
Treating Waste with Waste: Activated Bauxite Residue (ABR) as a
Potential Wastewater Treatment
Fei Cheng, Jingya Pang, Scott Berggren, Himanshu Tanvar, Brajendra Mishra, and Maricor J. Arlos*

Cite This: ACS Omega 2024, 9, 45251−45262 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Bauxite residue (or red mud) is a highly alkaline
waste generated during the extraction of alumina. As a result of the
substantial accumulation of bauxite residue in tailings facilities,
there is a growing interest in exploring the potential for reusing this
material for other purposes. The main objective of this study is to
evaluate the use of activated bauxite residue (ABR) for remediating
oil sands process-affected water (OSPW) and as a supplement to
municipal wastewater treatment through bench-scale, proof-of-
concept studies. The ABR is produced through a reduction roasting
process that alters the physicochemical properties of bauxite
residue, resulting in the generation of potentially effective
adsorbent media. The treatment performance via chemical and
biological activity removals (cytotoxicity, estrogenicity, and mutagenicity) was also assessed. For OSPW, ABR treatment resulted in
the effective removal of recalcitrant acid-extractable organics (AEOs), with kinetics following the pseudo-second-order and
comparable adsorption capacity to other waste materials (e.g., petroleum coke). ABR also effectively reduced the estrogenicity and
mutagenicity of OSPW, albeit cytotoxicity increased at higher dosages, possibly due to some components leaching out of the
material (e.g., metals). For municipal wastewater, ABR treatment reduced fecal coliform concentrations (>99%), total phosphorus
(up to 98%), total ammonia-nitrogen (63%), estrogenicity (nondetectable), and mutagenicity (nondetectable), especially in the
primary effluent. The ultimate end use of ABR is for the recovery of valuable metals (especially iron) and as a construction material,
but additional work is needed to optimize the dosage (currently in the g/L range) and maximize the use of ABR as an adsorbent
prior to its subsequent uses.

1. INTRODUCTION
Bauxite residue, or red mud, is a highly alkaline byproduct
during alumina extraction (pH ranges from 12 to 13).1

Depending on the ore quality and the extraction process,
producing 1 tonne of alumina will generate 0.4−2 tonnes of
bauxite residue.2 The global production rate of bauxite residue
has reached 150 million tonnes/year, with a utilization rate of
only roughly 2%.3 Besides occupying extensive land resources,
the current management practice of stockpiling in tailings
ponds risks spilling and releasing toxic metals into surrounding
environments4 as in the case of red mud slurry spill in Hungary
due to a dam failure.5 With the global drive toward sustainable
development, a considerable amount of research has been
conducted to explore the reuse potential of bauxite residue in
various fields including construction, metallurgy, and environ-
mental remediation. In construction, bauxite residue can be
applied as a bulk material for roadbeds and landfill covers or as
additives for building materials such as cement and geo-
polymers.6−10 Due to the scarcity and rapid consumption of
natural ores in metallurgy, the potential to recover valuable
metals from bauxite residue has also become attractive (e.g.,
Fe, Ti, Al).11−13 In environmental remediation, researchers
have exploited the alkalinity, catalytic nature, and sorption

capacity of bauxite residue for air, soil, and water treat-
ment.14−18

Generated from Alberta oil sands surface mining and
bitumen extraction, oil sands process-affected water (OSPW)
is toxic to aquatic organisms and comprises a complex mixture
of substances such as naphthenic acids (NAs), polycyclic
aromatic hydrocarbons (PAHs), phenols, and heavy met-
als.19,20 NAs are specifically considered one of the primary
pollutants in OSPW.19 The discharge of (un)treated OSPW
into natural water bodies is currently prohibited, leading to
accumulation of OSPW in tailings facilities.21 A number of
technologies have been shown to be effective in the removal of
naphthenic acids, including adsorption-based processes.22

Bauxite residue is an economical adsorbent alternative as it
can remove a variety of pollutants such as dyes, phenols,
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pharmaceuticals, heavy metals, and ferricyanide23−28 and
recover phosphorus and nitrogen in municipal wastewater.29

To date, the use of bauxite residue waste for the removal of
NAs has never been explored.
In municipal wastewater treatment, adsorption processes via

activated carbon (individually or in combination with
ozonation) has been utilized to remove micropollutants
including pharmaceuticals and personal care products
(PPCPs) and other persistent, mobile, and toxic substances.
PPCPs are present in wastewater effluents at low concen-
trations (ppb to ppt levels) but have the potential to induce
biological activities (e.g., estrogenicity) toward exposed aquatic
organisms. Full-scale implementations of activated carbon in
wastewater have been done in Switzerland,30,31 Sweden,32 and
Germany33 to improve PPCP removals (∼80% removals).
Hence, as the consumption of micropollutants continues to
rise and global attention shifts toward water reuse, the utility of
additional treatment operations (such as adsorption) to
improve the municipal wastewater effluent quality will likely
be adopted more widely.
This study evaluated the potential of implementing activated

bauxite residue (ABR) as a cost-effective adsorbent material for
the OSPW and municipal wastewater treatment. ABR
underwent a reduction roasting process, resulting in the
magnetization of bauxite residue, generation of a porous
surface structure, and reduction in pH. As a consequence of
this process, ABR is hypothesized to have an improved
adsorption capacity, further highlighting its versatility for a
variety of applications, including wastewater treatment. In this
study, ABR properties were first characterized to gain insights
into its adsorbent behavior. Proof-of-concept, bench-scale
experiments were then completed to evaluate the performance
of this method in removing acid-extractable organics (AEOs)
in OSPW and its associated biological activity (cytotoxicity,
estrogenicity, and mutagenicity). Several types of municipal
wastewater effluents (primary-, secondary-, and UV-treated
effluents) were tested to evaluate the removal of key water
quality parameters and biological activity, especially estro-
genicity.

2. MATERIALS AND METHODS
2.1. Sample Collection and Materials. The ABR

material was produced using the methods described by
Gostu.34 Briefly, raw bauxite residue was blended with a
stoichiometric amount of carbon and subsequently subjected
to thermal treatment in a rotary calciner under an inert
atmosphere of nitrogen gas. The reduction roasting was
performed in the range of 500−600 °C with 30 min residence
time. The OSPW sample was obtained from an oil sands
tailings pond operator in northern Alberta. Three types of
municipal wastewater samples were collected after the
biological nutrient removal (BNR) (primary effluent [PE]),
the secondary clarifier (secondary effluent [SE]), and the
disinfection unit (UV-treated [Post-UV]) from a municipal
wastewater treatment plant in Alberta. All samples were stored
in amber glass bottles at 4 °C before testing (holding time <5
d).
Acetic acid (≥99.7%), ethyl acetate (≥99.5%), and

dichloromethane (DCM) (≥99.8%) were purchased from
Sigma-Aldrich. Hydrochloric acid (HCl, diluted in ultrapure
water to 1N and 0.1 N) and methanol (≥99.9%) were
purchased from Fisher Scientific and diluted in ultrapure water
(1N, 0.1N). Ultrapure water was produced by a Milli-Q IQ

7000 purification system with a resistivity of 18.2 MΩ·cm (25
°C) and total organic carbon (TOC) ≤5 ppb. Information on
bioassay reagents (cytotoxicity, estrogenicity, and mutagenic-
ity) is found elsewhere.35

2.2. Material Characterization. The microscopic proper-
ties of ABR were investigated via scanning electron microscopy
(SEM) using a Zeiss EVO MA 10. Before analysis, ABR
particles were mounted on carbon-taped stubs and coated with
gold for 100 s at 150 mT using a Denton gold sputter unit.
Energy-dispersive X-ray (EDX) analysis was also performed
with SEM to determine the elemental composition of ABR,
which complemented the inductively coupled plasma optical
emission spectroscopy analysis (ICP-OES, PerkinElmer
Optima 8000). The total organic carbon (TOC) was analyzed
using the LECO carbon analyzer as interference during SEM-
EDX sample preparation may influence the carbon content
results. The magnetic properties were assessed using vibra-
tional sample magnetometry (VSM) as described elsewhere.36

Phase identification was conducted via X-ray diffraction
(XRD) using a Bruker XRD D8 Discover, with a copper
source and an X-ray throughput of 40 kV and 30 mA (2θ = 4−
80°). Brunauer−Emmett−Teller (BET) surface area, total
pore volume, and density functional theory (DFT) pore size
distribution were obtained by the gas adsorption/desorption
method. The sample was first outgassed for 4 h at 200 °C, and
the analysis was conducted at 77 K with nitrogen using an
Autosorb-iQ (Anton-Paar, Canada). Samples were also sent to
the University of Calgary (Research Instrumentation and
Technical Support Lab) for ζ-potential measurements
(determining surface charge).

2.3. Adsorption Kinetics and Isotherm. The kinetic
experiments started with mixing 1800 mL of OSPW with 50 g/
L ABR at 120 rpm using the jar tester (VELP FC 4S
Flocculation Stirrer) for 72 h. A total of 20 water samples (10
mL) were collected at different time points from 0 to 72 h,
filtered through sterile 0.45 μm nylon syringe filters (Basix
Syringe Filters, PVDF), and acidified to a pH of ∼2 using 1 N
HCl for solid-phase extraction (SPE, Section 2.5) with filtrate
volumes from 7.1 to 9.5 mL. The concentration of AEOs was
measured via Fourier transform infrared spectroscopy (FTIR
see ref 35), and the data were fitted to the linearized forms of
pseudo-first-order (eq 1) and pseudo-second-order (eq 2)
kinetic models described by37
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where qt is the mass of AEOs adsorbed per gram of ABR at
time t, calculated by C C V

M
( )t0 , in which C0 is the initial

concentration of AEOs, Ct is the concentration of the AEOs at
t, V is the volume of OSPW, and M is the mass of ABR added,
qe is the mass of the AEOs adsorbed at equilibrium, and k1 and
k2 are equilibrium rate constants for the pseudo-first-order and
pseudo-second-order kinetic models, respectively.
The isotherm experiment was performed by mixing different

ABR doses, ranging from 0 to 100 g/L, with 40 mL of the
OSPW in 50 mL glass conical tubes. The tubes were placed
horizontally in a shaker at 150 rpm for 2 days, and the solution
was left sitting for 2 h to allow settling of particles. The
supernatant was then prepared as described above. The data
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obtained were fitted to the Langmuir (eq 3) and Freundlich
(eq 4) isotherm models

=
+
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where Ce is the concentration of AEOs at equilibrium, KL and
Qm are constants for the Langmuir isotherm model: Qm is the
maximum adsorption capacity and KL is the adsorption affinity
coefficient, and KF and n are Freundlich isotherm constants: KF
is the adsorption affinity coefficient and n is the nonlinear
index.

2.4. General Bench-Scale Water Treatment Method.
Different dosages of ABR (0, 20, 50, and 100 g/L) were mixed
with 500 mL of OSPW at 120 rpm for 24 h by using the jar
tester. During treatment, the water was highly alkaline, and
each ABR dosage (20−100 g/L) raised the sample pH from
∼7.8 to 9.8, 10.6, and 11.3, respectively. After 24 h, the
solution was neutralized to pH 6.5−8.5 using acetic acid and
was allowed to settle for 30 min. The samples were filtered

using a 1 μm-pore hydrophilic glass fiber filter (Sigma
APFB04700) and acidified to ∼ pH 2 as above. The filtrate
was divided into smaller volumes for extraction separately via
SPE: (1) 50 mL for FTIR and (2) 50−100 mL for in vitro
bioassays.
Following a procedure similar to that above, 1.8 L of

municipal wastewater (primary-, secondary-, and post-UV-
treated effluents) was mixed with 0, 50, and 100 g/L ABR at
120 rpm for 24 h. An increase in pH was also observed during
treatment, from ∼7 to 11.7 and 12.2 for 50 and 100 g/L ABR,
respectively, followed by neutralization (similar to OSPW)
prior to submitting to a certified analytical lab (Bureau Veritas,
Edmonton) for the analyses of total suspended solids (TSS),
biological oxygen demand (BOD), total ammonia-N, total
phosphorus, fecal coliform, and dissolved metals. The same
experiment was completed to obtain another sample volume of
1 L for in vitro bioassays.
The experiments were conducted with n = 1, which is

recognized as a limitation. However, this study was exploratory
in nature and aimed at generating a proof of concept for ABR
use in wastewater treatment. Our goal was to provide
preliminary data for future studies, in which larger replication

Figure 1. Scanning electron microscopy (SEM) images of activated bauxite residue (ABR) particles: (a) metal-rich and (b) carbon-rich (green
arrow). Images taken at a magnification of 1000× (a) and 2000× (b) and a working distance of 7.3 mm. (c) X-ray diffraction (XRD) spectrum of
ABR (bulk sample). (d) Mössbauer spectroscopy to characterize different Fe species in ABR. Sample 1: Fe as Fe3O4 = 86%; Fe as Fe2+ = 8%; Fe as
Fe3+ = 4%; and Fe as Fe3C = 2%; Sample 2: Fe as Fe3O4 = 87%; Fe as Fe2+ = 7%; Fe as Fe3+ = 5%; and Fe as Fe3C = 1%. The statistical uncertainty
in the Fe fractions is about ±1%.
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efforts will be implemented. Limitations in sample volumes
required for chemical analyses and in vitro bioassays also
contributed to this decision. Furthermore, instead of
conducting multiple experimental replication, the focus was
on generating more data points over the experiment duration,
especially the kinetic experiments where ∼30 data points were
collected to improve curve fitting (e.g., Figure 4a). For the in
vitro bioassays, previous work from our lab (e.g., Barrow et
al.35) found that single-replication design is sufficient given the
assay’s established replicability and reproducibility.

2.5. Sample Preparation: Solid-Phase Extraction. The
SPE was completed for FTIR and in vitro bioassays and
followed the procedure in Barrow et al.35 with slight
modifications on sample volumes and cartridge sorbent mass.
Briefly, the Oasis HLB 6 cm3 cartridges with a sorbent mass of
either 150 or 500 mg were preconditioned with 5 mL of
methanol followed by 10 mL of ultrapure water. OSPW
samples that were <50 mL were extracted using 150 mg of
sorbent; OSPW samples of >50 mL and the 1 L municipal
wastewater samples were extracted using 500 mg of sorbent.
Samples were introduced into the cartridges either by vacuum
(for volumes >50 mL) or slow pipetting (for volumes <50
mL). Following sample introduction, the cartridges were rinsed
with 10 mL of ultrapure water (pH 2) and were dried under
vacuum for at least 45 min and eluted with 5 mL of methanol
and 5 mL of 1:1 methanol:ethyl acetate (v/v). The eluent was
evaporated to dryness under gentle nitrogen stream blowing
and a water bath at 30−35 °C. For FTIR, the samples were
kept dried until analysis to prevent the potential loss of the
DCM solvent through volatilization; for in vitro bioassays, the
samples were reconstituted with 1 mL of methanol. All SPE
extracts were stored at −20 °C in the dark.

2.6. In Vitro Bioassays to Assess Biological Activity
during Treatment. The determination of cytotoxicity,
estrogenicity, and mutagenicity utilized the same reagents,
procedure, and data analysis as Barrow et al.35 Briefly,
cytotoxicity was determined by the percent inhibition on
Aliivibrio fischeri after exposure to the sample using the Biotox-
Lumoplate kit (Environmental Biodetection Products Inc.
[EBPI]). Estrogenicity was measured using the yeast estrogen
screen (YES) assay procedure described elsewhere.38 The
detection of mutagenicity relies on the SOS response of
Salmonella typhimurium to DNA damage and was measured
using the Umu-Chromo (gene) kit also from EBPI. Briefly, the
concentration causing 10% inhibition after 15 min of exposure
(IC10) for cytotoxicity, the concentration exhibiting a 10%
estrogenic effect (EC10), and the concentration imposing an
induction ratio of 1.5 (ECIR1.5) were calculated and compared
against treatments. The concentration was expressed as the
relative enrichment factor (REF), which accounts for both the
sample extraction factor and the dosing factor used for
bioanalysis. For cytotoxicity, the data were represented as 1/
1C10 and estrogenicity and mutagenicity REFs were then
converted to BEQs (see Barrow et al.35) based on the reference
compound (i.e., 17-β estradiol (E2) equivalents (eq) for
estrogenecity and 4-nitroquinoline 1-oxide (4-NQO) eq for
mutagenicity).

3. RESULTS AND DISCUSSION
3.1. Material Characterization. SEM-EDX results[TC4]

(Figure 1a,b) suggest the presence of unevenly sized particles
with variable morphologies and surface characteristics. EDX
analysis of the particle depicts the presence of residual carbon

species from the thermal treatment process, with the bulk ABR
sample containing about 1.33% organic carbon (Table S1b).
When SEM-EDX was performed on individual particles (i.e.,
not the bulk material), the presence of two different types of
particles in ABR was observed (Table S1a): (1) metal-rich
(containing ∼42% metal and 16% carbon by weight) and (2)
carbon-rich (containing ∼8% metal and 77% carbon). The
composition of the metal-rich ABR particle is similar to raw
bauxite residue (i.e., not thermally treated), which contains
4.5−50.6% Fe, 4.4−16.1% Al, 2.2−14.9% silicon (Si), 1.0−
7.8% sodium (Na), 0.4−16.7 calcium (Ca), and 1.0−5.3%
Ti.39 Note that while there are two types of particles present in
the bulk sample, it only contains a small amount of carbon (i.e.,
<2%) and is present in either form of iron carbide (i.e., metal-
rich) or unreacted carbon (i.e., carbon-rich) during the
reduction roasting process. The bulk chemical analysis of
ABR determined from ICP-OES further shows the presence of
other substances, including 1.78% Ca, 7.68% Si, 3.343% Ti,
8.86% Na, 37.82% Fe, and 11.81% Al (Table S1b).
The XRD analysis (Figure 1c) of the raw bauxite residue and

ABR further indicates differences in the composition after the
reduction roasting process. For instance, the raw bauxite
residue consists of hematite (Fe2O3), boehmite (Al(OOH)),
gibbsite (Al(OH)3), sodium aluminum silicate hydrate/
sodalite (Na8Al6Si6O24(OH)2(H2O)2), calcium carbonate
(CaCO3), quartz (SiO2), and rutile (TiO2) phases. The
reduction roasting process used to produce ABR resulted in
the partial reduction of hematite to magnetite (Fe3O4) and
converted the sodalite and other Al-bearing phases into sodium
alumino silicate (Na4Al3Si3O12). No apparent peaks corre-
sponding to hematite were found in the XRD spectrum of the
ABR, depicting complete conversion. ABR also exhibits
magnetic characteristics due to the presence of magnetite as
a major constituent, with the vibrating-sample magnetometer
(VSM) analysis showing high magnetization properties with a
saturation magnetization of 25.19 emu/g and coercivity of
267.74 Oe.
Mössbauer analysis was additionally performed to determine

the fraction of different Fe species in the ABR sample. Figure
1d shows the spectra and fits for the two samples, indicating
that magnetite (Fe3O4) is the dominant species. The stick
diagrams show the various phases found in the fitting. The
Fe3O4 resonance is quite broad and requires three subspectra
for a good fit. This result indicates either a small grain size
causing some magnetic relaxation or a large amount of
impurities in the magnetite. Also, there are two nonmagnetic
subspectra labeled Fe3+ and Fe2+ and these may be super-
paramagnetic spectra due to the very small grain size Fe3O4 or
some unknown paramagnetic phase(s) containing Fe3+ and
Fe2+. Finally, there is evidence for a small amount of cementite
at <1% (Fe3C).
The presence of multiple metal oxides with high specific

surface area, magnetic properties, functional groups, chemical
stability under moderate pH conditions, and surface character-
istics makes ABR a potential adsorbent for the removal of
many contaminants in the water column, and the presence of
magnetite suggests that it can be recovered after use in
wastewater treatment (outside the scope of this study). It is
further hypothesized that a combination of physical (e.g., van
der Waal forces) and chemical sorption (i.e., adsorbates from
covalent or ionic bonds with the surface) is a possible
mechanism given the complexity in ABR’s composition and
surface chemistry.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06699
ACS Omega 2024, 9, 45251−45262

45254

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06699/suppl_file/ao4c06699_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06699/suppl_file/ao4c06699_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06699/suppl_file/ao4c06699_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The surface charge of the adsorbent can also play a role
during the adsorption process. The point of zero charge (PZC)
for ABR was found to be ∼ pH 5 (Figure 2a), suggesting that
ABR is positively charged below this pH and negatively
charged for any pH > 5. Depending on the type of bauxite
residue, the PZC (i.e., pH where the net charge of the material
is zero) has been observed to vary from 5.98 to 8.70.40,41 Given
that many organic contaminants are charged/ionizable (e.g.,
pharmaceuticals, personal care products), surface charge can
impact mass transfer to ABR. Bjelopavlic et al.42 indicated that
the total free energy of adsorption of organic matter onto an
adsorbent (i.e., activated carbon) is a combination of
electrostatic and specific free energies, with electrostatic
interactions comprising both Coulombic and dipole inter-
actions. Electrostatic attraction and repulsive interactions of
organics among each other and onto the adsorbent’s surface
are highly dependent on pH.
ABR has a BET surface area of 25.1 m2/g, and the total pore

volume is 0.137 cm3/g. DFT pore size distribution (Figure 2b)
shows that ABR contains pores with diverse sizes ranging from
2 to 46 nm, which can be categorized as mesopores (pores
with 2−50 nm diameter).43 Compared to bauxite residue-
based adsorbents in the literature (Table 1), the BET surface
area of ABR is in the same order of magnitude as raw bauxite
residue and bauxite residue treated with salt, acid, and/or heat.
However, the ABR utilized in this study has a higher total pore
volume, ∼1.4 to 6.9 times those treated with salt, acid, and/or
heat, possibly due to the difference in the pretreatment process
or raw material. The thermal process utilized for the
production of ABR likely resulted in the generation of a
porous surface due to the gas−solid reaction taking place
during the reduction of hematite to magnetite (2Fe2O3 + CO
→ 2Fe3O4 + CO2). The thermal treatment process also
reduced the alkalinity of bauxite residue, thereby making it
more suitable for practical application as an effective adsorbent.
It appears that more superior surface area and pore volumes

were observed by others (Table 1) when additional
modification (e.g., hydrochloric acid [HCl] + ammonium
hydroxide [NH4OH]) is incorporated or bauxite residue is
created as a composite material (i.e., with carbon). However, it
is important to mention that some modifications involve
complete dissolution of bauxite residue in a concentrated

hydrochloric acid solution followed by precipitation of the
dissolved material by ammonium hydroxide, which can change
the composition of the bauxite residue significantly.
The surface area was also not comparable to commercially

available powdered activated carbon (PAC), which can have a
surface area of >1000 m2/g and exceptional microporosity and
mesoporosity.51 Nonetheless, our preliminary experiment on
the removal kinetics and adsorption isotherms of methylene
blue (organic dye) by ABR further showed that its adsorption
capacity (∼1 mg/g) (Supporting Information, SI-C, Figure S3,
Tables S3, and S4) is comparable to Martins et al.46 who
utilized bauxite residue for dye removal using bauxite residue
from Brazil. However, our adsorption capacity was much lower
compared to residues composited with sucrose-based carbon

Figure 2. Point of zero charge for the activated bauxite residue based on ζ-potential measurements (a). Pore size distribution obtained via density
functional theory (Autosorb) suggests mesoporous characteristics of ABR (pore mostly 2−50 nm in diameter) (b). y-axis of the pore size
distribution curve dV(r) refers to the volume of pores with radii between r and r + dr. 1 Å = 0.1 nm.

Table 1. BET Surface Area and Total Pore Volume of Raw
and Treated Bauxite Residue from the Literature

treatment type
BET surface
area (m2/g)

total pore
volume
(cm3/g) references

raw 22.9 ± 15.6a 0.04 ± 0.02a b

Neutralization with Salt
gypsum 12.8 0.03 44
seawater 13.8 0.03 44

Acid Treatment
hydrochloric acid (HCl) 28.5 0.08 45
nitric acid (HNO3) 38.2 0.07 45
HNO3 31.9 0.06 46

Heat Treatment
300 °C 18.0 0.02 46
800 °C 10.1 0.03 47

Acid + Heat Treatment
HCl + 700 °C 33.8 0.09 45
HNO3 + 700 °C 33.3 0.10 45

Acid + Heat + Ammonium Hydroxide (NH4OH) Treatment
HCl + NH4OH 207 0.31 48
HCl + NH4OH + 200 °C 381 0.90 48

Composited with Other Material
sucrose-based carbon 105 0.22 49
polystyrene microspheres 232 0.27 50

aMean ± standard deviation. bNot completed in this study but
compiled from the literature (see refs 44−50).
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(23 and 48 mg/g)49 and acid-treated48 (SI, Table S4). This
result was not surprising as bauxite residues that were
composited with carbon elicit high surface area and pore
volume and have more available sorption sites. However, this
study still highlights that the low material cost and abundance
of ABR make it a ubiquitous, less expensive alternative even if a
higher dosage is required, with bench-scale (batch tests)
bauxite residues also reporting dosages ranging from 1 up to
500 g/L44 (Table S4). Hence, further optimization of the
material (i.e., pretreatment as indicated in Table 1) was not
deemed necessary at this stage as the reduction roasting
process was also meant to facilitate the fast recovery of
magnetite in the “spent” ABR. A subsequent process such as
centrifugation has been considered a feasible separation
process after wastewater treatment as ABR can be sent
elsewhere to recover magnetite, which can be a valuable
metallic ore (not covered in this study). Therefore, it is
deemed appropriate to assess the potential of the current ABR
material to remove pollutants and biological activities from
industrial and municipal wastewater treatment plants as
discussed subsequently below. Note that the dosages employed
were an order of magnitude higher than typical adsorbent (i.e.,
PAC) dosages. Note that this study is focused on a proof-of-
concept approach to understand the adsorption capacity and
removal kinetics as they are related to ABR materials, with
optimization currently underway.

3.2. Post-treatment Neutralization. ABR elevates the
matrix pH and therefore necessitates post-treatment neutral-
ization to meet effluent discharge standards. There is also a
potential for metal ions to leach out of the material, especially
aluminum (Al), as it is available in its dissolved form at alkaline
pH conditions. Indeed, Al increased from 8.2 × 10−3 to 100
mg/L during the 50 g/L ABR treatment of OSPW, and a
similar outcome was observed during a leaching test in
ultrapure water and 5% tertiary-treated effluent (Figure 3).
Neutralizing the solution to pH 7 with acetic acid dramatically
reduced Al by 5000 times (e.g., from 190 to 0.037 mg/L in
ultrapure water). Also, this effectively controlled the Al releases
in treated municipal wastewater effluents as evident in the
minimal increase of Al post-treatment neutralization (Figure
3). The choice of acetic acid mitigates potential issues from the
release of other inorganic substances (such as chloride from
hydrochloric acid), which could further impact aquatic
environments.

3.3. Treatment of OSPW. 3.3.1. Adsorption Kinetics and
Equilibrium Experiments. The adsorption equilibrium of
AEOs (50 g/L ABR) was obtained after ∼4 h, with a
maximum removal of 50% (Figure 4a). The data did not follow
the pseudo-first-order kinetic model well (SI-D) but was well
described by the pseudo-second-order kinetic model (Figure
4a,b) based on their linear regression R2 values (R2 = 0.276
and R2 = 0.992, respectively). From this model, the pseudo-
second-order kinetic parameters derived were 0.24 and 0.15 g/
mg/min for qe and k2, respectively. This adsorption process is
also similar to our preliminary assessment of methylene blue
(organic dye) sorption on ABR (please see SI-C).
When the adsorption kinetics data follow the pseudo-

second-order kinetic model, it is assumed that the rate-limiting
step is chemisorption, which suggests that the adsorption rate
does not depend on the adsorbate concentration (i.e., target
pollutant) but on the adsorption capacity of the material (i.e.,
available adsorption sites).37 Mandal et al.52 and Martins et
al.46 also found that the removals of phenols and dyes by

bauxite residue adsorbents follow the pseudo-second-order
kinetic model, suggesting similar adsorption kinetics for other
organic substances.
ABR has performance similar to those of other waste-based

adsorbents such as petroleum coke and biochar. Bhuiyan et
al.53 generated biochar from a variety of sources and obtained
adsorption capacities ranging from 0.04 to 0.59 mg/g, and
Zubot et al.54 examined the use of petroleum coke and found
its adsorption capacity to be 0.16 mg/g (Table S6), similar to
what was obtained in this study (0.24 mg/g). Considering that
the use of petroleum coke for OSPW treatment was recently
field-piloted,55 it is therefore practical to assess the application
of ABR in larger scale settings using the adsorption kinetics
derived in this study.
For an ABR dosage of 15−60 g/L, the parameters obtained

from the Langmuir isotherm model fitting were 0.0081 L/mg
(KL) and 1.84 mg/g (Qm) (Figure 4c). The Freundlich
isotherm parameters were 0.023 mg/g·(L/mg)1/n (KF) and
1.24 (n). The data followed the Langmuir isotherm model (R2
= 0.8415) slightly better than the Freundlich isotherm model
(R2 = 0.8285). Note that these R2 values are relatively low (i.e.,
<0.9000), suggesting that the adsorption between the OSPW
and ABR is complex, likely influenced by surface heterogeneity

Figure 3. Impact of neutralization on reducing the leaching of
dissolved Al from ABR during treatment. Post-UV = disinfected
effluent; SE = secondary effluent; PE = primary effluent, UPW =
ultrapure water; and T-MWWE = tertiary-treated effluent from a
different WWTPs. ABR = activated bauxite residue, N = neutralized;
and OSPW = oil sands process water. Other metal ions are found in
SI-E and Tables S7−S11.
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and nonideal behaviors that are not adequately captured by
these isotherm models. However, since the pseudo-second-
order kinetic models indicate potential for chemisorption, it is
therefore possible that the AEO sorption on the ABR follows
the Langmuir isotherm. As chemisorption tends to be more
specific (i.e., linked to chemical bonding), the pollutant will
usually occupy specific adsorption sites only, creating a

monolayer consistent with the Langmuir isotherm assumption.
Furthermore, ABR is heterogeneous, and therefore, the metal-
rich and carbon-rich particles likely exhibited different removal
mechanisms. Nonetheless, the derived maximum adsorption
capacity (Qm) for the ABR was six times higher than the value
derived for petroleum coke (0.39 mg/g),54 suggesting that

Figure 4. (a) Concentration of adsorbed acid-extractable organics (AEOs) obtained during the kinetic study; (b) pseudo-second-order kinetic
model fit; and (c) isotherm fitting via Langmuir and Freundlich isotherms based on equilibrium concentrations derived dosages ranging from 15 to
60 g/L.

Figure 5. Quality of the ABR-treated oil sands process-affected water (OSPW): (a) acid-extractable organics (AEOs), (b) estrogenicity, (c)
mutagenicity, and (d) cytotoxicity after the treatment with 0, 20, 50, and 100 g/L ABR doses. Note that the results of estrogenicity and
mutagenicity are expressed as bioanalytical equivalents as it relates to their respective assay (i.e., estradiol equivalents (E2 equiv) for estrogenicity
and 4-nitroquinoline oxide equivalents (4-NQO-eq) for mutagenicity). The larger the BEQ value, the higher the toxicity. Cytotoxicity is normally
represented as IC10 (REF), but here, it is represented as 1/IC10 for a straightforward comparison of toxicity across all assays (i.e., higher 1/IC10
suggests higher toxicity).
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there is potential for ABR to be utilized in OSPW treatment
similar to the petroleum coke.

3.3.2. Biological Activity Assessment of Treatment
Efficiency. Complementary to chemical analysis, in vitro
bioanalysis was employed to (1) determine additional toxicity
contributed by ABR given its relatively high baseline toxicity
and (2) assess the removal of toxicity from target water
matrices that are known to have biological activity via these
assays (cytotoxicity, estrogenicity, and mutagenicity). AEO
concentrations declined with an increasing ABR dosage
irrespective of the neutralization (Figure 5). Post-treatment
neutralization at 50 and 100 g/L ABR showed removals of 32
and 45%, respectively, and these removals were slightly lower
than ABR treatment without neutralization (37 and 55%).
Nonetheless, ABR effectively removed AEOs from OSPW with
efficiencies similar to that of biochar and petroleum coke.53,54

Untreated OSPW (0 g/L) showed observable in vitro
biological activity as what had been observed in prior
studies.20,56 The removal of estrogenicity also corresponds to
AEO removals (Figure 5b,c). This result supports the finding
by Yue et al.57 where they reported a degradation of 40%
organics in the OSPW’s acid-extractable fraction, which led to
a removal of 22% in the YES assay using a biofilm reactor. ABR
treatment also resulted in the effective removal of mutagenicity
(Figure 5c) where bioanalytical equivalents were reduced from
11.2 μg/L 4-NQO-eq to “not mutagenic” for all three dosages
tested, possibly related to the removal of mutagenic AEOs (or
NAs). However, this was not the case for cytotoxicity, as it was
observed to increase with increasing dose (Figure 5d). The 1/
IC10 of the untreated OSPW increased from 1.9 to 3.6, 5.0,
and 6.8 1/REF after the treatment of 20, 50, and 100 g/L ABR,
respectively. This increase in toxicity may be due to the release

Figure 6. Improvement of water quality after activated bauxite residue (ABR) treatment. (a) Selected parameters and their discharge limits for
WWTP A. (b) Removal of biological activity. PE = primary effluent; SE = secondary effluent; BEQ = bioequivalents expressed as estradiol (E2)
equivalents (eq) for estrogenicity, and 4-NQO-eq for mutagenicity; REF = relative enrichment factor. Cytotoxicity is represented as 1/IC10 for a
straightforward assessment of toxicity across all assays (i.e., higher 1/IC10 suggests higher toxicity). n.a. = no activity.
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of metals/salinity and was intensified with the increased dosage
and led to the formation of harmful metal complexes with
OSPW constituents.
Domingues et al.15 also utilized a combination of chemical

and biological analyses to evaluate the efficiency of bauxite
residue catalysts for olive mill wastewater treatment. Similarly,
they observed an increase in toxicity despite the removal of
phenolic acids and related this toxicity to the residual hydrogen
peroxide concentration. Their work together with our study
advocates the use of bioanalytical tools for water quality
assessment to compensate for the shortcomings of chemical
analysis (e.g., inability to detect the mixture effect, trans-
formation byproducts, and unknown contaminants). More
specifically, a battery of in vitro bioassays (as opposed to only
using a single toxicity assay) is a good assessment tool to use,
given their sensitivity in capturing the change in toxic effects
caused by ABR treatment.

3.4. Pollutant Removals in Municipal Wastewater via
ABR. ABR treatment resulted in the favorable removal of fecal
coliform in all samples (Figure 6a). For PE, 50 g/L ABR
removed fecal coliform effectively by >99.6% (>log 2.43) with
100 g/L by ∼99.96% (>log 3.38). Both SE and post-UV-
treated effluents had lower initial fecal coliforms, but the 50
and 100 g/L ABR treatment resulted in concentrations below
detection limits. This result suggests that ABR has the
potential to act as a disinfectant, but further testing of its
efficacy on the inactivation of specific pathogens is required.
Although bauxite residue has been integrated with nanosize
zinc oxide and assessed for its disinfection properties,58 it has
not been explored as a disinfectant while functioning as an
adsorbent. Possible mechanisms of disinfection include the
increase in coliform die-off due to the increase in pH (pH > 9),
inhibition by metals that leach out from ABR, and trapping of
bacteria in ABR or in the metal complexes forming polyvalent
cations such as Al from ABR. Overall, there is currently limited
evidence on the disinfection properties of bauxite residues, but
ABR contains various oxides (iron, aluminum, titanium), some
of which can have bactericidal effects.59

The results also demonstrated the effective removal of
nutrients by the ABR (Figure 6a). For instance, total ammonia-
N was reduced from 26 to 8 mg/L (69% removal) and 9.5 mg/
L (63% removal) in PE samples using 50 and 100 g/L ABR,
respectively. Although removals were observed (19−25%), the
values obtained for SE and post-UV effluent treatment with
ABR were smaller potentially due to the lower initial ammonia-
N concentration (0.16 mg/L). Increasing the ABR dosage to
100 g/L slightly decreased the removal of ammonia-N likely
due to the rise in pH, which alters the form of ammonia-N in
water. At pH > 10, NH4

+ converts to its unionized ammonia
and is less favorable for removal via adsorption. Similarly,
Phillips et al.40 reported the adsorption of NH4

+ onto bauxite
residue decreased with increasing pH.
Furthermore, the concentrations of total phosphorus in all

three samples were reduced to ≪1 mg/L after ABR treatment.
For PE, total phosphorus was decreased from 4.7 to 0.097 mg/
L (98% removal) and 0.13 mg/L (97% removal) by 50 and
100 g/L ABR, respectively. Similar removals were observed for
SE. Although the initial concentration (0.18 mg/L) was
already below the discharge limit for the post-UV effluent,
ABR also resulted in additional removals with concentrations
reaching ∼0.040 mg/L. Phosphate removal has been observed
for bauxite residues (at 500 g/L dosage44) and was linked to
ligand-exchange mechanism on the surface60 or electrostatic

interaction of negatively charged species (such as phosphate)
on the cation (Ca2+ or Mg2+) present on the surface.44 Again,
our work is a proof-of-concept study, and the dosage of ABR
for phosphorus removal will require more optimization.
By contrast, the concentrations of TSS and BOD were found

to be higher after ABR treatment (Figure 6a). This result
suggested that the current experimental conditions (e.g., jar
testing and mixing intensity, settling time) were inadequate for
solid removal. Further pilot testing that couples ABR treatment
with a solid separation unit process is important to determine
operational parameters for TSS reduction. The increase in
BOD was not surprising as acetic acid used for neutralization is
a simple, carbon-based molecule assimilable by bacteria. Acetic
acid can be used as an external carbon source to the activated
sludge process. Thus, incorporating the ABR treatment process
with biological treatment unit or installing the ABR treatment
and neutralization as a pretreatment option would potentially
decrease the residual BOD concentration. Acetic acid can
undergo biological oxidation by up to 82% in freshwater after
10 d.61 Given that this study is a preliminary attempt to
determine the potential of ABR as a sorbent alternative, it will
be important to assess how the pH increase and the release of
metals from ABR can interfere with other treatment plant unit
processes (e.g., biological treatment, settling/sedimentation).

3.4.1. Biological Activity in Municipal Wastewater
Effluents. The overall trend in estrogenicity and mutagenicity
was similar to that observed for the OSPW such that the
biological activities were reduced after treatment (Figure 6b).
Although a 6-fold decrease in cytotoxicity was observed after
the 50 and 100 g/L ABR treatment in PE, cytotoxicity
increased by 5 and 3 times when 50 and 100 g/L ABR were
applied to the SE and post-UV effluent, respectively. By
contrast, there was very little change in cytotoxicity observed
when a higher dose of ABR was applied (i.e., 100 g/L). This
observation suggested that the increase in cytotoxicity may not
be directly related to the leaching of metals, especially Al;
otherwise, the cytotoxicity would have likely increased with the
ABR dosage applied. Conversely, there is the possibility that
the metal complexes formed are less toxic than the original
species.62 Also, the cytotoxic effects observed for municipal
wastewater were different from those for OSPW (increased
cytotoxicity at an increased ABR dosage), indicating that
differences in water matrices may also be an influencing
parameter.

4. CONCLUSIONS
This study examined the potential of using ABR as a potential
option for the treatment of OSPW and municipal wastewater.
ABR was characterized as a magnetic and charged material
(PZC = pH ∼ 5) consisting of 1.33% carbon in the bulk
material, with highly porous particles that are either carbon-
rich or metal oxide-rich. Our results further show that ABR
removed AEOs, estrogenicity, and mutagenicity from the
OSPW but led to an increase in cytotoxicity. The adsorption of
AEOs followed the pseudo-second-order kinetics, suggesting
that chemisorption might be the dominant removal mecha-
nism. The ABR performance in the OSPW treatment is similar
to those of other nonactivated carbon adsorbent alternatives
reported in the literature (i.e., petroleum coke and biochar).
The addition of acetic acid after treatment also decreased the
leaching of metals (especially Al) from ABR. Furthermore,
ABR effectively removed fecal coliforms, total phosphorus,
total ammonia-N, estrogenicity, and mutagenicity in all three
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types of municipal effluents studied (primary, secondary, and
post-UV effluents). BOD and TSS increased, suggesting that
additional testing is required to assess the feasibility of ABR as
either a pre- or post-treatment process as well as its impact on
existing unit processes such as sedimentation/settling tanks.
Overall, optimization of ABR dosages (ideally, sub-g/L range)
and expanding the assessment of ABR on a larger scale will
enable the comprehensive assessment of its combined effect on
existing WWTP processes. The magnetic properties of ABR
also allow for the recovery of magnetite, which can be
completed after wastewater treatment. Given the ubiquity of
bauxite residue, there is a large potential for ABR as an
economically viable sorbent alternative, further transforming
this waste product into a valuable resource. Future studies can
inform the regeneration and reuse of ABR to maximize its
potential.
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