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UTILIZATION OF HEMIHYDRATE PHOSPHOGYPSUM FOR THE
PREPARATION OF ENERGY EFFICIENCY WALL MATERIALS
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@perties of walls.

/ Phosphogypsum is a byproduct of the manufacture of phosphoric acid by dehydrating process. The discarded\
phosphogypsum not only occupies considerable land resource, but also leads to serious environmental contamination. In order
to improve the utilization rate of phosphogypsum, hemihydrate phosphogypsum was used as raw materials for manufacturing
energy efficiency wall materials in this paper. Comparing with the conventional structure, the optimized structure was designed
based on energy efficiency wall materials. The heat transfer of optimized structure was simulated to evaluate the energy
efficiency of wall. The results show that the prepared material has suitable setting time, compressive strength and low thermal
conductivity. Two-dimensional heat transfer coefficient of thermal bridge is decreased by 18.5%, and the average heat transfer
coefficient of wall structure is decreased by 13.9%. The optimized structure can effectively improve the thermal insulation

)
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1. Introduction

Phosphogypsum (PG) is a byproduct of the
manufacture of phosphoric acid by dehydrating
process [1,2]. About five tons of PG is generated
per ton of phosphoric acid production. Global PG
emissions have exceeded 150 million tons every
year. In China, the annual emissions in PG are
more than 55 million tons [3-6]. The utilization
proportion of PG is less than 10% in China. The
discarded PG not only occupies considerable land
resource, but also leads to serious environmental
contamination.

Strong efforts have been made in the
systematic utilization of PG. Such as using PG as
set retarders [7,8], gypsum binders [9-11], gypsum
plasters [12-16] and so on. However, in most of the
existing studies, the consumption of PG is not
large. Moreover, the thermal insulation properties of
the products are not emphasized, which are the
concerns of residential buildings.

In this work, hemihydrate PG was used as
raw materials for manufacturing energy efficiency
wall materials (EEWM). Two-dimensional heat
transfer theory was analyzed based on additional
heat loss of thermal bridge and two-dimensional
heat transfer characteristic of thermal bridge.
Comparing with the conventional structure, the
optimized structure was designed based on the
prepared material. The heat transfer of optimized
structure was simulated to evaluate the energy
efficiency of wall.

2. Experimental
2.1 Raw materials

B-hemihydrate phosphogypsum, fly ash,
vitrified microsphere, protein based retarder (SSP),
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polycarboxylate based plasticizer (F10) were used
in this work. B-hemihydrate phosphogypsum was
taken from phosphate fertilizer plant in Hubei
province, China. The initial and final setting time
was 4min and 8min respectively, and the 28d
compressive strength was 3.72MPa, and the
thermal conductivity was 0.25W/(m<K). Irradiation
index of pB-hemihydrate phosphogypsum was
tested according to the Chinese standard (GB
6566-2010) [17]. The test showed that natural
radionuclide radium, thorium, potassium were
38Ba/kg, 42Bqg/kg, 330Bqg/kg respectively. The
internal and external irradiation indexes were 0.19
and 0.34 respectively, which meet the requirements
of radionuclide limit of wall materials. Fly ash,
vitrified microsphere were taken from power plant
in Hubei province, China, and the thermal
conductivity was 0.23W/(m+K) and 0.04W/(m-K)
respectively.

2.2 Mix proportions

Cementitious materials were composed of -
hemihydrate phosphogypsum and fly ash. Vitrified
microsphere, protein based retarder and
polycarboxylate based plasticizer were added into
cementitious materials as additives. The content of
B-hemihydrate phosphogypsum, fly ash, vitrified
microsphere, protein based retarder and
polycarboxylate based plasticizer were designed as
70%/80%, 20%/30%, 10%/20%, 0.1%/0.2% and
0.2%/0.3% respectively. Sixteen mix proportions
were designed, as shown in Table 1.

2.3 Test methods
2.3.1 Setting time

The setting time was tested according to the
Chinese standard (GB/T 17669.4-1999) [18]. The
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Table 1
Mix proportions of EEWM
-hemihydrate - . Polycarboxylate
No. pﬁosphogyypsum Fly ash (%) . Vitrified Protein based basgd plasti)::izer
microsphere (%) retarder (%)

(%) (%)
1 70 30 10 0.1 0.2
2 70 30 20 0.1 0.2
3 70 30 10 0.1 0.3
4 70 30 20 0.1 0.3
5 70 30 10 0.2 0.2
6 70 30 20 0.2 0.2
7 70 30 10 0.2 0.3
8 70 30 20 0.2 0.3
9 80 20 10 0.1 0.2
10 80 20 20 0.1 0.2
11 80 20 10 0.1 0.3
12 80 20 20 0.1 0.3
13 80 20 10 0.2 0.2
14 80 20 20 0.2 0.2
15 80 20 10 0.2 0.3
16 80 20 20 0.2 0.3

time interval was 2min. The size of the specimen
was 65x75x40mm.

2.3.2 Diffusance

The diffusance was tested according to the
Chinese standard (GB/T 28627-2012) [19] in order
to evaluate the fluidity of materials.

2.3.3 Compressive strength

The compressive strength was tested
according to the Chinese standard (GB/T 17669.3-
1999) [20]. The size of the specimen was
40%40x160mm.

2.3.4 Thermal conductivity

The thermal conductivity was tested
according to the Chinese standard (GB/T 10294-
2008) [21]. In the test, an intelligent double-plate
detector (IMDRY3001) was used to determine the
heat flow through the specimen, the average
temperature of hot surface, and the average
temperature of cold surface. The size of the
specimen was 300%x300x30mm.

3. Results and discussion

3.1 Effect of components on setting time

The setting time of EEWM with different mix
proportions were tested, as shown in Table 2. As is
shown in Table 2, when the content of fly ash,
vitrified microsphere and plasticizer are the same,
the setting time of EEWM is increasing with the
increase of the retarder content. When the content
of fly ash, retarder and plasticizer are the same,
the setting time of EEWM is decreasing with the
increase of the vitrified microsphere content. The
results show that the setting time of EEWM is
mainly affected by retarder and vitrified
microsphere. And it shows that the influence of
retarders on the setting time of EEWM is greater
than that of vitrified microsphere. The main

mechanism of retarder is to slow down the
dissolution rate of hemihydrate phosphogypsum,
resulting in increasing the setting time. When the
content of retarder is 0.1%, the initial setting time
of EEWM is 44-58min, and the final setting time is
54-66min. When the content of retarder is 0.2%,
the initial setting time of EEWM is 72-84min, and
the final setting time is 78-90min.

3.2 Effect of components on diffusance

The diffusance of EEWM with different mix
proportions were tested, as shown in Table 2. As
is shown in Table 2, when the content of plasticizer
is 0.2%, the diffusance of EEWM is 198-202mm.
When the content of plasticizer is 0.3%, the
diffusance of EEWM is 218-223mm. The
diffusance of EEWM is mainly affected by
plasticizer.

3.3 Effect of components on compressive
strength

The 28d compressive strength of EEWM
with different mix proportions were tested, as
shown in Table 2. As is shown in Table 2, when
the content of vitrified microsphere is the same,
the compressive strength of specimen is smaller
with the retarder content 0.2%. When the content
of retarder is the same, the compressive strength
of specimen is greater with vitrified microsphere
content 20%. It shows that the compressive
strength of EEWM is mainly affected by retarder
and vitrified microsphere. When the content of fly
ash and plasticizer are the same, the compressive
strength of EEWM is decreasing with the content
of retarder and vitrified microsphere increasing
simultaneously. It shows that the effect of retarder
on the compressive strength of EEWM is greater
than that of vitrified microsphere. The compressive
strength of EEWM decreases with the increase of
retarder, which is mainly due to the change of the
shape of gypsum crystal. During the hydration of
gypsum, the shape of crystals is changed from



Zhang Yichao, Wang Ying, Zhou Jinghai, Kang Tianbei, Wang Qinghe / Utilization of hemihydrate phosphogypsum for 445
the preparation of energy efficiency wall materials

Table 2

Physical Properties of EEWM

Specimen Setting time(min) Diffusance 28d compressive Thermal conductivity

No. Initial(min) Final(min) (mm) strength(MPa) (W/(m-K))

1 58 66 200 2.76 0.152

2 48 56 198 2.98 0.132

3 56 64 221 2.34 0.155

4 46 54 220 3.05 0.131

5 84 90 201 1.30 0.154

6 74 82 199 1.60 0.132

7 80 88 223 1.36 0.155

8 72 78 220 2.00 0.133

9 56 66 198 2.55 0.156

10 46 58 200 2.75 0.135

11 56 62 221 2.65 0.153

12 44 54 222 2.87 0.133

13 84 88 202 1.60 0.152

14 74 80 200 2.16 0.134

15 80 88 218 1.78 0.156

16 72 80 221 1.88 0.132
needle to columnar due to the adsorption of AQ
retarder, and the overlaps between the crystals are a=—=Ex100% 1
reduced, so the compressive strength of EEWM is sum
reduced.

AQBex 0
3.4 Effect of components on thermal P =—2x100% (2)
conductivity AQ,
The thermal conductivity of EEWM with

different mix proportions were tested, as shown in Q0 = I qdx (3)
Table 2. As is shown in Table 2, the thermal e
conductivity of EEWM is mainly affected by vitrified "
microsphere. The vitrified microspheres are _ .
irregular spherical particles with cavity structure. By AQy =0y =4, F, (4)
incorporating vitrified microsphere into
cementitious materials, the path of heat conduction AQy.. = _[ (9—g,)dx (5)
can be increased, and then the thermal "

conductivity of the materials can be reduced. When
the content of vitrified microsphere is 10%, the
thermal conductivity of EEWM is 0.152-
0.156W/(m+K). When the content of Vvitrified
microsphere is 20%, the thermal conductivity of
EEWM is 0.131-0.135W/(m*K).

3.5 Analysis of heat transfer characteristic of
structure based on EEWM
3.5.1 Two-dimensional heat transfer theory
3.5.1.1 Additional heat loss of thermal bridge

The additional heat loss of thermal bridge is
evaluated mainly through the additional heat loss
degree of thermal bridge and the additional heat
loss degree of influence area of thermal bridge.
The additional heat loss degree of thermal bridge is
defined as the ratio of the additional heat flux of
thermal bridge to the total heat flux of wall
structure. The additional heat loss degree of
influence area of thermal bridge is defined as the
ratio of additional heat flux of influence area of
thermal bridge to the additional heat flux of thermal
bridge, shown in formula (1) and (2). The total heat
flux of wall structure, additional heat flux of thermal
bridge and additional heat flux of influence area of
thermal bridge is calculated by the formula (3), (4),

(®).

pw

In the formula, o—additional heat loss
degree of thermal bridge (%), f—additional heat
loss degree of influence area of thermal bridge
(%), Qsum—total heat flux of wall structure (W),
AQs—additional heat flux of thermal bridge (W),
AQgex—additional heat flux of influence area of
thermal bridge (W), g—heat flow density at any
point of wall structure (W/m?), gp—heat flux density
of wall structure (W/m2), Fn—total area of wall
structure (m?), Fpw—area of influence area of
thermal bridge (m?).

When calculating the heat loss parameters
of thermal bridge of wall structure, the total heat
flux of wall structure is calculated firstly, then the
additional heat flux of thermal bridge and the
additional heat flux of influence area of thermal
bridge are calculated. Finally, additional heat loss
degree of thermal bridge and additional heat loss
degree of influence area of thermal bridge are
determined by the heat flux of each part, and the
thermal insulation performance of thermal bridge
can be evaluated.

3.5.1.2 Two-dimensional heat transfer of thermal
bridge

The calculation method of two-dimensional
heat transfer coefficient of thermal bridge is



446 Zhang Yichao, Wang Ying, Zhou Jinghai, Kang Tianbei, Wang Qinghe / Utilization of hemihydrate phosphogipsum for

proposed. The two-dimensional heat transfer
coefficient of thermal bridge is an indicator to
evaluate the heat transfer of thermal bridge
considering the additional heat flux of thermal
bridge and the additional heat flux of influence area
of thermal bridge. According to the heat transfer
theory, two-dimensional heat transfer coefficient of
thermal bridge is expressed as:

KW ZM (6)

F,AT

(Qsum-Qp) is the total heat flux of thermal
bridge in the condition of two-dimensional heat
transfer. The relationship between the total heat
flux of thermal bridge and the additional heat flux of
thermal bridge is established:

qum - Qp = quv + AQB + AQBex (7)

Two-dimensional heat transfer coefficient of
thermal bridge is expressed as:

. q F +AQ, +AQ,
K, == a— ®)
FE AT
Through  two-dimensional heat transfer

coefficient of thermal bridge, the two-dimensional
heat transfer characteristic of thermal bridge can
be effectively analyzed, providing a theoretical
basis for the study of thermal bridge.

3.5.2 FEM model based on EEWM

In FEM model, the length of shear wall and
infilling wall was 1000mm and 1000mm
respectively, and the thickness was 280mm. The
length of insulation board extended to the filling
wall was 280mm according to the analysis of
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Fig. 1 - FEM model of conventional structure.

the preparation of energy efficiency wall materials

influence area of thermal bridge. FEM models of
conventional structure and optimized structure
were shown in Fig. 1 and Fig. 2.

The convection heat transfer coefficient of
the model was 8.7W/(m2+K) and the temperature
was 18.0°C. The convection heat transfer
coefficient on the other side of the model was
23.0W/(m2*K) and the temperature was -3.0°C
[22]. The thermal conductivity of EEWM in the
condition of natural environment was adopted as
0.16W/(m<K). The thermal conductivity of material
was shown in Table 3.

3.5.3 Analysis of additional heat loss of thermal
bridge

Based on the theory of two-dimensional heat
transfer coefficient of thermal bridge, the finite
element model was calculated using ANSYS.
Temperature cloud of conventional structure and
optimized structure were shown in Fig. 3 and Fig.
4. Through the extraction of data, the additional
heat loss parameters of structures were shown in
Table 4. As is shown in Table 4, the additional
heat loss of thermal bridge is decreased from
10.11W to 7.22W, and the additional heat loss of
influence area of thermal bridge is decreased from
0.76W to 0.12W. It shows that the optimized
structure based on EEWM has better thermal
insulation capacity of thermal bridge.

3.5.4 Analysis of heat transfer characteristic of
structure

Through the extraction of data, the heat
transfer characteristic indicators of structures were
shown in Table 5. The additional heat loss degree
of thermal bridge is decreased from 27.0% to
23.0%, and the additional heat loss degree of
influence area of thermal bridge is decreased from

gypsum plaster

insulation board gypsum plaster

lgypsum plaster [EEWM

reinforced concrete [waterproof interface agent
cement mortar thin-layer mortar mortar

Fig. 2 - FEM model of optimized structure.

Table 3
Thermal conductivity of material
. Reinforced . Anti-cracking
Materials Insulation board Cement mortar EEWM
concrete mortar
Thermal
conductivity 1.74 0.038 0.93 0.87 0.16
(W/(m<K))
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T
270.263 214,59 278.917 203.243 287.57 - -
272.427 276.733 281.08 285.407 289.733 270.249 274,662 279.074 283.487 267.899
272.456 276.858 281.28 285.693 290.105
Fig. 3 - Temperature cloud of conventional structure. Fig. 4 - Temperature cloud of optimized structure.
Table 4
Additional heat loss parameters of structures
Parameters qp(W/m?) gw(W/m?) Qsum(W) AQg(W) AQgpex(W)
conventional 12.32 22.21 36.48 10.11 0.76
optimized 11.41 18.32 31.26 7.22 0.12
Table 5
Heat transfer characteristic indicators of structures
Indicators a(%) B(%) Ky (W/(m?2-K)) Km(W/(m?2-K))
conventional 27.0 7.5 1.08 0.79
optimized 23.0 1.7 0.88 0.68

7.5% to 1.7%. Moreover, two-dimensional heat
transfer coefficient of thermal bridge is decreased
by 18.5%, and the average heat transfer
coefficient of wall structure is decreased by 13.9%.
The optimized structure can effectively improve the
thermal insulation properties of walls.

4. Conclusions

Utilization of hemihydrate phosphogypsum
as raw materials in energy efficiency wall materials
is feasible and valuable for environment protecting.
Based on the experimental results, the following
conclusions should be drawn:

The setting time of EEWM is mainly affected
by retarder and vitrified microsphere. The effect of
retarder on the compressive strength of EEWM is
greater than that of vitrified microsphere. When the
content of vitrified microsphere is 10%, the thermal
conductivity of EEWM is 0.152-0.156W/(m-K),
which realizes the preparation of energy efficiency
wall materials.

Two-dimensional heat transfer theory is
analyzed based on additional heat loss of thermal
bridge and two-dimensional heat transfer of
thermal bridge. Two-dimensional heat transfer
coefficient of thermal bridge is proposed.
Comparing with the conventional structure, the

optimized structure is designed based on EEWM.
Two-dimensional heat transfer coefficient of
thermal bridge is decreased by 18.5%, and the
average heat transfer coefficient of wall structure is
decreased by 13.9%. The optimized structure
based on EEWM can effectively improve the
thermal insulation properties of walls. In the future,
the energy-saving effect of the whole building
using EEWM needs further study.
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materials

e Cementitious materials for 3D
printing Applications
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