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Abstract: In this study, copper slag reprocessing tailings (CSRT) were synthesized into geopolymers
with 40%, 50% and 60% metakaolin. The evolution of compressive strength and microstructures
of CSRT-based geopolymers in a marine environment was investigated. Except for compressive
strength measurement, the characterizations of X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), nuclear magnetic resonance (NMR) and scanning electron microscopy
(SEM) were included. It was found that marine conditions changed the Si/Al ratio in the
sodium-aluminosilicate-hydrate (N-A-S5-H) gel backbone, promoted the geopolymerization process,
led to more Q*(3Al), Q*(2Al) and Q*(1AI) gel formation and a higher compressive strength of
the geopolymers. This provided a basis for the preparation of CSRT-based geopolymers into
marine concrete.
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1. Introduction

Massive quantities of copper mine tailings are discharged from the beneficiation of the copper mine,
which causes some environmental problems such as contamination of surrounding air, water bodies
and soils, when disposed of in tailings storage facilities without rehabilitation [1,2]. Therefore, it is
necessary to develop methods to reprocess the mine tailings to relieve their adverse impacts, whilst,
at the same time, recycle resources and increase economic benefit. In the past decade, researchers
used alkaline activation or the geopolymerization process for the consolidation of tailings [3,4].
Accordingly, the tailings are employed as raw materials in the alkaline activation process, in which
the aluminosilicates in tailings are attacked by alkalis to decompose monomers and then to regroup
and harden. For example, Ahmari et al. used sodium hydroxide as an alkaline activator to prepare
copper mine tailings-based geopolymers, which were suitable for application of road base material at a
room temperature [5]. Cristelo et al. applied fly ash as additive, and sodium hydroxide and sodium
silicate as alkaline activators to prepare high-sulfur copper mine tailings-based geopolymer, which
had a maximum compressive strength of 23.5 MPa [6]. Generally, mine tailings contain a substantial
amount of crystal minerals and exhibit inert in geopolymeric reaction, so that the calcination of the
tailings or addition of calcined materials (e.g., metakaolin and slag) is usually necessary; the reasons
are: (1) the calcined materials (e.g., metakaolin and slag) have a large amount of silicon, aluminum
and calcium, which are vital elements required for geopolymerization, (2) the calcined raw materials
usually have a fast dissolution and gelation rate that makes geopolymers show high early compressive
strength. [7]. The calcination induces dehydroxylation of the precursor materials and enhances their
amorphous phase content, so that the dissolution of silicate and aluminate monomers is favorable in
the formation of sodium-aluminosilicate-hydrate (N-A-S-H) gel [8].
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Recently, geopolymer has become an emerging marine material, because of its particular
microstructure. Some researchers considered the compact tetrahedral aluminosilicate structure
might protect the geopolymer concrete from attack by corrosive ions in harsh marine conditions [9,10].
For instance, a metakaolin-based geopolymer was synthesized with sodium hydroxide and sodium
silicate mixture as alkaline activator and exposed to seawater for 28 days, whose compressive strength
exceeded 20 MPa [11]. Therefore, in this work, copper slag reprocessing tailings (CSRT)-based
geopolymers were prepared and characterized in marine environment, in order to provide guidance
for the preparation of tailings into marine concrete. Copper tailings have a significant amount of
silicon, aluminum and calcium, which are crucial elements needed for geopolymerization. It was
hypothesized that (1) the slag flotation tailings would have higher reactivity than other copper
mine tailings in the geopolymerization process; (2) the formed geopolymers would have higher
resistance against corrosion in the marine environment than ordinary Portland cement (OPC) concrete.
After preparation, the CSRT-based geopolymers cured in air, artificial seawater and heat—cool cycles in
seawater were analyzed.

2. Experimental

2.1. Materials

Copper mine tailings were obtained from the copper slag reprocessing tailings of Zijin Shan,
Longyan, Fujian province, China. Kaolinite was purchased in Wuhan, Hubei province, China,
which was used to prepare metakaolin through calcination at 800 °C for 6 h. Figure 1 gives the size
distribution of the CSRT and metakaolin measured by a laser diffraction analyzer (LS-CWM, Omec,
Zhuhai, China), in which the dgy and dgs are 16.81 and 36.71 pum for CSRT, and 2.38 and 3.52 um for
metakaolin, respectively. Table 1 shows the chemical composition of the CSRT and metakaolin analyzed
by an X-ray fluorescence instrument (XRE, Axios advanced, PANalytical B.V., Almelo, The Netherlands).
The CSRT mainly contained SiO; (28.19%) and Fe; O3 (57.83%), while SiO; (52.67%) and Al,O3 (41.37%)
were the main components of the metakaolin. Figure 2 shows the main components of the CSRT and
metakaolin characterized by X-ray diffraction (XRD, D8, Brucker, Karlsruhe, Germany). The CSRT
mainly contained magnetite and fayalite, while metakaolin showed an amorphous peak at 20 of 15-30°
and crystal phase in quartz. Sodium silicate (ACS reagent grade), employed as an alkali activator,
was bought from Aladdin Chemical Reagent (Shanghai, China) in the geopolymerization process.
Deionized water was used throughout the whole process.
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Figure 1. Size distribution of the tailings and metakaolin samples.
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Table 1. Chemical composition of the, copper slag reprocessing tailings (CSRT) and metakaolin.

Components (%) SiO, Al,O3 Fe, O3 MgO CaO TiO, Na,O K,O

CSRT 28.19 4.24 57.83 1.101 1.906 0.303 0.525 0.81
Metakaolin 52.67 41.37 1.299 0.32 0.02 0.163 0.092 2.08
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Figure 2. XRD patterns of the CSRT and metakaolin.
2.2. Methods

For the synthesis of the CSRT-based geopolymer, the activating solution was prepared by sodium
silicate solution (6.17 M), and then mixed with the raw materials of CSRT and metakaolin for 10 min,
which were of 40%, 50% and 60% metakaolin and a total solid of 192 g. Subsequently, the mixture was
put into cubic steel molds (30 mm X 30 mm X 30 mm), which were vibrated to liberate air bubbles on a
vibration table for 5 min. Next, the molds were sealed with a plastic sealing bag and cured at 60 °C for
12 h and left at room temperature for 7 days to complete the hydrate process of geopolymers to get
the initial CSRT-based geopolymer. After that, the initial geopolymers were exposed or cured under
three types of environment for 30 days: (1) in air; (2) in artificial seawater; (3) in a heat—cool seawater
cycle. Geopolymers were exposed to artificial seawater at room temperature for 12 h and 12 h under
the cycle in a freezer (18 °C). Artificial seawater with 10-fold concentration was made with 292.5 g/L
NaCl, 7.45 g/L KCl, 36 g/L MgSOy. The artificial seawater was renewed every seven days throughout
the whole curing process [12].

The compressive strength of the CSRT-based geopolymers was analyzed by a YAW-300 compression
and flexure machine from Jinan Tianchen manufacture (Jinan, China). Three geopolymer samples
were tested and the mean value was given in each measurement. The morphology and microstructure
of the geopolymers were characterized using a scanning electron microscope (SEM, Quanta 250, FEI,
Hillsboro, OR, USA) and XRD diffractometer. The geopolymer was ground to less than 75 pm to prepare
specimens for XRD measurements, in which Cu-K«1 radiation and a scanning rate of 0.1°/s from 5°
to 90° of 20 were used. The geopolymers were also analyzed for the microstructure by employing a
Fourier-transform infrared spectroscopy (FTIR, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA),
of which transmittance spectra were obtained over a wavenumber of 400-4000 cm~; the resolution
was 2 cm™!. The interactions of silicate in the geopolymers were measured by a 2’Si nuclear magnetic
resonance (NMR, AVANCE III, Bruker, Zurich, Switzerland) instrument. Solid-state 2°Si NMR spectra
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were collected at 99.35 MHz with a pulse width of 4 us (i.e., 90 degrees for quantitative analysis) and a
relaxation delay of 3 s. The spectra were referenced to tetramethylsilane (TMS).

3. Results and Discussion

Figure 3 shows the compressive strength of CSRT-based geopolymers prepared with different
proportions of metakaolin and different exposures. The initial geopolymers, cured for 7 days, had a
compressive strength of 2.3 MPa, 7.8 MPa and 15.3 MPa when the proportion of metakaolin was 40%,
50% and 60%, respectively. The low value in compressive strength suggested that the CSRT had low
activity in the geopolymeric reaction. Moreover, metakaolin was obviously advantageous to increase
the compressive strength of the geopolymer. Compared to the initial geopolymers, the compressive
strength of the geopolymers that were exposed to air for 30 days had no obvious improvement or
lessening of strength. While for the geopolymers exposed to seawater for 30 days, the compressive
strength increased significantly to 10.7 MPa, 15.7 MPa and 32.6 MPa with 40%, 50% and 60% of
metakaolin addition, respectively. For exposure to heat—cool cycles of seawater, the increase in
compressive strength of geopolymers was less than those in seawater, which were 3.4 MPa, 10.2 MPa
and 23 MPa with 40%, 50% and 60% of metakaolin addition, respectively. These results show that
the compressive strength of the geopolymers was improved when exposed to seawater, which is in
agreement with previous studies. Sotya et al. reported that the compressive strength of geopolymers
was not affected by seawater immersion [11]. Jin et al. found that cations in seawater (e.g., Mngr and
K*) could diffuse into the aluminosilicate network structure of geopolymers to balance the negative
charge, making the gel structure stable [13].
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Figure 3. Compressive strength of the geopolymers prepared with different proportions of metakaolin
and different exposures.

Figure 4 gives the XRD spectra of the geopolymers prepared with 60% metakaolin and which
underwent different exposures for 30 days. Compared to the XRD patterns of raw materials (Figure 2),
the crystal phases of quartz, magnetite, fayalite and muscovite remained after the geopolymeric
reaction. While for exposure in seawater, the solution penetrated pores and precipitated halite (NaCl)
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was observed. The range of broad peak at 26 of 15-30° in metakaolin transformed into 26 of 22-35° in
the geopolymers with different exposures, which indicates the formation of N-A-S-H gel [14,15].
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Figure 4. XRD spectra of the geopolymers prepared with 60% metakaolin.

Figure 5 shows the FTIR spectra of geopolymers prepared with 60% metakaolin and different
exposures. The absorption peaks at 3440 cm~! and 1644 cm™~! are due to stretching vibrations of OH™,
and H-OH bonds of free water, respectively, corresponding to adsorbed H,O in geopolymers [16].
The absorption peak around 1453 cm™ is assigned to asymmetric stretching of O-C-O bonds in CO3%~
groups, due to carbonation in the curing and exposing process of geopolymers [17]. The peak at
699 cm~! is the Si-O bonds in quartz, suggesting the quartz particles are insoluble in the geopolymeric
reaction [18]. The absorption peaks at 560 cm~! and 460 cm~! represent the zeolite framework in
the structure of the geopolymer [19,20], which indicates zeolite frameworks are formed during the
process. The band at about 1000 cm ™ is the Si-O-T bonds (T represents the tetrahedral Al or Si) in the
geopolymer gel [21]. It is sensitive to the Si/Al ratio in the geopolymer backbone, which could shift
toward the lower wavenumber at a low Si/Al ratio [22]. The wavenumber transformation indicates
the exposure in the heat—cool cycle and seawater, which changed the evolution of the N-A-S-H gel.
In addition, the higher intensity for the geopolymers exposed to seawater than in the heat-cool cycle
and in air, suggests the formation of higher proportions of N-A-S5-H gel.

NMR spectroscopy is an excellent analytical method for characterizing the short-range ordering
and molecular structure of silicates [23,24]. It employs Gaussian peak deconvolution to overcome the
lack of spectra resolution and separate and quantify Q"(mAl) species (0< m < n <4, m, n = integer).
The resonances at =74 and —79 ppm are assigned to (Q°) and (Q'), respectively, due to the presence
of silicate monomer and dimer [25]. The resonance at —104 ppm represents Q*(R) when H in OH is
substituted by alkali metal ion (Na* or K*) in Q? [2], and the resonance at —114 ppm corresponds to
the cristobalite in the geopolymers [26]. In geopolymer N-A-S-H gel, the Q*(4Al), Q*(3Al), Q*(2Al),
Q*(1Al), Q*(0Al) resonate at around —84, -89, —93, =99 and —108 ppm, respectively [19].
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Figure 5. FTIR spectra of the geopolymers prepared with 60% metakaolin and different exposures.

Figure 6 gives the 2Si NMR spectra and deconvolution of the raw metakaolin and CSRT-based
geopolymers prepared with 60% metakaolin and exposed differently for 30 days. Metakaolin
predominantly peaked at around —105 ppm. After geopolymerization, the 2?Si NMR lines shifted
to less shielded values due to the geopolymeric reaction taking place to form N-A-S-H gel. For the
geopolymers exposed to air, the heat—cool cycle and seawater, the Si sites in silicate monomers (Q°)
are 1.39%, 1.26% and 1.23%, those in silicate dimer (Q!) are 8.63%, 6.65% and 6.10%, and in Q3(R) are
7.69%, 1.32% and 3.52%, but those in N-A-5-H gel (Q*(mAl), 0 < m < 4) are 79.21%, 90.77%, and 87.78%,
respectively. The Si sites in Q¥ and Q! slightly decrease and those in N-A-S-H gel increase when
the geopolymers are exposed to seawater, indicating that the Q° and Q! transformed into N-A-S-H
gel. It has been reported that the compressive strength relies on the amount of Q*(3Al), Q*(2Al) and
Q*1Al) [27]. The percentages of Q*BAIl), Q*(2AI) and Q*(1Al) are 51.08%, 63.78% and 64.78% for
the exposures in air, heat—cool cycle and seawater, respectively, which explained the variation in
compressive strength of geopolymers. These results suggest that exposure in seawater promotes the
geopolymerization process.

Figure 7 shows the SEM morphology of the geopolymers that underwent different exposures for
30 days. The geopolymers exposed to both the heat—cool cycle and seawater showed homogenous and
compact structures, indicating geopolymers with 60% metakaolin can be consolidated well. However,
cracks were exhibited in geopolymers exposed to air. This result further confirmed that more N-A-S-H
gel was formed in the geopolymers that were exposed to both the heat-cool cycle and seawater, thereby
bridging the cracks, and thus increasing their compressive strength.

In this study, the geopolymers exposed to seawater showed a high formation of N-A-S-H
gel, thereby exhibited a higher compressive strength than the geopolymers exposed to air.
When geopolymers were exposed to the marine environment, alkaline ions (e.g., Mg?*, Na*) in
seawater functioned as balancing cations to the negative charge of the tetra-coordinated aluminum,
thereby promoting the geopolymerization process [28]. Therefore, for the geopolymers exposed to
seawater, more Si-O-T gel was formed (Figure 5) and the Q% and Q' species were transformed into
N-A-S-H gel (Figure 6).
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Figure 7. SEM images of the geopolymers prepared with 60% metakaolin.

4. Conclusions

Mine tailings after the flotation of copper slag are synthesized into geopolymers with the addition
of metakaolin (40-60%), which enhances their compressive strength. For the geopolymers exposed to
seawater, the Si/Al changed in the N-A-S-H gel backbone, more Q*(3Al), Q*(2AI) and Q*(1Al) gel and
fewer cracks formed, resulting in a higher compressive strength being observed for these geopolymers
than for those exposed to the heat-cool cycle of seawater and in air. This is attributed to the fact that
alkaline ions in seawater balance the negative charge of the aluminum tetrahedrons in geopolymers,
which promote the formation of N-A-S-H gel. As understanding the evolution of geopolymer in
marine environments is important, this study is of significance and would benefit the development
of marine concrete incorporating tailings. The optimization of compressive strength and long-term
durability of the CRST-based geopolymer and tailoring of CRST-based geopolymer marine concrete
should be studied in the future.
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