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ABSTRACT

Based on the high sulfur content in titanium gypsum, the concept of the calcium-silicon-sulfur (Ca/Si/S) ratio was
proposed. The Ca/Si/S ratio of concrete was adjusted by changing the titanium gypsum, fly ash, and cement con-
tent. The effects of different Ca/Si/S ratios on the mechanical properties, hydration products, and concrete micro-
structure were investigated by nuclear magnetic resonance, uniaxial compression, and scanning electron
microscopy. The result shows: (1) The compressive strength of concrete mixed with titanium gypsum increases
first and then decreases with the Ca/Si/S ratio decrease. When the Ca/Si/S$ ratio is 1:0.85:0.10, the strength reaches
the peak and is lower than the blank group. (2) The microstructure indicates the addition of titanium gypsum can
effectively stimulate the activity of fly ash. Still, too much or too little titanium gypsum will hamper concrete
strength development. (3) Titanium gypsum concrete’s nuclear magnetic resonance T2 spectrum has two charac-
teristic peaks. With the Ca/Si/S ratio decreasing, the micropores in the concrete expand towards the macropores.
The compressive strength is negatively correlated with the proportion of macropores and is positively correlated
with the proportion of no-capillary pores.
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TG Titanium gypsum
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Ca/Si/S Calcium-silicon-sulfur ratio

SEM Scanning electron microscopy

EDS Energy dispersive spectroscopy
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SACM Sulfoaluminate cementitious materials
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1 Introduction

Titanium gypsum (TG) is a solid waste [1,2] with dihydrate gypsum (CaSO4-2H,0O) as the main
component, which is produced by adding lime or calcium carbide slag to neutralize acidic wastewater
during the preparation of titanium dioxide using the sulfuric acid method. It is difficult to recycle because
of its high free water content, impurity content, and poor mechanical properties [3]. According to
statistics, the annual emission of TG in China is as high as 30 million tons, which occupies land
resources and causes a significant impact on the environment [4,5]. These enterprises are under
considerable pressure to go green, increasing their burdens, which must be settled urgently.

Under China’s “dual carbon” background, harmless treatment, resource utilization, and industrial
development [6—8] are the best approaches to industrial solid waste. For example, Chen et al. [9] studied
the feasibility of using industrial by-products (fly ash and slag) and aquaculture waste (crushed waste
oyster shells) to replace cement and fine aggregate to prepare environmentally friendly mortar through
experiments. The results showed that crushed waste oyster shells replaced 30% of the fine aggregate, and
30% of the cement was replaced by fly ash and ground granulated blast-furnace slag to obtain the mortar
with the best performance. Li et al. [10] studied the feasibility of industrial solid wastes (fly ash,
desulfurization gypsum, steel slag) as mineral filler materials through experiments, which solved the
environmental risks caused by industrial solid waste and reduced the cost of cement-based cementitious
materials. Ju et al. [11] proposed a precipitation-solvent extraction-leaching process, which can effectively
separate and recover titanium, scandium, and iron in acidic wastewater and realize the resource utilization
of red gypsum. Some scholars have done a lot of research to solve the damage of solid waste TG to the
environment and realize the comprehensive utilization of solid waste resources. Li et al. [12] used
titanium gypsum with high impurities and heavy metals content to synergize with three solid wastes
(Carbide slag, Aluminum dust and Caol Gangue) to prepare sulfoaluminate cementitious materials
(SACM). It was found that the solid waste-based SACM can effectively solidify heavy metals contained
in raw materials such as titanium gypsum during the hydration process. Titanium gypsum is also a
potential and effective soil conditioner that can effectively fix heavy metals in soil, thereby improving the
growth of crops [13,14]. Da et al. [15] discussed the feasibility of mixing titanium-containing pickling
sludge into cement raw material to produce cement through experiments. They found that when the
titanium-containing pickling sludge content is 1%, the cement’s workability was the best at different
calcination temperatures. The unconfined compressive strength of the produced mortar is up to
49.37 MPa (28 d). Yessengaziyev et al. [16] analyzed TG’s physical and chemical results in extracting
titanium dioxide and calcium nitrat. They found that titanium mainly exists in the form of low-grade
titanium oxide, hydrated titanium oxide, and aluminum titanium niobium oxide. Gazquez et al. [17,18]
investigated the primary mechanical, elastic, and thermodynamic properties of cement made with
different proportions of TG, an industrial waste from titanium dioxide. The results showed that TG could
replace natural gypsum for cement production without reducing the cement quality.

In addition, many studies on titanium gypsum-based composite cementitious materials have indicated a
perspective of actual feasibility in construction and building. Zhang et al. [19,20] used TG to prepare mortar.
When the content of TG was increased from 10% to 40%, the results of X-ray diffraction and topography
analysis showed that the interwoven hydrates in the hardened mortar were acicular ettringite, unreacted
bar-like gypsum, and filamentous C-(A)-S-H, ensuring the mortar with good water resistance. A cost-
effective method is provided for producing high-strength cementitious materials using TG and titanium
slag to replace ordinary Portland cement. In addition, titanium gypsum, titanium residues, and Portland
cement are used to prepare TG foamed concrete. The hydrating dynamics, mechanical properties, and
microstructures of TG foamed concrete are studied. The results indicated that ordinary Portland cement:
titanium residue: titanium gypsum = 10:45:45 (quality ratio), and add 2% lime, 4% sulfuric acid saline
cement, 0.4% Na,SOy, 0.2% water reducer, 4.6% foam can make high-performance foamed concrete. Cai
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et al. [21] studied the feasibility of using red gypsum (RG) as a substitute for fly ash to prepare autoclaved
aerated concrete (AAC) and found that the best red gypsum replacement rate in AAC was 20%. Zhang et al.
[22] calcined TG as raw material to produce gypsum blocks and studied the effects of cement, water-solid
ratio, water reducing agent, citric acid content, and hydration age on gypsum blocks. The optimum water-
cement ratio, cement dosage, and water reducing agent dosage were obtained as 0.9%, 10%, and 2 wt%,
respectively. Hughes et al. [23] used TG, blast furnace slag, and a small amount of lime to make TG-
based adhesive. The study indicated that TG-based adhesives have higher strength and stiffness and are
better than Portland cement, suggesting the potential to integrate TG into concrete block mixes. And
found that the cost of TG-based adhesive is lower and has an obvious price advantage. Although there
are many measures for the comprehensive utilization of TG, they are all in the research and exploration
stage, and almost no one has been used for industrial production.

To maximize the utilization of TG more effectively, in this study, TG was used as a sulfur raw material to
prepare concrete. This paper also investigates the impact of the calcium-silicon-sulfur (Ca/Si/S) ratio on
concrete’s compressive strength, pore structure, and microscopic morphology by adjusting the relative
content of raw materials.

2 Ca/Si/S Ratio

The main minerals of Portland cement clinker were tricalcium silicate (3Ca0-SiO,), dicalcium silicate
(2Ca0-Si0,), tricalcium aluminate (3Ca0-Al,03), and tetracalcium aluminoferrite (4CaO-Al,03-Fe,03).
Cement and admixtures (TG, fly ash) were mixed and hydrated. Tricalcium aluminate had the highest
activity and reacted with dihydrate gypsum (CaSO42H,0), the main component of TG, to form high-
sulfur calcium sulfoaluminate hydrates, namely ettringite (AFt) [24,25]. The hydration equation is as
follows:

3Ca0 - AL O5 - 6H,O + 3(CaSOy - 2H,0) + 6H,0 — 3CaO - AL O; - 3CaSOy - 32H,0

If the TG is insufficient, part of the ettringite will be converted into monosulfur calcium sulfoaluminate
hydrates (AFm), namely:

3Ca0 - Aleg . 3C(1S04 . 32H20 + 2(3C110 . Aleg . 6H20) — 3(3C(10 . A1203 . C(IS04 . 12H20)

To sum up, acicular ettringite crystals are formed first during the cement hydration, and monosulfur
calcium sulfoaluminate hydrates may also be generated when the TG is insufficient. Ettringite crystals or
gel-like ettringite can significantly increase the solid phase volume after absorbing water. An appropriate
amount of ettringite can compensate for the shrinkage stress of concrete [26,27]. The calcium
sulfoaluminate hydrate is an acicular crystal that is insoluble in water. It adheres to the surface of cement
particles to prevent water absorption, thereby delaying hydration.

In addition to the above typical reactions, tricalcium silicate and dicalcium silicate are hydrated to form
calcium silicate hydrate gel (C-S-H) and calcium hydroxide (Ca(OH),).

3Ca0 - SiO; + nH,0 — xCaO - SiO, - yH,0 + (3 — x)Ca(OH),

where x represents the molar ratio of CaO to SiO,, abbreviated as the calcium-silicon ratio (C/S); n represents
the amount of bound water; y represents the number of water molecules used for calcium silicate hydration.

In the equation, C-S-H was a rough approximation, and its composition varied under different
concentrations of calcium hydroxide solution and temperatures. When the calcium oxide concentration in
the solution was within 0.11-1.12 g/l, calcium silicate hydrates with a C/S ratio of 0.8-1.5 would be
generated. When the calcium oxide concentration in the solution was greater than 1.12 g/l, calcium
silicate hydrates with a C/S ratio of 1.5-2.0 would be generated.
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Given the addition of TG, this paper proposes the concept of calcium-sulfur ratio, namely the molar ratio
of Ca to S in high-sulfur calcium sulfoaluminate hydrates and monosulfur calcium sulfoaluminate hydrates,
based on the concept of calcium-silicon ratio. The Ca/S ratio was about 2:1 or 4:1, providing a basis for mix
proportion design in this experiment.

3 Equations and Mathematical Expressions

3.1 Raw Materials

In this experiment, the cement used P*O 42.5 Portland cement produced by Henan Tianrui Co., Ltd.
(China), with a specific surface area of 348.7 m*/kg, a density of 3,035 kg/m>, and a 3/28 d compressive
strength of 25.9/49.6 MPa, and its stability was up to standard. The fly ash used grade I ash provided by
Henan Yulian Power Plant. The TG was provided by a titanium dioxide factory in Henan Province, and
its organic matter content was 11.6 g/kg. The chemical composition of raw materials is shown in Table 1.
Fig. 1 shows TG’s scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) image. It
can be seen from the figure that the TG raw materials are mainly elongated or flattened CaSO, crystals,
to the surface of which some flocculent fine particles or agglomerates are attached, namely Fe(OH);. The
particle size distribution curve of the used cementitious material is shown in Fig. 2.

Table 1: Chemical composition of raw materials (%)

Chemical Constituents/% CaO Fe,O; SO; ALO; MgO SiO, K,O Na,O TiO, LOI

Cement 5127 3.65 246 925 498 2413 079 195 - 3.55
Fly ash (FA) 4.64 492 - 27770 1.06 5682 250 1.19 - 2.17
Titanium gypsum 3143 1541 3763 247 145 508 0.06 099 3.69 -
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(a) SEM image (b) EDS pattern
Figure 1: SEM image and EDS pattern of titanium gypsum

The fine aggregates used medium-coarse sand produced by Tanghe County Xinmiao Sand Co., Ltd.
(China), with a fineness modulus of 2.94, a bulk density of 1,625.0 kg/m3, and a mud content of 1.5%.

The coarse aggregates used continuously graded crushed rocks with a 5-20 mm particle size, an
apparent density of 2,720 kg/m>, a crush index of 9%, and a mud content of 0.7%. The mixing water
used the laboratory tap water.
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Figure 2: Particle size distribution curve of cementitious material

3.2 Design of Mix Proportion
The total quantity of cementing materials was kept unchanged based on the reference mix proportion
(cementing material:sand:stone = 320:950:900), then TG was used to replace cement in the proportion of

0%, 5%, 10%, and 15%, respectively, changing the Ca/Si/S ratio, and finally, its impact on concrete
properties was analyzed. The mix proportion is shown in Table 2.

Table 2: Ratio of concrete under different ratio of Ca/Si/S (kg/m?)

Sample Cement FA Sand Stone Titanium gypsum W/C Ca/Si/S

TO 224 96 950 900 0 0.42 1:0.85:0.03
T5 208 96 950 900 16 1:0.85:0.07
T10 192 96 950 900 32 1:0.85:0.10
T15 176 96 950 900 48 1:0.85:0.14

The experiment used the Ca/Si/S ratio as the single-factor control variable to design the mix proportion.
The percentages of effective CaO, SiO,, and SO; in the raw materials are shown in Table 1. The Ca/Si/S ratio
was calculated using the formula (1).

Ca/Si/S = A/B/C (M
where

A= (m:x51.27% + my x 4.64% + m, x 31.43%) /56

B = (m:x24.13% + my x 56.82% + m; x 5.08%) /60

C = (me x 2.46% + m; x 37.63%) /80

where m, is the mass of cement, kg; m, is the mass of fly ash, kg; m;, is the mass of TG, kg; 56 represents the
molar mass of CaO; 60 represents the molar mass of SiO,, and 80 represents the molar mass of SO;. In the
group of the TG mentioned above, cement and fly ash excluded organic matters.
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3.3 Experimental Methods

By SL/T 352-2020 Test Code for Hydraulic Concrete, four groups of 100 mm x 100 mm x 100 mm
specimens were prepared, with 12 in each group. After pouring, the specimens were placed indoors for
24 h and then demolded. The demolded specimens were transferred to a standard curing room
(temperature: 20°C £ 2°C, humidity: 95%) for curing for 7 and 28 d, respectively.

A YAW-5000 electro-hydraulic servo pressure testing machine was used to test the compressive strength
of the specimens. During the test, the test pieces were continuously and uniformly loaded at a speed of
0.3 MPa/s.

MesoMR12-060H-1I Nuclear Magnetic Resonance Spectroscopy (NMR) equipment was used to test the
pore structure of concrete. 28 d-cured specimens were placed in a vacuum environment of —0.1 MP for 24-h
saturation, and then put into the coil of the NMR equipment. Their NMR relaxation was measured using the
NMR analysis system. After the Carr-Purcell-Meiboom-Gill sequence attenuation signal data was collected,
data inversion was performed to obtain the T2 spectrogram, which was then converted into a pore size
distribution diagram. The pore size under test was between 0.1 nm and 200 pm.

Gemini-300 thermal field emission scanning electron microscope was used in the SEM test. The test
samples were fragments randomly selected after the compression test. Before the SEM test, the samples
were processed at about 10 mm and fixed on the sample holder with conductive adhesive for metal
spraying with a 20-30 nm spray thickness. Then the Oxford X-MAX EDS was used for elemental analysis.

4 Results and Discussion

4.1 Mechanical Properties and Phase Structures of Concrete

Fig. 3 shows the relationship between the compressive strength, Ca/Si/S ratio, and titanium gypsum
concrete (TGC) age. With the Ca/Si/S ratio change, the TGC compressive strength also changes and is
lower than the reference group (T0). When the Ca/Si/S ratio is 1:0.85:0.10, the compressive strength of
TGC at each period reaches the maximum. Compared with the reference group, the intensity at 7 d age
was reduced by 47.24%, and the strength at 28 d age was reduced by 2.65%. Therefore, under these test
conditions, directly adding TG to replace cement cannot maintain the original strength of concrete. With
the increase of age, the compressive strength of concrete increases accordingly, but the rates are different
based on the Ca/Si/S ratio. Compared with the 7d-cured specimens, the compressive strength of the 28d-
cured specimens increases by 1.46, 2.51, 2.61, and 3.38 times, respectively. It can be seen that the
increase in the strength of concrete mixed with TG is greater than that of the TO group.
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Figure 3: Compressive strength change
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To clarify the mechanism of the above phenomenon, 28 d-cured concrete specimens were selected for
phase analysis based on SEM images and EDS energy spectra.

Fig. 4 shows the SEM images and EDS spectra of 28 d-cured concrete specimens under different Ca/Si/S
ratios. Fig. 4a is the microstructure of concrete specimens mainly composed of a small amount of C-S-H gel,
Ca(OH),, AFt, and non-hydrated fly ash particles, without TG. The hydration products are distributed
loosely, for the addition of fly ash reduces the hydration rate of the gel. As shown in Fig. 4b, after TG is
added, when the Ca/Si/S ratio is 1:0.85:0.07, the hydration products AFt and C-S-H gel gradually
increase. This is because the TG participates in the hydration reaction to generate AFt, and at the same
time, OH- produced by cement hydration and SO,>” in TG stimulates the activity of fly ash [28,29]. As
shown in Fig. 4c, when the Ca/Si/S ratio is 1:0.85:0.10, with the increase of TG content, the pozzolanic
reaction of the fly ash is enhanced, thus generating a large number of hydration products such as AFt and
C-S-H gel. These products fill the pores of the hardened paste and improve the microstructure of the
cementing system. The AFt produces an expansion effect, increasing the density and strength of the gel.
This is consistent with the variation mentioned above in the law of the compressive strength. As shown
in Fig. 4d, when the Ca/Si/S ratio is 1:0.85:0.14, the S source in the cementing system increases due to
the excessive addition of TG. When the molar ratio of Ca/Si = 1.0 [30], the remaining molar ratio of Ca
and S should be 0.18/0.14. The hydration reaction of the cementitious material produces excessive Aft,
which increases the expansion rate and further causes the initial damage to the internal structure of the
cement, which is manifested as a decrease in strength macroscopically.

(c) Ca/Si/S=1:0.85:0.10 (d) Ca/Si/S=1:0.85:0.14
Figure 4: SEM and EDS graph of concrete
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4.2 NMR-Based Pore Characteristics of TGC

According to the basic principle of NMR [31-33], the relaxation time (T2) is directly proportional to the
pore radius. The larger T2 is, the larger the pore radius is, while the smaller the water in the pores is bound.
On the contrary, the smaller T2 is, the smaller the pore radius is, while the larger the water in the pores is
bound. In the T2 spectrogram, the peak position is related to the pore size, and the peak area determines
the number of pores. The T2 spectrum distribution curves of TGC with different Ca/Si/S ratios are shown
in Fig. 5.
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Figure 5: T2 spectrum distribution curve of TGC

It can be seen from Fig. 5 that the NMR T2 spectrum of concrete specimens shows two continuous peaks,
and there is a big difference between the peak signals. Still, the overall characteristics of the T2 spectrum tend to
be consistent. By comparison, it was found that the first peak in the T2 spectrum of TGC moves right with the
change of the Ca/Si/S ratio, indicating that the addition of TG deteriorates the pores inside the concrete. To
visually express the internal deterioration of concrete, the T2 spectrum peak area ratio was analyzed. As
shown in Fig. 6, the second peak area ratio in the test group first decreases and then increases with the
Ca/Si/S ratio change. Compared with the reference group, it increases by 37%, 14%, and 67%, respectively.
This is consistent with the variation law of macroscopic compressive strength, indicating a specific
correlation between the proportion of macropores and the compressive strength.

To further study the effect of different pore sizes on the macroscopic properties of TGC, the pores were
classified as follows. According to the relevant model proposed by 1.0 Butte [34], the pores of cement are
divided into gel pores (<10 nm), transition pores (0.01-0.1 um), and capillary pores (0.1-1 um), and
macropores (>1 um). Since there are few gel pores in TGC, this paper divides gel pores and transitions
pores into the non-capillary pores (0-0.1 pm).

It can be seen from Fig. 7 that with the decrease of the Ca/Si/S ratio, the total number of macropores
increases while the total number of non-capillary pores decreases. Compared with the reference group,
the total number of macropores increases by 30.3%, 8.3%, and 43.4%, respectively, while the total
number of non-capillary pores decreases by 7.6%, 2.8%, and 12.6%, respectively. The change rule of
the proportion of macropores and non-capillary pores is consistent with the changing trend of the
compressive strength. It is mainly because the addition of TG increases the content of ettringite in
the gel, and the expansion effect of ettringite leads to the deterioration of the overall pore structure.
Therefore, when the Ca/Si/S ratio is 1:0.85:0.10, the TGC’s pore structure is the best.
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5 Relationship between Compressive Strength and Pore Structure

Fig. 8 shows the relationship between TGC’s compressive strength and pore size distribution. It can be
seen from Fig. 8b that there is no obvious relationship between the compressive strength and the proportion
of capillary pores. As seen in Figs. 8a and 8c, the compressive strength shows a negative correlation with the
proportion of macropores and a positive correlation with the proportion of non-capillary pores, and the
correlation coefficients (R?) are both greater than 0.95. This result is consistent with the findings of
Metha [35] and Wang et al. [36]. They found that gel pores smaller than 10 nm and transition pores
within 10-100 nm are beneficial to the concrete performance, while capillary pores within 100-1,000 nm
and macropores larger than 1,000 nm are detrimental to concrete performance. In summary, the
proportion of macropores and non-capillary pores characterizes the macroscopic strength change of concrete.

6 Conclusion and Prospect
Through macroscopic mechanical test and microstructure analysis, the following conclusions are drawn:

1. The compressive strength of TGC is significantly subject to the Ca/Si/S ratio. The addition of TG can
effectively stimulate the activity of fly ash, but too much or too little TG will hamper the development
of concrete strength. When the Ca/Si/S ratio is 1:0.85:0.10, that is, when the TG content is 10%, the
hydration produces a proper amount of ettringite to compensate for the shrinkage of concrete. At this
time, the TGC performance is the best, but it is slightly lower than that of the reference group.

2. The T2 spectrum of TGC has two continuous peaks. With the Ca/Si/S ratio change, the non-capillary
pores expand towards capillary pores, and the capillary pores expand towards macropores. TGC’s
compressive strength is significantly correlated with the proportion of macropores and non-
capillary pores, and the correlation coefficients (R?) are both higher than 0.95.

3. In this study, the influence of TG impurities on the hydration of composite cementitious materials was
not considered. However, impurities such as Fe*”, AI’", and Mg*" in TG may promote the formation
of crystals, increase the strength of the gel, and thus improve the resource utilization of TG.
Regardless of the activity of TG, choosing an external activator to stimulate TG activity and
increasing the addition of TG in concrete are also the key issues to be studied for the disposal of
TG, a solid waste.
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