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ABSTRACT
In order to reduce the inﬂuence of impurities in hemihydrate phosphogypsum(HPG) on the environment and
improve the workability of HPG, the effects of the content of quicklime and types of biopolymer (hydroxypropyl
methylcellulose, xanthan gum, sodium polyacrylate(PAANa)) on the compressive strength, softening coefﬁcient
and ultrasonic velocity of HPG were evaluated. When the content of quicklime was 1.5% and the content of PAANa was 0.2%, HPG had the best mechanical properties and workability, its water retention rate can be increased
by 5.8%, and unconﬁned compressive strength of 3 days increased by 10.3% and 7 days increased by 13.1%.
Through the analysis of scanning electron microscope and X-ray diffraction, it was found that the hydration reaction of HPG was more sufﬁcient, the pores size and number decreased, the number of impurities on the crystal
surface decreased obviously, and CaF2 and other substances were formed by the reaction after the addition of
quicklime. After adding quicklime and PAANa, the indicators of gypsum self-leveling mortar prepared by
HPG meet the requirements of the standard.
KEYWORDS
Hemihydrate phosphogypsum; quicklime; biopolymer; mechanical properties; workability; gypsum self-leveling
mortar

1 Introduction
Phosphogypsum(PG) is a solid waste produced during the production of phosphoric acid and phosphate
fertilizer from phosphate rock [1,2]. Making 1 ton of phosphoric acid will produce about 5 tons of PG, and
the annual output of PG in the world is about 100 Mt–280 Mt [3,4]. At present, the total utilization rate of PG
worldwide is less than 15% [5,6]. The primary treatment of PG is storage and dumping, which occupies
many lands, pollutes the environment, and has excellent hidden dangers of safety [7]. The leaching of
harmful elements such as soluble phosphorus, ﬂuorine and heavy metal ions in PG can easily cause
severe soil and water pollution and endanger human health [8,9]. Therefore, the treatment of PG has
become the key to the sustainable development and green development of phosphoric acid industry.
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In order to improve the utilization rate of PG, researchers have developed different application
approaches. Li et al. studied the effects of the type and content of gypsum on workability and mechanical
properties of red mud-slag grouting materials. PG can improve the homogeneity and the denseness of the
paste matrix of the red mud-slag grout, and with the increase of PG content, the compressive strength
increases at ﬁrst and then decreases [10]. Huang et al. studied a cementitious material with PG, steel slag,
ground granulated blast-furnace slag and limestone, which 28 days compressive strength exceed 40 MPa.
The hydration products of this new cementitious material are mainly ettringite and CSH gel [11]. Chen
et al. prepared backﬁll materials for mining using PG, phosphate tailings, lime, slag powder and cement.
The 28 days strength of the backﬁll materials can reach 4.4 MPa [12]. Because PG has low thermal
conductivity, it can be used to produce ﬁreproof and thermal insulation materials or aerated concrete [13].
New subgrade materials can also be prepared by using PG and adding a certain amount of slag and
cement to increase the added value of PG [14]. The mechanical properties of PG are improved mainly by
adding slag and cement to prepare cementitious materials and backﬁlling materials. There are few studies
on the preparation of gypsum self-leveling mortar with PG.
Phosphoric acid is mainly produced by semi-aqueous wet process because of its low energy
consumption and high concentration of phosphoric acid [15]. Semi-aqueous wet process produces a large
amount of hemihydrate phosphogypsum(HPG), so the output of HPG is getting higher and higher. HPG
contains harmful impurities such as phosphate, ﬂuoride salt, trace elements and organic matter [16].
These impurities will deposit on the crystal surface, affect the crystal lap, affect the hydration process of
gypsum, and lead to low mechanical strength of gypsum after hardening. Jiang and Chen found that
quicklime can reduce the number of bubbles formed by HPG and improve cementation performance.
HPG can be used to prepare backﬁll materials [17,18]. Quicklime can not only adjust the pH value, but
also convert soluble impurities into insoluble precipitates and eliminate the adverse effects of impurities
on the hydration process [19]. Wu et al. studied the effects of different polycarboxylates on the water
absorption and strength of gypsum. The synthesized polycarboxylate can capture Ca2+, and delay the
hydration reaction. At the same time, it has high hydrophilicity and can improve mechanical strength
[20]. Most of the current research on gypsum is the sole effect of quicklime or polymer on gypsum.
There are few studies on the coupling of quicklime and biopolymer to compressive strength and
workability of HPG.
The presence of phosphate (P2O5) and ﬂuoride (F−) impurities in HPG affects the use of HPG. In order to
apply HPG to the ﬁeld of building materials, its harmful impurities should be puriﬁed, the mechanical
properties and workability improved. The effects of quicklime content on unconﬁned compressive
strength (UCS) and absolute dry compressive strength (DCS), compactness and softening coefﬁcient were
studied. SEM and XRD were used to analyze the microscopic crystal morphology and hydration product
composition. The optimum ratio of quicklime and biopolymer to improve the performance of HPG was
determined by studying the quicklime content and the coupling effect of different biopolymer. Gypsum
self-leveling mortar was prepared by HPG after adding quicklime and biopolymer, and under the action
of water reducer and retarder. This article provides theoretical reference and engineering guidance for the
application of HPG in subgrade materials, backﬁll materials and preparation of new cementitious materials.
2 Experimental
2.1 Materials
The test raw materials used in this paper were HPG, quicklime, three kinds of biopolymer
(hydroxypropyl methylcellulose(HPMC), relative molecular weight is 100000, xanthan gum(XG), relative
molecular weight is 1000000, sodium polyacrylate(PAANa), relative molecular weight is 100000),
polycarboxylic acid water reducing agent powder and protein retarder. The schematic diagram of the
molecular structure of different biopolymer was shown in Fig. 1. HPG was a solid waste from the
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preparation of phosphoric acid from phosphoite ore. HPG was taken from a phosphogypsum production
workshop in Guizhou, China, and its appearance was gray, mineral composition analysis as shown in
Fig. 2. The internal exposure index and external exposure index of HPG meet the requirements of the
standard (GB 6566-2010). The chemical composition was analyzed by X-ray ﬂuorescence (XRF-1800,
Shimadzu, Japan), presented in Tab. 1. It can be seen from the analysis results that the main component
of HPG was CaSO4 · 1/2H2O, containing a small amount of CaSO4 · 2H2O and soluble P and F. Its pH
was 3.5 due to the presence of soluble P2O5 and soluble ﬂuoride. Quicklime was purchased from the
market. The chemical composition analysis was shown in the Tab. 1. HPMC, XG, PAANa,
polycarboxylic acid water reducing agent powder and protein retarder came from Shandong Huadi
Construction Technology Co., Ltd., China.

Figure 1: Schematic diagram of molecular structure of different biopolymer (a) HPMC (b) XG (c) PAANa
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Figure 2: Mineral composition analysis
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Table 1: Chemical composition analysis (wt.%)
Type

SiO2

Al2O3

Fe2O3

MgO

CaO

SO3

P2O5

Soluble F

Crystal water

HPG
Quicklime

2.05
2.75

0.39
0.96

0.15
0.88

0.25
6.05

33.25
87.87

48.57
0.86

1.08
0.08

0.58
–

10.63
–

2.2 Test Methods
2.2.1 Determination of Compressive Strength
Load the uniformly mixed slurry into the standard mold test (70.7 mm · 70.7 mm · 70.7 mm). The test
block was placed at room temperature (20 C ± 2 C) for 24 h to remove the mold, and placed in the
standard curing box (set temperature of 20 C, relative humidity of 90%), and cured to the speciﬁed age
for UCS test. The compressive strength was determined by using a universal testing machine (WDW-50)
according to the standard test method in GB/T 17669.3-1999. The test piece for determining the absolute
dry compressive strength should be baked to a constant weight in an oven at 40 C ± 4 C, and then the
strength should be measured. Because the compressive strength of HPG increases slowly after 7 days,
this experiment only measured the compressive strength of 3 days and 7 days.
2.2.2 Determination of Compactness
The compactness of HPG was determined by ultrasonic detection (Concord non-metallic ultrasonic
detector). The forming surface of the test block and its opposite face were selected as the test surface, and
each test surface was divided into 9 regions, and each area was tested by ultrasonic. The average value of
the ultrasonic result was taken as the compactness test result. The softening coefﬁcient of HPG was the
ratio of compressive strength to absolute dry compressive strength after water absorption saturation.
2.2.3 Water Retention Rate and Evaluation of Gypsum Self-Leveling Mortar
The water retention rate was determined by French ﬁlter paper method. The smaller the water absorption
of the ﬁlter paper was, the better the water retention of the pulp was. Test methods of pH value and gypsum
self-leveling mortar index refer to T/CBMF82-2020 standard.
2.2.4 Analysis of Crystal Morphology and Hydration Products
After gold spraying, the surface morphology of the samples was observed by environmental scanning
electron microscope (SEM, Quanta250, Hillsboro, OR, USA). The hydration products were analyzed by
X-ray diffractometer (XRD, D/max-2550, physiology, Japan). The experimental conditions were 40 kV,
40 mA, Cu target, scanning speed 10 °min−1, scanning range: 10°~80°.
3 Results and Discussion
3.1 Effect of Quicklime Content on Compressive Strength of HPG
The effects of different amounts of quicklime (0.2%, 0.5%, 1%, 1.5%, 2%, 2.5%, 3%) on the unconﬁned
compressive strength(UCS), absolute dry compressive strength (DCS) and pH value of HPG paste were
studied. The test results were shown in the Fig. 3. From the test results, it can be seen that the content of
quicklime had a great inﬂuence on the compressive strength of HPG. When the content of quicklime was
small, it had little effect on the compressive strength. When the content of quicklime was not more than
1.5%, the compressive strength of the hardened body increased continuously with the increase of the
content. When the content of quicklime was 1.5%, compared with the blank group, the UCS of 3 days
increased by 21.8%, the DCS of 3 days increased by 24.3%, the UCS of 7 days increased by 25.4%, and
the DCS of 7 days increased by 27.9%. The increasing proportion of DCS was obviously larger than that
of UCS, and the increasing proportion of compressive strength of 7 days was also signiﬁcantly higher
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than 3 days. When the content of quicklime was more than 1.5%, the compressive strength decreased
gradually. When the content of quicklime was 3%, compared with the blank group, the UCS of 3 days
decreased by 8.5%, the DCS of 3 days decreased by 6.6%, the UCS of 7 days decreased by 5.8%, and
the DCS of 7 days decreased by 3.8%. The main reason was that quicklime can adjust the pH value of
slurry, the result was shown in Fig. 4. Quicklime can convert phosphorus and ﬂuorine impurities
precipitate, improve the growth of gypsum crystals, fully connect the crystals, make the structure more
compact, improve the micro-pore structure and increase the strength [17].
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Figure 3: Effect of quicklime content on compressive strength
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Figure 4: Effect of quicklime content on pH value
3.2 Effect of Quicklime Content on HPG Compactness
HPG contains a variety of soluble acidic substances, which can easily form hydrogen sulﬁde, sulfur
dioxide and carbon dioxide during hydration, resulting in loose internal structure of the hardened body.
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The addition of quicklime can reduce the formation of these gases, reduce the porosity and improve the
compactness. As shown in the Fig. 5. In order to further quantify the effect of quicklime content on the
compactness of HPG, ultrasonic transmission time (UT), softening coefﬁcient test (KR), scanning electron
microscope analysis (SEM)and X-ray diffraction analysis (XRD) were carried out. The speciﬁc results
were shown in Figs. 6 to 8.

Figure 5: Surface porosity diagram with different lime content
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Figure 6: Effect of quicklime content on UT and KR
It can be seen from the results of Fig. 6 that the content of quicklime had a great inﬂuence on both UT
and KR. With the increase of quicklime content, the ultrasonic transmission speed decreased at ﬁrst and then
increased. If there are pores and other defects in the material, when the ultrasonic wave propagates to the
defect interface, it is easy to partially reﬂect or refract, which affects the propagation speed of the
ultrasonic wave. When the quicklime content was 1.5%, the ultrasonic transmission speed was the fastest,
indicating that the internal defects of the material were the least and the structure was the densest.
Compared with the blank group, the ultrasonic propagation speed can be reduced by 10.6%. When the
content of quicklime was less than 1.5%, the KR of HPG increased gradually. This is mainly due to
the gradual decrease of the porosity of the hardened body and the improvement of water resistance. At
the same time, quicklime reacts with carbonate ions in the paste to form calcium carbonate ﬁlm, which
reduces the solubility of CaSO4, which can effectively prevent the erosion of water on the hardened body
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of HPG. When the content of quicklime was more than 1.5%, KR decreased continuously. On the one hand,
the internal pore size of HPG hardened body increases, which leads to the obvious deterioration of its water
resistance; on the other hand, excessive quicklime can easily lead to poor volume stability of HPG hardening
body.

Figure 7: Effect of quicklime on micro-morphology of HPG (a) No quicklime and magniﬁed 2000 times
(b) No quicklime and magniﬁed 5000 times (c) 1.5% quicklime and magniﬁed 2000 times (d) 1.5%
quicklime and magniﬁed 2000 times
Considering the results of HPG compressive strength and compactness test, the optimal content of
quicklime was determined to be 1.5%. The micro-crystal morphology of HPG before and after adding
quicklime was analyzed by scanning electron microscope (SEM). The experimental results were as shown
in the Fig. 7. From the results of the analysis, it can be found that the crystal morphology of HPG
without quicklime was mainly short rod-like, a small amount in plate-like form; the overlap between
crystals was not close, and there were many gaps; in addition, there were a large number of impurities of
small particles on the surface of gypsum crystal. It can be seen from Fig. 7c that gypsum crystals were
closely overlapped and the gap between crystals was not obvious, which indicates that quicklime
promoted the development of gypsum crystals and reacted with free acid ions in HPG paste and
solidiﬁes, thus ﬁlling the gap between crystals and forming a dense microstructure. In addition, the small
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particle impurities on the surface of gypsum crystal were obviously reduced, and there were ﬂaky calcium
hydroxide crystals around the gypsum crystal, which showed that quicklime can remove impurities and
adjust the pH of paste to make HPG have better performance in alkaline environment.
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Figure 8: Effect of quicklime on hydration products of HPG
As can be seen from Fig. 8, CaSO4 · 2H2O, CaSiO3, CaCO3, Ca(OH)2, CaF2 and Ca3(PO4)2 were
formed after hydration of HPG. Compared with mineral composition analysis in Fig. 2, the hydration
reaction newly formed Ca(OH)2, CaF2 and Ca3(PO4)2. Without quicklime, the diffraction peak intensity
of CaSO4 · 1/2H2O was larger, which indicated that the hardened body contains a certain amount of
unhydrated HPG. With the addition of quicklime, the diffraction peak intensity of CaSO4 · 1/2H2O
decreased, the diffraction peak intensity of CaSO4 · 2H2O and Ca(OH)2 increased obviously, and the
diffraction peak intensity of CaCO3, CaF2 and Ca3(PO4)2 increased to a certain extent, which shows that
quicklime can remove free phosphorus and ﬂuorine impurities, and promote the conversion of a certain
amount of CaSO4 · 1/2H2O into CaSO4 · 2H2O. CaSO4 · 2H2O and Ca(OH)2 overlap each other to
improve the compactness and the compressive strength of hardened body.
3.3 Synergistic Improvement Effect of Quicklime and Biopolymers on HPG
Because of its coarse particles, HPG has poor water retention and impermeability, and it is easy to
bleeding in the process of application. In order to overcome these performance defects and make HPG
meet the speciﬁcations of general gypsum products and promote its application, HPMC, XG and PAANa
were used to study the modiﬁcation of HPG. On the basis of 1.5% quicklime, the effects of the type and
content of biopolymers on the water retention and compressive strength of HPG were studied. The test
results were shown in Fig. 9. From the test results, it can be found that with the increase of biopolymer
content, the water retention performance of HPG continues to improve. The water retention performance
of HPMC and PAANa was obviously better than that of XG. The main reason is that the hydroxyl and
ether bonds in the molecular structure form hydrogen bonds with the free water in the paste, which plays
the role of curing, preventing the loss of water molecules and improving the performance of water
retention. The alkyl group in HPMC can reduce the surface tension of water and has the function of gas
entrainment. Bubbles will increase the porosity of HPG, lead to loose internal structure, and affect the
mechanical properties of HPG. Therefore, when the content of HPMC was higher than 0.1%, the UCS
decreased continuously. The molecular structure of PAANa contains a large number of carboxyl groups,
which can be adsorbed on the surface of HPG particles, resulting in electrostatic repulsion, preventing
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particle agglomeration and improving uniformity [21,22]. The effect of PAANa on the strength of HPG was
less than that of HPMC. When the content of PAANa was 0.2%, the UCS reached the maximum. Compared
with the blank group, UCS of 3 days can increased by 10.3% and 7 days can increased by 13.1%, while water
retention increased by 5.7%. In order to improve the workability of HPG and reduce the impact of HPG on
the environment, it is recommended that the content of quicklime is 1.5% and the content of gravity PAANa
is 0.2%.
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Figure 9: Test results of coupling of biopolymers and lime (a) Effect of biopolymers on water retention
(b) Effect of biopolymers on UCS
3.4 Application
In order to implement the relevant policies of energy saving and emission reduction in the construction
industry and improve the added value of HPG, combined with the research results of quicklime and PAANa,
a new type of gypsum self-leveling ﬂoor material was prepared by using HPG. The material is used for the
construction of ground leveling layer, ground heating backﬁlling and ﬂoor bottom leveling layer material.
The research and development of gypsum self-leveling materials is in line with the concept of green
development, and can realize the reuse of industrial waste, and has high economic value and
environmental protection value.
In order to meet the requirements of T/CBMF82-2020 standard, 0.3% polycarboxylate superplasticizer
powder and 0.45% protein retarder were added to HPG, and this group was set as a blank group. To verify the
effect of quicklime and PAANa, 1.5% quicklime and 0.2% PAANa were added to the blank group, and this
group was set as the test group. The indexes of gypsum self-leveling mortar were tested, and the test results
were shown in Tab. 2. It can be seen from the test results that the setting time and ﬂuidity loss completely
meet the standard requirements after adding water reducer and retarder into HPG, but the strength and pH
value were small. With the addition of quicklime and PAANa, the pH value increased by 4.5, the ﬂexural
strength at 3 days and 28 days increased by 108% and 48.5%, respectively, the compressive strength at
3 days and 28 days increased by 23.2% and 21.2%, respectively, the tensile bond strength increased by
75%, and the shrinkage rate also improved. After adding quicklime and polymer, all indexes fully meet
the standard requirements. HPG can be used to produce gypsum self-leveling mortar.
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Table 2: Test results of gypsum self-leveling mortar
Project

G20 standard
requirements

Blank
group

Experimental
group

≥1
≤10

1.5
3.5

1.4
3.3

≤3

0

0

≥7.0

3.6

8.1

3 days
28 days

≥1.5
≥4.0

1.2
3.5

2.5
5.2

3 days
28 days
Tensile bond strength/MPa
Shrinkage ratio/%

≥8.0
≥20.0
≥1.0
≤0.05

6.9
18.4
0.8
0.045

8.5
22.3
1.4
0.033

Setting time/h

Initial setting time
Final setting time

Loss of 30 min ﬂuidity/mm
pH value
Flexural strength/MPa
Compressive strength/
MPa

4 Conclusions
The experiment separately evaluated inﬂuence of quicklime content (0.2%, 0.5%, 1%, 1.5%, 2%, 2.5%,
3%), biopolymers type (HPMC, XG and PAANa), biopolymers content (0.05%, 0.1%, 0.15%, 0.2%, 0.3%,
0.4%) on the pH value, UCS, DCS, UT, KR, water retention rate and microcosmic structure of the HPG. The
following conclusions can be drawn.
With the increase of the content of quicklime, the UCS, DCS, KR of HPG increased at ﬁrst and then
decreased, pH value increased continuously, and UT decreased at ﬁrst and then increased. When the
content of quicklime is 1.5%, the mechanical properties and compactness of HPG are the best. With the
addition of quicklime, the CaSO4 · 1/2H2O diffraction peak decreases, the CaSO4 · 2H2O diffraction peak
increases, the HPG reaction is more sufﬁcient, and the impurities on the surface of gypsum crystal are
obviously reduced, resulting in CaF2, Ca3(PO4)2 and other substances. After the addition of quicklime,
the number of bubbles on the surface of the test piece is reduced, the crystals become closer and the
density increases. Compared with the blank group, the ultrasonic propagation speed can be reduced by
10.6%, the DCS of 3 days increased by 24.3% and the DCS of 7 days increased by 27.9%.
The water retention properties of HPMC and PAANa are better, and the effect of PAANa on the strength
of HPG is less than that of HPMC. When the content of PAANa is 0.2%, the UCS reached the maximum, and
the UCS of 3 days and 7 days increased by 10.3% and 13.1%, respectively. When the content of quicklime is
1.5% and the content of PAANa is 0.2%, the gypsum self-leveling mortar prepared by HPG meets the
requirements of the standard. The composite research of quicklime and polymer can provide technical
guarantee for the application of HPG in the ﬁelds of roadbed materials and backﬁll materials.
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