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Abstract: In order to study the feasibility of copper-nickel smelting slag (CNSS) and palygorskite
for large-scale consumption and utilization in the field of mine filling, gellable composite materials
were prepared from copper-nickel smelting slag, cement and palygorskite. The effects of
palygorskite addition and curing time on the mechanical properties and microstructure of copper-
nickel smelting slag-based cementitious materials were studied in detail. The results showed that
the addition of palygorskite had a positive effect on the curing of the cemented filler of the non-
ferrous smelting slag by promoting the early hydration reaction. palygorskite also affected the
mechanical properties of the cementitious materials with different maintenance times and the ability
to cure heavy metals. The strength of gellable composite materials reaches 23.05MPa when 1%
palygorskite, 50% of copper-nickel smelting slag and 48% cement were used, which meet the
standards requirements of filling materials for mine goaf. The addition of 1% palygorskite can
improve the ability of cementitious materials to solidify heavy metals to realize the economic
utilization of solid waste in mining areas.

Keywords: copper-nickel smelting slag;palygorskite;hydration reaction;heavy metal solidification

1. Introduction

Non-ferrous metal smelting slag is a waste residue produced in the smelting of non-ferrous
metal minerals and the large amount of waste slag generated leads to pollution to the environment.
There are about 2010 million tons of zinc smelting slag stored in Guizhou Province, China. Romania
has produced about 20.295 million tons of nickel slag since 2000-2010 [1-4]. Copper-nickel smelting
slag has certain Pozzolanic activity, which has been used to prepare mine-filling cementitious
material to solve the stability of current mining filling material and high processing cost [5-7].
Materials such as fly ash, dolomite, and smelting slag have been used to replace cement to prepare
composite cementitious materials [8—11].Moreover heavy metal elements in copper-nickel slag on the
environmental impact of attracted the attention of scholars. Currently, it’s difficult to utilize copper
slag, and more than 80% of copper slag is piled up. The soil of the copper-nickel tailings pond was
polluted with heavy metals of Cd, Cu, Ni, and Cr [12]. Copper slag can be used as a supplementary
cementitious material for the preparation of cementitious materials, which meets the requirements of
the strength of the building materials and cures heavy metal ions such as Cu, Pb, and Cr [13-18].

Palygorskite is a fibrous clay mineral, that belongs to the group of layered silicate minerals. In
contrast to the arrangement of conventional layered silicate clay minerals, the silica-oxygen
tetrahedra of palygorskite has an overall chain-like structure. The locally inverted tetrahedra are
sandwiched with octahedral sheets to form a 2: 1 structure and pores, which are stacked to form
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fibrous particles. Due to its special structure, palygorskite is commonly used in the field of adsorption
curing, such as curing heavy metal elements in sewage and soil [19,20]. Aconite is abundant and
cheap, it can be modified by calcination and other methods and promote the early hydration reaction
[21,22], improving the effect of the early mechanical properties of cementitious materials.
palygorskite is mostly used in the construction field [23-26], but little research has been reported in
the filling field.

In the previous research, the mechanical properties and structure of cementitious materials
prepared from copper-nickel smelting slag (CNSS) were studied. The results show that the
mechanically excited copper-nickel slag has good mechanical properties, which can meet the needs
of mine filling [27]. Based on the previous research, this paper investigates the effect of the addition
of palygorskite on the mechanical properties of copper-nickel smelting slag cementitious materials
and the curing properties of heavy metals, explores the new application of copper-nickel smelting
slag preparation cementitious materials in the field of filling.

2. Materials and Methods

2.1. Materials

CNSS provied by Xinjiang Karatunk Mining Co. was grinded in a horizontal ball mill for 6 h.
The chemical composition is shown in Table 1.,and the primary ingredients are Fe203, SiO2, MgO,
AI203 and some heavy metal elements including Fe, Cu, Co, Cr, Pb. CNSS is mainly composed of
fayalite from XRD pattern in Figure 1.
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Figure 1. XRD pattern of CNSS.

Table 1. Chemical composition of CNSS.

element Fe Si Mg Al Ca Na Cu K
content/% 61.07 23.63 5.56 2.31 2.00 0.75 0.56 0.54
element Ni Co Ti Mn Cr Zn Rb Sr
content/% 0.37 0.30 0.22 0.10 0.09 0.05 0.02 0.02

The palygorskite was purchased from Changzhou Dingbang Mineral Products Co., Ltd., and the
origin was Xuyi, Jiangsu Province. The XRD characterization is shown in Figure 2. The palygorskite
contains quartz and calcium phases.
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Figure 2. XRD pattern of palygorskite.

42.5 standard cement was used as the benchmark cement. produced by Fushun Cement
Company Limited. Quartz sand was used as China ISO standard sand, produced by Xiamen Aisio
Standard Sand Co.

Acetic acid (CH3COOH) of pure analytical grade was used for the test of heavy metal leaching
from CNSS and cementitious materials.

2.2. Test Methods

The experimental conditions listed in Table 2 were used. A certain amount of CNSS, cement,
palygorskite and water were mixed, then added a certain amount of standard sand and stirred at
high speed for 30s, stopped stirring for 90s and stirred at high speed for 60s. The fluidity and
consistency were measured according to the cement mortar strength test method (GB-T 17671-2021).
Subsequently, the mixed slurry was poured into the triple mold of 40mm x 40mm x 160mm and was
kept at room temperature for 24 h. Finally placed it ina curing box with a temperature of 20 °C and a
humidity of 95% for 3, 7, 14 and 28 days, and the compressive strength of the test specimen was
tested. After the test, the test specimen was placed in absolute alcohol to stop hydration for 48 h,
dried at 60 ° for 24 h, then broken and ground. The leaching experiment of harmful heavy metals was
carried out according to the toxic leaching method of solid waste-extraction procedure for leaching
toxicity-acetic acid buffer solution method (H]J / 300-2007), and the concentration of heavy metals in
the leaching solution was measured by ICP.

Table 2. Proportion of CNSS, cement and palygorskite used for the preparation of gellable composite
materials (wt %) Details of experimental ratio scheme.

Sample number CNSS  palygorskite = Cement water-cement  sand-cement

ratio ratio
Al 0 0 100 0.5 3
A2 0 1 99 0.5 3
A3 0 2 98 0.5 3
B1 50 0 50 0.5 3
B2 50 1 49 0.5 3
B3 50 2 48 0.5 3
B4 50 3 47 0.5 3
C1 60 0 40 0.5 3
2 60 1 39 0.5 3
C3 60 2 38 0.5 3
Cc4 60 3 37 0.5 3
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2.3. Characterization

The compressive strength tests were conducted by an electrohydraulic servo pressure test
machine under microcomputer controll manufactured (WAW-2000E). The fluidity and consistency
of the mortar were tested by a fluidity shock mitigation table and grout consistency meter. X-ray
diffraction (XRD) analyses were performed with CuKa radiation under 60 kV and 80 mA and a
scanning speed at 5¢/min (D8 Advance, Bruker, Germany). SEM (scanning electron microscopy) tests
were carried on a JSM-7610FPlus scanning electron microscope (Nihon Kohden). Pore size was
measured by automatic mercury porosimeter (AutoporelV 9500, Mack, USA). Thermal stability was
tested by a thermogravimetric analyzer coupled with a differential scanning calorimeter (TGA-DSC)
(TASDT Q600, TA Instruments, USA), with temperature range from room temperature to 800°C at a
rate of 10°C/min under a nitrogen atmosphere.The ion concentration of the leaching solution was
tested by inductively coupled plasma optical emission spectrometry (ICAP7000, Thermo Fisher,
USA).

3. Results and Discussion

3.1. Consistency and Fluidity of Mortar

To investigate the effect of different palygorskite additions and smelting slag on the fluidity and
consistency of cement, the experimental ratios designed in Table 2 were used to test the components.
The experimental results are shown in Figure 3. When 1% and 2% of palygorskite were added, the
fluidity of mortar relative to Al decreased by 4.4% and 8.2%, and the consistency also has a
corresponding trend of change. Therefore, the fluidity of mortar decreases with the amount of
palygorskite substitution, the more palygorskite substitution, the worse the mortar fluidity [28,29].
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Figure 3. Effect of palygorskite and CNSS on mortar fluidity. fluidity (b) consistency.

With 50% and 60% of smelting slag added, the fluidity and consistency of mortar were improved
compared with Al. With the addition of 1% and 2% palygorskite in B1, the fluidity of the mortar was
slightly reduced by 3.7% and 5.8%. The consistency of C2 and C3 showed a reduction of 10.3% and
11.9% compared with C1. The data show that after replacing part of the cement with CNSS and
adding palygorskite, the fluidity of the mortar decreases with the increasing amount of palygorskite
replacement. A small amount of palygorskite can be added to meet the needs of improving the
fluidity of mortar. After adding an amount of palygorskite, the copper and nickel smelting slag-based
cementitious materials improved the flowability and pumping capacity of cement mortar and
satisfied the needs of mine-filling pipeline transportation.

3.2. Mechanical Property Analysis

The test blocks were prepared according to the test ratios, and the compressive strength tests
were carried out at 3d, 7d, 14d, and 28d under standard curing conditions. Figure 4a reveals the
reinforcing effect of A1 on the cement compressive strength at both 7 and 28 days. As shown by the
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results, A1l shows a slight increase in compressive strength by 3.2%.With the curing time, the
compressive strength increased more rapidly from 3d to 7d and 14d to 28d. The early hydration
reaction on cement strength caused an increase of 13.78 MPa for Al in 3d to 7d. It can be concluded
that the early hydration reaction plays an important role in influencing the compressive strength of
the cementitious material. It can also promote the increase of compressive strength of the
cementitious material in later standard curing stage. The compressive strength of Al increased from
8.13MPa from 14d to 28d. In 3d, the highest compressive strength of A3 was compared to Al and A2
in 3d, while the strength of cement with palygorskite decreased after 28d.
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Figure 4. Compressive strength of different components of cementitious materials. (a) A1-A3 (b) B1-
B4 (c) C1-C4.

As shown in Figure 4b, with the incorporation of CNSS, the overall compressive strength of Bl
decreased compared with Al. It can be seen from Table 1 and Figure 4 that the main phase in CNSS
is fayalite with low pozzolanic activity. The early hydration reaction is slowed down [30,31]. The
upward trend of compressive strength of C1 from 3d to 28d in Figure 4c supports this view. With the
further increase of CNSS content, the early hydration of cementitious materials was delayed.

The addition of palygorskite can significantly improve the early strength of cementitious
materials. Compared with A1, the compressive strength of A2 increased by 9.64 Mpa at 3d. However,
with the increase of palygorskite content, the 3d compressive strength of A3 was lower than that of
A2. In Figure 4b, the compressive strength of B1 decreases first and then increasescompared with B3,
andwas still lower than B2. The compressive strength of C1 at 28d is higher than that of C2 and C3
added with palygorskite, showing a similar law.

During early hydration, the addition of palygorskite can promote the hydration of the
cementitious materials. The compressive strength of gellable composite materials was increased by
adding 1% palygorskite. There was a decrease in the compressive strength of cementitious materials
with the addition of CNSS. Adding any material with volcanic ash activity affects the early hydration
process. The replacement of cement by low-calcium volcanic ash materials, such as fly ash, reduces
the early compressive strength of the cementitious material (typically up to 28 days). The addition of
excessive palygorskite is not conducive to the development of the reticular structure of the hydration

products of cement. It leads to difficulties in increasing the compressive strength in the late stages of
hydration [29].
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3.3. Porosity

The influence of palygorskite and CNSS on the pore size distribution of cement can be
qualitatively observed in Figure 5. As the palygorskite content and curing age increased, the peak
value of the pore size distribution curve of Al and B1 shifted towards smaller pore sizes. These results
indicate that palygorskite content and curing age significantly impact the internal pore structure and
promote the early reaction of hydration. Palygorskite can adsorb a large amount of water, fill the
pores of the cementitious material, and solidify heavy metal ions mainly in the form of adsorption
[32,33]. The generation of hydration products reduces the pores in the cementitious material, but the
previously filled pores are subject to more harmful pores (> 200 nm) due to water loss. In Figure 5b,
B4 appeared the pores larger than 200,000nm. The same phenomenon was observed in Figure 5c. It
is speculated that the addition of palygorskite in B4 causes the early hydration of cementitious
materials at 7d. However, macropores higher than 200,000 nm were also produced, which was caused
by both CNSS reaction and water loss of palygorskite.
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Figure 5. Pore distribution of cementitious materials with different curing times. (a) 3d (b) 7d (c)
28d.

3.4. TGA-DSC

Through the TGA-DSC test of the cementitious material, the composition of the cementitious
material can be analyzed [34-36]. The effect of TGA-DSC is illustrated in Figure A, where 3 notable
changes in the mass can be seen. Particularly in 80-150°C, 400-450°C, and 600°C. The mass loss
obtained by TGA between 80°C and 150°C is mainly caused by the water loss of ettringite and C-S5-H
gel. Above approximately 400°C, a mass decrease is observed as Ca (OH): is oxidized. As shown by
the results, the addition of palygorskite promotes the early hydration of cementitious materials and
creates more hydration products.
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As shown in Figure 3b, the mass loss of Al in 400°C-450°C is 3.2%, whereas the results for B and
C decreased by 0.47% and 0.49%. Al produced more hydration product Ca (OH)2. The same
phenomenon of increased hydration product was observed in the DSC curves of both 7d and 28d. In
Figure 6b, the weight loss of B1 was 0.47%, while B2 had a weight loss of 0.49%, indicating a slight
difference. In Figure 6c, the weight loss of B1 and B2 was 0.31% and 0.38% respectively. The addition
of palygorskite can enhance the hydration of cementitious materials with CNSS, especially during
the early stage of hydration. The peak of 600°C-700°C is attributed to the decomposition of CaCO:s.
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Figure 6. TGA-DSC images of cementitious materials on different days. (a) 3d (b) 7d (c) 28d.

3.5. Surface Morphology Analysis

To investigate the strength change rule of cementitious materials, and understand the
microscopic growth condition inside the cementitious materials, we analyzed the samples by SEM.
As shown in Figure 7, B1 and B2 are visible at 3d, 7d, and 28d with microforms of calcium silicate
hydrate (C-S-H) composed of fine grains, and calcite alumina (AFt) with microforms of needles. In
addition, large block substances can be observed, suggesting that they may be portlandite (CH)
crystals [37-39]. As can be seen from Figure 6a,b, compared to B1, B2 with the addition of palygorskite
has a higher degree of early hydration, and more hydration products can be found. The CSH gel
forms a spatial mesh structure, which fills the pores of the material.It can be clearly observed from
Figure 7b—d that the process of pore reduction is due to the cementation of hydration products. It is
speculated that the hydration products of copper-nickel smelting slag-cement cementitious materials
are basically similar to cement cementitious materials. The needle-like AFt crystal and the flocculent
C-5-H gel are cross-linked to form a spatial network structure, and the bulk CH crystal is filled to
form a whole, resulting in strength. This may be one of the reasons why the early compressive
strength of B2 is higher than that of B1. Appropriate amount of palygorskite added can promote the
early hydration of cement. The microscopic hydration products in the overall image of B2 are higher
than those of Bl. It can be conclude that the promotion effect of the appropriate amount of
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palygorskite on the hydration of cementitious materials may not only be early, but also have a
beneficial effect on the hydration reaction as a whole.

Figure 7. SEM images of cementitious materials (a) B1 at 3d (b) B2 at 3d (c) B1 at 7d (d) B2 at 7d (e) B1
at 28d (f) B2 at 28d.

3.7. Analysis of Heavy Metal Curing Efficiency

Heavy metal leaching tests were first carried out on CNSS to analyze the efficiency of cement
blended with copper-nickel smelting slag in curing heavy metals. It can be seen from Table 1 that
CNSS contains more heavy metal ions, Cu and Ni. Through the leaching test for CNSS, the
concentration of Cu? in the leach solution was 6.05 mg/L, and Ni* was 3.98 mg/L. Subsequently, the
solidification effect of 28d cementitious material on heavy metals was investigated. It can be seen
from Figure 8 that the curing rate of Ni?* is higher when palygorskite is not added. With the increase
in the amount of palygorskite, the curing rate of B1-B4 increased first and then decreased. C1-C4 also
has the same trend, and the curing rate after adding palygorskite is greater than that of B1.This is due
to the fact that a moderate amount of palygorskite promotes early hydration of the cementitious
material, generating more hydration products while reducing the pore size.


https://doi.org/10.20944/preprints202402.0884.v1

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 February 2024 doi:10.20944/preprints202402.0884.v1

100

B Cu
® N
95
® 904 e e
- L) ° =
[ e o
< 85 [
o
| =
(=]
b= 80 4
£
2 75 " -
© T | |
2} [ ]
704 o
L [ |
]
65 T T T T T T T T

B1 B2 B3 B4 C1 C2 C3 C4
Series

Figure 8. The ability of cementitious materials to solidify heavy metals.

In summary, cementitious materials can remarkably cure heavy metal Ni?*. The ability of the
cementitious material to cure the heavy metal Ni?* increased in the early stage. It was similar in the
later stage after the addition of an appropriate amount of palygorskite. This is because palygorskite
promotes the hydration of the cementitious material. The ability of cementitious materials to solidify
heavy metal Cu?is weak. After palygorskite was added, the ability of cementing material to solidify
heavy metal Cu? was also improved. In general, B2 has the most vital ability to immobilize heavy
metals.

4. Conclusions

In this paper, a type of mineral-based composite cementitious material was prepared by adding
a certain amount of palygorskite. The effects of macroscopic properties such as fluidity and
compressive strength were analyzed and tested, and its ability to solidify heavy metals was explored.
The conclusions are reached through investigating the influence of CNSS and palygorskite on the
hydration process of cementitious materials.

(1) The addition of CNSS to OPC causes an increase in the fluidity of the mortar, while the addition
of palygorskite reduces the fluidity or even causes it to stop. The fluidity of mortar can be
changed by adding a small amount of palygorskite.

(2) CNSS will affect the early hydration of cementitious materials and reduce the compressive
strength. palygorskite can strengthen the early compressive strength of cementitious materials,
but too much palygorskite will affect the late hydration of cementitious materials. The strength
of the cementitious material mixed with 50 CNSS with 1% palygorskite was tested to be the best.

(3) The porosity and thermogravimetric of cementitious materials were analyzed. An appropriate
amount of palygorskite promotes the hydration process of the cementitious materials to which
CNSS has been added. The surface morphology of the SEM also proves it.

(4) The ability of cementing material to solidify heavy metal Cu?*is poor, and the ability to solidify
Ni?* is better. Adding 1% palygorskite can improve the ability of cementitious materials to
solidify heavy metals.
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