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A B S T R A C T   

Red mud discharged from alumina production is a valuable metal resource of great importance in the context of 
the requirement to reduce the impact of mining on the environment and resource consumption. The efficient 
dissolution of iron from red mud by oxalic acid has been reported. Although the concentrations of aluminum, 
silicon, and titanium were also high in the red mud-oxalic acid leachate after iron precipitation, they have 
received little attention. The present study aims to recover aluminum, silicon, and titanium from red mud-oxalic 
acid leachate after the precipitation of iron. The leaching efficiencies of aluminum, silicon, and titanium in 1.0 
mol/L oxalic acid at 80 ◦C, reached 63–75% after 2 h. Sodium hydroxide, calcium oxide, and calcium carbonate 
were chosen to adjust the pH of the oxalic acid leachate, and the effective separation of silicon and titanium from 
the oxalic acid leachate could be achieved at pH 4.0 by stepwise separation using calcium carbonate. A silicon 
dioxide primary product with a purity of 70.8% was obtained in addition to the aluminum hydroxide primary 
product. The stepwise selective separation of aluminum, silicon, and titanium from red mud-oxalic acid leachate 
could assist the values recovery and simultaneously minimize environmental hazards of the acidic leachate.   

1. Introduction 

Red mud (RM), also known as bauxite residue, is an alkaline indus
trial solid waste derived during the Bayer process for extracting alumina 
from bauxite ores (Borra et al., 2016). Generally, the production of 1 ton 
of alumina generates approximately 1–1.5 tons of RM depending on the 
raw material quality and process parameters (Taneez and Hurel, 2019; 
Zhang et al., 2021; Zhou et al., 2023). With the increasing demand for 
alumina production, the worldwide discharge of RM increased to 
approximately 200 million tons annually (Xue et al., 2019). Since <5% 
of RM has been reused (Barca et al., 2022), the stockpiled RM has 
brought environmentally unacceptable impacts (Agrawal and Dhawan, 
2021; Liu et al., 2021; Li et al., 2022b). Meanwhile, RM is considered as 
a potential polymetallic source as it contains a variety of valuable metals 
in appreciable quantities, such as aluminum, iron, titanium, and rare 
earth elements (REEs) (Liu and Naidu, 2014; Rivera et al., 2018; Qu 

et al., 2022). To extract and recover these valuable components from 
RM, researchers around the globe have carried out diverse research 
programs, chiefly including pyrometallurgical and hydrometallurgical 
approaches. Pyrometallurgical methods usually involve carbothermal 
reduction and magnetic separation to obtain Fe components (Habibi 
et al., 2021; Wan et al., 2021; Yu et al., 2022), which can achieve high 
recovery efficiencies but require high-temperature treatment and high 
energy consumption. The hydrometallurgical methods were suited for 
extraction from complex structured RM through mineral acids or 
organic acids leaching and extraction process (Zhu et al., 2015; Agrawal 
and Dhawan, 2020). 

In particular, organic acids, in some occasions, could exhibit greater 
leaching efficiencies of metals from inert minerals in RM compared to 
leaching efficiencies with mineral acids. This is because of the dual ef
fects of metal bond destabilization by charge transfers and the chelation 
of the metal and organic ligands (Gräfe et al., 2011; Liu and Li, 2015; 
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Panda et al., 2021). Taking oxalic acid as an example, the previous 
studies suggested that oxalic acid leaching was effective to dissolve Fe 
from RM as soluble ferric oxalate, and then ferrous oxalate was sepa
rated by precipitation (Agrawal and Dhawan, 2022; Li et al., 2022a). 
This process was attributed to the high acid strength, the strong coor
dination effect, and the reducing power of oxalic acid (Ambikadevi and 
Lalithambika, 2000; Tanvar and Mishra, 2021). When RM was treated 
with oxalic acid, the Fe extraction efficiency could achieve 96% in the 
form of ferric oxalate complex, and then β-FeC2O4⋅2H2O could be 
separated after the reduction catalysed by UV irradiation (Yu et al., 
2012) or natural light (Gu et al., 2017). The ferric oxalate in the preg
nant leach solution could also be reduced into FeC2O4⋅2H2O precipitate 
by adding iron scraps (Yang et al., 2015). Moreover, the ferrous oxalate 
product was a precursor for preparing sodium ferrate (Na2FeO4), and 
this was shown to be a potential route for preparing high value-added 
Fe-containing compounds from RM (Gu et al., 2017). In addition, it 
was observed that REEs were released from the Fe-containing minerals 
forming REE-oxalates when RM was subjected to oxalic acid leaching. 
These REE-oxalates remained and enriched in the leach residue due to 
their low solubilities (Li et al., 2022a). Subsequently, REEs could be 
selectively leached with dilute sulfuric acid (Li et al., 2022a). Therefore, 
there were several advantages of using oxalic acid to dissolve Fe from 
RM, such as preparing various Fe-containing products and enriching 
REEs in the leach residue. 

However, the oxalic acid dissolution process for iron recovery was 
restricted by the relatively high cost of oxalic acid, and recycling/ 
reduction of oxalic acid in the process was considered as a means of 
offsetting partial cost (Yang et al., 2016). It deserves to be mentioned 
that a large proportion of Al, Si, and Ti were also dissolved in the oxalic 

acid leaching process, and these elements remained in the leachate after 
FeC2O4⋅2H2O was precipitated which also deserved to be recovered. The 
high extraction efficiency of Al was determined during the oxalic acid 
leaching process of RM (Yang et al., 2015; Ujaczki et al., 2019; Huang 
et al., 2021; Tanvar and Mishra, 2021). Thereinto, Huang et al. (2021) 
attempted to recover Al from the Fe-removed oxalic acid leachate with 
aqueous ammonia and reused oxalic acid by crystallization after evap
oration. In addition to Al with a high leaching efficiency, Si and Ti were 
also co-dissolved in oxalic acid (Liu and Li, 2015; Liu et al., 2022). The 
comprehensive recovery of these metal products would make the oxalic 
acid leaching process more cost-effective and would avoid wasting these 
valuable resources. However, few studies investigated the recovery of 
Al, Si, and Ti in the RM-oxalic acid leachate and only concluded that 
they were undesirable elements during the Fe dissolution process. 
Therefore, a recovery process of Al, Si, and Ti from the Fe-removed 
oxalic acid solution should be developed. 

This work aims to investigate the selective extraction of Al, Si, and Ti 
from the Fe-removed oxalic acid leachate of RM through a series of pH- 
adjusting experiments using NaOH, CaO, and CaCO3. The aim is to 
propose a stepwise solution separation process involving pH adjustment 
and recycling the precipitate. The effects of NaOH, CaO, and CaCO3 as 
pH adjusters on the selective extraction of Al, Si, and Ti from the oxalic 
acid leachate were evaluated by comparing the elemental concentration 
of the Fe-removed oxalic acid leachate and by characterizing the 
elemental contents of precipitates. The innovative stepwise recovery 
route would probably be a potential way to achieve extraction of ele
ments and comprehensive utilization of RM-oxalic acid leachate while 
reducing chemical consumption. 

Fig. 1. Experimental flowsheet of stepwise separation of Al, Si, and Ti from RM.  
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2. Materials and method 

2.1. Materials and reagents 

The RM sample used in this study was collected from an alumina 
refinery in Qingzhen, Guizhou province, China. The fresh RM sample 
was in the form of small agglomerates after natural drying. Upon arrival 
in the laboratory, the RM sample was dried at 100 ◦C to achieve a 
constant weight. Prior to characterization and leaching experiments, the 
dried RM sample was pulverized and screened to <75 μm to ensure a 
uniform particle size distribution (Li et al., 2022a). 

Oxalic acid of analytical grade (≥ 99.5 wt%) purchased from Tianjin 
Yongda Chemical Industrial Co., Ltd. was used for RM batch leaching 
experiments. Hydrochloric acid with guaranteed reagent grade 
(36.0–38.0 wt/v%) was used to wash the CaCO3 precipitates. Analytical 
grade reagents of sodium hydroxide (NaOH ≥99 wt%), calcium oxide 
(CaO ≥ 97 wt%), and calcium carbonate (CaCO3 ≥ 99 wt%) were 
applied for adjusting pH of the Fe-removed leachate. Additionally, all 
the solutions used in the experiments were prepared with deionized 
water. 

2.2. Experimental procedure 

The flowsheet shown in Fig. 1 involves three main operations: (i) 
oxalic acid leaching of RM to obtain an iron product and a REE-rich 
residue (Li et al., 2022a), (ii) pH adjustment for the Fe-removed 
leachate to precipitate Si and Ti, and (iii) production of Al(OH)3 and 
SiO2 (with Ti entrapped), as the two primary products. Fig. 1 also depicts 
the recycling of CaC2O4⋅2H2O process to enrich SiO2 and TiO2. The 
following experiments are mainly based on the flowsheet. 

2.2.1. Oxalic acid leaching and Fe separation 
Batch oxalic acid leaching experiments were performed under the 

following procedure. A 250 mL three-neck flask was placed in a ther
mostated water bath (THZ-82A) at a certain temperature. The timer was 
started after adding the solid, with a stirring speed of 200 rpm. After 
filtration, the deionized water used to rinse the solid was added to the 
leachate and the volume was adjusted. 

Leaching tests were carried out with oxalic acid by varying several 
parameters, i.e., acid concentration, leaching temperature, and liquid- 
to-solid ratio (L/S ratio). The concentration trial was carried out under 
the condition of oxalic acid concentrations of 0.5, 1.0, and 1.5 mol/L, L/ 
S ratio of 15 mL/g, reaction time of 2 h, and leaching temperature of 

Fig. 2. Effects of different parameters on leaching efficiencies of Fe, Al, Si, and Ti from RM with changes in (a) oxalic acid concentrations, (c) temperatures, (d) L/S 
ratios; (b) XRD patterns of 0.5 mol/L and 1.0 mol/L oxalic acid leach residues (general leaching conditions: 1 mol/L oxalic acid at 80 ◦C for 2 h with L/S ratio of 15 
mL/g, unless stated in each figure). 
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80 ◦C. The effect of leaching temperature was evaluated at 20, 40, 60, 
80, and 90 ◦C for 2 h using 1.0 mol/L oxalic acid with the L/S ratio of 15 
mL/g. The L/S ratio trial was carried out with L/S ratio of 5, 10, 15, 20, 
and 25 mL/g using 1.0 mol/L oxalic acid concentration at a leaching 
temperature of 80 ◦C for 2 h. Each trial of oxalic acid leaching was 
conducted twice to obtain the average results. 

The filtrate from the RM-oxalic acid leachate was irradiated by 
sunlight at room temperature until Fe was precipitated as ferrous oxalate 
dihydrate. Subsequently, the Fe-removed oxalic acid leachate was ob
tained after filtering the ferrous oxalate. In the oxalic acid leaching 
process, the leaching efficiencies of Al, Si, and Ti can be expressed by Eq. 
(1), while, the leaching efficiency of Fe is estimated by the Fe content in 
ferrous oxalate according to Eq. (2): 

ηi =
ci • V

0.001 • ci0 • m0
× 100% (1)  

ηFe =
mFeC2O4⋅2H2O × MFe

MFeC2 O4 ⋅2H2 O

m0 × cFeo
× 100% (2)  

where ηi and ηFe are the leaching efficiency of the element i and Fe, 
respectively; ci is the concentration of the element i in the leachate (mg/ 
L), V is the volume of the leachate (L), mFe is the mass of FeC2O4⋅2H2O 
precipitate (g), ci0 is the content of the element i in the RM (%), cFe0 is the 
content of the element Fe in the RM (%), m0 is the mass of RM (g), and 
MFe and MFeC2O4⋅2H2O are the molar masses of Fe and FeC2O4⋅2H2O (g/ 
mol), respectively. 

2.2.2. Al and Si separation 
The initial pH of the Fe-removed oxalic acid leachate was 0.82 ±

0.04. In this test, the separation behavior of Al and Si was evaluated by 
adjusting the pH of 100 mL aliquots of the Fe-removed oxalic acid 
leachate by adding NaOH, CaO, or CaCO3. A solution of 4.0 mol/L NaOH 
was used to adjust the pH values from 0.82 to 8.0. The effects of pH 
adjustments from 0.82 to a lower pH of 5.0 were investigated by adding 
CaO or CaCO3. Each test of the pH adjustment was conducted in tripli
cate and the results presented were averaged. 

In the pH-adjusted process, the retention efficiency (ηj) of elements (j 
= Al, Si, or Ti) in the leachate as a percentage of the initial concentration 
of j in Fe-removed oxalic acid leachate can be calculated according to Eq. 
(3): 

ηj =
cj2 • Vj2

cj1 • Vj1
× 100% (3)  

where Vj1 and Vj2 are the volumes of the leachate before and after pH 
adjustment (L), respectively, and cj1 and cj2 are the concentrations of the 
element j in the leachate before and after pH adjustment (mg/L), 
respectively. 

2.2.3. The primary products of Si, Ti, and Al 
The precipitate produced from the Fe-removed oxalic acid leachate, 

after adjusting pH to 4.0 using CaCO3, was filtered at pH 4.0 and roasted 
at 520 ◦C for 2 h. The roasted precipitate was then added for the next pH 
adjustment with 100 mL of Fe-removed oxalic acid leachate until this 
recirculation process was repeated 3 times. Then the roasted precipitate 
was washed with 0.5 mol/L dilute HCl to obtain SiO2 of high purity. 
Additionally, the filtered Al-enriched leachate was used to precipitate 
amorphous Al(OH)3 after impurity removal by NaOH. 

2.3. Characterization methods 

The variation of C2O4
2− content in the Fe-removed leachate was 

determined by titrating with a standard potassium permanganate solu
tion (Yang et al., 2016). The compositions of major elements in the 
digested solid samples were determined using an inductively coupled 
plasma optical emission spectrometer (ICP-OES, Agilent 5110, USA). 
The microstructure of the solid samples was studied by scanning elec
tron microscopy (SEM, JSM-7800F, Japan). By using an X-ray diffrac
tometer (XRD, PANalytical Empyrean, the Netherlands) with Cu Kα 
radiation at the 2θ range of 5–70◦, the phase compositions of pre
cipitates were identified. The SiO2 in solid samples was measured by X- 
ray fluorescence spectroscopy (XRF, PANalytical PW2424, the 
Netherlands). The pH values of solutions in this study were measured 
using a pH meter (PHS-3C). 

3. Results and discussion 

3.1. Oxalic acid leaching process 

Previous work has revealed the optimum leaching conditions for Fe 
recovery from RM using oxalic acid (Yu et al., 2012). The effect of oxalic 
acid concentration on RM dissolution was investigated with a L/S ratio 
of 15 mL/g at 80 ◦C with stirring for 2 h. The results are shown in Fig. 2a. 
The Fe dissolution reached 30.3% at 0.5 mol/L oxalic acid, and 
increased to 83.9% at 1.0 mol/L oxalic acid. Similar dissolution trends 
were observed for Al, Si, and Ti. Specifically, the leaching efficiency of Ti 
in 0.5 mol/L oxalic acid was low, which was attributed to the stability of 
Ti-containing minerals in RM, such as anatase and rutile at low acid 
concentrations (Pepper et al., 2016; Deng et al., 2017). The XRD patterns 
of oxalic acid leach residues produced in 0.5 mol/L and 1.0 mol/L are 
depicted in Fig. 2b. The peaks of calcium oxalate (CaC2O4⋅nH2O) were 
enhanced with the increasing oxalic acid concentration, and the peaks of 
Fe-, Al-, Si-, and Ti-bearing phases were weakened or disappeared. 
However, no significant increase in the leaching efficiencies of elements 
was observed after a further increase of oxalic acid concentration from 
1.0 to 1.5 mol/L. The results indicated that 1.0 mol/L oxalic acid was 
suitable for efficient leaching of Fe from RM, consistent with previous 
studies (Gu et al., 2017). Results from this study in Fig. 2 demonstrated 
that >63% of Al and 73% of Ti and Si in RM were also dissolved in the 
process. 

Fig. 2c presents the effect of various leaching temperatures with 1.0 
mol/L oxalic acid to leach RM at L/S ratio of 15 mL/g for 2 h. As re
ported in previous studies (Yu et al., 2012), the increase in temperature 
from 20 to 60 ◦C significantly increased the Fe dissolution efficiency, as 
it promotes ionic activity in the solution (Pepper et al., 2016). However, 
differing from Fe, as shown in Fig. 2c, Al, Si, and Ti exhibited similar 
dissolution tendencies and showed moderate increases of dissolution at 
the same temperature range. Even at a low temperature of 20 ◦C, 
48–66% of these elements could be dissolved (Ti > Si > Al), but their 
dissolution efficiencies were surpassed by Fe when the reaction tem
perature reached 80 ◦C. At a reaction temperature of 90 ◦C, leaching 
efficiencies of Fe, Al, Si, and Ti reached 93, 68, 77, and 86%, respec
tively, implying that the oxalic acid leaching at this condition for Fe 
recovery could co-dissolve appreciable amounts of Al, Si, and Ti. 

The leaching efficiencies of Fe, Al, Si, and Ti all showed rapid in
creases with the L/S ratio changing from 5 to 10 mL/g, indicating that 
the amount of oxalic acid was insufficient at the L/S ratio of 5 mL/g. 
According to literature (Yu et al., 2012), L/S ratio of 10 mL/g was 
selected to recover Fe from RM, while, L/S ratio of 15 mL/g was used to 

Table 1 
Concentrations of major elements and initial pH of the Fe-removed leachate.  

Composition Al Si Na Fe Ti K Mg Ca pH 

Content (mg/L) 4195 3155 1730 290 885 333 310 146 0.82  
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prepare leachate for subsequent Al, Si, and Ti separation. Based on the 
results in Fig. 2, the leaching efficiencies of Al, Si, and Ti could reach 
63.5, 73.9, and 75.6%, respectively, at the condition of 1.0 mol/L oxalic 
acid with L/S ratio of 15 mL/g at 80 ◦C for 2 h. These large quantities of 
Al, Si, and Ti in the Fe-removed leachate justify the efforts for their re
covery described below. 

To prepare Fe-removed leachate, RM-oxalic acid leach solution ob
tained under the above-stated conditions of 1.0 mol/L oxalic acid, L/S 
ratio of 15 mL/g, at 80 ◦C for 2 h, was filtered after irradiation to sun
light. The Fe-removed leachate was used for subsequent Al, Si, and Ti 
separation investigations, and the elemental concentrations of the Fe- 
removed leachate are shown in Table 1. The concentration of Al was 
as high as 4195 mg/L followed by that of Si. The leachate also contained 
high Na content because the Na-phases in RM could be easily dissolved 
when subjected to acid treatment (Xue et al., 2019; Lyu et al., 2021). In 
addition to Al, Si, and Na, the leachate contained Ti with a concentration 
of 885 mg/L and C2O4

2− with a concentration of 0.51 mol/L. While Al 
and Ti exist in the form of oxalate complexes, Si primarily exists as sil
icate in RM which could dissolve as orthosilicate or orthosilicic acid 
(H4SiO4) (Milne et al., 2014). 

In general, the precipitation of metal ions as hydroxides is facilitated 
by increasing pH (Lee and Saunders, 2003). To raise the leachate pH, 
NaOH, CaO, and CaCO3 were successively tested and compared to 
investigate the separation behavior of elements. 

3.2. Effect of pH adjustment to 8.0 using NaOH 

A solution of 4.0 mol/L NaOH was used to adjust the leachate pH. 
The experimental results are shown in Fig. 3a. Raising pH from 0.82 to 
5.0, most of Al, Si, and Ti remained in the leachate because these ele
ments could dissolve at high pH (Gräfe et al., 2011; Huang et al., 2016). 
Subsequently, increasing pH from 5.0 to 8.0 resulted in significant de
creases in the concentration of Si and Ti. The polymerization of H4SiO4 
was catalysed by the change in pH which led to the precipitation of SiO2 
gel as presented in Eq. (4) (Wilhelm and Kind, 2015; Li et al., 2021). The 
precipitates were amorphous colloids as depicted in Fig. 3d. Formation 
and precipitation of SiO2 gel induced reduction of Al concentration 
probably by adsorption behavior, thus the retention of Al in the leachate 
was only approximately 60% at pH 8.0 (Fig. 3a). The SEM image of SiO2 
particles shown in Fig. 4a suggested that the precipitated SiO2 particles 
always mixed with Ti and Al, implying a weak separation effect was 
achieved. Consequently, the separation of Al, Si, and Ti was infeasible 
through a simple increase in the leachate pH using NaOH, and the effect 
of the C2O4

2− anion in the leachate should be taken into consideration. 

H4SiO4→SiO2(gel)+ 2H2O (4)  

3.3. Effect of pH adjustment to 4.0 using CaO 

To investigate the effect of C2O4
2− in the leachate, powdered CaO was 

Fig. 3. Effects of pH on the retention efficiencies (%) of Al, Si, and Ti in the Fe-removed leachate when using (a) NaOH, (b) CaO, and (c) CaCO3 for pH adjustment, 
respectively, and (d) the XRD patterns of precipitates (retention efficiency was calculated using Eq. 3). 
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added to increase the pH and to reduce the C2O4
2− concentration. The 

results are illustrated in Fig. 3b. The retention (%) of Si and Ti in the 
leachate significantly decreased when the pH was increased to 3.0. At 
this point, the retention of Al was still 80%, and much higher than that of 
Si and Ti. At pH 4.0, the retention efficiencies of both Si and Ti were 
<4%. The reaction of CaO in the leachate might experience three stages 
to establish equilibrium, summarized as Eqs. (5–7). As indicated in 
Table 2, a small fraction of Ca2+ equilibrated with C2O4

2− in the leachate 
at pH 4.0. The reactions with CaO were much slower, compared to those 
with NaOH, resulting in H4SiO4 in the leachate combined with Ca2+

forming Ca2SiO4 precipitate instead of dehydration forming SiO2 gel 
(Kong et al., 2017). As can be seen from Fig. 4b, the species of precipi
tation generated using CaO were octahedral-shaped Ca2SiO4 particles 
with large agglomerates of CaC2O4⋅2H2O. At pH 4.0, Si and Ti were 
largely precipitated, and 70.7% of Al remained in the solution. 

CaO+H2C2O4 +H2O→CaC2O4⋅2H2O (5)  

CaO+ 2H2C2O4→Ca(HC2O4)2 +H2O (6)  

2Ca2+ +H4SiO4→Ca2SiO4 + 4H+ (7)  

3.4. Effect of pH adjustment to 4.0 using CaCO3 

The use of powdered CaCO3 to adjust pH can achieve faster chemical 
reaction/equilibration and removal of Si and Ti from the leachate. 
Fig. 3c presents the influence of pH on Si and Ti precipitation from the 
leachate and shows that there has been a sharp decline in retention ef
ficiencies of Si and Ti to 5.2% and 1.1%, respectively, with the increase 
in pH from 0.82 to 4.0, while Al retention remained at 82.5%. Oxalic 
acid dissociated into H+ and HC2O4

− at pH < 2.0, and HC2O4
− further 

dissociated as C2O4
2− at pH > 4.0 (Tanvar and Mishra, 2021); CaCO3 

could react with H2C2O4 directly and with the oxalate anions in the 
leachate to precipitate CaC2O4⋅2H2O and Ca(HC2O4)2, as presented in 
Eqs. (8–9) (Ma et al., 2019). A higher pH value resulted in a higher Al/Si 
concentration ratio (CAl/CSi ratio) as plotted in Fig. 3c, but the high pH 
(> 4.0) caused a lower retention of Al. As observed in Table 2, the 
concentration of Al in the leachate at pH 4.0 using CaCO3 was main
tained at 3965 mg/L (0.15 mol/L), close to original Fe-removed 
leachate. The findings suggested that the effective separation of Al, Si, 
and Ti was achieved with SiO2 and CaC2O4⋅2H2O as the precipitated 
products. From Fig. 4c, SiO2 and CaC2O4⋅2H2O were of mutual adhesion, 
with visible independent SiO2 particles which differed from those ob
tained by using CaO. The independent SiO2 and CaC2O4⋅2H2O were 
conducive to further separation. Therefore, using cheap and widely 
available powdered CaCO3 could achieve the separation of Al, Si, and Ti 
from Fe-removed leachate. 

CaCO3 +H2C2O4 +H2O→CaC2O4⋅2H2O+CO2(g) (8)  

CaCO3 + 2H2C2O4→Ca(HC2O4)2 +CO2(g)+H2O (9)  

3.5. Al species and Si- and Ti- precipitation mechanisms 

Fig. 5 shows the contour plots for the change in concentration of 
C2O4

2− in the Fe-removed leachate with the addition of NaOH, CaO, and 
CaCO3 and the XRD patterns of the precipitates. It can be seen from 
Fig. 5a that increasing pH to 8.0 required a large amount of NaOH 
without declining the C2O4

2− concentration. By contrast, the increase in 

Fig. 4. SEM images and EDS analysis of precipitates obtained at the condition of (a) pH at 8.0 using NaOH, (b) pH at 4.0 using CaO, and (c) pH at 4.0 using CaCO3.  

Table 2 
The contents of elements in the leachates after different pH adjustments.  

Description Content (mg/L)  

Al Si Na Fe Ti K Mg Ca 

Fe-removed 
leachate at 
pH 0.82 

4195 3155 1730 290 885 333 310 146 

After adding 
NaOH to 
adjust pH to 
8.0 

2910 6 12,283 133 38 245 227 5 

After adding 
CaO to adjust 
pH to 4.0 

3473 122 1458 139 7 302 349 802 

After adding 
CaCO3 to 
adjust pH to 
4.0 

3965 140 1525 179 65 298 338 955  
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pH to 4.0 using CaO and CaCO3 (Fig. 5b and c), caused a significant 
decrease in C2O4

2− concentration and facilitated the precipitation of 
H4SiO4 at the pH range of 0.82–4.0. It was reported that pH and the 
presence of multivalent ions were the key solution parameters that in
fluence Si speciation (Kambalina et al., 2014). It is worth noting that 
C2O4

2− ion as a bidentate anionic ligand with a strong coordination effect 
could provide two pairs of electrons to metal ions (Chen et al., 2022). 
Various complexes between C2O4

2− and Al3+, such as Al(C2O4)2
− and Al 

(C2O4)3
3− , have been formed in the oxalic acid medium (Liu et al., 2020). 

Cations (such as Al3+) in the solution could reduce the solubility of SiO2 
and increase the precipitation efficiency of SiO2 (Wang et al., 2021). 
After adding CaO and CaCO3, Ca2+ combined with C2O4

2− and precipi
tated so that decomplexation of C2O4

2− and Al3+ occurred, resulting in 
Al3+ remaining in the leachate. Consequently, the concentration and 
speciation variation of Al3+ might affect the pH range of Si precipitation 
in the leachate. 

In addition, the speciation of Al3+ in the oxalic acid leachate was 
calculated using the chemical equilibrium model software Visual MIN
TEQ, and the results are presented in Fig. 5d. As the initial leachate pH 
was increased from 0.8 to 2.0, H2C2O4 was ionized to HC2O4

− and C2O4
2− , 

and Al3+ was complexed with C2O4
2− . At pH of 2.0–5.0, Al3+ existed 

mainly as Al(C2O4)2
− and subsequently changed to Al(C2O4)2

− , Al 

(C2O4)3
3− and AlC2O4

+ at pH of 5.0–6.5. The phenomena that the reten
tion efficiencies of Si and Ti decreased significantly were indeed 
observed at the pH range of 5.0–6.5 (Fig. 3a). Therefore, the concen
tration and speciation variations of Al3+ are the main reason for the 
successful precipitation of Si and Ti in the leachate. 

3.6. The primary products 

3.6.1. The primary product of Si and Ti 
The independent SiO2 and CaC2O4⋅2H2O particles were generated as 

precipitated solids in the Fe-removed leachate by adding CaCO3 to 
adjust pH from 0.8 to 4.0. The data in Table 3 demonstrated that the 
filtered precipitate contained 12.7% SiO2 and 2.8% TiO2. The major 
component of the precipitate, CaC2O4⋅2H2O could be thermally 
decomposed to CaCO3 after roasting at 520 ◦C (Bushuev and Zinin, 
2016; Li et al., 2022a). Subsequently, the wash process of roasted pre
cipitate with dilute HCl was employed to remove CaCO3 and to mini
mize the loss of Si and Ti. From the SEM and XRF analysis of the 
precipitate (Fig. 6 and Table 3), a porous amorphous Ti-rich SiO2 pri
mary product was obtained, in which the contents of the SiO2 and TiO2 
reached 70.8 and 9.4%, respectively. 

Additionally, the roasted precipitate can be recycled as CaCO3 for pH 

Fig. 5. Contour plots for concentration change of C2O4
2− in the Fe-removed leachate with the addition of (a) NaOH, (b) CaO, and (c) CaCO3. (d) The speciation 

diagrams of Al3+ in the oxalic acid medium with the addition of NaOH at 25 ◦C (thermodynamic data from the software Visual MINTEQ). 

Table 3 
Compositions of the precipitates after adding CaCO3, roasting, and washing after 3 experimental cycles.  

Content (wt%) Al2O3 SiO2 CaO TiO2 Na2O Fe2O3 MgO K2O LOI 

Precipitate using CaCO3 pH of 4.0 1.20 12.7 26.8 2.79 0.29 0.11 0.07 0.15 54.8 
Roasted precipitate 1.75 18.6 43.7 4.34 0.61 0.17 0.10 0.24 29.2 
HCl washed precipitate 2.94 70.8 3.69 9.44 0.62 0.23 0.19 0.61 10.5 

Based on XRF; LOI is loss on ignition. 
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adjustment and this recycling process was investigated in this trial. From 
the data of the surface scan shown in Table 4 and Fig. S1, the Si/Ca ratio 
raised from 0.14 to 2.57, and the Ti/Ca ratio raised from 0.06 to 0.76 in 
the precipitates after 3 experimental cycles. The Si/Ca ratio and Ti/Ca 
ratio in the newly generated precipitates gradually increased. Accord
ingly, this recycling process could minimize the required amount of 
fresh CaCO3. The recycling process was of economic and environmental 
benefits, and can also further enrich the Si and Ti in the precipitation. 

Fig. 6. SEM and EDS analyses of the HCl washed precipitate (Ti-rich SiO2 primary product).  

Table 4 
The element contents in precipitates of the cycling process determined by EDS 
elemental mapping analysis.  

Content (wt%) Si Ca Ti Si/Ca Ti/Ca C O 

Cycling-0 4.5 32.4 1.8 0.14 0.06 12.7 48.6 
Cycling-1 11.5 20.7 3.4 0.56 0.16 13.1 51.4 
Cycling-2 12.1 15.0 3.9 0.81 0.26 20.1 48.9 
Cycling-3 21.3 8.3 6.3 2.57 0.76 17.7 46.4  

Fig. 7. Concentration variations of Al and Ca in the Al-enriched leachate with the addition of NaOH.  

Table 5 
The chemical compositions of precipitates obtained at different pH stages.  

Content (wt%) Al2O3 SiO2 CaO TiO2 Na2O TFe2O3 MgO K2O LOI 

pH = 4.0–10.0 35.4 3.81 8.29 0.28 1.37 1.45 1.44 0.14 48.1 
pH = 5.0–10.0 41.2 0.77 5.42 0.02 1.12 1.68 1.63 0.08 47.7 
pH = 6.0–10.0 45.3 0.87 1.56 0.09 2.43 1.83 2.20 0.16 45.9  
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3.6.2. The primary product of Al(OH)3 
The Al-enriched leachate was obtained after the pH of the Fe- 

removed leachate was increased to 4.0 using CaCO3. The major ele
ments in the Al-enriched leachate were Al3+, Na+, and the newly 
introduced Ca2+ as shown in Eq. (9) and Table 2. The purpose of NaOH 
addition into the Al-enriched leachate was to separate the Al3+ forming 
Al(OH)3 primary product. To obtain the maximum Al recovery and to 
save NaOH dosage, the variations of Al and Ca concentrations were 
investigated as illustrated in Fig. 7. At pH >10.0, Al(OH)3 gradually 
redissolved as Al(OH)4

− which was characteristic of the amphoteric hy
droxide (Peng et al., 2014; Narayanan et al., 2017). Table 5 shows that 
the content of impurity Ca reached 8.3% (as oxides) and Al reached 
35.4% when the pH of the Al-enriched leachate was adjusted directly 
from 4.0 to 10.0 with NaOH. It is concluded that Ca in the Al-enriched 
leachate influenced the purity of the Al(OH)3 primary product and 
must be removed before Al(OH)3 precipitation. In this context, Ca can be 
removed at pH of 5.0 or 6.0 by adding NaOH. 

The pH of the Al-enriched leachate was then adjusted from 6.0 to 
10.0 when high purity of the Al(OH)3 product could be attained. 
Meanwhile, the purity of the Al(OH)3 primary product achieved 45.3%, 
and the LOI of the Al(OH)3 primary product reached 45.9% which was 
considered as the content of the water of crystallization. The Al(OH)3 
primary product was made up of irregular massive particles as shown in 
Fig. 8a and demonstrated to be amorphous colloids without principal 
fingerprint peaks of Al(OH)3 found in the XRD pattern (Fig. 8b). High 
purity amorphous Al(OH)3 can be used to purify wastewater and as a 
precursor to manufacture aluminum products (Wang et al., 2012; Bac
carella et al., 2021). Additionally, the filtrate at pH 10.0 contained few 
impurities and could be recycled for the preparation of Al(OH)3 
(Table S1). Therefore, high purity amorphous Al(OH)3 primary product 
can be obtained after Ca-removal and precipitation process, which ex
tracts more value from the Fe-removed leachate of RM. 

4. Conclusions 

The oxalic acid leaching process of Fe from RM using 1.0 mol/L 
oxalic acid, L/S ratio of 15 mL/g, at 80 ◦C over 2 h co-dissolved Al, Si, 
and Ti. The leaching efficiencies of Al, Si, and Ti from RM could achieve 
63.5, 73.9, and 75.6%, respectively. Adding NaOH to adjust pH to 8.0 
could remove Si and Ti from the Fe-removed leachate but Al suffered 
great losses. The use of CaO to adjust pH to pH 4.0 could precipitate a 
mixture of Ca2SiO4 and CaC2O4⋅2H2O. However, the addition of CaCO3 
to adjust pH to 4.0 exhibited a fast reaction with C2O4

2− and generated 
mixed precipitates of SiO2 and CaC2O4⋅2H2O. The CaCO3 addition is a 
sustainable approach with minimum waste generation and reagent 
consumption by recirculation of CaC2O4⋅2H2O. Finally, Ti-rich SiO2 
(70.8% SiO2, 9.4% TiO2) and Al(OH)3 were obtained as primary prod
ucts. The findings of this study provide a method for recovery of Al, Si, 

and Ti from the RM-oxalic acid leaching process, and present a signifi
cant contribution to the understanding of the separation behaviors of Al, 
Si, and Ti in the Fe-removed oxalic acid leachate. 
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