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Abstract Rare earth production from ion-adsorption
deposits constitutes an important rare earth production
route, and the most important production route for heavy
rare earths such as dysprosium and terbium. The demand
for dysprosium has experienced substantial growth in
recent years, mainly due to its use in neodymium—iron—
boron (Nd-Fe-B) magnets, the demand for which is
increasing largely due to their use in efficient motor
applications. Hence, the analysis of environmental impacts
associated with rare earth mining and processing is gaining
importance. In this study, a life cycle inventory for rare
earth production from ion-adsorption deposits was com-
piled through a detailed analysis of the literature and with
help from industry experts. A detailed review of the liter-
ature on environmental impacts associated with the mining
process was also conducted, and impacts not covered by
the current impact assessment methods are discussed.
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Despite the detailed study, data uncertainties remain.
Therefore, recommendations for further research are given,
including further investigations into the fate of emissions
from in situ leaching of rare earths in the proximity of the
mining site, and development of the methods used to assess
resource extraction.
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Introduction

Rare earth elements (REEs) play a key role for green
technologies. Nd-Fe-—B magnets commonly used in
energy-efficient motors constitute one of the most impor-
tant REE applications, which has shown substantial growth
in recent years. The installation of efficient Nd-Fe-B
motors can contribute to large efficiency gains [1, 2]. The
growth in demand for Nd—Fe-B magnet material used in
motors has led to an increase in demand for heavy rare
earths (HRE), especially dysprosium.

Rare earth (RE) primary production is associated with
notable environmental and social impacts [3]. The recent
increase in demand for rare earth elements and the
expected continuation of this market trend have sparked a
growing interest in the assessment of environmental
impacts associated with their production. A life cycle
inventory of light rare earth production, based on the
process route from bastnaesite conducted at the main pro-
duction site in Bayan Obo, has been implemented in the
ecoinvent database for some time [4]. Further life cycle
assessment studies have been published in recent years
[5-9]. However, the process routes addressed by the above-
mentioned studies are not representative of the main

@ Springer


http://dx.doi.org/10.1007/s40831-017-0139-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-017-0139-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-017-0139-z&amp;domain=pdf
https://doi.org/10.1007/s40831-017-0139-z

754

J. Sustain. Metall. (2017) 3:753-771

production route for HREs: Most HREs are mined from
ion-adsorption deposits in Southern China [10]; in situ
leaching is now the legally required production method for
REE from these deposits [11].

First, a detailed process description of REE production
from ion-adsorption deposits (i.e., deposits in which RE ions
are adsorbed to aluminosilicate clay particles) through
in situ leaching and solvent extraction is presented (“Pro-
duction of Individual Rare Earth Oxides from Ion-Adsorp-
tion Deposits via In Situ Leaching and Solvent Extraction”
section). The deposits are also sometimes referred to as ionic
deposits or ionic clays. Environmental impacts linked with
this process are discussed (section “Environmental Impacts
Associated with REO Production from Ion-Adsorption
Clays Discussed in the Literature”). Then, a life cycle
inventory to represent this process is compiled (“Life cycle
Assessment of Rare Earth Oxide Production from Ion-Ad-
sorption Clay Deposits” section). Vahidi et al. [12] have
compiled a dataset for in situ leaching from ion-adsorption
deposits. Their study, based on information from Chinese
literature, covers the production of a rare earth concentrate
from the in situ leaching process. In this study, the system
boundaries are extended to include another key downstream
processing step into the dataset: the separation of REE
concentrates into individual REEs through solvent extrac-
tion. In section, “Discussion, Conclusions, and Recom-
mendations for Further Work”, the technical difficulties of
REE production from decreasing ore grades which consti-
tute a topic for research in China are discussed, and rec-
ommendations for continued research to further improve the
dataset are provided. Finally, the suitability of common life
cycle impact assessment (LCIA) methods to assess the
environmental impacts associated with this rare earth pro-
duction route is discussed.

Methods

A life cycle inventory dataset was compiled for rare earth
production from ion-adsorption clays with the aim to pro-
vide these data for use in further life cycle assessment
studies. This was done according to the current ISO'
14040/14044 standards [13, 14]. All stages of the life cycle
assessment were conducted in order to be able to analyze
the dataset and compare it against impact assessment
results for other rare earth production routes. The modeling
was done using the OpenLCA software (V.1.5) and with
background datasets from ecoinvent 3.2.

Prior to the data compilation, a review of both peer-re-
viewed and gray literature was conducted to obtain both
qualitative and quantitative information on the current practice

' ISO: International Organization for Standardization.
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of rare earth production (mining and processing) from ion-
adsorption deposits. The literature was also reviewed regarding
environmental impacts associated with rare earth production to
assist the interpretation of our dataset results, and to ascertain
whether the life cycle inventory adequately reflected the issues.
The information found in the literature was complemented by
way of interviews with industry experts.

Production of Individual Rare Earth Oxides
from Ion-Adsorption Deposits via In Situ Leaching
and Solvent Extraction

Characterization of Deposits

Most HREs are mined from ion-adsorption deposits in
Southern China [10]. RE>" ions contained in weathered
rocks (sands) of magmatic origin are mobilized under
tropical conditions and absorbed to aluminosilicates
[15-17]. A small percentage, 5-25% of total rare earth
content, is contained in the mineral phase and colloid sedi-
ment, but this fraction is not accessible with the current
mining practice [18, 19]. The ores occur close to the surface
and are characterized by low thorium/uranium contents. The
ore is low-grade, generally only 0.05-0.5% REO (rare earth
oxides), with higher content in HREs [15]. Mining is viable
only above a certain concentration, with deposits between
0.2 and 0.4% currently mined (Ding, pers. comm.). The
deposits are sediments with higher variability in composi-
tion than other ore types, due to the weathering [10, 15, 16].
The ion-adsorption deposits can be broadly classified into
two ore types, i.e., light and heavy ion-adsorption deposits
[16], but variations in between (with both significant light
and heavy fractions) can also be found. Low cerium contents
are characteristic for these deposits, and can be explained by
the formation process [20].

Ion-adsorption deposit mining started in Longnan pro-
vince, where pond leaching was the technique applied. The
deposits in Longnan with high yttrium contents (65% of rare
earth content) are no longer operational (Ding, pers. comm.).
Areas with current or recent operational mines include
Ganzhou and Xinfang where deposits with 20 and 30% of
yttrium are mined (Ding, pers. comm.). A composition
representative of ores currently mined is shown in Table 1
[21]. The composition represents an official Chinese esti-
mate [22]. Due to the variability of the deposits, the average
composition of deposits mined could shift in future.

REO Concentrate Production Process from Ion-
Adsorption Clays—In Situ Leaching

While heap leaching used to be common, in situ leaching is
now the mandatory production technique for rare earth
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Table 1 REE contents of ion-adsorption clays, representative of the
major producing mines—adopted from [21], normalized to 100%

REO Average weight percentage (%)
La,05 27.9
CeO, 33
Pr,0¢ 5.7
Nd,03 17.8
Sm,0; 4.6
Eu,0; 0.9
Gd,05 6.0
Tb,0, 0.7
Dy,03 3.8
Er,05 2.5
Ho,03, Tm,03, Yb,03, Lu,O5 2.4
Y>0; 24.5
Sum 100

mining from ion-adsorption deposits in China [11]. Heap
leaching has been banned due to environmental concerns.
Flow sheets on in situ leaching of ion-adsorption clays and
the following solvent extraction process are available from
the literature [12, 19, 23]. The leachate is directly inserted
into the ore to extract the rare earths in an ion-exchange
reaction, and then processed on site to re-extract the rare
earths. The mines operate for 1-5 years (Ding, pers.
comm.).

Site Preparation

The site preparation involves the drilling of holes into the
ore body required to insert the leachate and the excavation
of precipitation ponds. Equipment needs to be installed for
the circulation of the leachate, extraction of the rare earths
from the leachate, and the removal of impurities, and the
heating of the extracted rare earth material to obtain oxides.

Leaching

The leaching solution (with 1-5% ammonium sulfate) is
pumped into holes drilled into the ore body, remains in the
ground for 150400 days and is then re-extracted at the
bottom, followed by washing of the ore with water [12, 23].
However, since the ion-exchange kinetics are fast [17], the
time span can be much shorter, and washing may not
always be practiced (Ding, pers. comm.). Ion exchange
with ammonium sulfate:

2 (clay)REE + 6 NH; + 3503~
— 2 (clay)(NH4);+ REE;" + 3505~ (1)

(Equation 1 based on [12]).

Approximately 8-20% of the leachate is lost in the ore
([12] and Ding, pers. comm.), possibly due to the hetero-
geneity of the mined layer in the ore body. In addition to
this loss, the NH, " ions which are exchanged against the
rare earth ions stay in the ore, i.e., they are emitted to soil.
Cations other than REEs (AI*", Ca®", Mg®" and Fe’™) are
also unintentionally extracted in the process, i.e., NH,*
ions additional to those required to exchange the accessible
rare earth content are exchanged [24-26]. Sulfate anions
from the leachate are also emitted to soil.

Typical compositions of the leaching solution contain
1-8 g/l of RE,O5 and impurities—see Table 2 [26]. The
percentage of impurities contained in the leachate generally
increases with decreasing ore grades.

Removal of Impurities in Leachate (Through Selective
Precipitation)

After extraction from the ore, the pregnant leachate is
moved to one of the ponds to undergo precipitation to
remove impurities. Aluminum ions in particular cause a
technical challenge since they disturb the REE precipita-
tion process by causing flocculation (formation of
agglomerated rather than crystalline particles), and are
therefore removed at pH 5, before rare earth precipitation
[27]. Fe>™ and Mg”" ions precipitate under very similar
conditions and can therefore be removed in the same pro-
cess [26]. Ammonium bicarbonate is added to the leachate
for two reasons: to achieve the required conditions for
precipitation by increasing the pH of the leachate
from ~3.5 to ~5, and as the precipitating agent (provid-
ing the OH™ ions from the reaction of bicarbonate ions
with water) [26].

The removal rate for aluminum ions depends on the pH
of the solution, but also on the concentrations of A13+,
other impurities and REE in the leachate [26, 27]. Around
95% of Al ions and 5% of RE ions are typically extracted
in this process [27]. Problems occur particularly in lea-
chates with low RE contents (<2 pg/l) where the Al ion
content is high relative to the RE content: only ~70% of
Al are precipitated, and ~25% of RE content is lost [27].

Table 2 Composition of leachates from different ion-adsorption
deposit ores in mmol/l [26]

Mine? REE Al Fe Mg Ca pH
ND 39 4.4 4.1 0.26 2.1 3.6
WP 41 4.8 4.3 0.42 24 34
IN 38 4.2 3.7 0.3 3.1 35
GL 37 4.5 39 0.32 2.8 35

# Ningde (ND), Wuping (WP), Jianning (JN), and Qingliu (QL), four
ion-adsorption clay mines in China (26)

@ Springer
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As a consequence, the process is less efficient and con-
sumes more ammonium bicarbonate for lower ore grades,
and also gets less efficient throughout the operation of the
mine, since the leachate is recirculated and rare earth
content in the leachate decreases during the operation.
Equations 2 and 3 from Chi et al. [26] show the intended
precipitation reaction (2) and the unintended side reaction

3).
AP* +3 HCO; — AI(OH);| +3 CO; T (2)

REE* + 3 HCO; — RE(OH),| +3 CO; 1 (3)

The aluminum hydroxide impurities are filtered off after
the precipitation to remove them from the leachate. The
impurities which cannot be extracted in this process
(mainly Ca”" ions) end up in the REE concentrate after
heating, which contains around 7% of impurities by mass,
and are then removed during SX (solvent extraction) [25].

Extraction of REE from Leachate Through Precipitation
and Heating

After filtering off the metal hydroxides, the REE and
remaining Ca®" impurities are extracted through another
precipitation process. Both ammonium bicarbonate and
oxalic acid can be used as precipitants [12]. However,
ammonium bicarbonate is cheaper and much more com-
mon for the precipitation of rare earths before separation
[12, 26, 28]. (Oxalic acid is commonly used for rare earth
precipitation after separation [28]).
Precipitation with ammonium bicarbonate [26]

2 REE’" + 3 HCO; — RE,(COs3);+3 H' (4)
Carbonic acid decomposition [26]

H" + HCO; — H,0 + CO, (5)
Heating of rare earth carbonates to obtain oxides [29]
RE,(CO3);— (heating) RE;O3 + 3 CO, (6)

Rare earths are precipitated from the leachate as car-
bonates. The efficiency of the reaction is pH dependent:
The pH determines the fraction of ammonium bicarbonate
present as carbonate ions, and therefore the overall amount
of reagent needed to precipitate all RE ions as carbonates
[26]. The required pH (>8) is achieved through further
addition of ammonium bicarbonate (which here again acts
as precipitant and pH regulator). Furthermore, ammonium
bicarbonate is consumed for carbonic acid decomposition
(Eq. 5) (without which the solution would gradually get
more acidic [26] [see (Eq. 4)]. The extraction rate for rare
earths in this step is around 95% (around 5% of REE
content is lost in each precipitation step), according to lab
experiments [26].

@ Springer

Usually, two or three precipitation ponds are placed next
to each other to manage overflow (Ding, pers. comm.).
Agitation is achieved by the continuous pumping of the
REE containing leachate from the ore, and the leachate is
recirculated back into the ore until the rare earth content in
the leachate is so low that further processing is no longer
viable (Ding, pers.comm). The purity of the REE after
precipitation is around 91-93% [3, 12]. RE carbonates are
then heated to 800-900 °C to convert them to mixed rare
earth oxides [26], (Eq. 6). After a leaching step, they are
then separated in a multistage SX process in a centralized
location.

Management of Leachate/Waste Water Treatment

During the mining operation, the leachate is pumped into
the ore body. Part of the leachate is lost in this process, i.e.,
cannot be re-extracted.

In the leaching process, ammonium (NH,") ions from
the leachate are transferred to the ore body, and RE ions
and impurities are taken up into the leachate. First impu-
rities and then rare earths are precipitated in nearby ponds;
the leachate composition is adjusted (pH, ammonium
bicarbonate content) and pumped through the ore body
again. This process is stopped when the RE content gets so
low that further processing of the leachate is no longer
viable. Once the operation ceases, the leachate is collected
and can be reused at another mining site (Ding, pers.
comm.). Ponds are refilled with the excavated material and
planted with vegetation.

During the operation, almost all of the leachate is
recirculated, and waste water leaving the system is not
usually generated (Ding, pers. comm.). This is possible
because of the constant removal of the metal impurities
throughout the operation. The reuse of the leachate at other
sites may not always be practiced, e.g., in the case of illegal
mining. The practice of reusing the leachate at other min-
ing sites and the possible avoidance of waste water gen-
eration are mentioned in the literature, but so are high
concentrations of ammonium in the discharge water, far
exceeding standards [19]. It can be seen in Fig. 1 that the
potential reuse of leachate after the mining operation fin-
ishes has a big influence on the net (NH4),SO4
consumption.

Recovery Rates and Decreasing Ore Grades

Both ore grades (content of the desired metal in the ore)
and recovery rates (the percentage of the desired metal
contained in the ore which can be extracted) are difficult to
determine for in situ leaching processes. Some literature
sources report high rare earth recovery rates for REE
mining from ion-adsorption clays, (e.g., 85-90% [17],



J. Sustain. Metall. (2017) 3:753-771

757

(NH,4),S0,4
(+6-10t (NH,),50,)

After mining:

———————————— > leachate reused at other sites /

emitted without treatment

-(7-12NH,), SO,
- 2-3tNH,*

+2-3t NH,*

leachate
composition

J H,S0,

NH,*from NH;HCO; —>
Precipitation

T of REE

+0.7-1t NH*

l

NH.*from NH,HCO; —>

Precipitation
of impurities

1

I
I
I
i Adjustment of
|
I
]

NH,4* used to
N exchange REE
and impurities
lon
exchange
in ore body

-0.35t NH,
enriched in
leachate
(NH,4),S04
lost in ore
body (~10-
20%)
(-1-2t(NH,),S0,)

-0.2-0.6t NH,

Fig. 1 Illustration of leachate balance (t per t unseparated REO concentrate, 91% purity, from ion-adsorption clays) (color figure online)

however, these recovery rates can only be achieved with
the heap-leaching technique, which is no longer being
applied (Ding, pers. comm.). For in situ leaching, only
around 40-70% of the mined are currently recovered
(Ding, pers. comm; Lartigue-Peyrou, pers. comm). Tian
et al. [18] state that REE recovery rates from in situ mining
of ionic deposits are low [18]. Illegal mining of ion-ad-
sorption deposits is a cause for decreasing ore grades in the
ore bodies left to the legal miners. Illegal miners selec-
tively focus on higher-grade fraction of the inhomogeneous
deposits, thereby lowering their own production costs and
reducing the economic viability of the remaining degraded
deposit [21]. Although an effort is made to curb illegal
production activities, the illegal fraction of the market is
still notable at around 30-40% [21], which illustrates the
importance of the issue.

It has been reported that the processing costs per unit of
output increase with decreasing ore grades, since larger
inputs of chemicals and energy are required [18, 19, 30].
The mining of leaner ores is technologically challenging
and associated with lower leachate recovery rates and
higher contents of ammonium in discharge water,
exceeding environmental standards [19]. The leach selec-
tivity is lower, i.e., larger quantities of elements other than
rare earths are involuntarily extracted [31]. Due to the
higher content in impurities, the processing of pregnant
leachates from leaner ores with lower rare earth contents
reduces the efficiency of the precipitation process, with
increased consumption of precipitants and decreased rare

earth recovery rates [18, 31]. The decreased recovery rates
are associated with the unintended side reaction during the
aluminum removal from the leachate (see section “Re-
moval of Impurities in Leachate (Through Selective
Precipitation)”).

The recovery of the rare earth fraction which is not
present as exchangeable ions in the clays would require a
leachate with pH <3 [32]. This would, however, mean that
colloidal sediment phase aluminum would also be liber-
ated, and the amount of aluminum present in this phase far
exceeds the amount of rare earths [32]. This would cause
issues in the currently practiced precipitation process, since
more Al would need to be precipitated, which would fur-
ther increase the total ammonium bicarbonate requirements
during precipitation per unit of REE.

Production of Individual Rare Earth Oxides

Separation of individual rare earths is technically difficult,
especially for neighboring elements. Solvent extraction
(SX) is commonly used for industrial-scale separation of
rare earths [33, 34]. Figure 2 shows the typical processing
route for rare earth concentrates obtained from ion-ad-
sorption deposits [35]. The SX process for rare earths from
ion-adsorption deposits starts by leaching the rare earth
concentrates, typically with HCI, sometimes with HNO; or
H,SO, solutions [19, 33], to bring the rare earths into
solution. Mixer-settlers are used as the standard equipment
for the separation process [34]. The separation is typically

@ Springer
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I REE in leachate from ion-adsorption clay |
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Fig. 2 Separation of REEs from concentrates from ion-adsorption deposits—simplified process diagram based on [35] (color figure online)

conducted with P507 and naphthenic acid as extractants
and kerosene as diluents [3, 19, 35]. P507 only features
small separation factors for some elements, which is why
different systems are currently used to separate the 15 REE
from ion-adsorption clays to 3N-5N purity [35]. For the
separation of yttrium, naphthenic acid in kerosene is added
to iso-octanol [19, 35]. The organic phase is regenerated,
and the aqueous phase is neutralized and discarded [35].
H™ ions which are exchanged for REE need to be neu-
tralized (saponified) with NaOH to maintain the pH
required for the exchange reactions [15, 36]. After sepa-
ration, the individual rare earth fractions are precipitated
with oxalic acid, washed, and calcinated; and the waste
water from precipitation is neutralized before discharge
[35].

SX—general exchange reaction for organophosphorus
acids [36], [15]

3
RE’S) + 3 (HA)y(org) — (HA2);RE(org) +3 Hiy (7)

(HA denotes extraction agent in diluent).
Precipitation with oxalic acid [12]:

2 RE* 4 3 H,C,04 + xH,0
— REz(C204)3'xH20 + 6 H+ (8)

Calcination of rare earth oxalates (heating in furnace)
2 REQ(C204)3+3 0, — (heating) 2RE;03 + 12 CO,
9)

Environmental Impacts Associated with REO Production
from Ion-Adsorption Clays Discussed in the Literature

Environmental impacts arise at various processing stages at
the mining site and during the rare earth separation process.
It should be noted that ion-adsorption deposits are advan-
tageous over other rare earth deposits in terms of their
lower radioactivity levels [16, 21]. Environmental impacts
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associated with the separation process are attributable to
the energy consumption associated with the operation of
the mixer-settler units and calcination furnaces, water
consumption, and the salt contained in the neutralized
waste waters.

Environmental Impacts Associated with In Situ Leaching
of lon-Adsorption Type Deposits

Effects on Ore Body and Lower-Lying Agricultural
Areas The in situ leaching practice requires less surface
vegetation clearing than the previously practiced tank/heap
leaching techniques, but increases the risks of mine col-
lapses and landslides [11, 24]. In the leaching process, Ca
and Mg cations situated “alongside” REE on the surface of
the ore minerals are unintentionally replaced with ammo-
nium ions, which causes soil nutrient depletion [24]. Sul-
fate ions contained in the leachate are also emitted into the
ore body. In humid regions, sulfate ions are taken up by
soils through three main mechanisms: immobilization
through microbial activity in the top soil layer; where the
ions are built into organic compounds, adsorption to the
surface of soil particles, usually associated with the release
of OH™ or H,O ions to the solution, or precipitation of
insoluble aluminum sulfates [37]. Adsorption is likely to be
the most relevant mechanism in the section of the ore body
from where the rare earths are extracted. Ion-adsorption
deposits are often found in hilly landscapes, with surface
areas of the deposits themselves generally unsuitable for
agriculture. Due to high precipitation volumes in the area,
ions are quickly washed out from the ore body itself.
Ammonium emissions contribute to the eutrophication of
nearby fields.

Effects on Ground- and Surface-Water Near the Mining
Site  Both ammonium and sulfate ions affect freshwater
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ecosystems. High concentrations of ammonium have been
reported for the ground- and surface-water near ion-ad-
sorption deposits [11]. Vahidi et al. [12] and Yanfei et al.
[32] highlight eutrophication associated with direct emis-
sions of ammonium [12, 32]. According to ILCD, nitrogen
emissions contribute to marine eutrophication, whereas
freshwater eutrophication is limited by phosphor [38]. This
is reflected in the recommended method pack, which only
incorporates phosphor emissions for the freshwater
eutrophication category. Terrestrial (soil) eutrophication
takes into account N emissions to air only. N emissions to
freshwater, ground, and marine waters (but not soil) are
captured by the characterization factors for marine
eutrophication. A quick review of the literature was
undertaken to find out if these assumptions are valid in the
Chinese context. Eutrophication is a problem in Chinese
lakes, estuarine, and coastal regions [39-41]. According to
the literature, the growth of algae is not always strictly
limited by P in Chinese lakes [42]. Eutrophication assess-
ments in Chinese lakes consider both N and P content; and
significant regional differences of algae communities to
different nutrients are reported [43]. According to Conley
et al. [41] who assessed eutrophication alleviation in an
international context, site-specific factors need to be con-
sidered, and a balanced approach to control both P and N is
required [41]. Hence, the generic eutrophication category
from CML,? which takes into account emissions of P and N
to different soil, water, and air compartments, was used.

Effects of emissions from mining activities on sur-
rounding water bodies are reported in the literature. Sec-
ondary (anthropogenic) salinization of rivers in mining
areas is known to reduce aquatic biodiversity and disturb
freshwater ecosystem functions, e.g., reducing the break-
down of organic matter [44, 45]. Sulfate ions in particular
stimulate the microbial production of HS™ ions, which are
phytotoxic, and contribute to eutrophication (by inhibiting
nitrification and by contributing to the release of phosphor)
[45].

Heavy metals are mobilized from soils at acidic ph
levels [46] —the pH of the leachate is around 3 [26].
According to one study, high levels of heavy metals have
been reported in waste water from ion-adsorption deposits
[11, 12]. Fe*T and small amounts of Fe?*, Mn>*, and Pb>*
can be found in the leachates [25, 26]. Fe>", Mn>", and
Pb>" are toxic to humans and aquatic organisms. Fe> " has
a very low solubility at neutral ph and is therefore generally
not considered a species of concern (although potential
damage to fish eggs and gills has been reported [47]).

With ore grades getting decreased, the leaching recovery
rates are getting lower, which means that higher amounts

2 CML: Centrum voor Milieuwetenschappen, (Institute of Environ-
mental Sciences, Leiden University).

of ammonium salts are used and potentially emitted,
exceeding emission standards by far [18, 19]. Research is
being conducted in China to improve the recovery rates,
and decrease chemical consumptions and emissions in the
in situ mining process. One study has looked into additives
which help make the lixivant (leachate) more hydrophilic
and to help diffusion through the ores, which are charac-
terized by small porosity and low permeability [18]. The
permeability also poses a barrier to using more concen-
trated ammonium sulfate solutions (which might otherwise
be a means to increase the recovery rates). Another study
suggested the replacement of the precipitation step with a
technique involving SX, ion exchange, and a liquid mem-
brane [25]. Both options are said to improve the efficiency
and reduce the environmental impacts of the process.
Alternatives to ammonium sulfate reagents for the ion-
exchange process are also a research topic in China [32].

Environmental Impacts Associated with the Solvent
Extraction Process

After the in situ mining and processing stage, four
extraction systems are currently combined in SX, resulting
in high levels of chemical consumption and emissions [35].
It has been suggested to work with only one extraction
system, namely P507, to enable the recirculation of the
phases (“hyperlink process”), which would decrease
chemical consumption and emissions during rare earth
separation [35]. Water usage/emissions are above the
required standards in current mining practice [35]. There is
also an economic motivation to decrease water usage in the
industry, due to the high expenditure [34]. Salt concen-
trations in the waste water are also an issue because the
separation process is undertaken inland, and effluents are
hence emitted to freshwater [34, 35]. Salinization nega-
tively affects aquatic biodiversity [45].

Life cycle Assessment of Rare Earth Oxide
Production from Ion-Adsorption Clay Deposits

Goal, Scope, Functional Unit, and System
Boundaries

The goal of this study is to compile a dataset representative
of the typical rare earth oxide production process from ionic
deposits in Southern China which can be used in future
studies. Due to uncertainties associated with the dataset,
recommendations for further research are provided.

The functional unit of our dataset is the production of
one metric ton of separated rare earth oxides after solvent
extraction. The datasets reflects an estimate for a produc-
tion situation in which all individual rare earth elements are
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separated. The functional unit corresponds to one metric
ton of separated rare earth oxide with the rare earth com-
position of the ore, given in Table 1. (It is assumed that the
full separation of Ho,O3, Tm»03, Yb,03, and Lu,Oj3 into
individual elements is not conducted, due to the currently
low demand for these elements). Separate inventories for
individual rare earths are not presented, since this was not
the aim of the study—see section “Beyond the Scope of
this Study: Assigning Environmental Impacts to Individual
Rare Earth Elements” on assigning impacts to individual
REEs.

The system boundaries comprise in situ leaching from
ion-adsorption deposit ores in Southern China, and sepa-
ration into individual rare earth oxides, starting with the
obtained concentrate. Upstream processes such as the
production of chemicals or electricity used in the mining
and separation process are approximated with generic
datasets (see Tables 3 and 5). A description of the process
is given in section “Production of Individual Rare Earth
Oxides from Ion-Adsorption Deposits via In Situ Leaching
and Solvent Extraction”.

Life Cycle Inventory Analysis

The life cycle inventory was compiled from the literature
and complemented with information obtained in expert
interviews conducted in April and July 2016 (see Tables 3,
4, 5, and 6). The dataset comprises the mining and sepa-
ration of the rare earth concentrate into individual rare
earth oxides, and is presented both per metric ton of REE
concentrate and per metric ton of separated REO (Fig. 3).
Vahidi et al. [12] present life cycle inventory data for
in situ leaching of rare earths from ionic deposits, but do not
include the production of individual rare earth oxides
through solvent extraction (Fig. 3) [12]. This part to the life
cycle inventory was added. It was largely based on material
requirements and emissions reported in Chun-Sheng et al.
[35]. Amendments to the data for the in situ leaching part are
presented in section “Additions and Modifications to the
In Situ Leaching Dataset Presented by Vahidi et al. [12]”.

Additions and Modifications to the In Situ Leaching
Dataset Presented by Vahidi et al. [12]

Relating Low and High LCI Values to Ore Grades Ma-
terial and energy requirements are a function of ore grades.
It was assumed that the high consumption figures presented
in the dataset by Vahidi et al. [12] refer to the lower end of
the economically viable ore grade, and the lower con-
sumption figures to the higher end of the ore grade [12].
This is a rough assumption and not based on a quantitative
model to describe the relationship between grades and
material efficiencies.
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Furthermore, the rare earth recovery rate is also a
function of the ore grade (which is again related to the
material and energy requirements). For the low impact
estimate, the higher recovery rate is assumed, and vice
versa. Mining is economically viable for concentrations of
around 0.2-0.4% (Ding, pers. comm.). The reference unit
of the output in Vahidi et al. [12] corresponds to 91% REO
and 9% impurities (functional unit: 1 kg of 90-92% purity
mixed REO) [12]. Of the 910 g REO per kg output, the
metal content is 764 g. The (maximum) accessible fraction
of rare earths in the deposits, adsorbed to the clays in ionic
form, amounts to approximately 80% of total rare earth
content [19]. We assume a 40-70% recovery of the
accessible REE content for this dataset.

Elementary/Resource Flows Estimates on resource flows,
amount of tailings produced, and land occupation, were
calculated based on the recovery rate and ore grade range
assumptions, and ore density and geometry of the mined
deposits described in the literature. An average composi-
tion of REE in ion-adsorption deposits is assumed, repre-
sentative of the output from the major producing mines,
and based on the most recent source (Table 1).

To account for resource depletion, the elementary flows
are modeled for 100% of the ore content, since it is
assumed that after mining, the remaining content is no
longer viable to mine in the near future. The aluminosili-
cate fraction of the clay is approximated with the resource
consumption of kaolinite—in practice, there are a variety
of minerals present in the ores [48]. The quantity of drilling
slurry, from which no rare earths are extracted, is estimated
based on Yang et al. [11], who provide typical sizes of
drilling holes and distances between them [11]. The area
mined per metric ton of REO is estimated based on ore
density and depth of the regolith layer [11, 24]. Estimates
for the area required for the ponds and the storage for the
excavated materials from the ponds and ore drillings were
added.

Process Energy Consumption During In Situ Leach-
ing The estimates for electricity presented in the dataset
by Vahidi et al. [12] are maintained. The authors state that
the large range presented (0.5-5.3 MWh/t REO concen-
trate), which they have calculated from electricity costs for
the mines reported in Chinese literature, is likely to be
associated with the specific site conditions and the asso-
ciated differences in the electricity requirements for the
pumps. The energy consumption for heating of carbonates
is likely to consume energy quantities of the same mag-
nitude as the calcination step in the separation process.
This figure is adjusted as follows: The energy carrier used
for heating is assumed to be heavy fuel oil, which is
commonly used in China for metallurgical processes [5].
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Table 3 LCI: inputs per metric ton of REO concentrate, with 91% purity

Flow Unit Low estimate with Low High
leachate reuse estimate  estimate
Lanthanum t 0.386 0.386 0.675
Cerium t 0.045 0.045 0.079
Praseodymium t 0.079 0.079 0.139
Neodymium t 0.247 0.247 0.433
Samarium t 0.064 0.064 0.113
Europium t 0.013 0.013 0.023
Gadolinium t 0.085 0.085 0.149
Terbium t 0.010 0.010 0.017
Dysprosium t 0.053 0.053 0.093
Holmium, Thulium, Ytterbium, Lutetium t 0.034 0.034 0.059
Erbium t 0.036 0.036 0.062
Yttrium t 0.314 0.314 0.549
Kaolinite, 24% in crude ore, in ground t 340 340 1193
Water, unspecified natural origin m? 1000 1000 1000
Occupation, mineral extraction site m? x a 0.017 0.017 0.174
Transformation, to mineral extraction site ha 0.009 0.009 0.17
Market for excavation, hydraulic diggerl excavation, hydraulic digger—GLO m? 1100 1100 1200
Market for polyvinylchloride, suspension polymerized| polyvinylchloride, t 0.09 0.09 0.1
suspension polymerized—GLO
Market for limestone, crushed, for milll limestone, crushed, for mill—GLO t 0.004 0.004 0.006
Market for ammonium sulfate, as NI ammonium sulfate, as N—GLO t 04 1.29 2.20
Market for extrusion, plastic pipes| extrusion, plastic pipes—GLO t 0.092 0.092 0.100
Market for sulfuric acidl sulfuric acid—GLO t 0.300 0.300 0.750
Market for ammonium bicarbonatel ammonium bicarbonate—GLO t 3 3 4.1
Heat production, heavy fuel oil, at industrial furnace 1 MWI| heat, district or MWh 6 6 7.5
industrial, other than natural gas—RoW
Market group for electricity, medium voltagel electricity, medium voltage—CN MWh  0.53 0.53 53

Production from ion-adsorption deposits, in situ leaching

Table 4 LCI: Outputs per metric ton of REO concentrate, 91% purity (from ion-adsorption deposits)

Flow Category Unit Low estimate with Low High
leachate reuse estimate estimate

REO concentrate production from ion-adsorption deposits, T flows/REE primary t 1 1 1

in situ leaching, 90% purity production
Sulfate, ion Water/fresh water t 1.57 4.72 8.28
Sulfate, ion Soil/unspecified t 0.4 0.4 1.5
Ammonium, ion Soil/unspecified t 035+ 0.2 0.35+ 0.2 0354 0.6
Ammonium, ion Water/unspecified t 0.56 0.26 3.44
Carbon dioxide, fossil Air/unspecified t 0.8 0.8 1.1
Aluminum ions Water/fresh water t 0.003 0.003 0.005

Alternatively, natural gas or coal could be used. For the  based on discussions with industry experts. The energy
heating of the carbonates, filtering, and mechanical press- consumption for site preparation is covered by the exca-
ing, 6-7.5 MWh/t rare earth concentrates are estimated, vation dataset.
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Table 5 Inputs SX and calcination (from RE concentrate from ion-adsorption deposits) per metric ton of REO, composition according to

Table 1, separated into individual rare earths

Flow Category Unit Low High
estimate estimate
Water, deionized, from tap water Resource/in water m> 29 118.5
Extractant (P204)—net consumption T flows t 0.001 0.02 (1)
Spent solvent mixturel clinker production—RoW (modeled as input)  239: Manufacture of nonmetallic mineral t 0.001 0.02 (1)
products n.e.c./2394:Manufacture...
Market for sodium hydroxide, without water, in 50% solution statel 201: Manufacture of basic chemicals, t 2 3
sodium hydroxide, without water, in 50% solution state—GLO fertilizers, and nitrogen compounds,...
REO concentrate production from ion-adsorption deposits, in situ T flows/REE primary production t 1.13 1.13
leaching, 91% purity
Market for hydrochloric acid, without water, in 30% solution statel 201: Manufacture of basic chemicals, t 34 9.3
hydrochloric acid, without water, in 30% solution state—RoW fertilizers, and nitrogen compounds,...
Market group for electricity, medium voltagel electricity, medium 351: Electric power generation, MWh 10 10
voltage—CN transmission and distribution/
3510:Electr...
Market for citric acidl citric acid—CN (citric acid is modeled to 201: Manufacture of basic chemicals, t 0.9 1.1

represent oxalic acid usage)

fertilizers, and nitrogen compounds,...

Table 6 Outputs SX (from RE concentrate from ion-adsorption deposits), per metric ton of REO, composition according to Table 1, separated

into individual rare earth oxides

Flow Category Unit Low High
estimate estimate
Sum of REO produced from SX after in situ leaching from ion-adsorption T flows/REE primary t 1
deposits production
Metal content, sum of REO produced from SX after in situ leaching from ion- t 0.84 0.84
adsorption deposits
Sodium Water/fresh water t 1.15 1.73
Chloride Water/fresh water t 3.3 9.1
Water, process, unspecified natural origin Water/unspecified t 30 120
Carbon dioxide, fossil Air/unspecified t 0.93 1.1
Fig. 3 System boundaries life Chemicals,
cycle inventory (LCI): in situ energy Emissions
leaching of REE from ionic
deposits and separation of REE _—— \‘b- ——————————— —/]\— _——
S [ [
concentrates into individual
REE oxides (color [ In-situ |
i - Leachin

figure online) | leaching 8 I

[ I

| Removal of Separation |
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Precipitating Agents and COj,-Release from Precipita-
tion Ammonium bicarbonate is commonly used for the
precipitation of rare earths before separation [12, 28]. It
was therefore assumed that only ammonium bicarbonate is
used in this step, and the dataset was adjusted accordingly
to account for the associated material usage and emissions.

Chi et al. [26] provide a detailed analysis of the
ammonium bicarbonate consumption during precipita-
tion—(see also section “Removal of Impurities in Leachate
(Through Selective Precipitation)”) [26]. Using the for-
mulae given in Chi et al. [26], an ammonium bicarbonate
consumption per t REO concentrate of around 3—4 metric
tons was calculated for the impurity percentage reported in
Table 2, as well as for an assumed double impurity content
[26]. The estimate includes ammonium bicarbonate con-
sumption as reagent, pH regulator, and reagent for carbonic
acid decomposition for both impurity removal precipitation
and rare earth precipitation. The consumption is influenced
by the REE recovery rates during precipitation.

Direct CO, emissions from precipitation of impurities
and removal of carbonic acid, and heating of carbonates
were added to the dataset. The quantities of CO, emitted in
the process depend on the ratio of impurities to REE, REE
recovery rates, and the reagent used. Direct CO, emissions
are in the range of 1t per metric ton of rare earth
concentrate.

The actual composition varies. According to Jun [25],
the leach liquor typically contains (NH,4),SO4 (~2000 mg/
L), AP" (~1000 mg/L), and Ca*" (~1000 mg/L), Fe’"
(~100 mg/L) [25].

Ammonium Sulfate Consumption and Emissions The
ammonium sulfate estimate given by Vahidi et al. [12] was
interpreted as the ammonium sulfate weight, not the weight
of the N content as presented in the dataset. This inter-
pretation is based on the emission quantities given in the
dataset. The net usage of ammonium sulfate is dependent
on the recovery rate and ore grade, but most importantly on
whether the leachate is captured and reused at another site
when the mining operation ceases—see 3.2.5 and Fig. 1.
The dataset given by Vahidi et al. [12] assumes that the
waste water is emitted, with or without prior removal of
NH," ions.

An extra column was added to Tables 3 and 4 which
shows data for the reuse case. In the reuse situation, the
NH," input during precipitation corresponds approxi-
mately to the magnitude of NH,* losses to the ore body,
suggesting a net usage of (NH4),SO, is could be low, or
close to zero if infinite reuse was possible in practice,
(which seems unlikely). As a rough estimate, one-third of
the lower (NH4),SO, figure was assumed for the reuse

situation. In all three modeled cases, approximately 20%
of the leachate is lost in the ore, and some leachate is
spent on ion exchange for the unintended extraction of
impurities.

Emissions to soil have been calculated by Vahidi et al.
[12] from the ion exchange Eq. (1), and relate to the cor-
responding quantity of rare earths extracted. Since NH,*
ions also exchange other metal ions, 30% are added for the
emissions to soil for a rough estimate, based on the com-
position in Table 2. It is assumed that the differences
between chemical input, NH4+ emissions, and leachate
losses, and possible leachate reuse are emitted to water (it
should be noted that it does not make a difference whether
ammonium ions are emitted to soil or water in the CML
baseline category ‘eutrophication, generic’).

Ammonium  Bicarbonate—Consumption — and  Emis-
sions The ammonium bicarbonate consumption was cal-
culated, based on the equations given in Chi et al. [26]—
see also 3.2.3. The figures (3—4 t NH4;HCOj; per metric ton
REO) are in line with the figures given by Vahidi et al. [12]
(2.2-4.5 t/t).

Estimate for AI’" Emissions to Freshwater ~As discussed
in Removal of Impurities in Leachate (Through Selective
Precipitation), one of the main impurities in the leachate
is aluminum [27], a constituent of the clay minerals [16]
which is unintentionally extracted in the ion exchange
process. Since the process of impurity removal is not
100% effective, some of the ions remain in the leachate.
It is, however difficult to derive estimates for Al emis-
sions since the process is continuous, with changing
conditions during the course of the mining operation. The
leachate is continuously recirculated in the in situ
leaching process, until the additional rare earth extraction
becomes too low to make the mining operation worth-
while (Ding, pers. comm.)—i.e., the concentrations of
rare earths and impurities decrease during the operation
time of the mine. The ratio of individual elements
extracted to the leachate is different for different ore
grades, as higher quantities of impurities are extracted
from lower ore grades, and also due to the geological
variability of the deposits.

An estimate for AI** emissions was derived as follows:
95% of AI’" ions are typically removed during precipita-
tion before the concentrations get too low, i.e., 5% are
potentially emitted [27]. The mass ratio between A’ and
RE*" ions is around 1:10 [26] to 1: 16 APT:RE*" [27]. If
the leachate is fully emitted to surface waters with the
remaining 5% AI’", this corresponds to 3-5 kg A’ ions
per metric ton of REO concentrate.
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Solvent Extraction—Transforming Rare Earth Concentrate
to Individual REE Oxides

Energy and Material Efficiency in Solvent Extraction The
concentration of the input solution has an important influ-
ence on the process efficiency which can be achieved and
affects the required size of the equipment [34], (Ding, pers.
comm.). Rare earth loadings of ~180 g REO/I in the
solvent or extractant are possible. The loading capacity
depends on the system used.

The process can be targeted to the required output and
purity [34]. The number of processing stages required in
SX depends on the extractant used, which determines the
separation factor between individual rare earth elements,
and therefore the number of processing steps required [34].
As mentioned in section, “Environmental impacts associ-
ated with REO production”, the use of different extraction
systems for different parts of the system decreases the
overall number of separation steps required (and process
energy consumed by the mixer settlers per metric ton of
output), but results in a higher consumption of reagents and
consequently higher emissions per unit of output [35].
Another important factor which influences the energy
consumption is whether and how much heating is required
to achieve the required processing temperatures. To reach a
purity for individual rare earths between 99 and 99.999%,
~30 to 100 separation stages are required to separate two
groups of rare earths, or individual rare earths [34]. The
separation of heavy rare earths is generally more complex
than the separation of light rare earths, and associated with
a larger number of processing steps [34].

Life Cycle Inventory Compilation For the solvent
extraction process which follows after in situ leaching, the
inventory is based on the process described in Chun-Sheng
et al. [35], which is commonly applied for the separation of
rare earths from ionic deposits in China (see also [19]). The
available information does not allow for a detailed analysis
of the different aspects discussed in section “Energy and
Material Efficiency in Solvent Extraction”, but represents
an estimate.

The consumption of chemicals used in SX of REE
separation from ion-adsorption deposits is based on Chun-
Sheng et al. [35]. The source does not provide a detailed
analysis of chemical usage; so estimates regarding the
quantities of different reagents had to be made. Overall
quantities of acid, neutralizing agent, water, and emissions
are given in the document. For water usage and emissions,
30 m*/t REO was used as a lower estimate of consumption
and emission (based on the Chinese emission standard),
and 120 m*/t REO for the higher consumption and emis-
sion estimate (based on typical process values) [35]. The
oxalic acid consumption and CO, emissions arising from
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the calcination were estimated based on chemical equa-
tions® (Egs. 6 and 7). Oxalic acid is modeled as citric
acid—(Table 5) (see also 12]). Besides oxalic acid, HCI is
used in the SX process. The difference to the total acid
consumption (~ 10.5 t) stated by Chun-Sheng et al. [35] is
assumed to be HCI, and the neutralizing agent used in the
process to be NaOH [35]. When comparing the overall
input and output quantities for salts and acids stated in [35],
it is possible that the input quantity for acid used during
extraction refers to the diluted acid. The undiluted quantity
is included as a high estimate; the diluted quantity is
included as a low estimate for the acid consumption (HCl
(36%) is assumed). The salt output is adjusted accordingly
in the inventory. (However, it should be noted that the
emissions of salts are not currently captured by the com-
mon impact assessment methods).

The organic phase (P507, kerosene, other extractants) is
recirculated. The losses (net consumption) are estimated at
1 kg-20 kg/ton of REO [49] and (Ding, pers. comm.).
According to the data presented by Vahidi et al. [49] and
Schmidt [50]; the net consumption for the extractant is 30—
35 kg/t REO for a different route. The impact assessment
results from Vahidi and Zhao [49] for P204, a different
extractant which is commonly used for the separation of
light REE, indicates that the impact of the solvent losses is
not negligible. The authors of this conference paper only
present impact assessment results, not the LCI dataset
itself. The environmental impacts are around 50 times of
“solvent, organic at plant” for the global warming potential
(GWP-100a), and in this range for most other impact cat-
egories. We created our own proxy dataset for P204, which
is manufactured by reacting phosphorous pentoxide with 2-
ethylhexanol (Eqs. 10 and 11). The production processes
for P204 and P507 are similar, and the dataset for P204 is
used here as a proxy for P507.

4 CgH;7OH + P40y — 2[(CsH70)PO(OH)[,0  (10)

[(CsH;70)PO(OH)],0 + CsH;;0H
— (CgH,7,0),PO(OH) + (CgH;;0)PO(OH),  (11)

This is done by using the closest proxy datasets for the
reactants available in ecoinvent. Phosphorus (process:
market for phosphorus, white, liquid | phosphorus, white,
liquid | APOS,* U) is used as precursor for P4O;o. The
oxidation of phosphorus is exothermic and therefore does
not need any further energy input. 1-Butanol (process:
market for 1-butanol | 1-butanol | APOS, U) is used as a
proxy for butanal (the aldehyde form of butanol). The
process yield was based on Li (2009) and own estimates:
45% for the last synthesis step to Di-(2-

3 Assuming 10-30% above the theoretical consumption.

* APOS: allocation at point of substitution (see website of the
database provider for details - http://www.ecoinvent.org).


http://www.ecoinvent.org

J. Sustain. Metall. (2017) 3:753-771

765

ethylhexyl)phosphoric acid, 80% yield for the hydrogena-
tion and 80% yield for the aldol condensation. Process
energy consumption and infrastructure was adopted from
organophosphorus-compound production, unspecified |
organophosphorus-compound, unspecifiedl APOS, U as an
estimate. According to our calculation, impacts of the net
solvent use are very small (<1.5% in each category and for
each scenario).

During SX, electricity is used for stirring and pumping.
The rare earths are first separated into groups of REE with
similar properties which are then further separated into
individual rare earth fractions. Individual RE fractions are
then calcinated to obtain REO, which is commonly done
with electric tunnel furnaces. Detailed information on off-
gas composition was not available. The energy consump-
tion for the full SX process is in the same order of mag-
nitude as the consumption for the calcination process
(Ding, pers. comm.). According to Talens Peiro [10], the
energy consumed for SX is between 4 and 6 MWh/t REE
[10]. 5 MWh/t REO are assumed for this study (Table 5).

Impact Assessment Results

The life cycle impact assessment results were calculated
with the CML baseline method® [51]. The modeling was
done with OpenLCA 1.4.2 and ecoinvent 3.2 background
datasets. Results are presented here for attributional back-
ground datasets with “APOS” allocation (Table 7). The
resource depletion category was adjusted to include char-
acterization factors for REE (see Table 8).

Impact assessment results are presented per metric ton
of separated rare earth oxide for a low and a high estimate
scenario, and a “leachate reuse” scenario (Table 7). (Re-
sults have not been allocated to individual rare earth ele-
ments.) The leachate reuse scenario provides similar results
to the “low estimate” scenario. A lower input of ammo-
nium sulfate per t REO concentrate, and adjusted sulfate
and ammonium emissions, constitute the only differences
made to the “low estimate scenario” life cycle inventory
(see Tables 3 and 4). The largest difference at LCIA level
appears in the generic eutrophication category, which
indicates that the management of leachate emissions is
crucial for the impacts in this category. Besides eutrophi-
cation, the other category impacts are slightly lower under
the “leachate reuse” scenario, due to the partially avoided
ammonium sulfate production.

> (version 4.4. of January 2015, as implemented in OpenLCA method
pack 1.5.5, updated by Greendelta as described in [51]).

CML Baseline and ADP Elements, Economic
Reserves, with Characterization Factors for REE
Added for ADP Elements, and Ultimate

and Economic Reserves (see Table 8)

Contribution Analysis for Selected Impact Categories

A contribution analysis is shown for global warming
potential (GWP 100a), eutrophication and abiotic resource
depletion (ADP).

GWP 100a

The GWP-100a values for the production of 1t of individually
separated REO produced through the analyzed route range
from 34 to 58 t CO, equ./t REO. A contribution analysis for
the global warming potential (GWP100a) shows that both
mining (concentrate production) and SX are important pro-
duction stages, with around 31-39% of GWP-100a
attributable to the production of the concentrate. Details can
be found in the electronic supplementary material (Tables 1,
2, 3 of electronic supplementary material). Around 36-42% of
the GWP-100a is down to process energy consumption,
around 4-5% is from direct emissions from CO, releases
during heating (after precipitation) and calcination, and the
remainder is from the upstream impacts of chemical inputs.

When compared to the production of REE from mineral
deposits rich in light REE, the GWP100a values per metric
ton of separated REO are higher for the production of REO
from ion-adsorption deposits.® Values per metric ton of
separated REO for the production of predominantly light
rare earths from Bayan Obo are around 12-16 t CO, equ./t
separated REO after SX [5], or 23-35 t CO, equ./t REO,
according to a different study [9]. The ranges presented in
[9] account for process- specific differences between light,
medium and heavy rare earth production [9].

Eutrophication

The production of 1t REO, separated by individual REO, after
SX, is associated with 0.5-1.7 t PO equ./t REO. 92% (lea-
chate reuse scenario) to 96% (high estimate scenario) of this is
attributable to the production of the RE concentrate. 90-95%
of the total can be attributed direct process emissions of NH,
to soil and freshwater. The CML baseline category ‘eutroph-
ication, generic’ has the same characterization factors for
ammonium ion emissions, regardless of the receiving com-
partment. The results in this category are significantly lower
when the leachate is reused and/or wastewater emission
standards are maintained.

S Please note that the figures are not directly comparable, since they
refer to different processing routes for different types of ores, and
produce different mixes of rare earth oxides.
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Table 7 CML baseline results and ADP elements, economic reserves per metric ton of REO from ion-adsorption deposits, separated, after

solvent extraction

Impact assessment category Low estimate (leachate reuse Low estimate High estimate Unit

scenario) scenario scenario

Acidification potential—average Europe 196 213 337 kg SO, eq.

Photochemical oxidation—high NOX 8 9 15 kg ethylene eq.

Terrestrial ecotoxicity—TETP inf 259 292 483 kg 1.4-
dichlorobenzene
eq.

Ozone layer depletion—ODP steady state 0.006 0.006 0.012 kg CFC-11 eq.

Depletion of abiotic resources—fossil fuels 358 388 623 Gl

Human toxicity—HTP inf 20 23 38 t 1.4-
dichlorobenzene
eq.

Depletion of abiotic resources—elements. 0.25 0.28 0.51 kg antimony eq.

ultimate reserves

Freshwater aquatic ecotoxicity—FAETP inf 11 13 22 t1.4-
dichlorobenzene
eq.

Marine aquatic ecotoxicity—MAETP inf 44 48 81 kt 1.4-
dichlorobenzene
eq.

Eutrophication—generic 470 929 1723 kg PO,~ eq.

Climate change—GWP100 34 36 58 t CO; eq.

Depletion of abiotic resources — elements, 57 58 114 kg antimony eq.

economic reserves

Table 8 Characerization factors for REE, calculated for this study—ADP elements, ulimate reserve base and economic reserves

Elementary Characterization factors, ADP elements, ultimate reserve base, Characterization factors, ADP elements, economic reserves,

flow kg antimony equivalent’kg REM

kg antimony equivalent/kg REM

Lanthanum 2.40E—-05
Cerium 7.58E—06
Praseodymium 6.28E—05
Neodymium 1.31E—-05

Samarium 3.41E-05
Europium 1.46E—04
Gadolinium 3.65E—05
Terbium 1.44E—04
Dysprosium 3.58E—05
Holmium 1.75E—04
Thulium 1.34E—03
Ytterbium 3.11E-05
Lutetium 4.42E—04
Erbium 4.40E—05
Yttrium 4.85E—-06

2.10E-03
8.90E—04
1.08E—-02
3.23E-03
1.63E—-02
8.07E—02
2.09E—-02
8.37E—02
1.98E—02
1.00E-01
1.61E + 00
3.10E-02
1.60E + 00
2.24E-02
5.33E-03

Abiotic Resource Depletion

The impact category ADP elements, ultimate reserves (as
implemented in OpenLCA method pack 1.5.5” in CML

7 See [51] for details on updates by Greendelta.
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baseline, V.4.4.) was adjusted to include characterization
factors for rare earth elements. The lack of some charac-
terization factors for rare earths in ADP elements, ultimate
reserves has previously been pointed out by Sutter and
Merz [52] and Walachowicz et al. [53] who derived
characterization factors for dysprosium and neodymium
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[52, 53]. The depletion potential is a function of the
resources available, and the annual extraction rates [56].
For each element, the annual production figure is divided
by the reserves squared; and the value is then divided by
the corresponding ratio for antimony, which serves as
reference substance for this impact category [38, 54].

To calculate the factors for ADP ultimate reserves, REE
concentrations were adopted from USGS [55], in accor-
dance with the figures for other elements [38]. The mass of
the earth’s crust was taken from Guinée [56]
(2.31 x 10** kg). The rare earth production figures were
adopted from JRC® [57] and correspond to the global
production in the year 2012 (converted to metallic
weights).

According to the impact assessment results (ultimate
reserves, see electronic supplementary material, Tables 3
and 4), the rare earth elementary flows contribute with
around 16-18% to the category; indicating that they are
relatively abundant in the earth’s crust.

In addition, characterization factors were calculated for
REE for “ADP, economic reserves” based on figures pro-
vided by Krishnamurthy et al. [19] and EC [57] for REE,
and USGS [58] and van Oers [54] for reserves and annual
extraction rates of antimony. Economic reserves constitute
the part of the reserve base which can be economically
extracted.” Known reserves are largely from primary
deposits in which the REE are contained in minerals
(~80% bastnaesite, 20% monazite) [19]. The composition
of the reserve estimate reflects this.

Results for ADP, economic reserves, range from 57 to
115 kg Sb- equivalent per metric ton of separated REO.
The rare earths contribute to “ADP, economic reserves”
with 67% (high estimate scenario) to 77% (low estimate
scenario) (see electronic supplementary material, Tables 5
and 6). The contribution from individual rare earths to this
category does, however, not correspond to REE criticality:
Thulium and lutetium dominate the contribution to this
category at 47-54% for the two elements. These elements
are among the geologically least abundant REE, but do not
currently play an important economic role [57]. The issue
that needs to be highlighted here is that the ADP factor by
definition is based on annual extraction rates, rather than
annual demand for the metals. In the case of thulium,
holmium, lutetium, and ytterbium, the supply—demand
imbalance is striking, with around 75 metric tons used and
1740 metric tons extracted annually [57]. These observa-
tions support previous observations by Adibi [59] who

8 JRC: Joint Research Centre (of the European Commission).

° The ILCD midpoint method, category ADP reserve base, contains
characterization factors for rare earths, but they are generic for all
REE (except for yttrium, which has been assigned a different factor)
[54].

compared ADP values for REE production against those of
copper production and highlighted that REE criticality was
not reflected by the results. Criticality does, however, not
strictly fit into environmental LCA, as discussed in [60].
Kaolinite contacted with the leach solution was included
in the life cycle inventory, since it is not sure if the clays
could still be used for other purposes after the RE mining
operation. The result showed a contribution from kaolinite
of 14% for the low estimate and 25% for high estimate
scenario). Clay reserves are generally large [61].

Discussion, Conclusions, and Recommendations
for Further Work

Main Findings

A life cycle inventory for the production of individual rare
earth oxides from ionic deposits through in situ leaching
and solvent extraction was compiled. The dataset can be
used when assessing environmental impacts of various rare
earth applications. It was based on data from the literature
and help from rare earth industry experts. The in situ
leaching data was largely adapted from Vahidi [12]. The
system boundaries of our dataset cover the separation of
the concentrate into individual oxides, and both steps are
shown to contribute significantly to the LCIA results. Life
cycle inventory data for the separation process was based
on data representative of typical process consumption for
solvent extraction in China, starting with concentrates from
ion-adsorption deposits [35].

LCIA results, calculated with CML baseline, are pre-
sented per metric ton of separated REO. They refer to the
process as a whole and are not yet allocated to individual
elements. Marine, freshwater, and human toxicity are all
associated with upstream chemical and energy production.
Eutrophication is largely caused by direct ammonium
emissions at the mining site. The GWP-100a for the pro-
duction of 1t of individually separated REO produced
through the analyzed route ranges from 34 to 58 t CO,
equ./t REO. Of this, ca. 30-40% is attributable to the
production of the concentrate with the remainder going to
the separation processes. When compared to the production
of rare earths from deposits rich in light rare earths, the
GWP-100a values per metric ton of separated REO from
ion-adsorption deposits tend to be higher, with 12-35 t
CO, equ. per metric ton of separated REO after SX from
deposits such as Bayan Obo [5, 9]. (Due to the differences
in the output mix, the results are, however, not directly
comparable).

The influence of ore grades and management practices
in the mining process was discussed, and the associated
impact on the LCI dataset were estimated. Decreasing ore
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grades and associated higher impurity-to-REE ratios in the
leachate affect the consumption of ammonium bicarbonate
used as a reagent during precipitation. This also affects the
rare earth extraction efficiency and energy consumption per
t of concentrate. The high eutrophication potential associ-
ated with ammonium emissions from in situ leaching
(compared with REE production from deposits rich in light
REE) has been highlighted by Vahidi [12]. The difference
between the scenarios for production from ion-adsorption
clays shows that this can be greatly reduced with appro-
priate management practices such as leachate reuse or
waste water treatment. Leachate reuse also brings down the
net consumption of ammonium sulfate.

Further Research Needs in Light of the Scope of this
Study

Research Needs Regarding the Life Cycle Inventory

In order to better understand the additional requirement for
precipitants and energy, it would be helpful to conduct
further lab experiments to gain insights on the quantitative
relationship between ore grades and precipitate consump-
tion. Furthermore, it would be interesting to collect energy
consumption data from mines of different ore grades and
relate them to production output quantities. Further
research is required to understand the fate of emissions
from in situ leaching of REE in the proximity of the mining
site, and how these link with different management prac-
tices such as wastewater treatment and management of
overflow or leakage from pools. To better understand the
environmental impacts associated with in situ leaching,
site-specific environmental assessments are recommended.

For the solvent extraction, detailed information on the
production routes for individual rare earths was not avail-
able. The analysis of the available data has shown that this
processing stage is an important contributor to the overall
impact and warrants more detailed investigations.

Research Needs Regarding the Quantification
of Environmental Impacts Associated with Rare Earth
Extraction

Some impacts to the environment could not be sufficiently
quantified, either due to missing information required to
derive a reliable life cycle inventory, or since they are not
addressed by current impact assessment methods. Impacts
reported in the literature, but not assessed by current LCIA
methods include freshwater salinization, and associated
impacts on ecosystems, risks of landslides, and the deple-
tion of minerals (Ca, Mg) in the soil [11, 24]. Stream
biodiversity is affected by ammonium sulfate emissions,
and the elevated ph [11]. A detailed fate model for

@ Springer

ammonium sulfate emissions was not available, which
introduces some uncertainty to the LCI, but the emissions
are said to pollute streams in the area long after mine
operation is discontinued. Sulfate ions are converted to
hydrogen sulfide by microorganisms, which is toxic to
aquatic organisms [11], citing [62, 63].

The question of how to assess resource use in LCIA is
the subject of an ongoing debate. The abiotic resource
depletion category in CML (ADP) has not been developed
to assess criticality, and it is debated whether this should be
included in environmental LCA studies [60]. Methods
which incorporate criticality assessment into LCIA are in
development [64, 65]. The ADP category in CML relates
annually extracted quantities to the overall availability of a
specific resource in nature. It thereby only considers one
out of three categories of resource criticality as defined by
Graedel et al. [66], namely the supply risks. For REEs, the
vulnerability to supply risks associated with their unique
chemical properties; their importance in green applications,
as well as the environmental impacts associated with their
production constitute important criticality aspects. ADP
characterization factors for REEs were calculated, which
showed that annual extraction rates may not be a suit-
able measure for resource depletion in case of large sup-
ply—demand imbalances, such as in the case of thulium,
holmium, lutetium, and ytterbium. Those elements are
extracted as byproducts, but no large-scale commercial
applications exist.

Beyond the Scope of this Study: Assigning
Environmental Impacts to Individual Rare Earth
Elements

In some cases, the environmental impacts of individual
REE might be of interest. During SX, the rare earths are
first separated into groups of rare earths with similar
properties which are then further separated into individual
rare earth fractions [35]. Hence, the processing routes for
the production of individual rare earths are not equally long
for each element, and the material and energy requirements
could be separated out by element. Ideally, a model would
be constructed for each pair of elements which is separated
at the last step. The separation of co-occurring elements
would only be included in the route to a point where they
are partitioned off as groups, in accordance with the pro-
duction system (Fig. 2). For example, to achieve a sepa-
ration between Pr and Nd, it is necessary to separate the
rare earth mix into La/Ce, Pr/Nd, and “others,” then La/Ce
and Nd/Pr, and then Pr and Nd. However, the separation
between Gd, Tb and Dy is not necessary to produce sep-
arated Pr and Nd, since they are separated off as a group in
an earlier processing step. This procedure would be the
preferred option according to ISO 14044, which states that
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the unit processes should be divided into subprocesses, and
the input and output data relevant to these subprocesses
should be collected if the environmental impact
attributable to the individual process outputs are of interest
[13]. It should be noted that this process structure, as
shown in Fig. 2 is also simplified representation —the
subprocessing routes can be crossed in practice [67]. Also,
this process subdivision is different for different separation
systems, which are different for different starting materi-
als—see e.g., [19, 33].

Furthermore, the market values of individual rare earths
differ notably due to the imbalance between demand and
supply for individual rare earths caused by the coproduc-
tion situation. In order to denote the energy and material
requirements associated with the separation process for
each individual rare earth element, detailed process infor-
mation would be required. However, to our knowledge, the
information on the exact number of processing steps
required for each element, and the values of semi-finished
products (different rare earth concentrates) are not publicly
disclosed.

If the solution described here is not feasible, the second
best solution (for an attributional LCI dataset) is to apply
economic allocation factors to individual elements
(Table 1).

Conclusion

A dataset for the production of rare earth oxides from ion-
adsorption deposits via in situ leaching and solvent
extraction was compiled. The dataset was based on a pre-
vious study. To our knowledge, a dataset for this route
including the separation step has not previously been
published. However, it is of interest due to the increasing
demand for heavy rare earths such as dysprosium, for
which this is currently the most important production route.
Our dataset includes the separation of rare earth concen-
trates into individual rare earth oxides, which is essential
for many rare earth applications and, as our results show,
not negligible in terms of its impact. This study helps to
further the knowledge about rare earth production from
ion-adsorption deposits. Despite the detailed study, data
uncertainties associated with the dataset remain. Therefore,
further research needs to be carried out, both regarding the
life cycle inventory dataset and the impact assessment
methods.
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