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Abstract: Recycling phosphogypsum (PG) for cemented paste backfill (CPB) has been widely used at
phosphate mines in China. However, the impurities in PG prolong the setting time and reduce the
uniaxial compressive strength (UCS), limiting the engineering application of PG. This paper aims to
investigate the feasibility of treated PG (TPG) washed repeatedly using deionised water (DW) for
CPB. A water-washing pre-experiment was first conducted to find the proportion with the least DW
demand and the effects of water-washing on ordinary PG (OPG). Then, based on the PG:DW ratio
obtained from the pre-experiment, the properties of the OPG-based CPB (OCPB) and TPG-based
CPB (TCPB) were tested using slump tests, UCS tests, and microstructural analysis. The results show
that (1) after 11 water-washings at the PG:DW ratio of 1:1.75, the pH of the supernatant (pH = 6.328)
meets the requirements of Chinese standard GB 8978-1996. (2) Water-washing improves the particle
gradation quality of PG and removes the soluble impurities adsorbed at the surface of PG crystals.
(3) The initial slump values of TCPB are 0.19–1.15 cm higher than that of OCPB, furthermore,
the diffusivity values of TCPB are better than the performance of OCPB, with 0.61–1.68 cm of
superiority. (4) The UCS values of TCPB are up to 0.838 MPa, 1.953 MPa, and 2.531 MPa, after curing
for 7, 14, and 28 days. These are 0.283 MPa, 0.823 MPa, and 0.881 MPa higher than that of OCPB,
respectively. It can be concluded that water-washing pre-treatment greatly improves the workability
and mechanical property of PG-based CPB. These results are of great value for creating a reliable and
environmentally superior alternative for the recycling of PG and for safer mining production.
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1. Introduction

Phosphogypsum (PG) is the main solid waste from the production of ammonium phosphate and
phosphoric acid raw materials. An industrial plant of phosphate fertilisers produces approximately
4–6 tonnes of PG for every ton of phosphoric acid produced. The total amount of PG produced up
to 2006 was estimated to be around 6 billion tonnes. The annual production of PG worldwide was
estimated to be around 160 million tonnes. The production of PG is increasing worldwide and could
reach 200–250 million tonnes within the next decade or two [1]. Normally, PG is mostly composed
of calcium sulphate dihydrate (CaSO4·2H2O) containing some impurities, such as phosphoric acid
(H3PO4), hydrofluoric acid (HF), heavy metals (Sr, Ba, Cu, Cd, etc.), and radioactive-elements (226Ra,
238U) [1,2]. Historically, PG was disposed of on the Earth’s surface, which not only wasted a lot
of resources, but also caused serious pollution of the atmosphere, soil, and water near the burial
locations [3–7].
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The effective utilisation of PG as an industrial waste is closely related to the coordinated
development of natural resources, environment, and economy. However, because of the physical and
chemical characterisations of PG, strong acidity (pH < 3) and high moisture content, only about 15% of
PG has been reused in different fields such as soil stabilisation amendments, agricultural fertilisers,
as set controller in cement manufacture, and in building materials [8–11]. Recently, researchers [12–14]
have applied PG in cemented paste backfill (CPB) for use in underground mine stopes, which has
been approved as an economic, safe, and environmentally friendly technology. Specifically, CPB is an
engineered material created by the combination of different types of binders, tailings having different
physical characteristics and the water [15–19]. In addition, owing to its high content of CaSO4·2H2O,
which produces insoluble Ca3(PO4)2 and hinders the hydration process, ordinary PG (OPG) is a
typical cement retarder. Moreover, the impurities in OPG, such as HF and H3PO4, also prolong the
setting time and reduce the uniaxial compressive strength (UCS) of CPB. In this case, researchers have
suggested different methods to ensure the backfill quality of PG used as an alternative raw material
for application in CPB [16–24]. These include, for instance, substantially increasing the proportion of
ordinary Portland cement (OPC) in mixtures or adding other tailings, such as fly ash, waste lime and
zeolite, as the hydration activators. Romero-Hermida et al. [25] investigated the rheological properties
and microstructures of special lime putty prepared from PG. These methods decrease the setting time
and improve the mechanical property of PG-based CPB. However, the cost is greatly increased, which
substantially exceeds the resource capacity of (profitable) mining enterprises and limits the application
of PG.

Therefore, many researchers tried to remove or at least reduce the impurities in PG to guarantee
its safe use in the construction field. Taher [26] conducted a comparative study of PG with thermal
treatments at different temperatures in an attempt to purify PG and improve its performance as a
tailing. The results showed that thermal treatments can effectively improve the hydraulic properties of
Portland slag cement and the best hydraulic properties of Portland slag cement occurred when using
PG thermally treated at 800 ◦C. Singh [27] treated PG with aqueous citric acid solution, intending to
convert phosphatic and fluoride impurities into water-removable citrates, aluminates and ferrates.
The results of this study illustrated that the purified PG had less content of phosphates, fluorides and
organic matter compared with the untreated material. Mun et al. [28] used 0.5% milk of lime at 20 ◦C
to wash PG for 5 min (the ratio of PG:milk was 14%), after neutralisation treatment, the PG was dried
at 80 ◦C. In this study, the pre-treated PG was not only considered as an effective activator, but also
an impactful binder to granulated blast-furnace slag. Potgieter et al. [29] illustrated that treatment
with ammonium hydroxide or sulphuric acid was effective in reducing set retardation of PG-based
CPB. The above pre-treatment methods can remove the impurities in PG to different degrees, but the
properties of the prepared mixture are different due to the different mechanisms of the pre-treatment
methods. Meanwhile these methods are too complicated in the field for industrial practice. In this
research, thus, a pre-treatment method, water-washing, was proposed to remove impurities from PG.

The pre-treatment of adding water and separating supernatant and precipitate by centrifuge
is widely used as an effective and simple method of impurity removal in various industries.
Kamimura et al. [30] studied an efficient purification method for washing recovered fibre-reinforced
plastic monomer with water, which improved the hardness of recycled plastics and made them as hard
as polyester made from virgin materials. Slavinskaya [31] used water to remove organic and mineral
impurities at an industrial ion-exchange installation. Shuang et al. [32] investigated the possibility
of using deionised water (DW) to remove chloride ions for inexpensive ultra-pure TiCl4. Therefore,
as a simple and mild pre-treatment method for purification, water-washing has potential application
for PG-based CPB, especially considering that the CaSO4·2H2O in PG is slightly soluble in water
and most of the impurities, such as H3PO4, HF, and ammonium salt, are also soluble in water [33].
Cárdenas-Escudero et al. [34] demonstrated that the alkaline soda solution can effectively dissolve PG
and form the portlandite precipitation.
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In the present study, investigations were carried out to study the chemical and physical
optimisations of water-washing pre-treatment to PG for using as the raw materials in PG-based CPB.
A water-washing pre-experiment was firstly conducted to optimise the proportion of PG:DW recording
the total nitrogen (TN), chloride ion concentration (Cl), fluoride concentration (F), total phosphorus
(TP), conductance (Cond) and pH parameters of the supernatant liquid in each washing. Then,
scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, X-ray fluorescence (XRF)
analysis, and particle size tests were conducted. Secondly, the properties of OPG-based CPB (OCPB)
and treated PG (TPG)-based CPB (TCPB) were determined using slump tests, diffusivity tests,
UCS tests, and microstructural analysis. The flow chart of this work is shown in Figure 1.
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2. Materials and Methods

2.1. Raw Materials and Water-Washing Pre-Treatment

OPC 42.5R (similar to ASTM C150 Type I cement [35]) and OPG with moisture content of 18.26%,
natural density (wet) of 1.62 g/cm3, and dry density of 0.86 g/cm3 (heated for 24 h, 95 ± 5 ◦C), which
was obtained from a phosphoric acid factory named Western Chemical Co. Ltd., plant (Yichang,
China), were used in this work. The physical properties and chemical compositions of OPC and
OPG are shown in Tables 1 and 2, respectively, and the particle size distribution of OPG and OPC are
shown in Figure 2, the data were provided using a laser particle size tester (Master Sizer 2000, Malvern
Instruments Ltd., Malvern, UK). As stated above, the main components of OPG are SO3 (41.504%) and
CaO (44.897%), with a small amount of P2O5 (1.224%) and F (0.817%). The particle size of OPG ranges
from 0.710 µm to 255.53 µm and the mean particle size (D50) is 58.329 µm. In addition, the water used
in the washing pre-treatment was DW (produced by Solar-bio Co. Ltd., Beijing, China) to avoid the
effects of ions, while the water used in the hydration of OCPB and TCPB was ordinary distilled water.

Table 1. Chemical compositions of ordinary Portland cement (OPC) and ordinary phosphogypsum (OPG).

Chemical Composition (%) OPC OPG

Na2O 0.090 0.150
MgO 1.840 0.111
Al2O3 4.420 0.782
SiO2 17.94 5.730
P2O5 0.215 1.224
SO3 3.400 41.504
Cl 0.022 -

K2O 0.671 0.674
CaO 60.850 44.897
TiO2 0.307 0.648
V2O5 0.040 -
Cr2O3 0.025 -
MnO 0.265 -
Fe2O3 3.814 3.208
CuO 0.015 -
ZnO 0.043 -
Rb2O 0.003 -
SrO 0.067 0.142

ZrO2 0.010 -
BaO 0.034 0.113

F - 0.817
Loss 5.929 -

Table 2. Physical properties of OPC and OPG.

Physical Properties OPC OPG

SSA (m2/g) 1.690 0.324
D [4,3] (µm) 24.449 69.935
D10 (µm) 1.426 13.176
D50 (µm) 14.641 58.329
D90 (µm) 64.392 146.589

Dd<20 µm (%) 57.84 81.78
Moisture content (%) - 18.26

Natural density (g/cm3) 2.94 1.62
Dry density (g/cm3) - 0.86
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In this study, eight PG:DW ratios were used in the pretreatment, ranging from 0.4 to 2.0. The PG
measure was wet weighed before mixing with DW of certain qualities according to Table 3 and then
artificially stirred for 5 min in a steel blender (TD5M low-speed desktop centrifuge, produced by
Shanghai Lu Xiangyi Centrifuge Instrument Co. Ltd., Shanghai, China), subsequently, the uniformly
mixed materials were centrifuged for 20 min at 300 r/min. According to the Chinese standard of surface
water environmental quality [36], the fifth-class surface water (suitable for agricultural water and
water for general landscapes, etc.) is guaranteed because the content of TP, TN, F are less than 0.4, 2.0,
1.5 mg/L. Besides, in central drinking water surface, the content of Cl in the discharged water should
be less than 250 mg/L. Therefore, after centrifugation, the supernatant was taken out to determine
the pH and Cond using a multiparameter analyser (produced by INESA, DZS-708L multiparameter
controller), ionic electrodes (produced by INESA, BestLab water pH composite electrode), and a
conductance electrode (produced by INESA, DJS-10C conductance electrode). The washing process
was repeated until the pH of supernatant fully met the requirements of Chinese standard (pH > 6) [37].
The measured supernatant was collected in plastic sealed cups and kept at 25± 2 ◦C using a thermostat.
The content of F and Cl were tested using the same multiparameter analyser and other ionic electrodes
produced by INESA (PF-202-C fluorine ion composite electrode, PCL-1-01 chloride ion electrode).
The values of TP and TN were determined using a water quality measurement instrument (5B-6C-V8,
produced by Lianhua Science and Technology Co. Ltd., Beijing, China). The electrodes were washed
with DW after each measurement.

Table 3. Mix proportions of OPG samples.

No.
Weight of OPG

DW (g) PG:DW Number of Washes Total DW (g)
Wet (g) Dry (g)

A 1000.00 817.40 226.10 1:0.50 79 17,861.90
B 1000.00 817.40 430.45 1:0.75 46 19,800.70
C 1000.00 817.40 634.80 1:1.00 37 23,487.60
D 1000.00 817.40 839.15 1:1.25 28 23,496.20
E 1000.00 817.40 1043.50 1:1.50 19 19,826.50
F 1000.00 817.40 1247.85 1:1.75 11 13,726.35
G 1000.00 817.40 1452.20 1:2.00 10 14,522.00
H 1000.00 817.40 1860.90 1:2.50 8 14,887.20

2.2. Mix Proportions and Cemented Paste Backfill (CPB) Preparation Process

As shown in Table 4, there were 12 different mix-proportions of PG-based CPB with all materials
being calculated by mass percent. In accordance with the above proportions, all solid materials were



Minerals 2019, 9, 175 6 of 19

weighed and mixed in the planetary mixer for 30 s before adding water. In addition, when weighing
the raw materials, PG was considered as dry mass by subtracting the water content. After that,
raw materials were stirred homogeneously for 5 min and the premixed mixture was casted into plastic
cylindrical moulds [38] (diameter of 5 cm and height of 10 cm). After 24 h of hydration, specimens
were taken out of the moulds and moved into a standard chamber with constant temperature and
humidity (25 ± 2 ◦C and 90 ± 5%, respectively).

Table 4. Mix proportions of PG-based cemented paste backfill (CPB).

No. OPC OPG (Dry) TPG (Dry) Water Water/Solid Water/Cement

1-OPG 8.57% 62.92% - 28.51% 0.67 3.33
2-OPG 8.86% 65.01% - 26.13% 0.61 2.95
3-OPG 6.67% 65.25% - 28.09% 0.67 4.21
4-OPG 6.89% 67.42% - 25.69% 0.61 3.73
5-OPG 5.45% 66.73% - 27.82% 0.67 5.10
6-OPG 5.64% 68.95% - 25.41% 0.61 4.51
1-TPG 8.57% - 62.92% 28.51% 0.67 3.33
2-TPG 8.86% - 65.01% 26.13% 0.61 2.95
3-TPG 6.67% - 65.25% 28.09% 0.67 4.21
4-TPG 6.89% - 67.42% 25.69% 0.61 3.73
5-TPG 5.45% - 66.73% 27.82% 0.67 5.10
6-TPG 5.64% - 68.95% 25.41% 0.61 4.51

2.3. Test Methods

2.3.1. Test of X-ray Fluorescence (XRF)

Elemental analysis was carried out on a Bruker S4 Pioneer XRF analyser (Bruker, Billerica, MA,
USA) and the samples were processed by the conventional pressing plate method. The samples were
first ground into powder by a grinder, after which they were heated in an oven at 45 ± 5 ◦C for 24 h.
Then, 2 g of the processed sample was accurately weighed and blended well with 2 g of boric acid in
an agate mixture. Next, the mixed powder was loaded into a die and compacted (60 s at 40 t pressure)
into a circular plate with a diameter of 32 mm and an outer diameter of 40 mm using the boric acid to
pad the bottom edge. Samples were labelled and preserved in a dry and pollution-free environment
after pressing and then analysed using full quantitative analysis without standard samples.

2.3.2. Test of Abrams Cone

Much of the research was to determine if the CPB mixture with a slump value over 170 mm
could be successfully transported underground by backfill pumps [39–41]. Therefore, in this study,
trial slump tests [9] were conducted to make sure that the slump values of the OCPB and TCPB mixtures
were greater than 170 mm. The preparation of materials and the test process were in accordance with
the standard test method for slump [42]. The premixed mixture was casted into a conical mould (the
top diameter of 10 cm, the bottom diameter of 20 cm and height of 30 cm) with a plate glass at the
bottom. After that, the conical mould was lifted about 10 cm and the previously constrained mixture
slurry flowed down freely. The values were measured diagonally and vertically when the mixture
stopped flowing and the result was determined by the average of two repeated experiments.

2.3.3. Test of Uniaxial Compressive Strength (UCS)

As a widely used detection mean of the mechanical properties of CPB for exploring an efficient
mix design and reaching a higher performance in underground mining structures [43], the standard
UCS tests were carried out in this study. For each ratio, there were three corresponding specimens.
The UCS tests were carried out according to the ASTM Standard C39 C39M-2014a [44]. After curing
for 7, 14, or 28 days, the specimens were subjected to unconfined compressive strength tests using an
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anti-bending machine (23 MTS Insight, MTS Systems Co. Ltd., Eden Prairie, MN, USA) with 30 kN
loading capability at a displacement rate of 0.1 mm/min. Each test was performed in triplicate and the
mean value was used for further analysis.

2.3.4. Microstructural Analysis

After the UCS tests, samples were taken from the broken surfaces and then immersed in plastic
bottles of acetone solvent in order to terminate the hydration, which bottles were then sealed. Then,
superfluous solution was removed using a vacuum filter after 24 h of immersion. The treated
samples were studied using a JSM-6490LV scanning electron microscope (JEOL Ltd., Beijing, China).
XRD analysis of the samples was performed using an X-ray diffractometer (D8 Advance, Bruker,
Karlsruhe, Germany) with CuKα radiation and Ni filter. The XRD patterns were appraised using the
references in the PDF-2 data base (PDF-2 International Centre for Diffraction Data, Newtown Square,
PA, USA).

3. Results and Discussion

3.1. Effect of Washing Pre-Treatment on Phosphogypsum (PG)

3.1.1. Changes of pH, Conductivity and Values of the Ions in the Supernatant

Table 3 shows the number of water-washing pre-treatments required for different PG:DW
proportions. With increase of the PG:DW ratio, the number of washings required increases from 8 to
79. However, the amount of DW required increases to a peak at the PG:DW ratio of 1:1.25 (23,496.20 g);
then drops to a bottom at the ratio of 1:1.75 (13,726.35 g). Finally it rises back to 14,887.20 g at the
smallest ratio of 1:2.50. Moreover, as is shown in Figure 3a, the Cond values of the different proportions
are stable at about 2.00 with increase in the number of washings. After several times of centrifugation,
the ions dissolved in water are separated from the PG mixture into the supernatant. This means
that stable conductivity is regarded as a sign of the successful washout of soluble impurities in the
PG. As regards the changes in pH of the supernatant, Figure 3b shows the variation curves for the
different proportions and shows that all the values increase greatly in the first several washings;
then the pace of change gradually slows down. This means that in the early stage of the washing
process, large quantities of soluble acidic substances in the PG are dissolved in the liquid phase and the
conclusion is also consistent with the conductivity of the supernatant. Therefore, taking the amount of
DW into consideration, the PG was washed 11 times using DW with PG:DW value of 1:1.75, for use in
subsequent experiments.

Figure 4 shows the changes in the dissolved ion concentration in the supernatant with the number
of water-washing pre-treatments. At the PG:DW value of 1:1.75, the principal axis demonstrates
the content of TN, F and Cl, and the ordinate axis shows the content of TP. After being washed
and centrifuged once, the contents of TP, TN and Cl in the supernatant were 5943.78, 23.23 and
264.33 mg/L, respectively. With an increase in the number of washings, the values of TP, TN, and Cl
decrease continuously to 10.33, 0.19, and 10.45 mg/L. In contrast, for the first three times, the value of
F increases from 30.22 to 52.30 mg/L; then gradually decreases to 12.19 mg/L. The possible reason
for the obvious increase in F content is that soluble F mainly occurs in the form of sodium fluoride
(NaF) compounds in PG. Meanwhile, as a weak acid, the hydrogen and F ions in the solution form
HF only in the highly acidic liquid phase. Therefore, during the initial washing processes, it was easy
for the F compounds, which are sparingly soluble in water, to combine with H ions to form HF in the
strong acidic liquid phase, thereby causing an increase in the concentration of F in the supernatant.
With increase in pH values, the fluoride ions dissolved in the liquid phase were discharged with the
supernatant, thus the F-content decreases gradually. Although the content of TN, TP, F, and Cl has
eventually decreased after repeated water-washing pre-treatment, the figures are still higher than the
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standard for direct emission, so the polluted water needs to be put into the sewage treatment plant for
further purify as the recycled-water for the concentrator [45].Minerals 2019, 9, 175 8 of 20 
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3.1.2. Analysis of XRF

As shown in Tables 1 and 5, CaO, SO3, and SiO2 are both the main components of OPG and TPG.
After the water-washing pre-treatment, the content of CaO and SO3 in TPG are slightly increased,
while the other chemical components decreased relatively. Among them, the content of Fe2O3 exhibited
the greatest reduction, from 3.208% to 0.663%, which indicates the partial loss of Fe during filtration of
the supernatants. Moreover, the content of the impurity P2O5 obviously also decreased, from 1.224%
to 0.714%. In addition, the impurity MgO was hardly detected in TPG (0.005%), for which the possible
reason is that all the MgO exists in PG in the form of water-soluble Mg compounds. The content
of the impurities SiO and F in PG showed a modest decrease, while the content of other impurity
elements in PG, such as Sr, Ti, and Ba, changed little, suggesting that these were insoluble in water.
Therefore, the water-washing pre-treatment can effectively remove some of the soluble compounds in
PG, whereas other impurities that are insoluble will likely be difficult to remove.

Table 5. Chemical compositions of TPG.

Chemical Composition (%) Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O

TPG 0.065 0.005 0.300 5.194 0.714 45.014 0.298

Chemical Composition (%) CaO TiO2 Fe2O3 SrO BaO F Loss

TPG 46.526 0.526 0.663 0.067 0.096 0.532 -

3.1.3. Analysis of Scanning Electron Microscopy (SEM)

Microstructures of OPG and TPG are shown in Figure 5. The crystal grains of OPG and TPG
are both rhombic plate particles, which indicates that washing does not change the grain shape of
PG. Figure 5a shows that the grain size distribution of OPG was irregular with a lot of small crystals
adsorbed on the surface of PG crystal resulting in rough areas of the crystal surface. From Figure 5b,
it can be seen that TPG has better surface smoothness with only a small part flocculent crystal but most
were columnar and rhombic plates. Apparently, the crystalline form of TPG is better than OPG, with a
more complete grain. Besides, although the materials have been washed several times, the particle
morphology of TPG is mostly maintained, with a majority of water-soluble impurities removed from
the surface of PG.Minerals 2019, 9, x FOR PEER REVIEW 10 of 20 
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Figure 5. Scanning electron microscope (SEM) images of the OPG (a) and the TPG (b).

3.1.4. Analysis of the Particle Size

Table 2, Table 6, and Figure 6 illustrate the particle size of OPG and TPG. The particle size of TPG
is obviously smaller, and ranges from 0.0796 µm to 251.785 µm. It is clear that the specific surface
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area (SSA) and mean-volume diameter (D [4,3]) of PG decreased from 0.324 to 0.277 m2/g and from
69.935 µm to 66.801 µm, respectively, after water-washing pre-treatment. The particle size fitting
formulas of OPG and TPG are shown in Equations (1) and (2).

C =
(
1.54224013× 10−6)x3 +

(
−2.97030817× 10−3)x2 + 1.03958678x− 0.24821556

(
R2 = 0.99881838

)
(1)

C =
(
2.63095018× 10−6)x3 +

(
−3.12349930× 10−3)x2 + 1.0208419x− 0.80246342

(
R2 = 0.99776654

)
(2)

Table 6. Particle size characters of TPG.

Physical Properties SSA (m2/g) D [4,3] (µm) D10 (µm) D50 (µm) D90 (µm) Dd<20 µm (%)

TPG 0.277 66.801 9.265 57.593 133.816 84.91
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According to the maximum density curve theory proposed by W.B. Fuller et al. [46,47] and
Yao [48], it is considered that the closer the tailings gradation curve is to a parabola, the smaller the
void between particles and the maximum density. This is mainly used to describe a particle size
distribution with continuous gradation. The equation of the Fuller ideal curve (FIC) gradation theory
is as follows:

Pi = 100(
xi

Dmax
)0.5 (3)

where xi is the particle size of grade i tailings (mm), Dmax is the maximum particle size of tailings
(mm) and Pi is the passing rate of xi particles (%). In order to analyse qualitatively the particle size
differences of TPG and OPG, the results were calculated using Equation (4) and the curves are shown
in Figure 6a,b. The gradation curves of OPG and TPG both obviously deviate from the FIC. Therefore,
to study further the influence of water-washing pre-treatment on the gradation of OPG, the area of
the tailing’s gradation curve deviating from the FIC was used to express the effect; the bigger the
deviation area is, the worse the gradation of the raw material is. The area values were calculated using
the following equation:

Ad = 100
∫ b

a
[f(x)− Pi(x)]dx (4)

where Ad is the area of tailings gradation curve deviating from ideal Fuller curve, a is the smallest
particle size of the raw material and b is the largest particle size of the raw material. The values of
Ad are shown in Figure 6, which illustrates that water washing can effectively optimise the particle
size gradation with a difference value of 205.1896. Thus, the particle size distribution of PG can be
obviously optimised by water-washing pre-treatment, which is closely related to the improvement of
UCS values.
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3.1.5. Analysis of X-ray Diffraction (XRD)

The results from investigating the purification of PG by washing repeatedly with DW are shown
in Figure 7 (XRD patterns of the OPG and the TPG). The mineral phases of the TPG determined
from the XRD patterns were CaSO4·2H2O, CaSO4·0.5H2O, CaSO4, and SiO2. In the case of OPG,
CaSO4·0.5H2O, and CaSO4 were undetected. Obviously, the main mineral phases in the OPG and
TPG were both CaSO4·2H2O and SiO2, However, after being treated, CaSO4·2H2O in OPG changed
to CaSO4·0.5H2O and CaSO4, resulting in a decline in the content of CaSO4·2H2O from 98.36% to
83.65%. The reaction equations [49,50], which generally go through the process of dissolution and
recrystallisation, are as follows. The equilibrium of Equation (5) is susceptible to the influence of ions
in liquid phase and to temperature, which trends to the right side with increasing concentration of
H3PO4, H2SO4, and temperature. Therefore, the presence of phosphate compounds in PG, which form
H3PO4 in the liquid phase, is one possible factor for the appearance of CaSO4·0.5H2O in the TPG.
However, the crystals of CaSO4·0.5H2O are metastable and direct dehydration of CaSO4·2H2O can
form CaSO4.

CaSO4·2H2O 
 Ca2+ + SO4
2− + 2H2O 
 CaSO4·0.5H2O + 1.5H2O (5)

CaSO4·2H2O 
 Ca2+ + SO4
2− + 2H2O 
 CaSO4 + 2H2O (6)

2CaSO4·0.5H2O 
 2CaSO4 + H2O (7)Minerals 2019, 9, 175 12 of 20 
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3.2. The Workability of PG-Based CPB

In order to analyse the effect of water-washing pre-treatment on the initial and 30 min aging
workability of PG-based CPB to obtain relatively qualified workability values, slump and diffusivity
tests were carried out. The results of the workability tests of OCPB and TCPB are demonstrated in
Figure 8a,b, respectively. The results show that water-washing pre-treatment can obviously optimise
the workability of TCPB mixture, furthermore, the slump and diffusivity performances for 30 min
of TCPB mixture are still better than that of OCPB regardless of the content of PG, although the
rules for increasing the slump and fluidity of the mixtures with different concentrations vary slightly.
With an increase of the PG content, the effect from optimisation is more obvious and is at maximum at
mix-proportion 6, where the figure for TCPB is 104.5% of OCPB. Meanwhile, the trend is more evident
in the mixtures after aging for 30 min, despite the fact that the ratio remains at 104.0%. As regards
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the values for fluidity of tailings, the initial TCPB mixtures have greater liquidity, compared with
the OCPB mixtures, especially at mix-proportion 5, the fluidity of initial and 30m in hydration TCPB
tailings are both 102.5% of OCPB.
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3.3. The UCS of PG-Based CPB

Compressive strength is one of the most important factors used to measure the quality of backfill.
According to the previous publications, the required static strength of CPB curing for 28 days without
exposures is arbitrarily selected at 0.2 MPa [51,52]. Besides, much of the research [24] on backfill tailings
have determined that mixtures with PG have little strength in 7 days, but that the strength increases
rapidly in the middle and later stages. In addition, studies [7,14] of receiver biases suggest that the
required strength of PG-based CPB is about 1 MPa at 28 days curing time. Figure 9 summarises the
evolution of the UCS values for the OCPB and TCPB samples which all increase with curing age, despite
that the growth rate varies with different stages. The 7 days UCS of OCPB is only 0.140–0.555 MPa,
however, the value of UCS increases significantly with increase of the mass concentration and cement
content: eventually it reaches 0.499–1.111 MPa. Although the general rule for UCS growth is also
applied to the evolution of TCPB, the UCS of TCPB is much greater than that of OCPB under the same
mix proportion. The 7 days UCS of TCPB is from 0.482 MPa to 0.838 MPa. At 14 days, the strength
values are from 0.710 MPa to 1.100 MPa and the values at 28 days climbed to the maximum range
0.825–2.531 MPa.

The ratios of 7, 14, and 28 days UCS values of OCPB/TCPB is shown in Figure 10. It can be
seen that the ratio of 7 days UCS ranges from 28.9% to 67.3%, then the ratio gradually stabilises at
nearly 65.5% with increase of the curing age. Furthermore, the ratio of mix-proportion four remains
near 70%. One of the possible factors associated with this phenomenon is the cementitious activity
of PG, which can replace OPC under certain conditions of alkaline activation. One of the possible
factors [53] associated with the stronger retarding phenomena of the OCPB is the soluble phosphate
in the OPG that reacted with Ca2+ ions and formed a thin film covering the cement clinker particles,
which slowed down the early hydration process of the OPC. However, the film is broken with the
hydration proceeds, and the later strength development will not be deteriorated. Therefore, according
to the XRF results, soluble phosphorus in OPG separated from PG crystal with water-washing, as a
result, this deterioration of mechanical properties of PG-based CPB was weakened. However, with the
hydration reaction, the film in PG-based CPB is broken, and the 14 and 28 days UCS values of OCPB
increase rapidly.
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In order to investigate the influence of OPG and TPG on strength growth of PG-based CPB in
different curing ages, the strength growth rates of OCPB and TCPB at 0–7 days, 7—14 days and
14—28 days were calculated, using the 28 days UCS value of each sample as the final strength of
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this study, the ratios of UCS growth values in 0–7 days, 7–14 days and 14–28 days to final strength
are shown in Figure 11. It can be summarised that the UCS values of OCPB increased slowly at the
early ages of hydration, ranging from 27.96% to 42.55%, and rapidly in the later stage, which strongly
confirms the analysis of the soluble phosphate’s influence as noted above. By contrast, the values of
TCPB all grew rapidly at the period of 0–7 days, ranging from 33.11% to 58.42%, and then gradually
increased at the period of 7–28 days, which indicates that the strength formation of TCPB was mainly
at 0–7 days. Therefore, water-washing pre-treatment can greatly reduce the retarding effect of PG on
cement hydration in the early stage, however, with the hydration reaction, the mechanical property
of PG-based CPB is still mainly determined by the mass concentration of mixture and the content
of cement.Minerals 2019, 9, 175 15 of 20 
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3.4. Microstructures of CPB

Figure 12 shows XRD patterns for the OCPB and TCPB (mix-proportion 3-OPG and 3-TPG) after
7, 14, and 28 days, the detected mineral phases are mainly CaSO4·2H2O, AFt, and SiO2. The probable
reason that calcium silicate hydrate gel (C-S-H) cannot be detected in the XRD patterns is its amorphous
or non-crystal micromorphology. As regards the Ca(OH)2, this can react with the impurities of PG,
making the diffraction peak difficult to distinguish (compared with the main diffraction peaks).
The reaction Equations are as follows [54]:

P2O5 + 3Ca(OH)2 → Ca3(PO4)2 ↓ + 3H2O (8)

2NaF + Ca(OH)2 → CaF2 ↓ + 2NaOH (9)

Based on the characteristic peaks of CaSO4·2H2O, it can be concluded that the content of
CaSO4·2H2O both decreases gradually with the hydration of these two hydration systems. What’s
more, compared with OCPB, the 7 days diffraction peaks of CaSO4·2H2O in TCPB are not that strong
in the XRD patterns illustrating that substantial CaSO4·2H2O participates in the hydration system.
However, as regards the 14, and 28 days diffraction peaks of CaSO4·2H2O, TCPB are slightly stronger
which may be associated with the inhibition effect of alkaline environment. A previous study [55]
demonstrates that the hydration of CaSO4·0.5H2O and CaSO4·2H2O is inhibited by alkali, while a
great quantity of acidic substances in TPG have been discharged with several water-washings that
increased alkalinity of liquid phase in TCPB. Even so, the 7, 14, and 28 days diffraction peaks of AFt in
TCPB were all greater than that of OCPB, which indicates that there were more hydration products and
higher hydration degree in TCPB. Meanwhile, it can be observed that the 14, and 28 days characteristic
peaks of Aft in OCPB increase significantly which further proves the disciplines of formation and
destruction of the film, with the increase of curing time, the film in OCPB breaks and the hydration
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reaction continues. That is to say, water-washing pre-treatment can effectively enhance the composition
of hydration products of PG-based CPB and stimulate the formation of AFt in early ages.Minerals 2019, 9, 175  16  of  20 
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Figure 12. XRD patterns of OCPB and TCPB.

Subsequently, Figure 13 shows SEM images of the samples (Mix-proportion 3-OPG and 3-TPG)
at different curing ages: left (Figure 13a,d) shows the morphology of specimens at 7 days, in the
middle (Figure 13b,e) are specimens at 14 days, and on the right (Figure 13c,f) are at 28 days. These
hydration products are needles, rods, or flocculants, among them, the needle or rod-like substances are
ettringite (AFt). The floc material is CSH and covers the surfaces of the CaSO4·2H2O crystal particles.
By comparing Figure 13a–c with Figure 13d–f, it can be seen that the microstructure of hydration
products of TCPB was better developed than OCPB at any curing time. As shown in Figure 13a, after
7 days of hydration, the prismatic and slab-like PG crystals in OCPB remained visible, even within
image of 14 days. Besides, the impurities absorbed on PG crystal surface nearly gone and small amount
of relatively tiny AFt was produced in the pores between the hydration products and CaSO4·2H2O
crystals. By contrast, from Figure 13d, although the pores of TCPB were not filled with hydration
products, the microstructure was more compact with plenty of hydration products generating on
the surface of PG particles. Figure 13c,f presents that a great deal of C-S-H gel both generated in
OCPB and TCPB illustrating that the retarding effect of OPG decreased gradually with the hydration,
while in OCPB, the generated C-S-H gel was much slenderer with huge pore size. Therefore, it can be
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concluded that water-washing pre-treatment can effectively improve the microstructure of PG-based
CPB by promoting the early hydration reaction and optimising the porosity of hydration system which
improves the mechanical properties.
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Figure 13. SEM images of OCPB samples with (a) 7 days, (b) 14 days, and (c) 28 days curing age and
TCPB samples with (d) 7 days, (e) 14 days, and (f) 28 days curing age.

4. Conclusions

This study investigated the feasibility of water-washing to pre-treat PG, aimed to improve the
filling performance of PG-based CPB. Based on the considerable experimental results, the following
conclusions were summarized as follows:

1. During the water-washing pretreatment, a certain number of soluble impurities on the surface of
PG crystals could be removed by water-washing, and the morphology and size of the PG crystals
were slightly optimized for CPB.

2. The water-washing pretreatment effectively improved the transport mobility and efficiency of the
TCPB mixtures. The workability of the TCPB mixtures were greater than that of OCPB, which is
beneficial to transport the TCPB to the stopes underground.

3. Moreover, because of the purification by water-washing, the impurities, which greatly hamper the
hydration process, were separated from the OPG. The UCS value of TCPB was up to 2.45 times
higher than that of OCPB samples. It can be concluded that the figures for TCPB increase
significantly from stages of 0 to 7 days, and the purification capacity of water-washing by
enhance the early UCS growth rate.

4. With the water-washing pretreatment, the diffraction peaks of AFt in the hydration system were
also enhanced, although the diffraction peaks of some other hydration products were not found
in the mineral phase due to the high PG content.
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