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ABSTRACT

A Critical Assessment on the Resources and Extraction of Rare Earth Elements from Acid

Mine Drainage

Christopher R. Vass

Rare earth elements (REEs) are crucial to many modern products used in both civilian and
defense applications. Currently, a reliable supply of these elements is uncertain with the clear
majority of REE production and refining occurring predominately in China. Furthermore,
domestic ore deposits with commercially attractive concentrations of REEs are uncommon
in the United States. As a result, the identification of a domestic supply of these technology
metals is essential not only for manufacturing consumer merchandise but also for national
security.
Recently, one promising source of REEs has been identified: coal and coal-byproducts. One
of those is acid mine drainage (AMD), the most prevalent water quality impediment in the
Appalachian coal mining region. This research found that AMD concentrates REEs through
an autogenous process where the presence of sulfide material in an oxidizing environment
results in a general lowering of water pH. This acidic water in turn leaches metals, includ-
ing REEs, from the surrounding geologic strata. Accordingly, this degraded water holds
potential value as a REE source. Furthermore, identification of this environmental burden
as a reliable supply of REEs could incentivize additional treatment efforts, while providing
an additional revenue stream to those responsible for mitigating this substantial source of
water pollution. However, current scientific literature lacks systemic studies that describe
the content, distribution, and processing amenability of this resource.
Therefore, this research details a study that: (1) characterized the REEs contained in AMD
and its byproducts; (2) classified the REEs inherent to AMD and identified the size of the
resource; (3) designed a process to recover REEs from AMD byproducts; and (4) demon-
strated the feasibility of the beneficiation process by generating a concentrated REE product
from AMD. This was accomplished by conducting a broad sampling campaign where 185 raw
AMD and 623 AMD precipitate (AMDp) samples were collected across the Northern and
Central Appalachian coal basins. Next, a series of laboratory experiments were conducted
to determine a hydrometallurgical processing route to recover the REEs from AMDp. The
results of the laboratory-scale studies were utilized to design a bench-scale plant capable
of producing a concentrated REE product. Finally, an acid leaching and solvent extrac-
tion demonstration plant was constructed and operated which produced a rare earth oxide
product with a purity greater than 60%.
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Chapter 1

Background

1.1 Introduction

The rare earth elements (REEs) consist of seventeen elements that include the lanthanide

series, scandium, and yttrium. While promethium (Pm) is a member of the lanthanides it is

not readily found in the natural environment as it has no stable isotopes; for this reason is it

commonly disregarded in literature. Also, these elements were awkwardly named so because

they were initially discovered in the form of oxides within relatively rare minerals (Moeller

1963). As a result, the presence of “rare” in the name commonly leads to the assumption

that the occurance of these minerals is uncommon; when in fact, many of the REEs are more

abundant than other commonly used elements on a crustal basis. For example, research by

Taylor (1964), indicates that commonly used elements like Fe (5.63 ppm) and Al (8.23 ppm)

are found in much lower crustal concentrations than the REEs La (30 ppm), Nd (28 ppm),

and Y (33 ppm).

Additionally, rare earth elements can hold various classifications based on organization or

author. For this research, the following classifications will be used:

• Heavy REEs (HREE) – Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu

• Light REEs (LREE) – La, Ce, Pr, Nd, Sm, Eu
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• Total REEs (TREE) – HREE + LREE

• Critical REEs (CREE) – Y, Nd, Eu, Tb, Dy

Historically, the REE industry has sought deposits where natural hydro-thermal processes re-

sulted in commercially attractive REE concentrations. These deposits are extremely uncom-

mon, particularly in the United States. As a result, the current research seeks to capitalize

on an autogenous process occurring as a byproduct of coal mining, which concentrates REEs.

Prior data has shown that elevated REE concentrations exist in the low pH influent to AMD

treatment systems. However, REEs were nearly absent in the respective discharge water.

This mass reduction indicates that REEs precipitate with other metals in the form of metal

hydroxides. Following this observation, an initial prospecting campaign and later detailed

sampling campaign were undertaken to directly measure the REE concentration in AMD

precipitates. This sampling effort showed the REE concentrations are significantly higher

in the AMD precipitates (AMDp) than that of the associated bulk Northern Appalachian

(NAPP) coal material.

Finally, efficient processing routes for the REEs have been established for traditional ores

since 1950. These processes typically rely on energy intensive comminution and high tem-

perature leaching methods. As a result, these traditional hydrometallurgical processes often

make the beneficiation of REEs from traditional ores economically prohibitive. Fortunately,

AMDp does not rely on the more costly processing routes and has the potential to provide

a lower cost REE feedstock for the current market.

1.2 Rare Earth Elements

Rare earth elements occur in a wide variety of geologic formations. However, these occur-

rences rarely meet the necessary minimum cut-off limits to facilitate profitable extraction and

refining. When REE concentrations do exceed the required cut-off grade for mining, there

are often detrimental environmental consequences because the byproducts from processing

often contain high concentrations of uranium and thorium (Fernandez 2017). Consequently,
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more than 90% of REE production occurs in one country, China (2017). This near-monopoly

creates a potential disadvantage for the United States in regard to a dependable supply chain

of these strategically important elements.

Currently, the United States consumes approximately 12,000 metric tons of REEs per year

(U.S. Geological Survey 2018). Of that, the Department of Defense uses less than five

percent, or approximately 600 metric tons (Humphries 2012). Future demand for the REEs

are difficult to predict due the number of elements involved and variety of uses. However,

given the increasing forecast for “green technologies”, such as batteries for electric cars,

magnets for windmill turbines, and electronic devices it would be logical to conclude that

demand for REEs will also increase (Campbell 2014; Goodenough, Wall, and Merriman

2017).

1.2.1 Applications for REEs

Many industrial processes rely on REEs for their products including: catalysts, metallurgy,

petroleum refinement, catalytic converters, ceramics, phosphors, magnets, and electronics

(Alonso et al. 2012). Table 1.1 is a non-exhaustive list itemizing several of the major uses

for each of the rare earth elements. More importantly, is the understanding that each of

these applications requires a different grade and distribution of the REEs to meet product

specifications (Long et al. 2010). In other words, the REEs are not a single product but differ

in quality and quantity based on their host mineral (Jordens, Cheng, and Waters 2013).

1.2.2 Production of REEs

Overall, worldwide production and use of REEs has generally increased year over year. One

significant deviation from this trend was observed during the 2009 to 2012 time-period as

shown in Figure 1.1. During this time, material shortages caused by restrictive Chinese

quotas and high prices adversely affected the supply of REEs. Additionally, beginning in the

early 1980s the world production of REEs started to outpace the capacity of U.S. production.

Likewise, as new production was brought online from China, lower realized prices ultimately
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Table 1.1 – Summary of the uses of REEs their primary applications, critical status and market condition
after Binnemans (2018) and Haque (2014).

Element Symbol Applications Critical

REE

2014 - 2018

Market

Balance

Scandium Sc Aluminum alloys, defense industry No Possible large

supply from

bauxite residue

Yttrium Y Red lamp phosphor, yttria-stabalized

zirconium, ceramics, florescent lamps

Yes In balance but

could potential

for oversupply

Lanthanum La NiMH batteries, optical glass, green lamp

phosphor, catalysts, mischmetal, carbon arc

lamps, hybrid engines

No Oversupply

Cerium Ce Polishing compound, decolorization agent,

Ce-doped glass, catalyst, mischmetal,

petroleum refining

No Oversupply

Praseodymium Pr Green colorant for glass, ceramic pigment,

magnets, optical fibers

No In balance

Neodymium Nd Nd-Fe-B permanent magnets, petroleum

refining, hybrid engines

Yes In balance

Samarium Sm Sm-Co permanent magnets, glass additive No In balance

Europium Eu Y2O3:Eu3+ lamp phosphor Yes Slight

oversupply

Gadolinium Gd Contrast agents magnetic resonance

imaging (MRI), additive in some Nd

magnets, green lamp phosphor

No In balance

Terbium Tb Green lamp phosphor, magnets Yes In balance

Dysprosium Dy Additive in Nd magnets, hybrid engines, Yes In balance

Holmium Ho Glass additive, lasers No In balance

Erbium Er red and green phosphors, optical fibers,

sunglasses

No In balance

Thulium Th Medical X-Ray units No In balance

Ytterbium Yb Phosphors, florescent lamps, ceramics No In balance

Lutetium Lu Scintillator phosphors in PET medical

scanners

No In balance

led to the closure of U.S. based production facilities. For example, the United States market

share decreased from 31% in 1985 to 6% in 2000 (Fernandez 2017).
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Figure 1.1 – United States and worlds REE production over the last sixty years after USGS (2017).

To this end, United States production of rare earths was drastically reduced in the 1990s

as a result of two main factors. First, increased regulatory scrutiny and environmental

compliance detrimentally affected the parent corporation of the only U.S. producing REE

mine (Ali 2014). These issues originated from the radioactive tailings created by processing

the actinide laden bastnasite ore. Second, increased operating costs placed the lone U.S.

mine, Mountain Pass, at a disadvantage when competing against Chinese operations with

much lower operating costs. Since the closure, the mine has tried to reopen; however,

the parent company, Molycorp, was forced into bankruptcy in 2015 (Phadke 2018). More

recently, the Moutain Pass mine reopened in 2018 under new ownership and as of 2019 is

producing a bastnasite concentrate (Van Gosen, Verplanck, and Emsbo 2019). However, as

noted by Seredin and Dai (2012) production from this type of deposit will likely only satisfy

the demand for LREEs (Laudal et al. 2019).

1.2.3 Strategic Importance

The REEs are not interchangeable and each have their own market requirements. Addi-

tionally, the classification of REEs as critical minerals by the United States has brought an

increased interest in creating a domestic REE supply. Military use of REEs on a large scale
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are essential for the production of aircraft, submarines, and destroyers (Mulller, Schweizer,

and Seiler 2016). More specifically, the military utilizes REEs for fin actuators in missile

guidance, disk drive motors used in military vehicles and command centers, lasers for under-

water mine detection, satellite communication, radar, sonar, and optical equipment(Grasso

2013). Therefore, any disturbance to the availability of these materials would adversely

impact the national security of the United States.

1.3 Origins of REEs in Coal and Coal Byproducts

The presence of REEs in coal has long been established by many researchers. One of the ear-

liest references to the occurrence of REEs in coal was published by Goldschmidt (1935) that

found REEs are concentrated in coal ash products. Furthermore, it was proposed that REEs

were concentrated during the formation of coals from their parent material. Alternatively,

it was later proposed that increased scandium concentrations in Australian coals was the

result of adsorption from solutions that originated in source geology (Swaine 1964). These

two alternate theories have historically been investigated extensively by multiple researchers.

In 1964, Schofield et al. (1964) evaluated eight different terrestrial materials for the relative

abundance of REEs. Within these eight materials were two samples of coal, one from western

Pennsylvania and one from southern Illinois. Results of this research indicated that REEs

existed in these two coal samples at a concentration of 35 mg/kg each. In regard to the

mechanisms of enrichment, Schofield concluded that plant material is primarily responsible

for the REEs contained in coals, supporting the findings of Goldschmidt. Furthermore,

Haskin (1966) extensively reviewed the occurrence of REEs in coal and other materials.

From this research it was determined that little is understood about the occurrence of REEs

in coal and that the plant material from which coal is generated is a probable source.

Finkleman and Stanton (1978) explored the occurrence of accessory minerals in Waynseburg

coals. This research indicated that the increased REE content in coal is directly attributed to

the mineral inclusions in the coal seam. Allanite, monazite, and xenotime were all observed

with the aid of a scanning electron microscope (SEM). Therefore, elevated REE concentra-
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tions were attributed to the deposition of these minerals in the coal swamps. Again, in 1980,

Finlkeman further confirmed the presence of REEs in coal material. These REEs were found

to occur in phosphates, monazite, and xenotime (Finkelman 1980). Additionally, Finkleman

showed that the REE distributions in the Waynesburg and Freeport seams were similar to

those of the surrounding shale beds with the exception of two elements, lanthanum and eu-

ropium. The depletion of europium was attributed to a reduction of the element to the plus

two valence state while the cause of lanthanum enrichment of was inconclusive.

Similarly, Eskenazy (1987) explored the occurrence of REEs in Bulgarian coal. Like Finkle-

man, the chondrite normalized distributions of REEs showed a depletion of Eu which is likely

attributed to a reduction mechanism as the coal is developed in a peat bog environment.

Additionally, Eskenazy showed that the REE content in coals was positively correlated to the

ash content. More importantly, this research indicated that coals were more enriched in the

HREEs. Of particular note was the enrichment of Lu. This upgrade appeared excessive and

alternative research indicated the high values were later questioned by the original author

(Birk and White 1990).

Further research surveyed the content of REE in coal from Nova Scotia using both SEM

and inductively coupled plasma mass spectrometry (ICP-MS) (Birk and White 1991). In

addition to coal, the surrounding roof and floor materials were also evaluated. Results from

this research indicated that the roof and floor clay contained the same order of magnitude

of REEs as the surrounding coal ash. More significant findings from this research indicated

that coal seams in the Sydney coalfield could not be characterized by a single distribution

pattern. Additionally, Birk concluded that clay-sized phosphates were the cause of local

REE enrichment.

Seredin (1996) explored the occurrence of REEs in eastern Russian coals. Notably, some

of these seams contained high concentrations of REEs, varying from 300 - 1000 ppm. This

research was able to categorize coals and the modes of REE occurrence based on the REE

concentrations. In the enriched coal seams, the REEs mainly occurred as fine grained authi-

genic minerals. Conversely, in coals with more moderate concentrations, the REEs were con-

tained in the REE bearing minerals, as observed by Finkleman (1978). Moreover, Seredin’s
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research indicated that the moderately concentrated REE coals tended to posess a positive

correlation between ash and REE content as shown by others (Eskenazy 1987), while the

highly enriched coals did not exhibit the same correlation.

Schatzel and Stewart (2003) further explored the nature of occurrence between coal and

REEs. This research concluded that the mineral matter in Lower Kittanning coals originated

from clastic material that was similar in nature to the surrounding shale beds. Furthermore,

it was found that while the mineral matter in coal contained a significant portion of the

REE distribution, the coal also carried increased concentrations of the HREEs that was

not indicative of the surrounding shale materials. This indicated that multiple processes

controlled the REEs incorporated in the coal seam.

Recently, Huang et al. (2019) characterized REEs in coals from various Colombian coal

fields. This research showed that the average abundance of REEs in the Colombian coals

was 45 ppm within the coal and 222 ppm for the associated non-coal lithologies. In addition,

Huang et al. showed that a strong positive correlation between the REE content and coal

ash content, indicating the REEs were predominantly associated with the mineral fraction of

the coal seam. Furthermore, it was shown that the HREE/LREE ratio typically decreased

with an increase in the ash yield pointing to an increased presence of HREEs in the organic

mineral matrices.

Given the presence of REEs in coal and coal-ash, it was logical to survey other coal products

for REEs. Previously, several researchers have looked at ways of generating value from metals

contained in AMD (Cheney and Swinehart 1998; Hedin 2002). In that manner, Cravotta

(2008a) analyzed the dissolved trace metals in AMD and its byproducts from multiple sites

in Pennsylvania. This research showed that significant concentrations of REEs were observed

in AMD waters and more so in the precipitates; indicating that REEs were concentrated

in the AMD precipitates after treatment. Further research by Ziemkiewicz et al. (2016)

demonstrated the presence of REEs in AMD and Stewart (2016) confirmed this finding with

additional research that evaluated eighteen raw AMD discharges and twenty-two AMDp

samples in the NAPP region. Consequentially, the researchers were able to estimate that a

potential resource of 538 tonnes per year of REEs were generated in the Appalachian region.
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Figure 1.2 – Distribution of REEs in NAPP raw AMD water after Crovotta (2008b) and Stewart (2016).

Finally, Figure 1.2 shows the approximate REE distribution for raw water in the Central

Appalachian (CAPP) and NAPP basins according to Cravotta and Stewart.

1.4 Acid Mine Drainage

In Appalachia, AMD constitutes one of the most significant and widespread water quality

challenges that must be treated per National Pollution Discharge and Elimination (NPDES)

guidelines, as defined by the Clean Water Act (Gaba 2007). AMD forms from a general

lowering of water pH that occurs when sulfide minerals are exposed o oxidizing conditions

through the mining process. This liberation increases the quantity of exposed sulfide mineral

surface area leading to an elevated reaction rate. For example, blasting operations liberate

these minerals and increase the contact area resulting in enhanced exposure to the oxidizing

agents air and water. Likewise, underground mining operations create voids that fill with

air and water, which increases reaction rates at the hydraulic perimeter of the openings. In

undisturbed deposits, generation of acidic material is minimal and is a function of natural

erosion via weathering. Given the slow generation rate, this minimal release from in-situ

deposits does not cause irreparable harm to the subsequent receiving streams. The mining

conditions responsible for the generation of AMD prompted substantial research over the last
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40 years, with investigators studying various causal mechanisms and treatment strategies

(Hill 1969; USEPA 1994; Skousen and Ziemkiewicz 1995; Gazea, Adam, and Kontopoulos

1996; Ziemkiewicz 1998; Kleinmann 2001; Johnson and Hallberg 2003; Akcil and Koldas

2006; Kalin, Fyson, and Wheeler 2006). This research produced several pragmatic results,

which provided numerous methods to predict, prevent, and treat AMD.

Within the Appalachian basin, pyrite and marcasite (both forms of FeS2) are the pre-

dominant sulfides that cause AMD (Hill 1969; Hoehn and Sizemore 1977; Skousen and

Ziemkiewicz 1995; Ziemkiewicz 1998; Agency 2000; Kleinmann 2001; Johnson and Hallberg

2003). Reaction 1.1 is indicative of this oxidation process:

2FeS2 + 7O2 + 2H2O ⇒ 2Fe2+ + 4SO2−
4 + 4H+ (1.1)

where either molecular oxygen or ferric iron acts as the oxidant in the reaction (USEPA

1994). Here, the sulfur is oxidized to form hydrogen ions and sulfate, which are the products

required for sulfuric acid.

Additionally, the soluble iron byproduct (Fe2+) is left in solution and has the capability to

react further as described in Reaction 1.2:

4Fe2+ +O2 + 4H+ ⇒ 4Fe3+ + 2H2O (1.2)

where ferrous iron materials are converted to ferric ions slowly at low pH values (USEPA

1994).

The presence of certain types of bacteria also plays an important role in the generation of

AMD. For example, at pH values less than 3.5 when in the presence of the iron bacterium

Thiobacillus ferrooxidans, Reaction 1.3 may occur:

2FeS2 + 14Fe3+ + 8H2O ⇒ 15Fe2+ + 2SO2−
4 + 16H+ (1.3)

where the presence of the aforementioned bacteria will allow the pyrite to be dissolved if it

is in contact with the ferric ion (USEPA 1994).
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Figure 1.3 – Streams with orange staining from the iron oxide precipitate “yellow boy.”

Finally, the ferric iron precipitates from the AMD as hydrated iron oxide as shown in Reaction

1.4:

Fe3+ + 3H2O ⇒ Fe(OH)3(s) + 3H+ (1.4)

where the hydrated iron oxide precipitates into an orange deposit on stream bottoms, com-

monly referred to as “yellow boy” (USEPA 1994). This hydrated iron oxide precipitate is

commonly seen in Appalachian streams with high flows of acidic mine water and is indicative

of AMD pollution. Figure 1.3 shows water features, which were impaired by the precipitation

of iron oxides.

Akcil and Koldas (2006) investigated the primary factors that determine the rate of AMD

generation. This study as well as others concluded that numerous parameters including water

temperature, water pH, oxygen concentration, degree of saturation, bacteria content, and

the presence of alkaline material in the host rock, all significantly influence AMD generation.

Since these parameters can vary considerably from site-to-site and even within the same site,

the ability to apply a comprehensive treatment solution is severely limited. As a result, AMD

treatment must be carried out using site-specific plans.

Alternatively, mines located below drainage may exhibit a different type of water quality that

is less acidic than traditional AMD criteria. When recently abandoned, these mines exhibit
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the aforementioned qualities and produce sulfuric acid. However, once the below-drainage

voids become filled with water, pyrite oxidation stops and complex processes including ion

exchange, carbonate dissolution, and silica weathering result in net alkaline AMD (Capo

et al. 2001). As a result, these mines typically present high iron contents in the form of

Fe2+verses the Fe3+found in acidic AMD. Furthermore, these net-alkaline waters require a

treatment routine that differs from typically acidic AMD discharges.

1.4.1 Effects of AMD on the Environment

Acid mine drainage is described by many researchers as a severe environmental problem fac-

ing the Appalachian coal mining regions (Hoehn and Sizemore 1977; USEPA 1994; Akcil and

Koldas 2006; Kalin, Fyson, and Wheeler 2006). Left untreated, this longstanding problem

can cause detrimental effects to steams adjacent to the mines as well as underlying water

tables and downstream tributaries accepting inflows of AMD. Regrettably, the mechanisms

causing AMD can perpetuate the generation of acidic water many years after a mine is

reclaimed and underground workings are sealed (Hill 1969). The environmental problems

caused by AMD are well documented and include impairment in growth and reproduction

rates for aquatic plant and animal life. Additionally, AMD can infiltrate into the water

table, and in extreme cases, contaminate drinking water supplies for residents who depend

on wells for potable water (Jimenez et al. 2009). Due to the severe and persisting impacts of

AMD, new technologies and methods as well as enhanced treatment regimes with the proper

financial incentive are needed.

1.5 Treatment of AMD

Despite the availability of various treatment options, the responsible parties often face signif-

icant constraints that limit the number of effective options to mitigate AMD. While a typical

treatment system includes the addition of an alkaline material and flocculants, various com-

plicating factors, such as retention time, geographic location, topography, hydrology, and

water chemistry limit the application of a standardized approach to water treatment (Akcil
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and Koldas 2006). Treatment time-scales vary in length from a few months to indefinitely.

Additionally, the topography of the area, can limit the types of treatment available (Gazea,

Adam, and Kontopoulos 1996; Johnson and Hallberg 2003). For example, an on-bench sed-

iment structure with an NPDES outfall will typically have less working area than a large

pond at the base of a valley fill. Finally, the mine water chemistry drives the treatment

process available to mine operators. Net-alkaline AMD discharges are treated in a dramati-

cally different way than the traditional acidic water. Given the aforementioned constraints,

the overall AMD treatment system design must consider all of these factors simultaneously.

Finally, water treatment at coal operations can be classified as active or passive. Passive

treatment systems utilize man-made structures to enhance the quality of water based on the

contents of the structure. Alternatively, active treatment requires the addition of chemicals

or treatment plants to bring effluent water within permitted limits.

1.5.1 Passive AMD Treatment

Passive treatment systems improve the quality of AMD through the use of naturally occurring

geochemical and biological processes (Gazea, Adam, and Kontopoulos 1996; Skousen, Hilton,

and Faulkner 1997). These systems were first proposed by Huntsman (1978), as well as,

Weidner and Lang (1982) observing improved AMD water quality after it passed through

natural sphagnum bogs in Ohio and West Virginia. Today, passive treatment systems consist

of man-made structures that can reproduce conditions in these natural wetlands. These

structures are similar to sediment ponds; however, they are usually shallow and contain

features similar to a marshland. Often, passive treatment systems are preferred due to their

low cost and ease of maintenance (Gazea, Adam, and Kontopoulos 1996; Skousen, Hilton,

and Faulkner 1997). Unfortunately, these systems are not applicable to all AMD flows due

to a number of limiting constraints. Because of this, different passive treatment systems are

often implemented in series. Various options for passive treatment include: aerobic wetlands,

anaerobic wetlands, and anoxic limestone drains.
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1.5.2 Active AMD Treatment

Active treatment refers to the direct addition of chemicals to the impaired water to cause

reactions that will render the water compliant. While it is normally more costly and labor

intensive than passive treatment, those responsible for the AMD are compelled to use active

treatment when conditions for passive treatment are unfavorable, such as: limited area, high

flow rates, short time periods where impaired water is present, and tighter regulatory effluent

limits. In addition to the usage of chemicals, the presence of oxygen in the water is also

an important factor for designing a treatment system. Dissolved oxygen in AMD facilitates

Fe2+ oxidation and the precipitation of metal hydroxides. This is especially true for the net-

alkaline type AMD discharges. For this reason, additional chemicals or mechanical aerators

are sometimes used to increase the oxygen content of the water.

Chemical Treatment

The chemical treatment of AMD is primarily governed by pH control where neutral to

alkaline pH values are required to precipitate dissolved metals. Low pH mine water typically

contains iron, manganese, and aluminum ions. Metal solubility is a function of pH, and the

metal concentration can be readily controlled by manipulating the pH (often by increasing)

until the metals precipitate. Given the large flow volumes and relatively slow reaction rates

of AMD, standard treatment systems utilize a series of ponds or discrete cells within a single

large pond as reactor vessels. These earthen structures are oriented so that runoff from the

site must flow successively through the ponds to reach the NPDES permitted outlet.

Chemical treatment is added at the inflow to the system to provide maximum retention

time for the neutralization reactions to occur. Pond curtains or baffles may be added to the

system to prevent short-circuiting and insufficient reaction time. As water flows through the

ponds, the pH adjustments and chemical reactions force metals to precipitate and fall out of

suspension before exiting the system (Skousen and Ziemkiewicz 1995; Jimenez et al. 2009).

Alkaline chemicals are used in pH control of AMD to facilitate the precipitation of metals

from the water. According to Skousen (1997), six primary alkaline chemicals are used to
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Figure 1.4 – Small clarifier used for treatment of AMD. The foreground shows the area where alkaline
material and aeration is used to raise the pH. The clarifier structure is located in the middle while the lime
storage silo is located in the background.

treat AMD: (1) limestone, (2) hydrated lime, (3) pebble quick lime, (4) soda ash, (5) caustic

soda, and (6) ammonia. Additional chemicals such as flocculants, coagulants, and oxidizing

agents may also be utilized to enhance the performance of the treatment system.

Alternatively, where space is limited and the flux of the AMD discharge is high, the use of

mechanical clarifiers can be utilized to treat the AMD. These units are common in Northern

Appalachia (NAPP) for treating both acidic and net-alkaline waters. The clarifiers allow for

a higher throughput of treated AMD where traditional gravity flow pond systems are not

feasible due to limited area. Figure 1.4 shows a mine using a clarifier for AMD treatment.

Finally, a more detailed characterization of AMD and the requisite treatment processes was

described by Vass (2016).

1.6 Rare Earth Element Extraction

Rare earth elements have been processed in the United States on an industrial scale since

the 1950s-chiefly, from the Mountain Pass mine located in California. In the 1960s, this

mine became the largest worldwide producer of REEs due to the invention of color televi-
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sions and their reliance on Eu (Zepf 2013). Unfortunately, adverse environmental discharges

forced Mountain Pass into bankruptcy and temporary closure in 2015 (Phadke 2018). These

circumstances were indicative of a mining process that was energy intensive and environ-

mentally detrimental.

At the open pit Mountain Pass mine, the REEs were principally contained in the mineral

bastnasite. To process bastnasite, it must first be liberated from the host material through

crushing, grinding and flotation (Hurst 2010). This initial processing stage is essential to the

extraction route of REEs from the mineral matrix. Additionally, the processing route for

bastnasite ore used in REE beneficiation is extremely difficult. As a result, the permitting

and development of this type of orebody demands high capital commitment and adjustments

to many regulatory requirements.

1.6.1 REE Processing Routes

Traditional mining methods are commonly used to extract REE ores. Many proposed REE

mining projects often employ surface mining methods that include drilling, blasting, loading,

and hauling (Hulse, Newton, and Malhotra 2013; Saucier et al. 2013; Dhalberg et al. 2014).

Alternatively, underground methods were also suggested for proposed REE mines in cases

where the geology dictates these extraction methods (Cox et al. 2010; Workman, Breede,

and Goode 2013; Belzile, Marchand, and Bouajila 2015). While common in hard-rock metal

mines, underground mining can result in a higher costing structure over the established

operations used by the largest exporter of REEs, China, which produces REEs from both

conventional ore-bodies and ion-adsorption clays.

In 1992, Chinese production of REEs broadly originated from three main locations (Jones,

Wall, and Williams 1996):

• Bayan Obo (60%)

• Maoniuping Mine (18%)

• Ion Adsorbed Clays (14%)
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These three mines were essential to producing the necessary distribution of REEs required to

meet demand. For example, the Bayan Obo mine largely produces the LREEs while the ion

adsorbed clays produce greater HREEs. Given the importance and reduced availability of

the HREEs, mining practices have grown to include both legal and illegal operators (Sprecher

et al. 2015). Because of this, it has become necessary for China to implement changes due

to the environmental impacts at some of these mining operations.

For example, the large surface mines and in-situ leaching practices resulted in extensive

environmental harm (Zhang et al. 2016). Consequently, in 2010 surface mining was banned

in this area in favor of the in-situ leaching methods (Yang et al. 2013). Still, the in-situ

leaching methods posed detrimental environmental effects including land slides, ammonium

sulfate contamination, and other water quality issues (Packey and Kingsnorth 2016).

Alternatively, the Bayan Obo deposit exhibits difficult processing qualities similar to those

at Mountain Pass (Huang et al. 2015). Here, the REEs are contained in a complex mineral

matrix including monazite and bastnaesite (Ling and Yang 2014). Another problem with

this matrix of minerals was the presence of unwanted gangue materials. Deleterious elements

such as thorium further increased the complexity of refining due to the need to introduce

additional separation circuits to isolate the valuable REEs from the radioactive elements

(Zhu, Pranolo, and Cheng 2015).

Processing routes for REEs are largely dictated by the orebody from which they are ex-

tracted. In the aforementioned Chinese mines, initial processing routes were presented that

are disparate from one another. As an example, in addition to the intensive comminution

processes to liberate the minerals, Bayan Obo also preformed alkaline roasting, acid leach-

ing, and finally solvent extraction Huang et al. (2015). In contrast, the ion-adsorbed clays

located in south China were more readily delivered to the solvent extraction process through

heap or in-situ leaching. As a result, this body of text will review the REE processing routes

starting with leaching.
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Leaching

The REE ore mineralogy dictates the specific leaching process utilized to convert the REEs

into an aqueous form. For example, ion-adsorbed types of REEs are typically leached using

an ammonium sulfate based lixiviant (Xiao et al. 2015). Alternatively, Bastnaestite and

Monazite are commonly digested using complex leaching processes employing both alkaline

roasting and acid leaching (Peelman et al. 2014). These processes were designed to selectively

dissolve and precipitate the metals of interest (Jha et al. 2016). These leaching mechanisms

constitute both reagent and energy intensive processes. For example, a site that conducts

alkaline roasting then acid leaching has a significantly higher reagent consumption rate than

one that preformed acid leaching alone.

The primary goal of the leaching process is to extract the metal contents of the ore into

an aqueous solution, frequently referred to as pregnant leach solution (PLS) (Galvez et al.

2004). This PLS is then used as a feed material to the solvent extraction (SX) process.

Several variables can affect the efficiency of the leaching process including:

• Reagent Type

• Reagent Concentration

• Temperature

• Time

• Pressure

• Physical Agitation

• Solid to Liquid Ratio

The measure of efficiency in the leaching process is defined by the mass transfer of the

metals of interest from the initial phase to that of the PLS. This is calculated using standard

mass balancing procedures as presented by Wills (2006). Additionally, this efficiency can be

compared to the aforementioned variables to show their effect on the overall process. For

18



example, when evaluating the leaching of REEs from a phosphoric acid byproduct Preston

(1996) evaluated different acid media, concentrations, solid to liquid ratios, temperatures,

additives, and the effect of time in order to determine the optimum leaching flowsheet for

the ore. Since this is commonly the first hydrometallurgical processes of a REE recovery

circuit, a high recovery from the leaching circuit is essential to ensuring the overall efficiency

of the REE processing circuit.

Solvent Extraction

After the PLS is created, solvent extraction (SX) is commonly employed for further sepa-

ration of the REEs. Solvent extraction is a counter-current liquid-liquid separation process

where metals ions are transferred from an aqueous solution to an organic solution. This or-

ganic solution is often commonly referred to a kerosene. However, the actual organic reagents

used in industry tend to be highly refined forms of kerosene that contain low levels of aro-

matics compounds. This process can occur in a wide array of vessels; however, mixer-settlers

are a common unit used during SX. Figure 1.5 represents of one type of mixer-settler. This

unit provides one vessel for the thorough mixing of the two liquids allowing the exchange of

metal ions. The larger vessel allows the two immiscible liquids to separate before advancing

to the next respective unit.

Furthermore, a series of multiple mixer-settler vessels perform four main processes influencing

the concentration of the metal ions in the two liquid phases. Figure 1.6 shows a block flow

diagram of a streamlined SX process where the individual vessels have been reduced into

singular primary functions. During the SX process, the organic phase travels in a closed

loop throughout the unit operations while separate aqueous streams are introduced at each

individual process of the system to generate desired outcomes in relation to the concentration

of metals in the organic phase. These four main processes include:

• Extraction

• Scrubbing

• Stripping
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Figure 1.5 – Schematic drawing of mixer settler with the capability to recirculate the two liquid phases.

Figure 1.6 – Block flow diagram showing major processes of solvent extraction operations.
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Table 1.2 – Extractants used in the SX process and their common names after Ritcey (1984).

Extractant Type Reagent Class Industrial Names

Cation Exchange
Versatic Acid Versatic 10, Versatic 911

Phospohoric Acid D2EHPA, EHEHPA, P507
Phosphinic Acid P229, Cyanex 272

Chelating Extractants β − diketones Lix 54
Solvating Extractants Phosphorous Ester TBP, DBBP. Cyanex 921
Anion Exchanger Primary Amines N1923, Aliquat 336

• Saponification or Regeneration

Extraction During the first stage, extraction, metal ions are transferred from the PLS to

the organic phase with the aid of an extractant placed into the organic phase. Extractants

fall into four main types: cation exchange, chelating exchange, solvating extractants, and

anion exchangers (Xie et al. 2014). Table 1.2 shows the four main types of extractants used

in the SX process, their reagent class, and common names used in industrial processes.

Previous research indicated that the phosphoric acid extractants are amenable to the ex-

traction of REEs (Antico et al. 1996; Gergoric et al. 2017). The general chemical process

that allows the transfer of REE ions from the aqueous phase to the organic phase can be

described as follows:

REE3+ + 3(HA)2 ⇐⇒ REE(A)3(HA)3 + 3H+ (1.5)

where A denotes the organic anion and the over-lined terms indicate the species is in the

organic phase (Xie et al. 2014; Bourricaudy et al. 2016). As seen from the above equation,

as the REE ions move to the organic phase, H+ions are released, increasing the acidity of the

aqueous solution. As the aqueous phase leaves the extraction phase, it is termed raffinate

and can be recirculated into the leaching stage as a means to recover the acid and reduce

reagent costs (Galvez et al. 2004). Alternatively, when the organic phase exits the extraction

process, it is referred to as loaded organic.

Solvent extraction efficiency is measured by the distribution ratio D and extraction efficiency

E as follows:
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D =
(Mi−Ma) ∗ V a

V o

Ma
(1.6)

E = D

D + V a
V o

∗ 100 (1.7)

where Mi and Ma represent the initial and final REE concentrations respectively and Va and

Vo are the volumes of aqueous and organic phases (Ritcey and Ashbrook 1984). Furthermore,

the ability to separate two metals can be determined by the separation factor (β) which is

calculated as follows:

β = DM1

DM2
(1.8)

where DM# is the distribution ratio of one metal to the other. Larger values of β are indicative

of the relative ease of separating two different metals using SX.

Additionally, modifiers may be used as additives or chemical modifiers to combat unwanted

physical processes that can occur between the two phases (Ritcey and Ashbrook 1984).

One such unwanted process is defined as “crud” in the SX industry. This crud is typically

the formation of stable emulsions within the SX vessels. As such, crud can have several

deleterious effects on the overall process including extractant loss, organic loss, and lower

extraction efficiency (Ritcey 1980). Ritcey further indicated that one common modifier used

to combat the formation of crud is TBP, which also works as an extractant itself.

Scrubbing The next unit operation, scrubbing, is used to clean unwanted metals from the

organic phase that co-extract with the metals of interest. The scrubbing stage is combined

with extraction when similar elements are transferred to the organic phase during the extrac-

tion process (Xing et al. 2018). As a result, the similar unwanted metals are removed from

the organic solution, thereby increasing the purity of the metals of interest in the organic

phase. In order to perform scrubbing a separate aqueous phase is introduced to the loaded

organic phase. This scrub solution often consists of water or mildly acidic solutions depend-
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ing on the gangue elements that need to be removed (Tsakiridis and Agatzini-Leonardou

2004; Li et al. 2007).

Stripping Stripping refers to the removal of the metal ions from the organic phase and

transferring them back to the aqueous phase. Typically, once a desired purity of metals is

attained in the organic solution, the metal ions are transferred back into an aqueous phase

in the stripping circuit using strong acidic solutions at high O:A ratios. These acids strip

the REEs from the extractant while the high O:A ratio increases the concentration of metals

back into the aqueous phase. As with extraction, the number of stripping units required is

dependent on the kinetics of mass transfer and stripping efficiency (Galvez et al. 2004).

Saponification Before the organic can return to the extraction phase the extractant often

needs to be completely cleaned of any additional metal ions that may still be attached to the

extractant. This process is referred to as saponification, equilibration, or regeneration of the

extractant (Ritcey and Ashbrook 1984; Bourricaudy et al. 2016). Research from Bourricaudy

(Bourricaudy et al. 2016)indicated the saponification with concentrated sodium hydroxide

was necessary to regenerate the extractant before it returned to the extraction stage.

Precipitation

After stripping, the REEs require removal from the concentrated stripped solution. To

accomplish this, precipitation with oxalic acid produces REE oxalates (Chi and Xu 1999;

Xie et al. 2014; Honaker et al. 2017). Typically this precipitation is efficiently conducted

through the addition of oxalic at a ratio of two to three moles of oxalic acid per mole of

REEs (Chi and Xu 1999; Abreu and Morais 2010). After precipitation, these oxalates are

converted to oxides through calcination using high temperatures in excess of 750 degrees

Celsius to form REE oxides (REO)(Preston et al. 1996; Sato et al. 2009).
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1.7 Summary

Rare earths elements are commonly found at higher concentrations in regard to crustal abun-

dance than many commonly used metals. Nevertheless, it is quite difficult to to find deposits

of REEs in a sufficient concentration that permits profitable extraction. Additionally, these

16 elements are essential to many civilian and military products that require them for ad-

vanced technologies. Due to increased demand, a monopolistic supply chain, and recent

price volatility, the interest in finding alternative resources has been prioritized by many

industrialized nations.

Historically, REEs were identified as trace metals in coal and coal byproducts since the

early 1900s. Still, only recently has the motivation been established for researchers to eval-

uate alternative feedstocks from coal byproducts. Specifically, initial studies indicated the

precipitates from the treatment of coal min AMD shows promising concentrations of these

rare earth elements. Notwithstanding, the current technical literature is deficient regard-

ing fundamental studies that characterize and quantify the presence of REEs in AMD and

AMDp.

In addition, AMD is a autogenous process resulting from coal mining that leaches REEs

from the surrounding strata as it migrates through mine spoils and abandoned works. While

considered an environmental liability, the ability to extract valuable elements may provide

incentive and financial relief for the treatment and processing of AMD. Incidentally, the

Appalachian coal basin has significant AMD impairment. Therefore, this region is an ideal

location for evaluating the extraction of REEs from AMD byproducts.

Finally, REEs are processed using standard hydrometallurgical processes. These techniques,

include leaching, SX, and precipitation to separate REE oxides from other gangue metals.

Given the relative abundance of AMD in Appalachia, there exists an opportunity to manu-

facture REEs in this region by adapting these proven techniques to a novel feedstock. Hence,

additional research is required to demonstrate the feasibility of such an endeavor.
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1.8 Research Objectives

Given the aforementioned opportunities, a research program was established to describe the

content and distribution of REEs in AMD and develop a bench-scale system to demonstrate

the feasibility of extracting REEs from AMDp using a hydrometallurgical processing route.

The primary objectives of this research include:

• Identify and characterize the occurrence of REEs in acid mine drainage and its byprod-

ucts.

• Create a processing flowsheet design from laboratory data, which defines a bench-scale

system that will recover REEs from AMD byproducts.

• Construct and operate the bench-scale plant to test the feasibility of REE recovery

from AMDp.

• Generate a MREO product that exceeds 2% REEs on a dry weight basis using the

bench-scale plant.

1.9 Dissertation Outline

This dissertation consists of five chapters. After the introductory chapter, Chapter 2 and

Chapter 3 discuss the prospectivity of both AMD and AMDp and evaluates the overall

AMDp resource based on an extensive field sampling study. Next, Chapter 4 contains he

laboratory work and methodology used in designing a bench-scale REE extraction plant.

Finally, Chapter 5 presents the results of operating the bench-scale plant, and as a result,

demonstrating the effectiveness of utilizing a hydrometallurgical processes to extract REEs

from AMDp.
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Chapter 2

Prospectivity of Rare Earth Elements

- Northern Appalachian Basin

This chapter has been published as:

C. R. Vass, A. Noble, and P. F. Ziemkiewicz, “The Occurrence and Concentration of Rare

Earth Elements in Acid Mine Drainage and Treatment By-products : Part 1 — Initial Survey

of the Northern Appalachian Coal Basin,” 2019. https://doi.org/10.1007/s42461-019-0097-z
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• C.V. - main author, processing and interpretation of data

• A.N. - supervisory author, critically revised manuscript, contributed to the thermody-

namic considerations of the behavior of U and Th

• P.Z. - principal investigator, supervisory author, contributed the basin production

estimate
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Abstract
The conventional rare earth element (REE) industry has historically sought to develop ore deposits where geologic processes
have produced mineralized zones with commercially attractive REE concentrations. These deposits are extremely uncommon,
particularly in the USA. Given the criticality of these materials and the need for sustainable domestic supply, the current research
seeks to leverage other autogenous processes that lead to concentrated REE resources. One such process is the generation of acid
mine drainage (AMD). AMD is very common in many coal mining districts and results from the exposure and oxidation of pyrite
during mining. During the generation and migration of AMD, liberated sulfuric acid mobilizes several metal ions including
REEs. Treatment of AMD is required under U.S.C §1251, the Clean Water Act, and often consists of neutralization, oxidation,
and metal hydroxide precipitation. To investigate the deportment of REEs during this process, a field sampling campaign was
undertaken, whereby the concentration of REEs in AMD and AMD precipitates was measured directly. In the nine sites evaluated
in this study, the REE concentrations of the precipitates varied from 29 to 1286 ppm with an average of 517 ppm among the
sampled sites. The individual elements were enriched compared with the associated bulk Northern Appalachian (NAPP) coal
material by factors ranging from 3 to 15. Furthermore, the distribution of REEs in all precipitate samples favored the heavy REEs
(HREEs) when compared with traditional REE ores. This research represents the first part of multi-part research endeavor to
characterize, classify, and determine the practicality of refining REEs from AMD and its by-products.

Keywords Acidmine drainage . Rare earth elements . Coal by-products

1 Introduction

Rare earth elements (REEs) occur in a wide variety of geolog-
ic formations; however, these occurrences rarely meet the nec-
essary minimum cutoff limits to facilitate profitable extraction
and refining. In cases where the ores do meet cutoff grade
limits, the mineralization often contains significant concentra-
tions of the actinides thorium and uranium. The mining and
processing of these deposits often entail detrimental environ-
mental consequences and higher operating costs owing to
waste disposal and handling [1]. Given the scarcity of

geologic settings that lead to enriched REE deposits, more
than 90% of REE production occurs in one country: China
[2]. This near-monopoly creates a potential impairment for the
USA and other countries where REEs are not readily pro-
duced. For example, during 2010 to 2012 rare earth crisis,
China imposed reduced export quotas during a period of in-
creased demand. This constrained market caused prices for
many REEs to increase more than 100-fold, leading to short-
ages in downstream markets [3]. As the demand peaked dur-
ing this period, almost $6,000,000,000 of investment capital
was raised by junior mining companies to secure additional
REE resources outside of China. Unfortunately, by 2015,
many of these companies entered bankruptcy or lost interest
in REEs due to the lower prices. This event indicates the
overall importance of REE supply on a local and global basis
as well as the need to consider alternative resources [4].

Despite the increased investment, only two REE mines
recently started production outside of China [5]. The Mount
Weld deposit in Australia began production in 2013. The ore
from Mt. Weld is processed in Malaysia by Lynas
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Corporation, whose operating permit has recently come under
controversy concerning the disposal of radioactive waste [6].
The second operation, Mountain Pass located in the USA, has
experienced instability in reaching full-scale production due to
lower REE prices and the high distribution of light REEs
(LREE) in the orebody [7].

Many industrial processes rely on REEs for their products
including catalysts, metallurgy, petroleum refining, catalytic
converters, ceramics, phosphors, magnets, and electronics.
Currently, the USA consumes approximately 12,000 metric
tons of REEs per year [8]. Of that, the Department of
Defense uses less than 5%, or approximately 600 metric tons
[9]. Future demand for individual REEs is difficult to predict
due to the number of elements involved and variety of uses;
however, given the increasing forecasted demand for green
technologies and electronic devices, many researchers believe
that demand for REEs will also increase [10, 11]. Specifically,
supply concerns regarding the heavy REEs (HREE) are of
primary concern because identifying economically feasible
HREE-enriched deposits outside of China has been unsuc-
cessful [12].

Given the disparity between current REE supply and future
REE demand, many stakeholders including researchers, na-
tional governments, and private companies have attempted
to identify alternative and unconventional REE resources.
For example, by-products of phosphoric acid production have
been identified as a potential alternative source of REE pro-
duction [13–16]. Also, there has been an increased interest in
recycling of REEs, further indicating the need for alternative
REE supplies [17]. While the overall production volume of
REEs may alleviate some criticality concerns of the REE sup-
ply, it will not successfully compensate for the projected in-
crease in demand over the next several years [18].

The presence of REEs in coal has long been established by
many researchers [19–22]. More recently, the classification of
REEs as critical minerals by the USA has brought an in-
creased interest in the availability of a domestic REE supply.
Since 2014, the US Department of Energy has analyzed the
economic feasibility of recovering rare earth elements from
coal and coal by-products [23]. Most initial studies focused
on the recovery of REEs from coal tailings (refuse) and coal
fly ash [24].

In June 2015, researchers at West Virginia University
found significant concentrations of REE in precipitates
formed during acid mine drainage (AMD) treatment [25].
These findings formed the basis for a detailed study of REE
occurrence in the northern (NAPP) and central (CAPP)
Appalachian Coal Basin AMD and its by-products.
Consequently, this research was developed to identify the
grade and potential recovery of REEs from AMD and its by-
products.

In the Appalachian Coal Basin, AMD constitutes one of the
most significant and widespread water quality challenges.

AMD occurs when pyrite-bearing mine spoil oxidizes after
mining. It consists of acidity and a varied suite of metals such
as iron, aluminum, and manganese as well as the dominant
anion, sulfate. Mining exposes these sulfide minerals to
weathering, and the increased mineral surface area then leads
to elevated oxidation and leaching, resulting in AMD forma-
tion as follows [26]:

FeS2 þ 7

2
O2 þ H2O ¼ Fe2þ þ 2SO2−

4 þ 2 Hþ ð1Þ

Fe2þ þ 1

4
O2 þ Hþ ¼ Fe3þ þ 1

2
H2O ð2Þ

Fe3þ þ 3H2O ¼ Fe OHð Þ3 þ 3Hþ ð3Þ
FeS2 þ 14 Fe3þ þ 8 H2O ¼ 15 Fe2þ þ 2 SO2−

4

þ 16 Hþ ð4Þ

The detrimental effects of AMD are well-documented and
include adverse impacts on nearby streams [27–30]. Over the
last 50 years, researchers have extensively studied the factors
controlling AMD and developed methods that predict the se-
verity and extent of AMD based on mining practices and
geological properties [28, 31].

Per Section 402 of the CleanWater Act, mine operators are
obliged to treat AMD prior to discharge. This treatment often
incorporates alkaline addition and oxidation to increase the pH
and remove metal ions from solution [26, 30, 32, 33]. This
method of treatment can be incorporated through the use of
different processing systems, both active and passive, to max-
imize treatment efficiency, minimize cost, and ensure environ-
mental compliance [29, 34].

As AMD is treated by alkaline addition, the dissolved met-
al ions precipitate as hydroxides (denoted AMD sludge, AMD
precipitate, or AMDp) while clean water is discharged into the
receiving stream as follows (when using CaCO3 as the neu-
tralizing agent) [35]:

CaCO3 þ H2SO4 ¼ CaSO4 þ H2CO3 ð5Þ
3CaCO3 þ Fe2 SO4ð Þ3 þ 6H2O

¼ 3CaSO4 þ 2Fe OHð Þ3 þ 3H2CO3 ð6Þ
3CaCO3 þ Al2 SO4ð Þ3 þ 6H2O

¼ 3CaSO4 þ 2Al OHð Þ3 þ 3H2CO3 ð7Þ

The chemical and morphological characteristics of AMDp
are unique to each treatment site and are a function of the
composition of the AMD, type of neutralization chemical
used, the amount of aeration, the extent of carbon dioxide
release, and the configuration of the treatment system incor-
porated [26, 36]. Typically, AMDp is composed of an iron-
rich sludge that can contain other metals and vary from gran-
ular to gelatinous in consistency [36]. Moreover, the AMDp
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can contain fine to amorphous flocs that are greatly dependent
on the treatment chemical used [37]. As a result, the AMDp
from each mine site will vary as to the exact makeup of hy-
droxides, carbonates, and composition of metals. Lastly, this
bulky and often moisture-rich sludge is difficult to handle and
dispose of effectively. Alternative applications for this mate-
rial could prove beneficial to the public and private entities
liable for the treatment and disposal of AMD [38].

AMD chemistry represents the integration of reactions that
occur on much smaller scales such as the pore water surround-
ing pyritic versus non-pyritic rock grains and localized oxidiz-
ing versus reducing environments. This integration occurs
over the scale of mines that range in extent from hundreds of
acres to 20 square miles or more as is the case of large, under-
ground mines. AMD precipitate further integrates these vari-
ations in discharge chemistry by aggregating the dissolved
metal loads over periods of months or years. The volume of
mine drainage, either derived from surface or underground
sources, changes seasonally according to the volume of infil-
trating water; but, ionic composition fluctuates within narrow
bounds at a given source. Thus, loads and concentrations vary
inversely between the wet winter months and the dry late-
summer to fall seasons.

While several prior studies have evaluated the partitioning
and concentration of major AMD metals such as iron, alumi-
num, and manganese, few studies to date have evaluated the
quality and quantity of REEs in AMD and AMD treatment
by-products. Moreover, the lack of technical data on REEs in
AMD limits the ability to answer key questions on the
prospectivity (a predictive tool for choosing the location for
further exploration efforts) of a potential REE resource de-
rived from AMD. These questions include but are not limited
to:

& What are the typical REE concentrations in AMD and
what factors influence those concentrations?

& What is the size of the REE resource that can be realized
from AMD in the Appalachian coal basin?

& What is the contained value of REEs in AMD and AMDp,
and is this contained value sufficient to merit further
study?

& What is the conceptual framework for the extraction and
processing of these resources?

& What environmental, social, legal, and other intangible
considerations must be resolved prior to resource
development?

The objective of this manuscript is to evaluate the
prospectivity of AMDp as an alternative source of REEs.
The current technical literature lacks data from systemic stud-
ies that describe the content and quality of REEs in AMD and
AMDp, and, as a result, few researchers have critically ana-
lyzed the value chain that can be derived from this current

waste stream. This manuscript will describe a prospecting
study where nine AMD treatment sites were extensively sam-
pled and analyzed to determine the variation among and with-
in sites as well as the partitioning of REEs among the AMD,
AMDp, and treated water streams. Following this initial char-
acterization, a regional production model was developed and
used to estimate the resource size and potential value of REEs
from AMD. Lastly, the paper investigates the technical, envi-
ronmental, and civil considerations that would accompany
REE extraction from AMD.

2 Materials and Methods

To assist in assessing the prospectivity of REEs in AMD, nine
Northern Appalachian coal mine sites with AMD outflows
were chosen for detailed sampling that encompassed a variety
of coal seams and mine types. Each of these sites employs
active chemical treatment of the AMD to meet effluent limits.
As a result, both AMD and AMDp were available for sam-
pling. Figure 1 shows the location of these sites within the
NAPP basin on a county level, while Table 1 shows the unique
characteristics of each site.

Several classes of AMDwere represented in the population
of sampling sites. The two primary mine categories included
underground and surface. The surface category included re-
fuse storage areas and impoundments. Next, the mines were
classified as either above or below drainage (a.k.a. flooded).
Flooded mines that are located below drainage typically
contained net-alkaline water in contrast to the net-acidic water
commonly associated with AMD [39, 40]. This difference is
caused by the restriction of pyrite oxidation under anoxic,
flooded conditions and the gradual accumulation of the alka-
line, bicarbonate ion buffer [41]. Under unflooded, oxidizing
conditions, pyrite oxidation is unrestricted and acid generation
may be controlled by either neutralizing minerals in the spoil
or the eventual exhaustion of pyrite [42, 43]. This distinction
is significant as the extent of acid generation is anticipated to
influence REE loading.

Both aqueous AMD and solid AMDp samples were col-
lected over periods of between four and 17months, depending
on the sampling site. Typically, both the influent and effluent
aqueous streams were collected at the AMD treatment plant.
Additionally, three AMDp samples were collected at the site
during each visit.

The sampling interval was chosen based on the inherent
variability, quality, or quantity of the AMDp produced at each
site. For example, site AMD_7 was sampled frequently even
though it had a low REE concentration in the AMDp because
it had a high flux of AMD and was therefore a potentially
high-volume producer of REEs. Likewise, site AMD_3 had
the highest concentration of total rare earth elements (TREEs)
in the population and was therefore intensively sampled.
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The collected aqueous and precipitate samples were then
analyzed using ICP-MS for the REEs by TestAmerica
Laboratories, Inc. and SGS Canada Inc., respectively. Both

laboratories are certified by their respective state/provincial
agencies to undertake both aqueous and solid REE analysis.
Additionally, West Virginia University’s National Research

Fig. 1 County level location of the AMD sites evaluated

Table 1 AMD site topographic
settings and characteristics Site ID State County Influent

pH
Treatment
chemical

Seam Mine
type

Flooded/above
drainage

AMD_
1

WV Preston 2.73 Lime Freeport UG Above drainage

AMD_
2

WV Monongahela 6.91 Lime Pittsburgh UG Flooded

AMD_
3

WV Upshur 3.46 NaOH Kittanning SM Above drainage

AMD_
4

PA Armstrong 3.17 Lime Kittanning SM/UG Above drainage

AMD_
5

WV Monongahela 2.88 Lime Freeport UG Above drainage

AMD_
6

PA Cambria 5.38 Lime Kittanning UG Flooded

AMD_
7

PA Greene 6.58 Lime Pittsburgh UG Flooded

AMD_
8

WV Preston 2.69 Ammonia Freeport UG Above drainage

AMD_
9

WV Preston 2.70 Lime Freeport UG Above drainage

UG, underground mine; SM, surface mine
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Center for Coal and Energy Analytical Laboratory (NRCCE)
used an ICP-OES to analyze the other major ions. AMDp was
digested using a sodium peroxide (Na2O2) fusion and re-
dissolved in hydrochloric acid. This method appears to be
comparable with the United States Environmental Protection
Agency’s total digestion method 3052 for REEs. Method de-
tection limits (MDL) for the aqueous rare earths were typically
in the 0.02 ppb range, while the solid REE analysis had MDL
ranging from 5 to 0.5 ppm.Major metal ions were measured in
aqueous samples with MDL similar to those of the aqueous
REEs.

Aqueous samples were collected in a clean 1000-mL
HDPE sample bottle. Next, this sample was then split into
two separate containers (one preserved and one raw) for fur-
ther analysis. Dilute nitric acid (2%) was added to the pre-
served sample bottle to prevent precipitation or adsorption of
the target analytes during shipping. Afterwards, the raw water
samples were stored at 4 °C, until it was ultimately delivered
to the NRCCE laboratory for major ion analysis. Finally, the
aqueous REE samples were shipped to the TestAmerica labo-
ratory in their preserved state.

Precipitates were collected by hand using a shovel or post-
hole digger at or near the edge of the drying cell. These sam-
ples were placed in new 1-gallon HDPE sample buckets.
Later, the AMDp samples were split into 50-mL representa-
tive aliquots for the ICP analysis in a laboratory setting. These
sub-samples were then placed in 50-mL digestion tubes for
transport to SGS Canada Inc. for analysis.

Representative samples of entire AMDp cells were often
difficult to impossible to safely obtain due to the depth and
semi-liquid consistency of the precipitate. Therefore, many of
the collected samples were located near the edge of drying cell
ponds. Due to this sampling procedure, bias may have been
introduced into some of the results. For example, the AMDp
may stratify within the settling pond with varying qualities
dependent upon depth. Alternatively, where allowed, various
AMDp samples were collected at differing depths across a
drying cell for select sites. Figure 2 shows a typical AMDp
drying cell where representative samples were difficult to ob-
tain. Finally, at sites that pump an AMDp product to aban-
doned underground mine works, the samples were collected
from the clarifier underflow.

Several authors, including Seredin and Dai [44], Moldoveanu
[45], and Gupta [46], have used different classifications methods
to assist in analyzing potential REE resources. These classifica-
tions can be based on supply-demand relationships (critical REE
versus excessive REE) or simple atomic number (heavy REE vs.
light REE). For this paper, the following classifications will be
observed:

& Heavy REEs (HREE): Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu

& Light REEs (LREE): La, Ce, Pr, Nd, Sm, Eu

& Total REEs (TREE): HREE + LREE
& Critical REEs (CREE): Y, Nd, Eu, Tb, Dy

3 Results and Discussion

The data from the field sampling campaign was used to assess
the prospectivity of the REE resource in AMD. Key questions
include the concentration of REEs in AMD and the factors
that influence concentration, the overall size of the potential
resource, the market value, conceptual framework for extrac-
tion and processing, and environmental and civil consider-
ations. Each question is addressed in further detail below.

3.1 Concentration of REEs in AMD and AMDp

Tables 2 and 3 show the analytical results of the sampling
campaign for AMD and AMDp respectively. TREE concen-
tration averaged 258 μg/L for the aqueous AMD influent.
This low REE concentration may seem to preclude AMD as
a viable REE feedstock; however, the high enrichment factor
after treatment of AMD is significant. Of the samples tested,
the average concentration of REEs in AMDp was 517 g/t: a
concentration factor of 2000 times, with individual REE con-
centration factors varying from 1300 to 8400 times. These
data show that the process of AMD migration through coal
strata and the subsequent treatment of AMD produce a net
enrichment, because the average TREE concentration in
AMDp (517 ppm) is considerably higher than that of US coal
(66 ppm) or the crustal abundance (206 ppm) [19, 47]. Also,
REE concentrations in AMD treatment plant effluent was ex-
tremely low, often below detection limits, indicating the REEs
exited the treatment plant as a precipitate.

Fig. 2 Typical AMDp drying pond found in NAPP
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3.1.1 TREE in Pre and Post Water Treatment

Further evaluation of the influent and effluent streams at each
site confirmed that the bulk of the REEs were recovered into
the AMDp. Figure 3 compared these influent and effluent
streams from the nine sites. From these data, it was shown
that the AMD treatment process reduced the REEs in the
effluent by an average of 78%. Likewise, the major polluting
metals (Al, Fe, Mn, Mg) were also reduced by an average of
57%. As a result, an economic method for recovering REEs
from AMDp could further incentivize operators to meet or
even exceed the governing effluent limits.

Results from this characterization of REEs in AMD by-
products indicated that on average, AMDp contained
517 ppm of REEs on a dry weight basis, as seen in Table 3.
In addition, Table 4 shows the 95% upper and lower confi-
dence intervals for repeat samples taken from the same site. In
many cases, samples from a given site showed very little var-
iability with respect to REE concentration and distribution.
This finding is likely due to the large time scales and spatial
scales that govern AMD production and migration. Thus, the

concentration of REEs in AMD represents the integration over
several decades and large volumes of rock.

3.1.2 Factors Controlling REE in AMD and AMDp

Each coal mine has unique geochemical features even among
those that are in relatively close geographic proximity and coal
seam. Furthermore, the elevation of the mine works, whether
above or below drainage, also has a clear effect on the quantity
of REEs in the aqueous AMD discharging from the mine.
Treatment chemistry further influences the REE concentration
in AMDp based on the type of treatment required at the mine.
As shown in Tables 2 and 3, the sites AMD_2, AMD_6, and
AMD_7 have significantly lower TREE concentrations, in
both the AMD and AMDp, than the other mines. These three
mines are all below-drainage flooded mine complexes. The
water chemistry of these flooded AMD mines differs signifi-
cantly from above-drainage mines. Typically, the pH of AMD
discharged from these mines are of higher value (as seen in
Table 2) since the oxidizing conditions that produce AMD are
not present.

Table 2 Average REE concentrations for aqueous AMD influent at nine treatment facilitates in PA and WV

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9 Mean % TREE

Mine type (txt) UG UG SM UG UG UG UG UG UG – –

Horizon (txt) AD BD AD AD AD BD BD AD AD – –

Seam(s) (txt) UFP PITT KITT KITT UFP KITT PITT UFP UFP – –

AMD samples (#) 4 12 17 4 17 4 13 6 4 9 –

Sc (ug/L) 2.63 0.83 6.11 38.70 46.50 3.16 3.82 8.05 11.38 13.46 5.2%

Y (ug/L) 18.38 2.15 41.51 355.03 72.84 16.70 13.27 42.42 66.78 69.90 27.1%

La (ug/L) 10.48 0.42 11.55 34.65 12.75 2.53 0.32 10.08 20.08 11.43 4.4%

Ce (ug/L) 31.23 1.41 35.69 137.60 48.81 7.73 1.49 37.33 72.88 41.57 16.1%

Pr (ug/L) 4.83 0.22 4.34 27.18 7.86 1.07 0.35 6.08 11.40 7.04 2.7%

Nd (ug/L) 23.00 1.14 20.06 172.15 40.39 5.70 2.55 31.10 56.35 39.16 15.2%

Sm (ug/L) 6.35 0.27 5.34 72.05 12.27 1.73 0.92 9.25 16.98 13.90 5.4%

Eu (ug/L) 1.40 0.06 1.40 19.78 3.22 2.83 0.29 2.27 4.15 3.93 1.5%

Gd (ug/L) 6.98 0.43 7.72 103.08 17.80 3.13 1.83 11.60 20.90 19.27 7.5%

Tb (ug/L) 0.96 0.05 1.31 15.80 3.35 0.51 0.28 1.80 3.25 3.03 1.2%

Dy (ug/L) 5.05 0.36 7.95 82.30 20.82 3.15 1.78 10.32 17.40 16.57 6.4%

Ho (ug/L) 0.86 0.05 1.51 14.40 4.04 0.61 0.42 1.82 3.08 2.98 1.2%

Er (ug/L) 2.18 0.20 4.26 34.95 11.79 1.60 1.21 4.95 8.15 7.70 3.0%

Tm (ug/L) 0.28 0.01 0.53 4.33 1.49 2.64 0.15 0.62 1.03 1.23 0.5%

Yb (ug/L) 1.58 0.13 3.12 23.53 9.14 1.05 0.81 3.88 6.50 5.52 2.1%

Lu (ug/L) 0.23 0.01 0.45 3.43 1.30 2.62 0.13 0.55 0.88 1.06 0.4%

pH (pH) 2.73 6.91 3.46 3.17 2.88 5.38 6.71 3.92 2.70 4.20 –

TREE (ug/L) 116 8 153 1139 314 57 30 182 321 258 100.0%

HREE (ug/L) 39 4 74 676 189 35 24 86 139 141 54.6%

LREE (ug/L) 77 4 78 463 125 22 6 96 182 117 45.4%

CREE (ug/L) 49 4 72 645 141 29 18 88 148 133 51.4%

SM, surface mine; UG, underground mine; AD, above drainage; BD, below drainage; UFP, Upper Freeport; KITT, Kittanning; PITT, Pittsburgh
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The current data generally shows that increased pH in raw
AMD corresponds to a lower TREE concentration. The quan-
tity of free hydrogen ions available for leaching is a major
factor in liberating REEs from the surrounding strata. A cor-
relation of influent water pH and TREE concentration in
AMD was derived from the dataset. Figure 4 shows this rela-
tionship. Of interest is the lack of data between the pH values
4 and 5 labeled as an “un-buffered zone,” where Fe and Al
buffering in AMD results in areas of pH stability in the regions
above and below the pH range of 4 to 5, respectively. This
bimodal behavior is likely due to the carbonate buffering in
the upper pH range and pyrite oxidation at the lower pH range
as described by Cravotta et al. [48]. Indeed, this bimodal dis-
tribution is a result of the differences in geochemistry between
the flooded underground and above-drainage mines. This dif-
ferentiation may indicate that different processing paths will
be required for the different influent geochemistry profiles.

When compared with the average crustal abundance and
the average content of REEs in coal, the AMDp contained a

significantly higher abundance of REEs as shown in Fig. 5.
Except for Sc, all the REEs in AMDp were found in higher
concentrations than in those of either the crustal abundance or
native coal material. On average, the REEs in AMDpwere 3.5
times more concentrated than the crustal abundance and more
than 10 times more concentrated than typical REEs found in
coal [19, 47]. More important is the interaction between AMD
and the mineralogy of the coal seam. AMD typically seeps
through not just the coal seam but the surrounding strata as
well. As indicated by Zhang et al. [49], the REEs typically are
associated with the gangue materials within the coal seam and
not the coal itself.

3.2 Basin Production Estimate

The results from the sampling campaign are analogous to an
initial prospecting survey and may be used to approximate the
overall regional production at a high level. Unfortunately,
comprehensive AMD flowrate datasets are practically

Table 3 Average REE concentrations for AMDp at nine treatment facilitates in PA and WV

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9 Mean % TREE

Mine type (txt) UG UG UG UG SM UG UG UG UG – –

Horizon (txt) AD AD AD AD AD AD BD BD BD – –

Seam(s) (txt) KITT UFP UFP UFP KITT UFP KITT PITT PITT – –

AMDp samples (#) 14 12 52 12 52 12 13 40 36 27 –

Sc (g/t) 13.25 14.54 54.87 14.54 15.56 13.71 9.85 3.88 1.32 15.72 3.0%

Y (g/t) 198.21 141.42 98.33 129.01 396.74 96.37 52.40 8.31 6.67 125.27 24.2%

La (g/t) 44.94 94.03 20.39 126.75 110.31 149.96 8.85 2.98 3.11 62.37 12.1%

Ce (g/t) 138.14 127.42 72.07 130.31 296.27 169.00 24.60 8.13 7.22 108.13 20.9%

Pr (g/t) 21.72 20.05 11.43 19.89 37.21 23.28 3.71 1.16 0.90 15.48 3.0%

Nd (g/t) 114.07 96.42 55.58 95.92 163.92 111.92 17.38 5.48 4.36 73.89 14.3%

Sm (g/t) 37.48 29.29 16.74 28.38 41.36 30.18 4.73 1.93 0.82 21.21 4.1%

Eu (g/t) 9.40 7.35 4.28 7.08 10.84 7.21 1.25 0.64 0.30 5.37 1.0%

Gd (g/t) 49.36 35.69 24.17 34.98 61.18 35.33 8.52 2.25 1.18 28.07 5.4%

Tb (g/t) 6.92 5.80 4.43 5.62 10.22 5.53 1.43 0.55 0.30 4.53 0.9%

Dy (g/t) 37.10 31.15 26.11 32.47 61.72 31.13 8.05 1.94 0.78 25.61 5.0%

Ho (g/t) 6.86 5.96 5.18 6.25 12.64 6.04 1.84 0.46 0.20 5.05 1.0%

Er (g/t) 17.38 15.48 14.01 16.45 34.18 16.05 4.72 1.07 0.46 13.31 2.6%

Tm (g/t) 2.12 2.16 1.95 2.21 4.48 2.06 0.68 0.47 0.40 1.83 0.4%

Yb (g/t) 11.72 12.12 11.15 12.54 25.38 11.61 3.19 0.70 0.37 9.87 1.9%

Lu (g/t) 1.76 1.80 1.68 1.86 3.70 1.72 0.57 0.35 0.30 1.53 0.3%

U (g/t) 7.41 6.83 5.38 8.19 5.22 4.83 0.58 0.75 0.94 4.46 0.9%

Th (g/t) 4.91 14.37 9.64 7.39 3.96 8.98 0.38 0.82 0.64 5.67 1.1%

TREE (g/t) 710 641 422 664 1286 711 152 40 29 517 100.0%

HREE (g/t) 345 266 242 256 626 220 91 20 12 231 44.6%

LREE (g/t) 366 375 180 408 660 492 61 20 17 286 55.4%

CREE (g/t) 366 282 189 270 643 252 81 17 12 235 45.4%

TREE Enrichment (−) 624 1995 1344 3647 8412 6111 2675 1360 3712 2007 –

SM, surface mine; UG, underground mine; AD, above drainage; BD, below drainage; UFP, Upper Freeport; KITT, Kittanning; PITT, Pittsburgh
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nonexistent due to the complexity of flow interactions, large
seasonal variations, and the temporal nature of the effluent
constituents. As a result, multiple AMD outfall datasets were
compiled to estimate the regional AMD flow rate estimate by
the authors. These data are composed of projects completed
by the West Virginia Water Research Institute, Pennsylvania
Abandoned Mine Land Department, West Virginia
Department of Environmental Protection, and various studies
from others [50–52].

In all, this regional estimate encompasses over 1100 unique
AMD outlets, predominately in the NAPP region and indicat-
ed that the regional AMD flow rate is approximately
94,700 L/s. Consequently, this estimate may be considered
conservative in relation to the actual flow rate. Previously,
Stewart et al. provided a regional flow estimate of
417,448 L/s [53]. By comparison, the methods used by
Stewart could lead to overestimation of the true quantity of
AMD due to the incorrect assumption that all coal mining
leads to the generation of AMD and neglecting the spatial
reduction of multi-seam extraction, which is common in
Central Appalachia (CAPP). Given these complexities, an ac-
curate and precise determination of AMD flowrate for the
Appalachian basin would require a more extensive study well
beyond the scope of this research. Nevertheless, for the

purpose of the current study, both Stewart’s methodology
and the authors’ methodology were used to estimate the high
and low AMD flow rate values, respectively. In addition, the
REE content of this AMD was assumed to be the average for
the NAPP values shown in Table 5. Given these inputs, the
estimated REE production from AMD was determined to be
between 771 to 3400 t of REEs per year. The high variance in
the two estimated production rates indicates that further ex-
ploration of the resource is required to identify an economi-
cally feasible process to extract REEs from AMD.

3.3 Valuation

To estimate the contained value of REEs in AMD, an average
price deck for the REEs was compiled for the lanthanide series
plus yttrium from 2008 through 2015 using the USGSMineral
Yearbooks [54–61]. These 8 years contain the global REE
peak prices observed during 2011 as well as the preceding
and post market minimums. A similar process for economic
valuation has been used in similar coal-based REE deposits
[62, 63]. Scandium was not included in this analysis, as the
unit high price tends to grossly distort the final values.
Additionally, the current global production of scandium is
very small, and a large influx of Sc to the market could dras-
tically change the supply and demand relationship [64].

Table 4 AMDp 95% upper and lower confidence intervals for mean TREE values

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9

Mean TREE (g/t) 711 29 1286 710 422 152 40 664 641

95% UCL (g/t) 507 24 1202 585 406 131 17 504 575

95% LCL (g/t) 916 33 1369 836 439 173 64 825 707

UCL, upper confidence level; LCL, lower confidence level

Fig. 3 Difference in the influent and effluent TREE values for nineNAPP
AMD sites

Fig. 4 Relationship between pH and aqueous TREE concentrations
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The referenced prices were provided on an oxide basis and
were averaged across the 8-year span for the present data.
Next, the oxide prices were converted to metal equivalents
using standard metal to oxide ratios. Table 6 shows the price
deck used for this preliminary valuation.

From these prices, two different economic indicators were
evaluated for the mean AMDp REE concentration (minus Sc).
First, the basket price was determined by weighting the ele-
mental price by the elemental distribution within the AMDp.
This indicator was representative of a what 1 kg of final REE
metal product would command on the open market, assuming
a representative distribution of REEs were produced from the
mean AMDp values. This could also be viewed as the gross
average selling price for the AMDp product before fixed and
variable mining costs are deducted. Additional assumptions in
the generation of this metric assume that all elements have
demand in the market and all were equally recoverable in
the refining process. Overall, the basket price would be a poor
indicator when choosing between two projects; however, it
does provide a good comparison of an ore’s potential value
when identical elemental prices were used between projects.

The second indicator evaluated was the in situ price. This
value represents the unitized value of 1 t of the resource in the
ground. In relation to AMDp, this metric would correspond to

1 t of AMDp, on a dry weight basis, located in a storage pond.
This price was also exclusive of mining, processing, and mill-
ing costs; therefore, it was not an indicator of economic via-
bility. Furthermore, this price assumed all elements were fully
recovered and salable. Nevertheless, this benchmark may be
used to compare the gross unitized value of reserves and re-
sources between multiple projects. When the in situ price of
$89.08/kg TREE was applied to the REE production models

Fig. 5 Comparison of mean
AMDp REE concentrations to
that of crustal and US coal
abundance values [19, 47]

Table 6 Price deck used for economic evaluation consisting of average
pricing from USGS Mineral Yearbooks (2008–2015)

Mean Elemental Basket In situ
Element Concentration % TREE Value Price Price
(txt) (g/t) (%) ($/kg) ($/kg) ($/ton)

Sc* 15.72 – $5628.83 – –

Y 125.27 25.0% $85.53 $21.36 $10.72

La 62.37 12.4% $32.73 $4.07 $2.04

Ce 108.13 21.6% $35.23 $7.60 $3.81

Pr 15.48 3.1% $123.96 $3.83 $1.92

Nd 73.89 14.7% $109.10 $16.07 $8.06

Sm 21.21 4.2% $158.86 $6.72 $3.37

Eu 5.37 1.1% $1817.44 $19.47 $9.77

Gd 28.07 5.6% $183.49 $10.27 $5.15

Tb 4.53 0.9% $1438.75 $13.00 $6.52

Dy 25.61 5.1% $681.84 $34.81 $17.46

Ho 5.05 1.0% $859.11 $8.65 $4.34

Er 13.31 2.7% $195.83 $5.20 $2.61

Tm 1.83 0.4% $2093.80 $7.66 $3.84

Yb 9.87 2.0% $455.48 $8.96 $4.49

Lu 1.53 0.3% $3269.27 $9.95 $4.99

TREE 502 100.0% – $177.62 $89.08

HREE 215 44.6% – $119.87 $60.12

LREE 286 55.4% – $57.76 $28.97

CREE 235 45.4% – $104.73 $52.52

*Sc Excluded from evaluation due to the inherent volatility

Table 5 Low and high regional flow rate estimates

Regional AMD flow estimate Units Low1 High2

PA (L/s) 51,401 –

WV (L/s) 24,095 –

OH (L/s) 18,900 –

MD (L/s) 317 –

Total (L/s) 94,712 417,448

TREE concentration (mg/L) (mg/L) 0.258 0.258

TREE load (t/year) 771 3400

1 Regional flow estimates based on proprietary AMD studies
2 Regional flow estimate by Stewart et.al. [53]
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in Table 5 at the mean aqueous inflow concentration, a value
of approximately $69M/year to $303M/year was observed.

To compare the viability of AMDp as a reasonable REE
feedstock, the two aforementioned price indexes were applied
to 58 different REE resources. The assays for these projects
were compiled from NI 43–101, JORC, or SAMREC state-
ments [65]. As a means of comparison, the in situ price for
each resource was plotted against that resource’s basket price,
as shown in Fig. 6.

The AMDp ranks reasonably well among the other resources,
indicating that it has a moderate potential as a feasible resource.
While AMDp does have a lower in situ price than many other
reserves, it also has several unique qualities that are more ame-
nable to processing than traditional hard-rock ores. For example,
AMDp does not rely on traditional extraction, comminution, or
physical separation as part of the processing flowsheet. AMDp
processing to recover REEs would likely occur on brownfield
sites that are already permitted for waste disposal. Furthermore,
AMDp possesses a significant basket price when compared to
other resources.

While this research shows that the production potential of
REEs through AMD is below that of the current US demand,
AMD is still significant as a steady and reliable domestic source.
AMD typically loses acidity over time; however, new mining
works are constantly being added that could create the oxidizing
environment necessary for future AMD production.
Additionally, the generation of REEs through AMD flows is
stable over long periods of time; as a result, this resource could
be used to supplement other US-based REE sources.

Lastly, AMDp is viewed by the industry as an impediment
and the treatment, storage, and removal are conducted in a
manner that minimizes cost. As a result, many of the AMDp
resources are currently pumped underground or disposed of in
impoundments. These practices do not allow for the recovery of
REEs from the AMD treatment waste streams. Furthermore,
there are many potential positive environmental impacts that
could be achieved with the beneficiation of AMDp.

3.4 Conceptual Framework for Extraction
and Processing

Currently, REEs are processed from a large variety of feed-
stocks that utilize a multitude of mineral processing and hy-
drometallurgical technologies [66]. By emulating these prov-
en mining and hydrometallurgical processes in the REE in-
dustry, a high-level conceptual framework can be applied to
AMDp. Figure 7 shows this theoretical flowsheet that could
be used in the production of REEs from AMDp.

Initially, the AMDp would need to be extracted from the
current in situ location. This material handling process could
involve several mining practices from loading and hauling to
pumping to transporting the feedstock to a processing facility.
Once at the facility, several costly steps that are used in hard-
rock ore processing could be bypassed due to the amorphous
consistency of the precipitate. For example, extensive sizing
processes like crushing and grinding as well as physical con-
centration such as flotation would not be necessary to classify
and concentrate the feed material.

Next, the hydrometallurgical process used in the REE in-
dustry typically requires the REEs to be in an aqueous form.
Likewise, the AMDp would need to be converted from the
current oxide form into a soluble feedstock. Multiple leaching
routes are available to accomplish this solubilization.

Separation of the REEs from other gangue metals in the
AMDp could be accomplished using a variety of techniques.
Currently, ion exchange, solvent extraction, or selective pre-
cipitation are used to recover REEs in an oxide form. Once
separated, the REE oxides could be packaged and transported

Fig. 7 Conceptual framework for extraction and recovery of REEs from
AMDp

Fig. 6 Comparison of the basket and in situ price index for NAPPAMDp
and 58 other REE resources. Ore-based project data after Lifton [65]
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to a toll refiner with advanced capabilities to turn the oxides
into metal. Typically, these processes utilize a type of smelting
or electrolysis to isolate REE metals. Finally, these metals
would constitute a finished product that can be sold on the
open market.

3.5 Environmental and Civil Considerations

AMD treatment within the coal industry currently focuses
on simply meeting effluent limits. In meeting these limits,
the AMD treatment process does not maximize the re-
moval of metals and REEs. This compliance-based prac-
tice thus creates opportunities to increase treatment of the
influent to further remove metals before the effluent is
discharged into the environment. Should REEs become a
revenue stream for AMD plant operators, the overall pro-
cess could incentivize private or governmental organiza-
tions to purchase and treat additional AMD streams that
are currently polluting waterways.

Incidentally, the REE revenue could even change mining
practices within the Appalachian region. Currently, AMD-
producing material is separated using specific material han-
dling plans that result in this material being stored in non-
oxidizing conditions or acid-producing overburden is mitigat-
ed with alkaline amendments. Alternatively, lined, spoil con-
tainment areas could be created in the form of heap-leaching

structures. These leach beds would intentionally channel
AMD to treatment plants where processing would subse-
quently follow. As a result, the pyritic AMD-producing spoil
would not have an opportunity to adversely affect external
waterways.

For most hard-rock REE deposits, uranium and thori-
um are common contaminants that require specialized
handling and disposal during the treatment process.
Notably, AMDp has very low concentrations of these el-
ements relative to similar grade REE deposits. This de-
creased occurrence of the actinides is common among
coal and coal byproduct REEs feedstocks; however,
AMDp is also significantly lower in these actinides than
NAPP coal sources, as shown in Fig. 8 [67].

Thermodynamic considerations (e.g., pH–EH diagrams)
show that uranium and thorium typically do not mobilize in
solution at pH values greater than 1 [68]. Since typical AMD
does not reach these low pH values, AMDp samples often
contain very low concentrations. The AMDp samples in this
study exhibited an average uranium and thorium concentra-
tion of 4.46 and 5.67 g/t, respectively. Conversely, monazite (a
typical REE-bearing mineral) ores routinely contain 4 to 12%
thorium along with uranium [69]. REE deposits with high
concentrations of these actinides need to be evaluated with
particular attention to these elements as demonstrated by the
2002 closure of the Mountain Pass mine [5].

Fig. 8 Comparison of U and Th between NAPP coal and AMDp
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4 Conclusions

In all, nine AMD sites were evaluated for REE content in both
raw water and AMDp. This research has verified that REEs
concentrate in the by-products of AMD treatment. These con-
centrated REEs in AMDpmay also possess the qualities need-
ed to justify their use as a viable feedstock resulting in a US-
based REE supply. Additionally, a conceptual framework was
presented to show different unit operations that could be im-
plemented for the beneficiation of REEs from AMD. Finally,
by utilizing these precipitates to refine the REEs, certain en-
vironmental incentives may mitigate additional AMD
pollution.

The following key findings were developed during this
research:

– Data from 81 samples showed that the REE concentration
in AMD inflows was a strong function of pH.

– For AMD influent samples with a pH < 4, the average
TREE concentration was 371 μg/L.

– For AMD influent samples with a pH > 4, the average
TREE concentration was 88 μg/L.

– Typically, the data showed that net-alkaline flooded un-
derground mines had significantly lower TREE flux than
net-acidic aboveground and surface mines.

– Traditional AMD treatment captured approximately 78%
of the TREEs, leaving a precipitate with an average con-
centration of 517 g/t.

– A regional flow rate estimate showed that the total
amount of REEs produced from AMD can vary between
771 and 3400 t per annum.

– The AMDp data indicated that the precipitate contains
concentrations of thorium and uranium that are less than
6 g/t.
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3.1 Introduction

Rare earth elements (REEs) are essential for many industrial processes and high-tech end

use applications, including: catalysts, metallurgy, petroleum refining, catalytic converters,
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ceramics, glass additives, phosphors, magnets, and electronics [2]. From 2015 to 2018, the

United States consumed between 9,500 and 10,500 metric tons of REEs per year and was

heavily reliant on imports from China over that period [3]. Given the variety of end use

applications for REEs, future demand projections for specific REEs are difficult to predict;

however, the exponential growth in electronic devices as well as the lack of suitable REE

substitutes in these products, suggest that REEs will continue to be a significant and strategic

mineral resource for the foreseeable future [4,5]. In particular, several researchers have noted

a strong future demand for Yttrium, Neodymium, Europium, Terbium, and Dysprosium, all

of which are often denoted critical REEs by the US Department of Energy [6,7].

Given risks associated with REE supply shortages, a multitude of stakeholders including

researchers, national governments, and private companies have attempted to identify al-

ternative and unconventional REE resources. For example, in the mid-1990s, research in

South Africa investigated the feasibility of recovering rare earth oxides from byproducts of

the phosphoric acid production process [8–11]. These studies showed that process is techni-

cally feasible, and the researchers were ultimately able to produce high-grade Nd-Pr oxide

products. In addition, other researchers recently reviewed recycling of REEs from electronic

scrap [12]. Unfortunately, this study showed that up to 2011, most of the efforts in this area

were restricted to laboratory-scale research and the end-of-life recycling rate of REEs was

less than 1%. According to the U.S. Geological Survey, recycling and alternative sources of

REE still only account for limited quantities, and no large-scale commercial efforts have been

initiated [3,13]. Even if successful, these efforts will not fully compensate for the projected

increase in demand over the next several years [14].

Another potential source of REEs that has received recent attention is geologic material

associated with coal and coal byproducts. While the presence of REEs in coal has long been

established by many researchers, dating back to at least the 1960s and 1970s [15–17], efforts

to extract and concentrate these elements are fairly recent. In 2015, the U.S. Department

of Energy – National Energy Technology Laboratory initiated 10 projects representing $10.6

million in funds to investigate the technical and economic feasibility of recovering REEs from

coal and coal byproducts [13,18]. Many of these initial studies focused on solid-phase feed-
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stocks, including coal tailings (refuse) and coal fly ash [19–36]; however, another potential

resource is the aqueous-phase acid mine drainage (AMD) generated through coal mining.

Successfully developing this resource has the potential to remediate past environmental dis-

turbances, while addressing the issue of resource scarcity.

The first paper in this series identified the presence of REEs in AMD and assessed the

general prospectivity of this potential resource [1]. This preliminary work surveyed nine

Northern Appalachian (NAPP) AMD sites and identified higher occurrences of REEs in

the more acidic AMD flows. Additionally, the initial prospecting study indicated that over

75% of the REE flux is captured and enriched in the AMD treatment byproducts, often

called AMD sludge or AMD precipitate (AMDp). This traditional treatment was shown to

concentrate REEs by a factor of 2,000 when comparing the initial aqueous inflows to the

solid byproducts. Overall, this study confirmed the prospectivity of the resource but also

identified additional questions that must be addressed to better understand the quantity

and quality of the resource. Most notably, the limited number (nine) and geographic region

(NAPP) of sample sites precluded generic conclusions applicable to the larger coal mining

district.

The current technical literature lacks data from systemic studies that describe the content

and distribution of REEs in AMD and AMDp. As a result, few researchers have critically

analyzed the value chain that can be derived from this current waste stream. Given the

promising findings in the initial survey, the authors pursued a comprehensive sampling pro-

gram to characterize the AMD-based REE resource in two important Eastern U.S. coal fields.

The program included 141 AMD treatment sites in the Northern and Central Appalachian

coal basins. The sites were extensively sampled to determine regional production, storage, el-

emental distributions of REEs and critical minerals within the AMD based resource. Lastly,

the study investigated the effects that different cut-off grades would have on the overall size

of the sampled resource.
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3.2 Materials and Methods

3.2.1 Overall Experimental Objectives and Approach

The current study employed a large-scale regional sampling campaign to evaluate the con-

centration and quantity of REEs in AMD and AMDp across the Northern Appalachian and

Central Appalachian (CAPP) coal basins. The NAPP and CAPP coal basins vary signif-

icantly in regard to coal seam quality and geologic lithology [17]. The NAPP basin coal

is associated with younger deposits and the coals typically contain a higher sulfur concen-

tration that is more suitable for use in steam generation. Alternatively, the CAPP basin

contains both metallurgical and steam coal with a generally lower overall sulfur content

[18,19]. Because of these differences, the two basins were recognized as separate sample

populations.

Following the sampling campaign, individual solid phase (AMDp) and aqueous (AMD) sam-

ple splits were characterized for REE and major metal content. The data was then analyzed

to determine: (1) the typical aqueous and AMDp REE concentrations and the factors that

influence those concentrations; (2) any differences between the two basins with respect to

concentration or distribution of REEs; (3) the potential size of the REE resource that can

be realized from AMD; and (4) the effect that process cutoff grade may have on the overall

AMD-based REE resource in the Appalachian basin.

3.2.2 Site Selection and Sampling Locations

Throughout the study, 141 coal-based AMD treatment site outflows were sampled in the

NAPP and CAPP coal basins. Each of these sites employs active chemical treatment of

AMD to meet regulatory effluent discharge limits. As a result, both AMD and AMDp were

available for sampling. Figure 1 shows the location and number of sampling sites within each

county and coal basin. Table 1 shows the general sampling characteristics of sites within

each basin.
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Figure 3.1 – County-level map showing number of AMD sites sampled per county and Northern vs. Central
Appalachian boundary

Table 3.1 – AMD sites and sampling quantities by basin. Note some sites contained multiple AMDp storage
cells serving a given AMD discharge point. (CAPP, NAPP=Central and Northern Appalachian Coal Basins
respectively).

Treatment Sites Number of Samples
Basin AMD AMDp AMD AMDp
CAPP 44 56 51 141
NAPP 97 96 134 482
TOTAL 141 152 185 623

3.2.3 Site Sampling Protocols

Sampling was conducted in two campaigns. The initial sampling consisted of a regional

survey of 141 AMD discharges and formed the basis for estimating the REE resource available

in surface AMDp storage cells and the annual REE production rate (flux) based on AMD

generation regardless the disposition of AMDp. For example, AMDp might be stored in

surface cells, buried in surface mining operations, or injected into deep mine voids. Only the

former was available for sampling. A subsequent, intensive sampling campaign focused on
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potentially attractive sites based on either surface sludge resource or REE flux. A maximum

of ten AMDp samples were taken on each site. Thus, between one and ten samples were

collected and analyzed for each of the 141 sites shown in Figure 1. Statistical analysis was

conducted on those sites with multiple samples to assess variation within a single site.

The detailed sampling and analytical procedures have been described in our prior study [1],

and the pertinent details are repeated here for convenience. Aqueous samples were collected

in a clean 1,000 ml HDPE sample bottle. Next, this sample was split into two separate

containers (one preserved and one raw) for further analysis. Nitric acid (2%) was added to the

preserved sample bottle for REE analysis, whereas the raw sample was evaluated for major

ions. Afterwards, the raw water sample was stored at 4° C, until it was ultimately delivered

to the National Research Center for Coal and Energy (NRCCE) analytical laboratory at

West Virginia University, for analysis. Finally, the aqueous phase REE concentrations were

determined by TestAmerica, Inc. While on site, raw (untreated) AMD was characterized

with respect to flow rate, temperature, electrical conductivity, and pH.

AMDp samples were collected by hand using a shovel or post-hole digger at or near the edge

of the drying cell. For intensive sampling, up to nine samples were taken across each drying

cell or from multiple cells if present. Samples were placed in new one-gallon HDPE sample

buckets. Later, the AMDp samples were split into 50ml representative aliquots for ICP

analysis in a controlled environment. These sub-samples were then placed in 50ml digestion

tubes for transport to SGS Canada Inc. for determination of REE and major ions.

While efforts were made to ensure the integrity of the sampling process, representative

samples of entire AMDp cells were often difficult to obtain in a safe manner due to the depth

and semi-liquid consistency of the precipitate. Typical AMDp drying/storage cells are up to

3 m in depth. As a result, the degree to which the samples are representative of the entire

cell is unknown. For example, AMDp often stratifies vertically as operating conditions at

the AMD treatment plant vary. We attempted to minimize this effect by sampling from

the surface to maximum practical depth. Where practical, multiple AMDp samples were

collected at differing depths across a drying cell. Also, some locations used clarifiers for

solid/liquid separation and pump the underflow directly to abandoned underground mine
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works, these samples were collected directly from the clarifier underflow. In either case, the

sampling methods used in this study were deemed appropriate for the study objectives and

scope of work, which seek to address large scale variation across the entire basin. Detailed

geospatial resolution on single AMDp storage sites is beyond the scope of this current work

but is recommended for future studies.

3.2.4 Sample Analysis and Characterization

The collected aqueous and precipitate samples were analyzed using ICP-MS for the REEs

by TestAmerica Laboratories, Inc. and SGS Canada Inc., respectively. Additionally, West

Virginia University’s NRCCE Analytical Laboratory used an ICP-OES to analyze the other

major ions. All of these laboratories are certified by their respective state/provincial agencies

to assay the respective analytes. AMDp was digested using a sodium peroxide (Na2O2) fusion

and re-dissolved in hydrochloric acid. This method is comparable with the United States

Environmental Protection Agency’s total digestion method 3052 for TREEs as well as U.S.

Geologic Survey’s Method 20 for ICP-OES-MS analysis. Minimum detection limits for the

aqueous rare earths were typically in the 0.02 ppb range, while the solid REE analysis had

MDL’s ranging from 5 to 0.5 ppm. Major metal ions were measured in aqueous samples

with MDL’s similar to those of the aqueous REEs. Finally, all solid samples are reported on

a dry basis.

3.2.5 Data Analysis and Modeling

The mass of REEs in a given storage cell was calculated using the cell volume, the measured

REE concentration on a dry-weight basis, the measured moisture content sample, and the

measured AMDp density according to:

REEMass = Area ∗Depth ∗ (1−MoistureContent) ∗REEContentDW B ∗Density
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For the volumetric calculations, additional geographic data was collected on the location,

size, and depth of each AMDp storage cell during the on-site sampling campaign. After-

wards, where applicable, these dimensions were confirmed using geospatial software and

satellite imagery. In cases where depth data was not available, it was estimated based on

the observable height of the drying cell above grade, not to exceed 10 feet. The moisture

content of each AMDp sample was determined by full desiccation and reported with the

REE analysis by SGS Canada Inc. Lastly, an average sludge density was determined to be

2.20 g/cc (95% confidence interval = 2.16 to 2.23) based on gravimetric analysis of 9 random

samples from the population. This value was used in calculations for all sites.

With the large quantity of data gathered through both field sampling and analytical analysis,

modeling methods were employed to determine the most influential factors controlling REE

content in AMD and AMDp. A partial least squares analysis was conducted to determine

the most significant variables in predicting the AMD REE content based on the field and an-

alytical variables. Next, multiple linear regression was used to model the REE concentration

based on the significant variables.

A similar analysis was attempted for AMDp; however, results were unsuccessful. While AMD

REE concentrations can be predicted using the identified independent variables, additional

and unmeasured process variables interfered with the prediction models. Model correlation

coefficients never exceed 0.55 indicating poor precision. It is likely that the wide array

of treatment methods and operating conditions inhibited the successful completion of the

modeling of AMDp concentrations based on AMD qualities.

To assess the resource, AMDp was analyzed using a grade-tonnage model. To apply this

method to the AMDp resource, each site was considered as an individual block. This method-

ology was used to then calculate the cumulative tonnage of REEs and the average grade of all

the sites (blocks) inclusive of the cut-off grade. Grade-tonnage models are used to graphically

show how different processing cut-off grades will impact the overall size of a resource.

Different classifications have been used by several authors including Seredin and Dai [37],

Cox and Kynicky [38], and Binnemans et al. [39] to analyze the occurrence of REEs. These

designations may be defined by an organization based on simple atomic numbers (light REE
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vs. heavy REE) or can be based on other relationships, such as supply and demand (critical

REE vs. excessive REE). For this paper, the following classifications will be observed:

• Heavy REEs (HREE) – Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu

• Light REEs (LREE) – La, Ce, Pr, Nd, Sm, Eu

• Total REEs (TREE) – HREE + LREE

• Critical REEs (CREE) – Y, Nd, Eu, Tb, Dy

3.3 Results and Discussion

3.3.1 Concentration of REEs in AMD

Table 2 shows the average concentrations of REEs and major metals in the raw AMD for

both CAPP and NAPP samples. The average TREE concentrations in raw AMD varied

by 75 µg/L between the two basins; however, a two-tailed t-test failed to reject the null

hypothesis (p = 0.32), indicating that the observed difference in REE content between the

two basins is not significant. The element-by-element comparisons show that Sc was the

only REE that produced a p value (0.01) less than the critical level (α = 0.05), indicating

that the NAPP AMD samples are significantly enriched in Sc when compared to the CAPP

AMD samples. Alternatively, the major metal data does show a significant difference for

many of the metals evaluated in this study. The t-tests indicate that the NAPP samples were

significantly enriched in Al, Fe, Mg, Na, Si, and SO4. In addition, the average Cl content was

very high in the NAPP samples; however, the t-test failed to reject the null hypothesis due to

the high variance in Cl values measured in the NAPP AMD samples (range: 0.02 to 14,501

mg/L). The high Na and Cl values in NAPP AMD can be explained by the depositional

setting, as the NAPP coal formed in this basin is associated with a marine environment [17].

Likewise, Fe was also more prevalent in the NAPP basin which is consistent with higher

pyritic sulfur.

49



Table 3.2 – REE concentrations for raw aqueous AMD influent in Appalachian basin study

CAPP AMD (n=52) NAPP AMD (n=133)
Confidence CI:Mean Confidence CI:Mean CAPP vs. NAPP1

Element Mean Interval Ratio Mean Interval Ratio p value < α?
REE (μg/L)

Sc 3.09 1.11 0.36 6.38 1.56 0.25 0.01 yes
Y 49.69 20.38 0.41 81.08 24.17 0.30 0.13
La 26.82 15.08 0.56 21.21 6.76 0.32 0.44
Ce 53.66 27.43 0.51 63.57 19.29 0.30 0.58
Pr 8.03 3.92 0.49 9.85 2.84 0.29 0.49
Nd 37.22 17.06 0.46 46.14 13.29 0.29 0.46
Sm 9.73 4.01 0.41 13.33 3.61 0.27 0.26
Eu 2.64 0.98 0.37 3.80 1.03 0.27 0.19
Gd 12.39 4.92 0.40 18.66 5.22 0.28 0.16
Tb 1.95 0.71 0.36 3.15 0.84 0.27 0.09
Dy 10.57 4.28 0.40 17.06 4.83 0.28 0.12
Ho 1.95 0.73 0.37 3.31 0.90 0.27 0.08
Er 4.99 2.08 0.42 8.34 2.42 0.29 0.11
Tm 0.81 0.24 0.30 1.29 0.30 0.23 0.06
Yb 3.89 1.57 0.40 6.40 1.81 0.28 0.11
Lu 0.71 0.21 0.29 1.08 0.25 0.23 0.08

TREE 228.14 304.67 0.32
HREE/TREE 39.5% 48.2%
CREE/TREE 44.7% 49.6%
Major Ions (mg/L)

Al 12.99 5.18 0.40 23.14 4.86 0.21 0.02 yes
Ca 167.95 27.18 0.16 177.47 22.77 0.13 0.64
Fe 22.37 14.57 0.65 60.07 22.32 0.37 0.04 yes
Mg 123.84 26.96 0.22 75.82 10.79 0.14 0.00 yes
Mn 10.74 3.36 0.31 9.49 2.44 0.26 0.58
Na 36.72 18.74 0.51 523.52 187.96 0.36 0.00 yes
Si 10.98 2.25 0.21 14.28 1.66 0.12 0.03 yes
Cl 5.30 2.92 0.55 306.42 242.47 0.79 0.12
SO4 1090.94 196.48 0.18 1717.29 340.54 0.20 0.03 yes

1: p value as determined by two-tailed, equal variance t-test, α value of 0.05 used for significance

The full distribution of TREE data for the NAPP and CAPP raw AMD samples is shown in

Figure 2. The significant overlap in the datasets provides graphical confirmation of the t-test

results and suggests that the same geochemical processes dictate the REE concentration in

AMD in both basins. This outcome is expected as AMD chemistry represents the large-

scale integration of reactions that occur at small scales, such as the pore water surrounding

pyritic versus non-pyritic rock grains, and localized oxidizing versus reducing environments.

Integration occurs over the scale of mines ranging from hundreds of acres to 20 square miles

or more in the case of large, underground mines. The more interesting component of this plot

is the large range of TREE concentrations for both basins. The NAPP basin in particular
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Figure 3.2 – Distribution of total REEs in NAPP and CAPP raw AMD samples

has TREE concentrations that span five orders of magnitude, with a low 0.25 μg/L and a

high of 3,100 μg/L. Altogether, this result indicates that the processes that control AMD

formation also control REE leaching and occurrence in the AMD discharge [40].

To assess the distribution of individual REEs, the data was normalized to the REE content

of a standard chondrite sample [41]. Figure 3 shows the average results of this chondrite nor-

malization along with bands for the 95% confidence interval. Similar to the TREE data, the

NAPP and CAPP distributions have significant overlap, further confirming the quantitative

results of the t-test. With regard to the general shape of the curve, chondrite normalized

REE plots for coal-based materials typically follow a serially decreasing order from La to Lu,

with the lone exception being the Eu anomaly [30]. The chondrite normalized AMD plots

follow this trend but show some deviation for La and Ce (particularly the NAPP curve,

where La and Ce are both less than Pr). This result may indicate that AMD has a slight
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 NAPP, with 95% CI

Figure 3.3 – Chondrite normalized REE distribution in raw AMD; with Chondrite normalization after Korotev
[41]

tendency to extract middle and heavy REEs from coal strata while extracting La and Ce

at a lower rate. This result can be explained geochemically, as the La and Ce in the coal

measures are often associated with phosphate mineralization, such as monazite [32]. These

rare earth phosphates are extremely resistant to acid attack and are not normally soluble in

the pH ranges present in AMD [42].

3.3.2 AMD Modeling and Analysis

As shown in Figure 2, the REE content of raw AMD can vary by several orders of magnitude.

REE determination by analytical methods requires specialized equipment and is expensive.

As a result, we attempted to develop predictive models to estimate REE content in AMD
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Figure 3.4 – Total REE concentration in AMD as a function of outflow rate

discharges based on readily available site characteristics and field analytical parameters.

Initially, graphical analyses were conducted to compare the REE content to: (1) the AMD

discharge rate and (2) the outflow pH. Figure 4 shows REE concentration as a function

of discharge rate for the NAPP and CAPP datasets. While the plot does show a slight

negative correlation (i.e. higher discharges tend to yield lower REE concentrations), the R2

value indicates low precision and poor predictive ability.

With regard to the two basins, the NAPP data tended to have a higher population of

high-flow/low-REE outflows, as well as low-flow/high-REE outflows. This reflects the very

large, consolidated AMD treatment plants serving flooded underground coal mine complexes.

Largely, mines in the Pittsburgh coal seam, tend to be net alkaline. The CAPP data was

more centrally distributed in both regards.
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Similarly, Figure 5 shows TREE concentration as a function of pH. This data also shows

a strong negative correlation (i.e. lower pH correlates with higher REE concentrations),

but pH alone is not sufficient to explain all the variance in the data. Moreover, this data

confirms the bimodal pH distribution that was originally proposed in the early prospectivity

study [1]. Due to the nature of Al and Fe buffering in AMD solutions, the region between

pH 4.5 and 5.5 is sparsely populated since small changes in acidity result in stability in the

2.5 – 4.5 region where Fe3+ and Al3+ precipitate. Likewise, at pH 6.0, Fe2+ oxidizes and

precipitates resulting in stability in the upper pH region. These interactions were discussed

extensively by Cravotta et al [43].

Due to the bimodal distribution, a boundary between these two populations at pH five was

chosen to delineate the two populations since below five AMD is, by definition, acidic, while

above five it becomes increasingly net alkaline. This behavior is indicative of the difference

in geochemistry from flooded underground mines and those that are above drainage and

produce an acidic discharge [44]. Likewise, this extended exploration study also confirms that

the net alkaline discharges typically have lower REE content than acidic AMD discharges.

As neither total flow nor raw water pH were sufficient to predict the REE content of AMD,

a partial least squares analysis was conducted to also include major metal concentrations

in the prediction. Generally, pH and major metals are monitored as part of the National

Pollution Discharge Elimination System (NPDES) permit and would be readily available

for all AMD outflows. Results from this analysis indicated five factors can explain over

75% of the variance of concentration of TREEs in the AMD dataset. These factors, in

order of importance, include the Mn concentration, Al concentration, raw water pH, Si

concentration, and Mg concentration. Figure 6 shows the results from a multiple linear

regression with an r-squared value of 0.63 using these factors. The moderate correlation

between Mn and Al in AMD may suggest that the mode of REE occurrence in the host

strata is associated with these elements, with specific examples being manganese oxides and

alumino-silicates. This result coincides with prior findings from Bryan et al. [45], which

shows a strong correlation between Al concentration and REE concentration for samples in

the USGS CoalQual database.

54



 NAPP TREE

TR
EE

 (m
g/

L)

pH

U
nb

uf
fe

re
d 

Zo
ne

Figure 3.5 – Relationship between pH of raw AMD and the concentration of TREE in the aqueous phase

3.3.3 Concentration of REEs in AMDp

Table 3 shows the average concentrations of REEs and major metals in the AMDp for

both CAPP and NAPP samples. TREE concentrations in CAPP averaged 669 g/t while

those in NAPP averaged 750 g/t. This result is consistent with the mean raw water TREE

concentrations observed for each basin; however, the two-tailed t-test indicates that the

differences, in both TREE and individual REEs are normally significant (at α = 0.05) with

the primary exceptions being Ce, Pr and Nd. In general, the precision of the AMDp samples

is much higher than the AMD samples, which may be attributed to larger sample sizes.

In addition to the REEs, the t-tests also confirm that the major metal ions were more

prevalent in the AMDp samples from the NAPP versus the CAPP basin. The moisture

content between the AMDp was also slightly higher in the NAPP basin likely due to the

more prevalent use of clarifiers in AMD treatment where samples were taken at the underflow
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Figure 3.6 – Results of a multiple linear regression predicting TREE concentrations raw AMD using pH and
major metal concentrations

before the AMDp was disposed of via underground injection. Additionally, it is important

to note the low concentration of both Th and U in the AMDp samples as many conventional

REE deposits generate significant environmental liabilities during processing. This confirms

the observations seen in the preliminary study that indicated Th and U were not mobilized

from the parent material at typical pH values associated with AMD.

The full distribution of TREE data for the NAPP and CAPP AMDp samples is shown in

Figure 7. Like the AMD samples (Figure 2), this plot shows large overlap between the

distributions from the two basins; however, the NAPP data does have some considerable

outliers exceeding 2,000 g/t. The lower values on this plot (<50 g/t) are predominantly

from net alkaline AMD outflows with low REE concentrations.
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Table 3.3 – REE concentrations for AMDp at 141 sites across the CAPP and NAPP basins

CAPP AMDp (n = 141) NAPP AMDp (n = 482)
Confidence CI:Mean Confidence CI:Mean CAPP vs. NAPP1

Element MEAN INTERVAL RATIO MEAN INTERVAL RATIO P VALUE < Α?
REEs (g/t)

Sc 12.64 1.47 0.12 20.83 1.42 0.07 0.00 yes
Y 151.92 18.46 0.12 192.84 15.77 0.08 0.01 yes
La 79.88 10.73 0.13 58.21 3.91 0.07 0.00 yes
Ce 161.71 17.32 0.11 162.65 10.83 0.07 0.93
Pr 23.87 2.68 0.11 24.26 1.68 0.07 0.82
Nd 104.77 11.48 0.11 113.62 8.21 0.07 0.29
Sm 26.45 2.99 0.11 31.93 2.40 0.08 0.02 yes
Eu 6.46 0.76 0.12 8.38 0.64 0.08 0.00 yes
Gd 34.52 4.27 0.12 44.10 3.47 0.08 0.01 yes
Tb 5.09 0.63 0.12 6.96 0.54 0.08 0.00 yes
Dy 28.25 3.47 0.12 38.91 3.04 0.08 0.00 yes
Ho 5.41 0.66 0.12 7.43 0.58 0.08 0.00 yes
Er 14.18 1.71 0.12 19.88 1.54 0.08 0.00 yes
Tm 1.86 0.23 0.13 2.82 0.21 0.08 0.00 yes
Yb 10.45 1.20 0.12 15.09 1.17 0.08 0.00 yes
Lu 1.56 0.19 0.12 2.33 0.18 0.08 0.00 yes

TREE 669.01 750.26 0.00 yes
HREE/TREE 39.7% 46.8%
CREE/TREE 44.3% 48.1%
Major Ions and other Parameters
Al (%) 7.57 0.47 0.06 9.25 0.47 0.05 0.00 yes
Ca (%) 2.76 0.75 0.27 6.94 0.67 0.10 0.00 yes
Fe (%) 6.66 1.28 0.19 11.31 1.25 0.11 0.00 yes
Mg (%) 4.51 0.82 0.18 2.73 0.26 0.10 0.00 yes
Mn (%) 2.69 0.53 0.20 1.55 0.15 0.10 0.00 yes
Na (%) 0.18 0.02 0.10 0.14 0.01 0.09 0.01 yes
Si (%) 15.83 1.85 0.12 9.65 0.62 0.06 0.00 yes
Cl (g/t) 68.33 10.08 0.15 130.47 24.63 0.19 0.07
SO4 (%) 2.85 0.49 0.17 4.50 0.34 0.08 0.00 yes
Co (g/t) 381.20 81.76 0.21 579.98 55.52 0.10 0.00 yes
U (g/t) 4.83 0.60 0.12 7.03 0.51 0.07 0.00 yes
Th (g/t) 6.60 0.82 0.12 7.49 0.48 0.06 0.09

MOISTURE (%) 72.32 3.61 0.05 78.73 1.40 0.02 0.00 yes
1: p value as determined by two-tailed, equal variance t-test, α value of 0.05 used for significance

Like the AMD samples, a chondrite normalized plot was created to assess the distribution of

individual REEs in AMDp. The pattern is similar to that of the raw AMD samples with the

exception being the scale of the y-axis and the narrower confidence intervals. As mentioned

above, these smaller confidence intervals may be dictated by the high number of samples

in each distribution. In addition, this chondrite normalized plot largely confirms the t-test

results indicating that NAPP AMDp has a higher concentration of many of the REEs, except

Ce, Pr, and Nd.
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Figure 3.7 – Distribution of total REEs in NAPP and CAPP AMDp samples

In addition to the chondrite normalized distribution, the average raw element-by-element

distribution of REEs in AMDp is shown in Figure 9. The distribution between the two

basins is relatively similar with minor variations in the elements Y, La, and Ce. Both

distributions follow the Oddo-Harkins rule whereby elements with even atomic numbers are

more common than their neighboring odd numbered elements [46,47]. Furthermore, two of

the three most abundant elements (Y and Nd) are CREEs that carry significant supply chain

risk [6].

3.3.4 Resource Assessment

For each site that contained AMDp, the quantity of on-site sludge as well as the steady-state

flow of AMD were estimated to assess the resource potential of both in place resource and
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 NAPP, with 95% CI

Figure 3.8 – Chondrite normalized REE distribution in AMDp; with Chondrite normalization after Korotev
[41]

annual production. For the in-place resource, a total of 1.8MM tons of AMDp was accounted

for on a dry basis with a tonne-weighted average grade of 187 g/t. It is important to note

that the majority of AMDp generated at treatment sites is disposed of through underground

injection or placed in surface cells and subsequently buried. As a result, this estimate only

reflects the tonnage that is currently accessible at the 141 sampled AMD sites. Despite this

limitation, the sampled resource was shown to contain approximately 340 tonnes of rare

earth elements. Table 4 shows the AMDp tonnage data by basin.

While there was a significantly larger number of samples and mass of AMDp located in

the NAPP region, the weighted average grade of this area was significantly lower than the

AMDp located in the CAPP region. The difference in grade between the two basins can be
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 NAPP

Figure 3.9 – Distribution of REEs between the NAPP and CAPP basins

Table 3.4 – AMDp and TREE resources by coal basin

Parameter Units CAPP NAPP TOTAL
Count (#) 58 95 153
Mass Weighted Average Grade (g/t) 338 152 187
Mass Weighted Average Moisture (%) 55.8 43.8 46.1
Dry Volume (m3) 5,495,964 23,681,794 29,177,758
Dry Mass (tonne) 342,382 1,475,304 1,817,686
TREE Mass (tonne) 116 224 340

contributed to the higher number of flooded underground mines with high pH and low TREE

values. This result is significant, as low-grade feedstocks may be too costly to transport to

a refining process. Furthermore, the overall total tonnage may seem low; however, AMD is

often treated in perpetuity resulting in a steady supply of REEs that can supplement other
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Table 3.5 – Implication of cut-off grade on processable AMDp and TREEs

Cut-off AMDp TREE Average Grade % AMDp % Tree Mass
Grade Mass Mass Above Cut-off Mass Mass
(g/t) (tonnes) (tonnes) (g/t) (%) (%)
0 1,817,686 340 128 100 100
100 599,762 309 330 33 91
150 577,048 306 387 32 90
200 480,522 291 446 26 86
250 466,489 288 475 26 85
300 364,463 258 543 20 76
400 286,463 231 659 16 68
500 203,259 194 734 11 57
750 116,508 141 1,019 6 42
1000 48,099 86 1,400 3 25

feedstocks. For the 141 sites surveyed in this study, the total REE flux passing through

AMD treatment systems totaled 13,000 kg/yr.

In addition to the raw resource data, a supplemental study was conducted to investigate the

influence of cut-off grade on the resource availability. Table 5 shows the percentage of TREE

tons available given a nominal cut-off grade for all AMDp samples included in this study.

This table shows that 67% of the AMDp mass in the dataset has a TREE concentration

well below the grade of 100 g/t, while the remaining 33% contains 91% of the overall TREE

mass. Furthermore, by increasing the cut-off grade to 300 g/t would result in the exclusion

of 80% of the AMDp mass, while retaining 76% of the TREE mass.

A compilation of both the assay and tonnage data for AMDp allows for the generation of

grade-tonnage curves for each element and the aggregated TREE. As an example, Figure 10

shows the grade-tonnage relationship for REEs. The purpose of this exercise it to show how

a minimal cut-off grade could impact the AMDp resource base. For example, if a cut-off

grade of 1000 g/t is applied to this data, this would leave approximately 86 tonnes of REEs

with an overall average grade of approximately 1,400 g/t.

The grade-tonnage model graphically represents the available resource should a cut-off grade

be applied for economic reasons. Figure 10 indicates that a low cut-off grade will be required

for AMDp to provide a meaningful mass of REEs. However, the mass of AMDp does not

fluctuate linearly with the TREE mass. This analysis indicates that a processing cut-off
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Figure 3.10 – Grade-tonnage curves indicating resource mass and average grade given a processing cut-off
level

grade may exclude a significant portion of AMDp currently stockpiled; but at the same

time, it will not exclude the majority of REEs contained in the AMDp resource. As a result,

not all AMD sites are equal candidates for consideration as a REE feedstock. While this is

indicative of the AMDp sampled in the current dataset, the AMD treatment process itself

may be changed to produce a more amenable AMDp product for REE beneficiation.

A similar exercise was conducted for the AMD samples and the results are shown in Figure

11. This plot shows both cumulative REE flux (kg/yr) and cumulative AMD flow (gpm) as

a function of the individual REE concentration. When organized in this manner, this data

indicates the total REE resource available for production and the volume of AMD that must

be handled if a suitable recovery technology can produce a nominal REE concentration. For

example, if a technology can successfully recover REEs from a raw AMD stream containing

500 μg/L, approximately 4,100 kg/yr of REEs could be produced, and the total system
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Figure 3.11 – Indication of total REE resource available based on an aqueous REE grade

would need to handle just under 3000 gpm across the best sites included in this study. If

the technology can only upgrade REEs from sources containing 1,000 μg/L, the total REE

production drops to under 900 kg/yr, and the water handling requirement drops to 200 gpm.

While the prior assessment estimated a regional production capacity, this data only applies

to the limited number of samples evaluated in this study, but the assessment methodology

can be easily updated as more sites are evaluated.

3.3.5 Resource Outlook and Criticality

Since the REEs typically occur together within a deposit, they are generally lumped into

a single category as TREE. Furthermore, they will also be classified as LREE, HREE, or

CREE to identify sub-groups of the REEs that occur within the deposit. For economic

consideration, these metrics can be misleading as it assumes all of the REEs can be equally
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separated from a given feedstock. Additionally, not all REEs have the same economic value

due to varying prices and future demand. For example, La and Ce are relatively abundant

and are currently in a state of oversupply within the REE markets [39].

As a result, other criteria are better suited for evaluating REE feedstocks based on current

market trends. One such method is the outlook coefficient (C_Outlook) as defined by Seredin

and Dai below [7]:

C−Outlook =
(Nd+Eu+T b+Dy+Er+Y∑

REE
)

(Ce+Ho+T m+Y b+Lu∑
REE

)

In other words, the more valuable critical REEs drive the metric value higher, while the

REEs that are oversupplied reduce the value of the metric. This criterion was then applied

to the AMDp sites and 58 conventional REE deposits [48]. As shown in Figure 12, the

AMDp is generally found to be more favorable from a critical REE content perspective than

many of the conventional deposits. This can be attributed to the relative abundance of Y

and Nd in the AMDp. As a result, while the overall resource base may be limited, the REEs

in AMD do represent a unique and highly-valued deposit that may support future growth

areas.

3.4 Conclusions

As part of a regional survey, 141 AMD sites were evaluated for REE content in both raw

water and AMDp in two separate campaigns across the CAPP and NAPP basins. This

research has shown that REEs concentrate in the byproducts of AMD treatment across both

basins with limited variation. The distribution of the REEs in the AMD byproduct was

also similar among the two regions. Additionally, the overall inventory of available AMDp

and TREEs was calculated for the sites in the dataset. Finally, a grade-tonnage curve was

created for the AMDp showing that a significant portion of AMDp contains a low grade of

TREEs indicating alternative AMD treatment process may be required to create high-quality

AMDp.
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Figure 3.12 – Arrangement of AMDp in relation to conventional REE deposits based on the outlook coeffi-
cient after Seredin and Dai [7]

In summary, the following key findings were developed during this research:

• The concentration of REEs in AMD varied from 0.25 to 3,140 μg/L with an overall

number average of 282 μg/L. Little variation was observed between the NAPP and

CAPP basins.

• Least squares regression analysis showed that the most important factors dictating the

REE content in AMD include the raw water pH as well as the concentrations of Mn,

Al, Si, and Mg.
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• The concentration of REEs in AMDp varied from <5 to 2,458 g/t with an overall

number average of 724 g/t. A significant difference (α = 0.05) was observed between

the NAPP and CAPP basins with the NAPP number average being 750 g/t and the

CAPP average being 669 g/t.

• The average distribution of REEs in both AMD and AMDp strongly favored Y (25%),

Ce (22%), and Nd (15%). Little deviation was observed between the NAPP and CAPP

basins.

• The 141 sites surveyed in this study contain approximately 340 tonnes of REEs in

AMDp storage cells and will generate approximately 13,000 kg/yr in AMD. Grade

tonnage curves show how these resource bases are influenced by potential process cutoff

grades.

• The C_Outlook criterion shows that the distribution of REEs in AMD and AMDp

is more favorable than most conventional REE deposits. One site sampled in this

study had a C_Outlook value greater than 6.0, representing one of the most promising

resources ever identified in the literature.
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Chapter 4

Bench-Scale System Design

4.1 Introduction

The objective of this research was to develop a bench-scale process that recovers REEs from

acid mine drainage precipitates; therefore, demonstrating the feasibility of applying proven

processes to a novel feedstock. Extensive laboratory testing provided the basis for the design

of a bench scale plant. Included in this research are process design flowsheets, piping and

instrumentation diagrams, and a proposed facility layout. Overall, the proposed process

utilized standard hydrometallurgical methods to concentrate and extract REEs from the acid

mine drainage sludge feedstock. More importantly, this process bypasses energy intensive

comminution and physical separation processes that escalate operating costs when compared

to traditional REE recovery operations.

This approach was accomplished using a unique feedstock that previously underwent an

autogenous leaching process to concentrate the REEs into an amorphous precipitate. During

the subsequent processing operations, agitated leaching was first employed to dissolve the

REEs to an aqueous phase. Once in solution, the REE’s were separated and concentrated

via solvent extraction, and finally, the resulting REE stripped concentrate was precipitated

and dried. The ultimate goal of this process was to produce a minimum 2% by mass mixed

REO product. After verifying the general processing approach, a detailed system design

was conducted to specify the equipment type, size, number, interconnection, and layout
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needed to design a bench-scale process capable of producing several grams per hour of REE

concentrate.

The primary processing objective was to demonstrate the technology while assessing key

factors affecting cost and performance at a bench-scale. To meet this objective, the resultant

design utilized batch-wise leaching following by continuous solvent extraction in a SX mini-

pilot plant with 100 mixer settlers. The final stripped raffinate was then precipitated in

batch fashion using neutralizing reagents and oxalic acid. The performance of this process

varied slightly with changes in feed moisture and feed REE concentration; however, the

system was generally designed to process 190 g/hr of AMDp feed, while producing 3 g/hr of

REE concentrate. The expected REE grade and recovery (based on laboratory-scale tests)

differed between feedstocks, but was expected to be as high as 6.50% and 90.9% depending

on the grade of the initial feedstock.

Throughout this research, several technical terms were used extensively and with a precise

definition in mind. Since regional difference and personal preference can occasionally obscure

the intended outcome, an abbreviated list of these terms with the precise definition is given

below:

• Recovery: a metallurgical accounting term defined as the mass of a particular compo-

nent that reports to a concentrated product, divided by the mass of that component

in the original feed. Recovery is often presented as a percentage.

• Sludge: Also Acid Mine Drainage Precipitates (AMDp). Precipitates created during

the treatment of acid mine drainage. This material is usually thickened, flocculated,

and permanently stored as waste.

• Yield: a metallurgical accounting term defined as the total mass that reports to a

concentrated product, divided by the total mass of the feed. Unlike recovery, yield

does not refer to a specific component of the feed.

• Assays: all assays in this research are listed on a whole sample, dry basis unless

otherwise noted.
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Figure 4.1 – Simplified process flow diagram

4.2 Process Overview

Given the favorable feedstock characteristics of AMDp, an extraction and recovery process

was developed to specifically exploit AMD sludge as a potential REE resource. AMD sludge

has unique chemical and physical properties that make it very amenable to a strict hydromet-

allurgical processing route. Fundamental considerations and laboratory-scale experimental

testing have shown that REEs in AMD sludge are easily extracted into the solution phase

with mild acid leaching, and the resultant pregnant leach solution can be separated and con-

centrated using traditional solvent extraction technologies. Finally, simple pH adjustment

with the addition of oxalic acid can be used to precipitate aqueous REE ions back to a solid

phase at purities meeting or exceeding 2% by mass. A simplified flow diagram depicting

these unit operations is shown in Figure 4.1. This straightforward processing route is the

basis for the bench-scale system design described in this chapter.

4.3 Leaching and Precipitation

Multiple leaching and precipitation tests were conducted throughout the initial stages of this

research. These tests were conducted on three AMDp feedstocks from different AMD sites,
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Table 4.1 – ICP-MS analysis of the three AMDp feedstocks.

Element Omega DLM Mine-42
Major Ions (mg/kg)

Al 107,000 121,000 49,000
Fe 260,000 60,300 64,500
Mg 2,430 81,100 112,000
Mn 666 31,800 39,100
Si 48,100 70,100 89,700
Co 293 1,220 1,560

Rare Earth Elements (mg/kg)
Sc 61.00 12.00 11.00
Y 111.00 388.00 192.00
La 19.70 90.00 49.50
Ce 72.60 266.00 132.00
Pr 12.00 32.60 18.60
Nd 56.00 144.00 79.00
Sm 17.40 38.20 23.20
Eu 4.40 10.10 5.50
Gd 28.10 62.60 34.60
Tb 5.10 10.60 6.10
Dy 32.00 67.00 39.00
Ho 6.10 13.50 7.90
Er 16.50 35.60 21.50
Tm 2.30 4.90 3.00
Yb 12.80 26.60 17.40
Lu 1.80 3.60 2.30

Actinides (mg/kg)
U 6.10 4.20 6.40
Th 9.70 1.90 2.70

Totals (mg/kg)
TREE 458.80 1,205.30 642.60
HREE 276.70 624.40 334.80
LREE 182.10 580.90 307.80
CREE 231.50 671.70 350.10

each having unique characteristics. For the leaching experiments, feedstocks were chosen

from the Omega, DLM, and Mine 42 AMD treatment sites. Table 4.1 shows the ICP-OES

and ICP-MS results of the AMDp from the three individual sites. The DLM feedstock was

chosen due to a high TREE concentration, low Fe content, and high Al concentration. Next,

Omega was selected for a high Fe content and relatively low REE content. Finally, Mine-42

was selected due to the high Mg concentration and moderate TREE content.
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Figure 4.2 – Leaching study results for DLM feedstock subjected to H2SO4 acid.

Experimental results acquired from the leaching and precipitation studies were used to deter-

mine leaching kinetics, optimal leach pH, leaching temperature, and the expected recovery of

REEs and major metal ions. As an example, Figure 4.2 shows the results from a parametric

leaching study on DLM sludge using sulfuric acid with a leach time of 10 minutes at ambient

temperature. This result indicated that leaching at a pH less than 1 produced high REE

recovery and good selectivity between REEs and major metals. All together, these results

were used to determine the equipment requirements (leach reactor size) and the baseline

operating conditions (pH, leach time).

4.3.1 Parametric Leaching Studies

Parametric leaching tests were conducted on the three distinct sludge feedstocks to validate

prior experimental findings (Zhai 2019) and provide a general assessment of the processing

variability inherent to sludge material from a single site. In addition, the data collected

during this experimental campaign was also used to determine optimal operational conditions
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Table 4.2 – Experimental parameters for parametric leaching tests

Parameter Unit Value
Experimental Parameters
Leach Time minutes 2.5, 5, 10
Leaching pH pH 0.5. 1, 1.5, 2.0, 2.5, 3, 3.5, 4
Samples -- Omega, DLM, Mine-42
Acid Type -- Nitric, Sulfuric
Constant Parameters
Acid Concentration mol/l 3
Leach Temperature °C Ambient (~20)
Solid : Liquid Ratio -- 1:2
Stirrer Speed rpm 750
Sludge Wet Mass grams 100
Pressure psi Atmospheric
Responses
REE Leach Recovery % Measured
Major Metal Leach Recovery % Measured
Solids Loss % Measured
Acid Consumption mol/g Calculated

and scale-up parameters that were integrated into an experimental design in tests at a larger

scale. Specifically, the tests assessed the influence of sludge type (Omega vs. DLM vs.

Mine-42), acid type (nitric vs. sulfuric), leach time, and leach pH on REE recovery and

major metal recovery. All other variables, including temperature, mixing speed, and solid to

liquid ratio, were held constant. Prior exploratory testing revealed optimal values for these

parameters, and overall, they were observed to be of a smaller significance with respect to

system design and economic assessment.

The full experimental design for the parametric testing campaign is summarized in Table

4.2. All test conditions were conducted in full factorial with individual test runs including

a single sample type, a single acid type and a single leach pH. Tests were then conducted

as a function of time, with samples taken intermittently per the experimental design. As a

result, this campaign included 48 individual test runs (eight pH points, three sample types,

two acids).

Individual tests were performed by first splitting several representative samples of the sludge

from the sample bucket. Three sub-samples were retained for moisture analysis, one was
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Figure 4.3 – Leaching set up and filtration manifold used for parametric testing.

retained for REE analysis of the feed, and the remaining samples were used in the experi-

ments. During the test runs, 100 grams of wet sludge was placed in a 600 mL glass beaker

with a magnetic stirrer. The sludge sample was mixed with 200 mL of deionized water, and

a 5 mL pipette was used to slowly add the acid in a drop-wise fashion until the desired test

pH was attained.

At the pre-determined time increments, approximately 35 mL of leach solution was with-

drawn from the reactor using a 100ml syringe. This solution was then immediately placed

into a vacuum filtration apparatus using Whatman #4 filter paper. The filtrate (i.e., preg-

nant leach solution) was then split and retained for ICP-MS (REE) and ICP-OES (major ion)

analysis. The residual solids were dried in an oven and the mass was recorded to determine

overall solids loss. This process was repeated for each time increment, and at the maximum

increment, the remaining residue was filtered, dried, and weighed. All tests were performed

with the appropriate personal protective equipment under a laboratory fume hood. Pictures

of the leaching set up and filtration manifold are shown in Figure 4.3.

Feedstock Characterization

The three feedstocks (Omega, DLM, and Mine-42) used in this experimental regime were

selected as the leading candidates for continued testing at scale, and they represent a di-

verse mix of physical and chemical properties across all sludge samples assessed to date. As
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Figure 4.4 – Distribution of major metals within the selected feedstocks.

an example, the most prevalent major metal in the Omega sludge was iron (62%), while

manganese (0.2%) and magnesium (1%) only occurred in trace amounts within the sludge

matrix. In contrast, the predominant major metal in the DLM sludge was aluminum (33%)

with iron (17%), silica (19%), magnesium (22%), and manganese (9%) comprising the re-

mainder. Finally, the Mine-42 sludge was representative of a precipitate with magnesium

(32%) as the major component with the remaining major metals varying between eleven and

twenty-five percent. For all samples, the REE distribution appeared similar to other sludge

material with yttrium, cerium, and neodymium constituting the most abundant REEs. How-

ever, lanthanum, gadolinium, and dysprosium also have significant concentrations. Figure

4.4 shows the distributions of major metals within these feedstocks while Figure 4.5 shows

the distribution of REEs.

In addition to elemental composition, these three sludge samples varied in physical attributes

and morphology. The Omega sludge contained a high moisture content (94%) when com-

pared to DLM (83%) and Mine-42 (67%). The sludge samples varied in color from bright

orange to black and, more importantly, in consistency, from a typical amorphous sludge

(Omega) to an earthen-like texture with varying hard nodules (Mine-42). These nodules

within the Mine-42 sludge matrix increased the difficulty of attaining full dissolution due

to the smaller leachable surface area when compared to the unstructured sludge seen from

Omega.

80



Figure 4.5 – Distribution of REEs between AMD precipitates from tested sites.

Effect of Acid Type

Two acids, HNO3 and H2SO4, were used in the test series to obtain a predefined leachate pH.

The performance of each acid varied considerably between the three feedstocks. As shown

in Figure 4.6, the use of HNO3 generated higher REE recoveries (+10% points) for both

the Omega and Mine-42 feedstocks, but only a marginal difference for the DLM material.

In contrast, the DLM feedstock exhibited higher leaching efficiencies with H2SO4, which

produced an increase of 15% points relative to HNO3 for most leach pH points. While the

fundamental mechanism dictating this contrasting behavior between the various feedstocks

is not fully understood at this point, the results empirically indicate one acid may not be

universally superior. This outcome indicated a unique processing approach may be needed for

each sludge or each class of sludges with similar composition. Alternatively, if a centralized

acid leaching-solvent extraction (ALSX) facility is implemented commercially, a globally

optimum leaching process may be dependent on the blend of feedstocks being fed to the

ALSX plant.
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Figure 4.6 – Total REE elemental recovery versus time for parametric leaching experiments.

Kinetic Effects of Leaching

The duration of the leaching experiment had a nominal effect on the TREE and major metal

recoveries. In fact, the overall results indicated the recovery to solution for both major metals

and REEs decreased during the ten-minute testing timeframe. For instance, in the test run
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Omega/H2SO4 recovery versus time plot, Figure 4.6, the recovery of TREEs decreased by

15% over the course of the test at a leach pH value of 0.5.

This outcome may be explained by one of two phenomena peculiar to the laboratory-scale

semi-batch tests. First, the test protocols call for discrete sample removal points at the

designated time increments. While the experimental protocol prescribes careful collection

of this sample, the sample removal mechanism does permit some degree of bias, as a small

portion of undissolved solids are inevitably removed with the liquid. Since these solids are

removed from the leaching vessel, they then do not have the opportunity to be recovered into

the leachate in future time steps; thus, leading to a potential negative bias in the measured

recovery values.

Furthermore, since these semi-batch tests were, by definition, never at steady state, the pH

did gradually rise throughout the test as acid was consumed. In some cases, this pH rise

was quite high, on the order of 1.5 to 2.0 pH points. In these cases, the rise in pH may have

caused some minor re-precipitation that resulted in a slight reduction in measured recovery.

Fortunately, both issues were only pertinent to the laboratory-scale batch test, as a continu-

ous leaching vessel can (at least theoretically) be controlled to a fixed pH point by continual

acid addition. This pH control is notably challenging, given the dynamic and non- linear

relationship of pH to acid addition. However, some advanced control strategies could be

implemented to address this effect. Despite the issues with decreasing recovery with time,

the tests were successful in confirming the fast reaction kinetics associated with acid leaching

of sludge samples.

Effect of Leaching pH Value

The acquired results from this laboratory-scale study also indicated higher REE recoveries

were obtained at lower leach pH values. For all test runs, every sludge feedstock produced the

highest recovery when the leach pH value was 0.5, the lowest pH condition evaluated in this

study. Similar recovery results were observed for the major metal fractions of the sludges.

Moreover, some selectivity between REEs and major metals may be achieved through varying

leach pH values. As seen in Figure 4.7, several opportunities exist to fractionate REEs from
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the gangue metals. One such trend was noticed at pH values above 4.5. At these higher pH

values, REE recoveries were at or near zero percent (0%), while major metal recoveries were

typically in the 10 – 20% range. In a like manner, at low pH values, the REE recoveries

tended to be higher than those of major metals. These varying recoveries at certain pH

values may provide a selective processing route to concentrate the REEs in the pregnant

leach solution by discarding gangue material throughout the leaching process.

Sensitivity of Results to Moisture Measurement

The standard testing and analytical protocol used throughout this research provided results

on a dry-weight basis; however, the initial feed material always consisted of “fresh” sludge

that was not dried and was very high in moisture. To determine the mass of dry sludge used

in each test, several independent split samples were recovered from the feed material and

subjected to moisture analysis. The wet sludge mass was then multiplied by 100 minus the

moisture content to determine the dry sludge mass used in the leach test. Since the moisture

content of sludge tended to be very high (often greater than 80%), the amount of dry mass

in the test (and subsequently the final recovery values, which were based on the initial dry

mass) tended to be very sensitive to the initial moisture content. For example, given the

results above, a 1%-point change in the Omega feedstock moisture could result in as much

as a 10% change in leaching REE recovery. During testing, it was noticed the sludge may

harden into lumps and trap moisture inside, resulting in inaccurate moisture measurements.

Successive drying and comminution of the dried sludge was required to attain a true moisture

value.

This potential for error was further compounded since many times the residual mass after

leaching was not of sufficient quantity for assay analysis. As a result, a complete mass

balance was not formed, and any spurious moisture values were not be identified using the

data alone. While this factor does not invalidate the results, it should provide some caution

in using the laboratory-scale leach results for predictive models.

To mitigate these concerns in the future, researchers should further validate methods of

moisture determination and ensure consistency between measurements. Furthermore, larger
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Figure 4.7 – Total REE elemental recovery versus leach pH for parametric leaching experiments.

scale testing should be subjected to redundant assays (i.e. assays of the feed, solution,

and residual solids during and after testing), as well as a rigorous data reconciliation/mass

balance process to overcome errant data points.
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Results and Discussion

This testing series highlighted the difference in leaching efficiency when presented with mul-

tiple AMD precipitate feedstocks of varying composition. As a result, achieving a globally

optimal leaching protocol will require prior knowledge of the quantity and quality of the

overall plant feed. The results from these tests indicated the need for further testing to

properly determine if selectivity may be increased by using a mixed acid leach solution.

Additionally, the results from this parametric testing further emphasized this need, in the

event a mixed sludge feedstock would be used as the Technology Readiness Level (TRL)

of this technology advances. In other words, AMDp may need to be classified by prevalent

compositional characteristics that share common processing amenability.

Furthermore, this parametric testing series validated several results from previous testing.

Both leaching kinetics results and the correlation to REE recovery to pH values were repro-

duced. As seen in previous tests (Zhai 2019), the amount of time required to leach REEs

from the AMD sludge was not a significant factor in maximizing recovery, provided that

a minimal leaching time (e.g. 5 minutes) was obtained. Likewise, the parametric testing

indicated lower leach pH values increased the recovery of REEs to solution. This outcome

provides critical verification on the leaching vessel size needed for continuous leach operations

at a larger scale. More importantly, this testing series validated the differences in REE versus

major metal recoveries at multiple pH values. This result is significant as these differences

in recovery may be utilized to concentrate REEs throughout the leaching process. Further

leaching experiments should be conducted throughout the shakedown testing process as the

bench-scale plant begins operation to exploit these different recovery values.

Finally, the overall body of results seen in this testing contributed to the development of

a more thorough experimental design. One issue noted during the data analysis was the

sensitivity to recoveries and mass calculations to the measurement of sludge moisture. As a

result, future protocols may require lab-scale testing to utilize fully dried sludge feedstock for

more accurate results. Additionally, this issue has shown the need to analogue the moisture

protocols used by the analyzing laboratory to guarantee reporting reliability.
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Table 4.3 – Results of solvent extraction laboratory-scale tests for the DLM feedstock after (Ren and Liu
2019)

Site Acid pH Stage Total

Major

Metals

(mg/L)

Extraction /

Stripping Rate

Total Rare

Earth Ele-

ment(mg/L)

TREE Extrac-

tion/Stripping

Rate

Estimated

TREE in Solid

Phase

Enrichment

Factor

Initial 803.25 - 5.131 - 0.63% -

DLM HNO3 3.2 Extraction 725.25 9.71% 0.281 94.52% 5.85% 9.2

Stripping 17.7 11.35% 1.672 17.24% 8.63% 13.6

Initial 791.5 - 5.162 - 0.65% -

DLM HNO3 3.6 Extraction 735.6 7.06% 0.174 96.63% 8.19% 12.6

Stripping 22.7 20.30% 1.451 14.54% 6.01% 9.3

4.4 Laboratory-Scale Solvent Extraction

Throughout this project, batch tests were conducted to evaluate the effectiveness of solvent

extraction on the separation and concentration of REEs by Ren and Liu (2019). An example

of these test results is shown in Table 4.3. These data indicate that the process is efficient

at extracting and concentrating REEs from the pregnant leach solution, and this process is

sufficiently selective to meet the 2% purity requirement. However, this data also indicates

that the stripping efficiency is quite low and must be improved to optimize bench-scale

operation.

4.5 Design Approach and Commissioning

4.5.1 Design Objectives

The primary objective of this chapter is to show the development of a bench-scale flowsheet

that was used in the construction of an REE solvent extraction bench-scale plant for an

AMDp feedstock. To accomplish this, batch testing at the laboratory-scale was conducted

and demonstrated this extraction technology at TRL 4. However, the current objective of the

overall research is to mature that technology to TRL 5 by operating a continuous-flow bench-

scale system that integrates the various technology components. To perform this scale-up,

these primary objectives were itemized into several technical and economic considerations
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that were answered to properly mature the technology. Detailed descriptions of these items

are included in Table 4.4. These considerations guided the system design and dictated many

of the constraints and criteria imposed in the design process.

4.5.2 Design Constraints and Criteria

The bench-scale system design was limited by several constraints imposed by the funding

agency and other restrictions. These constraints limited the scale of the overall system and

dictated several design decisions concerning equipment and reagent selection. Constraints

considered in this bench-scale plant design included but were not limited to:

• Inherent Safety: The as-built process must pass WVU Environmental Health and

Safety approvals. The process must not expose researchers to uncontrollable and un-

mitigated flammable, health, corrosion, or radioactive hazards.

• Ending TRL: The as-built process must meet or exceed TRL 5.

• Product Purity: The as-built process must be able to produce 5 gram lots of REE

concentrate meeting or exceeding 2% TREE by mass. The system must not produce

refined metal.

• Budget: The overall project cost, including the design, construction, operation, and

associated analysis of the as-built process must not exceed the budget limits set by the

funding agency.

• Procurement and Construction Timeline: The as-built process must have a delivery

and testing timeline that does not exceed an 18-month DOE project period.

While design constraints included binary, go/no-go considerations that were met to fulfill

project objectives, design criteria represented desired, but not required, elements that were

used to evaluate and assess alternatives. The design criteria considered in this development

process included but are not limited to:
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Table 4.4 – Technical and economic considerations influencing scale-up of the bench-scale system

Objective Key Question Limitations of Current Scale
Primary Objectives
Technology

Demonstration

Can the proposed flowsheet produce a 2%

REE concentrate at a production rate

commensurate with TRL 5?

Current laboratory testing has only achieved TRL

4.

Scale-Factor

Assessment

For each unit operation, how does

performance (REE recovery) vary between

experimental scales? Can this difference be

predicted with simple scale factors?

Only one scale has been tested, so no scale factors

can be derived.

Specific Technical Performance Considerations
Leaching

Kinetics

How does the mixing intensity influence

leaching kinetics?

Small magnetic stirrers only supply a limited

mixing intensity that is not representative of

industrial mixers

Dewatering

Kinetics

What are the kinetics of the solid/liquid

separation of the leaching residue and

pregnant leach solution?

This data is needed to size dewatering units;

however, the small laboratory-scale tests do not

produce a sufficient mass of residue for

representative dewatering tests.

SX Circuit

Configuration

What is the specific flowsheet arrangement

within the solvent extraction unit? What

number of extraction and stripping stages

are needed to meet quality specifications?

Laboratory batch tests can be used to predict the

general SX performance; however, the flowsheet

arrangement, including number of stages, the

utility of scrubbing and regeneration stages, and

the location of recycle loops, must be specified by

continuous testing.

System

Recovery

What is the end-to-end REE system

recovery, when including recycle loops.

Batch, laboratory test has not integrated all

system components in an end-to-end fashion.

Therefore, system recovery can only be estimated.

Control System What is the ideal sensor package and sensor

location within the flowsheet?

Sensor location and control system assessments

require continuous testing.

Specific Economic Performance Considerations
Leaching Acid

Consumption

What is the acid consumption rate during

leaching? How does this value compare with

similar values measured in the laboratory

scale?

Small deviations in sub-sample mass and moisture

content tend to distort results on small samples.

Leaching larger amounts of sample will tend to

average out these variations.

SX Reagent

Consumption

What organic/extractant losses are expected

in solvent extraction?

These items are required to accurately estimate

SX consumable costs, but are difficult or

impossible to determine in laboratory batch tests.

Other

Consumables

What other reagents and consumables are

needed for ancillary operations?

Laboratory testing usually does not consider

ancillary units, such as solid/liquid separation, so

scaled testing is needed to determine other

consumable materials.
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• Mechanical System Flexibility: A system that can be easily reconfigured will permit

novel flowsheet designs and the ability to evaluate multiple parameters simultaneously.

• System Robustness: A system that can handle multiple feedstocks and investigate

heavy vs. light REE separation is advantageous.

• Operating Schedule: Given standard university work hours, a system that permits an

8-hour work shift is strongly desired.

• Overall Size/System Location: A system that can fit within the WVU/NRCCE High

Bay is strongly desired since this space can be easily acquired and configured for this

testing. Furthermore, a system that can be built and operated indoors will alleviate

seasonal weather issues.

• Operator requirements: A system that can be easily controlled with one or two oper-

ators is strongly desired.

4.5.3 Design Assumptions

Several assumptions were included in the this system design. Many of these assumptions were

further vetted during the actual bench-scale testing, but the validity was currently supported

by fundamental considerations and experimental testing. These assumptions included:

• Recovery values measured at the laboratory scale are suitable for developing a scaled

mass balance.

• The feedstock material that was tested will not substantially deviate from prior mea-

sured values for the reserve.

• The optimized chemical conditions determined in laboratory-scale testing will ade-

quately scale to the bench-scale system.

Given the constraints, criteria, and assumptions above, the overall flowsheet design was

created with use of a master design table. This table identified the specification for each
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unit operation and associated ancillary equipment. Additionally, the values assigned to each

parameter in this table reflected the aforementioned constraints and assumptions. In order

to provide provide flexibility in the overall development of the flowsheet, an optimal baseline

was initially established; however, operational testing dictated that other values or unit

operations were required. For example, a specified filtration unit was deemed insufficient,

resulting in an additional filtration circuit added to the overall flowsheet based on empirical

data.

In addition to a processing flowsheet, additional materials were developed throughout the

flowsheet development phase. These materials include a plan-view facility layout and a

piping and instrumentation drawing (P&ID). Like the flowsheet operations, these materials

were flexible in design to allow for perturbations that were encountered in the operation of

the bench-scale system.

4.6 System Design

4.6.1 Overall Design Approach

Given the constraints, criteria, and assumptions above, the overall bench-scale design uti-

lized a decoupled, semi-batch process capable of producing several grams per hour of REE

concentrate. Each of these items is described and justified in detail below and the flowsheets

are provided in Appendix A. “Decoupled” refers to the coordination between the different

unit operations and is contrasted to a fully-coupled system where all unit operations operate

continuously at the same time, with the product of one operation being immediately fed

to the next unit operation. The decision to decouple was largely based on the operational

challenges in simultaneously managing multiple unit operations as well as the limited value

that fully-coupled testing provides. Even industrial units rarely operate in a fully-coupled

manner, as each primary unit operation is usually separated by stockpiles, surge bins, sumps,

and other intermediate holding vessels that mitigate process disturbances.
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For the bench-scale system design, the decoupling produced three independent process mod-

ules: (1) leaching and dewatering; (2) solvent extraction and stripping; and (3) precipitation

and concentrate recovery. Operationally, the solvent extraction module was the driving unit,

as these reactors were designed to have a continuous feedstock during the operational period.

To accommodate this need, leaching and dewatering were designed perform intermittently, as

needed, and the pregnant leach solution was then stored until needed for solvent extraction

testing. Likewise, the solvent extraction products were also stored until a sufficient volume

was produced, at which time, the REEs were precipitated and recovered in a single batch.

Overall, the decoupling provided the flexibility needed to assess individual process perfor-

mance parameters for each module while still meeting the testing objectives and DOE re-

quirements. Semi-continuous refers to the operational flow arrangement and is contrasted

to batch and continuous flow regimes. In this context, the semi-continuous designation im-

plies that the leaching and dewatering module as well as the precipitation and concentrate

recovery module were performed in a batch-wise fashion, while the solvent extraction and

stripping units instead were performed in a continuous fashion. While the decision for semi-

batch flow was independent from other design considerations, it did coordinate well with the

decision to decouple the major unit operations. Operating the leaching and precipitation

units in a batch-wise fashion had several notable advantages and did not necessarily limit or

encumber the ability to meet the testing objectives specific in Table 4.4. On the contrary,

batch-wise leaching and dewatering is very common for this experimental scale, as a “weekly

batch” of leachate can be generated by simple mixing and overnight dewatering.

4.6.2 Design Flowsheet

Flowsheet

Mass-balanced engineering flowsheets are included in Appendix A and referenced in this sec-

tion. The three flowsheets included in this appendix depict the expected performance for the

three AMDp samples that were proposed for testing during bench-scale operation, including

DLM, Omega, and Mine 42. These specific samples were selected to span a wide range of
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Figure 4.8 – Agitated leach tank

sludge compositions and are typically characterized by either high TREE concentration or

high REE mass flux.

Leaching and Dewatering Module The general operating path of this bench-scale sys-

tem begins with raw AMDp delivered to the plant site. Here, the solids are weighed and

loaded into a 70-gallon batch leaching tank at a 1:1 solid to liquid ratio. In this first leach-

ing vessel, recycled raffinate and makeup acid used as the liquid fraction to lower the pH,

while potentially reducing downstream acid consumption costs. The leach tank contained

wetted parts constructed of Hastelloy, a nickel-chromium alloy which can resist corrosion in

the presence of hydrochloric acid (Zhang et al. 2009). The leach tank was equipped with

a high-intensity mechanical stirring device (5 to 10 HP/1,000 gallon) to facilitate mixing

and reduce process time. The leaching process occurred at atmospheric temperature and

pressure. Figure 4.8 shows an example of an agitated leaching tank that was used in testing.

Next, an acid-resistant pneumatic diaphragm slurry pump was chosen to transfer the leach

slurry to the next batch leaching tank where the pH was adjusted to a desired value between

0.5 and 3 using strong acids, fresh feed, or a caustic reagent depending upon the experi-
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mental conditions and the required pH change after the first vessel. The slurry pump was

also designed to have the wetted parts comprised of PVFD, a non-reactive thermoplastic.

After leaching for the desired retention time (<30 minutes), the mixed leachate-slurry was

transported to a pan filter for solid-liquid separation.

A 5’ X 5’ pan filter was chosen to separate the solid waste residue from the pregnant leach

solution (PLS). The residual waste storage vessel was comprised of a plastic bin and ulti-

mately disposed of according the WVU chemical handling procedures. Likewise, the PLS

storage containers were designed to accommodate 55-gallons. This surge tank would then

feed into the solvent extraction system. Overall, the leaching and dewatering module was

operated as fresh leach solution was needed for the solvent extraction module, approximately

once every week, depending on test conditions.

Solvent Extraction and Stripping Module The solvent extraction and stripping stage

was designed to operate in a continuous fashion with a Masterflex LS series peristaltic pump

transferring the pregnant leach solution to the extraction mixer-settler units. These pumps

are suitable for corrosive chemical applications, as the pump head does not directly contact

the solution. In the solvent extraction stage, organic and the pregnant leach solution flow in

a counter-current configuration from unit to unit, throughout the extraction process. The

REEs are transferred to the organic solution while the spent aqueous portion is collected as

raffinate in a 55-gallon surge tank.

Following the extraction stage, the loaded organic solution was ultimately transferred to the

stripping stage, where the solution was mixed with a low pH strip solution in a countercurrent

fashion. Here, the REEs contained in the organic phase were transferred back to an aqueous

phase to facilitate precipitation of the metals in the next module. The mixer/settlers used in

this phase were identical to the ones used in the extraction stage. A total of 100 mixer-setter

units were proposed for use in the bench-scale plant. The standard laboratory units were

constructed of borosilicate glass and have a 270-mL active volume in the mixer portion and

1,050-mL active volume in the settler portion. The combined aqueous and organic flow-rate

was 150 mL/min. However, the system permitted variable aqueous to organic flow ratios.
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The mixers within these units perform dual functions as they both form the aqueous/organic

emulsion and provide a pumping action that encourages flow through each mixer/settler.

While laboratory-scale test results suggested that 8 to 10 mixer-settler units may be sufficient

to meet the 2% product purity requirements, the decision to use 100 mixer-settlers was driven

by security, robustness, and testing options. Since the batch results were not verified at

scale, over-design (within limits) was advantageous at this stage of technology development

to ensure production targets were met. Furthermore, the large number of units could permit

the separation of heavy from light REEs in the stripped solution – an alternative process

option that may increase product marketability and overall economic feasibility. The large

number of units also permitted the addition of impurity scrubbing and other novel flowsheet

alternatives, such as the direct enrichment of raw AMD.

Scrubbing often takes place on the loaded organic after the extraction stage. Scrubbing

removes residual metal impurities which remain in the organic solution. This process has

been well documented by many researchers (Miranda and Zinner 1997; Morais and Ciminelli

2004; Banda, Jeon, and Lee 2012; Xie et al. 2014; Wang et al. 2017). Altogether, the

decision to use 100 mixer-settlers supported the design objectives while meeting the criteria

and constraints described above. The mixer-settlers mounted to a stainless-steel frame with

ten units per frame. These frames rested on laboratory style tables and connected with

one of two types of Tygon chemical resistant tubing. Clear tubing transported the aqueous

fluids, while yellow Tygon fuel rated tubing was used for the organic. Each mixing-settling

unit also had the capability to recycle either the aqueous or the organic phase within the

same vessel. This option was essential to maintain the optimum ratio of organic to aqueous

within the mixing chamber (Webster 2017). The mixing units were comprised of variable

speed agitators coupled with titanium shafts and polypropylene impellers to resist corrosion.

An example of a ten-stage mixer- settler unit is shown in Figure 4.9.

Precipitation and Concentrate Recovery Module The final precipitation module of

the bench-scale plant was operated in a batch process like the initial leaching stage. After

stripping, the collected strip solution was transferred to a 10-gallon mixing vessel by a

Masterflex LS peristaltic pump. In this vessel, the pH of the strip solution had the capacity

95



Figure 4.9 – Example of ten stage mixer-settler frame.

to be adjusted through the addition of NaOH and/or oxalic acid. As the pH was raised,

after the addition of the oxalic acid, metals precipitated from solution in the form of metal

oxalate and metal oxides. Next, the precipitate slurry was designed to be transferred to a

10” pressure filter. In this filter, solid REE product was separated from the barren aqueous

solution. The barren solution was then transferred from the filter to a 30-gallon storage tank

where it could be recycled back into the stripping stage. Finally, the solid REE product was

projected to be dried in an oven and stored in a sample container for analysis.

Waste Management During the design phase of this research, laboratory testing had

failed to produce a significant quantity of waste product for testing. However, the bench-scale

plant generated a sufficient quantity of waste product (both raffinate and leachate residue)

to allow for characterization. Additionally, health and environmental effects from the release

of REEs into the environment is not well understood, and environmental regulations are

96



limited for this industry (Mayfield and Lewis 2013). However, because REE extraction and

recovery is a chemically intense process, the use of mineral acids, bases, and organic solvents

in REE extraction may result in the generation of multiple waste streams require proper

handling.

Proper waste management is an integral part of the REE recovery process design in this

study. In the proposed REE recovery process, acids and organic solvents used in leaching

and extraction processes are recycled. Key environmental and health issues for the project

that require consideration include:

• Safe transport and handling AMD sludge to limit unintended spills or leaching of

contaminants.

• In processes that use strong acids or bases, as well as organic solvents, safe handling

of chemicals and prevention of accidental release is important to protect workers and

the environment.

• Organic solvents used in the extraction process will be recycled to the solvent extraction

step.

• The acid leaching process results in an acidified AMD sludge. The Toxicity Char-

acteristics Leaching Procedure (TCLP) test will be conducted for residual solids to

determine the leachability of toxic metals/organic compounds in sludge residuals. The

results will determine appropriate methods for residuals management.

• If found to be non-toxic residual solids will be re-introduced into the AMD treatment

system’s lime mixing tank and neutralized prior to disposal per current sludge handling

protocols at the treatment facility.

4.6.3 Design Table

A master design table (Table 4.5) was used to identify the specifications for each unit oper-

ation and ancillary equipment. This table contains design elements for each unit operation,
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Table 4.5 – Master design table

Unit
Operation

Design Element Decision Type Required Data Testing Status Value

Materials
Handling and
Storage

Bin Sizes PDD Nominal flow rates Complete 55 gallon drums
Slurry Pump Sizes PDD Batch flow quantities Complete 3/4 “
Slurry Pump Rates BCOD Batch flow rates Complete 23 gpm

Pipe/Hose Diameters PDD Supplied with off-the-shelf SX unit N/A 3/8 “
Pipe/Hose Materials PDD Supplied with off-the-shelf SX unit N/A Tygon Chemical Resistant

Surge Tank Sizes PDD Nominal flow rates Complete 55 gallon tanks
Reagent Pump Sizes PDD Supplied with off-the-shelf SX unit N/A 0.3 - 200 ml/min

Leaching

Reactor Vessel Number PDD Leach Kinetics Tests Complete 1
Reactor Vessel Size PDD Leach Kinetics Tests Complete 70 gal

Reactor Temperature BCOD Leach Kinetics Tests Complete Ambient
Acid Type BCOD Acid Consumption Test Complete HNO3, H2SO4 , and HCl

Target Leach pH BCOD Acid Consumption Test Complete pH = 0.5 to 2.5

pH Adjustment

Vessel Number PDD Precipitation Kinetics Tests Complete 1
Vessel Size PDD Precipitation Kinetics Tests Complete 70 gal

Alkaline Type BCOD Alkaline Consumption Test Complete NaOH, NH3OH, MgO
Target precipitation pH BCOD Alkaline Consumption Test Complete pH = 2 to 3.5

Leachate/Residue
Separation

Leachate/Residue Separation Method PDD System Design Complete Pan filter
Leachate/Residue Separation Vessel Size PDD System Design Complete 5’ X 5’ Pan Filter
Leachate/Residue Separation Reagents BCOD NA, since batch leaching N/A Coagulant or Flocculant

SX - Extraction

Number of Extraction Vessels PDD McCabe-Thiele Diagrams N/A 8 to 10 required
Size of Extraction Vessels PDD SX Kinetics Test Complete 150 ml/min

Extraction pH Modifier Rate BCOD SX Parametric Test Complete Likely pH = 2– 3.5
Extractant Type PDD SX Parametric Test Complete Likely D2EHPA

Extractant Concentration BCOD SX Parametric Test Complete Likely 20% v/v
O:A Ratio BCOD SX Parametric Test Complete Likely 2.5:1

SX - Stripping

Number of Stripping Vessels PDD McCabe-Thiele Diagrams N/A 3 to 4 required
Size of Stripping Vessels PDD SX Kinetics Testing Complete 150 ml/min

Stripping pH modifier rate (Striping pH) BCOD SX Parametric Testing Complete Likely pH 1.5 – 3.5
O:A Ratio BCOD SC Parametric Testing Complete Likely 0.5:1

Precipitation

Vessel Number PDD System Design Complete 1
Vessel Size PDD System Design Complete 10 gal

Alkaline Type BCOD Precipitation Tests Complete NaOH and Oxalic acid
Alkaline Addition Rate/Consumption BCOD Precipitation Tests Complete pH = 6 to 9

Filtration
Solid/liquid Separation Method PDD System Design Complete Pressure Filter

Leachate/Residue Separation Vessel Size PDD System Design Complete 10”
Leachate/Residue Separation Reagents BCOD NA, since batch leaching N/A Coagulant or Flocculant

Instrumentation
Package

Sensor Type PDD Final Flowsheet N/A pH, Temp., flow rate, metal ion
Sensor Number PDD Final Flowsheet N/A --
Sensor Location PDD Final Flowsheet N/A --
Control System PDD Final Flowsheet N/A --

PDD = Permanent Design Decision BCOD = Baseline Case Operational Decision

required data/testing, the current status of the testing, and the expected design value based

on information to date. All design decisions were classified as either a “permanent design

decision” (PDD) or a “baseline case operational decision” (BCOD). PDD’s constitute rigid

design elements that cannot be readily changed after the system is constructed. Examples

include the type, number, and size of equipment used in each unit operation. Alternatively,

BCOD’s constitute a large degree of flexibility. For these decisions, an optimal or baseline

condition was specified for the initial system design; however, operational testing indicated

other values were within a nominal range. Examples include reagent types and addition

rates.
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4.6.4 Piping and Instrumentation

A Piping and Instrumentation Diagram (P&ID) document set is attached in Appendix B

and referenced in this section. This appendix consists of a total of three drawings, (1) P&ID

Lead Sheet, (2) Overall Plant P&ID, and (3) Solvent Extraction P&ID Detail. Drawing 1

contains a master equipment list in addition to specific equipment details. Additionally, an

equipment, instrument, and process line legend is included. The P&ID drawings generally

use symbols based on International Society of Automation (ISA) Standard S5.1.

Unlike the process flowsheet, the P&ID drawing does not differentiate between batch and

continuous processes. Here all blue lines represent the primary flow path of material. A

green dashed line indicates the flow path of organic and a dashed purple line shows flow

paths that require manual (cf. mechanical) effort to transport material. For example, after

separation of the final product from the barren strip liquid, the final product was designed

to be manually transported on the filter paper to an oven for drying. These stages typically

comprise tasks that require manual intervention or analytical analysis (i.e. weighing) and

were not feasible to automate in a bench-scale decoupled semi-batch system.

Drawing 2 shows the overall system connections, instruments, flows and sampling points.

All equipment is labeled with a unique identifying tag based on the equipment type and

number of units. For instance, the pump feeding the solvent extraction system is tagged

P-004. This is the fourth of eleven total pumps used in the bench-scale solvent extraction

plant. This tag may be cross-referenced on Drawing 1 to identify detailed information

about each individual unit. Additionally, Drawing 2 also shows the minimum proposed

locations of the system sensors. During the design process, multiple sensor configurations

were evaluated to determine the optimal locations to facilitate plant automation. Therefore,

the P&ID drawings show the minimum required sensor arrangement for the bench-scale plant.

Flow sensors were placed in the flow-path of the organic, pregnant leach solution, raffinate,

stripped solution, and stripping stage feed. Sensors which measure pH were required in the

batch leaching and precipitation vessels, in the extraction stage, and the stripping stage.

Finally, the temperature in the drying oven was monitored as a critical process variable.
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A highlighted box is located toward the center of Drawing 2 bounds the stripping and extrac-

tion module. This highlighted area denotes that these modules are shown in more detail on

Drawing 3. Here, the stripping and extraction modules are represented as individual units

showing the combined and individual phases within the mixer-settler units. Additionally,

the countercurrent flow of the aqueous and organic fluids is shown in detail. Focusing on the

extraction stage, this countercurrent flow becomes apparent as the pregnant leach solution is

fed into the last extraction mixer settler in series. In contrast, the organic solution is fed into

the first mixer-settler in the series. Each mixer-settler unit is shown as two joined vessels of

different sizes. The smaller vessels contain the mixed aqueous and organic solutions. This

emulsion then flows to the larger vessel where the organic and aqueous phases settle into two

separate fractions based on their density.

4.7 Facility Layout

An optimal design for the bench-scale solvent extraction plant is shown in Appendix C and

is titled, SX Bench-Scale Plant Layout. This general layout shows the placement of all major

equipment components within the laboratory. The solvent extraction units were located in

series in a semi-circular fashion where all units may be visually monitored. A workbench was

centrally located to provide a working surface to maintaining the equipment and performing

analytical analysis. The area in the south-west corner of the laboratory shows the units

required for operating the batch leaching and precipitation stages of the bench-scale solvent

extraction unit. Additionally, samples and general storage is located on the south and east

walls of the lab, on the proposed layout.

4.8 Testing Plan for the Bench-Scale System

System testing was proposed in a total of three phases as follows:

• Shakedown Testing
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• Parametric Testing

• Validation Testing

Each phase of testing builds cumulatively, resulting in an optimized system. Initially, shake-

down testing established the fundamental operating parameters of the bench-scale system.

As an example, these characteristics may include such parameters as; number of extractant

and stripping stages, benefits and location of utilizing a scrubbing stage, optimizing the

batch unit processes (leaching, precipitation, etc.), and performance of different reagents.

These tests were conducted initially in a laboratory setting and progress to testing on the

solvent extraction plant once it was operational. A two-factor experimental design was uti-

lized during the shakedown testing phase. Information gathered in this stage will identify

and refine the key parameters necessary for the next stage of testing.

Afterwards, parametric testing was started on the completed bench-scale system. This test-

ing schedule will use a statistical experimental design to evaluate the performance of the

system as key operating parameters are varied to identify the optimum values required for

the three different sludge feedstocks. Some operating parameters which may be evaluated

in this phase of testing include: aqueous to organic ratios in the extraction and stripping

stages, stripping pH, extractant concentration, and the quantity of recycled process streams

used in the overall process. The parametric testing phase will be conducted on the three

AMDp types.

Finally, validation testing will be conducted to confirm experimental results from the para-

metric testing. Each validation test will be performed a minimum of three times on each

sludge feedstock to confirm results of the testing schedule. This testing will ultimately lead

to an optimized plant operating procedure where the recovery of the valuable REEs are

optimized. Furthermore, results from this testing system will be used to identify the perfor-

mance of the bench-scale unit based on the technical and economic success factors discussed

in the next sections. Lastly, the validation testing stage will be employed in the scale-up of

the system to the next TRL.

The overall performance of the solvent-extraction plant was based on several technical and

economic success factors related to the design objectives prescribed above. Table 4.6 quan-
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Table 4.6 – Proposed parameters used for technical success factors

Parameter Minimum Target Optimum Target
Product Grade 2% 10% Light and Heavy Fractions

Concentrate Production Rate 3 g/hr. 5 g/hr.
Overall REE Mass Recovery 50% > 80%

Leaching Efficiency 80% Greater than 90%
Major Metal Rejection 80% >80%
Percent Extraction 85% > 95%
Stripping Recovery 50% > 95%

tifies the technical success factors that will be evaluated in Phase 2. This list is not compre-

hensive and was refined as the testing plans proceeded.

Each technical success factor was bound by two separate targets, minimum and optimum.

The minimum targets were those which represented the threshold acceptable operating per-

formance of the bench-scale system. Additionally, optimum targets were those where the

optimization process was expected to exceeded the minimum targets. For example, the prod-

uct grade of the REE product must meet a minimum of two percent, by mass. As a result,

optimum targets contain values that indicate the bench-scale system is operating within

an optimum range above and beyond the minimum targets. These success factors will be

evaluated during the validation testing phase to show the overall performance of the plant.

Additionally, economic success factors will be utilized to gauge the overall performance of the

solvent-extraction plant with respect to cost parameters. These factors, when optimized, will

directly result in lower operating costs as this project advances to the next TRL. Table 4.7

lists examples of some of the economic success factors which will be calculated at the end of

the project. Note that many of these economic factors are normalized to percent of contained

value. This approach was preferred over a strict “$/tonne” limit, as it ensured a consistent

profit margin, despite changes in feedstock REE concentration. These calculations will be

based on the standard REE price deck, and re-calculated for each feedstock test during

parametric testing. This list is not comprehensive and was refined as the testing plans

progressed.
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Table 4.7 – Proposed economic success factors for bench-scale SX plant.

Parameter Target
Leaching Cost <30% of Contained REE Value

Direct Process Operating Cost <50% of Contained REE Value
Raffinate Recycle Utilize >50% of raffinate in the leaching process
Extractant Loss Minimize loss of extractant to less than 5% by volume

Value-Based Recovery Recover 80% of the contained value to the final concentrate

4.9 Summary

An acid leaching and solvent extraction system was designed to extract REEs from AMD

precipitates. Multiple laboratory-scale experiments were conducted based on the standard

hydrometallurgical processes of acid leaching and solvent extraction. These experiments

assisted in identifying the specifications of the required equipment in regard to size and

quantity.

Furthermore, the design constraints defined by the project administrators were identified and

applied to the system design, along with the assumptions made during the design process. In

all, these parameters led to the constriction of a master design table that was used to identify

the specifications of the major components and ancillary equipment required to construct

the bench-scale system. From this table, a series of process flowsheets, P&ID diagrams, and

facility layout diagrams were constructed.

This work resulted in a system that was designed to operate in a decoupled, semi-batch

fashion capable of producing a minimum of 3 grams per hour of a 2% mixed rare earth oxide

product. Additionally, performance targets for the bench-scale system were established to

identify success criteria. Lastly, economic success factors were established to forecast the

overall performance. When combined with the optimized system parameters, this wealth of

information could be used to model cost of the process as the scale increases.
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Chapter 5

Bench-Scale Plant Operation

5.1 Introduction

An ALSX plant was constructed to recover REEs from AMD precipitates. The plant design

was based on extensive acid leaching and solvent extraction laboratory-scale studies. The

initially constructed ALSX system closely resembled the proposed system design. Initially,

shakedown testing was performed on each module of the plant to identify construction and

design oversights of this unproven design. For example, shakedown testing could identify

small problems like minor leaks up to major complications such as improper component

specification. As a result, modifications to the overall process were required to overcome the

observed obstacles. Each of these issues is discussed in greater detail below.

After shakedown testing and plant modification, the ALSX plant was placed into operation

by implementing a decoupled, semi-batch process, as designed. The bench-scale system is

comprised of three operating units including an acid leaching and filtration module, a solvent

extraction module, and a precipitation module. Initially, small batches (~60 L) of AMDp

were converted to PLS using the acid leaching portion of the plant. As the acid leaching

technique was refined, larger batches were produced that could supply a sufficient quantity

of feedstock to the SX module for week-long runs. The SX process was scheduled to operate

in eight hour shifts for five days per week until the PLS was exhausted.
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Upon completion of each SX plant run, the stripped aqueous product was processed by the

precipitation module to convert the REE cations to oxalates. Next, the REE oxalate solids

were calcined to transform the oxalates to oxides. After calcination, multiple washing stages

were required to separate the REEs from gangue elements; therefore, increasing the grade of

the final product. As a result of these procedures, a 61.8% mixed rare earth oxide material

was acquired from the ALSX plant.

5.2 Feedstock Acquisition and Material Handling

An outside contractor was employed to collect AMDp from the proposed feedstock sites for

processing in the the ALSX bench-scale plant. This contractor provided ten 55-gallon drums

of AMDp from each of the three AMD sites evaluated for this research. The contractor used

a small excavator to remove the AMDp from on-site storage ponds. Ten 55-gallon drums of

AMDp were collected from each site and transported to the WVU ALSX facility. Plastic

drum liners were used to isolate the AMDp from the inside of the steel drums. Various

photos from the sampling exercise are shown in Figure 5.1. Upon delivery to the facility, the

drums were stored in a controlled environment until the material was required for leaching

tests.

In regard to the feedstock, there was a change in one of the AMDp sources used for this

research. Previously, AMDp from the Mine 42 site was included in the testing regime.

However, between the time of sample collection and plant commissioning, several of the Mine

42 AMDp storage ponds were reclaimed resulting in reduced availability of the feedstock.

Consequently, AMDp from the Royal Scot site replaced Mine 42 as a feedstock.

Figure 5.2 shows the drums stored at the ALSX facility. Drums were placed on pallets at

the time of loading. Once at the ALSX facility, a pallet jack was employed to maneuver the

drums into the storage area. When required for leaching, the drums were maneuvered using

an overhead crane and tilting drum-lifting device. This configuration was utilized to hoist

the drums to the acid leaching module where the AMDp was removed from the lined drum
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Figure 5.1 – Various pictures from collection of AMDp feedstock.

Figure 5.2 – 55-gallon drums stored at the ALSX facility.

and placed into five-gallon buckets. Each of the buckets was individually weighed to record

the mass of AMDp before it was used in the acid leaching process.
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Figure 5.3 – Acid leaching module of bench-scale plant

5.3 Acid Leaching Module

The acid leaching module is located adjacent to the solvent extraction bench-scale system.

Figure 5.3 shows the as-built acid leaching operating area. The leaching vessels were operated

under a full sized fume hood to prevent operator exposure to acidic fumes. The major

components of the module include the fume hood, two 75-gallon agitated leaching mixing

vessels, a 420 mm filter press with a 2.0 cubic-foot capacity, air diaphragm pumps, and an

acid dosing system. Directly outside the fume hood a scale holds a carboy of 68% nitric

acid. The scale is used to monitor the amount of chemicals and feedstock consumed in the

leaching process.

5.3.1 Acid Leaching Shakedown Testing

Throughout the shakedown testing of the ALSX system, several operational difficulties were

experienced when using the ALSX system as it was initially designed. As a result, modi-
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fications to the acid leaching flowsheet were required to address these issues. This section

describes the major operational challenges encountered and the flowsheet modifications im-

plemented to overcome the unforeseen complications.

Gel Formation of PLS

Initial attempts were made to create PLS during shakedown testing. During the introductory

trials, several batches of the PLS would form a gelatinous mixture within the leaching vessel

when the pH was raised above the leaching pH setpoint. This issue was observed in feedstock

from all three AMD sites. Figure 5.4 shows a representative sample of the gelatinous PLS

after pH adjustment. The formation of this gel inhibited pumping of the PLS onto the pan

filter. Additionally, the gel prevented filtering of the PLS and therefore, the separation of

the solid and aqueous components of the leaching slurry was impractical.

In order to alleviate this issue, multiple lab-scale experiments were conducted to identify

the mechanism causing the gel formation by Wang et al (2019). While the exact mechanism

controlling the gel formation was not identified, it was discovered that the PLS did not form

a gel when an additional filtration step was added to the procedure.

This extra filtration step was introduced directly after the PLS was lowered to the leaching

pH value of 0.7. When tested on the acid leaching module, the additional filtration step

alleviated the congealing of the PLS at pH values less than 4.0. As a result, this addi-

tional filtration step was implemented into the operating procedure to alleviate the material

handling complications.

Filtration

Despite solving the issue with PLS gel formation, the vacuum pan filter was still unable to

filter the PLS in an acceptable manner. The pan filter did not have a sufficient filtering

area for the amount of solids remaining after acid leaching. This condition was not properly

addressed in the design phase because the small-scale filtering apparatus employed during

testing did not allow for a proper evaluation of the filtration at the intended scale. For exam-

ple, leaching tests were conducted using vacuum filtration with a Buchner funnel and filter
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Figure 5.4 – PLS gel formation on pan filter at pH 3.0.

paper. This operating condition did not produce a significant amount of solid precipitate

to evaluate the bed depth and therefore the necessary filtration area required to perform an

efficient solid-liquid separation.

To mitigate this issue, a plate and frame filter press was proposed to efficiently filter the PLS.

Consequently, a 150 mm Micronics Micro-Test-Press was acquired to test the ability of a

plate and frame filter to fully filter the PLS. Multiple batches of PLS were created using the

three different feedstocks and were subsequently processed with the laboratory-scale filter.

Testing results indicated that the filter press could indeed filter the PLS solutions from all

of the feedstocks at multiple pH values. Results from this experiment were provided to the

filter vendor. As a result, a press with 420 mm plates with a 2 cubic-foot capacity was

recommended for the application. As a result a 420mm press was acquired to filter PLS

from the 75-gallon agitated leach tank and create a clarified PLS. Figure5.5 shows both the

150 mm lab-scale press used during testing and the 420 mm filter press that replaced the

pan filter.

Full-scale testing with the 2 cubic-foot filter press was successful with all three feedstocks.

This was a direct result of the increased filtration area. Originally, the pan filter had a usable
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Figure 5.5 – Lab-scale 150mm filter press (left) and 420-mm filter press (right).

Figure 5.6 – PLS after filtration in the plate and frame filter and filter cake from clean-out of the 2 cubic-foot
filter press.

filtration area of 25 square-feet. The new filtration unit increased the filtration area by a

factor of almost 1.75 to 43 square-feet.

A Sandpiper S07 air diaphragm pump with a maximum capacity of 23 gpm was utilized to

feed the filter press. Additionally, the pump was supplied with PVDF internal components

to resist the corrosion when pumping acidic liquids. The filter cake obtained from the filter

press achieved moisture values of approximately 60%, which was substantially better than

previous filter cakes acquired using vacuum filtration. Figure 5.6 shows the PLS filtrate and

the residual solids that remained after operation of the filter press.
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5.3.2 Acid Leaching Procedure and Results

After modifying the acid leaching process and equipment, an updated process flow diagram

was created as shown in Figure 5.7. The PLS created for the baseline Royal Scot solvent

extraction test was made in two batches. First, AMDp was added to the agitated leaching

vessel, bucket-wise, so the mass of the AMDp could be recorded. Additionally, an AMDp

sample was collected from each bucket and combined to form an overall representative AMDp

sample. The sample was then analyzed using thermogravimetric analysis for moisture, ICP-

MS for REEs, and inductively coupled plasma - optical emission spectrometry (ICP-OES)

for major ion determinations. Second, water was added to the leaching vessel at 0.75 L per

kg of as-received AMDp. This value was determined empirically during shakedown testing

to facilitate mixing, pumping, and filtration of the PLS. Initial trials showed that using only

AMDp and acid resulted in a thick slurry that was un-pumpable and therefore unable to

undergo the filtering process. Third, under rapid agitation, 68% nitric acid was pumped

into the leaching chamber until the desired leaching pH set-point of 0.7 was obtained. The

pH was monitored using a hand-held pH meter that was calibrated before the start of each

batch. This process took several hours for the vessel to achieve pH equilibrium. Finally, the

low pH PLS was filtered using the 420 mm filter press.

After filtration, the clean PLS was pumped back into a leaching vessel. Next, the pH of

the PLS was adjusted upward with 50% sodium hydroxide, to a pH value of 3.0, to remove

gangue metals. Once again, this process was performed step-wise over several hours until

equilibrium was attained at the desired pH set-point. Finally, the PLS was again filtered

to remove any solids that precipitated during the upward pH adjustment. The filtrate from

this process was sampled then transferred to the SX module as feed for the liquid-liquid

extraction process.

Table 5.1 shows the reagents and conditions implemented to create the Royal Scot PLS.

Combined, the two batches created a total of 282 liters of PLS for the subsequent SX process.

The total acid consumption of the leaching procedure was 1.24 g-acid/g-feed. While the acid

consumption of this batch process is high, other processes exist to reduce this metric. For
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Figure 5.7 – Acid leaching process flow diagram showing PLS generation procedure.

example, the application of countercurrent leaching could provide a more efficient use of the

leaching acid.

Analytical testing was performed on the feed, concentrate, and tailings of the comprehensive

leaching process. These samples were analyzed using ICP-MS and ICP-OES methods to

determine the REE concentrations and major ion concentrations, respectively. Table 5.2

shows the results of the analytical tests as well as the mass balance for both leaching batches.

The analytical results revealed several significant developments resulting from the leaching

process. Both leaching batches yielded PLS with generally similar concentrations of ele-

ments. Overall, approximately 51% of the REEs were recovered into the PLS solution, while

only 27% of the other major ions were recovered, indicating a significant rejection of gangue

material. More noteworthy, the pH adjustment procedure resulted in the rejection of almost

all of the Fe (>99.9%) from the PLS. This is substantial as Fe can interfere with the sub-
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Table 5.1 – Royal Scot acid leaching parameters used to create PLS.

Parameter Units Batch 1 Batch 2 Total
Feedstock: (txt) Royal Scot Royal Scot Royal Scot
AMDp Wet Mass: (kg) 103.51 103.96 207.47
AMDp Dry Mass (kg) 12.45 12.51 24.96
Water Volume: (L) 75.60 75.60 151.20
Initial pH: (#) 8.57 8.37 16.94
Acid Type: (txt) 68% HNO3 68% HNO3 68% HNO3
Acid Added: (kg) 24.07 21.32 45.39
Leach pH: (#) 0.59 0.75 0.67
Caustic Type: (txt) 50% NaOH 50% NaOH 50% NaOH
Caustic Added: (kg) 8.71 8.44 17.15
Final pH (#) 2.90 3.10 3.00
Final PLS Volume: (L) 149.31 132.30 281.61
Filter Cake Wet Mass: (kg) 33.75 36.02 69.76
Filter Cake Dry Mass: (kg) 10.38 10.06 20.44
Acid Consumption: (g-acid/g-ore) 1.31 1.16 1.24

Table 5.2 – Royal Scot acid leaching assay and mass balance.

Batch #1 Batch #2
Filter Filter Filter Filter

Analyte Sludge Sludge PLS PLS Recovery Cake Cake Mass Analyte Sludge Sludge PLS PLS Recovery Cake Cake Mass
Assay Mass Feed Mass Assay Mass Balance Assay Mass Feed Mass Assay Mass Balance

(txt) (mg/kg) (g) (mg/L) (g) (%) (mg/kg) (g) (g) (txt) (mg/kg) (g) (mg/L) (g) (%) (mg/kg) (g) (g)
Major Ions
Al 83,066.8 1,034.4 2,785.7 415.9 40% 21,406.7 222.1 396.3 Al 83,066.8 1,034.4 2,848.4 425.3 41% 21,145.3 219.4 389.6
Ca 13,986.9 174.2 734.7 109.7 63% 2,004.2 20.8 43.7 Ca 13,986.9 174.2 777.6 116.1 67% 1,833.8 19.0 39.0
Co 697.2 8.7 21.1 3.2 36% 87.3 0.9 4.6 Co 697.2 8.7 24.8 3.7 43% 124.3 1.3 3.7
Fe 124,032.3 1,544.5 4.0 0.6 0% 152,369.3 1,581.2 - Fe 124,032.3 1,544.5 2.6 0.4 0% 110,933.2 1,151.2 392.9
Mg 57,207.9 712.4 2,342.1 349.7 49% 6,645.2 69.0 293.7 Mg 57,207.9 712.4 2,387.5 356.5 50% 5,895.5 61.2 294.7
Mn 19,445.6 242.1 707.8 105.7 44% 5,963.3 61.9 74.6 Mn 19,445.6 242.1 862.0 128.7 53% 7,201.1 74.7 38.7
Si 29,654.3 369.3 62.1 9.3 3% 25,952.8 269.3 90.7 Si 29,654.3 369.3 48.2 7.2 2% 24,190.7 251.0 111.0
SO4 8,942.0 111.3 940.0 140.4 100% 1,136.0 11.8 - SO4 8,942.0 111.3 875.0 130.6 100% 1,369.6 14.2 -
Cl 39.8 0.5 4.7 0.7 100% 76.4 0.8 - Cl 39.8 0.5 4.5 0.7 100% 91.9 1.0 -
TMM 337,072.8 4,197.3 7,602.1 1,135.1 27% 215,641.2 2,237.8 903.6 TMM 337,072.8 4,197.3 7,830.6 1,169.2 28% 172,785.3 1,793.0 1,269.7
Rare Earth Elements
(txt) (mg/kg) (mg) (µg/L) (mg) (%) (mg/kg) (mg) (mg) (txt) (mg/kg) (mg) (µg/L) (mg) (%) (mg/kg) (mg) (mg)
Sc 13.1 163.6 143.3 21.4 13% 11.5 119.4 22.8 Sc 13.1 163.6 212.3 31.7 19% 11.6 120.8 11.1
Y 343.1 4,272.2 14,746.1 2,201.7 52% 39.3 408.3 1,662.2 Y 343.1 4,272.2 15,472.8 2,310.2 54% 42.1 437.0 1,525.0
La 67.9 845.8 3,100.6 462.9 55% 8.2 85.4 297.4 La 67.9 845.8 3,293.4 491.7 58% 8.6 89.5 264.5
Ce 205.6 2,560.0 8,849.8 1,321.4 52% 26.5 274.6 964.0 Ce 205.6 2,560.0 9,138.1 1,364.4 53% 28.0 290.5 905.1
Pr 34.7 432.3 1,490.2 222.5 51% 4.4 45.9 163.9 Pr 34.7 432.3 1,555.4 232.2 54% 4.7 48.7 151.4
Nd 170.2 2,119.5 7,429.1 1,109.2 52% 21.4 221.6 788.7 Nd 170.2 2,119.5 7,766.7 1,159.7 55% 23.9 248.0 711.8
Sm 58.2 725.0 2,427.4 362.4 50% 7.1 74.1 288.5 Sm 58.2 725.0 2,490.3 371.8 51% 7.9 82.1 271.1
Eu 15.2 189.4 617.6 92.2 49% 1.9 19.3 77.9 Eu 15.2 189.4 639.0 95.4 50% 2.0 20.7 73.3
Gd 86.8 1,081.0 3,623.2 541.0 50% 10.2 105.9 434.1 Gd 86.8 1,081.0 3,671.1 548.1 51% 11.0 114.1 418.8
Tb 13.8 171.7 555.4 82.9 48% 1.7 17.5 71.3 Tb 13.8 171.7 572.7 85.5 50% 1.8 19.1 67.2
Dy 75.0 933.8 3,019.1 450.8 48% 8.8 91.2 391.8 Dy 75.0 933.8 2,964.6 442.6 47% 9.8 101.4 389.7
Ho 13.4 167.0 535.0 79.9 48% 1.6 17.0 70.1 Ho 13.4 167.0 540.8 80.8 48% 1.8 18.6 67.7
Er 35.2 438.3 1,388.7 207.3 47% 4.1 42.7 188.3 Er 35.2 438.3 1,384.5 206.7 47% 4.7 48.6 182.9
Tm 4.4 54.5 175.0 26.1 48% 0.6 6.0 22.4 Tm 4.4 54.5 173.2 25.9 47% 0.6 6.3 22.4
Yb 23.7 294.8 949.6 141.8 48% 3.0 30.9 122.1 Yb 23.7 294.8 948.2 141.6 48% 3.3 34.4 118.8
Lu 3.5 43.6 140.0 20.9 48% 0.5 4.8 17.9 Lu 3.5 43.6 134.8 20.1 46% 0.5 5.2 18.3
TREE 1,163.8 14,492.4 49,190.0 7,344.6 51% 150.8 1,564.5 5,583.4 TREE 1,163.8 14,492.4 50,957.8 7,608.5 52% 162.4 1,684.9 5,199.0
Actinides
Th 2.8 35.0 1.0 0.1 0% 3.8 39.6 - Th 2.8 35.0 0.0 0.0 0% 3.1 31.9 3.2
U 11.5 143.2 267.2 39.9 28% 3.4 35.8 67.5 U 11.5 143.2 261.4 39.0 27% 5.1 53.4 50.7

sequent SX process. Other gangue material was also rejected from the PLS including, Al

(40%), Ca (65%), Mg (50%), Mn (49%), and Si (3%).
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Additionally, in regard to the REEs, the individual recoveries generally decrease as the atomic

number of the REE increases. Once exception to this observation is Sc, which possesses a

much lower average recovery of 16%. The low recovery is not readily explained by standard

thermodynamic considerations (e.g. Eh-pH diagrams) which indicate that Sc should remain

in solution at pH values less than 6 (Takeno 2005). Additionally, Sc is also readily leached

from other feedstocks using mineral acids as described by Wang et al (2013). As a result, the

current interpretation of these results indicate that other constituents within the PLS were

causing interference with the Sc, resulting in either co-precipitation at the pH value of less

than 3.0 or preventing the Sc from transferring to an aqueous phase with the acid digestion.

The overall mass balance of the acid leaching process indicated a large variation between the

balance and initial elemental masses of approximately 27% for the major ions and 37% for

the rare earths. This discrepancy is quite large and indicative of analytical errors resulting

from the sampling process, deficiencies in the measurement and recording procedures, or

incomplete digestion in the analytical sample preparation process. Furthermore, these types

of mass balance errors have be consistent throughout his research when using a saturated

AMDp feedstock. To explore these differences, research by Wang et al (2019) used a LECO

TGA701 to explore the residual moisture in AMDp material after desiccation. This research

studied the dehydration process of AMDp and indicated that some residual moisture may be

left in the solid after traditional dehydration methods. Given the high moisture contents of

the feedstock (88%), even a small change in moisture values could have a significant impact

on the overall mass balance of the system.

5.4 Solvent Extraction Module

A bench-scale solvent extraction system with 100 individual mixer-settlers was acquired

for this research. Figure 5.8 shows the layout of the bench-scale system. The constructed

system used was identical to the as-designed specifications developed in the planning phase

of this research. The overall SX plant consisted of ten individual stainless steel frames, with
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Figure 5.8 – Overview of solvent extraction module

ten mixer-settlers attached to each frame, along with the requisite peristaltic pumps and

chemical storage tanks needed for operation.

Multiple shakedown tests were performed on this system to empirically obtain a minimum

set of operational parameters required for the system to operate. Initially, a hydrostatic test

was completed to identify any leaks in the system. Additionally, each unit operation was

evaluated during shakedown testing using multiple parameters to establish the key operating

set-points required to perform the necessary process. This was accomplished by using PLS

from each feedstock to test the extraction, scrubbing, stripping, and saponification circuits

in a batch-wise fashion until analytical testing showed the circuit preformed in a satisfactory

manner. After the most promising parameters were identified, each feedstock was then

processed using the SX bench-scale plant in a continuous fashion to develop a baseline result

from which parametric testing could identify the effect of changing individual SX parameters

on the overall performance of the SX plant.

5.4.1 Solvent Extraction Shakedown Testing

In the course of shakedown testing, several issues were noted that inhibited the operation

of the bench-scale system. As each issue was discovered, modifications to the plant were
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implemented to alleviate the deficiency. Each operational challenge that was observed during

this testing regime is described below.

Third-Phase Crud Formation

During the initial shakedown tests, two of the feedstocks (DLM and Omega) caused con-

siderable third-phase formation as seen in Figure 5.9. This third phase, also called crud,

is a stable emulsion that causes significant problems in the SX circuit as noted by Ritcey

(1980). The crud encountered during this testing started forming at the organic and aqueous

interface and eventually occupied the majority of the volume in the mixer-settler.

This was a significant setback and before a continuous SX process flowsheet using these

feedstocks is finalized, a thorough investigation of third phase formation is necessary (Kedari

et al. 2006). Some of the issues encountered during the initial testing runs included difficulties

in obtaining mass balances, organic loss to the aqueous streams, and complete blockages of

the tubing connecting the mixer-settlers. Unfortunately, the generation of large amounts of

crud rendered parametric testing with these feedstocks difficult if not impossible to complete.

Characterization of the third phase was conducted by Huang (2019). XRD analysis of the

third phase formation indicated that the crud contained Quartz, Nitromagnesite, Sodium

Nitrate, and Calcium Carbonate. Furthermore, ICP-OES analysis indicated that the solid

fraction of the crud material contained high levels of Al and Na while the organic phase con-

tained high a high percentage of Fe. Additionally, multiple exploratory tests were conducted

in an attempt to prevent the formation of crud in the mixing chamber. These tests included

dilution of the PLS, use of the modifier tributyl phosphate, varying extractant concentra-

tions, changing the extractant O:A ratio, and attempts to recreate the third phase formation

using synthetic solutions. Results from this testing suggested that the gangue metals Al, Ca,

Fe and Si are factors in the formation of the third phase. While this testing did not result

in a method to eliminate the formation of the crud, it does show that additional gangue re-

moval is necessary in the leaching module. As a result, baseline testing was not successfully

completed on these two crud-forming feedstocks.
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Figure 5.9 – Crud formation in an extraction settler during DLM shakedown testing.

In contrast, the Royal Scot feedstock did not produce a detrimental quantity of crud. When

the PLS of the three feedstocks was compared, as shown in Table 5.3, it was evident that

the Fe and Ca content in the Royal Scot PLS was considerably lower than in the other two

feedstocks. While the fundamental mechanism behind the crud formation was not identified,

the crud characterization testing and comparison of PLS feedstocks indicated that that Fe or

Ca may have reached a limiting organic concentration (LOC) where the metal ions started to

precipitate and created a nucleus that allowed for crud formation as described by Chiarizia

and Briand (2007). As a result, the Royal Scott PLS was used to demonstrate the feasibility

of recovering REEs from AMDp while DLM and Omega feedstocks were subjected to further

leaching tests to remove the excess gangue metals.

Maintaining Mixing O:A

Another operational difficulty encountered in the operation of the SX plant involved main-

taining a consistent O:A ratio in the mixing chamber. This issue was not observed in the SX

unit operations using an advance ratio of 1:1. Conversely, unit operations that required high

or low O:A ratios often presented challenges in regard to maintaining a consistent mixing

O:A ratio. This was caused for one of two reasons.

First, over time, the Tygon tubing used to recycle the aqueous phase in the settler back to

the mixer would hardened and prevented operation of the roller-clamp that restricts flow in

the recycle line. The second issue encountered was inherent to the roller clamp design. Often
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Table 5.3 – Comparison of PLS from the three feedstocks.

Sample Date 1/23/19 2/5/19 2/27/19
Feedstock DLM Omega Royal Scot
End pH 3.05 2.94 3.01
Major Ions
Al (mg/L) 9,480.84 3,133.43 2,982.86
Ca (mg/L) 1,401.59 1,372.56 761.02
Co (mg/L) 102.98 18.60 22.43
Fe (mg/L) 1,936.00 71.43 3.18
Mg (mg/L) 6,845.59 455.24 2,426.65
Mn (mg/L) 3,595.23 105.58 777.82
Na (mg/L) 47.55 12,699.48 11,493.42
Si (mg/L) 1,274.31 59.31 53.64
SO4 (mg/L) 497.79 25.39 881.37
Cl (mg/L) 17.92 5.65 4.67
TMM (mg/L) 25,199.80 17,946.67 19,407.05
Rare Earth Elements
Sc (µg/L) 2,118.11 962.45 <0.037
Y (µg/L) 83,061.09 7,151.53 12,504.72
La (µg/L) 23,908.46 1,477.79 2,646.17
Ce (µg/L) 64,313.63 4,906.65 7,519.84
Pr (µg/L) 8,198.92 782.96 1,248.48
Nd (µg/L) 34,781.11 3,688.07 6,330.98
Sm (µg/L) 8,890.67 1,133.53 2,087.38
Eu (µg/L) 2,325.90 302.10 529.65
Gd (µg/L) 13,509.25 1,820.15 3,011.83
Tb (µg/L) 2,239.51 339.07 450.90
Dy (µg/L) 13,712.70 2,016.94 2,493.89
Ho (µg/L) 2,713.13 381.42 444.83
Er (µg/L) 7,453.57 1,063.41 1,162.19
Tm (µg/L) 965.45 144.99 136.08
Yb (µg/L) 5,506.71 824.88 801.98
Lu (µg/L) 793.23 125.05 104.29
Th (µg/L) 163.78 11.28 <0.007
U (µg/L) 815.79 257.11 198.47
TREE (µg/L) 274,491.42 27,120.98 41,473.23
HREE (µg/L) 132,072.74 14,829.88 21,110.72
LREE (µg/L) 142,418.68 12,291.10 20,362.51
CREE (µg/L) 136,120.30 13,497.71 22,310.15

118



the roller-clamps could not provide the fine adjustment required to properly maintain the

preferred mixing O:A range of 1.5:1 to 1:1.5 as recommended by the SX plant manufacturer

(Webster 2018). To alleviate this issue, in-line valves were acquired to replace the roller-

clamp style valves installed on the recycle lines of the SX processes that required advance

O:A ratios greater than the recommended mixing range.

Organic Loss During Saponification

During initial shakedown testing, four unit operations were utilized including: extraction;

scrubbing; stripping; and saponification. During these tests, a large fraction of the organic

was reporting to the saponification raffinate and not recycling back to the organic tank.

Further research indicated that an additional stage was needed to separate the organic and

aqueous phases as indicated by Ritcey et al.(1979). As a result, the Megon Rare Earth Cir-

cuit, as presented by Ritcey, showed an additional circuit (acid wash) implemented directly

after the saponification stage was required. This addition resolved the misreporting of the

organic phase to the aqueous raffinate tank. Furthermore, the concentration of saponifica-

tion reagent was changed from 2 M sodium hydroxide to 2 M ammonium hydroxide. The

combination of reagent substitution and the additional stage greatly improved the recovery

of organic to the organic recycle tank.

While the recovery of the organic improved to a level that was acceptable for the operation of

the bench-scale plant, further modification to the circuit is required as the scale of the plant

increases. Organic loss often constitutes a significant cost to industrial-scale SX operations

(Morgan et al. 2011). As a result, the addition of a coalescence device or other chemical

modifier warrants evaluation as the TRL of this process increases.

5.4.2 SX Procedure and Results

In order to develop a base-line test before parametric testing was started, a batch of PLS

was processed in the SX system with an initial set of operating parameters. Table 5.4 shows

the parameters used in establishing this baseline test. The extractant, Elixore 205 is a
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highly refined aliphatic diluent, similar to kerosene, with a high flash-point, low viscosity,

and ultra-low aromatic content Total (2019). This diluent was chosen for three reasons.

First, standard kerosene was used in some initial shakedown testing. However, a strong

odor was emitted by the kerosene that permeated the enclosed area. Second, the use of a

diluent specifically designed for use in solvent extraction was necessary to minimize further

scale-up issues as the TRL of the project increased. Third, phase separation tests conducted

by Koermer (2018) showed a slight advantage in phase separation times with Elixore 205

verses other Total diluents.

Next, D2EHPA was chosen as the primary extractant based on the wide acceptance within

the REE industry and abundance of literature resources using this extractant in SX processes

targeting REEs Ritcey and Ashbrook (1984), Verbaan et al. (2015), and Bourricaudy et al.

(2016). The initial extractant concentration was identified by research conducted by Ren

and Liu (2019). Additionally, initial shakedown testing indicated third-phase crud formation

occurred in the extraction, scrubbing, and stripping circuits. In order to address this issue,

TBP was added as a modifier as described by Ritcey and Ashbrook (1984).

The extraction and scrubbing advance O:A ratios were both operated at 1:1 to provide

equal transfer of the REEs and gangue metals to the organic phase and scrubbing raffinate

respectively. For the stripping circuit, an O:A ratio of 10:1 was utilized to concentrate the

REEs into the stripped raffinate, while minimizing the volume of the produced raffinate. This

was advantageous for the next process, as a smaller volumes required less material handling.

Finally, the saponification and acid wash O:A ratios were of 5:1 and 1:1, respectively, based

on previous shakedown testing results. Mixer speeds of 856 rpm were used for every mixer

in the SX plant. Lastly, every SX process was conducted using five mixer-settlers, with the

exception of the acid-wash stage where only three mixer-settlers were utilized. The use of 5

stages in each process is in excess of the number of stages identified in exploratory testing.

However, using extra stages reduced the effects of other system inefficiencies that occurred

while conduction the baseline tests. During parametric testing unit-by-unit sampling will

later identify the critical number of stages required.
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Table 5.4 – Solvent extraction circuit parameters used during baseline testing.

Parameter Units Value
Extraction
Organic (txt) Elixore 205
Extractant (txt) D2EHPA
Extractant Concentration (M) 0.5 (M)
Modifier (txt) TBP
Modifier Concentration (v/v) 20%
Advance O:A (#:#) 1:1
Mixer Speed (rpm) 856
Organic Pump (ml/min) 75
Aqueous Pump (ml/min) 75
Scrubbing
Reagent (txt) H2O
Concentration (v/v) 100%
O:A Ratio (#:#) 1:1
Mixer Speed (rpm) 856
Scrub Pump (ml/min) 75
Stripping
Reagent (txt) HCl
Concentration (M) 6
O:A Ratio (#:#) 10:1
Mixer Speed (rpm) 856
Strip Pump (ml/min) 7.5
Saponification
Reagent (txt) NH4OH
Concentration (M) 2M
O:A Ratio (#:#) 5:1
Mixer Speed (rpm) 856
Sap Pump (ml/min) 15
Acid Wash
Reagent (txt) HNO3
Concentration (M) 0.75
O:A Ratio (#:#) 1:1
Mixer Speed (rpm) 856
Acid Wash Pump (ml/min) 75

The plant was operated over a period of eight days with a total operating time of 58 hours.

This equates to roughly 7.2 operating hours per day or 90% operational availability. During

this time, 281 liters of the PLS feedstock was processed through the system and concen-

trated into 28.3 liters of stripped product. Additionally, the organic phase was constantly

121



recycled back to the extraction stage with minimal loss to the aqueous raffinate streams.

This demonstrated the ability of the process to run continuously with a fixed quantity of

organic and extractant reagents, while showing that no metal ions remained attached to the

extractant, which would have reduced the extraction rate in the first circuit. An aqueous

sample was obtained at the end of each operating day to evaluate the performance of the

system.

Figure 5.10 shows the process flow diagram of the ALSX system at the time of testing. As

previously discussed, the aqueous and organic phases were circulated in a counter-current

fashion. Additionally, the organic phase advanced through each phase and was recycled for

reuse at the end of the processing stream, after regeneration in the saponification and acid

wash stages.

In the extraction stage, the PLS and organic phases mix and settle, transferring metal ions

into the organic phase. Next, scrubbing removes unwanted elements from the organic while

leaving the REEs in the organic phase using water or a mild acid. In the stripping stage,

6M HCl acid removed the REEs from the organic phase and concentrated the REEs in the

strip raffinate. In this stage a high advance ratio was used to concentrate the REEs into

the aqueous strip raffinate. Furthermore, the strip raffinate contained the valuable product

from this operation that was used in the next plant module to recover the REEs. The last

two stages, saponification and acid wash were used to regenerate the extractant, in essence

cleaning the cation exchange sites on each D2EHPA molecule.

Figure 5.11 shows the results of the daily analytical testing performed on the PLS raffinate.

While there was not a major change in the concentrations of the gangue material over the

length of the test, it did take several days for the system to achieve steady state in regard

to consistent extraction of the REEs. This is shown by the low REE concentration in the

PLS raffinate. Additionally, during days one thru three, several of the LREEs were not fully

extracted from the PLS. This could indicate a relationship to the pH withing the mixing

cell resulting in a low pH value. Furthermore the selectivity order of D2EHPA favors the

HREEs at low pH values as shown by Xie et al. (2014). Conversely, the HREEs approached

steady-state extraction at Day 2.
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Figure 5.10 – Process flow diagram for the solvent extraction module

Due to the sampling program and analytical limitations, a complete mass balance of this

complex system was not feasible, as only aqueous samples were analyzed. Nevertheless,

recovery of REEs to the organic phase was high (> 95%) after the system reached steady

state, based on a simple mass balance by subtraction. More detailed sampling and a complete

mass balance based on both aqueous and organic streams is recommended for further study.

Additionally, the daily analytical testing results for the scrubbing raffinate are shown in

Figure 5.12. This data indicated that there was some variation in the removal of chloride

and sodium ions from the extractant using water as a scrubbing medium. Moreover, the

scrubbing stage did not reach a steady-state condition until after day 4 in regard to the

REEs. To further increase the scrubbing potential of the circuit, additional testing using a

mild acid should be preformed to optimize the process.

Figure 5.13 shows the concentrations of both the major ions and REEs in the strip raffinate.

The data indicated that both Al and Ca were both recovered in the stripped raffinate.
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Figure 5.11 – Major Ions and REE concentrations in the extractant raffinate.

Figure 5.12 – Major Ions and REE concentrations in scrubbing raffinate

The presence of these gangue metals in the product stream indicate then need for further

separations to increase the grade of the recovered REEs.
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More importantly, the concentration of REEs in the stripped raffinate is significant when

compared to the incoming concentration of REEs in the PLS feed. This indicated the REEs

are being selectively separated and concentrated into the strip raffinate stream versus the

other major ions. Furthermore, the distribution of REEs in the stripped raffinate closely

resemble that of the PLS. The most prevalent REE was Y (35%) followed by Ce (15%) and

Nd (13%). In all, the stripping circuit concentrated the REEs by a factor of 7.7 indicating

that the O:A ratio was effective and that the recovery of the REEs was not absolute.

Again, a complete mass balance of this system is beyond the scope of this demonstration.

However, initial data indicated the the recovery of REEs to the stripped raffinate exceeds

95% once the system attained steady state. This is significant because a high unit recovery

indicated the stripping process is preforming near optimum conditions.

Figure 5.13 – Major ions and REE concentration in stripping raffinate.

Lastly, the results from analytical testing on the saponification raffinate are shown in Figure

5.14. This stage of the SX system showed increased concentrations of both Al and Fe.

Additionally, the Cl concentration is not shown as the concentration was several orders of
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magnitude higher than the other elements, as a result of using HCl as the stripping reagent.

Additionally, issues with maintaining a consistent mixing O:A can be observed during days

five thru eight with REE concentration increasing during this time period. This shows this

importance on maintaining the stripping O:A mixing ratio to avoid loss of the REEs in this

stage. As a result, further testing will focus on optimizing the mixing ratios in the stripping

phase to reduce the loss of REEs to the saponification raffinate.

Figure 5.14 – Major ions and REE concentrations in the saponification raffinate.

5.5 Precipitation Module

The precipitation module used during testing to recover the REEs from the strip solution is

shown in Figure 5.15. This module is smaller in scale than the other ALSX plant equipment.

The precipitation module consisted of an overhead mixer used to agitate the stripped raffinate

as reagents were added to the solution. After precipitation, the striped raffinate was placed

in a ten gallon conical bottom tank allowing the solids to settle at the bottom overnight. The
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use of the conical bottom tank minimized the volume of liquid that required filtration. The

last component shown in Figure 5.15 module is a small pressure filter that separated the solid

and liquid components of the decanted stripped raffinate. Not shown are the drying oven

and furnace used to dry and calcine thee rare earth oxalates that precipitated from solution.

This equipment was also utilized for the acid and water washing procedures described below.

Figure 5.15 – Precipitation module used to recover REEs from stripped raffinate.

5.5.1 Precipitation Procedure

After all of the PLS was processed through the solvent extraction plant, the stripping raffinate

was collected for processing in the precipitation module. Figure 5.16 shows the process flow

diagram that resulted in the separation of a 62% mixed rare earth oxide product. After

acquiring an initial sample of the strip solution, 25 grams per liter of oxalic acid was added

to the stripped raffinate, representing approximately 5 times the stochiometric ratio of oxalic

acid to REEs. Next, the pH of the stripped solution was raised with 50% NaOH to a value

of 1.5. The pH adjustment was performed in multiple steps over several hours, ensuring

the temperature of the solution did not exceed 80 degrees Celsius and pH equilibrium was

accomplished.
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Figure 5.16 – Precipitation process diagram

Once the target pH was achieved, the solution was allowed to decant overnight where three

quarters of the supernatant was left in the decanting vessel and the remaining quarter was

separated using a pressure filter with Whatman Grade 40 ash-less filter paper with a nominal

particle retention of 8 microns. Next, the precipitate was dried in a Yamato DX602C oven

at 105 degrees Celsius. A sample was taken from the precipitate and assayed to determine

the REE content, as shown in Table 5.5.

The oxalic acid precipitation process resulted in 190 grams of precipitate containing 11.1

grams of REEs. The represents a TREE recovery of 97%. The majority of the measured

major ions were selectively rejected during the precipitation procedure, with the exception

of Ca, which entirely co-precipitated with the REEs. Additionally, a mass balance of the

process was conducted on the major ions and rare earths. Results of the material balance

indicate that little error was observed in the major ions (1.7%) and REEs (2.6%).
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The REE oxalate precipitate was then calcined in a Lindberg muffle furnace at a temperature

of 750 degrees Celsius for four hours. A sample of this material indicated the calcination

procedure resulted in almost doubling of the concentration of the REO product from 5.8%

to 11% as shown in Table 5.6. Additionally, 22% of the dried product consisted of Ca. In

order to further concentrate the REO product a series water and acid washing steps were

implemented.

Table 5.5 – Initial Royal Scot strip solution, oxalate precipitation, and mass balance steps.

Strip Strip Oxalic Precip. Oxalic Precip. Oxalic Precip. Oxalic Precip. Mass
Analyte Solution Solution Filtrate Filtrate Product Product Balance

Assay Mass Assay Mass Assay Mass
Volume (L) 28.32 - 42.28 - - - -
Mass (g) - - 47.35 - 190.27 - -
Major Ions (mg/L) (g) (mg/L) (g) (mg/kg) (g) (g)
Al 2,626.16 74.37 1,654.35 69.94 1,122.60 0.21 4.21
Ca 897.55 25.42 17.41 0.74 138,002.05 26.26 (1.58)
Co 0.04 0.00 0.01 0.00 - - 0.00
Fe 80.54 2.28 68.98 2.92 - - (0.64)
Mg 5.61 0.16 5.44 0.23 31.26 0.01 (0.08)
Mn 87.25 2.47 57.63 2.44 1,388.97 0.26 (0.23)
Si 7.75 0.22 5.89 0.25 211.41 0.04 (0.07)
SO4 8.76 0.25 0.33 0.01 450.09 0.09 0.15
TMM 3,713.65 105.16 1,810.04 76.52 141,206.38 26.87 1.77
Rare Earth Elements (µg/L) (g) (µg/L) (g) (mg/kg) (g) (g)
Sc 0.02 0.00 0.44 0.00 - - -
Y 136,881.10 3.88 626.05 0.03 20,068.41 3.82 0.03
La 21,449.10 0.61 43.67 0.00 3,121.71 0.59 0.01
Ce 67,127.02 1.90 94.28 0.00 9,686.69 1.84 0.05
Pr 11,125.33 0.32 11.66 0.00 1,620.39 0.31 0.01
Nd 55,454.65 1.57 45.22 0.00 8,284.33 1.58 (0.01)
Sm 18,654.50 0.53 10.98 0.00 2,658.68 0.51 0.02
Eu 4,953.41 0.14 2.76 0.00 711.38 0.14 0.00
Gd 28,813.05 0.82 18.64 0.00 4,013.41 0.76 0.05
Tb 4,538.49 0.13 4.58 0.00 621.93 0.12 0.01
Dy 25,609.26 0.73 43.73 0.00 3,533.09 0.67 0.05
Ho 4,840.89 0.14 15.10 0.00 648.16 0.12 0.01
Er 12,794.07 0.36 71.47 0.00 1,746.58 0.33 0.03
Tm 1,677.06 0.05 14.55 0.00 219.42 0.04 0.01
Yb 9,270.63 0.26 104.95 0.00 1,249.35 0.24 0.02
Lu 1,307.32 0.04 19.53 0.00 170.32 0.03 0.00
TREE 404,495.90 11.46 1,127.60 0.05 58,353.83 11.10 0.30
Actinides (µg/L) (g) (µg/L) (g) (mg/kg) (g) (g)
Th 9.52 0.00 5.52 0.00 0.72 0.00 (0.00)
U 170.48 0.00 143.54 0.01 0.75 0.00 (0.00)

The washing procedure consisted of multiple washing cycles. The REO product was agitated

in 1 liter of deionized water for thirty minutes, following decanting and filtration. This

procedure was repeated until the conductivity of the supernatant was below 50 micro-Siemens

per centimeter. In all , ten washing cycles were required to achieve the desired conductivity
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of the wash water. At the end of the washing cycles, a sample of the REO product indicated

that only a small portion of the gangue material Ca (2 g) and Cl (0.7 g) were removed. As a

result, a more intense washing procedure was implemented, where the pH of the wash water

was lowered to a pH of 3.5 to remove the remaining Ca.

Next, the REO product was subjected to an acid wash. This was conducted by placing the

REO product in 1L of deionized water and the pH was lowered using 3M nitric acid until a

pH value of 3.5 was obtained. During this procedure, a notable effervesce occurred as the

pH approached a value of 3.5. After washing and drying of the residual solid material, a

noticeable loss of mass was observed as the sample was reduced from 68.g grams to 13.8

grams. ICP_MS analysis confirmed the majority of the Ca was removed.

Finally, Figure 5.17 shows the resulting rare earth oxide product produced by the ALSX

plant. The material consisted of a fine powder, that was slightly gray in color. Above all,

this material demonstrated that a concentrated REO product was obtained from acid mine

drainage precipitates.

Figure 5.17 – MREO product with 61.8% grade

5.6 Solid Waste Stream Characterization

As with any mining process, waste material is generated from the beneficiation of ores. With

respect to REE processing, the generation of harmful waste streams is of particular concern.

For example, two of the operating mines outside of China: Mount Weld, Western Australia

and Mountain Pass, CA have both experienced difficulties by generating radioactive tailings

in the processing of the Monazite and Bastnasite ores (Castor 2008; Haque et al. 2014). While
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Table 5.6 – Assay of precipitation cleaning process

Calcined Calcined Washed Washed Acid-Wash Acid-Wash Acid-Wash
Analyte Product Product Product Product Product Product Oxide

Assay Mass Assay Mass Assay Mass Basis
Mass (g) 94.36 - 68.5 - 13.8 - -
Major Ions (mg/kg) (g) (mg/kg) (g) (mg/kg) (g) (mg/kg)
Al 2,720 0.26 2,957 0.20 12,216 0.17 19,456
Ca 222,201 20.97 277,119 18.98 76,540 1.06 91,848
Co 1 0.00 2 0.00 3 0.00 3
Fe 116 0.01 74 0.01 748 0.01 961
Mg 232 0.02 74 0.01 85 0.00 113
Mn 2,433 0.23 2,734 0.19 13,947 0.19 15,975
Si 735 0.07 269 0.02 673 0.01 865
SO4 188 0.02 4 0.00 183 0.00 183
Cl 7,521 0.71 4 0.00 20 0.00 20
TMM 228,625 21.57 283,233 19.40 104,394 1.44 129,405
REEs (mg/kg) (g) (mg/kg) (g) (mg/kg) (g) (mg/kg)
Sc - - - - - - -
Y 37,128 3.50 41,428 2.84 173,858 2.40 198,805
La 5,712 0.54 6,652 0.46 24,773 0.34 29,053
Ce 17,251 1.63 18,798 1.29 95,650 1.32 117,494
Pr 2,916 0.28 3,442 0.24 14,606 0.20 17,646
Nd 15,021 1.42 17,749 1.22 74,811 1.03 87,259
Sm 5,041 0.48 5,805 0.40 25,532 0.35 29,607
Eu 1,293 0.12 1,562 0.11 6,595 0.09 7,637
Gd 7,416 0.70 9,094 0.62 36,883 0.51 42,512
Tb 1,149 0.11 1,429 0.10 6,019 0.08 7,079
Dy 6,546 0.62 8,035 0.55 33,201 0.46 38,104
Ho 1,218 0.11 1,559 0.11 6,099 0.08 6,986
Er 3,254 0.31 4,064 0.28 16,236 0.22 18,566
Tm 412 0.04 539 0.04 2,153 0.03 2,458
Yb 2,301 0.22 2,890 0.20 11,867 0.16 13,512
Lu 317 0.03 410 0.03 1,652 0.02 1,879
TREE 106,975 10.09 123,455 8.46 529,933 7.31 618,598
Grade 11% 12% 53% 62%
Actinides (mg/kg) (g) (mg/kg) (g) (mg/kg) (g) (mg/kg)
Th 8 0.00 8 0.00 53 0.00 57
U 6 0.00 6 0.00 40 0.00 44

the tables above show that the actinides Th and U remain near near crustal concentrations

indicating this process does not concentrate these detrimental byproducts, additional testing

was required to determine if the solid waste of the process was suitable for reintroduction

into a typical AMD processing plant (Wedepohl 1995).
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To assess and identify waste disposal options for the leach residue/acidified AMDp, solid

leaching residue samples were submitted for EPA 1311 TCLP analysis to determine the

leachability of toxic metals/organic compounds in solid residuals(USEPA 2001). The results

of this testing series are shown in Table 5.7. Nearly all of the tested parameters resulted

in non-detectable (ND) limits. The two parameters that were above detectable limits were

Barium and Lead. While detected, they do not exceed the criteria that would classify these

materials as hazardous wastes under Resource Conservation and Revocery Act Subtitle C.

In fact, they fall below the maximum allowable concentration by at least two orders of

magnitude. As a result, this material is suitable for reintroduction to existing AMD storage

facilities.the proposed disposal route in a commercial system will be to re-introduce the

solids into the AMD treatment system’s lime mixing tank to neutralize the material prior to

disposal per current AMDp handling protocols at the treatment facility.
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Table 5.7 – TCLP testing on AMDp filter cake after leaching.

Results of Filter Cake TCLP Testing Results
Organic / Royal Max. Allowable

Parameter Units PQL Inorganic Omega DLM Scot Concentration
Arsenic mg/L 0.03 I ND ND ND 5
Barium mg/L 0.05 I 0.64 ND 0.84 100
Cadmium mg/L 0.02 I ND ND ND 1
Chromium mg/L 0.03 I ND ND ND 5
Lead mg/L 0.03 I ND 0.08 ND 5
Selenium mg/L 0.04 I ND ND ND 1
Silver mg/L 0.03 I ND ND ND 5
Mercury μg/L 1.00 I ND ND ND 200
Chlordane (Technical) μg/L 1.00 O ND ND ND 30
Endrin μg/L 0.20 O ND ND ND 20
Heptachlor μg/L 0.10 O ND ND ND 8
Heptachlor epoxide μg/L 0.10 O ND ND ND 8
Methoxychlor μg/L 1.00 O ND ND ND 10,000
Toxaphene μg/L 2.00 O ND ND ND 500
gamma-BHC (Lindane) μg/L 0.10 O ND ND ND 400
1,1-Dichloroethene μg/L 50.00 O ND ND ND 700
1,2-Dichloroethane μg/L 50.00 O ND ND ND 500
2-Butanone (MEK) μg/L 100.00 O ND ND ND 200,000
Benzene μg/L 50.00 O ND ND ND 500
Carbon tetrachloride μg/L 50.00 O ND ND ND 500
Chlorobenzene μg/L 50.00 O ND ND ND 100,000
Chloroform μg/L 50.00 O ND ND ND 6,000
Tetrachloroethene μg/L 50.00 O ND ND ND 700
Trichloroethene μg/L 50.00 O ND ND ND 500
Vinyl chloride μg/L 50.00 O ND ND ND 200
1,4-Dichlorobenzene μg/L 500.00 O ND ND ND 7,500
2,4,5-Trichlorophenol μg/L 5,000.00 O ND ND ND 400,000
2,4,6-Trichlorophenol μg/L 100.00 O ND ND ND 2,000
2,4-Dinitrotoluene μg/L 100.00 O ND ND ND 130
2-Methylphenol(o-Cresol) μg/L 2,000.00 O ND ND ND 200,000
3&4-Methylphenol(m&p Cresol) μg/L 2,000.00 O ND ND ND 200,000
Hexachloro-1,3-butadiene μg/L 100.00 O ND ND ND 500
Hexachlorobenzene μg/L 100.00 O ND ND ND 130
Hexachloroethane μg/L 200.00 O ND ND ND 3,000
Nitrobenzene μg/L 100.00 O ND ND ND 2,000
Pentachlorophenol μg/L 5,000.00 O ND ND ND 100,000
Pyridine μg/L 250.00 O ND ND ND 5,000

PQL = Practical Quantitation Limit ND = Non-Detect

5.7 Summary

An ALSX plant was constructed to recover REEs from AMD precipitates. After construction,

a series of shakedown tests were preformed to establish operating parameters. During this
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testing, multiple operational impediments were identified that resulted in modification to

the designed processing flowsheet.

After shake-down testing, the bench-scale plant was operated for 58 hours to demonstrate

the feasibility of producing a concentrated REO product from AMD. As a result of this

research, 207 kg of as-received AMDp was processed utilizing a hydrometallurgical route to

generate 13.8 grams of REEs with a grade of 61.8%. This represents the first successful use

of an AMDp byproduct to create a concentrated rare earth oxide product.

Additionally, the solid waste stream of the ALSX plant was characterized to identify if any

hazardous material were generates as byproducts of this processing route. Results from

TCLP testing indicated that the solid waste byproduct did nor result in either radioactive

or hazardous material. As a result, the residual material generated in this process was

determined to be environmentally benign and could be returned to mine sites for disposal,

much like traditional AMD byproducts.
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Chapter 6

Summary and Conclusions

6.1 Summary

Over the last thirty years, REEs have become increasingly important for manufactured goods

utilized on a daily basis. Not only are these elements used in common civilian applications,

they are also essential for the production of military products including guidance systems,

laser targeting, and detection systems like sonar and radar. Given the increased importance

of these materials, the need to develop a domestic supply is essential to prevent the manip-

ulation of REE prices by the predominant exporter, China. The near monopoly on REE

production allows China to significantly alter the supply-chain of REEs through regulation.

This was seen in the drastically increased prices of REEs in the 2010 to 2011 time-frame

when some REE prices increased by up to an order of magnitude. Prevailing reasons for

this volatility is attributed to increased demand from the high technology industrial sector

coupled with a reduced Chinese export quota, which resulted in a profound disturbance to

the end users of REEs.

Furthermore, not only does China control the export of the REEs, they are also becoming

one of the largest consumers of REEs. This vertical integration has the capacity to further

introduce disorder into the REE supply chain. Due to this potential volatility, many countries

have considered bringing REE mines online to help alleviate the monopolistic control of the
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REE market. As such, it is important that the United States once again take a significant

role in the research, development, and production of these critical elements.

In reaction to these supply chain vulnerabilities, the United States Department of Energy

conducted a criticality assessment of the REEs. The result of which indicated that five of

the REEs were critical and many of the others were near critical to existing technologies.

Subsequently, other governmental agencies have also identified these elements as critical

including the British Geological Survey and the European Commission indicating the need

to diversify producers to prevent further supply disruptions.

In evaluating domestic resources of REEs, one novel source of these elements was identified

in AMD precipitates. While acid mine drainage may be considered one of the most prevalent

water quality issues in the Appalachian region, a beneficial use for AMD and its byproducts

may exist; thereby, allowing for the generation of revenue through the beneficiation of REEs

from AMD byproducts. Many positive impacts for the coal industry, the environment, and

the state regulatory agencies are possible if an additional revenue stream realized through

REE production. First, any additional revenue generated from the processing of REEs could

supplement or mitigate treatment costs currently incurred by those responsible for the AMD.

Second, the necessity of REEs and potential for revenue generation could motivate parties

to seek out and treat legacy AMD outflows that are currently untreated. Finally, identifying

a profitable extractive technology will provide mine operators with an additional incentive

to ensure full environmental compliance at their AMD outfalls.

Given the aforementioned status, this research has identified and characterized the occur-

rence of REEs in AMD and its byproducts generated by coal mining in the NAPP and

CAPP basins. This was accomplished through several extensive sampling programs that

encompassed over 140 AMD treatment sites across four states. It was shown that REEs are

concentrated in AMD influent by an autogenous leaching process. Additionally, the treated

effluent was typically lacking significant REE concentrations. This discovery indicated that

once treated through pH adjustment, the dissolved metal ions in AMD fall out of solution and

the residual precipitate contains elevated concentrations of REEs. On average, this treat-
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ment process enriched REEs in the precipitates by a factor of 2000 times when compared to

the aqueous influent.

Furthermore, this research has shown REE concentrations are greater in mines with net-

acidic flows, while flooded underground mines with a net-alkaline chemistry do not possess

the same potential for REE concentration. In other words, low pH mine water is more in-

clined to contain higher concentration of REEs. Given these findings, a regional flow-rate

estimate was conducted to quantify the yearly production of REEs from AMD discharges.

Moreover, the regional sampling program provided the necessary data to assess the quan-

tity of REEs stored in AMDp drying cells at the treatment sites. This data showed the

distribution of REEs between the CAPP and NAPP basins was similar and an inventory of

the TREEs was calculated from the data. Using this inventory, a grade-tonnage curve was

applied to the resource, which showed that a relatively small amount of sludge contains the

vast majority of REEs within the sampled sites. As such, this indicated treatment methods

used at AMD sites have a profound impact on the concentration of REEs in the AMDp.

After characterizing the resource, a flowsheet was developed to establish a processing route

capable of extracting REEs from the AMDp using acid leaching and solvent extraction. Mul-

tiple laboratory-scale experiments were conducted on the AMDp to identify the specifications

required to extract REEs from AMDp. These tests provided the pertinent information to

identify the quantity and size of processing equipment required as well as the reagents needed

to preform REE separations. Utilizing results from laboratory testing, a bench-scale system

was constructed that was capable of generating several grams per hour of a minimum 2%

mixed rare earth oxide product.

After construction, multiple shake-down tests identified operation impediments that were

not previously observed in the reduced-scale testing. Modifications to the process were

implemented based on results from preliminary testing to overcome the identified process

deficiencies. After modification, the bench-scale plant was operated for 58 hours. During

that time, 207 kg of AMDp was refined into 13.8 grams of a 61.8% mixed rare earth oxide.

This result demonstrated the first successful use of AMDp to generate a concentrated rare

earth oxide product.
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6.2 Conclusions

The following key findings were developed during this research:

• AMD in the CAPP and NAPP coal basins constitutes an autogenous process that

liberates REEs from the surrounding geologic strata.

• The concentration of REEs in AMD influent is consistently greater in net-acidic AMD

flows with a pH less than 4, while net-alkaline flooded underground mines contained

notably reduced concentrations.

• Traditional AMD treatment significantly concentrates REEs in the AMD precipitate

by over 2000 times on average.

• Regional flow rate estimates indicate that between 771 and 3400 tonnes of REEs are

produced from AMD per year.

• AMDp contains a significantly favorable distribution of REEs when compared to con-

ventional REE deposits.

• Using a strict hydrometallurgical processing route, a concentrated MREO product

exceeding 60% purity was produced from AMDp.

6.3 Future Work

While this research demonstrated the feasibility of recovering REEs from AMD, further work

is required to significantly advance this technology. The following list details additional work

required to develop the technology to an industrial scale.

• Further research is required to demonstrate the potential AMDp holds as a REE re-

serve. Future studies should expand the geographic area to include other coal basins

and include AMD generated by metal/nonmetal sources.
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• Alternative AMD treatment processes should be evaluated to maximize recovery of

REEs in the AMD precipitates, while promoting strict environmental compliance.

• Supplementary scale-up work is required to bring the TRL of this technology to a

status that supports implementing the processing route at an industrial scale.

• In order for this technology to succeed at an industrial scale, additional research is

needed to define a robust downstream processing route for the conversion of rare earth

oxides to pure metals.
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