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Abstract: Arsenic (As) is considered one of the most serious inorganic pollutants, and the 
wastewater produced in some smelters contains a high concentration of arsenic. In this paper, we 
purified the high-concentration arsenic solution with red mud and Fe3+ synergistically. In this 
system, arsenite anions reacted with Fe(III) ions to form ferric arsenite, which attached on the 
surface of red mud particles. The generated red mud/Fe1−x(As)x(OH)3 showed a better sedimentation 
performance than the pure ferric arsenite, which is beneficial to the separation of arsenic from the 
solution. The red mud not only served as the carrier, but also as the alkaline agent and adsorbent 
for arsenic treatment. The effects of red mud dosage, dosing order, pH, and molar ratio of Fe/As on 
arsenic removal were investigated. The efficiency of arsenic removal increased from a pH of 2 to 6 
and reached equilibrium at a pH of 7. At the Fe/As molar ratio of 3, the removal efficiency of arsenic 
ions with an initial concentration of 500 mg/L reached 98%. In addition, the crystal structure, 
chemical composition, and morphological properties of red mud and arsenic removal residues (red 
mud/Fe1−x(As)x(OH)3) were characterized by XRD, XPS, X-ray fluorescence (XRF), SEM-EDS, and 
Raman spectroscopy to study the mechanism of arsenic removal. The results indicated that most of 
the arsenic was removed from the solution by forming Fe1−x(As)x(OH)3 precipitates on the red mud 
surface, while the remaining arsenic was adsorbed by the red mud and ferric hydroxide.  

Keywords: arsenic removal; red mud; ferric arsenite; synergistic effect 
 

1. Introduction 

Arsenic (As) is considered one of the most serious inorganic pollutants, and the most abundant 
and potential inorganic carcinogen [1,2]. Consumption of arsenic-rich water causes different types of 
chronic disease, such as Blackfoot disease, pigmentation, keratosis, nausea, and cancer [3,4]. It has 
been accepted that the major source of arsenic contaminates in groundwater is geological deposits, 
and arsenic in the atmosphere mainly comes from geological activities. Moreover, the dissolution of 
arsenic-bearing sulfide minerals in nature can aggravate the hazard of acid mine drainage (AMD) 
[5,6]. Arsenic presents mainly in the form of arsenite AsO33− and arsenite AsO43− in aqueous 
environments and natural waters [7], while the As(III) species are much more toxic than As(V) [8,9]. 
The pollution of groundwater by arsenic is a serious threat to human beings all over the world. 
Arsenic enters the food chain, resulting in widespread distribution to entire plant and animal 
populations. The most common methods for arsenic removal include oxidation [10,11], 
coprecipitation [12,13], ion exchange [14,15], membrane filtration [16,17], and adsorption [18–20]. In 
addition, it has been reported that certain biotechnologies can be used to treat arsenic-contaminated 
water [21,22]. Among various arsenic treatment techniques, arsenic removal by forming precipitates 
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with ferric ions is a generally adopted method. The arsenic removal from dilute arsenite-bearing 
solution with the concentration of arsenic being less than 100 mg/L occurs by the adsorption of iron 
oxides, such as ferrihydrite, goethite, and ferric oxyhydroxide gel [23–25]. Several researchers have 
reported the formation of ferric arsenite in acidic solutions with high concentrations of arsenic [26]. 
However, it is difficult to filter ferric arsenite, due to its poor crystalline structure [23]. Red mud is a 
highly alkaline solid waste discharged from alumina production, and approximately 120 Mt of red 
mud is produced annually around the world [25]. Red mud was widely explored for its potential to 
remove arsenic from water. The arsenic adsorption capacity of red mud can be improved by heat or 
by acid treatment [27], but the related operations are complex and costly.  

We have developed a technical process to treat high arsenic-bearing solutions using Fe3+ and red 
mud synergistically. In this system, arsenic removal from a high-concentration arsenic (III) solution 
was done by forming iron arsenite on a red mud surface. The red mud served as the carrier to improve 
sedimentation performance. The effects of red mud dosage, dosing order, pH, and a molar ratio of 
Fe/As on arsenic removal were investigated. The crystal structure, chemical composition, and 
morphological properties of red mud and arsenic removal residues (red mud/Fe1−x(As)x(OH)3) were 
characterized by XRD, XPS, X-ray fluorescence (XRF), SEM-EDS, and Raman spectroscopy to study 
the mechanism of arsenic removal. 

2. Materials and Methods 

2.1. Experiment Material 

The concentrated sulfuric acid (H2SO4), iron sulfate (Fe2(SO4)3), sodium hydroxide (NaOH), and 
sodium arsenite (NaAsO2) used in the experiments are of analytical grade. The red mud samples in 
the Bayer process were obtained from Shandong, and its XRD pattern is shown in Figure 1. Its 
elemental composition and percentage analysis are shown in Table 1.  

It can be seen from Figure 1 that the diffraction peaks in the original red mud are consistent with 
the standard card PDF-NO.87-1166 of Fe2O3, which shows that the iron oxide of the original red mud 
mainly exists in the form of Fe2O3. The peaks at 18.30°and 20.28°are mainly caused by Al(OH)3, while 
the peaks at 13.92°and 24.23°are mainly contributed to by aluminosilicate. 

 
Figure 1. X-ray diffraction analysis of the original red mud. 

Table 1 shows that the Na2O content in the original red mud is 9.79%, and sodium is mainly 
found in complex aluminosilicates. 
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Table 1. Element composition and percentage content of original red mud. 

Element Al2O3 CaO Fe2O3 TiO2 Na2O SiO2 
Content/% 20.57 2.10 33.1 5.77 9.79 15.10 

2.2. Arsenic Removal Tests  

A total of 5 g/L NaAsO2 solution and 1 mol/L NaOH solution were prepared by the analytical 
reagent NaAsO2 and NaOH powder with deionized water, respectively. Arsenic solution at 500 mg/L 
was added into a beaker, followed by the addition of Fe3+ (1 g/L), red mud (0–90 g/L), and NaOH 
solution (1 mol/L) in different orders to study the effects of addition order on arsenic removal. The 
final pH was adjusted to 1–8 using different dosages of NaOH solution. After stirring at 500 rpm at 
25 °C for 30 min, the solution samples were filtered and the arsenic concentrations in the filtrates 
were determined.  

2.3. Settling Performance Test 

In order to study the sedimentation performance of arsenic removal residues with different 
amounts of red mud, the solution in the reaction beaker was fully shaken after the reaction was 
complete. The solution was quickly poured into a 100 mL sedimentation column with the same model 
and height in order to start the sedimentation test. A suitable volume of a water sample was taken 
from the sampling port at the settling time of 10, 30, and 60 min, respectively, and the suspended 
solid concentration of each water sample was analyzed by ultraviolet-visible spectrophotometry. 

2.4. Analytical Techniques 

The concentrations of arsenic and iron were measured via inductively coupled plasma atomic 
emission spectroscopy (ICP-AES, 5110, Agilent Technologies Inc., Santa Rosa, CA, USA). The crystal 
structure, chemical composition, and morphological characteristics of red mud and arsenic removal 
residues were characterized by X-ray diffraction (XRD, SIMENS D500, Bruker, Fällanden, 
Switzerland), X-ray photoelectron spectroscopy (XPS, ESCALAB 250xi,Thermo Fisher Scientific, 
Waltham, MA, USA), X-ray fluorescence (XRF, AxiosmAX, Panalytical B.V., Almelo, The 
Netherlands), scanning electron microscopy energy dispersive spectroscopy (SEM-EDS, HELIOS 
600i, FEI, Hillsboro, OR, USA), and Raman spectroscopy (inVia Qontor, Renishaw, London, UK), 
respectively. The water sample obtained from the sedimentation test was tested by an ultraviolet-
visible spectrophotometer (UV2600, Shimadzu, Kyoto, Japan). 

3. Results and Discussion 

3.1. Arsenic Removal Experiments 

The dosing sequence experiment results are shown in Table 2. It shows that the efficiency of 
arsenic removal when trivalent iron is added first is better than the efficiency of arsenic removal when 
an alkaline reagent is added first. The pH adjustment caused by red mud or by NaOH has no 
significant effect on arsenic removal. The main reason for arsenic removal is the formation of ferric 
arsenite precipitation, rather than the adsorption of red mud for high concentration arsenic solution. 
From reaction Equations (1) to (2), it can be seen that in the acid environment, when Fe3+ is added 
first, and then the alkaline material is added, Fe3+ preferentially forms the ferric arsenite with the 
arsenite anion. However, in the reaction vessel where the alkaline substance was added first, the 
solution contains abundant hydroxyl ions. In this condition, the hydroxyl ions compete with the 
arsenite ions to react with the subsequently added Fe3+ to form a Fe(OH)3 colloid, inhibiting the 
formation of ferric arsenite [28,29]. In addition, adding red mud or NaOH to adjust pH has almost no 
influence on arsenic removal. The adsorption ability of red mud in the arsenic removal process was 
probably not reflected, which could be due to the fact that arsenic is removed mainly by forming 
ferric arsenite through precipitation instead of through adsorption. In the experiments of Fe3+ + NaOH 
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and Fe3+ + Red mud, the alkaline content needed in order to adjust the pH to 7 was explored at the 
Fe/As molar ratio of 2. The amount of iron is already very low compared to the industrially used 
Fe(OH)3 colloids for water treatment due to the forming of the ferric arsenic. To adjust the pH of 100 
mL arsenic-bearing solution (500 mg/L), the required amount of NaOH and red mud were 9.8 mL 
and 18 g, respectively. This red mud dosage is not of application significance, because in the process 
of river water and surface water treatment, adding more red mud would also cause greater pollution 
of the water. Therefore, in the subsequent experiments, when we explored the combination of red 
mud and NaOH to adjust pH, the adsorption performance of red mud during the adjustment of pH 
was retained. Fe + AsO		 → FeAsO ↓ (1) Fe + 3OH → Fe(OH) ↓ (2) 

Table 2. Effect of reagent addition sequence on arsenic removal. 

Agent Addition Sequence Fe3+ + NaOH Fe3+ + Red Mud Red Mud + Fe3+ NaOH + Fe3+ 
As concentration after reaction 

(mg/L) 
11.98 ± 0.23 13.14 ± 0.31 29.79 ± 0.82 49.54 ± 1.52 

Arsenic removal (%) 97.60% 97.37% 94.04% 90.09% 

In order to study the effect of red mud addition on arsenic removal, the following experiment 
was performed. A total of 1 g/L Fe3+ was added into 100 mL arsenic-bearing solution (500 mg/L), 
followed by adding 0, 20, 40, 60, 80, and 90 g/L red mud, respectively. Then, NaOH was added to 
adjust the pH at 7. The results shown in Figure 2 indicate that the red mud addition has great 
influence on arsenic removal. The arsenic concentration after reaction in particular declines from 
68.95 to 14.94 mg/L with the addition of red mud from 0 to 90 g/L, and the arsenic removal efficiency 
increases from 84.21% to 97.01%. The main reason is that a large amount of red mud contributes to 
the adsorption of arsenic. 

 
Figure 2. Effect of red mud dosage on arsenic removal. 

In order to study the effect of the pH of the arsenic-containing solution on arsenic removal, the 
following experiment was performed. A total of 4.55 g of iron sulfate powder and 1 g of the original 
red mud were added to a beaker containing 1 L of 500 mg/L arsenic solution, followed by adding 1 
mol/L NaOH solution. The effect of pH on arsenic removal is shown in Figure 3. When the additional 
amount of NaOH was less than 12 mL (pH < 2), the arsenic removal effect was very poor, and the 
arsenic concentration in the solution remained almost unchanged; when 18–46 mL of NaOH was 
added, the pH changed from 1.46 to 6.26, and the arsenic removal efficiency was greatly improved 
with the increase of the NaOH amount. Among them, in the pH range of 2 to 6, the arsenic removal 
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became very fast, which should be attributed to the increase of arsenite anions in solution with 
increasing the pH, achieving a high supersaturation of ferric arsenite [30]. When pH reached 7, the 
arsenic removal was complete. 

 
Figure 3. Effect of NaOH dosage on arsenic removal. 

The arsenic removal was affected by both the initial arsenic concentration and the molar ratio of 
Fe/As. In order to study the effect of the initial arsenic concentration on arsenic removal, the following 
experiment was conducted: 4.55 g of iron sulfate powder and 1 g of the original red mud were added 
to a beaker containing 1 L of the prepared arsenic solution. The concentration of the prepared arsenic 
solution was 100, 300, 500, 600, 800, and 1000 mg/L, while the molar ratio of Fe/As was 10, 3.3, 2, 1.67, 
1.25, and 1.0, respectively. The NaOH was added to adjust the pH to 7. Results are shown in Figure 
4.  

 
Figure 4. The arsenic removal of red mud/Fe1−x(As)x(OH)3 at different Fe/As molar ratio. 

Figure 4 shows that when the molar ratio of Fe/As is below 3, the arsenic removal efficiency 
increases with the increasing of the molar ratio of Fe/As. When the molar ratio of Fe/As is more than 
3, the increase of iron does not promote arsenic removal efficiency. The main reason is that the arsenic 
can be removed completely by forming ferric arsenite precipitates with an Fe/As molar ratio of more 
than 3:1 [31,32]. 

3.2. Sedimentation Performance  
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In order to explore the possibility of further industrial application of the red mud/Fe1–x 

(As)x(OH)3, the sedimentation performance of arsenic removal residues was studied. We evaluated 
the sedimentation performance of the arsenic removal residues by measuring the turbidity of the 
supernatant after the reaction for a certain period of time. The turbidity of the sample was inferred 
by measuring the absorption value of the supernatant with ultraviolet spectrophotometry. The 
greater the absorption intensity, the higher the turbidity of the supernatant, as the more solid matter 
there was in it. The supernatant of the reaction system was analyzed via UV spectroscopy with 185–
700 nm wavelength, as shown in Figure 5. 

According to Figure 5, it is preliminarily determined that with the increase of sedimentation 
time, the supernatant becomes clearer, and the absorption value of light gradually decreases. In 
Figure 5, the peak value and peak area of the absorption intensity were reduced. In addition, the 
sedimentation performance of the system with 0.1 g of red mud was always better than that of the 
sample without red mud at the same time, indicating that the red mud improved the sedimentation 
performance of arsenic removal residues. The formation and aggregation of the ferric arsenite on the 
surface of the red mud particles is significantly beneficial for enhancing the sedimentation 
performance of the arsenic removal residues. Additionally, the little amount of residual flocculant in 
red mud may played a certain role in sedimentation performance. This solved the problem of 
settlement difficulties when colloidal ferric arsenite is formed. In summary, the red mud/Fe1-x 

(As)x(OH)3 not only had a good arsenic removal effect but also showed good sedimentation 
performance, and had positive industrial application prospects. 

 
Figure 5. Ultraviolet spectrum of the supernatant in the sedimentation experiment. 

3.3. Characterization of Red Mud and Arsenic Removal Residues  

As shown in Figure 6, the XRD pattern of the arsenic removal residues produced in the arsenic 
removal experiments cannot indicate the presence of ferric arsenite in the arsenic removal residues 
because ferric arsenite is amorphous in structure. In Table 3, X-ray fluorescence spectrometry analysis 
of the original red mud shows that the red mud mainly contains elements such as oxygen, iron, 
aluminum, sodium, silicon, titanium, and calcium, and a large amount of arsenic is enriched in the 
arsenic removal residues. 

Table 3. Analysis results of main chemical elements of the arsenic removal residues (%). 

Element O Na Al Si P S Ti Fe As 
arsenic removal residues 26.87 0.93 3.85 2.62 0.05 0.24 1.75 41.61 21.45 
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Figure 6. XRD of the arsenic removal residues. 

The original red mud and arsenic removal residues were analyzed by XPS. The analysis objects 
were As3d, Fe2p, O1s, C1s, and the carbon element was used as the background to eliminate the 
error. The results are shown in Figures 7–10, and Table 4. The As3d, Fe2p, O1s peaks were de-
convoluted, and the corresponding curve-fitting parameters are summarized in Table 5. 

According to Figure 7, in the specific binding energy interval, the original red mud shows no 
arsenic peak, while the peak of the arsenic appeared in the arsenic removal residues with the binding 
energy at 44.39 eV and the peak value at 7736.29. Comparing with the standard arsenic peak, it was 
found that the arsenic ions on the surface of the arsenic removal residues mainly exist in the form of 
III valence. In Table 4, the original red mud contains a large amount of element such as oxygen, 
carbon, and iron, while a large amount of arsenic was found in the arsenic removal residues. 

 
Figure 7. XPS spectrum of the original red mud/ arsenic removal residues. 

Table 4. XPS element analysis results. 

 Original Red Mud Arsenic Removal Residues 
Name Peak BE (eV) Atomic (%) Peak BE (eV) Atomic (%) 

C1s 284.8 20.28 284.8 22.71 
O1s 531.18 70.76 530.9 52.41 
Fe2p 710.6 8.96 711.51 14.76 
As3d - - 44.39 10.11 

  



Minerals 2020, 10, 583 8 of 12 

 

Table 5. XPS peak parameters for Fe 2p, As 3d, O1s spectra [33,34]. 

Spectral Peak Binding Energy (eV) FWHM Chemical States 
Fe 2p3/2 
Fe 2p3/2 
Fe 2p1/2 
Fe 2p1/2 

711.98 
711.04 
724.51 
723.22 

3.85 
3.78 
14.60 
14.72 

FeOOH 
Fe2O3 

FeOOH 
Fe2O3 

As 3d5/2 44.39 1.67 As(III)–O 
O 1s 529.5 1.25/0.7 Lattice oxygen (O2– ) 
O 1s 531.2 1.62/2.15 Hydroxyl oxygen (OH– ) 
O 1s 532.9 1.50 Attached water (H2O) 

The XPS spectra of As3d peaks of arsenic removal residues, ranged from 42.02 to 47.37 eV (Figure 
8) and the peak was located at 44.39 eV, which indicated that the valence state of As in arsenic removal 
residues is +3 [35].  

 
Figure 8. As3d spectrum chart of the arsenic removal residues. 

According to Figure 9, at specific binding energy intervals, the peak value of iron ions in the 
arsenic removal residues is significantly higher than that of the original red mud, which resulted 
from the addition of a large amount of ferric iron to the test. Through comparative analysis, it was 
found that the peak of iron ions had shifted. 

 
Figure 9. Fe2p spectrum chart of the original red mud and the arsenic removal residues. 
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The XPS spectra of O1s peaks of red mud and arsenic removal residues are provided in Figure 
10. The binding energy of O1s of red mud at 529.5, 531.2, and 532.9 eV was mainly associated with 
O2– in oxide phases, OH– in hydroxide species, and oxygen in water, respectively [36,37]. It can be 
found that the XPS peak of oxygen ions in the arsenic removal residues shifted significantly. We can 
infer that the increase of hydroxide species on the surface could contribute to the generation of ferric 
hydroxide. 

 
Figure 10. O1s spectrum chart of the original red mud and the arsenic removal residues. 

The Raman spectra of the original red mud and arsenic removal residues (Figure 11) show that 
the Raman peak of iron ions is significantly enhanced, confirming the formation of Fe1−x(As)x(OH)3 
which attached on the red mud surface. At the same time, a new wide Raman band appeared at 803 
cm−1 in the arsenic removal residues, which can be attributed to the stretching vibration of the As–O 
bands, which also confirms that ferric arsenite was formed [24]. It appears that the arsenic ion is 
separated from the solution by generating Fe1−x(As)x(OH)3 on the red mud surface. 

 
Figure 11. Raman spectrum of the original red mud/arsenic removal residues. 
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As shown in Figure 12, in the SEM images with magnification of 1000, the original red mud is 
dispersed as fine particles with a relatively uniform particle size, whereas agglomerated amorphous 
particles appear in the arsenic removal residues. In the image with a magnification of 10,000, the 
particles in the original red mud are more dispersed, and the fine-grained particles tend to aggregate 
together. Whereas the particles in the arsenic removal residues are large, there are some smaller 
amorphous substances attached on the surface of those large particles, which verifies the formation 
of amorphous Fe1−x(As)x(OH)3 on the red mud particles. It also demonstrates that the generation of 
red mud/Fe1−x(As)x(OH)3 enhances the agglomeration of particles. 

 
Figure 12. SEM of the solid surface before and after As removal (A,B—original red mud; C,D—arsenic 
removal residues). 

4. Conclusion 

Using red mud and ferric solution as raw materials, arsenic was efficiently removed from a high-
concentration arsenic (III) solution by forming ferric arsenite on a red mud surface. At the Fe/As 
molar ratio of 3, the removal efficiency of the arsenic ions at 500 mg/L reached 98%. The ferric arsenite 
was generated on the surface of red mud to form red mud/Fe1−x(As)x(OH)3, and it was further 
aggregated to larger particles, which improved the sedimentation performance of the arsenic removal 
residues. The red mud was mainly used as the carrier of the arsenic removal residues. Additionally, 
both the alkalinity of red mud and the adsorption of arsenic on its surface played a role in the process.  
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