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ABSTRACT: Hydroxyapatite (HAP) has received increasing attention as an
essential chemical product with good biocompatibility and adsorption properties.
Generally, amorphous calcium phosphate (ACP) was generated first in the reactor
and transformed into HAP after a period of crystallization. In this work, a series of
Taylor−Couette flow reactors with different inner diameters were designed to assist
in synthesizing HAP micro-/nanocrystals. ACP was obtained in a Taylor−Couette
flow reactor at Re = 247 and successfully transformed into needle-like HAP crystals
with a length of about 200 nm and a uniform particle size distribution after
crystallization transformation. The yield of a single reactor can reach 2.16 kg per day.
The finite element analysis results and time−space diagram of flow pattern variation
showed that the Taylor−Couette flow reactor could improve the mixing behavior
and the flow field distribution. The Taylor−Couette flow reactor provides a valuable
reference for synthesizing inorganic micro-/nanomaterials.

■ INTRODUCTION
Reactive precipitation is an essential method for synthesizing
inorganic micro-/nanomaterials and has the advantages of
simplicity and efficiency.1 It usually consists of two steps:
mixing and reaction. Since most precipitation reactions are
instantaneous processes, mixing becomes the rate-control step
of reactive precipitation.2,3 The contributory factors in the
precipitation process are the supersaturation of the solution4

and the concentration distribution.5 The supersaturation of the
solution is affected by the concentration of the reactants.6 It is
the driving force of the precipitation reaction.7 The transfer
process influences the homogeneity of the concentration
distribution during the mixing process in the reactor.
Therefore, a significant transfer coefficient will result in better
mixing performance. There are two main types of reactors
commonly used for precipitation generation. One is the stirred
reactor,8 which has a large flux per unit time, but there is a
dead zone in the stirring process9 which makes the velocity
field distribution inhomogeneous,10 so the mixing effect is not
ideal.11 Moreover, differences in experimental conditions
between batches will lead to differences in products,12

especially when the reactor is scaled up. Therefore, continuous
flow synthesis13 has been invented to enhance the mixing,14

such as microreactors.15 The shrinkage of the overall size
reduces macroscopic mixing inhomogeneity, resulting in a
more uniform velocity field distribution and a better mixing
effect.16 However, the low flux of the microreactor will lead to
low yields.17 Moreover, the microchannels are easily blocked
by the precipitate formed during the reaction. Therefore, it is
necessary to develop a new type of reactor that combines the

advantages of these two reactors to increase the flux while
maintaining homogeneous mixing.

As a secondary flow with an excellent mixing effect, the
Taylor vortex flow was first discovered by G. I. Taylor18 in
1923. Since then, the Taylor−Couette flow reactor has come
into being. It usually consists of two coaxial cylinders. The
inner cylinder rotates while the outer cylinder is fixed,19 and
the inner and outer cylinder gap is the reaction site.20 When
the inner cylinder rotates at a certain speed, Taylor vortex flow
will appear in the gap, and the impact jet area formed between
the opposite rotating ring Taylor vortex enhances the mass
transfer and facilitates mixing.21 The simple structure and
flexible operation have facilitated Taylor−Couette flow
reactors’ experimental and industrial development. Recently,
many researchers have focused their interest on mixing
enhancement in Taylor−Couette flow reactors. Moreover, to
achieve continuous flow synthesis, inlets and outlets were
added to the sidewalls of the reactor. In this way, the
continuous flow of fluid creates an axial advection flow in the
reactor, which results in a more uniform velocity field
distribution and better mixing.

Judat et al.5 proposed the concept of macro- and
micromixing based on the precipitation of BaSO4 particles.
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They found that the BaSO4 particle morphology was
controlled by macromixing, and the particle size was mainly
controlled by micromixing. AlAmer et al.22 used a Taylor−
Couette flow reactor for a continuous process of graphite flake
oxidation and reduced the synthesis time of graphite oxide
from hours to minutes in the Taylor vortex flow regime (TVF).
Love et al.23 used a Taylor−Couette flow reactor for
continuous electrochemical synthesis and experimentally
demonstrated that the Taylor vortex enhanced fluid mixing
in the annular gap between electrodes, thus improving the
selectivity of target products. The agglomeration process of
nickel-rich hydroxide (Ni0.9Co0.05Mn0.05) (OH)2 in a con-
tinuous Couette−Taylor crystallizer was studied by Thai et
al.24 The excellent mixing and periodic flow of the Taylor
vortex promote the formation of spherical, homogeneous
agglomerated particles. Kim et al.25 investigated the effect of
the Taylor vortex on the crystallization process of the gas−
liquid reaction of calcium carbonate and found that the Taylor
vortex enhanced the mass transfer at the gas−liquid interface,
thus increasing the crystallization yield. These studies show
that Taylor−Couette flow reactors exhibit great advantages in
synthesizing inorganic micro-/nanoparticles.

As an important chemical product with good biocompati-
bility and adsorption properties, HAP has been widely used in
biomedical,26 chemical,27 material,28 environmental,29 en-
ergy,30 and other fields. Meyer’s study31 showed that HAP is
formed from amorphous calcium phosphate (ACP) under
alkaline conditions after a limited and highly reproducible
period of crystallization transformation. In this work, the
mixing properties of the Taylor−Couette flow reactor were
investigated through the assisted synthesis of HAP, focusing on
the regulation of the flow field state to make the initially
generated ACP with small particle size and a uniform
distribution. The results of experiments and numerical
simulations show that the Taylor−Couette flow reactor has a
strong mixing capacity. Furthermore, the ACP produced in this
flow field state results in a regular shape, a small size, and a
uniform distribution of HAP produced by the crystallization
transformation.

■ MATERIALS AND EXPERIMENTAL METHODS
Materials. Ca(NO3)2 and (NH4)2HPO4 were purchased

from Beijing Chemical Reagent Company, NH3·H2O and
Glycerol were purchased from Kemiou Chemical Reagent Co.
Ltd. All chemicals were not purified further.

Design of Taylor−Couette Flow Reactors. The
schematic diagram of the Taylor−Couette flow reactor setup
is shown in Figure 1a. The inner cylinder is made of stainless
steel, and the outer cylinder is made of quartz glass with two
inlets on the lower side and one outlet on the upper side. The
inner diameter of the outer cylinder is 80 mm and the height is
170 mm. “A rotating inner cylinder and stationary outer
cylinder” strategy was used in this study, and the dimensions of
the reactor are shown in Table S1. Silicon rubber is used for
sealing treatment, and silicon nitride ceramic bearings are used
to support both ends of the inner cylinder to reduce the rotary
resistance so that the inner cylinder can rotate at high speed. In
order to investigate the effect of the gap width on the flow field
state, five different diameters of inner cylinders were designed.

Assisted Synthesis of HAP. There are two main steps in
the preparation of HAP. First, Ca(NO3)2 and (NH4)2HPO4
solution, both at pH 10.5, were pumped into the rotating
Taylor−Couette flow reactor from two inlets to produce ACP.
Then the HAP was produced by crystallizing the ACP exiting
from the reactor for 24 h.17,32 The chemical equation for the
reaction of (NH4)2HPO4 with Ca(NO3)2 to generate HAP is
shown in eq 1.

+ +

+ + ++

6(NH ) HPO 8OH 10Ca(NO ) Ca (PO )

(OH) 20NO 12NH 6H O
4 2 4 3 2 10 4 6

2 3 4 2 (1)

The pHs of (NH4)2HPO4 solution and Ca(NO3)2 solution
were adjusted to 10.5, and then pumped into the Taylor−
Couette flow reactor with two peristaltic pumps at a flow rate
of 3:7 from each of the two inlets to mix thoroughly. ACP
gradually nucleated, aggregated, and grew under the mixing of
Taylor vortices. Figure 1b is a schematic diagram of the
Taylor−Couette flow reactor to prepare ACP. After a retention
period in the reactor, ACP with a stable presence and uniform
dispersion was received from the outlet. The sample was taken
at 200 s from the moment of injection, and 60 mL of the

Figure 1. Schematic diagram of (a) Taylor−Couette flow reactor and (b) ACP nanoparticles prepared by the Taylor−Couette flow reactor.
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sample was taken in a 100 mL beaker. 10 μL of the sample was
immediately taken in a 10 mL centrifuge tube and diluted to 10
mL with deionized water. After shaking well, 1 mL of the
dilution was placed in the cuvette of the particle sizer to
measure the particle size and distribution of the sample. The
quality of HAP was influenced by its precursor, ACP, so we
could obtain the relative size of HAP by examining the particle
size of ACP.

The remaining solution in the beaker was aged for 24 h
under stirring with a 2 cm C-type magnet, and the stirring
speed was set to 1000 rpm. After aging, the impurity ions
remaining on the sample surface were washed off by
centrifugation-dispersion-centrifugation and then freeze-dried
for 24 h to obtain white powders. The white powders were
taken for specific surface area measurements and X-ray
diffraction analyses.

The factors that may affect the size and distribution of HAP
particle size are mainly concentration, inner cylinder diameter
and rotational speed, and retention time. Therefore, these
three factors will be mainly considered in this study.

Four different concentrations were investigated first. Then, a
series of experiments were performed to investigate the effect
of inner cylinder diameter (60−76 mm) and rotational speed
(600−1800 rpm). The effect of retention time (0.5−5.5 min)
on ACP particles’ size and distribution was investigated.

Flow State Exploration. In order to observe the flow state
in the Taylor−Couette flow reactor more visually,33 pearl
powder was added to the aqueous glycerol solution as tracer
particles. The stirrer increases the speed at an incremental
dRe/dt = 1.793 s−1. The process was recorded using a Sony
IMX 586 camera with a video frame rate of 240 fps.

Finite Element Analysis Simulation. COMSOL Multi-
physics 5.3 was used for simulation to study the process of
diffusion and mixing in the Taylor−Couette flow reactor and
impeller stirrer. The fluid was assumed to be incompressible.
Many key simulation parameters came from experiments, as
shown in Table S2. The mesh parameters of the numerical
simulation models are shown in Table S3. A frozen rotor study
was used to calculate the flow velocity at a steady-state, and the
Navier−Stokes equations were used to study the fluid flow, as
shown in eqs 2 and 3. Where u is the velocity vector, ρ is the
density of the fluid, μ is the viscosity, p is the pressure, and F is
a body force term, such as gravity. The initial value of all
simulated velocities was set to 0 m/s. The rotational speed of
the rotational domain was set according to Table S6, and the
PARDISO solver was selected.

· = ·[ + + ] +u u I u u Fp( ) ( ( ) )T (2)

· =u 0 (3)

Characterization. An Anton Paar Litesizer 500 laser
particle sizer measured the particle size and distribution. The
specific surface area of the powders was measured with a
Quantachrome Instruments specific surface area tester. A
Rigaku D/MAX-2400 X-ray diffractometer, Japan, analyzed the
crystal structure. Transmission electron microscopy was
performed with a Tecnai F30 electron microscope equipped
with a Schottky field emission gun (FEG) (300 kV accelerating
voltage). The viscosity of the liquid was measured with the
SNB-2 digital viscometer.

■ RESULTS AND DISCUSSION
Effect of Concentration. The effect of concentration was

explored to investigate the formation kinetics of ACP, the
precursor of HAP. Four different concentrations of solutions
were prepared, and their concentrations and volumes are
shown in Table S4.

The inner cylinder diameter of the Taylor−Couette flow
reactor was 74 mm, and the rotational speed was set to 1200
rpm. As shown in Figure 2a, with the increase in solution

concentration, the particle size of the sample decreased and
then increased, and the monodispersity got better and then
worse. The smallest particle size and the best monodispersity
of the samples were obtained at a concentration of 0.107 M for
Ca(NO3)2 and 0.125 M for (NH4)2HPO4.

The samples were aged, separated, and dried to obtain the
white powder, identified as HAP after XRD image comparison
in Figure S1.34 From Figure 2b, the specific surface area of the
white powder showed a slight variation overall, and all
managed to be greater than 255 m2/g.

Equation 435 is the classical nucleation theory

=G r
M

4 r
4
3

RTlnS
r

2
3

(4)

where γ is the specific surface energy, r is the nucleus radius,
and S is the degree of supersaturation. From eq 4, it can be
found that as the concentration of the solution increases, the
supersaturation increases and the Gibbs free energy decreases,
which facilitates spontaneous nucleation.36 The formation of
many nuclei is favorable for obtaining small particles in a
limited time. It is consistent with the results obtained in Figure

Figure 2. (a) Particle size and distribution of ACP prepared at four
different concentrations. (b) Specific surface area of HAP at four
different concentrations.
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2b. The specific surface area and particle size of the samples
did not change much with the increase in the solution
concentration. However, the samples with 0.107 M Ca(NO3)2
and 0.125 M (NH4)2HPO4 conditions had the smallest particle
size and the best monodispersity. Therefore, subsequent
experiments will be done based on this concentration for
further studies.

Effect of Inner Cylinder Diameter and Rotational
Speed. In order to investigate the effects of the inner cylinder
diameter and rotational speed of the Taylor−Couette flow
reactor on the particle size and distribution of ACP, a series of
experiments, as shown in Table S5, were designed.37

Figure 3a shows the experimental results. As can be seen
from the legend, the particle size corresponding to the blue-
purple area is small. This study aimed to obtain HAP with a
small particle size, so it was necessary to further explore the
common points in the blue-violet region.

By comparison, it was found that the particle size
distribution was small and uniform for the three groups of
74 mm, 1200 rpm; 75.2 mm, 1500 rpm; and 76 mm, 1800

rpm. It is well known that the Reynolds number is the most
common dimensionless number used to describe the state of a
fluid.33 In many hydrodynamic problems, it determines
whether fluid is in a laminar or turbulent state. As shown in
formula 5,38 the Reynolds number in a Taylor−Couette flow
reactor is defined as

=R
R d

eT
(5)

where R is the radius of the inner cylinder, ω is the speed of
the inner cylinder, d is the width of the inner and outer
cylinder gap, ρ is the fluid density, and μ is the dynamic
viscosity of the liquid. The dynamic viscosity of the ACP
suspension was measured to be 0.009 Pa·s. The Reynolds
numbers corresponding to these 25 conditions are shown in
Table S5. By comparison, the Reynolds number of these three
better data sets was all around 247.

At a Reynolds number of 247, the rotational speeds
corresponding to five different inner cylinder diameters are

Figure 3. (a) Particle size of ACP at five rotational speeds (600, 900, 1200, 1500, and 1800 rpm) at five inner cylinder diameters (60, 68, 74, 75.2,
and 76 mm). (b) Time−space diagram of flow pattern variation with increasing Reynolds number (mica pearl powder as the tracer particle). (c)
Velocity field images and (d) axial velocity components of the inner cylinder edge line for Re = 247 in a 60 mm inner cylinder. (e) Axial velocity
components of the inner cylinder edge line for Re = 247 and (f) average velocity and the number of Taylor vortexes at different inner cylinder
diameters. (g) Particle size of ACP at Re = 247 under different conditions.
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shown in Table S6. A further study was done on the five sets of
parameters corresponding to Table S6. Meanwhile, as a control
experiment, the rotational speed was adjusted according to the
size of the impeller stirrer to achieve a Reynolds number of
247. As shown in formula 6,39 the Reynolds number in the
impeller stirrer is defined as

= d
ReI

2

(6)

where ω is the impeller speed, d is the impeller diameter, ρ is
the fluid density, and μ is the dynamic viscosity of the liquid.
The diameter of the stirring impeller is 31.2 mm.

Combining Figure 3a and Table S5, it was clear that the
blue-violet area corresponds to a Reynolds number around
247. Therefore, we supposed that the uniform flow field
distribution at Reynolds number 247 was favorable for mixing,
resulting in the product’s small and uniformly distributed
particle size.

To confirm this hypothesis, we pumped the aqueous glycerol
solution with tracer particles into the Taylor−Couette flow
reactor to investigate the variation of the fluid flow state.
According to the space−time diagram40 of flow pattern change
with increasing Reynolds number shown in Figure 3b, it was
clear that when the Re = 220, the fluid state was wavy Taylor
vortex flow, and the boundary between adjacent Taylor
vortices was discernible. When the Reynolds number increased
to about 240, the wave-like features gradually disappeared, and
the boundary became vague. Finally, when the Reynolds
number increased to 260, the fluid destabilized, the boundary
blurred, and the wave-like characteristics disappeared utterly.

Subsequently, the velocity field at Re = 247 was further
investigated by numerical simulation. Figure 3c−e shows the
velocity field images and the axial velocity component images
of the inner cylinder edge line for five diameters at Re = 247.
As shown in Figure 3e, the maximum value of the axial velocity

component of the inner cylinder edge line was stable at around
0.04 m/s with the increase in the inner cylinder diameter and
rotational speed. The axial velocity component of the inner
cylinder edge line directly reflected the magnitude of the vortex
kinetic energy.41 For different diameters of the inner cylinder,
the vortex kinetic energy differed little even though the average
velocity differed. Therefore, the mixing effect is comparable
within the Taylor vortex cell at Re = 247, even if the inner
cylinder diameters are different. As shown in Figure 3f, the
average velocity and the number of Taylor vortex cells
increased with the inner cylinder diameter. Details are shown
in Figure S2. Combining the experimental and simulation
results, it was clear that the fluid had the best mixing
performance at a Reynolds number of around 240.

In order to compare the mixing properties of the Taylor−
Couette flow reactor and impeller stirrer at the same Reynolds
number, numerical simulations were conducted, and the results
are shown in Figure 4. Under the condition of Re = 247, the
velocity field of the impeller stirrer is not uniform, there is a
dead zone, and the overall velocity is low.9 In contrast, the
Taylor−Couette flow reactor had a uniform velocity field
distribution under Re = 247, and the velocities were all
maintained at a high level. This result further confirmed the
superior mixing performance of the Taylor−Couette flow
reactor over the impeller stirrer.

Subsequently, the above numerical simulation results were
experimentally verified. HAP was prepared in five Taylor−
Couette flow reactors with different inner cylinders and one
impeller stirrer under Re = 247 conditions. The sample was
aged, separated, and dried to obtain a white powder, identified
as HAP after the XRD image comparison in Figure S3. As
shown in Figure 3g, with the increase of the inner cylinder
diameter from 60 to 76 mm, the particle size of ACP ranged
from 360 to 460 nm, and the monodispersity was good.

Figure 4. Velocity flow diagram for Re = 247. (a) Impeller stirrer. (b) Taylor−Couette flow reactor.
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However, the traditional impeller stirrer produced a product
with poor dispersion and a great number of agglomerates.

Figure 5 showed the TEM images of HAP made under five
different diameters of the inner cylinder and impeller stirrer. As
shown in Figure 5, the HAP from the Taylor−Couette flow
reactor was about 200 nm long needle-like crystals, while the
product from the impeller stirrer had a significant number of
large-sized crystals and amorphous products in addition to the
above needle-like crystals. More details of the needle-like
crystals can be seen in Figure S5.

The above experimental results demonstrate that the particle
size of HAP from the crystallization of ACP prepared by the
Taylor−Couette flow reactor was small and uniformly
distributed when Re = 247. When Re = 247, the reactants
were well mixed in the Taylor−Couette flow reactor, while in
the impeller stirrer, the presence of dead zones made the
mixing inhomogeneous, and part of the particles underwent
abnormal growth while part was not converted into crystals in
time.

In the Taylor−Couette flow reactor, when Re = 247, the
fluid state was at a critical value for the disappearance of the
wavy Taylor vortex. The reactants were well mixed without
getting out of the Taylor vortex in this state. Thus, the
products were separated from the outlet in time with the
overall flow of the fluid. After the aging transformation,
micro-/nano-HAP with a small particle size and a uniform
distribution was obtained. According to previous studies, in a
Taylor flow reactor, as the Reynolds number increases, the
fluid state will experience the Couette flow, Taylor vortex flow,
wavy Taylor vortex flow, and turbulent flow.42,43 When the
Reynolds number was in the Taylor vortex stage, although the
boundary of the Taylor vortex could confine the particles
inside the vortex well, it failed to mix the reactants sufficiently
due to insufficient vortex kinetic energy, which led to the
abnormal growth of some particles due to the excessive local
supersaturation and makes the particle size distribution not
uniform enough. When the Reynolds number was in the
turbulent stage, although the vortex kinetic energy was
sufficient to make the reactants thoroughly mixed, the wavy
Taylor vortex boundary weakened the particles’ binding effect.
As a result, some nucleated products were tumbled to the
lower part of the reactor, where the reactant concentration was
higher, resulting in abnormal growth of some particles, which
made the particle size distribution not uniform.

Effect of Retention Time. The effect of retention time
(0.5−5.5 min) on the size and distribution of ACP particles
was investigated at an inner cylinder diameter of 74 mm and a
rotational speed of 1200 rpm. The flow rates of solutions
corresponding to different retention times are shown in Table
S7. All the flow ratios used in this section were Ca(NO3)2:
(NH4)2HPO4 = 7:3. The sampling time and operation steps
are the same as in the previous section and will not be repeated
here.

The particle size and distribution were measured with a
particle size meter. Then the sample was aged, separated, and
dried to obtain a white powder, identified as HAP after the
XRD image comparison in Figure S4. The effect of retention
time on particle size and distribution is shown in Figure 6.

Figure 5. TEM images of HAP at Re = 247. (a) 60 mm inner cylinder. (b) 68 mm inner cylinder. (c) 74 mm inner cylinder. (d) 75.2 mm inner
cylinder. (e) 76 mm inner cylinder. (f) Impeller stirrer.

Figure 6. Effect of retention time on particle size distribution. (b)
Specific surface area of HAP at different retention times.
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From the particle size shown in Figure 6a, there was no
noticeable change in the particle size and distribution of the
resulting product with increasing retention time. As shown in
Figure 6b, the specific surface areas of the products were in the
range of 260−270 m2/g. It indicated that the increase in
retention time had less effect on the particle size and
distribution of HAP. The precipitation nucleation reaction
rate was faster, and the aging time was much greater than the
precipitation nucleation time, so small changes in retention
time within the reactor had a more negligible effect on the
reaction results.

■ CONCLUSIONS
Based on the assisted synthesis of micro-/nano-HAP, the
mixing properties of the Taylor−Couette flow reactor were
investigated, and the optimal conditions for the synthesis of
micro-/nano-HAP were explored. Three aspects were explored
in terms of reactant concentration, inner cylinder diameter size,
and rotational speed of the Taylor−Couette flow reactor, and
retention time. The results showed that the Reynolds number
had the most significant influence on the size and distribution
of HAP particles, and other factors affected less. From the
time−space diagram of flow pattern variation, it could be seen
that when Re = 247, the fluid state in the reactor was at the
critical value of wavy Taylor vortex disappearance. On the
premise of ensuring sufficient material exchange within the
Taylor vortex, the material exchange between two adjacent
Taylor vortices is restricted to avoid the remixing phenomen-
on, thus avoiding the abnormal growth of some grains. As a
result, the Taylor−Couette flow reactor can improve the
mixing behavior well and make the flow field distribution more
uniform in this condition. Thus, HAP crystals with a more
uniform particle size can be obtained. Furthermore, we can
extend this method to synthesize other inorganic micro-/
nanomaterials, which provides a reference for the mass
production of inorganic micro-/nanomaterials with homoge-
neous particle sizes.
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