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Abstract

:

The massive accumulation of graphite tailings causes serious environmental pollution, mainly from heavy metal pollution. Therefore, this article introduces a method of using graphite tailings as a high-content main material, cement as a small component of the auxiliary cementitious material, and clay as a substitute for cement. The compressive strength and permeability of graphite tailing–solidified material (GT, GT–Clay) were tested, and the effect of clay partially replacing cement as an auxiliary cementitious agent on GT–Clay performance was compared. In addition, inductively coupled plasma mass spectrometry (ICP) was used to analyze the effect of the graphite tailing placement time on the heavy metal content, as well as the changes in the GT heavy metal leaching concentration and its heavy metal content under outdoor freeze–thaw conditions. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to elucidate the microstructural changes in the GT–Clay. The experimental results show that, as the substitution of clay for cement increased from 0 to 50%, the compressive strength of the 90% GT–Clay gradually decreased, and the permeability also increased. The compressive strength of 95% GT–Clay did not show significant changes, but the permeability increased, and when mixed with quicklime, gypsum, and silica fume, the permeability decreased. The Ni and As in graphite tailings fluctuated significantly with the placement time. The heavy metal leaching concentrations of the 90% GT and 95% GT were below the standard limit, and Cd, As, and Ni in GT were potential sources of pollution. The analysis of the microscopic test results showed that the hydration products of the GT–Clay included ettringite, Ca(OH)2, and calcium silicate hydrates. The hydration product stabilized and filled the gaps between the tailing particles, thereby cementing them together. Not only did it improve the mechanical strength of GT, it also reduced the permeability and heavy metal leaching rate. This study provides a new analytical approach to applying graphite tailings for environmental treatment.
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1. Introduction


Graphite is a nonmetallic material that is indispensable to today’s high-tech military and modern industrial development [1,2], and is mainly mined in China, India, and Brazil [3]. Due to its good natural floatability, all graphite can be purified using flotation [4]. However, 1 ton of graphite produces 10–15 tons of graphite tailing sand [5]. At the same time, due to the natural graphite ore in the flotation process being mixed with a large number of complex toxic heavy metals, such as As, Ba, Cd, Cr, Cu, Ni, Pb, Se, and oxygenated anions [6], the massive accumulation of graphite tailings not only wastes land resources, but also causes heavy metal pollution in the soil and water around the mine [7,8]. Under the influence of long-term heavy metal pollution in the soil around the graphite tailing sands, heavy metals have been accumulating in the soil and migrating to deeper layers, leading to more serious deep soil pollution and adversely affecting plant growth [9]. Therefore, the effective recycling of graphite tailings is significant for environmental protection research. At present, graphite tailings are being applied in the field of building materials, such as environmentally friendly concrete and pavements material [10,11]. Fu et al. [12] prepared a graphite tailing sand–semi-coke composite anode with a high multiplication rate, long cycle life, and low cost, thereby realizing the high-value utilization of graphite tailing sand. Hu et al. [13] used graphite tailings as a raw material to prepare foamed ceramics through the high-temperature self-foaming method, which is also an economic treatment for graphite tailings. However, this is still not enough to satisfy the large utilization of graphite tailings for recycling [14].



Curing technology is an effective method for dealing with heavy metals in tailings, and silicate cement has become a commonly used curing agent for waste curing due to its high strength and the prevalence of the required raw materials [15]. However, reducing the amount of cement has become a key objective due to the high production cost and the production of a high number of pollutants such as CO, which consumes energy and pollutes the environment [16]. Related studies, such as that of Feng et al. [17], using cement stabilization to solidify antimony mine tailings concluded that with a higher tailing content (75% and 90%), the mechanical strength and heavy metal immobilization capacity decreased significantly. Yong et al. [18] stabilized and cured lead and cadmium tailings through a clinkerless binder, reducing the amount of cement used and lowering the cost of the cement used. The partial replacement of cement by using clay minerals as supplementary cementitious materials is now recognized as an effective way to reduce the harmful environmental impact of cement [19]. Clay has good plasticity and combines with water to form agglomerates, which have a certain cohesive force that fills the pores in the structure. However, water loss causes the soil to shrink and causes cracks. Compared with cement, clay has a certain weak bonding effect on graphite tailings [20,21]. Juntao et al. [22] studied the partial replacement of cement with heat-treated waste marine clay and found that a replacement rate of 15% had the best performance, and the mechanical properties of the mortar were weakened by a replacement rate of more than 45%, with the pore space increasing and the agglomeration effect not being obvious. This proves the feasibility of clay as an auxiliary cementitious material. After a considerable amount of research and effort, the authors proposed a GT preparation method that is mainly based on graphite tailing sand and utilizes tailing cement filling technology to properly mix cement, clay, water, and tailing to form a filling slurry, which is then transported to the underground mining area through a pumping system so that the graphite tailing sand can be consumed in high quantities without harming the environment.



At present, there is relatively little research on how to deal with graphite tailings in high quantities according to the economic benefits, and research on how to ensure the environmentally sound treatment of graphite tailings is not extensive enough to further explore how to produce a good curing effect on graphite tailings with a small amount of silicate cement, ensuring that the treatment is harmless. Using the basic physical properties of graphite tailings, we focused on the compressive strength and permeability of graphite tailings under the joint action of cement and clay, and we explored the changes in the heavy metal leaching concentrations of GT under different cement dosages. We also studied the microstructure of GT and GT–Clay under different cement dosages by adopting microscopic test methods, such as XRD, XRF, and SEM, so as to provide a theoretical basis for the engineering application of the harmless and resourceful treatment of graphite tailing sands (the preparation of filler works of graphite tailing sands and road subgrade materials).




2. Experimental Programs


2.1. Raw Materials


Based on the principle of solid waste to maximize the utilization of resources, the raw materials selected for the experiment were graphite tailing, clay, and ordinary Portland cement. The graphite tailings and clay were sourced from Luo Bei County, Hegang City, Heilongjiang Province, China. The clay sample was passed through a 0.5 mm sieve and dried in a 105 °C oven for the corresponding experiments. The basic physical properties of the graphite tailings and clay are shown in Table 1. The chemical composition and XRD patterns of the graphite tailings and clay are shown in Figure 1 and Figure 2. A comparative analysis of the particle size distribution of graphite tailings, clay, and cement is also shown in Figure 3. The main chemical composition of graphite tailings used in the test included SiO2, SO3, Al2O3, CaO, and Fe2O3, of which the content of SiO2 was as high as 48%. The main chemical composition of clay included SiO2, Al2O3, Fe2O3, K2O, of which the content of SiO2 was as high as 63.5%. By analyzing the diffraction peaks in the XRD patterns, it was found that the SiO2 in the graphite tailings mainly existed in the form of quartz minerals. In addition, characteristic peaks of plagioclase feldspar, muscovite, calcite, and hematite were found. The SiO2 in clay XRD mainly exists in the form of quartz minerals, exhibiting characteristic peaks of clay minerals such as illite and kaolin. The diffraction peak results were basically consistent with the chemical composition obtained from the XRF analysis. The graphite tailing sand and clay, as well as the cement particles, were examined using a Malvern laser particle sizer, and the specific surface areas of the graphite tailing sand, clay, and cement were found to be 23.07 m2/kg, 67.97 m2/kg, and 75.70 m2/kg, respectively, indicating that the clay and cement were finer.




2.2. GT Preparation


The cement GT specimens were prepared as follows: first, in order to control the moisture content in the tailing sand, the graphite tailing sand was spread to a ventilated and dry place and naturally air-dried for 24 h. Then, the graphite tailing sand was mixed with the cement in a concrete mixer for 60 s, and an equal amount of water was added in two additions, each time mixing for 60 s, for a total of 180 s. When the mixing was completed, the GT was poured out. Then, the cured material was injected into a standard plastic mold with dimensions of 100 × 100 × 100 mm and placed on a vibrating table to be vibrated. Finally, the top of the mold was scraped off with a spatula. To prevent moisture loss in the GT, the surface was covered with plastic wrap. Argane, R. [23] showed that it is possible that the heavy metals in the tailing sand delayed the hydration of the cement by forming a low permeability layer around the incompletely hydrated particles in the cement, thus prolonging the setting time of the cured mass. Therefore, the early setting and hardening rate was slow, and it was necessary to wait for 48 h before removing the mold in order to minimize the impact of surface spalling and cornering in subsequent experiments. After demolding, the sample was placed into the standard curing room, with a constant temperature of 20 ± 0.5 °C and humidity of 95% ± 5% for the corresponding age. Table 2 shows the specific mixing ratios of the graphite tailings cured with cement as an auxiliary cementitious material (GT).



The clay–cement GT specimens were prepared as follows: after taking the soil samples that passed through a 0.5 mm sieve, they were dried in an oven at 105 °C, and the above steps were repeated. Table 3 shows the specific mix proportions of graphite tailings cured using the clay replacement of cement-assisted cementitious materials (GT–Clay).




2.3. Experimental Methods


The experimental plan is shown in Figure 4, and the test details are described in the following subsection.



2.3.1. Macro-Property Testing Methods


Compressive Performance Test


The determination of GT’s compressive strength was performed according to the Chinese standard JGJ/T70–2009 [24]. Respectively, the dosages were 85%, 90%, and 95% graphite tailing sand for 7 d, 14 d, 28 d, and 60 d, with constant temperature and humidity standardization. The pressure test machine was used for pressure testing, with the average value taken from three tests. Based on the economic benefits, clay replaced cement with 90% and 95% graphite tailings, with substitution rates of 0%, 10%, 20%, 30%, 40%, and 50%, respectively. The changes in the compressive strength of the GT–Clay were analyzed.




Penetration Performance Testing


The determination of the GT permeability coefficient was performed according to the Chinese standard GB/T50123–2019 [25]. For the Variable Head Infiltration Test Method, the GT specimen was made of a cylinder with a diameter of 10 cm and a height of 10 cm. During the test, the test head gradually decreased, and according to D’Arcy’s law, the flow rate passing through the curing material during the test time t was equal to the amount of water decreasing in the variable head pipe. The variable head pipe’s head-down speed and time relationship was determined according to the following formula and was used to calculate the permeability coefficient of the curing material kT. The permeability coefficient sas based on Equation (1).


   k T   = 2   . 3    aL   A t   lg    H   b 1       H   b 2       



(1)




where kT is the permeability coefficient of the specimen at water temperature T °C (cm/s); a is the cross-sectional area of the variable head pipe (cm2); L is the seepage diameter (cm); and Hb1 and Hb2 are the beginning head and the termination head (cm), respectively.





2.3.2. Material Characterization Tests


Heavy Metal Leaching Test


According to GB5085.3–2007 [26], a leaching experiment on heavy metals from GT was carried out, and the pre-treatment utilized HJ/T299–2007 [27]. The leaching agent was added according to a liquid–solid ratio of 10:1, and then the bottle was fixed on the flip-type oscillator after tightening the cap. The rotational speed was adjusted to (30 ± 2) r/min, and the oscillation was carried out at (23 ± 2) °C for (18 ± 2) h. The leaching solution was filtered using a pressure filter, the filtrate was collected, and the concentration of heavy metals in the leaching solution was determined. The leachate was filtered through a pressure filter, and all of the filtrate was collected to determine the concentration of heavy metals in the leachate. The heavy metal concentrations in the graphite tailings and GT leachate were determined via inductively coupled plasma mass spectrometry (ICP–MS, 7900/16–32).




Material Characterization Tests


Scanning electron microscopy (SEM) involves the use of an electron gun that emits an electron beam after focusing on the surface of the specimen for raster-like scanning. The detection is performed by electrons interacting with the specimen generated by the signal on the surface, including its composition, morphology, and structure [28]. The 28 d compressive strength determination specimen was crushed. The selected curing material was a small specimen. The specimen was intended to be as flat as possible, in small pieces. The specimen was placed into a sealed bottle with an anhydrous ethanol soak to stop the specimen from continuing to hydrate. During the microscopic test, the specimen was taken out of the bottle, dried at 45 °C to a constant weight, and then placed in the SEM specimen carrier plate for gold spraying. Then, it was placed under the scanning electron microscope for observation.







3. Results and Discussion


3.1. Compressive Strength Analysis


3.1.1. Influence Law of GT Compressive Strength


Water, graphite tailing sand, and cement were adapted according to the above proportions and set as the initial mix ratio. Figure 5a reflects the curve of the effect of age on the GT compressive strength of graphite tailing sand with different dosages. There were significant differences in compressive strength for 85% and 90% GT at different ages. For 95% GT, it was not obvious; as the proportion of graphite tailing sand continued to increase, the proportion of cement per unit volume decreased accordingly and was unable to generate relatively dense hydration products, resulting in the 95% GT compressive strength change being insignificant. When the cement content was greater than 10% (15% in this test), the compressive strength increased sharply. After 60 d of maintenance, the strength value reached 6.67 Mpa, which is the same maintenance conditions under the same cement content of 5% (0.37 Mpa) maintained for 7 d 17.81 times. Hence, the maintenance age of the high-cement-content doping specimen strength growth was more significant. The prolongation of the curing age made the hydration reaction of many cementitious materials within the GT specimens more complete, generating more calcium silicate hydrate and significantly improving its compressive strength [29]. The graphite tailing sand compressive strength data results of different dosages were fitted using linear regression equations through the Origin software, and the graphite tailing sand dosage–compressive strength relationship is shown in Figure 5b. For the same maintenance age of 28 days, for different graphite tailing sand dosages, the compressive strength of GT with a high cement dosage was stronger, consistent with the above conclusion. According to Quan’s [30] research, the optimal replacement rate of graphite tailings was 50%, which was far from enough to handle a large amount of graphite tailings. Therefore, a compressive strength analysis was conducted on GT with a content of 85–95%. It was found that the content of graphite tailings significantly impacted the compressive strength. The higher the content of graphite tailings, the lower the compressive strength. This was because the accumulation effect of graphite tailing particles could not compensate for the decrease in the effective hydration amount of the cementitious material when the cementitious material was low, resulting in a decrease in compressive strength. According to the trend of compressive strength variation, GT with content between 85% and 90% can be selected, with a compressive strength between 2.5 Mpa and 5.5 Mpa, which meets the economic requirements of using a small amount of cement and basic mechanical properties.




3.1.2. Influence Law of GT–Clay Compressive Strength


Keeping the 90% and 95% GT ratios unchanged, to study the effect of different substitution amounts of clay on the compressive strength of GT, the clay replaced 0%, 10%, 20%, 30%, 40%, and 50% of the cement mass; the results are shown in Figure 6a,b. The strength activity index is the ratio between the average compressive strength of the GT samples with clay partially replacing cement and the average compressive strength of the control group [31]. The 90% graphite tailing sand substitution rate gradually decreased the compressive strength with the increase in clay and the decrease in cement. The 40% clay substitution rate was the lowest, and its compressive strength decreased by 63.2% compared to the 0% clay substitution rate of graphite tailing sand. The strength of 90% GT–Clay is mainly provided by the hydration products generated by the reaction between cement and water. With the gradual decrease in cement dosing, the amorphous C–S–H gel could not continue to cement the graphite tailing sand particles. This led to a decrease in the compressive strength of 90% GT–Clay, with an increased clay substitution rate.



In 95% GT–Clay, the low cement dosing and low clay dosing resulted in the content of clay and cement in GT–Clay not changing much as the clay substitution rate increased, and the internal hydration products did not change much, either. Therefore, the compressive strength of 95% GT–Clay was at a stable minimum of 0.5 MPa with increasing clay substitution. The correlation coefficient R2 of the fitted curve of clay–cement GT compressive strength with the clay substitution rate was not less than 0.95, which indicates that the fitted curve was very similar to the change rule of clay–cement GT compressive strength in the text.





3.2. Analysis of Permeability Coefficients


GT–Clay Impermeability Properties


Figure 7 provides the relationship between the clay replacement rate and GT permeability coefficient; with the increase in the clay substitution rate, the pore space of the GT–Clay skeleton increased gradually, and the permeability was enhanced. The 90% GT–Clay curve can be divided into three stages: clay substitution rate <10%, substitution rate = 10–20%, and substitution rate >20%. When the clay substitution rate was between 0% and 10%, the hydration reaction dominated, and a small amount of water combined with the clay, leaving the clay in a plastic state with increased cohesion. Clay agglomerates filled the pores in the cured body while compensating for the negative effects of reduced cement hydration products, and the permeability of the GT–Clay tended to stabilize. When the clay substitution rate was between 10% and 20%, water and cement hydration occurred, and the combination of clay and water was in the liquid state. The water film formed a lubricant on the clay surface, reducing the friction between the particles and electrostatic molecular attraction; the cohesion decreased sharply, and the number of agglomerates decreased. When the hydration product decreased, the pore space of the curing body increased, and the permeability of GT–Clay increased sharply. When the clay substitution rate was between 20% and 50%, a large amount of clay combined with water, and the clay was back in the plastic state, enhancing the friction and electrostatic molecular attraction between the particles. The combination with water formed agglomerates that filled the pores within the curing body, but as the reduction in cement led to a reduction in amorphous C–S–H gels, the clay was unable to eliminate the negative effects of the reduction in hydration products, and the permeability of GT–Clay slowly increased [21]. According to the “general industrial solid waste storage and landfill pollution control standards” (GB18599–2020) [32] in the first category of general industrial waste landfill standards, the natural saturation permeability coefficient of the solidified material should not be greater than 10−5 cm/s. The 90% GT–Clay with the clay substitution rate and the permeability coefficient increased gradually, but the permeability of the landfill to meet all the above requirements could be determined.



In the 95% GT–Clay curve, although the clay substitution rate gradually increased, the clay did not effectively form agglomerates with water due to the increase in the graphite tailing sand content compared to the 90% GT–Clay. The cement content gradually decreased, and the hydration product gradually decreased, resulting in a gradual increase in pore size, a gradual increase in permeability coefficient, and a coefficient of permeability greater than 10−5 cm/s. The 95% GT–50% clay, compared to the natural saturated permeability coefficient of 10−5, increased by 319%, which is consistent with the conclusion of Yuxian Ke [33]. More graphite tailings and fewer cementitious materials made the cured mass micropores looser and more porous, resulting in more microcracks and pores that connected to form defects, enhancing the penetration properties of its cured mass.



Figure 8 compares the permeability properties of 95% graphite tailing sand, 2.5% cement, and 2.5% clay with 5% quicklime, gypsum, and silica fume, respectively. In this experiment, quicklime, gypsum, and silica powder comprised 5% of the total cementitious material. Meanwhile, comparing the water absorption rate of the different graphite tailing sand specimens, the external lime curing material had the lowest amount of water absorption, indicating that, at this time, the diffusion of water in this curing material was the lowest, the cementite structure and surface structure in the curing material was the most dense, and the lime curing material had the best impermeability, which is consistent with the permeability coefficient in the above figure. This is mainly because GT–Clay is a porous material, the porosity is relatively large, and the addition promoted the hydration reaction of the cementitious material, which made the GT–Clay dense and decreased the porosity. The number of connected pores consequently decreased, leading to the reduced water absorption of the cured material, and the permeability was reduced. Thus, the addition of quicklime, gypsum, and silica fume decreased the permeability of GT–Clay, among which quicklime had the most obvious effect.



The main component of quicklime is CaO. First, a CaO and graphite tailing sand mixture of the water hydration reaction occurs, generating slaked lime Ca(OH)2, and cement in the SiO2 and Al2O3 volcanic ash reaction occurs. This generates C–A–H (calcium aluminate hydrate) and C–S–H (calcium silicate hydrates), filling the pores in the curing of the material between the curing of the graphite tailing sand to become more dense and improve the permeability of the curing of the material. Its chemical reaction equation can be expressed as follows [34,35]:


    SiO 2  +   Ca ( OH )  2  + n  H 2  O = CaO ·  SiO 2  · ( n + 1 )  H 2  O   



(2)






    Al  2   O 3   +    Ca ( OH )  2  + n  H 2  O = CaO ·  Al 2   O 3   · ( n + 1 )  H 2  O   



(3)







The soluble component of gypsum, CaSO4, quickly dissolved in water, and under the hydrothermal reaction conditions in the solution of Ca2+, OH− and SO42− diffused to the surface of the cement—the clay—so that the activity of SiO2 and Al2O3 was dissolved. Then, C–S–H gel and ettringite (AFt) AFt colorless columnar crystals were generated in the early stage of the reaction of the hydration of heat in the C–S–H gel, and the pore space was filled, thus playing the role of the backbone in the formation of a dense network-like structure [36]. This was because graphite tailings contain high levels of sulfides that impede cement hydration reactions. Gypsum has a positive influence on the volcanic ash effect: an appropriate amount of gypsum can give full play to the volcanic ash effect and improve the negative impact of its sulfides on cement hydration [37,38].



Silica powder is uniformly distributed in GT, and because of its small size, it can fill its internal pores and capillaries to improve the effect of the pore structure, reduce the intrusion of harmful substances, and improve the seepage resistance of the cured material [39].



In summary, all three external admixtures can improve the seepage resistance of their cured materials, and the effect of quicklime is more obvious.





3.3. Heavy Metal Analysis


3.3.1. Graphite Tailing Heavy Metal Analysis


Figure 9a,b show the heavy metal content of graphite tailings for 1–60 days of static placement and quantify the average content concentrations of heavy metal elements in the graphite tailings based on the experimental results of samples obtained from the graphite mining area of Luo Bei, Hegang. Among all of the analyzed elements, Ba had the highest average content concentration of 25.1 ug·L−1; As had a medium average content concentration of 10 ug·L−1; and Cr, Cd, Cu, Ni, Pb, and Se had relatively low average content concentrations, which were under 10 ug·L−1. The maximum and minimum multiples were found for As (4.38 times), and the smallest were found for Pb, Cd (1 time). From the multiplicative relationship, it can be seen that the temporal distribution among the various heavy metals was not uniform. The three heavy metals, Pb, Cd, and Cu, fluctuated less with time, while the other five metal elements fluctuated more, with maximum and minimum multiples of more than one.



According to the classification standard [40], the level of coefficient of variation (CV) can be divided into low variation (CV < 15%), medium variation (15% < CV < 36%), and high variation (CV > 36%). Compared with the standard deviation, the CV can reflect the temporal dispersion and degree of variation of heavy metal elements, and the higher the value, the greater the effect of the time factor on the content of heavy metals. Table 4 shows the changes in the heavy metal precipitation content of graphite tailings during the placement time. The coefficients of variation of Ba, As, and Ni in the graphite tailings were as high as 37.45%, 43%, and 60.91%, respectively, reflecting a high degree of variability, and were significantly affected by the placement time. The coefficients of variation of Cr, Cu, and Se were between 15% and 36%, reflecting medium and weak variability, and were less affected by the time interference. Except for Cd and Pb, the coefficients of variation of the other heavy metal elements were more than 10%, and the data obtained for Ni and As indicated that these elements are more volatile, suggesting that the heavy metal content in graphite tailings at different times has obvious differences. In general, the average concentration of heavy metal elements in graphite tailing sand in the Hegang Luo Bei graphite mining area is low, and the local graphite tailing sand is highly utilizable.



Figure 10 shows the correlation analysis of heavy metals in graphite tailings using SPSS data analysis software. The nickel and copper elements showed a strong, significant, positive correlation at the 0.05 level, with a relative coefficient of 0.92. This indicates that the aforementioned heavy metal elements often exist in the form of companion elements or symbiosis, and the sources had a high degree of homology.




3.3.2. GT Heavy Metal Leaching Analysis


Hegang City, Luo Bei County, is located in the northeast of China and has a cold climate, so it is necessary to consider the content and leaching of heavy metals from the GT under freezing and thawing conditions. The above figure simulates the heavy metal content from the GT landfill with soil taken from the local area of Hegang City, Luo Bei County. The GT was covered with soil, an appropriate amount of water was injected into it, and an outdoor freeze–thaw test was conducted for 2 months to analyze the heavy metal content and leaching concentration in the GT. According to the economic benefits, the GT specimens cured with 90% and 95% doping at 28 d of maintenance were selected, as shown in Figure 11a. Whether the graphite tailing sand was combined with cement or not, the leaching concentration of heavy metals was lower than the standard limit, in line with the requirements of the standard (GB5085.3–2007) [26]. Generally speaking, mechanical properties and leaching concentration are the indicators typically used to measure the curing efficiency of heavy metals in cured materials [41]. The compressive strength is inversely proportional to the leaching concentration. There is a significant correlation between the leaching concentration of heavy metals and the compressive strength of the gelling material, and the higher the compressive strength of GT, the lower the leaching concentration of heavy metals. Among them, the influence of Cr and Ni elements is larger. Further study showed that Cd, Hg, and Ni are the main heavy metal elements that cause soil pollution around graphite tailing ponds, and it can be seen that the curing effect was better and that there was little effect on Ba elements. Therefore, it can be concluded that the cement has a good curing effect on heavy metals in graphite tailing sand, which greatly reduces the leaching of heavy metals. From Figure 11b, it can be seen that the heavy metal content of Cd, As, and Ni in GT was high, much higher than the corresponding soil pollution risk screening value of agricultural land in the national “Soil Environmental Quality Risk Control Standards for Agricultural Land Soil Pollution (Trial)” (GB 15618–2018) [42], indicating that the heavy metal elements in the cured material are released to the surrounding soil and water environment through weathering and leaching; this may cause the soil’s heavy metal content to exceed the standard, making it a potential source of heavy metal pollution around the mining area. Thus, for GT curing materials, we should focus on the Cd, As, and Ni elements and their leaching release patterns. Figure 12 demonstrates the micromechanical morphology of heavy metals in cement-cured graphite tailings, where cement hydration encapsulates the heavy metals and the leaching concentration decreases, in agreement with the conclusions drawn in previous work [43].





3.4. Microstructure Analysis of GT–Clay


3.4.1. XRD Analysis


To explore the microscopic mechanism of GT–Clay, Figure 13 shows the XRD diffractograms of 90% GT–50% clay and 95% GT–50% clay maintained for 28 days. The 35°–45° broad peaks correspond to amorphous C–A–S–H gels, which are the main hydration products of silicate cement. This is consistent with the results of other studies [44]. There was no significant change in the minerals of the two samples, and all minerals were dominated by quartz and muscovite diffraction peaks. Due to the high content of graphite tailings in the 95% GT–50% Clay and the limited content of the cement, the curing effect of the graphite tailings was not achieved, resulting in the appearance of broad peaks similar to those of iron and aluminum minerals at around 49° and 80°. The significant change between 90% GT–50% Clay and 95% GT–Clay was the amount of amorphous C–S–H gel produced. Compared with 95% GT–Clay, 90% GT–50% Clay produces more C–S–H gel due to the higher amount of silicate cement, which effectively fills the internal space and improves the pore structure, thus improving its mechanical properties and impermeability. The increased permeability also leads to a decrease in the leaching concentration of heavy metals in the cured body. This is the main reason why 90% GT–50% clay has better impermeability than 95% GT–50% clay [44].




3.4.2. SEM Analysis


Since the permeability coefficient of 90% GT–Clay met the requirements, the microanalysis of 90% GT–Clay under different clay substitution rates was also carried out by combining the XRD diffractograms of 90% GT–50% Clay and 95% GT–50% Clay in Figure 13. Figure 14 shows that, with the gradual increase in the clay substitution rate, the cementitious material within the 90% GT–Clay was gradually squeezed until fragmentation; cracks and pore structures gradually developed, and the number of granular objects in the specimens increased, which led to a decrease in the mechanical properties and permeability resistance [45]. From Figure 14a,b, it can be seen that at the clay substitution rate of 0–10%, flaky and flocculent hydration products were found. A small amount of clay was incorporated, water absorption and expansion occurred on the surface of the hydration products, and graphite tailing sand was wrapped around the middle, which improved the densification of the GT–Clay, reduced the porosity within the structure, and compensated for the negative effect of cement reduction. Both the interface and the permeability coefficient were relatively smooth. From Figure 14b,c, it can be seen that when the clay substitution rate was 10–20%, the balance between the cement and clay content gradually broke down. The filling effect of the clay agglomerates in the 90% GT–Clay became saturated, and excess clay existed in the free form in the middle of the cement stone or interface, which hindered the development of the crystalline form of the C–S–H gel and prevented the gel from being bonded to form a three-dimensional structure. The specimen gradually formed holes and caused the permeability coefficient to increase sharply. Figure 14c–f show that the clay content gradually increased, and clay agglomerates gradually replaced the hydration products. Free clay re-formed agglomerates, but due to the presence of fewer hydration products, the increased pore space was not enough to support the original skeleton structure formed by the hydration products, ultimately resulting in a slow increase in the permeability coefficient.



Figure 15 shows more clearly the microstructure of the graphite tailings under the joint action of clay and cement. The active SiO2 and Al2O3 in clay reacted with the Ca(OH)2 in cement during the volcanic ash reaction, which produced agglomeration and generated secondary hydrated calcium silicate and hydrated calcium aluminate with less alkalinity. These generators play an important role in the strength of the specimen [46]. The flocculent C–S–H gel and rod-shaped calcium alumina in the late hydration GT–Clay, which were interwoven, were filled and tightly bound to each other to make the structure denser.






4. Conclusions


The following conclusions were obtained by exploring the laws affecting the macroscopic and microscopic changes in the cementitious materials by blending cement and clay in graphite tailings:



(1) For GT, the compressive strength increased gradually with the increase in the cement dosage and age. The maximum compressive strength reached 6.67 Mpa, and the minimum compressive strength reached 0.37 Mpa. For 90% GT–Clay, the compressive strength decreased with the increase in the clay substitution rate. Moreover, 95% GT–Clay maintained a compressive strength of around 0.5 Mpa with the increase in the clay substitution rate.



(2) As the clay replacement rate progressively increased, there was a critical value between the 90% GT-Clay permeability coefficient and the clay replacement rate, with a gradual increase in the permeability coefficient when the clay replacement rate was greater than 10 percent, but this still met the requirements of the first category of general industrial solid waste landfill standards (GB18599–2020) when the permeability was less than 10−5. In addition, the permeability of 95% GT–Clay was directly proportional to the clay replacement rate and was greater than 10−5; thus, it is recommended that 90% GT–50% Clay be chosen as the best replacement. In addition, lime, gypsum, and silica fume can improve the permeability of GT–Clay.



(3) According to the heavy metal analysis of the graphite tailing sand, heavy metal elements such as barium, arsenic, and nickel were more active, and nickel and copper showed a significant strong positive correlation at the 0.05 level, with the sources being highly homologous. Cement had a good curing effect on graphite tailing sand, which greatly reduced the leaching of heavy metals. The greater the amount of cement, the lower the leaching concentration of heavy metals in GT, which was lower than the highest standard for the leaching concentrations of national hazardous waste. For GT curing materials, the amounts of Cd, As, and Ni are much higher than the screening value of soil pollution risk in agricultural land, which is a potential source of contamination, and we should pay attention to its leaching and releasing pattern.



(4) The microstructure shows that there were obvious hydration products that generate C–S–H gel in 90% GT–Clay specimens after mixing with cement, which filled in the interstices of agglomerates, reduced the spacing between particles, and improved the denseness of the specimens. This was the main reason for the increase in compressive strength and impermeability and the decrease in the concentration of heavy metal leaching.



The results of this study can provide a reference for the mechanical mechanism study of GT–Clay for the preparation of graphite tailing sand curing compounds with high dosages. In the future, cement doping can be used as a basis for these curing compounds. In addition, the results obtained from mechanical and durability property testing can lay the foundation for the feasibility evaluation of GT–Clay preparation. The relationship between cement content, mechanical properties, and durability can be established, and the optimal solution can be applied to actual projects.
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Figure 1. XRF analysis result (a) and XRD pattern (b) of graphite tailings. 
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Figure 2. XRF analysis result (a) and XRD pattern (b) of clay. 
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Figure 3. Graphite tailings, clay, and cement particle size distribution. 
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Figure 4. Flowchart of experimental methods. 
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Figure 5. (a) Effects of different ages on GT compressive strength; (b) effects of different graphite tailing sand admixtures on GT compressive strength. 
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Figure 6. (a) Effect of GT–Clay compressive strength with different clay substitution rates; (b) effect of GT–Clay strength activity index with different clay substitution rates. 
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Figure 7. GT–Clay permeability coefficient. 
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Figure 8. Effects of different external dopants on GT–Clay performance. (a) Hydraulic conductivity, (b) hydraulic conductivity reduction rate, (c) coefficient of water absorption, and (d) compressive strength. 
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Figure 9. (a) Effect of heavy metal changes in graphite tailings with different placement times; (b) box plot of heavy metal changes in graphite tailings. 
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Figure 10. Graphite tailing heavy metal correlation analysis. 
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Figure 11. (a) GT heavy metal leaching concentrations at different doping levels; (b) GT heavy metal content at different doping levels. 
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Figure 12. Schematic diagram of graphite tailing curing material. 
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Figure 13. XRD diffractograms of 90% GT–50% clay and 95% GT–50% clay after 28 days of GT–Clay hydration. 
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Figure 14. Scanning electron microscope images of 90% GT–Clay at different clay substitution rates. (a) 90% GT–0% clay; (b) 90% GT–10% clay; (c) 90% GT–20% clay; (d) 90% GT–30% clay; (e) 90% GT–40% clay; (f) 90% GT–50% clay. 
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Figure 15. GT–Clay cluster schematic. 
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Table 1. Properties of graphite tailings and clay.
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	Graphite Tailings
	Water Content
	Bulk Density

kg/m3
	Apparent Density kg/m3
	Porosity





	
	5.18%
	1450
	2857
	49.2%



	Clay
	Liquid limit
	Plastic limit
	Plasticity Index
	



	
	41.983%
	26.50
	15.483%
	










 





Table 2. Mixing proportions of GT.
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	Samples
	Graphite Tailings (wt%)
	Cement (wt%)
	W/S





	85% GT
	85
	15
	0.19



	90% GT
	90
	10
	0.19



	91% GT
	91
	9
	0.19



	92% GT
	92
	8
	0.19



	93% GT
	93
	7
	0.19



	94% GT
	94
	6
	0.19



	95% GT
	95
	5
	0.19







Note. GT (wt%) = graphite tailings/(graphite tailings + cement). W/S = water/(graphite tailings + cement).













 





Table 3. Mixing proportions of GT–Clay.
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	Samples
	Graphite Tailings (wt%)
	Clay (wt%)
	Cement (wt%)
	W/S





	90% GT–0% Clay
	90
	0
	10
	0.19



	90% GT–10% Clay
	90
	1
	9
	0.19



	90% GT–20% Clay
	90
	2
	8
	0.19



	90% GT–30% Clay
	90
	3
	7
	0.19



	90% GT–40% Clay
	90
	4
	6
	0.19



	90% GT–50% Clay
	90
	5
	5
	0.19



	95% GT–0% Clay
	95
	0
	5
	0.19



	95% GT–10% Clay
	95
	0.5
	4.5
	0.19



	95% GT–20% Clay
	95
	1
	4
	0.19



	95% GT–30% Clay
	95
	1.5
	3.5
	0.19



	95% GT–40% Clay
	95
	2
	2
	0.19



	95% GT–50% Clay
	95
	2.5
	2.5
	0.19







Note. GT–Clay (wt%) = graphite tailings/(graphite tailings + cement + clay). W/S = water/(graphite tailings + cement + clay).













 





Table 4. Changes in heavy metal precipitation content for graphite tailing placement time.
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	Parameters
	Cr
	Ba
	Cd
	As
	Cu
	Ni
	Pb
	Se





	Minimum concentration/(ug/L)
	1.2
	15.3
	1.2
	3.4
	2
	5.3
	4.2
	3.7



	Maximum concentration/(ug/L)
	3.4
	37.1
	1.2
	14.9
	3.7
	19.4
	4.2
	7.5



	Average concentration/(ug/L)
	2
	25.1
	1.2
	10
	2.7
	8.7
	4.2
	5.9



	Range/(ug/L)
	2.2
	21.8
	0
	11.5
	1.2
	14.1
	4.2
	3.8



	Standard deviation/(ug/L)
	4.39
	9.48
	0
	0.79
	0.48
	5.31
	0
	1.36



	Highest multiple/(ug/L)
	2.84
	2.43
	1
	4.38
	1.48
	3.66
	1
	2.03



	Coefficient of variation %
	35
	37.45
	0
	43
	14.81
	60.91
	0
	22.03
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