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GRAPHICAL ABSTRACT

e Continuous synthesis of B-calcium py-
rophosphate (3-CPP) without post-heat
treatment.

o Single-phase $-CPP powder was synthe-
sized by a one-step flame aerosol
method.

e Spherical $-CPP nanoparticles could be
synthesized by applying liquid flame
spray.

o Flame-made B-CPP particles have shown
(nano)porous structure with high sur-
face area.
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Recently, p-phase of calcium pyrophosphate has gained wide attention for potential in different applications. In
this communication, we report for the first time an ultra-fast, cost-effective, and facile one-step synthesis of
single-phase -CPP powder without post-heat treatment by applying liquid flame spray (LFS). LFS is a scalable,
continuous, and adjustable one-step flame-based aerosol synthesis method. The effect of Ca/P ratio on structural
properties was investigated. p-CagP207 could be successfully synthesized in spherical nano-and micron-sized
particles, as well as plate-like particles. The synthesized single-phase powder exhibited high thermal stability and

relatively high specific surface area with different (nano)porous structures.

1. Introduction

Calcium phosphate-based materials (CP) have been widely applied in
lots of different areas over the past few decades due to their specific
properties. Mostly their orthophosphate forms (for instance, hydroxy-
apatite (HA), which constitutes the inorganic phase of human bone
tissues) have been used in various biomedical applications. However,
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calcium orthophosphates have not individually shown desired me-
chanical properties as well as bioresorbability and/or biodegradability,
and thus they are frequently combined with other biomaterials/bio-
ceramics, and/or phases such as calcium pyrophosphate (CagP207, CPP)
[1-4]. CPP has drawn increasing attention as a promising material for
biomedical applications owing to its very good bioresorbability, solu-
bility, osteoconductivity, mechanical properties, and biocompatibility
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[5-8]. CPP has three polymorphs: y-CPP, 3-CPP, and high-temperature
a-CPP which is a metastable phase and can transform back to the
B-polymorph by cooling [8,9]. Literature reports have indicated that the
presence of p-CPP in some biomaterials/bioceramics can significantly
increase their mechanical properties and biodegradability [10-12].
Moreover, Lee et al. [13] demonstrated that p-CPP implants are more
appropriate for bone graft substitutes than HA implants, as f-CPP im-
plants have shown much better osteoconductivity, bioresorbability, and
biodegradability compared to HA implants. f-CPP shows also promise
for other applications such as water purification [14], catalysis [15], and
electrical systems [16,17]. Besides, as CPP has a very good modifiable
matrix, it has been widely studied for photo—/thermoluminescent ap-
plications by introduction of different ions [18-22].

Since B-CPP is the most stable of the phases and has outstanding
potential for applications and advantages compared with the others,
developing a low-cost, facile, and large-scale (or fast and continuous)
synthesis method for p-CPP especially with high purity and in nanosize/
—structure i.e., with a high surface area, offers an interesting research
area. Therefore, other researchers have introduced novel wet-chemical
synthesis methods for p-CPP that they claim to be simple, fast, and/or
economical with the assistance of microwaves or the efficient use of
waste materials as the precursors [2,14,17,22-24]. However, these are
discontinuous, and can be considered relatively time-consuming, and
complicated as they involve numerous steps. Moreover, to the best of
our knowledge, these synthesis methods always require a sintering/
calcination process at a high temperature to fabricate the -phase. 3-CPP
can be also synthesized by thermal conversion of the low-temperature
phase (y-CPP) or brushite (dicalcium phosphate dihydrate), but the
applied chemical synthesis methods for the other phases have similar
disadvantages, and the transformation temperature to pure p-CPP is
>800 °C [7,8,13]. It is a major challenge in the synthesis of calcium
pyrophosphates as large pyrophosphate anions have low diffusion
mobility; they need high temperature formation as well as a long
duration of sintering/calcination. The concerning economic and envi-
ronmental aspects related to energy consumption engendered the
development of synthesis methods for these kinds of functional mate-
rials at lower temperatures [25-27].

So far, no synthesis method has been reported that does not need any
post-heat treatment to form the f-CPP. We attempted to realize this via
using liquid flame spray (LFS) synthesis method. LFS is an ultra-short
synthesis time method that is scalable, reproducible, continuous,
adjustable, and relatively low-cost [28-31]. LFS process is a flame-based
aerosol synthesis method, able to generate single component micro-and/
or nanoparticles. A solution consisting of precursor liquid in water/
ethanol solution is sprayed into a turbulent, high temperature Hy/O2-
flame [32]. The precursor solution is atomized by one of the gas flows
into droplets that go through liquid-to-solid reactions or evaporate, to be
chemically converted and nucleated into micro-and/or nanoparticles.
Eventually, an aerosol mixture of micron-and/or nano-sized particles is
formed with a continuous throughput in the order of (milli)grams per
minute (depends on nozzle size and feeding rate of the precursor solu-
tion) and can be collected as a powder after the flame.

The present communication deals with an ultra-fast, convenient, and
continues one-step synthesis of nanocrystalline single-phase -CasP>0;
powder by LFS method without using any kind of post-heat treatment.
Furthermore, the effect of precursors ratio on structural properties of the
flame-made particles are investigated.

2. Materials and methods

Calcium nitrate tetrahydrate (Ca(NO3)2-4H20, Merck) and ammo-
nium phosphate dibasic ((NH4)2HPO4, Sigma-Aldrich) were used as the
precursors of Ca and P, respectively, with different molar ratios. The
former one was dissolved in ethanol, and the letter one was dissolved in
deionized water. After that, Ca and P solutions were mixed and stirred
for 15 min, then the precursor solution was fed into a turbulent Hy/O2-
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flame with 2 ml/min feeding rate. Thereafter, generated aerosol parti-
cles were collected directly from the gas flow as a powder with an
electrostatic precipitator described by Sorvali et al. [33-35]. The vol-
ume ratio of water to ethanol was adjusted 3/2, and total concentration
of the precursors was fixed at 0.4 M for all samples. The Hy (combustion
gas) and O (atomizer) gas flow rates were adjusted to 20 1/min and 10
1/min, respectively. Besides, a 5 1/min flow rate of N, gas was added
between them to push the flame further from the burner head. The gases
were introduced through annular rings of a liquid flame spray burner
which was earlier described and referred to as KP burner by Aromaa
et al. [30].

The collected samples were named CPP-1.0, CPP-1.3, and CPP-1.5, as
the molar ratio of Ca/P was adjusted to 1.0, 1.3, and 1.5, respectively.
They were characterized by X-ray diffraction (XRD, CuKa radiation, 20
range of 10-80° with step size of 0.026°) using a Panalytical Empyrean
multipurpose X-ray diffractometer (PANalytical B.V.). In addition, a
field-emission scanning electron microscope (FE-SEM, Zeiss Crossbeam
540) with an energy-dispersive X-ray spectrometer (EDS, Oxford In-
struments XMax" 80) and a high-resolution (scanning) transmission
electron microscope (HR-(S)TEM, JEOL JEM-F200, operating at 200 kV)
with a Jeol Dual EDS were used to characterize the samples. Nj
adsorption-desorption isotherms of the samples were acquired by a
Micropore Gas Adsorption Analyzer (Micromeritics 3Flex 3500, at
—196 °C). Besides, the specific surface area (SSA) was measured by the
Brunauer-Emmett-Teller (BET) method using the data in the relative
pressure range of 0.06-0.30. Moreover, the thermal decomposition
behavior of the collected powders was evaluated with Simultaneous
Thermal Analysis (STA (TGA (Thermogravimetric Analysis) — DSC
(Differential Scanning Calorimetry)), Netzsch STA 449 F3 JUPITER) in
the range of 30-1400C degree with a 10 °C/min heating rate.

3. Results and discussion

The XRD patterns of the synthesized samples are presented in Fig. 1.
The CPP-1.0 XRD pattern peaks accurately match only the reference
XRD data of 8-CPP (96-100-1557), so it can be assessed that single-phase
-CPP has been successfully synthesized. In addition, as can be revealed
by comparison of the CPP-1.0 and CPP-1.3 patterns in Fig. 1a, the po-
sitions of the pattern peaks of the samples correspond to each other.
There are two weak background humps in the XRD pattern of all sam-
ples, the first one at ~30° and the latter one at ~45° that indicate
amorphous calcium phosphate (ACP, CayHy(PO4),:-nH20, 3 < n < 4.5,
1.2 < Ca/P ratio < 2.2) [36,37]. However, these background humps can
also be a result of overlapping peaks that are wide due to nanoscale
crystallites. The mean crystallite sizes of the CPP-1.0 and CPP-1.3 were
calculated as 46.3 and 39.5 nm, respectively, by size-strain plot (SSP)
method [25]. As the XRD pattern of the samples has many overlapped
peaks at high angles, the SSP method should be the most accurate
method over other methods such as Williamson-Hall (W-H) [38,39].
However, the mean crystallite size of the samples was also calculated by
W-H as 49.5 and 46.9 nm for CPP-1.0 and CPP-1.3, respectively, which
supports the SSP results.

As can be seen in Fig. 1a, the intensity counts of the mentioned
background humps have risen with an increasing ratio of Ca/P from 1.0
(CPP-1.0) to 1.3 (CPP-1.3). Therefore, there could be some amorphous
particles in CPP-1.3. Hence, raising the ratio of Ca/P from 1.0 can cause
the ACP to form as its Ca/P ratio is >1.2. Raising the Ca/P ratio to 1.5
changed the XRD pattern completely, and many other phases appeared,
such as brushite (CaHPO4-2H50, 96-900-7309), monetite (CaHPO4,
96-210-6185), tricalcium phosphate (TCP, Ca3P208, 96-900-5866),
and HA (Ca5013P3, 96-901-4314), as can be revealed in Fig. 1b for
CPP-1.5. It is worth mentioning that, by heating the sample at 200 °C (H-
CPP-1.5) some of brushite peaks disappeared and the intensity of some
others obviously decreased which are indicated by blue solid-and
dashed-line arrows, respectively, in Fig. 1b. Thus, brushite phase
evaporated and/or transformed into another phase, which is in good
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Fig. 1. XRD patterns of the synthesized samples.

agreement with the STA analysis of CPP-1.5. TGA curve of CPP-1.5 has
—1.3% weight loss before 200 °C, where a weak endothermic effect
appeared in its DSC curve, as shown in the inset panel in Fig. 2.
Therefore, structural water in brushite evaporated before 200 °C, and a
phase transformation occurred, as was revealed by the XRD analysis.
Besides, additional higher weight losses (—9.08% and then —3.22%) are
caused by increasing the temperature to around 500 and then 715 °C,
which correspond with exothermic and endothermic effects in DSC
analysis, respectively. These can be due to phase formations of y-CPP
and then B-CPP at 500 and 715 °C, respectively, that are in good
agreement with literature [7,8]. Likewise, the weight losses are illus-
trated in the TGA curve of CPP-1.3, but they are weaker than for the
CPP-1.5 one, so the amount of ACP in CPP-1.3 powder should not be

very high. On the other hand, there are not any sharp weight losses in
the mentioned areas for CPP-1. The total weight loss is around —2%, as
can be seen in Fig. 2. This indicates a good thermal stability for the
flame-made p-CPP powder. There is a sharp endothermic effect in DCS
curves (~1300 °C) after a strong descent that started gradually around
800 °C. Therefore, the phase transformation from p to o could occur
around 1300 °C similar to results of other researchers [18,40].

The Ny adsorption-desorption isotherms of the samples are shown in
Fig. 3a. According to the IUPAC classification [41], there is a type Hs
hysteresis loop without any limiting adsorption at high P/Pgy in the
isotherms of the CPP-1.3 and CPP-1.5, while the loop is much smaller for
the CPP-1. The mentioned hysteresis loop illustrates aggregated plate-
like particles possessing slit-shaped pores. The SSA of CPP-1.3 and
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Fig. 2. TGA and DSC curves of the collected powders.

CPP-1.5 was measured as 23.3 and 15.5 mz/ o respectively, from their

BET plot (Fig. 3b). Moreover, CPP-1.0 SSA was calculated as high as 61.9
m2/g, while researchers using other methods to synthesize -CPP have

reported <29 mz/g [7,14,15].

Fig. 4 presents SEM and TEM micrographs of the samples with HR-
TEM images of their nanoparticles, as well as their electron diffraction
patterns. As can be seen in Fig. 4(a-c), the CPP-1.3 and CPP-1.5 particles
are mostly aggregated plate-like particles, while for CPP-1, most of the
B-CPP particles are spherical. The SEM images support the above-
discussed results of the isotherms. Thus, LFS has another advantage
over other methods in addition to the high SSA since spherical particles
are often favored in many bio-applications [42,43]. To the best of our
knowledge, -CPP forms plate-like particles during synthesis process of
other methods, as CPP particles have an anisotropic nature
[7-10,17-21]. The CPP particles go through the phase transformation
from brushite crystals, which results in plate-like particles, as the
reference XRD pattern of brushite has a main peak at low angles which

has high intensity in comparison with other peaks [44]. Therefore, the
subsequent phases (such as y-CPP and then B-CPP) tend to preserve the
morphological features and form plate-like particles as well. On the
other hand, the fast thermodynamic uniform growth of all crystal facets
in the gas phase in the high-temperature flame can directly cause the
formation of spherical and/or near-spherical -CPP particles. In addi-
tion, B-CPP synthesized particles have different porous structures with
varying pore sizes, as can be seen in Fig. 4(d and g), resulting in the high
SSA. Lots of nanosized particles could be synthesized by LFS have been
seen on the surface of spherical particles, as has been illustrated in the
TEM (Fig. 4j) and high magnification SEM images (Fig. 4(g and e)) for
the CPP-1.0 and CPP-1.3. In addition, they can be seen on the surface of
the plate-like particles (Fig. 4f). Therefore, B-CPP nanoparticles can be
synthesized by the LFS method, and with adjustment of the synthesis
parameters, the fraction of nanoparticles could be increased in our
future work. Applying different aerosol methods using size segregation
might also enable the collection of a specific size range [45].

As Fig. 4(h and k) show, most of the synthesized nanoparticles are
approximately 10 nm in diameter with the B-CPP crystalline phase
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Fig. 4. (a-g) SEM and (h-1) TEM micrographs with the HR-TEM images of the corresponding nanoparticles of the samples.

because their lattice fringe distances, and electron diffraction pattern are nanoparticles of CPP-1.5 are more strongly aggregated, and there are
in good agreement with the XRD results. In addition, there could be fewer lattice fringes. That can also be due to presence of different phases,
some amorphous nanoparticles in CPP-1.3, as no lattice fringes could be and thus overlapping of their lattice fringes.

seen for a few nanoparticles. As can be seen in Fig. 4(i) and (1), the Fig. 5 illustrates that synthesized CPP-1.0 and —1.3 micro-and

Fig. 5. a-d) SEM-EDX mapping images of the CPP-1.0. e) Dark-field STEM image of a CPP-1.0 nanoparticle, which is located on a bigger particle, with its EDX
analysis. f-h) Bright-field STEM micrographs of CPP-1.3 nanoparticles, and their corresponding EDX line-scan.
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nanoparticles consist only of evenly distributed Ca, O, and P. Besides,
the ratio of Ca/P is almost equal to 1 in the EDX analysis of the CPP-1.0
nanoparticle (Fig. 5e). Moreover, for CPP-1.3 nanoparticles, the P
element EDX line profile follows the Ca profile for different nano-
particles in the scanned line (Fig. 5h).

4. Conclusions

All in all, we have shown in this study that it is possible to generate
single-phase nanocrystalline p-CPP micro-and nanoparticles by LFS
without post-heat treatment. In general, we believe that flame synthesis
offers a convenient way to generate applicable CP materials for various
applications.
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