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Continuous Flow Synthesis of Iron Oxide Nanoparticles
Using Water-in-Oil Microemulsion
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Abstract—A continuous laminar flow reactor for the synthesis of nanopowder in microemulsion is described.
The reactor is suitable for separated handling with nucleation, growth, and stabilization processes. The syn-
thesis of iron oxide nanoparticles was selected as a model case. A water—sodium dodecyl sulphate—cyclohex-
ene system was used as the microemulsion system for dissolving reactive aqueous solution, precursor, and a
particle stabilizer. The product was purified and transferred to the aqueous phase. The result was a colloid
solution of iron oxide nanoparticles in water of 50—200 nm in size with a zeta potential ranging from —25 to
—57 mV. The product was characterized by UV-VIS spectroscopy, powder XRD, dynamic light scattering,
electron microscopy, and electron diffraction. The results showed that water-in-oil microemulsion method
is useful for the synthesis of nanopowders to obtain large amounts of stable product.

DOI: 10.1134/81061933X20060174

1. INTRODUCTION

The predominant method of preparation of
nanoparticles (NPs) in basic research laboratories is a
procedure where individual stages of synthesis are car-
ried out without mass exchange with the environment
(closed system, one pot synthesis) [1, 2]. The term
“batch synthesis of NPs” is used for this procedure.
Another opportunity is a synthesis in an open system.
A typical example is a synthesis in a flow reactor [3—
5]. The continuous synthesis is mainly used in indus-
try.

The main advantage of the batch synthesis is its
simplicity and safety, which is important for the syn-
theses that deal with hazardous chemicals. The disad-
vantage is the difficulty of reproduction if nucleation,
the shape of the NPs, and the rate of their growth
depend on the intensity of mixing and the geometric
arrangement.

The advantage of continuous synthesis is that the
yield is not limited, nucleation and growth stages can
be under precise control, and a narrow distribution of
NP sizes can be obtained. However, this is a method
requiring higher acquisition costs for equipment and
synthesis control. The problem of continuous synthe-
sis is to ensure a rapid mixing of the reaction solutions.
Difficulties occur when the flow is laminar [6]. This
aspect can be improved by turbulent flow, ultrasound
irradiation [7], special mixing chambers or other tech-
niques.

However, such improvements of continuous syn-
thesis may not be sufficient. The use of microemulsion
techniques is therefore a promising alternative [8]. The
use of so-called water-in-oil microemulsions enables
to apply reverse micelles [9]. These objects can be
observed in the oil-rich systems if a nonpolar liquid
(oil) is mixed with water in the presence of a surfac-
tant. The tiny droplets of water embedded within a sur-
factant envelope act as microreactors for the synthesis
of the particles. The size of the reverse micelles is ther-
modynamically determined and can be controlled by
synthesis parameters including water-to-surfactant
molar ratio and temperature [10]. The reverse micelles
are commonly formed as nanosized objects [11].

The water-in-oil microemulsions, where oil can be
substituted also by non-polar liquid phase, were used
for batch synthesis of metal and metal oxide NPs. The
reverse micelles were used, for example, to prepare
stable iron oxide NP dispersions [1] using sodium
dodecyl sulphate (SDS) as a surfactant and cyclohex-
ene as oil phase in alkaline environment of sodium
hydroxide. The iron oxide NPs were obtained in
microemulsion also by use of various reagents, surfac-
tants, and non-polar solvents [12], [13]. The micro-
emulsion technique was used for the synthesis of the
ferrite NPs with spinel structure for ferrofluid applica-
tions [14]. The batch microemulsion synthesis was
applied also in the synthesis of Pd [15], MnZn [16],
NiZn [17], Pd/Pt/Fe [18], and NiZnFe NPs [19].
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Fig. 1. Schematically shown setup of the continuous lami-
nar flow synthesis of FexOy NPs using water-in-oil micro-
emulsion. Micellar solutions: A—reaction medium, B—
Fe precursor, C—stabiliser. P; —pumps, US—ultrasound
source, Z;—preheating to nucleation temperature 7y,
M—ultrasound mixing chamber, Z,—nucleation zone,
Z;—growth zone at temperature 7, Z4—cooling zone to
Ts, S—sampling. PC—computer to control the synthesis.

The continuous synthesis of NPs was used for
example in the one-step preparation of functionalized
magnetite nano-flowers in aqueous solution under
supercritical conditions [20]. The using of reverse
micelles in continuous synthesis is less common; some
results for this method are summarized in a review [8].
The magnetic iron NP synthesis differs in a stabilizing
substance or in an oil phase [21—23].

The continuous synthesis in reverse micelle sys-
tems enables to prepare NPs in a laminar flow. It
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allows elongation of the reaction times in the order of
minutes. The morphology of products differs from
those prepared upon applied turbulent flow, where
reaction times do not exceed several seconds. This
prolongation of the reaction time is promising for bet-
ter control of the NP nucleation, growth, and func-
tionalization. This aspect is important for the synthe-
sis of functionalized NPs used in diagnostics, sensing,
catalysis, and other applications [2].

Herein we describe a laminar flow reactor which
was tested on continuous preparation of iron oxide
NPs in reverse micelles.

2. EXPERIMENTAL
2.1. Reactor Setup

The continuous flow reactor (see experimental
setup in Fig. 1 and photo in Fig. 2) was proposed for
the synthesis of NPs using microemulsion technique.
The setup enables to control particle synthesis in a
laminar flow. The flow reactor was tested on continu-
ous preparation of iron oxide (Fe,O,) NPs.

The experimental apparatus consists of three main
parts: a dosing device, a flow capillary reactor, and a
system for the product sampling. The function and
setup of synthesis parameters are controlled by soft-
ware installed on a computer.

The dosing system makes it possible to pump
micellar solutions from reservoirs using syringes and
peristaltic pumps. Peristaltic pumps are used for dos-
ing the micellar solutions with high consumption

Fig. 2. Digital image of the experimental apparatus described in Fig. 1.
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(0.5—10 cm?® min™!). Their rate is suitable for dosing a
solution containing micelles with a reaction medium.

The syringe pumps are used for dosing micellar
solutions of reactants and stabilizer whose consump-
tion volumes are small (0.005—1.0 cm?® min~"). The
system can be extended with extra pumps, if required,
for a selected synthesis. The described flow reactor
was tested on the preparation of Fe,O, NPs. The
reverse micellar solution (A) with ammonia was used
as the reaction medium, the micellar solution of the Fe
precursor (B) as a reactant, and the micellar citric acid
solution (C) as a stabilizer.

The flow capillary reactor has four zones. The first
and second zones are located in a thermostat with an
adjustable temperature selected for nucleation. The
third zone is inside a thermostat set to a temperature ,
which is optimized for the NP growth. The fourth
zone is at a room temperature.

The micellar solution with the reaction medium
(A) enters the first zone and is heated to . The pre-
heated solution flows into the second section, which
consists of a mixing chamber and a nucleation capil-
lary. The micellar precursor solution (B) is injected
into the mixing chamber under ultrasound irradiation.
The reverse micelles of both the reaction medium and
the precursor are mixed thoroughly. The mixing
chamber is a perfectly mixed stream reactor [24] in
terms of modelling the reaction kinetics. The contact
time T,; can be changed by changing the reaction
chamber. During the Fe,O, synthesis the contact time
was in the range of 0.5—4 s. A laminar flow is estab-
lished in the nucleation capillary and nuclei of NPs are
formed. The nucleation capillary is a tubular reactor.
By changing the flow rate, the space time T, can be
changed in the range of 20—50 s.

The reaction mixture is cooled down by addition of
cold micellar solution (A) and enters the third zone
located in a thermostat at temperature. Here, the
nuclei grow to form NPs. Spatial time T, reaches 300—
1000 s. The micellar stabilizer solution (C) is continu-
ously added when the reaction micellar solution leaves
the third zone and the reaction mixture is cooled to the
ambient temperature 7.

The system for the product sampling needs to be
designed in accordance with the chosen product. The
Fe, O, NPs can be separated very easily by magnetic
field (see Fig. 3).

The setup for the continuous flow synthesis using
water-in-oil microemulsions in Fig. 1 enables to opti-
mise the parameters of the synthesis. The temperature
in both nucleation and growth zones can be controlled
by software. The mixing, nucleation, reaction, and
cooling times are given by the flow rate of the micellar
solutions by operated pumps. The concentrations of
micellar solutions, the volume of the mixing chamber,
and the lengths of the capillaries have to be changed
manually.
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Fig. 3. Optical image of the as-prepared microemulsion
with Fe O, NPs. Ring NdFeB magnet (holding force
11 kg) and brown agglomerated NPs attracted by magnetic
field are denoted by M and A, respectively.

2.2. Model Synthesis of Iron Oxide NPs

The most exploited oxides for the preparation of
functionalized iron magnetic NPs are magnetite
(Fe;0,) and maghemite (y-Fe,0;). Both oxides have
basically a spinel structure and differ mainly in Fe(II)
and Fe(Ill) contents [14]. Both magnetite and
maghemite have very similar crystal lattices, the dis-
tinction between these two compounds by PXRD is
difficult because of the broad peaks caused by nano-
crystalline substructure [25].

The preparation of Fe,O, NPs was chosen as a
model synthesis for testing the flow apparatus in
Figs. 1 and 2. A significant advantage of this model
system is that cheap and safe chemicals are used. The
temperatures and times inside zones were controlled.
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The iron oxide synthesis is simple and well exam-
ined. To reduce a very long reference list, only the rep-
resentative reference [26] is given here. The main reac-
tion steps are deprotonation of water molecules coor-
dinated to Fe(II) or Fe(1ll) and dehydration in the
alkaline (pH = 9) water solution at 60°C [26] under
inert gas (mostly nitrogen).

Three initial aqueous solutions were used to obtain
the magnetite particles in the experiment described.
The first, the water with dissolved ammonia, has been
prepared at a level equivalent to ammonia solubility at
60°C (about 20 wt % NH,). The second, the mixture
of Fe(II) and Fe(I1I) (chlorides or sulphates) in water,
was used to create the solution of Fe precursor. The
molar ratio of must be kept constant to obtain magne-
tite particles. The total concentration of Fe used in
experiments varied in a range of 0.2—0.8 mol dm™3.
The last water solution contained citric acid (CA) as a
stabilising agent with preferred concentration of
0.05 mol dm—3.

The water/cyclohexene/sodium #n-dodecyl sul-
phate microemulsion system was used to prepare
Fe, O, NPs [13]. The water serves as a solvent of react-
ing substances: ammonia, Fe precursor, or CA stabi-
liser. The cyclohexene was used as an oil phase. The
sodium #n-dodecyl sulphate (SDS) served as an
anionic surfactant and it was mixed with 1-butanol as
co-surfactant in a 1 : 1.4 mass ratio.

The reverse micellar solutions were prepared in
subsequent steps. First, the surfactant substances and
cyclohexene were mixed in a 1 : 1 mass fraction to cre-
ate an initial suspension. Next, the portions of the ini-
tial suspension were mixed with aqueous solutions of
ammonia, Fe precursor or stabiliser in the following
weight ratios: 2.4 : 1 (ammonia), 5 : 1 (Fe-precursor),
and 4 : 1 (CA). Finally, all reverse micellar solutions
were filtered through a rapid flow Malgene SFCA
0.2 um filter.

The prepared reverse micellar solutions of ammo-
nia (solution A), Fe precursor (solution B), and CA
stabiliser (solution C) were used in NP synthesis using
continuous reactor in Fig. 1. The control system of the
flow reactor enabled to vary parameters of the synthe-
sis, mainly the temperatures inside nucleation and
growth zones and the flow of solutions (A, B, C). The
reaction was studied at various concentrations of the
substances A, B, and C. The length of the Teflon cap-
illaries inside the nucleation and growth zones was
also an alternative for control of the reaction times.

The brown microemulsion of particles interacting
with a magnetic field (see Fig. 3) was obtained by the
flow synthesis. The iron containing particles were sep-
arated from microemulsion by repeated rinsing that
consists of centrifugation, removal of the supernatant,
and dispersing of the sediment in ethanol. The last
operation was to dissolve the sediment in water to
obtain a brown colloid solution of the Fe,O, particles.
These samples were investigated by different methods
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and used for subsequent studies. The samples were
dried to powder, if needed, for subsequent analyses.

The synthesis was conducted to prepare magnetite
NPs, but the conditions for purification and phase
transport to water were such that oxidation of magne-
tite to maghemite could be expected [25]. The
maghemite N Ps are claimed to be less toxic than mag-
netite NPs for stem cells [27].

The following chemicals were used in the flow syn-
thesis: ammonia aqueous solution (NH;, CAS 1336-
21-6, chemical grade: purists p.a., LACHEMA),
iron(I11) sulphate anhydrous (Fe,(SO,);, CAS 13463-
43-9, purists p.a., LACHEMA), iron(II) sulphate
hydrate (Fe,(SO,); - 7H,0, CAS 7782-630, purists
p.a., LACHEMA), iron(IlI) chloride anhydrous
(FeCl;, CAS 7705-08-0, pure 99%, LACHNER),
iron(IT) chloride tetrahydrate (FeCl, - 4H,O, CAS
13478-10-9, pure 99%, LACHNER), citric acid
hydrate (CcH;0, - H,O, CAS 59-49-29-1, purists p.a.,
ONEX), sodium #n-dodecyl sulphate (SDS,
C,,H,sNaO,S, CAS 151-21-3, purists p.a., LACH-
NER), 1-butanol (C,H,,0, CAS 71-36-3, 99.69%,
LACHNER), cyclohexene (C¢H,,, CAS 110-82-7,
purists p.a., LACHNER), water (deionized, k¥ <
1 uS/cm), ethanol (C4HsOH, denatured with about
1% methyl ethyl ketone).

2.3. Instrumentation

Components of continuous flow reactor. New Era
Pumps Systems NE-9000 (peristaltic) and NE-4000
(syringe) were used for solution delivery. A Hielscher
US Technology homogenizer UP50H was used for
ultrasonic mixing. Chemical glass and Teflon capillar-
ies were used to construct the flow reactor. After each
experiment, the reactor was cleaned with hydrochloric
acid.

Dynamic light scattering (DLS) and { potential
measurements. The Fe,O, colloid aqueous solutions
were investigated by a Zetasizer Nano ZS ZEN 3500
instrument (Malvern, UK) working at the scattering
angle of 173°. The method enabled to obtain hydrody-
namic size of Fe, O, NPs, which is given by both the
metal core and the stabilizing organic layer. The same
instrument equipped with a DIP cell (Malvern) was
used for measurements of the { potential of the Fe,O,
particles.

Transmission electron microscopy (TEM and
HRTEM). The metal cores of the Fe,O, particles were
investigated by electron microscopy. To prepare sam-
ples, a Fe, O, powder was placed on a Cu grid coated by
a carbon film. The size and shape of Fe,O, particle
cores were investigated using a Philips CM12 STEM
microscope with a thermoemission source operated at
120 kV and a JEOL JEM 2100F high-resolution TEM
(HRTEM) with an FEG source operated at 200 kV
(point resolution of 2.3 A). Both transmission
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electron microscopes were equipped with energy dis-
persive X-ray (EDX) detectors.

Powder X-ray diffraction (PXRD). Measurements
were carried out on a GNR Europe XRD 600 diffrac-
tometer equipped with a Co lamp, A(K,) = 1.7903 A,
40 kV, 15 mA, with 6/20 configuration. Samples were
measured in step scan of 0.2 deg. for 10 s in a reflection
mode on plastic or aluminium sample holders. A 1D
detector DECTRIS Mythen2R was used. The samples
were treated under air at ambient temperature.

Scanning electron microscopy (SEM). Morphology
and overall composition of the samples were observed
by scanning electron microscopy (SEM) using a
TESCAN LYRA 3XMU FEG/SEM microscope with
an X-Max 80 EDX Oxford Instruments detector.

3. RESULTS AND DISCUSSION

The apparatus shown in Figs. 1 and 2 was used for
the synthesis of Fe, O, NPs. Various concentrations of
the precursor and stabilizer in the aqueous phases were
used for the preparation of micellar solutions.

The concentration of aqueous ammonia solution
equivalent to its solubility at the temperature of the
nucleation zone (60°C) was found to be optimal for
the process. The advantage of using this method is a
simple preparation of the product by heating and
degassing the excess of NHj;. This heating treatment of
the aqueous ammonia solution prevents the formation
of a gaseous phase in the apparatus when the reaction
medium (A) was preheated to the temperature of
nucleation.

The main difficulties in preparing the aqueous
phase of the Fe precursor are the oxidation reaction of
Fe(II) to Fe(IIT) [28—31] and the hydrolysis of Fe(III)
ions. The oxidation reaction of Fe(Il) changes the
Fe(I11I)/Fe(1l) ratio. The molar ratio was controlled
before each synthesis via redox potential by using plat-
inum electrode. The optimal potential equivalent to
Fe(I1IT1)/Fe(II) = 2 was obtained by extra addition of
Fe(II). Hydrolysis of Fe(I1I) can only be suppressed if
a mixture of Fe(I1I) and Fe(II) with a pH < 2 is used
for preparation and storage of the micellar solution.

The concentration of the CA solution can be
selected over a wide range of about 0.05 mol dm™3.
The stabilizer is very effective due to the strong inter-
action with the surface of the Fe, O, NPs.

Preparation of micellar solutions of reaction
medium, Fe precursor, and stabilizer was
performed according to the procedure described in a
paragraph 2.2. The obtained solutions were transpar-
ent. The formation of reverse micelles was confirmed
by a combination of methods. The size of the reverse
micelles was measured by DLS. The hydrodynamic
radius ranged from 5 to 7 nm, which is comparable to
that of 6.9 nm measured for SDS/heptane/butanol
[9]. We did not observe clear dependence of the
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micelle size on the chemical composition of the aque-
ous phase.

The feed of the micellar solutions was controlled by
settings of the pumps. The inlet of the micellar ammo-
nia solution (A) was chosen so that the contact time
in the mixing chamber did not exceed 2 s. This
time corresponds to a flow rate of solution (A) >
8 cm? min~!. The flow of solution (A) was usually set
to 10 cm® min~!. The micellar precursor solution (B)
inlet was chosen so that the pH did not drop below 9 in
the nucleation zone due to the neutralization reaction
between basic solution (A) and acidic solution (B).
The optimum inlet rate of micellar solution (B) was
about 0.05 cm?® min—!. When the pH dropped below 9,
different products were formed (for example,
maghemite). The total reaction time for nucleation
and growth ranged from 2 to 10 min depending on the
length of the capillaries. The inlet of the CA solution
C was set to 1 cm?® min~!. The degree of aggregation
increases with increasing time between mixing the
precursor with the reaction medium and the time of
adding the stabilizer. The nucleation and growth tem-
peratures were varied as well. The nucleation tempera-
ture had the greatest influence on both size and zeta
potential of the produced NPs.

The mixing of the micellar solutions (A) and (B)
was performed with the assistance of ultrasound. The
power of the 50 W sonicator and its parameters were
the same for all experiments. The ultrasonic source
was sufficient for thorough mixing of the micellar
solutions of the reaction medium (A) and the Fe pre-
cursor (B). It can be assumed that ultrasound affects
nucleation. However, the effect was not monitored.

After purification, the aqueous solution of stabi-
lized Fe, O, NPswas prepared and characterized by the
DLS method. The hydrodynamic size of the prepared
NPs was between 50 and 200 nm. The colloid Fe,O,
NPs samples were evaporated under vacuum at room
temperature. The dry powder was analysed by PXRD.
The method showed nanocrystallinity of obtained
samples. The diffractions of the representative sample
are shown in Fig. 4. The size of the crystallites was
evaluated according to the Scherrer equation at 5.6 nm
[32].

The application of CA as the surface stabilizing
ligand leads to the changes in the surface charge. The
surface charge (zeta potential) was therefore mea-
sured. The zeta potential was very sensitive to the
experimental setup. The zeta potential of the
samples with increased stability was ranging from —25
to —57 mV.

The size, shape, and chemical composition of the
Fe, O, NPs were investigated in details by TEM and
SEM methods. The chemical composition of the
powders was determined by the EDX detector.
Figure 5 shows a representative example of the Fe,O,
NPs. A particle with 60—70 nm diameter is composed
of smaller crystallites as it was also confirmed by the
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Fig. 4. PXRD data of Fe,O,, NPs. The crystal size of 5.6 nm estimated by the Scherrer equation; the crystal lattice corresponds to

those of magnetite and maghemite.

PXRD data used for calculation of particle size by the
Scherer equation (see Fig. 4). Thus, the dry powders
consist of aggregated NPs. The aggregate is constituted by
the individual NPs with the size about 5 nm as it was
revealed by the HRTEM (Fig. 6). Similar dopamine stabi-
lized aggregates have been obtained in [22] and [33].

The stability of the Fe,O, NPs solution was investi-
gated as a function of nucleation temperature. The study

y 3 N
]

; Vh e o
PELAL E LTI

Fig. 5. TEM image of a single FexOy NP.

was performed at different setups. The representative
results are given in Figs. 7—9. The conditions used specif-
ically for this study were: a saturated NH; solution at
60°C, total Fe concentration 0.5 mol dm—3, CA concen-
tration 0.05 mol dm—3, T; = room temperature, and flow
rates of A—10, B—0.05, and C—1 cm?® min—.

The product stability of the micellar synthesis using
the continuous reactor was monitored at constant

Fig. 6. HRTEM image of a Fe,O,, nanocrystal with a size
5.2 nm.

COLLOID JOURNAL  Vol. 82 No. 6 2020



CONTINUOUS FLOW SYNTHESIS OF IRON OXIDE NANOPARTICLES 733

¢, mV

—40 L

—50 +

_60 1 1 J
20 30 40 50

Temperature, °C

Fig. 7. Values of zeta potential of Fe,O, NPs formed at dif-
ferent nucleation temperatures 7y and measured immedi-
ately after preparation (/) and after 3-day equilibration (2).

nucleation temperatures Ty: 22, 37, 41, and 45 *
0.5°C. The growing and cooling temperatures 75 and
T were equal to 22°C. The most significant effect was
the change of zeta potential with the temperature in
the nucleation zone Ty (Fig. 7).

The hydrodynamic size and zeta potential of the
Fe, O, NPs samples in water was studied by the Zeta-
sizer Nano ZS device, which allows to measure the
zeta potential with a reproducibility £0.1 mV. The
micellar system is sensitive to the preparation proce-
dure of the micellar solutions A, B, and C. When
newly-prepared solution was used, the curve in Fig. 7
could shift up within the range of 5 mV. However, the
minimum at a temperature around 40 = 5°C remained
pronounced. The most stable NPs with the lowest zeta
potential were obtained at a temperature 7y = 41°C.
The zeta potential distribution is plotted in Fig. 8.

Samples were re-monitored after 3 days of storing
under ambient conditions. As can be seen from the
dependencies in Figs. 7 and 8, the stability changed
with time. Samples prepared at nucleation tempera-
tures below 40°C showed a decrease in zeta potential
corresponding to an increase in stability of colloid
solution. The sample prepared at 45°C showed an
increase in zeta potential to a value of —27 mV, which
is in a range of —30 to +30 mV that implies no suffi-
cient electrostatic stabilization.

The size of NPs in the colloidal solution after aging
was in agreement with the obtained zeta potential
curve. In the case of stable solution with non-aggre-
gated NPs, the size did not change. The colloid solu-
tion with low stability formed sediment (see Fig. 9).
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Fig. 8. Zeta potential distribution curves for the aqueous
solution of FexOy NPs prepared at 37°C and measured
immediately after preparation (/) and after 3-day equili-
bration (2).

The long-time storage in air led to formation of
maghemite sediment in all samples.

4. CONCLUSIONS

The laboratory reactor for continuous synthesis of
NPs in laminar flow was designed and constructed.
Microemulsions containing reverse micelles of reac-
tion medium, precursor and stabilizer were used to

Fig. 9. Optical images of the aqueous solutions of Fe, O

NPs after 3-day equilibration. The samples were prepared
at different nucleation temperatures 7y: 22 (A), 37 (B),

41 (C), and 45°C (D).
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prepare the resulting product. Mixing of the reactants
was performed in the chamber with the assistance of
ultrasound. The linear reactor consists of three zones
with different temperatures, which can be optimized
for nucleation growth and stabilization of NPs.

The described continuous laminar flow reactor
makes it possible to carry out reactions with reaction
times in the order of minutes as opposed to turbulent
flow continuous reactors, which are suitable only for
rapid reactions. The described reactor is a useful
model for the implementation of the NP synthesis into
industrial processes.

The laboratory linear reactor was used for the syn-
thesis of Fe,O, NPs in laminar flow. The SDS/cyclo-
hexene microemulsion system was used to obtain solu-
tions with reverse micelles. During the experiment the
conditions of the synthesis were varied. The influence
of the synthetic parameters on the size of Fe,O, NPs as
well as on their aggregation in aqueous solution was
monitored.

The microemulsion continuous reactor presented
in this experimental work can help to separate nucle-
ation, growth and stabilization stages of the NP syn-
thesis. This arrangement has not yet been used for the
synthesis of metal oxide nanopowder. The method
enables to obtain product with better quality then that
achieved by use of batch synthesis.
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