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Abstract: Continuous wet chemical approaches for the production of inorganic
nanoparticles are important for large scale production of nanoparticles. Here we describe a
bottom-up, wet chemical method applying a microjet reactor. This technique allows the
separation between nucleation and growth in a continuous reactor environment. Zinc oxide
(ZnO), magnetite (Fe;04), as well as brushite (CaHPO4-2H,0), particles with a small
particle size distribution can be obtained continuously by using the rapid mixing of two
precursor solutions and the fast removal of the nuclei from the reaction environment. The
final particles were characterized by FT-IR, TGA, DLS, XRD and SEM techniques.
Systematic studies on the influence of the different process parameters, such as flow rate and
process temperature, show that the particle size can be influenced. Zinc oxide was obtained
with particle sizes between 44 nm and 102 nm. The obtained magnetite particles have particle
sizes in the range of 46 nm to 132 nm. Brushite behaves differently; the obtained particles were
shaped like small plates with edge lengths between 100 nm and 500 nm.
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1. Introduction

Nanoparticles have been identified as major compounds for many applications in the last decades.
They are used in many different fields such as medicine, optics, electronics or catalysis [1]. For this
reason, there is a lot of interest in facile synthetic routes for nanoparticles with controllable size and



Inorganics 2014, 2 2

narrow size distribution. There are many different possibilities for the production of particles but due
to its simplicity, low cost, and easy application in industrial production, stirred tank batch reactor
processes are still the most employed wet chemical systems [2,3]. However, this method has often
limitations for the preparation of nanoparticles on an industrial scale, because of long mixing times and
thus uncontrolled nucleation and growth. To obtain nanoparticles with particle sizes smaller than
100 nm very short mixing times are required. Although there are methods which can be employed on a
laboratory scale to obtain rapid mixing, their scale up is quite difficult [4,5]. In addition, it would be of
great benefit if the synthesis could be performed continuously, because this would eliminate
differences in nanoparticle properties from batch to batch [6—8]. There are continuous techniques, such
as mixing starting material solutions on a macroscopic scale (e.g., tee shaped connectors) or
microreactors [9]. These techniques have been used already for the synthesis of anatase-TiO,, gold,
and cobalt nanoparticles as well as tricalcium phosphate ceramics [10—13]. In general, all the above-
mentioned techniques require an improvement with respect to the mixing time. There are several
studies, which indicate that the effect of mixing has an important influence on the particle size
distribution. Experimental, as well as theoretical, precipitation experiments using a tee-mixer and
barium sulfate as exemplary material show that the particles becomes smaller with increasing mixing
intensity [14,15]. In further studies, it was found that confined impinging jet reactors are more efficient
than tee-mixers. Using such a reactor type, it is possible to generate polymer nanoparticles which have
potential application in biomedicine; for example for controlled drug delivery [16,17]. Biocompatible
nanomaterial for biomedicine and pharmaceutical applications can also be produced by using a novel
continuous industrial reactor, called NETmix. This reactor is a network of interconnected chambers
and channels creating zones of complete mixing and segregation. This technique is used already for the
synthesis of hydroxyapatite nanoparticles with extremely high purity and crystallinity [18]. Fast
mixing is also fulfilled when a microjet reactor (Figure 1) is used. The excellent improvement is that
the reagent solutions are forced with high pressure through a narrow cone in a reaction chamber that is
constantly flushed with a gas flow. As a result, the obtained product is removed directly from the
reaction chamber so that clogging is avoided.

Figure 1. Schematic set-up of the microjet reactor.

gas flow
I } HPLC pumps
/_’g;l;w\\\ } 1 p — } p //}
/ L cane \ 1 3 = 2 |
// = // \\ E // p4 ‘\\s  — = % i = }
/ N\ T (e i |
i/ £ +/ / N\ '\‘ S ‘_!_"// T == /i I_:l /]
,f snlutionB—b' P@ ( -q—sniuticn Al \\jb‘/ T W =
k ,J microjet reactor i
\ —_-D:_ / i
\ [ ] / 1
N\ T s {
\ product / ae l 4
T~ cenancion — 1 i 1
T TvobEmeRm _— SN fau A F3N
T P Y ;AN ;B
/ \ il Y LT
e e L
product suspension precursor spjuiions



Inorganics 2014, 2 3

This technique can be used to perform different precipitation reactions continuously. Two pumps
are used to transport the solutions containing the starting materials as dissolved substances to the
microjet reactor. The collision takes place in a confined reaction environment, which is given by the
format of the microjet reactor. Due to the fluid dynamics in the microjet reactor, there is a very short
mixing time. Consequently, there is a maximum number of nuclei in an absolute homogeneous
environment. In addition the nucleation rate is increased compared to the nucleus growth [19,20].
Directly after the nuclei are formed, they are transported from the reaction room to a tubing where the
particle growth occurs. The length of this tubing up to the collection vessel influences the particle
growth. The method has the advantage of being able to prepare nanoparticles even from a system with
very low solubility products, e.g. barium sulfate [21]. However, it is also able to produce metal oxides,
such as titania [22]. One great advantage is that the particles are obtained in a suspension, which could
be used for a direct application, e.g. in spray coating or inkjet printing.

In this study, we investigated the microjet reactor technique for the synthesis of three types of
inorganic nanoparticles, i.e., zinc oxide (ZnO), magnetite (Fe;O4), and brushite (CaHPO4-2H,0).
These particles are not only interesting for academic reasons, but also have applications in
optoelectronics and clinical, as well as biomedical devices [23—25]. The goal was to define the
possibilities and limitations of this technique with regard to the different process parameters, such as
flow rate and temperature, on the result of the precipitation reaction. Here, we do not focus on the
importance of the time between nuclei formation and collection of the products, which also influences
the size of the particles as this will be investigated in a further study.

2. Results and Discussion

The synthesis of inorganic nanoparticles was carried out using a microjet reactor system. In order to
reveal the wide application field of the microjet reactor we performed the synthesis of three different
species: zinc oxide (ZnO), magnetite (Fe;04), as well as brushite (CaHPO4-2H,0). All of these three
systems show a low solubility under the applied reaction conditions. Two isocratic preparative HPLC
pumps were used to transport the solutions containing the starting materials as dissolved substances. In
the microjet-reactor, these two solutions clash and the precipitation reaction takes place. The
precipitate was directly removed from the reactor by the use of a nitrogen gas flow. This process was
performed with various flow rates of the precursor solutions (150 mL/min,
200 mL/min and 250 mL/min) and at different temperatures (25 °C, 50 °C and 75 °C). The
reproducibility of the method was investigated by performing all experiments several times. The
obtained material was thoroughly washed with water and the resulting compound was characterized
applying FT-IR-spectroscopy, XRD, TGA and DLS analysis, as well as SEM. The final products were
analyzed with respect to changes in the composition, the particle size and morphology depending on
the process parameters.

2.1. Zinc Oxide

The synthesis of zinc oxide was performed by using aqueous solutions of zinc chloride and sodium
hydroxide as starting materials (Equation 1) for the solution A and B, respectively.
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ZnCl, + 2NaOH - ZnO + 2NaCl + H,0. (1)

Under conventional precipitation conditions in an open vessel, the same starting materials deliver
disc-like ZnO submicrometer structures with diameters between 300 nm and 500 nm [26].

Smaller particles could be obtained applying controlled double-jet-precipitation, which produces
primary particles with diameters between 20-30 nm that tend to agglomerate in ellipsoidal particles
with sizes of a few hundred nanometers [5].

The particles that were obtained by using the microjet reactor were characterized using various
techniques. FT-IR-analysis of the prepared materials showed no specific signals with exception of OH
and CO bands of adsorbed CO, and H,O as well as a strong ZnO band around 400 cm .

Thermogravimetric analysis (Figure 2) was performed to determine the amount of adsorbed CO,
and H,O. The results show that the samples contain between 5% and 6% adsorbed species. The
development of the mass loss looks similar for all samples.

Figure 2. Thermogravimetric analysis of the final products. The samples show a mass loss
of between 5 and 6%.
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X-ray powder diffraction was applied to study the phase composition and crystallite size of the
obtained material in dependence on the different synthesis parameters. The XRD pattern show that in
each case pure zinc oxide is generated (Figure 3). The crystallite sizes decrease with increasing
temperature and increasing flow rate (Table 1).

A further important parameter is the particle size including the size distribution, which is given by
the standard deviation of the particle size. These parameters were determined using dynamic light
scattering (Figure 4). The samples were dispersed in ethanol by the exposition to ultrasound for
5 min. The results show that the particles are easily dispersible and their size depends on the process
parameters. The particle size decreases with increasing temperature and increasing flow rate, in
addition the particle size distribution becomes smaller (Table 2).
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Figure 3. X-ray powder pattern of the obtained particles. The results show that pure zinc
oxide was obtained.
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Table 1. Crystallite size in dependence on the process parameters.

Processparameters  Crydtallitesize

200 mL/min/25 °C 22.2+0.5
200 mL/min/50 °C 20.4 +£0.7
200 mL/min/75 °C 16.3+£0.3
250 mL/min/25 °C 22.7+0.5
250 mL/min/50 °C 21.3+04
250 mL/min/75 °C 16.9+0.3

Figure 4. Particle sizes of the obtained zinc oxide particles determined by dynamic

light scattering.
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Table 2. Particle size determined using dynamic light scattering.

Process parameters Radiugnm
200 mL/min/25 °C 51+7
200 mL/min/50 °C 41+ 8
200 mL/min/75 °C 27+3
250 mL/min/25 °C 43+ 6
250 mL/min/50 °C 36+4

250 mL/min/75 °C 22+2
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The particle morphology was investigated by means of scanning electron microscopy (Figures 5 and 6).
The images confirm that the particles are in the nanometer size range. However, SEM analysis does
not show the pronounced differences in the particles sizes that were observed in the DLS
measurements for the parameter variations. Generally, it can be observed in SEM that the particles are
all sphere-shaped and the size distribution becomes more uniform with increasing temperature.

Figure 5. SEM images of zinc oxide synthesized with a flow rate of 200 mL/min at 25 °C
(left) and at 75 °C (right).
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Figure 6. SEM images of zinc oxide synthesized at 50 °C with a flow rate of 200 mL/min
(left) and with a flow rate of 250 mL/min (right).
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2.2. Magnetite

Systematic studies with respect to the synthesis of magnetite nanoparticles using a microjet reactor
were performed with an aqueous solution of ferric and ferrous chloride as solution A and an ammonia

solution B (Equation 2).
FeCl, + 2FeCl; + 8NH,OH — Fe;0, + 8NH,Cl + 4H,0. ()

Ferrous chloride must be applied in excess because the synthesis was performed under air.
Consequently, the Fe*" ions tend to oxidize and form Fe*" ions [27]. Magnetite nanoparticles were
already obtained applying conventional synthetic routes using the same starting materials [28].

FT-IR analysis of the particles that were obtained in the microjet reactor does not show specific
bands for the products with exception of the Fe-O band around 500 cm .
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Thermo gravimetric analysis (Figure 7) was performed to determine if the samples contain any
adsorbed species like water. The particles show a mass loss between 4 and 7%, which can be explained
by adsorbed water or the production of water by condensation of free hydroxyl groups.

Figure 7. Thermo gravimetric analysis of the final products. The samples show a mass loss
of between 4 and 7%.
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The phase composition and crystallite size of the obtained particles were determined by X-ray
powder diffraction (Figure 8). The results show that magnetite with crystallite sizes around 10 nm
were obtained in the microjet reactor. There are a few very weak reflections which cannot be
correlated to magnetite. Consequently, there is a small fraction of an impurity phase. The reflection at
approximately 20 = 32 °© suggest this phase to be maghemite.

Figure 8. XRD pattern of the obtained particles. The results show that magnetite
was obtained.
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The particle size of the attained material was determined by using dynamic light scattering (Figure 9).
The results reveal that particles between 46 nm and 112 nm were obtained. Just as in case of the ZnO
particles the particle sizes including the size distribution decrease with increasing process temperature
and flow rate (Table 3).

Previous studies applying rapid mixing techniques showed much smaller nanoparticle sizes around
7 nm [4]. The difference between the technique presented here and previous studies is the altered time
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for growth of the particles, which depends in our setup on the length of the tubing between microjet-
reactor and collecting vessel. We are currently investigating these parameters in an
additional study.

Figure 9. Particle size of the synthesized magnetite determined by dynamic light scattering.
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Table 3. Particle size determined using dynamic light scattering.

Process parameters Radiugnm
150 mL/min/25 °C 66+9
200 mL/min/25 °C 42+7
250 mL/min/25 °C 32+£5
150 mL/min/75 °C 41 +4
200 mL/min/75 °C 35+4
250 mL/min/75 °C 23+3

SEM was applied to determine the morphology of the obtained magnetite particles (Figure 10). The
results show that the particles are sphere-shaped and become smaller with increasing flow rate
and temperature.

Figure 10. SEM images of the obtained magnetite particles synthesized at 25 °C with a
flow rate of 150 mL/min (left) and at 75 °C with a flow rate of 250 mL/min (right).
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2.3. Calcium Hydrogen Phosphate/Brushite

As a third system the synthesis of calcium hydrogen phosphate particles using the mircojet-reactor
was investigated. An aqueous solution of calcium nitrate (solution A) and di-ammonium hydrogen
phosphate (solution B) were mixed in the microjet reactor (Equation 3). The pH of both solutions was
adjusted to 5 in order to obtain the calcium hydrogen phosphate in the brushite phase.

Ca(NOs), - 4H,0 + HPO,(NH,), — CaHPO,, - 2H,0 + 2NH,NO; + 2H,0. 3)

Using the same starting materials, but applying a conventional batch reactor synthesis route,
plate-like brushite particles in the micrometer range were obtained [29]. Employing the microjet
reactor for this reaction it turned out that the precipitation reaction does not proceed at 25 °C. The
material obtained using 75 °C as process temperature was analyzed with respect to composition and
morphology. FT-IR analyses (Figure 11) of the obtained materials show that the synthesis of calcium
hydrogen phosphate was successful at 75 °C. The spectra show absorption bands between 1200 cm’™
and 400 cm ™' which is the typical P-O region and indicates P-O vibrations as well as vibrations of a
HPO, group. In addition, absorption bands relating to water are visible. At 1650 cm ' there is the
typical absorption band for the H,O bending. Furthermore, between 3550 cm™' and 3000 cm ', the
absorption bands relating to the OH stretching of water are visible. This agrees well with FT-IR data of
calcium hydrogen phosphate reported in the literature [30,31].

Figure 11. FT-IR spectra of the obtained materials. Absorption bands in the P-O region are
observable as well as absorption bands relating to water. For each condition two spectra
were shown in order to illustrate the reproducibility.
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Thermo gravimetric analysis was performed to analyze the thermal decomposition of the obtained
material (Figure 12). The results show that the decomposition takes place in two steps, which confirms
that calcium hydrogen phosphate was obtained in the brushite phase. The first decomposition step
proceeds between 100 °C and 350 °C degree and is relating to the loss of two molecules of crystal
water. Consequently CaHPO, is formed. The second decomposition step takes place between 350 °C
and 600 °C and is relating to the loss of 0.5 water molecules per Ca>" ion and the formation of
Ca,P,0;. This is the typical pattern for decomposition of brushite.
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Figure 12. Thermal decomposition of the obtained material. The decomposition takes
place in two steps, which is typical for the thermal decomposition of calcium hydrogen
phosphate in the brushite phase.
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The results of the X-ray powder diffraction measurements (Figure 13) confirm that pure brushite
was obtained. The particles show a high anisotropy in their crystallite sizes. An average crystallite size
could be determined which is in the range of 200 to 300 nm depending on the reaction conditions.

Figure 13. X-ray powder pattern. Pure calcium hydrogen phosphate in the brushite phase
was obtained.
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SEM was applied to analyze the morphology of the obtained material (Figure 14). The results show
that the particles are shaped like small plates based on the layered structure of brushite. The layers
grow faster in two directions so that plates are formed. The edge lengths of these plates were
determined to be between 100 nm and 500 nm.
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Figure 14. SEM image of the obtained material. Brushite synthesized at 75 °C with a flow
rate of 250 mL/min.

20.0kV X 10,000 WD 9.8 mm 1pm

All three examples showed that the continuous production of nanoparticles, in case of ZnO and
Fes;0y4, or submicron sized plates in case of brushite is possible with the wet chemical microjet reaction
technique. All samples showed that flow rates as well as temperatures have an important influence on
the size and size-distribution of the particles. In the microjet environment the nuclei are formed and the
particle growth most likely occurs in the tube between the reactor and the collecting vessel. We did not
investigate the effect of this distance on the particle growth yet. This will be the focus of a further study.

3. Experimental Section
3.1. Materials

Zinc chloride, sodium hydroxide and ferric chloride were purchased from Griissing GmbH (Filsum,
Germany). Calcium nitrate and di-ammonium hydrogen phosphate were purchased from Fluka (Buchs,
Switzerland). Ferrous chloride was purchased from Alfa Aesar (Karlsruhe, Germany). Ammonia was
purchased from VWR (Fontenay-sous-Bois, France). All chemicals were used without further purification.

3.2. Instruments and Characterization

FT-IR measurements were performed under ambient air (40 scans at a resolution of 4 cm™) in
attenuated total reflectance (ATR) mode on a Bruker Vertex 70 spectrometer. X-ray powder diffraction
was carried out on two different diffractometers a Panalytical X'Pert and a Bruker D8 Advance-system,
Bragg-Brentano geometry and CuKa radiation was used in both cases. The quantitative analysis was
carried out by the Rietveld-method using the program TOPAS [32] and crystallographic data for the
different species (zinc oxide [33], magnetite [34] and brushite [35]). Thermogravimetric analysis (TGA)
was carried out on a Netzsch Iris TG 209. The sample was placed in an alumina crucible which was then
heated from room temperature to 900 °C under nitrogen atmosphere with a rate of 20 K min .

Scanning electron microscopy (SEM) images were recorded on a JEOL SEM-7000 microscope.
The SEM samples were prepared by placing some grains on a specimen stub with attached carbon
adhesive foil followed by deposition of a gold layer. Dynamic light scattering (DLS) measurements
were carried out on an ALV/CGS-3 compact goniometer system with an ALV/LSE-5003 multiple t
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correlator at a wavelength of 632.8 nm (He-Ne Laser) and at a 90° goniometer angle. The particle
radius was then determined by the analysis of the correlation-function via the g2(t) method followed
by a logarithmic number-weighting (n.w.) of the distribution function.

3.3. Yynthesis

The following experiments were performed in a microjet reactor construction. Two LaPrep P110
preparative HPLC pumps (VWR) are responsible for the transport of the solutions containing the
starting materials as dissolved substances. The reaction takes place in a microjet reactor
(Synthesechemie, Heusweiler, Germany and MJR PharmJet, Homburg, Germany) with a cone
diameter of 300 micrometers. The precipitate was directly removed from the reactor by the use of a
nitrogen gas flow. The length of the tube between the microjet reactor and the collecting vessel was
150 cm. Zinc oxide was synthesized using a 1 M aqueous zinc chloride and a 2 M aqueous sodium
hydroxide solution as starting materials. Magnetite was obtained using a 0.4 M aqueous ammonia
solution and an aqueous solution containing 0.0625 M ferric and ferrous chloride respectively.
Brushite was synthesized by using 0.2 M aqueous solution of calcium nitrate and a 0.1 M aqueous
solution of di-ammonium hydrogen phosphate, the pH of both solutions was adjusted to 5 using acetic
acid or ammonia. The synthesis of each species was performed using different process parameters. The
temperature was varied between 25 °C and 75 °C, the flow rate was varied between 150 mL/min and
250 mL/min.

4. Conclusions

The microjet-reactor technique is a promising method for the continuous synthesis of inorganic
nanoparticles. Systematic studies on the effect of the process parameters, such as flow rate and process
temperature, show that the particle size is controllable by means of these parameters. Our aim was the
continuous synthesis of inorganic nanoparticles with controllable particle size. In our work we
successfully demonstrated that it is possible to obtain pure zinc oxide nanoparticles using the
microjet-reactor system. The prepared particles are uniformly shaped with a particle size of between
44 nm and 102 nm depending on the reaction conditions. The same could be shown for the synthesis of
magnetite nanoparticles that were obtained with particle sizes between 46 nm and 132 nm. In both
cases, the size distributions were quite small and decreased with increasing reaction temperature.
Furthermore, we demonstrated the synthesis of calcium hydrogen phosphate (brushite) by using the
microjet-reactor. In this case brushite as a layered structure formed small plates.
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