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Abstract: The aim of this study is to enhance the value and utilization of red mud generated in the Bayer process by preparing composite cement mortars. The effects of two different types of Bayer red mud with varying physical and chemical characteristics on the fluidity, mechanical strength, mineral composition, and microstructure of the composite cement mortar were systematically evaluated. The results showed that the optimal addition of red mud A was 10 wt%, while it was 20 wt% for red mud B. The mechanical properties of the composite cement mortar met the standards for P·O42.5 cement. Furthermore, the composite mortar with the addition of red mud B showed higher flexural and compressive strengths compared to the composite mortar with red mud A. This improvement is attributed to the smaller particle size of red mud B, which filled the micro-pores and increased the compactness of the cement stone, as well as its higher content of Na2O, K2O, and other free alkalis, which resulted in more obvious alkali activation, accelerating the hydration of the active minerals in the slurry.
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1  Introduction

Red mud is a solid waste generated during the production of alumina via the Bayer process, which is used by over 90% of aluminum factories. As a result, Bayer red mud represents a significant proportion of total red mud emissions. On average, 1 to 1.5 tons of red mud are produced for every ton of alumina [1]. Global red mud discharge exceeds 70 to 90 million tons annually, with an average utilization rate of less than 15% globally, and just 4% in China [2]. Currently, red mud is mainly managed through stockpiling and landfilling, resulting in a cumulative stockpile of over 2.7 billion tons [3] and causing land saline-alkalization and groundwater pollution.

Researchers have been studying ways to increase the utilization and value of red mud [4,5], which contains recyclable metal elements such as iron and titanium. However, the technology for metal extraction remains in the research stage and faces challenges such as high cost and energy consumption [6]. Red mud can also be used to improve soil acidity and phosphorus fixation capacity, but demand for this application is limited [7]. Red mud can be used to make glass ceramics with desirable properties for use in decorative glass as well as wear-resistant and corrosive-resistant materials. However, high energy consumption and radioactivity issues hinder its widespread industrial use [8]. Some hydrated minerals such as β-C2S, C3A, and others are present in red mud [9,10], and these materials can enable red mud to partially replace cement in cement-based materials, making this application an effective way to increase the utilization and value of red mud at present.

Compared to red mud produced through the sintering process, Bayer red mud has fewer active minerals and higher alkalinity, resulting in a lower utilization rate in cement-based materials [11–13]. As a result, researchers have attempted to create composite cementitious materials using Bayer red mud as the starting material in recent years, exploring the impact of Bayer red mud on the properties and microstructure of the composite cementitious materials [14–16]. For instance, Romano et al. [17] found that the presence of soluble aluminates and sodium ions in Bayer red mud promotes the formation of hydrated calcium aluminate and sodium silicoaluminate hydrate. Yang et al. [18] discovered that incorporating less than 6 wt% Bayer red mud can improve the compressive strength of cement mortar through increased hardened paste compactness and reduced Ca(OH)2 content. Xu et al. [19] prepared a cementitious binder with over 40 MPa by using Bayer red mud, phosphogypsum, and granulated blast furnace slag as the main ingredients.

However, the Bayer red mud produced by different aluminum factories varies in grain size, chemical composition, mineral content, and physical-chemical properties [20,21]. Currently, most studies only examine the impact of Bayer red mud from a single source on composite cementitious materials, with comparative studies of multiple sources of Bayer red mud rarely conducted [22,23]. This hinders large-scale applications of Bayer red mud in cement-based materials.

This study aims to address the problem by systematically investigating the particle size distribution, leaching solution alkalinity, and mineral composition of Bayer red mud from two sources. Composite mortars were created by using the two sources of Bayer red mud to replace 10–30 wt% of Portland cement P·O42.5. The impact of Bayer red mud on the performance, mechanical strength, hydration products, and morphology of the cement composite mortar was analyzed. The effects of the two sources of Bayer red mud on the properties and microstructure of the composite mortar were also compared. The results of the study will provide guidance for improving the utilization rate of Bayer red mud in cement-based materials.

2  Experimental

The cement used in this experiment was ordinary Portland cement P·O42.5 produced by Guangxi Guilin Conch Cement Co. Ltd. (China). The red mud used was sourced from Guangxi Huasheng New Materials Co. (China) and Guangxi Pingguo Aluminum Industry Co. (China), represented as “red mud A” and “red mud B,” respectively. The chemical composition of the raw materials used in the experiment is shown in Table 1.
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The two types of Bayer red mud, dried at 80°C to constant weight and ground to pass through a 200-mesh sieve, were used to replace 0%, 10%, 15%, 20%, 25%, and 30% of ordinary Portland cement (P·O42.5) by mass. By maintaining a water-binder ratio of 0.5, neat composite cement pastes and composite cement mortars with a binder-sand ratio of 1:3 were prepared. The mix proportions for the composite cement mortars are presented in Table 2. First, the composite cement pastes and mortars were mixed uniformly using an electric blender, then molded into 40 mm × 40 mm × 160 mm prismatic bodies and 40 mm × 40 mm × 40 mm cube bodies in iron molds for 24-h curing at 22°C and 60% relative humidity. Finally, they were cured in a standard maintenance room with a temperature of 20°C and relative humidity of 92% until reaching the specified age.
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The chemical compositions of the raw materials were determined by using an X-ray fluorescence analyzer (PANalytical Axios, Holland). The density and specific surface area of the raw materials were tested according to Chinese standards GB/T 208-2014 and GB/T 8074-2008. The pH of the leaching solution for Bayer red mud was measured according to the Chinese standard GB/T 5085.1-2007. The leaching test was performed as follows: the Bayer red mud powders were mixed with deionized water in a 1:10 weight ratio and then shaken for 8 h using an oscillator. The mixture was allowed to settle for 16 h. After being filtered through a 0.45 um fiber filter, the pH value of the leaching solution was determined using an intelligent digital-display acidometer.

The fluidity of the composite cement mortar was measured according to the Chinese standard GB/T 2419-2005. The flexural and compressive strengths of the composite cement mortar were tested according to the Chinese standard 17671–1999 for three specimens of each mixture, and the average strength was obtained after 3 d, 7 d, and 28 d of curing. When the curing age was reached, the composite cement pastes and mortars were immersed in 92 vol% ethyl alcohol for 24 h to prevent hydration. Subsequently, the paste specimens were ground for mineral composition analysis performed using an X-ray powder diffractometer (XRD, Riguku Ultima IV, Japan). Furthermore, the microscopic morphology of the mortar specimens was observed using a field emission scanning electron microscope (FE-SEM, Hitachi S4800, Japan) operated at 25 kV.

3  Results and Discussion

3.1 Characteristics of Bayer Red Mud

The particle size distributions of cement, red mud A, and red mud B are shown in Fig. 1. As depicted, the particle size of cement ranges mainly from 8.50 to 143.50 μm, while that of red mud A is mainly from 0.85 to 10.00 μm; red mud B’s particle size ranges mainly from 0.83 to 6.5 μm. The density of cement was found to be 3.15 g/cm3 and its specific surface area was 356.50 m2/kg. Red mud A and B had densities of 3.49 g/cm3 and 3.02 g/cm3 and specific surface areas of 786.65 m2/kg and 880.40 m2/kg, respectively. The order of particle size distribution for the three raw materials is red mud B < red mud A < cement. This leads to the conclusion that the addition of fine-particle-sized red mud A and B can fill pores in mortar and improve the mechanical properties of cement-based materials [24].
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Figure 1: Particle size distributions of cement, red mud A, and red mud B

The pH values of the leaching solutions for red mud A and B are shown in Fig. 2. The pH values of the leaching solutions for both red mud A and B had minor fluctuations as leaching time increased, but stabilized after 7 h. The pH of the leaching solution for red mud A fluctuated between 10.05 and 10.50, whereas the leaching solution for red mud B fluctuated between 10.35 and 10.60. This suggests that red mud B has a higher content of free alkali compared to red mud A.
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Figure 2: pH values of the leaching solutions for red mud A and B

The X-ray diffraction analysis results for raw red mud A and red mud B, after conducting calcination at various temperatures, are shown in Fig. 3. The main mineral components of red mud A and red mud B include: hematite (Fe2O3), perovskite (CaTiO3), rutile (TiO2), hibschite (Ca3Al2Si2O10·H2O), diaspore (Al2O3·H2O), quartz (SiO2), grossular (Ca3Al2Si3O12), and cancrinite (Na6Ca2Al6Si6O24 (CO3)2·2H2O), among others.

[image: images]

Figure 3: X-ray diffraction analysis of raw red mud A and red mud B

3.2 Properties and Microstructure of the Composite Cementitious Materials

The effect of adding red mud A and red mud B on the flowability of cement mortar is shown in Fig. 4. It was found that the fluidity of pure cement mortar was 225.0 mm. However, as the amount of red mud A or red mud B increased, the fluidity of the composite cement mortar gradually decreased. This is attributed to red mud’s high specific surface area, which absorbs some of the free water during the mortar preparation process and causes a thickening effect, reducing the composite cement mortar’s working performance [25].
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Figure 4: Impact of red mud A and red mud B on the flowability of cement mortar

Additionally, compared to red mud B, red mud A in the cementitious composite mortar had higher fluidity under the same admixture conditions. This is because red mud B had a larger specific surface area and absorbed more free water, leading to a greater decrease in the fluidity of cementitious composite mortar with red mud B.

As seen in Table 3, the initial setting time of composite mortar decreased as the amount of Bayer red mud increased, while the final setting time increased. This is because the free alkali in Bayer red mud raises the pH value of the cement mortar and promotes hydration of C3A and C4AF, thus shortening the initial setting time. However, the hydration behavior of active minerals in Bayer red mud can consume parts of hydration product Ca(OH)2, which delays the final setting time of the composite mortar to some extent.
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Comparing the series A and series B specimens, series B had lower fluidity, a lower initial setting time, and a higher final setting time under the same conditions.

The impact of incorporating different amounts of red mud A on the mechanical strength of composite cement mortar is shown in Fig. 5. The results indicate that as the amount of red mud A increases, the 3-d, 7-d, and 28-d flexural strengths of the A series composite mortar specimens first increase and then decrease. Compared to the control specimen A0, the 3-d flexural strengths of specimens A1-A5 increased by 15.9%, 11.4%, 4.5%, 13.6%, and −2.2%, while the 28-d flexural strengths increased by 1.4%, −9.6%, −9.6%, −16.4%, and −17.8%, respectively.
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Figure 5: Effect of the amount of red mud A on the mechanical strength of composite cement mortar

The 3-d compressive strength of the A series specimens increased initially and then decreased with increasing amounts of red mud, while the 7-d and 28-d compressive strengths gradually decreased. In comparison to specimen A0, the 3-d compressive strengths of specimens A1-A5 increased by 21.2%, 13.4%, 9.2%, 8.3%, and 3.2%, and the 28-d compressive strengths increased by −19.1%, −32.1%, −30.8%, −37.0%, and −39.4%, respectively.

Therefore, it can be concluded that the optimal amount of red mud A for the composite cement mortar is 10%, at which point the red mud-cement composite mortar meets the strength requirements of P·O42.5 cement as specified in the Chinese standard GB 175-2007.

The effect of the amount of red mud B on the mechanical strength of the composite cement mortar is illustrated in Fig. 6. The 3-d, 7-d, and 28-d flexural strength values of the composite mortar specimens of the B series showed a trend of increasing and then decreasing with an increase in red mud B. When compared to the blank specimen B0, the 3-d flexural strengths of specimens B1–B5 increased by 11.4%, −2.3%, 11.4%, 4.5%, and −11.4%, respectively, while the 28-d flexural strengths increased by −11.0%, −1.4%, 1.4%, 1.4%, and −9.6%. The 3-d and 7-d compressive strength values of the series B specimens increased and then decreased with the incorporation of red mud B, while the 28-d compressive strengths showed a trend of gradually decreasing. Compared to the blank specimen B0, the 3-d compressive strength values of specimens B1-B5 increased by 20.3%, 20.7%, 26.7%, 24.0%, and 10.1%, respectively, and the 28-d compressive strength values increased by −15.8%, −13.3%, −18.8%, −20.8%, and −25.3%. The optimal amount of red mud B was determined to be 20%, at which point the red mud-cement composite mortar met the strength standards set by the P·O42.5 cement strength as specified in China’s GB 175-2007 standard.
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Figure 6: Effect of the amount of red mud B on the mechanical strength of composite cement mortar

Combining the research results, it was found that composite mortars with the addition of 10–25 wt% red mud A and B had higher mechanical strength compared to pure cement mortar at the curing age of 3 d. This is due to the favorable impact of the appropriate admixture of red mud on the early strength of the composite mortar. The reasons for this impact are [26–28]: (1) The small particle size of Bayer red mud fills the internal pores of the mortar, improving the compaction of hardened cement and enhancing its mechanical strength; (2) The free alkali in Bayer red mud, such as Na+ and K+, promotes the depolymerization of SiO4 and AlO4 in the composite cement mortar by alkali activation, inducing their repolymerization and forming a three-dimensional mesh-structured gel product. This accelerates early hydration, promoting the formation of hydration products, such as C- (A) S-H gel and AFt, and improving the 3-d flexural and compressive strength of the composite mortar; (3) The Bayer red mud has plenty of active Al and Si, which is beneficial for promoting the formation of C- (A) S-H gel. This gel has better mechanical properties than C-S-H gel, improving the strength of the composite mortar.

However, active minerals such as C3S and C2S were not found in red mud A and B according to XRD analysis results in Fig. 3. The Bayer red mud powders also had little hydration activity, as confirmed in previous literature [29,30]. Thus, the composite mortars with the incorporation of Bayer red mud had a lower increase in later strength. This made the 28-d flexural and compressive strengths of series A and B specimens lower than those of the base group specimen B0. Excessive incorporation of Bayer red mud also led to a significant reduction in the compressive strength of the composite mortar at 28 d.

Additionally, it was found that the mechanical strength of series B specimens was higher than that of series A specimens when adding the same amount of Bayer red mud. This is because (1) the alkali content in red mud B was higher, providing a better alkali activation effect; (2) the particle size of red mud B was smaller, better filling the internal pores and improving the denseness of the composite cementitious mortar.

To study the impact of Bayer red mud on the mechanical properties of cement mortar, this study delved further into the effect of admixture of red mud B on the mineral composition of the composite mortar. The results are shown in Fig. 7. The main mineral compositions of the blank control group B0 and composite cement mortar specimens B1, B3, and B5 are Ca(OH)2, SiO2, C2S, C3S, AFt, and CaCO3. SiO2 appears due to the presence of quartz in Bayer red mud. After 7 d of curing, the peak intensity of the hydration product Ca(OH)2 decreases as the amount of red mud B increases, as the active substances Al2O3 and SiO2 in red mud consume part of Ca(OH)2. At the curing age of 28 d, the peak intensity of the hydration product CaCO3 increases with the increase of red mud B, due to the alkaline ions in red mud promoting the preliminary hydration reaction and producing more CaCO3 as the curing age increases. At the same time, new peaks of single-carbon hydrated calcium aluminosilicate carbonate (AFm) are detected.
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Figure 7: Influence of red mud B admixture on the mineral composition of composite mortar after 7 d and 28 d of curing

The microscopic morphologies of the blank specimen B0 and composite specimen B3 at 28 d of age were compared, and the results are shown in Fig. 8. From the microscopic morphology diagram, it can be seen that the composite specimen B3 is denser than the blank specimen B0. Additionally, a significant reduction in large-size pores and an increase in hydration products Ca(OH)3, rod-shaped AFt, and a denser C-S-H gel were observed, indicating that the incorporation of red mud not only fills the pores and improves the compactness of cement at the early hydration stage but also promotes the hydration of active minerals and improves the mechanical strength of cement [31].
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Figure 8: Microscopic morphologies of the blank specimen B0 and composite specimen B3 after 28 d of curing

4  Conclusions

The following conclusions can be drawn from this study:

(1)   As the amount of Bayer red mud increased, the fluidity and initial setting time of the composite mortar gradually decreased, while the final setting time increased. Compared to red mud A, the addition of red mud B resulted in a composite mortar with lower fluidity, a lower initial setting time, and a higher final setting time.

(2)   With increasing amounts of red mud A or red mud B, the flexural and compressive strengths of the composite mortar initially increased and then decreased. At a 10 wt% addition of red mud A or a 20 wt% addition of red mud B, the mechanical strength of the composite mortar met the standard requirement for P·O42.5 cement.

(3)   The filling and alkali activation effects of Bayer red mud improved the hardness of the hardened mortar and promoted the hydration of active minerals, leading to an increase in the early mechanical strength of the cement stone. However, the weaker activity of Bayer red mud resulted in lower strength of the composite mortar after 28 d of curing.
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Table 1: Chemical composition of the raw materials

Raw materials Chemical composition (wt%)

F3203 A1203 T102 SlOz CaO MgO NazO Kzo Others
Cement 3.714 5.639 0.300 24.759 60.245 0878 0.159 0.704 3.602
Red mud A 57.509 22.039 7.463 6.803 0.964 0.059 3.788 0.064 1.311
Red mud B 30.577 20386 7.798 13.486 15.821 0327 9.146 0.194 2.235
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Table 3: Operational properties and mechanical strength of the composite mortar

Specimen No. Fluidity/mm Setting time/min  Flexural strength/MPa  Compressive strength/MPa

Initial Final 3d 7d 28 d 3d 7d 28 d

A0/BO 225.0 230 330 4.4 5.5 7.3 21.7 35.0 533
Al 220.0 220 340 5.1 5.8 7.4 26.3 34.7 43.1
A2 212.5 215 345 4.9 52 6.6 24.6 31.6 36.2
A3 210.0 205 340 4.6 5.1 6.6 23.7 30.6 36.9
A4 202.5 210 350 5.0 5.1 6.6 23.5 29.1 33.6
AS 205.0 205 355 4.3 4.7 6.1 22.4 272 323
Bl 212.5 215 335 4.9 5.7 6.5 26.1 35.9 449
B2 210.0 210 345 4.3 59 7.2 26.2 355 46.2
B3 207.5 205 350 4.9 53 7.4 27.5 345 433
B4 190.5 195 355 4.6 6.4 7.4 26.9 34.8 42.2

BS5 195.0 200 360 3.9 4.8 6.6 23.9 333 39.8
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Table 2: Mix proportions of the composite cement mortar

Specimen No.

Cementitious material contents (wt%)

Binder-sand ratio

Water-binder ratio

Cement Red mud A Red mud B
A0/BO 100 0 0 1:3 0.5
Al 90 10 0 1:3 0.5
A2 85 15 0 1:3 0.5
A3 80 20 0 1:3 0.5
A4 75 25 0 1:3 0.5
AS 70 30 0 1:3 0.5
Bl 90 0 10 1:3 0.5
B2 85 0 15 1:3 0.5
B3 80 0 20 1:3 0.5
B4 75 0 25 1:3 0.5
B5 70 0 30 1:3 0.5






OEBPS/Images/JRM_27544-fig-6.png
TTR
A e

(b)

(ed ) YP3uaays jeanxapy

B2 B3
Sample No.

B0

Sample No.





OEBPS/Images/jrm-logo.png





OEBPS/Images/JRM_27544-fig-3.png
Intensity (a.u.)

s

a-Hematite b-Perovskite c-Rutile d-Hibschite
e-Diaspore f-Quartz g-Cancrinite h-Cancrinite

Red mud B

Red mud A

a

40 50 60 70
2 Theta (degree





OEBPS/Images/copy.png





