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Rare earth elements (REE) are important in numerous high technology applica-
tions and in addition their supply risk is high, which gives rise to studying new
sources for rare earth elements. Rare earth element concentrations in industrial
fly ash samples collected from Finnish power plants, using a mixture of peat
and biomass as a fuel, have been determined. Two sample pre-treatment meth-
ods, ultrasound- and microwave-assisted acid digestions, have been applied to
fly ash samples. Measurement conditions for inductively coupled plasma-
optical emission spectrometry (ICP-OES) have been optimized to reach robust
plasma conditions and the reliability of the analysis has been investigated by
using a standard reference material, synthetic samples, a method of standard
addition, and a comparison analysis with inductively coupled plasma-mass
spectrometry (ICP-MS). Most rare earth elements in fly ash samples are en-
riched compared to concentrations in earth’s crust, and some ashes have total
rare earth element concentrations as high as 560 mg kg-1.

A leaching procedure using dilute sulfuric acid as a leaching reagent has been
developed for the dissolution of rare earth elements from fly ash. Optimization
of the sulfuric acid leaching resulted in approximately 70 % of the rare earth
elements being dissolved from the fly ash samples. Recovery of rare earth ele-
ments from the sulfuric acid leachate has been investigated using oxalate pre-
cipitation and liquid-liquid extraction. Conditions for oxalate precipitation were
optimized, and it was found to be quantitative but non-selective towards rare
earth elements. Liquid-liquid extraction with bis(2-ethylhexyl)phosphoric acid
(D2EHPA) was found most suitable to concentrate rare earth elements before
precipitation as oxalates. After optimization of process parameters, recovery of
light and heavy rare earth elements was achieved. A specific liquid-liquid ex-
traction procedure for scandium recovery was also developed.

Keywords: rare earth element, fly ash, ICP-OES, optimization, robust plasma,
leaching, precipitation, liquid-liquid extraction.
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1 AIMS OF THE STUDY

Industrial fly ash contains considerable concentrations of rare earth elements,
and due to large production volumes, coal fly ash has been studied widely for
rare earth element recovery. Although several methods have been developed,
rare earth element recovery from coal fly ash is not in commercial use. Fly ashes
from combustion power plants using different types of fuels have not been
studied as closely. The focus of this study was to develop methods for the de-
termination and recovery of rare earth elements in fly ash from power plants
using biomass as a partial fuel.

The first step was to investigate the properties of fly ash and to develop an
accurate and reliable analysis method for the determination of rare earth ele-
ment concentrations. ICP-OES was used in the analysis of rare earth elements,
and the measurement conditions were optimized. Standard reference material,
synthetic samples and ICP-MS analysis were used in confirming accurate re-
sults. Several dissolution methods were employed to examine the total concen-
trations of rare earth elements in fly ash samples.

The second step of this study was to leach rare earth elements from fly ash
with good recovery and as high concentrations in leachate as possible. The
leaching of the matrix elements should be minimized; hence, the use of dilute
acid is preferred over concentrated solutions. Leaching reagent should be selec-
tive for rare earth elements over matrix elements, and ideally it would be wide-
ly available and affordable. Leaching conditions were optimized to achieve
maximum dissolution.

In the final phase of this research, a rare earth element concentrate was
produced from the fly ash leachate. Requirements from the concentrate were
good yield of REEs and sufficient purity. Precipitation and liquid-liquid extrac-
tion were possible routes to achieving a concentrate. Availability and cost of
extraction reagents were important aspects in liquid-liquid extraction.
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2 REVIEW OF THE LITERATURE

2.1 Introduction

Rare earth elements” market availability has become an increasingly important
aspect for the modern society due to supply risks and increasing demand in
various areas of production. China is the main producer of REEs with more
than 90 % of the market in 2013, and it is also estimated to have the largest
known REE reserves of any single country.! The high economic importance and
supply risk concerning REEs has evoked the European Union to classify rare
earth elements among the 20 critical materials in their report in 2014.2 Rare
earth elements have been among the critical materials since the 2010 listing.?
Export restrictions and rare earth quotas implemented by China have made rare
earths” supply risk the highest of the critical materials, with China producing
99 % of heavy rare earth elements (HREE) and 87 % of light rare earth elements
(LREE). The U.S. Department of Energy has also classified neodymium, europi-
um, terbium, dysprosium, and yttrium as being critical in their 2011 Critical
Materials Strategy.* Recycling rare earth elements has been well-researched es-
pecially on a small scale; but has not been widely utilized: less than 1 % of REEs
were recycled in 2011.5

Meanwhile, industrial fly ashes from combustion power plants are pro-
duced in large volumes, and their usage is only at 25 % on a global scale.® The
world’s power demands will increase in the future with population growth and
industrialization of developing countries, and while renewable energy sources
are a partial solution, demand, especially in China and India, is most likely go-
ing to be met with coal or mixed fuel power plants producing various ashes.
This gives rise to studies with the purpose of generating valuable fractions from
fly ash. Coal fly ash utilization is a widespread research area, and especially at
times of material crises, coal fly ash has been utilized in several ways.” In the
former Soviet Union and the United States uranium was collected from coal for
nuclear industries during the post-World War II period, and during the germa-
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nium crisis in the early 1960s, methods for germanium recovery from coal fly
ash were developed.”

When more attention is being paid on the uncertain availability and une-
venly distributed resources of rare earth elements, fly ash has been suggested as
a new source for REEs. This idea was introduced more than 20 years ago, when
coal beds with high rare earth element content were discovered in the Russian
Far East.” Since then, the concentrations of rare earth elements in coal fly ashes
have been studied extensively; moreover, REE concentrations in fly ash from
biomass, medical waste, animal waste, sewage sludge, and municipal solid
waste incinerators have been determined.?11 In several publications, however,
only the possible toxicity of rare earth elements in fly ash has been evaluated
rather than recovery possibilities.12

Compared to the conventional recovery of rare earth elements from ores,
the recovery process from ashes can be more efficient because crushing and
grinding are not necessary. Some methods for rare earth element recovery from
coal fly ash have been suggested, for example, in the patent by Joshi et al.13 pub-
lished in 2013, it is proposed that rare earth elements are leached from fly ash
using nitric acid, followed by liquid-liquid extraction with tributyl phosphate
(TBP) in kerosene and finally ion exchange. A considerable portion of the litera-
ture concerning rare earth element recovery is published in Chinese, and only
the abstracts are available in English. According to the data from Chemical Ab-
stracts of the American Chemical Society, the number of REE related publica-
tions from China has increased at a rapid pace during the last decade and has
overtaken other countries in publication numbers.!* Translation of some Chi-
nese articles has revealed that many articles lack proper background infor-
mation, for example, on the reagents used, and offer no useful information on
the REE recovery processes.!?

2.2 Rare earth elements

2.2.1 Properties

Rare earth elements are a group of 17 chemically similar metallic elements (ta-
ble 1) corresponding to scandium (atomic number 21), yttrium (39), and ele-
ments from lanthanum to lutetium (57-71). The latter subgroup (La-Lu) is called
“lanthanoids” according to IUPAC nomenclature, but the term “lanthanides” is
still used frequently. The abbreviation Ln is commonly used, and it refers to
either lanthanoids or all rare earth elements; in this thesis, it is used to denote
all rare earth elements. The terms rare earth (RE) and rare earth metal, or min-
eral (REM) are also used often in the place of rare earth element. Rare earth el-
ements are sometimes divided into subgroups, and these divisions have a mul-
titude of definitions and can cause confusion. Subgroups used in this thesis are
as follows: light rare earth elements (LREEs), also known as the cerium group,
which contains elements from lanthanum to gadolinium, and heavy rare earth
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elements (HREEs), also known as the yttrium group, which contains elements
from terbium to lutetium and yttrium. Scandium is not included in group clas-
sifications due to its deviating properties.1®

The similarity of chemical properties between rare earth elements and
their compounds is due to their electronic configuration (table 1). Scandium,
yttrium, and lanthanum are the first elements in the series of transition ele-
ments (d-elements) with the ground state electronic configuration of ns?(n-1)d!
(n=4, 5 or 6). The 14 elements from cerium to lutetium are called the inner tran-
sition elements (f-elements) with the electron configuration of 6s25d4'4f*1 or
6s%4f*. 5d and 4f orbitals are energetically very close to each other, which ex-
plains the filling order observed for Ce, Gd, and Lu.1”

TABLE 1 Rare earth elements, their chemical symbols, atomic numbers, electronic
ground state configurations, and usual oxidation states.”

Element Symbol Atomic number Configuration Oxidation states
Scandium Sc 21 [Ar]4s23d? 3
Yttrium Y 39 [Kr]5s24d1 3
Lanthanum La 57 [Xe]6s2541 3
Cerium Ce 58 [Xe]4f16s25d! 3,4
Praseodymium Pr 59 [Xe]4/6s2 3,4
Neodymium Nd 60 [Xe]4f26s2 3
Promethium* Pm 61 [Xe]4f56s2 3
Samarium Sm 62 [Xe]4/o652 3,2
Europium Eu 63 [Xe]4f76s2 3,2
Gadolinium Gd 64 [Xe]4f76s25d1 3
Terbium Tb 65 [Xe]4/652 3,4
Dysprosium Dy 66 [Xe]4f106s2 3
Holmium Ho 67 [Xe]4f116s2 3
Erbium Er 68 [Xe]4f126s2 3
Thulium Tm 69 [Xe]4/136s2 3,2
Ytterbium Yb 70 [Xe]4f146s2 3,2
Lutetium Lu 71 [Xe]4f14652541 3
*Radioactive

Many of the rare earth elements’ chemical properties are a result of the
lanthanoid contraction: the overall decrease in atomic and ionic radii as the
atomic number increases from lanthanum to lutetium. There is a general con-
sensus that the reason for this contraction is the incomplete mutual shielding of
4f-electrons. As a consequence of the shape of the orbitals, the electrons shield
one another quite poorly, and when the atomic number increases, the effective
nuclear charge felt by the electrons increases. This results in a steady decrease
in size across the lanthanoid series. The similarity of yttrium to heavy rare earth
elements is explained by similarities in outer electronic configuration and the
lanthanoid contraction: atomic and ionic radii of lanthanides decrease close to
yttrium’s in the holmium to erbium range. Figure 1 illustrates the lanthanoid
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contraction, but it should be noted that values for ionic radii increase with in-
creasing coordination number and that there are no absolute values for ionic
radii. Europium and ytterbium have much larger metallic radii than the other
lanthanoids, which implies that they contribute fewer electrons to metal-metal
bonding.1”

Rare earth elements have low ionization potentials and are therefore high-
ly electropositive and occur primarily as ionic compounds. This is the conse-
quence of their valence shells consisting of deeply buried 4f orbitals, where the
4f electrons are not available for covalent bonding. All rare earth elements occur
at oxidation state +3 in solutions and solid compounds, and some REEs also
occur at +2 and +4 states. This is due to the special stability of empty, half-filled,
and full f-shell; hence, Ce#* and Tb** (/2 and f’) and Eu?* and Yb?* (f” and f14) can
occur. The properties of di- and tetravalent cations are clearly different com-
pared to the trivalent cations, which allows them to be easily separated from
other REEs using selective oxidation or reduction.!®

0,20
0,18
0,16
n ] —=— Atom
< 0,14 —e—Ln*
E] ] —&—Ln*
© A+
DC:U 0,12 - *—o —v—Ln
] *—o
0,10
v
) v
0,08

— —
Sc Y La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
Element

FIGURE1 Radius of rare earth element atoms and ions displaying the lanthanoid con-
traction. Data for atoms: half the interatomic distance in room temperature,
Ln2*; at coordination number 8 in difluorides, Ln3*; at coordination number 6,
Ln#*; at coordination number 8 in dioxides.1”

2.2.2 Compounds

In solutions and crystalline compounds, coordination numbers above 6 are typ-
ical for rare earth cations, except for scandium. Larger trivalent LREE cations
occur usually at coordination numbers 8-10 and smaller HREE cations at coor-
dination numbers 6-8.1> Aqua complexes are usually 9 coordinated. 17

All rare earth elements form dihydrides in a reaction with molecular hy-
drogen, and most REEs also form trihydrides. These hydrides are typically non-
stoichiometric. Dihydrides form mostly cubic structures; and trihydrides hex-



14

agonal. Dihydrides are metal conductors, except for YH, and EuH>, and as tri-
hydride composition is approached, the materials begin to exhibit semiconduct-
ing properties. Hydrides formed by hydrogenation of binary LnM alloys (where
M is a non-REE metal) can absorb and desorb significant amounts of hydrogen
efficiently and reversibly, which gives rise to possible commercial applications
as hydrogen storages. 17,18 p- 23

Sesquioxides (Ln20Os) except for Ce, Pr, and Tb, are formed by oxidation of
rare earth metals with oxygen at elevated temperatures, or by thermal or pyro-
hydrolytic decomposition of hydroxides, halides, and certain oxoacids. REE
sesquioxides have high melting points (in the range of 2,200-2,400 °C) and high
enthalpies of formation (-1,907.9 k] mol! for Sc2O3, -1,661 k] mol! for Eu20s).
REE dioxides can only be prepared under strongly oxidizing conditions, except
for CeO,, which is produced by air oxidation. EuO is the only easily obtained
monoxide of the REEs, produced by reducing EuxO;. Other monoxides have
been observed as metastable compounds or stable compounds under extreme
conditions, such as high pressure.l”

Hydroxides Ln(OH)s are obtained as hydrates when ammonia or other ba-
ses are used to precipitate Ln3*. La(OH)s is a sparingly soluble strong base, and
the base strength and solubility decrease in the series towards Lu(OH)s. These
properties are utilized in several rare earth element separation processes. Hy-
droxides react with carbon dioxide to form basic carbonates. Furthermore, the
precipitation of Ln3* ions by solutions of alkali metal carbonates yields the spar-
ingly soluble hydrated or basic carbonates. There is little knowledge on rare
earth element peroxides, only Ce peroxide is known. 17

REE sulfates crystallize from solution as octahydrates, except for La which
forms nonahydrate. Hydrated sulfates can be thermally decomposed to anhy-
drous form, which is fairly soluble. REE sulfates are of industrial importance
due to sulfuric acid’s use in digestion of REE ores. Double sulfates
Ln2(SO4)3 Na2S0s nH0O are important in separating LREEs from HREEs. 17

Rare earth elements react with nitrogen to give nitrides. A slow reaction
occurs between rare earth elements and nitrogen at 1000 °C, and when ammo-
nia is used at 700 °C, the reaction occurs more quickly. REE nitrides form cubic
structures, and they have very high melting points and decomposition tempera-
tures.’ - 2 They are ionic compounds with metallic conductivity or semicon-
ductors. Nitrides are sensitive to hydrolysis, except for ScN, and have to be
handled in a moisture-free environment. Rare earth element nitrates crystallize
as hydrates Ln(NOs); nH20 from dilute nitric acid solution.’” Nitrates are very
soluble in water, are moderately soluble in certain organic solvents, and have
important applications in rare earth element separation using liquid-liquid ex-
traction. Certain double nitrates have been used in rare earth element fractional
crystallization. 17

All rare earth elements except for europium form trihalides (LnXs), where
Xis F, Cl, Br, or I. Sparingly soluble trifluorides are obtained from aqueous so-
lutions by precipitation with hydrogen fluoride. Trichlorides crystallize as hexa-
or heptahydrates by carefully evaporating rare earth element’s hydrochloric
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acid solutions. Anhydrous trichlorides are very soluble in water and certain
organic solvents. Tribromides and triiodides are formed in the same way as
chlorides. Tetrafluorides of Ce and Pr are the only tetrahalides that occur. Many
dihalides have been prepared, and they are either salt-like compounds or com-
pounds with a metallic character. Thermodynamically stable difluorides are
known only for Eu, Sm, and Yb.1”

Rare earth elements form a variety of chalcogenides, and they have a wide
range of structural, electrical, and magnetic properties. Most REE chalcogenides
are very sensitive to hydrolysis; and can only be handled and prepared in mois-
ture-free conditions. Several carbides are known for the rare earth elements
(LnCz, Ln2Cs, LnoC, LnsCy)18P-24, and they can be synthesized directly from the
elements.!” The largest carbide group is dicarbides, which are high-melting,
highly involatile metallic conductors. They typically crystallize in a tetragonal
structure. 17

Rare earth elements resemble the elements of group 2 more than 3d transi-
tion elements when REE complex forming properties are considered. The rea-
son for this behavior is the deeply buried 4f orbitals that are not available for
forming hybrid orbitals, which could form covalent bonds. In addition, the
large size of Ln3* ion compared to other trivalent cations leads to smaller elec-
trostatic forces of attraction. Hence, only very strong ligands are able to form
thermodynamically stable REE complexes that are isolable. Technically im-
portant chelating agents in rare earth element separation include certain ke-
tones and especially tributyl phosphate and 2,4-pentanedione (acetylacetone). 17

2.2.3 Applications

Rare earth elements and their compounds have a wide variety of applications in
various fields of industry.1® Their demand has increased due to use in several
high-technology applications, for example, phosphors for electronic displays,
high strength permanent magnets, alloying agents in metallurgy, and applica-
tions in a number of renewable energy technologies.!> The most important ap-
plications of rare earths are in catalysts, metallurgy, magnets, electronics and in
optical, medical, and nuclear technologies. Rare earth elements are not inter-
changeable in many of the applications, as a specific rare earth element is essen-
tial. The requirements of selected REEs in common applications are presented
in table 2. For example, magnet and phosphor manufacturers require Eu and Tb,
two of the least abundant REEs, for their applications, while petroleum catalysts
manufacturers require La and Ce that are among the most abundant REEs.15
Rare earth elements are used in a variety of catalytic reactions. The oldest
application is in oil cracking, where rare earth nitrates or chlorides are added
into zeolite for improved gasoline yields and reduction in the formation of coke
and light hydrocarbons. REEs are also used as catalysts in a number of other
reactions. REEs” high affinity to oxygen and sulfur is utilized in metallurgy,
where mischmetal (mixture of mainly Ce, La, and Nd) is employed to trap O
and S since they detiorate the properties of steel or cast iron. REEs are widely
used in alloys to improve properties, and while mischmetal is commonly used
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due to its affordable pricing; the use of pure rare earth metals results in better
properties in the alloy. The first application of REEs in magnets was samarium
in SmCos-magnets, but samarium’s scarcity and high price limited its applica-
tions. The neodymium-iron-boron magnet (Nd2Fe14B) was developed in 1984
and has numerous applications, the most important being electric engines in
hybrid and electric vehicles, wind turbines, and hard disk computer drives.”

The distribution of rare earth element end use in the United States in 2013
had catalysts as the most common (65 %) end use of rare earth elements. Metal-
lurgy and alloys are also an important application of REEs with 19 % of the end
use. REEs are also used in permanent magnets (9 %) and glass polishing (6 %)
and various other areas of industry. Catalysts have gained more end use in the
U.S. in recent years; in 2008, the most common use was metallurgy and alloys at
29 percent, while catalysts were only at 27 %.19 It should be noted that the data
can be rather different in other countries.

TABLE 2 Rare earth element requirement percentages for different applications (modi-
fied from Long et al.20, data originally from Lynas Corporation 2010).

Application La Ce Pr Nd Sm Eu Gd Tb Dy Y  Other

Magnets 234 694 20 02 5.0

Battery alloys 50.0 334 33 10.0 3.3

Metal alloys 26.0 52.0 55 16.5

Auto catalyst 50 90.0 20 3.0

Petroleum refining | 90.0 10.0
Polishing compounds |31.5 65.0 3.5

Glass additives 240 66.0 1.0 3.0 20 4.0
Phophors 85 11.0 49 18 46 69.2
Ceramics 17.0 12.0 6.0 12.0 53.0
Other 19.0 39.0 4.0 15.0 20 1.0 19.0

2.2.4 Abundance

Although their name suggests that they are rare, REEs are moderately abundant
elements in the earth’s crust (table 3), for example, more abundant than com-
mon copper and zinc.!8 rp- 5859 They are, however, widely distributed in low
concentrations, which in addition to difficult isolation processes during the time
of their discovery is the reason for the term “rare”. The first rare earth element
was discovered in 1794 when a “new earth” was detected, now known as yttri-
um. By the turn of the 19th century, all naturally occurring rare earth elements
had been found, and in 1947, the REE group was complete with the discovery of
radioactive promethium using nuclear reactions. Rare earth elements occur in
nature in association with each other, except for radioactive promethium, which
occurs as a fission product of uranium or as a result of actions of cosmic rays.
REE abundance follows the Oddo-Harkins rule: elements with even-atomic
numbers are more stable and hence more abundant than the adjacent odd-
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atomic number elements.’® The most abundant REE in the earth’s crust is ceri-
um (20-70 mg kg1), followed by neodymium and lanthanum, with heavier
REEs being less abundant, and tulium being the least abundant rare earth ele-
ment (0.2-1 mg kg-1).18 p- 58

Rare earth elements occur in nature in their oxidized form in salts and
minerals due to their electropositive nature and high affinity for oxygen. Most
rare earth element statistics are hence expressed as rare earth oxides (REO). Ra-
re earth elements occur in a large number of minerals in oxidic compounds,
such as oxides, carbonates, phosphates, and silicates. REEs are present as mix-
tures with 10-300 mg kg levels in many rock formations: basalts, granites,
gneisses, shales, and silicate rocks. 18 p- 5

TABLE 3 Rare earth element’s abundance (mg kg) in the earth’s crust (modified from
Extractive Metallurgy of Rare Earths!8 p-58),

Element Abundance (mg kg1)
La 5-39

Ce 20-70
Pr 3.5-9.2
Nd 12-41.5
Sm 4.5-8
Eu 0.14-2.0
Gd 4.5-8.0
Tb 0.7-2.5
Dy 4.5-7.5
Ho 0.7-1.7
Er 2.5-6.5
Tm 0.2-1
Yb 0.33-8
Lu 0.8-1.7
Y 28-70
Sc 5-22

2.2.5 Resources

The most important mineral resources for REEs are bastndsite, monazite, and
xenotime. Bastndsite is a fluorocarbonate mineral (figure 2) containing approx-
imately 70 % REO, of which the majority are lighter elements. Bastnisite re-
sources include a large deposit in Bayan Obo in China, and at Mountain Pass,
California in the U.S. Bastndsite has replaced monazite as the main mineral in
REE recovery during the last 50 years due to production of the mines men-
tioned above. Monazite is a phosphate mineral containing mainly light rare
earth elements and, unlike bastnisite, 4-12 % of thorium and a variable amount
of uranium.’> Monazite has been recovered from Van Rhynsdorp and Na-
boomspruit in South Africa, from Colorado in the U.S., and from Bayan Obo in
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China. Xenotime is an yttrium phosphate containing approximately 67 % REO,
of which most are heavier elements. It is usually found with monazite as a mi-
nor component, but the concentration of HREEs makes it an important resource.
Other important heavy rare earth element sources are ion-adsorption clays,
where REEs are present as ions. Several other rare earth minerals have also
been used or are in use for rare earth element recovery: apatite, brannerite, eux-
enite, gadolinite, loparite and uraninite.18 pp- 61-63

FIGURE 2  REE minerals from left: bastnasite, monazite and xenotime with rutile.?1-23

While the world’s REE resources are large (table 4), the availability of in-
dividual rare earth elements is highly polarized. The most important REE min-
erals are enriched with rare earths of low atomic number and depleted with
rare earths of higher atomic number, hence making low atomic number REEs
more available. In the U.S. Geological Survey Mineral Commodity Summaries!,
China is estimated to have the largest REO reserves of any single country, with
40 % of the world’s REO reserves. The second largest reserves are in Brazil with
16 % of the estimated total, and the third largest are in United States with 10 %.
There are, however, differences in resource estimates, and according to other
data, China’s REE reserves are 25 % of the world’s total, while Brazil has the
largest reserves with 37 %.24

TABLE 4 Estimated rare earth mine production and reserves in tons and percentages
in 2013.1
Reserves Production
Country REO (t) REO (%) |REO (t) REO (%)
United States | 13,000,000 9.5 4,000 3.6
Australia 2,100,000 1.5 2,000 1.8
Brazil 22,000,000 16.1 140 0.1
China 55,000,000 40.4 100,000 89.5
India 3,100,000 2.3 2,900 2.6
Malaysia 30,000 0.0 100 0.1
Russia * 2,400 21
Vietnam * 220 0.2
Other 41,000,000 30.1 NA
Total 140,000,000 110,000
* Included in other

NA Not available
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2.2.6 Production

In the 1950s, rare earth elements were mined in South Africa, India, and Brazil.
From the 1960s to 1980s, Mountain Pass mine in California was the largest glob-
al source of REEs. China began its large scale REE production in 1990s with
cheaper prices, which led to the shutdown of several mines that were not able
to compete with lower prices. Mountain Pass mine was also closed in 2002,
leaving China as the major producer of REEs.?> In 2013, China controlled the
market with 90 % of the world’s mine production (table 4).! Most of China’s
production comes from REE recovery as a by-product of iron ore mining in
Bayan Obo.18pp-83-85 United States is the second largest producer with 4 % of the
mine production, followed by India, Russia, and Australia. Other countries
produce minor amounts of rare earth elements. In most deposits, REEs are re-
covered as co- or by-products of other minerals.’® This is due to the low concen-
trations in the reserves: in most cases, the mining and production costs cannot
be compensated by the market value of rare earth elements. Only in Mountain
Pass California were rare earth elements mined as primary products of a bast-
ndsite deposit. Large amounts of ore have to be processed to achieve small
amounts of pure rare earth elements; for example, at Mountain Pass, one metric
ton of ore produced 100 g of Eu203, and as a by-product 200 g of radioactive
thorium.1®

The Chinese government has steadily limited its yearly export of REO in
recent years due to resource depletion and environmental regulations.!®> From
2009 to 2010, China’s export quota decreased by 40 % from 50,150 to 30,250
tons.26 China’s export quota is estimated to be 32,000-35,000 t for 2011-2015.24
The new quota system has evoked new producers to enter the REE market, alt-
hough they face a lot of challenges: limited technical knowledge outside China,
production of radioactive waste, high capital cost of a new processing plant,
uncertainty of market price, and uneven demand for individual REEs.1

Rare earth elements were produced in Finland in the 1960s and 1970s at
Typpi Oy’s fertilizer factory in Oulu. The raw material was at first apatite from
the Kola Peninsula, and later on a rare earth element concentrate recovered as a
by-product from the Korsnéds lead mine, which is currently in the possession of
Tasman Metals, Ltd. Other rare earth element deposits in Finland include
Katajakangas and Kontioaho (Tasman Metals Ltd. has the prospecting rights)
and Kuusamo’s gold, copper, and cobalt deposit, where Dragon Mining com-
pany is investigating the possibility of recovering REEs as a by-product of gold
ore. Several investigations are under way to open rare earth element mines in
Finland, but currently, there is no REE production in Finland. By far the largest
deposits in Fennoscandia are in Kola Peninsula, where REEs are being pro-
duced in the Karnasurt deposit.?”

2.2.7 Prices

Prices of REEs are not widely available but are found from selected producers.
Prices are prone to fluctuations due to a few large producers and are not set like,
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for example, with platinum group metals. There are two distinct phases in rare
earth element price development: rare earth element production quantities in-
creased up to 2007, lowering the average prices, and since 2007 the annual pro-
duction has remained fairly the same at 134,000 tons, forcing the prices up.?
REE metal and oxide prices in December 2013 and May 2014 from HEFA Rare
Earth Canada Co. Ltd. are presented in table 5.28 Prices for holmium, thulium,
ytterbium, and lutetium were not available. Light REEs have the lowest prices,
while the heavier are more expensive. Scandium has currently the highest price
of the presented REEs.

TABLE 5 Rare earth metal and oxide prices (USD kg) from HEFA Rare Earth Canada
Co. Ltd. in December 2013 and May 2014.28

Price USD kg1
Element and purity Dec. 2013 May 2014
La metal 2 99% 13 12.5
La oxide =99.5% 6.05 5.8
Ce metal 299% 12 12
Ce oxide 299.5% 55 5.5
Pr metal 2 99% 175 175
Pr oxide = 99.5% 134 125
Nd metal=99.5% 94 95
Nd oxide =99.5% 69 68
Sm metal > 99.9% 30 30
Eu oxide =2 99.99% 1,100 980
Gd metal 99.9% 95 95
Gd oxide 299.5% 44 41
Tb metal = 99.9% 1,900 1,200
Tb oxide =99.5% 950 800
Dy metal > 99% 750 600
Dy oxide = 99.5% 525 500
Er metal 299.9% 225 215
Er oxide 2 99.5% 69 72
Y metal = 99.9% 75 74
Y oxide =99.99% 20 19
Sc metal 99.9% 15,500 17,500
Sc oxide =99.95% 7,000 7,200
Mischmetal > 99% 10 10

2.3 REE separation processes

Separation of rare earth elements from each other is based on the differences in
acidities resulting from the lanthanide contraction. This gives rise to differences
in the solubility of salts, hydrolysis of cations, and the formation of complex
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species, which are the foundation of rare earth element separation processes.
The occurrence of tetravalent (Ce, Pr, and Tb) and divalent (Sm, Eu, and Yb)
cations allows them to be separated after selective oxidation or reduction. This
is due to the distinctly different chemical behavior of tetra- and divalent cations
compared to the trivalent species.16-18 pp.17-18

2.3.1 Fractional crystallization and precipitation

Fractional crystallization and fractional precipitation are the basic methods in
REE separations, and were widely used in the twentieth century, but have now
been replaced by ion exchange and liquid-liquid extraction.1®

In fractional crystallization, a part of a salt in a solution is precipitated ei-
ther by a temperature change or by evaporation of a saturated solution. The
composition of the formed crystals is different compared to the original solution
due to different solubilities of the components. The result is a crystal crop with
fewer soluble components and a solution enriched with more soluble compo-
nents. A number of REE salts and double salts have been used in separation
with fractional crystallization. For example double ammonium nitrates have
been used in lanthanum removal and to separate praseodymium and neodymi-
um.18 pp- 161-162

In fractional precipitation, a part of the rare earth elements are removed
from the solution by the addition of a chemical reagent, which forms a less sol-
uble compound. The rest of the REEs in solution are recovered by further pre-
cipitation as the same or different compound. Several compounds have been
used in REE fractional precipitation, with hydroxides and double sulfates being
the most widely used. For example, double chromate precipitation has been
used to separate other rare earth elements from yttrium.18 pp. 162163

From concentrated rare earth element solutions with few impurities, rare
earth elements can be precipitated as a group. This is usually preceded by some
other concentration techniques, such as liquid-liquid extraction or ion exchange.
The most common technique is to precipitate REEs as oxalates using oxalic acid.
The reaction involved is the following:

2Ln** + 3H,C,0, + 10H,0 & Lny(C204); - 10H,0 + 6H* D

After precipitation as oxalates, REEs can be thermally treated into oxides. Oxa-
late precipitation has been studied, for example, in rare earth element recovery
from weathered clays.?? Another widely used technique in REE group separa-
tion is precipitation as double-sulphates:

Ln3* + Nat + 2503~ + xH,0 « NaLn(SO,), - xH,0 (2)
REE sulphates can further be converted to hydroxides. Double-sulphate precipi-

tation has been investigated, for example, in rare earth element recovery from
spent NiMH batteries®? 31 and monazite leach liquor32.
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2.3.2 Ion exchange

Ion exchange is used to treat solutions with low concentrations of REEs and is
used in applications where very high purity REEs are needed. Ion exchange
was the most common separating technology in the 1950s, and the main com-
mercial process used ammonium ethylene diamine tetraacetate as the complex-
ing agent. Jon exchange was largely replaced by liquid-liquid extraction during
the next decade, but it is still used in high purity applications. 18 pp-163-168

In an ion exchange resin or an ion exchanger, there are negative or posi-
tive ions attached to an insoluble organic matrix. In a cation exchange resin, the
ions are positive and in an anion exchange resin, they are negative. When the
resin is brought into contact with a salt solution, the ions in the organic resin
can be replaced by the ions in the solution. Typically, the ion with a higher
charge displaces the one with a lower charge, and if the ions have the same
charge, the ion with the larger radius displaces the ion with a smaller radius.
Displacement also occurs according to the law of mass action.18 pp. 163-168

After the adsorption stage, where the ions in the solution are loaded into
the resin, the ions are desorbed from the resin into a solution in an elution stage.
If a solution contains several ions that exhibit selectivity in the exchange, ion
exchange can be called ion exchange separation. The distribution of a compo-
nent between two phases has a constant value in equilibrium conditions. The
distribution ratio Da of component A in phases 1 and 2 is given in the equation:

Dy = A 3)

CA2

where ca1 is the concentration of A in phase 1 and ca> the concentration of A in
phase 2. Similarly, for component B,

Dp = = (4)

CB2

A comparison of Da and Ds tells how the two components are distributed in the
different phases. The relation of the distribution ratios is called the separation
factor a:

D
of = 52 5)

When the separation factor is close to 1, no separation can be achieved between
components A and B, and when a clearly differs from 1, separation between
components is possible.18 pp-163-168

In modern applications, typically sulfonated polystyrene or its Na* salt is
used as a resin. The cations exchange with H* or Na* and are then removed
from the resin utilizing a complexing agent, such as EDTA%. The formation
constants of EDTA complexes increase from La to Lu, which allows for the sep-
aration to 99.9 % pure components.16:17
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2.3.3 Liquid-liquid extraction

Liquid-liquid extraction, also called solvent extraction, is the most common
technique used in rare earth element separation. Acidic, basic, and neutral ex-
tractants are the most common industrial extractants and include bis(2-
ethylhexyl) phosphoric acid (D2EHPA), 2-ethylhexyl (2-ethylhexyl) phospho-
nate (EHEHPA), tributyl phosphate (TBP), versatic 911, versatic 10, and Aliquat
336 (figure 3). The behavior of these extractants is well-known and a widely
published research area and some industrial extraction processes are also

known such as the Molycorp process used in Mountain Pass California.l8 pp-177-
180
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I
\/\/\/O\P//O /\/\o/l\o/\/\
NN o/ \OH

D2EHPA TBP
HO\P él
A~ S QRN
R/ \CH3
EHEHPA Aliquat 336

FIGURE3  Structures of bis(2-ethylhexyl) phosphoric acid (D2EHPA), tributyl phos-
phate (TBP), 2-ethylhexyl (2-ethylhexyl) phosphonate (EHEHPA), and Ali-
quat 336 (R= Cs or Cyg linear alkane chain).

In liquid-liquid extraction, two immiscible liquids are mixed, and the so-
lutes are separated between the two liquid phases. One of the liquid phases is
aqueous and the other organic. In the loading stage of liquid-liquid extraction,
the solutes are transferred from the aqueous phase to the organic phase, which
is scrubbed with a suitable aqueous phase to remove impurities transferred into
the organic phase. In the following stripping stage, the solutes are removed
from the organic phase back into an aqueous phase (figure 4). Distribution fac-
tor D and separation coefficient o presented earlier regarding ion exchange also
apply to liquid-liquid extraction. Modern separation processes use liquid-liquid
extraction due to its several advantages over other techniques. Some of the ad-
vantages are high loading of rare earths in the organic phase, which allows for
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solutions with concentrations as high as 100-140 g REO 1! to be treated, and the
use of continuous countercurrent processes. 18 pp- 168-177

Feed Scrub solution Strip solution
(aqueous) (aqueous) (aqueous)
-
Extraction > Scrubbin —- ippi >
Extract 9 Scrubbed Stripping
extract
Raffinate Scrub raffinate Product
(aqueous) (aqueous)
Solvent (organic)

FIGURE 4  Flowsheet for typical liquid-liquid extraction process, modified from Extrac-
tive Metallurgy of Rare Earths.18p-168

The organic phase used in liquid-liquid extraction usually consists of two
or more chemicals. The extractant collects the rare earth elements in the organic
phase, and a suitable solvent is used to dissolve the extractant, which is usually
too viscous to be used on its own in practical applications. Kerosene and certain
aromatics are commonly used as solvents. A modifier can also be added into
the organic phase to improve the hydrodynamics of the system. The use of ex-
tractant mixtures can have synergistic effects on the distribution coefficient.
This is the case when the distribution coefficient of a mixture is greater than the
sum of the distribution coefficients of the extractants used.8 pp-168-177

Acidic extractants

Acidic extractants include organophosphorus acids, carboxylic acids, and
napthenic acids. They react according to the following cation exchange reaction:

Ln3*(aq) + 3HL(org) - [LnL](org) + 3H*(aq) (6)

The hydrogen in the extractant is usually displaced by the extracted metal, and
a neutral organic soluble complex is formed. Extraction and stripping stages are,
therefore, governed by the pH of the aqueous solution.18 pp- 168177

For organophosphorus acids, the extraction efficiency increases with in-
creasing atomic number. A possible explanation for this trend could be the in-
crease in electrostatic attraction between the extractant anion and the rare earth
element cation, as the size of the cation decreases. The increase in solution acidi-
ty via liberation of hydrogen ions during metal loading has an adverse effect on
metal extraction. This can be avoided by saponification of the extractant with
sodium hydroxide. D2EHPA is the most widely available and studied extract-
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ant of the organophosphorus acids.334! It can be used in several aqueous media,
and it gives suitable separation factors for all REEs, the average between two
adjacent rare earth elements being 2.5. Distribution coefficients in D2EHPA in-
crease with an increasing atomic number and decrease with increasing tem-
perature. The distribution coefficient is also influenced by the diluent used with
the organophosphorus acid and decreases in the following order: kero-
sene>cyclohexane>tetrachloromethane>xylene>benzene. Kerosene is the most
common solvent used with organophosphorus acids.18 pp- 168-177 EHEHPA has
replaced D2EHPA in many applications due to high separation factors between
adjacent rare earths.3% 4145 The extraction efficiency of rare earths in EHEHPA
also increases with increasing atomic number as with D2EHPA, but not to the
same extent.18 pp- 168177 Other phosphoric acids have also been studied for rare
earth element recovery.46-49

Carboxylic acids (C7-Ci5) are widely available extractants and also rela-
tively inexpensive. The most common carboxylic acids used in REE liquid-
liquid extraction are versatic acids RiRx(CH3)CCOOH, where Ri and R: are
branched alkyl groups. Versatic 911 has 9 to 11 carbon atoms and versatic 10
has 10 carbon atoms. 18 p-174

Basic extractants

Basic extractants include long-chain quaternary ammonium salts RsCH3N*X,
where R3 is a Cs-C12 group and X is nitrate or thiocyanate. Basic extractants re-
act with REE according to an anion exchange reaction:

Ln3*(aq) + 3X"(aq) + R;CH3;N*X " (org) - [LnX;R3;CH;N*](org) (7)

The extent of extraction and stripping is dependent on the concentration of X- in
the aqueous phase. Extraction in thiocyanate and nitrate systems display inter-
estingly different behaviors. In the thiocyanate system, the extraction efficiency
increases with increasing atomic number, but in the nitrate system, the effect is
the opposite. It is possible that steric and electrostatic effects influence the sta-
bility of several complexes and hence their extractability. The most common
basic reactant is Aliquat 336. High purity yttrium is produced using a combina-
tion of ammonium salts and carboxylic acids in liquid-liquid extraction.18 p-176

Neutral extractants

Neutral extractants include phosphate esters, phosphonate esters, phosphinate
esters, and phosphine oxides. The most used neutral extractant is tributyl phos-
phate (TBP), 3550 which reacts according to the solvation reaction:

Ln3*(aq) + 3NO3 (aq) + 3TBP(org) — [Ln(NO3);(TBP);](org) (8)

TBP works well in a nitrate medium, where 170-190 g REO L-! can be loaded
into the organic phase. Separation factors for adjacent rare earth elements are in
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the range of 1.2-2.2, making TBP and other neutral extractants less useful in
separations than, for example, phosphoric acids.18 pp168-177

2.4 Industrial fly ash

24.1 Production and composition

Fly ash is one of the residues formed in combustion processes. Fly ash particles
solidify while suspended in exhaust gases and are captured by electrostatic pre-
cipitators or bag filters. Coal fly ash is the most widely produced fly ash in the
world with 750 million tons produced annually.® Currently, biomass is emerg-
ing as a fuel resource since it is a source for carbon neutral energy, and it does
not contribute to the greenhouse effect.5! At the present biomass contributes to
8-15 % of the world’s energy supplies. Since the annual global growth of bio-
mass is estimated at 112-220 billion tonnes, the potential for utilization is vast.
There are no statistics on how much ash is generated in biomass combustion
worldwide, but it was estimated that 480 million tons of biomass ash could be
generated annually.5!

Composition of fly ash varies considerably depending on the fuel used in
the combustion process, but it mainly consists of metal oxides in different pro-
portions. In table 6, the main components in coal fly ash, wood ash, and peat
ash are presented. The main components in coal fly ash are in decreasing order:
Si0Oz, AlOs, FexOs, CaO, MgO, KoO, Na2O, and TiO..6 The variation range in
main components of wood ash is larger than that of coal fly ash, but it seems
that biomass ash has a higher CaO content than coal fly ash. The water soluble
fraction of biomass ash is high (up to 61.0 %) compared to 0.2-7.2 % for coal
ash.51

TABLE 6 Weight percentage ranges of main components in coal fly ash from Europes®,

wood ash and peat ash.5!

Weight %

Component Coal flyash  Wood ash Peat ash
SiOs 28.5-59.7 1.86-68.18 37.53
AlLOs 12.5-35.6 0.12-15.12 20.14
FexO3 2.6-21.2 0.37-9.54 13.83
CaO 0.5-28.9 5.79-83.46 9.97
MgO 0.6-3.8 1.10-14.57 2.14
NaO 0.1-1.9 0.22-29.82 0.10
KO 0.4-4 2.19-31.99 1.12
P20s 0.1-1.7 0.66-13.01 2.75
TiO2 0.5-2.6 0.06-1.20 0.31
SOs 0.1-12.7 0.36-11.66 12.11
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In addition to the main components, fly ashes contain an extensive part of
the periodic table in lower concentrations, usually including noteworthy con-
centrations of toxic elements. Fly ash morphology has been studied using scan-
ning electron microscopy (SEM), which has revealed that fly ash consists of sol-
id spheres, hollow spheres (or cenospheres), and irregularly shaped unburned
carbon.®

2.4.2 Utilization

The coal fly ash utilization rate is at 47 % in Europe, while the remaining ash is
used in mining restoration (45 %), disposed of (6 %) and stockpiled (2 %). In
United States, 39 % of coal fly ash is utilized, while the global estimate is only
25 %. The complexity of fly ash is the foremost obstacle between large scale uti-
lization. Coal fly ash use in Europe in 2008 is presented in figure 5.6

Concrete Other 0.5 Bricks and

% ceramics
Geotechnical P10cks 5.5 % C__— o Cement.raw
0.5 % material

25.2%
357 %

FIGURES5 Coal fly ash use as percentages in Europe in 2008.6

Coal fly ash is mainly used as a substitute material in the construction in-
dustry. The use of coal fly ash in construction materials is prevalent, but the
application of biomass ash is not yet as common and is prohibited by several
standards. Coal fly ash also has geotechnical applications, for example, as an
asphalt filler, pavement base course, soil amendment agent, and engineering or
structural fill. Biomass ash has its largest application possibilities in soil
amendment and fertilization. Biomass ash can provide nutrients and alkaline
character to the soil, but at the same time, several problems can arise from its
use: unavailability of nutrients, hazardous trace elements, ground water con-
tamination, dust emissions, and so on. Use of semi-biomass ash, such as munic-
ipal solid waste ash and sewage sludge ash, is not recommended in soil
amendment since the concentrations of hazardous components is usually

high.52
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Future utilization possibilities for coal fly ash include use as an absorbent
in removal of, for example, heavy metals and phenols from waste waters, use as
a soil amelioration agent in agriculture, Al, Ti, Ge, and Ga recovery, use in cata-
lysts, glass, etc. Fly ash has considerable adsorption capacity for several heavy
metals and compounds, such as NHs, NOx, POy, SOy, phenols, and pesticides.
The major potential implementations of biomass ash are soil amendment and
fertilization, in the construction industry and sorbents, and to a lesser extent the
synthesis and production of minerals, ceramics, and other materials.>?

24.3 REEinfly ash

Rare earth element concentrations in coal fly ash have been investigated in de-
tail, and there is comprehensive knowledge of their occurrence.53-%7 Accumula-
tion of REEs in coal fly ash in fairly high concentrations (table 7) has initiated a
lot of research aiming at their recovery.”. 13 68 69 Some studies are available
where rare earth element content has been determined in fly ash, where differ-
ent fuels have been used: wood, wheat, and rice straw?, food scrap, animal
waste, horticulture waste, sewage sludge8, medical waste,'? and municipal solid
wastell. Several studies focus on determining whether there could be harmful
environmental effects due to rare earths by studying their leachability.!? Utiliza-
tion of these kinds of fly ashes as rare earth element resources has gained little
attention due to low concentrations of REEs. The most common analysis tech-
nique in the determination of REE concentrations in different ashes has been
ICP-MS8-11, 53, 56, 58, €0, 66, 67, 70, while ICP-OES has been used occasionally® and
instrumental neutron activation analysis (INAA), especially in publications da-
ting a few decades ago? 55 %, 61-65,

Zhang et al.® determined rare earth element concentrations in several ashes
by digesting the samples in a Teflon beaker using nitric acid, perchloric acid,
and hydrofluoric acid. Rare earth element concentrations were determined us-
ing ICP-MS, resulting in 53.7 mg kg of REEs in food scrap ash, 80.9 mg kg-1in
animal waste ash, 101 mg kg'in horticulture waste ash, 130 mg kg in sewage
sludge ash, and 83.1 mg kg!in incinerator bottom ash. Compared to concentra-
tions in the crust, food scrap ash was enriched with Sm, Eu, Tb, Sc, and Gd, and
incinerator bottom ash was enriched with Eu and Tb. Other REEs were fairly
normally distributed.

Zhao et al.% studied medical waste ashes using the same digestion method
as Zhang et al.® and determined rare earth element concentrations in the sam-
ples using ICP-MS. Analysis of the ash samples resulted in total rare earth ele-
ment concentrations of 42.0-78.9 mg kg'! in bottom ash samples and 10.2
mg kg1in a fly ash sample. Concentrations of Gd and La were enriched com-
pared to concentrations in the crust, the most likely reasons being the use of
gadolinium as a chelating agent in the medical field and lanthanum as a glass
additive in medical instruments and in some drugs. According to the sequential
extraction performed on the ashes, REEs were mostly present in the residual
fraction (47.0-87.7 %), and to a lesser extent in the organic fraction (1.8--31.9 %).
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TABLE 7 REE concentration range in coal fly ashes from United Kingdom, Poland, and

China.5 67
Element Concentration range (mg kg)
La 41.9-110
Ce 86.6-225
Pr 9.4-27
Nd 37.2-106
Sm 7.1-20
Eu 2.0-4.1
Gd 7.4-20.1
Tb 1.2-2.8
Dy 6.9-15.8
Ho 1.4-3.1
Er 3.7-9
Tm 0.5-1.3
Yb 3.4-84
Lu 0.5-1.2
Y 37.3-86

In a report for the California Energy Commission, Thy et al.? examined
several ashes and determined rare earth element concentrations using INAA for
Sc and ICP-MS for the other REEs. Samples were dissolved using microwave-
assisted digestion with nitric acid, hydrochloric acid, and hydrofluoric acid.
Total REE concentrations of 0.6-33.2 mg kg were determined in wheat and rice
straw ashes, 87.9-90.0 mg kg1 in straw blend ashes, 17.3 mg kg'in cattle ma-
nure ash, 9.5-91.2 mg kg in wood ashes, and 81.8 mg kg in a biomass ash
from a commercial plant in California. Concentrations in ashes show considera-
ble variations between different biomass types and also among similar samples.

The average content of rare earth elements in coal fly ash is 400 mg kg,
but coal ashes with REE concentrations higher than 1,000 mg kg-! are common;
even concentrations as high as 17,000 mg kg of REEs have been reported in
coal ash.” Rare earth elements appear to be concentrated on the smaller size
classes in coal fly ash3 56, which may offer routes for concentrating REEs. Rare
earth oxide content of 1,000 mg kg has been suggested to be the cut-off grade
for profitable utilization.” Another criterion for utilization-suitable fly ash is that
it should be abundant in critical REEs and have few excessive elements, such as
cerium. Rare earth elements are classified according to Seredin’! as critical: Nd,
Eu, Tb, Dy, Y, and Er; uncritical: La, Pr, Sm, and Gd; and excessive: Ce, Ho, Tm,
Yb, and Lu.

There are two possible deposition routes for rare earths into fly ash: sur-
face deposition, where rare earth elements are vaporized during combustion
and are then deposited on the fly ash particles, or accompaniment, where rare
earth elements melt with the ash components and are distributed into the fly
ash. A study by Kashiwakura et al.,”0 where europium has been used to model
rare earth elements suggests both types of occurrences. Wavelength-dispersive
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spectrometry electron microprobe analysis on cerium occurrence in coal fly ash
by Hower et al.5* also supports this assumption. It has an important effect on
dissolution of rare earth elements from fly ash: rare earth elements deposited on
the surface of the fly ash are easily dissolved, but rare earth elements inside the
fly ash particles are dissolved more gradually.

2.5 ICP-OES

2.5.1 Introduction

ICP-OES, also called inductively coupled plasma-atomic emission spectrometry
(ICP-AES), is one of the most popular techniques in elemental analysis due to
its simultaneous multi-element detection, wide dynamic range, and ability to
measure most elements in the periodic table (elements from Li to U except for C,
N, O, and the noble gases). High throughput of up to 60 elements in one minute
is one of the key factors in making ICP-OES so common in modern laborato-
ries.”2 pp- 23 Compared to its main competitor ICP-MS, an emission based tech-
nique is more affordable, can withstand higher dissolved solid content, and is
easier to use, but on the other hand, ICP-MS has lower detection limits in most
cases and is able to measure isotopes.

Inductively coupled plasma is used to excite the atoms in the sample to
emit light. The plasma is generated in a quartz torch using most commonly ar-
gon gas to form the plasma. Radio frequency of 27 or 40 MHz is applied around
the quartz torch traditionally with an induction coil, or newly developed Flat
Plates™ 73, and a high voltage spark is given to produce “seed” electrons and
ions. In the high temperature of the plasma, which can reach 10,000 K in the
hottest zone, most elements are ionized. The plasma can be viewed two ways:
radially from the side of the plasma or axially from the end of the plasma along
the analyte channel.”? pp- 3234 Radial viewing was used in ICP instruments before
axial measurement, which was developed to improve sensitivity by following
the analyte signal for a longer distance. Axial viewing of the plasma improves
detection limits but increases the amount and severity of spectral interfer-
ences.’2 pp- 11-17

Sample is commonly introduced into the plasma as a fine aerosol, i.e. a
mixture of liquid droplets and argon gas, called nebulizer gas or carrier gas.
The sample aerosol is produced in the nebulizer as the nebulized gas passes
through the nebulizer and spray chamber. Larger droplets and droplets with
high velocity are removed into the drain in the spray chamber, to allow only the
right size aerosol to reach the plasma. Auxiliary gas is used to push the plasma
away from the injector tip if necessary and prevent deposition of solid particles
on the tip. The cool tail of the plasma is removed using a shear gas in order to
reduce interferences in axial viewing.”2 pp-39-5

When the sample aerosol is introduced into the plasma through the injec-
tor, the solvent is evaporated, solid particles are vaporized, chemical bonds are
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broken, and atoms are formed. Most elements are also ionized and further ex-
cited to emit light. The ionization energy of argon is 15.68 eV, and while most
metals have ionization energies of approximately 7-8 eV, excess energy is used
to further excite the ions. The excitation is very short-lived lasting only 108 s,
and when the system returns to a lower energy state, the energy difference be-
tween the two states is released as a photon. The wavelength of the photon is
specific for each element, and this is how different elements can be differentiat-
ed. Most wavelengths are in the ultra violet and visual range, and some instru-
ments have different detectors for the specific ranges. Atomic and ionic transi-
tions are separated by the use of Roman numeral I for atomic transition and II
for ionic transition. The possible transitions occurring in the plasma for one sin-
gle element are numerous, and this allows one to measure the element at sever-
al different wavelengths but also makes the spectra more complex.”2 pp- 18-24, 74 pp.
211

The wavelengths are separated from each other using a diffraction grating
after which they are directed into the detector(s). Modern instruments use
charged-coupled device (CCD) detectors, where pixels convert incoming pho-
tons into electrical charges, the same principle as in digital cameras. The com-
puter then compares the emission intensity of the sample to the calibration
standards and calculates the concentration in the sample.”2 p- 6

2.5.2 Optimization of measurement conditions

Method development for ICP-OES includes selection of sample introduction
system, plasma conditions, appropriate wavelengths, background correction
points, and correction of possible interferences.”2 pp- 99-101

Sample introduction

Selection of appropriate nebulizer and spray chamber for a given application is
crucial in achieving accurate results. The nebulizer is used to produce an aero-
sol from the liquid sample and argon gas. Most common nebulizer types are
pneumatic concentric nebulizer and cross-flow nebulizer, which are in use in
most ICP-laboratories. Other nebulizer types are also available, such as micro-
nebulizers designed to operate at low liquid flow rates’ 76, and nebulizers for
the analysis of samples with high dissolved solids content.”” pp-1-76

Spray chamber is used adapt aerosol properties to requirements of the
plasma. The main goal is to separate coarse droplets from the primary aerosol,
which results in a maximum analyte transport efficiency of about 2-4 %. Most
widely used spray chambers are the double-pass spray chamber and the cyclon-
ic spray chamber. Double-pass spray chamber is efficient in removal of coarse
droplets but has high loss of aerosol, more memory effects and long rinsing
times. Cyclonic spray chamber has less aerosol loss leading to higher signals
and better limits of detection, has low memory effects, and short rinsing times,
but the signal can be noisier and the position of nebulizer tip is critical. The
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conventional cyclonic spray chamber is made out of glass, but for hydrofluoric
acid applications, PTFE has also been used as a material for cyclonic spray
chambers”8. Other available spray chamber options are single-pass spray cham-
ber, and low inner volume spray chamber.”7 pp- 77-118

Robustness of plasma

Argon ICP has a high kinetic temperature, yet energy transfer in the plasma can
still be inefficient, affecting the results when difficult sample matrices are ana-
lyzed.”? pp- 2732 In robust conditions, energy transfer from the plasma to the
sample is efficient, which ensures good excitation of analytes even in very com-
plex sample matrices. Plasma conditions should, therefore, be optimized to
achieve robust plasma, ergo conditions where the analyte signal is not signifi-
cantly affected by the changes in the matrix composition (major elements, rea-
gents, such as acids and solvents). In robust conditions, plasma temperature,
electron number density, and species spatial distribution are not modified when
different samples are introduced into the plasma. The attributes mentioned
above are difficult to measure; hence, the intensity ratio of an elements ionic
and atomic line can be used to estimate robustness.”

The most common practice is to use the intensity ratio of Mg II (280.270
nm) and Mg I (285.213 nm) introduced by Mermet®, while other intensity ratios
have also been used successfully in the estimation of robustness. When Mg I1/1
ratio is 8 or higher, the plasma is considered to be robust. This applies to radial
viewing of the plasma; when axial viewing is used, robust conditions can be
achieved with a lower Mg II /I ratio. There is usually no need to compensate for
different wavelength responses, except for when echelle grating is utilized. The
two Mg lines can be in different diffraction orders or in different locations in the
same order, which influences the diffraction efficiency. This can be compen-
sated for by multiplying the ratio with a correction factor €, which is the ratio of
background emission measured at Mg I 285.213 nm and at Mg II 280.270 nm.8!

Several instrument parameters have an effect on the robustness: plasma
power, carrier gas flow rate, inner diameter of the injector, use of sheathing gas,
presence of molecular gases, and viewing height when radial viewing is used.
Optimization of these parameters using the Mg 1I/1 ratio leads to robust plasma.
Usually robust plasma conditions are achieved using a nebulizer gas flow rate
below 0.6 1 min-!, plasma power above 1,400 W and an injector inner diameter
of at least 2 mm.80

Velitchkova et al.82 optimized ICP-OES operating conditions for REE de-
termination in 10 g 1! Eu2O3 and LuxO3; matrices. The Mg II (280.270 nm)/Mg 1
(285.213 nm) intensity ratio was used to evaluate the robustness of the plasma.
The highest plasma power of 1,300 W and lower sheathing gas flow rate of 0-
0.2 1 min! with a 0.4 | min! carrier gas flow rate resulted in the highest Mg I1/1
ratio. In pure solvent, a line intensity ratio of 14 was achieved in robust plasma
conditions, and in europium and lutetium matrices, the ratio was 11.5-12.5.
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Wavelength selection

When selecting the analytical wavelength, the approximate concentration of the
analyte in samples should be known. If the analyte is present in trace concentra-
tions, the most sensitive line should be used. In wavelength tables, attributes,
such as background equivalent concentration (BEC), signal to background ratio,
and intensity, describe the sensitivity of the line. If high concentrations are ex-
pected, a less sensitive line can be used. It is also important to select a wave-
length free of spectral interference caused by the sample matrix; consequently
sufficient knowledge on the sample components is needed to identify interfer-
ences in the spectra. Resolution of the spectrometer determines whether there is
spectral overlap in a specific line or not. In practice, it is preferred to select sev-
eral wavelengths for one element and check if they are suitable. In simultaneous
spectrometers, the available wavelengths are set, and the analyst can choose
from these lines. When using a sequential or an array spectrometer, there is

more flexibility in line selection but also more work in method development.”?
pp. 101-118

Background correction

Background correction is used in ICP-OES to correct for the background emis-
sion present in all measurements. Background emission originates from argon
emission lines and a continuum, which covers the whole wavelength range
used. Matrix elements in the sample can increase the emission of the back-
ground or decrease it. An increase in background is observed when a matrix
element has an intense emission line near an analytical line. The intensity of the
background decreases when the sample being aspirated cools the plasma down.
This is the case when the sample has high dissolved solids content, for example,
a 10 % sodium chloride solution.”? pp-125-134

Background correction is performed by setting background correction
points on each side of the analyte peak. These points are measured with every
sample run, and the area below the background correction points is subtracted
from the net signal of the analyte. The use of only one background correction
point can be justified when, on the other side of the analyte peak, the spectra is
very complex with interference peaks. Great care should be practiced when
choosing the positions of background correction points, as incorrectly setting
the points could cause significantly erroneous results.”? Pp-125-134 [n some instru-
ments, background correction can be done automatically via software.8?

2.5.3 Interferences

Interferences observed in ICP-OES technique are categorized as spectral and
non-spectral, also called matrix effects. Spectral interferences can stem from ma-
trix elements, argon emission lines (mostly in the range of 300-600 nm), carbon
and silicon lines, and rotation oscillations of molecules, which produces a dis-
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tinctive molecular band spectrum; for example, oscillations of OH radicals
cause band spectra in the range of 280-330 nm. 72 pp-104-118, pp. 146-147

Non-spectral interferences occur due to changes in sample transport, neb-
ulization, and excitation conditions in the plasma. This can be caused by varia-
tions in physical properties of the sample, especially viscosity, density, surface
tension and volatility. Acids present in most samples as a result of solid diges-
tion, sample preparation, or analyte stabilization are a common cause of non-
spectral interferences.84 8 At acid concentrations below 1 % (v/v), an increase
in the net intensity is observed, and with higher concentrations, a signal sup-
pression is detected. The combination of two or more acids results in an effect
more complex than the addition of single effects, depending on the nature of
the interference.8> Use of robust plasma conditions and cyclonic spray chamber
can reduce the severity of acid effects.34 887 The presence of easily ionized ele-
ments (EIE) can also enhance or depress the analyte signal intensity. The effect
of EIEs on ICP-OES is complex, and its origin is not yet clear.88 8

Acid effects on rare earth element line intensities were studied by Brenner
et al.% %1 It was found that all REE line intensities decreased similarly as the hy-
drochloric acid concentration in the sample increased. However with increasing
nitric acid concentration, REE line intensities did not respond as a group, but
instead, each line was suppressed to a different extent.® Differences in rare
earth element ionization energies and oxide dissociation energies have been
suggested as reasons for REE line intensities’ different responses in the nitric
acid matrix.o!

Correction of spectral interferences

Spectral interferences can be corrected using inter-element correction or multi-
variate regression. Inter-element correction is used when there is direct overlap,
and it applies only to a limited extent to partial overlap. An undisturbed wave-
length of the interfering element is measured, and its contribution is subtracted
from the analyte line with the interference. Use of this technique also increases
the collective error of the analysis and hence leads to poorer reproducibility and
limits of detection. Usually, in the case of direct overlap, it is better to use an-
other more suitable wavelength if possible.”2 pp. 135-136

Multivariate regression is used to correct for partial overlap, and some
ICP-OES manufacturers have their own techniques integrated in spectrometer
software.? % PerkinElmer was the first manufacturer to introduce a multivari-
ate regression technique called “Multi-component Spectral Fitting” (MSF) in
their software. This process includes analyzing a blank solution, single element
solutions of all interfering elements, and a single element solution of the analyte.
Scaling factors are used to calculate the concentration of the analyte rather than
the intensity as is usually done. Because this correction method uses more spec-
tral information than a normal measurement, the total error of the analysis de-
creases; thus, reproducibility and limits of detection are improved.”2 pp- 136-146
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Correction of non-spectral interferences

Non-spectral interference can be corrected using several methods: matrix
matching, use of an internal standard, calibration by analyte addition, addition
of surfactants, or an ionization buffer. In the matrix matching technique, stand-
ard solutions are matched to the sample solutions or vice versa. If the samples
are matched to the calibration standards, usually this is conducted by diluting
the samples, which eliminates most of the non-spectral interferences. This is not
always possible due to low concentrations of analytes in the samples. When
calibration standards are matched to the samples, the acid matrix, digestion re-
agents and the main components in the matrix are added to the standards. This
introduces a contamination risk to the standard solutions, and the components
added in higher concentrations should be of highest purity.”2 pp-147-153

An internal standard can be used to overcome non-spectral interferences
when samples have lots of variation and dilution is not possible. Internal stand-
ardization can also be used to improve precision and long term stability. An
element, or two or more elements, selected as an internal standard is added in
the same concentration to all samples and standards. The changes in the intensi-
ty of the internal standard are used to correct intensities of the analyte.”> To
achieve the best results with internal standardization, the analyte line and in-
ternal standard line should behave in the same way as changes in the meas-
urement conditions occur. Utilization of robust plasma conditions improves the
efficiency of internal standardization, which can be difficult in non-robust con-
ditions, as interferences can arise from changes in sample transport as well as
changes in the plasma.®* % Plasma viewing mode has also been found to factor
in the effectiveness of internal standardization: radial viewing mode gives bet-
ter results than axial viewing due to incorporation of atomization zone in axial
viewing.%

Calibration with analyte addition (also known as standard addition) al-
lows optimum correction of non-spectral interferences but is very time consum-
ing if there are lots of samples and analytes. In analyte addition, a known quan-
tity or quantities of analyte is added into the sample, and the calibration is exe-
cuted individually for all samples.”? %7

2.6 Reliability of analytical results

All analyses contain errors to some extent. These errors can be divided into
three categories: gross, random, and systematic errors. Gross errors are defined
as serious deviations from the true value, and are very easily noticed. Gross
errors can occur, for example, when an instrument is not working correctly.
Random errors are present in all analyses and can be identified by carrying out
several replicate analyses, where the results are spread evenly around the mean.
There is a multitude of reasons for random errors from small changes in analyt-
ical conditions to human factors. Systematic errors change the analysis result
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continuously in the same direction; consequently, the average result differs
from the true value. The total systematic error of the analysis is called the bias.?
pp. 34

In an ideal situation, the analytical results are accurate, i.e. true and pre-
cise. Trueness can be described as “closeness of agreement between the average
of an infinite number of replicate measured quantity values and a reference
quantity value”?. Measurement precision is defined as “closeness of agreement
between indications or measured quantity values obtained by replicate meas-
urements on the same or similar objects under specified conditions”*. Precision
of a given result can be quantified using the standard deviation (s) of replicate
analyses:

Zi(xi_)_()z
= B )

where X is the average result of the replicate analyses, x; is the numerical value
for a single replicate analysis, and n is the number of replicates.”® pp- 20-21 Vari-
ance or coefficient of variation also describe analytical precision,® and relative
standard deviation (RSD) is commonly used to express variance as percentages.

Reference materials, or certified reference materials, can be used to evalu-
ate the precision of analytical results. Designated properties of the reference
material are accurately determined by a number of selected laboratories, and
the uncertainties of the results are given at a certain level of confidence. There
are reference materials available in numerous sample matrices, but the availa-
bility of especially certified reference materials is sometimes poor. It is useful to
use several reference materials of different compositions in the development of
an analytical method. The yield of obtained results compared to the reference
material is usually given when the results are presented.1%

Recovery tests, also known as spiking, can also be used to ensure reliable
analytical results. A known concentration of an analyte is added into the sample,
and the concentrations in the spiked and original sample are determined. The
recovery of the analyte addition can reveal bias in the analysis. The concentra-
tion of the addition is usually selected at the midway of the working range.1%

The sensitivity of an instrument is crucial when trace concentrations are
analyzed. Sensitivity can be quantified by using the limit of detection (LOD):
the lowest concentration of an analyte that gives a significantly different signal
from the blank signal. There are several ways of calculating the limit of detec-
tion, and it is important to report how the value for limit of detection has been
computed. One way of calculating the limit of detection is:

LOD = }’B + 353 (10)

where ys is the blank signal and sp the standard deviation of the blank.% pp-120-
121 This technique has been used to calculate the limits of detection in this thesis.
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3 EXPERIMENTAL

3.1 Samples

Several fly ash samples collected from energy wood incineration plants in Fin-
land were analyzed during this work. Results are presented for A, B, C and D
fly ash samples. All the incineration plants use mixed fuels containing energy
wood and peat as a major fuel. Fly ash samples were collected with an electro-
static precipitator. Real fly ash samples were used throughout the process de-
velopment presented in this thesis.

Coal fly ash standard reference material, SRM 1633b, certified by the Na-
tional Institute of Standards and Technology (NIST) was used to confirm the
accuracy of rare earth element concentration analysis. The concentrations of
rare earth elements in SRM 1633b are informed as noncertified values only (ta-
ble 8) and concentrations of Er, Pr, and Y are not informed.

3.2 Reagents

Ultrapure water of 18.2 MQ cm resistivity was produced using Elga PURELAB
Ultra Analytic, and was used throughout the work. Chemicals used in this
study are collected in table 9.

Multi-element standard solutions of 10 mg 1! were supplied by Perki-
nElmer, and their composition is presented in table 10. Single element standard
solutions for beryllium, magnesium, manganese and silicon (1,000 mg 1-') were
supplied by PerkinElmer. For iron, aluminum, potassium and sodium 10,000
mg 11 solutions were prepared from their inorganic salts and were used for ad-
justing the matrix of synthetic samples.
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TABLE 8 Certified values for matrix elements in SRM 1633b and noncertified values
for rare earth elements.

Certified values Noncertified values
Element w-% Element mg kg1
Al 15.05 +0.27 La 94
Ca 1.51 £0.06 Ce 190
Fe 7.78 +£0.23 Nd 85
Mg 0.482 +£0.008 Sm 20
K 1.95 £ 0.03 Eu 4.1
Si 23.02 £0.08 Gd 13
Na 0.201 £ 0.003 Tb 2.6
S 0.2075 £ 0.0011 | Dy 17
Ti 0.791 £ 0.014 Ho 3.5
Tm 21
Yb 7.6
Lu 1.2
Sc 41

TABLE 9 Chemicals, their suppliers, and purities.

Chemical Supplier Purity/concentration
Ammonium hydroxide solution | Sigma-Aldrich puriss p.a., approx. 25 % NHs
Bis(2-ethylhexyl)phosphate Aldrich 97 %

Hydrochloric acid Sigma-Aldrich puriss p.a., 237 %
Hydrofluoric acid AnalaR NORMAPUR 40 %

Kerosene Sigma-Aldrich reagent grade, low odor
Nitric acid Sigma-Aldrich puriss p.a., 265 %

Oxalic acid-2-hydrate Riedel-de-Hden >99.5 %

Sulfuric acid Sigma-Aldrich puriss p.a., 95-97 %

TABLE10  Multi-element standards supplied by PerkinElmer.

Multi-element standard, c(mg 1) Elements

Multi-element standard 1, 10 mg 1 Ce, Dy, Er, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc,
Tb, Th, Tm, Y, and Yb

Multi-element standard 2, 10 mg 11 Al, Ag, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs,

Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb,
Rb, Se, Sr, T1, U, V, and Zn
Multi-element standard 3, 10 mg 1 B, Ge, Mo, Nb, P, Re, S, Si, Ta, T, W, and Zr
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3.3 Instrumentation

Two PerkinElmer ICP-OES instruments were used in analyses conducted dur-
ing this work. Majority of the analyses presented in this thesis, including the
optimization of ICP-OES measurement conditions, were performed with the
PerkinElmer Optima 8300 with a PerkinElmer S10 Autosampler. Instrument
operating conditions are presented in table 11. The PerkinElmer Optima
4300DV with a PerkinElmer AS-90Plus Autosampler was used in the beginning
of the study, mainly in the analysis of samples from early leaching studies and
rare earth element precipitation experiments. Both axial and radial viewing
measurement positions were aligned using Mn 257.610 nm emission line, with
radial viewing height set at 15.0 mm. All rare earth elements were measured
using axial viewing, while radial viewing of the plasma was used in the analy-
sis of some of the matrix elements.

TABLE11  Instrument description and typical operating conditions for PerkinElmer
Optima 8300 used throughout the work.

Sample introduction Cyclonic spray chamber with GemCone Low-
Flow nebulizer, or Scott type double-pass spray
chamber with cross flow nebulizer

RF-Generator 40 MHz FlatPlate™ (figure 6)
Torch Quartz torch with an alumina injector, 2 mm
inner diameter
Plasma viewing Axial viewing: plasma central channel,
radial viewing height: 15.0 mm
Grating Echelle, ruling density of 79 lines per mm
Detectors Two Segmented array, Charge-coupled device

detectors, wavelength range: 165-782 nm

RF power (W) 1,500

Plasma gas flow rate (I min-?) 8

Carrier gas flow rate (I min) 0.6

Auxiliary gas flow rate (I min-?) 0.2

Sample introduction rate (ml min-1) 1.5

Integration time (s) Automatic, 1-10
Replicates 3

Calibration of the ICP-OES instruments for rare earth element analysis
was performed using four-point calibration. Solutions used for the calibration
contained rare earth elements in the following concentrations: 0, 0.08, 0.40, and
2.00 mg I (diluted from multi-element standard solution 1 containing 10 mg 1
of REEs). Calibration solutions also contained 20 % (v/v) aqua regia as a matrix.
The correlation coefficient of the regression was at least 0.9999. In order to test
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the stability of the measurement, the calibration was checked periodically (each
15t sample) with the analysis of a standard solution. Internal standard (Be II
313.107 nm) was used mainly when analyzing liquid-liquid extraction samples.
Selection of internal standard was done based on the lack of Be in fly ash sam-
ples and the use of ionic line, as all REE lines were ionic. Concentrations of ma-
trix elements were determined using two-point calibration. This semi-
quantitative analysis contained 40 elements and calibration was done using a
blank solution and multi-element standard solutions 2 and 3, which contained
10 mg 1" of elements presented in table 10.

A Perkin Elmer DRCII ICP-MS was used to confirm rare earth element
concentrations. The analyses were conducted at the University of Hull in the
United Kingdom. SEM pictures and elemental analysis were performed using a
Bruker Quantax400 EDS and Zeiss EVO-50XVP. Fly ash was attached onto car-
bon tape for imaging and analysis; hence, results for carbon in fly ash can be
skewed. Particle size of fly ash was determined using a Fritsch analysette 22
economy. Fly ash was mixed with water to form a slurry for the laser-based
analysis, where an integrated ultrasonic emitter is used to break down agglom-
erates.

3.4 Optimization of ICP-OES measurement

ICP-OES measurement for determination of rare earth element concentrations
was developed by selecting appropriate wavelengths, calculating limits of de-
tection, evaluating linearity of the working range, and assessing accuracy of the
analysis using reference material NIST SRM 1633b. Several real fly ash samples
were also analyzed, and results are presented as an example for one fly ash
sample. Aqua regia and sulfuric acid matrices were used to determine robust
plasma conditions, after which rare earth element recovery was examined in
robust and non-robust plasma conditions using synthetic samples.

Several wavelengths were selected for each analyte, and on the basis of
analysis of real samples, the background correction points were adjusted and
inappropriate wavelengths removed. Final selection of wavelengths was done
after application of standard addition technique, for ruling out the presence of
systematic errors, and comparison analysis using ICP-MS. In standard addition,
two different concentrations of rare earth elements were added into digested fly
ash samples, and one sample was also prepared with no standard additions to
be the blank solution. The concentrations of standard additions varied between
0.006-1.800 mg 1" for different rare earth elements, and were selected according
to the concentrations present in real samples. Calibration was done individually
for each sample, after which the linearity of emission intensity was evaluated.
Linearity of emission signal was also estimated for external calibration, which
was normally used in calibration of ICP-OES.

Reference material NIST SRM1633b was used to evaluate the accuracy of
the measurement, and several real fly ash samples were analyzed to assess the
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applicability of the new REE analysis method. The same sample preparation
procedures and analyses were applied to reference material and real samples.
Ultrasound- and microwave-assisted digestions were used in sample dissolu-
tion (section 3.5.1), after which the samples were analyzed with ICP-OES and
ICP-MS. Trueness of the ICP-OES analysis was evaluated by comparing the re-
sults to informational concentrations in the certificate (table 8) and results by
ICP-MS. Precision was assessed by calculating standard deviations for three
replicate samples.

Plasma robustness was optimized using two sample matrices, aqua regia
and sulfuric acid, that represent most of the samples analyzed in this thesis. Ag-
ua regia tests were done using aqua regia leachate of fly ash, which had been di-
luted in order to get magnesium’s concentration to a suitable level. Matrix ele-
ments were added to the diluted sample to match the concentrations in real
samples. Sulfuric acid tests were done using five synthetic samples, which had
different sulfuric acid concentrations: 0.01, 0.10, 0.30, 0.50, and 0.70 mol I'1. Syn-
thetic sulfuric acid samples contained main matrix elements found in sulfuric
acid ash leachates (table 12) and also beryllium as an internal standard.

Robustness of the plasma was determined by measuring the intensities of
magnesium’s ion and atom lines and comparing their ratio: Mg II (280.270
nm)/Mg I (285.213 nm). Robust plasma conditions can be reached with a Mg
ITI/Mg I line intensity ratio of 8 or higher. Plasma power and nebulizer gas flow
rate have a significant effect on the robustness, and their effect was studied by
keeping plasma power at 1,300/1,400/1,500 W and by varying nebulizer gas
flow rate between 0.4-0.9 1 min. Sample introduction was carried out using
either a Scott type double-pass spray chamber with a cross flow nebulizer or a
cyclonic spray chamber with a GemCone Low-Flow™ nebulizer (figure 6).
Measurements were performed using both axial and radial plasma viewing,
and with a plasma gas flow rate of 8.0 I min! and an auxiliary gas flow rate of
0.21 min.

TABLE 12  Element concentrations (mg 1) in synthetic sulfuric acid samples.

Element Concentrations (mg 1)
Ca 300
Fe 300
Al 100
Si 50
K 20
Na 10
Mn 10
Mg 5
Be 1
REEs 0.5
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FIGURE 6 GemCone Low-Flow™ nebulizer with cyclonic spray chamber left and
PerkinElmer Optima 8300 Flat Plate™ right.

Rare earth element recovery from synthetic samples was studied in robust
and non-robust plasma conditions, which were determined according to the
procedure described above. The aim was to compare these two operating condi-
tions, and also to evaluate the trueness of the REE analysis using synthetic sam-
ples. Recovery tests were conducted for the same two sample matrices that
were used in determining Mg II/I ratio, ergo aqua regia, and sulfuric acid. For
the aqua regia recovery test, a synthetic sample with 20 % (v/v) aqua regia was
used, and for the sulfuric acid recovery test a synthetic sample with a sulfuric
acid concentration of 0.5 mol 1. Both samples also had elemental concentra-
tions, as presented in table 12. Calibration standards contained the same acid
matrices as the samples, 20 % aqua regia and 0.5 mol 1! sulfuric acid, respective-
ly; otherwise, calibration was done as described in Section 3.3. Robust plasma
conditions used here were as follows: a plasma power of 1,500 W and a nebu-
lizer gas flow rate of 0.6 1 min!; and non-robust conditions: 1,300 W and 0.8 1
min-l, respectively. Measurements were conducted using axial plasma viewing
and with/without beryllium as an internal standard.

3.5 Experimental procedures

Experimental procedures presented here give a simplified introduction into the
experimental work involved in this thesis. Numerous optimization tests were
conducted during the development of fly ash processing techniques, and con-
sequently, only the basic procedures with condition ranges are described in the
experimental section. All the tests have been carried out with several fly ash
samples to be certain that the procedures apply to a variety of ash samples in-
dependent of the batch.
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Fly ash digestion has been performed using ultrasound- and microwave-
assisted digestions, where the majority of the analytes in the sample are re-
leased into the solution. Total concentration of rare earth elements in fly ash has
been determined using these digestions. These techniques were accepted as
well-functioning and tested methods and were hence used without further de-
velopment.101, 102

Fly ash leaching procedure was developed and optimized in order to re-
lease the rare earth elements into solution without excess impurities. Leaching
of rare earth elements from fly ash was done using dilute sulfuric acid as the
leaching reagent. This was preceded by leaching the fly ash with an oxalate con-
taining leaching reagent in order to dissolve other valuable components from
the fly ash. The results presented here focus on the sulfuric acid leaching of the
fly ash, while the oxalate leaching is beyond the scope of this thesis.

Rare earth element recovery from the sulfuric acid leachate was assessed
using oxalate precipitation and liquid-liquid extraction. For both of these pro-
cedures, several sulfuric acid leachates of different fly ashes were used as sam-
ples. The sulfuric acid leachates for these tests were prepared using the opti-
mized leaching procedure (section 4.4.5).

3.5.1 Digestion

Ultrasound-assisted digestion (modified from Ilander and Viisinen01)

A sample of about 500 mg was accurately weighed into a 50 ml plastic centri-
fuge tube, into which 2.0 ml of HNO3, 6.0 ml of HCI and 0.5 ml of HF was add-
ed. The tube was closed and placed into a 650 W, 35 kHz, Model Transsonic
820/H ultrasonic water bath (ELMA, Singen, Germany) at a temperature of ap-
proximately 60 °C.
Procedure 1: The optimized sonication procedure lasted 9 minutes and
was conducted in 3 minute intervals.
Procedure 2: The sample was sonificated for 3 minutes, then left to stand
for 3 minutes, and then shaken by hand to prevent sedimentation. This
was repeated six times altogether.
After the extraction procedure, the sample solution was filtered (Whatman No.
41) into a 50 ml volumetric flask and the filtrate diluted to volume with water.
Rare earth element and matrix element concentrations were determined using
ICP-OES.

Microwave-assisted digestion (modified from EPA-Method 3052102

A sample of about 350 mg was accurately weighed into a 100 ml TFM (tetra-
fluoromethaxil) vessel, into which 2.0 ml of HNO3, 6.0 ml of HCI, and 0.5 ml of
HF was added. After one hour, the sample was placed into an ETHOS PLUS
microwave digestion system (Milestone, Sorisole, Italy) and heated with a di-
gestion program containing the following steps:

1) Power 600 W (ramp time 5 min) for 5 min (5 bar) and
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2) Power 1,000 W (ramp time 5 min) for 15 min (15 bar).
After digestion, the sample solution was filtered (Whatman No. 41) into a 50 ml
volumetric flask and the filtrate diluted to volume with water. Rare earth ele-
ment and matrix element concentrations were determined using ICP-OES.

3.5.2 Leaching

Two-stage leaching!03

A fly ash sample of about 1,000 mg was accurately weighed into a 50 ml plastic
centrifuge tube. 20 ml of oxalic acid water solution was added into the tube
with the ash sample, and the sample vessel was closed and placed in an ultra-
sonic water bath at a temperature of 25-75 °C. The sample was treated in the
bath for at least an hour using ultrasound occasionally to expedite the proce-
dure. The sample was then centrifuged at 3,500 rpm for 10 minutes with Ther-
mo Scientific Heraeus Labofuge 400 Centrifuge. The oxalic acid leachate was
removed from on top of the ash sample with a pipette and diluted to 50 ml vol-
ume with water in a volumetric flask. If ash particles were transferred with the
leachate into the solution, it was filtered using Whatman No. 42 filter paper.

In the second leaching stage, 20 ml of leaching reagent containing 0.20-
1.00 mol 1! sulfuric acid and 0-0.18 mol 1! nitric acid was added into the ash
sample residue. The sample vessel was closed and placed in a heated ultrasonic
water bath. The sample was treated in the water bath for at least 18 minutes
with occasional application of ultrasound to facilitate the leaching process. Af-
ter leaching, the sample solution was filtered using Whatman No. 42 filter pa-
per into a 50 ml volumetric flask and diluted to volume with water. When larg-
er volumes of leachate were required (for example in liquid-liquid extraction
experiments), 10 g of ash sample was weighed into a 500 ml erlenmeyer bottle
(figure 7), and the leaching reagent volumes were increased accordingly.

Rare earth element and matrix element concentrations were determined
from the leachates using ICP-OES. The results are presented as leaching per-
centages: concentrations in leachate are compared to concentrations reached
with ultrasound-assisted aqua regia digestion.
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FIGURE7 Two-stage ash leaching in centrifuge tubes and erlenmeyers.

Re-circulation of leachate

Two re-circulation studies were conducted, where sulfuric acid leaching was
done after either an oxalic acid leaching or water wash. The first re-circulation
experiment comprised of 10 rounds of two-stage leaching described earlier in
this section. The same leachate (in the first stage: oxalic acid, in the second stage:
sulfuric acid) circulated through 10 fresh fly ash samples. The leaching parame-
ters used in the study are presented in table 13.

The second experiment consisted of four rounds of two stage leaching:
tirst stage was leaching with water, and the second stage was sulfuric acid
leaching. The leaching step with water was added to reduce basicity and impu-
rities in the ash. Parameters used in the experiment are collected in table 13.
Rare earth element and matrix element concentrations in leachates were deter-
mined with ICP-OES after rounds 1, 4, 7, and 10 in the first experiment and af-
ter rounds 1, 2, 3, and 4 in the second experiment. Leachates were diluted to 50
ml volume in a volumetric flask before analysis.

TABLE 13.  Parameters used in re-circulation experiments.

Parameter 1st experiment 2nd experiment
Solid concentration 75 glt 75 glt
Volume of leachate 30 ml 20 ml
Concentration of sulfuric acid 0.5 mol 11 1.0 mol I
Temperature of water bath 25°C 25°C
Leaching time 20 min 20 min

3.5.3 Precipitation

Precipitation experiments were performed using sulfuric acid leachate of fly ash
as a sample.1% Typically, 20 ml of leachate was pipetted into a 50 ml centrifuge



46

tube, into which an appropriate volume of oxalic acid solution was added. Us-
ing ammonia solution, the pH of the sample was adjusted to 1.0-3.0. The pre-
cipitation was visible as a drop of ammonia solution was added. The sample
was transferred into a water bath at a temperature of 20-80 °C and stirred for 0-
60 minutes. The sample was centrifuged at the speed of 3,500 rpm for 10
minutes, after which the solution was separated from the precipitate using a
pipette. The precipitate was fully dissolved in 2 ml of aqua regia after a few
minutes of ultrasonic treatment. Dissolved precipitate was diluted to a volume
of 10 ml in a volumetric flask.

In a few tests, the oxalate precipitate was first dried in air and then cal-
cined into an oxide in an oven at 800 °C temperature during 2 h. After calcina-
tion, the precipitate was dissolved using aqua regia as described above. Rare
earth element and matrix element concentrations were determined from the
original leachate, leachate separated from the precipitate and dissolved precipi-
tate using ICP-OES. Results are presented as precipitation percentages, where
the concentration in the precipitate is compared to the concentration in the orig-
inal leachate.

3.5.4 Liquid-liquid extraction

The organic phase consisted of 2.5-40 % (v/v) D2EHPA in kerosene, with an
altogether volume of 10 ml. Feed solution of 20 ml of sulfuric acid leachate, in
which pH had been adjusted to 0.75-2.0 with an ammonia solution, was added
into the separatory funnel with the organic phase. The mixture was shaken for
5-40 minutes and the phases were left to settle, after which the raffinate was
drained from the funnel. Other A:O-ratios were also studied.

5 ml of 4-6 mol I'! mineral acid (nitric, hydrochloric, or sulfuric acid) was
added into the separatory funnel, and the mixture was shaken for 5-40 minutes.
The phases were left to separate, and the stripping reagent was drained from
the funnel. Other A:O-ratios were also studied.

Rare earth element and matrix element concentrations were determined
with ICP-OES from the original leachate, the raffinate, and the stripping reagent.
Samples were diluted 1:5 with a matrix of 20 % (v/v) aqua regia. The results are
given as extraction percentages for liquid-liquid extraction, where the concen-
tration in the raffinate is subtracted from the concentration in the feed solution,
and the result is compared to concentration in the feed solution (formula 11).
Results for stripping are also presented as percentages, where concentration in
the stripping solution is compared to the concentration in the feed solution ergo
sulfuric acid leachate of fly ash.

. feed solution)— ffi
Extraction % = c(feed solution) c'(ra inate) 100 % (11)
c(feed solution)
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4 RESULTS AND DISCUSSION

4.1 Development of REE analysis

In the beginning of the study several wavelengths were selected for rare earth
elements” ICP-OES analysis (table 14). All REE wavelengths used are ionic lines
due to rare earth elements’ low ionization energies of 5.5-6.2 eV. During this
work, one wavelength was selected for each element after taking into account
sensitivity, lack of spectral interferences, and accuracy. Selected wavelengths
are underlined in table 14.

The working range in REE analysis was 0-2.00 mg 1!, which resulted in ex-
cellent linearity between emission signal and concentration: correlation coeffi-
cients of the external calibration®® pp-111-114 are presented in table 14. Calibration
was done using three calibration standards and a blank solution. Standard ad-
dition technique was used to evaluate the linearity of the emission signal in the
real fly ash sample matrix. This allows systematic errors to be ruled out in the
newly developed method. Analysis of the standard addition samples, blank and
two standards with REE additions in the range of 0-1.80 mg 11, gave correlation
coefficients of at least 0.999, except for erbium at 349.910 nm with a correlation
coefficient of 0.9988. The emission intensity was found to behave linearly with
the concentrations added into the samples.

Detection limits were calculated for REEs after each analysis according to
formula 10, and typical values for LODs are presented in table 14. LODs are in
the pg 111 range for all rare earth elements. All lines used were very sensitive
especially with axial viewing, and detection limits restricted analysis only with
a few elements, e.g. terbium and tulium, which were present in the fly ash in
very low concentrations.

Precision of the ICP-OES measurement was evaluated according to analy-
sis of real fly ash samples, where the RSD values of the instrument were as-
sessed (table 14). Typical RSD values of the instrument were found to be be-
tween 0.60-2.73 % for all rare earth elements.
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TABLE 14  Rare earth element wavelengths used in ICP-OES analyses (selected wave-
lengths are underlined), correlation coefficients of the external calibration,
limits of detection (mg 1), and RSD (%) ranges.

Element Wavelength (nm) Correlation coeff. ~ LOD (mgl1) RSD (%)

La 408.672 0.999999 0.015 0.85-2.45
Ce 413.380, 413.764, 418.660 1.000000 0.008 1.34-2.53
Pr 414.311, 422.293 1.000000 0.008 1.99-2.29
Nd 406.109, 430.358 1.000000 0.009 0.78-1.37
Sm 359.260, 388.529, 442.434 1.000000 0.011 1.18-2.22
Eu 381.967, 412.970 0.999985 0.021 0.60-1.69
Gd 335.047, 342.247 1.000000 0.015 1.10-1.52
Tb 350.917 1.000000 0.011 1.13-2.40
Dy 353.170 0.999999 0.017 1.33-1.75
Ho 339.898, 345.600 1.000000 0.012 2.00-2.73
Er 349.910 1.000000 0.012 1.14-1.67
Tm 313.126, 346.220 0.999999 0.013 0.95-2.15
Yb 328.937, 369.419 0.999989 0.008 1.03-1.75
Lu 261.542, 291.139 0.999993 0.003 1.89-2.41
Y 360.073, 371.029 0.999992 0.022 0.85-2.45
Sc 361.383, 424.683 0.999996 0.024 1.20-2.53

The precision and trueness of rare earth element analysis were studied us-
ing standard reference material SRM 1633b. Digestion of reference material was
conducted using ultrasound-assisted digestion and microwave-assisted diges-
tion (as presented in 3.5.1), and rare earth elements were analyzed using ICP-
OES and ICP-MS -techniques. Informational concentrations were given in the
certificate for selected rare earth elements.

The two analysis techniques resulted in similar concentrations for rare
earth elements, but with LREEs (excluding cerium), ICP-MS is closer to infor-
mational values and with HREEs ICP-OES (table 15). This might be due to the
increase in atomic number from lanthanum to lutetium, which affects m/z in the
ICP-MS technique. Concentrations for scandium with ICP-MS are quite high
compared to the informational value, and ICP-OES’s results are closer to the
values given in the certificate. It is possible that there is a systematic error pre-
sent in scandium’s ICP-MS analysis. Values given in the certificate are, however,
only informational and cannot be considered as true values. It can be speculated
that determination of rare earth elements from the reference material has been
challenging, as the values are not certified but only informational. Concentra-
tions of praseodymium, holmium, erbium and yttrium are not given in the cer-
tificate; hence, no comparison can be made, but results using ICP-OES and ICP-
MS are similar for these elements.

When the two digestion methods are compared, microwave-assisted di-
gestion seems to be slightly more efficient in dissolving REEs from the fly ash
(table 15). This can be seen for both analysis methods used. Standard deviations
are also slightly smaller when microwave-assisted digestion is used. The differ-
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ences between digestion methods are, however, quite small. In comparison, the
ultrasound-assisted digestion is significantly faster, and is done under atmos-

pheric pressure, hence being safer than microwave-assisted digestion.

TABLE 15  REE mean concentrations and standard deviations (mg kg) in NIST SRM
1633b (n=3) dissolved using two different methods, ultrasound and micro-
wave, analyzed using ICP-OES and ICP-MS, and informational concentra-
tions (mg kg) for selected REEs.

ICP-OES ICP-MS

Element Ultrasound Microwave | Ultrasound  Microwave | Informational

La 6413 70£2 725 8242 94

Ce 1779 189+4 153+11 17344 190

Pr 14.8+0.7 16.8+0.3 18.4+1.3 20.8+£0.5

Nd 68+4 78+2 735 82143 85

Sm 14.5+0.5 17.4+0.8 15.5+1.2 17.4+0.8 20

Eu 4.0£0.1 4.8+0.1 3.7¢0.3 4.0£0.2 41

Gd 17£1 2241 16.5+1.0 18.4+0.6 13

Tb 2.7+0.2 3.5+0.3 2.6x0.2 2.9+0.3 2.6

Dy 13.1+0.5 13.7+0.4 10.0£0.7 10.2+0.4 17

Ho <LOD <LOD 2.7+0.3 3.0£0.2

Er 7.5+0.3 7.7+0.3 7.3£0.7 8.1+0.4

Tm 21+0.1 2.6+0.1 0.81+0.07 0.90£0.06 21

Yb 6.9+0.3 7.9+0.3 4.8+0.4 5.4+0.3 7.6

Lu 1.8+0.1 2.9+0.1 0.81+0.07 0.90+0.03 1.2

Y 67+2 70£1 71+4 752

Sc 3142 33+4 73£3 6714 41

A similar assessment that was carried out to SRM 1633b was also adminis-
tered on real fly ash samples collected from a Finnish power plant. Digestion
methods were ultrasound- and microwave-assisted, and rare earth element
concentrations were analyzed using ICP-OES and ICP-MS techniques. Concen-
trations determined using ICP-OES and ICP-MS are comparable except for pra-
seodymium and scandium (table 16). In the case of praseodymium, it is not
clear which of the results is closer to the actual concentration because there was
no informational value given in the certificate in the case of analysis of NIST
SRM 1633b. For scandium it can be said that analysis with ICP-OES results in
concentrations closer to the actual values due to ICP-MS’s overestimation ob-
served in analysis of SRM 1633b. Microwave and ultrasound seem to be similar-
ly effective in digesting wood/peat incineration fly ash, but microwave is
slightly more effective for some LREEs such as lanthanum and cerium. Stand-
ard deviations are somewhat smaller when ultrasound is used.
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TABLE16  REE mean concentrations and standard deviations (mg kg?) in fly ash A (n =
3) dissolved using two different methods, ultrasound and microwave, and
analyzed using ICP-OES and ICP-MS.

ICP-OES ICP-MS

Element | Ultrasound Microwave | Ultrasound Microwave

La 3942 4243 4943 5343

Ce 98+2 10415 92+4 1005

Pr 2.4+0.2 2.1+0.4 11.4+0.5 12.3£0.8

Nd 3943 4243 4343 4743

Sm 8.5+£0.3 8.2+0.6 8.0£0.5 8.5+0.8

Eu 2.2+0.1 2.4+0.2 2.0+0.1 2.240.3

Gd 10.1+0.4 10.7£0.6 8.2+0.5 8.71£1.2

Tb 2.1+0.1 2.0£0.2 1.2+£0.1 1.2+0.3

Dy <LOD <LOD 4.6£0.3 4.6x1.1

Ho <LOD <LOD 1.2+0.1 1.2£0.3

Er 3.5+0.2 3.4+0.6 3.6£0.2 34+1.1

Tm 1.3+0.1 1.3£0.2 0.42+0.03 0.39+0.14

Yb 3.7£0.2 3.5£0.9 2.7+0.2 2.5+1.2

Lu 1.620.1 1.7£0.2 0.47+0.03 0.43+0.20

Y 28+2 2942 3142 24+15

Sc 10.0£0.4 10.7+0.4 4442 47410

Rare earth element concentrations in 10 fly ash samples were studied us-
ing ultrasound-assisted aqua regia digestion. The results are presented in table
17 with concentrations of REEs in coal fly ash® 67 and in crust!®p-58 for compari-
son. Most rare earth elements, especially the LREEs, are concentrated in
peat/biomass fly ash compared to concentrations in crust. Only concentrations
of Dy, Er, Yb, Y, and Sc in the measured ash samples are in the range of the
crust or lower. In one analyzed fly ash sample, the total concentration of rare
earth elements was up to 560 mg kg1, which might be high enough for profita-
ble utilization. Rare earth element concentrations in coal fly ash are slightly
higher or in the same range than in the samples analyzed here, except for Tb,
Tm, and Lu, which have higher concentrations in peat/biomass fly ash.
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TABLE 17  REE concentration range (mg kg) in 10 peat/biomass fly ash samples, coal
fly ash from United Kingdom, Poland, and China3% ¢7, and in crust (modified
from Extractive Metallurgy of Rare Earths!8 p-58),

Rare earth element concentration range (mg kg1)
Element | Peat/biomass fly ash  Coal fly ash33 ¢7 Crust18p-58
La 26-104 41.9-110 5-39
Ce 57-243 86.6-225 20-70
Pr 2.2-21 9.4-27 3.5-9.2
Nd 24-63 37.2-106 12-41.5
Sm 5.4-18 7.1-20 4.5-8
Eu 1.4-5.8 1.7-4.1 0.14-2.0
Gd 41-13 7.4-20.1 4.5-8.0
Tb 1.1-4.6 1.2-2.8 0.7-2.5
Dy <LOD-7.8 6.9-15.8 4.5-7.5
Ho <LOD-5.0 1.4-3.1 0.7-1.7
Er 2.3-6.7 3.7-9 2.5-6.5
Tm 1.3-5.3 0.5-1.3 0.2-1
Yb 1.9-6.4 3.4-84 0.33-8
Lu 0.9-4.8 0.5-1.2 0.8-1.7
Y 18-52 37.3-86 28-70
Sc 7.3-18 - 5-22

- Value was not given

4.2 Optimization of measurement conditions

4.21 Robustness of plasma with aqua regia samples

Robust plasma conditions were optimized for aqua regia samples using two aqua
regia leachate samples: SRM 1633b fly ash and peat/wood incineration fly ash.
There were no notable differences between the two leachate samples, and re-
sults for the peat/wood incineration fly ash leachate are presented in figure 8.
Similar trends are observed for both cyclonic and the Scott spray chamber: radi-
al viewing of the plasma gives higher Mg II/1 ratios, and the increase in plasma
power results in more robust plasma. This was to be expected based on litera-
ture and knowledge of the instrument construction. The optimum nebulizer gas
flow is 0.5-0.6 1 min! when axial viewing is used and 0.6-0.7 1 min-! using radial
viewing.

The intensities of the Mg II line using axial viewing are presented in figure
9, where it is clearly seen that cyclonic spray chamber produces higher intensi-
ties than the Scott spray chamber. The intensity maximum for cyclonic spray
chamber is approximately 27.3 million cps at a plasma power of 1500 W and a
nebulizer gas flow rate of 0.5 I min-l. For the Scott spray chamber, the maximum
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is approximately 19.1 million cps at a plasma power of 1400 W and a nebulizer
gas flow rate of 0.6-0.7 1 minl. In trace element analysis, the cyclonic spray
chamber is therefore a better choice as a sample introduction system. When the
Scott spray chamber is used the decrease in nebulizer gas flow rate from 0.6 to
0.5 1 min! causes a dramatic drop in intensity. For the cyclonic spray chamber,
the behavior is quite different: the drop in intensity occurs steadily when the
nebulizer gas flow rate is increased toward 0.9 1 min.

Mg (1I/1) ratio
T
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FIGURE 8 Magnesium II/I line intensity ratio as a function of nebulizer gas flow rate (1
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min) with three different plasma power (W) settings and with radial and ax-
ial plasma viewing. Sample: aqua regia leachate of fly ash B containing ap-
proximately 5 mg 1! of Mg.

Cyclonic spray chamber Scott spray chamber
—=—1500 W 20000000 —a— : igg a
—e— 1400 W ®
1 383 W 18000000 - —a— 1300 W
16000000 -
o
£ 14000000+
‘© 12000000
=
‘6 10000000
2
% 8000000 -
£ 6000000 -
4000000 -
2000000
T T T T T T T T T T T T
04 0,5 08 07 08 09 04 0,5 0,8 07 08 0,9
Nebulizer gas flow (I/min) Nebulizer gas flow (I/min)

FIGURE9 Magnesium II line intensity as a function of nebulizer gas flow rate (I min-?)

with three different plasma power (W) settings and axial plasma viewing.
Sample: aqua regia leachate of sample B containing approximately 5 mg 1 of
Mg.
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4.2.2 Robustness of plasma with sulfuric acid samples

Robust plasma conditions were optimized for sulfuric acid solutions using five
concentrations of sulfuric acid: 0.01-0.70 mol I'l. Synthetic solutions also con-
tained main elements found in ash leachates. The results were similar for all
sulfuric acid concentrations studied, and graphs for sulfuric acid concentration
0.50 mol I'! are shown in figure 10. The graphs are quite similar for both sample
introduction systems used, and the same trends are observed as with aqua regia
samples: radial viewing and higher plasma power result in a higher Mg II/I
ratio and, therefore, more robust plasma. Nebulizer gas flow rate results in the
highest Mg II/I ratio at 0.5-0.6 I min-! with axial viewing and at 0.6 1 min-! with
radial viewing.
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FIGURE 10 Magnesium II/I line intensity ratio as function of nebulizer gas flow rate
with three different plasma power settings and with radial and axial plasma
viewing. Sample: synthetic 0.5 mol 1! sulfuric acid sample containing 5 mg 11
of Mg.

The intensities of the Mg II line with axial viewing are illustrated in figure
11. The maximum intensity using the cyclonic spray chamber is approximately
17.9 million cps with a nebulizer gas flow rate of 0.5 I min-!, and using the Scott-
type spray chamber, 6.6 million cps with a 0.7 1 min! nebulizer gas flow rate.
Signal suppression by sulfuric acid is evident compared to results with aqua
regia. The acid effect observed with aqua regia is complex, as it is a mixture of
two acids.

For both aqua regia and sulfuric acid matrices, lower nebulizer gas flow
rate is preferred when the cyclonic spray chamber is used. The difference in line
intensity between the two sample introduction systems is noticeable; hence, the
use of the Scott spray chamber is justified when the samples have hydrofluoric
acid or high dissolved solids content, but otherwise the cyclonic spray chamber
is preferable especially in trace element analysis.
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FIGURE 11 Magnesium II line intensity as function of nebulizer gas flow rate (1 min-)
with three different plasma power settings using axial plasma viewing. Sam-
ple: synthetic 0.5 mol I sulfuric acid sample, Mg concentration 5 mg 1-1.

4.2.3 Acid effect in sulfuric acid samples

The acid effect occurring in the measurement of samples containing sulfuric
acid was examined using synthetic samples with different concentrations of
sulfuric acid: 0.01, 0.10, 0.30, 0.50, and 0.70 mol I'1. The intensities of magnesium
I and II emission lines were found to decrease as the concentration of sulfuric
acid was increased (Mg II line intensities in figure 12). The decrease in intensity
was in the range of 8-16 % with different measurement conditions. When robust
plasma conditions were used, the intensities decreased to a lesser extent com-
pared to non-robust conditions. In robust plasma conditions the acid effect is
mainly due to processes of aerosol generation and transport, while in non-
robust plasma conditions changes in the plasma itself also contribute to the acid
effect.1% Hence, acid effect is more pronounced in non-robust conditions, as
observed in these experiments also.

Cyclonic spray chamber is less sensitive to acid effects than Scott double-
pass spray chamber?’, as observed here, the Scott spray chamber resulted in a
more evident decrease in intensities especially in non-robust conditions. Acid
effect by sulfuric acid was also found to be slightly more prominent using axial
viewing than radial viewing. The use of internal standard beryllium corrected
the decrease in intensities to a limited extent. The decrease in intensities was
also observed in rare earth element measurement using axial viewing and cy-
clonic spray chamber, and resulted in 8-11 % decrease in intensities for sulfuric
acid concentration 0.7 mol I'l. Due to this effect, samples with sulfuric acid have
been diluted in order to decrease the severity of the acid effect in ICP-OES
measurement.
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FIGURE 12 Magnesium II line intensity as a function of sulfuric acid concentration using
axial viewing in robust plasma conditions.

4.2.4 REE recovery in robust and non-robust plasma conditions

The effect of plasma conditions on rare earth element measurement was studied
with synthetic aqua regia and sulfuric acid samples containing 0.50 mg 1! rare
earth elements. Results for the test are presented in table 18 for aqua regia sam-
ple and in table 19 for the sulfuric acid sample. In the analysis of aqua regia
sample robust plasma conditions resulted in overall appropriate recoveries
whether an internal standard is used or not. The use on beryllium was benefi-
cial in the case of praseodymium, neodymium, europium and thulium. In non-
robust plasma conditions rare earth element recoveries were fairly low at ap-
proximately 90 %, and the use of an internal standard increases the recoveries
to slightly over 100 %. The recoveries of cerium, samarium and gadolinium are
better without the use of the internal standard.

As can be seen from table 19, in robust conditions, the yield of REEs in the
0.50 mol 1! sulfuric acid sample is approximately 20 % higher than the added
concentration, and in non-robust conditions approximately 15 % lower. Use of
Be as an internal standard, however, improves the yield close to 100 % when
using robust conditions, except for gadolinium with 121 % recovery. In non-
robust conditions, the yield is approximately 10 % over the added concentration
even with the internal standard. It is clear from these results that internal stand-
ardization is more difficult in non-robust conditions. When a synthetic sample
containing 0.01 mol I of sulfuric acid was analyzed, the yield was very close to
100 % in both robust and non-robust conditions, and even without the use of an
internal standard. Hence, the acid effect is evident in 0.50 mol 1! sulfuric acid
sample compared to the 0.01 mol I'! sample.

Trueness of the REE analysis was also evaluated after these recovery tests,
since due to matrix matching, synthetic samples represent real samples well.
REE determination from aqua regia samples using robust plasma conditions and
internal standard for praseodymium, neodymium, europium and thulium, re-
sults in good recoveries with deviations from the true value at maximum of 6 %.
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TABLE 18  Recovery percentages of REEs in 20 % aqua regia measured in robust (power
1,500 W and nebulizer gas flow 0.6 1 min') and non-robust (power 1,300 W
and nebulizer gas flow 0.8  min) plasma conditions using cyclonic spray

chamber and GemCone Low-Flow nebulizer.

Robust plasma conditions, istd: | Non-robust plasma conditions, istd:

Element None Be None Be

La 96.2 107.8 89.1 107.5

Ce 99.4 111.2 94.3 113.8

Pr 89.2 99.6 83.3 100.3

Nd 93.4 104.8 86.4 104.2

Sm 100.2 112.3 93.9 113.3

Eu 91.6 102.3 87.7 105.5

Gd 105.9 118.7 98.4 118.9

Tb 95.1 106.5 88.5 106.6

Dy 94.5 105.8 88.5 106.6

Ho 94.4 105.7 88.2 106.4

Er 94.0 105.1 88.1 106.1

Tm 91.0 101.8 85.0 102.4

Yb 99.4 111.3 89.3 107.6

Lu 94.1 105.4 88.2 106.3

Y 99.3 111.3 91.0 109.7

Sc 99.0 110.9 90.7 109.3
TABLE19  Recovery percentages of REEs in 0.50 mol 1! sulfuric acid measured in robust

(power 1,500 W and nebulizer gas flow 0.6 I min!) and non-robust (power
1,300 W and nebulizer gas flow 0.8 1 min) plasma conditions using cyclonic
spray chamber and GemCone Low-Flow nebulizer.

Robust plasma conditions, istd: | Non-robust plasma condition, istd:

Element None Be None Be

La 121.4 101.2 84.3 107.6
Ce 127.4 106.2 88.9 113.8
Pr 113.0 94.1 80.6 102.8
Nd 119.1 98.7 83.7 107.0
Sm 128.6 107.2 90.4 115.7
Eu 120.7 100.6 81.8 104.2
Gd 144.5 120.8 100.4 129.0
Tb 125.6 104.6 88.0 112.6
Dy 124.2 103.6 87.7 111.9
Ho 124.6 102.7 86.9 111.3
Er 122.8 102.5 86.1 110.0
Tm 120.8 100.6 84.4 107.8
Yb 126.0 105.2 86.9 1111
Lu 124.8 104.1 88.6 113.3
Y 127.3 106.2 87.0 1111
Sc 127.8 106.9 87.2 111.2
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In robust plasma conditions and with the use of internal standard REE recover-
ies in sulfuric acid synthetic sample had a maximum deviation of 7 % compared
to the added concentration, except for gadolinium, which has a recovery of
121 %. For determination of gadolinium from sulfuric acid samples, it is im-
portant to dilute the samples prior to analysis.

4.3 Properties of fly ash

Several properties of fly ash samples were determined during this work, and
the most relevant studies are presented here. Main elemental composition of fly
ash samples was studied using SEM; an example of a typical sample composi-
tion is presented in table 20. The amount of oxygen confirms the presence of
oxides that form in the combustion processes, and the main components pre-
sent are CaO, SiO,, Al2Os3, and Fe;Os. Compared to typical results for coal fly
ash (table 6), peat/biomass fly ash contains more calcium originating from the
fuel.

The appearance of peat/biomass fly ash was captured using SEM. Figure
13 shows two SEM images of fly ash with a magnification of 400 times on the
left and 800 times on the right. Ash particles were glued onto carbon tape for
imaging which appears as the black background in the images. Porous particles
and spheres of varying sizes are evident in the images. One sphere collapsed
during electron bombardment, and it appears to be hollow, as shown in the pic-
ture on the right.

TABLE20  Weight percentages of main elements in fly ash determined using SEM (Fly

ash sample A)

Element Concentration (w/w, %)
@) 36.3

Ca 14.2

Si 4.71

C 3.96*

Al 2.66

Fe 1.83

K 1.43

S 1.24

Mg 0.86

Na 0.49

Mn 0.44

P 0.42

* Result for carbon is skewed due to carbon tape used in analysis.
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FIGURE 13 SEM pictures of fly ash A with 400 and 800 time magnifications.

Particle size distribution of fly ash was determined for two different ash
samples. In figure 14, particle distribution of sample A is presented. 90 % of the
particles are smaller than 100 pm in sample A. The larger particles are un-
burned carbon, which are visible in the fly ash samples. The particle size distri-
bution for sample B displayed slightly bigger particles than in sample A, which
is probably due to differences in combustion processes.

Magnetic qualities of fly ash were studied to ascertain whether it would be
possible to separate concentrated metallic fractions from the ash. The experi-
ment was conducted by moving a strong magnet straight above thinly spread
fly ash. The fraction that stuck to the magnet as well as the original sample were
dissolved in aqua regia and analyzed using ICP-OES. Rare earth elements were
concentrated roughly 50 % more in the magnetic fraction than in the original
sample. This applies also to other metals in the sample; they were concentrated
in the range of 30-50 % compared to the original ash sample. This implies that
rare earth elements are bound to magnetic fractions in the fly ash, such as iron
oxides. However, magnetic separation is probably not a viable option due to the
low increase in concentration observed in the test, although more sophisticated
magnetic separation could be beneficial in rare earth element concentration.

Basicity of ash was determined using a slurry method, where the ash is
mixed with water and the pH measured after one day of settling. The measured
pH values were 10.6-12.6 for different peat/biomass fly ash samples. Basicity of
the ash raises the pH value of acidic leaching solutions, and some of the leach-
ing efficiency is lost.
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FIGURE 14 Particle size distribution of sample A (three replicate measurements), i.e.
cumulative percentage (left y-axis) and as function of particle diameter (pm)
on a logarithmic scale.

4.4 Leaching of REEs from fly ash

4.4.1 Initial leaching experiments

Sulfuric acid is widely used in leaching of rare earth elements from different
solid matrices; hence it was selected to be used in the initial leaching tests. To
improve the leaching efficiency, a mixture of sulfuric and nitric acid was used
in the first tests. A two-stage leaching procedure was developed, where the first
leaching solution contains oxalate and leaches other precious metals from the
ash, while the rare earth elements are not leached. In the second stage sulfuric
acid is used to leach the rare earth elements from the fly ash. Optimization of
sulfuric acid leaching is presented further in the following sections.

Three stage leaching was also tested, where nitric acid leaching was added
as a first step with the intention of removing some impurities from the ash be-
fore the actual leaching procedure. However, unacceptable concentrations of
rare earth elements were lost in the nitric acid leachate, and this was not pur-
sued further.

Solid concentration was studied between 50-150 g I'1. Results showed that
dissolution improves when the volume of leachate is increased with respect to
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the weight of the fly ash sample. However, it is not economical to use large vol-
umes of leachates even though dissolution is somewhat improved, especially
when rare earth element concentrations in the leachate get lower. A compro-
mise was made to use 75 g 1! solid concentration in the following studies.

4.4.2 Concentration of sulfuric and nitric acid

Concentration of the leaching reagent was optimized between 0.2-1.0 mol 1! of
sulfuric acid. The leaching of rare earth elements is poor when 0.2 mol 1! sulfu-
ric acid is used, but increases as the concentration is raised to 0.4 mol 1" (figure
15). The highest leaching percentages for rare earth elements are achieved when
sulfuric acid concentration is 0.4 mol 11, and when sulfuric acid concentration is
increased further, the leaching percentages decline steadily. This might be due
to REEs being precipitated as double-sulfates. Sulfuric acid concentration was
turther studied in smaller increments between 0.3-0.5 mol 1. In this experiment
it was found that there is no advantage in using more concentrated acid than
0.35 mol 1! (figure 16). Consequently, 0.4 mol 1! sulfuric acid was chosen as the
leaching reagent. Leaching percentages for scandium are higher than 100 % in
the latter experiment, which might be due to heterogeneity in the fly ash sample.
Addition of nitric acid into the leaching reagent with sulfuric acid was
studied by keeping sulfuric acid concentration at a constant, and by varying the
nitric acid concentration between 0-0.18 mol I'l. No clear differences were ob-
served in leaching efficiencies as the concentration of nitric acid was raised, as
all samples had similar leaching percentages for rare earth elements. Addition
of nitric acid into the leaching reagent was not continued in the following tests.
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FIGURE 15 Leaching percentage of rare earth elements as function of sulfuric acid con-
centration (0.2-1.0 mol 1), sample B.
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FIGURE 16 Leaching percentage of rare earth elements as function of sulfuric acid con-
centration (0.3-0.5 mol 1), sample B.

4.4.3 Leaching time and temperature

Leaching time was optimized using a water bath, and the test was carried out
with and without ultrasound. Ultrasound can facilitate the leaching process by
creating hot spots in the solution and by eroding the fly ash particles.1% Leach-
ing time was investigated between 18-138 minutes with the application of ul-
trasound every three minutes for three minutes. Increasing the leaching time
did not seem to improve rare earth element leaching in this experiment, and the
optimum leaching time is approximately 20 minutes.

When samples were held in a water bath without ultrasound, the leaching
time was studied between 18-54 minutes. The samples were shaken every six
minutes to allow better contact between the leaching reagent and fly ash. In this
experiment, rare earth element leaching percentages increased very slightly
when leaching time was increased but not significantly enough to make it rea-
sonable to increase leaching time very much.

The advantage of ultrasound was studied lastly by doing 18, 36, and 54
minute leaching tests with and without ultrasound (table 21). There are no clear
differences in results with or without ultrasound, and it can be concluded that
rare earth elements are easily leached in 20 minutes and use of ultrasound is not
necessary.

Temperature of the water bath was also studied using the following tem-
peratures: 25, 50, and 75 °C. The rise in water bath temperature increases rare
earth element recovery for approximately 10-20 percentage points. Elevated
water bath temperature is required to achieve good dissolution of REEs.
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TABLE21  Rare earth element’s leaching percentages with three leaching times, and
with or without ultrasound, sample B.

With ultrasound No ultrasound

Element 18 min 36 min 54 min 18 min 36 min 54 min
La 72.1 69.9 69.8 71.2 71.2 73.2
Ce 71.0 68.8 68.6 70.1 70.3 72.5
Pr 67.1 64.4 64.0 67.3 67.0 69.6
Nd 75.0 72.9 72.6 73.3 74.1 76.2
Sm 81.6 79.3 79.0 80.9 82.1 83.2
Eu 77.9 76.0 76.3 75.7 76.8 79.1
Gd 90.2 87.3 87.7 88.3 894 91.3
Tb 65.8 67.2 67.1 62.1 61.5 65.4
Er 100.0 96.9 96.6 98.5 99.4 102.2
Tm 474 50.2 55.3 54.9 58.6 58.1
Yb 93.2 90.2 90.2 90.2 91.5 94.1
Lu 48.1 47.3 48.3 46.9 47.7 49.8
Y 93.2 90.2 90.0 91.8 923 95.0
Sc 109.7 107.1 106.9 110.3 1111 114.2

44.4 Leachate re-circulation

Re-circulation of leachate was studied in order to achieve higher rare earth ele-
ment concentrations in the sulfuric acid leachate. The first experiment was done
by re-circulating 0.5 mol I sulfuric acid via ten new fly ash samples. Results of
the test are presented in table 22. Increase in rare earth element concentrations
was approximately twofold from round one to round four. In rounds seven and
ten, REE concentrations stayed at the same level as in round four; hence, there
seems to be no advantage in re-circulating the leachate much more than four
rounds. It is noteworthy that holmium is present in the leachate during the first
round, but not in the latter rounds, which suggests that it might precipitate dur-
ing the circulation. The same might be true for dysprosium also, as its concen-
tration increases from round one to four, but decreases towards the latter
rounds.

The second re-circulation test was conducted using 1.0 mol 1! sulfuric acid
in leaching and by re-circulating the leachate through four new ash samples.
Results of the second test are shown in table 23. The same trend is observed also
in the second experiment: rare earth element concentrations increase approxi-
mately twofold during four rounds.

A similar re-circulation test was run using 3.0 mol I-! sulfuric acid, where it
was re-circulated via four new ash samples. This experiment resulted in the
leachate turning into a gel as the re-circulation proceeded; thus, using a more
concentrated sulfuric acid is not a viable option in the process.
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TABLE 22.  Rare earth element concentrations (mg 1) in rounds 1, 4, 7, and 10 of first re-
circulation experiment, sulfuric acid concentration was 0.5 mol 11, sample B.

Concentration (mg 1)
Element 1. round 4. round 7. round 10. round
La 4.25 8.17 7.92 8.30
Ce 9.29 18.84 17.46 18.23
Pr 0.79 1.91 1.78 1.72
Nd 3.44 7.53 7.22 7.44
Sm 0.82 1.82 1.60 1.62
Eu 0.12 0.34 0.37 0.37
Gd 0.67 1.88 213 2.16
Tb 0.06 0.16 0.20 0.20
Dy 0.49 0.99 0.75 0.58
Ho 0.09 <LOD <LOD <LOD
Er 0.29 0.71 0.79 0.80
Tm 0.05 0.82 1.43 1.56
Yb 0.26 0.65 0.79 0.80
Lu 0.04 0.16 0.21 0.21
Y 2.85 6.83 7.90 8.16
Sc 0.81 1.98 2.16 1.92

TABLE 23.  Rare earth element concentrations (mg 1) in rounds 1-4 of second re-
circulation experiment, sulfuric acid concentration was 1.0 mol 11, sample B.

Concentration (mg 1)

Element 1. round 2. round 3. round 4. round
La 2.97 4.36 5.60 6.22
Ce 6.68 9.58 12.54 13.66
Pr 0.60 0.93 1.28 1.42
Nd 2.68 3.94 5.21 5.73
Sm 0.59 0.87 1.15 1.27
Eu 0.10 0.17 0.25 0.29
Gd 0.63 1.06 1.50 1.76
Tb 0.05 0.09 0.14 0.17
Dy 0.23 0.36 048 0.52
Ho 0.02 0.03 0.04 0.05
Er 0.24 0.42 0.60 0.71
Tm 0.03 0.05 0.08 0.09
Yb 0.22 0.39 0.56 0.68
Lu 0.05 0.09 0.13 0.16
Y 2.37 414 5.90 7.03
Sc 0.59 1.04 1.52 1.82
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In an ideal situation, the recovery of rare earth elements from fly ash
would stay constant during the re-circulation, and concentrations would in-
crease linearly as re-circulation proceeded. In these experiments, however, the
concentrations increase twofold from round one to round four, and so half of
the possibly recoverable rare earth elements remain in the fly ash.

44.5 Optimized leaching procedure

According to the previous optimization tests, the highest leaching efficiency is
achieved using 0.4 mol 1" sulfuric acid as the leaching reagent. Addition of ni-
tric acid into the leaching reagent was not found beneficial. Ultrasound was
studied in speeding up the leaching procedure, but it was discovered that a
short leaching time is enough to leach rare earth elements from the fly ash, and
that the use of ultrasound is not necessary. The temperature of the water bath
was found to be significant for rare earth element leaching, as the increase in
temperature resulted in better REE leaching percentages. Re-circulation of
leachate was found to be beneficial to a maximum of four rounds, and even
then, a part of the recoverable rare earth elements remained in the fly ash.

Results for the optimized procedure are presented in table 24. The recov-
ery of rare earth elements is approximately 70 %, while some rare earth ele-
ments are leached almost quantitatively. Leaching efficiency of lutetium and
europium is lower than with the other rare earth elements.

TABLE 24  Leaching percentages of REEs using the optimized leaching procedure, per-
centages are calculated by comparing to aqua regia digestion, average of 5
replicates, sample B.

Element Leaching %
La 68.3
Ce 59.2
Pr 63.2
Nd 61.3
Sm 71.1
Eu 49.2
Gd 82.9
Tb 714
Dy 90.8
Ho >100
Er 73.7
Tm <LOD
Yb 73.2
Lu 34.1

Y 78.2
Sc 94.8
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4.5 REE precipitation as oxalates

4.5.1 Initial precipitation experiments

Rare earth elements can be precipitated from solution using oxalic acid. Sulfuric
acid leachate is very acidic (pH between 0-1); therefore, the pH has to be ad-
justed above pH 1 using an alkaline solution to achieve precipitation. From
common bases ammonia was selected to be used. Sodium hydroxide solution
was rejected to prevent sodium build up. Oxalic acid volume, pH, mixing time,
and temperature were optimized to achieve maximum precipitation without
excess impurities in the precipitate.

4.5.2 Effects of pH

The first experiments were conducted in pH 1.5. The original pH of sulfuric ac-
id leachate was close to 0.8, and the precipitation of rare earth elements started
just under pH 1 when ammonia solution was added drop-wise. Precipitation of
REEs was close to complete. In experiments where pH was adjusted to 2.0-3.0,
more impurities precipitated without an increase in rare earth element’s precip-
itation. Based on the preliminary experiments, a pH range of 1.0-1.6 was inves-
tigated further using two different sulfuric acid leachates (figures 17 and 18).
The optimum pH for oxalate precipitation appears to be 1.1-1.2 for the two
leachate solutions tested. Precipitation percentages for holmium and praseo-
dymium are higher than 100 % due to low concentrations close to limits of de-
tection.
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FIGURE 17  Precipitation percentage of REE’s as a function of precipitation pH, sample:
fly ash B’s leaching solution.
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FIGURE 18 Precipitation percentage of REE’s as a function of precipitation pH, sample:
fly ash C’s leaching solution.

Precipitation of impurity elements is presented in figure 19. Precipitation of rare
earth elements is based on co-precipitation of calcium oxalate; therefore, the
main impurity in the precipitate is calcium. The concentration of impurity ele-

ments in the precipitate can be minimized by using the lowest pH, while rare
earth elements still precipitate.
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FIGURE 19 Precipitation percentage of the sum of all impurity elements as function of
pH, samples B and C.

45.3 Molar amount of oxalic acid

An oxalic acid solution was used as a precipitating agent in these studies. Initial
experiments were performed using excess oxalic acid, and in later experiments,
oxalic acid concentration was optimized using four sulfuric acid leach solutions.
The molar ratio of oxalic acid was varied between 5-300 times the molar
amount of rare earth elements in the sample solution (table 25).

As can be seen from table 25, there seems to be no advantage in using
more oxalic acid than 5 times the molar amount of rare earth elements in the
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sample solution: precipitation percentages of REE’s are relatively same in all
samples. In addition, the concentration of impurity elements in precipitate in-
creases when the molar amount of oxalic acid is increased. Therefore, the ideal
molar amount of oxalic acid is 1.5-5 times the molar amount of REEs in the
sample solution.

TABLE 25  REE precipitation percentages using different molar amounts of oxalic acid
(compared to REE’s molar amount in sample solution), sample D’s leaching

solution.
Molar amount of oxalic acid:
Element 5 10 20 50 100 300
La 94.5 95.0 95.4 92.9 94.3 94.1
Ce 94.6 944 94.6 92.2 93.4 93.1
Nd 94.6 95.1 95.3 92.6 93.7 93.4
Sm 92.9 93.9 93.9 90.9 91.9 91.9
Eu 86.1 88.9 88.9 86.1 86.1 86.1
Gd 85.4 86.5 86.0 83.7 85.4 84.3
Tb 83.3 88.9 88.9 83.3 83.3 83.3
Dy <LOD <LOD <LOD <LOD <LOD <LOD
Ho <LOD <LOD <LOD <LOD <LOD <LOD
Er 92.1 93.4 92.1 90.8 90.8 9221
Tm 35.0 35.0 35.0 35.0 35.0 35.0
Yb 92.6 92.6 92.6 91.2 91.2 91.2
Lu 75.0 75.0 75.0 66.7 75.0 75.0
Y 94.7 95.3 95.3 93.0 94.3 94.0
Sc 94.3 94.3 94.3 92.0 93.2 92.0

4.54 Mixing time and temperature

During initial testing, the sample solution was mixed with a magnetic stirrer for
20 minutes in a 60 °C water bath after oxalic acid addition and pH adjustment.
When mixing temperature was modified between 20 °C and 80 °C, no clear dif-
ferences in rare earth element’s or impurity element’s precipitation were ob-
served. Consequently, ambient temperature is suitable for oxalate precipitation.

Mixing time was optimized by doing 0, 20, 40, and 60 minute tests, and it
was found that rare earth element precipitation increases up to 20 min, after
which it stays fairly constant (figure 20). Lastly, the gap between 0 to 20
minutes was studied using 5-minute intervals, and it was verified that precipi-
tation increases up to 20 minutes of mixing time.
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FIGURE 20 Precipitation percentage of REEs as function of mixing time, sample: fly ash
B’s leachate.

455 Optimized precipitation procedure

As mentioned before, the main constituent of precipitate is calcium oxalate at 60
weight percentages (table 26). Rare earth element oxalate is a minor component
in the precipitate at under 1 w/w, %. Calcination of the precipitate turns oxa-
lates into oxides but does not improve the quality of the precipitate. Precipita-
tion can be used to separate rare earth elements from the solution, but the low
concentration of REEs and high concentration of impurity elements (mainly
calcium) in leachate lead to a poor quality precipitate. These results give rise to
study other methods for recovering rare earth elements from the leachate.

TABLE 26  Composition (w/w, %) of precipitate and calcined precipitate.

Element |Precipitate Calcined precipitate
REE 0.7 1.4

Ca 18.7 47.9

S 27 3.2

Fe 0.1 0.2

Al 0.1 0.1

Sr 0.1 0.2

4.6 REE concentration using liquid-liquid extraction

4.6.1 Initial liquid-liquid extraction experiments

Liquid-liquid extraction of rare earth elements was studied using the most
widely used rare earth element extractant D2EHPA. EHEHPA was also consid-
ered as a possible extractant, but it was rejected due to its poor availability out-
side China. In the first experiments D2EHPA was used without dilution, and in
later testing it was diluted with kerosene. Phases were mixed via shaking by
hand for 5 minutes, except for mixing time optimization where the phases were
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mixed using magnetic stirrers for 5-40 minutes. Nearly quantitative recovery
was achieved for rare earth elements already in the first experiments.

The sample solution’s pH was found to be a very important factor in the
extraction. LREEs are extracted properly into the organic phase in higher pH
values, while HREEs are extracted easily even when the pH is lower. Precipita-
tion of rare earth elements was found to be a limiting factor when pH was
raised above 1.5.

Stripping of the organic phase was studied first with hydrochloric and ni-
tric acids. The recovery of rare earth elements improved when concentration of
acid was increased. Very concentrated acids, however, have negative effects on
D2EHPA’s physical properties; hence, 4 mol 11 acids were used in stripping in
later testing.

4.6.2 Optimization of liquid-liquid extraction
Choice of solvent

Kerosene was studied as a solvent for D2EHPA due to its wide use in industry
and affordable pricing. The volume percentage of D2EHPA in kerosene was
evaluated from 2.5 to 25.0 % using 2.5 and 5.0 percent increments. The results of
the experiment are presented in table 27, and it can be seen that HREEs are effi-
ciently extracted into the organic phase using 5 % D2EHPA. For LREEs, a more
concentrated D2EHPA is needed to achieve efficient extraction, and even with
25 % D2EHPA, recovery of LREEs remains low.

TABLE 27  REE extraction percentages into organic phase with different dilutions of
D2EHPA with kerosene, sample B’s leachate.

Volume percentage of D2EHPA in the organic phase:

Element 2.5 % 5% 10 % 15 % 20 % 25 %
La <LOD 1.9 3.5 <LOD <LOD 12.6
Ce <LOD 24 43 <LOD 1.0 16.2
Pr <LOD 2.6 4.0 <LOD 2.8 17.5
Nd <LOD 0.9 6.7 14 24 19.7
Sm <LOD 2.0 11.8 21.8 374 50.0
Eu <LOD 13.8 30.0 52.0 100.0 100.0
Gd <LOD 173 33.8 46.7 56.5 65.4
Tb - - - - - -

Dy 41.7 100.0 100.0 100.0 100.0 100.0
Ho - - - - - -

Er 100.0 100.0 100.0 100.0 100.0 100.0
Tm - - - - - -

Yb 100.0 100.0 100.0 100.0 100.0 100.0
Lu - - - - - -

Y 81.9 97.9 100.0 100.0 100.0 100.0
Sc 100.0 100.0 100.0 100.0 100.0 100.0

- Concentration of the element was <LOD in the sulfuric acid leachate.
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pH of the sample solution

The pH of the sample solution was studied initially by adjusting the pH to 0.75,
1.0, 1.5, and 2.0. Extraction of rare earth elements improves as the pH is raised,
but the precipitation of rare earth elements becomes a prohibiting factor above
pH 1.5. To optimize the appropriate pH for liquid-liquid extraction, pH adjust-
ment of sulfuric acid leachate was assessed. The sample solution’s pH was
raised using an ammonia solution (5 mol 1) from original pH of 0 in 0.5 incre-
ments to pH 3.0. There was no precipitate observed in pH 0.5, and from a pH of
1.0 onwards, a precipitate was formed.

In figure 21, rare earth element percentages in leachate solution are pre-
sented as a function of pH. At a pH of 1.5 there seems to be a critical point
where precipitation becomes significant. Some HREEs precipitate already at a
pH of 1.0, their recovery in solution being approximately 90 %. The optimum
pH for liquid-liquid extraction seems to be slightly over 1.0, where precipitation
is not yet prominent, but at the same time, pH is high enough for REEs to be
efficiently extracted into the organic phase. In another experiment, the pH of
the sample solution was raised to a value of 4.5, where the precipitate starts to
dissolve and rare earth elements are released back into the solution. Scandium
exhibits different behavior compared to the other rare earth elements, as it does
not precipitate similarly when the pH is raised. This is due to its different chem-
ical properties.
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FIGURE 21 Rare earth element percentage in sulfuric acid leachate solution as function of
sample solution pH, sample C’s leachate.

A:O-ratio

Aqueous to organic ratio was studied using 10:1 to 1:5 A:O-ratios. From table 28
it is evident that HREESs are easily extracted into the organic phase, even at A:O-
ratio of 10:1, while LREEs need a higher volume of D2EHPA to be extracted
properly. For any given A:O-ratio the recovery of REEs increases steadily along
the lanthanoid series with increasing atomic number. Thulium, ytterbium, lute-
tium, yttrium, and scandium are recovered completely with all A:O-ratios test-
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ed here. This gives rise to the possibility of separating LREE and HREE frac-
tions using D2EHPA.

TABLE 28  REE extraction percentages into the organic phase using different A:O-ratios,
sample B’s leachate.

A:O-ratio:

Element 10:1 5:1 2:1 1:1 1:2 1:5
La 3.6 11.8 35.9 54.5 71.3 85.0
Ce 11.6 254 51.9 69.2 82.4 91.5
Pr 14.8 27.7 57.9 74.7 87.7 94.4
Nd 16.3 33.2 61.1 75.9 86.8 93.7
Sm 56.0 69.8 82.9 89.4 91.1 94.8
Eu 83.8 93.1 99.4 100.0 100.0 100.0
Gd 59.1 68.0 77.8 85.5 90.3 92.5
Tb 52.3 60.9 67.1 76.6 76.4 74.7
Dy 94.7 95.5 97.6 97.6 98.7 100.0
Ho 72.7 77.1 71.8 73.0 67.5 68.9
Er 90.0 86.7 87.4 85.0 86.3 86.7
Tm 100.0 100.0 100.0 100.0 100.0 100.0
Yb 93.7 94.5 96.0 96.8 96.6 97.1
Lu 100.0 100.0 100.0 100.0 100.0 100.0
Y 100.0 100.0 100.0 100.0 100.0 100.0
Sc 99.1 99.7 100.0 100.0 100.0 100.0

Mixing time

Required mixing time in liquid-liquid extraction was studied using 5-, 10-, 20-
and 40-minute mixing times. Results are presented in table 29, and they show
no clear differences between 5-40 minute mixing times. Extraction percentages
of matrix elements are similar with different mixing times, besides iron, which
extracts into the organic phase better when mixing time is increased. On the
basis of these results, 5 minutes of mixing is enough to achieve good extraction
of rare earth elements and minimize iron extraction.

In the same test, separation time of the organic and aqueous phase was
observed. The phases separated quickly; hence, a few minutes of separation
time is enough in liquid-liquid extraction. Similar results were observed for
stripping of the organic phase, where 5 minutes of mixing time and a few
minutes of phase separation were adequate.
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TABLE 29  REE extraction percentages into organic phase with 5-40 minute mixing
times, sample B’s leachate.

Mixing time (min):

Element 5 10 20 40
La 51.0 54.2 50.5 49.2
Ce 69.4 71.2 68.9 67.8
Pr 74.7 75.7 74.2 73.2
Nd 76.4 77.7 76.2 754
Sm 92.3 92.6 91.7 921
Eu 96.9 97.2 97.0 97.0
Gd 89.3 89.8 89.5 90.0
Tb 98.3 99.6 99.0 99.6
Dy 100.0 100.0 100.0 100.0
Ho 99.5 99.5 100.0 100.0
Er 100.0 100.0 100.0 100.0
Tm 100.0 100.0 100.0 100.0
Yb 97.4 97.4 97.4 97.6
Lu 97.1 97.4 97.3 97.6
Y 100.0 100.0 100.0 98.2
Sc 100.0 100.0 100.0 100.0

4.6.3 Optimization of stripping
Choice of stripping reagent

Rare earth elements were first extracted from fly ash sulfuric acid leachate to 40 %
D2EHPA /kerosene mixture using A:O-ratio of 2:1. The extraction percentage of
rare earth elements was on average 92 %. 4 mol 1! nitric acid, hydrochloric acid
and sulfuric acid were tested as stripping reagents using an A:O-ratio of 1:1.
Results are presented in table 30. For LREEs, nitric acid and hydrochloric acid
were found to be slightly more efficient than sulfuric acid, and for HREEs, hy-
drochloric acid and sulfuric acid were more efficient than nitric acid. In general,
mineral acids studied here extract LREEs more easily than HREEs, and especial-
ly scandium appears to stick to D2EHPA very tightly. Hydrochloric acid ap-
pears to be the most suitable option as a stripping reagent; however, other test-
ed mineral acids also work well.

When sulfuric acid was used in stripping, the formation of a precipitate
was observed after phases were left to separate. This is probably due to REEs
precipitating as double-sulfates. If sulfuric acid were used in stripping, the for-
mation of this precipitate would have to be studied further, as it could compli-
cate the extraction process.
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TABLE 30  Rare earth element recovery percentage from organic phase using three min-
eral acids as stripping reagents, sample B’s leachate.

Element |HNO; HCI H,S04
La 98.3 97.4 93.0
Ce 98.0 98.3 93.1
Pr 97.3 97.5 89.8
Nd 90.6 91.5 86.3
Sm 92.8 97.1 90.1
Eu - - -

Gd 85.4 91.9 82.8
Tb 86.3 96.3 >100
Dy 61.4 82.0 83.5
Ho 63.4 90.7 >100
Er 31.7 56.0 89.4
Tm - - -

Yb 55 10.7 28.9
Lu - - -

Y 25.3 52.4 79.7
Sc 3.2 3.2 0.4

- Concentration of the element was <LOD in the sulfuric acid leachate
Effect of solvent percentage on stripping

The influence of solvent percentage on stripping was evaluated. An A:O-ratio
of 2:1 was used in liquid-liquid extraction and 1:1 in stripping using 6 mol I
nitric acid as the stripping reagent. Results are presented in table 31. In previous
tests, a low recovery for HREEs from organic phase has been observed; here, a
high yield of approximately 90 % for HREEs is achieved using 5 % D2EHPA.
When the percentage of D2EHPA is increased in the organic phase, HREE re-
covery from organic phase decreases, as for LREEs, recovery increases slightly
when percentage of D2EHPA rises. This indicates to HREEs being more tightly
bound to D2EHPA; hence, using smaller concentrations of D2EHPA in the or-
ganic phase allows heavy REEs to be released more easily into the stripping
reagent.

A:O ratio in stripping

The effect of A:O-ratio on stripping was studied, and results are presented in
table 32. Recovery of rare earth elements is reduced from A:O of 1:1 to 1:8, but
yields remain reasonable still at 1:4. The decrease in recoveries is most severe
with HREEs. Even though overall recovery decreases, concentration of rare
earth elements from the original 40 mg 1! in sulfuric acid leachate improves no-
tably to nearly 200 mg 1" in the hydrochloric acid stripping reagent using an
A:O-ratio of 1:8.
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TABLE 31  Rare earth element recovery percentage from organic phase using 6 mol 11
nitric acid. Composition of organic phase is altered from 5% to 25 % of
D2EHPA in kerosene, sample B’s leachate.

Percentage of D2EHPA in organic phase:

Element |5 10 15 20 25
La 94.8 69.7 78.4 774 80.6
Ce 88.1 79.3 86.2 84.4 86.6
Pr 78.1 60.9 75.7 80.7 85.8
Nd 86.9 82.7 90.5 79.7 84.2
Sm 89.0 85.8 94.0 95.2 97.2
Eu 86.9 87.9 90.1 90.5 91.3
Gd 81.9 92.4 94.5 94.4 93.9
Tb 91.9 94.5 94.5 91.7 90.2
Dy 95.8 96.9 96.1 92.5 89.1
Ho 94.2 92.9 89.3 84.4 79.4
Er 93.2 88.0 81.1 722 64.5
Tm 89.3 74.2 59.6 46.0 36.5
Yb 81.3 50.6 33.0 23.2 17.1
Lu 71.6 35.4 20.7 12.6 8.6
Y 92.7 87.4 79.5 724 66.1
Sc <LOD <LOD <LOD <LOD <LOD

TABLE 32  Recovery percentage of REEs from organic phase to 4 mol I hydrochloric
acid, sample B's leachate.

A:O-ratio:

Element |1:1 1:4 1:8

La 97.4 95.4 91.9
Ce 98.3 95.5 91.8
Pr 97.5 93.4 89.6
Nd 91.5 88.0 85.0
Sm 97.1 91.0 85.8
Eu >100 924 88.7
Gd 91.9 86.6 78.6
Tb 96.3 72.5 59.3
Dy 82.0 55.3 35.9
Ho 90.7 39.0 16.6
Er 56.0 20.6 10.4
Tm <LOD <LOD <LOD
Yb 10.7 3.2 1.9

Lu <LOD <LOD <LOD
Y 52.4 19.9 9.0

Sc 3.2 2.5 2.3
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4.6.4 Scandium stripping

Scandium was the only rare earth element that was not extracted properly into
any of the mineral acids used in stripping. Sodium hydroxide was suggested in
the literature34 40,106 to be able to extract scandium from D2EHPA. Concentra-
tions of 0.5, 1.0, 2.0, and 5.0 mol I NaOH were tested, and the phase separation
was adequate only using the two higher concentrations of sodium hydroxide.
When the percentage of D2EHPA in the organic phase was 40 %, scandium was
not stripped from the organic phase. However, when 2 % D2EHPA in kerosene
was used, scandium extraction was almost quantitative. This is in agreement
with scandium’s high affinity for D2EHPA. The other rare earth elements were
not extracted into the 2 % D2EHPA organic phase, except for HREEs in low
concentrations. This suggests a two-step D2EHPA extraction if scandium is to
be recovered from the solution: first, dilute D2EHPA is used to extract scandi-
um from the sulfuric acid leachate and then sodium hydroxide to strip scandi-
um from the organic phase. In the second extraction, the rest of the rare earth
elements are extracted into 40 % D2EHPA in kerosene and then stripped using
a mineral acid.

4.6.5 Scrubbing of organic phase

Scrubbing of organic phase after liquid-liquid extraction and before stripping
was carried out using 0.2 mol I nitric acid. The objective was to remove some
of the impurities from the organic phase without major losses of rare earth ele-
ments. Main impurities extracted into the organic phase are aluminum, calcium,
and iron (table 33). Calcium is extracted from the organic phase using 0.2 mol I
nitric acid, while rare earth element extraction is very low. Thus, diluted nitric
acid is a viable option in removing calcium from the organic phase. Other dilut-
ed mineral acids might work in impurity removal as well.

TABLE33  Concentrations (mg 1) of aluminium, calcium, and iron in the organic phase
and in dilute (0.2 mol I?) nitric acid using different A:O-ratios, sample B’s

leachate.
Organic A:O-ratio
Element | phase 11 1:4 1:8
Al 171 0.67 0.49 0.75
Ca 285.7 229.3 341.4 217.8
Fe 152.0 0.03 0.09 0.08

4.6.6 Optimized liquid-liquid extraction procedure

Liquid-liquid extraction should be done using a higher concentration of
D2EHPA in kerosene when light REEs are collected, and if heavy REEs are col-
lected, a more dilute D2EHPA is optimal. The sample solution’s pH should be
raised using a base but kept low enough not to precipitate the rare earth ele-
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ments. In order to concentrate the REEs, A:O-ratio should be at least 2:1 in the
loading of the organic phase and at least 1:2 in the stripping stage. A mixing
time of 5 minutes is adequate in both liquid-liquid extraction and stripping, and
the separation of phases is fast, taking only a few minutes. Before stripping, or-
ganic phase can be scrubbed using a dilute mineral acid to remove calcium and
other impurities. Nitric, hydrochloric, and sulfuric acids work well in stripping,
and hydrochloric acid was found to be the most efficient. The result is an acid
solution containing approximately 200 mg 1! of REEs, with the majority of them
being light REEs.
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5 CONCLUSIONS

A method for the determination of rare earth element concentrations in fly ash
has been developed utilizing ultrasound-assisted aqua regia digestion and ICP-
OES analysis. Ultrasound was used to facilitate the digestion procedure by cre-
ating hot spots in the leaching solution and by eroding the fly ash particles.
Operating conditions for ICP-OES were optimized using a magnesium ion and
atomic line intensity ratio in order to achieve as robust plasma conditions as
possible. The analysis of rare earth element concentrations was verified by
comparison with the ICP-MS instrument and analysis of NIST 1633b standard
reference material and synthetic samples. Robust plasma conditions, where the
introduction of samples with different acid matrices and matrix element con-
centrations does not affect the excitation processes in the plasma, were achieved
using lower nebulizer gas flow rate (0.6 I min') and high plasma power (1,500
W). Use of axial viewing and the cyclonic spray chamber with a GemCone Low-
Flow nebulizer in sample introduction resulted in the highest sensitivity. Using
axial viewing, all rare earth elements have detection limits in the pg I range
and can be analyzed with high accuracy from fly ash samples. When samples
contain hydrofluoric acid, the sample introduction is performed using the Scott
double-pass spray chamber with a cross flow nebulizer. Dilution of samples,
especially sulfuric acid samples, decreased the amount of matrix effects present
in the analysis. When difficult sample matrices are analyzed, for example,
aqueous phases from liquid-liquid extractions, the use of internal standard is
recommended; especially, when the samples cannot be diluted.

Rare earth element concentrations were determined from industrial fly ash
generated in a combustion process using peat and biomass as fuels using the
optimized method. Samples contain considerable concentrations of rare earth
elements, up to 560 mg kg in total. These concentrations are high enough to
initiate further research into recovery of rare earth elements from fly ash. In
light of high rare earth element concentration in fly ash, a leaching procedure
for rare earth elements was developed, where dilute sulfuric acid was used to
treat fly ash. The leaching procedure was optimized to achieve good dissolution
of rare earth elements, yet low concentrations of impurity elements in the re-
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sulting leachate. It was found that an optimum concentration of sulfuric acid
can be found, and that using a higher concentration of sulfuric acid does not
necessarily lead to optimum results. The optimized leaching procedure resulted
in approximately 70 % of rare earth elements being leached from fly ash.

Rare earth element recovery from sulfuric acid leachate was studied using
the precipitation and liquid-liquid extraction. Recovery of rare earth elements
using oxalate precipitation was quantitative but non-specific as the precipitate
contained calcium oxalate as the major component, and hence was not a ration-
al option. Liquid-liquid extraction using D2EHPA in kerosene as an extractant
was found suitable in concentrating rare earth elements before oxalate precipi-
tation. Dilute D2EHPA was found to recover heavy rare earth elements from
sulfuric acid leachate; however, light rare earth element recovery requires a
more concentrated D2EHPA to be used in liquid-liquid extraction. Sulfuric acid
leachate’s pH has to be raised in order to achieve a good yield of rare earth ele-
ments in liquid-liquid extraction, but not too high to precipitate REEs from the
sample solution. Stripping of rare earth elements from the organic phase can be
achieved using nitric, hydrochloric, and sulfuric acids, while the optimum re-
covery was achieved using hydrochloric acid. Scandium was not stripped from
the organic phase using mineral acids as the rest of the rare earth elements, but
it can be recovered by loading it into dilute D2EHPA and stripping with sodi-
um hydroxide. The stripping solutions containing higher concentration of rare
earth elements than the original sulfuric acid leachates could be treated with
oxalic acid to precipitate the rare earth elements as oxalates.

A comprehensive study of determination and recovery of rare earth ele-
ments from fly ash samples has been described. The process can be modified to
tit different types of ashes; hence, it could have major applications. The econo-
my of the process developed depends highly on the rare earth price develop-
ment, which determines the commercial possibilities of this method.
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