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a b s t r a c t   

Several technologies and synthesis routes have been implemented to produce calcium 

phosphates (CaPs) with distinct characteristics for biomedical applications. However, 

produce CaPs in a controlled way still represents a challenge. Oscillatory flow reactors 

(OFRs) are a technology ready to deliver in terms of mixing intensification in multiphase 

systems. In particular, continuous processes in OFRs improve control over the reaction 

conditions and can be implemented at an industrial scale. The aim of this work was to 

study for the first time the influence of the oscillation amplitude (x0: 4, 8 and 18 mm) and 

frequency (f: 1.9, 4 and 6 Hz) as well as residence time (τ: 3.3, 6.6 min) on the final CaP 

particles’ physicochemical properties using a continuous precipitation process in a novel 

modular oscillatory flow plate reactor (MOFPR). Furthermore, other parameters such as 

the initial reagents concentration, initial Ca/P molar ratio (Ca/P = 1.67, 1.33) and tem

perature (T = 37, 54 ºC) were also assessed. The synthesized particles and overall process 

were compared with particles obtained using the same methodology in conventional re

actors, evidencing the potential of this technology to fabricate CaPs with tailored prop

erties for potential application as nano or microcarriers for biomedical applications. 

© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.     

1. Introduction 

The global tissue engineering (TE) market size was calculated 
at $ 9.9 billion in 2019 and is expected to witness an annual 
growth rate of over 14.2% from 2020 to 2027 (Research, 2020). 
This is the result of the increasing cases of chronic diseases 

and trauma injuries, which consequently leads to a market 
growth and to a need for the development of innovative so
lutions (Mishra et al., 2016). 

Calcium phosphates (CaP) such as hydroxyapatite (HAp) 
and brushite have been extensively studied and applied for 
bone-related applications, owing to their biocompatibility, 
osteoconductivity, and osteotransductivity (Bohner et al., 
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2013; FLUIDINOVA, 2021; Sangi Co, 2021; Issa et al., 2022). In 
this context, micro and nano CaP particles can be applied for 
the development of pioneering biomaterials in TE ap
proaches (Levingstone et al., 2019; Sokolova and Epple, 2021). 

Among these, micro- and nano-carrier systems have 
emerged to promote high-yield culture of anchorage depen
dent cells providing appropriate microenvironments for cell 
interaction and growth in vitro (Martin et al., 2011; Sun et al., 
2011). Moreover, these support matrices have been explored 
as carriers in the field of targeted drug delivery due to their 
potential to encapsulate various biologically active molecules 
(Pathak et al., 2019). However, synthesis of both micro- and 
nano-CaP particles still faces challenges that include the 
control of their physicochemical properties (e.g. chemical 
composition, surface topography and particle size), which 
are intrinsically related with the ability of the cells to popu
late them (Huang et al., 2019) and condition their efficiency of 
drug delivery (Sun et al., 2011; Zhaorigetu et al., 2003). 

Although a variety of particles’ shape are used as micro 
and nanocarriers (Wu et al., 2018; Liu et al., 2012), they can 
adopt the form of microspheres, to promote an homo
geneous surface for cells attachment (Sun et al., 2011; Sart 
et al., 2013). However, this shape is challenging to sort or 
further process. In addition to being directly exposed to 
surrounding flows, the cells attached to spherical micro
carriers are constantly changing location over time (Wu 
et al., 2018). Conventional methods to obtain microspheres 
include emulsification and polymerization, followed by ad
ditional treatments, hindering their continuous production 
and making the process too complex. Therefore, other ani
sotropic morphologies have been explored (Barzegari and 
Saei, 2012). 

Precipitation is the most widely studied route to produce 
nano- and micro- CaP particles due to its low cost, simplicity 
and easy application in industrial production. It has been 
broadly used for the formation of CaPs with tailored prop
erties, by controlling parameters such as the Ca/P molar 
ratio, temperature, pH and reaction time (Veiga et al., 2020; 
Veiga et al., 2020). CaP precipitation is usually carried out in 
stirred tank (ST) batch reactors that consist of an agitator and 
an integrated temperature control system (Castro et al., 2012) 
(Table 1). The main advantage of this type of reactor is its 
ease of implementation and low production costs (Gomes 
et al., 2008). However, its low mixing efficiency at the mole
cular level often leads to heterogeneous distributions of 
process parameters which can yield particles with a broad 
size distribution (Esposti et al., 2020) and affect chemical 
purity of the particles precipitated (Castro et al., 2014). This 
problem is intensified at larger scales (Veiga et al., 2020). 

Oscillatory flow reactors (OFRs) operated in batch have 
been presented in the literature as an alternative to con
ventional stirred tank (ST) reactors owing to their effective 
mixing and enhanced mass and heat transfer. OFRs offer 
controlled and uniform mixing through an oscillatory flow 
mixing mechanism, which intensity can be tuned by the 
oscillation amplitude (xo) and frequency (f) (McGlone et al., 
2015). The oscillatory flow mixing acceleration is character
ized by the formation of vortices, which are generated when 
the fluid interacts with the constrictions. This mechanism 
results in enhanced mixing within each inter-baffle cell (Cruz 
et al., 2019). 

Despite its advantages, conventional OFR presents lim
itations associated with the existence of dead zones or 
stagnate regions near the angle between the baffles and the 

reactor. To overcome this problem Reis, (2006) proposed a 
mesoscale OFR with smooth periodic constrictions (SPCs) 
suitable for biotechnological processes, reducing shear stress 
that can be detrimental to bacterial and other cell culture 
(Reis, 2006). Moreover, SPCs allow better control over fluid 
convection and dispersion within the SPC tube through 
vortex rings detachment (Reis et al., 2004). When compared 
to ST batch reactors, OFRs with SPCs are reported to be more 
efficient in CaPs wet chemical precipitation, with HAp being 
synthetized 4 times faster and no intermediate CaP phases 
being obtained (Veiga et al., 2020) (Table 1). 

Regarding the operation mode of OFRs, continuous pro
cesses allow a more efficient use of the reagents and a 
greater control over the operating parameters such as the 
temperature and the concentration of the reagents, thus al
lowing to obtain a more uniform product. Moreover, con
tinuous production allows higher productivity to be achieved 
(Latocha et al., 2018). In the work of Castro et al., (2016) HAp 
with controlled properties was obtained in a scaled-up meso- 
OFR with SPCs operating in continuous mode, demonstrating 
the feasibility of this technology and its innovative potential 
(Table 1). However, problems associated with secondary 
nucleation, agglomeration, clogging and solid deposition 
have been reported (Cruz et al., 2019; Reis, 2006; Bianchi 
et al., 2020). 

To overcome the current limitations of existing OFRs, a 
modular oscillator flow plate reactor (MOFPR) (WO/2017/ 
175207) was developed by the Laboratory of Process 
Engineering, Environment, Biotechnology and Energy 
(LEPABE) (Ferreira et al., 2017). Its 2D-SPCs and rectangular 
cross-section enable reduced shear stress and improved solid 
suspension and transportation (Ferreira et al., 2017). Fur
thermore, the MOFPR technology is suitable for multiphase 
applications such as screening reactions, bioprocess, gas-li
quid absorption, precipitation, and crystallization operating 
in batch or continuous mode (Cruz et al., 2019; Wang et al., 
2017; Ferreira et al., 2014; McGlone et al., 2015). 

In the present work, the development of fully character
ized and controlled CaPs for TE was achieved for the first 
time through a continuous precipitation process in a MOFPR. 
To achieve the proposed goal 1) the influence of the oscilla
tion xo and f, residence time (τ), initial reagents concentration 
and Ca/P molar ratio, and temperature were firstly in
vestigated; 2) afterwards, to present the MOFPR as a practical 
platform for TE, the potential applications of the different 
materials produced as carrier biomaterials was discussed in 
detail through the analysis of scientific papers where parti
cles with similar characteristics have been successfully ap
plied in this field. 

2. Materials and methods 

2.1. Precipitation of calcium phosphates (CaPs) 

2.1.1. Experimental set up 
The synthesis of CaP particles was carried out by a con
tinuous precipitation process in a MOFPR made of Teflon 
with a transparent polycarbonate cover. As illustrated in  
Fig. 1, the experimental set-up consists in a reactor, provided 
with 2D smooth periodic constrictions (SPCs) that are present 
in two parallels faces of the rectangular cross section tube, 
and a mixing chamber (Festo). The MOFPR (75 mL) is jacketed 
to allow temperature control and connected to a thermo
static bath (Huber Ministat 125). The fluid was oscillated 

91 Chemical Engineering Research and Design 183 (2022) 90–103   



T
ab

le
 1

 –
 C

om
p

ar
is

on
 o

f 
th

e 
ou

tc
om

es
 o

f 
th

re
e 

C
aP

 p
ro

ce
ss

in
g 

re
ac

to
rs

, f
ol

lo
w

in
g 

th
e 

sa
m

e 
sy

n
th

es
is

 m
et

h
od

ol
og

y 
(t

em
p

er
at

u
re

, i
n

it
ia

l 
co

n
ce

n
tr

at
io

n
, 

in
it

ia
l 

C
a/

P 
m

ol
ar

 r
at

io
) (

V
ei

ga
 

et
 a

l.,
 2

02
0;

 V
ei

ga
 e

t 
al

., 
20

20
; 

C
as

tr
o 

et
 a

l.,
 2

01
3)

.  
   

   
   

   
   

 

R
ea

ct
or

 
M

od
e 

C
ry

st
al

li
n

it
y 

Pr
od

u
ct

iv


it
y 

M
or

p
h

ol


og
y 

V
ol

u
m

e 
T

em
p

er
a

tu
re

 
(º

C
) 

R
ea

ge
n

ts
 

R
es

id
en

ce
 

ti
m

e 
(m

in
) 

C
aP

 p
h

as
e 

M
ea

n
 

p
ar

ti
cl

e 
si

ze
 (

μ
m

) 

C
a/

P 
m

ol
ar

 
ra

ti
o 

Fi
n

al
 

p
H

 
R

ea
ct

io
n

 
ti

m
e 

R
ef

er
en

ce
  

St
ir

re
d

 t
an

k 
B

at
ch

 
A

m
or

p
h

ou
s 

C
aP

s 
w

er
e 

ob
ta

in
ed

 

Sc
al

e 
u

p
 

m
es

o-
O

FR
   

>
  S

T
   

>
  m

es
o-

 
O

FR
 

n
an

o-
 

si
ze

d
 r

od
 

p
ar

ti
cl

es
 

50
0 

m
L 

37
 

C
aC

l 2
.2

 
H

2
O

 a
n

d
 

N
a 2

H
PO

4
 

– 
H

A
p

 
0.

07
0 

1.
68

 
≈ 

6 
2 

h
 3

0 
m

in
 

(V
ei

ga
 

et
 a

l.,
 

20
20

) 

O
FR

 w
it

h
 

SP
C

 
(m

es
o 

os
ci

ll
a

to
ry

 fl
ow

 
re

ac
to

r)
 

4 
m

L 
0.

07
5 

1.
61

 
30

 m
in

 
(V

ei
ga

 
et

 a
l.,

 
20

20
) 

Sc
al

e 
u

p
 

m
es

o-
 

O
FR

 

C
on

ti
n

u
ou

s 
Pl

at
e-

 
sh

ap
ed

 
≈ 

32
 m

L 
(E

ig
h

t 
m

es
o-

 
O

FR
) 

C
a(

O
H

)₂ 
an

d
 H

3
PO

4
 

3.
3–

6.
7 

m


in
 

0.
07

7 
1.

33
 

3 re
si

d
en

ce
 

ti
m

es
  

(τ
 =

 3
.3

 m
i

n
) 

(C
as

tr
o 

et
 a

l.,
 

20
13

)  
 

92 Chemical Engineering Research and Design 183 (2022) 90–103   



using a custom-build linear motor. A pH electrode (SenTix 
Mic-D, WTW) was placed at the exit of the MOFPR to measure 
the pH of the collected suspensions. 

2.1.2. Synthesis process 
CaP synthesis was carried out by mixing equal volumes of 
CaCl2.2 H2O (Merck, 99.5%) (pH=6) and Na2HPO4 (Sigma- 
Aldrich, 99.0%) (pH=9) solutions into a mixing chamber, using 
a peristaltic pump (Longer Pump, BT100–2 J). Temperature 
inside the MOFPR was maintained by a thermostatic bath 
(Huber Ministat 125, connected to the MOFPR). Both calcium 
and phosphate solutions were prepared with ultrapure water 
(18.3 MΩ.cm-1 at 25 ºC) and pre-heated prior being fed to the 
MOFPR (Elmasonic S 30 (H)). 

Near-physiological conditions of pH and temperature 
based on a previous work (Veiga et al., 2021) were selected as 
starting point to produce HAp, and the effect of xo, f, τ and Ca/ 
P was assessed considering other works in which CaP were 
obtained in OFRs (Castro et al., 2014),(Castro et al., 2013). 
Higher concentrations of the initial precursor solutions were 
tested, to allow precipitation of other CaP phase, namely of 
brushite (Elliot, 1994). To evaluate the effect of temperature 
on the final properties of the particles synthetized, the 
maximum temperature allowed by the MOFPR was tested. 

The flow conditions of the different experimental condi
tions studied in the MOFPR, can be characterized by the 
Reynolds Number (Re) and oscillatory Reynolds number (Re0) 
(Table 2). 

The Re describes the ratio of inertial forces to viscous 
forces in a flowing fluid (Eq. 1) and the Re0 describes the in
tensity of mixing applied to the tube (Eq. 2) (Cruz et al., 2019): 

=Re
uD

µ Eq. 1 

where u is the superficial net flow velocity, D is the internal 
tube diameter in the straight section, ρ is the solution den
sity, and μ is the solution viscosity. 

=Re
fx D2
µ

0
0

Eq. 2 

where f is the frequency of oscillation, and x0 is the ampli
tude of oscillation (center-to-peak). 

2.2. Sample characterization 

For all the tested conditions, suspensions were collected 
after two residence times (6.6 min). This was done to guar
antee that pH stabilization was achieved, which suggests 
that a stable CaP is formed (Elliot, 1994) (for conditions CaP1- 
CaP14 pH stabilized around 6 and for conditions CaP15- 
CaP16, it stabilized around 5). 

2.3. Phase identification 

The suspensions were collected at the MOFPR exit and fil
tered (0.2 µm pore size membrane, Gelman Sciences, USA). 
After washing with ultrapure water and ethanol, the parti
cles were dried in the oven for 24 h at 80 ºC. The obtained 
powders were used for Fourier-transform infrared spectro
scopy (FTIR) (Bruker Vertex 70) and X-ray diffraction (XRD) 
(XPERT-PRO) analysis. The resulting supernatant from the 
filtration was used to determine the Ca/P molar ratio. 
Calcium concentration was determined by Atomic 
Absorption Spectrometry (λ = 422.7 nm, Flame: Air-acetylene, 
with addition of lanthanum) (Perkin Elmer AAnalyst 400) and 
phosphor concentration by UV-Vis Spectrophotometry - 
Molybdenum Blue (UV-Vis - Shimadzu UV −1800). 

Fig. 1 – Experimental set-up for the continuous production 
of CaPs particles. 

Table 2 – Experimental conditions for the precipitation of CaPs.           

Sample Initial concentration Initial Ca/P 
molar ratio 

Residence time 
(τ) (min) 

Frequency 
(f) (Hz) 

Amplitude 
(x0) (mm) 

T (ºC) Re0 Re

CaP1 CaCl2.2 H2O= 0.020 M; Na2HPO4  

= 0.012 M 
1.67 3.3 1.9 18.4 37 2222 96 

CaP2 1.67 3.3 1.9 8.1 37 982.8 
CaP3 1.67 3.3 1.9 4.2 37 512.5 
CaP4 1.67 3.3 4 18.4 37 4678 
CaP5 1.67 3.3 4 8.1 37 2069 
CaP6 1.67 3.3 4 4.2 37 1079 
CaP7 1.67 3.3 6 18.4 37 7016 
CaP8 1.67 3.3 6 8.1 37 3103.5 
CaP9 1.67 3.3 6 4.2 37 1619 
CaP10 1.67 3.3 6 18.4 54 2222 
CaP11 1.67 3.3 6 8.1 54 982.8 
CaP12 1.67 3.3 6 4.2 54 512.5 
CaP13 1.33 3.3 1.9 4.2 37 512.5 
CaP14 1.67 6.6 1.9 4.2 37 48 
CaP15 CaCl2.2H2O= 0.100 M;  

Na2HPO4 = 0.060 M 
1.67 3.3 1.9 4.2 37 96 

CaP16 CaCl2.2 H2O= 0.200 M;  
Na2HPO4 = 0.120 M 

1.67 3.3 1.9 4.24 37   
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2.4. Size and morphology 

For the particle size distribution by laser diffraction (LS 230, 
Beckman Coulter), the suspensions were directly analyzed 
without further treatment. Regarding scanning electron mi
croscopy (SEM) (FEI Quanta 400FEG ESEM/EDAX Genesis X4M, 
amplified 10,000 times (1 µm) or 10,000 times (10 µm), beam 
intensity (HV) 25.00 Kv), the obtained powders were coated 
by a thin layer of gold prior the analysis. 

3. Results and discussion 

3.1. Phase identification 

For the majority of the experimental conditions studied, the 
XRD patters were compared to a reference (JCPDS 
00–009–0432) and to a commercial HAp (Spectrum, Calcium 

Hydroxyapatite, Powder, Minimum 40 Mesh) pattern in
dicating that the product formed is predominantly HAp- 
phase, exhibiting the typical hexagonal structure (Yang et al., 
2013). Exceptions include CaP4-CaP6 (f=4 Hz), which in addi
tion to presenting the characteristic peaks of HAp also match 
with brushite XRD pattern (Fig. 2A). Broadening and over
lapping of the peaks is observed, namely at 26º 2θ and 30–34º 
2θ,which may suggest that the particles obtained have low 
crystallinity and are at the nanoscale (Castro et al., 2013) 
(Supplementary information 1) (SI-1). 

XRD patterns from the experimental conditions in which 
the initial reagents concentration was increased (CaP15 and 
CaP16) are similar to that of dicalcium phosphate dihydrate 
or brushite (DCPD) (RRUFF Database, ID: R070554.2). In Fig. 2B 
it is possible to detect the presence of peaks with high in
tensity at 11.6° 2θ, 20.7° 2θ, 29.14° 2θ, 31° 2 θ and 34° 2θ that 
corresponds to reported powder diffraction standards for 

Fig. 2 – XRD patterns of the collected samples and of reference CaPs A) CaP1–14, B) CaP15, CaP16.  
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crystalline brushite. The sharp peaks indicate that the sam
ples have high crystallinity (Joint Committee for Powder 
Diffraction Standards JCPDS,) (SI-1). 

The thermodynamically stable CaP phases can be con
sulted in phase diagrams that give an indication of the likely 
conditions required for synthesis (Mullin, 2002). However, 
the CaP phase that is formed is often dictated by kinetic 
considerations. According to the solubility isotherms for the 
system Ca(OH)2-H3PO4-H2O at normal temperatures and 
pressures, low concentrations promote the precipitation of 
HAp and minimize the precipitation of other CaP phases 
(Mullin, 2002). By increasing the initial concentration at the 
studied operating conditions (physiological conditions of 
temperature (37 ºC) and pH (6–9)), brushite formation is faster 
than HAp, which explains the differences in the synthesized 
CaP phases (Elliot, 1994). 

Based on peaks identified in FTIR spectra (Fig. 3), the 
synthetized products have a typical apatite structure, except 
for samples CaP15 and CaP16 which spectra are clearly dis
tinct. Bands of ⱱ3c PO4

3- stretching mode (around 1032 cm-1), 
ⱱ1 PO4

3- stretching mode (around 962 cm-1) and ⱱ4a and ⱱ 4c 

PO4
3- bending mode (around 602 and 561 cm -1) can be iden

tified for the experimental conditions with low initial con
centrations (CaP1-CaP14) (Koutsopoulos, 2002). Regarding 
OH- peaks, it is difficult to identify ⱱ5 stretching mode 
(3572 cm-1) as it can be overlapped by the band of adsorbed 
water (around 3700–3000 cm-1). The absence of the peak as
signed to ⱱL vibrational mode (631 cm-1) might be attributed 
to the substitution of OH- ions by CO3

2- ions, or to the sub
stitution of PO4

3- ions by CO3
2- ions. According to Ren et al., 

(2014), where HAp was obtained by precipitation in aqueous 
system with an initial Ca/P molar ratio of 1.67, substitution of 
OH- by CO3

2- in the apatite lattice leads to a A-type carbo
nated apatite, and substitution of PO4

3- by CO3
2- leaving OH- 

vacancy for charge compensation leads to a B-type carbo
nated apatite. This can explain the presence of a peak around 
875 cm-1 that can be attributed to the bending mode of the 
CO3

2− group, characteristic of carbonated apatites. 

As regards to CaP15 and CaP16 samples, peaks assigned to 
brushite can be identified (Evan et al., 2005). The peaks 
around 3535 cm-1, 3479 cm-1, 3273 cm-1, 3160 cm-1 can be at
tributed to OH- stretching of water. H–O–H symmetric 
bending vibrations corresponds to the peak at 1645 cm-1; PO4 

bond, P]O stretching vibrations to the peak at 1130 cm-1; 
790 cm-1 and 660 cm-1 to liberation; and 528 cm-1 to ⱱ4 

bending vibrations of (H–O–) P]O bond acid phosphate 
(Koutsopoulos, 2002; Suryawanshi and Chaudhari, 2014; 
Singh et al., 2010). 

FTIR analysis was corroborated by the determination of 
the Ca/P molar ratio for the different produced particles. 
Samples CaP1-CaP14 have a Ca/P close to stoichiometric HAp 
(Ca/P = 1.67). The molar ratio of the non-stoichiometric HAp 
can slightly vary from this value as a result of the in
corporation of small amounts of anions and cations in its 
atomic structure (Mostafa, 2005). Ca/P  <  1.67 is associated 
with calcium deficient HAp, while Ca/P  >  1.67 is related to 
carbonated apatites (Elliot, 1994). Regarding samples CaP15 
and CaP16, Ca/P molar ratio is close to the value reported for 
brushite (Ca/P = 1) (Habraken et al., 2016). 

3.2. Size, morphology and crystallinity 

From Fig. 4 it is possible to observe that the experimental 
conditions CaP15 and CaP16 (where the initial reagent con
centrations were increased five and ten times, respectively) 
present a plate like morphology mostly formed by micro 
sized parallelogram shapes that are stacked in multiple 
layers. Comparable particles were obtained in the work of 
Toshima and co-authors (Toshima et al., 2014), were brushite 
with plate structure was synthetized for experiments with 
low initial pH. The final pH for CaP15 and CaP16 (5), was 
lower (~5) than that verified for the remaining experimental 
conditions (~6). This is an indication that the synthetized 
particles correspond to a different CaP phase. As to particle 
size distribution (Table 3), (Fig. 6), the mean particle size (in 
number) of the samples that correspond to brushite (d50 ~ 

Fig. 3 – FTIR spectra of the collected samples, reference HAp and brushite, and Ca/P molar ratio of the samples collected.  
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6 µm) are bigger than the other experimental conditions 
studied (d50 ~ 10 nm - 1 µm) (Figs. 4 and 5). 

The initial Ca/P molar ratio was also associated with dif
ferent morphologies. Compared to CaP3, CaP13 has more 
elongated particles (Fig. 4). These samples were obtained 
using the same experimental conditions of temperature, f, x0, 
τ, only differing in the Ca/P molar ratio (1.67 and 1.33, re
spectively). Mixing molar ratio Ca/P = 1.33 has been employed 
in reported works, resulting in stable HAp nanoparticles 
suspensions with pH close to 7 (Castro et al., 2012; Castro 
et al., 2014; Castro et al., 2013; Castro et al., 2013). 

On the other hand, it is possible to verify that the mor
phology of the particles formed is the same regardless τ (3.3 
and 6.6 min for CaP3 and CaP14, respectively). Further, when 
analyzing the size distribution in number (Table 3), (Fig. 6) it 
seems that τ does not significantly influence the mean par
ticle size (d50) of the obtained HAp (Figs. 4 and 5). Esposti 
et al., (2020) studied the precipitation of calcium phosphate 
nanoparticles in a tubular reactor and found that particles 
dimensions are influenced by the reactor flow. Gecim et al., 
(2021) studied HAp precipitation in a continuous vortex re
actor and in a semi-batch stirred tank and did not observe 
any significant influence of the reactant addition rate on 
particle size and morphology. In contrast to other reported 
works, the authors used diluted reactant solutions. They 
claim that the results obtained may be explained by the 
physical properties of the reactant solutions (low viscosity 
and low reactant concentration), providing higher mass dif
fusivities. According to McGlone et al., (2015), mixing is in
dependent of the throughput velocity in oscillatory flow 
reactors. Therefore, it is possible to ensure good mixing 
through control of the oscillation conditions even at low net 
flow velocity, in contrast to conventional tubular reactors 
which rely on a high throughput velocity to achieve mixing. 

This may thus explain why we did not observe an influence 
of the reactant flow rate on particle morphology for the 
samples CaP3 and CaP14. The net flow rate was different 
(CaP3 – 22.72 mL/min; and CaP14 – 11.36 Ml/min), but the 
oscillatory flow conditions were the same for both samples. 
Further, low concentrated reactants solutions with low 
viscosity were used, providing thereby higher mass diffu
sivities. Moreover, through visual observations it was pos
sible to verify that the number of particles formed is lower. In 

Fig. 4 – SEM images of the CaP10-CaP16 samples and particle size distributions in number. Scale bar CaP10-CaP14: 1 µm, 
CaP15-CaP16: 10 µm. 

Table 3 – Parameters of the particle size distribution in 
number and volume of the formed particles. d50: 50% of 
the particles are smaller than this value; span: width of 
the distribution based on the 10%, 50% and 90% quantile.       

Experimental condition Number Volume 

d50 (µm) span d50 (µm) span  

CaP1  0.066  0.959  20.067  3.089 
CaP2  1.021  1.411  15.489  1.549 
CaP3  0.080  1.711  23.349  4.687 
CaP4  0.089  1.942  15.381  11.291 
CaP5  0.080  1.706  13.542  10.571 
CaP6  0.083  1.842  14.548  11.465 
CaP7  0.104  2.074  14.512  1.482 
CaP8  0.069  1.402  19.166  2.357 
CaP9  0.077  1.573  20.944  2.274 
CaP10  4.435  1.362  12.977  15.632 
CaP11  5.950  1.534  18.254  9.823 
CaP12  0.075  1.447  15.094  11.067 
CaP13  0.108  1.953  12.161  13.070 
CaP14  0.076  1.543  23.776  2.549 
CaP15  5.881  1.410  17.438  8.187 
CaP16  6.398  1.410  18.267  7.894 
Commercial HAp (Castro 

et al., 2013)  
0.058  1.64  0.590  3.880   
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fact, by quadrupling the τ (3.3 ×4 min), the amount produced 
was so small that it was not possible to characterize the 
sample using the techniques mentioned above. However, the 
suspension collected was used to perform laser diffraction, 
corroborating with the hypothesis that this factor does not 
affect the d50 (Fig. 6). 

In CaP3 and CaP14, Re is 95.7 and 47.8, respectively, which 
is characteristic of a laminar flow (Re < 2300) (Reis, 2006; 
Mullin, 2002) Hence, decreasing fluid velocity and conse
quently Re can hinder the reaction yield. According to other 
works, mixing is more efficient for higher. 

Re, providing more homogeneous reaction conditions and 
improving thus the monodispersity of synthesized particles 
(Castro et al., 2013; Günther and Jensen, 2006; Jähnisch et al., 
2004). Moreover, by increasing the flow rate, more contact 
area between the reactant solutions is generated and thus 
micro mixing is improved. This leads to higher nucleation 
rates, explaining the higher amounts of precipitate obtained 
at shorter τ (Elliot, 1994; Mullin, 2002). 

The remaining experimental conditions (CaP1-CaP12), 
corresponding to HAp predominantly at the nanoscale, take 
on a variety of morphologies with mean particle size (d50) 
ranging from ~ 70 nm to 5 µm (Table 3) (Fig. 5). Although the 
particle size distribution in number of the samples CaP4 – 
CaP9 appear to be similar (Fig. 5), it is important to mention 
that particle size measurement by laser diffraction presents 
some limitations when particles with irregular shape (e.g., 
elongated, needle-shaped particles) are analyzed due to a 
spherical particle assumption (Grubbs et al., 2021). Thus, 
differences captured by SEM may not be detected in this 
technique. Further, nano particles, as mostly obtained in the 
present study, are prone to aggregation, as shown by the 
particle size distribution in volume (Table 3). Aggregates are 
very common in CaPs obtained in precipitation systems and 

result from the high surface-area-to-volume ratio of primary 
nanoparticles which, in order to reduce the high surface 
tension, adhere to one another (Castro et al., 2013; 
Mullin, 2002). 

The conditions obtained with f = 4 Hz (CaP4, CaP5 and 
CaP6) clearly show the presence of micro scale plate-like 
structures surrounded by nano scale aggregated particles. 
The more crystalline microplates can correspond to brushite 
particles, which would explain the results obtained from XRD 
(Fig. 2) and which would imply the existence of a biphasic 
CaP system. The heterogeneous nature of these samples is 
evidenced by the distribution width (1.7  < span < 1.9), being 
especially high for x0 = 18 mm (CaP4). As for f = 1.9 Hz (CaP1, 
CaP2 and CaP3), it was possible to obtain aggregated nano
particles mainly composed by sharp structures for the 
highest amplitude (x0 = 18 mm, CaP1) and rod-like particles 
with lower crystallinity for the smallest amplitude (x0 = 
4 mm, CaP3). The latter are similar to those obtained in 
previous works were low crystalline HAp was synthetized 
using a meso-OFR (Veiga et al., 2020). 

For x0 = 4 mm (CaP4-CaP6), in addition to rods, it is also 
possible to identify larger plates (d50 ~ 1 µm). The presence of 
different particle types is supported by the span >  1.7, which 
reflects the heterogeneous nature of these samples. Rod-like 
shaped nanoparticles were obtained in CaP7, CaP8 and CaP9 
for 6 Hz. In the paper of Castro et al., (2016) identical HAp 
particles were obtained and reported to be 100 nm long and 
20 nm width. 

Thereby, the results suggest that for the lowest frequency 
(1.9 Hz), the effect of the amplitude (x0) was more pro
nounced, having generated particles with more distinct 
characteristics in terms of size range and morphology. For 
higher f (4 and 6 Hz), x0 does not seem to have a significant 
influence on the particles’ final properties, being the 

Fig. 5 – SEM images of the CaP1 to CaP9 samples.  
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influence of f more pronounced. Cruz and co-authors (Cruz 
et al., 2019) suggested that increasing f up to 6 Hz in planar 
OFRs have a positive effect on the axial dispersion of solids, 
which may explain why for these experimental conditions 
(CaP7-CaP9) the particles have more homogeneous proper
ties in terms of morphology and mean particle size in com
parison with the conditions with lower frequencies (CaP1- 
CaP6) (Cruz et al., 2019). According to other studies (Reis 
et al., 2004; Smith and Mackley, 2006), f contributes essen
tially to increase the radial mixing which improves the 
generation and propagation of the vortices. 

Micromixing has been shown to play a crucial role in 
precipitation processes since they involve fast chemical re
actions (Elliot, 1994; Mullin, 2002; Mullin, 2001). Super
saturation, that determines nucleation and growth, is 
achieved when reactants are mixed and thus it is important 
to ensure effective micromixing when the reactants are 
added to enable homogeneous distribution of super
saturation and thereby the formation of particles with uni
form characteristics. However, the processes following the 
mixing of the reagents also contribute to the final product 
properties. The CaPs precipitation system is usually char
acterized by the formation of intermediate CaPs phases 
(Castro et al., 2012; Veiga et al., 2020) that undergo phase 
transformation until the most stable CaP is formed. Ensuring 
good mixing is thus fundamental both at the location where 
the reactants are mixed but also in the rest of the experi
mental set-up constituted by the MOFPR itself. Avile and co- 
authors (Avila et al., 2018) studied the effect of the oscillatory 
conditions in the Nitech® continuous oscillatory baffled re
actor for Re0 <  2000 and demonstrated that x0 and f con
tribute to micromixing even when reactants are added in a T 
junction before entering the reactor. Further, it is important 
to mention that even if micromixing can be the limiting step 
in precipitation processes, both micromixing and macro
mixing contribute to the final particles’ characteristics. Judat 
et al., (Judat et al., 2004), verified the influence of micro
mixing intensity on the particle size and of macromixing on 
the particle morphology in precipitation experiments with 
barium sulfate. This is in agreement with the results of the 
present work, in which the influence of the oscillatory flow 
mixing on the final morphology of the particles manu
factured is well evidenced. 

Regarding the effect of temperature on the final char
acteristics of the CaP, an increase from 37 ºC to 54 ºC was 
associated with the formation of HAp with different particle 
mean size (d50) and morphology (Fig. 4). Increasing tem
perature in HAp precipitation systems usually result in a 
crystal size increase (Lazić et al., 2001), which is in agreement 
with the presence of plates at the micro scale for both xo = 18 
(CaP10) and 8 mm (CaP11) experimental conditions. However, 
for x0 = 4 mm (CaP12) the plates are smaller. Lee and co-au
thors reported that with increasing reaction temperature, the 
shape of the synthesized HAp particles changed from rod to 
leaf-like, which is in line with the finding of the present work 
(Lee et al., 2020). 

3.3. Comparison with other reactors used to produce CaPs 

HAp has been produced using mild conditions in terms of 
temperature, pH and reagents initial concentrations, by dif
ferent reactor technologies (Veiga et al., 2020; Veiga et al., 
2020; Castro et al., 2016) (Table 1). Although hydrodynamic 
conditions in the reactors are different and thus direct 
comparison is not possible, interesting observations can be 
done regarding each reactor performance in terms of reac
tion time and CaP particles characteristics. 

In conventional ST, it was shown that when working at 
physiological conditions of temperature and pH, the pre
cipitation process is characterized by the existence of three 
different stages, in which intermediate and less stable 
phases of CaP are formed before obtaining the most stable 
phase (HAp) (Castro et al., 2012). Therefore, although pre
dominantly HAp-phase HAp is synthetized, the low mixing 
efficiency makes this process time consuming (≈ 2h30). As 
previously explained, mixing conditions play a key role in the 
characteristics of the particles resulting from a precipitation 
process, since precipitation is characterized by high super
saturations and very fast chemical reactions and nucleation 
kinetics. Even in stirred tanks reactors operated in semi- 
batch or continuous mode, macromixing is achieved by in
tensive stirring, but the micromixing is not at all controlled 
(Silva et al., 2008). 

OFRs with SPC in batch have been presented in the lit
erature as an alternative to conventional ST reactors owing 
their mixing efficiency and their enhanced heat and mass 
transfer (Mullin, 2002). Castro et al., (2014) compared the 

Fig. 6 – Particle size distribution in number for all the experimental conditions studied.  
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performance of a ST (1 L) and a meso OFR (~4 mL) for the 
precipitation of HAp. The experiments were conducted at the 
same power density and results evidence the higher effi
ciency of the meso OFR over the ST, since HAp was synthe
tized about 4 times (≈30 min) faster and no intermediate CaP 
phases were obtained. However, the collected sample 
amount is reduced (Castro et al., 2014; Veiga et al., 2020). This 
type of system can be useful for preliminary studies and 
process optimization, reducing reagent requirements and 
waste and allowing to identify the most relevant reaction 
parameters (Castro et al., 2014; Veiga et al., 2020). 

In the work of Castro et al., (2016), an experimental set up 
with scaled-up OFR was presented to continuously produce 
HAp with controlled properties. Although this process allows 
better control of mixing conditions and to obtain larger 
amounts of particles, OFR can be difficult to clean and lead to 
the deposition of precipitate on the reactor’s walls (Reis, 
2006; Ferreira et al., 2017). 

In the present work, a MOFPR was used to overcome the 
limitations associated with solid handling such as solid de
position and fouling (Cruz et al., 2019; Lian et al., 2021). In
deed, no solid deposition neither fouling was observed 
during the experiments. The low reactants concentration, 
implying low amounts of precipitate, the short residence 
times and the oscillation conditions employed may have 
contributed to prevent solid deposition. Furthermore, the 
apparatus can be assembled and disassembled easily for 
cleaning (Ferreira et al., 2017). Moreover, stable particles were 
obtained only after 6.6 min. In this way, the high mixing ef
ficiency and improved solid suspension and transportation 
as well as easy scale-up makes the MOFPR a promising 
technology for the production of CaP particles with tuned 
characteristics. 

3.4. Potential of the produced CaPs for biomedical 
applications 

The different properties of the manufactured CaPs, achieved 
by controlling the operating parameters, can be used for 
distinct applications in biomedical engineering. In addition 
to the possibility of scaling up the presented process, the 
quality of the CaP obtained in terms of batch-to-batch 
variability is a critical factor for the development of materials 
for TE. Thus, this work is a fundamental and preliminary step 
for the development of new biomaterials, with specific and 
reproducible properties. 

Nano-rod and rod/plate and plate-like HAp with low 
crystallinity produced through a continuous process and in 
batch in other works (Veiga et al., 2020; Veiga et al., 2020; 
Castro et al., 2016) present similar physicochemical char
acteristics to the ones obtained in the present work (CaP1- 
CaP3, CaP7-CaP9, CaP12, CaP14). These particles have shown 
to stimulate cell proliferation of human osteoblastic-like 
(Saos-2) and induced better cell viability of human primary 
cells (HNDFs) when compared to a commercially available 
HAp (Veiga et al., 2020; Castro et al., 2016). 

On the other hand, brushite with high crystallinity is 
widely used as a cement to repair bone defects, having a high 
resorption and new bone formation rate (Wen et al., 2009; 
Hirsch et al., 2014). Kumta et al., (2005), reported that the 
most challenging task of brushite materials was assuring the 
stability of this CaP, known to be a precursor for HAp for
mation. In our work, it was possible to control the stability of 

brushite particles, thus making the MOFPR a useful platform 
to produce brushite for biomedical applications (Table 4). 

4. Conclusions 

Calcium phosphates (CaPs) precipitation in conventional 
stirred tank (ST) batch reactors has disadvantages related 
with low mixing efficiency, product quality, process re
producibility and scale up. To overcome these limitations, 
modular oscillatory flow plate reactors (MOFPR) operated 
through a continuous process allow a more efficient control 
of the operational parameters in multiphase systems, espe
cially when solids are involved. In addition, these reactors 
can be easily scaled-up and used at an industrial scale. 

In this study, two major goals were achieved: to report for 
the first time the influence of several parameters on the final 
physicochemical characteristics of CaPs using an efficient 
continuous precipitation route in a new MOFPR; and to pre
sent potential applications for the different materials pro
duced through comparison with the best available literature 
evidence. 

Our findings suggest that the physical properties, in par
ticular the morphology, of the synthetized HAp can be gov
erned by the oscillation f and xo. For lower frequencies 
(1.9 Hz), different xo (4, 8 and 18 mm) lead to the production of 
distinct nano particles with a sharper, elongated or even rod- 
like morphology. At higher f (4 and 6 Hz), the xo does not 
seem to have a significant influence on the particle’s mor
phology. Plate-like and nano HAp particles with traces of 
brushite were obtained at 4 Hz, while only HAp nanorods 
were identified at 6 Hz. 

τ seems to affect the reaction yield but not the particle 
characteristics. The increase in temperature led to the for
mation of larger and plate-shaped particles at the highest 
amplitudes. Regarding the initial concentration of reagents, 
it was found that this leads to the formation of highly crys
talline brushite and that changing Ca/P ratio from 1.67 to 1.33 
generates more elongated and calcium-rich particles. 

The unique properties of the synthetized CaPs using 
specific mixing conditions (f, x0) and different experimental 
conditions (Ca/P initial concentration and ratio, tempera
ture), provide a new window for the rational design of tai
lored CaP -nano and micro-carriers for specific biomedical 
applications. Hence, the MOFPR represents an attractive 
platform to meet the current industry demands for CaPs with 
different characteristics for biomaterials and TE. 
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