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the nucleation kinetics and
crystallization of rod-shaped CaSO4$2H2O in
aqueous solution†

Xiangbin Sun, a Xianshun Wang,a Genlei Zhang, *abc Peng Cui*a and Hao Shenc

In this study, a simple and efficient strategy is developed to synthesize rod-like CaSO4$2H2O (DH) crystals

with tunable aspect ratio in aqueous solution using Cu2+ as modifier. The aspect ratio and length of the DH

crystals are effectively reduced to 5.7 : 1 and about 35 mm in the presence of Cu2+, respectively. The

interfacial tension value (g) in the aqueous solution is improved significantly with the assistance of Cu2+,

yet the nucleation rate (J) of the DH crystal is decreased sharply. The interfacial tension value (g) in the

aqueous solution is improved and the nucleation rate (J) of the DH crystal is drastically decreased due to

the introduction of Cu2+, leading to the induction time of the DH crystallization being extended from

4 min to 25 min. The diversification of morphology for the DH crystals is incited by the changes of

nucleation kinetics and Cu2+ incorporated into the crystal lattice, affecting the crystal growth habit, and

finally controlling the growth of DH crystals in aqueous solution.
1. Introduction

Calcium sulfate is a common inorganic compound which is of
huge environmental and industrial importance. In nature, it is
present as large-scale deposits of CaSO4$2H2O (DH), CaSO4-
$0.5H2O (HH) and CaSO4 (AH),1–4 and is the source material for
the preparation of high volumes of compounds including
plaster and cement and for use in agricultural applications.5–7 In
particular, DH, as a crucial mineral, is widely used in industry
for bone tissue regeneration, as a medical carrier and in 3D-
printing.8–11 However, in addition to these highly protable
applications, undesirable DH precipitation can also induce
huge damage in industrial processes that depend on water
handling systems such as waste water treatment, desalination
plants and oil/gas production, where the accumulation of its
precipitates can seriously impede ow and reduce production
efficiency.12–14 The size, morphology and nucleation rate of DH
crystals are closely related, it is thus not surprising that
a plethora of studies focused on elucidating the nucleation and
growth mechanism of DH.15–20

Controlling the crystallization induction time (tind) and crystal
morphology of the DH crystal can be achieved by changing the
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crystallization chemistry of the system. The most effective and
widely used strategy is the introduction of soluble additives,
where these can effectively affect nucleation period and growth
processes, and resulting in variation for particle phases, sizes as
well as morphology. Numerous investigations on the inorganic
and organic additives affect the crystallization have been well
documented.21–26 Organic acids and carboxyl-rich polymers such
as fulvic acid (FA),27 sodium dodecyl sulfonate (SDS),28,29 and
polyacrylic acid (PAA)30 have been shown to be particularly
effective in inhibiting induction period for crystallization. The
mechanism of action of organic additives is mainly to complex
the active groups of organic substances or to adsorb Ca2+ in
aqueous solution, reduce the supersaturation of the system to
prolong the induction time of DH crystals, and form a shell-like
structure on the surface of the crystal. The directional migration
of Ca2+ is hindered in aqueous solution. Thus, the DH crystal
growth suppressed and formed a smaller size.

The crystallization time of the DH crystal in the aqueous
phase can be signicantly extended in the presence of inorganic
ions such as K+, Na+, Li+ and Mg2+.31,32 K+ and Na+ have little
effect on the DH product, and the DH crystal size and
morphology are basically unchanged. However, Li+ and Mg2+

can double the length of the DH crystal, but the crystal width
changes slightly compared to the blank.33 The nucleation
surface energy of the DH crystal is reduced in the presence of
Mg2+, which leads to prolonged DH crystal induction time.34

Mg2+ ionic radius is smaller than Ca2+, the XRD peak of the DH
crystal shied to higher 2q angles and the unit cell volume
decreases in presence of Mg2+, which suggested Mg2+ acts by
substituting the Ca2+ ions in the DH crystals lattice.35 Cu2+, as
a typical divalent metal cation, has been reported as an
This journal is © The Royal Society of Chemistry 2019
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inorganic additive for the regulation of HH morphology.31

However, there is few reports on the Cu2+ used as an inorganic
additive for the regulation of DH morphology and its effect in
the crystallization process has not been revealed clearly.

In this study, we developed a simple strategy for the
synthesis of controllable aspect ratio rod-shaped DH crystals,
and Cu2+ is widely signicance in controlling the morphology of
DH crystals. The inuence of dynamic parameters such as
interfacial tension values and nucleation rates were investi-
gated, the diversication of morphology for the crystallization
of DH crystals is incited by the changes of nucleation kinetics
and Cu2+ incorporated into the crystal lattice, affecting the
crystal growth habit in aqueous solution.
2. Experimental
2.1 Experimental procedure

Analytical grade chemicals used and purchased from the Sino-
pharm Chemical Reagent Co. Ltd. (Shanghai, China) in this
nucleation experiment. All crystallization tests were executed in
a 500 dm3 thermostatic double-walled glass vessel equipped
with a Teon stirrer, a cooled condenser and a Thermocouple.
The constant temperature of the reactor was stably controlled by
the oil bath circulation between the double walls and oil bath.
100 dm3 of CaCl2 solution and CuCl2 (0–20 mM) mixed with
deionized water was preheated to working temperature (70 �C)
in the reactor, and stirring constantly at 100 rpm. Equal volume
(100 dm3) of equimolar Na2SO4 was also preheated to the same
experimental temperature (70 �C), and quickly mixing it into the
reactor. Once mixed, solution was supersaturated, and as the
experiment progresses DH will be produced. At the end of each
test, the slurry was hot-ltered by a 0.45 mm cellulose
membrane, and the sample was washed three times with
boiling water and rinsed with ethanol then dried for 2 h at 45 �C
in a vacuum drying oven before further analyses.

The effect of Cu2+ on DH solubility were evaluated by
adding CuCl2 (0–20 mM) to supersaturated DH slurry, and
stirred at 70 �C for 48 hours. 1 mL of solution was ltered by
a syringe lter with a 0.45 mm cellulose membrane and
quickly diluted with deionized water in a 100 mL of volu-
metric ask for measure the concentration of Ca2+. Each
experimental set was executed three times to ensure the
accuracy of the data.
2.2 Characterization

The Atomic Absorption Spectroscopy (AAS) used in this study to
determine total Ca2+ concentration in the ltrate by AA-6300C
AAS instrument (Shimadzu; Japan). Induction time of the DH
crystals were monitored bymeasure the ionic conductivity using
a LE703 conductivity meter (METTLER TOLEDO; Switzerland).
The scanning electronic microscopy (SEM) images of DH crys-
tals were investigated using a SU8020 scanning electron
microscope (Hitachi; Japan) with an accelerating voltage of 10
kV. The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) equipped with selected area elec-
tron diffraction (SAED) were performed using JEOL 2100F
This journal is © The Royal Society of Chemistry 2019
microscope (JEOL; Japan) operated at 200 kV. The energy
dispersive X-ray spectroscopy (EDS) analysis was conducted
using the TEM to examine the chemical composition of
samples. The crystallographic characteristics of the DH crystals
were investigated utilizing powder X-ray diffraction (XRD) using
a D/max-gB X-ray diffractometer (Rigaku; Japan) with Cu Ka

radiation (l ¼ 0.15406 nm) operated at 40 kV and 80 mA. The X-
ray photoelectron spectroscopy (XPS) data of DH crystals were
recorded using a ESCALAB250Xi X-ray photoelectron spec-
trometer (Thermo Scientic; USA) with using a mono-
chromatized Al Ka (h ¼ 1486.6 eV) X-ray source.
2.3 Experimental procedure

The interfacial tension gap the supersaturated aqueous and the
crystals (g, J m�2) is a crucial factor at the rate of nucleation and
crystal growth. The interfacial tension could be estimated from
the induction time of crystals as a function of supersaturation.
Based on classical nucleation theory,36 the induction procedure
of DH nucleation, dened as the period time between the
generation of nuclei and the initial supersaturated solution
which caused changes in physical parameters. The induction
time and supersaturation correlated by the following
equation:37,38

lgðtindÞ ¼ Aþ B

ðlog SÞ2 (1)

where A is a frequency constant (dimensionless) and B is
a variable. The value of B could be obtained by plotting of lg(tind)
against lg�2(S) over a range of supersaturation ratios at 70 �C.
Respectively, the relative supersaturation (S) and the interfacial
tension (g) could be calculated by eqn (2) and (3):

S ¼ C

C*
(2)

g ¼ 2:3RT

�
B

bVm
2NAf ðqÞ

�1
3

(3)

where R is the gas constant (J mol�1 K�1) and T is the absolute
temperature (K). b is a geometric factor, the value of 16p/3 for
a spherical nucleus and 32 for a cube. Vm is the molar volume
(74.69 cm3 mol�1 for DH), NA is Avogadro's number (mol�1) and
f(q) is a correction factor for heterogeneous nucleation. When
purely homogeneous nucleation occurs, the value of f(q) is 1 and
when heterogeneous nucleation takes place it is 0.01. It has
been reported that the change in the slope of B may imply
a transformation of nucleation mechanism from homogeneous
to heterogeneous nucleation.39

The nucleation rate (J) dened as the number of nucleation
per unit time per unit volume (nuclei per m3 per s), can be
calculated from the following equation:

J ¼ F exp

"
�bg3Vm

2NAf ðqÞ
ðRTÞ3In2S

#
(4)

where F is a frequency constant and named as the pre-
exponential factor, the theoretical value is 1030 nuclei per cm3

per s.34
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3. Results and discussion

The scanning electronic microscopy (SEM) images of end-
product crystals prepared with the aid of 20 mM Cu2+ in
aqueous solution is shown in Fig. 1a, which exhibits the ob-
tained crystal in the morphology of the long rod having an
average length of 35 � 5 mm (which is shown in Fig. 2d) and an
average aspect ratio of about 5.7 : 1 (Fig. S1†). The X-ray
diffraction (XRD) pattern of the obtained crystals is shown in
Fig. 1b and the main diffraction peaks about at 11.67�, 20.79�,
23.42�, 29.16� and 31.20� are assigned to CaSO4$2H2O (020),
(021), (040), (041) and (�221) facets (JCPDS 33-0311),40

respectively.
XRD result shows that the rod-like crystals obtained is

CaSO4$2H2O in the presence of 20 mM Cu2+ and are noted as
DH-20 in this work.

Transmission electron microscopic (TEM), selected area
electron diffraction (SAED), high resolution electron micros-
copy (HRTEM) and energy dispersive X-ray spectroscopy (EDS)
have been performed to investigate the morphology and struc-
ture of DH-20 further. The TEM image (Fig. 1c) shows that
circular edge apparent in the top of the DH-20 crystal, and the
indexes of the spots in the SAED pattern (Fig. 1d) corresponding
to the orange square region in Fig. 1c indicate that the DH-20
crystal is single-crystalline.41 The fringe spacing of 0.63 nm in
the HRTEM image (Fig. 1e) corresponds to the (020) plane,
indicating the preferential growth of the DH-20 along the (020)
direction.17,19 Ca, S and O elements are homogeneously
distributed throughout the while DH-20 crystal, which is
conrmed by EDS elemental mapping images (Fig. 1f–h).
Besides, Cu signal is also detected and its distribution is similar
Fig. 1 (a) SEM images, (b) XRD pattern, (c) TEM and (d) SAED pattern
from the orange square region in (c); (e) HRTEM images of the DH-20
crystals prepared with the aid of 20 mM Cu2+ in aqueous solution and
(f–i) EDS element mapping images corresponding to (c).

36022 | RSC Adv., 2019, 9, 36020–36026
to the above three elements (Fig. 1i). The Cu signal detected in
the obtained DH-20 indicates that Cu2+ may be adsorbed on the
surface or doped into the lattice of DH.

In order to study the effect of Cu2+ on the morphology of DH,
series of concentration-dependent experiments were conduct-
ed, and DH-0, DH-2 and DH-5 were prepared assisting by 0 mM,
2 mM and 5 mM Cu2+, respectively. The above three samples
were characterized by SEM shown in Fig. 2a–c, and the average
length, width and aspect ratio were displayed in Fig. 2d and S1†,
respectively. As combining indicated by Fig. 1a and 2a–c, the
long rod shape of DH is hardly affected by Cu2+ besides the
length, width and aspect ratio. The length, width and aspect
ratio of DH crystals were depended on the concentration of
Cu2+, as displayed in Fig. 2d and S1†, when the concentrations
of Cu2+ were 0 mM, 2 mM, 5 mM and 20 mM, respectively, the
average aspect ratios were 9.7/1, 9.4/1, 8.3/1 and 5.7/1, and the
average lengths were about 197 mm, 153 mm, 82 mm and 35 mm
in turn. According to the theoretical fundamentals of crystal
growth, the nal external shape of a crystal depends on the
relative growth rates of different crystal faces, which could be
controlled by modifying the thermodynamic or kinetic param-
eters of the crystallization environment.17,42 In this study, the
addition of Cu2+ signicantly inhibits the growth of the DH
crystal along the length and width directions and more nely
divided DH crystals with a smaller aspect ratio are formed.

The crystals noted as DH-20 is CaSO4$2H2O in nature, which
is indicated by its XRD pattern (Fig. 1b). The XRD patterns of
DH-0, DH-2 and DH-5 are presented in Fig. 3 and S2a,† and
obviously, these XRD patterns are all similar to that of DH-20
(green curve in Fig. 1 and 3), which indicates the DH-0, DH-2
and DH-5 synthesized are all CaSO4$2H2O crystals in the
aqueous solution in the absence (black curve in Fig. 3) or
presence (red, purple and green curves in Fig. 3) of Cu2+. In
addition, it is noted that the (020) peak shis to larger angles
with increasing the Cu2+ concentration (Fig. 3), as well as the
other XRD peaks (Fig. S2b†). The above phenomenon indicates
that Cu atoms have been successfully incorporated into the
Fig. 2 SEM images of (a) DH-0, (b) DH-2 and (c) DH-5 crystals
prepared assisted by 0 mM, 2 mM and 5 mM Cu2+, respectively; (d)
average aspect ratios of DH-0, DH-2, DH-5 and DH-20.

This journal is © The Royal Society of Chemistry 2019



Fig. 3 XRD patterns of DH-0, DH-2, DH-5 and DH-20 crystals.

Fig. 4 (a) S 2p and (b) Cu LLM XPS spectra of DH-0, DH-2, DH-5 and
DH-20 crystals prepared with the aid of CuCl2 with different
concentration.
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lattice of CaSO4$2H2O.33,35 Beyond that, the gradual decrease of
peak intensity and the slight increase in the peak width with the
introduction of Cu2+ indicates the grain size is minimal and the
crystallinity is decrease aer Cu is doped into CaSO4$2H2O.
This indicates that the doping of Cu into CaSO4$2H2O lattice
inhibit crystal growth, agreeing with the results of the length
and width (Fig. S1†). The unit cell parameters calculated from
XRD patterns of DH crystals listed in Table 1. With the addition
of Cu2+, the value of a for the unit cell is increased and the unit
cell volume is expanded, although the value of c is reduced. The
data from the Table 1 indicate that the unit cell of DH is dis-
torted when Cu2+ is added during DH crystallization.

The inuence behavior of Cu2+ on the obtained DH crystals
was also illustrated by X-ray photoelectron spectroscopy (XPS),
and all of the binding energies (BEs) were calibrated using C 1s
as the reference energy at 284.5 eV. Fig. 4a and b show the XPS
spectra of the S 2p and Cu LMM regions of DH-0 prepared
without CuCl2, respectively. For comparison, the XPS spectra of
the S 2p and Cu LMM regions for DH-2, DH-5 and DH-20 are
also shown in Fig. 4a and b, respectively. Compared to the S 2p1/
2 spectrum of DH-0, an obvious negative shi (about 0.2 eV) in
the binding energy was observed for DH-2, DH-5 and DH-20
(Fig. 4a), and the specic values of the XPS peak positions are
listed in Table 2. The Cu signal is observed in DH-2, DH-5 and
DH-20 except DH-0 (Fig. 4b), indicating that Cu element is
doped into the DH crystal when CuCl2 is present in the reaction
system. The shis in the BE for S 2p1/2 and the appearance of
the Cu signal in Cu LLM indicate an interaction between SO4

2�

and Cu2+ in DH-2, DH-5 and DH-20.43 The above evidence
indicates speculate the possible Cu2+ doping into the lattice gap
of the DH unit cell structure and affecting the crystal growth
Table 1 The cell parameters calculated from XRD patterns of DH
crystals which prepared by CuCl2 aqueous solution with different
concentration

Cu2+ concentration
(mM) a (Å) b (Å) c (Å) b (deg) V (Å3)

0 6.1965 15.2443 5.7300 114.2731 493.4027
2 6.2351 15.2221 5.7295 114.4721 494.9321
5 6.2406 15.2537 5.7218 114.3853 496.0781
20 6.2586 15.2496 5.7182 114.1812 497.8629

This journal is © The Royal Society of Chemistry 2019
habit which leaded the controlling the crystal morphology in
aqueous solution ultimately.

The nucleation and growth rates of the DH crystal are
determined by its equilibrium solubility (C*), and according to
several previous reports,44–47 the value of C* in this system can
be measured by a seeded growth equilibration method and the
data are displayed in Table 3. The C* value of saturated gypsum
solution can be increased effectively by the introduction of Cu2+,
and as the concentration of Cu2+ increases, the C* value is
Table 2 S 2p and Cu LLM XPS peaks values of DH-0, DH-2, DH-5 and
DH-20 crystals

Sample S 2p1/2 (eV) S 2p3/2 (eV)
Cu LMM
(eV)

DH-0 168.9 170.1 —
DH-2 168.7 170.1 568.1
DH-5 168.7 170.1 568.1
DH-20 168.7 170.1 568.1

RSC Adv., 2019, 9, 36020–36026 | 36023



Table 3 The solubility (C*) of DH in aqueous solution solutions with
different Cu2+ concentration at 70 �C

Cu2+ concentration (mM) C* (mM)

0 14.31
2 14.56
5 15.13
20 17.42

Table 4 Estimated g values and nucleation rates (J) of DH in aqueous
solution with different Cu2+ concentration at 70 �C

Cu2+ concentration
(mM)

g

(mJ m�2)
J (�1028

nuclei per cm3 per s)

0 6.32 60.11
2 8.07 34.65
5 8.75 25.90
20 9.46 18.14

RSC Advances Paper
increased gradually. The above data in Table 3 provides
evidence for the calculation of the relative supersaturation (S)
and the interfacial tension (g) during the subsequent DH
crystallization.

The effect of concentration of Cu2+ on the DH crystallization
is shown in Fig. 5a. Induction time (tind) is dened as the time
required for the commencement of crystallization or it is the
time elapsed until the moment at which the onset of crystalli-
zation can be detected. The commencement of crystallization in
our experiments was detected by drop in conductivity. When the
conductivity decreases rapidly, crystallization is visible. It is
apparent from Fig. 5a that the tind increases with the increase in
concentration of Cu2+. The tind is extended from 4 min to
11 min, 15 min and 25 min when the concentration of Cu2+ are
2 mM, 5 mM and 20 mM, respectively. Later on the crystal
growth recommences with ameasurable rate observed by a drop
in conductivity. The linear change of conductivity for gypsum
nucleation in the presence of Cu2+ at 70 �C was employed to
calculate the values of interfacial tension and the rate of
nucleation process. The effect of increasing the supersaturation
on reducing the induction period was showed in Fig. 5b. The
straight lines with different slopes suggest that two nucleation
mechanisms may exist for DH crystallization. The behavior of
high supersaturation crystallization is more consistent with
a homogeneous nucleation mechanism (region I) in contrast to
lower supersaturation where heterogeneous nucleation mech-
anism (region II) is more likely. The slope of the induction
period plot is used to distinguish between nucleation mecha-
nisms,48–51 and the relatively gentle slope is used to calculate the
values of g (listed in Table 4) according eqn (3).
Fig. 5 (a) Crystallization behavior of a supersaturated solution of DH (b
lg(tind) vs. lg

�2(S) for DH crystallization at 70 �C in the absence and prese

36024 | RSC Adv., 2019, 9, 36020–36026
As shown in Table 4, in the presence of Cu2+, the g is
preceded by an induction time of several minutes to several
thousand minutes. Obviously, the g increases sharply in the
presence of Cu2+ (8.07 mJ m�2 for 2 mM Cu2+ vs. 6.32 mJ m�2

for 0 mM Cu2+), and the g increases slowly as the Cu2+

concentration continues to increase. The g value of 9.46 mJ
m�2 was obtained when the Cu2+ concentration is 20 mM,
corresponding to a signicant increase of about 49% with
respect to the g value for the additive-free series. Higher
nucleation energy needs to be overcome to form a critical
nucleus in a nucleation process when the g value is large,
which reects extension of the tind for crystallization period in
the presence of Cu2+. Theoretically, controlling the crystal
morphology and diameter is closely related to the nucleation
rates.52–54 The rate of spherical DH nucleation can be esti-
mated from eqn (4), and the date are listed in Table 4. The
nucleation rate of DH would be decreased due to the intro-
duction of Cu2+, and when the of Cu2+ concentration is
increased to 20 mM, the corresponding nucleation rate is
reduced to 1/3 of that in the absence of Cu2+ (18.14 � 1028

nuclei per cm3 per s vs. 60.11 � 1028 nuclei per cm3 per s). The
data of EDS (Fig. 1), XRD (Fig. 3) and XPS (Fig. 4) indicate that
the Cu2+ doping into the crystal lattice, similar to other metal
cations (such as Mg2+ and Al3+) on the morphology of DH,35,55

thereby controlling DH crystallization rate and crystal size.
Therefore, the nucleation rate of DH can be effectively
inhibited by Cu2+, which results in a signicant change in
crystal morphology and size.
) the homogeneous-heterogeneous nucleation transition by plotting
nce of various concentrations of Cu2+.

This journal is © The Royal Society of Chemistry 2019
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4. Conclusions

In summary, we have developed a simple strategy for the
synthesis of controllable aspect ratio rod-shaped DH crystals,
and Cu2+ is widely signicance in controlling the morphology of
DH crystals. With the concentration of Cu2+ increased from
0 mM to 20 mM, the average aspect ratios decreased sharply
from 9.7/1 to 5.7/1, and the corresponding average lengths
decreased from about 197 mm to 35 mm. The nucleation kinetic
parameters of the DH crystals crystallization that act as critical
roles in controlling DH nucleation rate and induction time have
been modied in the presence of Cu2+. The induction time of
the DH crystallization is extended from 4 min to 25 min using
Cu2+ as a modier. The diversication of morphology for the
crystallization of DH crystals is incited by the changes of
nucleation kinetics and Cu2+ incorporated into the crystal
lattice, affecting the crystal growth habit in aqueous solution.
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6 I. Koh, A. López, B. Helgason and S. J. Ferguson, J. Mech.
Behav. Biomed. Mater., 2014, 34, 187–198.

7 N. Jiang, D. Cai, L. He, N. Zhong, H. Wen, X. Zhang and
Z. Wu, ACS Sustainable Chem. Eng., 2015, 3, 374–380.

8 J. Baek, H. Lee, T. S. Jang, J. Song, H. E. Kim and H. D. Jung,
ACS Biomater. Sci. Eng., 2018, 4, 846–856.

9 Z. Zhou, F. Buchanan, C. Mitchell and N. Dunne, Mater. Sci.
Eng., C, 2014, 38, 1–10.

10 S. Grudén, M. Sandelin, V. Rasanen, P. Micke, M. Hedeland,
N. Axén and M. Jeansson, Eur. J. Pharm. Biopharm., 2017,
114, 186–193.
This journal is © The Royal Society of Chemistry 2019
11 Y. Shen, S. Yang, J. Liu, H. Xu, Z. Shi, Z. Lin, X. Ying, P. Guo,
T. Lin and S. Yan, ACS Appl. Mater. Interfaces, 2014, 6, 12177–
12188.

12 W.-Y. Shih, A. Rahardianto, R.-W. Lee and Y. Cohen, J.
Membr. Sci., 2005, 252, 253–263.

13 T. A. Hoang, M. Ang and A. L. Rohl, Chem. Eng. Technol.,
2011, 34, 1003–1009.

14 A. E. S. V. Driessche, J. M. GarćıA-Ruiz, J. M. Delgado-LóPez
and G. Sazaki, Cryst. Growth Des., 2010, 10, 3909–3916.

15 E. H. Byrne, P. Raiteri and J. D. Gale, J. Phys. Chem. C, 2017,
121, 25956–25966.

16 T. M. Stawski, A. D. Van, M. Ossorio, R. B. Diego, R. Besselink
and L. G. Benning, Nat. Commun., 2016, 7, 1–19.

17 T. M. Stawski, H. M. Freeman, A. E. S. Van Driessche,
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