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Abstract: Red mud (RM) is a low-activity industrial solid waste, and its utilization as a resource is currently a hot topic. In this study, the micro characteristics of red mud at different calcination temperatures were analyzed using X-ray diffraction and scanning electron microscopy. The performance of calcined red mud was determined through mortar strength tests. Results indicate that high-temperature calcination can change the mineral composition and microstructure of red mud, and increase the surface roughness and specific surface area. At the optimal temperature of 700°C, the addition of calcined red mud still leads to a decrease in mortar strength, but its activity index and flexural coefficient increase by 16.2% and 11.9% with respect to uncalcined red mud, reaching values of 0.826 and 0.974, respectively. Compared with the control group, the synergistic activation of calcined red mud with slag can increase the compressive and flexural strength of the mortar by 12.9% and 1.5%, reaching 8.7 and 62.4 MPa, respectively. Correspondingly, the activity index and flexural coefficient of the calcined RM and GGBS (Ground Granulated Blast furnace Slag) mixtures also increase to 1.015 and 1.130, respectively.
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1  Introduction

Red mud (RM) is a solid waste produced in the alumina process, which is figuratively called RM because of its high iron content and reddish-brown colour [1]. Due to the significant amount of caustic soda added in the process of alumina production for leaching aluminum from the ore, the discharged RM exhibits a high alkalinity [2]. Its pH value can usually be as high as 11.0~12.0 [3]. According to the International Aluminum Institute, the total global alumina production in 2022 reached 139 million tonnes, and the production of 1 tonnes of alumina generally results in the generation of about 1~1.5 tonnes of RM [4]. This means that in 2022 alone, the world has generated 139~208 million tons of RM. The massive storage of RM not only occupies a large amount of land, but also poses the risk of soil alkalization [5,6] and water pollution [7–9] in the surrounding areas in the event of leakage. RM is an aluminum-silica-rich material [10,11] and is a high-quality raw material for the preparation of construction materials. However, Bayer RM is inherently less active, and untreated RM is usually not available as an effective component of construction materials. Therefore, it is necessary to carry out activation studies for RM treatment.

RM activation treatment methods having been used include mechanical activation, high-temperature thermal activation, alkali chemical activation and synergistic activation. In this regard, scholars have carried out corresponding studies. Li et al. [12] found that utilizing mechanical activation can improve the early activity of RM. Singh et al. [13] investigated the effect of mechanical activation on the strength of RM-fly ash geopolymer slurry. They found out that mechanical activation facilitated the reaction between the hematite phase and silica in RM, resulting in higher strength of geopolymer slurry incorporating mechanically ground RM. Dong et al. [14] explored the effects of calcination temperature and time on the activation effect of RM. The results showed that a continuous calcination time of 60 min at 500°C yielded the most favorable activation effect on the RM. According to Hou et al. [15], the optimal thermal activation condition for the RM was calcination at 600°C for 3 h. Correspondingly, the 28 d compressive strength of the cement mortar blended with the calcined RM increased by 15.3% compared to the non-calcined state, reaching 27.0 MPa. Luo et al. [16] studied the effect of the amount of calcined RM at different temperatures on the compressive strength and microstructure of cement mortar. The results reported that the mineral composition of RM changes after being calcined at 900°C, and the 28 d compressive strength of cement mortar blended with 15% calcined RM was superior to that of pure cement mortar. Due to the strong alkaline properties of RM, the effect of using alkaline excitation method to activate RM is usually not significant [17], and it will further increase the alkalinity of the RM. Therefore, some scholars have conducted activation studies on RM based on the synergistic utilization theory. Kancir et al. [18] found high synergy between red mud, calcined clay and limestone, which can be used as supplementary cementitious materials to reduce the use of cement. Hao et al. [19] found a good gelling synergy between steel slag, desulfurization gypsum and RM. The alkali in RM and sulfate in desulfurization gypsum can effectively activate the chemical reactivity of steel slag, and promote the generate of C-S-H gel and ettringite. Zhang et al. [20] prepared a multi-solid waste cementitious material containing RM, converter steel slag and blast furnace slag. The study revealed that the optimal synergistic effect among the three solid waste materials occurred when the converter steel slag content is 30 wt%. By adding this material to P-I 42.5 cement, the strength grade can reach the level of P-C 52.5 cement. The above studies have shown that the treatment of RM through high-temperature thermal activation and synergistic activation can effectively improve its activity. Nonetheless, there are certain differences in the chemical mineral composition of RM in different regions, so the activation conditions of RM may also be different. Moreover, the current studies mainly focused on low-iron and high-calcium RM and high-iron and low-calcium RM [13–20].

Based on the previous research, the high-iron and high-calcium Bayer RM is used as the research object in the present study. Firstly, the effects of different calcination temperatures on the microscopic properties of RM were explored. Then, the performance of thermally activated RM was studied through mechanical performance tests of mortar. This study tends to provide a certain scientific basis for the comprehensive utilization of Bayer RM.

2  Experiments

2.1 Raw Materials

RM is Bayer red mud supplied from Aluminum Corporation of China’s Limited Guangxi Branch. Ground Granulated Blastfurnace Slag (GGBS) was produced by Guangxi Yuan Sheng Slag Comprehensive Utilization Co., Ltd., China. The cement (PC) is Chinese Portland cement (P·O 42.5), produced by Guangxi Yufeng Cement Company, China. The test employed ISO standard sand, manufactured by Xiamen Aisiou, China. The water used for the test was ordinary tap water. The chemical compositions of cement, GGBS and RM, were determined using an X-ray fluorescence spectroscopy analyzer (XRF), as presented in Table 1. Other performance indicators of cement are shown in Table 2.
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2.2 Activation of Red Mud

The thermal activation process of RM is shown in Fig. 1.
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Figure 1: Thermal activation process of RM

Firstly, the RM was dried in a drying oven (105°C ± 5°C) for 24 h to remove the moisture from the RM. The dried RM was then ground using a powder mill. Subsequent high-temperature thermal activation of the RM in a muffle furnace. In this study, RM was calcined at different temperatures ranging from 600°C to 1000°C. According to references [14–16], we set the gradient of calcination temperature to 100°C. When the temperature reached the set value, calcination began and lasted for 3 h. Finally, the completed thermally activated RM was passed through 0.075 mm standard sieve and kept sealed for use. Synergistic activation: GGBS is evenly mixed with RM and calcined RM at optimal temperature in the ratio of 1:1, respectively, to make the composite admixture.

2.3 Mix Proportion

According to the above test scheme, a total of 10 sets of mortars with varying proportions were designed for this experiment. Within these groups, one group comprised of pure cement mortar was designated as the control group. The detailed proportions are shown in Table 3 below. In Table 3, CM refers to pure cement mortar, CRM-600 refers to the cement mortar containing 600°C calcined RM (and so on), CGM refers to the cement mortar containing GGBS, CRGM refers to the cement mortar containing RM and GGBS, and CHRGM refers to the cement mortar containing calcined RM and GGBS.
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2.4 Sample Preparation and Curing

The preparation and Curing of the samples in this study were referred to Chinese Standard GB/T 17671-2021 “Test method of cement mortar strength (ISO method)”. Firstly, 450 g of cementitious material (cement to admixture ratio 7:3), 1350 g of ISO standard sand, and 225 g of water were weighed. Next, mortar samples with dimensions of 40 mm × 40 mm × 160 mm, with 3 samples per group, were prepared in a laboratory at an ambient temperature of 20°C ± 2°C and relative humidity ≥50%. Subsequently, the samples, along with the test molds, were placed in a curing chamber at the temperature of 20°C ± 1°C and the relative humidity of ≥90% for curing. After 24 h, the mold was removed and each group of samples was transferred to a separate water tank (at a temperature of 20°C ± 1°C) for curing. Finally, the samples were removed after 28 days of curing for mechanical property testing. The prepared samples are shown in Fig. 2.
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Figure 2: Mortar sample

2.5 Test Method

2.5.1 Mechanical Properties

Mechanical properties were tested on a ETM305-2 microcomputer-controlled electronic compressive and flexural testing machine (produced by Shenzhen Wance Testing Equipment Co., Ltd., Shenzhen, China). According to Chinese Standard GB/T 17671-2021 “Test method of cement mortar strength (ISO method)”, the loading speed for compressive strength testing and flexural strength testing were set at 2400 ± 200 N/s and 50 ± 10 N/s, respectively. The arithmetic mean of the measured values of the three samples was used as the test result. Fig. 3 shows a picture of the mechanical performance testing.
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Figure 3: Mechanical performance testing

2.5.2 Activity Index and Flexural Coefficient

Referring to Chinese Standard GB/T1596-2017 “Fly ash used for cement and concrete”, the activity index H28 and flexural coefficient F28 of RM can be expressed as the Eqs. (1) and (2). The method in Section 2.4 was employed to prepare mortar specimens and test the 28 d unconfined compressive strength and 28 d flexural strength of each group of mortar specimens respectively. The activity index and flexural coefficient of the RM were obtained by substituting the obtained test results into the following equations:


H28=Ru1Ru2
(1)


F28=Rf1Rf2
(2)

where Ru1 and Rf1 refer to the 28 d unconfined compressive strength and 28 d flexural strength of cement mortar mixed with RM or GGBS, respectively, while Ru2 and Rf2 refer to the 28 d unconfined compressive strength and 28 d flexural strength of cement mortar, respectively.

2.5.3 Microscopic Analysis

In this study, an X-ray diffractometer (XRD) and a scanning electron microscope (SEM) were used to analyze the microscopic properties of RM. The mineral composition data of RM at different calcination temperatures was obtained by Rigaku D/MAX 2500V XRD (produced by Rigaku-Corporation, Japan). The XRD scanning range was set from 5° to 75°, employing an operating voltage of 40 kV and a current of 150 mA. The microscopic morphology of RM particles at different calcination temperatures was observed using an S-3400N SEM (produced by Hitachi Limited, Japan). The operating voltage of SEM was set at 15 kV and the observation magnification was 2000 times.

3  Results and Discussion

3.1 Microscopic Properties of Calcined RM

3.1.1 XRD Analysis

Fig. 4 illustrates the XRD spectra of the RM following heat treatment at various calcination temperatures.
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Figure 4: XRD spectrum of calcined RM

As can be seen from Fig. 4, the main mineral composition in the uncalcined RM includes cancrinite, gibbsite, diaspore, mayenite, calcite, katoite and hematite. After the thermal activation treatment at different temperatures, the mineral composition in RM, except for hematite, exhibit varying degrees of transformation. At 600°C, the XRD characteristic peaks of calcite and mayenite exhibit a decrease. This is due to the lower crystallinity of calcite in RM, which can decompose at this temperature [21]. At the same time, mayenite also undergoes phase transformation at this temperature [22]. In addition, the characteristic peaks of katoite, gibbsite and diaspore disappear at this temperature, where katoite may have reacted with the alkaline component of RM to form cancrinite, which elevates the characteristic peaks of cancrinite at 2θ = 14.1° and 19.2°. Gibbsite and diaspore decompose to form alumina (Al2O3), but the characteristic peaks of alumina was not observed on the XRD curve at this temperature. This result suggests that the generated alumina may be amorphous, which may contribute to the RM activity. At 700°C, due to the increase in temperature, the characteristic peaks of calcite and mayenite almost completely disappear, where mayenite transforms into a weaker bulge peak in the range 2θ = 21°~22°. It indicates that amorphous active substances containing calcium, aluminum, and silicon elements generated in RM. At 800°C or higher, three new mineral phases are produced in the RM, containing gehlenite, albite, and rankinite. This indicates the initiation of the sintering in the RM, resulting in a decrease in the content of amorphous mineral composition, which is unfavorable for stimulating RM activity. With a further increase in the calcination temperature, there is an observed increase in the characteristic peaks of gehlenite, albite and rankinite, indicating an intensification of sintering phenomenon in RM. Notably, XRD peaks of alumina crystals were produced in the RM when calcination temperatures reach 900°C and 1000°C, probably formed by the action of amorphous alumina at high temperatures.

3.1.2 SEM Analysis

The microscopic morphology of the RM particles after calcination at different temperatures is shown in Fig. 5.
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Figure 5: SEM image of calcined RM

As can be seen in Fig. 5, the surface of the uncalcined RM particles appears relatively smooth. However, the surface of RM becomes rough after high-temperature calcination at 600°C, for many tiny particles are generated on the surface of the RM, forming a pore structure resembling a honeycomb. Element analysis was performed on these articles using Energy Dispersive X-ray Spectrometer (EDS) (shown in Fig. 6a), revealing that the main elements of these particles include calcium, aluminum, and silicon. Therefore, it can be inferred that these particles are amorphous active minerals generated by high-temperature action. In addition, the appearance of these particles is also the reason for the changes in the surface morphology of RM. When the calcination temperature of the RM reaches 700°C and 800°C, the content of tiny particles on the surface of the RM increases significantly, the surface pore structure becomes more abundant, and the surface roughness and specific surface area increase correspondingly. In general, the larger the specific surface area of the material, the higher the surface activity. For RM, therefore a larger specific surface area can facilitate the excitation of its mineral activity, containing elemental aluminium and silica. As the calcination temperature continues to rise, the surface morphology of the RM undergoes further changes. Specifically, at 900°C, the content of small particles on the surface of RM significantly decreases, while a large number of particles in larger size appear, which was even more pronounced at 1000°C. This may be attributed to the significant presence of free alkalis and chemically bound alkalis in the RM [23,24]. When the calcination temperature is too high, the tiny particles on the surface of RM tend to sinter under the influence of alkalis, causing them to interconnect with each other and block the pore channels between the particles [25]. The result is a sharp decrease in the specific surface area of RM, which is not conducive to the activation of active substances in RM. From the EDS test results shown in Fig. 6b, it can also be observed that the proportion of sodium element significantly increases at the sintering site on the surface of calcined RM, which confirms that the sintering of RM is related to alkaline composition.
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Figure 6: Elemental analysis results of calcined RM surface particles

3.2 Mechanical Strength of Mortars with Thermally Activated RM

Figs. 7 and 8 show the mechanical properties of the cement-RM mortar at different calcination temperatures as well as the activity index and flexural coefficient of the calcined RM, respectively.
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Figure 7: Mechanical properties of cement-RM mortars at different calcination temperatures
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Figure 8: Activity index and flexural coefficient of calcined RM

As can be seen from Figs. 7 and 8, when the calcination temperature of RM increases, the mechanical properties of CRM and activity index of RM exhibit a pattern of initial increase, followed by decrease, and then increase again. At the calcination temperature of 700°C, both the mechanical properties of CRM and the activity index of RM reach their optimal values under thermal activation conditions. At this temperature, the 28 d unconfined compressive strength of CRM is 50.8 MPa, and the activity index of RM has increased by 16.2%, reaching 0.826. This performance enhancement is mainly due to the formation of active minerals containing calcium, aluminum and silicon in calcined RM, which are able to undergo a secondary hydration reaction with calcium hydroxide produced by cement hydration and generate C-S-H [26,27]. However, the beneficial effect of thermal activation on the RM starts to diminish when the calcination temperature exceeds 700°C. For instance, at a temperature of 900°C, the 28 d unconfined compressive strength of CRM is merely 45.1 MPa, and the activity index of RM also drops sharply to 0.734. The reason is that, seen from the results of microscopic analysis, on the one hand, the RM generates less active phases such as gehlenite and albite at this high temperature [28], leading to a decrease in the amount of active minerals; on the other hand, although some alumina crystals potentially beneficial for enhancing activity are generated in RM, the sintering phenomenon of RM inhibits the participation of alumina in the reaction. It is noteworthy that the mechanical properties of CRM and the RM activity index exhibit partial recovery when the calcination temperature increases to 1000°C. According to the SEM analysis, this may be related to the larger particle gap on the surface of the RM calcined at 1000°C, which is more conducive to the full reaction of the alumina. In addition, at 1000°C, albite is produced in RM. Despite the low activity of albite, under the alkaline environment provided by cement and RM, albite undergoes ion exchange reaction, gradually dissolves, and generates geopolymer gel [29]. This reaction is easier for RM calcined at 1000°C with a larger surface particle gaps.

In terms of flexural properties, the 28 d flexural coefficient of RM calcined at 600°C~800°C ranges from 0.944 to 0.974, with the CRM maximum flexural strength of 7.5 MPa. This result indicates that replacing cement with RM calcined at the appropriate temperature has a minimal impact on the flexural strength of cement mortar. The reason for this is that, on one hand, the high-temperature calcination increases the chemical reactivity of the RM; on the other hand, the calcined RM with a rough surface also can be better adhesive with the hydration products of cement. This also alleviates the problem of flexural strength degradation to some extent.

In summary, thermal treatment is an effective way to enhance the activity of Bayer RM. For the RM in this study, the optimal temperature of thermal treatment is around 700°C.

3.3 Mechanical Strength of Mortars Containing Calcined RM and GGBS

In order to investigate the effect of thermal activation on the synergistic effect of RM-GGBS, a composite admixture of 700°C calcined RM and GGBS was employed to prepare a cement mortar. The test results are shown in Figs. 9 and 10.
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Figure 9: Mechanical properties of mortar under thermal activation-coactivation effect
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Figure 10: Comparison of activity index and flexural coefficient

As can be seen from Figs. 9 and 10, compared with the CM group, the 28 d unconfined compressive strength of the mortar in CGM group decreases by 1.2 MPa, while the flexural strength increases by 0.4 MPa. Correspondingly, the 28 d activity index and the flexural coefficient of GGBS are 0.981 and 1.052, respectively. This demonstrates that replacing a portion of the cement with GGBS has a minor impact on the mortar’s compressive strength and improves its flexural strength. As for the CRGM group, the 28 d unconfined compressive strength reduces to 58.0 MPa, compared with the CGM group. The 28 d activity index of the RM-GGBS composite admixture correspondingly reduces to 0.944, but is still significantly higher than that of the RM-doped CRM group. Different from the decrease in compressive strength, the flexural strength of the CRGM group was 0.4 MPa higher than that of the CGM group. The flexural coefficient of RM-GGBS composite admixture also increases from 1.052 to 1.104 accordingly. The improvement is more significant compared with the CM group. This result reveals that the mixture of RM and GGBS can effectively enhance the flexural strength of mortar, and also indicates RM is an active ingredient in the composite admixture. However, the results of the compressive strength tests indicate that using GGBS alone for synergistic activation of RM cannot achieve optimal activation of RM. For the CHRGM group, the 28 d flexural strength and 28 d unconfined compressive strength are 8.7 and 62.4 MPa, respectively, higher than the rest of the groups. The flexural coefficient and activity index of the composite admixture composed of calcined RM and GGBS also correspondingly increase, reaching 1.130 and 1.015, respectively. This also demonstrates that thermal activation enhances the synergistic effect between RM and GGBS. The reason may be that the active minerals in the calcined RM can consume cement to generate calcium hydroxide [26,27], promoting continuous hydration of cement and generating new calcium hydroxide. These calcium hydroxides in turn promote the reaction of GGBS [30–33].

4  Conclusion

This study focuses on Bayer RM in Pingguo City, Guangxi. An experimental program was conducted to study the microscopic properties of calcined RM, as well as the activity index and properties of thermal activated RM and synergistic activated RM. The following conclusions can be drawn:

1. The microscopic analysis results indicate that high-temperature calcination can change the mineral composition of RM, promote the generation of amorphous active minerals containing calcium, aluminum, and silicon elements, thereby changing the surface morphology of RM and increasing its surface roughness and specific surface area. However, excessive calcination temperature can lead to sintering phenomenon in RM, which blocks the pores among RM surface particles, which is not conducive to the activation of RM.

2. The optimal activation temperature of RM in Pingguo, Guangxi is around 700°C. At this optimal temperature, the compressive strength and flexural strength of cement mortar containing calcined RM have increased by 16.2% and 11.9%, respectively. Thermal activation, therefore, is an effective way to increase RM activity.

3. The flexural and compressive performance of cement mortar containing calcined RM and GGBS are not only higher than that of cement mortar containing uncalcined RM and GGBS, but also higher than that of pure cement mortar. This demonstrates that thermal activation can enhance the synergistic effect between RM and GGBS.
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Table 1: Main chemical composition of raw materials

Chemical composition Na,O Fe,O; AlL,O; Si0, CaO TiO, SO; MgO K,O MnO
RM (%) 1090 2880 1850 1575 1572 6.66 0.71 025 024 0.11

GGBS (%) 043 040 1495 3190 3780 0.66 208 791 030 0.35

PC (%) 0.28  3.20 5.55 21.47 6258 / 1.85 372 0.63 /
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Table 3: Proportion of raw materials

Test number Calcination temperature of RM °C Cement % RM % GGBS %
CM / 100 / /
CRM / 70 30 /
CRM-600 600

CRM-700 700

CRM-800 800

CRM-900 900

CRM-1000 1000

CGM / 70 / 30
CRGM / 15 15
CHRGM 700 15 15
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Table 2: Cement performance indicators

Fineness =~ Normal Initial setting  Final setting 28 d compressive 28 d flexural
m*kg ! consistency % time min time min strength MPa strength MPa

364 26.8 165 284 61.5 7.7
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