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Abstract Flue gas desulfurization (FGD) gypsum and
textile fibers constitute two large-scale industrial wastes
generated in China. In this work, these wastes were used
for making foamed concrete which can increase the energy
efficiency of buildings. The effects of the W/S ratio, super
plasticizer amount, foaming agent as well as textile fibers
contents on the compressive strength and density values of
the porous FGD gypsum plaster materials was systemati-
cally investigated. The highest compressive strength value
of the gypsum blocks was 1.6 MPa after 7 days of curing,
and the measured density value was 617 kg/m>. The
obtained results suggest an effective way to recycle FGD
gypsum and textile fiber wastes in order to produce not
only low-cost and effective buildings materials, but also to
lessen the environmental impact.
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Introduction

The manufacture of construction materials by using
industrial wastes is potential substitutes for making new
materials undoubtedly contribute to saving of natural
resource and protecting of the environment, such as phos-
phogypsum disposal with cement plant CO, removal [1],
fly ash is used for manufacturing unfired brick and cement
[2-6], fluidized bed combustion wastes are manufactured
for building components [7-9], calcium looping spent
sorbent as a limestone replacement in the manufacture of
cements [10]. Flue gas desulfurization (FGD) gypsum, a
common solid waste from coal power and heating plants, is
worthy of consideration because they are generated in huge
amounts and are utilized to a still unsatisfactory extent
[11]. Wet limestone is often used to absorb SO, to reduce
emission of pollutants to the atmosphere but the process
generates the by-product, FGD gypsum. As flue gas
desulfurization is increasingly used in these plants, more
FGD gypsum is produced and the annual production of
FGD gypsum in China has been projected to be nearly a
billion tons after 2010 [12]. Since recycling of the waste is
insufficient, it is usually dumped at waste disposal sites
[13]. In view of resource management, economics, and
environment, it is imperative to recycle FGD gypsum
waste. The main FGD gypsum constituent is CaSO,4-2H,0
[14, 15], therefore the construction industry can utilize the
materials as cement retarders [15-17] and manufacturing
of CaS0,4-0.5H,0 or CaSO, based on calcination [18, 19].
Moreover, calcined natural or chemical gypsum after
accelerated curing is a basic component in prefabricated
lightweight building elements [20]. Apart from these, FGD
gypsum is also used for building materials [21], such as fire
resistant panels [22], cement and concrete [16, 21]. Cal-
cined gypsum can be produced from FGD gypsum by
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dehydration at 110-150 °C. The B-calcined gypsum forms
according to Eq. (1):

CaSOy - 2H,0 — CaSO, - 0.5H,0 + 1.5H,0. (1)

During hydration, CaSO,4-2H,0 is formed [12]. How-
ever, though this compound has a solubility of 0.256 g per
100 g of water at 20 °C, it cannot be used directly on the
exterior of buildings because rain water will dissolve it
[23, 24], although gypsum blocks are ecologically and
energy friendly due to their good properties, small
dimensional change, and easy application [25, 26].

Many types of wastes produced by the textile industry
have ecological effects because they are not biodegradable
and may release toxic fume to the environment [27]. Most
of the fibrous wastes are composed of natural and synthetic
polymeric materials such as cotton, wool, silk, polyester,
nylon, polypropylene, etc. [28]. It is therefore also impor-
tant to identify means to recycle these materials to reduce
the environmental impact and conserve energy.

In this paper, we describe the use of FGD gypsum as
basic component for the production of foamed concrete
which exhibits attractive energy-saving properties and
other advantages such as light weight and good thermal
insulation. Light foamed concrete with excellent thermal
insulation performances is prepared from FGD gypsum and
textile fibers. The foamed concrete is subsequently tough-
ened with textile fibers and the properties and performance
of the materials are determined systematically. The rein-
forcing mechanism is proposed to discuss the properties
and performance of the materials.

Experimental Details
Materials

FGD gypsum was provided by Xinghua Gypsum Plant
(Tangshan Hebei, China). In order to obtain calcined
gypsum, FGD gypsum was heated in an electric oven at
170 °C for 2 h. Afterwards, it was stored in a desiccator at
room temperature to avoid any contamination. The foam-
ing agent (KC-15) was supplied by Beijing Zhongke
Building Materials Technology Co., Ltd, a naphthalene
sulfonate-formaldehyde condensate (FDN), a kind of
water-reducing agent, purchased from Beijing Muhu Con-
crete Admixture Co., Ltd was also employed.

Sample Preparation
A weighed quantity of FGD gypsum which was filtered in
through a 0.075 mm sieve was mixed under dry condition

prior the addition of regular tap water. After casting, they
were laid aside for 2 h. After demolding, the specimens
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were cured for 7 days at a relative humidity of 50 % and
room temperature before the evaluation of mechanical
properties.

Techniques and Test Methods

X-ray diffraction (XRD) analysis was performed on a
Philips PW 1050 powder diffractometer (Cu-Ko radiation,
filtered by graphite, and excited by 100 mA at 40 kV, the
scanning rate was 8°/min, as shown in Fig. 1). The major
chemical composition were determined by X-ray fluores-
cence (XRF) on a Thermo electron corporation ARL
ADVANT XP+ system equipped with Rh radiation at
50 kV as shown (Table 1). Thermogravimetric—differential
thermal analysis (TG-DTA) of the precursors was per-
formed in air from the ambient temperature to 600 °C at a
rate of 10 °C/min controlled by a computer as shown in
Fig. 2.

The apparent density value of the materials was deter-
mined through the evaluation of the ratio between weight
and dimensions of the products. Compression tests were
performed on 40 x 40 x 40 mm® on samples by using
UTS machine at a loading rate of 5 mm/min. In this
experiment, three samples were measured to improve the
statistics.

Results and Discussion

The water—solid (W/S) ratio was adjusted by mixing dif-
ferent volumes of water with FGD gypsum to produce
stable gypsum-based blocks. Each FGD gypsum block with
a different W/S ratio had a different bulk density and
compressive strength values. Figure 3 shows the variation
in the compressive strength and density values with
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Fig. 1 XRD pattern of natural and FGD gypsum
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Table 1 Chemical
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Fig. 3 Physical properties of FGD gypsum blocks with different W/S
ratios

different W/S ratios after a curing period of 7 days. FGD
blocks displayed compressive strength values ranging from
2.6 to 5.3 MPa as well as densities values ranging from 995
to 1031 kg/m>. As the W/S ratio was increased from 0.8 to
1, compressive strength and density values of FGD gypsum
blocks initially increase (reaching the maximum values of
53 MPa and 1031 kg/m’), respectively, and then
decreased. The compressive strength values ascended
slightly when the W/S ratio is low (0.8-0.85) and reached a
maximum of about 5.3 MPa when the W/S ratio was 0.9.
Further increase leaded to a rapid decrease in the com-
pressive strength values. The compressive strength values
exhibited a similar tendency with initial increase from 995
to 1024 kg/m® for W/S ratios less than 0.85 and slow
increase afterwards from 1024 to 1031 kg/m’. The maxi-
mum density value of 1031 kg/m® was observed when the

of FGD gypsum block is relatively low. When the W/S
ratio exceeds 0.9, there is enough water for both hydration
and lubrication. More water evaporates during the solidi-
fication process creating pores in FGD gypsum block.
However, if the W/S ratio is increased further, the com-
pressive strength and density values of FGD gypsum
blocks decrease. Based on our experimental results, 0.9 is
the optimal W/S ratio.

The variation in the 7-day compressive strength and
density values with different plasticizer contents is illus-
trated in Fig. 4. The compressive strength values of FGD
gypsum varied from 7.2 to 9.9 MPa and the density values
varied from 992 to 1043 kg/m>. As the super plasticizer
content was increased, the compressive strength values
increased initially and then decreased. The maximum value
of 9.9 MPa was achieved at a super plasticizer content of
2 wt%. The density values of FGD gypsum blocks
increased steadily with super plasticizer contents from 992
to 1043 kg/m>. The purpose of the super plasticizer is to
reduce water consumption during hydration and lubrication
in the mixing process. When the extra water evaporates,
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less air is left in FGD gypsum block and so the compres-
sive strength and density values of FGD gypsum blocks
increase when the super plasticizer concentration is 2 wt%.
As more super plasticizer is introduced to FGD gypsum
block, the extra plasticizer prevents the gypsum crystal to
evolve consequently reducing the strength value of the
gypsum crystal. Hence, the compressive strength value
begins to decrease. The large amount of super plasticizer
leaves less air and the density value of FGD gypsum block
increases. Based on these results, the optimal concentration
of 2 wt% is adopted in subsequent experiments.

The variation in the compressive strength and density
values of the samples (super plasticizer concentration of
2 wt% and W/S ratio of 0.9) with foaming agent contents is
plotted in Fig. 5. The strength values varied from 0.5 to
7.5 MPa and the density values varied from 321 to 989 kg/
m>. As the foaming agent content is increased, the com-
pressive strength and density values decrease due to more
air bubbles in GD gypsum blocks. The results suggest that
air bubbles replace FGD gypsum content resulting in lower
compressive strength and density values. When the foam-
ing agent content is 0.3 wt%, most of the air bubbles exist
in FGD gypsum block but if it is increased above 0.3 wt%,
there are too many air bubbles which are then released and
the unit volume is not changed significantly. This explains
why the compressive strength and density values of FGD
gypsum blocks decrease when the foaming agent content is
less than 0.3 wt% but stabilizes at over 0.3 wt%. In the
following experiments, the optimal foaming agent content
is selected to be 0.2 wt%.

The variation in the 7-day compressive strength and
density values with different textile fiber contents is dis-
played in Fig. 6 for the W/S ratio of 0.9, super plasticizer
content of 2 wt%, and foaming agent content of 0.2 wt%.
The compressive strength values ranged from 0.9 to
1.6 MPa and density values from 422 to 620 kg/m>. As the
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Fig. 5 Physical properties of FGD gypsum blocks with different
foaming agent amounts
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Fig. 6 Physical properties of FGD gypsum blocks with different
textile fiber amounts

textile fiber content was increased, compressive strength
value first increased and then decreased when the textile
fiber concentration was higher than 3 wt%. The compres-
sive strength value reached a maximum of 1.6 MPa when
the textile fiber content was up to 3 wt%. Unlike the
compressive strength values, the density values of FGD
gypsum block showed a decreasing trend with textile fiber
concentrations. The textile fibers improved the compres-
sive strength value of FGD gypsum block when the fiber
content was 3 wt%. If additional textile fibers are incor-
porated to replace FGD gypsum, the overall compressive
strength value decreases. As the textile fibers are lighter
than gypsum per unit volume, the density values of FGD
gypsum blocks decreases. According to our data, a textile
fiber content of 3 wt% leads to the best performance in
terms of compressive strength and density values.

The variation in the 7-day compressive strength and
density values with different gypsum between FGD gyp-
sum and natural gypsum is displayed in Fig. 7 for the W/S
ratio of 0.9, super plasticizer content of 2 wt%, foaming
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Fig. 7 Physical properties of FGD gypsum blocks with different
textile fiber amounts
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agent content of 0.2 wt%, and waste textile fiber content of
3 wt%. FGD gypsum compressive strength values varied
from 0.3 to 1.8 MPa and the density values from 610.2 to
615.4 kg/m>. The natural gypsum compressive strength
values varied from 0.4 to 2 MPa and natural gypsum
density values from 590.1 to 693.3 kg/m’. The natural
gypsum compressive strength value was bigger than FGD
gypsum compressive strength value, and the natural gyp-
sum density value was smaller than FGD gypsum density
value. It is because the particle size of FGD gypsum is
more uniform and their distribution is very narrow and
worse than that of natural gypsum.

Conclusion

Foamed gypsum blocks were prepared from FGD gypsum
and textile fiber wastes. The effects of the W/S ratio, super
plasticizer content, foaming agent amount, and waste tex-
tile fiber content on the mechanical properties were
investigated and discussed. The optimal W/S ratio, super
plasticizer content, foaming agent amount, and waste tex-
tile fiber content were 0.9, 2, 0.2, and 3 w%, respectively.
The maximum compressive strength value was eaqal to
1.6 MPa after 7 days of curing while the density value was
617 kg/m>. The obtained results suggest an possibility of
making effective process to recycle industrial wastes and
by-products which can undoubtedly to lessen the environ-
mental impact due to utilize disposal.

Acknowledgments This research was jointly supported by National
High Technology Research and Development Program (863 Program
2012AA06A109) of China and City University of Hong Kong
Applied Research Grant (ARG) No. 9667104.

References

1. Sun, J., Liu, W., Wang, W., Hu, Y., Yang, X., Chen, H., Zhang,
Y., Li, X., Xu, M.: Optimizing synergy between phosphogypsum
disposal and cement plant CO2 capture by the calcium looping
process. Energy Fuels 30, 1256-1265 (2016)

2. Chindaprasirt, P., Pimraksa, K.: A study of fly ash-lime granule
unfired brick. Powder Technol. 182, 3341 (2008)

3. Cicek, T., Tanriverdi, M.: Lime based steam autoclaved fly ash
bricks. Constr. Build. Mater. 21, 1295-1300 (2007)

4. Marroccoli, M., Montagnaro, F., Pace, M.L., Telesca, A., Valenti,
G.L.: Utilization of coal combustion ashes for the synthesis of
ordinary and special cements. Combust. Sci. Technol. 182,
588-599 (2010)

5. Bilodeau, A., Malhotra, V.M.: High-volume fly ash system:
concrete solution for sustainable development. ACI Mater. J. 97,
41 (2000)

6. Siddique, R.: Utilization of coal combustion by-products in sus-
tainable construction materials. Resour. Conserv. Recycl. 54(12),
1060-1066 (2010)

7. Ohenoja, K., Tanskanen, P., Peltosaari, O., Wigren, V., Oster-
backa, J., Illikainen, M.: Effect of particle size distribution on the

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

self-hardening property of biomass-peat fly ash from a bubbling
fluidized bed combustion. Fuel Process. Technol. 148, 60-66
(2016)

. Telesca, A., Marroccoli, M., Montagnaro, F., Tomasulo, M.,

Valenti, G.L.: Enhancement of selectivity toward ettringite dur-
ing hydrothermal processes on fluidized bed combustion wastes
for the manufacture of preformed building components. RSC Adv
5, 101887-101893 (2015)

. Telesca, A., Calabrese, D., Marroccoli, M., Valenti, G.L., Mon-

tagnaro, F.: Study of the hydrothermal treatments of residues from
fluidized bed combustors for the manufacture of ettringite-based
building elements. Fuel Process. Technol. 126, 188-191 (2014)
Telesca, A., Marroccoli, M., Tomasulo, M., Valenti, G.L., Dieter,
H., Montagnaro, F.: Calcium looping spent sorbent as a limestone
replacement in the manufacture of Portland and calcium sulfoa-
luminate cements. Environ. Sci. Technol. 49, 6865-6871 (2015)
Telesca, A., Marroccoli, M., Calabrese, D.: Flue gas desulfur-
ization gypsum and coal fly ash as basic components of prefab-
ricated building materials. Waste Manag 33(3), 628-633 (2013)
Zhong, S., Ni, K., Li, J.: Properties of mortars made by uncal-
cined FGD gypsum-fly ash-ground granulated blast furnace slag
composite binder. Waste Manag 32(7), 1468-1472 (2012)
Tesarek, P., Drchalova, J., Kolisko, J., Rovnanikova, P., éem}’/,
R.: Flue gas desulfurization gypsum: study of basic mechanical,
hydric and thermal properties. Constr. Build. Mater. 21(7),
1500-1509 (2007)

. Sampson, D.H.: Gypsum: Properties, Production and Applica-

tions, first ed. Nova Science (2011)

Tzouvalas, G., Rantis, G., Tsimas, S.: Alternative calcium-sul-
fate-bearing materials as cement retarders: part II. FGD gypsum.
Cem. Concr. Res. 34(11), 2119-2125 (2004)

Chandara, C., Azizli, K.A.M., Ahmad, Z.A.: Use of waste gyp-
sum to replace natural gypsum as set retarders in portland cement.
Waste Manag. 29(5), 1675-1679 (2009)

Chandara, C., Azizli, K.A.M., Ahmad, Z.A., Sakai, E.: Use of
waste gypsum to replace natural gypsum as set retarders in
portland cement. Waste Manag. 29(5), 1675-1679 (2009)

Guan, B., Yang, L., Wu, Z., Shen, Z., Ma, X., Ye, Q.: Preparation
of a-calcium sulfate hemihydrate from FGD gypsum in K, Mg-
containing concentrated CaCl2 solution under mild conditions.
Fuel 88(7), 1286-1293 (2009)

Guo, X.L., Shi, H.S.: Thermal treatment and utilization of flue
gas desulphurization gypsum as an admixture in cement and
concrete. Constr. Build. Mater. 22(7), 1471-1476 (2008)
Sampson, D.H.: Gypsum: Properties, Production and Applica-
tions, first ed. Nova Science (2011)

Guo, X.L., Shi, H.S.: Thermal treatment and utilization of flue
gas desulphurization gypsum as an admixture in cement and
concrete. Constr. Build. Mater. 22(7), 1471-1476 (2008)

Leiva, C., Garcia Arenas, C., Vilches, L.F.: Use of FGD-gypsum
in fire resistant panels. Waste Manag. 30(6), 1123-1129 (2010)
Freyer, D., Voigt, W.: Crystallization and phase stability of
CaS0O4 and CaSO4-based salts. Chem. Mon. 134(5), 693-719
(2003)

Kumar, S.: A perspective study on fly ash-lime—gypsum bricks
and hollow blocks for low cost housing development. Constr.
Build. Mater. 16(8), 519-525 (2002)

Arikan, M., Sobolev, K.: The optimization of a gypsum-based
composite material. Cem. Concr. Res. 32(11), 1725-1728 (2002)
Zhao, F.Q., Liu, H.J., Hao, L.X., Li, Q.: Water resistant block
from desulfurization gypsum. Constr. Build. Mater. 27(1),
531-533 (2012)

Reis, JM.L.D.: Effect of textile waste on the mechanical prop-
erties of polymer concrete. Mater. Res. 12(1), 63-67 (2009)
Wang, Y.: Fiber and textile waste utilization. Waste Biomass
Valorization 1(1), 135-143 (2010)

@ Springer



	Porous Materials Composed of Flue Gas Desulfurization Gypsum and Textile Fiber Wastes
	Abstract
	Introduction
	Experimental Details
	Materials
	Sample Preparation
	Techniques and Test Methods

	Results and Discussion
	Conclusion
	Acknowledgments
	References




