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ABSTRACT

To improve the mechanical properties and water resistance of gypsum specimens, thus solving the
pollution problem due to the accumulation of flue gas desulfurization gypsum (FGD gypsum), etc.
The article utilizes flue gas desulfurization gypsum, gypsum citrate, and mineral powder as the main
raw materials under a fixed ratio. The Alkali-activation gypsum-based cementitious material (Alkali-
activation GM-S95 system) was obtained by modifying it with 0-5% Na(OH) and Ca(OH)2 alkaline
admixtures, and the mechanical properties and water resistance of the Alkali-activation GM-S95
system were thoroughly investigated. The structural characteristics of the Alkali-activation GM-S95
system specimens were investigated using XRD, TG, SEM and LF-NMR techniques to explore their
interactions. The results showed that the compressive strength of the Alkali-activation GM-S95
system was significantly increased to 26 MPa when 4% Ca(OH)2 was added alone, and the water
absorption was decreased to 12.5%.The addition of 4% Ca(OH)2 caused the crystals of gypsum
dihydrate to be thicker and denser, and AFT and C-S-H gels were produced, which were attached
around the crystals of gypsum dihydrate. The addition of different admixtures can reduce the
proportion of large pores and further fill the crystal structure. In summary, the addition of 4% Ca(OH)2
can improve the compressive strength and water resistance of the samples of Alkali-activation GM-
S95 system, thus laying a solid foundation for the comprehensive utilization of flue gas
desulfurization gypsum.
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1. INTRODUCTION

Flue gas desulfurization gypsum ( FGD ) is an industrial by-product produced after industrial
desulfurization treatment mainly gypsum dihydrate (CaSO4-2H,0) [1], [2], [3], [4]. However, a large
amount of FGD is piled up and shelved occupying a large amount of land resources, and its substances
also cause secondary pollution to the natural environment [5], [6, 7], it is significant to improve the
resource utilization of FGD and the sustainable development process of the material.

FGD gypsum is calcined and calcium sulfate dihydrate is burned into calcium sulfate hemihydrate,
and the product has the characteristics of low carbon, light weight, refractory, etc. [8- 9 ,10 ,11],
which can be mainly used in the production of plaster, paper-faced gypsum board, gypsum blocks,
etc. [12]; but due to its pores and solubility of calcium sulfate dihydrate crystals, resulting in poor
water resistance and mechanical properties, etc., it is easy to be destroyed under the condition of high
humidity [13]. Therefore, it is important to improve such performance of FGD to increase its
utilization.
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In order to strengthen the resource utilization of industrial waste gypsum and building energy saving,
to overcome the drawbacks of water resistance and mechanical properties many scholars have found
an effective way in their research [14, 15, 16, 17, 18, 19] this paper investigates the effects of different
ratios of Na(OH) and Ca(OH), chemical admixtures on the mechanical properties of Alkali-activation
gypsum mixture system and water resistance, etc., and explores the effects of the two different kinds
of chemical admixtures Na(OH) and Ca(OH), on the macroscopic property changes of Alkali-
activation gypsum mixture system. chemical admixtures on the macroscopic property changes of
Alkali-activation gypsum mixture systems. TG-DTG, XRD and SEM were used to analyze and study
the system changes.

2. MATERIALS AND METHODS
2.1. Raw Materials

The building gypsum for desulfurization (FGD) used in this paper was purchased from Henan Gaisen
Materials Technology Co.(Jiaozuo,China). The physical phase composition and microstructure of
gypsum are shown in Fig. 1. Its main crystalline phase is hemihydrate gypsum (CaSO4-0.5H20). The
specific surface area was 380 m2 / kg.

Mineral powder (S95) was produced by Gongyi Longze Water Purification Materials Co. The water
content was 0.45 % and the specific surface area was 429 m2 / kg. Figure 3 shows that the mineral
composition of the mineral powder was mainly vitreous. The chemical composition of the main
materials is shown in Table 1 and Figure 3 shows the particle size distribution of the main materials.
The median particle sizes of desulfurization gypsum, citrate gypsum, and mineral powder were 28.8
pm, 7.97 pm, and 14.6 pm, respectively.
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Figure 1. FGD gypsum and Gypsum citrate XRD
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Figure 2. FGD gypsum (a) and Gypsum citrate (b) SEM
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Figure 3. Raw material particle size

Table 1. Chemical compositions of main materials(wt/%).

Compositions SiO2 CaO ALlOs Fe20s3 MgO SOs
Gypsum 4.30 31.97 3.10 0.33 0.18 51.84
Gypsum citrate 0.26 40.85 0.17 0.09 0.12 58.37
Mineral powder 34.50 34.00 17.70 1.03 6.01 1.64

2.2. Mix Proportions and Research Framework

2.2.1. Experimental Design

Two alkaline admixtures, Na(OH) and Ca(OH)2 (0%-5%), were used for the investigation, in which
the water-cement ratio was determined to be 0.52 and the gypsum mix was GM-S95,which is mainly

a mixture of 10% mineral powder, 15% gypsum citrate and 85% FGD gypsum. The specific test
mixes are shown in Table 2.

2.2.2. Preparation of Test Samples

After weighing each of the above mentioned materials and using a net slurry mixer, water was added
and mixed for 2 min to obtain a homogeneous mixture. The homogeneous slurry was quickly poured

into the mold. 24 h later the mold was demolded and cured at room temperature of 24+2°C until age
for different performance tests.
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Table 2. Alkali-active gypsum base cementitious system (wt)

Samples gypsum Mineral powder Na(OH)/Ca(OH)2

0 630 70 0
IN 630 70 7
2N 630 70 14
3N 630 70 21
4N 630 70 28
5N 630 70 35
1C 630 70 7
2C 630 70 14
3C 630 70 21
4C 630 70 28
5C 630 70 35

2.3. Methods

2.3.1. Physical Properties

Compressive strength test is performed in accordance with GB / T 17669.3 - 1999 to determine the
compressive and flexural strength.

2.3.2. Softening Coefficient and Water Absorption
Determine the softening coefficient of the specimen according to JC / T698 - 2010.
2.3.3. TG-DTA

Beijing Hengjiu Scientific Instrument Factory BJ-HCT-3 comprehensive thermal analyzer was used
for the analysis.

2.3.4. Low Field Nuclear Magnetic Resonance

The pore structure analysis was carried out using a (MesoMR12-060V) microstructure test analyzer
from Suzhou Newmax Analytical Instruments Co.

2.3.5. Microstructure Tests

The samples to be tested were soaked in anhydrous ethanol and dried, then ground in an agate mortar
until the particle fineness was less than 40 pm, and analyzed for mineralogical composition using a
Smart - Lab X-ray diffractometer (XRD , Rigaku , Smartlab , Tokyo , Japan).

A Merlin Compact scanning electron microscope (Carl Zeiss NTS GmbH, Germany) was used to
analyze the specimens for micro-morphological observation.
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3. RESULTS AND DISCUSSION
3.1. Compressive Strength

The compressive strength of Alkali-activation GC-S95 system with different proportions of Na(OH)
and Ca(OH)2 added to gypsum mixture is shown in Fig. 4. With the addition of different dosages of
Na(OH) and Ca(OH)2, the mechanical properties of Alkali-activation GC-S95 system showed
different trends, and the Na(OH) brought about a different degree of decrease in the gypsum mixture,
on the contrary, the addition of Ca(OH)2 improved the mechanical properties of Alkali-activation
GC-S95 system at different degrees.increased the mechanical properties of Alkali-activation GC-S95
system to different degrees. The compressive resistance of Alkali-activation GC-S95 system with
different amounts of Na(OH) increased from 14.9 MPa to 16.4 MPa only at 3d and 1% addition, but
decreased all the way down to 3.07 MPa at 5% with gradual increase of Na(OH), and also decreased
from 22.9 MPa and 17.8 MPa to 6.27 MPa and 4.90 MPa at 14d and 28d. However, the addition of
different amounts of Ca(OH)2 brought an enhancement to the gypsum mixture, increasing the
compressive strength from 14.9 MPa to 19.2 MPa at 3 d, and also from 22.9 MPa, 17.8 MPa to 26
MPa, 19.1 MPa at 14 d. The results indicated that Na(OH) acted in the opposite direction on the
performance of the Alkali-activation GC-S95 system, and Na (OH) addition decreased the mechanical
properties of Alkali-activation GC-S95 system, which was mainly due to the excessive alkaline
admixture affecting the hydration of gypsum dihydrate and propping up the structure. On the other
hand, Ca(OH)2 has not obvious enough to improve the performance of Alkali-activation GC-S95
system, which proves that the addition of 4% dosage of Ca(OH)2 promotes the mineral powder and
gypsum crystals together and improves the performance of Alkali-activation GC-S95 system.
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Figure 4. Compressive strength of Ca(OH)(a) and Na(OH) (b) content

3.2. Water Resistance

The water absorption of Alkali-activation GC-S95 system with the addition of different proportions
of Na(OH) and Ca(OH)2 to the gypsum mix is shown in Figure 5. With the addition of different
dosages of Na(OH) and Ca(OH)2, the water absorption of Alkali-activation GC-S95 system showed
different degrees of decreases, at the lowest close to 12.5%. with different dosages of Ca(OH)2, the
water absorption decreased from 20.5% and 18.6% to 17.1% and 16.2% for 3d and 28d, respectively,
and tended to slow down at 3% Ca(OH)2 and reached a lower value of 16.2% at 4% Ca(OH)2;
however, when Na(OH) was added, the 3d water absorption showed a significant decrease after 2%
Na(OH) to 12.8% at 5% Na(OH), and the 28d water absorption showed a slow tendency to decrease
down to a minimum of 16.2%. The water resistance of Alkali-activation GC-S95 system was
improved by different alkaline admixtures, which is mainly due to the alkaline material's water
resistance, which protects the overall material.
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Figure 5. Water absorption of Ca(OH)(a) and Na(OH) (b) content

3.3. XRD Analysis

Figure 6 analyzes the hydration products in the Alkali-activation GC-S95 architecture. Results. Some
of the improved properties in the Alkali-activation GC-S95 system are hydration products under
alkaline conditions.The XRD spectra show that the main peaks observed in the samples are from the
formation of gypsum dihydrate (CaSO4-2H20) by the hydration process of gypsum hemihydrate
(CaS0O4-0.5H20) in the GM as well as from some of the unhydrated gypsum hemihydrate. The main
peaks of the Alkali-activation GC-S95 system changed to different degrees after GM-S95 and
different doping amounts of Na(OH) and Ca(OH)2, and the peak heights were all increased. This is
mainly due to the fact that a large amount of CH produced during the hydration reaction in Na(OH)
and Ca(OH)2 formed an alkaline environment at the same time, which produced an alkaline excitation
effect on the mineral powders in the alkaline-excited GC-S95 system. This effect enhanced the
reactivity of Al2032-, Si032- and other components of the mineral powder with gypsum in the
Alkali-activation GC-S95 system, resulting in the generation of C-S-H gels and Aft.As a result, CH
will be consumed in large quantities, leading to a decrease in its concentration and thus promoting
the formation of gypsum dihydrate (CaSO4-2H20). However, due to the limited addition of S95 ,
Na(OH) and Ca(OH)2 to the Alkali-activation GC-S95 system, the C-S-H gels and calcium aluminate
(Aft) peaks generated by the Alkali-activation GC-S95 system are not obvious, but change part of the
gypsum crystalline shape. This suggests that 4% Ca(OH)2 addition has a significant effect on the
enhancement of mechanical properties and water resistance of the Alkali-activation GC-S95 system
with low mineral powder content[20].
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Figure 6. XRD pattern of alkali active system. (a)3d (b)14d.
3.4. Thermal Analysis

Figure 7 shows the TG analysis results and mass loss curves of the Alkali-activation GC-S95 system.
The heat absorption peaks of the Alkali-activation GC-S95 system observed in the figure at
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110~195°C are due to the dehydration of water molecules in the crystal structure of gypsum dihydrate.
In contrast to this phenomenon, the TG curve for 0 shows a mass loss of 15.29%, IN a mass loss of
about 16.91% and 4C a mass loss of about 15.79%. In the temperature range of 55 - 110°C, the TG
curves for 1IN and 4C show insignificant mass loss of 1.36% and 1.67%, respectively. The
corresponding DTG heat absorption peaks are attributed to the overlapping effects of calomel, C-S-
H gel and free water in the Alkali-activation GC-S95 system. In contrast, the weak heat absorption
peak near 650°C in the Alkali-activation GC-S95 system is attributed to the decomposition of
hydroxycalcite (Ca(OH)2) and calcite (CaCO3). A small amount of calcite and C-S-H gel were
formed in the Alkali-activation GC-S95 system, and the hydration products were relatively small and
inconspicuous due to the low S95 content. This indicates that a small amount of mineral powder in
4% Ca(OH)2 alkaline excitation under the gelling activity of the better effect.
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Figure 7. TG and DTG curves of alkali active system
3.5. LF-NMR Analysis

The low-field NMR pore structures of Alkali-activation GC-S95 system are shown in Figs.8 and 9.
The T2 main peak of the Alkali-activation GC-S95 system appears at 2.5-45ms with different
additions of Na(OH) and Ca(OH),, and the relaxation time main peak region is still in the range of
2.5-45ms with the increase of age. However, with the changes of Na(OH) and Ca(OH),, the T2 main
peak of the Alkali-activation GC-S95 system was the lowest at 4C, and the pore size of the Alkali-
activation GC-S95 system underwent a transition from polyhazardous to hazardous pores. In the case
of 4% Ca(OH), the total pore volume was less than that of the blank group at 3d and 28d, decreasing
from 27.18% and 23.69% to 24.98% and 22.01%, respectively, and the percentage of gelatinous pores
and less-harmful pores reached 3.99% and 8.34% at 3d, which were higher than that of the blank
group at 1.77% and 5.83%. The number of multi-hazardous holes was less than that of the blank
group, from 19.6% to 12.7%.The percentage of gelatinized holes and less-hazardous holes reached
3.10% and 6.39% at 28d, which were still higher than that of the blank group (1.88% and 6.09%),
and the number of multi-hazardous holes was less than that of the blank group (from 15.7% to 12.5%).

In the case of 1% NaOH, the proportion of gelled pores and less harmful pores were 9.22% and 4.79%
at 3d, which were higher than 1.77% and 5.83% in the blank group, while the proportion was only
1.85% and 3.89% at 28d, which were lower than 1.88% and 6.09% in the blank group. The percentage
of multi-hazardous pores at 3d was 12.7%, lower than that of 19.6% in the blank group, and at 28d
was 21.2%, much more than that of 15.7% in the blank group. the pore structure at 3d was better than
that of the blank group, revealing that the 3d strength was greater than that of the blank group. And
the poor pore structure at 28d and the corresponding decrease in strength proved that more free water
pores existed in the non-harmful pores and gel pores at the initial stage rather than gel pores, which
further expanded and evolved into harmful pores and multi-harmful pores at the later stage. In contrast,
at 4C, the number of polyhazardous pores was significantly reduced, and the proportion of non-
hazardous pores and gel pores continued to increase, which improved the inter-crystalline structure
density and stability of the Alkali-activation GC-S95 system [10]. In addition, the analysis of pore
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size distribution confirmed that the addition of 4% Ca(OH); had an enhancement effect on the

mechanical properties and water resistance of the Alkali-activation GC-S95 system [20].
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Figures 10 show the microscopic morphology of the Alkali-activation GC-S95 system with the
addition of different Na(OH) and Ca(OH),. The Alkali-activation GC-S95 system has a loosely
packed columnar or lamellar crystal structure in 0, with obvious gaps. However, upon addition of
different Na(OH) and Ca(OH),, it can be seen that different reactions occur due to C-S-H gel
attachment to the surface of calcium sulfate dihydrate crystals, but with different alkaline admixtures.
In the 1N of the Alkali-activation GC-S95 system with the addition of Na(OH), the presence of C-S-
H gel between the crystals makes the gypsum dihydrate crystals connected, but also brings more
pores; while in the Alkali-activation GC-S95 system with the addition of Ca(OH)., the presence of
C-S-H gel between the crystals is still obvious making the gypsum dihydrate crystals tightly
connected with fewer pores. C-S-H gels and other substances on the 4C Alkali-activation GC-S95
system of gypsum dihydrate (CaSO4-2H,0) crystals have a wrapping effect at the same time, they
can also fill the 4C structure of gypsum dihydrate crystals of the gaps between the Alkali-activation
GC-S95 system through the cementation effect enhances the stability, densification. Therefore, the
4% doping of Ca(OH); case favors the formation of C-S-H, which contributes to the enhancement of
the dense filling efficiency of Alkali-activation GC-S95 system and correspondingly improves the
mechanical properties and water resistance of Alkali-activation GC-S95 system [21].

4. CONCLUSION

Different alkaline admixtures Na(OH) and Ca(OH), doped into the GC-mineral powder system, to
alkaline-excited GC-S95 system, different reactions occurred and produced different effects.

(1) Different Na(OH) and Ca(OH), were doped into the GC-mineral powder system, and the strength
of the Alkali-activation GC-S95 system decreased under the action of different dosages of Na(OH),
which brought negative effects on the system; the mechanical properties of the Alkali-activation GC-
S95 system grew at different stages under the action of 4% Ca(OH)..

(2) Different Na(OH) and Ca(OH); were added to the GC-mineral powder system, and by analyzing
the effects of the interactions between the components on the water resistance, it was concluded that
the different alkaline admixtures all had an enhancement effect on the water resistance of Alkali-
activation GC-S95 system, and the water absorption decreased to about 12.7% at the lowest stage,
and the softening coefficient increased to about 0.87. Different alkaline admixtures improved the
water resistance of alkaline-excited GC-S95 system.

(3) By analyzing the microscopic morphology and pore size distribution of alkaline-excited GC-S95
system, the alkaline-excited GC-S95 system under the action of 4% Ca(OH),, the distribution of
harmful pores and polyhazardous pores were reduced, and the harmless pores and gelatinized pores
were increased; in terms of microscopic morphology, there was more compactness between the
crystalline structures, and there were fewer pores.The doping amount of 4% Ca(OH); has a better
The effect of 4% Ca(OH)> doping on the Alkali-activation GC-S95 system is better.
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