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trolled preparation of a-
CaSO4$0.5H2O from phosphogypsum in potassium
tartrate aqueous solution†

Xiangbin Sun,a Genlei Zhang *ab and Peng Cui*a

In this study, a simple and efficient strategy is developed to synthesize rod-shaped a-CaSO4$0.5H2O

crystals with tunable aspect ratio from industrial phosphogypsum only in potassium tartrate aqueous

solution at a low temperature. Industrial phosphogypsum can be effectively converted into rod-shaped

a-CaSO4$0.5H2O crystals with the assistance of potassium tartrate, and the aspect ratio of a-

CaSO4$0.5H2O crystals gradually decreases from 52 : 1 to 1 : 1 with increasing the concentration of

potassium tartrate. The formation process of the rod-shaped a-CaSO4$0.5H2O crystals in this system

involves the dissolution of CaSO4$2H2O and nucleation of a-CaSO4$0.5H2O crystals. The tartrate ions

from potassium tartrate in this system preferentially bind to (001) and (002) facets of a-CaSO4$0.5H2O

crystals, inhibiting the growth of a-CaSO4$0.5H2O crystals along the c-axis and controlling its

morphology and aspect ratio.
1 Introduction

Industrial phosphogypsum (I-PG) is mainly composed of
calcium sulfate dihydrate (CaSO4$2H2O) and it is the main
byproduct of the production process of phosphoric acid.1–3

Annual emissions of I-PG around the world have exceeded one
billion tons over the last three years and the huge amount of I-
PG not only occupies farmland but also causes severe pollution
of the surrounding environment.3 In recent years, high-value
utilization of I-PG has drawn signicant attention and so far,
the most effective way to achieve high-value utilization of I-PG is
to produce a-calcium sulphate hemihydrate (a-
CaSO4$0.5H2O).4–6

To date, methods for preparing a-CaSO4$0.5H2O crystals
from CaSO4$2H2O mainly include autoclave hydrothermal,7–10

atmospheric salt solution,11–14 reverse microemulsion15 and
alcohol–water solution.16–18 The autoclave hydrothermal
method involves high temperature (usually above 120 �C) and
certain pressure,19,20 which are not conducive to industrializa-
tion. Whereas the crystallization temperature of a-CaSO4-
$0.5H2O crystals can be signicantly decreased in salt solutions
with high concentration by atmospheric salt solution
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hemistry 2019
method.21–23 However, the high-concentration salt solutions can
lead to serious equipment corrosion.24,25 The reverse micro-
emulsion and alcohol–water strategies that require a large
amount of surfactants such as CTAB, SDS and organic alcohols
such as ethylene glycol and glycerine.26,27 Although these
surfactants and organic alcohols are advantageous for the
synthesis of a-CaSO4$0.5H2O crystals with various morphol-
ogies and sizes, the close adsorptions to the surface of a-
CaSO4$0.5H2O crystals cause great trouble for subsequent
separation and cleaning. Therefore, the exploration of simple,
low-cost and environmentally friendly crystal transformation
method is one of the research hotspots of the high-value utili-
zation of I-PG.

The prepared a-CaSO4$0.5H2O crystals are wildly used in
construction industry, special binder, 3D print and medical
materials.28–39 Mechanical strength is one of the most important
properties for a-CaSO4$0.5H2O crystals that we pay more
attention to, which is closely related to the crystal
morphology.40,41 Presently, other crystal structures of a-CaSO4-
$0.5H2O crystals besides 1D structure have rarely been re-
ported.4 And the 1D a-CaSO4$0.5H2O crystals with a lower
aspect ratio (length-to-diameter) have better mechanical
strength than these with higher one.42 To control the aspect
ratio of 1D a-CaSO4$0.5H2O crystals, various crystallization
(synthetic) methods have been proposed.43,44 The a-CaSO4-
$0.5H2O whiskers can be obtained by autoclave hydrothermal
method in the presence of Mg2+, but its aspect ratio cannot be
efficiently controlled and the reaction temperature up to
150 �C.9,18 Rod-shaped a-CaSO4$0.5H2O crystals were success-
fully produced from ue gas desulfurization in Ca(NO3)2 solu-
tion and its size could be signicantly controlled via adjusting
RSC Adv., 2019, 9, 21601–21607 | 21601
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the Ca(NO3)2 concentration.42 However, regardless of the size of
the rod-shaped a-CaSO4$0.5H2O crystals, its aspect ratio
remained unchanged. Although CaSO4$2H2O crystals can be
easily converted into a-CaSO4$0.5H2O crystals with 1D structure
in many inorganic salt systems, the aspect ratio of the obtained
a-CaSO4$0.5H2O crystals cannot be effectively regulated without
any other organic modiers. Using organic acid as the modi-
ers, rod-shaped a-CaSO4$0.5H2O crystals with different aspect
ratios were successfully synthesized in CaCl2 aqueous solution
containing a large amount of glycerol.14,45 What is more, a-
CaSO4$0.5H2O crystals having a controlled aspect ratio was
obtained employing surfactants such as CTAB and SDS as
modiers.15,27 However, the adjustable range of the aspect ratio
is small, and the use of a large amount of surfactants brings
great difficulty to the subsequent cleaning and purication
work.

In this study, a simple, eco-friendly, and efficient route was
developed to synthesize rod-shaped a-CaSO4$0.5H2O crystals
with different aspect ratios in potassium tartrate (PT) aqueous
solution. The conversion process and mechanism of the rod-
shaped a-CaSO4$0.5H2O crystals were investigated. The selec-
tive use of PT was demonstrated to be vital for the aspect ratio of
the obtained rod-shaped a-CaSO4$0.5H2O crystals, and as its
concentration increased, the aspect ratio of a-CaSO4$0.5H2O
crystals gradually decreased. The preferential adsorption of PT
on the (001) and (002) facets of the obtained a-CaSO4$0.5H2O
crystals inhibited the growth of the crystal along the c-axis, and
thereby realized the control of the aspect ratio.
2 Experimental
2.1 Materials

The I-PG was obtained from Anhui Liuguo Chemical Co. Ltd,
Anhui Province, China. Analytical reagent grade of sulfuric acid
(H2SO4), potassium tartrate (PT) and ethanol were all purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
PT aqueous solutions with different PT concentrations were
prepared using puried water.
2.2 Preparation of rod-shaped a-CaSO4$0.5H2O crystals

Pretreatment of I-PG. 50 g of the I-PG was initially immersed
in 100 mL of 1 M H2SO4 aqueous solution at 80 �C for 1 h. Aer
the solution was then cooled down to room temperature, the
grayish white precipitate was collected by repeated centrifuga-
tion and washed with puried water to obtain the H2SO4-treated
I-PG.

Preparation of the rod-shaped a-CaSO4$0.5H2O crystals.
40 mL of 50 mM PT aqueous solution was rst added into
a 250 mL three-necked ask equipped with a reux condenser
and preheated to 90 �C in an oil bath. Then, 10 g of the H2SO4-
treated I-PG obtained in the above experimental procedure was
added into the three-necked ask under stirring at a constant
rate of 100 rpm, and followed with continuous heating to 98 �C.
The mixed solution was kept at 98 �C for 6 h while stirring was
constant. Aer the completion of the reaction, the slurry was
withdrawn and ltrated immediately, washed with puried water
21602 | RSC Adv., 2019, 9, 21601–21607
and absolute ethanol before drying at 60 �C for 4 h in an oven. For
comparison, different samples were prepared in the same
procedure with different PT concentrations (20mM, 100mM and
200 mM) and reaction times (0.5 h, 1 h, 2 h and 4 h).
2.3 Characterizations

The X-ray uorescence spectroscopy (XRF) used in this study
was consisted of a 40 kV X-ray tube with a Rh anode target
excitation source (Shimadzu; Japan). The scanning electronic
microscopy (SEM) images were taken out by using a SU8020
scanning electron microscope (Hitachi; Japan) with an accel-
erating voltage of 10 kV. The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) equipped with
selected area electron diffraction (SAED) were performed using
JEOL 2100F microscope (JEOL; Japan) operated at 200 kV. The
energy dispersive X-ray spectroscopy (EDS) analysis was con-
ducted using the TEM to identify the elemental composition of
samples. The X-ray diffraction (XRD) spectra were operated via
a Rigaku D/Max-2500 X-ray diffractometer (Rigaku; Japan) with
a Cu Ka radiation (l ¼ 0.15406 nm) operated at 40 kV and 80
mA. The thermogravimetry and differential scanning calorim-
etry (TG-DSC) were conducted at a heating rate of 10�C min�1

(NET-ZSCH; Germany) to distinguish a-CaSO4$0.5H2O from the
hemihydrate phase. The Fourier transform infrared spectros-
copy (FT-IR) were recorded on (LX10-8813; USA) FT-IR spec-
trometer under the transmission scheme by using the KBr pellet
technique. The X-ray photoelectron spectroscopy (XPS) data
were recorded by ESCALAB250Xi (Thermo Scientic; USA) with
using amonochromatized Al Ka (h¼ 1486.6 eV) X-ray source. All
the spectra were corrected using C 1s signal located at
284.70 eV.
3 Results and discussion

The I-PG from Liuguo Chemical Co., Ltd. is mainly composed of
prismatic-sheet crystals with a width of 40–60 mm and a length
of 80–120 mm, and its scanning electronic microscopy (SEM)
images are shown in Fig. 1a. In addition, a large amount of ne
debris was covered on the prismatic-sheet structure, and many
impurity elements in the I-PG were detected by X-ray uores-
cence spectroscopy (XRF) and the result was recorded in Table
S1.† Fortunately, the ne debris and impurity elements in the I-
PG could be effectively removed by H2SO4 aqueous solution
while the structure and size of the prismatic-sheet crystals
remained almost unchanged, which were demonstrated by
SEM, transmission electron microscopic (TEM) and energy
dispersive X-ray spectroscopy (EDS), and the results shown in
Fig. 1b, c and S1,† respectively. To further characterize the
H2SO4-treated I-PG, we used a number of tools to analyze the
elemental distribution of the crystal and identify the structure.
The EDS elemental mapping images of the obtained H2SO4-
treated I-PG (Fig. 1d) conrmed that Ca, S and O were homo-
geneously distributed throughout the prismatic-sheet crystal.
The high-resolution TEM (HRTEM) image of the obtained
H2SO4-treated I-PG (Fig. 1e) showed that the observed d-spacing
measured from the prismatic-sheet crystal was 0.763 nm, which
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) SEM image of I-PG; (b) SEM and (c) TEM images of the
H2SO4-treated I-PG, and (d) the corresponding elemental mapping
images showing the distribution of Ca, S and O; (e) HRTEM and SAED
(inset) images and (f) XRD pattern of the H2SO4-treated I-PG.

Fig. 2 (a) SEM and (b) TEM images of the a-CaSO4$0.5H2O crystals
prepared in 50mMPT aqueous solution for 6 h; (c) XRD pattern and (d)
TG-DSC analysis of the obtained a-CaSO4$0.5H2O crystals. The inset
images in (b) show the corresponding HRTEM image of obtained
crystal.
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was close to that for the (020) facet of the CaSO4$2H2O crystals.46

The corresponding selected area electron diffraction (SAED)
image (inset in Fig. 1e) implied that the prismatic-sheet crystals
possess a special single-crystalline feature. The X-ray diffraction
(XRD) pattern of the obtained H2SO4-treated I-PG was shown in
Fig. 1f, and the main diffraction peaks at 11.66�, 20.78�, 23.41�,
29.14� and 31.18� were assigned to CaSO4$2H2O (020), (021),
(040), (041) and (�221) facets (JCPDS 33-0311),8 respectively.
Furthermore, its thermogravimetry and differential scanning
calorimetry (TG-DSC) analysis result (Fig. S2†) indicated that
the thermal stability of the H2SO4-treated I-PG was the same as
that of CaSO4$2H2O crystals.20 The above characterization
results indicated that the obtained H2SO4-treated I-PG was
CaSO4$2H2O crystals with prismatic-sheet structure.13

The morphology of the obtained crystals prepared from the
H2SO4-treated I-PG that used PT as the inducer was initially
determined by electron microscopy. Typical SEM and TEM
images of the crystals prepared in 50 mM PT aqueous solution
for 6 h are shown in Fig. 2a and b. The SEM image (Fig. 2a)
showed that the product consists of uniform rod-shaped crys-
tals with a yield approaching 100%. The average length of the
as-prepared rod-shaped crystals is about 88 mm (Fig. 2a) with
a width of about 9 mm (Fig. 2b), that is, its aspect ratio is about
10 : 1. The HRTEM image (inset in Fig. 2b) of the crystal showed
that the observed d-spacing were 0.598 nm and 0.344 nm,
closing to that for (002) and (020) facets of a-CaSO4$0.5H2O,
This journal is © The Royal Society of Chemistry 2019
respectively.44 The XRD pattern of the as-prepared rod-shaped
crystals was shown in Fig. 2c, and the main diffraction peaks
at 14.91�, 25.61�, 26.82�, 29.77� and 31.52� were assigned to
(200), (020), (�121), (400) and (204) facets of CaSO4$0.5H2O
crystals (JCPDS 41-0224), respectively.41 The thermogravimetry
and differential scanning calorimetry (TG-DSC) analysis of the
obtained rod-shaped crystals was shown in Fig. 2d. The TG
curve of the as-prepared rod-shaped crystals showed a 6.27%
weight loss between 100 �C and 500 �C, which is consistent with
the H2Omass fraction in CaSO4$0.5H2O crystals.5 Moreover, the
endothermic peak appearing at 128.5 �C on the DSC curve also
conrmed that the as-prepared crystals may be composed of
CaSO4$0.5H2O crystals.20 The XRD and TG-DSC results indicate
that the as-prepared rod-shaped crystals are CaSO4$0.5H2O
crystals. It is well known that there are two types of CaSO4-
$0.5H2O crystals, namely a-CaSO4$0.5H2O and b-CaSO4$0.5H2-
O, and an exothermic peak at 154.9 �C on the DSC curve
indicates that the as-prepared CaSO4$0.5H2O crystals are a-
CaSO4$0.5H2O crystals.4,47

To gain in-depth understanding of the conversion mecha-
nism of the prismatic-sheet CaSO4$2H2O crystals to rod-shaped
a-CaSO4$0.5H2O crystals, the conversion process was carefully
investigated by collecting the SEM images (Fig. 3) of the inter-
mediates at different reaction time. As shown in Fig. 3a of the
intermediates obtained aer the 0.5 h synthesis, a large amount
of convex/concave regions (the yellow dotted area in Fig. 3a) and
small particles (the yellow circles in Fig. 3a) with the diameter of
less than 0.2 mm on the surface of the prismatic-sheet crystals
could be observed. The XRD information of the intermediate
(the black spectrum in Fig. 3e) indicated that the dissolution
and nucleation behaviors of CaSO4$2H2O crystals occurred at
this stage. As the reaction prolonged to 1 h, small particles with
the diameter of less than 3 mm and a small proportion of short
rod crystals appeared at the convex/concave regions (Fig. 3b).
And at this point, it was learned from the XRD pattern (the
purple spectrum in Fig. 3e) that part of the CaSO4$2H2O crystals
RSC Adv., 2019, 9, 21601–21607 | 21603
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Fig. 3 SEM images of the intermediates of rod-shaped a-CaSO4-
$0.5H2O crystals intermediates obtained after proceeding the reaction
for (a) 0.5, (b) 1, (c) 2, and (d) 4 h; (e) XRD patterns of corresponding
intermediates.

Fig. 4 SEM images of samples that prepared in PT aqueous solution
with different PT concentrations: (a) 0 mM, (b) 20 mM, (c) 50 mM, (d)
100 mM and (e) 200 mM; (f) XRD patterns of the corresponding
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has been converted to a-CaSO4$0.5H2O crystals. When the
reaction time proceeded to 2 h, the initial prismatic-sheet
CaSO4$2H2O crystals were entirely consisted with rod-shaped
crystals (Fig. 3c), and this intermediate is mostly consisted of
a-CaSO4$0.5H2O crystals (the yellow XRD spectrum in Fig. 3e).
Further extension of reaction time to 4 h, the rod crystals in
Fig. 3c were detached from its nucleation region and eventually
evolved into a structurally intact uniform rod-shaped a-CaSO4-
$0.5H2O crystals (Fig. 3d and the green XRD spectrum in
Fig. 3e). This time-dependent morphological changes suggest
an attached process of the formation of rod-shaped a-CaSO4-
$0.5H2O crystals, where it started from the dissolution of the
CaSO4$2H2O crystals and the initial form of small particles,
then gradually grew into short rod-shaped crystals and nally
lead to the uniform rod-shaped a-CaSO4$0.5H2O crystals
(Fig. 2a).

In this study, the prismatic-sheet CaSO4$2H2O crystals was
successfully converted into rod-shaped a-CaSO4$0.5H2O crystals
in PT aqueous solution. However, we found that there were no
changes on the morphology and physicochemical properties of
the prismatic-sheet CaSO4$2H2O crystals when the PT was
absent, and as shown in Fig. 4a and the XRD pattern in Fig. 4f.
21604 | RSC Adv., 2019, 9, 21601–21607
That is, the PT used as crystallize modier in the formation of
rod-shaped a-CaSO4$0.5H2O crystals. As combining indicated by
Fig. 4b and f, the yield of the rod-shaped a-CaSO4$0.5H2O crystals
increased substantially when the PT was present. Surprisingly,
the length and aspect ratio of the rod-shaped a-CaSO4$0.5H2O
crystals were depended on the concentration of PT, as shown in
Fig. 4b–e, when the concentrations of PT were 20 mM, 50 mM,
100 mM and 200 mM, respectively, the lengths of the obtained
rod-shaped a-CaSO4$0.5H2O crystals were 105 mm, 88 mm, 33 mm
and 21 mm, and the corresponding widths were 2 mm, 9 mm, 11
mmand 20 mm in turn. That is, the aspect ratios of the rod-shaped
ones were about 52 : 1, 10 : 1, 3 : 1 and 1 : 1, respectively
(Fig. S3†). In addition, the rod-shaped a-CaSO4$0.5H2O crystals
also could be obtained while used NaCl instead of PT, but its
aspect ratio could not be effectively regulated via the concentra-
tion of NaCl (Fig. S4 and S5†). The EDS elemental mapping
images of the obtained rod-shaped a-CaSO4$0.5H2O crystals
(Fig. 5a) conrmed that carbonaceous species were adsorbed
onto the surface of the a-CaSO4$0.5H2O crystals, which was also
conrmed by the difference between the fourier transform
infrared spectroscopy (FT-IR) spectra of the pure a-CaSO4$0.5H2O
crystals and the obtained rod-shaped a-CaSO4$0.5H2O crystals in
this work (Fig. 5b). As shown in Fig. 5b, three adsorption peaks at
1584 cm�1, 1404 cm�1 and 1385 cm�1 in the FT-IR spectrum of
the obtained a-CaSO4$0.5H2O crystals (blue curve in Fig. 5b)
should be assigned to the asymmetric and symmetric stretching
vibrations of –COO–,44,48 and the three peaks were all shied to
lower wavenumbers as compared with those in the FT-IR spec-
trum of PT. This result indicated that tartrate ions from PT were
samples.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Elemental mapping images of the obtained rod-shaped a-
CaSO4$0.5H2O crystals prepared in 50 mM PT aqueous solution; (b)
FT-IR spectra of PT, pure a-CaSO4$0.5H2O crystals and the obtained
crystals; (c) C 1s and Ca 2p XPS spectra of PT, pure a-CaSO4$0.5H2O
and obtained crystals.

Fig. 6 Molecular model of the obtained rod-shaped a-CaSO4-
$0.5H2O crystals (a) 3D model (2 � 2 � 2 supercell) along the c-axis
direction and (b–d) facet slicemodels: (b) (001) and (002), (c) (200) and
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absorbed on the surface of the obtained a-CaSO4$0.5H2O crys-
tals. The adsorption behavior of PT was also illustrated by X-ray
photoelectron spectroscopy (XPS). Compared to the C 1s XPS
spectrum of pure a-CaSO4$0.5H2O in Fig. 5c, two new signal
peaks appeared at around 288.41 eV and 286.41 eV in the C 1s
XPS spectrum of the obtained a-CaSO4$0.5H2O crystals, which
should be assigned to the C]O and C–OH groups.14 This clearly
indicated the adsorption of PT on the obtained a-CaSO4$0.5H2O
surfaces considering the similarity of the C 1s XPS spectra of the
obtained a-CaSO4$0.5H2O and PT. However, the C 1s peaks of
C]O and C–OH groups in the obtained a-CaSO4$0.5H2O were
positively shied about 0.25 eV as compared with that in PT,
implying that the existence of the electronic effect between
tartrate groups and Ca atoms.49–51 Furthermore, this speculate
was also determined by the negative shi of the Ca 2p XPS peaks
of the obtained a-CaSO4$0.5H2O comparing to that of the pure a-
CaSO4$0.5H2O in Fig. 5c.52–54 One of the reasons for the depen-
dence of the aspect ratio of the rod-shaped a-CaSO4$0.5H2O
crystals on PT may be related to the preferential adsorption of PT
on the crystal surfaces, which is caused by the difference in the
properties of the rod-shaped a-CaSO4$0.5H2O facets.
This journal is © The Royal Society of Chemistry 2019
The molecular structure of the rod-shaped a-CaSO4$0.5H2O
crystals deduced by Material Studio 5.0 soware55 was shown in
Fig. 6. The 3D model of the a-CaSO4$0.5H2O along the c-axis
direction in Fig. 6a was derived a 2 � 2 � 2 supercell molecular
structure model (a ¼ 12.0275 Å, b ¼ 6.9312 Å, c ¼ 12.6919 Å),
while the facet models in Fig. 6b–d were the top-view charts of
(001), (002), (200), (400), (020), and (020) facets cut from the 3D
model, ignoring the thickness of the facets. The 3D model in
Fig. 6a showed that the obtained rod-shaped a-CaSO4$0.5H2O
was consisted of –Ca–SO4–Ca–SO4–Ca– chains (partial structure
of –Ca–SO4–Ca– chain in Fig. S6†), where every S atom was
covalently bonded to the four O atoms. The distribution of Ca, S,
O and H on different facets of the rod-shaped a-CaSO4$0.5H2O
crystals were displayed in Fig. 6b–d, and the corresponding
statistical results were listed in Table 1. The data in Table 1
showed that the distribution densities of Ca atoms on (001),
(002), (200), (400) and (020) facets were 0.0900, 0.0900, 0.0568,
0.0568, and 0.0066, respectively. The denser distribution of Ca
atoms on the top facets as (001) and (002) than that on the side
facets as (200), (400) and (020) indicated that tartrate ions would
preferentially adsorb on top facets of the rod-shaped a-CaSO4-
$0.5H2O crystals, which is further demonstrated by the C
element content of the side and top facets of a-CaSO4$0.5H2O
crystals (Fig. S7†). The preferential adsorption of tartrate ions
reduced the specic surface energy of (001) and (002) facets, and
led to an increased exposure of the two facets in the rod-shaped
a-CaSO4$0.5H2O crystals, which hindered the crystal growth
along the c-axis and reduced the exposure of (200), (400) and
(020) side facets.12 Consequently, the length and width of the a-
CaSO4$0.5H2O crystals gradually decreased and increased as
the concentration of PT increased, respectively. Hence, using PT
(400), (d) (020).
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Table 1 Distribution of Ca, S, O and H on different facets of the rod-
shaped a-CaSO4$0.5H2O crystals

Facets Element Vertex (1/8) Edge (1/4) Surface (1/2) Density/(Å2)

Ca 0 3 0 0.0900
(001) S 0 0 0 0
(002) O 0 2 8 0.0540

H 0 0 2 0.0120
Ca 2 1 0 0.0568

(200) S 0 0 2 0.0114
(400) O 0 2 0 0.0057

H 0 0 0 0
(020) Ca 4 2 0 0.0066

S 0 0 0 0
O 0 0 10 0.0328
H 0 0 2 0.0066
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as a crystal modier could effectively tune the aspect ratio of the
rod-shaped a-CaSO4$0.5H2O crystals in H2O.
4 Conclusions

Summary, we have developed a simple and eco-friendly strategy
for the synthesis of rod-shaped a-CaSO4$0.5H2O crystals having
a tunable aspect ratio from the industrial phosphogypsum in
potassium tartrate aqueous solution. The selective use of
potassium tartrate was demonstrated to be vital for the forma-
tion of rod-shaped a-CaSO4$0.5H2O crystals. Once the potas-
sium tartrate was present, the industrial phosphogypsum could
be successfully converted into rod-shaped a-CaSO4$0.5H2O
crystals at a lower temperature. As the potassium tartrate
concentration increased from 20 mM to 200 mM, the crystals
length decreased from 105 mm to 21 mm, and corresponding
aspect ratio decreased sharply from 52 : 1 to 1 : 1. The process
of the formation of the rod-shaped a-CaSO4$0.5H2O crystals was
explored and discussed, where it started from the dissolution of
the CaSO4$2H2O crystals and the initial form of small particles,
then gradually grew into short rod-shaped crystals and nally
lead to the uniform rod-shaped a-CaSO4$0.5H2O crystals. The
preferential adsorption of tartrate ions on the top facets of a-
CaSO4$0.5H2O crystals as (001) and (002) inhibit the growth of
the crystal along the c-axis, and thereby realized the regulation
of a-CaSO4$0.5H2O crystals aspect ratio. We expect our study
will provide a new idea for the recycling of industrial
phosphogypsum.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work is nancially supported by Natural Science Founda-
tion of China (21806065) and Doctoral Special Research Foun-
dation of HFUT (JZ2018HGBZ0122 and JZ2018HGBZ0087). We
also thank the support from Anhui Province Key Laboratory of
Advanced Catalytic Materials and Reaction Engineering (45000-
21606 | RSC Adv., 2019, 9, 21601–21607
411104/007) and Anhui Liuguo Chemical Co. Ltd
(W2018JSKF0563).

References

1 P. M. Rutherford, M. J. Dudas and R. A. Samek, Sci. Total
Environ., 1994, 149, 1–38.

2 T. Hanan, C. Mohamed, F. A. López, F. J. Alguacil and
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