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e Elements leached from red mud
decrease the viability of MCF-7 cells.

e Elements leached from red mud increase
the formation of reactive oxygen
species.

e Neutralization does not eliminate the
toxicity of red mud.

e Acid activation increases the specific
surface area of red mud.
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GRAPHICAL ABSTRACT

Toxicity and leaching of red mud intended for environmental applications

Red Mud Toxicity studies in vitro
Hazardous waste from alumina production MCF-7 cells
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Conclusion

The elements leaching from red mud may induce toxicity in human cells.

ABSTRACT

Toxicity of red mud, a waste from alumina production, was studied using human breast cancer MCF-7 cells.
Culture medium was prepared by mixing water for 3 days with the red mud and removing solid particles af-
terwards (red mud water). Culture for 48 h of the cells in this medium in neutral pH decreased the cell viability,
as analyzed by the MTT-test, and increased the formation of reactive oxygen species. Thus, neutralization does
not eliminate the toxicity of red mud. In preliminary experiments, a combined effect of five metals (Cr, Li, V, Al,
As) increased the formation of ROS (reactive oxygen species) statistically significantly. Each element separately
did not have a similar effect. In environmental applications, red mud is likely to be used after activation. In this
work, the red mud was activated using hydrochloric acid to study the physical and chemical properties before
and after the treatment. Activation increased the specific surface area of red mud from 16 m? g~! to 148 m? g—1,
which is beneficial in many environmental applications such as in the adsorptive removal of pollutants. After
activation, leaching of some elements from the red mud decreased (e.g. Al from 38.0 to 0.56 mg L™}, As from
21.0 to 2.1 pg LY, V from 172.0 to 29.8 pg L 1) while some increased (e.g. Li from 0.04 to 2.81 mg L™}, Cr from
0.35 to 3.23 mg L™1).

1. Introduction

Utilization of inorganic industrial and municipal waste and side

streams, such as sludges, slags, and ashes, is an important and topical
research field supporting the transition towards circular economy. These
materials can potentially be used in many applications including
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construction materials (Sahu and Patel, 2016; Song et al., 2021; Wang
etal., 2021), and even in environmental protection applications, such as
catalysis and adsorption (Wang et al., 2008). The use of red mud and
similar industrial side streams and wastes in environmental applications
do not consume large amounts of these secondary materials, but they
can still provide environmental and economic benefits by replacing
pristine natural resources (Seelam et al., 2021).

Waste and side stream utilization also enhances the sustainability of
different fields of industries and land construction. Plenty of research is
focusing on the feasibility of secondary materials in different applica-
tions (Mohana et al., 2021; Nasier, 2021), however, it should be kept in
mind that all three aspects of sustainability (economic, environmental
and social) including the environmental and human health effects,
should be considered when evaluating the utilization of the new waste
and side-stream-based materials. Multidisciplinary research is thus very
important.

Red mud, a bauxite residue, is a waste stream formed in the Bayer
process, when aluminum oxide is produced from the bauxite ore (Alam
et al., 2018). Red mud has strong alkalinity (pH 10-13) (Chen et al.,
2022) and it contains heavy metals, rare earth elements (REEs) (Agrawal
and Dhawan, 2021) and sometimes radioactive substances (Chen et al.,
2023). Several studies have been conducted regarding the potential
utilization of red mud, including metal recovery, use as a building ma-
terial, a catalyst, in soil amendment and in wastewater treatment (Alam
etal., 2018; Liu et al., 2011). Before the red mud can be stored or utilized
in different applications, exposure assessment must be carried out, and
the toxicity of the material to human and environmental health must be
studied. People can get exposed to red mud in different ways, e.g., via
the red mud dust spreading in the air near the reclamation areas or by
getting exposed to the red mud containing sludge or water after rain-
water leaching from reclamation to rivers, lakes, and groundwater, or
after an accident (Liu et al., 2021a).

The most severe red mud accident occurred in 2010 in Ajka,
Hungary, when ca. 0.7 million m® of red mud sludge flooded in the
environment due to a collapsed tailings dam (Ruyters et al., 2011).
Acute effects in humans were irritation of eyes and upper airways, and
burn-like damage to tissues (Gundy et al., 2013). Genotoxicity was
studied in the exposed people 4-6 weeks after the catastrophe, but no
spontaneous or bleomycin-induced chromosomal aberrations in pe-
ripheral blood lymphocytes were seen (Gundy et al., 2013). However,
these results do not rule out possible adverse chronic effects of red mud.

Long-term ecological effects of this disaster have also been studied
(Winkler et al., 2018). Biological soil quality was found to be negatively
affected due to the mixture of contaminants and it was stated that soil
contaminated by red mud forms an unstable environment that is an
under constant change (Winkler et al., 2018). In higher plants, red mud
is genotoxic (Misik et al., 2014). In the earthworm Eisenia fetida, red mud
has been shown to cause oxidative stress and impaired reproduction
(Hackenberger et al., 2019). However, more information on toxicity and
mechanisms of toxicity in mammals is needed.

Risk evaluation of red mud use has been conducted by e.g. Arroyo
et al. (2020) who studied the environmental risks regarding using red
mud in bricks and determined the environmentally safe maximum
amounts of RM replacing clay in bricks. Hou et al. (2021) state that using
red mud in ultra-high performance concrete can provide a sustainable
building material solution. Mukiza et al. (2019) have reviewed the use of
red mud in road base and subgrade materials. They conclude that in
addition to the suitable physical, mechanical and durability properties
of red mud, additional research regarding e.g. leaching behavior of red
mud in these applications is needed (Mukiza et al., 2019).

Keeping in mind the potential use of red mud derived materials in
environmental applications, the potential toxicity of red mud needs to
be studied further. In this paper, human MCF-7 breast cancer cells were
used in the evaluation of toxicity of red mud. Justification for the use of
these cells is that they are of human origin, they are easy to culture, and
they retain their characteristics well in culture. In addition, this cell line
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is a well-characterized cell line which we have used successfully in
toxicology studies before (Huovinen et al., 2015; Mohammed et al.,
2020; Tampio et al., 2009). The work focuses especially on the elements
that may leach from the red mud, or red mud derived products during
their use for example in water purification applications or when red mud
is stored. Studying the toxicity of red mud using human cells is novel.
Results gained with human cells are more relevant considering toxicity
on humans than results gained using cells from other species. Red mud
activated by acid (Alvarez et al., 1999) has been used before in our
studies as a catalyst (Paivarinta-Antikainen et al., 2023). This waste
material can be used also in several other applications, such as adsorp-
tion (Wang et al., 2021). In addition to the toxicity studies, preliminary
experiments were conducted to study whether activation of red mud
would reduce leaching of toxic elements.

2. Materials and methods
2.1. Outline of the study

In this multidisciplinary study, methods of both toxicology and
material research were used. The red mud sample received from a Eu-
ropean alumina plant was filtered, washed, and dried before the delivery
to Finland. The red mud was used to prepare red mud water for toxicity
studies, in addition to using it as received and after drying or acid-
activation (Pratt and Christoverson, 1982) in characterization and
leaching studies (Fig. S1).

The most leached elements (see below) from the red mud as received
or considered otherwise significant regarding the toxicity, were selected
for the preliminary cell studies to prepare the model metal solutions. The
toxicity of the red mud water and the prepared metal solutions was
studied in human MCF-7 breast cancer cells. The cells were cultured in a
Dulbecco’s Modified Eagle medium (DMEM) 1) that was prepared in
water mixed with red mud or 2) containing elements known to leach
from the red mud or 3) as the control, containing only the normal in-
gredients for cell culture. As indicators of cell toxicity, cell viability by
an MTT-test and the formation of reactive oxygen species (ROS) were
analyzed.

Physical and chemical properties of the red mud as received and the
activated red mud were compared using XRF (X-ray fluorescence), XRD
(X-ray diffraction), nitrogen physisorption and FE-SEM (Field Emission
Scanning Electron Microscope).

2.2. Preparation of red mud containing medium (DMEM-red mud-water)

There are no standard methods for the treatment of red mud to study
the toxicity of leached compounds. Therefore, we developed a method,
where first 50 g of red mud was mixed with 0.5 L ultrapure water (100 g
L™ for 3 day at room temperature. After 2-3 h of settling, the water on
top of the red mud sediment was removed using pipette and the su-
pernatant was centrifuged (2000 rpm for 10 min) to separate the solids.
Before the use in the cell culture medium, the pH of the red mud water
was adjusted with HCI to ca. pH 7 and filtered with syringe filters (Supor
(Hydrophilic polyethersulfone), Acrodisc®, 0.2 pm, Syringe Filter, Pall
Life Sciences). Adjustment of pH ensures the living conditions for the
cells and filtration removes contaminants (e.g., bacteria, yeast) that can
disturb the growth of the cells. Exposure medium containing red mud
water was prepared by dissolving DMEM as powder (13.5 g L™}, Sigma,
with 4.5 g L™! glucose, 1-glutamine, and sodium pyruvate) in the red
mud water, with the following additions: 10 pg mL™! gentamicin
(Gibco), 0.375% NaHCOs3 (Gibco), 4.5 ug mL " linsulin (Sigma-Aldrich)
and 9% FBS (Sigma-Aldrich). Different dilutions of the DMEM-red mud-
water for the cell culture were prepared by diluting the medium with
pure DMEM. Pure DMEM was used as the control medium. Pure DMEM
was prepared similarly but separately for the experiments with the red
mud water (control medium I) and for the experiments with the model
metal solutions (control medium II).
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convert MTT to purple colored formazan whereas damaged mitochon-
dria lose this ability. The cells were cultured in DMEM-red mud-water or
metal containing medium for 48 h after which the exposure medium was
discarded, and the 0.5 mg mL~! MTT-containing medium was pipetted
in the wells. Incubation was continued at 37 °C for 2 h. Thereafter, the
medium was removed, and formazan crystals were dissolved in
SDS-DMEF-buffer (pH 4.7). The absorbance of formazan was measured
by an ELx 800 plate reader (Biotek Instruments, Inc.) at the wavelength
of 570 nm. The measured absorbance is proportional to the number of
viable cells and results were expressed as a percentage of the control.

2.5.3. Measurement of reactive oxygen species (ROS)

The production of reactive oxygen species (ROS) was measured with
a 2/,7'-dichlorodihydrofluorescein diacetate (H,DCFDA) method (Loik-
kanen et al., 2003; Tampio et al., 2009). The esterase activity in the cells
results in the formation of water-soluble nonfluorescent 2’,7’-dichlor-
odihydrofluorescein (H,DCF), which is rapidly oxidized in the presence
of ROS to highly fluorescent 2',7'-dichlorofluorescein (DCF). After a
48-h exposure to DMEM-red mud-water or metal containing medium,
the exposure medium was replaced with the Hank’s buffered salt solu-
tion (HBSS) loading buffer (137 mM NaCl, 1.3 mM CaCly, 5.4 mM KCI,
0.44 mM KH;PO4, 4.2 mM NaHCOs3, 0.34 mM NapyHPO4, 5.6 mM
glucose, 10 mM HEPES, pH 7.4) containing 5 pM of HoDCFDA. The cells
were protected from light and incubated for 30 min at room tempera-
ture. DCF fluorescence (Fros) was measured with a VICTOR2 1420
multilabel plate reader (PerkinElmer, USA) at an excitation wavelength
of 485 nm and an emission wavelength of 535 nm. After the measure-
ment, 1.25 mM propidium iodide (PI) and 8.5 mM digitonin (DI) were
added into each well and incubated for 20 min in the dark at room
temperature. The fluorescence (Fyax) was measured at an excitation
wavelength of 531 nm and an emission wavelength of 615 nm. When
calculating the results, background fluorescence was subtracted from
the corresponding fluorescence values of the samples, and the values
were then normalized to total cell number by dividing the DCF fluo-
rescence values (Frpg) by the maximum fluorescence values (Fyax). The
final value of ROS production was expressed as percentage of control. 3,
4-Dichloroaniline (DCA) was used as a positive control in the ROS assay.

2.5.4. Statistical analysis

The cell viability and the ROS results are expressed as the mean + SD
(standard deviation). The statistical significance was analyzed with one-
way ANOVA followed by the Dunnett’s multiple comparison test in all
comparisons. The statistics were conducted with GraphPad Prism 5.03
(Graph-Pad Prism software, San Diego, CA). The P values of <0.05 were
considered as statistically significant.

2.6. Activation of red mud

Activated red mud (ARM) was prepared to represent an example of
pre-treated red mud in this study. Activation of the red mud was con-
ducted according to the dissolution/precipitation method originally
developed by Pratt & Christoverson (Pratt and Christoverson, 1982). A
5 wt-% red mud mixture was prepared in distilled water and a sludge
was formed via stirring. Next, 7.6% (Pratt & Christoverson (Pratt and
Christoverson, 1982) 8 wt-%) of hydrochloric acid (HCl, >37%, Merck)
was added and the mixture was boiled for 20 min under stirring. The
volume of the mixture was then increased up to 1.3 L using distilled
water (Pratt and Christoverson, 1982), and the pH was adjusted to 8
using ammonium hydroxide solution (Ammonia solution 25% for
analysis, Merck). The suspension was kept at ~50 °C and stirred for 10
min. Red mud was filtered and washed with distilled water (40 °C, 3 x
50 mL). Finally, the resulting activated red mud was dried at 110 °C
overnight and calcined at 500 °C for 2 h. The mass loss in calcination
was ca. 8%. This material was used in the leaching experiments, and it
was characterized with the same methods as the red mud as received.
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2.7. Leaching and characterization of red mud

The leaching of elements from the red mud as received and the
activated red mud was evaluated in preliminary batch experiments. 4 g
of red mud or activated red mud was mixed with 40 mL of MilliQ water,
resulting in solid-liquid ratio of 100 g L™!. The sample bottles were
agitated for three days. After this, the samples were settled and filtered
before analyzing them with ICP-MS as described above. In the leaching
experiments described here, also the sample red mud as received was
studied again along with the ARM sample. The volume in the leaching
experiments (4 g of red mud as received or ARM, 40 mL water) was
different compared to the preparation of red mud water used in the
toxicity experiments due to the limited amount of activated red mud
available. The leaching properties of red mud as received and the acti-
vated red mud were compared in the experiment described here. The
procedure used in this experiment was slightly different compared to the
preparation of the red mud water. The leaching experiments of these
preparations were carried out at the same time using the same equip-
ment for both samples, and are thus comparable.

XRF (X-ray fluorescence) Spectrometer (PANalytical AXIOSmAX 4
kW PW2450 (Omnian software)) using a loose powder method was used
for determining the chemical composition of the red mud samples.

XRD (X-ray diffraction) was applied for determining the crystalline
phase composition of the samples. Rigaku SmartLab 9 kW with 40 kV
and 135 mA X-Ray (with a rotating Co anode) was used. The scan speed
was 4.0628°min ", step width 0.0200° and scan range from 5 to 130°.
Analysis of the results was performed using the PDXL2 software with
integrated access to the ICDD (International Center of Diffraction Data)
PDF-4+ 2019 and 2021 RDB databases. Quantification of crystalline
phases mass ratios was done with the Rietveld iterative method
continued until the residual curve and Rwp values showed complete
quantification.

Nitrogen physisorption measurements were performed using an
ASAP2020 device (Micromeritics, USA). The specific surface area, Sggr,
was calculated according to the classical Brunauer-Emmett-Teller
(BET) theory for the p/po = 0.05-0.20 including 8 points. The net pore
volume, Vy, was determined from the nitrogen adsorption isotherm at
relative pressure p/pg ~0.990. The mesopore-macropore-size distribu-
tion was evaluated from the adsorption branch of the nitrogen
adsorption-desorption isotherm by the Barrett-Joyner-Halenda (BJH)
method via the Roberts algorithm, using the BroekhoffdeBoer standard
isotherm with the Faas correction and the assumption of the cylindrical-
pore geometry (characterized by the diameter d, of the pores).

High resolution images of the red mud samples were gained with a
Field Emission Scanning Electron Microscope (FE-SEM; Zeiss SIGMA)
using accelerating voltage of 5.0 kV. Analysis was conducted to obtain
information on the surface textures of the red mud fractions.

3. Results and discussion

3.1. Cell viability and production of reactive oxygen species by red mud
leachate (DMEM-red mud-water)

The two highest doses of the diluted red mud water decreased the
viability of the MCF-7 cells statistically significantly (Fig. 1A). A dose-
dependent decrease in the cell viability was seen in the MTT-test with
the doses of 22-87 mg L}, and the calculated ICsq value (dose that will
result in 50% decrease in viability of the cells) was 177.5 g L™, How-
ever, in the microscopic images the decrease in the cell viability was not
clearly seen even with the highest dose (Fig. S2). The medium with the
two highest doses of the red mud water also increased the production of
reactive oxygen species (ROS) statistically significantly in the MCF-7
cells (Fig. 1B).

Our results on the elements leaching from the red mud reducing
viability and increasing the formation of ROS in human MCF-7 breast
cancer cells are in line with the decrease in viability and changes in the
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Fig. 1. Cell viability by MTT test (A) and the production of reactive oxygen species (ROS) (B) after 48-h culture of human breast cancer MFC-7 cells in various
dilutions of the red mud water (water containing elements and compounds leached from red mud). Values are means + SD of four individual experiments (n = 4)
each mean of four replicates on the same 48-well plate; *p < 0.05, ***p < 0.001 (compared to control). Oxidative 3,4-dichloroaniline (DCA) was used as a positive
control in the ROS assay. The statistical significance was analyzed with one-way ANOVA followed by the Dunnett’s multiple comparison test.

oxidative stress markers glutathione S-transferase and catalase in
earthworm Eisenia fetida exposed to red mud from various origins
(Hackenberger et al., 2019). Ecotoxicity of red mud has been widely
studied (see Winkler et al., 2018), but potential human toxicity must
also be thoroughly investigated. Possible effects of red mud exposure on
human health are essential considering the various applications of red
mud, e.g. adsorption and sewage treatment (Wang et al., 2021) possibly
leading to human exposure.

Based on the analysis of the red mud containing water in different
stages of the red mud medium preparation, concentrations of Co, Cr, Li,
Mn and V were clearly higher in the exposure medium compared to the
control medium. The Fe concentration in the exposure medium with the
red mud water was lower than in the control medium without the red
mud water.

The concentrations of several elements decreased in different stages,
as was expected (Table 1). The concentrations of Al, As, Cr, Fe, Li and V
all decreased when these elements, or compounds containing these el-
ements were precipitated during the pH adjustment and filtration.
Before filtration, the pH of the red mud water was ca. 11, which would
have been too high for the cells. Also, possible contaminants, such as
bacteria, were removed by filtration enabling uncontaminated cell cul-
ture. The concentration of As was a significant factor in the exposure
medium at the non-filtered stage. However, it was significantly
decreased during the pH-adjustment and filtering. Due to the somewhat
surprisingly high As concentration of the control medium, the exposure
medium with the red mud, contained a clearly lower As concentration
compared to the control medium. The high As concentration in control
medium can be partly explained by the analytical method used which is
less sensitive for As and some other elements at the level of pg L. Based
on this, careful analysis of control media is always important.

In addition, other toxicants, such as NORM (naturally occurring
radioactive material) (Qaidi et al., 2022) and REEs (rare-earth elements)
(Agrawal and Dhawan, 2021), and elements such as Ti, Mo and Hg not
analyzed in our water samples may have been present in the exposure
medium. According to the XRF-analysis (Table S1), Ti was present in our
undiluted, untreated red mud sample.

3.2. Cell viability and production of reactive oxygen species using model
metal solutions

Cell viability and ROS production were studied in the cases of
aluminum (Al), arsenic (As), chromium (Cr), lithium (Li), and vanadium
(V) both individually and using two combinations (Combination 1: Cr, Li
and V, and Combination 2: Cr, Li, V, Al, As). The used concentrations

correspond to the ones of the non-filtrated red mud water (Table 1).
With the model metal solutions, it is notable, that no effect on the cell
viability was detected with single metals or with the two different
mixtures (3 or 5 metals). However, a statistically significant increase in
ROS production was detected with the mixture containing five metals
(Cr, Li, V, Al and As) (Fig. 2). Thus, a mixture may be more toxic to MCF-
7 cells than any of the metals alone. Combined effects are common in
toxicology and can be very complex (Alexander et al., 2008). It has been
found that the ROS formation has a role in the toxicity of both Al (Wu
et al., 2012) and As (Hu et al., 2020). The results of this study do not
exclude the possibility of Al and As increasing the formation of ROS in
this study.
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Fig. 2. Reactive oxygen species (ROS) production after 48 h of culture of
human breast cancer MFC-7 cells in model metal solution containing medium.
Final concentration of the metal in exposure medium is indicated. The values
are mean + SD from three individual experiments (n = 3) each mean of four
replicates on the same 48-well plate; *p < 0.05 (compared to control). In
mixtures the doses of each metal were the same as in the experiment with a
single metal. Oxidative 3,4-dichloroaniline (DCA) was used as a positive con-
trol. The statistical significance was analyzed with one-way ANOVA followed
by the Dunnett’s multiple comparison test.
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3.3. Characterization and leaching of red mud samples

Red mud is a complex mixture of elements and the percental
elemental composition of the red mud changed during the preparation
of the activated red mud (Table 2). The dried red mud contains mostly
Fe, Al, Na, Ca and Si. In the activated red mud, only three crystalline
phases were identified with XRD (Table S1). These phases were hematite
(Fe303), calcium and titanium containing perovskite (CaTiO3) and rutile
(TiOy). The hematite content of the activated red mud was ca. 94%.
Hematite was also the dominant phase in the dried red mud (47%). In
the dried red mud also cancrinite (NayCag.9Alg(Si04)6(CO3)1.4(H20)2.1),
katoite (CazAls.504.5(OH)7 5), gibbsite (Al(OH)3), calcium and titanium
containing perovskite (CaTiO3) and calcium carbonate (Ca(COs3)) were
identified. Cancrinite, katoite and gibbsite were transformed during the
acid activation (removal of elements) and calcination (oxidation of hy-
droxides). Al compounds are assumed to be in an amorphous form in the
activated red mud.

Elements regarded as the most significant, because of their known
toxicity and relative abundance in the red mud water, were Al, As, Cr, Li
and V. In the preliminary leaching experiments, concentration of Al and
V in water was significantly lower after the acid activation (activated red
mud compared to red mud as received) (Table 3). While leachability of V
was also decreased in activation, it was still one of the most significant
elements leaching based on the concentration and its potential toxicity.
Information on the chemical form of species is crucial when evaluating
the potential toxicity of vanadium and other elements leached from the
red mud.

The concentration of Al was slightly increased, while the leachability
of Al was drastically decreased after activation. Acid activation of the
red mud transformed Al compounds to a less soluble form. The amounts
of Na and Ca were significantly decreased by the activation. For Na, also
the leachability was decreased, but in the case of Ca it was increased.
Acid activation also decreased the leachability of As, K and Rb. How-
ever, there were a number of elements (Ca, Co, Cr, Li, Mg, Na, Ni, Sr and
Zn) with increasing leachability after the acid activation. Ni and Sr are
the most toxic ones of these elements (Burger and Lichtscheidl, 2019;
Cohen-Solal, 2002; Genchi et al., 2020). Clearly Co (Leyssens et al.,
2017), Ni (Das et al., 2018), and Sr (Pors Nielsen, 2004) may have
human health effects based on earlier studies.

In environmental applications, e.g., in adsorption of contaminants
from water, red mud could perform better in the form of activated red
mud. Based on the results of the leaching experiments described above,
the leaching of elements from the activated red mud might also be an
issue and the activated red mud can not necessarily be seen as a safer
material when it comes to the leaching of elements.

Table 2

Percentages (weight-%) of the most abundant elements in the dried red
mud (Dried) and the acid activated red mud (ARM) determined with
XRF (X-ray fluorescence).

Dried ARM
(o} 35.7 36.9
Fe 33.9 39.9
Al 7.4 9.0
Na 5.9 0.4
Ca 5.8 1.7
Si 5.7 6.1
Ti 3.5 4.1
P 0.6 0.6
Mn 0.3 0.3
Mg 0.3 0.1
Cl 0.1 0.1
Cr 0.1 0.1
Co 0.1 0.1
Ni 0.1 0.1
Zr 0.1 0.1
Pb 0.0 0.1

Table 3

Concentrations (g L™1) of the analyzed metals in two different red mud leachates. RM means red mud as received and ARM is the acid activated red mud sample.

P mg

Na mg

Mn mg
Lt

Mg mg

LAI

Li mg

Al mg B mg Camg Cr mg Fe mg K mg
-1

L41

Zn

Be Cd Co Cu Ni Pb Rb Sr
1g
-1

As pg
Lt

g g g g g g g
L! L!

Hg

L 1

L 1

Lt Lt Lt Lt

L 1

0.03
0.00

40.4

0.02
0.05

0.07
2.05

0.04
2.81

1.67
0.02

2.42
3.52

0.35
3.23

0.8
6.5

0.01
0.11

2.7 38.0

3.9

172.0
39.8

5.3

9.2

2.6
3.4

1.3 3.8 15.5
2.2

4.3

0.2 0.0
0.2

21.0
2.1

104.3

0.56

23.8

0.1

31.6

0.2

ARM
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The dried red mud is a macroporous material showing a low specific
surface area of 16 m? g~ 1. The activation changed the physical structure
of red mud giving it a well-developed mesoporous structure, possessing
higher specific surface area of 148 m? g ! (Fig. 3A and B). Also, based on
the FE-SEM images (Fig. 3C and D), the activated red mud is more
porous and consists of smaller particles compared to the dried red mud.
The net pore volume (Vp,;) of the dried red mud was 0.059 cmﬁq g_land
that of the activated red mud 0.247 cmﬁq g~ L. A higher specific surface
area is beneficial in many environmental applications (Albright’s
Chemical Engineering Handbook, 2008) and one of the goals of the
pre-treatment was thus met.

3.4. Limitations of the study

The limitations of the study include studying only the toxicity of the
elements leached from the red mud in neutral pH, while the high pH of
the red mud is a significant factor regarding the hazardous nature of the
material (Liu et al., 2021b; Ruyters et al., 2011). The model metal so-
lution experiments were preliminary comprising of only a few metals
studied in contrast to the very complex composition of the red mud. Red
mud is known to contain hazardous trace elements including As, Pb, Hg,
Cd and Cr (Wang and Liu, 2012). In addition, red mud is known to
contain also naturally occurring radioactive material (NORM) (Gor-
onovski et al., 2019; Qaidi et al., 2022) which were not analyzed in this
study. The red mud/water -ratio used in the leachability tests was 100 g
L7 (100 kg m~3). The bulk density of the original red mud varies be-
tween 800 and 1000 kg m~3 (Liu et al., 2021a). The starting material
used had also been dried and pH-adjusted making it in many ways a
different material compared to the original sludge. It is also important to
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note, that the composition of red mud varies globally (Liu et al., 2021b).

Studying the toxicity of activated red mud would be important in the
future. Red mud is a complex mixture of different species and studying
the effects of single metals does not give enough information on the
toxicity of red mud. In toxicology, studying the combined effects of
substances is both important and challenging (Andreas and Michael,
2018; Backhaus and Faust, 2012; Karri et al., 2016). Also, molecular
mechanisms of toxicity of red mud would bring valuable information of
the possible adverse human health effects.

4. Conclusions

The elements leaching from red mud may induce toxicity in human
cells based on the decreased cell viability of human MCF-7 breast cancer
cells and increased production of reactive oxygen species (ROS) in the in
vitro experiments. Medium with red mud water was more toxic in the
cells than any of the model metal solutions prepared. Only the combi-
nation of five metals (Cr, Li, V, Al and As) in the model solution induced
statistically significant ROS formation. The concentrations of metals in
the model metal solutions were higher than the concentrations of these
metals in the red mud water and it can be concluded that the metals
chosen for the model metal solutions are not alone responsible for the
toxicity of the red mud water. The toxicity of the red mud, studied in
neutral pH, is thus based on the combined effect of the analyzed ele-
ments and other compounds present in the red mud. Activation with
acid improves the physical properties such as the specific surface area,
which is beneficial when using the red mud for example as an adsorbent.
Various pre-treatment methods can also be used to decrease the leaching
of toxic elements. After activation, leaching of some elements from the
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Fig. 3. Measured nitrogen adsorption-desorption isotherms (A) and evaluated pore-size distributions (B) of the dried red mud (Dried) and the acid activated red mud
(ARM). FE-SEM images of the dried red mud (Dried, C) and the acid activated red mud (ARM, D).
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red mud decreased (Al As, K, Na, Rb and V) while others increased (Ca,
Co, Cr, Li, Mg, Ni, Sr and Zn). It can thus be concluded that probably
neither neutralization nor acid activation of red mud eliminate the
negative health effects of the red mud exposure completely.
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