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Abstract Alternative binders produced from waste for the
stabilization of mining tailings (especially those considered
hazardous) are important for waste management and sustain-
able engineering. Thus, this manuscript evaluated the leach-
ing behavior of gold mining tailings stabilized/solidified by
an alkali-activated binder (AAB) over wetting—drying cycles
of durability test. The alternative binder is composed of sug-
arcane bagasse ash, carbide lime and sodium hydroxide. As a
control group, the mining tailings were stabilized/solidified
using Portland cement. In general, AAB showed favorable
results in encapsulating Al, As, Ba, and Fe, while Portland
cement exhibited effectiveness in the immobilization of Al,
Ba, Fe, and Hg. For both AAB and Portland cement, higher
dry unit weights and binder contents led to the encapsula-
tion of metals in cemented mining tailings matrices. Sam-
ples with 30% AAB and 16.5 kN m™ dry unit weight pre-
sented concentrations of Al, As, Ba, Cu, Fe, Hg, Se and
Zn below the limits of all water standards. Alkali-activated
binder from industrial waste was shown to be a new option
to encapsulate contaminants from gold mining tailings.
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Introduction

The management of mining tailings is a serious concern, as
these structures may lead to groundwater and soil contami-
nation, posing risks to ecosystems and human health [1-4].
For instance, the failure of the Fundao tailing dam in Brazil
resulted in the deposition of Fe, As, Hg, and Mn at concen-
trations exceeding sediment quality guidelines. This led to
the contamination of the Doce River with a high transport
of dissolved Fe, Ba, and Al [5]. Groundwater contamination
by Pb and Fe originating from gold mining tailings was also
observed in the Virginia areas, posing a threat to the health
of the local population [6]. The discharge of tailings from a
gold mine tailings dam failure in Karamken, Russia, resulted
in damage to local river ecosystems and fisheries, as well as
human casualties [7]

In this context, the valorization of mining tailings can
be achieved through stabilization and solidification pro-
cesses using cementing agents, such as Portland cement
[8-10]. However, the production chain of traditional cement
demands intense consumption of electricity and extraction of
non-renewable resources (e.g., limestone), releasing around
8% greenhouse gases. This, in turn, has sparked a growing
interest in alternative binders, such as alkali-activated ones
[11-14]. These alkaline cements are produced through the
alkaline activation technique, in which reactions between
amorphous aluminosilicates (precursor) in the presence of
an alkaline activator (alkali metal source) form calcium alu-
minosilicate hydrate (C-A-S-H) and/or sodium aluminosili-
cate hydrate (N-A-S-H) gels [15].

Mining tailings have been stabilized/solidified with
alkali-activated binders originating from metakaolin and
industrial waste. In general, these studies have primar-
ily investigated the mechanical behavior and microstruc-
ture [2, 3, 16—18]. The leaching of metals has become a
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fundamental assessment to overcome the primary bar-
rier for reusing or recycling waste and to determine the
technical feasibility of the alkali-activated materials [19].
Leaching is the process of releasing substances from a
solid material into a contacting liquid phase (e.g., water
or acid solution), and its assessment is important for
determining environmental risks [19, 20]. Through leach-
ing tests, Kiventerd et al. [16] verified that Cr, Cu, Ni, Zn,
and Mn from gold mine tailings were immobilized by an
alkali-activated binder based on metakaolin and blast fur-
nace slag. Cristelo et al. [17] observed that copper tailings
with alkali-activated fly ash presented soluble metals at
concentrations below the limit for non-hazardous waste,
according to the leaching tests. Bruschi et al. [21] studied
the leaching behavior of bauxite tailings with an alkali-
activated binder from sugarcane bagasse ash and carbide
lime, concluding that Al, Cr, Se, Ba, Fe, Mn, and Zn were
efficiently encapsulated in the cemented matrix. Pan et al.
[7] reported the immobilization of all harmful elements
(including arsenic) from mixtures of gold mine tailings
with a waste-based composite geopolymer.

The importance of studying the encapsulation of met-
als from stabilized/solidified mining tailings is justified by
the fact that such waste may contain several contaminants
(e.g. heavy metals), which are transported in the environ-
ment by natural means (wind, rainwater runoff and surface
water flow), as in the case of gold mining tailings [6]. Also,
cemented mining tailings not only contribute to the reduc-
tion of environmental risks, but also add value to the waste.
Stabilized/solidified mining tailings can be used as a mate-
rial for pavement base and subbase layers, pipe bedding,
slope protection, and facing for earth-fill dams [2, 18, 22,
23].

Indeed, there are studies on the mechanical and leaching
behavior of gold mining tailings with alkali-activated bind-
ers. However, the encapsulation of mining tailings metals
using alkali-activated binder from sugarcane bagasse ash and
carbide lime is yet to be studied. Furthermore, past studies
on leaching from the same mining tailings did not investigate
this behavior in heat and water weathering samples. Thus,
this paper evaluates the leaching behavior of gold mining
tailings stabilized/solidified with alkali-activated binder
over wetting—drying cycles of a durability test. The alterna-
tive binder is composed of sugarcane bagasse ash, carbide
lime, and sodium hydroxide solution. As a control group, the
mining tailings were stabilized/solidified using high-early-
strength Portland cement.
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Materials and Methods
Materials

The materials utilized in this research were gold mining
tailings — GT (stabilized/solidified material), sugarcane
bagasse ash — SCBA (precursor), carbide lime — CL (calcium
source), sodium hydroxide — NaOH (alkaline activator), and
high-early-strength Portland cement (type III) — PC. The
alkali-activated cement, previously developed by Bruschi
et al. [2, 3], was composed of 70% sugarcane bagasse ash
(SCBA) and 30% CL, and NaOH solution with an alkalis
(Na,O) concentration of 3.86%.

Characterization

The physical, chemical, mineralogical, and environmental
characterizations of GT, SCBA, CL, and PC (Tables 1and
2) were performed by previous studies [2, 18, 19, 21]. In
this study, the environmental classification of GT was car-
ried out according to ABNT NBR 10004 [24], ABNT NBR
10005 [25], and ABNT NBR 10006 [26]. For both leached
extract and solubilized extract tests, a dry GT sample passing
through a 9.5 mm sieve was used. For the leached extract
test [25], the GT sample (100 g) was exposed to glacial ace-
tic acid-sodium hydroxide solution (pH ~4.93) with a solid/
liquid ratio of 1:20. The GT-acid solution were agitated in
a rotary shaker at 30 rpm for 18 +2 h at 23 +2 °C. For the
solubilized extract test [26], the GT sample (250 g) was sub-
merged in distilled water with a solid/liquid ratio of 1:4 for
7 days at 23 +2 °C. The leached and solubilized extracts
were filtered through a 0.45-pm membrane filter to remove
suspended solids. The determination of metals present in the
liquid extracts was performed by inductively coupled plasma
optical emission spectrometry (ICP-OES) technique, in a
Shimadzu ICP emission spectrometer (model ICPE-9800).

GT is classified as sandy silt, while SCBA and CL as silty
clay (Table 1) [2, 18]. GT was constituted by quartz and
silica oxide (93.89%) [18]. SCBA was composed by quartz
and hematite minerals; and silica (60.65%), iron (13.87%)
and aluminum (5.76%) oxides. CL was composed by port-
landite and calcite; and mainly constituted by calcium oxide
(72.0%) [2]. PC is composed by gypsum, alite, belite, and
calcite minerals; and calcium (57%), silica (17.80%), mag-
nesium (5.35%), aluminum (5.28%), and iron (3.97%) oxides
[19]. The leached extracts of GT, SCBA, and CL (Table 2)
showed metals in concentrations above the limits established
by annex F of NBR 10004 [24]. Thus, these wastes are clas-
sified as hazardous (class I), i.e., they present characteristics
of metal toxicity.
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Table 1 Physical, chemical, and mineralogical properties of the materials

Properties

Materials

GT

SCBA

CL

PC

Liquid limit-LL (%)

Plastic limit-PL (%)

Plasticity index—PI (%)

Specific unit weight of grains (g cm™>)

% of coarse sand (0.6 < diameter <2.0 mm)
% of medium sand (0.2 < diameter < 0.6 mm)
% of fine sand (0.06 < diameter < 0.2 mm)
% of silt (0.002 < diameter < 0.06 mm)

% of clay (diameter < 0.002 mm)

Unified soil classification system

Chemical composition (main oxides—%)

Mineralogy

Reference

Non plastic
271

10

57

33

0

Sandy silt

93.89 Si0,
2.21 Fe,0,
1.20 ALO,

Quartz

Pereira dos Santos

etal. [18]

Non plastic
2.08

7

91

2

Silty clay
60.65 SiO,

13.87 Fe,0,
5.76 ALO,

Quartz, hematite

Bruschi et al. [2]

Non plastic
217

12

86

2

Silty clay
72.00 CaO
1.47 SiO,

Portlandite, calcite

Non plastic
3.15

57.00 CaO
17.80 SiO,
5.35 MgO
5.28 AL,O4
3.97 Fe,04
Gypsum, alite,
belite, and
calcite

Ferrazzo et al. [19]

Table 2 Chemical composition of the leached and solubilized extracts

Leached extract

Solubilized extract

Element GT (mg L) SCBA CL (mg L~ D* Limits (ABNT, Element GT (mg L)) SCBA (mg CL (mg L~Y* Limits (ABNT,
(mg 2004a—Annex L~h* 2004a—Annex
L hy* F) G)
Ag 0.01 0.12 1.22 5 Ag 0.010 0.12 0.41 0.05
As 0.10 0.13 0.60 1 Al 20.20 4.22 19.10 0.2
Ba 0.04 0.66 0.42 70 As 0.06 0.09 0.26 0.01
Cd 0.005 0.03 0.05 0.5 Ba 0.16 -1 0.84 0.7
Cr 0.19 0.13 0.18 5 Cd 0.04 0.020 0.02 0.005
Hg 0.32 0.14 0.54 0.1 Cr 1.05 0.09 0.09 0.05
Pb 0.03 0.22 0.95 1 Cu 0.48 0.12 0.80 2
Se 0.09 0.67 24 1 Fe >2 0.71 0.09 0.3
Hg 1.47 0.10 0.21 0.001
Mn 2.4 -1 -1 0.1
Na 0.2 11.85 13.80 200
Pb >0.09 0.17 0.42 0.01
Se >0.05 0.39 0.96 0.01
Zn 4.04 0.02 0.02 5
Cl 2.31 6.29 7.21 250

The bold represents values that exceed the limit of at least one of the analyzed standards

-'Below detection limit; *Bruschi et al.[21]

@ Springer



Indian Geotech J

Molding and Curing of the Specimens

Cylindrical specimens with 100 mm in diameter and
127.3 mm in height (in accordance with ASTM D559 [27])
were utilized for the leaching assessment. The molding pro-
cedures started by mixing the dry materials (GT, SCBA and
CL or PC) with the liquid alkaline activator (NaOH solution)
and water until homogenization was achieved. GT-AAB and
GT-PC specimens were molded at the factors levels presented
in Table 3. These factors were chosen in accordance with the
data presented on Pereira dos Santos et al. [18]. Table 4 shows
the materials quantities for GT-AAB and GT-PC mixtures.
The molding followed the undercompaction method pro-
posed by Ladd [27], to obtain more consistent and repeatable
test results. In the undercompaction method, when preparing
the sample, density of each compacted layer is reduced. In this
way, it becomes possible to simulate a relatively homogeneous
soil condition. The procedure incorporates a tamping method
of compacting moist soils in a three-layered sample. Each
successive layer is compacted until the specimen reaches the
specified unit weight (see Tables 3 and 4). Further details can
be found in Ladd [27] and Pereira dos Santos et al. [18].
After specimens were molded and had their dimensions
measured, they were sealed in hermetic bags before being
stored in a humid room with controlled moisture (95 +2%)
and temperature (23 +2 °C) for 7 days. Specimens considered

Table 3 Experimental program

suitable for testing met the following criteria: degree of com-
paction within 1% of the target value; water content within
0.5% of the target value; diameter within 0.5 mm of the target
value; and height within 1 mm of the target value.

Leaching Assessment Through Wetting and Drying
Cycles of the Durability Test

Durability tests (wetting—drying cycles) of the stabilized/solidi-
fied GT were executed in accordance with standard ASTM D559
[28] and are presented on Pereira dos Santos et al. [18]. After
7 days of curing at 23 °C, the first cycle initiated with the sub-
mersion of the cylindrical specimens in distilled water (pH~7)
for 5 h at 23 °C and then oven-drying at 71 °C for 42 h. Sub-
sequently, the specimens were brushed 18-20 times vertically
and 4 times on the bottom and top at a required force of approxi-
mately 13 N. These procedures were repeated for 12 cycles [28].

The lixiviation of the specimens was measured through an
adaptation based on ASTM D559 [28] and NEN 7375 — mono-
lithic tank test [29] proposed by Bruschi et al. [21]. As the dura-
bility test was executed, the specimens were placed in separated
tanks. Leaching performance was assessed by retrieving elu-
ate samples from these tanks every three durability cycles (3,
6, 9, and 12). The metal concentrations of the eluate samples
were determined through the ICP-OES technique, analyzing
aluminum (A/), arsenic (As), barium (Ba), cadmium (Cd), chro-
mium (Cr), copper (Cu), iron (Fe), mercury (Hg), lead (Pb),
selenium (Se), and zinc (Zn). A mono element solution was uti-
lized on the ICP-OES, with elements in dilute nitric acid-HNO;.

?emem Cen:entt Yd,g;N MOitsmtre Euring Cur.indg The concentrations were compared with three water quality
ype conten m conten empera-  perio . .
%) %) ture (°C)  (days) standards: Dutch List [30], CONAMA 460 [31], and EPA [32].
Alkali- 15 14.5 14.5 23 7
activated 30 145 Results and Discussion
binder
or 15 16.5
Portland 30 16.5 Figures 1,2,3,4,5,6,7,8,9, 10 and 11 present the leach-
Ceme‘}h ing performance of the eluate samples of the stabilized/
(type ITD) solidified GT. For the Portland cement mixtures (GT-PC),
Table 4 Materials quantities Mixtures GT-AAB GT-PC
for GT-AAB and GT-PC (g)
Binder content (%) 15 30 15 30 15 30 15 30
vq kN m_3) 14.5 14.5 16.5 16.5 14.5 14.5 16.5 16.5
GT 1161.60 956.61 1321.83 1088.56 1161.60 956.61 1321.83 1088.56
SCBA 143.49 286.98 163.28 326.57 - - - -
CL 61.50 122.99 69.98 139.96 - - - -
Na,O 7.67 15.33 8.71 17.41 - - - -
NaOH (micro pearls) 9.89 19.79 11.24 22.47 - - - -
NaOH solution 78.95 157.90 89.66 179.32 - - - -
Portland cement - - - - 204.99  409.98 233.26  466.53
Water 124.90 48.40 141.85 54.97 201.40 201.40 228.72 228.72
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Fig. 1 Aluminum concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-

PC) mixtures over the cycles, compared to the CONAMA 460 limit
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Fig. 2 Arsenic concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA

Al concentration reduced with the increase of cement con-
tent and dry unit weight, especially in the last cycles. This
behavior can be directly associated with the release of cal-
cium hydroxide [Ca(OH),] from cement hydration, which
increases pH values [33]. In pH> 12, a reduction in the
leached concentration of Al can occur due to the precipi-
tation of ettringite [34]. Cementitious gels from the Port-
land cement hydration can immobilize Al and significantly
reduce the leaching of this metal [34]. Even though Portland
cement is majorly composed of aluminates, Al concentra-
tion of the blends was below the limits of CONAMA 460

[31] for all studied cycles. As for the alkali-activated cement
(GT-AAB), Al concentration also reduced with the increase
of cement content and dry unit weight, presenting a decreas-
ing behavior over the cycles; ash-based alkaline structures
present a high solubility of Al on high pH ranges, as the
case of alkali-activated mixtures [35]. Furthermore, for all
studied cycles, these mixtures met the limit established by
CONAMA 460 [31].

As concentration was below the limits of Dutch List [30],
CONAMA 460 [31], and EPA [32] for GT-PC mixtures in
all cycles, with exception of cycle 12. This behavior can be
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Fig. 3 Barium concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA
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Fig. 4 Cadmium concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA

associated with the durability response of the mixtures; Pereira
dos Santos et al. [18] indicated that on the twelfth cycle are
samples are more sensible to volume changes and mass loss;
other mechanical parameters such as strength and stiffness are
also more susceptible to degradation on the last durability cycle,
as indicated by Bruschi et al. [3]. Regarding GT-AAB mixtures,
As concentration was below the limits of all analyzed standards
in all cycles, indicating the viability of the cement in encapsu-
lating this metal. Calcium ions (Ca”*) present a high capability
of reducing As mobilization under alkaline conditions, such as
the case of alkali-activated mixtures [36]. This behavior can be
explained in two distinctive mechanisms: (i) Reduction of the

@ Springer

negative electrical potential on the surface of hydroxide minerals
by the calcium ions; and (ii) Calcium carbonate precipitation,
adsorbing/co-precipitating As [37].

Ba concentration was below the limits of Dutch List [30],
CONAMA 460 [31], and EPA [32] with concentration val-
ues with little variation, for both conventional and alterna-
tive cement in all mixture/cycle combinations (GT-AAB and
GT-PC). Leaching of Ba is largely dependent on the solution
pH, with the leaching behavior of Ba being amphoteric [38];
an increase in cement content increased the solution pH,
which subsequently decreased the leached Ba concentration.
The increase in dry unit weight, for both types of cement,



Indian Geotech J

Color legend
B GI-AAB W GI-PC
—— CONAMA 460
—++ Dutch List
- o o [o) — EPA
b 0.1
_gb oe 000 P Symbollegend
RS ————————————————————————————o— ————————————— o & 15% @ 30%
= O L 4 3 3
5 Co O 1450w W 165 KNy
= ® )
£ ° * *
5}
g o @ IS
S <
o <
) o
© [
< o
O
)71y eS| S S S SSFSSS SS VSSSESS S VS S S |
Cycle 3 Cycle 6 Cycle 9 Cycle 12

Fig. 5 Chromium concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-
PC) mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA
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Fig. 6 Copper concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA

also reduced the leaching of Ba, suggesting that the leaching
behavior is directly linked to the mechanical one [3, 21].
For GT-PC mixtures, Cd concentration presented an
increasing behavior through durability cycles. In cycle
3, Cd concentration was not detected; in cycle 6, Cd was
detected, however, all concentrations were below the limits
of the three standards (Dutch List [30], CONAMA 460 [31],
and EPA [32]); in cycle 9, all mixtures exceeded the limits
of Dutch List [30], and the lower dry unit weight and lower
cement content combination (14.5kN m™ and 15% cement
content) exceeded the limits of all three standards; finally,
in cycle 12 only one combination of lower cement content

(15%) exceeded the limits of Dutch List [30], CONAMA
460 [31], and EPA [32]. In all cases, higher the density and
cement content, lower the metal concentration. This behav-
ior is associated with the durability characteristics of the
materials, in which higher the cycle, lower the strength and
encapsulation capacity of the mixtures [21]. In addition, Cd
have presents low solubility in highly alkaline environments
[39, 40]. The same behavior was evidenced for GT-AAB
mixtures, in which in the initial cycle Cd was not identified
while the concentration increased over the cycles, exceeding
the limits of Dutch List [30], CONAMA 460 [31], and EPA
[32]. It is important to highlight that the alkali-activated
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Fig. 7 Iron concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC) mix-

tures over the cycles, compared to the CONAMA 460 limit
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Fig. 8 Mercury concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA

cement precursors (carbide lime and sugarcane bagasse ash)
present Cd in their composition, contributing to Cd leaching
capacity and concentration [18, 21].

For the Cr leaching test, the sum of trivalent and hexa-
valent chromium (total chromium) content was considered;
with hexavalent chromium compounds being soluble in
water. In general, Cr concentration, for both GT-AAB and
GT-PC mixtures, decreased over the durability cycles (on
cycles 9—12 when compared to cycles 3-6), indicating that
Cr is mainly leached on the first wetting—drying cycles.
Similar results have been found by Eckbo et al. [41], in
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which Cr concentration in high at first due to a first flush
effect, but levels out with time. The limits of the three
standards (Dutch List [30], CONAMA 460 [31], and EPA
[32]) were exceed in all mixtures and all cycles, implying
that none of the treatments were able to encapsulate Cr in
the proposed conditions (water quality limits). Dermatas
and Moon [42] assert that Cr immobilization is mainly
controlled by precipitate solubility and not by surface
adsorption or cation exchange; Cr precipitates such as
hydroxide are highly insoluble at the alkaline pH condi-
tions caused by cement addition [43].
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Fig.9 Lead concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460, Dutch List, and EPA
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Fig. 10 Selenium concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-
PC) mixtures over the cycles, compared to the limits of CONAMA 460 and EPA

Regarding GT-PC mixtures, Cu concentration was not
detected in all combinations in cycles 3, 6, and 9. In cycle
12, the limits of Dutch List [30] were exceed for the lower
cement content (15%) lower dry unit weight (14.5 kN m~>)
specimen. This behavior indicates that for lower porosities,
lower quantities of Portland cement are already sufficient
to encapsulate Cu. For GT-AAB mixtures, an increase in
cement content led to a decrease in Cu concentration. This
once again can be alluded to the mechanical behavior of
the mixtures, where more compact and cement samples
may lead to a better encapsulation of metals [21]. Neverthe-
less, Dutch List [30] limits were exceeded for lower cement

content mixtures on cycle 6, while for the rest of cycles/
mixtures combinations the limits of all three standards were
satisfied. The increase in Cu concentration over the cycles
on an alkaline media may indicate an amphoteric leaching
behavior; amphoteric species are molecules or ions that can
react as an acid as well as a base The leaching of Cu is solu-
bility controlled and directly associated with the dissolution/
precipitation of CuO and Cu(OH), [34, 44].

For Fe concentration, the limits of CONAMA 460
[31] were not surpassed for all cycle/mixture’s combina-
tions for both types of cement (GT-AAB and GT-PC). The
increase in cement content resulted in the increase of Fe
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Fig. 11 Zinc concentration in the gold mining tailings-alkali-activated binder (GT-AAB) and gold mining tailings-Portland cement (GT-PC)
mixtures over the cycles, compared to the limits of CONAMA 460 and Dutch List

solubilization for most cases, when comparing same porosity
specimens. Mahedi et al. [34] have shown that Fe solubiliza-
tion decreases in highly alkaline media, such as the case of
soil-cement mixtures.

Hg concentration for GT-PC mixtures, was below the
limits of Dutch List [30], CONAMA 460 [31], and EPA
[32] for all blend/cycle combinations, with non-detected
concentrations. As for GT-AAB mixtures, a similar trend
was evidenced; however, on cycle 6 all specimens, with the
exception of higher density (15 kN m~?) and higher cement
content one (30% AAB), surpassed the limits of all stand-
ards. Thus, for Hg encapsulation, only conventional cement
blends were effective, considering that on cycle 6 Hg con-
centration exceeded the limits of all standards. Bruschi et al.
[21] presented similar results, in which Portland cement was
able to encapsulate Hg, while the alkali-activated cement
presented lower encapsulation capacity.

Pb concentration exceeded the limits of Dutch List [30],
CONAMA 460 [31], and EPA [32] for all specimens/cycles
for both cementing agents (GT-AAB and GT-PC), indicating
that none of the binders were able to encapsulate this metal.
Pb concentration for the conventional cement was lower
when compared to the alkali-activated one. In addition, for
both cement types, Pb concentration reduced over the cycles.
No clear pattern was evidenced regarding Pb concentration
over the influence of binder content and dry unit weight of
the mixtures. Contessi et al. [45] asserts that Pb behavior is
pH-dependent, considering its amphoteric nature. Pb exhib-
its lower mobilization at neutral pH, while highest releases
are evidenced in alkaline media [46].

For GT-PC mixtures, Se concentration was not detected
over cycles 3 and 6. On cycle 9, Se was detected only for

@ Springer

lower cement content mixtures, with the 15% cement con-
tent and 14.5 kN m~> dry unit weight specimens exceed-
ing the limits of CONAMA 460 [31] and EPA [32]. As
for the last cycle, Se was once again only detected for
lower cement content mixtures; however, both specimens
exceeded the limits of CONAMA 460 [31] and EPA [32].
For GT-AAB mixtures, Se concentration was not detected
on cycle 3. On cycle 6, 9, and 12 lower cement content
specimens exceeded the limits of CONAMA 460 [31] and
some specimens of EPA [32], while higher cement con-
tent specimens were able to encapsulate Se. Se leaching is
strongly pH dependent, highly alkaline media reduces Se
mobilization [47, 48]. Thus, higher the cement content,
higher the alkalinity of the mixtures, corroborating the
presented results.

For cycles 3 and 6, Zn concentration was below the limits
of Dutch List [30] and CONAMA 460 [31] for all GT-PC
mixtures. Over cycles 9 and 12, Zn was detected for lower
cement content (15%) mixtures, all exceeding the limits of
Dutch List [30] and CONAMA 460 [31]; higher cement con-
tent (30%) specimens were all below the limits of the stand-
ards. For GT-AAB mixtures, all specimens on cycle 3 were
below the limits of the standards. As for cycles 6,9, and 12 a
similar behavior to Portland cement was evidenced; in which
lower cement content specimens exceeded the limits while
higher cement content specimens satisfied the limits. This
indicates that Zn follows an amphoteric leaching behavior
[44]; Cetin et al. [49] asserts that the dissolution of zincite
(Zn0) and Zn(OH), control the aqueous concentrations of
Zn. In addition, Bestgen et al. [50] state that the lowest con-
centrations of Zn occur at highly alkaline media due to lower
elemental concentration.
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For specimens stabilized/solidified with conventional
cement, limits of three standards (Dutch List [30], CON-
AMA 460 [31], and EPA [32]) were not exceeded for Al, Ba,
Fe, and Hg in all cycles and molding conditions (Tables 5,
6, 7 and 8). On the other hand, the limits of As, Cd, Cr, Cu,
Na, Pb, Se, and Zn were surpassed for at least one standard
for one or more cycles/molding conditions. As for the alkali-
activated specimens, A/, As, Ba, and Fe concentrations were
under the limits of the standards for all combinations, while
Cd, Cr, Cu, Hg, Na, Pb, Se, and Zn concentrations exceeded
these limits in one or more cycles/molding conditions.

When considering the leaching behavior of samples con-
taining higher binder content (30%) and dry unit weight
(16.5 kN m_3), it is noted that A/, As and Ba, metals soluble
in the residues (Table 2), were encapsulated in the gold min-
ing tailings stabilized/solidified by alkali-activated binder
(Tables 5, 6, 7 and 8). The concentrations of Al, As, Ba, Cu,
Fe, Hg, Se and Zn in the 30% alkali-activated binder and
16.5 kN m~ yd sample satisfied the limits of all water stand-
ards, while the Cd concentration was lower than CONAMA
460 and EPA limits. Cr is present at a concentration below
the CONAMA 460. However, the encapsulation of Pb in
cemented mining tailings requires further investigation.

Finally, the amorphous silica and alumina present in GT
may have reacted with the calcium oxide of Portland cement
to form calcium silicate and calcium aluminate hydrates
(C-S-H and C-A-H). Furthermore, the silica and alumina
may also have reacted with calcium hydroxide produced
during the hydration of the traditional cement, resulting
of additional cementitious compounds. In the system with
alkali-activated binder, the amorphous silica and alumina of
GT can participate in reactions along with the amorphous
aluminosilicates of SBCA, calcium oxide from CL, and alka-
lis from alkaline activator, forming C-A-S-H and N-A-S-H
gels. The cementitious gels formed in GT-AAB and GT-
Portland cement systems contribute to chemical stability of
mining tailings and the encapsulation of metals.

Conclusions

The aim of this study was to evaluate the encapsulation
capacity of metals from gold mine tailings by an alkali-acti-
vated binder composed by two waste (sugarcane bagasse
ash and carbide lime) and Portland cement (control group),
using different binder contents and dry unit weights. The
leaching behavior of mining tailings stabilized/solidified
over wetting—drying cycles was investigated. Based on
results, the following conclusions were drawn:

e In general, alkali-activated binder showed favorable
results in the encapsulation of Al, As, Ba and Fe, while
Al, Ba, Fe and Hg were immobilized by Portland cement;

e For both alkali-activated binder and Portland cement,
higher dry unit weights and binder contents lead to the
encapsulation of metals in cemented gold mining tailings
matrices;

e The concentrations of Al, As, Ba, Cu, Fe, Hg, Se and Zn
in the 30% alkali-activated binder and 16.5 kN m~ yd
sample satisfied the limits of all water standards;

e Alkali-activated binder based on sugarcane bagasse ash
and carbide lime is a new option to encapsulate contami-
nants from gold mining tailings;

e This study has endeavored to contribute to the existing
knowledge on immobilization matrices by systematically
investigating the leaching characteristics and the impact
of drying-wetting cycles on stabilized gold tailings with
Portland cement and alkali-activated binder. The find-
ings, while revealing variations in leaching outcomes,
align with the intricacies associated with environmental
conditions and material interactions, as evidenced in the
current literature.

The study was not explicitly designed for proposing a new
optimized matrix but aimed to enhance our understanding of
matrix performance under diverse conditions. The observed
complexities underscore the challenges in achieving univer-
sal optimization, a topic extensively discussed in the con-
text of existing research. Thus, studies focusing explicitly on
optimization of metal immobilization in gold mining tailings
are suggested for future research, including a wide range of
alkali-activated binder contents (e.g., 5, 10, 15, 20, 25, 30,
35, and 40%).
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