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Abstract
In this work red mud, a highly alkaline waste product generated during alumina production process, was valorised as a source 
of valuable metals and as an adsorbent material. A hydrometallurgical process was developed in order to recover titanium 
from red mud. By a leaching step with hydrochloric acid followed by ammonia precipitation and a further purification step 
by solvent extraction with Cyanex 301 using toluene as a solvent, quantitative recovery of titanium with a high purity level 
(> 95%) was achieved. Red mud adsorption properties were also tested for metal removal from aqueous solutions. The 
results showed the red mud potential in applications such as environmental remediation. The adsorption order was found 
to be: iron > lead > copper > manganese, zinc. Red mud can be thus potentially valorised both as a source of secondary 
titanium and as an adsorbent material, according to the principles of Circular Economy which promote waste reduction and 
the preservation of natural resources.
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Introduction

Red mud is an industrial residue generated during the Bayer 
process of alumina production (Jones and Haynes 2011). 
For each ton of alumina, approximately 1–1.5 metric tons of 
red mud are produced (Kumar et al. 2006). About 140 mil-
lion tons of bauxite residue are generated every year, which 
are normally placed in huge tailing ponds in contact with 
the atmosphere or discharged into the sea, often in a non-
controlled manner (Evans 2016; Power et al. 2011; Borra 
et al. 2015). The median particle size of red mud is normally 
in the range of 5–10 µm; however, the breadth of particles 

is both very broad ranging from coarse sandy grains about 
1 mm in size down to sub-micron particles. This extremely 
fine structure, the high pH (about 12), and the presence 
of metals and metalloids make it an hazardous matrix for 
human health and the environment. For these reasons, there 
is a urgent need for better management strategies of this 
residue.

A number of studies are focused on red mud valorisation 
as a source of secondary raw materials (Alkan et al. 2017a, 
b; Lim and Shon 2015; Zhang et al. 2019; Borra et al. 2015; 
Rivera et al. 2018; Bonomi et al. 2018; Zhu et al. 2015). In 
the work of Borra et al. (2015), rare earths (REEs) leach-
ing was investigated with different mineral acid; dissolution 
with hydrochloric acid (HCl) was high (about 80%) com-
pared to other acids, but significant co-dissolution of iron 
(Fe) occurred (about 60%). Sodium (Na) and calcium (Ca) 
were completely dissolved during leaching, while dissolu-
tion of aluminium (Al), silicon (Si) and titanium (Ti) was 
between 30 and 50%. In the work of Rivera et al. (2018), 
leaching of selected REEs by dry digestion method followed 
by water leaching was investigated. The authors found out 
that dissolution of silica is limited to less than 5 wt% by 
applying a two-step process based on dry digestion of red 
mud with HCl or sulphuric acid  (H2SO4) followed by water 
leaching. High extraction of the REEs were achieved with 
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the HCl-based dry digestion method; the concentration in 
the leachate was limited to approximately 6–8 mg  L−1, but 
it was increased by applying multi-stage circulation of the 
acid leaching solution. Alkan et al. (2017a) focused on Ti 
leaching from red mud and found out that sulphuric acid is 
the best candidate for the red mud treatment in terms of Ti 
leaching efficiency, which was 67.3% after 2 h. In another 
work, the authors proposed a pretreatment step based on 
smelting of the red mud at T = 1500–1550 °C to improve 
the efficiencies of scandium (Sc) and Ti with lower acid 
consumption; smelting allowed recovering Fe to the metal 
phase and concentrating other major and minor elements in 
the slag (Alkan et al. 2017b). In the work of Lim and Shon 
(2015), the effects of various parameters were investigated 
for the leaching of Fe, Al and Ti from red mud. It was found 
that the ones which mostly influence the leaching efficiency 
were ultrasound power, acid concentration and reaction tem-
perature and that the proper conditions are ultrasound power 
of 150 W, sulphuric acid concentration of 6 N, reaction tem-
perature of 70 °C, solid-to-liquid ratio of 2%, and reaction 
time of 2 h. Zhang et al. (2019) proposed an approach to 
selectively recover Fe and REEs from red mud through acid 
leaching with HCl proposed followed by solvent extraction 
with Aliquat 336. HCl was effective for efficiencies of most 
of the elements (Fe, Al, Sc, La, Ce, Nd and Y); however, 
only 68.3% Ti was leached. Aliquat 336 showed excellent 
extraction performance of Fe in chloride-rich solution while 
the loss of other metals was less than 10%. In the work of 
Bonomi et al. 2018, red mud was directly leached using the 
Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium 
hydrogensulfate. High recovery yields of Sc (nearly 80%) 
and Ti (90%), almost total dissolution of Fe and 30–40% 
dissolution of Al and Na was achieved. Si and REEs dissolu-
tions were found to be negligible, whereas Ca was dissolved 
and re-precipitated as  CaSO4. Zhu et al. (2015) investigated 
the recovery of Ti with citric acid in sulphuric acid. The 
results show that citric acid increased Ti recovery (from 65 
to 82%) and decrease the consumption of sulphuric acid.

Red mud can be considered as an alternative to ex situ 
remediation process due to its capability to neutralise matri-
ces with acidic pH; given its high concentrations of Al, Fe, 
Ti and silica oxides and hydroxides, red mud may be devel-
oped as a cheap adsorbent for the removal of various ions 
from aqueous solution and soils (Rai et al. 2012; Wang et al. 
2019). Surface modification of red mud by acid activation, 
alkali activation and heat treatment is often adopted in order 
to improve its adsorption capacity (Wang et al. 2019). In 
the work of Salim et al. (2018) the potential of red mud for 
nitrogen (N) and phosphorus (P) removal in petrochemical 
industry wastewater was investigated; the maximum adsorp-
tion of N and P was observed by acid treatment adsorbent 
(68.75% and 63.16%, respectively). Activated red mud, 
obtained by acid dissolution and ammonia treatment, was 

used as an adsorbent for chromium (Cr), copper (Cu) and 
lead (Pb) removal from industrial effluents by Tsamo et al. 
(2018), while Duan et al. (2016) investigated the removal of 
cadmium (Cd) from aqueous solutions using red mud acti-
vated by  H2O2.

In the present work, red mud was valorised both as a 
source of secondary raw materials and as an adsorbent 
material. This approach is in accordance with the princi-
ples of Circular Economy, which promote waste reduction 
and the development of processes where pressure on natu-
ral and freshwater resources as well as ecosystems is mini-
mised (European Commission 2019). The research activity 
reported in this paper has been performed in the ENEA labo-
ratory facilities (Rome, Italy) during year 2019.

Materials and methods

Characterisation of red mud

About 10 kg sample was collected from a settling tank at 
Eurallumina S.p.A. (Portovesme, Sardinia). Water content 
was determined by comparing two techniques: drying until 
constant weight in an oven at T = 40 °C and lyophilisation 
(lyophilisator LIO-5P with pump Edwards). In both cases, 
a certain amount of sample was weighted before and after 
the treatment and water content was determined from the 
weight difference.

After drying, sample was milled in a planetary mill 
(Retsch PM100) in order to homogenise it. Milling condi-
tions were: 10 min milling time, 300 rpm speed and rota-
tion inversion every 2 min (with no interruption). This dried 
sample was used as starting materials for the following tests 
and defined in the text as ‘initial sample’.

pH was determined according to the soils methodology 
(DM 13 September 1999), after contacting the dried sample 
with distilled water at 1/2.5 solid-to-liquid (S/L) ratio under 
agitation for 2 h and subsequent sedimentation for 30 min. 
pH measurements were performed by using a Thermo Orion 
Star A111 pH meter.

Organic and inorganic carbon was determined on 4 
portions of the initial sample of about 30–40 mg using a 
Shimadzu Total Organic Carbon (TOC) analyser (module 
for solids). Measurements were performed at two tempera-
ture values: 900 °C in order to determine the concentra-
tion of organic carbon (catalytic oxidation of C into  CO2) 
and 200 °C to determine the inorganic carbon (samples was 
treated with phosphoric acid and inorganic C was deter-
mined as  CO2 released). After lyophilisation and homog-
enization, sample was analysed through infrared (IR) spec-
trophotometer (Miracle 10 Shimadzu) in order to verify 
the presence of functional groups of the organic fraction. 
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Sample was subjected to 45 scans with resolution 4 cm−1, 
in the range of frequencies 500–5000 cm−1.

Thermoanalysis was performed by using a thermobalance 
(Mettler-Toledo, TGA/DSC model). Samples were put into 
an aluminium crucible and subjected to the following tem-
perature program: from 25 to 1400 °C at 5 °C  min−1 rate and 
80 mL min−1 air flow.

Chemical composition was investigated by scanning elec-
tron microscopy/energy-dispersive X-ray analysis (SEM/
EDS).

Metal content was determined by mineralisation using 
a Milestone S.r.l. START D Microwave Digestion System. 
About 50, 100, 150 and 200 mg sample were treated with 
8 mL nitric acid  (HNO3) (65 wt%) and aqua regia. The best 
results were obtained at aqua regia S/L = 1/40; the solutions 
were analysed with atomic absorption spectroscopy (AAS, 
Shimadzu 6300) and microwave plasma-atomic emission 
spectrometry (MP-AES, Agilent 4100). Before the analy-
sis, all solutions were centrifuged and separated from the 
solid by vacuum filtration by using paper filters (0.45 µm). 
The insoluble residue was collected from the filter and sub-
jected to a second filtration; the analyses showed that the 
first solubilisation brought into solution 99 wt% of the solu-
ble chemical species.

In this work, all experiments were carried out at least in 
quadruplicate as a check on the experimental technique and 
precision, and the experimental results agreed within ± 5% 
as a percentage error. This error was evaluated considering 
the total experimental error (systematic plus random error).

Titanium recovery by hydrometallurgy

Leaching tests were performed with different leaching 
agents:  HNO3,  H2SO4, HCl, EDTA and aqua regia. Sam-
ples were contacted with the leaching agent in plastic 
bottles placed on a horizontal mechanical shaker. The 
following operative conditions were used for the leach-
ing: P = P atm, room temperature (T = 25 °C), S/L = 1/10, 
agitation speed = 150 rpm, t = 24 h. The liquid phase was 
afterwards separated from the solid residue by centrifuga-
tion (t = 10 min, 4000 rpm. The supernatant was filtered 
(0.45 µm) in order to determine the leaching efficiency 
EL(%), which was calculated according to Eq. (1):

where mL is the mass of the dissolved metal and m0 is the 
mass of metal in the initial sample.

The insoluble residues were washed, dried in an oven at 
T = 45 °C for 24 h and weighted. In order to identify the opti-
mal conditions for the selective separation of Ti, tests on a 
solution with known concentration of Fe (6000 mg  L−1) and 

(1)E
L
(%) =

m
L

m
0

⋅ 100

Ti (500 mg  L−1) were performed; these concentration values 
were selected because they resembled the stoichiometric ratios 
of the real leachate.

Precipitation tests were performed with several precipitat-
ing agents in stoichiometric excess, such as oxalic acid, ace-
tic acid, sulphuric acid, tartaric acid, thiosulfate, iodide and 
ammonia. The solution was afterwards centrifuged, and the 
supernatant was analysed by AAS and MP-AES in order to 
determine the precipitation percentage.

The obtained precipitate was separated from the solution 
by centrifugation and then re-dissolved in HCl 0.10 mol  L−1. 
The aqueous phase was then contacted with an organic phase 
constituted by 0.1 mol  L−1 Cyanex 301 (structural formula 
shown in Fig. S1) in limonene for 20 min (Deep et al. 2001). 
The organic/aqueous (O/A) volume ratio was 1/1. Solvent 
extraction (SX) tests were performed in glass vials placed on a 
mechanical horizontal shaker at room temperature (T = 25 °C). 
The two phases were afterwards separated and characterised 
in order to determine the extraction efficiency. The loaded 
organic phase was then contacted with a fresh aqueous phase 
constituted by 3%  H2O2 + 0.5 mol  L−1  H2SO4 during the 
stripping tests, which were performed at room temperature 
(T = 25 °C) for 5 min (repeated two times) and at O/A = 2/1.

Study of the adsorption capacity of red mud

The possibility to use red mud as adsorbent material was here 
studied. Because of its high alkalinity and the presence of 
adsorbed sodium, the sample was first washed until neutral 
pH with distilled water and then dried at T = 80 °C until con-
stant weight.

Adsorption tests were performed in batch by contacting 
known amount of sample with solutions with known con-
centration of Fe, Pb, Cu, Mn and Zn, selected by taking into 
account their significant presence in contaminated environ-
mental systems, their different chemical properties (charge, 
mass, iodic radius) and their origin (mineralogical for Mn and 
Fe and anthropic for Pb, Cu and Zn). Adsorption tests were 
performed in beakers and under agitation (through magnetic 
stirrer), at P = P atm and room temperature (T = 25 °C), by 
varying the contact time (t = 1, 3, 6, 24 h), the metal concen-
tration in the feed (100, 1000 and 4000 mg  L−1 solutions) and 
the S/L ratio (S/L = 1/10 and 1/20). Samples were afterwards 
centrifuged (Nuve NF800 centrifuge, t = 5 min, 4000 rpm); 
the supernatant was afterwards filtered by using paper filters 
(0.45 µm) and analysed by AAs and MP-AES.
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Results and discussion

Characterisation

Water content in the red mud sample obtained by dehydra-
tion method and by lyophilisation was 31.5 ± 0.5 wt% and 
31.0 ± 0.5 wt%, respectively. A good reliability with respect 
to the error on the specific technique and good correspond-
ence between the two methods was thus observed.

Organic and inorganic carbon content was 0.54% ± 0.01 
wt% and 0.40% ± 0.01 wt%, respectively, which showed the 
low carbon content in the matrix. The organic component 
might be due to interaction with biosphere in the decanta-
tion tanks, while the inorganic content might be due to the 
carbonation process, which is typical of basic matrices in 
contact with atmospheric  CO2.

pH was 8.85 ± 0.02, showing the partial stabilisation 
of the mud. The red mud sample was, in fact, produced in 
year 2009 and over time it underwent a natural carbonation 
process due to the contact with atmospheric  CO2, which 
reduced the initial pH.

The thermogram (Fig.  1) shows a weight loss of 
about 9% in the temperature range 25–700 °C due to the 
loss of the interstitial water (first part of the temperature 
range until about 150 °C) and of the chemically bounded 
water (150–700 °C); the loss of about 10% in the range 
600–1250 °C is instead due to calcite and aluminium silico-
carbonates decomposition (Borra et al. 2015).

Sample shows a wide particle size distribution, from 
hundreds μm until few dozen nm (Figure S2). As shown 
in Figure S3-4, several elements are present in the sample. 
EDS analysis showed the presence of O, Al, Na, Ca, Ti, Mg, 
Si, S, Cl, K, Fe and traces of Mn, V, Cu, Zn, Ba (associated 
with a S). In some particles Zr was found (associated with 
Si) and Ce.

Metal composition determined after dissolution in aqua 
regia is reported in Table 1. These tests report the error 
(range) calculated by taking the difference between the max-
imum and minimum values in the data set divided by two. It 

Fig. 1  Thermogravimetric analysis performed through TGA/DSC

Table 1  Concentration values (mg g−1) after mineralization with aqua 
regia and nitric acid (65 wt%) at S/L = 1/40

Element Aqua regia HNO3

Mn 0.40 ± 0.01 0.29 ± 0.02
Ga 0.28 ± 0.01 0.21 ± 0.01
Ba 0.17 ± 0.01 0.07 ± 0.01
Sr 0.13 ± 0.01 0.060 ± 0.008
V 0.80 ± 0.01 0.40 ± 0.01
Fe 159 ± 3 157 ± 7
Al 105 ± 2 104 ± 8
Ca 38 ± 1 34.6 ± 0.7
Ti 17.0 ± 0.4 15.0 ± 0.4
Mg 4.7 ± 0.1 4.1 ± 0.2
Cr 1.6 ± 0.1 1.4 ± 0.1
Si 83 ± 2
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was found that Fe, Al, Ca and Ti are the most abundant ele-
ments. Y, Zn, Cd, Si, Pb, Pd, Tb, Pr, Nd, Sb, Dy, Sm, Co, B, 
As, Ir, Pt, Au, Ag, Sn concentration resulted to be < 0.01%. 
Aqua regia allowed solubilizing a higher amount of Ti, V, 
Mn, Ba, Sr and was thus selected as the optimal one for the 
mineralization step. In particular, Ti content was found to 
be 17 mg g−1, corresponding to 1.7 wt%.

Titanium recovery by hydrometallurgy

The relatively low content of Ti found in the selected red 
mud sample (1.7 wt%) might be significantly higher in red 
mud with different origin: it has been reported that  TiO2 
concentration can be up to 25 wt% (Rai et al. 2012). For 
this reason, it is interesting to evaluate its recovery options. 
This was done by employing hydrometallurgical techniques, 
which normally consist in a leaching step followed by a sep-
aration/purification step aimed at metal recovery.

As shown in Table 2, the best leaching agent resulted 
to be HCl (S/L = 1/10). Several tests were then performed 
with different HCl concentration values (Table 3) to identify 
the most effective one, by keeping constant the S/L at 1/10. 
It was found that 12 mol  L−1 HCl allowed solubilising the 
highest amount of metals and especially Ti.  

Ti recovery from the HCl leachate was then investigated 
by precipitation. From the experimental tests performed 
with a stoichiometric excess of precipitating agent it was 
found that thiosulfate allowed precipitating only part of Ti 
and Fe, while quantitative precipitation was achieved with 
ammonia; the other precipitating agents were not effective 
(Table 4). Further tests were thus performed to verify the 
effect of pH on the other chemical species due to ammonia 

addition (Fig. 2). It was found that at pH 2.2 Fe and Ti 
quantitatively precipitated, while other elements such 
as Ca and Al (which are present in high concentration) 
remained in solution. Therefore, ammonia precipitation at 
pH 2.2 can be considered an effective method for the sepa-
ration/purification of Fe and Ti. V co-precipitated with 

Table 2  Concentration values in the initial sample (mg g−1) obtained 
after sample dissolution with different leaching agents at S/L = 1/10

Element HNO3 65 
wt%

HCl 37 
wt%

H2SO4 96 
wt%

aqua regia EDTA

Fe 8.4 156 104.3 140.5 0.5
Al 76.1 82 82.6 72.7 30.2
Ca 28 27 18.2 22.3 25.9
Ti 7.5 16 14.9 13.9 0.2
Mg 3.6 4.2 3.6 3.8 0.9
Cr 0.2 1.3 0.6 1.2 0.01
V 0.3 0.8 0.6 0.7 0.1
Mn 0.4 0.4 0.2 0.3 0.1
Ga 0.1 0.3 0.2 0.3 0.02
Ba 0.1 0.1 0.1 0.1 0.02
Sr 0.1 0.1 0.03 0.1 0.01
Ni < 0.01 0.02 0.02 0.02 0.01
Cu 0.01 < 0.0012 < 0.01 < 0.01 < 0.01
Si 0.1 < 0.012 < 0.01 < 0.01 11.8

Table 3  Leaching efficiency (%) 
using HCl as a function of the 
concentration at S/L = 1/10

HCl concentra-
tion (mol  L−1)

Element 12 6 1.2
Fe 98 97 1
Al 79 88 69
Ca 71 66 58
Ti 95 71 7
Mg 89 78 65
Cr 81 65 6
V 100 89 6
Mn 100 75 15
Ga 100 68 20
Ba 59 59 41
Sr 100 100 100

Table 4  Fe and Ti precipitation 
efficiency (%) from the HCl 
leachate as a function of the 
precipitating agent

Precipitating agent Fe Ti

Oxalic acid 0 0
Acetic acid 0 0
Sulphuric acid 0 0
Tartaric acid 0 0
Thiosulfate 20 65
Iodide 0 0
Ammonia 100 100
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Fe and Ti; however, the amount of precipitated metal was 
extremely low when compared to the other two elements.

The obtained precipitated was re-dissolved in HCl and the 
leachate was subjected to a separation step by solvent extrac-
tion (Table 5). From the experimental results, it was found 
that Ti/Fe separation is feasible. Even though both elements 
are extracted in the organic phase (Cyanex 301 in limonene), 
during the back-extraction step with 3%  H2O2 + 0.5 mol  L−1 
 H2SO4, 95% Fe remains in the organic phase, while there is 
a repartition of Ti: 50% remains in the organic phase and 
50% in the aqueous phase. To quantitatively recover Ti, it 
is then sufficient to repeat the stripping step more than one 
time (multiple stages).

Figure 3 shows the flow sheet of Ti recovery process. This 
is based on three main steps aimed at (1) dissolving the ele-
ment of interest by leaching with mineral acids and at their 
recovery/purification by precipitation (2) and solvent extrac-
tion/stripping (3). The process allowed to obtain a product 
with high purity: even though Fe behaves like Ti and it is 
co-extracted in the organic phase, it can be easily separated 
in the back-extraction step.

Study of the adsorption capacity of red mud

In paragraph 3.3 the results of the adsorption tests performed 
on red mud samples are reported. As shown in Table 6, when 
using 100 mg  L−1 solutions as a feed, 100% adsorption per-
centage can be achieved for each element without selectiv-
ity; this is because the sample adsorbed lower quantities 
compared to its adsorption capacity. When 1000 mg  L−1 
solutions are used as feed, quantitative adsorption of Pb, Cu 
and Fe is obtained already after 1 h and only small amounts 
of Zn and Mn are adsorbed after 24 h. By increasing the 
feed concentration up to 4000 mg  L−1 and by decreasing 
the S/L ratio to 1/20, it was found that more than 70 mg g−1 
Fe and Pb are adsorbed, if simultaneously present, about 
9 mg g−1 Cu and ≤ 6 mg g−1 Zn and Mn (Table 7). A selec-
tivity was thus observed, which shows a different adsorption 
capacity according to the order: Fe > Pb > Cu > Mn, Zn (as 
mmol g−1).  

These results suggest the possibility to use red mud as 
an adsorbent material in an integrated process aimed at a 
full potential usage of this industrial residue: after Ti recov-
ery from the initial sample, the residue generated from the 
leaching step (see Fig. 3) can be used as adsorbent mate-
rial for waste water treatment, thus avoiding its landfilling/
incineration.

Conclusion

In this work, red mud was valorised as a source of secondary 
raw materials and also as an adsorbent material. Red mud 
characterisation showed the presence of high value-added 

Table 5  Fe and Ti repartition (%) in the organic and aqueous phase 
during solvent extraction and stripping

Element Organic phase Aqueous 
phase

SX Fe 99 1
Ti 99 1

Stripping Fe 95 5
Ti 50 50

Fig. 3  Ti recovery process 
flow-sheet
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elements such as Ti (1.7 wt%) and a hydrometallurgical 
process was here developed for its recovery. It was found 
that leaching with HCl followed by ammonia precipitation 
and solvent extraction with Cyanex 301 allowed quantita-
tive recovery of Ti with purity > 95%. The adsorption tests 
showed that that red mud has a high adsorption capacity for 
Fe (76 mg g−1), Pb (70 mg g−1) and Cu (9 mg g−1) while Zn 
and Mn are adsorbed to a lower extent. Moreover, there is a 
selectivity in the adsorption process when these elements are 
simultaneously present in solution, in particular the adsorp-
tion order is: Fe > Pb > Cu > Mn, Zn. Red mud valorisa-
tion, besides reducing the volume of waste to be disposed 
of and thus containing the environmental pollution, offers 
the opportunity to recover critical raw materials. This is in 
accordance with the principles of Circular Economy, which 

promote waste reduction and the development of treatment 
processes able to meet social, environmental and economic 
needs, by ensuring also the preservation of natural resources.
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Table 6  Metal adsorption 
percentage from multi-element 
solutions of 100 mg  L−1 and 
1000 mg  L−1 (S/L = 1/10)

Element Contact 
time (h)

100 mg  L−1 solution 1000 mg  L−1 solution

Adsorption % Metal adsorbed/g red 
mud (mg g−1)

Adsorption (%) Metal adsorbed/g 
red mud (mg g−1)

Cu 1 100 1 91 8.1
3 100 1 95 8.8
6 100 1 97 8.8

24 100 1 99 8.8
Pb 1 100 1 100 10.7

3 100 1 100 11.1
6 100 1 100 11

24 100 1 100 10.8
Fe 1 100 1 100 6.9

3 100 1 100 7.3
6 99 1 100 7

24 99 1 100 7.1
Mn 1 96 1 6 0.6

3 96 1 0 0.1
6 98 1 4 0.3

24 99 1 11 1.2
Zn 1 100 1 0 0

3 100 1 4 0.4
6 100 1 20 1.5

24 100 1 42 3.4

Table 7  Metals adsorption from 4000 mg  L−1 solution of Pb, Cu, Zn, 
Fe, Mn (t = 24 h, S/L = 1/20)

Element Adsorption 
(%)

Metal adsorbed/g red 
mud (mg g−1)

Metal adsorbed/g 
red mud 
(mmol g−1)

Fe 95 76 1.36
Pb 88 70 0.34
Cu 11 9 0.14
Mn 6 5 0.20
Zn 1 0.8 0.01
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included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
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