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ENVIRONMENTAL PROTECTION AGENCY
The Environmental Protection Agency (EPA) is responsible for
protecting and improving the environment as a valuable asset
for the people of Ireland. We are committed to protecting people
and the environment from the harmful effects of radiation and
pollution.

The work of the EPA can be
divided into three main areas:
Regulation: We implement effective regulation and environmental
compliance systems to deliver good environmental outcomes and
target those who don’t comply.
Knowledge: We provide high quality, targeted and timely
environmental data, information and assessment to inform
decision making at all levels.
Advocacy: We work with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental behaviour.

Our Responsibilities
Licensing

We regulate the following activities so that they do not endanger
human health or harm the environment:
• waste facilities (e.g. landfills, incinerators, waste transfer
stations);
• large scale industrial activities (e.g. pharmaceutical, cement
manufacturing, power plants);
• intensive agriculture (e.g. pigs, poultry);
• the contained use and controlled release of Genetically
Modified Organisms (GMOs);
• sources of ionising radiation (e.g. x-ray and radiotherapy
equipment, industrial sources);
• large petrol storage facilities;
• waste water discharges;
• dumping at sea activities.

National Environmental Enforcement

• Conducting an annual programme of audits and inspections of
EPA licensed facilities.
• Overseeing local authorities’ environmental protection
responsibilities.
• Supervising the supply of drinking water by public water
suppliers.
• Working with local authorities and other agencies to tackle
environmental crime by co-ordinating a national enforcement
network, targeting offenders and overseeing remediation.
• Enforcing Regulations such as Waste Electrical and Electronic
Equipment (WEEE), Restriction of Hazardous Substances
(RoHS) and substances that deplete the ozone layer.
• Prosecuting those who flout environmental law and damage the
environment.

Water Management

• Monitoring and reporting on the quality of rivers, lakes,
transitional and coastal waters of Ireland and groundwaters;
measuring water levels and river flows.
• National coordination and oversight of the Water Framework
Directive.
• Monitoring and reporting on Bathing Water Quality.

Monitoring, Analysing and Reporting on the
Environment

• Monitoring air quality and implementing the EU Clean Air for
Europe (CAFÉ) Directive.
• Independent reporting to inform decision making by national
and local government (e.g. periodic reporting on the State of
Ireland’s Environment and Indicator Reports).

Regulating Ireland’s Greenhouse Gas Emissions

• Preparing Ireland’s greenhouse gas inventories and projections.
• Implementing the Emissions Trading Directive, for over 100 of
the largest producers of carbon dioxide in Ireland.

Environmental Research and Development

• Funding environmental research to identify pressures, inform
policy and provide solutions in the areas of climate, water and
sustainability.

Strategic Environmental Assessment

• Assessing the impact of proposed plans and programmes on the
Irish environment (e.g. major development plans).

Radiological Protection

• Monitoring radiation levels, assessing exposure of people in
Ireland to ionising radiation.
• Assisting in developing national plans for emergencies arising
from nuclear accidents.
• Monitoring developments abroad relating to nuclear
installations and radiological safety.
• Providing, or overseeing the provision of, specialist radiation
protection services.

Guidance, Accessible Information and Education

• Providing advice and guidance to industry and the public on
environmental and radiological protection topics.
• Providing timely and easily accessible environmental
information to encourage public participation in environmental
decision-making (e.g. My Local Environment, Radon Maps).
• Advising Government on matters relating to radiological safety
and emergency response.
• Developing a National Hazardous Waste Management Plan to
prevent and manage hazardous waste.

Awareness Raising and Behavioural Change

• Generating greater environmental awareness and influencing
positive behavioural change by supporting businesses,
communities and householders to become more resource
efficient.
• Promoting radon testing in homes and workplaces and
encouraging remediation where necessary.

Management and structure of the EPA

The EPA is managed by a full time Board, consisting of a Director
General and five Directors. The work is carried out across five
Offices:
• Office of Environmental Sustainability
• Office of Environmental Enforcement
• Office of Evidence and Assessment
• Office of Radiation Protection and Environmental Monitoring
• Office of Communications and Corporate Services
The EPA is assisted by an Advisory Committee of twelve members
who meet regularly to discuss issues of concern and provide
advice to the Board.
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Executive Summary

The scope of the Al Source project is to determine
the optimisation of state-of-the-art technologies that
could offer potential in the reuse of bauxite residue to
recover valuable elements.

The developed optimal conditions allowed extraction
of 85.8 mg of Ga from 1 kg of bauxite residue,
corresponding to 71% of the total (aqua regiaaccessible) Ga content present in bauxite residue.
There are future challenges related to separation
techniques (adsorption, liquid/liquid extraction), e.g.
the concentration of Ga or improving the selectivity
of Ga against major components. There is also a
challenge related to the utilisation of the reprocessed
residue produced during Ga extraction from bauxite
residue.

Bauxite residue is the slurry by-product generated
during the treatment of bauxite ores using the Bayer
process to produce alumina. Because of the high
volumes generated (~150 million tonnes per annum),
the management of bauxite residue continues to be a
global concern. Consequently, there is an immediate
need for re-utilisation and storage of these residues.

For the recovery of P from wastewater using bauxite
residue, gypsum and seawater treatments were
applied to the various bauxite residue samples
obtained and the effects on its mineral, elemental and
physiochemical properties were examined, as well as
the effect on its P adsorption capacity. Bauxite residue
was then packed into rapid small-scale columns and
used to treat dairy soiled water and forest run-off to
investigate the removal rate and retention capacity for
dissolved reactive P.

In this project two utilisation techniques were
evaluated for bauxite residue to highlight its value
when being utilised. In the first part of the research
and development work, a state-of-the-art technology
was evaluated for recovery of metal gallium (Ga)
from bauxite residue. In the other part, a process
for recovering phosphorus (P) from agricultural
wastewater using bauxite residue was developed.
Linked to the valuable metal recovery study, bauxite
residue was extracted using oxalic acid and, for
the first time, studies were conducted to adsorb the
Ga in the solution onto a zeolite at the laboratory
scale. Optimisation was achieved with the help of a
design of experiments (DOE) software calculation,
which was validated with laboratory experiments.
The efficiency of Ga adsorption onto the zeolite was
compared with conventional liquid–liquid extraction by
di-(2-ethylhexyl)phosphoric acid (D2EHPA) dissolved
in kerosene. The residue left after the processing
was characterised to understand the influence of the
extraction process on pH change, morphology and
chemical change.

The evaluation of the recovery of P from wastewater
using bauxite residue demonstrated that the maximum
adsorption capacity was estimated to range from 0.345
to 2.73 mg P/g bauxite residue. When bauxite residue
medium was packed into rapid small-scale columns
it had a high potential for the treatment of both low
and high P-concentrated agricultural wastewaters,
dairy soiled water and forest run-off. Short-term
laboratory-based investigations using the P-saturated
medium showed no detrimental impact on plant growth
or soil properties. Further characterisation of the
P-saturated bauxite residue medium is warranted to
determine the potential for P recovery or its potential
as a substitute for P fertiliser. Upscaling of these trials
to land application should involve consultation with
regulators to consider the potential for metal leaching
and impacts on soil.

Consequently, the general composition and valuable
metal content of bauxite residue was evaluated to
establish a baseline for Irish bauxite residue from a
characterisation and composition aspect.
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Introduction

Critical raw materials (CRMs) are fundamental
to Europe’s economy, growth and jobs and they
are essential for maintaining and improving our
quality of life. (EC, 2014a)

wastes or e-wastes (Hennebel et al., 2015). One littletapped CRM secondary source to date may be bauxite
residues (Binnemans et al., 2015; Deady et al., 2014;
Liu et al., 2014; Paramguru et al., 2005). Depending
on the origin of the residues, they may contain
considerable amounts of CRMs, in particular REEs
and Sc (Abdulvaliyev et al., 2015; Borra et al., 2015a;
Laskou and Economou-Eliopoulos, 2013; Mohapatra
et al., 2012; Qu et al., 2013; Ujaczki et al., 2017a).

This statement by the European Union’s (EU) Raw
Materials Initiative recognises factual issues of
insecure future raw materials within the EU and is
reflected by many major economies (e.g. Kawamoto,
2008; MineralsUK, 2017; Natural Resources Canada,
2017; US National Research Council, 2008). Within
the framework of the European Innovation Partnership
on Raw Materials, a list of 27 critical raw materials
(CRMs) was derived, including platinum group metals
(PGMs) and rare earth elements (REEs) (EC, 2017).
REEs are divided into light REEs (La, Ce, Pr, Nd,
Sm) and heavy REEs (Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Y), plus Sc (Rollat et al., 2016; Wall, 2014).
The new 2017 list includes nine additional materials
(e.g. V and Sc) compared with the 2014 list, making
V economically more interesting in bauxite residue.
Sc has been included on the list individually since
2017, as heavy REEs, light REEs and PGMs are
assessed individually; however, they remain as groups
on the critical list to ensure comparability with the
previous assessment (EC, 2017). Many industrial
sectors rely on CRMs as functional materials in
their products. REEs are used, for instance, in such
diverse applications as phosphors (lightning, displays),
magnets, catalysts, metallurgical applications and
alloys, ceramics and glass and glass polishing
(EC, 2014b).

Bauxite residues (or “red mud”, “Bayer process
tailings”, “bauxite process tailings”) are generated
from alumina production, in which bauxite is digested
in hot NaOH solution via the Bayer process (Evans,
2015). The production of 1 tonne of alumina generates
between 1 and 1.5 tonnes of bauxite residue (Zhang
et al., 2011). Currently, the yearly global production of
bauxite residue is 150 million tonnes (Evans, 2016)
and the total inventory is estimated to exceed 2.7
billion tonnes to date (Binnemans et al., 2015).
Some strategies (e.g. direct magnetic separation,
pyro- and hydrometallurgical processes) have been
investigated to recover the main elements present
in the residues (Al, Fe and Ti). These were mainly
driven by waste reduction considerations (AgatziniLeonardou et al. 2008; Çengeloglu et al., 2001; Deep
et al., 2001; Erçağ and Apak, 1997; Ghorbani and
Fakhariyan, 2013; Guo et al., 2013; Jamieson et al.,
2006; Jayasankar et al., 2012; Kasliwal and Sai, 1999;
Kumar and Premchand, 1998; Li et al., 2009, 2011; Liu
et al., 2009, 2012; Urík et al., 2015; Uzun and Gulfen,
2007; Vachon et al., 1994; Yang et al., 2015; Zhang et
al., 2011; Zhong et al., 2009; Zhu et al., 2012). Fewer
attempts have been made to use the residues as a
secondary source of CRMs (Abhilash et al., 2014;
Borra et al., 2015a, 2016a,b; Davris et al., 2016;
Ochsenkühn-Petropoulou et al., 1996; Qu et al., 2015;
Roosen et al., 2016; Ujaczki et al., 2017a,b; Wang et
al., 2013).

The challenges related to safeguarding the CRM
supply can be addressed in a variety of ways,
depending on the particular material. Demand for
materials can be reduced through the development of
new products and processes that substitute for CRMs
(Ku and Hung, 2014). In some cases, additional supply
might be available through new/improved mining of
primary ores and production processes (minimising
losses). Further, CRM supply risk can be reduced by
exploitation of secondary (i.e. not ore-related) sources
(i.e. in the frame of so-called urban mining) at the end
of a product’s life. Prominent secondary sources are,
for instance, incineration slags and ashes, demolition

Some other reuse options for bauxite residue have
included polymers (Hertel et al., 2016), ceramics
(Pontikes et al., 2009) and catalysts (Wang et al.,
2008) and adsorbents for wastewater treatment
(Bhatnagar et al., 2011), particularly for the removal
of As (Arco-Lázaro et al., 2018; Castaldi et al.,

1
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2011; Sahu et al., 2010), Cr (Dursun et al., 2008),
Ni (Hannachi et al., 2010; Smiljanić et al., 2010), Cu
(Atasoy and Bilgic, 2018; Nadaroglu et al., 2010),

Cd (Ha et al., 2017) and P (Cusack et al., 2018; Yue
et al., 2010), as well as applications as potential soil
ameliorants (Ujaczki et al., 2015).

2

2

Literature Review

2.1

Bauxite Ore Occurrence

with the obtained pregnant liquor are precipitation/
crystallisation, classification and calcination
(IAI, 2012).

Bauxite ore is formed from the intense lateritic
weathering of residual clays, which accumulate in
topographic lows on continental surfaces (Deady et al.,
2014). Bauxite deposits can be classified according
to their geological formation into lateritic (89%),
karst (10%) and Tikhvin-type (< 1% of the world’s
resources) deposits (Bárdossy, 1982; Meyer, 2004).
Trace elements, including REEs, Ga, Ti, Cr, Zr, etc.,
can be adsorbed onto the surface of residual clays.
During lateritic weathering the adsorbed elements
become concentrated with depth in the resulting
bauxite deposits (Maksimović, 1976; Maksimović and
Roaldset, 1976). There are estimated to be 55–75
billion tonnes of bauxite resources worldwide, with the
following distribution: 32% in Africa, 23% in Oceania,
21% in South America and the Caribbean, 18% in Asia
and 6% elsewhere (Senyuta et al., 2013; Vassiliadou,
2014). The 1970s saw a major expansion of the
alumina industry in response to growth in primary Al
demand, accompanied by rapid production growth
(Power et al., 2011). In 2016, the quantity of bauxite
consumed was estimated to be 6.8 million tonnes, with
more than 90% of the bauxite converted to alumina
and the remainder used for non-metallurgical products
(USGS, 2017).

2.2

Depending on the requirements of the residue storage
facility, further filtration steps and amendments (e.g.
seawater, CO2, SO2, gypsum, mineral acids) are
added prior to disposal (Power et al., 2011). Various
size fractions can be distinguished within bauxite
residues (from 100 nm to coarse fraction process
sand of > 150–200 μm) (Pradhan et al., 1996; Roach
et al., 2001). The majority (~80%) of the particles in
red mud may be of a size of < 100 μm (Jones et al.,
2011). The amount of process sand is typically around
5%, but may vary from < 1% to as high as 50%. In
several cases the process sand is separated before
clarification and is transferred to a separate system for
washing (Bánvölgyi and Huan, 2010).

2.3

Bauxite Residue Composition

Bauxite residues are solid–solution mixtures ranging
in initial solid content from 20% to 80% by weight
(depending on the disposal method of the refinery).
They can exhibit a high pH (c.13) when no further
treatment is carried out and have a high Na+ content
and electrical conductivity (EC) (Gräfe et al., 2011;
Wang et al., 2008). Roughly 70% of the solid bauxite
residue is in a crystalline phase (Gräfe et al., 2011),
including primary mineral phases, which are those
that are already present in bauxite, e.g. haematite,
diaspore, boehmite and goethite, and secondary
mineral phases, which are formed in the Bayer
process, such as hydrogarnet, cancrinite, perovskite
and gibbsite (Vind et al., 2018). The bauxite parent
material, climate, age and topography influence
bauxite residue composition (Bárdossy and Aleva,
1990). Haematite is the most prevalent of the
minerals found in bauxite residue, ranging from 7%
to 29% (Gräfe et al., 2011). Aluminous goethite is
generally found in residues from bauxite from Jamaica
and Australia (Gräfe et al., 2011), which shows a
low substitution of Al within the goethite structure
(Lawson et al., 2014). Further factors influencing
bauxite residue composition are NaOH and heat and
pressure conditions used during digestion, as well

Bauxite Residues from Alumina
Production

Aluminium production consists of two key stages: first,
alumina refining (“Bayer process”), which involves the
generation of alumina from bauxite ore, and, second,
Al smelting (Hall–Héroult process), the process of
transforming alumina into Al (Lumley, 2010). Most
of the world’s alumina is produced using the Bayer
process, although minor volumes are obtained from
non-bauxite sources such as kaolin, anorthosite,
alunite and dawsonite in some refineries (particularly
in China and Russia) (Murray, 1981; Patel and Pal,
2015). The Bayer process is often referred to as the
“red side” and affects the properties of the residue
produced. It includes the steps of bauxite milling, predesilication, digestion, cooling, clarification, washing
and disposal of residues. The steps associated
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as the chemical additives used (Cablik, 2007). For
instance, residues produced from “low-grade”, highsilicon bauxite differ because of the amount of caustic
lime that is added in the Bayer process. Here, the
major minerals present are calcite, perovskite, illite,
haematite and magnetite (Liu et al., 2007a).

safer storage, but also for transport and utilisation in
other industries (cement, iron, etc.).
The current best practice in the industry is disposal in
engineered bauxite residue disposal areas (BRDAs),
using dry stacking and “mud farming” (amphirolling) to
aid residue de-watering and increase compactation/
consolidation, thereby reducing alkalinity (pH < 11.5)
(Evans, 2016; Gomes et al., 2016; Higgins et
al., 2016).

The order of elemental abundance within the bauxite
residue would typically be Fe > Al > Si ~ Ti > Ca > Na
(Gräfe et al., 2011), with these elements being present
as oxides (Fe2O3, Al2O3, SiO2, TiO2, CaO and Na2O)
(for a review see Binnemans et al., 2015). However,
comparatively few data are available on the content of
CRMs in bauxite residues (Table 2.1). Some studies
have indicated that bauxite residues may be rich in
CRMs (Sc, Cr, Ga, REEs) and other valuable elements
(Ni, V, Zn, Zr) (Deady et al., 2014; Liu and Naidu,
2014; Mohapatra et al., 2012). Mohapatra et al. (2012)
reported that the amount of Sc, Ni and Cr increased
in the order bauxite ore < process sand < red mud,
whereas the amount of Ga was depleted in the order
bauxite ore > process sand > red mud. Moreover, it
was observed that the concentration of other valuable
elements such as Co, Y, Zr, V, Zn and Nb was highest
in process sand (Mohapatra et al., 2012).

2.4

2.5

Current Bauxite Residue Reuse
Options for Metal/Critical Raw
Material Recovery

Efforts to reuse bauxite residue have long been
proposed but no more than 2–3% of the 150 million
tonnes of bauxite residue produced annually is used in
a productive way (Evans, 2016). Currently, these minor
uses include cement and ceramic production (see, for
example, Binnemans et al., 2015; Klauber et al., 2011;
Kumar et al., 2006; Liu and Zhang, 2011; Pontikes and
Angelopoulos, 2013). Further, technologies have been
proposed for major metal (Al, Fe, Ti) recovery, such as
direct magnetic separation, smelting in a blast furnace
and pyrometallurgical and hydrometallurgical recovery
(Liu and Naidu, 2014). For example, Fe recovery by
direct magnetic separation was found to reduce energy
costs compared with pyrometallurgical recovery (Xiang
et al., 2001). The magnetic fraction can be used for
Fe production, whereas the non-magnetic fraction
can be used in building materials or added back into
the Bayer process (Hammond et al., 2013). Al has
been extracted by both organic and inorganic acids
(including acids produced by bacteria; Liu and Naidu,
2014). Pyrometallurgical (and hydrometallurgical)
routes have been proposed to recover Ti from bauxite
residues (Agatzini-Leonardou et al., 2008).

Traditional Bauxite Residue
Treatment and Disposal

Up until the 1970s, marine discharge and lagooning
were primarily used to dispose of bauxite residue.
Now, so-called “dry stacking” (although residues are
not entirely dry; ~70% solid) and dry cake disposal
have become the industry norm. Dry stacking involves
thickening the bauxite residue to 48–55% solids, which
subsequently is pumped through a sloped pipeline.
Then, de-watering/air drying occurs before the next
thin layer is released at the disposal area (Power et al.,
2011). The bauxite residues are deposited as a slurrytype paste of pH 11–13, with a high fine silt to clay size
proportion and a high sodium content. This leads to a
preference for particle dispersion (Dodoo-Arhin et al.,
2013) and results in difficulties in handling and storing
residues (Mayes et al., 2016; Palmer and Frost, 2009).
Dry cake disposal involves thickening and pressure
filtration, before using dump trucks to transfer residues
to the storage area (Power et al., 2011). Pressure
filtration not only results in a residue with a lower water
content but also reduces losses of entrapped NaOH.
This makes thickened/filtered residue more suitable for

Because of the high costs of disposal some attempts
to completely reuse bauxite residues (towards the
“zero waste” objective) have been made. For instance,
Erçağ and Apak (1997) developed a procedure for
the recovery of TiO2, Al2O3 and pig iron from Turkish
bauxite residues. Here, bauxite residue was mixed
with dolomite and coke, pelletised, sintered and
smelted. The slag was leached and solvent extraction
applied. Ultimately, silica and Al2O3 were recovered
from the raffinate, whereas Ti was stripped, hydrolysed
and calcined to produce pigment-grade TiO2.
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Mischmetal

Mischmetal

NA

95

0.5

60,900

1116.6

1.9

0.1

9.3

29.1

0.1

76.8

0.3

726.8

20,900

10,566

2,070

28

266

4220

14

184

64

158

13.5
1.6

Alumina production in
2016 (TMT)i

297.2

2.4

5.0

248.4

341
169

0.8
0.1

Qu et al. (2013)

NA

NA

68

730

NA

NA

NA

54

0.3

416
14

0.1

1469

Metal

NA

31

25
NA

228.0
0.3

Wang et al. (2013)

5500

918

Yb

Zr

Metal

NA

NA

570
56

Sum over all elements

35,000

Y

Oxide

Mischmetal

Oxide

Mischmetal

Oxide

Oxide

NA

NA

35.6

7.3

0.1

8.9

9.3

1.7

Financial
value
(US$/t)

Reference

5500

6889

Tm

V

5500

417,500

Sm

Tb

5500

4,600,000

Pr

Sc

Metal

39,500

9298

Nd

Ni

Oxide

Mischmetal

2000

5500

La

89

NA

110

28

48

848

NA

842

Content
(mg/kg)
c

d

569.8

0.1

2.7

0.0

1.7

0.1

556.6

0.1

3.9

0.0

0.2

0.0

0.1

0.3

0.1

3.1

0.8

Financial
value
(US$/t)

821

Borra et al. (2015a)

911

NA

14

76

NA

2

4

21

121

28

NA

99

2

114

NA

4

22

NA

5

14

17

NA

NA

368

Content
(mg/kg)

Greece

410.4

0.1

3.5

2.3

0.0

1.5

0.1

368.0

0.2

2.8

6.0

0.0

0.3

0.1

0.0

0.1

10.6

0.4

0.1

3.9

7.1

1.6

0.9

Financial
value
(US$/t)

NA

Ujaczki et al. (2017a)

2460

NA

11

100

337

2

4

28

80

39

307

151

2

166

1

4

27

27

6

12

21

646

59

430

Content
(mg/kg)
e

Hungary

The metal concentrations in all aqueous samples were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Chemical analysis was performed after complete dissolution by alkali fusion and acid digestion in a 1:1 (v/v) HCl solution by ICP-MS.

Information on metal analysis was not available.

Chemical analysis was performed after acid digestion (HNO3 and HF 1:1) based on the Balram et al. (1990) method by ICP-MS.

Chemical analysis was performed after aqua regia-assisted microwave digestion by ICP-MS.

NA, not available.

i

f

320.3

0.3

0.0

0.5

3.6

0.1

266.8

0.1

0.5

1.9

0.2

0.0

36.4

0.1

0.0

0.7

8.1

0.6

0.4

Financial
value
(US$/t)

6030

Mohapatra et al.
(2012)

2169

279

2

13

517

NA

NA

9

58

18

53

48

NA

112

NA

NA

7

91

2

1

4

740

24

191

Content
(mg/kg)

India

Data in thousands of metric dry tons (TMT) (USGS, 2016). Producing 1 tonne of alumina generates 1−2 tonnes of bauxite residue (Bray et al., 2018).

h

Chemical analysis was performed by X-ray fluorescence (XRF).

g

f

e

Mischmetal

Metal

NA

NA

5.5

Financial
value
(US$/t)

China
g

414.6

0.6

414.0

Financial
value
(US$/t)

2680

Petrakova et al.
(2015)

740

650

NA

NA

NA

NA

NA

NA

90

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Content
(mg/kg)

Russia

10.8

0.8

10.0

Financial
value
(US$/t)

NA

Abdulvaliyev et al.
(2015)

137

NA

NA

NA

112

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

25

NA

NA

NA

NA

NA

NA

Contenth
(mg/kg)

Turkey

Chemical analysis was performed after total digestion according to the US EPA SW 846 Method 3050B (HNO3 and H2O2; US EPA, 1996) by inductively coupled plasma mass spectroscopy (ICP-MS).

d

c

Metal

Mischmetal

Lu

5500

240,000

Ho

In

400,000

5500

Ga

Gd

Oxide

NA

497

NA

NA

Content
(mg/kg)
b

Australia

Prices USGS (2016). For Er, Gd, Ho, Lu, Pr, Sm, Tm and Yb, no market price is available; the mischmetal price was used, probably underestimating actual prices.

b

a

Mischmetal

5500

66,000

Er

Eu

Metal

Oxide

11,000

184,500

Cr

Dy

Oxide

Metal

2000

26,444

Ce

Co

Price
basis

Market
pricea
(US$/t)

Elements

Table 2.1. Concentrations and maximally recoverable financial values of CRMs and elements of high economic importance in bauxite residues from
different origins

Al Source

CRM recovery strategies can be categorised as
direct leaching, leaching following pyrometallurgical/
mechanical operations (reductive smelting,
roasting) and combinations thereof. In direct
hydrometallurgical leaching, mostly mineral acids
(H2SO4, HCl or HNO3) have been used to recover
CRMs from bauxite residues (Table 2.2). Leaching
following pyrometallurgical treatment may result in
more efficient/more selective extraction, yet at the
expense of higher energy investments. For instance,
Fe removal by smelting reduction was shown to be
beneficial for selective leaching of REEs from the
resulting slag phase (Binnemans et al., 2015; Borra et
al., 2016b; Logomerac, 1979; Sargic and Logomerac,
1974). Borra et al. (2016a) investigated a combined
sulfation–roasting–leaching process to selectively
leach REEs while leaving Fe undissolved in the
residue. They reported extraction rates of about 60%
Sc and 80% other REEs, while the dissolution of other
major elements was minor (< 1% Fe, Ti; < 20% Al).

Similar procedures were developed for the selective
extraction of Ni and Co from Fe-rich lateritic ores and
were also applied for selective extraction of Nd from
Nd–Fe–B magnets (Önal et al., 2015).
After extraction, dissolved metals are mostly purified/
concentrated using either solvent extraction and/or
ion exchange. Further proposed techniques, such as
carbon adsorption, precipitation, use of ionic liquids
or ultra/nanofiltration, have found minor use only
(Table 2.3). Solvent extraction (liquid–liquid extraction,
LLE) is based on the partitioning of the dissolved
metal into a non-miscible organic phase (extract),
followed by regeneration (stripping) of the solvent
phase (Free, 2013). Dissolved impurities such as
Fe pose a challenge to solvent extraction and are
usually removed by precipitation before proceeding
(Xie et al., 2014). A limited number of studies are
available regarding extraction/concentration of CRMs
from bauxite residue (reviewed in Liu and Naidu,
2014). Non-aqueous solvents (i.e. ionic liquids, salts

Table 2.2. Summary of CRM extraction techniques from bauxite residues
Bauxite
residue
source

Target
metals

Technique

Recovery
efficiency

Fe coextracted

Scale of the
study

Reference

Greece

REEs

Extraction using HCl

68% Sc, 33–70%
REEs

11% Fe

Laboratory scale
in 0.5 L reactor

OchsenkühnPetropoulou et al.
(1996)

Greece

REEs

Extraction using HCl

63% Sc, 70–85%
REEs

80% Fe

Laboratory scale
in 0.5 L reactor

Borra et al.
(2015a)

Greece

REEs

Extraction using HNO3

80% Sc, 29–96%
REEs

3% Fe

Laboratory scale
in 0.5 L reactor

OchsenkühnPetropoulou et al.
(1996)

Greece

REEs

Extraction using H2SO4

21–77% REEs

Laboratory scale
in 0.5 L reactor

OchsenkühnPetropoulou et al.
(1996)

Greece

REEs

Extraction using HbetTf2N

45% Sc, 60–80%
REEs

3% Fe

Laboratory scale
~0.5 L reactor

Davris et al.
(2016)

Hungary

REEs, Co,
Cr, Ga

Extraction using HCl

64% of the total
CRMs

67% Fe

Laboratory scale
in 0.05 mL tubes

Ujaczki et al.
(2017a)

India

La

Extraction using H2SO4

100%

Laboratory scale
~0.1 mL vessel

Abhilash et al.
(2014)

India

Ce

Extraction using H2SO4

100%

Laboratory scale
~0.1 mL vessel

Abhilash et al.
(2014)

Turkey

Ga, V

High-temperature leaching
using a high-modulus solution

56% Ga, 66%
V2O5

Laboratory scale
~0.1 mL vessel

Abdulvaliyev et al.
(2015)

China

REEs,
Ga, V

Bioleaching by filamentous
fungi (Aspergillus niger)

47% Ga, 40% Sc,
25–55% REEs

Laboratory scale
in 12 L reactor

Qu et al. (2015)

China

Cr, Ni, Zn,
Zr

Bioleaching by filamentous
fungi (A. niger)

25% Cr, 50% Ni,
80% Zn, 11% Zr

Laboratory scale
in 12 L reactor

Qu et al. (2015)

China

REEs

Bioleaching by filamentous
fungi (Penicillium tricolor)

73% Sc, 28–80%
REEs

Laboratory scale
in 12 L reactor

Qu et al. (2015)

HbetTf2N, betainium bis(trifluoromethylsulfonyl)imide.
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Table 2.3. Examples of concentration/purification of CRMs from bauxite residue
Bauxite
residue
source

Target
CRM

Technique

Efficiency

Fe coextracted

Reference

Australia

Sc

Combined LLE with D2EHPA/TBP
in Shellsol D70

99% Sc transfer from leachate to
solvent

1% Fe

Wang et al.
(2013)

Hungary

REEs

Combined LLE with D2EHPA in
kerosene

62% Sc transfer from leachate to
concentrate

13% Fe

Ujaczki et al.
(2017b)

Hungary

V

Anion exchange by Amberlite®
IRA-400

76% V eluted from resin

Gomes et al.
(2016)

Greece

Sc

Ion exchange with functionalised
hybrid materials

100% Sc transfer from leachate to
ion exchange material

Roosen et al.
(2016)

Greece

Sc

Solvent extraction using ionic
liquids

> 90% Sc transfer from leachate to
solvent

Hoogerstraete
et al. (2013)

D2EHPA/TBP, di-(2-ethylhexyl)phosphoric acid/tributyl phosphate; LLE, liquid–liquid extraction.

2.6

in the liquid state) can be used as an alternative to
conventional water/organic solvent systems. In ion
exchange, a charged solid phase applied as a packed
column or in direct contact is used to electrostatically
attract the metal of interest (Alexandratos, 2009).
Anion exchange resin (Amberlite® IRA-400) was
investigated for V removal from synthetic bauxite
residue leachate solution (Gomes et al., 2016). It
should be noted that the concentrating of CRMs
from BRDA leachates does not require extraction
as a precursor step. Next to commercial ion
exchange resins (Ochsenkühn-Petropoulou et al.,
1996), some further (hybrid) materials have been
applied [e.g. functionalised chitosan-silica particles
with ethyleneglycol tetraacetic acid (EGTA) and
diethylenetriamine pentaacetic acid (DTPA) groups;
Qu et al., 2015]. Nanofiltration is a pressure-driven
process that makes use of both fixed charges in and
on a membrane material and steric effects (i.e. size of
ions or molecules) (Pontalier et al., 1997; Yaroshchuk
et al., 2009). Acid-resistant nanofiltration may prove to
be a suitable approach in the future (Zimmermann et
al., 2014), but to date has not been applied to bauxite
residue leachates.

Current Bauxite Residue Reuse
Options for Phosphorus Recovery

Phosphorus, a non-metal of the N group, is an
essential component of all plant and animal life
(Desmidt et al., 2015) and critical in the production
and maintenance of the food supply (Cordell and
White, 2011). As of 2017, P has been listed as a
CRM, in addition to phosphate rock, which was on
the original CRM list issued in 2011 (EC, 2017). P is
also identified as one of the key nutrients that leads
to the eutrophication of water bodies, in which there
is an excess production of algal blooms, resulting in
detrimental effects on aquatic life present in the water
bodies (Schindler et al., 2016). Common sources of
P that makes its way into water bodies include the
effects of erosion and surface run-off (Bolster et al.,
2017) and agricultural practices such as the overapplication of slurry and fertiliser (Smith et al., 2015).
The movement of P from soil to water bodies is
predominantly in the form of particulate or dissolved
P (Penn et al., 2014), with the latter being 100%
available for aquatic biota and therefore having an
immediate effect on the surrounding ecosystems
(Penn et al., 2014). Conventional methods of
P removal from water have involved the use of
enhanced biological removal systems (Ge et al., 2015;
Sukačová et al., 2015), precipitation methods (Hauduc
et al., 2015; Zhou et al., 2015), adsorbents (Callery et
al., 2016; Callery and Healy 2017; Grace et al., 2015),
ion exchange (Acelas et al., 2015; Nur et al., 2014)
and electrodialysis and reverse osmosis (Wang Z.
et al., 2016). Although these methods are effective,
they are often expensive (Bhatnagar and Sillanpää,

Further refining is required to get the dissolved
metals in the refined solution to the end uses.
Various techniques have been used for the recovery
of elemental metal or suitable compounds from the
concentrate: metal compounds by crystallisation
or ionic precipitation, metals/metal compounds
by reduction with gas, metals by electrochemical
reduction and metals by electrolytic reduction
(Gupta, 2017).
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Al Source

2010). In recent years, emphasis has been placed
on the potential utilisation of industrial wastes to form
low-cost adsorbents (Grace et al., 2016), such as
fly ash (Nowak et al., 2013; Vohla et al., 2011), steel
slags (Barca et al., 2012; Claveau-Mallet et al., 2013)
and bauxite residue (Cusack et al., 2018; Grace et al.,
2015, 2016; Taneez et al., 2017).

2.4). However, although acid and heat treatments
have proven to be very successful in increasing
the adsorption capacity of bauxite residue, they
are expensive, are energy consuming (using high
temperatures of up to 700°C) and, without further
treatment, do not allow for the easy reuse of the
bauxite residue (e.g. as a possible medium for plant
growth) (Xue et al., 2016).

Fine-fraction bauxite residue comprises Fe oxides
(20–45%) and Al oxides (10–22%) (IAI, 2015),
which makes it suitable as a medium to adsorb
P. In comparison to standard P removal by sand,
bauxite residue has a high P retention capacity
(Vohla et al., 2007). However, its P removal potential
is enhanced following treatment by heat, acid or
gypsum (Table 2.4). Of the methods employed, acid
and heat treatment have proved most successful in
increasing the P adsorption capacity of the bauxite
residue, with maximum adsorption capacities of up to
203 mg P/g bauxite being achieved (Liu et al., 2007b)
compared with an adsorption capacity of 0.20 mg P/g
for untreated residue (Grace et al., 2015) (see Table

The main mechanism of phosphate adsorption
onto the surface of Fe and Al oxides dominant in
the bauxite residue may be separated into two
processes: specific and non-specific adsorption
(Cornell and Schwertmann, 2003; Stumm, 1992).
Specific adsorption takes place through the process
of ligand exchange (Jacukowicz-Sobala et al., 2015).
A phosphate ion exchanges with one or more hydroxyl
groups, with the release of OH2 and/or OH– back
into the surrounding solution, contributing to the
alkalisation of the surrounding environment (Cornell
and Schwertmann, 2003), as shown in the following
equations:

Table 2.4. Phosphorus adsorption studies that have been carried out using untreated and treated bauxite
residue and their recovery efficiencies
Residue

P recovery
technique

Factors
investigated

Type of water

Initial P
concentration
of the water
(mg P/L)

P recovered
(mg P/g)

Reference

Untreated bauxite
residue

Batch adsorption
experiment

Kinetics, pH,
temperature

Synthetic
water

5–100

0.20

Grace et al.
(2015)

Untreated bauxite
residue

Column study

Initial concentration,
particle size

Synthetic
water

60–1000

25a

Herron et al.
(2016)

Gypsum-treated
bauxite residue

Batch adsorption
experiment

Contact time

Synthetic
water

20–400

7.03

Lopez et al.
(1998)

Brine-treated bauxite
residue (Bauxsol™)b

Batch adsorption
experiment

pH, ionic strength,
time

Synthetic
water

0.5–2

6.5–14.9

Akhurst et al.
(2006)

Brine-treated bauxite
residue (Bauxsol™)b

Column study

Kinetics, particle
size

Secondary
treated effluent

3–9.2

2.85–8.74

Despland et al.
(2011)

Acid- and brinetreated bauxite
residue (Bauxsol™)b

Batch adsorption
experiment

Kinetics, isotherms

Synthetic
water

200

55.72

Ye et al. (2014)

Heat-treated bauxite
residue

Batch adsorption
experiment

Time, pH, initial
concentration

Synthetic
water

155

155.2

Liu et al.
(2007b)

Acid- and heat-treated
bauxite residue

Batch adsorption
experiment

Time, pH, initial
concentration

Synthetic
water

155

202.9

Liu et al.
(2007b)

Acid-treated bauxite
residue

Batch adsorption
experiment

Acid type, pH

Synthetic
water

1

1.1

Huang et al.
(2008)

Source: amended from Cusack et al. (2018).
Pmax value given, i.e. maximum amount of P adsorbed per g of bauxite residue media, as determined using the Langmuir
adsorption isotherm.

a

b
Bauxsol™ = neutralised bauxite residue produced using the Basecon™ procedure, which uses brines that are high in Ca2+
and Mg2+ (McConchie et al., 2001).
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FeOH + An

( )

Fe OH

2

+ An

FeAn + OH

(2.1)

Fe2 + An + + 2OH

aggregates (Jones and Haynes, 2011), and a partial
decrease in Na, as a result of ion exchange with Mg,
Ca and K (Hanahan et al., 2004). Seawater-treated
bauxite residues also allow adsorbed P to become
bioavailable, unlike the metal cations, which are
unavailable, highlighting the P and metal retention
capabilities (Fergusson, 2009). Revegetation of
bauxite residue using gypsum has also improved
plant growth by reducing its alkalinity and salinity and
improving the structure of the residue (Courtney et
al., 2009; Courtney and Kirwan, 2012). In addition to
this, modern alumina refineries are often located close
to deep water ports, to allow for the bulk shipment of
incoming bauxite (sometimes from multiple sources)
to the refinery and/or the bulk shipment of alumina
to Al smelters situated elsewhere. Therefore, there
is potential scope for the increasing use of seawater
neutralisation technology for pre-treatment of residues
in refineries not already employing treatments
previously mentioned, prior to their deposition in the
BRDA, reducing the alkalinity limitation relating to the
reuse of bauxite residue. However, such a practice
would require significant capital investment.

(2.2)

Non-specific adsorption is inclusive of electrostatic
interactions between the surface of the adsorbent and
the phosphate ion (Jacukowicz-Sobala et al., 2015).
Depending on the pH of the solution, the species
of P found in aqueous solution are H3PO4, H2PO4–,
HPO42– and PO43– (Zhang et al., 2016).
The adsorption of P onto media is influenced by
many factors, including particle size, pH and surface
characteristics (Wang X. et al., 2016). Numerous
studies have investigated the effect of parameters
such as kinetics (Akhurst et al., 2006; Grace et al.,
2015; Liu et al., 2007b; Ye et al., 2014), the ionic
solution (Akhurst et al., 2006), pH (Grace et al., 2015;
Huang et al., 2008; Liu et al., 2007b) and various
enhancement treatments (see Table 2.4) on the
adsorption of P from aqueous solution.
Enhancement treatments such as seawater or gypsum
provide relatively inexpensive, alternative treatments,
which may not only enhance the P adsorption
capacity of the bauxite residue medium but also
help to improve its physicochemical characteristics.
Seawater treatment improves bauxite’s physical
structure because of the addition of Mg and Ca, which
behave as flocculating agents, allowing many of the
fine particles in bauxite residue to form more stable

In addition to this, there is ample scope for
investigation of the use of bauxite residue as an
adsorbent for P and, following the adsorption process,
investigating the potential to strip P from the spent
bauxite residue media. Similarly, there is potential to
use the spent bauxite residue media as a potential
source of P.
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Gallium Recovery from Bauxite Residue

In the current study, bauxite residue was extracted
using low-molecular-weight organic acid (H2C2O4)
and, for the first time, experiments were conducted to
adsorb Ga in the solution onto a zeolite. Optimisation
was achieved with the help of design of experiments
(DOE) software calculations, which were validated
with experiments. The efficiency of Ga adsorption onto
the zeolite was compared with conventional LLE by
di-(2-ethylhexyl)phosphoric acid (D2EHPA) dissolved
in kerosene. The residue left after processing was
characterised to understand the influence of the
extraction process on pH change, morphology and
chemical change.

3.1

Materials and Methods

3.1.1

Physicochemical and mineralogical
characterisation

were filtered with a 0.45 μm polyvinyl difluoride (PVDF)
syringe filter and diluted in 1 M HNO3 before analysis
(Ujaczki et al., 2017a). An Agilent Technologies
5100 inductively coupled plasma optical emission
spectrometer (ICP-OES) was used for metal analysis.
Standard solution and samples were diluted with 1 M
HNO3. The following analytical lines (in nm) were
used for calculations: Al 308.215, 394.401, 396.152;
Ca 396.847, 422.673; Fe 234.350; Ga 294.363; Na
589.592; Si 250.690, 251.611, 288.158; Ti 334.188,
336.122, 368.520; and V 268.796 (Bridger and
Knowles, 2010).

3.1.3

The comparative metal leaching tests were performed
with equivalent normality acids (1 M H2SO4, 2 M HNO3,
2 M HCl, 1 M H2C2O4) under the following conditions:
60°C, 24 h, 100 g/L slurry concentration in triplicate
(Ujaczki et al., 2017a). All tests were carried out in
100 mL conical flasks. These were shaken on an IKA
KS 4000i control incubation shaker at 250 rpm. Further
leaching tests were carried out with H2C2O4 by varying
several parameters, i.e. acid concentration (0.05–3 M),
contact time (1–24 h) temperature (20–80°C) and
slurry concentration (10–200 g/L). The contact time
was extended to 24 h for every extraction step to
ensure that the leaching was complete. The bauxite
residue leachate solutions were centrifuged for 5 min
at 3500 rpm and 20°C (Sorvall TC-6), ﬁltered, diluted
in 1 M HNO3 and analysed using an ICP-OES, as
described above. The extraction efficiencies were
determined by the ratio of metal extracted to the aqua
regia-accessible metal content.

The bauxite residue used in this study (pH 10.9,
EC = 0.9 mS and 28% moisture content) is produced
by the Bayer process and stored after de-watering
by vacuum filtration and mud farming at the disposal
area. Samples were dried at 105°C for 24 h, pulverised
using a mortar and pestle and sieved to a particle size
of < 2 mm. The pH and EC were measured using 5 g
samples in aqueous extract at a 1:5 ratio (solid:liquid)
using an Aqualytic AL15 multimeter (Courtney
and Harrington, 2010). X-ray fluorescence (XRF)
analysis was carried out onsite at the refinery using a
Panalytical Axios XRF system. X-ray diffraction (XRD)
analysis was carried out on 1 g powdered samples
using a Philips X’Pert PRO MPD® (Kα-radiation) and
the patterns were collected in the angular range from
5° to 80° (2ɵ), with a step size of 0.008° (2ɵ) (Castaldi
et al., 2011). Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) were
performed on a Hitachi SU-70 microscope.

3.1.2

Leaching study

3.1.4

Adsorption study

Comparative experiments on Ga adsorption were
conducted with three types of zeolite (Table 3.1).

Elemental analyses

A stock solution of 50 mg/L of Ga was prepared by
diluting 1000 mg/L of Ga standard solution. All tests
were carried out in 100 mL conical flasks with constant
shaking at 250 rpm. Further adsorption tests were
carried out with the zeolite CBV 500 by varying several

Elemental analysis was performed after aqua regia
digestion at a 1:10 ratio (solid:liquid) using a Multiwave
3000 (Rotor 8XF100) microwave digestion system at
200°C and 1.25 MPa. The solutions after digestion
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Table 3.1. Characteristic of zeolites in the comparative adsorption study
Zeolite products

SiO2/Al2O3 mole ratio

Nominal cation form

Pore size (Å)

Type

+

CBV 500

5.1

NH4

7.4

Y

CP 811E-75

75

NH4+

6.8

Beta

CBV 2314

23

NH4

5.5

ZSM-5

+

parameters, i.e. adsorbent dosage (0.4–25.0 mg/mL),
contact time (0–24 h) and temperature (20–80°C).
Adsorption of Ga on zeolite CBV 500 was also
investigated from bauxite residue H2C2O4 leachate.
The adsorbent was separated from the solution using
a 0.45 μm PVDF syringe filter and diluted in 1 M HNO3
before analysis using an ICP-OES, as described
above. The adsorption efficiencies were determined by
the ratio of metal extracted to the stock solution metal
content and to the H2C2O4 leachate metal content

the adsorption study, a linear model was fitted to the
removal of maximal Ga concentration from solution
under varied parameters. The effects of three factors
were considered, i.e. adsorbent dosage, contact time
and temperature. Both models were subsequently
reduced to only contain potentially significant factors
(p ≤ 0.05) and factors necessary to maintain model
hierarchy using the stepwise automatic model
regression of the software. The proposed optimal
parameters were then tested experimentally.

3.1.5

3.2

Results

3.2.1

Bauxite residue composition

Liquid–liquid extraction study

Liquid–liquid extraction was performed according
to Ujaczki et al. (2017b) as follows: 6 mL of bauxite
residue H2C2O4 leachate was extracted using an
organic solvent phase composed of 13.5 mL of
kerosene and 4.5 mL of D2EHPA. D2EHPA was
chosen as the organophosphorus reagent as it is
commonly used as an attractant (Chen et al., 2014;
Mihaylov and Distin, 1993; Tsai and Tsai, 2013).
All of the experiments were carried out in 100 mL
conical flasks at room temperature with constant
shaking at 250 rpm for 60 min. Subsequently, phase
separation was allowed for 24 h. After extraction,
the concentration of metals in the organic phase
was calculated from the difference in H2C2O4
leachate concentration and the concentration in the
aqueous phase analysed using an ICP-OES, as
described above.

3.1.6

The elemental composition of the bauxite residue was
dominated by Fe (~43.3%), Al (~16.5%), Si (~9.4%),
Ti (~8.9%), Ca (~6.2%) and Na (~6.0%) oxides, as
detected by XRF (Table 3.2); the Ga concentration
was 114.5 ± 5.2 mg/kg, as analysed using an ICP-OES
(see Table 3.5).
The XRD analysis showed that bauxite residue
contained cancrinite [sodium aluminium silicate
carbonate; Na6(Al6Si6O24)∙2(CaCO3).0(H2O)], gibbsite
[aluminium hydroxide; Al(OH)3], goethite (iron oxide
hydroxide; FeOOH), haematite (iron oxide; Fe2O3),
perovskite (calcium titanate; CaTiO3), rutile (titanium
dioxide; TiO2) and sodalite [sodium aluminium silicon
oxide hydroxide hydrate; Na6(Al6Si6O24)∙(2NaOH,
Na2SO4)] (Figure 3.1).

Experimental design and statistical
analysis

3.2.2

SEM microanalysis

The SEM analysis shows the bauxite residue powder
as fine particles that form agglomerates (Figure 3.2).
EDS mapping showed that the composition of the
particles is homogeneous, with the presence of Al, Fe,
Na and Si, along with traces of Ca and Ti. Measuring
the composition of the residue using EDS data could
lead to misinterpretation, but with EDS of secondary
raw materials it is possible to determine the presence
of only dominating elements. The detected dominance

Minitab 17 software was used for the development
and analysis of experimental designs using the
response surface methodology. In the leaching study,
a linear model was fitted to the maximal extracted Ga
concentration that was recovered by extraction with
H2C2O4 under varied parameters. The effects of four
factors were considered, i.e. H2C2O4 concentration,
contact time, temperature and slurry concentration. In
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Table 3.2. Major elemental composition of the bauxite residue as determined by XRF

a

Element

Content (g/kg)a

Oxide

Content (%)a

Associated
mineralsb

Unit cell formula

Al

87.4 ± 3.2

Al2O3

16.5 ± 0.6

Gibbsite

Al(OH)3

Ca

44.2 ± 2.1

CaO

6.2 ± 0.3

Perovskite

CaTiO3

Fe

302.8 ± 8.4

Fe2O3

43.3 ± 1.2

Haematite

Fe2O3

Goethite

FeOOH

Na

44.4 ± 8.8c

Na2O

6.0 ± 0.3c

Sodalite

Na6(Al6Si6O24)∙(2NaOH, Na2SO4)

Cancrinite

Na6(Al6Si6O24)∙2(CaCO3)∙0(H2O)

Si

43.8 ± 2.3

SiO2

9.4 ± 0.5

Sodalite

Na6(Al6Si6O24)∙(2NaOH, Na2SO4)

Cancrinite

Na6(Al6Si6O24)∙2(CaCO3)∙0(H2O)

Ti

53.3 ± 3.0

TiO2

8.9 ± 0.5

Rutile

TiO2

Perovskite

CaTiO3

Determined by XRF.
Determined by XRD.

b
c

Determined by ICP-OES.

Figure 3.1. The XRD pattern collected from the dried and sieved bauxite residue sample, annotated with
major phase peaks detected.

10 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

Figure 3.2. Morphology and chemical composition of the bauxite residue detected by SEM-EDS (10.0 kV,
17.5 mm, ×3.00k).
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of elements by EDS – Fe, Al, Na, Si, Ca, and Ti oxides
– corresponds to the composition detected by XRF
and ICP-OES. Phases related to minor elements, such
as Ga, V, La and Sc, were not detectable by EDS.

3.2.3

extraction efficiency of 41% (~44.1 mg/kg) was already
achieved using 1 M H2C2O4; therefore, 1 M H2C2O4
was chosen for the following leaching experiments.
Increasing the contact time from 1 to 24 h increased
the extraction efficiency of Ga from 12% (~13.8 mg/kg)
to 38% (~44.1 mg/kg) using 1 M H2C2O4, 60°C, 100 g/L
slurry concentration and shaking at 250 rpm. In
addition, elevating the temperature from 22°C to 80°C
resulted in a large increase in extraction efficiency
of Ga from 18% (~19.5 mg/kg) to 40% (~42.7 mg/kg)
using 1 M H2C2O4, a contact time of 24 h, 100 g/L
slurry concentration and shaking at 250 rpm. Slurry
concentration had a strong effect on the extraction
efficiency, similar to acid concentration. Here,
decreasing the slurry concentration from 200 to 10 g/L
resulted in an increase in the extraction efficiency of
Ga from 3% (~3.7 mg/kg) to 47% (~53.9 mg/kg) under
the following conditions: 1 M H2C2O4, contact time 24 h,
60°C and shaking at 250 rpm.

Comparative metal acid leaching study

Three mineral acids (HCl, HNO3, H2SO4) and a
small-molecular-weight organic acid (H2C2O4) were
used for the extraction of Ga from bauxite residue.
The comparative extraction study showed that
the most efficient extraction method for Ga used
H2C2O4 (39%, ~44.8 mg/kg), followed by HCl (32%,
~37.2 mg/kg), H2SO4 (27%, ~30.6 mg/kg) and HNO3
(26%, ~29.8 mg/kg) under the following conditions:
normality = 2 N, contact time 24 h, 60°C, 100 g/L slurry
concentration and shaking at 250 rpm (Table 3.3).
Therefore, H2C2O4 was chosen for further investigation
of leaching parameters. Al and Fe were also
investigated as they are major elements in bauxite
residue and their selectivity is an important factor.
Using 2 N H2C2O4, Al (54% extraction efficiency,
~49,802 mg/kg) and Fe (23% extraction efficiency,
~81,563 mg/kg) were also extracted under the
conditions above.

3.2.4

Similar trends were identified for Al and Fe extraction
(see Figure 3.3). Using 1 M H2C2O4 resulted in
extraction efficiencies of 57% (~52,316 mg/kg) for Al
and 22% (~75,447 mg/kg) for Fe under the following
conditions: 24 h contact time, 60°C, 100 g/L slurry
concentration and shaking at 250 rpm. Increasing
the temperature increased the extraction efficiency
for Al to 63% (~58,102 mg/kg), with the extraction
efficiency for Fe remaining at 21% (~74,345 mg/kg),
under conditions of 1 M H2C2O4, 24 h contact time,
100 g/L slurry concentration and shaking at 250 rpm.
The optimum Al and Fe extraction efficiencies were
achieved by decreasing the slurry concentration to
10 g/L, resulting in extraction efficiencies of 62%
(~54,775 mg/kg) for Al and 62% (~216,378 mg/kg)
for Fe using 1 M H2C2O4, 24 h contact time, 60°C and
shaking at 250 rpm.

Effects of leaching parameters

The effects of acid concentration, temperature, contact
time and slurry concentration on the extraction of
Al, Fe and Ga from bauxite residue were studied
(Figure 3.3). Increasing the H2C2O4 concentration from
0.05 M to 3 M increased the extraction efficiency of Ga
from 3% (~3.6 mg/kg) to 44% (~50.9 mg/kg) under the
following conditions: contact time 24 h, 60°C, 100 g/L
slurry concentration and shaking at 250 rpm. An

Table 3.3. Extraction efficiencies for leaching bauxite residue with HCl, H2SO4, HNO3 and H2C2O4a
Acid

a

pH

Extraction efficiency (%)b
Ga

Al

Fe

HCl

0.1

32.5 ± 2.5 (37.2 ± 2.7 mg/kg)

55.4 ± 1.3 (51,056 ± 1265 mg/kg)

16.5 ± 1.5 (57,455 ± 3680 mg/kg)

HNO3

0.2

26.0 ± 2.0 (29.8 ± 2.2 mg/kg)

54.5 ± 2.6 (50,293 ± 2613 mg/kg)

1.5 ± 0.1 (5299 ± 295 mg/kg)

H2SO4

0.8

26.7 ± 1.0 (30.6 ± 1.1 mg/kg)

57.9 ± 1.0 (53,382 ± 971 mg/kg)

1.7 ± 0.1 (5790 ± 84 mg/kg)

H2C2O4

1.1

39.2 ± 2.1 (44.8 ± 2.4 mg/kg)

54.0 ± 0.4 (49,802 ± 415 mg/kg)

23.4 ± 1.1 (81,563 ± 2781 mg/kg)

Under the following conditions: normality = 2 N, 24 h contact time, 60°C, 100 g/L slurry concentration and shaking at 250 rpm.
Based on aqua regia-accessible content.

b
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Figure 3.3. Effect of leaching parameters (H2C2O4 concentration, contact time, temperature, slurry
concentration) on extraction efficiency (primary y-axis) and pH (secondary y-axis) of Al, Fe and Ga.
Single parameters were varied with all other parameters kept constant (1 M H2C2O4, 24 h contact time,
60°C, 100 g/L slurry concentration).

3.2.5

Design of experiment approach to
predict the optimal parameters for
leaching experiments

(Figure 3.4b) and slurry concentration and H2C2O4
concentration (Figure 3.4c).
The H2C2O4 concentration and slurry concentration
had the most pronounced effects on the extracted Ga
(ranging from 3.0 to 63.1 mg/kg, with the other factors
held constant at the optimal values) and are therefore
the most important factors to optimise. Contact time
and temperature had considerably lower impacts.

To determine the optimal extraction conditions to
extract the maximal amount of Ga from bauxite
residue a DOE approach was used to account
for interaction effects between acid concentration
(0.05–3 M H2C2O4), contact time (1–24 h), temperature
(50–80°C) and slurry concentration (10–200 g/L). The
response surface reduced linear model considered
linear effects between the investigated parameters
(equation 3.1) when all linear effects of the four tested
factors had a signiﬁcant (p ≤ 0.05) effect on the amount
of extracted Ga.

The optimal conditions predicted by the model
regarding maximal extraction of Ga from bauxite
residue were H2C2O4 concentration of 2.5 M, contact
time of 21.7 h, temperature of 80.0°C and slurry
concentration of 10 g/L. The model predicted a
maximal extracted concentration of Ga of 85.8 mg/
kg. The corresponding leaching experiment at
these conditions was conducted and yielded a
maximal extracted Ga concentration of 81.1 mg/
kg. As the experimentally determined and predicted
maximal extractable Ga concentration did not differ
significantly (the value obtained was 93% of that
predicted), the model was considered to be accurate.
Using these optimal conditions, 71% of the aqua
regia-accessible Ga content was extracted from the
bauxite residue.

Equation 3.1 shows the final equation of the response
surface model in terms of actual factors for leaching
experiments:
Ga conc. (mg/kg) = 4.71 + 16.56 × acid conc.
(M) + 0.575 × contact time (h) + 0.395 ×
temperature (°C) – 0.2662 × slurry conc. (g/L) (3.1)
Figure 3.4 shows the two-factor interaction effects
between contact time and H2C2O4 concentration
(Figure 3.4a), temperature and H2C2O4 concentration
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(a)

(b)

(c)

Figure 3.4. Two-factor interaction effects (left, contour plot; right, surface plot) on the extracted Ga.
(a) Contact time and H2C2O4 concentration; (b) temperature and H2C2O4 concentration; (c) slurry
concentration and H2C2O4 concentration. Factors that are not shown in the graphs were held constant at
the predicted optimal values.
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3.2.6

Adsorption study

(~0.1 mg/L) to 100% (~49.9 mg/L), with a contact time
of 24 h and temperature of 20°C. The Ga removal
efficiency was already 90% at an absorbent dosage of
5 mg/mL; therefore, this absorbent dosage was used to
investigate the effect of temperature and contact time.
Temperature in the range of 20–80°C had no particular
effect on the removal of Ga. Increasing the contact
time from 0 to 24 h increased the extraction efficiency
of Ga from 5% (~2.6 mg/L) to 90% (~44.8 g/L) using
5 g/mL of adsorbent at 20°C. Ga adsorption on the
zeolite CBV 500 showed rapid kinetics as 82%
(~40.0 g/L) of the Ga was adsorbed from the solution
after 10 min.

For the first time this study showed a process
combination of acid leaching and adsorption on
zeolites for the recovery of Ga from bauxite residue;
therefore, process parameters were developed for the
study in batch experiments.
In the batch study, the removal of Ga from Ga solution
(50 mg/L) by three types of zeolites (CBV 500,
CP 811E-75 and CBV 2314) were compared (see
Table 3.1). Among the investigated zeolite products,
the zeolite CBV 500 showed the highest Ga adsorption
capacity from the Ga solution, with 99% (~49.6 mg/L)
Ga removal efficiency under the following conditions:
10 mg/mL of adsorbent, 24 h contact time and
temperature of 20°C (Table 3.4).

Similar to the extraction study, to determine the
optimal conditions for the removal of maximal Ga from
the solution a DOE approach was used to account
for interaction effects between adsorbent dosage
(0.4–25 mg/mL), contact time (0–24 h) and temperature
(20–80°C). The response surface reduced linear
model considered linear effects between adsorbent
dosage and contact time (equation 3.2) as they
had a signiﬁcant (p ≤ 0.05) effect on the Ga removal
efficiency.

Further, the effects of adsorbent dosage, temperature
and contact time on the removal of Ga from Ga
solution by the zeolite CBV 500 were studied
(Figure 3.5).
Increasing the adsorbent dosage from 0 to 25 mg/mL
increased the removal efficiency for Ga from 0%

Table 3.4. Removal efficiencies for adsorption of Ga with the zeolites CBV 500, CP 811E-75 and CBV 2314a
Removal of Ga (%)

Zeolite CBV 500

99.1 ± 0.1

Zeolite CP 811E-75

16.8 ± 0.2

Zeolite CBV 2314

21.0 ± 3.2

Under the following conditions: 10 mg/mL adsorbent, 24 h contact time and temperature of 20°C.
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Figure 3.5. Effect of adsorption parameters (adsorbent dosage, temperature, contact time) on Ga removal
efficiency (primary y-axis) and pH (secondary y-axis) from synthetic Ga solution (50 mg/L) by the zeolite
CBV 500. Single parameters were varied whereas all other parameters were kept constant (5 mg/mL
adsorbent, 24 h contact time and temperature of 20°C).
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Equation 3.2 shows the final equation of the response
surface model in terms of actual factors for adsorption
experiments:

study, 16.1% (~17.8 mg/kg) of Ga was adsorbed, with
the presence of major elements in the bauxite residue
(Al: 9.8%, ~13,419 mg/kg; Ca: 14.0%, ~2739 mg/kg;
Fe: 11.7%, ~39,018 mg/kg; Na: 7.2%, ~5708 mg/kg;
Ti: 17.7%, ~7045 mg/kg) (Figure 3.7 and Table 3.5).
The most efficient adsorption was achieved for Si, with
a removal efficiency of 98% (~33,934 mg/kg). Another
economically interesting element in bauxite residue,
V, was adsorbed from the leachate with a removal
efficiency of 14.2% (~210 mg/kg).

Removal of Ga (%) = 52.24 + 4.636 × amount of
adsorbent (mg/cm3) − 1.014 × contact time (h) (3.2)
The adsorbent dosage had the most pronounced effect
on the Ga removal efficiency and is therefore the most
important factor to optimise (Figure 3.6).
The optimal conditions predicted by the model for the
maximal removal of Ga from solution were 5 mg/mL
adsorbent dosage and 1 h contact time at 20°C. The
model predicted a maximal Ga removal efficiency of
99.8%. The corresponding adsorption experiment
at these conditions was conducted and yielded a
maximal Ga removal efficiency of 99.4%. As the
experimentally determined and predicted maximal Ga
removal efficiency did not differ significantly (the value
obtained was 99.6% of that predicted), the model was
considered to be accurate.

3.2.7

Liquid–liquid extraction study

Following acidic extraction, Ga was also purified
by LLE using D2EHPA. With the organic system
consisting of 1 M D2EHPA in kerosene at an O/A
(organic to acidic) ratio of 3 at room temperature
(Ujaczki et al., 2017b), over 72.9% of the Ga
(~57.6 mg/kg) was extracted (Figure 3.8 and Table
3.5). In addition, 73.5% of Al (~60,577 mg/kg), 75.8%
of Ca (~10,567 mg/kg), 74.4% of Fe (~172,994 mg/kg),
73.8% of Na (~30,922 mg/kg), 75.7% of Si
(~25,807 mg/kg), 73.1% of Ti (~24,040 mg/kg) and
73.8% of V (~772 mg/kg) were co-extracted.

The optimal adsorption parameters (5 mg/mL
adsorbent dosage, 1 h contact time and temperature of
20°C) were applied to the bauxite residue leachate to
separate Ga from the leachate. In contrast to the batch

Figure 3.6. Two-factor interactions effects (left, contour plot; right, surface plot) on the extracted Ga:
adsorbent dosage and contact time. Factors that are not shown in the graphs were held constant at the
predicted optimal values.
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Figure 3.7. Bauxite residue leachate compounds partitioning into supernatant and adsorbent during
adsorption on the zeolite CBV 500 under the following conditions: 5 mg/mL absorbent dosage, 1 h contact
time and temperature of 20°C (pH 0.5).
Table 3.5. Aqua regia-accessible composition of bauxite residue and partitioning of metal(loid)s during
leaching, LLE and adsorption

a

Elements

Aqua regia-accessible
(mg/kg)

Oxalic acid leachate
(mg/kg)a

LLE organic solvent
phase (mg/kg)b

Adsorbent (mg/kg)c

Al

90,782 ± 1726

84,717 ± 7901

60,577 ± 7839

13,419 ± 4751

Ca

39,827 ± 805

14,192 ± 1739

10,567 ± 1036

2739 ± 846

Fe

347,952 ± 25,269

238,084 ± 8838

172,994 ± 19073

39,018 ± 12493

Ga

114 ± 5.2

81.1 ± 6.9

57.6 ± 7.3

17.8 ± 4.3

Na

44,372 ± 8794

42,573 ± 2021

30,922 ± 2775

5708 ± 2394

Si

43,808 ± 5711

34,558 ± 3256

25,807 ± 2506

33,934 ± 9

Ti

33,784 ± 967

30,828 ± 3003

24,040 ± 2773

7045 ± 1915

V

1226 ± 203

1072 ± 38

772 ± 89

210 ± 65

Leaching parameters: 2.5 M H2C2O4, 21.7 h contact time, 80°C, 10 g/L slurry concentration.
LLE parameters: 1 M D2EHPA in kerosene, 1 h contact time, 20°C, O/A ratio 3:1.

b
c

Adsorption parameters: 5 mg/mL adsorbent dosage, 1 h contact time, 20°C (pH 0.5).

Figure 3.8. Bauxite residue leachate compounds partitioning into organic solvent and leachate during
LLE under the following conditions: 1 M D2EHPA in kerosene, 1 h contact time, temperature of 20°C and
O/A ratio of 3:1.
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3.2.8

3.3

Study on the by-product of leaching

The pH of the acidic solid residue was 0.3 and the EC
was 39.1 mS. The EDS mapping of the bauxite residue
after the extraction process, discussed above, displays
the presence of Fe, Al, Si, Ti, Ca and Na oxides
(Figure 3.9).

Discussion

The typical order of elemental abundance in bauxite
residue is Fe > Si ~ Ti > Al > Ca > Na (Gräfe et al., 2011).
In this study, the elemental composition of the bauxite
residue was dominated by Fe (~43.3%), Al (~16.5%),
Si (~9.4%), Ti (~8.9%), Ca (~6.2%) and Na (~6.0%)
oxides (see Table 3.2) and the aqua regia-accessible
Ga concentration was 114.5 ± 5.2 mg/kg (see Table
3.5). Similar Ga contents have been described, for
instance 89 mg/kg in Australian bauxite residue (Wang
et al., 2013) and 91 mg/kg in Indian bauxite residue
(Mohapatra et al., 2012).

The SEM analysis showed that residue formed large
aggregates containing oxalic acid crystals (see
Figure 3.9). EDS mapping showed that elements
remaining in the acidic solid residue accumulated on
the surface of the large aggregates.
Major minerals present in the bauxite residue were
not identifiable by XRD analysis so only Fe- and
Si-containing peaks were found (Figure 3.10).

Similarly to Ujaczki et al. (2017a), in this study
the extraction efficiency of Ga was higher using

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

Figure 3.9. Morphology and chemical composition of the by-product of leaching detected by SEM-EDS
(10.0 kV, 17.5 mm, ×3.00k).

Figure 3.10. The XRD pattern obtained from the dried and sieved by-product of the leaching sample
annotated with the major phase peaks detected.
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H2C2O4 than using HCl, HNO3 and H2SO4 under
normality = 2 N, a contact time of 24 h, a temperature
of 60°C and a slurry concentration of 100 g/L (see
Table 3.3). Lu et al. (2018) also evaluated the effects
of different mineral acids (4.4 M HCl, 2.2 M H2SO4,
4.1 M HNO3) on Ga extraction from bauxite residue
under the following conditions: 4 h contact time,
60°C and 125 g/L slurry concentration. In their study,
leaching with HCl resulted in a greater efficiency than
leaching with H2SO4 or HNO3, in accordance with the
current study and that of Ujaczki et al. (2017a).

(21%) at 3 h but the Al extraction efficiency was
already high after the first hour (72%). In this study,
increasing the contact time from 1 to 24 h increased
the extraction efficiency of Ga from 12% to 38% using
1 M H2C2O4, a temperature of 60°C and a 100 g/L slurry
concentration. A slight increase in extraction efficiency
of Al was detectable on increasing the contact time
from 1 to 24 h (from 44% to 57%) (see Figure 3.3).
According to Davris et al. (2016) and Pepper et al.
(2016), temperature plays a crucial role in bauxite
residue dissolution. The extraction of aluminosilicate
(Ga) phases in bauxite residue has been shown to
increase with rising reaction temperatures. In the
study by Lu et al. (2018), the extraction efficiency
of Ga increased rapidly from 89% to 94% when the
temperature increased from 40°C to 55°C, with a
slight increase in extraction efficiency seen when the
temperature increased from 55°C to 100°C. In the
present study, increasing the temperature from 22°C
to 80°C resulted in a considerably increased extraction
efficiency of Ga, from 18% to 40%, under the following
conditions: 1 M H2C2O4, 24 h contact time and 100 g/L
slurry concentration (see Figure 3.3). Increasing the
temperature increased the Al extraction efficiency to
63% whereas the extraction efficiency for Fe remained
at 21%.

Considering leaching parameters such as acid
concentration, contact time, temperature and slurry
concentration, general trends were observed. The
extraction efficiencies depended largely on the acid
concentration, with higher efficiencies achieved at
higher acid concentrations (Lu et al., 2018; Ujaczki et
al., 2017a). For instance, Lu et al. (2018) reported a
significant increase in Al and Ga extraction efficiency,
from 81% to 95%, when the HCl concentration
increased from 4.4 M to 6.5 M using a contact time of
4 h, temperature of 100°C and slurry concentration
of 125 g/L. They found a slight improvement in Al
and Ga extraction efficiency from 4.4 M to 5.8 M HCl,
and a large increase in extraction efficiency from
5.8 M to 6.5 M HCl. They attributed this to the initial
extraction of only the most easily digested Al (Ga)
phases in the bauxite residue, e.g. kaolinite, at lower
acid concentrations. Here, increasing the H2C2O4
concentration from 0.05 M to 3 M increased the
extraction efficiencies of Al and Ga from 3% and 1%
to 44% and 60%, respectively, using a contact time of
24 h, temperature of 60°C and slurry concentration of
100 g/L (see Figure 3.3).

Slurry concentration had a strong effect on extraction
efficiencies, similar to acid concentration. Decreasing
the slurry concentration from 200 g/L to 10 g/L
resulted in an increase in the extraction efficiency of
Ga from 3% to 47% under the following conditions:
1 M H2C2O4, 24 h contact time and temperature of
60°C (see Figure 3.3). The maximal Al (62%) and
Fe (62%) extraction efficiencies were also achieved
by decreasing the slurry concentration to 10 g/L.
This is in accordance with the findings of Ujaczki et
al. (2017a). However, Lu et al. (2018) did not find a
significant improvement in the Ga and Al extraction
efficiency on reducing the slurry concentration.
They found that the slurry (bauxite residue and HCl
acid solution) filtration was quite difficult when the
slurry concentration was < 125 g/L, which could be
attributed to a high concentration of formed silica
gels in the slurry (Liu et al., 2016; Zheng and Gesser,
1996). Kinetic studies performed by Rivera et al.
(2018) with HCl and H2SO4 demonstrated that, at
ambient temperatures, silica dissolution increases
with increasing acid concentration, which leads to the
formation of silica gel.

Other studies showed similar effects of contact time
on the extraction of Ga from bauxite residue. For
example, Lu et al. (2018) reported that increasing
the contact time from 1 to 5 h led to an increased
extraction efficiency, from 82% to 95%, under the
following conditions: 4.4 M HCl, 55°C and 125 g/L
slurry concentration. They found an increase in Ga
extraction efficiency from 94% to 95% from 4 to 5 h
contact time; therefore, 4 h was chosen as the optimal
contact time in their study. In the study by Ujaczki
et al. (2017a), the best results were achieved using
a contact time of 3 h, with a Ga extraction efficiency
of 63% under the following conditions: 4 M HCl,
60°C and 100 g/L slurry concentration. Ujaczki et al.
(2017a) found a relatively low Fe extraction efficiency
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Based on the experiments conducted, Lu et al.
(2018) determined optimum leaching conditions
for Ga extraction from bauxite residue to be as
follows: 4.4 M HCl concentration, 4 h contact time,
temperature of 55°C and 125 g/L slurry concentration.
Under these optimal conditions, an average Ga
extraction efficiency of 95% was reached. Here, an
experimental design approach was used to determine
the optimal conditions for Ga extraction using H2C2O4.
Extraction of maximal Ga from bauxite residue was
chosen as the application-relevant response viable.
Optimal conditions for the extraction of maximal Ga
from bauxite residue were predicted as an H2C2O4
concentration of 2.5 M, contact time of 21.7 h,
temperature of 80.0°C and slurry concentration
of 10 g/L. Indeed, the experimentally determined
economic potential corresponded well with the
predictions (93% of predicted), allowing a maximum
extracted amount of Ga of 85.8 mg/kg. Using these
optimal conditions, 71% of the aqua regia-accessible
Ga content was extracted from the bauxite residue.

The adsorption technique is also available as another
possibility because of its claimed lower environmental
impact, high efficiency, easy operation and low price
compared with conventionally used solvents (Zhao
et al., 2015). In recent years, zeolites have been
investigated with regard to the adsorption of metals
owing to their net negative charge in the polymeric
network and the fact that zeolite exchangeable ions
are relatively innocuous (Bao et al., 2013; Chao and
Chen, 2012; Erdem et al., 2004). Zeolites consist
of a three-dimensional framework of SiO4 and AlO4
tetrahedra in which the Al ion is small enough to
occupy the position in the centre of the tetrahedron of
four oxygen atoms and the isomorphous replacement
of Si4+ by Al3+ produces a negative charge in the
lattice (Erdem et al., 2004). The net negative charge
is balanced by the exchangeable cation (Na+, K+,
NH4+ or Ca2+) and these cations are exchangeable
with certain cations such as lead, cadmium, zinc, and
manganese (Erdem et al., 2004). In the study by Zhao
et al. (2015), magnetic cobalt ferrite (CoFe2O4)-coated
zeolite was prepared with a hydrothermal method
and was used for the adsorption of Ga and In. The
authors investigated the effects of pH and adsorption
time as the adsorption capacity was influenced by
these parameters. In their experiments, the adsorption
equilibrium of Ga and In on the CoFe2O4-coated zeolite
could be achieved very quickly. The optimum pH was
chosen as 5.0 because at a lower pH more hydrogen
ions exist, which can compete more effectively with
Ga and In for active bonding sites, leading to a lower
adsorption capacity (Zhao et al., 2015). However, a
high pH also leads to a lower adsorption capacity,
which is attributed to the formation of Ga(OH)3 and
In(OH)3 (Zhao et al., 2015). According to Zhao et al.
(2015), the rapidly achieved high adsorption efficiency
was attributed to the active sites on the adsorbent’s
surface on a large scale. In the present study, Ga
adsorption on the zeolite CBV 500 also showed rapid
kinetics, as 82% of the Ga was adsorbed from the
solution after 10 min (see Figure 3.4). The pH was
kept low because the parameters developed in the
batch experiments related to adsorbing Ga from an
acidic (pH 0.5) leachate.

After extraction, dissolved Ga is mostly separated
using solvent extraction (Chen et al., 2014; Lee et
al., 2002; Mihaylov and Distin, 1993; Nishihama
et al., 1999). Solvent extraction (LLE) is based
on the partitioning of the dissolved metal into a
non-miscible organic phase (extract), followed by
recovery (stripping) of metal from the solvent phase
(Free, 2013). Nishihama et al. (1998) investigated
the feasibility of using several organophosphorus
compounds for the extraction of Ga and In from
chloride solution. Three organophosphorus
compounds diluted in kerosene were studied:
D2EHPA, 2-ethylhexyl phosphonic acid mono-2ethylhexyl ester (EHPNA) and bis(2-ethylhexyl)
phosphinic acid (PIA-226). The authors found that
D2EHPA was the most suitable for separation of
Ga and In with high purity (99.8% Ga and 97.4%
In). Here, Ga was also purified by extraction using
D2EHPA dissolved in kerosene at an O/A ratio of 3
at room temperature (Ujaczki et al., 2017b) and over
72.9% of the Ga was extracted (see Figure 3.6 and
Table 3.5).
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4

Phosphorus Recovery from Wastewater Using Bauxite
Residue

4.1

Enhancement of Bauxite Residue
As a Low-cost Adsorbent for
Phosphorus in Aqueous Solution,
Using Seawater and Gypsum
Treatments

(v/w) (after Johnston et al., 2010) for 1 h, followed by a
12 h settlement period overnight. The bauxite residue
and seawater mixture was then filtered through a
0.45 μm membrane using a vacuum pump. The treated
bauxite residue samples were then oven dried for
24 h, pulverised with a mortar and pestle and sieved to
< 2 mm in size.

The objectives of this study were to (1) characterise
bauxite residue from two different sources, before
and after treatment with seawater and gypsum, and
investigate their potential to release trace elements,
(2) investigate the effect of the treated bauxite residue
on P adsorption and (3) assess the impact of particle
size and mineral and elemental (particularly Ca
and Mg) composition of the bauxite residue on the
adsorption of P.

4.1.1

Characterisation study
Untreated and treated bauxite samples (n = 3) were
characterised for their physical, chemical, elemental
and mineralogical properties. Soil pH and EC were
determined as described in section 3.1.1. The bulk
density (ρb) was determined after Blake (1965)
and the particle density (ρp) after Blake and Hartge
(1986). Total pore space (St) was calculated using
the values obtained for the bulk and particle densities
(Danielson and Sutherland, 1986). The effective
particle size analysis was determined on particle
sizes of < 53 μm using optical laser diffraction on the
Malvern Zetasizer 3000HS® with an online autotitrator
and a Horiba LA-920, and reported at specific
cumulative percentages (10%, 50% and 90%). Surface
morphology and elemental detection were carried out
using SEM and EDS on a Hitachi SU-70 (Berkshire,
UK). Quantification of the elemental content was
determined following acid digestion using inductively
coupled plasma atomic emission spectroscopy
(ICP-AES) (Brookside Laboratories, OH, USA) and
elemental composition was quantified using XRF.
Measurement of the point of zero charge (PZCpH)
was after Vakros et al. (2002) and cation exchange
capacity (CEC) was determined using the K saturation
technique (Thomas, 1982). Brunauer–Emmett–Teller
specific surface area (SSA) and pore volume analysis
were conducted on samples, which were degassed at
120°C for 3 h prior to analysis, which was carried out
by Glantreo Laboratories (Cork, Ireland).

Materials and methods

Sample preparation
A total of 1 kg of mud-farmed bauxite residue samples
(treated by atmospheric carbonation and therefore
non-hazardous) was obtained from a European
refinery, which separates the fine (particle sizes of
< 100 µm) and coarse (particle sizes of > 150 µm)
fractions of bauxite residue before disposal (IAI, 2015)
in a ratio of 9:1 (fine:coarse). The fine and coarse
fractions will be referred to hereafter as UF (untreated
fine) and UC (untreated coarse). A second bauxite
residue sample was sourced from another European
alumina refinery (untreated co-disposed or UFR).
Prior to analysis or experiments, all bauxite residue
samples were dried at 105°C for 24 h. Dried samples
were pulverised using a mortar and pestle and sieved
to a particle size of < 2 mm. In total, 0.3 kg of each
sample was then treated with either seawater or
laboratory-grade gypsum (Lennox Ireland); therefore,
two treatments were applied to each source of bauxite
residue, with S (seawater) or G (gypsum) placed
after the above abbreviations indicating the treatment
applied. Gypsum was applied to the 0.3 kg bauxite
residue samples at a ratio of 8% (w/w) (Lopez et
al., 1998) and leached for 72 h in accordance with
standard methods (BSI, 2002). Seawater amendment
involved mixing with 0.3 kg of bauxite at a ratio of 5:1

Phosphorus adsorption batch study
The P adsorption capacity of nine bauxite samples
(untreated and gypsum/seawater treated samples)
was examined in a bench-scale experiment. To

22

É. Ujaczki et al. (2014-RE-MS-1)

conduct a P adsorption isotherm test, orthophosphorus
(PO43–-P) solutions were made up to known
concentrations using potassium dihydrogen phosphate
(K2HPO4) in distilled water. In total, 1 g of each
of the sieved media was placed into a series of
50-ml-capacity containers and was overlain with 25 ml
of the solutions. Each sample was then shaken in a
reciprocal shaker at 250 rpm for 24 h. At t = 24 h, the
supernatant water from each sample container was
filtered using a 0.45 μm filter and analysed immediately
using a nutrient analyser (Konelab 20, Thermo Clinical
Labsystems, Finland). The data obtained from the
P adsorption batch studies were modelled using
the Langmuir adsorption isotherm (McBride, 2000),
which assumes monolayer adsorption on adsorption
sites and allows for the estimation of the maximum
P adsorption capacity (qmax) of the media:
⎛ kC ⎞
qi = qmax ⎜ a e ⎟
⎝ 1+ kaCe ⎠

p-value were determined to quantify the correlation.
The p-value represents the probability that the
correlation between the bauxite residue characteristic
in question and the response variable (adsorption) is
zero, i.e. the probability that there is no relationship
between the two.

4.1.2

Results and discussion

Effect of treatments on elemental and mineralogical
composition
The mineral and total elemental composition of the
three untreated bauxite residues (UF, UC and UFR)
are shown in Tables 4.1 and 4.2. Bauxite residues are
typically high in Fe and Al oxides (Liu et al., 2007a),
which was found to be the case in this study. The
mineralogical composition of all untreated samples
was dominated by Fe2O3, Al2O3, SiO2 and CaO. A
decrease in Al2O3 was noted following treatment with
gypsum and seawater in all samples, with an increase
in CaO content noted in samples treated with gypsum.

(4.1)

where qi is the quantity of the contaminant adsorbed
per gram of media (g/g), Ce is the equilibrium
contaminant concentration in the water (g/m3), ka
is a measure of the affinity of the contaminant for
the media (m3/g) and qmax is the maximum amount
of the contaminant that can be adsorbed onto the
media (g/g).

Effect of treatments on physicochemical properties
The untreated bauxite residues had a high pH
(10.8–11.9) and EC (704–1184 µS/cm) (Table 4.3).
Following treatment with gypsum and seawater,
the pH decreased and EC increased. Changes in
pH after treatment with either seawater or gypsum
are due to precipitation of calcium carbonates such
as calcite, brucite and aragonite, which behave as
buffers and maintain a reduced pH (Menzies et al.,
2004), whereas the increase in EC is attributed to
the introduction of excess Na+ and Ca2+ (Gräfe et al.,
2009). The pH of bauxite residue is normally within

Statistical analysis
Linear regression analysis was utilised to examine
the extent of correlation between the individual
characteristic parameters of the bauxite residue
samples and bauxite adsorption, using Minitab. A
Pearson correlation coefficient and a correlation

Table 4.1. Mineralogical composition of the bauxite residues (untreated and treated)
Oxides

UF (%)

UFG (%)

UFS (%)

UC (%)

UCG (%)

UCS (%)

UFR (%)

UFRG (%)

UFRS (%)

Fe2O3

43.9 ± 1.1

40.6 ± 0.6

41.8 ± 1.2

64.0 ± 5.1

61.4 ± 3.0

69.9 ± 3.8

43.9 ± 0.6

47.9 ± 0.5

53.3 ± 5.8

Al2O3

12.7 ± 0.6

11.3 ± 1.0

11.1 ± 2.5

19.4 ± 1.8

11.1 ± 0.6

7.4 ± 0.7

14.0 ± 1.0

11.2 ± 0.3

11.4 ± 2.2

CaO

5.9 ± 0.2

8.2 ± 0.5

4.4 ± 0.3

1.1 ± 0.2

7.6 ± 0.4

1.2 ± 0.1

5.6 ± 0.1

7.7 ± 0.3

3.2 ± 0.5

MgO

3.6 ± 1.3

3.5 ± 0.8

3.1 ± 1.0

4.7 ± 1.8

3.6 ± 0.8

2.6 ± 0.6

4.1 ± 0.6

3.8 ± 0.9

3.2 ± 1.6

SiO2

8.6 ± 0.7

8.5 ± 0.9

8.6 ± 1.7

2.6 ± 0.3

1.3 ± 0.2

1.4 ± 0.2

9.4 ± 0.5

5.1 ± 0.4

4.3 ± 0.3

TiO2

2.4 ± 0.3

2.1 ± 0.6

2.7 ± 0.1

0.9 ± 0.1

1.0 ± 0.1

2.1 ± 0.6

2.5 ± 0.02

2.3 ± 0.1

2.3 ± 0.5

P2O5

0.6 ± 0.04

0.4 ± 0.02

0.4 ± 0.1

0.3 ± 0.02

0.2 ± 0.02

0.2 ± 0.06

0.5 ± 0.01

0.5 ± 0.02

0.5 ± 0.01
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7.02 ± 0.3

289,459 ± 1859

27.8 ± 2.8

8.03 ± 0.2

1698 ± 37.2

33,8571 ± 3057

Cd

Cr

Fe

<LODl

163 ± 2.6

18.6 ± 0.9

Mn

Ni

781 ± 29

28,347 ± 553

1395 ± 196

1050 ± 22

Na

Ti

V

< LOD

Se

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

< LOD

1011 ± 59

12,771 ± 823

69.3 ± 2.3

82 ± 5

731 ± 20

< LOD

5935 ± 114

234 ± 34

195 ± 23

3.15 ± 0.5

223 ± 99

8.5 ± 2.2

24.6 ± 3.0

460,078 ± 23,043

817 ± 13

10.8 ± 0.5

18.3 ± 3.4

< LOD

48,851 ± 2336

622 ± 29

UCG

< LOD

< LOD

< LOD

< LOD

< LOD

1040 ± 23

4089 ± 588

73.5 ± 1.6

84.7 ± 4.2

731 ± 23

< LOD

11,102 ± 1122

194 ± 11

557 ± 67

4.18 ± 0.2

185 ± 31

512 ± 25

22.1 ± 2.5

471,204 ± 25,753

803 ± 21.3

11.8 ± 0.59

12.7 ± 2.8

< LOD

45,917 ± 2080

722 ± 32.1

UCS

< LOD

< LOD

< LOD

< LOD

< LOD

1298 ± 26

15,084 ± 358

86.8 ± 1.3

55.8 ± 0.5

1036 ± 12

1382 ± 38

25,514 ± 317

276 ± 20

399 ± 13

1.1 ± 0.1

134 ± 0.9

109 ± 3.9

34.5 ± 0.9

353,392 ± 10,003

1184 ± 15.9

9.31 ± 0.2

45.7 ± 1.5

8.1 ± 0.2

67,295 ± 3343

566 ± 18.9

UFR

< LOD

< LOD

< LOD

< LOD

< LOD

1220 ± 10

42,703 ± 2383

78.6 ± 2.0

55.6 ± 1.2

920 ± 7

1288 ± 120

23,703 ± 499

285 ± 34

359 ± 11

1.24 ± 0.2

139 ± 1.9

150 ± 9

32.3 ± 0.8

328,114 ± 4498

1090 ± 9

8.87 ± 0.3

41.4 ± 1.4

9.75 ± 0.6

65,389 ± 1326

539 ± 25

UFRG

< LOD

< LOD

< LOD

< LOD

< LOD

1320 ± 54

14,820 ± 926

78.8 ± 0.9

57.3 ± 0.9

983 ± 21

1233 ± 46

31,974 ± 1087

258.5 ± 11.7

1048 ± 63.2

1.23 ± 0.3

142.9 ± 4.2

2203.8 ± 134

37.4 ± 2.1

33,2251 ± 3435

1159 ± 31.2

8.21 ± 0.3

49.4 ± 3.8

6.51 ± 0.4

64,189 ± 595

483.8 ± 31

UFRS

Reprinted from Journal of Cleaner Production, Vol. 179, Cusack, P., et al., Enhancement of bauxite residue as a low-cost adsorbent for phosphorus in aqueous solution, using seawater
and gypsum treatments, pp. 217–224, Copyright 2018, with permission from Elsevier.

< LOD, below the limits of detection.

< LOD

< LOD

< LOD

< LOD

< LOD

Hg

Mo

< LOD

< LOD

< LOD

< LOD

Be

1040 ± 23

Cu

4152 ± 490

962 ± 99

955 ± 1

P

1018 ± 15

51,641 ± 485

46,657 ± 832

Ca

86.7 ± 1.7
71.8 ± 1.0

17,159 ± 413

42.6 ± 1.3
73.9 ± 0.6

40.6 ± 1.2

81.2 ± 0.5

50.7 ± 0.7

78.9 ± 2.0

Zn

786 ± 23.6

< LOD

777 ± 8

8804 ± 666

1265 ± 22

213 ± 7

255 ± 38

3.54 ± 0.3

187 ± 16

18.3 ± 4.8

29.6 ± 3.0

434,739 ± 9980

880 ± 4

10.7 ± 0.2

13.9 ± 1.0

< LOD

45,854 ± 2769

615 ± 13.3

UC

41,864 ± 2012

246 ± 35

1108 ± 41

2.25 ± 0.2

167 ± 7

1047 ± 26

36.9 ± 0.8

298,282 ± 4937

1170 ± 12.9

7.33 ± 0.2

33.3 ± 0.7

< LOD

80,608 ± 3090

448 ± 13

UFS

Ga

1309 ± 100

38,180 ± 352

454 ± 29

256 ± 92

391 ± 13.7

224 ± 46.1

K

Si

140 ± 6

163 ± 37

34.9 ± 0.5

122 ± 5.0

Pb

Mg

933 ± 44

9.70 ± 0.4

29.4 ± 5

21.9 ± 1.7

43.8 ± 1.2

As

425 ± 29

81,095 ± 1219

470 ± 8.8

72,538 ± 1390

B

Al

Ba

UFG

UF

Elements

Table 4.2. Elemental composition of the bauxite residues (untreated and treated) (mg/kg)

25

6.02 ± 0.9

c

11.7

BET SSA (m g)

h

0.03

2/

63.3 ± 2.6

CEC (K) (cmol/kg)

Total pore volume (cm3/g)

6.96 ± 1.2

PZCpHg

12.8

0.03

64.1 ± 3.4

3.43 ± 0.7

3.11 ± 0.5

1.5 ± 0.01

1.50 ± 0.02

2.99 ± 0.1

50.7 ± 9.0

50.0 ± 2.3

Particle size density (g/cm3)f

3 e

Bulk density (g/cm )

Total pore space (%)d

1.37 ± 0.2

13.8

0.03

60.1 ± 3.0

6.28 ± 1.0

2.94 ± 0.1

1.49 ± 0.01

50.0 ± 1.8

7.69 ± 2.0

3.52 ± 0.1

1.26 ± 0.1

d50 = the median; the size of particles at 50% of the total particle distribution, expressed in μm.

12.6

0.02

NA

6.89 ± 0.1

2.81 ± 0.2

2.53 ± 0.01

9.63 ± 6.5

12.0 ± 1.3

5.13 ± 0.6

1.27 ± 0.5

0.39 ± 0.2

856 ± 1

Total pore space, calculated from particle density and bulk density.

Bulk density = the mass of soil per unit volume, expressed as g/cm3.

13.2

0.02

NA

3.11 ± 0.1

2.65 ± 0.4

2.48 ± 0.03

10.82 ± 1.1

9.51 ± 0.3

3.69 ± 0.5

1.11 ± 0.2

0.82 ± 0.2

909 ± 2

6.79 ± 0.1

UCG

PZCpH = the pH at which the point of zero charge is occurring.

15.4

0.03

NA

6.39±0.5

2.7±0.1

2.55±0.01

7.65±5.3

7.00±0.1

3.68±0.4

1.66±0.8

3.13±0.7

916±2

7.95±0.2

UCS

15.2

0.03

57.5 ± 2.1

6.16 ± 0.2

3.41 ± 0.1

1.31 ± 0.03

61.8 ± 1.2

10.1 ± 2.4

3.70 ± 0.1

1.30 ± 0.04

28 ± 0.5

1184 ± 49

11.9 ± 0.1

UFR

17.6

0.04

56.4 ± 3.5

6.32 ± 0.5

2.85 ± 0.1

1.32 ± 0.03

53.6 ± 2.0

9.81 ± 2.7

4.11 ± 0.4

1.49 ± 0.1

35.3 ± 1.3

1219 ± 7

9.17 ± 0.02

UFRG

17.6

0.03

48.9 ± 13.7

4.43 ± 0.1

2.85 ± 0.1

1.31 ± 0.02

53.9 ± 0.8

7.17 ± 3.2

3.47 ± 1.0

1.08 ± 0.7

36.5±0.2

5323 ± 172

9.49 ± 0.01

UFRS
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NA, not available.

h

BET SSA = the specific surface area analysed using the Brunauer–Emmett–Teller isotherm and expressed as m2/g.

g

f

Particle size density = the density of the solid particles, excluding pore spaces between them, expressed as g/cm3.

e

2.43 ± 0.3

d50 (μm)b

32.1 ± 1.7

3080 ± 17

11.4 ± 0.3

9.02 ± 0.1

d90 = the size of particles at 90% of the total particle distribution, expressed in μm.

d

c

0.60 ± 0.1

d10 (μm)a

28.9 ± 0.6

1338 ± 4

UC

UFS

d10 = the size of particles at 10% of the total particle distribution, expressed in μm.

b

a

7.12 ± 2.0

23.5 ± 0.7

% water

d90 (μm)

3.56 ± 0.6

704 ± 90.8

EC (µS/cm)

8.70 ± 0.04

10.8 ± 0.1

pH

UFG

UF

Parameter

Table 4.3. Physical and chemical characterisation of the bauxite residues (untreated and treated)

Al Source

brines (or products such as Bauxsol™, developed by
Basecon™) compared with the raw seawater (0.41,
1.29 and 10.77 g/kg of Ca2+, Na and Mg2+, respectively)
used in this study (Gräfe et al., 2009). The gypsumtreated bauxite residues had the highest qmax values:
2.46, 1.39 and 2.73 mg P/g media for UFG, UCG and
UFRG, respectively. However, these values were
lower than those in a P adsorption study carried out
by Lopez et al. (1998), who used the same application
rate of gypsum to the bauxite residue samples and
reported a qmax of 7.03 mg P/g. The lower rate
observed in the current study may be attributed to the
72 h leaching process that the gypsum-treated bauxite
residue underwent before use in the adsorption study,
which may have allowed for further exchange and
removal of Ca2+ following the leaching process.

the range of 11–13 (Newson et al., 2006), but varies
according to the type of bauxite ore, Bayer process
and neutralisation techniques used in the refinery.
Both seawater (Johnston et al., 2010; Menzies et al.,
2004) and gypsum (Courtney and Kirwan, 2012; Jones
and Haynes, 2011; Lehoux et al., 2013) applications
are recognised methods of reducing the alkalinity of
bauxite residues.
No change was observed in the particle size or particle
size density following the addition of the gypsum and
seawater treatments to the various bauxite residue
samples (see Table 4.3). Similarly, the addition of
gypsum or seawater did not have any impact on
bulk density.

Phosphorus adsorption study

Overall, the bauxite residue in the current study had
a higher P adsorbency than that in other studies of
zeolite (0.01 mg P/g, Grace et al., 2015) and granular
ceramics (0.9 mg P/g; Chen et al., 2012), but lower
than those of fly ash, granular blast furnace slag and
pyritic fill (6.48, 3.61 and 0.88 mg/g, respectively;
Grace et al., 2015), crushed concrete (19.6 mg P/g;
Egemose et al., 2012), untreated biochar (32 mg P/g;
Wang et al., 2015) and NaOH-modified coconut shell
powder (200 mg P/g; de Lima et al., 2012).

All nine bauxite residue samples in this study were
successful at removing P from aqueous solution
(Table 4.4). Bauxite residue has been shown in
numerous P adsorption studies to have a high
P retention capacity, particularly following treatment or
modification (Grace et al., 2015; Ye et al., 2014). In this
study, gypsum or seawater treatment had a positive
impact on P removal, with the gypsum-treated bauxite
residue performing best (see Table 4.4).
Following seawater treatment, the P adsorption
capacity of the bauxite residues increased to qmax
values of 0.48, 0.66 and 1.92 mg P/g media for UFS,
UCS and UFRS, respectively. In previous studies,
following treatment with seawater, bauxite residue had
a higher adsorption capacity for P. Akhurst et al. (2006)
reported a maximum adsorption of 6.5 mg/g when
using a bauxite residue treated with brine (Bauxsol™).
This relatively high adsorption may be attributed to
the higher concentrations of Ca2+ and Mg2+ in the

Factors affecting phosphorus adsorption
The adsorption of P onto media is influenced by
many factors, including particle size, pH, component
and surface characteristics (Wang Z. et al., 2016).
Numerous studies have investigated the effect of
parameters such as the kinetics of P adsorption
(Akhurst et al., 2006; Grace et al., 2015; Liu et al.,
2007b; Ye et al., 2014), ionic solution (Akhurst et al.,

Table 4.4. Maximum adsorbency (mg P/g media) of P using each of the bauxite residue samples
(untreated and treated)a
Media

a

Treatment method employed (mg/g media)
Untreated

Gypsum

Seawater

UFR

1 (0.99)

2.73 (0.99)

1.92 (0.99)

UF

0.38 (0.99)

2.46 (0.97)

0.48 (0.99)

UC

0.35(0.98)

1.39 (0.99)

0.66 (0.99)

Level of fit of the data, R2, to the Langmuir isotherm is included in parentheses.

Reprinted from Journal of Cleaner Production, Vol. 179, Cusack, P., et al., Enhancement of bauxite residue as a low-cost
adsorbent for phosphorus in aqueous solution, using seawater and gypsum treatments, pp. 217–224, Copyright 2018, with
permission from Elsevier.
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2006) and pH (Grace et al., 2015; Huang et al., 2008;
Liu et al., 2007b) on the adsorption of P from aqueous
solution. Although all bauxite residue samples in this
study did remove P from aqueous solution, it is clear
that the application of treatments such as gypsum or
seawater has an effect on the adsorption capability,
and that the rate of adsorption will vary as a result of
the source of bauxite residue and treatments used
(Wang et al., 2008).

cater for a wide range of pH (Gräfe et al., 2009) and
also having the capability of removing both cations and
anions from solution.
The SSA analysis carried out on the bauxite residues
shows an increase in SSA in all samples following
treatment with gypsum or seawater (see Table 4.3).
There was also an increase in pore volume following
the addition of either gypsum or seawater. This
is attributed to the formation of precipitates in the
neutralisation process for both gypsum and seawater
and the effect of Ca acting as a flocculant to the finer
particles present. This increase in surface area also
contributes to the increase in P adsorption following
treatments. Although particle size affects adsorption
onto media, because of the availability of sites for
P uptake, no significant correlation was observed in
the current study.

The parameters that showed a statistically significant
positive correlation of medium strength with
P adsorption in this study were Ca concentration
[correlation coefficient = 0.47, p = 0.01, degrees of
freedom (df) = 25] and CaO concentration (correlation
coefficient = 0.39, p = 0.04, df = 25). The influence of Ca
on P adsorption can be due to the high level of Ca2+
and Mg2+ present in the bauxite residue, particularly
after seawater and gypsum treatments, when the
majority of PO43- is removed from solution as a result
of the formation of magnesium phosphate [Mg3(PO4)2]
and calcium phosphate [Ca3(PO4)2] (Akhurst et al.,
2006). A statistically significant negative correlation of
medium strength was also detected between pH and
P adsorption (correlation coefficient = –0.38, p = 0.05,
df = 25). pH was a contributing factor in the adsorption
process, with the amount of phosphate adsorbed
increasing with a decrease in pH in the media
following treatments as follows: UFRG > UFRS > UFR,
UFG > UFS > UF and UCG > UCS > UC. This was a
similar finding to that in several studies carried out by
Li et al. (2006), Liu et al. (2007b), Huang et al. (2008)
and Grace et al. (2015).

4.1.3

Implications of the findings of the
phosphorus adsorption study

The use of gypsum and seawater treatments of
bauxite residue improved the overall P adsorption
capacity of the bauxite residue samples, but mixing
the bauxite residue and treatments with actual
wastewater will be necessary to fully understand the
total adsorption behaviour of the bauxite residue.
In addition to improving the P adsorption, alkalinity
was significantly reduced following both treatments.
However, the EC was increased, which may limit the
growth of plants on the gypsum- or seawater-treated
bauxite residues. One solution may be to increase
the rinsing period of the bauxite residue following
treatment to remove the excess Ca2+ and Na+ ions in
solution. Lowering the alkalinity, increasing the P, Ca2+
and Mg2+ content and improving the physical structure
may enable the treated bauxite residue to be reused
as a growth medium.

The pH at which net charges are neutral on the
surface of the adsorbent – the PZCpH – influences
the rate of adsorption of P (Jacukowicz-Sobala et
al., 2015). When the pH is higher than the PZCpH,
the surface of the adsorbent media becomes more
negative (attracting more cations) as a result of the
adsorption of OH– from the surrounding solution
(Prajapati et al., 2016). The PZCpH ranged from 6.16
to 6.96 in the three untreated samples (see Table 4.3).
Following treatment with gypsum and seawater, there
were notable changes, but no statistical relevance was
detected for the interaction between the PZCpH and
P adsorption in this study. However, as bauxite residue
is composed of numerous minerals, each with its own
individual PZCpH (which, as noted in the literature,
can range between pH 2 and pH 9.8; Gräfe et al.,
2009), this results in the bauxite residue being able to

For a refinery, the cost of neutralisation techniques
is an obvious consideration when deciding which
technique(s) to use. The use of seawater as a
neutralisation technique would be a cheap and
feasible option for a refinery that is located close to
the sea. The establishment of a pipeline (if not already
in place) would be the dominant capital cost. The use
of a nanofiltration system to concentrate the Ca2+,
Mg2+ and Na+ ions in the seawater (Couperthwaite et
al., 2014) could allow for a reduction in the volume
of seawater needed for the neutralisation process,
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but may add to the cost. Gypsum, however, may be
a more expensive option, requiring machinery such
as amphirolls for the mixing and spreading of the
gypsum. However, depending on the location of a
refinery, waste gypsum from construction sites or fossil
fuel-powered power stations may be used (Jones and
Haynes, 2011).

4.2

The bauxite residue media was characterised before
and after use in the columns. Mineralogical detection
was conducted using XRD on a Philips X’Pert PRO
MPD® (California, USA) at 40 kV, 40 mA, 25°C by Cu
X-ray tube (Kα-radiation). The patterns were collected
in the angular range from 5° to 80° (2ɵ) with a step
size of 0.008° (2ɵ) (Castaldi et al., 2011), whereas
surface morphology and elemental detection were
carried out using SEM and EDS on a Hitachi SU-70
system (Berkshire, UK). XRF analysis was carried out
onsite at the refinery using a Panalytical Axios XRF
system. Fourier transform infrared (FT-IR) analysis
was carried out using a PerkinElmer Spectrum 100
(PerkinElmer, USA). The FT-IR spectra were recorded
in the 4000–650/cm range and were collected after
256 scans at 4 cm resolution (Castaldi et al., 2010).

Efficiency of Bauxite Residue
As a Low-cost Adsorbent in the
Removal of Dissolved Reactive
Phosphorus from Agricultural
Wastewaters

The objectives of this study were to (1) investigate the
removal rate and retention capacity of bauxite residue
for dissolved reactive P removal from dairy soiled
water and forest run-off, (2) identify any potential trace
metal mobilisation from the bauxite residue media
during the loading period of the columns when treating
the wastewater and (3) investigate the mechanism
and speciation of P adsorption onto the bauxite
residue media.

4.2.1

Rapid small-scale column study
Small-bore adsorption columns were prepared after
Callery et al. (2016) using polycarbonate tubes with
an internal diameter of 0.94 cm and lengths of 20, 30
and 40 cm. The tubes were packed with a mixture of
bauxite residue. The bauxite residue media was held
in place within the column by friction fit using plastic
syringes with an internal diameter equal to the outside
diameter of the polycarbonate tubes. Acid-washed
glass wool was placed at the top and bottom of each of
the polycarbonate tube columns to retain the bauxite
residue media. To each polycarbonate tube column,
flexible silicone tubing was attached to the syringe
ends to provide lines for the influent and effluent. The
columns were secured on a metal frame, allowing
a stable vertical orientation to be maintained. A
Masterflex® L/S Variable-Speed Drive peristaltic pump
(Gelsenkirchen, Germany) with a variable speed motor
was used to pump the influent, dairy soiled water
and forest run-off into the base of each column at an
estimated flow rate of 30.49 ± 0.85 mL/h, preventing the
occurrence of channelling. The pump was operated
in 12 h on/off cycles to achieve loading periods of
24–36 h. Every 2 h, aliquots were collected and the
volume and pH were measured, the instantaneous
PO4-P was analysed using a nutrient analyser
(Konelab20) and the cumulative mass of P adsorbed
by the filter media was calculated using the following
equation:

Materials and methods

Sample collection
Bauxite residue was obtained from a European
refinery. Residue was sampled to a depth of 30 cm
and the bulk samples were stored in 1 L containers,
returned to the laboratory and dried at 105°C for
24 h. Once dry, the samples were pulverised using
a mortar and pestle and sieved to a particle size
of < 0.5 mm. The pH and EC were determined as
described in section 3.1.1. Dairy soiled water was
collected from Teagasc Agricultural Research Centre,
Moorepark, County Cork, Ireland (52° 9′ 48.114′′ N,
8° 15′ 34.6464′′ W) and forest run-off was
collected from Kilmoon, County Clare, Ireland
(53° 2′ 48.0372′′ N, 9° 16′ 21.1368′′ W).
The dairy soiled water and forest run-off were
transferred directly to a temperature-controlled room
(11°C). The dissolved reactive P was measured using
filtered (0.45 μm) subsamples using a nutrient analyser
(Konelab20, Thermo Clinical Lab systems, Espoo,
Finland) and the pH was measured using a Eutech
Instruments pH 700 meter (Thermo Scientific, USA).
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Trace metal analysis
(4.2)

Every 2 h, 10 mL of the aliquot collected from the
columns was preserved in HNO3 to a pH of < 2
and refrigerated before the elemental analysis was
carried out using ICP-OES. The calibration curve
was constructed by fitting through the origin using
standard solutions of 100, 50, 10, 5 and 1 g/L of a
multi-element standard (Inorganic Ventures, Ireland).
A 1 M HNO3 solution was used for the dilutions of
the standard solutions and as a calibration blank.
The following analytical lines (in nm) were used for
the calculations: Al 237.312, 396.152; Ca 396.847,
422.673; Cd 214.439, 226.502, 228.802; Cr 205.560,
267.716, 357.868; Cu 213.598, 324.754, 327.395; Fe
234.350, 238.204, 259.940; Ga 287.423, 294.363,
417.204; Hg 184.887, 194.164; Mg 279.553, 280.270,
285.213; Mn 257.610, 259.372, 260.568; Mo 202.032,
203.846, 204.598; Na 589.592; Ni 216.555, 221.648,
231.604; Pb 220.353, 283.305; Se 196.026, 203.985;
Si 250.690, 251.611, 288.158; V 268.796, 292.401,
309.310; Zn 202.548, 206.200, 213.857 (Bridger and
Knowles, 2000). XRF analysis was carried out onsite
at the refinery using a Panalytical Axios XRF (Malvern
Panalytical Ltd, UK).

where qe is the cumulative mass of contaminant
adsorbed per gram of filter media, n is the number of
containers in which the total volume of effluent (∑Vi) is
collected, Co is the influent contaminant concentration,
Ce is the effluent contaminant concentration in the
i
ith container, Vi is the volume of effluent contained
in the ith container and m is the mass of filter media
contained in the filter column.
The performance of the adsorption column media was
predicted using a model described by Callery and
Healy (2017) using the following equation:
Ce = Co −

qeM
VB

(4.3)

where Ce is the filter effluent contaminant
concentration and Co is the influent contaminant
concentration, M is the mass of the filter media, V
is the volume of the influent loaded onto the filter, B
is a model constant and qe is the mass of adsorbate
adsorbed per unit mass of filter media, as modelled by
the following equation:
qe = AVB

RHIZOtest

⎛ 1⎞
⎜⎝ B ⎟⎠

(4.4)

The effect of using P-saturated media on soil
properties and plant growth was assessed following
completion of the rapid small-scale column study. The
plant growth trial was set up after ISO 16198 (Bravin et
al., 2010), using Lolium perenne. Briefly, seeds were
germinated and, once germinated, were exposed to a
pre-culture period in a hydrophonic solution; the seeds
and seedlings were allowed to develop a dense and
planar mat of roots. Once established, the seedlings
were transferred to individual plant pots containing a
P-deficient solution for the 2-week test culture period.
Gypsum amended bauxite residue (GR) and Callery
mix (PR) were saturated fully with dairy soiled water.
The P-saturated spend media from the columns was
then applied at a rate of 30 kg/ha. A superphosphate
fertiliser was used as a third treatment and a control
was also included in the plant trial, which included the
soil being used on an “as is” basis (nothing added).
Dry weight measurements of the root and shoot
biomass were determined at harvest. Plant material
was placed in an oven at 60°C for 72 h. Once a steady
dry mass was achieved, the roots and shoots were
ground and sieved to a size of < 2 mm.

where A is a model constant and VB is the number of
bed columns of influent filtered.
The solution adsorbate concentration at any given
filter depth, Ct, can be found using the following
equation:
Ct = Co −

qt M
VB

(4.5)

A description of the relationship between bed depth
and volume of solution treated to any breakthrough
concentration, Ct, can be found using the following
arrangement of the equation:
V=

(

qt M

B Co − Ct

)

(4.6)

The filter service time can then be found from equation
4.6 by dividing the volume treated, V (in L), by the
loading rate (L/s).
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Soil phosphorus extractions

The XRD (Figure 4.1) revealed the dominance of Fe
oxides, present as haematite (Fe2O3). Spent media
from both the dairy soiled water and forest run-off
columns showed new peaks in the XRD patterns,
demonstrating the presence of calcium hydrogen
phosphate (III) hydrate (CaH3PO4), tetracalcium
diphosphide oxide (Ca4P2O) and hydroxylapatite

Soil P extractions were performed on the dried and
sieved (< 2 mm) soil samples. Water-soluble P was
measured using 1 g of soil in 20 mL of deionised
water, after shaking for 1 h (Tessier et al., 1979). Soil
P was examined by Morgan P analysis using 0.54 M
CH3COOH and 0.7 M NaCH3COO at pH 4.8 in a ratio
of 6 mL:30 mL. The soil and Morgan solution was then
placed on a reciprocating shaker for 30 min at 180 rpm
(Peech and English, 1944). Olsen P analysis was
carried out using 0.5 M NaHCO3 at pH 8.5 in a ratio
of 1 g:20 ml, followed by shaking on a reciprocating
shaker for 30 min at 180 rpm (Olsen et al., 1954).

4.2.2

Table 4.5. Main mineralogical composition (%) of
the bauxite residue used, as determined by XRF
analysis
Mineral oxide

Results

Media characterisation
The main mineralogical composition of the bauxite
residue used (Table 4.5) consisted of Fe2O (47.5%)
and Al2O3 ( 14.8%). The remaining composition
consisted of TiO2, SiO2 and CaO.

%

Al2O3

14.8 ± 1.5

Fe2O

47.5 ± 2.0

SiO2

7.20 ± 1.0

TiO2

10.3 ± 0.9

CaO

6.1 ± 1.0

Reprinted from Journal of Environmental Management,
Vol. 241, Cusack, P.B., et al., The use of rapid, small-scale
column tests to determine the efficiency of bauxite residue
as a low-cost adsorbent in the removal of dissolved
reactive phosphorus from agricultural waters, pp. 273–283,
Copyright 2019, with permission from Elsevier.

Figure 4.1. The XRD pattern as determined for the column media before and after the loading period with
dairy soiled water or forest run-off. H, haematite (Fe2O3); R, rutile (TiO2); C, calcium hydrogen phosphate
(III) hydrate (CaH3PO4); T, tetracalcium diphosphide oxide (Ca4P2O); Hy, hydroxylapatite [Ca5(PO4)3(OH)].
Reprinted from Journal of Environmental Management, Vol. 241, Cusack, P.B., et al., The use of rapid,
small-scale column tests to determine the efficiency of bauxite residue as a low-cost adsorbent in the
removal of dissolved reactive phosphorus from agricultural waters, pp. 273–283, Copyright 2019, with
permission from Elsevier.
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[Ca5(PO4)3(OH)]. This highlights the P retention
capacity of the bauxite residue media.

Increases in the pH values of the effluent for both the
forest run-off and the dairy soiled water were evident
with the running of the columns (Figure 4.4). The initial
pH of the dairy soiled water influent was 7.79; this
increased to 8.86 ± 0.06. The pH of the forest run-off
influent was 7.57; this increased to 8.51 ± 0.07.

Rapid small-scale column study
The breakthrough curves of the adsorption columns
for the three different lengths for dairy soiled water
can be seen in Figure 4.2a. As would be expected,
the 20 cm column (the shortest column) approached
the saturation point before the 30 and 40 cm columns.
A total of 0.275 mg P/g bauxite residue media was
retained following the treatment of the dairy soiled
water over a 36 h loading period (Figure 4.2b).

The FT-IR analysis of the bauxite residue media before
and after treatment of the dairy soiled water showed
little difference (Figure 4.5). Intensive IR absorption
bands are typically in the range of 560–600/cm
and 1000–1100/cm for PO43– (Berzina-Cimdina and
Borodajenko, 2012).
Similar to the FT-IR analysis of the bauxite residue
media before and after treatment with the dairy
soiled water, the forest run-off analysis showed little
difference before and after treatment (Figure 4.6).

The breakthrough curves for the columns treating
the forest run-off show that the shortest columns (the
20 cm column) was approaching the media saturation
point before the longer columns, as would be expected
because of the difference in the media volume
(Figure 4.3a). Modelling the data showed that the
amount of P retained following treatment of the forest
run-off over the 36 h loading period was 0.0366 mg P/g
bauxite residue media (Figure 4.3b).

(a)

Trace metal analysis
The Al and Fe content showed an increase in the
dairy soiled water effluent compared with the influent
(increases of 0.095 mg/L and 0.052 mg/L, respectively)

(b)

Figure 4.2. (a) The breakthrough curves showing the effluent dissolved reactive P content versus
loading time for dairy soiled water using experimental and modelled data and (b) the predicted modelled
retention behaviour of P for the bauxite residue media. Reprinted from Journal of Environmental
Management, Vol. 241, Cusack, P.B., et al., The use of rapid, small-scale column tests to determine the
efficiency of bauxite residue as a low-cost adsorbent in the removal of dissolved reactive phosphorus
from agricultural waters, pp. 273–283, Copyright 2019, with permission from Elsevier.
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(a)

(b)

Figure 4.3. (a) The breakthrough curves showing the effluent dissolved reactive P content versus loading
time for forest run-off using experimental and modelled data and (b) the modelled predicted P retention
of the bauxite residue media. Reprinted from Journal of Environmental Management, Vol. 241, Cusack,
P.B., et al., The use of rapid, small-scale column tests to determine the efficiency of bauxite residue as a
low-cost adsorbent in the removal of dissolved reactive phosphorus from agricultural waters, pp. 273–
283, Copyright 2019, with permission from Elsevier.

(a)

(b)

Figure 4.4. The mean pH values of (a) the dairy soiled water and (b) the forest run-off effluent from the
columns over the 24–36 h loading period. Reprinted from Journal of Environmental Management, Vol.
241, Cusack, P.B., et al., The use of rapid, small-scale column tests to determine the efficiency of bauxite
residue as a low-cost adsorbent in the removal of dissolved reactive phosphorus from agricultural
waters, pp. 273–283, Copyright 2019, with permission from Elsevier.
(Figure 4.7). Copper also showed an increase, from
0.91 mg/L in the influent to 2.02 mg/L in the effluent;
however, it did decrease and show retention with
loading time. The Mn content in the dairy soiled water
effluent was lower than that in the influent (decrease of
0.18 mg/L), showing a retention capacity of the bauxite
residue media for this element.

Similar to the dairy soiled water, the columns treating
the forest run-off showed increases in the Al and Fe
content of the effluent compared with the influent
values (Figure 4.8). Cu was also elevated in the
effluent compared with the influent, and Mn, similar
to the dairy soiled water-treated columns, showed a
retention capacity of the media.
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Figure 4.5. FT-IR analysis of the bauxite residue media (a) before and (b) after use in the column treating
dairy soiled water. Reprinted from Journal of Environmental Management, Vol. 241, Cusack, P.B., et
al., The use of rapid, small-scale column tests to determine the efficiency of bauxite residue as a lowcost adsorbent in the removal of dissolved reactive phosphorus from agricultural waters, pp. 273–283,
Copyright 2019, with permission from Elsevier.

RHIZOtest and soil phosphorus analysis

value found for the control sample, where no P source
had been applied to the soil.

The results of the growth trial using the RHIZOtest
(Table 4.6) show that the greatest biomass (dry weight)
accumulated for the growth period was observed for
the superphosphate (SR) sample, followed by the
GR and then the PR samples, with the least amount
observed for the control (CR) plants. Morgan’s
extractable soil P analysis shows that the highest
value was found again for the SR sample, followed
by the GR and then the PR samples, with the lowest

4.2.3

Discussion

Media characterisation
Bauxite residue typically has a high composition of
Fe, Al, Ti, Si, Na and Ca, mainly in the form of oxides
(Gräfe et al., 2009). Because of the high level of
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Figure 4.6. FT-IR analysis of the bauxite residue media before (a) and after (b) use in the column treating
forest run-off. Reprinted from Journal of Environmental Management, Vol. 241, Cusack, P.B., et al.,
The use of rapid, small-scale column tests to determine the efficiency of bauxite residue as a low-cost
adsorbent in the removal of dissolved reactive phosphorus from agricultural waters, pp. 273–283,
Copyright 2019, with permission from Elsevier.

Rapid small-scale column study

Fe and Al oxides, which can range from 5% to 60%
and from 5% to 30%, respectively (Evans, 2016),
bauxite residue has previously been identified as a
potential adsorbent for both cations and anions from
aqueous solutions (Arco-Lázaro et al., 2018; Atasoy
and Bilgic 2018; Bhatnagar et al., 2011; Caporale et
al., 2013; Castaldi et al., 2011; Cusack et al., 2018;
Grace et al., 2015, 2016; Ha et al., 2017; Kocabas
and Yürüm, 2011; Sahu et al., 2010, 2011; Zhou and
Haynes, 2012).

Previous studies that have highlighted the high
retention capacity of bauxite residue, in particular
for P, have found adsorption rates between 0.2
and 202.9 mg P/g of bauxite residue. In this study,
the higher retention rate for phosphate observed
in the column media treating the forest run-off may
be attributed to the composition of the wastewater
being treated. The dairy soiled water is typically
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(a)

(b)

(d)
(c)

Figure 4.7. Comparison of the composition of (a) Al, (b) Cu, (c) Fe and (d) Mn in influent and effluent
in the columns treating dairy soiled water over the 24–36 h loading period. The indicator parameters
or chemical parameters defined by the Environmental Protection Agency (EPA) are included for each
element. Reprinted from Journal of Environmental Management, Vol. 241, Cusack, P.B., et al., The use of
rapid, small-scale column tests to determine the efficiency of bauxite residue as a low-cost adsorbent in
the removal of dissolved reactive phosphorus from agricultural waters, pp. 273–283, Copyright 2019, with
permission from Elsevier.

composed of a total P concentration of 20–100 mg/L
and a total N concentration of 70–500 mg/L (Minogue
et al., 2015), as well as being composed of milk
parlour and holding area washings (Murnane et al.,
2016). Forest run-off mainly includes a low level of
phosphate (approximately 1 mg/L; Finnegan et al.,
2012). Naturally, there are far more anions present in
the dairy soiled water and therefore there is greater
competitiveness for available adsorption sites and
interferences between the adsorbent surface and
the ions present in the aqueous solution. As a result,
a lower retention rate was observed for the bauxite

residue when treating the dairy soiled water in
this study.
The bauxite residue used in this study demonstrated
a lower level of P adsorption than that found
by Despland et al. (2011), who used Bauxsol™
(neutralised bauxite residue produced using
the Basecon™ procedure) to treat secondary
treated effluent and found a P removal capacity of
2.85–8.74 mg/g. Herron et al. (2016) found a maximum
retention capacity of 25 mg/g for the bauxite residue
used in their study; however, this was used on
synthetic water and this may be a reason for the higher
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(a)

(b)

(d)
(c)

Figure 4.8. Comparison of the composition of (a) Al, (b) Cu, (c) Fe and (d) Mn in influent and effluent
in the columns treating forest run-off over the 24–36 h loading period. The EPA indicator parameters
or EPA chemical parameters are included for each element. Reprinted from Journal of Environmental
Management, Vol. 241, Cusack, P.B., et al., The use of rapid, small-scale column tests to determine the
efficiency of bauxite residue as a low-cost adsorbent in the removal of dissolved reactive phosphorus
from agricultural waters, pp. 273–283, Copyright 2019, with permission from Elsevier.

Table 4.6. Soil and plant analysis following the RHIZOtest
Analysis

CR

GR

PR

SR

1.25 ± 0.4

1.61 ± 0.2

1.49 ± 0.4

1.65 ± 0.3

P – Morgan analysis (mg/L)

0.13 ± 0.02

0.43 ± 0.1

0.25 ± 0.04

0.30 ± 0.1

P – Olsen analysis (mg/L)

< LOD

< LOD

< LOD

< LOD

P – water soluble (mg/L)

0.07 ± 0.003

0.077 ± 0.01

0.06 ± 0.01

0.10 ± 0.01

pH

6.45 ± 0.1

6.6 ± 0.2

6.62 ± 0.1

6.58 ± 0.2

EC (mS/cm)

162 ± 24

235 ± 24

147 ± 20

192 ± 35

Plant data (n = 20)
Plant biomass (g dry weight)
Soil data (n = 20)

< LOD, below the limits of detection.
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Trace metal analysis

retention rate observed. The P retention capacity of
the bauxite residue used in this study may also be
compared with that of a conventional sand filter, which
has a P retention capacity of approximately 1.9 g/kg
(Vohla et al., 2007).

Because of the complex nature of bauxite residue and
its composition, there is the potential for trace metal
leaching (Evans, 2016). The effluent analysis shows
that Al and Fe are the dominant metals released or
mobilised in the solution. Adsorption and retention
were also noted for Cu, Zn, Mg and Mn, with Na and
Fe adsorbed and retained to an extent. This was
shown in both of the wastewaters treated, with the
exception of Fe, which was adsorbed to only a small
extent in the dairy soiled water columns. Previous work
by Lopez et al. (1998) highlighted the ability of bauxite
residue to remove and retain Ni, Cu and Zn. Despland
et al. (2014) showed that Bauxsol™ had the ability to
remove trace amounts of As, Pb, Cd, Cr, Cu, Ni, Se,
Zn, Mn and Al. This again highlights the potential of
bauxite residue to remove both cations and anions
from aqueous solution.

The main mechanism of phosphate adsorption
(and other anions and cations) onto the surface
of Fe and Al oxides may be separated into two
processes: specific and non-specific adsorption
(Cornell and Schwertmann, 2003; Stumm, 1992).
Specific adsorption takes place through the process
of ligand exchange (Jacukowicz-Sobala et al., 2015).
A phosphate ion exchanges with one or more hydroxyl
groups, with the release of OH2 and/or OH– back
into the surrounding solution, contributing to the
alkalisation of the surrounding environment (Cornell
and Schwertmann, 2003), as shown in the following
equations:
(4.7)
FeOH + An
FeAn + OH

( )

RHIZOtest and soil phosphorus analysis

Fe OH 2 + An
Fe2 + An + 2OH
(4.8)
+

Bauxite residue is normally deficient and limited in
P content (Barrow, 1982). The results of the growth
trial were as expected, with the plants supplied
with a conventional superphosphate (SR sample)
achieving the highest biomass yield, and the control
(CR sample), which had no P supply, having the
lowest biomass. This is a similar trend to that seen in
the Morgan’s P soil extraction tests. Of the two spent
column media trials, the GR (gypsum) sample had a
higher biomass yield than the PR (Callery mix) sample.
The overall Morgan’s results indicate that the soil is
in the very low P index for grassland, with an overall
P index of 1 (Coulter et al., 2008).

Non-specific adsorption is inclusive of electrostatic
interactions between the surface of the adsorbent and
the phosphate ion (Jacukowicz-Sobala et al., 2015).
The results of this study show that there was an
increase in the pH of the effluent for both the dairy
soiled water and the forest run-off treated wastewater.
No clear indication of what species was adsorbed was
provided by the FT-IR analysis. However, it is well
documented that, depending on the pH of the solution,
the species of P found in aqueous solution are H3PO4,
H2PO4–, HPO42– and PO43– (Despland et al., 2011;
Karageorgiou et al., 2007).
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Further Development of Results

5.1

Evaluation of Techniques for
Gallium Recovery from Bauxite
Residue

design approach was used to determine the
optimal conditions for Ga extraction. Adsorption on
zeolite was used for the separation of Ga from the
acidic solution. Here, three zeolite products were
compared for Ga adsorption from solution. Then,
the most efficient zeolite was applied to investigate
the process parameters of adsorbent dosage,
contact time and temperature. The most efficient
parameters were applied to the bauxite residue acidic
leachates. Comparison with another technique,
the most commonly used LLE complexing agent
(D2EHPA:kerosene) for selective recovery, was also
carried out.

There are only a few publications on the extraction
of Ga from bauxite residue. These papers discuss
leaching of Ga by mineral acids (Lu et al., 2018;
Ujaczki et al., 2017a) and by alkaline solution,
called the hydrogarnet process (Abdulvaliyev et al.,
2015). In the latter, the extraction of Ga from bauxite
residue was carried out in high modulus alkaline
solution (240 g/L Na2O; αк = 30) at high temperature
(240–260°C) in the presence of lime, followed by
treatment of the leached solution by CO2-enriched air
(Abdulvaliyev et al., 2015).

Figure 5.1 shows the mass balance calculation for
the optimised conditions found in this study for the
LLE process. The maximum economic potential was
derived as total Ga extracted × economic value of
Ga from the US Geological Survey (USGS) website
(USGS, 2017), which represents the highest value of
Ga that could potentially be extracted. Costs for the
chemicals were taken from the Sigma-Aldrich Ireland
website (https://www.sigmaaldrich.com/ireland.html).
The maximum economic value should not be seen
as a value that can actually be recovered (as it is
based on pure, refined metal). In addition, costing of
the chemicals was calculated using the higher grade
options and thus represents the maximum costs. In
this experiment, 1 kg of bauxite residue contained
0.114 kg of Ga, with an overall maximum value of
€43.30 (see Figure 5.1). By optimising acidic extraction
(2.5 M H2C2O4, 21.7 h contact time, 80°C, 10 g/L slurry
concentration), 0.081 kg of Ga could be extracted, with
an overall maximum cost of €30.80. After extraction
from bauxite residue, purification of Ga was achieved
using LLE with D2EHPA dissolved in kerosene under
the following conditions: 1 h contact time, 20°C, O/A
ratio 3:1. Here, 0.058 kg of Ga was extracted from the
leachate in the organic solvent phase, with an overall
maximum value of €21.90. The costs for the process
are high in this stage as 90 L of oxalic acid (at a cost of
€2755) is required to achieve the maximal extractable
level of Ga from the bauxite reside. In the LLE step,
the total organic solvent cost is €6296; however, the
organic solvent from the process could be recycled.

Lu et al. (2018) presented a method called the acidic
leaching ion exchange process (ALIEP) to extract Ga
from bauxite residue. The ALIEP method consisted
of three main steps: extraction of Ga from bauxite
residue by mineral acid (HCl), removal of Fe3+ from
the leaching solution by chlorinated polystyrene
macroporus (LSD-369) resin, and recovery of Ga from
the leaching solution using LSC-500S resin. LSC-500S
resin contained the reactive groups [-NH-CH2-P(O)
(OH)2] and was able to form stable complexes through
reactive groups binding with metal ions.
Ujaczki et al. (2017a,b) explored the extraction of
Ga and REEs from bauxite residue by selective acid
leaching. Both conventional extracting agents (mineral
acids) and small-molecular-weight complexing agents
(organic acids) were evaluated for their ability to
extract CRMs such as Ga from bauxite residue. After
acidic extraction, REEs were purified by LLE using
D2EHPA dissolved in kerosene.
In the research undertaken within this project, the
feasibility of acidic leaching of Ga from bauxite
residue combined with adsorption on zeolite was
investigated. First, the extraction of Ga from bauxite
residue by a number of mineral acids (HCl, HNO3,
H2SO4) and a low-molecular-weight organic acid
(H2C2O4) was explored. Then, the most efficient acid
was selected to investigate the process parameters
of acid concentration, contact time, temperature and
slurry concentration. Consequently, an experimental
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0.058 kg Ga ~ 21.9 EUR

0.114 kg Ga ~ 43.3 EUR

231 L Organic
solvent

1 kg Bauxite residue
90 L Oxalic acid
0.081 kg Ga ~ 30.8 EUR

2755 EUR

~ 81 L Leachate
182 L kerosene
61 L D2EHPA

~0.9 kg
By-product
(residue)

Kerosene:
4291 EUR
D2EHPA:
2005 EUR
In total:
6296 EUR

~93 L
Supernatant

Figure 5.1. Mass balance calculation for the LLE process. Values and costs are also indicated. Leaching
parameters: 2.5 M H2C2O4, 21.7 h contact time, 80°C 10 g/L slurry concentration. LLE parameters: 1 M
D2EHPA in kerosene, 1 h contact time, 20°C, O/A ratio 3:1. Prices: USGS (2017) and Sigma-Aldrich Ireland
website (https://www.sigmaaldrich.com/ireland.html).

Figure 5.2. Mass balance calculation for the adsorption process. Values and benefits are also indicated.
Leaching parameters: 2.5 M H2C2O4, 21.7 h contact time, 80°C, 10 g/L slurry concentration. Adsorption
parameters: 5 g/cm3, 1 h contact time, 20°C (pH 0.5). Prices: USGS (2017) and Sigma-Aldrich Ireland
website (https://www.sigmaaldrich.com/ireland.html).
In the second purification study carried out in this
project, 16.1% (~17.8 mg/kg) of the Ga was adsorbed
onto the zeolite CBV 500.

experiment, purification of Ga was achieved by an
adsorption technique using the zeolite CBV-500 under
the following conditions: 5 g/cm3 packing density, 1 h
contact time and 20°C (pH 0.5). Here, 0.018 kg of Ga
was extracted from the leachate in the adsorbent, with
an overall maximum value of €6.80.

Figure 5.2 shows the mass balance calculation for
the adsorption process applied in this study. In this
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The future challenges relating to the investigated
adsorption techniques are (1) the concentration of Ga
in the adsorbent from the leachate, (2) decreasing
the volume of acid used, (3) improvement of the
selectivity of Ga against major components (e.g. Al
and Fe), (4) development of a recovery step from the
adsorbent or finding a market where Ga bound to a
zeolite network can be utilised, (5) regeneration of
the adsorbent and (6) development of a technique
for the utilisation of the acidic by-product generated
during the extraction. Similarly, the LLE technique
will also involve challenges in the future: (1) find a
Ga selectivity solvent, (2) develop a recovery step
from the organic (solvent) phase and (3) recovery of
the solvent. In addition, it may be that, although the
solvents used during LLE perform well technologically,
certain processing steps will have a higher
environmental impact (Vahidi and Zhao, 2017).

decisions. However, the extraction of strategically
important elements from bauxite residue is not
only attractive financially in terms of the recovered
elements alone; it is also motivated by a number
of other factors such as social, environmental and
technological benefits (Ujaczki et al., 2018).
Following on from this research there are two
ongoing projects being carried out at the University of
Limerick. BIOMIMIC focuses on developing innovative
biotechnological methods for energy-efficient metal
recovery from acid mine drainage, bauxite residue and
incineration waste in the form of ashes. The RemovAL
project will deliver and validate a complete feasibility
study of technologies to extract Fe, Si, alumina, soda
and rutile, as well as REE and Ga raw materials, from
bauxite residue.

5.2

Moreover, there is a challenge related to the
reprocessed residue produced during Ga extraction
from bauxite residue. Because of the application of
oxalic acid for the extraction of Ga, the bauxite residue
was transformed from an alkaline (pH 10.9) to an
acidic (pH 0.3) material, which may have an impact on
reuse options and warrants further investigation.

Evaluation of the Technique
for Phosphorus Recovery from
Wastewater Using Bauxite
Residue

Gypsum was applied to the bauxite residue at a rate of
8% (w/w). The gypsum application had a direct effect
on pH, reducing it from 10.8 to 8.7. The P adsorption
capacity of the bauxite residue was also increased,
from 0.38 to 2.46 g P/kg bauxite residue media.

It should be noted that many strategies for the
recovery of valuable elements from bauxite residue
require large amounts of energy and chemicals
(Abhilash et al., 2014; Borra et al., 2015a,b, 2016a;
Davris et al., 2016; Hatzilyberis et al., 2018; Lu et
al., 2018; Ochsenkühn-Petropoulou et al., 1996;
Paramguru et al., 2006; Ujaczki et al., 2017a). Private
operators and investors often take into account
only immediate financial costs and benefits in their

Figure 5.3 shows the mass balance calculation for
P recovery from wastewater using gypsum-neutralised
bauxite residue. In this experiment, 1 kg of bauxite
residue was neutralised with 0.092 kg of gypsum,
which cost €3.40. The maximum total adsorbed
P from the wastewater was 2.46 g/kg of the gypsumneutralised bauxite residue, as determined using

Figure 5.3. Mass balance calculation for P recovery from wastewater using gypsum-neutralised bauxite
residue. This is based on the use of a synthetic P water using batch studies. The corresponding P value
is based on the current price of phosphate rock from USGS (2017) and the price of gypsum as supplied
by Lennox Ireland (http://lennox.ie).
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P synthetic water and batch studies. The estimated
value of the recovered P is €0.00018 based on
the current phosphate rock price, available from
USGS (2017).

(cost unavailable as it is under a patent process). The
amount of P adsorbed after the 36 h loading period
was 0.27 g/kg. It is important to note that this is the
amount of P adsorbed from dairy soiled water after a
36 h loading period and is not based on the saturation
of the bauxite residue media. The estimated value
of the recovered P is €0.00002 based on the current
phosphate rock price, available from USGS (2017).

In relation to this process the by-products and the
volume generated are listed in Table 5.1.
Another technique developed by Oisín Callery (under
patent process) was also applied to the bauxite
residue, transforming it into a stable media. This
technique also had a direct effect on the pH of the
bauxite residue, reducing it to 8.13 from the original
pH of 10.6. The columns were successfully run without
clogging using both the forest run-off and the dairy
soiled water.

In relation to this process the by-products and the
volume generated are listed in Table 5.2.
Bauxite residue has potential as an adsorbent;
however, the recovery efficiency is minimal with
low economic value. Future challenges include
(1) permeability issues around the bauxite residue,
(2) stabilising trace element mobilisation from the
column media when treating the influent, (3) finding
a suitable reuse for the spent column media and
(4) improving overall P recovery efficiencies.

Figure 5.4 shows the mass balance calculation for
P recovery from wastewater using the Callery mix and
bauxite residue. In this experiment, 1 kg of bauxite
residue was neutralised with 0.03 kg of Callery mix

Table 5.1. The list of by-products formed per 1 kg of bauxite residue column media used
By-product produced

Volume

Reuse/disposal of by-product

Water from the leaching step

~0.87 L

Disposal required as Ca and potential metals from bauxite residue
present

Column effluent

~0.03 L/h

Potential for reuse for land application, pending the presence of any
metals leaching from the bauxite residue column media

Figure 5.4. Mass balance calculation for P recovery from wastewater using the Callery mix and bauxite
residue. This is based on the use of columns treating forest run-off and dairy soiled water. The
corresponding P value is based on the current price of phosphate rock from USGS (2017).
Table 5.2. The list of by-products formed per 1 kg of bauxite residue column media used
By-product produced

Volume

Reuse/disposal of by-product

Column effluent

~0.03 L/h

Potential for reuse for land application, pending the presence of any
metals leaching from the bauxite residue column media
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Conclusions

This project investigated the potential for recovery
or reuse of CRMs from bauxite residue. Following
assessment of the CRM content in bauxite residue,
Ga was selected as the specific CRM for optimum
extraction and recovery determination.

Phosphorus Recovery

6.2.1

Synthetic phosphorus solutions

● The mineralogical composition of untreated
bauxite residues was dominated by Fe2O3, Al2O3,
SiO2 and CaO.
● Following treatment with gypsum and seawater,
the pH decreased and EC increased, but no
change was observed in particle size or density.
The SSA and pore volume of the bauxite
increased following both treatments, which
contributed to the increase in P adsorbency.
● Although the P adsorbency measured in this study
was not as high as that measured in other studies
using different media, it still indicates that reuse in
water or wastewater treatment facilities may be an
appropriate option for bauxite residue.

Bauxite residue was also used as a medium for
P removal from synthetic and agri-effluents to
determine the adsorption mechanisms and removal
rates. Following saturation of the bauxite residue
media with P, the media were then assessed as a
potential source of nutrients in plant growth trials.

6.1

6.2

Gallium Recovery

● In a comparison of the acids H2SO4, HCl, HNO3
and H2C2O4, H2C2O4 yielded the highest Ga
recovery rate.
● The optimal extraction parameters for Ga were
2.5 M H2C2O4, 21.7 h contact time, 80.0°C and
10 g/L slurry concentration.
● Under optimal conditions, extraction of 71%
(81.1 mg/kg) of the aqua regia-accessible Ga
content from bauxite residue was achieved.
● Adsorption by zeolite may be applicable for
selective element recovery (e.g. Ga) from bauxite
residue leachate.
● There are future challenges related to the
adsorption technique: (1) the concentration
of Ga in the adsorbent from the leachate,
(2) improvement of the selectivity of Ga
against major components (e.g. Al and Fe),
(3) development of a recovery step from
the adsorbent or finding a market where Ga
bound to a zeolite network can be utilised and
(4) regeneration of the adsorbent.
● There is also a challenge related to the utilisation
of the reprocessed residue produced during Ga
extraction from bauxite residue.

6.2.2

Phosphorus recovery from agrieffluents and reuse

● Bauxite residue media have a high potential for the
treatment of both low- and high-P-concentrated
agricultural wastewaters, dairy soiled water and
forest run-off.
● There was evidence of mobilisation of some
metal(loid)s while treating the wastewater, but
this may be overcome by including a rinse/wash
period prior to packing the columns.
● Bauxite residue media have a retention capacity
for Cu and Zn ions. This highlights the potential
of the bauxite residue in treating wastewaters
containing other contaminants.
● The results of the growth trial indicate that the
spent column media show a P supply to the soil
compared with a conventional superphosphate
fertiliser.
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AN GHNÍOMHAIREACHT UM CHAOMHNÚ COMHSHAOIL
Tá an Ghníomhaireacht um Chaomhnú Comhshaoil (GCC) freagrach as an
gcomhshaol a chaomhnú agus a fheabhsú mar shócmhainn luachmhar do
mhuintir na hÉireann. Táimid tiomanta do dhaoine agus don chomhshaol a
chosaint ó éifeachtaí díobhálacha na radaíochta agus an truaillithe.

Is féidir obair na Gníomhaireachta a
roinnt ina trí phríomhréimse:
Rialú: Déanaimid córais éifeachtacha rialaithe agus comhlíonta
comhshaoil a chur i bhfeidhm chun torthaí maithe comhshaoil a
sholáthar agus chun díriú orthu siúd nach gcloíonn leis na córais sin.
Eolas: Soláthraímid sonraí, faisnéis agus measúnú comhshaoil atá
ar ardchaighdeán, spriocdhírithe agus tráthúil chun bonn eolais a
chur faoin gcinnteoireacht ar gach leibhéal.
Tacaíocht: Bímid ag saothrú i gcomhar le grúpaí eile chun tacú
le comhshaol atá glan, táirgiúil agus cosanta go maith, agus le
hiompar a chuirfidh le comhshaol inbhuanaithe.

Monatóireacht, Anailís agus Tuairisciú ar
an gComhshaol

• Monatóireacht a dhéanamh ar cháilíocht an aeir agus Treoir an AE
maidir le hAer Glan don Eoraip (CAFÉ) a chur chun feidhme.
• Tuairisciú neamhspleách le cabhrú le cinnteoireacht an rialtais
náisiúnta agus na n-údarás áitiúil (m.sh. tuairisciú tréimhsiúil ar
staid Chomhshaol na hÉireann agus Tuarascálacha ar Tháscairí).

Rialú Astaíochtaí na nGás Ceaptha Teasa in Éirinn

• Fardail agus réamh-mheastacháin na hÉireann maidir le gáis
cheaptha teasa a ullmhú.
• An Treoir maidir le Trádáil Astaíochtaí a chur chun feidhme i gcomhair
breis agus 100 de na táirgeoirí dé-ocsaíde carbóin is mó in Éirinn.

Taighde agus Forbairt Comhshaoil

• Taighde comhshaoil a chistiú chun brúnna a shainaithint, bonn
eolais a chur faoi bheartais, agus réitigh a sholáthar i réimsí na
haeráide, an uisce agus na hinbhuanaitheachta.

Measúnacht Straitéiseach Timpeallachta

Ár bhFreagrachtaí

• Measúnacht a dhéanamh ar thionchar pleananna agus clár beartaithe
ar an gcomhshaol in Éirinn (m.sh. mórphleananna forbartha).

Ceadúnú

Cosaint Raideolaíoch

Déanaimid na gníomhaíochtaí seo a leanas a rialú ionas nach
ndéanann siad dochar do shláinte an phobail ná don chomhshaol:
• saoráidí dramhaíola (m.sh. láithreáin líonta talún, loisceoirí,
stáisiúin aistrithe dramhaíola);
• gníomhaíochtaí tionsclaíocha ar scála mór (m.sh. déantúsaíocht
cógaisíochta, déantúsaíocht stroighne, stáisiúin chumhachta);
• an diantalmhaíocht (m.sh. muca, éanlaith);
• úsáid shrianta agus scaoileadh rialaithe Orgánach
Géinmhodhnaithe (OGM);
• foinsí radaíochta ianúcháin (m.sh. trealamh x-gha agus
radaiteiripe, foinsí tionsclaíocha);
• áiseanna móra stórála peitril;
• scardadh dramhuisce;
• gníomhaíochtaí dumpála ar farraige.

Forfheidhmiú Náisiúnta i leith Cúrsaí Comhshaoil

• Clár náisiúnta iniúchtaí agus cigireachtaí a dhéanamh gach
bliain ar shaoráidí a bhfuil ceadúnas ón nGníomhaireacht acu.
• Maoirseacht a dhéanamh ar fhreagrachtaí cosanta comhshaoil na
n-údarás áitiúil.
• Caighdeán an uisce óil, arna sholáthar ag soláthraithe uisce
phoiblí, a mhaoirsiú.
• Obair le húdaráis áitiúla agus le gníomhaireachtaí eile chun dul
i ngleic le coireanna comhshaoil trí chomhordú a dhéanamh ar
líonra forfheidhmiúcháin náisiúnta, trí dhíriú ar chiontóirí, agus
trí mhaoirsiú a dhéanamh ar leasúchán.
• Cur i bhfeidhm rialachán ar nós na Rialachán um
Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um
Shrian ar Shubstaintí Guaiseacha agus na Rialachán um rialú ar
shubstaintí a ídíonn an ciseal ózóin.
• An dlí a chur orthu siúd a bhriseann dlí an chomhshaoil agus a
dhéanann dochar don chomhshaol.

Bainistíocht Uisce

• Monatóireacht agus tuairisciú a dhéanamh ar cháilíocht
aibhneacha, lochanna, uiscí idirchriosacha agus cósta na
hÉireann, agus screamhuiscí; leibhéil uisce agus sruthanna
aibhneacha a thomhas.
• Comhordú náisiúnta agus maoirsiú a dhéanamh ar an gCreatTreoir Uisce.
• Monatóireacht agus tuairisciú a dhéanamh ar Cháilíocht an
Uisce Snámha.

• Monatóireacht a dhéanamh ar leibhéil radaíochta, measúnacht a
dhéanamh ar nochtadh mhuintir na hÉireann don radaíocht ianúcháin.
• Cabhrú le pleananna náisiúnta a fhorbairt le haghaidh éigeandálaí
ag eascairt as taismí núicléacha.
• Monatóireacht a dhéanamh ar fhorbairtí thar lear a bhaineann le
saoráidí núicléacha agus leis an tsábháilteacht raideolaíochta.
• Sainseirbhísí cosanta ar an radaíocht a sholáthar, nó maoirsiú a
dhéanamh ar sholáthar na seirbhísí sin.

Treoir, Faisnéis Inrochtana agus Oideachas

• Comhairle agus treoir a chur ar fáil d’earnáil na tionsclaíochta
agus don phobal maidir le hábhair a bhaineann le caomhnú an
chomhshaoil agus leis an gcosaint raideolaíoch.
• Faisnéis thráthúil ar an gcomhshaol ar a bhfuil fáil éasca a
chur ar fáil chun rannpháirtíocht an phobail a spreagadh sa
chinnteoireacht i ndáil leis an gcomhshaol (m.sh. Timpeall an Tí,
léarscáileanna radóin).
• Comhairle a chur ar fáil don Rialtas maidir le hábhair a
bhaineann leis an tsábháilteacht raideolaíoch agus le cúrsaí
práinnfhreagartha.
• Plean Náisiúnta Bainistíochta Dramhaíola Guaisí a fhorbairt chun
dramhaíl ghuaiseach a chosc agus a bhainistiú.

Múscailt Feasachta agus Athrú Iompraíochta

• Feasacht chomhshaoil níos fearr a ghiniúint agus dul i bhfeidhm
ar athrú iompraíochta dearfach trí thacú le gnóthais, le pobail
agus le teaghlaigh a bheith níos éifeachtúla ar acmhainní.
• Tástáil le haghaidh radóin a chur chun cinn i dtithe agus in ionaid
oibre, agus gníomhartha leasúcháin a spreagadh nuair is gá.

Bainistíocht agus struchtúr na Gníomhaireachta um
Chaomhnú Comhshaoil

Tá an ghníomhaíocht á bainistiú ag Bord lánaimseartha, ar a bhfuil
Ard-Stiúrthóir agus cúigear Stiúrthóirí. Déantar an obair ar fud cúig
cinn d’Oifigí:
• An Oifig um Inmharthanacht Comhshaoil
• An Oifig Forfheidhmithe i leith cúrsaí Comhshaoil
• An Oifig um Fianaise is Measúnú
• Oifig um Chosaint Radaíochta agus Monatóireachta Comhshaoil
• An Oifig Cumarsáide agus Seirbhísí Corparáideacha
Tá Coiste Comhairleach ag an nGníomhaireacht le cabhrú léi. Tá
dáréag comhaltaí air agus tagann siad le chéile go rialta le plé a
dhéanamh ar ábhair imní agus le comhairle a chur ar an mBord.
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Identifying Pressures
Bauxite residue is an inevitable secondary product that is generated in the extraction of alumina (aluminium
oxide) from bauxite by the Bayer process. The global inventory of bauxite residue has exceeded 4.6 billion
tonnes and grows by approximately 120 million tonnes per annum.
The large volumes of stockpiled residue represent an opportunity to investigate the recovery of rare earths
and also the use of the residue as a filter for phosphorus in waste water. In addition, residue landfills receive
negative press regarding the potential environmental damage if the residue is not managed correctly.
Innovative projects such as the Al Source project provide an opportunity to promote more positive aspects,
including technology development, waste as a resource and potential economic benefits.

Informing Policy
Rare earth materials have been classified as critical raw materials at the European Union level. The
recovery of rare earths from residues helps to secure the supply of essential resources (rare earths are
used extensively in modern day electronic products) while also developing a circular economy for such
materials.
The Al Source project was directly aligned with A Resource Opportunity – Waste Management Policy in
Ireland, in which maximum value is sought from wastes by researching their reuse potential as a source of
rare earth materials or as a filter medium for removing phosphorus from wastewater.

Developing Solutions
Two utilisation techniques were evaluated for bauxite residue to highlight its reuse value. Rare earth
content was determined and a baseline characterisation and composition aspect was created. Extraction
techniques were optimised and evaluated for the recovery of gallium (Ga) from bauxite residue, achieving
86 mg of Ga from 1 kg of bauxite residue, corresponding to 71% of the total. Second, a process for recovering
phosphorus (P) from agricultural wastewater using bauxite residue was developed. Modified residue can
be used to absorb P from wastewaters at up to 2.7 mg P/g bauxite residue. Reuse as a source of rare earth
elements or in wastewater treatment facilities may be an appropriate option for bauxite residue.
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