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Abstract

The current way of managing the copper ore flotation waste is by placing it in waste neutralization facilities.
However, flotation waste has great potential in application in cement composites. The article presents the detailed
characteristics of post-flotation waste (PFW) and three types of cements: CEM |, CEM I1/B-V, and CEM III/A,
42.5 MPa class. The post-flotation waste added for 20% of the cement mass increase the water demand to obtain
the standard consistency. The highest pozzolanic activity was noted for mortars made of Ordinary Portland Cement
and cured at 20°C. The lower curing temperature, i.e. 10°C, delays the hydration reaction, extends setting time,
and reduces compressive strength. The conducted tests showed that the specimens produced from CEM | and PFW
have the highest compressive strength (after 28 and 90 days), which means that PFW does not react with silica fly
ash (from CEM 11/B-V) and granulated blast furnace slag (from CEM I11/A). The reaction of the waste with the
components of the Portland clinker is preferred. The performed studies proved that the utilization of copper post-
flotation waste allows for the development of sustainable and durable composite made of CEM | and indicated the

possibilities of further testing of waste, in the direction of its use as a mineral additive for concrete.

Keywords: cement composite; recycling; post-flotation waste (PFW); initial setting time; pozzolanic activity;

compressive strength.
1. Introduction

Waste management of solid state becomes an area of interest for many scientists. The copper ore post-
flotation tailings produced by froth flotation are a mixture of water, ground rocks, and chemical reagents and
represent 95-99% of crushed ores; this means that for each ton of copper obtained through froth flotation, 151 tons
of tailings are generated. Globally, mining tailings occur at a rate of five to fourteen billion tons per year. Although
there are several tailings treatments to recover valuable elements, such as leaching, bioleaching, and froth flotation,
these treatments only partially help the severe environmental impact of mining waste deposits [1]. Post-flotation
waste (PFW) is produced from the extraction of metal ores subjected to the enrichment process. The mining
industry's auxiliary products represent huge stocks of untapped resources that have consumed enormous amounts
of energy to extract. New technological solutions, taking into account the chemical composition of industrial waste,
create conditions for its disposal. The annual amount of waste generated in Poland by the mining industry is
estimated at approx. 70 million tons.

The building materials industry is particularly interested in the management of solid waste with
standardized properties. The most popular types of waste include silica or calcareous fly ash, granulated blast
furnace slag, or silica fume [2,3]. With the progress of construction development and greater environmental
awareness of the world, new types of mineral additives are sought [4-7]. Along with the progress in the

development of construction and the growing environmental awareness of the world, new types of mineral
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additives are sought, such as oil refinery waste, waste foundry sand (WFS), coal bottom ash (CBA), cement kiln
dust (CKD), wood ash (WA). The use of waste as a concrete additive has a double benefit. Firstly, it indicates a
new type of waste management, and secondly, has a direct impact on environmental protection [8]. The partial
substitution of clinker (the main component of the cement) reduces the amount of CO. produced by reducing the
consumption of the calcined clinker [9]. Many scientists are trying to find new types of waste that could potentially
contribute to reducing clinker consumption. An additional advantage of such research is the identification of new
solutions in the field of waste management [10-12]. A lot of studies indicate that there is a need for a new type of
additive for cement mortars. To ensure sustainable, cost-effective cement production in the 2020s, the industry
needs to change. The most important challenges facing the industry are the urgent need to reduce CO; emissions
and improve energy efficiency. The most effective methods of producing ecological, environmentally and
economically sustainable cements of the highest quality are (2) the use of alternative, low-emission fuels and (b)
the development of new recipes and methods of cement production - which boils down to the use of materials that
do not need pre-treatment (thermal, chemical, mechanical) [13]. An example is the use of copper slag [14].
However to introduce the copper slag into cement mortars, it must be firstly activated by alkali [15] or
mechanically [16]. The management of solid waste resulting from the extraction of valuable metallic and energy
raw materials focuses mainly on waste management by placing it in treatment facilities [17]. However, further
investigations are being carried out on the potential application of mining waste in the building materials industry,
in particular cement composites [18]. As suggested by Rosado et al. [19] the application of copper waste as a
construction material will reduce the consumption of natural raw materials for the production of building materials.
The authors [19] concluded that according to European regulations, copper mining waste has the potential to
replace part of the cement, or be a substitute for fine aggregate or constitute a mineral additive to mortar
(composite). On the other hand, according to de Bastos et al. [20] the use of the copper waste as a filling aggregate
(for the construction sector) is not frequently considered due to the need to stabilize the waste to reduce its danger.
The research conducted so far concerns the use of post flotation waste (PFW) in cement mortars [21-23],
in the concrete [24-26], and in the ceramic products [27]. Based on the literature review, the Authors found that
the use of waste in construction may have the following consequences: immobilization of heavy metals, energy-
intensive pre-treatment, comparable or higher compressive strength, increase in composite density, increase in
workability, reduction of surface water absorption [28,29]. As suggested by [30,31] the mortar or concrete
containing tailings as fine aggregate is characterized by a higher percentage of water absorption due to the
capillarity and higher specific surface area of the waste. Another option for the utilization of post-flotation waste
is its use in geopolymer mixtures, after their activation with an alkaline solution [29,32,33]. As reported by Rajczyk
[34] preliminary studies indicate that flotation waste can be used in some mining technologies, for example for
grouting in caving area, filling post-exploitation, and as a component of backfill mixes, containing the binder.
The main aim of this study is to determine whether copper ore flotation waste could be a component of
cement composites. There is no evidence in the literature for the use of flotation wastes for cements with varying
clinker content. Although this type of material is well established, its effect on the chemical, physical and
mechanical properties of cement composites using three different types of cement i.e. Portland cement, Portland-
composite cement containing siliceous fly ash and blast furnace slag cement has not been extensively studied. It
is interesting to find a resource consuming component of cement composite. This paper reports the results of

chemical, mineralogical, and physical properties of three types of cements and post-floatation waste. The
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experimental program also includes tests of the initial setting time of cement pastes and calculations of the
pozzolanic activity of cement mortars curing under two different temperature conditions (10 and 20°C). The results
focus on the selection of the appropriate type of cement as the basic mineral binder to which the post-flotation
waste can be added. The effectiveness and limitations of the considered waste are discussed in detail. The presented

research is of a pilot nature as an indication of a potential new way of managing copper ore flotation waste.

2. Materials and methods

In these studies, the copper ore flotation waste from the “Zelazny Most Waste Treatment Facility”, owned
by KGHM Polska Miedz, was used. The samples came from the Lubin Enrichment Plant and were classified as
code 01 03 81 - wastes from flotation enrichment of non-ferrous metal ores other than those mentioned in 01 03
80 (wastes from flotation enrichment of non-ferrous metal ores containing dangerous substances). This means that
considered waste has not been classified as hazardous [35,36]. The research included the preparation of cement
pastes and cement composite by using three types of cements from the company ‘Lafarge”, Poland: CEM | 42.5R
(Ordinary Portland cement), CEM 11/B-V 42.5R (Portland-composite cement containing siliceous fly ash) and
CEM I1I/A 42.5R (blast furnace slag cement) by the standard [37]. The tests concerned the preparation of samples,
with and without post-flotation waste in the amount from 5% to 40% of the cement mass.

The first stage of studies concerned the determination of the characteristics of used materials. Chemical
composition analysis was performed using X-ray fluorescence (XRF WDXRF Axios mAX Spectrometer with a
4kW Rh tube by PANalytical). X-ray diffraction analysis has been performed, which allows for the recognition of
the phases occurring in the waste. It used a Philipps X Pert Pro diffractometer. A copper tube (CuKa = 1.54178
A) was used as a source of the X-ray emission. X Pert Highscore software was used to process the diffraction data.
Identification of mineral phases was based on the PDF-2 database formalized by JCPDS-ICDD. The particle size
distribution of the microspheres was analyzed by a laser particle analyzer (Helios/R, Sympatec GMbH Germany).
Laser diffraction is a standardized method according to the International Standard 1SO 13320 [38] and it is used
for the determination of particle size distribution. The analyzer applies to rapid and automatic particle size analysis
of solids by dry method. The range of operation of the analyzer varies from 0.1 to 3500 um. A computer connected
to the laser grain size measurement gives characteristic diameters: D1o, Dso, Dgo, and Dmean. The l0ss on ignition
(LOI) was identified by EN 196-2 [39].

In the second stage of research, the identification of the initial setting time of cement pastes, by EN 197-
1: 2012 [37], was performed. The investigation was carried out for three types of cements cured at two temperatures
(10 and 20 °C) with the addition of PFW in the following amounts: 0%, 5%, 10%, 20%, and 40% of the cement
mass. The total number of considered pastes was equal to 30. To determine the initial setting time of cement pastes,

the standard consistency was tested each time.

The pozzolanic activity was defined as the percentage ratio of the compressive strength of the standard
cement mortar, made with 75% (337.5g) by weight of the reference cement and 25% (112.5g) by weight of the
PFW wastes potential additive, and tap water (225 g), (the water-binder (w/b) ratio was 0.50) to compressive
strength containing 100% reference of the cement samples used in these studies. The degree of pozzolanic activity
was determined by EN 450-1: 2009 [40]. The compressive strength of samples with dimensions of 40 x 40 x 160

mm was analyzed after 28 and 90 curing days. The mortar specimens were stored in a water bath at two constant
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temperatures: 10 and 20°C. The compressive strength was determined in according to EN 197-1 [37]. The

composition of cement pastes and cement mortar is shown in Table 1.

Table 1. Composites of pastes and mortars prepared for testing

Types of Cement? PFW PFW Sand Water
samples [9] [g] [%0] [9] [g]
450.0 - 0 - Determined
0 427.5 22.5 5 - experimentally.
5 405.0 45.0 10 - The results are
I 360.0 90.0 20 - presented in
270.0 180.0 40 - table 5.
(%2
o 450.0 - 0 1350 225
<
|_
S
S 337.5 1125 25 1350 225

D cement CEM | or CEM 11/B-V or CEM I11/A was used

3. Results and discussion

3.1. Chemical composition of materials

The analysis of the chemical composition allows determining the main components of copper flotation

waste and used cements. Table 2 shows the results of the XRF analysis.

Table 2. Chemical composition of materials (by % weight) determined via XRF

Components PEW CEM | CEM II/B-V CEM HII/A
42.5R 42.5R 42.5R
SiO; 61.58 15.74 22.97 26.9
CaO 18.93 67.86 52.77 54.29
Al203 5.57 4.58 10.69 6.85
SOs 3.12 3.96 3.12 3.65
MgO 2.82 1.49 1.64 4.00
K20 2.28 0.77 1.28 0.45
Fe20s 2.01 4.20 5.19 2.29
CuO 0.88 0.03 0.02 0.02
CI 0.54 0.10 0.15 0.05
TiO: 0.52 0.47 0.83 0.42
Na:0 0.40 0.17 0.73 0.43
MnO 0.28 0.16 0.09 0.34
BaO 0.26 0.04 0.06 0.05
PbO 0.22 - - -
Cr20s3 0.13 0.05 0.02 0.02
P20s 0.10 0.17 0.17 0.08
SrO 0.10 0.14 0.06 0.07
ZrO- 0.07 0.02 0.03 0.01
ZnO 0.04 0.05 0.14 0.02
Co0304 0.02 - - -
Total mass 100.00 100.00 100.00 100.00
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Copper ore flotation waste is characterized by a high content of silicon oxide (61.6%) compared to the
total weight of the tested material, Table 2. The silica behavior is more complex and it is related to pozzolanic
activity. Reactive silica plays an important role in the cement hydration process, creating one of the reaction
products - hydrated calcium silicates. The formation of a new chemical compound (CSH phase) in a longer
maturation period increases mechanical strength. Test results [41] show that waste with high silica content (> 75%)
and low calcium content (<10%) when mixed with clinker in small proportions (<5%) allows obtaining
compressive strength corresponding to the cement class, 42.5N.

The presence of this oxide in flotation waste equals only 18.9%. An important component of cements is
aluminum oxide, which is involved in the formation of calcium aluminosilicates. A potential problem with
application of copper ore flotation waste in cement composites may be the proportion of copper oxide, which
according to Lin et al. [42], visibly lowers the hydration process. The PFW also contains small amounts of Na,O
(0.4%) and P20s (0.1%).

Taking into account the results presented in Table 2, it can be concluded that the content of copper oxide
(CuO) and lead oxide (PbO) are 0.88% and 0.22%, respectively. The content of these elements is related to their
dominance in post flotation waste, to compare, to other heavy metals in form of oxides. According to the
regulations [43], the use of post-flotation tailings depends on the limit values depends for leaching of the heavy
metals, which may pose a potential threat to the natural environment. The limits contained in the soil for Cu and

Pb is 100 mg/kg. Limits of heavy metal content for soil according to the regulation [44] are presented in Table 3.

Table 3. Limits of heavy metal content for soil [44]

Component: [ma/kg]

Zinc (Zn) 300
Cadmium (Cd) 2

Cobalt (Co) 20
Copper (Cu) 100
Molybdenum (Mo) 10
Nickel (Ni) 100
Lead (Pb) 100

As suggested by Rosado et al. [19], copper mining waste has the potential to replace part of the cement
and act as a hydraulic binder, either as fine aggregate or as an additional mineral. In mortars, there is the freedom
to add copper residues in any aspect, but in concrete, certain limits in terms of particle size distribution must be
respected. In both cases, its application will depend on the leaching values of the heavy metals of post flotation
waste. Based on EN 206:2014 [45], the chloride content in concrete without steel reinforcement should be max.
1.0%, for concrete with reinforcement — max. 0.40%; with prestressing steel reinforcement — max.0.2% of the
cement mass.

3.2. X-ray diffraction of materials

The XRD method was applied for the identification of the phase composition of the three types of cement
and post-flotation waste. The results of the mineralogical composition (in the form of a diffraction pattern) of

cement samples and post flotation waste are presented in Figure 1 and Figure 2, respectively.
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Figure 1. XRD pattern of tested cements.

As demonstrated in Figure 1, XRD are the presence of the following phases: Alite (A), Belite (B),
Brownmillerite (C), Tricalcium aluminate (D), Calcite (K), Gypsum (G), Calcium sulfate hemihydrate (S) and
Anhydrite (H). The percentage content of mentioned phase is presented in Table 4. Calcite (CaCOs3) is the basic
material for the production of cements. Additionally, calcite is used as a flux in the production of blast furnace
slag, a component of blast-furnace cement. Taking into account the phase composition of cements, gypsum plays
the role of a setting time regulator. The high content of this phase is in ash Portland cement. It delays the initial

setting time compared to other cements [46].

Table 4. The phase composition of cements made based on X-Ray Diffraction (Rietveld Refinement)

Percentage of phases

Phase Chemical formula

CEM | CEM II/B-V  CEM III/A
Alite CsS (3Ca0 - SiOy) 67.4 58.9 35.8
B-Belite C.S (2Ca0 - Si0y) 3.2 6.9 18.4
Brownmillerite C.AF (4CaO - Al;O3 - Fe 0s) 11.7 7.3 7.5
Tricalcium aluminate CsA (3CaO - Al:O3) 55 8.9 6.4
Periclase MgO 0.6 0.2 0.1
Calcite CaCOs3 7.8 9.0 11.0
Gypsum CaSO0s - 2H,0 0.6 7.1 4.6
Calcium sulfate hemihydrate CaSO0;4 - 0.5(H20) 2.9 0.6 10.7
Anhydrite CaSO, 0.2 1.3 5.6

Table 4 shows the phase composition of cements obtained with XRD (Rietveld Refinement) tests [47].

For every considered cement, the main clinker phases are alite, belite, brownmillerite, and tricalcium aluminate.
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The total content of these phases in Portland cement equals 87.8%, in ash Portland cement is 82%, and in blast
furnace cement equals 68.1%. The high content of alite ensures high early compressive strength (up to 28 days).
On the other hand, in the case of CEM I1I/A, the highest content of belite contributes to the increase of long-term
strength (after 90 days).
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Figure 2. XRD pattern of the post-flotation waste.

As shown in Figure 2, the phase composition of the PFW indicates the highest crystalline SiO, presence.
The wide range of reflections in the pozzolana diffraction pattern, in the range of 22-35 °20, indicates the presence
of active silica, which corresponds to dehydrated silica gel. This may have a positive effect on the reactivity of the
tested material in the cement composite. On the other hand, the band in the range of 20-22 °26 indicates the
presence of crystalline silica (crystalline quartz), which hurts the pozzolanic reactivity of the material [48]. Another
detected ingredient is calcium carbonate. It is a component of the clay rock left over from the copper ore flotation
process. Calcium has a beneficial effect on the hydration process of cement mortars. The above conclusion was
formulated based on the research results of Ma et al. [49]. The scientists proved that the CaCO3 can promote the
early hydration of cement and can react with C4AsS to form hemicarbonate (4CaO- Al,03-0.5CO,- 12H20, Mc) and
monocarbonate (4Ca0O-Al>03-CO,-11H20, Mc), which can stabilize ettringite and change the pore structure of
cement. Additionally, XRD analysis showed the presence of halite (NaCl). The minerals occurring in Lower Silesia
(the place of taking the tested waste) may be rich in halite, which is not recovered in the flotation process. Chloride
ions initially seal the structure of the cement composite, increasing the compressive strength.

However, over time, the hydration products can expand in volume by being incorporated into the structure
of the cement matrix. The effect of this phenomenon will be the formation of microcracks in the structure of the
material, which will lead to a rapid reduction in compressive strength. Moreover, the high content of chloride ions

may harm the durability of the reinforcement in cement composites.

3.3. Physical parameters of materials

The following chapter includes tests of the physical parameters of cements and copper ore flotation waste.
The basic parameters are summarized in Table 5. Copper ore flotation waste contains the smallest amount of burnt

organic substances, and thus is characterized by the lowest value of a loss on ignition (1.1%). The ash Portland
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cement has the highest value of a loss on ignition (4.2%) due to the participation of the silica fly ash in the
composition of cement. Fly ash is obtained by mechanical or electrostatic precipitation of ashes from flue gases
from coal dust combustion in power boilers. European standard EN 196-2:2013 [39] reports the maximum loss on
ignition for fly ash equal to 5%. As shown in Table 5, the mentioned value did not exceed for any of the tested
materials. For example, according to NRMCA [50], corrosion initiates when the concentration of chlorides exceeds
a threshold concentration at the reinforcing steel. Although these chloride concentration values can vary, they are
typically in the range of 0.05 to 0.1% of the weight of the concrete—about (1.2 to 2.4 kg/m?), or ~0.4 to 0.8% of
the weight of cement (based on the assumption of ~500 Ib/yd® [297 kg/m®] of cement). In turn in Europe, the
maximum permissible total chloride ion levels in fresh concrete are 0.4% (by % weight of cement) for reinforced
concrete and 0.1% for prestressed concrete. These limits apply irrespective of whether or not the concrete is

exposed to external chlorides [51].

Table 5. Physical parameters of PFW and the three types of cements

) Pore volume VDM™ .

Parameters LOI [%0] BET [m?/g] [cm¥g] [nm] Dso [um] Span™ [-]
PFW 11 2.970 0.0015 149.16 149.13 1.37
CEM I 3.1 1.712 0.0008 21.59 20.74 2.74
CEM II/ B-V 4.2 2.246 0.0011 14.73 14.88 3.00
CEM /A 14 1.594 0.0008 21.72 12.79 2.15

“IVDM - Volume Mean Diameter
*2Span - Volume-based size distribution ((Dgo-D10)/Dso)

The BET (Brunauer, Emmett, and Teller) theory was used to evaluate the specific surface area results
expressed in units of area per mass of sample (m?/g). The technique is widely used for most materials and
referenced by several standard organizations such as 1SO, USP, and ASTM. The copper ore flotation waste has
the largest specific surface area equal to 2.970 m?/g. The smallest values were obtained for CEM III/A (1.594
m?/g) and CEM | (1.712 m?/g). A large specific surface area may accelerate physicochemical reactions in materials.
Furthermore, the total pore volume of the samples was determined by the BET analysis. According to data
presented in Table 5, all cements and waste have a small pore volume. The similar pore volume values eliminate
the influence of the void size on the design of mortar mixes and do not change the water demand. The volume

means diameter for cements used in this study ranges from 14.88 to 21.72 pm, and for PFW is 149.16 pm.

The comparison of copper ore flotation waste and cements was conducted by using laser analysis. Figure
3 shows the particle size distribution curves of cements and flotation waste. The first parameter determined in the
laser analysis was the Dsg, Table 5. It is defined as the median size i.e. the size that splits the size distribution with
half above and half below the specified diameter [38]. The Ds parameter of the PFW was equal to 149.13 ug and
was 10 times larger than the tested cement samples. When discussing the median results, the spread of the results
(Span) is an important parameter [52]. Span parameter shows the width of the size distribution. If the span is closer
to zero, it means the graininess is uniform. The span of a volume-based size distribution gives an indication of
how far the 10 percent and 90 percent points are apart, normalized with the midpoint. Based on the calculated

span, it can be stated that the waste is more homogenous than considered cements.
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Figure 3. Particle size distribution of PFW and the three types of cement

The particle size distribution curves presented in Figure 3, indicate that three types of cement have a
particle size in the range are respectively: to 120 pm (CEM I 42.5R), 180 um (CEM II/B-V 42.5R), and 62 um
(CEM III/A 42.5R). While the PFW particle size is up to 420 pm and can be described as strictly homogenous.
The conducted tests of post-flotation waste concerned material taken from the landfill without prior mechanical
treatment. Taking into account the cumulative distribution, a relatively large fraction of the cement particles (up
t0 56.1% for CEM | 42.5R; 60.84% for CEM 11/B-V 42.5R and 71.19% for CEM I1I/A 42.5R) is less than 18 um.
For PFW particles, about 5.58% have a smaller diameter than 18 um. The percentage of grains of PFW in the
range from 18 pm to 100 um and 100 to 500 um are respectively: 21.28% and 73.04% of the total mass.

As reported [25] that the mineral phases in the waste have different densities and water absorption, which
is also significantly influenced by the size of their particles. In general, concrete includes coarse aggregate and
fine aggregate, but tailings are merely used as partial or full replacements of fine aggregate since their particles
are fine with a diameter of less than 1 mm. The physical properties of tailings have a significant impact on the
workability, density, dimensional stability, strength, and durability of concrete [31,53]. The studies [54,55] suggest
that the use of waste as a substitute for fine aggregate increases the density of fresh mixes because waste has a

higher specific gravity compared to the specific gravity of natural sand.
3.4. Standard consistency

The standard consistency was determined by using the Vicat apparatus by EN 196-3 [56]. The amount of
water needed to obtain the standard consistency was determined based on multiple penetration tests of the needle
in cement pastes for different water content. The results for the three types of cements with 5%, 10%, 20%, and

40% of PFW replacement for cement mass are summarized in Table 6.

Table 6. Water demand for cement pastes with copper ore flotation waste

Amount of waste Water needed to obtain standard consistency [g]
[% mas. cem.] (Percentage of water in the mineral binder)
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254
255
256
257
258
259
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261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277

278

279

280
281

282

CEM I 425R CEM II/B-V 42.5R CEM III/A 42.5R

0 146.2 159.5 152.1
(32.5%) (35.4%) (33.8%)
. 148.7 157.6 155.4
(33.0%) (35.0%) (34.5%)
10 157.4 158.3 157.9
(35.0%) (35.3%) (35.1%)
20 155.1 157.3 156.8
(34.5%) (35.0%) (34.8%)
40 1273 128.6 129.3
(28.3%) (28.6%) (28.7%)

In the case of Portland cement, the amount of water needed to obtain the standard consistency increases
until 20% of cement replacement by post-floatation waste. The water demand is higher, up to 20% of the waste,
in the case of pastes made of CEM | and CEM I11 compared to the reference sample (without PFW). Cement with
the addition of silica fly ash is characterized by the largest specific surface area (BET) and LOI of the tested
cements, which results in the highest water demand (water demand is much higher for fly ash than for PFW). Only
for 40% of PFW, a slight increase in the water demand is visible in the case of CEM 11/B-V cement compared to
pastes made with other cements. The increase in the amount of water demand ranges from 1.7% to 7.7% compared
to the reference sample. If 40% of the cement is replaced, the amount of water needed to achieve standard
consistency is reduced. The observed relationship is due to the lower waste water demand compared to Portland
cement. As demonstrated in Table 6, the two types of cement: CEM [1/B-V 42.4R and CEM III/A 42.5R needs
more water to reach the standard consistency compared to CEM | 42.5R. The increase is respectively: 9.1% (for
CEM 1I/B-V 42.5R) and 4.0% (for CEM III/A 42.5 R). The reason for the increased demand for water is the
presence of silica fly ash in the cement composition. CEM 11/B-V is characterized by the high value of a loss on
ignition (Table 5), which means that it absorbs more water than cement without additives.

The addition of copper ore flotation waste (PFW) to the cement pastes in the amount of 5% to 40%
decreased the amount of water, respectively: by 12.99% (for CEM | 42.5R), by 19.37% (for CEM 11/B-V 42.5R)
and by 14.99% for CEM I11/A 42.5R compared to the amount of water and water introduced into the cement pastes
without the use of the test material.

After mixing the cement with water, the absorption of polar water molecules on the surface of the binder
grains (cement and waste) takes place, which through dissolution - hydrolysis (decomposition) of active particles
of gypsum, calcium aluminate, and alite, and after exceeding the PFW in the amount of 10% of the cement mass,
affects the water absorption as a result of an increase in the degree of fragmentation of the tested material. At the
beginning of the process, an almost entirely amorphous layer is formed composed mainly of calcium sulphate,
calcium aluminate and a hydrated C-S-H phase. The products cause the consolidation of a more or less liquid
grout. Therefore, an increase in the PFW content above 10% of the mass of cement probably causes an increase in

water demand.

3.5. Initial setting time

The initial setting time was determined by EN 196-3 standard [56] at two temperatures: 10 and 20°C.
Pastes mixtures with three types of cement and four rates of cement substitution with copper ore floatation waste

(5%, 10%, 20%, and 40%) were investigated. For every test, the time of initial water contact with cement was
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Figure 4. The setting time of pastes at two temperatures: A) at 20°C, B) at 10°C

For ordinary Portland samples (CEM | 42.5R), cured at 20°C, the initial setting time extended from 189
to 314 minutes with the increasing amount of added waste (Fig. 4a). The addition of even a small amount of waste
(5%) increased the time needed for setting by 10%. Additionally, with the replacing 40% mass of ordinary Portland
cement with PFW, the initial setting time was prolonged i.e., increased by 66%. Ash Portland cement takes longer
to begin the setting compared to Ordinary Portland Cement (Fig. 4a). However, the maximum replacement of
CEM 11/B-V 42.5R by flotation waste delayed the initial setting time by 43%, which is a lower value compared to
CEM 1 42.5R. The replacement of part of the blast-furnace cement with flotation waste also caused a delay in
setting time, in a similar way to the Portland cement (Fig.4a). However, the delay is not as high as for CEM I
42.5R (with 40% PFW the delay equals 42%). In percentage terms, PFW has the least impact on CEM I11/A 42.5R,
at 20°C.

By summarizing, at a temperature of 20°C copper ore flotation waste delays the initial setting time. This
is due to the solubility of the components in the cement composite. The second reason for delaying the setting time
is the fragmentation of the material. The grains of waste are larger, so they have a smaller contact surface with the
cement pastes. The larger size of waste grains, compared to cements, hinders physicochemical processes and slows
down the chemical reactions that occur during the setting of cement composites.

The application of a low temperature (equal to 10°C) of hydration of cement pastes delays the initial
setting time (Fig. 4b). It is related to the rate of chemical reactions. According to the Arrhenius formula [57], the
temperature of the occurrence of chemical reactions has a direct, exponential effect on the cement hydration rate.
The temperature factor greatly affects the setting time of considered samples. The results of the effect of

temperature on the onset of setting time are summarized in Table 7. This table shows the percentage effect of the
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reduced temperature on the delay in the onset of setting time. A negative value indicates an acceleration of the
onset of the setting time.

Table 7. Influence of curing temperature on the setting time of cement pastes

Type of the cement 0% PFW 5% PFW 10% PFW 20% PFW 40% PFW
CEM 142.5R 56.08% 79.23% 92.11% 74.52% 29.94%
CEM 1I/B-V 42.5R 8.45% 8.15% 22.91% 3.66% -21.31%
CEM III/A 42.5R 27.00% 43.81% 50.00% 34.51% 14.84%

The 40% share of copper ore post-flotation waste had the least influence on the beginning of setting time.
Thus, it can be concluded that the addition of copper post-flotation wastes at a reduced temperature accelerates the
initial setting time. The greatest impact of the lowered temperature is visible for Portland cement (Fig. 4b) because
it is most sensitive to low temperatures. At 10°C, the components of cements have a difficult diffusing into the
solution; therefore, the hydration reaction of cement pastes develops slower. For all cements, the greatest delay in
the initial setting time occurred when 10% of the cement mass was replaced with copper flotation waste (Fig. 4b).
The post-flotation waste may contain setting time initiation accelerators such as chloride or sodium ions and
retarders such as copper or zinc ions. At 10% of post-flotation waste, setting time retarders have a greater effect
than accelerators. Subsequent dosing of waste results in a greater effect of substances accelerating the initial setting
time, which masks the negative effect of the ions delaying the onset of the setting time.

As suggested [58] the setting time of mortar extended when the tailings were incorporated as a
replacement of fine aggregate, for the heavy metals in waste retarded the hydration of cement by forming a low

permeability layer around cement clinker un-hydrated grains.

3.6. Pozzolanic activity — compressive strength

The pozzolanic activity of the three types of cement mortars doped with PFW was determined according
to European Standard 450-1 [40]. The mortar specimens were stored in water bath at two constant temperatures:
10 and 20°C. The compression tests of 50-mm mortar cubes were performed after 28 and 90 days of hardening.
The total number of prepared samples was 72 (six mixtures x two temperatures x 2 times x three cubes per
mixture). The results of average compressive strength (six samples) with an indication of the standard deviation
(SD) are presented in Figure 5 and Figure 6. The SD of strength varies from 1.08 to 3.74. The strength activity
index (expressed in %) was calculated as the ratio between the average compressive strength of the samples doped
with PFW) to the average compressive strength of the control mortar beams. The values of computed indexes, for

specimens cured at 20 and 10°C, are shown in Table 8 and Table 9, respectively
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Figure 5. The average compressive strength of mortars cured at 20°C

In the case of all cements, replacing 25% of the cement mass with copper ore flotation waste resulted in
a decrease of the mortars strength, both after 28 and 90 days (Figure 5). All considered cements with the strength
class 42.5 (minimum mortar strength after 28 days of hydration should be 42.5 MPa) were investigated. Portland
cement is characterized by high early strength; therefore, after 28 and 90 days of hardening, the values of
compressive strength were similar (increase by 2% in the control mortar and 4% in the PFW mortar). As shown in
Figure 5, the addition of post-flotation waste decreased the strength of the mortars, but it did not reduce the class
of Portland cement. The strengths of the mortars with PFW reached the value of 77.7% after 28 days and 79.3%

after 90 days as compared to the control mortar (Table 8).

Table 8. The strength activity index for cubes cured at 20°C

Temperature Curing age CEM 1 425R CEM II/B-V 425R  CEM III/A 42.5R
28 days 77.7% 72.1% 73.5%
20°C
90 days 79.3% 79.1% 76.4%

The composition of ash Portland cement mortars includes two mineral additives: silica fly ash and copper
flotation waste. Silica fly ash retards strength gain over time. Initially, the ash is not reactive in the cement paste,
thus a significant increase of compressive strength between 28 and 90 days was observed (Figure 5). The strength
increase in the control mortar was 14% and in the PFW mortar 25%. However, copper ore flotation reduced
compressive strength by 28% after 28 days and by 21% after 90 days of hardening. Finally, the mortars containing
CEM I1/B-V 42.5R and PFW did not reach the minimum cement class (Figure 5). The EN 450-1 standard [40]
reports that at 28 days the mortar doped with additive should achieve a minimum of 75% of the strength of the
control mortar, and after 90 days, 85% of the strength. In this study, the mentioned conditions are not met.

However, the percentage strength differences are slightly lower than specified in the standard. The differences are

13


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

354
355
356
357
358
359
360
361
362
363
364
365
366

367

368

369
370
371
372
373
374
375

376

377

2.9% (at 28 days) and 5.9% (at 90 days). The strength reduction may be caused by poor compaction of the mortar
mixture and the potential moisture of the sand or additional, undesirable components in the sand composition. The
mortars made of CEM I1I/A 42.5R achieved the lowest values of compressive strength (Figure 5). The blast-
furnace slag cement has the lowest summarizing amounts of alite and belite (Table 2), which are directly
responsible for the early-age and later-age compressive strength gain (Figure 5). Moreover, according to the results
of Rietveld Refinement [59], the slag cement has as much as 20.9% calcium sulphate in its phase composition
(total amount of gypsum, anhydrite, and calcium sulfate hemihydrate). Sulphates delay the initial setting time and
affect the strength increase.

Figure 6 shows the results of compression tests performed on samples stored at reduced temperature i.e.,
at 10°C. As in the case of the temperature of 20°C, the mortars with the addition of PFW obtained lower
compressive strengths compared to the control mortars. The strength of mortars increased after 90 days by 11%
and 18 %, respectively for CEM | and CEM I+PFW. The reduced temperature dropped the hydration reaction of

the clinker phases.

60
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40
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bt 8
1 1
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=
w
o

CEM | + PFW
CEM Il + PFW
CEM Il + PFW

Figure 6. The average compressive strength of mortars cured at 10°C

The copper ore flotation waste significantly influenced the compressive strength of the samples made
with silica fly ash. Ash Portland cement contains the smallest amount of calcium oxide (Table 2), which inhibits
the hydration reaction. Additionally, this cement has the highest amount of organic carbon, which also leads to a
reduction of compressive strength (Figure 6). Unfortunately, the mortars molded using CEM I11/B-V 42.5R did not
reach the minimum compressive strength i.e., 42.5 MPa. Unfortunately, all samples cured at 10°C did not reach
the minimum compressive strength after 28 days i.e., 42.5 MPa. This is due to slower bonding and hydration
reactions at reduced temperature. Low temperature reduces the rate of reaction, which directly translates into the

strength of mortars.
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Table 9. The strength activity index for cubes cured at 10°C

Temperature Curing age CEM I 42.5R CEM II/B-V 425R  CEM III/A 425R
28 days 78.3% 60.8% 66.7%
10°C
90 days 84.5% 67.0% 71.5%

The highest increase of compressive strength between 28 and 90 days of hardening is visible for slag
cement. The compressive strength of the control mortar after 90 days of hydration increased by as much as 153%,
and with the addition of PFW, the strength increased by 171%. This means that a curing temperature equal to 10°C
has a favorable effect on mortars made with CEM I11/A 42.5R Nevertheless; these mortars did not reach the
minimum compressive strength (42.5 MPa) at 28 days.

It is worth noting that ash Portland cement and blast-furnace slag cement have a much lower content of
calcium oxide in their chemical composition. This is the reason for the inhibition of the reaction of the clinker
phases, which are directly responsible for the gain of compressive strength. Copper ore flotation waste lowered
the compressive strength, but in the case of pure Portland cement, it is possible to achieve values that meet the
criteria of cement standards -it does not lower the cement strength class and achieves very similar pozzolanic
activity values. The reduced temperature delays the initial setting time drops the hydration reaction and decreases
the compressive strength.

3.7. X-ray diffraction of pozzolanic mortars

Pozzolanic mortars (with PFW) were subjected to the XRD test to identify the composite phase
composition and to calculate the number of individual phases after 90 days of hydration at 20°C. The results of
the X-ray analysis are shown in Figure 7. To determine the number of individual phases in cement composites, the
Rietveld Refinement method was used and the results are presented in Table 10 for reference mortars and

pozzolanic mortars.
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98 Figure 7. XRD pattern of the cement mortars with PFW after 90 days of maturation: alite (A); belite (B); brownmillerite (C); tricalcium aluminate (D); gypsum (G); anhydrite (H); calcium sulfate

99 (S); calcite (K); portlandite (P); chalcopyrite (L)
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400 Table 10. Phase composition of pozzolanic mortars made on the basis of XRD (Rietveld Refinement)

Percentage of phases

Phase Chemical formula
CEMII CEM 1I/B-V CEM /A
CEM I + PEW CEM I1I/B-V + PEW CEM /A + PEW
Alite 3Ca0 - SiO2 3.6 2.1 5.4 3.9 4.9 4.2
B-Belite 2Ca0 - SiO2 51 1.6 8.1 6.5 8.5 13.0
Brownmillerite 4Ca0-Al203-Fe203 0.0 0.0 0.0 0.0 0.0 0.0
Tricalcium

aluminate 3Ca0 - Al203 0.0 0.0 0.0 0.0 0.0 0.0
Cordierite Mg2Al4SisO1s 6.0 3.7 5.6 2.0 5.5 3.2
Portlandite Ca(OH): 18.2 10.4 17.7 13.9 18.5 12.5

- CasAl2(S04)3(0OH)12
Ettringit 26H,0 4.3 1.7 0.9 2.5 0.8 2.4
CSH CaO - SiO2 ‘-H20 62.8 58.6 62.3 51.4 61.8 51.2
CuCSH CaCu(SiOs) - H20 - 7.6 - 9.0 - 3.0
ZnCSH Cazn(Si0s) - (H20) - 14.3 - 10.8 - 10.5
401 The XRD data presented in Table 10 shows that cement mortars without post-flotation waste after 90 days

402 contain the remains of unreacted clinker phases and products of the hydration process. The addition of copper
403 post-flotation waste to cement for 25% of its mass, after 90 days of the hydration process, causes the appearance
404  of silicates in the structure of the analyzed samples. Visible silicates contain in their structure ions: magnesium
405 (Mg); iron (Fe) and aluminum (Al).

406 After 90 days of hydration, unreacted clinker phases were detected in all mortars: alite and belite, and
407  additionally were not detected the fastest reacting phases - brownmillerite and tricalcium aluminate. An increase
408 in the CSH phase content generates a decrease in the portlandite content. The active molecules were released and
409 reacted with portlandite upon dissolution of the PFW particles, causing the Ca(OH)- to be partially consumed. The
410 higher content of the CSH phase (without heavy metals) increases the compressive strength after 90 days of
411 hardening. Moreover, CSH phases with embedded heavy metals: copper and zinc were detected in PFW mortars.
412 The content of the CSH phase with the zinc ion is higher because zinc has a higher reactivity in an alkaline
413 environment (pH of mortars above 10). The test results (XRD) indicate the formation of compounds with the

414 participation of heavy metals, including their incorporation in the structure of the prepared cement composite.
415 4. Conclusions

416 The preliminary tests of the physicochemical and mineral properties of the cement mortars enhanced by
417 PFW confirm that there are possibilities to recycle this kind of waste in the building materials. The performed
418 investigations proved that the cooper post-flotation waste is a unique material with the potential to be used in
419 construction materials. In these studies, the PFW was partly replacing cement (up 5 to 40% by mass) in cement

420 mortars. The main conclusions are:

421 e The content of oxides forming the C-S-H phase is above 85% (the sum of the content of the three oxides
422 (Si02+ AI203+ Fe203).
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Copper ore post-flotation waste has a large BET surface area, the largest pore volume, and the lowest
value of a loss on ignition compared to cement used in this research.

These parameters increase the water demand for cement pastes. At a temperature of 20°C, the addition of
up to 20% PFW delays the initial setting time by a maximum of 39%.

Pozzolanic activity performed by EN 450-1 shows the highest value (77.7% after 28 days and 79.3% after
90 days) with cement containing a minimum of 95% Portland clinker. Cements with mineral additives,
such as silica fly ash and granulated blast furnace slag, are characterized by lower pozzolanic activity
with the addition of PFW compared to cement without additives. However, CEM 11/B-V after 90 days of
curing reached as much as 79.1% of the strength of the control mortar.

The addition of 25% PFW reduces the compressive strength of mortar samples. However, the
compressive strength of the composite made of CEM | (without mineral additives) is higher than the
reference samples made of cements with mineral additives.

The reduced temperature delays the initial setting time, drops the hydration reaction, and decreases the
compressive strength.

X-ray studies have shown that heavy metals are incorporated into the structure of the composite.

The performed studies confirmed the highest use of post-flotation waste in cement composites produced with

Portland cement. In the case of composite Portland cement and blast furnace slag cement, the addition of PFW

causes deterioration of the standard consistency, extension of setting time, and loss of a smaller amount of CSH

phase, which reduces pozzolanic activity. Summarizing, Preliminary studies proved that PFW might be used in

the building materials industry as an additive to cement composites. In addition, the new possibility of managing

post-flotation waste may diminish the negative impact of this waste on the natural environment. In the future, the

use of post-flotation waste may also reduce the consumption of cements, which production is expensive and energy

consuming.

5. References

[1]

[2]

(3]

[4]

[5]

[6]

F. Rodriguez, C. Moraga, J. Castillo, E. Galvez, P. Robles, N. Toro, Submarine tailings in chile—a
review, Metals (Basel). 11 (2021) 1-17. https://doi.org/10.3390/met11050780.

Y. Reches, Nanoparticles as concrete additives: Review and perspectives, Constr. Build. Mater. 175
(2018) 483-495. https://doi.org/10.1016/j.conbuildmat.2018.04.214.

P. Nath, P. Sarker, Effect of fly ash on the durability properties of high strength concrete, Procedia Eng.
14 (2011) 1149-1156. https://doi.org/10.1016/j.proeng.2011.07.144.

B.D. Ikotun, S. Ekolu, Strength and durability effect of modified zeolite additive on concrete properties,
Constr. Build. Mater. 24 (2010) 749—-757. https://doi.org/10.1016/j.conbuildmat.2009.10.033.

U. Sharma, A. Khatri, A. Kanoungo, Use of Micro-silica as Additive to Concrete-state of Art, Int. J. Civ.
Eng. Res. 5 (2014) 9-12.

T.K. Akchurin, V.D. Tukhareli, O.Y. Pushkarskaya, The Modifying Additive for Concrete Compositions
Based on the Oil Refinery Waste, Procedia Eng. 150 (2016) 1485-1490.
https://doi.org/10.1016/j.proeng.2016.07.087.

18


http://mostwiedzy.pl

A\ MOST

460
461
462

463

464

465

466
467

468

469

470

471

472

473
474

475

476

477

478
479

480

481
482

483

484
485

486

487
488

489

490
491

492

493
494

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

E. Kapeluszna, L. Kotwica, W. Nocun-Wczelik, Comparison of the effect of ground waste expanded
perlite and silica fume on the hydration of cements with various tricalcium aluminate content —
Comprehensive analysis, Constr. Build. Mater. 303 (2021).
https://doi.org/10.1016/j.conbuildmat.2021.124434.

H.M. Saleh, S.B. Eskander, Innovative cement-based materials for environmental protection and
restoration, INC, 2020. https://doi.org/10.1016/B978-0-12-818961-0.00018-1.

E. Benhelal, G. Zahedi, E. Shamsaei, A. Bahadori, Global strategies and potentials to curb CO2
emissions in cement industry, J. Clean. Prod. 51 (2013) 142-161.
https://doi.org/10.1016/j.jclepro.2012.10.049.

E. Haustein, A. Kurytowicz-Cudowska, The effect of fly ash microspheres on the pore structure of

concrete, Minerals. 10 (2020). https://doi.org/10.3390/min10010058.

E. Haustein, A. Kurytowicz-Cudowska, Effect of Particle Size of Fly Ash Microspheres (FAMs) on the
Selected Properties of Concrete, Minerals. 12 (2022). https://doi.org/10.3390/min12070847.

E. Haustein, A. Kurytowicz-Cudowska, A. Luczkiewicz, S. Fudala-Ksigzek, B.M. Cieslik, Influence of
Cement Replacement with Sewage Sludge Ash (SSA) on the Heat of Hydration of Cement Mortar,
Materials (Basel). 15 (2022). https://doi.org/10.3390/mal15041547.

M.S. Imbabi, C. Carrigan, S. McKenna, Trends and developments in green cement and concrete
technology, Int. J. Sustain. Built Environ. 1 (2012) 194-216. https://doi.org/10.1016/j.ijshe.2013.05.001.

R. Wang, Q. Shi, Y. Li, Z. Cao, Z. Si, A critical review on the use of copper slag (CS) as a substitute
constituent in concrete, Constr. Build. Mater. 292 (2021) 123371.
https://doi.org/10.1016/j.conbuildmat.2021.123371.

Z.Yan, Z.Sun, J. Yang, H. Yang, Y. Ji, K. Hu, Mechanical performance and reaction mechanism of
copper slag activated with sodium silicate or sodium hydroxide, Constr. Build. Mater. 266 (2021)
120900. https://doi.org/10.1016/j.conbuildmat.2020.120900.

Y. Feng, J. Kero, Q. Yang, Q. Chen, F. Engstrom, C. Samuelsson, C. Qi, Mechanical activation of
granulated copper slag and its influence on hydration heat and compressive strength of blended cement,
Materials (Basel). 12 (2019). https://doi.org/10.3390/mal12050772.

S. Kalisz, K. Kibort, J. Mioduska, M. Lieder, A. Matachowska, Waste management in the mining
industry of metals ores, coal, oil and natural gas - A review, J. Environ. Manage. 304 (2022) 114239.
https://doi.org/10.1016/j.jenvman.2021.114239.

J. Kiventerd, P. Perumal, J. Yliniemi, M. Illikainen, Mine tailings as a raw material in alkali activation:
A review, Int. J. Miner. Metall. Mater. 27 (2020) 1009-1020. https://doi.org/10.1007/s12613-020-2129-
6.

S. Rosado, L. Gullon, L.F.M. Martinez, J.F. Llamas Borrajo, Potential Uses of Copper Wastes in the
Building Sector: Inertization and Added Value Solutions, (2021) 25.

19


http://mostwiedzy.pl

A\ MOST

495

496
497

498

499
500

501

502
503

504

505
506

507

508
509

510

511

512

513
514

515

516
517

518

519
520

521

522

523

524
525

526

527
528

529

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

https://doi.org/10.3390/materproc2021005025.

L.A. de C. Bastos, G.C. Silva, J.C. Mendes, R.A.F. Peixoto, Using Iron Ore Tailings from Tailing Dams
as Road Material, J. Mater. Civ. Eng. 28 (2016) 04016102. https://doi.org/10.1061/(asce)mt.1943-
5533.0001613.

N. Cristelo, J. Coelho, M. Oliveira, N.C. Consoli, A. Palomo, A. Fernandez-Jiménez, Recycling and
application of mine tailings in alkali-activated cements and mortars-strength development and
environmental assessment, Appl. Sci. 10 (2020). https://doi.org/10.3390/app10062084.

K.S. Al-Jabri, A.H. Al-Saidy, R. Taha, Effect of copper slag as a fine aggregate on the properties of
cement mortars and concrete, Constr. Build. Mater. 25 (2011) 933-938.
https://doi.org/10.1016/j.conbuildmat.2010.06.090.

S. Panda, P. Sarkar, Leaching behavior of copper slag aggregate cement-mortar by atomic absorption
spectroscopy (AAS), Mater. Today Proc. 33 (2020) 5123-5129.
https://doi.org/10.1016/j.matpr.2020.02.856.

F. Muleya, B. Mulenga, S.L. Zulu, S. Nwaubani, C.K. Tembo, H. Mushota, Investigating the suitability
and cost-benefit of copper tailings as partial replacement of sand in concrete in Zambia: an exploratory
study, J. Eng. Des. Technol. 19 (2020) 828-849. https://doi.org/10.1108/JEDT-05-2020-0186.

M. Gou, L. Zhou, N.W.Y. Then, Utilization of tailings in cement and concrete: A review, Sci. Eng.
Compos. Mater. 26 (2019) 449-464. https://doi.org/10.1515/secm-2019-0029.

M. Fisonga, F. Wang, V. Mutambo, Sustainable utilization of copper tailings and tyre-derived aggregates
in highway concrete traffic barriers, Constr. Build. Mater. 216 (2019) 29-39.
https://doi.org/10.1016/j.conbuildmat.2019.05.008.

M.M. Jordan, M.A. Montero, F. Pardo-Fabregat, Technological behaviour and leaching tests in ceramic
tile bodies obtained by recycling of copper slag and MSW fly ash wastes, J. Mater. Cycles Waste
Manag. 23 (2021) 707—-716. https://doi.org/10.1007/s10163-020-01162-8.

F.A. Kuranchie, S.K. Shukla, D. Habibi, Utilisation of iron ore mine tailings for the production of
geopolymer bricks, Int. J. Mining, Reclam. Environ. 30 (2016) 92-114.
https://doi.org/10.1080/17480930.2014.993834.

S. Ahmari, L. Zhang, Utilization of cement kiln dust (CKD) to enhance mine tailings-based geopolymer
bricks, Constr. Build. Mater. 40 (2013) 1002—-1011. https://doi.org/10.1016/j.conbuildmat.2012.11.069.

W.C. Fontes, J.C. Mendes, S.N. Da Silva, R.A.F. Peixoto, Mortars for laying and coating produced with
iron ore tailings from tailing dams, Constr. Build. Mater. 112 (2016) 988-995.
https://doi.org/10.1016/j.conbuildmat.2016.03.027.

R. Argane, M. Benzaazoua, R. Hakkou, A. Bouamrane, A comparative study on the practical use of low
sulfide base-metal tailings as aggregates for rendering and masonry mortars, J. Clean. Prod. 112 (2016)
914-925. https://doi.org/10.1016/j.jclepro.2015.06.004.

20


http://mostwiedzy.pl

A\ MOST

530
531

532

533
534

535

536

537

538
539

540

541
542

543

544

545

546

547

548

549

550

551
552

553

554
555

556

557
558

559

560
561

562

563

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

I. Sheikhhosseini Lori, M.M. Toufigh, V. Toufigh, Improvement of poorly graded sandy soil by using
copper mine tailing dam sediments-based geopolymer and silica fume, Constr. Build. Mater. 281 (2021)
122591. https://doi.org/10.1016/j.conbuildmat.2021.122591.

S. Ahmari, L. Zhang, Production of eco-friendly bricks from copper mine tailings through
geopolymerization, Constr. Build. Mater. 29 (2012) 323-331.
https://doi.org/10.1016/j.conbuildmat.2011.10.048.

K. Rajczyk, Mineral binder obtained by burning of flotation wastes from copper ore in KGHM POLSKA
MIEDZ S.A., Cem. Wapno Bet. (2017) 239-248.

Chancellery of the Sejm, Journal Laws 2020 item 2018 Announcement of the Marshal of the Sejm of the
Republic of Poland of October 8, 2020 on the publication of the consolidated text of the Act on mining
waste;, J. Laws Polish Parliam. (2020).

Eurpean Communities, Directive 2006/21/EC of the European Parliament and of the council of 15 March
2006 on the management of waste from extractive industries and amending Directive 2004/35/EC, Off.
J. Eur. Communities. (2006) 38-59.

EN 197-1:2012. Cement. Part 1: Composition, specifications and conformity for common cements,

European Standards., Brussels, Belgium., 2012.
ISO 13320: 2020. Particle size analysis - Laser diffraction methods, 2020.

EN 196-2:2013. Methods of Testing Cement. Part. 2: Chemical Analysis of Cement, European
Standards., Brussels, Belgium, 2013.

EN 450-1:2012. Fly Ash for Concrete. Part. 1: Definition, Specifications and Conformity Criteria,

European Standards, Brussels, Belgium, 2012.

D.C. Nastac, R. Fechet, D. Cristina Nastac [], R.M. Fechet, The influence of mine tailings and oily

sludge on the Portland cement clinker manufacture, Rev. Romana Mater. / Rom. J. Mater. 47 (2017)

176-182.

Z.Lin, Y. Cao, J. Zou, F. Zhu, Y. Gao, X. Zheng, H. Wang, T. Zhang, T. Wu, Improved osteogenesis
and angiogenesis of a novel copper ions doped calcium phosphate cement, Mater. Sci. Eng. C. 114
(2020) 111032. https://doi.org/10.1016/j.msec.2020.111032.

Official Journal of the European Union, Council Decision of 19 December 2002 Establishing Criteria
and Procedures for the Acceptance of Waste at Landfills Pursuant to Article 16 of and Annex Il to
Directive 1999/31/EC, Brussels, Belgium, 2002.

Ordinance of the Minister of Economy on the criteria and procedures for admitting waste for storage at a

given type of landfill, Poland, 2013.
PN-EN 206+A1:2016-12: Beton - Wymagania, wtasciwosci, produkcja i zgodnos$¢, 2016.

G. Walenta, T. Fiillmann, Advances in quantitative XRD analysis for clinker, cements, and cementitious

21


http://mostwiedzy.pl

A\ MOST

564

565

566

567

568

569
570

571

572

573

574
575
576

577

578
579

580

581

582

583

584

585
586

587
588

589

590
591

592

593
594

595

596

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

additions, Powder Diffr. 19 (2004) 40-44. https://doi.org/10.1154/1.1649328.

G. Le Saotit, V. Kocaba, K. Scrivener, Application of the Rietveld method to the analysis of anhydrous
cement, Cem. Concr. Res. 41 (2011) 133-148. https://doi.org/10.1016/j.cemconres.2010.10.003.

E. Tkaczewska, Methods of Testing Pozzolanic Activity of Mineral Additives (in Polish), Ceram. Mater.
63(3) (2011) 535-541.

J. Ma, Z. Yu, C. Ni, H. Shi, X. Shen, Effects of limestone powder on the hydration and microstructure
development of calcium sulphoaluminate cement under long-term curing, Constr. Build. Mater. 199
(2019) 688-695. https://doi.org/10.1016/j.conbuildmat.2018.12.054.

NRMCA TIP 13, “Chloride Limits in Concrete” (Silver Spring, MD: NRMCA), (2022).
www. evolving-concrete.org., (2015).

S.T. Erdogan, X. Nie, P.E. Stutzman, E.J. Garboczi, Micrometer-scale 3-D shape characterization of
eight cements: Particle shape and cement chemistry, and the effect of particle shape on laser diffraction
particle size measurement, Cem. Concr. Res. 40 (2010) 731-739.
https://doi.org/10.1016/j.cemconres.2009.12.006.

S. Kundu, A. Aggarwal, S. Mazumdar, K.B. Dutt, Stabilization characteristics of copper mine tailings
through its utilization as a partial substitute for cement in concrete: preliminary investigations, Environ.
Earth Sci. 75 (2016) 1-9. https://doi.org/10.1007/s12665-015-5089-9.

B.S. Thomas, A. Damare, R.C. Gupta, Strength and durability characteristics of copper tailing concrete,
Constr. Build. Mater. 48 (2013) 894-900. https://doi.org/10.1016/j.conbuildmat.2013.07.075.

R.C. Gupta, P. Mehra, B.S. Thomas, Utilization of Copper Tailing in Developing Sustainable and
Durable Concrete, J. Mater. Civ. Eng. 29 (2017). https://doi.org/10.1061/(asce)mt.1943-5533.0001813.

EN 196-3:2016. Methods of Testing Cement. Part. 3: Determination of setting times and volume
stability, European Standards, Brussels, Belgium, 2016.

B. Lothenbach, T. Matschei, G. Moschner, F.P. Glasser, Thermodynamic modelling of the effect of
temperature on the hydration and porosity of Portland cement, Cem. Concr. Res. 38 (2008) 1-18.
https://doi.org/10.1016/j.cemconres.2007.08.017.

D. Zhang, S. Shi, C. Wang, X. Yang, L. Guo, S. Xue, Preparation of cementitious material using
smelting slag and tailings and the solidification and leaching of Pb2+, Adv. Mater. Sci. Eng. 2015
(2015). https://doi.org/10.1155/2015/352567.

S. Hoshino, K. Yamada, H. Hirao, XRD/rietveld analysis of the hydration and strength development of
slag and limestone blended cement, J. Adv. Concr. Technol. 4 (2006) 357-367.
https://doi.org/10.3151/jact.4.357.

22


http://mostwiedzy.pl

