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ABSTRACT: As one of the important bone regeneration
materials, α-calcium sulfate hemihydrate (α-CSH) has
attracted widespread attention. In this study, a facile method
was developed to prepare α-CSH with low aspect ratio via
high-gravity continuously reactive precipitation of a calcium
sulfate dihydrate (CSD) precursor, using ethanol as a
morphology modifier in a rotating packed bed (RPB) reactor,
combined with CaCl2 salt solution method under atmospheric
pressure with the addition of citric acid with a low
concentration (0.06 wt %). The precipitation time of CSD
powders in the RPB was dramatically shortened from 30 min to 1 s, and the precursor exhibited more regular short rod shapes
and much smaller size, compared to that obtained in a conventional stirring tank reactor (STR). Furthermore, calcium sulfate
bone materials with high stability and good mechanical property were prepared by mixing α-CSH and normal saline with a
liquid−solid ratio of 0.6. The RPB products had a higher compressive strength (2−3 times) than the STR counterpart.

1. INTRODUCTION

Calcium sulfate (CS), which is a very important industrial
material, usually exists in three forms, including anhydrite
(CaSO4, CSA), hemihydrate (CaSO4·0.5H2O, CSH (α-CSH
and β-CSH)), and dihydrate (CaSO4·2H2O, CSD).

1−3 Among
them, much attention has been given to α-CSH, because it has
gained more applications in orthopedic and dental fields,
including bone cement, bone graft substitutes, and scaffolds for
delivering growth factors for osseous regeneration.4−6 The
performance of α-CSH is closely associated with the size and
the morphology of crystals. It is reported that α-CSH crystals
with lower aspect ratio are preferable for use in bone cement,
because they are easier to inject and have better mechanical
properties.7,8

Many strategies have been utilized to prepare α-CSH via the
direct conversion of flue gas desulfurization gypsum or calcium
sulfite hemihydrate,9−11 reverse microemulsion,8,12 ultrasound/
microwave-assisted method,13,14 and a commonly used two-
stage process, including the formation of CSD from the
reactions between sulfuric acid and lime or soluble sulfate and
calcium salt, followed by the conversion to α-CSH via
dehydration process.15−19 In the two-stage process, the
morphology and the size of the CSD precursor have significant

effects on the final α-CSH product, thereby affecting the
medical properties and the strength of calcium sulfate-based
materials.20 For the reactive precipitation process between
soluble sulfate and calcium salt, it is crucial to achieve a
homogeneous supersaturation environment quickly for the
nucleation and growth of CSD particles, which is very beneficial
to form smaller particle sizes and regular shapes.
A rotating packed bed (RPB), known as Higee apparatus, can

generate a high-gravity environment to strongly intensify the
micromixing and mass-transfer processes, thereby providing
even reaction surroundings.21−23 It is believed to be a
promising reactor for the continuous production of many
inorganic and organic ultrafine particles or nanoparticles.24−29

Compared to a conventional stirred tank reactor (STR), RPB
has many advantages, such as smaller particle size with
narrower size distribution, shorter reaction time, easier
industrialization, etc.
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In this study, a combined route of high-gravity reactive
precipitation and salt solution method under atmospheric
pressure was first employed to prepare α-CSH with a low
aspect ratio. First, CSD precursor was facilely prepared through
the reaction between Na2SO4 and CaCl2 in an ethanol/water
mixture in the RPB reactor. Ethanol was used as a morphology
modifier to control the final morphology of CSD crystals. The
CaCl2 salt solution method at atmospheric pressure with the
key addition of citric acid with a low concentration, based on a
dissolution−crystallization mechanism, was then used to
dehydrate the as-prepared CSD precusor to obtain the final
α-CSH product. In addition, a batch STR was also used to
prepare α-CSH for comparison. Furthermore, calcium sulfate
bone materials were fabricated by mixing as-prepared α-CSH
with normal saline, and the corresponding mechanical proper-
ties were also evaluated.

2. EXPERIMENTAL SECTION
2.1. Materials and Setup. Analytical reagent (AR)-grade

CaCl2, Na2SO4, citric acid, and anhydrous ethanol were
purchased from the Beijing Tongguang Fine Chemicals
Company. Deionized water was used throughout the study.
The experimental setup for the preparation of α-CSH is
schematically shown in Figure 1. The key apparatus of the
entire procedure was the RPB reactor, consisting of a packed
rotator, a fixed casing, two liquid inlets, and a suspension outlet.
The rotator had an inner diameter of 36 mm, an outer diameter
of 84 mm, and the axial length of 40 mm. The bed was filled
with stainless wire meshes with a porosity of 0.9 and a surface
area of 850 m2/m3. The packing consists of 20 layers. The
rotator was installed inside the fixed casing and rotates at an
adjustable speed. For more details about the struture of the
RPB reactor, the reader is referred to our previously published
papers.22,24,25

2.2. Preparation of α-CSH. In a typical procedure, 250 mL
of 1 mol/L CaCl2 mixed solution with different ethanol−water
volume ratios (0:3, 1:3, 2:3, 1:1, and 4:3) and 250 mL of 1
mol/L Na2SO4 solution were first prepared. Subsequently, both
solutions with a flow rate of 0.5 L/min were simultaneously
pumped into the RPB reactor with a rotating speed of 2500
rpm at room temperature. The contact and reaction times of
the reactants in the RPB reactor were ∼1 s. The precipitated
CSD precursor collected from the outlet of the RPB was
filtered, and then washed (three times with DI water and one
time with anhydrous ethanol). The filter cake was dried at 50

°C overnight to obtain CSD powder. The conversion from
CSD precursor to α-CSH product was conducted in a three-
neck flask that was equipped with a condenser for vapor reflux.
A quantity of 150 mL of 25 wt % CaCl2 solution with 0.06 wt %
citric acid additive and an initial pH value of ∼4.4 was prepared,
and then added into the three-neck flask with a vigorous stirring
in an oil bath at 95 °C. After 30 min, CSD precursor was
further added into the flask with a CSD/water mass ratio of
1:20, and the mixture was allowed to react for 4 h. When the
reaction was finished, the slurry was immediately filtered and
rinsed three times with hot water (90−95 °C) to prevent the
hydration process. Finally, the obtained filter cake was
immersed in ethanol for 1 min, filtered again, and then dried
at 100 °C for 4 h to achieve the final α-CSH product.
As a comparison, CSD precursor was also similarly prepared

in a conventional STR. Briefly, 250 mL of 1 mol/L CaCl2
aqueous solution was rapidly added into 250 mL of 1 mol/L
Na2SO4 solution under vigorous stirring. After the reaction
process lasted for 30 min, the suspension was filtered, and then
washed (three times with deionized (DI) water and one time
with anhydrous ethanol). The following salt solution treatment
at atmospheric pressure was performed in the above-mentioned
same way to obtain the final α-CSH product.

2.3. Preparation of Calcium Sulfate Bone Materials.
Calcium sulfate bone materials were fabricated by mixing the
above as-prepared α-CSH and normal saline. Briefly, α-CSH
powder was added into the normal saline to form an adhesive
paste with different liquid−solid ratios of 0.2−1.8. After
uniformly stirring, the cement slurry was filled into a cylinder
mold with a radius of 9 mm and a height of 14 mm to prepare
the sample for the measurement of mechanical properties.
Finally, the sample was solidified at 37 °C in an oven for 48 h.

2.4. Characterization. The morphology and the size of the
samples were characterized at an accelerating voltage of 10 kV
with a scanning electron microscopy (SEM) system (Model
JEOL-7800, JEOL, Japan). X-ray diffraction (XRD) measure-
ments were performed by a diffractometer (Model D8 Avance,
Bruker, Germany) equipped with Cu Kα radiation, using an
accelerating voltage of 40 kV and a current of 40 mA. The
scanning range was 5°−50°, and the scanning rate was 8°/min,
with a step size of 0.01°. A Fourier transform infrared (FT-IR)
spectrum of the sample was recorded in the wavenumber range
of 500−4000 cm−1, using a spectrometer (Model Nicolet 6700,
Nicolet Instrument Co., USA). Thermogravimetric analysis
(TGA) was carried out on a thermogravimetric/differential

Figure 1. (A) Schematic diagram of experimental setup for high-gravity reactive precipitation process (legend: (1) CaCl2 solution tank; (2) Na2SO4
solution tank; (3, 4) pumps; (5, 6) flow meters; (7) RPB reactor; (8) motor; (9) liquid outlet; and (10) outlet tank). (B) Diagram of the device used
for the salt solution method at atmospheric pressure.
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thermal analyzer (Model STA-449C, Netzsch, Germany) from
20 °C to 600 °C, using a heating rate of 10 °C/min in an Ar
atmosphere. The compressive strength of the sample was
measured by a universal material testing machine (Model XM-
SFC001, China), using a loading speed of 0.5 mm/min. Each
sample was analyzed in triplicate. The average value was
obtained.

3. RESULTS AND DISCUSSION
Figure 2 shows SEM images of CSD precursors prepared with
no addition of ethanol in the STR (Figure 2A) and in the RPB

reactor with different ethanol/water volume ratios (Figures
2B−F). There were still no obvious white precipitates in the
traditional STR after the reaction was performed for 20 s.
However, a large amount of precipitate was immediately
created after both reactants had a fast contact of ∼1 s in the
RPB reactor, indicating the huge improvement of precipitation
efficiency. After 30 min, CSD precursors produced in the STR
had an irregular thick platelike morphology, with lengths in the
range of 20−40 μm and a width of 8−10 μm (Figure 2A).
Correspondingly, the instantaneously formed CSD particles
with no addition of ethanol in the RPB reactor had relatively
uniform rodlike shapes and a much smaller size, with an average
length of 6−15 μm and a width of 1−3 μm (Figure 2B). The
above results are mainly ascribed to the fact that the fluids
passing through the porous packing in the high-speed rotating
state were intensively split into tiny droplets, thereby greatly
increasing the contact interfacial area and significantly
intensifying the micromixing of the fluid elements.27,30 This is
very beneficial to the rapid formation of a homogeneous
nucleation and reaction environment for preparing small

particles with narrow size distribution. In addition, by
comparing Figure 2B and Figures 2C−F, it could be observed
that the addition of ethanol in the RPB could further effectively
decrease the size of the CSD crystals and generate a more
uniform morphology. In particular, when the ethanol/water
volume ratio was 1:3, the length and the width of CSD particles
obviously decreased to 0.6−3 μm and 0.3−0.8 μm, reaching a
lower aspect ratio of 2−4. However, as the ethanol/water
volume ratio increased from 1:3 to 4:3, the width of particles
experienced only a slight change, but the length of particles and
the corresponding aspect ratio markedly increased to 5−15 μm
and 8−18, respectively (see Table S1 in the Supporting
Information). Such a phenomenon is complicated, but it could
be reasonably explained in terms of the following possible
mechanism. On the one hand, the addition of ethanol changes
the chemical properties of the solvent in the supersaturation of
CSD, such as the dielectric constant of the medium, ion
interattraction, and the solute−solvent interaction, as a result of
the solubility difference. This will lead to greater super-
saturation, which is beneficial to the formation of smaller
particles.3 When the ethanol/water volume ratio is further
increased to over 1:3, this action is weakened. On the other
hand, ethanol can modify the surface energies of specific crystal
planes. It is well-known that Ca2+ is coordinated by six sulfate
O atoms and two water molecules along the c-axis in CSD,
preferentially leading to anisotropic growth along the c-axis
direction.3 Therefore, CSD particles with the obviously
increased length and higher aspect ratio were thus formed,
from the increase of ethanol concentration resulting from the
increased ethanol/water volume ratio. Since the objective of
this study was to prepare α-CSH with smaller size and lower
aspect ratio, the ethanol/water volume ratio was determined as
1:3 in the subsequent investigation.
Figure 3 gives XRD patterns of CSD precursors prepared

under the optimum conditions with different reactive

precipitation processes. All peaks of three samples were
indexed corresponding to standard CSD (Joint Committee
on Powder Diffraction Standards (JCPDS) File No. 33-0311)
with the monoclinic structure, indicating a fully crystallized
CSD phase. However, the CSD precursor prepared in the RPB
had significantly weakened diffraction peaks, compared to the
CSD precursor prepared in the STR, especially in the (020),
(021), (040), and (041) lattice planes, which are mainly
ascribed to smaller particle size. Furthermore, the CSD

Figure 2. SEM images of CSD precursors prepared with no addition of
ethanol (A) in the STR and (B−F) in the RPB reactor with different
ethanol/water volume ratios (0:3 panel (B), 1:3 panel (C), 2:3 panel
(D), 1:1 panel (E), and 4:3 panel (F)).

Figure 3. XRD patterns of CSD precursors prepared under the
optimum conditions with different reactive precipitation processes.
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precursor that was prepared with the addition of ethanol in the
RPB had further weakened diffraction peaks, because of CSD
precursors with smaller size and lower aspect ratio. The above
results were in good accord with the SEM images in Figures
2A−C.
Figure 4 shows typical SEM images of α-CSH products

prepared under the optimum conditions using different reactive

precipitation processes combined with a salt solution method at
atmospheric pressure without and with 0.06 wt % citric acid
additive. In the CaCl2 solution without citric acid additive
(Figure 4A), the resultant α-CSH product transformed from
the CSD precipitate obtained in the STR had an obvious thin
platelike morphology with a length of 20−30 μm and a width of
10−15 μm. However, the as-prepared α-CSH products
transformed from the CSD precipitate obtained in the RPB
had a rodlike morphology (see Figures 4C and 4E). Moreover,
because of the addition of ethanol in the precipitation process,
the corresponding α-CSH product had a smaller particle size,
with a length of 10−15 μm and a width of 2−4 μm (see Figure
4E), as compared to that shown in Figure 4C (which had a
length of 15−35 μm and a width of 3−7 μm). This completely
indicated that the morphology and the size of CSD precursor
had a significant effect on the final α-CSH product.
Furthermore, because of the addition of citric acid, there was
a shape change for the STR product from platelike to rodlike,
and a big reduction of aspect ratio of rodlike particles for the
RPB products, which is very beneficial to the achievement of
better strength properties.7,8 Obviously, citric acid plays a very
important role in controlling the morphology and decreasing
the aspect ratio in the salt solution process, despite the addition

of such a low concentration (0.06 wt %). It is reasonable to
deduce that the interaction between citric acid and α-CSH
crystallites inhibits the crystal growth. Citric acid as a crystal
modifier can be selectively adsorbed on specific crystal planes
to alter their surface energy. Therefore, the growth rate of
planes along the c-axis slows, and the morphology of α-CSH
crystals changes from long and thin prisms to short and thick
prisms, as indicated by the contrast between the dimensions of
the products without and with citric acid (Figures 4A, 4C, and
4E and Figures 4B, 4D, and 4F). This result was similar to the
action of other reported additives, such as surfactants or
succinic acid.31−33

Figure 5 presents typical SEM images, XRD pattern, an FTIR
spectrum, and TG-DSC curves of α-CSH product prepared
under optimum conditions. Clearly, as shown in Figure 5A, the
as-prepared α-CSH particles had a short, well-crystallized
hexagon-prism shape, a length of 1−6 μm, a width of 1−2 μm,
and an aspect ratio of 1−3. The XRD pattern indicated that the
product matched well with the standard pattern of α-CSH
(JCPDS File No. 23-0128). The FTIR spectrum in Figure 5C
further confirmed the α-CSH, by the evidence of its
characteristic peaks emerging at 3610.58 and 3554.65 cm−1

(vibration of H2O groups), 1622.06 cm−1, 1153.38 cm−1,
1093.59 cm−1, 657.70 cm−1, 599.83 cm−1 (SO4

2− stretching).
Citric acid could not be detected, because of of its very tiny
amount of addition. TG-DSC curves in Figure 5D showed a
sharp endothermic peak at 150.51 °C and a corresponding
weight loss of 6.18% in the temperature range of 95−150 °C,
which was ascribed to the removal of 0.5 crystalline water
molecules from α-CSH to CSA, which was almost consistent
with the theoretical value of 6.21%, thereby proving the
presence of pure α-CSH.
After α-CSH product was achieved, calcium sulfate bone

material was further prepared by mixing α-CSH and normal
saline. The as-prepared calcium sulfate bone material still
remained unchanged and was never dispersed after immersion
in normal saline for 60 d (see Figure S1 in the Supporting
Information), well demonstrating its high stability. Figure 6
shows the effect of liquid−solid ratio on the compressive
strength of calcium sulfate bone material, and the compressive
strengths of calcium sulfate bone materials prepared with
different α-CSH samples. As shown in Figure 6A, it could be
clearly found that the compressive strength first increased and
then decreased with the increased liquid−solid ratio from 0.2 to
1.8. At a liquid−solid ratio of 0.6, the highest compressive
strength (18.37 MPa) was observed. This is because the mixing
between α-CSH and normal saline is a hydration process. It is
exothermic and can generate microbubbles. Therefore, porosity
forms in the calcium sulfate bone materials. Since the liquid−
solid ratio directly determines the porosity that is formed, a
higher liquid−solid ratio leads to more microbubbles and
higher porosity, thereby causing a decrease in the correspond-
ing compressive strength. Therefore, the liquid−solid ratio
should be properly reduced. However, with a liquid−solid ratio
that is too low, it is difficult to make α-CSH powder completely
wetting, which creates a heterogeneous porosity, thereby
decreasing the compressive strength. Therefore, the suitable
liquid−solid ratio was determined as 0.6. Figure 6B compares
the compressive strengths of calcium sulfate bone materials
prepared with different α-CSH samples based on the optimal
liquid−solid ratio. Obviously, the product from the RPB had a
compressive strength of 12.17 MPa, which was almost twice as
much as that (6.46 MPa) of the counterpart from the STR,

Figure 4. SEM images of α-CSH products prepared under the
optimum conditions using different reactive precipitation processes
((A, B) STR, (C, D) RPB, and (E, F) RPB + ethanol) combined with
a salt solution method at atmospheric pressure (panels (A), (C), and
(E) show results with no addition of citric acid; panels (B), (D), (F)
show results with the addition of citric acid).
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because of the decreased size and lower aspect ratio. With the
addition of ethanol in the RPB precipitation process, the
compressive strength of the corresponding product was further
increased by 50%, because of the smaller size and lower aspect
ratio, reaching 18.37 MPa, which was much higher than that of
non-load-bearing bone in the human body (5−8 MPa). It was
concluded that the compressive strength of calcium sulfate
bone material could be effectively adjusted by controlling the
size and the shape of α-CSH crystals, according to different
application requirements.

4. CONCLUSIONS

In this study, high-gravity reactive precipitation, combined with
a salt solution method under atmospheric pressure, was first
utilized to prepare α-CSH. The CSD precursor was facilely
prepared via the reaction of Na2SO4 and CaCl2, with the
addition of ethanol as a morphology modifier, at an ethanol/
water volume ratio of 1:3 in the RPB reactor. The CaCl2 salt
solution method at atmospheric pressure with 0.06 wt % citric
acid additive was then adopted to dehydrate the as-prepared
CSD precusor to obtain the final α-CSH product with a lower
aspect ratio and smaller particle size. The results indicated that
the RPB reactor had a greatly shortened precipitation time of
CSD powders, from 30 min to 1 s, and the as-prepared CSD
crystals had an obvious morphology change and significantly
decreased size, in comparison to conventional STR. The size of
CSD crystals could be further greatly reduced by properly
adding ethanol. The final α-CSH crystals appeared as prism-
shaped particles with a length of 1−6 μm, a width of 1−2 μm,
and an aspect ratio of 1−3. Afterward, calcium sulfate bone
materials were prepared by mixing α-CSH and normal saline at
various liquid−solid ratios. With the increase of liquid−solid
ratio, the compressive strength initially had an increase and

Figure 5. (A) SEM images, (B) XRD pattern, (C) FTIR spectrum, and (D) TG-DSC curves of α-CSH product prepared under optimum conditions.

Figure 6. (A) Relationship between the liquid−solid ratio and the
compressive strength of calcium sulfate bone material. (B)
Compressive strengths of calcium sulfate bone materials prepared
with different α-CSH samples.
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then a subsequent decrease, reaching a maximum value of 18.37
MPa at a liquid−solid ratio of 0.6. The compressive strengths of
the products from the RPB without and with ethanol were
almost two and three times greater than that of the counterpart
from the STR without ethanol. This study will provide a new
route to the facile preparation of high-quality α-CSH for bone
regeneration materials.
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