8vol.% of the TTIP concentration and
four kinds of TTIP solutions with cyclohexane, 1-hexanal,
1-octanol and 1-decanol. Three internal diameters of thein-
ner tubes, 307, 607, and 877 pm, were adopted. To terminate
the reaction after flowing out the reactor, the product liquid
was immediately diluted by alarge amount of isopropanol in
a recuperation vessel. We checked the effect of the amount
of isopropanol in a recuperation vessel on the particle di-
ameter, and confirmed that the amount of isopropanol used
in the experiment was enough to terminate the hydrolysis
reaction. Furthermore, in order to equalize the composition
of the mixture, the solution with titania particles just after
the reactor runoff was dispersed in an appropriate amount of
the mixture of water, isopropanol and the solvent supplied
in the inner tube.

2.4. Analysis of the product

Thus prepared particles were observed with a transmis-
sion electron microscope (TEM, JEOL JEM-1010) and a
scanning electron microscope (SEM, JEOL JSM-6340F). To
prepare SEM and TEM samples, a droplet of the colloidal
suspension of the product was applied to a mica substrate or
a copper mesh covered with carbon film and subsequently
dried by a vacuum desiccator for 12h at 30°C. The particle
sizedistribution was analyzed by thelaser diffraction method
(HORIBA Co. Ltd., LA-920). For the analysis of the par-
ticle structure, powder X-ray diffractometry with a Cu Ka
ray (XRD, Shimadzu Co. Ltd., XRD-610) was conducted.
To prepare the sample for the powder X-ray diffractome-
try, the colloidal suspension of the product was centrifuged
in 4000rpm for 30min. To investigate the change of the
X-ray diffraction spectrum with the thermal treatment, the
colloidal suspension was directly ripened for 24h at 80°C
in awater bath and then calcined for 2h at 450°C. For com-
parison, titania particles were aso conventionally produced
by a batch reactor under the same condition.

3. Results and discussion
3.1. Visual observation of two-phase flow patterns

First, we examined the operating conditions to achieve
stable two-phase flow in the device presented. Since the
two-phase flow was affected by the flow rates of inner and
outer fluids and the properties of the fluids, we conducted
the flow test under various conditions. Fig. 2 shows a flow
pattern map obtained for two-phase flows in the microde-
vice. Stable annular flow was obtained when the difference
in the velocity between the inner and the outer fluids was
small. However, even if the relative speed difference was
small, slug flow was formed when flow velocity was low.
Thiswas because the effect of the interfacial tension became



M. Takagi et al./Chemical Engineering Journal 101 (2004) 269-276

’—‘_‘ 1 3 T T T | TTT \l T T T | TTIT l T T T | TTT f:
2] - =
£ - .
=] ° o ]
5 e o @ Jo E
= ®
501 ® e e o %/nO
z 01F g =
2 R | e o 8 7HH :
=] L e, ., 4
2 A A, OO —. 7]
e * annular flow of
=] A A oo separated phases| |
5y
g 0.01 = =
2 4 slug flow E
g E 9 flow with the B
= spread of the 7
é inner tube fluid |
0.001 s T | P R By | L TR
0.01 0.1 1 10
(a) flow velocity of the inner fluid [ms™]
= g T — T ——— TR
T E E
g = J
= _
= . 1
= e o
3 01F ee -
:5: E ° L] L] i E
2 F e e SO e
'; i : o '_,-"E H E & annular flow of | |
; A """K.,. .-"ﬁ O a separated phases
£ o1 b “0 L
k=] F A A ] 4 slug flow 3
5] Ee -
> A O flow with the g
% spread of the
= inner tube fluid | ]
0.001 r ol aaeal PRSI S| PR
0.01 0.1 1 10
flow velocity of the inner fluid [ms™]
(c)

—_
[= 2
et

(d)

flow velocity of the outer fluid [ms™]

271
I e T —— T
0.1 s °

L ® ° ° .‘:_. é
[ o L] ® [ ] P .
L ‘_.". Ofe annular flow of | |

° ° . ‘.-' E E separated phases
[)0[ E ..o"’ B
F y <0 m| 4 slug flow 9
............... _— O 8 flow with the | ]
A A AT o spread of the ]

inner tube fluid

0.001 M By | PR IR | PR S

0.1 | 10
flow velocity of the inner fluid [ms™]

0.01

annular flow of
separated phases

A glug flow o flow with the spread

of the inner tube fluid

Fig. 2. Two-phase flow pattern transitions. The internal diameter of the capillary tube and the fluid in the inner tube were (a) 877 wm and cyclohexane;

(b) 877 wm and 1-octanol and (c) 307 wm and 1-octanol.

dominant with decreasing the inertial force. Dispersive flow
was formed when the velocity of the outer fluid was much
higher than that of the inner fluid, since the resistance force
caused by the relative speed difference increased. On the
other hand, when the velocity of the inner fluid was much
higher than that of the outer fluid, flow with the contraction
of the inner fluid was formed. These results show that an
optimal size of microspace is created by changing the flow
rate. In short, the size of reaction zone can be controlled by
the operating condition without microfabrication.

Next, we examined the effect of solvent type on the flow
regime. When 1-octanol was used for the inner fluid, the
flow rate range of which stable annular flow was formed
became wide as compared with that for cyclohexane. The
interfacial tension between 1-octanol and water is ca. Six
times smaller than that between cyclohexane and water. Sim-
ilarly, 1-octanol seems also to have smaller interfacial ten-
sion against isopropanol agueous solution. From this, the
annular flow was obtained from the region of low velocities
of outer fluid.

As compared with Fig. 2(b) and (c), the region formed by
the annular flow was reduced with a decrease in the diameter
of the inner tube. Since the surface area per unit volume of
the inner fluid increases with the decrease in the radius of
the microchannel, the effect of the interfacial tension comes
out only after high velocity is attained. From these results
it was confirmed that stable annular flow is formed under
a large ratio of inertial force to the interfacial tension and
small differencein the vel ocities between the inner and outer
fluids. Thus, it was shown that amicrospace could be created
by the interface between immiscible two fluids without any
microfabrication.

3.2. Production of titania particles using the proposed
microdevice

3.2.1. Comparison of the characteristics of Jiarticles

produced by the microreactor and a conventional method

Titania particles were produced and grown in an inner
tube and no precipitation of particles was observed at the
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Fig. 3. SEM photographs of the titania particles (a) produced by the
microreactor and (b) produced by a conventional method.

wall by an immiscible outer fluid. To confirm the validity
of this concept, we also tried to produce CaCOs3 particles
in the same manner and successfully obtained fine particles
without precipitation. From these observations the proposed
method was shown to have an advantage for production in
a microchannel.

Fig. 3(a) shows the SEM photograph of the titania par-
ticles prepared by flowing the 1-hexanol solution including
1vol.% of titanium tetraisopropoxide in an inner tube of
607 wm i.d. Fig. 3(b) also shows the SEM photograph of
the titania particles produced by simple mixing under the
same mixing ratio of the raw materials (66 ml of TTIP solu-
tion and 22.92ml of isopropanol) in a 500 ml batch vessel.
The particle size distribution measured from the photograph
coincided well with that obtained from the laser diffraction
method shown in Fig. 4. The size distribution of the tita-
nia particles made by microreactor had a sharp and narrow
distribution whose peak was ca. 100nm. From the SEM
photograph of titania particles as shown in Fig. 3, the par-
ticles produced by the microreactor were clearly fine and
mono-modal with a narrow particle size distribution. Fig. 5
shows the change in the X-ray diffraction spectra during
the treatments of the titania particles. The titania particles
just after reaction before the thermal treatment were amor-
phous. After ripening for 24h at 80°C and calcining for 2h
at 450°C, the anatase structure appeared. The crystallites
sizes calculated by Scherrer formula became to be 4.9nm
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Fig. 4. Particle size distribution produced by the microreactor.

after ripening for 24 h at 80°C and increased to 6.3 nm after
calcining for 2h at 450 °C, respectively. From X-ray diffrac-
tion spectra, there were no differences between the primary
particles produced by the microreactor and a conventional
method, while a distinct difference in the shape of particles
was observed in Fig. 3. This indicates that the structure of
the aggregate of the primary particle is greatly influenced by
the reaction type. The particles prepared with the microre-
actor were mono-modal spherical particles around 100 nm
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Fig. 5. XRD patterns of titania particles (a) after microreactor, (b) after
ripening for 24h at 80°C and (c) after calcining for 2h at 450°C.
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with a narrow particle size distribution. This result clearly
shows that the grain of particles is uniformly grown near
the interface between two liquids in the microreactor. On
the other hand, the particles prepared with a conventional
batch method had a random distribution of particle sizes.
This was because the local concentration of the reactant
was distributed according to the probability theory. Thus,
the proposed device is valid for synthesis of a mono-modal
nanoparticle with a narrow particle size distribution by con-
trolling the aggregation processes.

3.2.2. Effect of solvent type for the TTIP solution on the
particle size and shape

It was found that the proposed microreactor had the pos-
sibility of controlling the growth of nanoparticles. To clar-
ify the validity of the microreactor, we examined the effect
of solvent type on the particle properties. Fig. 6 shows the
SEM photograph of the titania particles produced by flowing
three types of solvents, cyclohexane 1-hexanol, 1-octanol or
1-decanol including 1vol.% of TTIP in the inner tube of
307 pm i.d.

Size and shape of the particles significantly differed with
the solvent type. Comparing three photographs, the size of
the particles was spherical and mono-moda with a narrow
size distribution for 1-hexanol and 1-octanol. The distribu-
tion of particle sizein 1-hexanol was narrowest among these
samples. However, the particles produced in cyclohexane or
1-decanol were large and randomly aggregated with no reg-
ularity. These results suggest that an optimum solvent type
was present to produce the titania having mono-modal and
narrow distribution.

Sinceit iswell known that the hydrolysisof TTIPisrapid,
the reaction viainterface in the microreactor would be con-
trolled by diffusion rate. The viscosities of these solvents
increase in order of cyclohexane, 1-hexanol, 1-octanol, and
1-decanal. In a low-viscosity solvent such as cyclohexane,
the diffusion rate of the soluteislarge, namely the number of
the primary particles increased by the active primary nucle-
ation and the concentration of unreacted TTIP became small.
This increased the chance of the primary particle meeting
each other and accelerated a random aggregation between
them. Increasing the solvent viscosity, the amount of primary
nucleation decreased and the concentration of unreacted
TTIPwasfairy large. In this situation, the flux of TTIP from
the bulk to the primary particle waslarge and the aggregation
by the secondary heterogeneous nucleation was dominant as
compared with the aggregation between primary particles.
Thisbrought about amono-modal particle with anarrow par-
ticle size distribution as the case of 1-hexanol and 1-octanol.
For a more highly viscous solvent such as 1-decanol, the
amount of primary nucleation decreased and the concentra-
tion of unreacted TTIP was large. However, the flux of TTIP
decreased by low diffusion rate and the aggregation between
primary particleswas dominant, leading to random particles.

From these results, under diffusion control like the pro-
posed microdevice, solvent properties such as viscosity and

Fig. 6. SEM photographs of the titania particles prepared with different
solvents: (a) 1-hexanal; (b) 1-octanal; (c) 1-decanol.

interfacial tension are the crucial factors for determining the
particle size and shape. To obtain the uniform and small par-
ticles, a solvent of moderate viscosity and low interfacial
tension should be selected to control the nucleation and the
aggregation processes in a diffusion control regime.

3.2.3. Effect of the microchannel diameter on the particle

size and shape

Next, we examined the effect of the microchannel di-
ameter on the particles properties. Fig. 7 shows the SEM
photographs of the titania particles prepared by flowing the
1-octanol solution including 1vol.% of titanium tetraiso-
propoxide in the capillary tube of 307, 607 or 877 um i.d.
The fluid for the outer tube was 66vol.% of isopropanol
agueous solution. The larger the diameter of inner tube, the



274 M. Takagi et al./Chemical Engineering Journal 101 (2004) 269-276

namely, secondary heterogeneous nucleation was restricted
in the aggregation process. With the increase in the radius of
the inner tube, the flux of TTIP from the bulk to the primary
particles became large and the secondary heterogeneous nu-
cleation accelerated. From thisthe particle size becamelarge
with a uniform state maintained.

3.2.4. Effect of the TTIP concentration on the particle size
and shape

Finally, we prepared titania particles with different con-
centration of TTIP. Fig. 8 shows an SEM photograph of the
titania particles prepared by flowing the 1-octanol solution
including 1-8vol.% of titanium tetraisopropoxide in the in-
ner tube of 607 um i.d. As the concentration of TTIP in-
creased, the particles size increased and its distribution be-

Fig. 7. SEM photographs of the titania particles with different inner tube
diameters: (a) 307 um i.d.; (b) 607 um i.d.; (c) 877 pm i.d.

larger the particle size. The distribution of each particle was
mono-modal with narrow size distribution. The mean par-
ticle size calculated from the data measured with a laser
diffraction method was 45 nm for the tube of 307 um, 84 nm
for the tube of 607 um and 121 nm for the tube of 877 um,
respectively. Similar results were obtained for other combi-
nations of solvents. In the microreactor, the hydrolysis of
TTIP occurred on the interface between two immiscible lig-
uids, soit was speculated that TT1Plocated near theinterface
reacted immediately at the exit of inner tube (near the inlet
of reactor zone) because the hydrolysis of titanium alkoxide
was very fast. The primary particles near the interface by
the fast reaction grew by the secondary heterogeneous nu-
cleation by the unreacted TTIP in the inner flow. For small
size of tube, the amount of TTIP has a limit by consuming
TTIPto the primary nucleation on the interface. This caused Fig. 8. SEM photographs of the titania particles with different concen-
the decrease in the flux of unreacted TTIP from the bulk, trations of the TTIP solution: (&) 1vol.%; (b) 5vol.%; (c) 8vol.%.
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came broad. When the TTIP concentration was high, the
number density of primary particles formed near the inter-
face increased. In that condition, the particles grew by the
aggregation between the primary particles as well as the
secondary heterogeneous nucleation of the unreacted TTIP
to the primary particles. In addition, the rapid aggregation
of the primary particles increased the polydispersity of the
nanoparticles product, resulting in an increase in the size of
the particles and the broad distribution of particles. From
this, it was found that the concentration of TTIP was the
most important point for the production of uniform titania
particles.

3.2.5. Presumed mechanism of the formation of titania
particles in the microreactor

Summarizing the above discussion, the mechanism for the
formation of titania particles in the microchannel was pre-
sumed as shown in Fig. 9. The formation of titania particles
by hydrolysisin organic solvent consists of two processes:
the formation of the primary particles via nucleation and the
aggregation of the primary particles. When the number den-
sity of the primary particles was small, the secondary het-
erogeneous nucleation on the surface of the primary parti-
cles proceeded and then the spherical particles were formed
as shown in Fig. 9(1). On the contrary, the number density
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of the primary particle was large, once aggregation between
primary particles was rapidly occurring, the secondary het-
erogeneous nucleation to the various size of aggregates pro-
ceeded, resulting in the formation of the various shape par-
ticles as shown in Fig. 9(11).

In the microchannel, the formation of titania particles was
governed by the balance of the rate of each process which
changed by the dimensions of the microreactor and the op-
erating conditions. Under low TTIP concentration and small
diameter of inner tube shown in Fig. 9(I11), fine and uniform
titania particles were formed by following the mechanism
(). With the increase in TTIP concentration, the particles
became large and of irregular shape because the humber
density of the primary particles was large, namely the mech-
anism (b) predominantly proceeded as shown in Fig. 9(1V).
On the other hand, under low TTIP concentration and large
inner tube diameter shown in Fig. 9(V), the number density
of the primary particles was small. At that time, secondary
heterogeneous nucleation to the primary particles was ac-
tive by a high flux of unreacted TTIP from the bulk to the
interface. Therefore, the particle sizes became large with a
uniform state according to mechanism (a). By increasing
the TTIP concentration in the inner tube of large diameter,
mechanism (b) was dominant and the particle size and shape
significantly became random.

Thus, the proposed microreactor had the potential to con-
trol the balance of primary nucleation and aggregation rates
through adjusting the ratio of the reaction rate to the diffu-
sion rate by changing the diameter of the inner tube, solvent
type, and the concentration of the reactant. For the produc-
tion of titania particles by hydrolysis, the TTIP concentra-
tion was a crucia factor in forming mono-modal particles
and their particle size was controlled by the diameter of the
inner tube and the length of the reaction zone.

4, Conclusion

A new microreactor design concept for particle produc-
tion was presented. The idea lies in a reaization of mi-
crospace by an annular laminar flow of two immiscible lig-
uids to prevent the particle precipitation on the wall and to
control particle formation. The proposed device was con-
firmed to be valid for the mono-modal and spherical parti-
cle formation, with the result that quite uniform spherical
particles of titania were produced without precipitation of
particles at the wall. The particle size and shape were var-
ied with the solvent type of TTIP solution, the concentration
of the TTIP and the diameter of the microchannel. It was
found that the concentration of TTIP was a crucia factor
for controlling the primary nucleation and the aggregation
process. We successfully controlled the mono-modal parti-
cles from 40 to 150nm by changing the diameter of the
inner tube at alow TTIP concentration. From the investiga-
tion of the mechanism on the particle formation in the mi-
crochannel, it is suggested that the primary nucleation and

aggregation by the secondary heterogeneous nucleation can
be precisely controlled through adjusting the diffusion rate
under the laminar flow in the inner tube. It is expected that
a promising process for producing a valuable nanoparticle
will be developed by a proper numbering-up device based
on the proposed concept.
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