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Abstract: A novel integrated approach to remove the free alkalis and stabilize solid-phase alkalinity by controlling the 
release of Ca from desulfurization gypsum was developed. The combination of recycled FeCl3 solution and EDTA 
activated desulfurization gypsum lowered the bauxite residue pH to 7.20. Moreover, it also improved the residual Ca 
state, with its contribution to the total exchangeable cations increased (68%−92%). Notably, the slow release of 
exchangeable Ca introduced through modified desulfurization gypsum induced a phase transition of the alkaline 
minerals. This treatment stabilized the dealkalization effect of bauxite residue via reducing its overall acid neutralization 
capacity in abating pH rebound. Hence, this approach can provide guidance for effectively utilizing desulfurization 
gypsum to achieve stable regulation of alkalinity in bauxite residue. 
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1 Introduction 
 

The stacking of strongly alkaline bauxite 
residue not only occupies valuable land but also 
risks contaminating surrounding soil and ground- 
water with alkaline substances [1,2]. Consequently, 
the potential environmental problems associated 
with the bauxite residue disposal areas (BRDAs) 
have received substantial attention from both    
the government and the public. The content of  
free alkalis (NaAl(OH)4, Na2CO3, etc.) directly 
determines the alkalinity of bauxite residue [3]. 
Moreover, alkaline minerals, serving as an alkali 
reservoir [4], are difficult to completely remove 
from bauxite residue, thus leading to a prevalent pH 
rebound during the alkalinity regulation process [5]. 

The alkaline components from bauxite residue 
are buffered in the order of acid-alkali neutralization, 
ion exchange, and mineral hydrolysis upon the 
introduction of exogenous acids [6,7]. The alkaline 
anions can be easily removed, but chemically 
bound alkalis are embedded in the residue as more 
stable minerals with higher content and complex 
compositions, necessitating enough strong acid and 
sufficient time for neutralization [8]. Therefore, 
bauxite residue neutralization is susceptible to two 
negative problems: (1) excessive neutralization 
induces high leaching of alkaline minerals; (2) the 
dissolution balance between alkaline solids and free 
alkalis is disrupted. These outlined adverse factors 
may also impact the stability of alkali-containing 
minerals. 

Existing methods for alkalinity regulation 
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include acid/seawater neutralization, gypsum 
amendment, and microbial remediation [9−11]. 
Notably, industrial waste is of particular interest for 
regulating the alkalinity of bauxite residue. For 
example, XING et al [12] have successfully 
employed recycled FeCl3 solution for this purpose. 
Nevertheless, flue gas desulfurization (FGD) gypsum 
waste is more commonly applied for remediating 
BRDAs due to its low cost [13−15]. The application 
of gypsum is complex and depends on factors such 
as the method of addition, dissolution rate, and the 
identity of alkaline anions in the residue. MENZIES 
and KOPITTKE [16] revealed that the combined 
application of seawater and gypsum can improve 
the availability of calcium in bauxite residue and 
correspondingly enhance the alkalinity reduction 
efficiency. Although this integrated approach is an 
improvement over gypsum alone, there remain 
problems such as long-term remediation capacity 
and poor reliability. These problems arise mainly 
from the ability of bauxite residue to effectively 
sequester exogenously added calcium. Gypsum can 
exist stably in the bauxite residue, but its lower 
solubility will cause a low Ca content [17]. As a 
result, the efficiency of gypsum to neutralize the 
alkalinity of bauxite residue is limited. 

Solubilization of gypsum by complexation is a 
common method currently used [18−20]. The most 
reported chemical employed is EDTA which can 
complex with Ca2+ to form a chelate [Ca-EDTA] 
(Eq. (1)) due to the presence of four carboxyl 
groups [21], which leads to the gradual dissolution 
of calcium sulfate. Moreover, the solution pH will 
affect the ability of EDTA to chelate with Ca2+, thus 
forming different chelate complexes. In particular, 
the most negatively charged anion EDTA4− has the 
strongest chelating ability, and its chelating ability 
is enhanced as the pH increases [22]. When the 
solution pH>7, the majority of EDTA exists as 
HEDTA3− and EDTA4−, forming chelate complexes 
with Ca2+ that are difficult to release. Conversely, a 
decrease in pH also results in the gradual release of 
Ca2+ from these complexes. The stoichiometric ratio 
of Ca2+ bonded to EDTA is between 0.97 and 1.04 
at pH 6 [23,24]. EDTA is therefore considered as a 
potential material for gypsum solubilization. 
 
Ca2++SO4

2−+EDTA4−+2Na++2H+→ 
[Ca-EDTA]2−+2Na++2H++SO4

2−          (1)  
The aim of this study is to neutralize the free 

alkalis using an appropriate amount of FeCl3, 
followed by the application of calcium ion activator 
to achieve gypsum solubilization for the stable 
regulation of alkaline minerals. The column 
experiments for the integrated application of FeCl3 
and calcium ion activator were conducted (1)     
to observe the phase transformation of alkaline 
minerals and their embedding characteristics, (2) to 
analyze the changes in saturation of available state 
of Ca in FGD gypsum and the acid neutralization 
behavior of bauxite residue, and (3) to clarify the 
stabilization mechanism of alkaline components  
in bauxite residue. This work will develop an 
economically feasible technique for Ca-driven 
stable regulatory of alkalinity within bauxite residue. 
 
2 Experimental 
 
2.1 Materials 

Bauxite residue used in this study was 
obtained from the bauxite residue disposal areas 
near Henan Zhongzhou Aluminum Co., Ltd. 
(China). The main physicochemical properties of 
the bauxite residue are given in Table S1 (see 
Supporting Information (SI)). FGD gypsum was 
also provided by Zhongzhou Aluminum Co., Ltd. 
(China). The chemical compositions of bauxite 
residue and FGD gypsum were determined by 
X-ray fluorescence spectrometry (XRF, Table S2 in 
SI). Ferric chloride (FeCl3·6H2O) was mixed with 
deionized water to obtain a Fe3+ solution with a 
concentration of 10 g/L, which was selected to 
neutralize the free alkali of the bauxite residue. 
Activator EDTA (C10H16N2O8, analytical reagent) 
and CaCl2 (analytical reagent) were purchased  
from Shanghai Sinopharm Chemical Reagent Ltd., 
China. 
 
2.2 Experimental procedures 

The leaching process of alkaline components 
from BRDAs was simulated by using a laboratory 
soil column testing unit. To reduce the difference 
between laboratory and field conditions, the depth 
of the amendment mixed layer and the amount of 
leaching were implemented according to the actual 
remediation depth of the BRDAs (80 cm) and   
the local rainfall (700 mm/a), respectively. The  
soil columns were prepared from a polymethyl 
methacrylate (PMMA) cylinder (height of 105 cm; 
inner diameter of 15 cm). Figure S1 is SI shows a 
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schematic diagram of the soil column leaching 
during bauxite residue dealkalization. Notably, the 
leachate collectors were placed below the soil 
column and the water feeder (connected to the 
peristaltic pump) was positioned above the column. 
Five soil columns were established, with a layer of 
nylon mesh (0.45 mm) placed at the bottom of each 
column, and a 15 cm layer of quartz sand placed on 
the porous stainless-steel partition. Five columns 
were filled with 20 cm of bauxite residue, and the 
detailed descriptions of the different treatments are 
given in Table 1. 
 
Table 1 Different treatments for bauxite residue 
Group Treatment 

CK Column 1 was leached with deionized water 

BGW Column 2 was added with 3 wt.% FGD 
gypsum and leached with deionized water 

BGEW 
Column 3 was added with 3 wt.% of 

FGD gypsum and 1 wt.% of EDTA with 
 deionized water leaching 

BGEF 
Column 4 was added with 3 wt.% of FGD 

gypsum and 1 wt.% of EDTA, combined with 
 10 g/L FeCl3 solution leaching 

BC Column 5 was leached with 
CaCl2 solution of 10 g/L 

 
After filling the soil column, the moisture- 

holding capacity was calculated based on the water 
content in the bauxite residue. A required amount of 
deionized water was delivered to the individual 
column using a peristaltic pump. The soil column 
was then equilibrated for 48 h before starting the 
leaching experiment. During the first 38 d, leaching 
was conducted every two days, and the amount of 
leaching water was calculated as a proportion of the 
local average annual rainfall (1100 mm) [25], and 
then the soil column was monitored for 30 d once 
the leaching was completed. Figure S2 in SI shows 
the daily average temperature and humidity of the 
laboratory from 0 to 60 d. Following each leaching 
experiment, the leachates were collected, and their 
ion concentration, pH, and electrical conductivity 
(EC) were determined before the next leaching 
event. All treated soil columns were destructively 
sampled on Day 60, and then the leaching residues 
were washed several times with deionized water 
before being used for subsequent acid neutralization 
capacity titration experiments (ΔANC), X-ray 
diffraction (XRD), X-ray fluorescence spectroscopy 

(XRF), scanning electron microscopy−energy 
spectroscopy (SEM−EDS), X-ray photoelectron 
spectroscopy (XPS) analysis, and for determination 
of the physicochemical properties, including pH, 
EC and exchangeable sodium saturation percentage 
(ESP). The titration of acid neutralization capacity 
(ANC) of treated bauxite residue at pH 8 was 
determined using a long-term titration method [26] 
(see Section 1.1 in SI). 
 
2.3 Sample analysis and characterization 

The pH and EC values of the leachate 
collected during each leaching process were 
immediately determined by using a pH meter and a 
conductivity meter, while the Na and Ca contents 
were directly determined by inductively coupled 
plasma−atomic emission spectrometry (ICP−AES). 
The exchangeable cations (Na, Ca, Mg, and K) 
were determined by ammonium acetate extraction, 
wherein 20 mL of 1 mol/L acetic acid was 
employed to extract 2 g of bauxite residue. The 
filtered leachate was used to determine the Na, Ca, 
Mg and K content by ICP−AES. 

The microstructure of the samples was 
investigated by using scanning electron microscopy 
(Quanta 250 FEG, FEI, USA), and the elemental 
distribution and content were analyzed by energy 
dispersive spectroscopy (INCA X-Max50, Oxford, 
UK). The mineral compositions of the raw and 
treated bauxite residue were determined by X-ray 
diffraction (D/max 2500v/pc, Cu Kα radiation). Ca 
and Fe species were analyzed using X-ray photo- 
electron spectroscopy (ESCALAB 250Xi, Thermo 
Fisher-VG Scientific Instruments Co., USA). 
 
2.4 Statistical analysis 

The SPSS 21.0 software package was used for 
statistical analysis and multiple linear regression 
analysis. The results of the experimental data were 
presented as mean±standard deviation. Statistical 
difference analysis of relevant parameters was 
performed using significance F-test and Duncan’s 
multiple comparison method (P<0.05 and P<0.01). 
The relevant graphs were plotted with Origin 9.0. 
 
3 Results and discussion 
 
3.1 Effect of different treatments on bauxite 

residue dealkalization 
Figures 1(a, b, c, d) present the effects of CK, 
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Fig. 1 Effects of different treatments on contents of Na, Ca and Fe (a−e)) in leaching solution and their effects on pH 
and EC (f) of bauxite residue 
 
BC, BGW and BGEW treatments on the variation 
of Na and Ca contents in leachates, respectively. 
The leachate from CK treatment exhibited 
negligible presence of Ca2+ and the content of Na+ 
gradually decreased with increasing leaching times. 
However, in the leachate of BC treatment, the Na 
concentration also declined over time but was 
significantly higher than in the CK group. This 
situation was mainly attributed to the ion exchange 

reaction between exogenous Ca2+ and Na+ sorbed 
on the particle surface and the replaced Na+ entered 
the leachate during the leaching process [16]. 
Although the trends of Na+ and Ca2+ in the    
BGW and BGEW treatments were similar, the 
solubilization effect of EDTA on the FGD gypsum 
resulted in higher Na+ and Ca2+ contents in the 
BGEW group, which led to the release of more Ca2+. 
However, the released Ca mainly presented in the 
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form of EDTA chelates, and their chelating ability 
increased with increase of pH. More importantly, 
the strongly alkaline environment in the bauxite 
residue also favored the EDTA-mediated chelation 
of calcium in FGD gypsum. 

The Ca content in the leachate of both 
treatments at the late stage of leaching was close to 
0, indicating that the soluble Ca present in bauxite 
residue was gradually leached out, and thus the 
leachate pH increased slowly (see Section 1.2 in SI). 
Both Fe and Na concentrations tended to decrease 
following FeCl3 leaching, except for a slight 
increase observed in Ca2+ concentration after the 
third leaching event (Fig. 1(e)). This outlined 
behavior suggested that the addition of Fe3+ leached 
a greater amount of Ca2+ due to the consumption of 
alkaline anions reacting with Ca2+ through Fe3+ 

hydrolysis [27]. Also, the increased H+ aided the 
slow release of Ca2+ from the chelate complexes. 
Compared to the control group (pH=10.46, 
Fig. 1(f)), the pH of bauxite residue in the BC and 
BGEF treatments was 8.35 and 7.20, respectively, 
indicating that the BGEF treatment exhibited the 
best performance in regulating the alkalinity of 
bauxite residue. 

Initially, in alkalinity regulation using calcium 
ions, the added EDTA may chelate with dissolved 
Ca from the desulfurized gypsum, entrapping Ca  
in the leachate to prevent its reaction with free 
alkali [22]. Subsequently, retained Ca is released 
gradually to react with alkaline minerals until   
the free alkalis are removed, stabilizing the 
dealkalization effect of bauxite residue, consistent 
with the ion concentration changes in the leachate. 
The principle of selecting Fe3+ to remove free alkali 
from bauxite residue involves two main processes: 
(1) the direct reaction between Fe3+ and soluble 
alkaline substances (NaOH, Na2CO3, and NaHCO3, 
Eqs. (2)−(4)) [12]; (2) H+ produced by the 
hydrolysis of Fe3+ reacting with NaAl(OH)4 and 
insoluble substances (Eqs. (5) and (6)) [28]. 
Consequently, using FeCl3 solution to remove free 
alkalis in bauxite residue is theoretically and 
economically feasible.  
3OH−+Fe3+=Fe(OH)3↓                     (2)  
3CO3

2−+2Fe3++3H2O=3CO2↑+2Fe(OH)3 ↓      (3)  
3HCO3

−+Fe3+=3CO2↑+Fe(OH)3↓             (4)  
Al(HO)4

−+H+=Al(OH)3↓+H2O               (5)  

CaCO3+2H+=CO2↑+Ca2++H2O              (6) 
 
3.2 Effect of calcium ion activator on availability 

of calcium in FGD gypsum 
In comparison with the CK treatment, ESP of 

bauxite residue was reduced in all treatments 
(Fig. 2(a)). This reduction was especially notable  
in the BC and BGEF groups where ESP reached 
11.1% and 3.2%, respectively, indicating that 
Ca−Na ion exchange process can reach equilibrium 
in the presence of sufficient Ca. In turn, a 
significant decrease in the exchangeable Na content 
in the BC treatment occurred. However, the 
exchangeable Na content dropped to the lowest 
level in the BGEF treatment, which might be 
related to the strong ion-exchange capacity of Fe3+ 
disrupting the Ca−Na equilibrium process that 
released more Na+. 

The calcium ion-exchange capacity and its 
mobility affect the role of Ca in regulating bauxite 
residue alkalinity. For example, the exchangeable 
Ca content varied as a function of treatment 
conditions compared to the CK treatment. 
Additionally, the exchangeable Na concentration  
in each treatment decreased (Fig. 2(b)), due to   
the addition of gypsum, especially in the BGEF 
treatment which was characterized by a 182% 
growth in the exchangeable Ca content. The 
quantity of exchangeable Ca in the BGEW group 
was higher than that in the BGW group, but lower 
than that in the BC group. This discrepancy mainly 
resulted from the fact that the gypsum solubility 
enhanced by the addition of EDTA was still lower 
than that of CaCl2. Generally, the increase in 
exchangeable Ca content corresponded to a 
decrease in exchangeable Na content and gypsum 
dissolution level (≈2.7 mS/cm). The results of 
calcium ion exchange capacity saturation revealed 
that the BC, BGW, BGEW, and BGEF treatments 
significantly increased the contribution of Ca to 
total exchangeable cations (CEC) from 68% in  
the CK group to 92% in the BGEF group. As 
exchangeable Ca had a strong negative correlation 
with exchangeable Na, the increased exchangeable 
Ca content replaced more Na+ sorbed on the particle 
surface, thus reducing the ESP to improve the 
physicochemical properties of bauxite residue. The 
increased solubility of gypsum in the BGEF 
treatment improved the saturation of calcium 
ion-exchange capacity, and a larger proportion of  
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Fig. 2 Effects of different treatments on ESP for bauxite residue (a); Changes in content ratios of Ca/Na, Fe/Na, and 
Fe/Ca in BGEF treatment (b) and content ratios of Ca/Na in BC, BGW and BGEW treatments (c); Exchangeable 
contents of Na and Ca, and calcium ion exchange capacity (CEC) saturation (d) in leachates from different treatments 
 
the released Na+ would exchange ions with Ca2+ to 
generate more H+, thus lowering the leachate pH. 
This behavior was consistent with the results of 
elevated Na and Ca in high pH leachates (Fig. 1). 

The Ca/Na value (ratio of the amount of Ca 
consumed to Na produced) increased in the BC 
group as leaching time extended and then stabilized 
(Fig. 2(c)). This observation indicated that Ca 
replaced Na during the early stage of leaching. The 
limited solubility of FGD gypsum resulted in 
minimal change in Ca/Na values in the BGW and 
BGEW groups. Although the addition of EDTA 
increased the solubility of FGD gypsum, the 
chelation reaction between EDTA and calcium 
sulfate was accelerated by sodium carbonate, so that 
the Ca did not participate in the Ca−Na exchange 
reaction as shown in Eq. (7) [29]. The Fe/Na, Fe/Ca 
and Ca/Na values increased initially and then 
decreased with the increase of leaching times 
(Fig. 2(d)). The main reason is that after Fe3+ reacts 
with the free alkalis, the remaining Fe3+ undergoes 
ion-exchange reactions with Na and Ca. The 

subsequent replacement of Na by Ca resulted in a 
significant increase in the leachate Na content. The 
variation of Fe/Na was also significant due to the 
preferential exchange capacity of Fe for Na over  
Ca. Increased Fe3+ concentration led to significant 
increase in the leachate Ca2+ and Na+ concentration 
(Fig. 1(e)). Fe concentration remained unchanged 
with the depletion of exchangeable Na, which 
further confirmed that Fe was preferentially 
exchanged with Na ions. The subsequent exchange 
of Ca with Fe was also beneficial for bauxite 
residue dealkalization. Additionally, the chelation 
stability constant of Fe with EDTA (14.1) was 
greater than that of Ca (7.3), thus disturbing the 
chelation stability of EDTA with Ca to favor the 
release of Ca from the chelate complexes. This 
behavior was consistent with the increase in Ca 
content during the later stages of leaching. Hence, 
the Ca added as gypsum could be retained as 
exchangeable Ca after EDTA and gypsum 
application combined with FeCl3 treatment, rather 
than in the form of chelate. 
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2CaSO4+2Na3HEDTA+Na2CO3= 
2CaNaEDTA+2Na2SO4+H2O+CO2          (7) 

 
3.3 Changes in acid neutralization behavior of 

bauxite residue in different treatments 
To study the release process of alkaline 

components from bauxite residue, the H+ addition 
amount (ANC) curves for different treated residues 
were obtained through a long-term titration process 
conducted over 27 d to achieve pH equilibrium at 
an endpoint of 8 (Fig. 3). The pH rebound occurred 
in all treatments apart from the BGEF group, but 
their ANC was significantly lower than that of the 
CK group. Specifically, the ANC required to 
achieve a titration endpoint pH of 8 for bauxite 
residue in the CK, BC, BGW, BGEW, and BGEF 
treatments were 0.5, 0, 0.2, 0.3, and 0 mmol/kg, 
respectively. Meanwhile, the equilibrium time to 
reach the titration endpoint was 14, 0, 12, 14,   
and 0 d, respectively. The residual pH in the  
BGEF group remained below 8, whereas longer 
equilibration time and higher acid addition were 
observed in other treatments during the titration 
process. This result implied that the bauxite residue 
in CK, BGW, and BGEW treatments still contained 
a greater amount of dissolved solid-phase alkalinity. 
 

 
Fig. 3 Long-term titration of bauxite residue samples 
with pH endpoints of 8 in 27 d (∆ANC is defined as 
amount of acid required to reach equilibrium of ANC 
curve minus the amount of initial acid added) 
 

The slow dissolution kinetics of alkaline 
minerals in bauxite residue is responsible for its 
high pH and ANC. The ∆ANC of bauxite residue in 
the CK group was 0.9 mmol/kg at the end of the 
titration point of pH 8, while the ∆ANC of bauxite 
residue in the BGW and BGEW groups decreased 

to 0.5 and 0.4 mmol/kg, respectively. These results 
indicated that the addition of FGD gypsum or    
its combination with EDTA reduced the ANC of 
residues to a certain extent. Moreover, the 
occurrence of milder pH rebound is primarily 
related to the alkaline minerals. Conventional 
dealkalization techniques are basically focused on 
the removal of free alkalis from bauxite residue,  
but the control of the alkalinity source is ignored, 
resulting in the pH rebound of treated bauxite 
residue. However, the application of FeCl3 in 
combination with EDTA and FGD gypsum in the 
BGEF group can solve this problem. The EDTA 
increases the solubility of FGD gypsum, and the 
chelating ability of [Ca-EDTA] gradually weakens 
with decreasing pH [21]. The Ca released from  
the chelate complexes continues to interact with 
alkaline minerals after FeCl3 solution exhausts the 
free alkali, thus inhibiting the dissolution process  
of alkaline components. Therefore, the pH of the 
bauxite residue in the BGEF group remained stable 
at 7−8, which facilitated the sustainability of the 
alkalinity regulation. 
 
3.4 Mineral phase transformation in different 

treated bauxite residue 
Compared with the CK, BC, and BGW 

treatments that did not significantly impact the 
mineral phase present, the addition of EDTA 
reduced the characteristic reflections of cancrinite, 
sodalite, calcite, and katoite in the BGEW group 
(Fig. 4). This observation suggests that the Ca 
released by the dissolution of FGD gypsum did not 
react directly with free alkali to form CaCO3. 
Instead, a chelate was formed with EDTA, thus 
protecting the presence of Ca at the initial stage of 
alkalinity regulation. In addition, EDTA acts as a 
weak acid that releases H+ to dissolve some of the 
abovementioned alkaline minerals, which leads   
to a slight weakening of their peak intensity. For  
the BGEF treatment, the intensity of all phases 
decreased when using FeCl3 solution to leach 
bauxite residue containing EDTA and detached 
gypsum. This process was mainly due to the strong 
acidic leaching solution (pH 2.5) produced by the 
hydrolysis of Fe3+ leading to the dissolution of 
hematite and calcite. This was consistent with   
the findings of KONG et al [30], who found that 
hematite dissolved at pH<5 when bauxite residue 
was treated with different acids. However, except 
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for hematite and calcite, the intensity of the 
characteristic peaks of the alkali-bearing minerals 
such as sodalite, cancrinite, and katoite did not 
decrease to a significant extent, mainly due to the 
Ca chelated by EDTA. The detailed information of 
each mineral content in the bauxite residue in 
different treatments is provided in Section 1.3 in  
SI. The weak acidic environment created by the 
leaching of FeCl3 solution promotes the release of 
Ca from the chelate complexes. This Ca may then 
interact with sodalite and cancrinite without the free 
alkali, thus reducing their acid buffering capacity, 
which prevents the dissolution reaction of these two 
minerals. 
 

 
Fig. 4 XRD patterns of bauxite residue with different 
treatments (K−Katoite; C−Calcite; Ca−Cancrinite; H− 
Hematite; G−Gibbsite; Hy−Hydrogarnet; P−Perovskite; 
S−Sodalite; Gy−Gypsum) 
 
3.5 Changes in surface morphology and 

elemental distribution of bauxite residue 
There were more spherical small particles 

agglomerated on the particle surface in the BGEF 
group (detailed information of BC, BGW, and 
BGEW groups can be found in Section 1.4 in SI). 
The large agglomerates formed were more scattered 
and stacked together in an irregular shape, 
resembling the particle surface morphology in the 
BC group. The H+ incorporation leads to chemical 
weathering of the bauxite residue, and the small 
particles decomposed are further agglomerated into 
macroaggregates with more voids by the released 
Ca. The elemental distribution on the surface of 
bauxite residue in the BGEF group was 
significantly different, with Na, Si, and Al changing 
from the previous uniform to regional distribution, 
and the intensity of Na signal was obviously 

weakened (Fig. 5). This observation indicated that 
the combination of FeCl3 and EDTA was effective 
in leaching Na from bauxite residue. The high 
content of Si, Al, and Ca, as well as a small amount 
of Na (10%), further demonstrated that the Ca 
released from the chelate entered the mineral 
surface or lattice by interacting with Na in 
cancrinite and sodalite. The distribution of 
elemental Fe was also regional, but its signal 
intensity and distribution range were significantly 
larger. Combined with EDS analysis of Points 1,   
2, 3, and 4 in the overlapping regions, the Fe 
contents were higher, and the Na and Ca contents 
were lower (<5%). Thus, it can be inferred that  
Fe3+ undergoes ion exchange with Na+ in alkaline 
minerals as well as Ca entering alkaline minerals by 
substitution. This deduction further proves that Fe3+ 
has a stronger exchange capacity for Na+ than Ca2+ 
which is in accord with the fact that higher charges 
are more strongly adhered to exchange sites. 
 
3.6 Speciation transformation of Fe and Ca on 

mineral surfaces 
The peak positions of Na 1s, Ca 2p, and Fe 2p 

in the XPS spectra were chemically shifted (Fig. S5 
in SI), suggesting that their speciation transformed 
on the residue surface. The free alkalis in the BGEF 
group generated poorly crystallized FeOOH that 
was difficult to detect by XRD during the FeCl3 
neutralization process [31]. The peak fitting  
results of Fe 2p showed that the Fe (2p3/2) and 
Fe (2p1/2) peaks in the CK treatment appeared at 
(710.7±0.2) eV and (724.2±0.3) eV, respectively 
(Fig. 6). The addition of FeCl3 shifted the binding 
energy of Fe compounds to higher values, which 
indicated that higher energy was required to release 
Fe [32,33]. Therefore, an increase in Fe—O binding 
resulted in a decrease in Fe activity. It has been 
demonstrated that the application of Fe-bearing 
materials increases the available content of Fe, with 
a relatively large proportion of amorphous Fe. 

The Fe peaks (2p1/2) in the CK, BC, BGW,  
and BGEW groups corresponded to β-FeOOH    
at 711.8 eV, while α-FeOOH was identified at 
712.2 eV in the BGEF group, thus providing 
evidence of the transformation of goethite from 
β-FeOOH to α-FeOOH [34]. A slight shift in the 
peak position of Fe—O towards higher binding 
energies suggests that the application of FeCl3 in 
the BGEF group brings these iron oxides into more 
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Fig. 5 Changes of micromorphology and elemental composition of bauxite residue surface in different treatments 
 
stable states [26]. Moreover, the other stable Fe 
species present in each treatment was hematite. 
Therefore, after the exogenously added Fe 
neutralized the free alkalis, the increased content of 
Fe-containing substances primarily existed in a 
stable form with no secondary pollution. 

Also of interest was the XPS analysis of Ca 
species in the various treated bauxite residue 
samples (Fig. 7). The two peaks of Ca 2p in the CK 

group were located at 346.8 eV (2p3/2) and 350.9 eV 
(2p1/2), respectively, which were assigned to the 
presence of calcite [35]. After EDTA treatment,  
the peaks for Ca 2p1/2 and Ca 2p3/2 were shifted 
from 351.59−351.35 eV and 348.03−347.80 eV, 
respectively. Consequently, this newly generated 
Ca-containing component was inferred to be 
[Ca-EDTA] chelates [36]. Numerous studies have 
revealed that metal-EDTA complexes arise from 
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Fig. 6 Fe 2p X-ray photoelectron spectroscopy (XPS) peak-fitting spectra of residues with different treatments: (a) CK; 
(b) BC; (c) BGW; (d) BGEW; (e) BGEF 
 

 

Fig. 7 Ca 2p X-ray photoelectron spectroscopy (XPS) peak-fitting spectra of residues with different treatments: (a) CK; 
(b) BC; (c) BGW; (d) BGEW; (e) BGEF 
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the complexation of nitrogen elements and carboxyl 
functional groups with metal elements [37]. 
Furthermore, the changes in binding energy   
(0.24 and 0.23 eV, respectively) confirmed that 
complexation altered the chemical environment of 
Ca 2p on the bauxite residue surface, with 
CaHCO3

+ and CaCO3 (aq) being the dominant 
species at pH 9.0. When Ca2+ is mixed with EDTA, 
CaEDTA2− is the resultant species instead of Ca2+ or 
CaCO3(aq) [36]. The CaEDTA2− chelate is more 
soluble in water, which favors the retention of Ca in 
solution rather than precipitation on the bauxite 
residue surface. Thus, using the chelating agent 
EDTA could mitigate the negative effects of 
alkaline anions in bauxite residue on Ca. In the 
BGEF group, the predominant form of Ca species 
was CaCO3, consistent with the BC treatment. This 
was mainly attributed to the re-release of Ca from 
the EDTA chelate. Consequently, the presence of 
CaCO3(s) in CK, BC, and BGEF treatments 
indicates that the production of CaCO3(s) cannot be 
inhibited by the original calcite on the bauxite 
residue surface. 
 
4 Conclusions 
 

(1) The pH of bauxite residue treated with 
FeCl3 combined with EDTA and FGD gypsum 
(BGEF treatment) was 7.20. This strategy increased 
significantly the saturation of calcium ion exchange 
capacity in bauxite residue from 68% in the CK 
treatment to 92% in the BGEF treatment. 

(2) Following the combined treatment of FGD 
gypsum with EDTA and FeCl3 solution, the Ca 
added as gypsum was retained as exchangeable 
calcium rather than in the form of chelates. 
Furthermore, the combined treatment reduced the 
acid neutralization capacity and pH rebound of the 
bauxite residue, as evidenced by the lower ∆ANC 
of the BGEF treatment. 

(3) The XRD, SEM−EDS and XPS analyses 
demonstrated the transformation and decomposition 
of fine-grained alkaline minerals embedded in   
the calcium slag after BGEF treatment. The 
exogenously added Fe existed in a stable state after 
neutralizing the free alkalis fraction in the bauxite 
residue, while the Ca released from the [Ca-EDTA] 
chelate directly stabilized the alkaline minerals. 

(4) The BGEF approach exhibited excellent 
performance in bauxite residue dealkalization with 

notably better persistence. More importantly, the 
idea of alkalinity regulation with selective removal 
of free alkalis prior to stabilization of alkali- 
containing minerals was feasible for large-scale 
applications. 
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摘  要：提出一种通过控制脱硫石膏中钙的释放行为来去除赤泥游离碱和稳定结合碱的新方法。结果表明，利用

FeCl3 结合 EDTA 活化脱硫石膏(钙离子活化剂)能够有效降低赤泥碱性(pH 值稳定在 7.20)，显著提高钙离子交换容

量饱和度，进而增加 Ca 对可交换阳离子总量的贡献(68%~92%)。交换性钙从改性脱硫石膏中缓慢释放后，使碱

性矿物发生相转变。该方法通过降低赤泥整体酸中和能力抑制 pH 回升，最终稳定赤泥碱性调控效果，为脱硫石

膏在赤泥碱性调控中的高效应用提供科学指导。 

关键词：赤泥；脱硫石膏；EDTA 活化；碱性调控；FeCl3 回收液 
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