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h i g h l i g h t s

� Original phosphogypsum was utilized for the preparation of a-CaSO4�0.5H2O.
� Semi-dry method process was adopted for the preparation of a-CaSO4�0.5H2O.
� Low cost, high value-added and met the requirements of Chinese standard of a-CaSO4�0.5H2O were prepared.
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a b s t r a c t

Crystal modifier is an important factor in preparation of a-hemihydrate gypsum (a-CaSO4�0.5H2O) from
phosphogypsum (PG). Here, a-CaSO4�0.5H2O was prepared from PG using a semi-dry method. SEM, XRD,
XPS were used to explore the effects of one or more crystal modifiers on crystal growth and mechanical
properties after hydration and hardening of a-CaSO4�0.5H2O. The results showed that addition of RCOO�

can delay the hydration process of a-CaSO4�0.5H2O and improve productivity. Al3+ can be adsorbed selec-
tively on the gypsum crystal surface, inhibiting the crystal growth along axis c, which could alter the
speed in all directions and turn the crystal into a short hexahedron pole. But when RCOO� and Al3+ were
composited, a superposition effect occurred, resulting in production of a crystal with a smaller length to
diameter ratio and more perfect crystal form. When RCOO� and Al3+ were both added in 0.06% level, the
flexural and compressive strength of the hardened a-CaSO4�0.5H2O could reach to 6.7 and 25.65 MPa,
respectively.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

a-CaSO4�0.5H2O, being well known as a high-strength gypsum,
is formed from CaSO4�2H2O dehydration in a high temperature and
humid environment by autoclaving or hydrothermal methods
[1,2]. This material is different from ordinary building gypsum
(b-CaSO4�0.5H2O), and a-CaSO4�0.5H2O exhibits high strength,
light weight, without pollution and other dangers. At present, the
a-CaSO4�0.5H2O is all most made from the natural or desulfuriza-
tion gypsum [3]. Desulfurization gypsum is a harmful industrial
by-product gypsum that is produced by desulfurization and purifi-
cation of flue gas when fuel that contains sulfur (mostly coal) is
burned. The physical and chemical properties of gypsum produced
by desulfurization are basically the same as natural gypsum, but
without radioactivity and with fewer harmful impurities, thus this
material can be used to replace natural gypsum as raw materials
for the building materials industry [4,5]. PG is an industrial waste

by-product that forms from production of phosphoric acid and
phosphate fertilizer, produced in factories that are mainly dis-
tributed in Sichuan, Yunnan, Guizhou and Hubei of China. The
amount of PG yearly emission is about 120 million tons in the
world, of which 70 million tons are produced each year in China,
where more than 250 million tons are stored [6,7]. Unlike natural
gypsum, PG is not utilized, but instead must be stored indefinitely
due to the weak radioactivity of this material. The increasing pro-
duction of PG increase, is requires additional land resources for dis-
posal, and also presents serious environment pollution and health
hazards. Therefore, studies of PG are of high interest, both at home
and abroad. One important research direction is to try to modify PG
to produce high strength a-CaSO4�0.5H2O for use as building mate-
rials. This approach would have broad market potential and vital
environmental benefits because it would reduce the use of land
for the disposal of a waste residue, and convert this by-product
to a usable material, conserving natural gypsum.

Currently, the autoclaving and salt solution method have been
used to produce a-CaSO4�0.5H2O. However, these methods have
many disadvantages need optimization, including process com-
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plexity, higher cost, which confine the applications in the building
materials. In order to reduce energy consumption and costs, we
proposed a new semi-dry process [8]. This approach differs from
traditional methods that separate the processes of autoclaving
and drying, semi-dry process adopted an autoclaved-drying inte-
grated process without washing steps. Because the crystal mor-
phology influences the mechanical properties of a-CaSO4�0.5H2O
significantly. Crystal modifier application remains a key approach
to regulate and control crystal formation of high strength
a-CaSO4�0.5H2O using the semi-dry process [9–13]. The role of
crystal modifier for the preparation of a-CaSO4�0.5H2O with PG
has been widely studied in recent years [14,15]. For a dynamic
hydrothermal method, a compound of organic acids (or salt) and
inorganic salt can be used to obtain a large and uniform a-
CaSO4�0.5H2O crystal [16]. The application of inorganic-organic salt
can obtain a high mechanical strength a-CaSO4�0.5H2O powder in
the autoclaving method [17]. In pure water medium, crystals of
a-CaSO4�0.5H2O can grow into a needle crystals, but this growth
habit was slowed and the crystal was coarsened in organic acid salt
medium [18]. In the a-CaSO4�0.5H2O crystal formation process, the
impact of a crystal modifier (succinic acid or succinic acid salt) on
gypsum produced by desulfurization was greater than the effect on
natural gypsum [19].

However, the effect of different crystal modifiers on crystal
morphology using the new semi-dry method have not been stud-
ied for the process of PG dewatering into a-CaSO4�0.5H2O. There-
fore, the goals of this study were to determine the influence of
crystal morphology, mechanical properties, and the mechanism
of a crystal modifier in the semi-dry method. The purpose of this
work is also to explore a simple, high value-added and limit cost
a-CaSO4�0.5H2O technology.

2. Materials and experimental methods

2.1. Materials

Sodium citrate (Na3C6H5O7�2H2O) and aluminum sulfate
(Al2(SO4)3�18H2O) were used as crystal modifier, analytically pure,
purchased from Tianjin chemical reagent research institute. PG
was provided by phosphate fertilizer plant (Yunnan, China). CaO
holds 29.82%, SO3 holds 40.86% and other impurities. The impuri-
ties in PG can greatly influence the preparation process for
a-CaSO4�0.5H2O, so the PG must be pretreated. To do this, a certain
mass of CaO must be added to the PG to neutralize the acid in PG
and to solidify the soluble phosphorus and soluble fluorine in PG
by precipitation. The chemical composition of PG before and after
pretreatment of samples is shown in Table 1.

Table 1 shows that the PG after CaO pretreatment, the impurity
content was decrease and the soluble phosphorus disappeared, but
the total phosphorus content was basically unchanged. This indi-
cates that the pretreatment causes the soluble phosphorus to solid-
ify, and the phosphorus deposit was formed inside the PG.

2.2. Preparation of a-CaSO4�0.5H2O powder

First, we weighed PG 2000 g and added 1% of the pretreatment
agent CaO. Separately, the crystal modifier was dissolved in deion-
ized water, and then was added to the PG samples according to the

experimental parameters and stir evenly. Next, the sample was
made 5 cm in size by artificial and placing it in an autoclave kettle,
and autoclaving at a pressure of 0.17 MPa, temperature of 120 �C,
and for 4 h time. When the autoclaving process was completed,
the sample remained in the autoclave and the temperature was
kept constant and the sample was allowed to dry for 4 h under nor-
mal pressure. After this drying step, the a-CaSO4�0.5H2O powder
was produced by grinding.

2.3. Determination ratio of water to a-CaSO4�0.5H2O

The water consumption of normal consistency for plaster was
tested according to GB/T 17669.4-1999 (China national standard
for gypsum plasters) and the water requirement for normal consis-
tency of a-CaSO4�0.5H2O was 0.45 (weight ratio).

2.4. Samples shaping

The preparation of paste was carried out at the water
requirement for normal consistency of a-CaSO4�0.5H2O. Briefly,
a-CaSO4�0.5H2O powder (1300 g) was slowly transferred into a
mixing bowl containing with water, and stir evenly for 30 s. Then
the paste was cast into three iron molds (40 mm� 40mm�
160 mm). Each iron mold was compacted by jolting three times
to remove air. The excess paste was removed with a spatula. After
1 h, unmold the samples and cure for 24 h under natural condi-
tions. The plasters were dried to a constant weight at 60 ± 5 �C,
and ready for mechanical properties test. Contradistinctive
methods were employed to analyze the influences of the crystal
modifier additive on a-CaSO4�0.5H2O crystal formation and
mechanical properties.

2.5. Experimental methods

2.5.1. a-CaSO4�0.5H2O mechanical properties test
Test the mechanical properties of a-CaSO4�0.5H2O according to

GB9776-88 in China. (Electric cement bending test machine, KZJ-

Table 1
The chemical composition of PG before and after pretreatment (%).

Components CaO Fe2O3 Al2O3 SiO2 MgO SO3 t-P2O5 w-P2O5 F Na2O + K2O

PG 29.82 0.137 0.236 9.43 0.055 40.86 1.17 0.87 0.52 0.13
PG + pretreatment 32.52 0.05 0.05 8.82 – 40.48 1.18 – 0.27 –

Fig. 1. Crystal shape of a-CaSO4�0.5H2O.
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