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A B S T R A C T   

Red mud (RM) is an alkaline industrial solid waste discharged from Bayer process, and its high alkalinity is 
considered as a serious influence on environment and application. Dealkalization is prerequisite and basis for the 
complete utilization of RM. Mn-containing leachate is a weakly acidic wastewater generated during the storage 
of manganese sulfate residue. In the current study, Mn-containing leachate was used to investigate the multistage 
dealkalization behavior of RM. The results showed that Mn-containing leachate effectively lowered pH levels 
from 11.82 to 7.61 and the leaching efficiency of Na and K reached 80% and 73%, respectively, under the 
conditions of five-stage leaching with reaction temperature of 95 ◦C, reaction time of 2.0 h, and a liquid-solid 
ratio of 10 mL/g. X-ray fluorescence spectrometer analysis results suggested that the content of sodium oxide 
was reduced from 4.97% to 0.78% while the contents of SiO2, Al2O3 and Fe2O3 were essentially unchanged. X- 
ray photoelectron spectrometer and X-ray diffraction analysis revealed that hydroxycancrinite in RM was dis-
solved accompanying sodium released and Mn(II) appeared in the newly-generated form of charmatite in the 
dealkalized RM. The final dealkalized RM product was demonstrated to be with low soluble heavy metals from its 
water leaching test. This research provides a sustainable reference of disposal waste with waste for the dealk-
alization of RM, and the findings of this work demonstrate a new mechanism of replacement Na with Mn in RM 
dealkalization process.   

1. Introduction 

Red mud (RM), also known as bauxite residue, is an alkaline solid 
waste by-product derived in the extraction process of alumina from 
bauxite ore. With increasing demands for alumina, the global reserves of 
RM have reached 4.6 billion tons in 2018, and it is estimated that an 
annual increase was approximately 200 million tons [1]. The treatment 
and disposal of RM has been posing a huge challenge for alumina plants 
and the alumina industry, and the improper storage in bauxite residue 
disposal areas (BRDAs) can easily cause significant problems leading to 
environmental threats. In the downwind area of BRDAs, soil alkalinity is 
induced and heavy metals from RM can be transferred with the dust 
resulting in high concentrations distribution in the surrounding soil [2]. 
There are also several reports on contaminations/accidents issues 
caused by the discharge of high pH residue leachate [3–5]. Many efforts 

have been made to find cost-efficient and sustainable applications 
including construction materials, production of ceramics, environ-
mental adsorbents [6–9], and secondary source for metals recovery 
[10]. However, in addition to the small quantity of consumption, the 
high alkalinity of RM is an important and intractable obstacle which 
restricts its bulk application in the existing fields of soil aggregates and 
building materials [11–14]. 

The high alkali contents and high pH values of RM are ubiquitous 
because bauxite is digested in a hot NaOH solution [11,15]. Due to the 
high alkaline nature, it is possible to use RM for preparing 
alkali-activated materials or geopolymer [8]. On the other hand, in most 
cases for RM applications, neutralization to lower the initial pH and 
conversion of alkaline characteristics are necessary [16,17]. Utilizing as 
building materials is one of the main ways to consume RM in large 
quantities. For applications in building materials, in addition to 
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reducing the pH of the RM, the sodium content must be less than 1% due 
to low strength [13,18] and inadequate durability caused by alkali 
efflorescence phenomenon [19]. Therefore, dealkalization is a prereq-
uisite and basis for the complete utilization of RM. 

In general, the alkaline substances of RM can be mainly classified 
into soluble alkali and sparingly soluble structural alkali [1,20]. In 
recent studies, the main dealkalization methods for RM were summa-
rized as follows: acid leaching, acid gas sequestration, salt precipitation 
or ion replacement, and waste by-product leaching [20,21]. Acid 
leaching mainly involves using mineral acids and organic acids [13,17, 
22], and acid leaching process also focuses on the secondary recovery of 
valuable metals [23]. However, strong acid leaching will also cause 
dissolution of silicon, aluminum and iron in RM, which tend to form 
colloids leading to difficulties for subsequent solid-liquid separation 
[20]. Furthermore, the yields of dealkalized RM are reduced [24], and 
the dealkalized products are acidic and are adverse to follow-up appli-
cations [20]. Carbon dioxide and other industrial exhausts have been 
validated to be of significance to RM neutralization with consumption of 
acid gases [12]. The method is sustainable due to disposal waste with 
waste, and it is included in the category of acid neutralization in a recent 
review publication [20]. Seawater/brine neutralization and gypsum 
remediation are based on the process of salt precipitation or ion 
replacement. Specifically, the mechanism of seawater and brine 
neutralization is the formation of hydrotalcite through the reaction of 
Ca2+ and Mg2+ precipitated alkaline anions, thereby reducing the pH 
value [25]. However, these methods need high liquid-solid ratio and are 
not available to industries in non-coastal areas. Gypsum is a slightly 
soluble calcium salt, and blending gypsum with RM can continuously 
release calcium ions to precipitate the alkaline anions through calcium 
and sodium replacement [26,27]. Owing to gypsum’s slow dissolution 
rate and limitation of in situ application for RM [28], it is difficult to 
widely apply gypsum remediation or neutralization [29]. Consequently, 
dealkalization or neutralization treatment of RM should be economical 
and effective. 

Manganese-bearing ores are extracted using sulfuric acid to obtain 
manganese sulfate product. Manganese sulfate residue (MSR) is dis-
charged as a kind of industrial waste during the process of filtration and 
separation from the sulfuric acid leaching pulp [30]. The stockpile area 
of MSR would generate Mn-containing leachates. It is difficult to dispose 
of the Mn-containing leachates because impurities inside are relatively 
high and the low concentration of manganese is not expected to be 
recycled by mixing with the high-concentration manganese sulfate so-
lution in the production line. In the current study, RM was leached using 
the mentioned Mn-containing leachate to reduce its sodium and potas-
sium to meet the application requirements. The dealkalization efficiency 
of using Mn-containing leachate was compared with of using a prepared 
MnSO4 solution, and then the main experimental factors using 
Mn-containing leachate, including leaching temperature, leaching time 
and liquid-solid ratio, were investigated. In addition, the reaction 
mechanism referring to sodium releasing and manganese solidifying was 
discussed. The findings of this study provide a theoretical support for 
dealkalization treatment of RM using manganese ions and make the 
concept of disposal waste with waste be feasible in practical 
applications. 

2. Material and methods 

2.1. Materials and leachate preparation 

The RM sample used was fresh and collected from the conveyor belt 
discharging to the disposal areas in an alumina refinery in Qingzhen, 
Guizhou Province of China. The main chemical and phase compositions 
of the RM were determined, and as reported elsewhere [31] the main 
chemical components in RM were Al2O3 (21.54%), Fe2O3 (18.43%), CaO 
(15.20%), Na2O (4.97%), K2O (1.04%) and SiO2 (16.69%). 

Manganese sulfate residue was newly discharged in stockpiling site 

in a manganese sulfate production enterprise in Tongren, Guizhou 
Province of China. Raw samples of RM and MSR were dried at 80 ◦C for 
24 h in a drying oven (WGL-125B) and were subsequently ground into 
fine powders using a mortar and pestle, and then sieved over a 150 µm 
stainless-steel mesh. To determine the soluble manganese sulfate that 
MSR contained, the dried and screened MSR was mixed with deionized 
water under the condition of room temperature of 25 ◦C with a liquid- 
solid ratio of 10 mL/g. After reaction for 2 h, Mn-containing solution 
from MSR was collected through filtration with a vacuum suction filter. 
The simulated Mn-containing solution obtained here was regarded as a 
substitution leachate, which derived from the stock dump of MSR. The 
main elemental concentration of the Mn-containing leachate is given in  
Table 1, and the pH value was measured to be 6.02. The results showed 
that Mn, S, Ca, and Na were the main elements in the Mn-containing 
leachate and the concentration of Mn was as high as 3050 mg/L. 

Since Mn2+ and SO4
2- were the main composition in the Mn- 

containing leachate (as shown in Table 1), laboratory-made MnSO4 so-
lution (3000 mg Mn/L) was performed as a contrast for RM dealkali-
zation experiments. The prepared MnSO4 solution was determined with 
a pH value of 6.43, slightly higher than the Mn-containing leachate. 
Manganese sulfate monohydrate of analytical grade (Tianjin Kemiou 
Chemical Reagent Co., Ltd) was used to prepare MnSO4 solutions. All 
solutions/leachates in this study were prepared with deionized water. 

2.2. Leaching experiment 

RM dealkalization using Mn-containing leachate in the current study 
was realized through batch leaching tests. A five-stage leaching was 
performed for all experimental trials. After each stage leaching experi-
ment, the filtration residue was washed with deionized water for 3 
times, while the leaching and washing solutions were mixed for deter-
mination. The washed filtration residue was then used for the next 
leaching stage by adding corresponding volume of Mn-containing 
leachate until five stages were performed. 

All leaching experiments were performed in a thermostatic water 
bath (THZ-82A) mechanically stirred at a speed of 240 rpm, and 5.0 g of 
prepared RM sample was used in each experimental trial to react with 
Mn-containing leachate in a conical flask covered with a piece of poly-
ethylene plastic membrane to avoid external interference. Na and K 
Leaching efficiencies on different conditions of leaching temperature, 
reaction time and liquid-solid ratio were investigated: (1) For confirm-
ing the suitable leaching temperature, the dried and sieved RM was 
leached with 50 mL Mn-containing leachate at temperatures of 20, 40, 
80, 90 and 95 ◦C for a period of 2 h. (2) For reaction duration investi-
gation, reaction time was controlled for 1.0, 1.5 and 2.0 h using a liquid- 
solid ratio of 10 mL/g at 95 ◦C. (3) In the liquid-solid ratio trials, 
leaching reactions using different liquid-solid ratios of 5, 10, and 15 mL/ 
g were carried out for 2.0 h at 95 ◦C. 

To determine the pH of original RM and MSR, both samples were 
mixed with deionized water (5.0 g of sample with 50 mL water), and the 
slurries were filtered after shaking for 8 h. The obtained solutions were 
measured using a pH meter (pHS-SC). The pH value of the final leachate 
was measured to represent the pH of the final dealkalized RM. To 
investigate the release of manganese and other metals in the original RM 
and the final dealkalized RM, 3.0 g of each dried sample was added into 
30 mL deionized water for leaching reaction at room temperature for 2 
h. After reaction the leachate was separated for determination. 

All leaching experiments for RM dealkalization were carried out 
three times for assuring data accuracy, and the results are expressed as 
mean and standard deviation (seen in Table S1). The concentrations of 
Na, K, Al, Ca, Fe, Mg and Si in each leaching solution were then deter-
mined to estimate the leaching efficiency. The dealkalization and 
leaching efficiency of Na and K from the RM in this study was calculated 
as Eq. (1). 
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X =
c1V1 − c2V2
m × 1000 × w

× 100% (1)  

where X (%) represents leaching efficiency of element (including Na, K, 
Al, Ca, Fe, Mg and Si) from the original RM; c1 (mg/L) and c2 (mg/L) are 
the concentrations of the above element in the leaching solution and the 
Mn-containing leachate used, respectively; V1 (L) and V2 (L) are the 
volumes of the leaching solution and the Mn-containing leachate used, 
respectively; m (g) is the mass of the original RM; w (%) is the content of 
the above element in the original RM. 

2.3. Characterization methods 

Original RM sample and the dealkalized RM samples were charac-
terized by X-ray diffraction (XRD, PANalytical Empyrean) with Cu Kα 
radiation conducted with a 2θ scan range from 5◦ to 70◦. Jade 6.0 was 
used to analyze the mineral phase difference of the RM and the deal-
kalized RM samples. The original RM and the dealkalized RM obtained 
under the conditions of five-stage leaching with reaction temperature of 
95 ◦C, reaction time of 2.0 h, and a liquid-solid ratio of 10 mL/g, were 
also characterized as follow. The main chemical compositions of the 
original RM and the dealkalized RM were determined using X-Ray 
Fluorescence Spectrometer (XRF, PANalytical PW2424). The 
morphology and microstructure of the samples was viewed in a scanning 
electron microscope (SEM, FEI Scios). Surface elements compositions of 
the original RM and the dealkalized RM were determined by X-ray 
photoelectron spectrometer (XPS, ThermoFisher, Thermo Scientific K- 
Alpha+) with a monochromatic Al Kα (1486.6.6 eV) X-ray source. The 
measurements were carried out at a work power of 15 kV and beam 
current of 15 mA at a vacuum of 5 × 10-9 mbar. The 284.8 eV value of 
the hydrocarbon C1 core level was used as a calibration for the absolute 
energy level. 

The concentrations of Na, K, Al, Ca, Fe, Mg and Si in the original Mn- 
containing leachate and each leaching solution were determined by 
inductively coupled plasma-optical emission spectroscopy (ICP-OES, 
Varian VISTA). 

3. Results and discussion 

3.1. Leaching efficiency of the Mn-containing leachate and MnSO4 
solution 

As has been widely recognized, different RM samples have a wide 
range of variation in the main chemical compositions, and are with 
complex mineral compositions [11,23,31]. According to the XRD anal-
ysis (Fig. S1), the main mineral phases of the original RM in this study 
were hydroxycancrinite, katoite, hematite, anatase, chamosite and 
calcite. Alkali existed as hydroxycancrinite in RM was sparingly soluble 
and difficult to be removed [16]. Each RM sample was leached for 5 
stages using Mn-containing leachate at 95 ◦C for 2 h with a liquid-solid 
ratio of 10 mL/g. The effect of each leaching stage on dealkalization 
efficiency is shown in Fig. 1. The results showed that the Na leaching 
efficiency could reach 36% at the first stage, and then it decreased to 
13%, 11%, 10% and 8.8% at the following four stages. The total Na 
leaching efficiency achieved 80% as shown in inset in Fig. 1a. The Na 
leaching efficiency dramatically declined from the second leaching 
stage. The finding suggested that the first leaching stage played an 
important role in leaching process. This can be explained by the fact that 
RM contained 20–25% soluble chemical alkalis which were easy to be 
removed at the first stage [20,23,32]. The decline of Na leaching 

efficiency was slight in the following leaching stages, and the results 
were consistent with the previous literature [16]. Additionally, the 
leaching behavior of sodium and potassium presented a similar pattern 
as shown in Fig. 1b, and the total K leaching efficiency could reach 73% 
(inset in Fig. 1b). 

In contrast, the prepared MnSO4 solution with a Mn2+ concentration 
of 3000 mg/L was used to investigate the Na and K leaching efficiency at 
the same conditions (95 ◦C, 2 h, and a liquid-solid ratio of 10 mL/g), and 
the results are contrasted in Fig. 1. The MnSO4 solution exhibited a 
lower leaching efficiency of sodium and potassium at each stage. As 
mentioned, the acidity of prepared MnSO4 solution (pH 6.43) was 
slightly weaker than that of the Mn-containing leachate (pH 6.02). The 
pH distinction might be explained by hydrolysis induced by other cat-
ions that the Mn-containing leachate contained, and it is also probable 
that the acidic manganese sulfate residue resulted in a lower pH for the 
Mn-containing leachate. High hydrion concentration can promote 
dissolution of Ca in red mud as calcite [13], and Ca can reduce pH and 
replace the exchangeable Na [14,33]. Due to these reasons, the MnSO4 
solution did not reach the corresponding leaching efficiency as the 

Table 1 
Main elemental concentrations of Mn-containing leachate (mg/L).  

Element Mn S Ca Na Mg K Si Al Fe 

Concentration  3050  2290  330  131.0  41.7  35.7  3.4  0.57  0.18  

Fig. 1. Effects of leaching stage on (a) sodium and (b) potassium leaching ef-
ficiency from RM using Mn-containing leachate and MnSO4 solution (at 95 ◦C 
for 2 h with a liquid-solid ratio of 10 mL/g). 
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Mn-containing leachate, especially at the first stage. As a result, the total 
leaching efficiency of sodium and potassium was 60% and 52%, 
respectively, and the leaching efficiencies could not meet the re-
quirements for RM dealkalization, which needed less than 1% of sodium 
content [13]. Since the Mn-containing leachate was more efficient than 
MnSO4 solution, the Mn-containing leachate was then used for effect 
factor investigation in the following leaching process of RM 
dealkalization. 

3.2. Effect of leaching temperature 

The effect of leaching temperature on dealkalization efficiency using 
the Mn-containing leachate was investigated under the condition of 
leaching time of 2 h and liquid-solid ratio of 10 mL/g, and the results are 
depicted in Fig. 2. It can be observed from the curves that the leaching 
efficiency of Na and K increased with the increasing of leaching tem-
perature. At room temperature of 20 ◦C, the leaching efficiency of Na 
and K was 17% and 20%, respectively, whereas it reached 80% and 73% 
when the leaching temperature increased at 95 ◦C. The results indicated 
that higher temperature could provide the reaction activity and that 
increasing the leaching temperature was beneficial for enhancing the 
dissolution of alkali substances to release Na and K. In the hydromet-
allurgy processing for alkali removal from RM, as reported, leaching 
temperature of 90 ◦C or higher was selected as suitable conditions [12, 
16]. Therefore, 95 ◦C was selected as the suitable leaching temperature 
in this experiment. 

The high pH is an inhibitor due to the potentially adverse effects in 
the particular application [34,35], thus the final pH was the one of the 
main parameters for dealkalized RM [36]. To evaluate the efficiency of 
Mn-containing leachate on alkalinity of RM, the final pH values for the 
leaching solution at different leaching temperature were determined 
and the results are displayed in Fig. S2. With controlling leaching tem-
perature at 20 ◦C, an obvious decrease in final pH (from 11.82 to 7.97) 
was obtained. It can be inferred that the neutralization reaction occurred 
at this period was mainly attributed to the dissolution of free alkali. As 
the leaching temperature increased, the final pH decreased gradually 
and slightly (from 7.97 to 7.61), which indicated that the leaching re-
action was mild and the Mn-containing leachate would not lead to acidic 
dealkalized-RM products even though the dealkalization efficiency 
reached 80%. 

Silicon, aluminum and iron were subjected to dissolution resulting in 
dealkalized solid product reduced when using mineral acids for RM 
dealkalization. Moreover, the process consumes large amounts of acids 
and brings difficulties to filtration [20,24]. In this study, when the 
dealkalization efficiency reached 80% at the condition of leaching 

temperature 95 ◦C, leaching time 2 h with 5 stages, and liquid-solid 
ratio 10 mL/g, the leaching amounts of silicon, aluminum and iron 
from RM was no more than 1% (Table 2). It is an advantage for using 
Mn-containing leachate for RM dealkalization. 

3.3. Effect of leaching time and liquid-solid ratio 

The leaching experiments using the Mn-containing leachate were 
performed under the condition of liquid-solid ratio of 10 mL/g at 95 ◦C, 
to further investigate the effect of reaction time on the Na and K leaching 
efficiencies from RM. In the process of Na dissolution or leaching, 
generally, the contact time for waste liquor leaching [21] was longer 
than for acid leaching [13]. The reaction time of each stage was set as 
1.0, 1.5 and 2.0 h, and the results are shown in Fig. 3. The results sug-
gested that the leaching efficiencies of Na and K from RM increased 
simultaneously with increasing reaction time. When the reaction time 
was increased from 1.0 h to 2.0 h, the Na and K leaching efficiencies 
increased from 61% to 80% and from 60% to 73%, respectively. 
Leaching duration set as 2.0 h was not long for RM dealkalization and 
has been accepted in acid-free leaching methods, for example, Rai et al. 
[21] reported 135 min as suitable time when using acidic pickling waste 
liquor for RM neutralization of alkaline. Hence, the suitable reaction 
time was 2.0 h. 

The Mn-containing leachate leaching experiments for the effect of 
liquid-solid ratios investigation were conducted under the conditions of 
leaching temperature of 95 ◦C and reaction time of 2 h, and the results 
are shown in Fig. 4. The leaching trend of the Na and K was similar with 
the increasing of liquid-solid ratio as shown in Fig. 4. With the liquid- 
solid ratio increased from 5 to 10 mL/g, the leaching efficiencies of Na 
and K increased from 59% to 80% and from 56% to 73%, respectively. 
With the liquid-solid ratio changed from 10 to 15 mL/g, the leaching 
efficiencies of Na and K continued to increase from 80% to 89% and 
from 73% to 78%, respectively. This suggested that improving the 
liquid-solid ratio meant larger volumes of the solutions which acceler-
ated the mass transfer and diffusion of reactants during the Mn- 
containing leachate leaching process. However, the liquid-solid ratio 
for the dealkalization process cannot be as high as possible for higher 
liquid-solid ratios would generate larger volumes of leached solutions 
which needed an appropriate follow-up processing. Wang et al. [12] 
reported a liquid-solid ratio of 5 mL/g for RM dealkalization by adding 
carbide slag, which depends on the reactant and the Na content of RM. 
In terms of RM used in this study, 10 mL/g was selected as the suitable 
liquid-solid ratio. In this condition, the processed RM with less than 1% 
of sodium content could meet the demand of application for construc-
tion materials [13,18]. 

3.4. Mechanism analysis on dealkalization process 

The Mn-containing leachate mainly contained manganese ion and 
sulfate, and Mn ion was thought to replace the structural Na of alkaline 
substances in RM. The following characterization validated the 
conception. 

Fig. 2. Effect of leaching temperature on dealkalization efficiency from RM 
using Mn-containing leachate (for 2 h with a liquid-solid ratio of 10 mL/g). 

Table 2 
Leaching efficiency of Al, Ca, Fe, Mg and Si from RM using Mn-containing 
leachate at different leaching temperatures under the condition of the reaction 
time of 2 h with a liquid-solid ratio of 10 mL/g (wt%).  

Temperature (◦C) Al Ca Fe Mg Si 

20  0.04 7.54  0.01 4.86  0.15 
60  0.04 12.73  0.01 5.14  0.32 
80  0.05 16.22  0.01 6.01  0.67 
90  0.05 23.61  0.01 17.01  0.88 
95  0.06 23.82  0.01 18.03  1.00  
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3.4.1. XPS analysis results 
To further reveal the mechanism of dealkalization process, XPS an-

alyses were conducted to compare the surface chemical state of 

dealkalized RM and the original RM obtained under the suitable con-
ditions of 95 ◦C, 2.0 h, and 10 mL/g. Fig. 5 illustrates the whole region 
scans of the original RM and the dealkalized RM. It can be seen that the 
XPS peaks with Mg 1s, Na 1s (Na Auger), and K 2p with corresponding 
binding energies at 1303.3, 1072.0 (497.3), and 293.6 eV, respectively, 
could be recognized from the original RM spectrum. These characteristic 
peaks obviously became weak at the dealkalized RM spectrum, indi-
cating that Mg, Na and K were effectively removed during the leaching 
process using Mn-containing leachate. On the other hand, the binding 
energy positions of ~641 eV (Mn 2p3/2) and ~653 eV (Mn 2p1/2) at 
the dealkalized RM spectrum were observed, which can basically be 
attributed to the presence of Mn(II) compounds [37,38]. The 
newly-generated peaks in comparison to the original RM implied that 
Mn precipitated in the dealkalized RM during the dealkalization process. 

3.4.2. XRD and SEM analysis 
The main mineral phases of the original RM sample and the deal-

kalized products at different dealkalization temperatures are shown in  
Fig. 6. By a contrastive analysis with original RM, the main mineral 
phases in processed RM products were basically unchanged, embodied 
in aluminosilicates such as katoite and chamosite (Fig. 6). Katoite was 
reported to be present in RM samples as calcium aluminate hydrates 
[39], which was stable and would not change during leaching process 
[40]. As one of silicate minerals, chamosite can be partially digested 
during autoclave digestion and decomposition [41]. The small amounts 
of Ca, Al and Si were released (Table 2) during the leaching process, 
which are also consistent with the XRD results. In addition, layered 
structures and smooth surfaces of aluminosilicates were observed in 
both of the original and the dealkalized RM product obtained using 
Mn-containing leachate at leaching temperature of 95 ◦C for 2 h with 
10 mL/g as shown in Fig. 7. The results indicate that the dealkalization 
process was mild so as to maintain their micro morphologies. 

However, Na-containing phase disappeared and Mn-containing 
phases generated during the leaching process in this study as shown in 
Fig. 6. Cancrinite is one of the major existing forms of sodium in RM 
[42–44], and it cannot be water leached for it belongs to structural al-
kalis (chemical bonded alkalis) [16,42]. Cancrinite can be dissolved 
accompanied by generating hydrotalcite in seawater neutralized RM 
process [25], while in the pyrometallurgical method for RM dealkali-
zation it decomposed into carbonate and aluminosilicates [16]. As a 
cancrinite-subgroup mineral, hydroxycancrinite [(NaAl-
SiO4)6⋅2NaOH⋅2H2O] is also presented in some RM samples [23,44,45], 
which can only form in low CO2 system [46]. In the current study, when 
the reaction temperature increased, peaks of hydroxycancrinite tended 
to be weaker and there was no appearance of the peaks at leaching 

Fig. 3. Effect of reaction time on dealkalization efficiency from RM using Mn- 
containing (at 95 ◦C with a liquid-solid ratio of 10 mL/g). 

Fig. 4. Effect of liquid-solid ratio on dealkalization efficiency from RM using 
Mn-containing leachate (at 95 ◦C for 2 h). 

Fig. 5. XPS high resolution spectra of the original RM, and the dealkalized RM.  

Fig. 6. XRD patterns of the original RM and the dealkalized RM products ob-
tained at leaching temperature of 20, 60, 80, 90 and 95 ◦C (with 10 mL/g 
for 2 h). 
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temperature of 95 ◦C. Whereas, charmarite [Mn4Al2(OH)12CO3⋅3H2O] 
was observed as a newly generated phase, implying that Mn ions so-
lidification took place through the replacement of Na in alkaline sub-
stances since charmarite was considered to be a typical hydrate with 
high hardness [47]. These results indicate that hydroxycancrinite as the 
main structural alkali in RM has transformed into charmarite. Based on 
the above analysis, the main chemical reaction might be summarized as 
Eq. (2):  

(NaAlSiO4)6⋅2NaOH⋅2H2O + 9 CaCO3 + 22 OH- + 3 SO4
2- + 12 Mn2+

+ 13H2O→3 [Mn4Al2(OH)12CO3⋅3H2O] + 6 CaSiO3 + 8 Na+ + 3 CaSO4 
+ 6 CO3

2-                                                                                      (2) 

In combination with XRD patterns, Eq. (2) only provided the main 
possible dissolution reaction between Na-containing substances and Mn 
ions, and other similar dissolution reactions might also exist: for 
example, the acidity of Mn-containing leachate caused Ca dissolution 
(Table 2), which could replace the exchangeable Na. The alkaline sub-
stances such as calcite and cancrinite in RM would form a pH buffer 
through their dissolution reactions, resulting in pH rebounding [20,48]. 
In this study, multistage leaching using Mn-containing leachate intro-
duced abundant Mn ions and promoted the alkaline substances 
consumption. 

The multistage reactions might occur progressively when leaching 
temperature reached 95 ◦C. In terms of at the lower leaching tempera-
tures, the dealkalization process might mainly attribute to the release of 
free alkali, such as NaOH, Na2CO3, NaHCO3, and Na[Al(OH)4]. Leachate 
with Mn ions can also reduce the alkaline anions by precipitating such as 
OH- and [Al(OH)4]- if their concentrations are large enough. 

3.5. Characteristics of the dealkalized RM 

The dealkalized RM obtained under the suitable conditions of 95 ◦C, 
2.0 h, and 10 mL/g was characterized including composition analysis 
and water-leaching tests. The chemical composition of the dealkalized 
RM was determined by XRF, and the data are shown in Table 3. 
Compared with the original RM, the composition of the leaching residue 
after dealkalization did not change obviously except for sodium, po-
tassium and manganese. The findings also demonstrated that the yields 
of dealkalized RM (Table S2) in this study were not reduced in com-
parison with dealkalization using mineral acids. The reserved compo-
sitions of alumina and silica are valid components when using as 
building material additives. The sodium oxide content decreased from 

4.97% to 0.78%, which makes it possible to meet the demand of 
application for construction materials [13]. As discussed above, man-
ganese in the dealkalized RM was mainly presented in charmarite which 
is beneficial for application in building materials [47]. 

To investigate the release of manganese and other metals, 3.0 g of 
the original/dealkalized RM was leached with 30 mL deionized water 
under the conditions of room temperature for 2 h. Table 4 presents the 
metal concentrations of the water leaching solutions. It can be inferred 
that the concentrations of manganese and the other metals are low. The 
low concentration of manganese is in agreement with the formation of 
charmarite that can consume Mn ions. In conclusion, the Mn-containing 
leachate used in this study could not only effectively reduce the alka-
linity of RM, but also maintain the dealkalized RM feasibility for sub-
sequent treatment. More importantly, the Mn-containing leachate would 
be cost less for it was from industrial waste. 

4. Conclusions 

The current work presented a sustainable new technology to dealk-
alize RM, which was based on using leachate from Mn-containing waste. 
When the dealkalization process was under the condition of leaching 
temperature of 95 ◦C, reaction time of 2.0 h, five-stage leaching, liquid 
to solid ratio of 10 mL/g, the Na and K leaching efficiencies reached 80% 
and 73%, respectively, with pH being reduced from 11.82 to 7.61. The 
content of sodium oxide in dealkalized RM was reduced from 4.97% to 
0.78%. Meanwhile, the contents of other components including silicon, 
aluminum and iron oxides were less reduced, which was conducive to 
the subsequent applications. The introduced manganese ions were 
thought to replace sodium in hydroxycancrinite and to form a stable Mn- 
containing phase, charmatite, which was acceptable for environment. 
Limited release of soluble heavy metals from the dealkalized RM product 
was found following leaching tests. The findings of this research pro-
vided a basic train of thought of disposal waste with waste for dealkal-
ization of RM. 
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Fig. 7. SEM analysis of (a) the original RM, and (b) the dealkalized RM product.  

Table 3 
Main chemical compositions of the original RM and the dealkalized RM leached by Mn-containing leachate (wt%).  

Sample Al2O3 CaO Fe2O3
a K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 LOI 

original RM  21.54  15.20  18.43  1.04  1.62  0.03  4.97  0.37  16.69  1.04  4.71  11.30 
dealkalized RM  20.32  11.60  18.00  0.54  1.42  11.15  0.78  0.39  16.28  2.32  4.83  12.30  

a Annotation: results of Fe2O3 were obtained from ICP-OES. 

Z. Li et al.                                                                                                                                                                                                                                        



Journal of Environmental Chemical Engineering 10 (2022) 107222

7

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The work was financially supported by the National Key Research 
and Development Program of China (2018YFC1903500), the National 
Natural Science Foundation of China (U1812402), and The Youth 
Innovation Promotion Association CAS (No. 2021400). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jece.2022.107222. 

References 

[1] S. Xue, Y. Wu, Y. Li, X. Kong, F. Zhu, W. Hartley, X. Li, Y. Ye, Industrial wastes 
applications for alkalinity regulation in bauxite residue: a comprehensive review, 
J. Cent. South Univ. 26 (2019) 268–288, https://doi.org/10.1007/s11771-019- 
4000-3. 

[2] J. Ren, J. Chen, L. Han, M. Wang, B. Yang, P. Du, F. Li, Spatial distribution of heavy 
metals, salinity and alkalinity in soils around bauxite residue disposal area, Sci. 
Total Environ. 628–629 (2018) 1200–1208, https://doi.org/10.1016/j. 
scitotenv.2018.02.149. 

[3] I.T. Burke, C.L. Peacock, C.L. Lockwood, D.I. Stewart, R.J.G. Mortimer, M.B. Ward, 
P. Renforth, K. Gruiz, W.M. Mayes, Behavior of aluminum, arsenic, and vanadium 
during the neutralization of red mud leachate by HCl, gypsum, or seawater, 
Environ. Sci. Technol. 47 (2013) 6527–6535, https://doi.org/10.1021/es4010834. 

[4] D. Higgins, T. Curtin, R. Courtney, Effectiveness of a constructed wetland for 
treating alkaline bauxite residue leachate: a 1-year field study, Environ. Sci. Pollut. 
Res. 24 (2017) 8516–8524, https://doi.org/10.1007/s11356-017-8544-1. 

[5] J.P. Olszewska, A.A. Meharg, K.V. Heal, M. Carey, I.D.M. Gunn, K.R. Searle, I. 
J. Winfield, B.M. Spears, Assessing the legacy of red mud pollution in a shallow 
freshwater lake: arsenic accumulation and speciation in macrophytes, Environ. Sci. 
Technol. 50 (2016) 9044–9052, https://doi.org/10.1021/acs.est.6b00942. 

[6] T. Guo, H. Yang, Q. Liu, H. Gu, N. Wang, W. Yu, Y. Dai, Adsorptive removal of 
phosphate from aqueous solutions using different types of red mud, Water Sci. 
Technol. 2017 (2) (2018) 570–577, https://doi.org/10.2166/wst.2018.182. 

[7] R.P. Narayanan, N.K. Kazantzis, M.H. Emmert, Selective process steps for the 
recovery of scandium from Jamaican bauxite residue (red mud), ACS Sustain. 
Chem. Eng. 6 (2018) 1478–1488, https://doi.org/10.1021/ 
acssuschemeng.7b03968. 

[8] X. Chen, Y. Guo, S. Ding, H. Zhang, F. Xia, J. Wang, M. Zhou, Utilization of red mud 
in geopolymer-based pervious concrete with function of adsorption of heavy metal 
ions, J. Clean. Prod. 207 (2019) 789–800, https://doi.org/10.1016/j. 
jclepro.2018.09.263. 

[9] T. Yang, Y. Wang, L. Sheng, C. He, W. Sun, Q. He, Enhancing Cd(II) sorption by red 
mud with heat treatment: performance and mechanisms of sorption, J. Environ. 
Manag. 255 (2020), 109866, https://doi.org/10.1016/j.jenvman.2019.109866. 

[10] C.R. Borra, B. Blanpain, Y. Pontikes, K. Binnemans, T. Van Gerven, Recovery of rare 
earths and major metals from bauxite residue (red mud) by alkali roasting, 
smelting, and leaching, J. Sustain. Metall. 3 (2) (2017) 393–404, https://doi.org/ 
10.1007/s40831-016-0103-3. 
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