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Abstract. The main objective of this study was to investigate the potential of using metal mine
tailings (MT) as raw material for backfilling material preparation through geopolymerization.
Due to the low reactivity of this aluminosilicate material in alkali solution, MT was pretreated
through alkali fusion with various amounts of NaOH at 550°C for 30min. XRD, FTIR and ICP-
OCE testing results showed that the reactivity of MT was improved by alkali fusion pre-
treatment. Different paste backfilling material (BFM) samples were prepared by adding water
to the fused mine tailings (FMT). Compressive strength testing of BFM samples showed that,
adding 20% NaOH during alkali fusion could satisfy the requirement of backing filling. As a
result, by enhancing the reactivity of MT through alkali fusion pretreatment, MT can be
recycled as an alternative raw material to be used as the replacement of Portland cement for
mine filling.

1. Introduction

Mining industries worldwide generate massive tailings after valuable metals and minerals separation
from ore [1]. It has been reported that the volume of mine tailings generated is about 97-99% of total
ore processed [2]. Most of mine tailings are stockpiled in tailings dams because there has not been a
plant scale application for the utilization of this waste materials. The disposal of mine tailings often
require large land areas to be used as tailings wasteland leading to invasion on agricultural land [3, 4].
Other challenges concerning mine tailings treatment include high disposal cost and latent leaching of
toxic elements such as Pb, Cd and beneficiation reagent from the tailings into surrounding soil or
ground water [5, 6], threatening human’s health. Also, tailings ponds are major hazard sources that
may result in geological disasters such as landslide and debris flow [4, 7, 8]. Therefore, it is of great
importance to optimize the utilization of mine tailings and subsequently minimize environmental
influence.

Recovery of valuable residual elements such as Au, Ag, Zn and Cu from mine tailings has been
ever reported [9-11]. However, the cost of recovery process is high and a large amount of residues
after the extraction still need disposal. Other attempts to the utilization of mine tailings into materials
have also been reported. Pia et al. [12] have studied the use gold tailings as art pottery body material.
The pottery body made of gold tailings met the performance requirements of art pottery body because
of their close-grind inner structure. Yilmaz et al. [13] have explored the suitability to prepare ordered
mesoporous silica SBA-15 from gold tailings. The results shown that only the weight ratio of NaOH
/slurry influenced Sggr (specific surface area) significantly. Onuaguluchi et al. [14] explored the
effects of copper tailings on the reinforcement corrosion initiation time and deterioration in copper
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tailings blended concrete. Results showed that delayed corrosion initiation was observed in all samples
containing copper tailings as an additive. Despite many efforts towards exploitation of mine tailings,
the commercial application is limited due to concerns about its leachability and consequent
environment implications.

Another solution for consuming these huge amounts of mine tailings is to utilize these substances
as mining backfilling material. Backfilling involves placing any waste material in underground mined-
out areas for the purpose of either disposal or engineering functions [15]. In the last decade, researches
on backfilling material using industrial waste, such as fly ash and blast furnace slag, have been
conducted [16], and have demonstrated their excellent workability and good mechanical properties [17,
18]. However, there are few reports on the utilization of metal mine tailings to prepare backfilling
material through geopolymerization.

Geopolymer refers to inorganic materials prepared from the reaction of an alkali source with an
aluminosilicate precursor [19, 20], which have shown potential to offer an environment friendly
alternative to Portland cement, and are increasingly being used in various situations [21-25]. Although
a wide variety of industrial by-products such as fly ash [26, 27], granulated blast furnace slag [28, 29],
red mud [30] etc., have been reported to be synthesized into high performance materials for
construction and building applications through geopolymerization, limit researches have been reported
on the preparation of geopolymer using metal mine tailings [5, 25, 31] as raw material. It is probably
because that metal mine tailings enjoy low degree of reactivity in alkali solution due to their
mineralogical composition which generally comprise high crystallized minerals [32, 33]. Recently,
alkali fusion treatment using to improve pozzolanic properties of raw materials before
geopolymerization has been reported [34, 35]. The present study investigated the feasibility to prepare
geopolymer using metal mine tailings (MT) as raw material. The effect of NaOH dosage was
evaluated because the degree of alkaline fusion pretreatment may influence the properties of fused
mine tailings (FMT) and FMT based backfilling material.

2. Materials and methods

2.1. Materials
MT was provided by Zhaojin Mining Industry Co., Ltd in Zhaoyuan, China. It was dried at 105°C for
24 hours. The chemical composition of MT was presented in Table 1, respectively. NaOH pellets of
99% purity were used as alkali source during fusion treatment.

Table 1. Chemical composition of MT (wt. %).

Components SiO, Al,O; MgO CaO Fe,O3 Na,O K,O SO;

MT 69.55 12.63 0.33 0.69 0.87 1.98 3.13 0.68

2.2. Methods

2.2.1. Alkali fusion process. Dry MT was mixed with 10, 20, 30, 40 and 50% of NaOH with respect to
the mass of MT and then ground in a planetary ball mill for 1 min to assure homogenous blending of
the powders. The mixtures were then heated in an electric resistance furnace at 550 °C for 30 min at a
heating rate of 10 °C/min before cooling naturally in the furnace to room temperature. After that, the
fused MT were crushed and sieved at 74 um. The fused mine tailings (FMT) containing 10, 20, 30, 40
and 50 % of NaOH with respect to the mass of MT were shown in Table 2.

Table 2. Mix proportions of FMT.

NaOH content/wt.% 10 20 30 40 50

FMT FMT1 FMT2 FMT3 FMT4 FMT5
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2.2.2. Backfilling material preparation. As for backfilling materials (BFM) samples preparation,
water was added to the mixture of FMT (20 wt. %) and mine tailings (without fusion treatment) (80
wt. %) at a solid/liquid mass ratio of 3.5/1 and mixed in a mechanical mixer for 5 min. The resulting
paste was molded, then vibrated for 3 min on an electric vibrating table to remove entrapped air
bubbles. The molds were cured at ambient temperature until testing. As a control sample, MT was
mixed with NaOH solution (10M) with the solid/liquid ratio of 3.5/1 and cured at the same condition.
The BFM samples prepared from MT and FMTi will be mentioned as BFMi, i=0, 1, 2, 3, 4 and 5
thereafter.

2.2.3. Characterization. Thermal analysis of MT sample was performed using Diamond TG-DSC
(Netzsch STA 409 PC/PG, German). The temperature was raised up from 25 to 1200°C at a heating
rate of 10°C/min in an alumina crucible under N, atmosphere.

To determine the amount of reactivity content contained in MT and the FMT, the method
performed by [36] was used. This method involves the treatment 3 g of sample with 30 ml of NaOH
(10 mol/L) with constant stirring for 1 hour at 60°C and then filtered. Inductively Coupled Plasma
optical emission spectroscopy (ICP-OES, Optima 8300DV, America) was used to determine the
concentration of dissolved elements.

Microtopography was determined by scanning electron microscopic (SEM) using a Phillip XL 30
SEM (Phillips, Holland).

X-ray diffraction (XRD) patterns were obtained using an X’Pert Pro XRD (Philips, Holland) at a
scanning rate of 0.1 deg s in the 26 range of 10 to 80°.

Fourier-transform infrared spectroscopy (FTIR) tests were performed by NEXUS 470 (America)
with a wavelength of 4000-400 cm™ to identify the functional group of the materials.

Compressive tests were conducted to study the ultimate strength of BFM samples. The tests were
carried on samples after 28 days of curing. Data reported were the average of 3 samples.

3. Results and discussion

3.1. Characterization of MT and FMT

The XRD patterns of MT(metal mine tailings) and FMT(fused metal mine tailings) samples were
shown in Figure 1. Mineralogical analysis of MT (Figure 1 a) showed highly crystallized structure,
consisting of quartz, albite and trace of sodalite and muscovite. This is the main reason why MT are
less used in the preparation of geopolymer. After calcined at 550°C, the XRD patterns of FMT
samples showed that all the initial minerals contained in MT remained (but showed a significant
decrease in peak intensities) except muscovite which was totally disappeared in the samples of FMTS5.
Tchakoute et al observed similar phenomena [37]. As Tchakoute et al. explained that muscovite is an
aluminosilicate which can reacted with NaOH by geopolymerization reaction or be dissolved in fused
NaOH [37]. Along with the decrease in peak intensities of initial minerals, a new crystalline phase
(sodium silicate, Na,SiO;) was identified. The formation of Na,SiO; phase results from the
decomposition of initial aluminosilicate minerals (quartz, albite, sodalite and muscovite) during the
calcination process liberating SiO, and combination with Na" from fused NaOH [36]. The NaOH
alkali fusion reaction could be described as follows [38]:

Na20+A|203—>2NaA102 (1)
Na20+8i02—>NazsiO3 (2)
2NaA|02+nNa28i03—>NaZO A|203 'ﬂSiOz‘l'nNazo (3)

From Figure 1 b, ¢ and d, an increase in the intensity of Na,SiO; phase as a function of NaOH
dosage was observed. This could be explained by the fact that the more free-Na"and higher alkalinity
could promote the reaction in the alkali roasting system. This result was in agreement with the reports
by Tchakoute et al. [37] and Tchadjié et al. [36] where the amount of an Na,SiO; phase content was
depending on Na,O content or Al,03/Na,O molar ratio.
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Figure 1. XRD patterns of MT (a) and FMT (b=FMT1; c=FMT3; d=FMTS5). (Q-Quartz, A-Albite, S-
Sodalite, M-Muscovite, N-Sodium Silicate).

The TG and DSC curves of the MT and FMT3 specimens were shown in Figure 2. From Figure 2 a,
we could see that the total mass loss of MT sample was 8.8% from 20 to 1200 °C. This loss (1.2 %)
which produced an endothermic peak at 212.4 °C was likely attributed to the physical water content of
the MT sample. The small endothermic peak at 550-580 °C was result from the reversible -a quartz
transition [38]. In the presence of 30% NaOH (Figure 2 b), the weight loss of MT presented in the
curve can be separated into four stages up to 900°C, along with four endothermic peak at around
75.6 °C, 139.6 °C, 295.2 °C and 798.6 °C. The largest weight loss observed between 88 °C and 190 °C
accompanied by an endothermic peak at 139.6 °C was as ascribed to the physical water release from
NaOH and MT sample. In this temperature range 4.4 % mass loss was occurred. The endothermic
peaks at 295.2 °C, together with the mass loss of about 3.5 %, probably referred to the dehydration of
muscovite and sodalite in the MT sample. In the temperature range of 500-1000°C, 2.83% mass loss
was observed. The mass loss was believed to be caused by the gradual dissolution of aluminosilicate
minerals in MT into melting NaOH.
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Figure 2. TG-DSC curves of the MT and FMT3 specimen (a=FM; b=FMT?3).

FTIR spectra of MT and FMT were presented in Figure 3. In Figure 3, bands at 1618 and 1636 cm™
correspond to the O-H stretching vibration which were attributed to water present in the raw material
[39]. The absorption bands attributing to asymmetric stretching vibrations of Si-O-T (T=Si or Al, 900-
1200 cm™), symmetric stretching vibrations of Si-O-T (T=Si or Al, 680-780 cm™), and bending
vibrations of Si-O-T (T=Si or Al, 460-490 cm™") [40, 41] decreased after alkali fusion treatment. This
indicated the decrease of crystalline phases in FMT and the formation of amorphous phases [36] due
to the hydrolyzation of Si-O-T (T=Si or Al) bonds with the action of alkali. This could be confirmed
by the XRD patterns which showed a broad hump between 20 and 40° (20) (Figure 2). The strong
band between 1300 and 1550 cm’' were related to stretching vibration of O-C-O group [42],
suggesting the presence of carbonate minerals (such as calcite or cancrinite) in MT/FMT samples.
However, they were not been identified by XRD analysis (Figure 2) here, which indicated that these
minerals were poorly crystallized. Furthermore, as the amount of NaOH increase, the intensity of the
band between 1300 and 1550 became more acute. At 550°C, MT were not completely converted into
amorphous phases, leaving some unreacted NaOH reacting with the CO, from atmosphere [38, 43].
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The broad band around 3100 cm™ attributed to O-H stretching and the intensity of this band increased
with the increase of NaOH content.
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Figure 3. FTIR spectra comparison of MT and FMT.

The testing results of MT/FMT solubility in NaOH solution (10mol/L) were shown in Figure 4.
Generally, there was a dramatic increase in the concentration of reactive Si and Al as a function of
NaOH content. MT recorded the lowest concentration of reactive Si and Al (0.095 g/L) while FMTS5
showed the highest concentration (2.52 g/L). The increase in the concentration of reactive Si and Al
suggested that the alkali fusion treatment resulted in the break of some highly crystalline phases and
the release of silica and alumina, which could increase the reactivity [36].
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Figure 4. Reactive Si and Al content, compressive strength and porosity.
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3.2. Characterization of BFM samples

The compressive strength and porosity of BFM samples as a function of NaOH content was
determined at ambient temperature and the results presented in Figure 4. As it was presented in Figure
4, the compressive increased between 0.20 MPa (sample BFM0) and 5.12 MPa (sample BFM2) and
then decreased to 0.83 MPa (sample BFMS5). The increase in strength in geopolymer mortar was
attributed to the increase of reactive Si and Al content (Figure 4). While when the NaOH content
exceeded 20%, excess of alkali hindered geopolymerization process although the reactive Si and Al
content increased continuously. This may resulted from the increase in the coagulation of silica
[44,45]. On the other hand, the excess OH" concentration would cause aluminosilicate gel precipitation
at very early stages [46], which subsequently hindered geopolymerization and led to higher porosity
(Figure 4). In a similar study, L.N. Tchadjié [36] reported that the compressive strength of geopolymer
increased up to 40%wt of Na,O used during alkali fusion followed by a decrease. Take strength
requirement (0.5-5MPa) and cost of paste backfilling into consideration, FMT2 could be the best
choice in this study to be used in mine filling.

SEM micrographs of BFM samples were presented in Figure 5 a-d, which shown heterogeneous
texture with many cracks and pores. With the increase of NaOH content to 20%, a reduction of cracks
and pores was observed, which resulted from the presence more soluble Si and Al (Figure 4). Through
geopolymerization, reactive Si and Al would be transferred into geopolymer gels, acting as filler into
cracks and decrease porosity (Figure 4). This would explained the increase of compressive strength of
BFM samples. Increasing the NaOH content to 50%, more pores were identified due to the poor
geopolymerization.

Figure 5. Microstructure of BFM samples: (a=BFMO0; b=BFM1; c=BFM2; d=BFM5). (C-Cracks; P-
Pores)



The 3rd International Conference on New Material and Chemical Industry I0P Publishing
IOP Conf. Series: Materials Science and Engineering 479 (2019) 012023 do0i:10.1088/1757-899X/479/1/012023

4. Conclusions

Raw metal mine tailings shown little geopolymerization ability in NaOH solution. The structure of
metal mine tailings broke down through alkali fusion activation with the increasing amount of reactive
Si and Al. The compressive strength of metal mine tailings based backfilling materials through
geopolymerization increased as a function of NaOH dosage in the process of alkali fusion, but
decreased when the NaOH content exceeded 20% due to poor geopolymerization. As a result,
synthesis of geopolymer using alkali fusion pretreatment metal mine tailings shown a great potential to
be used in backfilling.
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