
Vol.:(0123456789)

SN Applied Sciences (2020) 2:1645 | https://doi.org/10.1007/s42452-020-03387-6

Research Article

Facile preparation of high-strength α-CaSO4·0.5H2O regulated 
by maleic acid from phosphogypsum: experimental and molecular 
dynamics simulation studies

Jinfeng Liu1,2 · Faqin Dong2 · Hongbin Tan1,2 · Hongping Zhang1 · Lei Zhou2 · Ping He1 · Lin Zhou1 · Chenxu Feng2 · 

Ruofei Li2

Received: 21 April 2020 / Accepted: 20 August 2020 / Published online: 8 September 2020 
© Springer Nature Switzerland AG 2020

Abstract

Crystal modi�er is a signi�cant factor in preparation of α-hemihydrate gypsum (α-HH) from phosphogypsum (PG). The 
in�uence of maleic acid, reaction temperature, time, and solid–liquid ratio on the preparation of high-strength α-HH from 
PG was systematically studied herein. The optimum condition for α-HH prepared by hydrothermal autoclave method 
was pH of 4, temperature of 140 °C for 2.0 h with solid–liquid ratio of 4:5. Crystal modi�er of maleic acid can e�ectively 
regulated the crystal morphology of α-HH. SEM–EDS and FTIR analysis suggested that maleic acid could preferentially 
absorbed on the top face of α-HH crystals that decreased the growth rate of α-HH along the c-axis, resulting in the mor-
phology of α-HH crystals transformed to hexagonal prisms, and the regulatory mechanism was estimated by molecular 
dynamics (MD). When maleic acid (0.1%) was added, the obtained α-HH showed aspect ratio of 1.2, and the �exural and 
compressive strength of the hardened α-HH could reach to 14.79 and 46.24 MPa, respectively. All of these results will 
help to design long-term e�ectiveness of phosphogypsum recycling strategies.

Keywords Phosphogypsum recycling · Hydrothermal autoclave method · High-strength α-CaSO4·0.5H2O · Regulatory 
mechanism · Molecular simulation

1 Introduction

Phosphogypsum (PG) is a harmful industrial waste pro-
duced by the reaction between phosphate rock and sulfu-
ric acid. It is mainly comprised of calcium sulfate dihydrate 
(DH), which contains various harmful impurities, such 
as soluble phosphate, �uoride and organic substances 
of which adhere to the surface of gypsum crystals. And 
these impurities would replace the DH crystal lattice that 
limits the applications of PG [1]. In fact, the annual total 
PG production is assessed to be about 160 million tons 
worldwide. However, the utilization ratio of PG is only 
15.0% [2]. A major portion of PG is still stored for disposal, 

resulting in severe environment pollution of soil, water 
and atmosphere [3, 4]. Therefore, the methods of PG recy-
cling have drawn signi�cant attention in more recent years 
[5, 6]. One of the most key utilization method is to prepare 
α-hemihydrate gypsum (α-HH) as an important cementi-
tious material with excellent biocompatibility [7, 8] and 
mechanical strength [9, 10].

Currently, numerous methods have been used for the 
α-HH production from PG. For example, the salt solution 
method requires high-concentration salt solutions and 
washing steps, causing serious corrosion to equipment 
and secondary pollution [11, 12]. The autoclave method 
uses lumpy gypsum as pristine material that results in the 
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�uctuation of α-HH quality [13]. In order to simplify the pro-
cess and obtain high quality crystals, we proposed a new 
hydrothermal autoclave method without washing steps. 
This approach is a better way for continuous industrial pro-
duction compared to the autoclave and salt solution meth-
ods. At present, most of α-HH is made from natural gypsum 
or �ue gas desulfurization gypsum, without radioactivity 
and with fewer harmful impurities [14, 15]. However, few 
researchers have investigated the preparation of α-HH from 
PG using hydrothermal autoclave method. In those stud-
ies, PG is not used due to the weak radioactivity and com-
plex impurity components [16, 17]. Therefore, preparation 
of high-strength α-HH from PG would have broad market 
potential and environmental bene�ts.

Morphology of α-HH is regarded as one of the primary 
factors that usually determines its properties and applica-
tions [18–20]. For instance, α-HH powder with low aspect 
ratio has possessed a high �exural and compressive strength 
[21, 22]. Therefore, the selection of proper crystal modi�er 
is a key way to regulate and control the formation of α-HH 
crystals with low aspect ratio. Until now, much e�ort has 
been devoted to reveal the e�ects of inorganic salts, sur-
factants, organic acids (or salt) on the morphology of α-HH 
[23, 24]. Compared to inorganic salts, organic acids (or salt) 
can signi�cantly decrease the growth rate of α-HH along the 
c-axis, and obtain columnar crystal with low aspect ratio [23]. 
However, the controlling mechanism of modi�er to α-HH 
crystal is still not well understood, and the e�ect of maleic 
acid on crystal morphology has not been documented for 
the process of PG dewatering into α-HH using the hydrother-
mal autoclave method.

Herein, we introduce hydrothermal autoclave method to 
prepare α-HH with short hexagonal prisms form PG. Maleic 
acid was used as the crystal modi�er, the e�ects of reaction 
time, temperature, and solid–liquid ratio, and crystal modi-
�er on the preparation of high-strength α-HH crystals were 
systematically investigated. Then MD simulation revealed 
the regulatory mechanism of the in�uence of maleic acid 
on the morphology of α-HH crystals. Additionally, this work 
also discussed mechanical strength of the hardened α-HH.

2  Materials and methods

2.1  Experimental materials

PG was provided by Sichuan Long Mang Co., Ltd., China. 
The chemical composition was shown in Table 1. The SEM 

morphology of pristine PG was mainly consisted of rhom-
bic shape (Fig. 1). The Fig. 2 showed that the main phase of 
pristine PG was  CaSO4·2H2O (PDF No. 70-0982). Maleic acid 
 (C4H4O4, 99.5%), calcium oxide (CaO, 98%) and sulphuric 
acid  (H2SO4, 95–98%) were analytical grade (Chengdu 
Kelong Chemical Reagent Co., Ltd., China).

2.2  Experimental procedure

Firstly, 2.0% CaO was added to pretreat PG for neutralizing 
soluble phosphorus, �uorine and residual acids. Next, the 

Table 1  Chemical composition 
of pristine PG

Components CaO SO3 SiO2 P2O5 Al2O3 Fe2O3 SrO TiO2 K2O F BaO MgO

Content/% 46.78 40.61 4.78 2.29 1.81 2.26 0.62 0.32 0.18 0.14 0.09 0.08

Fig. 1  SEM image of pristine PG

Fig. 2  XRD pattern of pristine PG
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crystal modi�er of maleic acid was mixed with deionized 
water, and the PG samples was added to solution accord-
ing to the solid liquid ratio of 4:5. Then, the samples were 
transfered in a 50 mL stainless steel autoclave at 140 °C for 
2.0 h. Finally, α-HH was immediately �ltered and dried at 
110 °C for 4.0 h. Finally, under the same conditions, a 20L 
autoclave was used to prepare α-HH. Finally, the homoge-
neous slurry was poured into a mold (40 × 40 × 160 mm) 
and shaped through vibrations. After removing the �lm, 
the test piece is stored under standard conditions for 24 h, 
and then dried in an oven at 40 ± 1 °C to a constant weight, 
and then the test piece is cooled to room temperature 
under the test conditions.

2.3  Characterization methods

X-ray �uorescence spectrometer (XRF, Axios-Poly, PANalyti-
cal, Netherlands) was employed to measure the chemical 
composition of PG. The sample morphology was exam-
ined using a scanning electron microscope (SEM, TM-1000, 
Hitachi, Japan). The sample structure was investigated by 
an X-ray di�raction spectrometer (XRD, X’pert PRO, PANa-
lytical, Netherlands) using Cu Kα radiation (k = 1.54178Å). 
The interaction between the α-HH crystal surfaces and 
malic acid was analyzed using Fourier transform infra-
red spectrometer (FTIR, Nicolet-5700c, Nigaoli, America). 
An energy dispersive spectrometer (EDS, IE450X-Max80, 
Oxford, UK) was used to characterize the presence of 
chemical element composition. The standard consistency 
and mechanical strength of α-HH prepared were tested 
according to the Chinese standard JC/T 2038-2010 by the 
cement mortar �exural and compressive testing machine 
(TYE-6A.)

2.4  Simulation

MD simulations were carried out with the materials mod-
eling software package Materials Studio 6.0 (Accelrys Soft-
ware Inc., San Diego, 2011). COMPASS (condensed-phase 
optimized molecular potentials for atomistic simulation 
studies) force �elds were used during the whole simula-
tions. Monoclinic crystalline α-HH with the space group of 
I121 was used here. The unit cell parameters are as follows: 
a = 12.0317 Å, b = 6.9269 Å, c = 12.6712 Å, β = 90.270°, and 
Z = 12 [25].

The pure crystal morphology of the α-HH was calcu-
lated by the attachment energy (AE) method [26]. As 
shown in Fig. 3, There are four dominant crystal faces 
predicted: (002), (110), (200) and (11̄0), as predicted in the 
previous works [29, 30]. These crystal faces were taken into 
account in the following modeling. The (002), (200), (110) 
and (11̄ 0) faces were cleaved to a fractional depth of 3 and 
extended to 3 × 4, 3 × 3, 3 × 3, and 3 × 3 unit cells to form 

a supercell, respectively. A 50 Å vacuum slab was added 
onto each crystal face to avoid the periodic interactions.

3 ns MD simulations with time step of 1 fs were car-
ried out on each A/B interaction system, NVT ensemble 
was used and the nose method was used to control tem-
perature [27, 31]. For the potential energy calculations, 
the electrostatic force was computed by an atom-based 
summation method with a calculation accuracy of 1 × 10−5 
kcal/mol, and the Van Der Walls was computed by the 
Ewald summation method with a cut o� distance of 12.5 Å. 
The binding energy between the maleic acid and the α-HH 
surface can be calculated using the following formula:

in which Etotal is the total energy of the maleic acid with 
α-HH system; Emaleic acid is the energy of the maleic acid 
surface without the α-HH, and Eα-HH is the energy of the 
α-HH without the maleic acid surface [27, 29].

3  Results and discussion

3.1  E�ects of reaction temperature and time 
on phase transformation from PG to α-HH

In order to study the e�ects of reaction temperature and 
time on phase transformation from PG to α-HH, the com-
plete transformation temperature and time were investi-
gated. As shown in Fig. 4, the phase evolution of samples 
with di�erent temperatures and times were displayed. The 
XRD pattern of the sample at 120 °C showed the charac-
teristic di�raction peaks of DH (PDF No. 70-0982). When 
the reaction temperature reached to 130 °C, the di�raction 
peaks for α-HH (PDF No. 83-0439) appeared along with the 

Ebinding =
(

Emaleic acid + E
�−HH

)

− Etotal

Fig. 3  Theoretical crystal habit of α-HH predicted by the AE 
method
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DH decreasing in intensity, which indicated that the phase 
transition occurred at 130 °C. When the reaction tempera-
ture reached to 140 °C, the XRD pattern presented that 
α-HH was the only mineral phase based on the di�raction 
peaks comparison (Fig. 4a). When the reaction time con-
tinued for 2.0 h at 140 °C, the sample obtained was α-HH 
and no DH existed, which demonstrated that DH had been 
completely converted to α-HH (Fig. 4b).

3.2  E�ects of solid–liquid ratio on the morphology 
of α-HH

The morphology of α-HH crystal has a close relationship 
with its performance. α-HH crystals with a lower aspect 
ratio shows better mechanical properties than higher 
aspect ratio [32]. Solid–liquid ratio is one of the most 
important parameters that determines α-HH crystal mor-
phology [33]. Thus, SEM morphology (Fig. 5) was used 
to analyze the e�ects of solid–liquid ratio on the α-HH 
crystal morphology. The aspect ratio of crystal gradu-
ally decreased with solid–liquid ratio increasing. At low 
solid–liquid ratio of 4:40 and 4:20 (Fig. 5a, b), bleeding 
phenomenon of the slurry appeared due to excessive 
liquid water, leading to the close accumulation of paste. 
It hindered the heat transfer process of gypsum particles 
and �nally the obtained α-HH crystals had lathy shape and 
large numbers of small particles. When the solid–liquid 
ratio reached to 4:5, short prismatic crystal with aspect 
ratio of 1.5 was obtained (Fig. 5d). In specially, at a high 
solid–liquid ratio of 4:1, large numbers of holes were seen 
on the α-HH top face as shown in Fig. 5e. A high solid–liq-
uid ratio was not conducive to crystal growth because the 
poor water content restrained the mass transfer process 
of α-HH crystals growing element to crystal surface [19].

3.3  E�ects of maleic acid on crystallization

3.3.1  E�ects of maleic acid on the morphology of α-HH

As a cementitious material, the mechanical strength of 
α-HH is an important property of its market value, which 
depends on the crystal morphology [34]. Crystal modi-
�er is a signi�cant factor in controlling of α-HH crystals 
morphology. So α-HH crystals prepared with di�erent 
concentrations of maleic acid were examined to investi-
gate the crystal morphology as presented in Fig. 6. With-
out the crystal modi�er, α-HH samples exhibited lathy 
shape as a result of their preferential 1-D growth along 
the c-axis [35, 36] (Fig. 6a). In addition, the distribution of 
α-HH crystals was uneven with numerous small crystals. 
When 0.03% maleic acid was present in the reaction sys-
tem, the aspect ratio declined to 1.4, and the morphol-
ogy of sample became uniform. However, the top face 
crystallization of α-HH crystals was incomplete (Fig. 6b). 
As the maleic acid concentration increased to 0.1%, α-HH 
crystals remained nearly unchanged in average length. 
However, the average diameter increased, leading to a 
decrease in the aspect ratio from 1.4 to 1.2, and all α-HH 
crystals prepared had hexagonal prisms (Fig. 6d). When 
the maleic acid concentration reached to 0.5%, the aver-
age aspect ratio of α-HH crystals with shorter columns 
decreased to 0.3 (Fig. 6f ). Therefore, the above results 
indicated that maleic acid is e�ective in regulating crystal 
morphology.

The intensity of XRD peaks of corresponding products 
implies the α-HH crystallinity. Figure 7 showed the XRD 
patterns of the samples prepared at different concen-
trations of maleic acid. The peaks of the corresponding 
samples matched well with α-HH (PDF No. 81-1849). The 
result indicated that concentration of maleic acid had no 

Fig. 4  XRD patterns of the samples prepared at di�erent a reaction temperatures b and times with 0.05% maleic acid at solid–liquid ratio of 
4:5
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in�uence on α-HH phase formation. However, with maleic 
acid concentration increasing, the intensities of (200), (020) 
and (400) peaks were found to be decreased whereas the 
intensity of (204) peak was observed to be increased From 
1892 to 3410. When the concentration of maleic acid was 
increased to 0.1%, the intensity of (204) peak reached the 
highest. It could be inferred that the transformed α-HH 
crystals had preferred orientation along the (204) face 
when maleic acid was added to the solution. This result 
was in good agreement with the SEM morphology showed 
in Fig. 6, which suggested that the presence of maleic 
acid may selective adsorption on the active sites of α-HH 
the crystal surfaces so as to control crystal morphology 
transformation.

The dominant mechanism of the transformation from 
DH to α-HH is a process of dissolution–recrystallization [37]. 
During the reaction process, maleic acid as modi�er may 
tend to absorb on special crystal faces, which would a�ect 
the crystal growth. The α-HH top face was mainly consisted 
of  Ca2+, whereas the side face was composed of  SO4

2− and 
 Ca2+ [23]. The growth rate of the top face with high surface 
energy along the c-axis was faster than that of side face [12, 
15]. Therefore, with maleic acid concentration increasing, 
the intensities of (200), (020) and (400) peaks decreased 
gradually. It showed a strong interaction between α-HH 
crystal faces and maleic acid, a�ecting the growth rate of 
di�erent crystal faces. As a result, α-HH crystals morphology 
presented a typical short prismatic shape.

Fig. 5  SEM images of α-HH 
crystals formed at di�erent 
solid–liquid ratios with 0.05% 
maleic acid at 140 °C (a: 4:40, b: 
4:20, c: 4:10, d: 4:5, e: 4:1)
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3.3.2  E�ects mechanism of maleic acid on α-HH 

morphology

Modi�er plays a signi�cant role in tuning the morphology 
of α-HH crystals. Organic acid has been conveyed to be 
used as a modi�er that strongly interactions with α-HH 
crystal surface are responsible for morphological changes. 
The interactions are closely reliant to the nature of organic 
acid and the structure of α-HH. The α-HH crystal lattice 
is composed of repeating, ionically bonded Ca and  SO4 
ions in chains of –Ca–SO4–Ca–SO4–, and every two cal-
cium sulfate molecules attaches with one water molecule 
[24]. The α-HH crystal structure is hexagonal prism that 
represents the distribution of  Ca2+ to be denser on the 
top face and the distribution of  SO4

2− denser on the side 
face so as to the top face positively charged and the side 

face negatively charged [15, 24]. Therefore, the actual mor-
phology of α-HH grown in the absence of crystal modi�ers 
exhibits needlelike (calcium sulfate hemihydrate whisker) 
[38]. However, when maleic acid was added to the system, 
 C4H3O4

− selectively absorbed on top face due to strong 
interaction with  Ca2+ of α-HH top face. It lowered the 
surface free energy of top face. Then the crystal tended 
to grow to minimize the surface area covered by the top 
face to inhibit α-HH crystal face growth along the c-axis, 
resulting in the morphology of α-HH crystals transformed 
to hexagonal prisms with a low aspect ratio as shown in 
Fig. 8.

To prove the interaction between maleic acid and α-HH 
crystal surface, FT-IR spectra of α-HH prepared without and 
with maleic acid were analyzed. As shown in Fig. 9a, in 
the absence of malic acid, the peaks at 3609.57, 3552.70 

Fig. 6  SEM images of α-HH 
crystals prepared at di�erent 
concentrations of maleic acid 
with solid–liquid ratio of 1:5 
at 140 °C (a: blank, b: 0.03%, c: 
0.05%, d: 0.1%, e: 0.3%, f: 0.5%)
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and 1620.40 cm−1 could be assigned to O–H vibration of 
crystal water molecules in the α-HH crystals. The peak at 
1008.59 cm−1 could be assigned to the distorted sym-
metric stretching vibration of ν1  SO4

2−. The peaks at 
1153.22, 1114.65 and 1095.37 cm−1 could be assigned to 
the asymmetric stretching vibration of ν3  SO4

2−, and the 
peaks at 658.37 and 600.18 cm−1 could be indexed to the 
ν4  SO4

2− stretching [15, 24]. As shown in spectra b and c, 
the peaks at 3609.57 and 3552.70 cm−1 of O–H vibration 
gradually become masked with maleic acid concentration 
increasing. And the α-HH crystal structure showed that 
water molecules existed in the channels formed by the 
–Ca–SO4–Ca–SO4– chains along the c-axis [36, 39], dem-
onstrating strong interactions between maleic acid and 
the top face of α-HH crystals.

In order to further con�rm the adsorption of maleic 
acid on the top face of α-HH, EDS analysis was explored to 
detect the elemental contents on di�erent crystal faces, as 
shown in Fig. 10 and Table 2. Figure 10 showed that peak 

of C potentially deriving from maleic acid was found on 
the top face of α-HH crystals but did not observed on the 
side face. And Table 2 showed the content of C on the top 
face and side face was 8.64% and 0.0%, respectively, which 
con�rmed that the e�ects of maleic acid on the crystal 
faces were selective. Maleic acid selectively absorbed onto 
the top face of α-HH crystals.

Additionally, the EDS spectrum also obviously exhibited 
the increased Ca peak and O peak of side face compared to 
that of top face. The decreased intensity of Ca peak of top 
face might be attributed to maleic acid chelating with  Ca2+ 
on the top face. The preferential chelation of maleic acid 
blocked reactive sites of top face and led to slow down 
the movement rate of  Ca2+ to the this crystal face, which 
inhibited the crystal growth along the c-axis.  H2O mole-
cules existed in the chains of the –Ca–SO4–Ca–SO4– chains 
along the c-axis [36, 39], decreased intensity of O peak for 
top face to side face, which was also con�rmed by FT-IR 
spectra.

Fig. 7  XRD di�raction patterns of samples prepared at di�er-
ent concentrations of maleic acid with solid–liquid ratio of 1:5 at 
140 °C(a: blank, b: 0.03%, c: 0.05%, d: 0.1%, e: 0.3%, f: 0.5%)

Fig. 8  Schematic illustration of 
the adsorption of maleic acid 
on the α-HH crystal surfaces

Fig. 9  FT-IR spectra of α-HH prepared with di�erent concentrations 
of maleic acid



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1645 | https://doi.org/10.1007/s42452-020-03387-6

3.4  E�ect mechanism of maleic acid on α-HH by MD 
simulation

Based on these results above, it was presumed that the 
inhibition of maleic acid on the α-HH crystal growth was 
ascribed to the preferential adsorption onto the α-HH top 
face. When maleic acid was added to the solution, it was 
primarily adsorbed onto the top face to inhibit the crystal 
growth along the c-axis. The slower growth rate for the top 
face led to a sharp decline of the α-HH crystal length. In 
order to illuminate the adsorption mechanism, the inter-
action energy of malic acid on di�erent crystal faces was 
evaluated and analyzed by MD simulation.

The binding energy of (002) face had much larger than 
the others by comparing the binding energies of maleic 
acid on the di�erent α-HH crystal faces (Fig. 11), indicating 
maleic acid preferentially adsorbed on the (002) face. The 
results showed the di�erent behavior of maleic acid on 
α-HH crystal faces and it was served as a qualitative indica-
tor to understand the inhibitive e�ects of maleic acid on 
crystal growth. The negative values of all the interaction 
energies indicated that maleic acid could be absorbed on 
anyone of the crystal faces [27, 28] In addition, the MD 

result was shown as an example in Fig. 12. The  COO− in 
maleic acid were negatively charged and would prefer-
entially adsorb on the (002) top face where the Ca atoms 
were exposed. Therefore, maleic acid inhibited the growth 
along c-axial, which was in good agreement with the 
above results of the experimental measurements.

3.5  E�ects of maleic acid on mechanical strength 
of α-HH

Mechanical strength is one important property which 
determines the quality of α-HH [7, 20]. When α-HH was 
added to water, α-HH hydrated into DH crystals which 
generated the mechanical strength. Table  3 showed 
mechanical strengths of paste prepared from α-HH with 
0.1% maleic acid by hydrothermal autoclave method. 
Without crystal modifier, the 2 h and 3 d bending/com-
pressive strengths of α-HH crystals were 1.79/4.51 MPa 

Fig. 10  EDS analyses of α-HH prepared with 0.1% maleic acid (a: 
side face and b: top face of the α-HH)

Table 2  Constituents of α-HH prepared with 0.1% maleic acid 
based on EDS analysis

Elements Side face of α-CSH Top face of α-CSH

Weight % Atomic % Weight % Atomic %

O K 52.46 71.79 43.03 14.03

S K 16.44 11.23 20.68 57.46

Ca K 31.10 16.98 27.65 13.78

C K – – 8.64 14.73

totals 100.00 100.00

Fig. 11  Binding energy value of di�erent additive/α-HH crystal 
faces interaction systems

Fig. 12  Equilibrium adsorption con�gurations of the additive on 
the (002) face (the blue dash lines denote the distance between 
atoms)
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and 3.22/8.34 MPa, respectively. For α-HH prepared with 
0.1% maleic acid, the 2 h and 3 d bending/compressive 
strengths were 5.83/17.16 MPa and 14.79/46.24 MPa, 
respectively. The mechanical strength of α-HH was 
excellent compared to bending/compressive strengths 
of α-HH prepared in the modifier-free system, and the 
performance was superior to that of commercial α-HH 
[33]. So this product could be widely applied in the field 
of special binder systems, building materials, ceramics 
industry, molding, medicine and so on.

The enhancement of mechanical strength was attrib-
uted to the hexagonal prisms of α-HH crystals with a 
low aspect ratio [20, 22], which indicated that maleic 
acid was an effective modifier to regulate mechanical 
strength of α-HH. Figure 13 showed the morphology of 
hydration samples of α-HH prepared without additive 
and with 0.1% maleic acid. As shown in Fig. 13a, the main 
morphology of the hydration samples was elongated 
columnar shape while α-HH crystals were prepared 
without crystal modifier. The structure of DH crystals 
was not so compact and exhibited a lot of pores, lead-
ing to low mechanical strength. Figure 13b showed the 

hydration samples of α-HH prepared with 0.1% maleic 
acid. The DH samples of short columnar crystal formed a 
compact structure by overlapping and interlocking with 
each other so that the mechanical strength was much 
higher than that of Fig. 13a.

4  Conclusions

The α-HH was successfully prepared using maleic acid as a 
modi�er in hydrothermal autoclave system. The optimum 
condition was at pH 4 and maintained at 140 °C for 2.0 h 
with solid liquid ratio of 4:5. Maleic acid was competent as 
a crystal modi�er to control the α-HH crystal morphology. 
As the malic acid concentration increased from 0 to 0.5%, 
the crystal morphology was changed from a lathy shape to 
short prismatic one, and the average aspect ratio remark-
ably decreased to 0.3. MD simulation results also showed 
that maleic acid preferential adsorption on the top face of 
α-HH crystals was much stronger than the others, which 
explained the crystal morphology transformation. In both 
analysis of MD simulation and the experimental results, 
malic acid as a crystal modi�er could inhibit the growth 
of α-HH crystals along the c-axis, leading to the formation 
of hexagonal prism crystals.

The mechanical strength of α-HH was relatively low 
in the modi�er-free system. When the appropriate dos-
age (0.1%) of crystal modi�er (maleic acid) was used, the 
crystal morphology, mechanical strength, and production 
rate of α-HH improved signi�cantly. The �exural and com-
pressive strength of α-HH were improved to be 14.79 and 
46.24 MPa.

Table 3  Mechanical strength of α-HH using 0.1% maleic acid pre-
pared with hydrothermal autoclave method

Samples Blank 0.1% maleic acid

2 h blending strength (MPa) 1.79 5.83

2 h compressive strength (MPa) 4.51 17.16

3 d blending strength (MPa) 3.22 14.79

3 d compressive strength (MPa) 8.34 46.24

Fig. 13  SEM images of hydra-
tion samples of α-HH prepared 
a without additive and b with 
0.1% maleic acid
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