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Abstract

Two classes of inorganic materials such as metallic nanowires and metal oxides nanorods were
synthesized using the polyol process and scaled-up to produce macroscopic quantities. Scale-up
strategy was successfully built by performing the synthesis in a 15 cm diameter, 4.5 liters volume
cylindrical tank using a straight paddle impeller and a Rushton turbine. The actual yield of the
synthesis is ~45 grams per batch for zinc oxide nanorods and ~20 grams per batch for cobalt nickel
nanowires. Under the same rotation speed, the aspect ratio of the produced nanowires and nano-
rods using the Rushton turbine impeller with radial flow patterns has shown a lower aspect ratio,
nanoparticle size and polydispersity. This is attributed to the increase of the local dissipated
energy as spatially calculated by computational fluid dynamics (CFD) that is proposed to design,
optimize and scale-up the polyol process.
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1. Introduction

For nanomaterial synthesis, polyol-mediated process is nowadays considered as a very interesting alternative to
sol-gel route. While sol-gel route leads to oxides or hydroxides, the polyol-mediated synthesis enables to prepare
more classes of inorganic materials (metal, hydroxides, oxides...). It has been established that two main reac-
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tions occurred in these media: reduction and hydrolysis, the first leading to metals [1] and the second to hydrox-
ides or oxides [2]. Synthesis of such nanomaterials has gained increasing interest during these two last decades
due to technological applications such as information storage [3] or photovoltaic devices [4]. While the majority
of these applications rely on precise growth of uniformly sized and shaped nanoparticles, controlled and repro-
ducible synthesis in large scale remains a major challenge which can be addressed through a deeper understand-
ing of nucleation, growth and agglomeration/breakage kinetics connected with heat, mass and momentum trans-
fers in the reaction vessel. As these rate processes are scale dependent, one important task is to find a reliable
way to design or model larger scale processes using information obtained from a smaller one. Unfortunately,
publications concerning the scale-up of nanomaterials are very sparse in the literature, although its importance
has been emphasized by their potential use as advanced materials in the industry. In contrast, classical precipita-
tion from liquid phase in agitated vessels is more used in the chemical industry. Nevertheless, successful scale-
up remains difficult due to the absence of a validated methodology that bridges the gap between molecular and
macroscopic length scales over a wide range of time scales. Indeed, total similarity on these different scales
cannot be fulfilled, as it is difficult or even impossible to maintain constancy in all the dimensionless groups that
characterize geometry, thermal and mass transfers, kinetics of the nanoparticle synthesis process. This implies in
the particular nanoparticles synthesis conditions that none of the conventional scale-up criteria as equal power
input per unit mass, equal tip speed or equal stirring rate is capable of predicting the experimentally observed
effects of the mixing conditions on particles size and polydispersity. For simplicity, similarity on different scales
could be obtained when the dimensionless groups as Reynolds, Nusselt or Damkdhler numbers have the same
value on different scales. However, this is difficult to achieve for all the dimensionless groups that characterize
the process. In these cases, a trade-off between different dimensionless groups has to be found to maintain geo-
metric, thermal or chemical similarities with scale-up through weighting parameters according to their expected
influence on the process. Scale-up then loses its theoretical base and becomes empirical [5]. An alternative ap-
proach consists of the mathematical modeling of the underlying physical and chemical processes in the reaction
vessel with clearly and quantitatively understood mechanisms, which is not always the case. For these reasons,
we built our strategy for scale-up batch precipitation in two steps. In the first step, the synthesis conditions were
extrapolated empirically from the laboratory to the pilot scale and validated through ex situ characterizations of
the obtained nanomaterials using X-ray diffraction (XRD), high transmission electron microscopy (HTEM),
field emission gun scanning electron microscope (FEGSEM), and VSM-SQUID for the magnetic properties. In
the second step, and since solving combined computational fluid dynamics (CFD) and population balance (PB)
equations still impracticable due to the excessive computational demand and simulation time required [6] [7],
we performed CFD calculations to characterize the turbulent flow patterns and energy dissipation under differ-
ent axial and radial impellers geometries. The results obtained by these scale-up approaches will be illustrated in
this paper on two opposite materials: zinc oxide nanoparticles which is a semi-conducting material used for solar
energy conversion based on the photovoltaic effect and metallic cobalt-nickel binary alloy nanowires with po-
tential application in the fields of ultra-high density magnetic storage.

2. Empirical Scale-Up Approach

Zinc oxide and CogyNi, nanoparticles were prepared by extrapolating the stoichiometric conditions from the
laboratory to the pilot scale with the intention to maintain the same particle size and morphology. Either axial or
radial mixing was tested by using straight paddle and Rushton turbine respectively under the same chemical
stoichiometry and the stirring speed. After synthesis, the obtained colloidal suspension containing the residual
polyol and the nanoparticles were centrifuged, filtered and cleaned several times and the solid powder dried and
characterized by JEOL 2011 transmission electron microscope (TEM) operating at 200 kV. To further confirm
phase and morphology, X-ray diffraction was taken in 26 angle between 30° and 80°. The XRD analysis was
performed using 2INELTM diffractometers with Cu-Kal radiation for ZnO and Co-Ka radiation for Cobalt-
nickel.

2.1. Reactor Description

We designed a new pilot scale reactor that consists of a jacketed glass vessel 4.5 L in volume and 150 mm in in-
ternal diameter with double jacket and paddle stirrer. The same reactor was used to produce either zinc oxide or
magnetic metals by simply changing the operating conditions. During the synthesis, external reactor surface was
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insulated from the ambient making the reactor nearly adiabatic. Compared to small lab-scale system, this confi-
guration was designed to improve heat exchange in the reactor, minimizing heat losses since the surface area to
volume ratio decreases with volume. In addition, due to the magnetic activity of the cobalt/nickel powder, the
steel stirrer was fully encapsulated in Teflon® PTFE. The stirrer paddle was powered by a 50 Watt motor Hei-
dolph RZR 2021 with a digital display and a speed range of 40 to 2000 rpm. As shown in Figure 1, thermal oil
circulated through the reactor jacket from a Julabo PrestoLH40 cryo thermostat unit. Internal rector temperature
was measured using a Pt100 thermometer with an accuracy of 0.1°C. This parameter was controlled using a
self-optimizing controller (ICC—Intelligent Cascade Control) operating in a wide working range from —45°C to
250°C. This allows a rapid heating and cooling and permit temperature stability.

2.2. Zinc Oxide Synthesis

Zinc oxide was obtained by forced hydrolysis of zinc acetate salts in diethylene glycol as solvent [8] [9]. The
chemicals used were zinc acetate dihydrate [(Zn(OAc),-2H,0)], and diethylene glycol DEG [O(CH,CH,0H),]
from Sigma-Aldrich. Distilled water was added to adjust hydrolysis ratio and ethanol and acetone were used for
washing and cleaning nanoparticles. All chemical were of analytical grade without any further purification. To
control reaction stoichiometry, we defined the metal concentration in the polyol solution as z = [Zn*] mol-L™
and the hydrolysis ratio as h=n, o/n2; where n,, , isthe number of moles of water including those of zinc
acetate dihydrate and n?; accounts for the number of moles of zinc precursor. The reaction was conducted
withh=5,z=05ata controIIed temperature of 170°C during ~1 hour under continuous stirring at 220 rpm. At
these conditions, the solubility of the produced zinc oxide in DEG is very low and high supersaturation is gener-
ated which leads to nucleation and crystal growth visible when the solution color’s shift from transparent to the
white as shown on the photography of Figure 1(b). After synthesis the white precipitate is washed and drayed.

2.3. Cobalt-Nickel Synthesis

For cobalt/nickel nanowires, we used a metal reduction of cobalt and nickel salts introduced into the molar pro-
portions of 80% cobalt and 20% of nickel as discussed in previous works [10]-[15]. Nanowires were obtained by
reduction of Cobalt (I1) Acetate Tetrahydrate 98% Co(C,H30,),-4H,0 and Nickel (II) Acetate Tetrahydrate 98%-+
Co(C,H30,)'4H,0 in the presence of Ruthenium (I11) Chloride hydrate 99.9% (PGM basis), Ru 38% min
(RuCl3-H,0) acting as nucleating agent. The polyol was the 1,2-butanediol (C4;H1,0,) and the base was sodium
hydroxide (NaOH). All the chemicals were purchased from Sigma Aldrich. It was found that the basicity of the
medium control the morphology of the nanowire [6]. The total concentration of cobalt-nickel in the polyol was
0.08 M, that of sodium hydroxide 0.15 M, and the relative concentration of the nucleating agent [Ru]/[CoNi] =
2.5 x 1072 For such heterogeneous nucleation process, the number of the formed nuclei and their growth are
controlled by [Ru]/[CoNi] ratio. As a consequence, this ratio governs the relative nucleation and growth rates
thereby controlling the final nanowire size distribution.

Figure 1. (a) Schematic of the pilot scale reactor with the overall recirculation heater circuit (grey) and photography
of the pilot scale reactor under (b) ZnO and (c) Cobalt Nickel synthesis.
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3. Results

In Figure 2, we report TEM pictures of the zinc oxide nanoparticles obtained under the same stoichiometry with
straight paddle (S1) and Rushton turbine (S2) and their corresponding XRD measurements. The total yield of
zinc oxide nanoparticles was not affected by the mixing configuration and is ~45 grams of dry material per batch.
For small scale reactor the yield is ~1.5 g per batch. TEM pictures confirm the results obtained in small scale
where similar ZnO rod-like morphology was obtained. A slight decrease in the nanorod aspect ratio between
straight Paddle and Rushton turbine was observed as evidently depicted by the micrographs of Figure 2. The
morphological parameters listed in Table 1 were determined from TEM pictures using the ImageJ software pro-
gram and statistical analysis [16]. XRD patterns of samples S1 and S2 are also shown in Figure 2. They are in
agreement with the standard X-ray diffraction peaks, which confirmed that the synthesized materials are well-
crystallized in both mixing situation. In addition, structural analysis confirms our previous results obtained in
small scale reactor [16] [17].

In Figure 3, are shown TEM pictures of the cobalt/nickel nanowires obtained with using straight paddle and
Rushton turbine and their corresponding XRD measurements. The total yield of cobalt nickel nanowire was also
not affected by the mixing configuration and is ~20 grams of dry material per batch. This yield is lower than
zinc oxide synthesis due to different nucleation mechanism and supersaturation conditions. For comparison, the
yield obtained at small scale synthesis was less than 1 g per batch. In contrast, a decrease in the nanowire aspect
ratio between straight Paddle and Rushton turbine was observed from the statistical analysis of the micrographs
of Figure 3. The morphological parameters are summarized in Table 1. The X-ray diffraction patterns are
showed in Figure 3 where the peaks appear particularly widened suggesting the formation of nano crystalline
phases. More specifically, the peak (002) is a signature of a shape anisotropy objects with growth along the
crystallographic ¢ axis of the cobalt hcp phase. X-ray diffraction results obtained in pilot scales confirm the
structure of the nanowires issued from small scale synthesis and already published [18] [19].

s BRI

Intensity (a.u.)

SI
-~ ‘)_ C ! n 1 n N
\ ‘;i > 30 40 50 60 70 80
ﬁ - 2, 2o Scattering Angle, 20
1004 ;’/’;’ ..:‘

Figure 2. TEM pictures of ZnO nanoparticles obtained with straight paddle
(S1) and Rushton turbine (S2) and their respective XRD patterns.

Table 1. Effect of mixing on nanoparticle size obtained in pilot scale. Here L is the nanowire or nanorod length (nm), d the
diameter (nm) and L/d the aspect ratio.

Straight paddle Rushton turbine
L =96 nm L=87nm
Zinc oxide d=26nm d=28nm
L/d=37 L/d=31
Cobalt-nickel L=2ronm L=170 nTld _ 22d =7.6nm
d=6.5nm L/d =42
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Figure 3. TEM pictures of CoggNiyy nanowires obtained with straight paddle
(S3) and Rushton turbine (S4) and their respective XRD patterns.

Since the aspect ratio is crucial for magnetic properties, we compared the magnetic performances of the
CogoNiy samples (S3) and (S4). Hysteresis loops were recorded by vibrating sample magnetometer VSM at room
temperature and reported in Figure 4. From these results, we can conclude that the samples show a ferromag-
netic behavior characterized by an open cycle, a saturation magnetization (M), a remanent magnetization (M,)
and a coercivity (H.) suggesting that the scale-up is succeeded. Nevertheless, we can notice that the geometry of
the paddle has also an effect on the coercive field H.. When straight paddle was used, the measured coercive
field was H, = 2065 Oe (S3). In contrast, when Rushton turbine (E3) was used, the coercive field was signifi-
cantly increased to H, = 3922 Oe. Since the chemical stoichiometry of the reaction was the same, this abnor-
mally elevated coercive field is attributed to the mixing efficiency.

Hence, in order to study the interaction between the bulk liquid phase flow and the tank and paddle geome-
tries, we developed a CFD modeling for the four cases discussed above.

4. CFD Modelling

CFD calculations were performed in 3D turbulent fluid flow configuration for different type of agitators and
solved using ANSYS FLUENT commercial software [20]. This allows the evaluation of an alternative design
and the optimum mixing configuration choose. The fluid around the rotating impeller blades interacts with the
stationary baffles and generates a complex, three-dimensional turbulent flow. Other parameters like impeller
clearance from the tank bottom, proximity of the vessel walls, baffle length also affect the generated flow. The
geometry of the laboratory and pilot scale reactors used in this simulation are depicted schematically in Figure 5
and the geometrical parameters summarized in Table 2. For the reactor, a flat-bottom cylindrical tank with dia-
meter DT = 150 mm and baffles was used. In all simulations, the working fluid was diethylene glycol for ZnO
synthesis and 1, 2 butanediol for cobalt/nickel nanowires. Temperature dependant viscosity and mass density of
these fluids was considered.

To simulate the exact synthesis conditions a volume of 2.65 liters was considered. This corresponds to a total
liquid height of HL = DT = 150 mm. in order to avoid vortex formation and improve the mixing efficiency, four
equally spaced baffles with width 16 mm and thickness 5.1 mm were placed on the tank wall.

The three dimensional geometry was created using ANSYS Design Modeler and the mesh was generated by
ANSYS Meshing application. The impeller region was further refined in order to better capture the flow phe-
nomena occurring there. The impeller rotation was modeled using the Multiple Reference Frame (MRF) ap-
proach, where the computational grid comprised two meshes: an inner cylindrical rotating volume enclosing the
impeller and an outer stationary volume forming the rest of the reactor including the baffles and separated by an
interface. The interface was defined as an imaginary section to provide the interaction between the rotating and
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Figure 4. Hysteresis loops of the CoggNiy, powder

recorded at room temperature. (S3) Straight paddle.
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Figure 5. Geometry used in CFD simulation. (a) Straight paddle; (b) Rushton turbine.

Table 2. Geometric characteristics of the impellers.

Straight paddle Rushton turbine
Diameter DI =96 mm DI = DT/3 =50 mm
Height of the blade W =30 mm W =10 mm
Impeller depth D =50 mm D =50 mm

stationary frame. Unstructured, non-uniform tetrahedral mesh was generated inside the computational domain.
Grids were refined in the wall and impeller regions. After numerous checks for grid sensitivity and mesh con-
straints, the total number of elements was optimized to provide a computational grid sufficiently fine to resolve
the problem within a reasonable CPU time.

The hydrodynamic structure of turbulent flow was then simulated using a three-dimensional turbulent model.
This model employs a fully conservative finite volume method for the solution of the continuity and momentum
equations including turbulence. The governing equations are given in a Reynolds averaged form of the Navier-
Stokes (RANS) equations and summarized in Table 3. In Equation (1), U; is the ith component of the fluid ve-
locity and partial derivatives with respect to xi that are assumed to one of the three coordinate directions. When
turbulence is included, the velocity is assumed to be the sum of equilibrium and fluctuating components, U; and
u; respectively. In Equation (2), the temporal and convection terms are on the left. Whereas the terms on the
right hand side are the pressure gradient; the divergence of the stress tensor, which is responsible for the diffu-

sion of momentum; the Reynolds stresses, involving the terms (the over bar indicates that these terms are time-
averaged values) and the gravitational force, respectively.
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Table 3. Model equations.
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The governing equations in the flow region surrounding the impeller were modified for the rotating frame. In
steady RANS, the time-averaged velocity is resolved and the velocity fluctuations are modeled through turbu-
lence models. The selection of the turbulence approach is critical to fully resolving the fundamentals of the
mixing behavior. For solving the Reynolds stresses, the standard k-¢ model with enhanced wall treatment was
used. This model assumes that the normal stresses are roughly equal and are adequately represented by the tur-
bulent kinetic energy. Two transport equations are used to model the production, distribution, and dissipation of
turbulent kinetic energy: the k-Equation (3), and the e-Equation (4). In Equations (3) and (4), Gy represents the
generation of turbulence kinetic energy due to the mean velocity gradients given by Equation (5) where Cy,, C,,,
oy and o, are empirical constants. The turbulent or eddy viscosity, ut is computed by combining k and ¢ by Equa-
tion (6).

The model constants used in our simulations are: C,, = 1.44; C,, = 1.92; C, = 0.09; ¢, = 1.0 and ¢, = 1.3. For
initial and boundary conditions, cylindrical wall, bottom wall, and baffles were modeled as stationary, imper-
meable walls. On these walls a no-slip condition was applied for the liquid. The impeller shaft and hub or discs,
in the case of Rushton turbine, were specified as moving walls with angular velocity corresponding to the im-
peller rotational speed. A free surface boundary condition was defined at the liquid surface. The operating pres-
sure of 1 atm was set at the liquid surface on the top of the tank. As a first approximation, only the pure solvent
diethylene glycol or 1,2 Butanediol was considered with temperature dependent mass density p and dynamic
viscosity . The impeller shaft and the gravity acceleration were defined along the vertical axis. The impeller
rotating speed is set to 220 rpm in all cases. The flow field was calculated using a steady state assumption. The
velocity-pressure coupling was achieved using SIMPLE algorithm to iteratively solve the discretized equations.
First order upwind discretization scheme was adopted for pressure interpolation and the convective term of mo-
mentum and turbulent kinetic energy. The solution residuals for all the conservation Equations (2)-(4) were set
to a value of 5 x 10", Figure 6 gives the velocity magnitude obtained by the simulation during ZnO synthesis
with straight paddle (S1) and Rushton turbine (S2). Similar behaviors were obtained with experiments (S3) and
(S4) and are not reported here. For the straight paddle the flow is axial like and the maximum velocity is ob-
tained very close to the impeller at a value of ~1.7 m/s. In contrast, with Rushton turbine, the flow patterns are
radial like with a maximum velocity of ~0.8 m/s.

Figure 7 shows the typical contours of the Reynolds number and dissipation of kinetic energy visualized in
the transversal plane containing the paddle. The flow field produced by the Rushton turbine is characterized by
higher local power dissipation in the impeller zone with the discharge stream of the impeller being mainly radial.
By contrast, the straight-type impeller produces a fairly uniform energy distribution throughout the vessel. From
these results, two important parameters appear to affect particle size distribution: the flow rates of reagents or
Reynolds number (R.) and the energy dissipation (&). Increasing both of them permits to reduce particle size and
decreases the distribution width in agreement with several published works [21]-[23].
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Figure 6. Velocity magnitude in m's * depicting the flow features in a vertical and horizontal planes in pilot scale with axial
(S1) and radial (S2) mixing. Conditions are diethylene glycol as solvent, N = 220 RPM and T = 170°C.

5. Conclusions

As a conclusion, this study permitted to demonstrate that it is possible to reproduce at larger scale reactors the
auspicious conditions for both forced hydrolysis and reduction of metallic salts in polyol medium. We per-
formed the scale-up of these two distinct classes of inorganic nanomaterials in forms of metals and oxides with
sample aliquots actually in the tens gram scale. This is useful to elaborate fairly homogenous samples issued
from the same batch as already demonstrated in our recent works for photovoltaic applications of zinc oxide [16]
and spark plasma sintering (SPS) of cobalt nickel magnetic nanowires [18] [19].

From fundamental point of view, successful scale-up is possible if shear rate distribution in the reactor is pre-
cisely controlled during the synthesis. Nevertheless, the high viscosity and low diffusion coefficients of metallic
ions in polyols strongly affect mass transport and reaction kinetics. In order to avoid this negative effect, mixing
systems must be optimized to facilitate the reactions by increasing the local dissipated energy. Consequently, it
is possible to control local synthesis conditions by choosing the appropriate mixing system that produce nano-
particles with a narrow size distribution. As performed in this paper, CFD calculations could help to depict the
turbulent flow patterns and energy dissipation under different impellers geometries giving a better picture of the
mixing efficiency in the reaction vessel. Indeed, mixing, which results in bulk movement of the fluid, plays a
significant role in maintaining the homogeneity of a given reactive system as well as heat and mass transfers. In
the context of large-size reactors, good mixing is especially important since it is essential to maintain the same
rate of the mass transfer in to the overall reaction medium thereby insuring uniformly sized and shaped nanopar-
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ticles. The richness of the polyol process associated with chemical engineering methodology could open inter-
esting perspectives for the mass synthesis of several classes of nanomaterials [24] [25] as well as the design of
their reactor synthesis from academic-level prototyping to industrial-level manufacturing.
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