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Abstract: In order to determine the type of alkaline activator for gypsum-based slag cementitious materials, the fixed mass ratio of
titanium slag and gypsum to 9: 1, and NazSiOs, triethanolamine, Na2SiOs mixed with triethanolamine were used to three activators.
Then, nine groups of gypsum-based slag cementitious material test pieces were made with the dosage of alkaline activator 0.6%, 1%,
and 1.2%, and the unconfined compressive strength was performed for 7 days. The experimental results showed that triethanolamine
should not be used alone as an activator, the effect of compound NazSiOsz and triethanolamine is better than that of Na2SiOs used
alone, and the 7-day unconfined compressive strength of the cementing material is higher than 1.5Mpa.
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1. INTRODUCTION

Titanium gypsum is an industrial by-product produced during
the production of titanium dioxide by the sulfuric acid
method. It is mainly produced by adding lime to neutralize
acidic wastewater generated in the production process, and
produces solid waste mainly composed of dihydrate gypsum.
When it just came out of the treatment workshop, it was gray-
brown, and Fe?* in the air was gradually oxidized to Fe3* and
turned red, so it was also called red gypsum. In China, the
general production of 1t sulphuric acid titanium dioxide will
produce 6 ~ 10t of titanium gypsum. At present, the annual
production of titanium-gypsum is about 10 million in China,
but its utilization rate is very low, most of which adopt the
way of open dumping [1].

In the preparation of cementitious materials by industrial
waste gypsum, some experts and scholars have done a lot of
research, which is of referential significance to the preparation
of titanium-gypsum based slag cementitious materials.
Hyeoneun Park[2] added 10% gypsum to lime activated slag
(slag: lime: gypsum = 85:5:10) can have the best mechanical
properties, and the compressive strength can reach 30Mpa and
40Mpa in 7 and 28 days. M.S. Morsy [3] through the fixed
ratio of metakaolin-fly ash-lime (40:30:30), with different
content of anhydrite (0%, 2.5%, 5%, 7.5%, 10%) test, found
that the compressive strength is not the same age period is
along with the increase with the increase of the content of
anhydrite, its compressive strength is within 7 days of growth
is slower, but in the later as the growth of the curing age. Sun
jiaying [4] added titanium-gypsum with an admixture of less
than 4% into the lime-fly ash stabilized material, and found
that the early strength of the mixture was improved, with no
negative effect on the later strength. Jiangwei Li [5] found
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that the 7-day unconfined compressive strength of clinker-fly
ash-gypsum(45:45:10) stabilized gravel pavement base
material was higher than that of P.S 32.5 cement, and the
strength was nearly 10% higher than that of P.S32.5 cement.
Zhao deqiang [6] prepared pavement base cementite by using
40% clinker, 35% fly ash, 15% phosphogypsum and 10%
steel slag as the optimal mix ratio, and its strength was 20% ~
50% higher than that of the compacted material stabilized by
two-ash broken gravel.

Based on the above research status, the use of alkaline
activators for gypsum based cementing materials is mostly
based on cement clinker or lime, which will not only
aggravate the exploitation of natural resources such as
limestone, but also cause environmental damage. So, If can
reduce economic cost, reduce the use of lime and other natural
resources for the principle, in order to improve the utilization
rate of titanium gypsum for the purpose, if the titanium-
gypsum and slag materials are combined together through the
appropriate alkaline activator, the strength of the cementitious
materials can be effectively improved, and a low-cost and
high-quality alkaline activator of gypsum based cementitious
materials can be realized, which is of great significance for the
preparation of titanium-gypsum based cementitious materials.
In this paper, the effect of alkaline activator on the strength
and properties of titanium-gypsum based slag cementitious
materials was studied, and the optimal form of alkaline
activator was determined.

2. MATERIALS and METHODS

2.1 Raw Materials
1) Titanium-gypsum: It was taken from the industrial waste
generated by a chemical enterprise in Zibo, Shandong. The
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main component is CaSOa4-2H20, and the content is generally
60% ~ 80%. The other main chemical components are shown
in Tablel. The crystalline water and adsorbed water in
titanium-gypsum exist at the same time. The titanium-gypsum
was dried at 60°C to a constant weight and then turned pale
yellow. After cooling, it was passed through a 2.43mm
square-hole sieve.

2) Slag: Obtained from a building materials enterprise in
Hebei province, this is a light gray powdery solid with a
density of 2.9g/cm?, a specific surface area of 418m?/kg, and a
28-day activity index of 97%. Its main chemical composition
are shown in Table 1.

Table 1. The chemical composition of titanium-gypsum
and slag (mass fraction %)

Composition E';ZQL%“ Slag
Al203 1.82 135
Ca0 30.21 394
MgO 1.92 75
SOs 37.06 2.28
SiO2 2.83 26.4
TiO2 3.84 131
Na.O - 0.423
K20 - 0.305
MnO - 0.384
Fe203 7.83 0.406

3) Naz2SiOs: Produced by Wuxi Yatai united chemical co.,
LTD., AR analysis pure, the molecular formula is
Na2SiOs3-9H20, the molecular weight is 284.22, white or gray
white block or powder, easy to weathering, soluble in water,
Na20 content is 19.3~ 22.8%, Na20 and SiO2 mass ratio is
1:1.

4) Triethanolamine (TEA): Produced by Tianjin Dingsheng
Xin chemical industry co., LTD., AR analysis pure, molecular
formula is CeH1sNOs, molecular weight is 149.1882, colorless
to light yellow viscous liquid, easy to absorb moisture, easy to
dissolve in water.

2.2 Experimental Methods

In this experiment, first, the fixed mixing ratio of titanium
gypsum and slag to 9: 1, followed by the addition of different
contents of NazSiOs, triethanolamine, compound NazSiOs and
triethanolamine as three kinds of activator, made 9 sets of
cementitious material test pieces, the mixing ratio is shown in
Table2. The activators used in this paper were dissolved in
water and mixed into titanium-gypsum. According to the
optimal water content of titanium-gypsum, the water
consumption of less than two percentage points was taken as
the optimal water content of all the proportions, and then
experiment after mixing and sealing for 12 hours. The specific
experiment methods is as follows:

1) Proctor compaction test: According to JTG E40-2007[7],
this experiment adopts light compaction test I-1, the
determination of the maximum dry density and optimum
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water content of titanium gypsum. The moisture content of
20%, 22%, 24%, 26%, 28%, 30% and 32% were selected for
proctor compaction test, and the results are shown in figure 1.
It can be seen from the test results that the optimal water
content of titanium-gypsum is around 26%, and its maximum
dry density is 1.394 g/cm®. When the water content is within
the range of 24~ 28%, the density changes little, both within
the maximum dry density + 0.02 g/cm?.

2) 7-day unconfined compressive strength test: According to
JTG E51-2009[8], the standard @50mmxHS50mm specimen
was prepared by static pressing with universal press, and the
specimen was put into the standard curing box (20°C + 2°C,
relative humidity >95%) for curing to the required age. On the
last day of the curing period, the specimen was taken out and
placed in 20°C + 2°C water. The water surface was about
2.5cm on the top of the specimen. After soaking for 24h, the
water on the surface of the specimen was absorbed with a soft
cloth. No less than 6 parallel samples were set for each group
of experiments, and their representative values were taken for
analysis.

Table 2. The mix proportions of specimen(mass fraction

%)

Ggou tgll';apr:lm slag NazSiOs trlethar;olamln
1 88 10.8 0.6 0.6
2 90 9.4 0.4 0.2
3 90 9.4 0.2 0.4
4 88 10.8 1.2 -
5 90 9 1 -
6 90 9.4 0.6 -
7 88 10.8 - 1.2
8 90 9 - 1
9 90 9.4 - 0.6
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Figure 1. Dry density - moisture content curve of titanium-gypsum
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3. RESULTS AND DISCUSSION

3.1 Effects of NazSiOs single activator on
compressive  strength of cementitious
materials

The effects of NazSiOs single activator on the compressive
strength of cementitious materials are shown in Figure 2. It is
to see that the strength of Na2SiOs only as an alkaline
activator can reach above 1.5Mpa, in which the compressive
strength reaches the maximum when the content of Na2SiOs is
0.6%, and the compressive strength is 2.2Mpa. By comparing
other mix ratios, it is found that when the Na2SiOs content is
1.2%, the compressive strength is only higher than 0.2Mpa
with 1% content, with no significant difference between the
two. This shows that the compressive strength are the best
when the content of NazSiOs is 0.6%, and the compressive
strength in the early stage is obviously better than that of
ordinary lime fly ash cementing materials.
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Figure 2. Effects of Na2SiOs single activator on the compressive
strength

This early strength was mainly due to the pozzolanic reaction
between gypsum and slag[9]. Because there are a large
number of SOs and CaO compounds in titanium-gypsum, as
well as a small amount of SiO2, Al2Oz and other active
substances, this provides the basis for the early hydration
reaction of the mixture. On the one hand, Na:SiOs has a
certain bond, which is because Na,SiOs can exchange with
CO:2 and water to form a part of silica gel, which can realize
the close connection of particles between the mixture and
improve the strength of the mixture [10]. In addition, Na2SiOs
can also react with CaSO4-2H20 to produce silica gel and
sodium sulfate crystals, which can bond gypsum particles and
make the structure more compact, which is conducive to
improving the strength of stabilized titanium-gypsum
mixture[11]. Na2SiOs, meanwhile, is able to provide hydration
reaction of alkaline environment, can make the Si-O keys
inside the slag and AI-O keys vitreous body is broken by
immediately, and quickly involved in the hydration reaction,
can effectively generate hydrated calcium silicate (C-S-H),
hydrated calcium aluminate (C-A-S-H) gel material, improve
the compactness of mixture between, improve the strength,
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but in standard curing 7 days, the formation of these
substances is weak [12]. On the other hand, the generation of
early ettringite also provides the basis for the early strength,
because CaS0s:2H20, SOs;, CaO and Al203 can produce
calcium sulphoaluminate hydrate (AFm), which is not yet
fully developed to produce ettringite, and calcium
sulphoaluminate hydrate (AFt), which has initially developed
into aciculus. In addition, the formation rate of ettringite is
also related to the concentration and diffusion rate of OH-,
S04% and Ca?* in the hydration environment. The diffusion of
these ions to the solid-liquid interface formed by ettringite can
lead to the continuous formation of ettringite [13]. These
generated AFm and AFt crystals can fill the interstitial space
in the mixture, making the mixture more compact, thus
improving the early strength.

3.2 Effects of triethanolamine single
activator on compressive strength of
cementitious materials

When single triethanolamine (TEA) was used as an alkaline
activator, the specimen was intact for 6 days before standard
curing, and rapid disintegration occurred when it was soaked
in water on the last day, in figure 3. In the three mixing ratios
of group 6, 7 and 8, disintegration occurred, which was
quickly completed within half an hour after soaking in water.
The most important part was gradual erosion from the root of
the specimen, in figure 3a). After soaking for one day, some
specimens completely disintegrated, in figure 3b). After
complete disintegration, the specimen has a large particle size,
sandy texture, and some viscous shape, in figure 3c).

Figure 3. Disintegration of specimen only with triethanolamine
a) Water immersion 0.5h; b) Water immersion for 24h; c) specimens
after disintegration

Triethanolamine, as an organic matter, is also a good activator
for slag. This is because the unshared electron pair on the N
atom in its molecule is easy to form covalent bonds with Ca?*
in the liquid phase of the mixture, resulting in the
complexation reaction to form the TEA-Ca?* complex.
However, the complex formed at this time is more soluble in
water, and will form soluble zone points on the surface of the
cementitious mineral particles, thus promoting the hydration
reaction. Complex formed in the liquid phase, would result in
higher hydration environmental PH value, promote the
gelation of slag minerals (C2S/CsS, Ca(OH)z, etc.) in the
secondary hydration generated hydrated Tetracalcium
aluminate  (CsAH13), inhibit the hydration tricalcium
aluminate (CsAHs) formation, can prevent the mixture in
loose the production of crystal structure, improve the density
and mechanical properties of hardened cement paste [14].

The rapid disintegration is mainly caused by the high content
of triethanolamine and the short curing time, because
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triethanolamine has a strong alkalinity at a PH of 10.5 in an
aqueous solution of 0.1lmol/L, and the content of
triethanolamine in this experiment was 0.17~0.4mol/L. In
curing age, as a result of triethanolamine on the early
hydration process of C3S and C2S has certain inhibition, and
early generated TEA-Ca?* complex soluble in water[14], and
because of the early C-S-H gelling material such as the
generation of a weak [12], the internal structure of the mixture
was loose, and led to the complete disruption in the final 1d of
soak, so need to extend the curing age considering its
hydration products late effect or to reduce the content of
triethanolamine.

3.3 Effects of NaSiOs mixed with
triethanolamine activator on compressive
strength of cementitious materials

The effects of Na2SiOs mixed with triethanolamine activator
on the compressive strength of cementitious materials are
shown in Figure 4. In the form of NazSiOs mixed with
triethanolamine, when the mass ratio of Na2SiOs to
triethanolamine was 1:1, the compressive strength reaches the
maximum, which is 3.1Mpa. In by comparing with the dosage
of Naz2SiOs and triethanolamine quality ratio of 2:1 and 1:2,
Naz2SiOs content is higher than that of triethanolamine, the
compressive strength is 2.4Mpa, compressive strength is
greater than the group 3, this means that when the dosage of
Naz2SiOs content higher than that of triethanolamine, the role
of excitation of the mixed agent in the mixture has a positive
effect. Therefore, properly controlling the mass ratio of
titanium gypsum to triethanolamine is beneficial to improve
the strength of titanium gypsum-based slag cementitious
material.

B Titanitm gypsum: Slag: Na;5i0,: TEA

Unconfined com pressive strength/Mpa

90:9.4:0.4:0.2 90:9.4:0.2:04
proportion of mixture

88:10.8:0.6:0.6

Figure 4. Effects of Na2SiO3 mixed with triethanolamine on
compressive strength

Based on the comparison of NazSiOs single admixture and
complex admixture forms, it can be seen from figure 5 that
with the same amount of stimulant, the admixture strength of
triethanolamine and NazSiOs is significantly higher than that
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of NazSiOs single admixture. When the mixture content of
activator is 1.2%, it is obviously better than the mix ratio of
Naz2SiOs mixed form, and its compressive strength reaches
3.1Mpa, which is 1.5 times higher than that of Na2SiO3s mixed
alone. When the co-admixture of activator was 0.6%, the
compressive strength of group 2 in the compound admixture
was higher than 0.2Mpa for NazSiOs. When the content of
Naz2SiOs is 0.6%, which is group 1 and group 6, it can be
found that the compressive strength of the compound mixture
is higher than that of the single mixture. It can be concluded
from the above, using compound NazSiOs and triethanolamine
as the activator of cementitious materials in the early
compressive strength is superior to the NazSiOsz single
activator.
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Figure 5. Comparison of compressive strength between
compound admixture and single admixture

In terms of strength formation mechanism, this is mainly due
to the fact that triethanolamine and Na2SiOs can provide an
alkaline environment for the hydration reaction in the mixture,
then improve the PH value and promote the generation of
hydration products. In addition, with the incorporation of
triethanolamine(TEA), part of triethanolamine can also
promote the solid for the TEA-Ca?* complex formation Ca?*
from the dissolution of hydration products, accelerate the
hydration reaction rate, and thus promote the sulfate, Na2SiOs
and Ca(OH)2 in hydration reaction, accelerate the gelling
material (C-S-H) formation, but also can expand the gelling
material (C-S-H) layer spacing, is advantageous to the
induction of random aggregation C-S-H ordered arrangement
and spongy structure formation, and TEA-Ca** complex
formed many soluble in aqueous solution, The diffusion rate
of hydration products is increased, secondary hydration of
sulfate and CsA is realized, and the generation of ettringite is
accelerated, which is generated in large quantities in the early
stage, so as to improve the compactness and compressive
strength of the mixture[15]. At the same time, part of the
hydrogen in the hydroxyl group of triethanolamine and
Naz2SiOs form a composite crystal of silica gel (mSiO2:nH20)
and triethanolamine sodium salt (N(C2H4ONa)s) composite
crystal (N(C2HsONa)s-mSiO2-nH20) [16]. The formation of
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these crystals can fill internal voids and improve their
mechanical properties.

4. CONCLUSION

(1) When single Na2SiOs was used as alkaline activator, the 7-
day compressive strength of titanium-gypsum based slag
cementation materials is higher than 1.5Mpa when the dosage
is 0.6%, 1% and 1.2%. When the dosage is 0.6%, the
compressive strength is the highest among the three
component ratios, reaching 2.2Mpa.
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