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ABSTRACT

To comprehensively utilize the industrial solid waste gold tailings (GTS), the experiment in this study takes the mechanically and thermally acti-
vated GTS as the main raw material to prepare composite cementitious materials (CCM). Mechanical property testing, X-ray diffraction (XRD),
flourier transform-infrared spectroscopy (FT-IR), and scanning electron microscope (SEM) and other testing methods are adopted in the paper to
study the preparation of GTS-incorporated CCM, the types of hydration products and the mechanism of chlorine solidification. The results show
that for the CCM mortar blocks prepared by GTS powder that had been ground for 60min and then thermally activated at 750 °C, their 56d com-
pressive strength can reach 41.7 MPa, which has exerted a good effect on chlorine solidification. The ability of C;A and C,AF in the GTS-
incorporated CCM to combine with the chloride ions had been enhanced, which had promoted the formation of friedel salt (FS). At the same time,
the addition of active GTS powder generated more hydration products, C-S-H gels and ettringite (AFt), which had enhanced the material’s ability
to adsorb chloride ions, and the formation of a large amount of hydration products had increased the compactness of the mortar blocks, thereby

improving the mechanical strength of the samples.
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1. INTRODUCTION

Corrosion of steel bars is a main cause for the durability damage of
reinforced concrete structures. Many studies have shown that in the
case of concrete being alkaline, the steel bars won’t corrode due to the
existence of oxidation protective films [1-3]; but if the content of free
chloride ions in the concrete is relatively high, the chloride ions would
strongly promote the corrosion reaction, damage the protective films,
and accelerate the corrosion of the steel bars, therefore, the solidifica-
tion of chloride ions is particularly important for concrete. For this
reason, domestic and foreign scholars have studied the process of chlo-
ride ions invading concrete [4], the mineral compositions of the ad-
mixtures and the cementitious materials [5], and the solidification
effect of hydration reaction products on the chloride ions [6]; among
these studies, the research on the solidification effect of mineral ad-
mixtures on the chloride ions is the most [7-9]. In terms of the types of
mineral admixtures, solid wastes such as fly ash, slag, coal gangue and
steel slag have been studied more, and the research shows that the
adding such materials into the concrete can improve its internal struc-
ture and performance, and enhance the later stage strength, durability
and impermeability of the concrete [10-13]. The above research gener-
ally believes that the with the improvement of the mechanical proper-
ties of the cementitious material, its durability would be better, howev-
er, this inference is not scientific; moreover, there’s a lack in the re-

search of the microstructure of the cementitious materials prepared by
different admixtures, the mechanism of solidification, and the types of
the mineral admixtures. In early 2018, China's gold mine reserves were
12,167 tons, ranking the second in the world. As a consequence, gold
mining has resulted a lot of tailings that are difficult to handle, which
has increased the burden on China's environmental protection. Due to
the problems such as the reactivity of cementitious materials, the large
mortar content and the technical problems of GTS, unlike slag, fly ash,
or coal gangue, most GTS cannot be properly used. At present, most
GTS are used for gold recycling, ceramsite preparation, baking-free
bricks, or cement mixtures, etc. Mineral-based admixtures are powder
materials that mainly took active SiO,, Al,O; and other effective min-
erals as the main components, they have the potential hydraulicity and
pozzolanic reactivity [14]. Therefore, according to other solid waste
treatment and utilization methods, this study attempts to make full use
of GTS’s characteristics of high silicon and aluminum contents and
apply mechanical activation and high temperature calcination to acti-
vate the active SiO,, Al,O; and other active mineral components in the
tailings, so as to study the chloride ion solidification ability and solidi-
fication mechanism of cement materials incorporated by single GTS
powder activated different activation methods, thereby providing a
reference for the proper use of GTS as mineral admixtures in improv-
ing the durability of concrete.
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Figure 1. XRD spectrum of GTS

2. MATERIALS AND METHODS

1.1. Materials

(1) GTS. The chemical composition is shown in Table 1, from which
we can see that the main component of GTS is SiO, with a content as
high as 80.74%, followed by other components such as Al,O;, CaO,
and MgO, all of which are high-silicon content mineral materials. The
particle size of the GTS was distributed between 20 um~200 um, the
yield of GTS with a particle size less than 0.15 mm was 75.24% (see
Table 2). The mineral composition of GTS is quartz, dolomite, calcite
and a small amount of kaolinite and plagioclase (see Fig.1).

(2) Cement (OPC). 42.5 ordinary Portland cement (OPC) with a
specific surface area (SSA) of 355 m? kg’ was adopted in the experi-
ment, its chemical composition is shown in Table 1. The initial setting
time of the OPC was 125 minutes, the final setting time was 220
minutes, and the water consumption of standard consistency is 24.2%
(see Table 3).

(3) Sand: ISO standard sand.

2.2. Methods

2.2.1. Sample preparation
(1) Mechanical grinding. GTS was dried until the moisture content

Table 1. Chemical compositions of main materials (wt. %)
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Figure 2. Relationship between grinding time and SSA of GTS

was less than 1% and then ground by a 5 kg laboratory ball mill
(SM@500 mmx500 mm), the grind time and the corresponding specific
surface area are shown in Fig. 2.

(2) High-temperature calcination. The grinding GTS were put into a
muffle furnace and subject to thermal activation process for 1 hours at
300 °C, 450 °C, 600 °C, 750 °C, and 900 °C, respectively; then the
samples were taken out, cooled naturally, and labeled H1, H2, H3, H4,
HS, respectively.

(3) Preparation of paste and mortar test blocks. GTS powders that
were activated by different methods were selected to prepare 30
mmx30 mmx50 mm paste test blocks and 40 mmx40 mmx160 mm
mortar test blocks according to the ratio listed in Table 4. The concen-
tration of Cl'in the solution was 0.5 mol-L™'. After molding, all test
blocks were put in a standard curing box at a temperature of (20£2) °C
and a humidity of not less than 95%; after cured for 4h, the molds were
removed and the samples were cured continuously under the standard
curing conditions until the specified curing age.

Materials SiO, ALO; TiO, Fe,0; CaO MgO MnO SO, K,0 Loss
GTS 80.74 2.45 0.07 1.23 5.27 1.39 0.08 0.08 0.38 6.09
OoPC 21.80 4.55 — 3.45 64.40 2.90 — 245 — 1.27
Table 2. Sieving results of GTS
Sieve size/mm 4.75 2.36 1.18 0.60 0.30 0.15 -0.15
sieve residue/g 0.00 0.00 0.00 0.00 8.80 115.00 376.20
grader retained percentage/% 0.00 0.00 0.00 0.00 1.76 23.00 75.24
Accumulated retained percentage/% 0.00 0.00 0.00 0.00 1.76 24.76 —
Table 3 Physical properties of OPC
Fineness(residue on ~ Normal consisten- Setting time /min Stabili Flexural strength /MPa Compressive strength /MPa
80 um sieve) /% cy /% Initial setting Final setting ty 3d 28d 3d 28d
21.09 26.4 158 204 qualified 49 8.6 30.1 57.3
Table 4 Mix proportions of OPC paste and mortar
. . Mix proportions /%
Sample Water binder ratio OPC mechanically activated GTS powder composite activated GTS powder sand
Al 100 — — —
Bl 0.4 70 30 — —
Cl 70 — 30 —
A2 100 — — 300
B2 0.5 70 30 — 300
C2 70 — 30 300
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Figure 4. The diagram of compressive strength of composite cementitious material mortar blocks, (a)-mechanically activated GTS powder; (b)-

thermally activated GTS powder.

2.2.2. Performance characterization

The mechanical properties of the mortar test blocks were tested ac-
cording to the GB/T17671-1999 Method of Testing Cements — Determi-
nation of Strength, and the YAW-3000 microcomputer controlled elec-
tro-hydraulic servo pressure tester was adopted for the test. The paste
samples were processed according to P.R.C industrial standard J7J
270-98 Testing Code of Concrete for Port and Waterway Engineering,
test samples of corresponding ages were smashed and soaked in abso-
lute ethanol for 7 days to terminate the hydration, and then were dried
in an oven at 105+5 °C for 2 hours. After that, about 30 g samples were
taken and ground until all powder can pass through the 0.63 mm sieve,
and then the samples were put in a dryer for later use. After that, about
20 g of the dried powder samples were weighed (accurate to 0.01 g)
and put into a conical flask, 200 ml distilled water was added, and the
conical flask was shaken vigorously for 2 min, then the solution was
soaked for 24 hours, and the filtrate was taken.

The solidification ability of the solidified paste test blocks of the
cementitious materials is represented by the solidification amount
R.=C\-Cg; C, is the total content of CI” in the sample and it’s deter-
mined by the aqueous solution containing CI” during the sample prepa-
ration process. In this test, the total Cl” content in the paste sample was
7.091 mg-g”, and the free CI” content C¢ in the sample was calculated
according to the filtration method of JTJ 270-98 Testing Code of Con-
crete for Port and Waterway Engineering, the formula is as follows:

M

AgNO3

. XV, o, X 35453
f = -
Gx Vs

(1)

4

In the formula: C, is the total amount of chloride ions in the samples,
the value is 7.091 mg-g”; C; is the amount of free chloride ions, the
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unit is mg-g‘l; M gn03 1s the molar concentration of titrant silver nitrate,
the value is 0.02 mol-L™; Vagnos 1s the volume of silver nitrate con-
sumed in the titration, the unit is mL; V3 is the amount of extracted
filtrate in the test, the unit is mL; ¥, is the amount of distilled water
added when soaking the samples, the unit is mL; G is the weight of the
sample, the unit is g.

3. RESULTS AND DISCUSSION

3.1 Effect of activation process on the properties of ce-

mentitious materials

Fig. 3 and Fig. 4 respectively show the amount of
solidified chloride ions of the cementitious material incor-
porated by GTS powder and its compressive strength.
From Fig. 3(a) we can see that the incorporation of ground
GTS powder had improved the chloride ions solidification
ability of the OPC material, the solidification ability in-
creased with the increase of the fineness of the GTS pow-
der, and the curve of the amount of solidified chloride ions
showed a gradual increase trend. At age 3 d, the OPC ma-
terial showed a stronger ability to solidify chloride ions
than pure OPC, indicating that GTS powder has a certain
solidification ability on CI in the initial stage, and GTS
powder might have adsorbed the chloride ions [15-20].
However, at age 7 d, the chloride ions solidification ability
of the OPC material was not as good as that of the pure
OPC, however, with the progress of the hydration reac-
tion, the role of the GTS powder had exerted in the later
stage of the hydration reaction; from the figure we can see
that for the OPC material containing GTS powder, the 28
d and 56 d chloride ions solidification ability was higher
than that of pure OPC, and the solidification continued to
develop, which contributed to the solidification of chloride
ions.

It can be seen from Fig. 3(b) that the amount of solidified CI in-
creased with the increase of the thermal activation temperature, from
300 °C to 750 °C, the amount of solidified CI" showed a gradual in-
crease, while from 750 °C to 900 °C, the trend became gentle. Com-
pared with OPC materials containing GTS powder that was activated
by mechanical grinding, the CI solidification ability of OPC materials
of different ages was improved further. At this time, compared with
pure OPC, the 28 d CI” solidification amount of OPC material was in-
creased from 4.40 mg-g”' to 4.72 mg-g”', while for pure OPC, the 28 d
CI solidification amount (4.40 mg-g™") was basically the same with the
56d amount. The above data proved that the activated GTS powder had
certain pozzolanic activity, it participated in the reaction in the OPC
material, and had a good promotive effect on solidification of chloride
ions. It indicates that, adopting thermal activation based on the mechan-
ical grinding activation method can better exert the reactivity of GTS
powder, greatly increasing the amount of solidified chloride ions, espe-
cially in the later stage of the hydration reaction. In addition, from the
reactivity of GTS powder in Fig. 3 we can see that, the composite acti-
vation process had obviously increased the reactivity of GTS powder,
especially when the thermal activation condition was 750 °C, the 56
compressive strength of the mortar blocks reached a maximum of 41.7
MPa, then the continued temperature increase caused the reactivity to
decrease.

3.2. XRD analysis

Fig. 5(a) and Fig. 5(b) are the spectra of different age hydration prod-
ucts of cementitious materials containing GTS that were activated by
different methods. In 3 d phase analysis, the value of 26 was in the
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Figure 5. XRD patterns of hydration products of composite cementi-
tious materials at various ages. (a)-3d; (b)-56d; (1)-OPC; (2)-
mechanically activated GTS powder; (3)-thermally activated GTS
powder.

range of 25°-35°, from the characteristics of the peaks it can be inferred
that the main minerals were ettringite (AFt) and C-S-H gels, indicating
that the C;A and C4AF in the cement clinker and the CaSOy, in the gyp-
sum had jointly participated in the hydration reaction. Such amorphous
and low-crystallinity minerals had formed in huge amount in the early-
stage hydration products, therefore, the phenomenon of wide “convex
hull”-shaped background had appeared in the spectrum. A few friedel
salt (FS) peaks can also be seen at other diffraction angles. With the
progress of the hydration process, for the solidified cementitious mate-
rial containing activated GTS powder, enhanced diffraction peaks of FS
appeared in the later stage, indicating that the amount of FS produced
by the chemical combination of minerals such as C;A and C4AF and
the chloride ions had increased, the incorporation of activated GTS
powder had promoted the formation of FS [21, 22]. At the same time, it
can be seen from the comparison of hydration age that, in the later peri-
od of the hydration reaction, the intensity of the characteristic diffrac-
tion peak of Ca(OH), had decreased, and the amount of C-S-H gels had
increased. This is because the pozzolanic activity of the active SiO, and
Al O; in the GTS powder had been activated, and the secondary hydra-
tion reaction consumed the Ca(OH),. As the amount of C-S-H gels
increased, the SSA of the charged gel particles increased as well, which
had enhanced the physical adsorption of chloride ions [23, 24], thereby
its ability to solidify chloride ions was better than that of pure OPC,
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Figure 6. FT-IR patterns of hydration products of composite cementi-
tious materials at various ages. (a)-3d; (b)-56d; (1)-OPC; (2)-
mechanically activated GTS powder; (3)-thermally activated GTS
powder.

and this is consistent with the phenomenon in Fig. 4 that the amount of
solidified chloride ions of different cementitious materials varied with
the incorporation of different GTS powder.

3.3. FT-IR analysis

Fig. 6 is a comparison of the FT-IR analysis of the 3 d and 28 d hy-
drated products of the GTS-incorporated cementitious material samples
and the blank samples, it can be seen from the Fig. 6 that below 1000
em’' there were differences between the GTS-incorporated cementi-
tious material samples and the blank samples of different ages, and the
rest of the spectrum were basically the same. It can be seen from Fig.
6(a) and Fig. 6 (b) that as the degree of hydration deepened, the posi-
tion of the absorption peaks gradually shifted toward the smaller wave
number direction, and the absorption peaks were gradually strength-
ened; this indicates that the silicon oxygen tetrahedra of the mineral
particles in the GTS powder were gradually dissociating, producing
high polymerization degree products such as C-S-H gels and AFt. In
the 28 d age chart, stretching vibration frequency of the absorption
peak of the samples containing thermally activated GTS powder
slowed down and the gradually became sharper, which indicates that
the silicate minerals in the hardening system of pure OPC samples
became more complicated and the amount of C-S-H gels and AFt prod-

Figure 7. SEM photos of composite cementitious materials at various
ages. (a) and (b)-OPC; (c) and (d)-mechanically activated GTS pow-
der; (e) and (f)-thermally activated GTS powder

ucts increased. In the 28 d age chart, the absorption peak near 3644 cm’
! is the stretching vibration of the O-H bond in calcium hydroxide, and
the absorption peaks at 3432 cm™ and 1640 cm™ are the bending vibra-
tion of H,0, indicating that free water had participated in the hydration
reaction and produced gels or substances containing crystal water; the
peak at 1425 cm™ is an absorption peak of hydration product C-S-H
gels, the peak near 1000 cm™ is the asymmetric stretching vibration of
Si-O(Al) bond [25], the Si-O bond stretching vibration frequency of
siloxane oxygen tetrahedron groups increased with the increase of the
polymerization degree. The peak wave numbers of the samples contain-
ing GTS powder are 954 cm™ and 964 cm™, while for the pure OPC,
the corresponding peak wave number is 943cm™; an obvious convex
absorption peak appears near 798 cm’', which is not found in the ce-
ment sample. According to the analysis, the absorption peak is the
bending vibration of Si-O bond in AFt, which is a quartz-containing
mineral in the GTS powder; it indicates that more Si-O bonds in GTS
powder had been broken as the hydration age increased, the bond ener-
gy was reduced, and the GTS powder had fully reacted, producing
more AFt and C-S-H gels. The peaks at 964 cm™ are the absorption
peaks of silicate, Si-O bond, and C-S-H gels [26]. Comprehensive anal-
ysis shows that the structure of the silicate in the hydrated products of
cementitious materials containing activated GTS powder was quite
complex, there were many products such as C-S-H gels and AFt that
can absorb the chloride ions, and meanwhile the rich hydration prod-
ucts can well fill in the slurry and improve its compactness, reducing
the transmission efficiency of free chloride ions in the pores, thereby
making the hardened slurry have a good effect on the solidification of
chloride ions, and this might be a factor that can improve the ability of
OPC materials to solidify the chloride ions.
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3.4. SEM analysis

Fig. 7 is a comparison of the SEM photographs of 3 d and 28 d sam-
ples of cementitious materials mixed with GTS powder activated by
different activation methods and the paste samples of pure OPC. From
Fig. 7(b) the 28 d age chart we can see that there were flaky Ca(OH), in
the paste samples of pure OPC, which were not found in (d) and (f) of
the samples containing activated GTS powder. This is because the sec-
ondary pozzolanic effect of the activated powder material in the GTS
powder had been exerted, which is consistent with the reduction of
Ca(OH), in the XRD spectrum. From Fig. 7 (d) and Fig. 7 (f) we can
indistinctly see that the needle-shaped AFt and C-S-H gels were inter-
spersed and intertwined, and the unreacted fine GTS particles filled in
the gaps; in contrast, the porous structure of the paste sample contain-
ing mechanically activated GTS powder was more complete than that
of the paste sample of pure OPC. In Fig. 7 (c) we found a large amount
of aggregated flocculent C-S-H gels which had completely capsulated
the AFt, analysis shows that the reactivity of thermally activated tail-
ings powder was enhanced, the amount of active SiO, and Al,Os in the
powder had increased, which promoted the secondary hydration, im-
proving the slurry structure of the GTS -incorporated cementitious
materials, lowering the porosity, refining the porous structure and im-
proving the compactness, as a result, a dense and complete hardened
slurry system had been formed, which had promoted the chloride ions
solidification of the paste samples of the cementitious materials; and
the enhanced mechanical properties of the mortar blocks had also con-
firmed this phenomenon from another perspective. In addition, in the
hydration products, there were more C-S-H gels which can adsorb
chloride ions, and the active components in unreacted GTS can adsorb
CI" as well [15], meanwhile the participation of active GTS powder in
the reaction had provided conditions for the combination of C;A, C;AF
and chloride ions to form FS, which had enhanced the solidification
effect on CI” as well.

4. CONCLUSIONS

(1) When mechanically activated tailings powder and thermally acti-
vated tailings powder had been added into the OPC, the addition of
thermally activated tailings powder had an obvious effect on the solidi-
fication of chloride ions, and the effect of tailings powder had been
exerted in the later stage of the hydration reaction. In the tailings pow-
der, there are many active SiO, and Al,O; that have an important role
in promoting the chemical combination of C;A, C4AF and other miner-
als in the OPC material with chloride ions to form FS.

(2) GTS containing rich silicon-aluminum raw materials was ground
for 60min and then thermally activated at 750°C, its reactivity had been
activated, the content of active SiO, and Al,O; in the mineral had in-
creased, which had effectively promoted the secondary hydration of the
active tailings powder.

(3) The GTS-incorporated cementitious materials can
generate more hydration products C-S-H gels and AFt
that can absorb the chloride ions, this had enhanced the
ability to solidify chloride ions while improving the com-
pactness of the samples.
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