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Abstract

Rare earth elements (REESs), the vitamins for modern societies, have been considered
some of the most critical elements. They are essential in various industrial applications. With
rapid growth in the consumption of rare earths due to the development of new clean energy
and defense-related technologies, the demand for these elements have become higher and
higher. However, opening a new mine is an expensive, time-intensive process. As a result,
reclaiming the rare earth metals from REE-containing end-of-life electronics has become one

approach of reducing US dependence on import of these critical materials.

The phosphor material used in fluorescent lighting, containing rare earth elements such
as cerium, europium, lanthanum, terbium and yttrium, is one of the most accessible sources
of REEs in our daily life. Annually, over 680 million fluorescent lamps are reportedly
disposed of in the United States. It not only increases the environmental burden but is also a
waste of valuable rare earth elements. Therefore, developing innovative technologies of

recycling REEs from end-of-life fluorescent lamps has become critical.

In fluorescent lamps, mercury is used to generate UV light with a wavelength of 254
nm, which in turn excites the phosphors to produce visible light. Mercury is highly toxic and
listed as a hazardous substance by the USEPA. To reuse or reclaim spent rare earth phosphors,
the first step is to remove mercury from them. The traditional ways for removing mercury
from phosphors are either time-consuming or energy-intensive. By using a NaCl/NaOClI
solution with the assistance of ultrasound, the mercury level in the spent phosphors can be
reduced rapidly in a few minutes and meet the USEPA standards for universal non-hazardous

wastes.



The rare earth elements in the fluorescent phosphors exist in various chemical forms.
Typically, europium and yttrium are in oxide forms; cerium, lanthanum and terbium are doped
in phosphate or aluminate matrices. Rare earth oxides are soluble in acids, and therefore, the
europium and yttrium in spent fluorescent phosphors can be easily extracted by acids.
However, phosphate and aluminate matrices are more chemically stable. As a result,
extracting cerium, lanthanum and terbium from the phosphors requires a pretreatment
procedure. By pretreating the phosphors with sodium peroxide at 650 °C, cerium, lanthanum
and terbium in the treated phosphors become extractable by supercritical fluid carbon dioxide
(sc-CO2). The extraction efficiencies for cerium, lanthanum and terbium are over 96% using

a tri-n-butylphosphate-HNOs3 extractant in sc-COx.

With the assistance of ultrasound, direct extraction of the REEs from the phosphors
by nitric acid at elevated temperature is also possible. For example, with nitric acid of 11M
at 80°C under sonication for 1 hour over 99% of cerium, europium, lanthanum and yttrium as

well as 93% of terbium could be extracted from the fluorescent phosphors.
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Chapter 1: Introduction

1.1. Background

Rare earth elements (REESs) consist of 17 elements including 15 lanthanides plus
scandium and yttrium. Due to their unique optical, electrical, magnetic and catalyst
properties’?, REEs are usually called the vitamins of a modern society. They are widely used
in many electronics and communication devices including fluorescent light bulbs, lasers,
phosphors for TV screen and computer display, magnets, wind turbines,
telecommunications, defense technologies, etc®. The United States entered the market in the
mid-1960s when the demand of color television soared. Up to the early 1990s, the U.S.A. still
dominated most of the world’s supply of rare earth oxide market. China entered the rare earth
market and started selling rare earths at very low prices in between the late 1980s and the early
90’s. By the late 90's, China’s low-cost products had flooded the market. As a result, the US
mining companies cut production and then went inactive. Eventually they were driven out of
the rare earth mining business. According to estimates by the U.S. Geological Survey, there
are approximately 120 million metric tons of worldwide rare earth reserves. China owns the
highest proportion of these reserves, which are estimated at some 44 million metric tons.*
With rapid growths in the consumption of rare earths due to the development of new clean
energy and defense-related technologies, these elements have received more and more
attention. Currently, only a handful of mines supply REEs to the entire world, and most of
them are located in China. Bayan Obo, the largest REE mine in the world, provides 40-50%

of all REEs. By 2010, Bayan Obo and other REE mines in China provided approximately 97%



of the world’s basic rare earth oxide production®. Despite only having a third of the world's
deposits, China dominates global rare earth supply. With the attempt to develop its own
industry for the 17 minerals and raise the price of REES, China imposed restrictions on exports
of REEs in 2009, which resulted in escalated concerns about the future accessibility of rare
earths. Consequently, industrial countries such as Japan, the United States, and countries of
the European Union face tighter supplies and higher prices for rare earths. Therefore, the
United States requested consultations with China in World Trade Organization (WTO)
regarding China’s restrictions on the export of various forms of rare earths, tungsten and
molybdenum on the 13" of March in 2012. China has dropped its quota system restricting
exports of rare earth minerals after losing the WTO case in 2015°. In spite of China’s ending
of its export restrictions, in order to alleviate the dependence on rare earth supplies from China,
developing methods to recycle rare earth elements from electronic wastes has become a
research area of considerable interest in recent years, and reopening or developing new rare
earth mines are some of the strategies actively pursued by the U.S.A.

Seeking and mining new rare earth ores can be costly and time-consuming. In general,
mining operations take 4 stages: exploration, development, operation and closure. The lead
time of each stage ranges from 2 to 20 years’, not to mention the social and environmental
impacts that mining activities may cause. Thus, developing methods to recycle rare earth
elements from end-of-life products, including fluorescent light bulbs, magnets, batteries,
electronics, etc., is one of the U.S. Department of Energy’s strategies described in the “Critical
Materials Strategy” report® °. We generally call it urban mining. The advantages of urban
mining include shorter operation time, relatively low cost, reduced amount of waste, and

environmental friendliness. It provides a sustainable way of obtaining rare earth minerals. One



of the most accessible sources containing rare earth elements in our daily life is the phosphors
coated on the inner wall of fluorescent lamps. According to the Australian consultant
Kingsnorth from IMCOA, from 2006 to 2008, approximately 7% of global consumption of
rare earth metals was used in phosphors. In the U.S. alone, more than 680 million fluorescent
lamps are disposed annually, but most of them are not recycled™®.

Fluorescent lamps, which rely on mercury for their operation, have become the most
important electrical lighting devices over the past few decades due to their high lighting
efficiencies. When electricity passes through a fluorescent lamp, the mercury vapor in the
lamp will generate ultraviolet radiation (254 nm), which in turn excites the white coating on
the inner wall of the lamp tube to emit visible light. The light-emitting coating is typically a
mixture of phosphors that contain rare earth elements in the forms of oxides, phosphates, or
aluminates. Although only about 7% of global consumption of rare earth metals was used in
phosphors, the cost accounted for 32% of the global rare earth market value in 2008.! It’s
because the REESs used in phosphors must be 99.999% pure, and even only a tiny amount of
impurities can change the color characteristics of a given phosphor. To produce phosphors
with these high purities, many more steps are required for the purification process, which
inevitably causes significant raise of the prices for the REEs used in phosphors. The extensive
use of fluorescent lamps over the years has caused not only growing concerns over their proper
disposal, but also a great deal of resource waste. Thus, recycling or reusing rare earth
phosphors has become one of the strategies described in the U.S. Department of Energy
Critical Materials reports. This strategy will reduce America’s demand for rare earth raw
materials and minimize environmental impacts. It also increases America’s supply diversities

and securities of critical materials.® °



1.2. Research objectives

In this research, the central idea revolves around using most cost-efficient, simple and
environment-friendly methods to recycle the waste phosphors of end-of-life fluorescent lamps.
The goal of our study focuses on the development of novel technologies to give the waste
phosphors from end-of-life fluorescent lamps a new life so that we can reduce the amount of
waste and utilize natural resources in a sustainable way. Our strategies for recycling

fluorescent phosphors are as follows:

(1) To reuse the waste phosphors

(2) To recover the rare earth elements from waste phosphors.

To achieve our goals, we have looked up a number of references. Eventually, we generated
some ideas and formed our research plans (Figure 1-1.):

(a) Removing mercury in a way that does not significantly damage the physical and
chemical properties of the phosphors from end-of-life fluorescent lamps and reuse
them.

(b) Recovering rare earth elements from waste phosphors through supercritical fluid
extraction using a TBP-HNO3 adduct system.

(c) Leaching or treating waste phosphors using various reagents such as nitric acid and

sodium hydroxide with ultrasonic assistance.

Each plan will be discussed in the following sections.



Reuse of the Mercury
phosphors removal

Waste
Phosphors

Supereritical CO,
extraction
Recovery of rare
earth elements

Acid leaching with
ultrasound assistance

Figure 1-1. Strategies for recycling waste phosphors from end-of-life fluorescent lamps

1.3. Strategies

1.3.1. Reuse of the phosphors from waste fluorescent lamps- mercury removal
Mercury, a heavy silvery d-block element with an atomic number of 80, is the only
liquid metallic element at standard conditions for temperature and pressure. It is well-known
for its toxicity, which is not only extremely poisonous to cause acute and chronic harm to
human health, but also contaminative to the environment*? 314 \When elemental mercury is
released into the environment, it will be eventually deposited into soils and water and
transformed to methyl-mercury, which can enter the food chain through food uptake by fish.
Consumption of contaminated fish is responsible for most human mercury exposure,

potentially leading to adverse health effects, such as impaired neurological development of



fetuses, infants, and children. Elemental mercury can also be inhaled as a vapor and absorbed
through lungs. In spite of its toxicity, it has various applications in devices and industry,
including thermometers, barometers, manometers, sphygmomanometers and fluorescent
lamps. Mercury is especially essential to achieve the generation of ultraviolet radiation in
fluorescent lamps. In a fluorescent lamp, when an electric current passes through the tube
containing argon and a small amount of mercury vapor, invisible ultraviolet light is generated,
which will in turn excite the fluorescent coating (called phosphor) on the inner wall of the
tube and emit visible light. The study done by National Electrical Manufacturers Association
(NEMA) has determined the minimal mercury required for fluorescent lamps. An individual
F40T12 (the most commonly used fluorescent lamp, tubular type 40 W/T12, length of 122 cm
and 3,8 cm of diameter) lamps rated for 20,000 h of life requires 10 mg of mercury (0.7 pl),
and therefore an insufficiency of mercury level in fluorescent lamps will lead to premature

failure®. This is called “mercury starvation” within the industry.

Due to the reactive properties of metallic mercury, it interacts with all the components
of a lamp and form stronger bonds, and becomes dispersed throughout the lamp during
operations'®. During the operation of a lamp, the metallic mercury will be oxidized and
adsorbed onto the phosphor powder and other lamp components, which causes the reduction
of the mercury to be volatilized'” 8 1% 20 |n order to avoid premature failure, the average
amount of mercury inserted into fluorescent lamps by manufacturers are generally set to no
less than 15 mg so that the minimum amount in an individual lamp will not drop down to less

than 10 mg, and lead to a foreshortened life due to insufficient mercury®.

The mercury content of fluorescent lamps differs depending on the manufacturer, the

wattage, the type of lamps (linear or compact), the year of manufacturing, and their age.


https://www.google.com/aclk?sa=l&ai=CR332UlIEV9WQLJOFpgOG84SAA4C1-rIJiIfL8p4D84SXOggAEAIoBGDJvsSN9KTIG6ABjcO5_wPIAQGqBCFP0CrDHwg2IUDLcN01JGrpLUSswB99U7P2py7HH9UzV3yAB9u8RpAHAagHpr4b2AcB&sig=AOD64_3NBGe4_4jQ8ZwGR7gxkSjidl2-QA&clui=5&q=&ved=0ahUKEwiX8JaJ2_jLAhUFv4MKHeOrDCwQ0QwIJw&adurl=https://www.lightbulbs.com/category/compact-fluorescent-light-bulbs/%3Fsource%3DGooglePPC-CFL
https://www.energystar.gov/products/lighting_fans/light_bulbs/cfl_glossary#ultrav
https://www.energystar.gov/products/lighting_fans/light_bulbs/cfl_glossary#phosphor
https://www.energystar.gov/products/lighting_fans/light_bulbs/cfl_glossary#visible

Because of the presence of mercury, all end-of-life fluorescent lamps are considered
hazardous by the U.S. Environmental Protection Agency (USEPA). According to federal
regulations (40 CFR 8§273.5, applicability: lamps), a lamp is a hazardous waste if it exhibits
one or more of the characteristics identified in part 261, subpart C of this chapter (Chapter I).
Based on the standards on the Table 1 in 40 CFR §261.24, a solid waste that exhibits the
characteristic of toxicity has the EPA Hazardous Waste Number specified in Table 1 which
corresponds to the toxic contaminant causing it to be hazardous. Most end-of-life fluorescent
lamps with mercury concentration greater than 0.2 parts per million, by the Toxicity
Characteristic Leaching Procedure (TCLP), should be managed as hazardous waste?!. As a
result, the first step to reuse the waste phosphors from end-of-life fluorescent lamps is either
to completely remove the mercury content from them or lower the mercury content level down

to less than 0.2 parts per million by the TCLP test.

Our goal is to develop a novel method that is strong enough to remove the mercury
from waste phosphors but weak enough not to damage the crystalline structure so that the
phosphor powders can be reused in the fluorescent lamp production. If they are reusable, but
the lighting efficiency of old phosphors is not as good as brand new ones, they could be used
to mix with a certain ratio of new phosphors to manufacture lighting devices with new

applications.



Table 1-1. Maximum concentration of contaminants for the toxicity characteristic
(Source: electronic code of federal regulations)

EPA HW No.! Contaminant CAS No.? Regulatory Level (my/lL)

D00g Arsenic 7440-35-2 5.0
D005 Barium T440-30-3 100.0
D013 Benzene 71-43-2 0.5
D006 Cadmium 7440-43-5 1.0
D019 Carbon tefrachloride 56-23-5 0.5
|Ql.':l2 0 Chigrdane 57-74- 0.03
D021 Chlorobanzana 108-00- 100.0
D22 Chigrofiorm B7-66-3 6.0
DOo7 Chromium T440-47-3 5.0
D023 o-Crasol 05-48-7] 43000
D024 m-Crasol 108-39-4 42300.0
D025 p-Cresol 1065-44-3 +200.0
D026 Cresol +300.0
D016 24D 094-75-7 10.0
D027 1.4-Dichlorobenzense 106-46-7] 7.5
[Dozs 1.2-Dichlorosthane 107-06-2 0.5
D029 1,1-Dichlorosthylena T5-35-4 0.7
Do3n 2 4-Dinitrotoluene 121-14-2 ERE
D012 Endrin T2-20-8 0.02
D031 Heplachlor (and its epoxide) T6-44-5 0.008
Iﬁﬂ&? Hexachlorobenzeng 118-74-1 ENYE
|D033 Hexachlorobutadiens 87-68-3 0.5
D034 Hexachloroethane 67-72-1 3.0
Do0s Lead 7439-92-1 5.0
D013 Lindans 55-50-9 0.4
Do0gS Mercury T4389-07-5 0.2
[Do14 Methoxychlor T2-43-5 10.0
D035 Methyl ethyl kefome 78-93-3 200.0
D036 Mitrobenzensg 98-85-3 2.0
[Do37 Pentachiorophenol £7-86-9 100.0
D038 Pyridine 110=86-1 e
D10 Selenium T782-49-2 1.0
D011 Silver T440-22-4 5.0
'I;IDJEI' Tetrachlorogthylens 127-18-4 0.7
D015 Toxaphene 8001-35-3 0.5
D040 Trichloroethylene T79-01-8 0.5
jpo41 2.4 5-Trichloroghenol 05054 400.0
D042 2 4 6-Trichlorophanol £3-06-2 2.0
D017 2.4 5-TF (Silvex) 93-72-1 1.0
[Co43 Vinyl chloride T5-01-4 0.2

1.3.2. Recovery of rare earth elements from waste phosphors

Fluorescent lamps, linear or compact type, typically employ phosphors containing rare
earth elements yttrium (), lanthanum (La), cerium (Ce), europium (Eu), and terbium (TDb).
The rare earth phosphors are applied as a coating to the inside surface of the lamps. When a

voltage is applied, an electric current will pass through the mercury vapor in a lamp and excites



short-wave ultraviolet light, which causes the rare earth elements-doped phosphor coating to
emit lights of different wavelengths in the visible region. The end-of-life fluorescent lamps
contain reusable rare earth materials of significant importance to industry and defense needs
of the U.S.A. Rare earth phosphors used in fluorescent lamps come in different chemical
forms which can be divided into four categories: phosphate, aluminate, borate and silicate
matrices?> 23, which are shown in Table 22*. Borate and silicate systems are not fully
developed and therefore, the phosphors in the market are either the application of phosphate,
aluminate alone or mixed. In general, Red phosphors contain rare earth oxides and can dissolve
in acids with or without heating. When rare earths, however, are doped in phosphate or
aluminate matrices, they are difficult to be extracted by conventional acid leaching processes.
Converting them to oxides under appropriate conditions, such as elevated temperature and

oxidizing reagents, is one method to make them become extractable with acids.

Table 1-2. Chemical formula for fluorescent phosphor materials?*

Phosphor Red Green Blue

Phosphate matrix Y,03:Eu®* LaPO,:Ce**, Th** (Ba, Sr, Ca)s (PO4,); Cl:EU*
Aluminate matrix Y203:Eu® CeMgAIl11010: Th* BaMgAl10017:Eu?

Borate matrix Y203 Eu®* GdMgBs010:Ce**, Th**  Ca;BsOsCl:Eu?*

Silicate matrix Y,03:Eu’* Y,SiOz:Ce3*, Th* BaZrSizOq:Eus+
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1.3.2.1. Recovery of rare earth elements from waste phosphors through
supercritical fluid extraction

Generally, in analytical chemistry there are 2 steps before instrumental analysis: 1.
sampling; 2. sample preparation. Traditional procedures for wet chemistry sample preparation
require a considerable amount of solvents to achieve extraction, separation and purification of
samples. Acid leaching and solvent extraction are the typical approaches to dissolve and
separate lanthanides from solid materials. As a result, a great amount of liquid waste has been
produced. Using those solvents not only is costly but also does great harm to our fragile
environment. Unlike traditional solvent extraction, supercritical fluid extraction (SFE) is a
technique that employs supercritical fluid as the solvent to perform extraction. A supercritical
fluid is formed when a substance is above its critical pressure (Pc) and temperature (Tc).
Above critical point, this substance will become a phase between gas and liquid, which makes
it flow like a liquid and diffuse like a gas. It exhibits liquid-like solvation capability and yet
processes gas-like mass transfer properties. Its density changes as its pressure and temperature
change. At a given temperature above the Tc, increasing pressure will increase the density of
the fluid, and therefore the solvating power is then increased. Consequently, we say that the
solvating power of a supercritical fluid is “tunable”. Carbon dioxide is the most commonly
used fluid in SFE due to its moderate critical parameters, inexpensiveness, easy accessibility,
nonexplosive nature, and non-toxicity. The relatively low critical point of CO, (Pc=72.9 atm,
Tc = 31.3 °C) makes it an attractive extraction medium. These properties makes supercritical
carbon dioxide an ideal alternative for extracting lanthanides from porous solid materials®> 2°.
The principle of how supercritical carbon dioxide (Sc-CO3) extraction works is illustrated in

Figure 1-2 7.
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Figure 1-2. The basic principle of supercritical CO2 extraction

When the pressure and temperature are at a point above the critical point, extraction
starts. After extraction, sc-CO; is depressurized and therefore gasified, which allows
separation of CO- and facilitates the collection of extracts. CO2 may be collected and recycled
for the future extraction.

CO2 molecules are known to have a linear structure without polarity. Polar molecules
and metal ions are not soluble in sc-CO2. As a result, this technique had been mainly applied
to extract non-polar compounds. However, due to the change of environmental regulations
and the increasing costs of disposal of liquid solvent wastes, studies of metal extraction using

sc-COqas a solvent started in the early 1990s. Through binding to chelating agents, the charges
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of metal ions can be neutralized and may become soluble in sc-CO2. In 1991, Laintz et al. first
reported quantitative measurements of solubility of metal chelates in sc-CO2% In 1998,
Carrott et al. discovered highly sc-CO2 soluble uranium organophosphorus complexes®®. By
using COz-soluble ligand acid complexes, tri-n-butylphosphate-nitric acid (TBP-HNO3),
direct dissolution of uranium oxides (UO2, U3Osg, and UO3) and lanthanide oxides (Ln20s3) in
sc-CO2 was demonstrated 3% 3! These complexes have a general formula TBP(HNO3)x(H20)y.
These ligand acid complexes are typically prepared by mixing TBP with HNOs. When one
aliquot of TBP mixes with another equal volume aliquot of concentrated HNO3, the nitric acid
will be extracted into the TBP phase forming a Lewis acid—base complex of the formula
TBP(HNO3)1.5(H20)06%2. Therefore, despite the fact that supercritical CO; is non-polar, the
polarity of supercritical CO2 can be altered to stretch its applications by adding a miscible

polar ligand or modifier to achieve extraction of metal ions or polar molecules.

Researchers have widely studied extraction of rare earth elements or lanthanides using
sc-CO2 as a substitute for traditional organic extraction solvents. By using TBP-nitric acid
adduct system, we are able to extract rare earth elements from phosphors and carry them out
with supercritical CO.. In 2005 R Shimizu et al. reported their supercritical fluid extraction
efficiencies of rare earth elements from luminescent material in waste fluorescent lamps, in
which the yields for Yttrium and Europium reached 99.7 and 99.8%, respectively. However,
the efficiencies of Ce, La and Th were less than 7%°%%. As shown in Table 2, in lighting
phosphors, europium and yttrium in red phosphors are generally in oxide forms, but in green
and blue phosphors, Ce, La, Tb and Eu are doped in chemically stable phosphate or aluminate
matrices. The structures are so stable, especially the aluminate-based phosphors, so that it is

not possible to be destroyed by mineral acids. In order to improve supercritical extraction of
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rare earth elements from waste phosphors, we adopted alkali fusion method to convert those

elements to their oxide forms.

Alkali fusion method is to thermally decompose insoluble substances by heating the
mixture of alkali and insoluble substance, such as ores and sodium hydroxide, at an elevated
temperature to cause destruction of the structure of substances and achieve the conversion
from insoluble to soluble substances. It has been widely used to extract aluminum and various
rare and precious metals®* %3¢ Porob et al. converted phosphors into a mixture of oxides by
heating them with sodium carbonate at 1000°C3’. Zhang et al. performed 2-step acid leaching.
Their results show that hydrochloric acid is better than sulfuric acid in the first acid leaching
step, and sodium hydroxide is better than sodium carbonate in the alkali fusion process. The
leaching rates for all rare earth metals reached over 97%.% Wu et al.*® reported an optimal
condition for phosphor calcination treatment, in which the mixture with the NaxO»-to-
phosphor mass ratio of 1.5 : 1 was calcinated at 650°C for 50 minutes. The aluminate matrix

was successfully decomposed, under which more than 99.9% REES are recovered.

In summary, alkali fusion method will be used to pretreat waste phosphors to break
down the phosphate or aluminate matrices and convert the rare earth metals into their oxide
forms. TBP-HNOs ligand acid complexes will then be combined with supercritical carbon

dioxide to achieve extraction of rare earth metals from waste phosphors.


http://www.sciencedirect.com/science/article/pii/S0921344914000937?np=y&npKey=fc73cb0561b0de93ed661903c9ab5b983a70901d25ef444434bfd13f6a6f991c#bib0290
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1.3.2.2. Recovery of rare earth elements from waste phosphors with ultrasonic
assistance

When an object vibrates, sound will be produced. Sound is a form of energy traveling
through medium (air, water, etc.) as longitudinal waves. Sound waves consist of areas of high

and low pressure called compressions and rarefactions, respectively as shown in Figure 1-3.

Traveling wave

Amplitude Campression

Ambient
Pressure

Farefaction

Wavelength

Figure 1-3. Sound wave (https://method-behind-the-music.com/mechanics/physics/).

In general, sound can be classified to 3 big categories based on its frequency:
infrasound, acoustic and ultrasound. Human hearing is in the range of 20 Hz to 20 kHz. Sound
above 20kHz isultrasound and below 20 Hz isinfrasound. Other animals have
different hearing ranges (Figure 1-4.). Many applications of ultrasound have developed over
the years, including teeth cleaning in dental hygiene, underwater detection (SONAR),

sonography, acoustic targeted drug delivery, ultrasonic testing, etc.


https://en.wikipedia.org/wiki/Ultrasound
https://en.wikipedia.org/wiki/Infrasound
https://en.wikipedia.org/wiki/Hearing_range
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Figure 1-4. Frequency ranges corresponding to ultrasound, with rough guide of some
applications (Source: Wikipedia).

The application of ultrasound in chemistry field is called sonochemistry. When
ultrasound passes through a solution, regions of high and low pressure will be created
corresponding to the periodic compression and rarefaction phases. As shown in Figure 1-5%,
air molecules dissolved in the solution form small air bubbles and grow during the low-
pressure cycles. At the compression phases, these small bubbles and the matters inside will be
squeezed by the high external pressure aggressively and shrink. These bubbles oscillate,
growing a little more during the rarefaction phase of the sound wave than they shrink during
the compression phase. This process continues until the external pressure is greater than the
internal pressure and the bubbles collapse. The phenomenon of formation, growth and
collapse of acoustic bubbles is called cavitation. This phenomenon gives rise to not only
chemical but also physical effects. The collapse of cavitational bubbles creates local hotspots.
Under proper conditions, the temperature and pressure inside the bubbles can reach as high as
5000 K, and 1000 atm®*" %2, Therefore, particles collide and interact inside these micro
“chemical facilities” and generate energy as high as 13 eV*. Furthermore, when bubbles are
near a solid surface as shown in Figure 1-6, they will collapse in an asymmetrical fashion and
form high-speed microjets. These microjets are responsible for surface deformation and rapid

mass transfer. Therefore, acoustic cavitation provides unique environments for chemical
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reactions. Various applications have been developed using ultrasound in the field of chemical

engineering: waste-water treatment, organic synthesis, sonochemistry and solid-liquid

extraction®*, 4.

EEEEN

Compression Compression Compression Compression Compression

Cavity. Extreme temperature
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Figure 1-5. Schematic presentation of transient acoustic cavitation yielding energy release
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Figure 1-6. The physical effects of a cavitational bubble near a solid surface
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Medicinal and aromatic plants are the biggest resource of active ingredients for the
pharmaceutical, cosmetics, food industries as well as pest control in agriculture*®. Solid-liquid
extraction with proper solvents is one of the traditional methods to obtain the active
ingredients or natural products from plants. Ultrasonically enhanced solvent extraction has
been used to release the bioactive constituents from herbs. The technique for ultrasonic
enhancement of the extraction yield started in the 1950s with laboratory scale experiments*’.
Since then, a number of studies related to ultrasonically assistant extraction of natural products
or herbal bioactive principles have been reported*®. Extraction of saponin from ginseng was
studied by Li et al. ° With ultrasonic assistance, the yields of both total extract and saponin
increased by approximately 15 wt%, and 30 wt% at an acoustic pressure 67 kPa, respectively.
In addition, the yield increases with the acoustic pressure. Romdhane and coworker
investigated the extraction of pyrethrines from pyrethrum flowers and oil from woad seeds,

and an acceleration of the kinetics and of the yield of the extraction was obtained®®.

The fact that extraction of natural active ingredients from plants and herbs can be
enhanced by ultrasound has been proved and many related applications have been developed.
However, the applications of ultrasonic enhancement of extraction of metals are not as
common. In this part of research, we will take advantage of the chemical and physical effects
that ultrasound generates to achieve extraction of rare earth elements from the waste
phosphors of end-of-life fluorescent lamps. Many factors govern the influence of ultrasound:
ultrasound frequency, temperature, sonication time, etc. In this work, the influence of different

parameters was investigated.
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1.4. Experimental approaches
@ Removing mercury from waste phosphor and using thermal desorption or sonication

method while maintaining reusable.

Thermal desorption- According to literature, thermal desorption is the most commonly used
method to remove mercury. As shown in Figure 1-7, a certain amount of waste phosphor was
placed in a crucible and put into a furnace for an hour. The temperature started from 100°C

with an increment of 100°C.

Thermal desorption method

ICP-MS
Analysis

waste phosphor

Crucible Tube furnace heating
for 1 hour

Figure 1-7. Thermal desorption method

Sonication- Mercury interacts with hypochlorite over a wide pH range. A maximum of
oxidation was observed at pH = 6.5-6.9, which is consistent with the maximum decomposition
rate of hypochlorite. The proposed reactions are as follows®*:

1) in acidic solution:

ClIO + Hg’+ 2H*— CI” + Hg?* + H.0
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il) in neutral solution:

H20—>H* + OH" @)
CIO™ + Hg® + 2H"— CI” + Hg?* + H20 (b)

Twidwell and Thompson proposed the following reaction®?:

Hg® + HOCI + 3 CI- — HgCls* + OH- Ks=5.0 * 10

Coskun et al. reported 96% mercury leaching efficiency from waste phosphors was reached
by using 0.2M NaCl/0.5M NaOCI solution at 50°C and stirring for 2 hours®3. Therefore, our
plan is to use water, and NaCl/NaOCI solutions which are made from both commercial bleach
and sodium hypochlorite as the hypochlorite sources to treat waste phosphors under the
influence of ultrasound on various time spans and see whether we can achieve a better
efficiency.

After both treatments, the phosphors were analyzed with ICP-MS for mercury content
and their reusability will be examined by scanning electron microscope (SEM) and
fluorescence spectroscopy to check their particle images and spectra. The flow chart for

sonication mercury removal is shown in Figure 1-8.

Figure 1-8. Flow chart for sonication mercury removal method
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(b) Recovering rare earth elements from pretreated waste phosphor through supercritical

fluid extraction using a TBP-HNO3 system.

Due to the stable nature of blue and green phosphors, a pretreatment method appears
to be necessary before supercritical extraction. Wu et al. investigated the calcination of green
phosphor (Ceo.s7Tho33MgAIl11019) using sodium peroxide system, and the phosphor was
converted to the mixtures of Na2CeOs, Na;ThOs, MgO., NaAlIOz and NasSiOs. The optimal
molten salt calcining conditions were found to be 650 °C, 50 min, and 1.5 : 1 of Na2O»-to-
waste mass ratio®. Therefore, we employed Wu’s method with modification to treat waste
phosphors and decompose the metrices before carrying out supercritical extraction. In order
to evaluate the rare earth extraction efficiencies with the TBP-HNO3z complex, we conducted
experiments under atmospheric pressure prior to performing supercritical extractions. After
the extraction experiments, we compared the results for supercritical extraction of non-treated

and treated waste phosphors.

Figure 1-9. Flow chart for recovery of rare earth elements from waste phosphors with
supercritical CO>
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(© Leaching rare earth elements from waste phosphor using regents with ultrasonic
assistance
Phosphor powders were sonicated with various reagents such as nitric acid, sodium
hydroxide, hydrogen peroxide, and DI water. The leachates of the experiments are analyzed
to calculate the percentage of leached rare earth elements remained in the residue.
Fluorescence spectroscopy and SEM will be used to check the difference between before and

after the process.

1.5. Achievement

(A) By using NaCl/NaOClI solutions made from commercial bleach with the assistance of
ultrasound, the mercury level of spent phosphors from end-of-life fluorescent lamps
was successfully reduced to 3.5% of the original level in 5 minutes. In addition, it was
below the maximum concentration of contaminants for the toxicity characteristic. That
is- the USEPA standard of mercury for non-hazardous wastes was met.

(B) By pretreating spent phosphors with sodium peroxide at 650°C, cerium, lanthanum
and terbium in the treated phosphors become extractable by supercritical fluid carbon
dioxide (sc-COz2). The extraction efficiencies for cerium, lanthanum and terbium are
over 96% using a tri-n-butylphosphate-HNO3 extractant in sc-COx.

(C) With nitric acid of 11M at 80°C under sonication for 1 hour, yields over 99% of
cerium, europium, lanthanum and yttrium as well as 93% of terbium were extracted

from the fluorescent phosphors.
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Chapter 2: Ultrasound-Assisted Mercury Removal of Rare Earth
Phosphors from End-of-Life Fluorescent Lamps

Abstract

Due to the current trends of development in renewable energy, rare earth elements
(REEs) are receiving more and more attention. Reclaiming the rare earth metals from REE-
containing end-of-life electronics has become an active research area. The phosphors of end-
of-life fluorescent lamps are rich in REEs such as cerium, europium, lanthanum, terbium and
yttrium. Two strategies for recycling are either to reuse the phosphors or to recover the REEs.
However, toxic mercury is employed in fluorescent lamps to generate UV light to excite the
phosphors which produce visible light. As a result, removing mercury becomes important.
NaCl/NaOCI solutions were reported to be able to remove mercury from Chlor-Alkali plant
wastewater sludge and fluorescent phosphors. However, traditional agitation methods usually
require extended time to process. In this investigation, an ultrasound-assisted mercury
removal method is reported. Under sonication, the mercury level in the spent phosphors can
be reduced rapidly in a few minutes and meet the USEPA standards for universal non-

hazardous wastes. The potential of reusing waste phosphors is discussed.
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2.1. Introduction

Fluorescent lamps, which rely on mercury for their operation, have become the most
important electrical lighting devices over the past few decades due to their high lighting
efficiencies. When electricity passes through a fluorescent lamp, the mercury vapor in the
lamp will generate ultraviolet radiation (254 nm), which in turn excites the white coating on
the inner wall of the lamp tube to emit visible light. The light-emitting coating is typically a
mixture of phosphors that contain rare earth elements (REESs) in the forms of oxides,
phosphates, or aluminates. Because of REEs’ unique optical, electrical, magnetic and catalyst
properties, they are listed as the critical materials by the U.S. Department of Energy .
Approximately 7% of global consumption of rare earth metals was used in phosphors, but the
cost accounted for 32% of the global rare earth market value in 20082, It’s because the REES
used in phosphors must be 99.999% pure, and even only a few ppm of impurities can change
the color characteristics of a given phosphor. To produce phosphors with these high purities,
many more steps are required for the purification process, which inevitably causes significant
raise of the prices for the REEs used in phosphors. Annually, more than 680 million
fluorescent lamps are estimated to be disposed of in the U.S*. The extensive use over the years
has caused not only growing concerns over their proper disposal, but also a great deal of
resource waste. Thus, recycling or reusing rare earth phosphors has become one of the
strategies described in the U.S. Department of Energy Critical Materials reports. This strategy
can reduce America’s demand for rare earth raw materials and minimize environmental

impacts. It also increases America’s supply diversities and securities of critical materials®2.

Because of the presence of mercury, all end-of-life fluorescent lamps are considered

hazardous by the U.S. Environmental Protection Agency (USEPA). According to National
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Electrical Manufacturers Association (NEMA), a typical F40T12 (the most commonly used
fluorescent lamp, tubular type 40 W/T12, length of 122 cm and 3.8 cm of diameter) lamp rated
for 20,000 h of life requires a minimum of 10 mg of mercury (0.7 ul)®. An insufficient amount
of mercury in a fluorescent lamp will lead to premature failure, so-called “mercury starvation”
within the industry. Due to the reactive nature of mercury, it interacts with all the components
of a lamp and becomes dispersed throughout the lamp. The mercury will also be oxidized and
adsorbed onto the phosphor matrix and all other lamp components during operation 5. To
avoid premature failure, the average amount of mercury inserted into fluorescent lamps by
manufacturers is generally set to no less than 15 mg for an F40TI2 ®, and for a typical compact
fluorescent lamp (CFL), the amount of mercury is approximately 5 mg*?. The mercury content
of fluorescent lamps differs depending on the manufacturer, the wattage, the type of lamp

(linear or compact), the year of manufacture, and age.

According to federal regulations for land disposal restrictions (LDRs) (40 CFR
8268.40), mercury wastes are categorized as low mercury, high mercury, or elemental
mercury wastes. Table 2-1% describes the applicability of treatment standards for each of these
wastes'®>. That is, if we are looking to dispose of waste phosphors, for example, by landfill,
0.025 mg/L TCLP (Toxicity Characteristic Leaching Procedure)®® has to be met. However, if
we are looking to reclaim end-of-life fluorescent lamps instead of discarding them, the
secondary materials are subject to the standards under 40 CFR 8273 (standards for universal
waste management) and 8261.24 (identification and listing of hazardous waste). That is, the
concentration of mercury in the phosphors from end-of-life fluorescent lamps cannot exceed

the maximum concentration listed in the table 1 of 40 CFR § 261.24, which is 0.2 mg/L TCLP.
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Table 2-1. Land Disposal Restrictions (Source: Treatment Technologies for Mercury in Soil,
Waste, and Water, EPA)

Type of Waste Land Disposal Restrictions
Low mercury waste (contain less than 260 If retorted, 0.2 mg/L TCLP If other
mg/kg of total mercury) technologies are used — 0.025 mg/L

TCLP (solidification/stabilization often
used to meet this level)
High mercury waste (contain greater than 260 | Required to be roasted or retorted until

mg/kg total mercury) waste becomes a low mercury waste.
Residuals then required to meet 0.2 mg/L
TCLP

Elemental mercury waste (with radioactive Required be treated using amalgamation

contamination)

There are various mercury treatment technologies such as solidification/stabilization,
solid washing, vitrification and so on*3, but the conventional methods generally employed for
removal of mercury from used rare earth-containing phosphors are thermal desorption and
chemical leaching®®*8, Thermal desorption is the most widely used method, in which the spent
rare earth-containing phosphors are heated under elevated temperatures above mercury
boiling point (375°C) to vaporize the mercury content. The baking process is energy-intensive,
and requires specially-designed equipment to condense and collect mercury. An operational
system under negative pressure is usually employed to avoid escape of mercury vapor.
Researchers have been developing methods to facilitate the thermal desorption process’: 6 1%-
20, Pogrebnaja et al. used an alkaline solution as a neutralizing reagent to obtain a complex
compound of mercury from lamp powders before submitting it to a thermal treatment®. Jang
et al. heated mercury-containing phosphors above the boiling point of mercury (375 °C) for
4-20 h in a retort. The mercury vapor was condensed in the scrubber and then collected in a
decanter. Additional treatments such as bubbling through nitric acid were employed to remove

impurities after the thermal process’. Fujiwara and Fujinami investigated substances that can
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assist the reduction of mercury species and lower the temperature of thermal desorption
process®®. As for chemical leaching, in Cogar et al.’s report, ionic exchange method was
employed to recover mercury from the resulting solution derived from the extraction of
phosphor powder in a chemical process?®. Chemical leaching of mercury from phosphors with
sodium chloride/sodium hypochlorite in aqueous solution was also reported?X. Coskun et al.
obtained the optimal results for mercury removal by heating NaCl/NaOCI (0.2M/0.5M)
solution with waste phosphors at 2-h contact time, pH 7.5, 50°C, a 1:2 solid-to-liquid ratio
(g/ml) and a 120-rpm agitation speed, in which 96% of mercury could be transferred into
solution?!. Although this process is quite effective, it is time-consuming, and pH control is

required.

Ultrasound has been used in various applications in chemical engineering: waste-water
treatment, organic synthesis, sonochemistry and solid—liquid extraction??*. Application of
ultrasonic radiation to liquid will cause a phenomenon called cavitation, i.e. formation, growth
and collapse of acoustic bubbles. This phenomenon gives rise to both chemical and physical
effects. The collapse of cavitational bubbles creates local hotspots, and inside these hotspots,
the temperature and pressure can reach as high as 5000°C, and 1000 atm. Furthermore, when
bubbles are near a solid surface, they will collapse in an asymmetrical fashion and form high-
speed microjets. These microjets are responsible for surface deformation and rapid mass
transfer?>26, Therefore, acoustic cavitation provides unique environments for chemical
reactions.

As mentioned earlier, REEs used in phosphors are required to be highly pure
(99.999%). Consequently, the prices of the REEs sold to phosphor manufacturers are much

higher than those used by manufacturers of other REE applications®. If an efficient method
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could be developed to reduce mercury level in spent fluorescent phosphors down to an
acceptable level, and at the same time, the light emitting properties still remain the same, reuse
of rare earth phosphors may become practical and economically desirable. Some studies
regarding reuse of used phosphors were reported. Takahashi et al. developed a 2-step liquid-
liquid extraction method to separate red, blue and green phosphors from used fluorescent
lamps. In this method, aqueous and organic solvents were mixed with different reagents,
respectively. In each step, distinct types of phosphors were extracted to different phases. For
example, in step 1, the blue phosphor was extracted to the organic phase while the red and
green phosphors were extracted to the aqueous phase; In step 2, the green phosphor was
extracted into the organic phase, and the red phosphor separated from the green powders
remained in the aqueous phase?’. Liu et al. invented a procedure to regenerate trichromatic
phosphors from used rare earth phosphors. The waste phosphors were first washed with an
acetic acid solution and then ethanol. The washed phosphors were then mixed and ground
with the same amount of glass balls. The obtained powders were heated in the mixture of H»
(5%)/N2 (95%) at 600-C for 1 hour. Finally, the resulting powders were calcined at 500°C for
30 min in air to get the product. Compared to new phosphors, the regenerated phosphors lost

approximately 5-15% luminous efficiency?®.

In this paper, we report a simple process of collecting phosphors in a liquid system
from fluorescent lamps incorporating sonication and an ultrasound-assisted leaching method
to reduce mercury level of the fluorescent phosphors down to the USEPA standards at a
relatively low temperature in a shorter reaction time with sodium chloride/sodium
hypochlorite solutions, in which commercial laundry bleach used as the source of sodium

hypochlorite was evaluated. The reusability of used fluorescent phosphors after the treatment
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will also be discussed. The details of our procedures and the emission properties of the

phosphors after mercury removal are given in the following sections.

2.2. Experimental Section

2.2.1. Waste samples collection, chemicals, instruments and analysis methods
Sylvania phosphor powders were collected in 2 separate ways for different purposes.
For evaluation of the efficiency of ultrasound-assisted phosphor collection technique,
phosphors were collected by immersing fluorescent lamp sections into the water of a
sonication bath (Fisher Scientific FH60H, 100-Watt, 42 kHz). For mercury removal
experiments, in order to reduce the chance of losing mercury content of the phosphors into the
water in sonication bath before experiments, the phosphor material was scratched manually
from end-of-life Sylvania fluorescent lamps and collected in a 250-mL plastic bottle. This
bottle was well capped and placed in a desiccator. Sodium hypochlorite solution (10%-15%)
was purchased from Sigma Aldrich. Commercial 1-gallon Clorox bleach solution with 8.25%
sodium hypochlorite (NaOCI) was obtained from a local store. Sodium chloride was
purchased from EMD Chemicals Inc. A sonication bath and an ultrasonic liquid processor
(Sonics, VCX130) were both used to conduct mercury removal experiments. After the
experiments, all the treated phosphor samples were digested following USEPA SW846
Method 3050B, and the mercury content was analyzed using ICP-MS (Agilent 7700x) with a

Cetac 520 Autosampler following SW846 Method 6020A. Toxicity Characteristic Leaching
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Procedure (TCLP) was performed following USEPA SW-846 Test Method 1311. Florescence

spectra were obtained using a fluorescence spectrometer (FluoroMax-3, Horiba).

2.2.2. Mercury removal by thermal desorption
In this study, samples of approximately 250 mg waste phosphors were transferred into
nickel crucibles and heated in a tube furnace at elevated temperatures for one hour in

increments of 100°C until all mercury was removed from the waste phosphors.

2.2.3. Mercury removal by NaCI/NaOCI solution with and without sonication
NaCl/NaOCI solutions of various concentrations were prepared by using both sodium
hypochlorite solution purchased from Sigma Aldrich and commercial 1-gallon Clorox bleach
as the sources of sodium hypochlorite. Samples of approximately 250 mg waste phosphors
with 20 ml of the prepared solutions were transferred into 30 ml vials. These vials were well
capped. In these experiments, the vials were divided into 3 sets. Each set of the vials was
agitated in a unique way: (a) Magnetically stirred at 120 rpm in a 50°C oil bath; (b) Sonicated
in a 50°C sonication bath. The ultrasonic frequency and power were the default settings (42
kHz, 100 Watt); (c) Sonicated by an ultrasonic liquid processor. The ultrasonic processor was
inserted into the vials at room temperature. The sonication amplitude was set as 80%, and
sonication time as 2 seconds of pause for every 8 seconds of sonication. After sonication, all
the samples were centrifuged, and the supernatants were decanted and collected. The phosphor
power residues were then washed with 10 ml deionized water and centrifuged 3 times totally.
All the supernatants from the same trial were collected individually, and 50 ul of concentrated
nitic acid was added to each vial to stabilize the mercury. Solid samples were air dried before

ICP-MS analysis.


http://www.horiba.com/scientific/products/fluorescence-spectroscopy/
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2.2.4. Mercury removal by DI water with sonication

In order to compare the efficiency of mercury removal with NaCl/NaOCI solutions
under ultrasound influence, samples of 250 mg waste phosphor were sonicated with 20 ml of
deionized water using an ultrasonic liquid processor. After experiments, samples were

processed through the same procedure as the previous section.

2.3. Results and Discussion

2.3.1. Collection of phosphors from used fluorescent lamps using sonication in a
liquid system

A simple method of collecting rare earth phosphors from end-of-life fluorescent lamps
is to use water bath under sonication as illustrated in Figure 2-1. A section of compact
fluorescent lamp is placed into a beaker with water, and the beaker is immersed in a sonication
bath (42 kHz, 100 watt). After 30-60 seconds of sonication, the white rare earth phosphor
coating is totally removed from the inner wall of the lamp (Figure 1b) with gentle shaking.
After rinsing, the phosphor powder in water can be filtered, dried, and stored in a desiccator
for further experiments. Compared to other phosphor collection methods such as scratching
phosphors from lamp tubes or pulverizing the phosphor along with the glass lamp tubes,
ultrasound-assisted collection method is simple, safe, time-efficient and able to remove the

phosphor coating completely from the tubes.
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Figure 2-1. Ultrasound-assisted collection of rare earth phosphors from used compact
fluorescent lamps. (a) Sonication bath (42kHz 100 watt) with a compact fluorescent lamp,
(b) the lamp after 30 seconds of sonication and rinsing.

2.3.2. Mercury removal by thermal desorption

Approximately 250 mg of the collected phosphor was transferred to a nickel crucible
and roasted at elevated temperatures for one hour. The mercury content in the treated samples
were then analyzed by ICP-MS after digestion. The results in Figure 2 show that when the
samples are roasted for 1 hour at 600°C and above, the mercury content in the phosphor is
undetectable, which is consistent with those reported in the literature®. Mercury removed from
waste phosphors through roasting becomes vapor and can be collected in a closed system by
condensation. Nevertheless, the process requires high energy input and special-designed
equipment. It is also time-consuming and may have complications of mercury contamination

of the system.
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Figure 2-2. Roasting waste phosphors in a tube furnace: Removal mercury from the

phosphors by heating at elevated temperatures for 1 hour. The phosphors were collected

from used Sylvania fluorescent lamps.
2.3.3. Mercury removal with 0.2M/0.5M NaCl/NaOCI solution in oil bath

Mercury in rare earth-containing phosphors can also be removed by sodium

hypochlorite/sodium chloride aqueous solutions as reported by Coskun and Civelekoglu?®.
According to this report, 96% of mercury could be leached by using NaCI/NaOCI (0.2M/0.5M)
solution from used fluorescent lamp samples of the nonspecific source at 2-h contact time, pH
7.5, 50°C, a 1:2 solid-to-liquid ratio (g/ml) and a 120-rpm agitation speed. The source of the
fluorescent lamps was not specified. The reaction for mercury removal involves the formation

of water soluble HgCls>species 2°.
Hge) + HOCI + 3CIT — HgCls? @)+ OH (o  Kr=5.0 * 10®°

In order to evaluate this idea, we conducted our experiments by applying Coskun et
al.’s optimal concentration and temperature, 0.2M/0.5M NaCl/ NaOCI solutions at 50 °C, for

mercury removal from waste phosphors. In this study, we did not control the pH of the
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solutions. In addition, we used a different solid-to-liquid ratio (g/ml) from that of Coskun et
al.’s because their samples contained pulverized glass, which makes the high solid-to-liquid
ratios possible due to the higher density of glass. Also, commercial 1-gallon Clorox bleach
solution (8.25% w/w) was used as the sources of sodium hypochlorite. Figure 2-3 shows the
results of mercury reduction using 0.2M/0.5M NaCl/NaOCI solutions in oil bath. According
to our results, mercury in the phosphors could be reduced to about 10% (~30 ppm) in 30
minutes of contact with NaCl/NaOCI solutions. It should be noted that the phosphors used in
our investigation were obtained from used Sylvania fluorescent lamps. The result is roughly
consistent with Coskun et al.’s report. Apparently, NaCI/NaOCI solutions work for mercury
removal. However, a longer agitation time or different conditions may be required to increase
the efficiencies or to further reduce the mercury level in the phosphors. Consequently, we

conducted our subsequent experiments with ultrasonic assistance to improve mercury removal

efficiencies.

Oil bath, 50°C

Residual Mercury (ppm)
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Figure 2-3. Mercury removal with NaCl/NaOCI (0.2M/0.5M) solution in 50°C oil bath
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2.3.4. Ultrasound-assisted removal of mercury with 0.2M/0.5M NaCl/NaOClI
solution in a sonication bath

Ultrasound is known to facilitate dissolution of certain solid materials in liquids®. It
can generate not only physical effects such as extremely high local temperature and pressure
but also chemical effects induced by the high temperature and pressure, such as free radical
reactions. Cavity formation, growth and collapse in liquids and the subsequent induced
sonochemistry are often very complicated. However, sonication has been used and proven to
be an effective agitation method for enhancing the rate of reaction, mass transfer, increasing
the yield and altering the reaction pathways in various chemical processes due to its high-
frequency vibration and/or sonochemical effects®23, The effect of ultrasound for removing
mercury from the rare earth phosphors in NaOCI/NaCl (0.2M/0.5M) solutions was
investigated using a sonication bath at 50 °C. As shown in Figure 2-4, under sonication, the
efficiency of mercury removal was significantly increased. For example, after 45 minutes of
sonication, the mercury level in the phosphor was reduced from 289 ppm to 16.6 ppm (~5.7%)
of the original mercury content. Compared to the value obtained from the experiments without
sonication, i.e. 10.5%, the efficiency improved approximately 45%. The enhanced mercury
removal under the influence of ultrasound must be related to the cavitation and sonochemistry
occurring in the system, which possibly makes the conversion of mercury trapped in the
phosphors into water-soluble mercury species, presumably (HgCls)*, much more efficient.
The ultrasound-assisted hypochlorite leaching process for removing mercury from the rare
earth-containing phosphors could possibly be a more attractive alternative way than thermal
desorption method due to the fact that: (1) it does not require a long leaching time and high
energy input; (2) the mercury removed from the phosphors is trapped in an aqueous solution.

This way, an expensive, special-designed close system used to collect the mercury vapor may
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not be necessary. According to this study, recycling rare earth phosphors from spent
fluorescent lamps including phosphor collection and mercury removal can be both processed
simultaneously in an agueous environment with the aid of ultrasound. Mercury leached in the
aqueous solution can be finally collected using conventional methods known in the

literature3437,

2.3.5. Ultrasound-assisted removal of mercury with 0.2M/0.5M NaCl/NaOClI
solution using an ultrasonic liquid processor

Sonication can also be done by inserting an ultrasonic liquid processor into
NaCl/NaOCI solutions. In this case, samples of waste phosphor with a 0.2M/0.5M
NaCl/NaOCIl solution were sonicated at room temperature using an ultrasonic liquid processor
(Sonics, VCX 130) at 20 kH, 130 watts and 80% amplitude for various agitation times. When
the sonication process was carried out with direct insertion of an ultrasonic processor, removal
of mercury became even more rapid and efficient than in sonication bath. With only 5 minutes
of sonication, the mercury level in the phosphor already dropped down to 2.9% of the original
mercury content. The results and comparison are shown in Figure 2-4 and Table 2-1. The
sonication process started at room temperature (22 °C). As time went by, the temperature of
the solutions and glass vials kept increasing with application of ultrasound. Ultrasound is
known to produce cavitation phenomenon in aqueous solutions. The subsequent collapse of
the cavitation bubbles leads to high localized temperatures and pressures in the system. The
temperature of the aqueous system was expected to rise as a result of the cavitation
phenomenon and the absorption of acoustic energy. The temperature of the system increased
as sonication time increased. In general, the temperature approximately reached up to the

range of 70°C to 80°C after 15 minutes of sonication, depending on the conditions. Presumably,
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the combination of temperature rises and sonochemical effects occurring inside the system
promoted the conversion of the trapped mercury in the phosphors into water-soluble mercury

species.

m Qil bath, 50°C Sonication bath, 50°C Ultrasonic liquid processor

3000 |
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Reaction Time (min)

Figure 2-4. Mercury removal with NaCl/NaOCI (0.2M/0.5M) solution: 1) Rate of mercury
removal from the phosphors oil bath at 50 °C; 2) removal of mercury from the phosphors
in sonication bath at 50 °C; 3) mercury removal from the phosphor using an ultrasonic liquid
processor.

Table 2-2. The percentage of residual mercury in the phosphors versus sonication time for
each treatment method.

Time Oil Bath, 50°C Sonication Bath, 50°C ultrasonic liquid processor
(min)

0 100% 100% 100%

5 13.5% 10.8% 2.9%

15 12.3% 9.1% 3.4%

30 11.0% 6.6% 3.0%

45 10.5% 5.7% 3.9%

60 10.5% 5.2% 3.5%
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2.3.6. Assessment of mercury removal through mass balance

After the experiments of ultrasound-assisted removal of mercury with 0.2M/0.5M
NaCl/NaOCI solutions using an ultrasonic liquid processor, both the phosphor powder
residues and supernatants were sent for ICP-MS mercury analysis. The results are shown in
Figure 2-5. According to our results, there are variations in the recovery of each experiment.
Except for the experiment of 5-min sonication, which is slightly under-recovered, the rest are
all slightly over-recovered. We attribute the under-recovery and over-recovery to human
errors in the process of sample preparation, handling and system errors of instrumental
analysis. The latter trials tend to have over-recovery rates. The reason could be because the
ultrasonic liquid processor was not cleaned properly and the residual mercury from the
previous experiment was carried over to the next one. However, the average recovery rate is
109.1%. The relative standard deviation of the trials is 7.2%. It is safe to say that our mass
balance is within an acceptable range. Based on our results, we can also see that the average
residual mercury level in the phosphor residues is 3.6% and the standard deviation is 1.0%.
Therefore, we can make the following assumptions: 1) In general, over 96% of the mercury
in the phosphors can be extracted to 0.2M/0.5M NaCl/NaOCI solutions within the first 5
minutes with an ultrasonic liquid processor since longer sonication times did not further and
significantly lower the mercury content in the phosphors to the extent of the first 5 minutes;
2) This condition could have reached its equilibrium since extended sonication times did not
make any significant differences. As a result, different conditions will need to be applied to

further reduce the mercury level.
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Mass Balance

H Residual mercury in phosphor M Mercury in (0.2/0.5) NaCl/NaOCI solution
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Figure 2-5. Mass balance of mercury content before and after the reaction for each time
span

2.3.7. Concentration effect

In order to improve the efficiencies of mercury removal, we investigated the influence
of various concentrations for NaCl/NaOCI solutions with sonication using an ultrasonic liquid
processor since it provides the most efficient way to remove mercury. We set 0.2M/0.5M
NaCl/NaOCI as the default concentration and made solutions that were either fractions or
multiples of the default concentration. Due to the fact that the highest available concentration
of sodium hypochlorite in the commercial bleach is 8.5%, and that we would like to compare
the influences between the commercial bleach and pure sodium hypochlorite solutions, we
prepared the solutions using both commercial bleach and pure sodium hypochlorite solutions.
In the following Figures, B is prefixed to the solutions made from the commercial bleach and
P to the ones made from pure sodium hypochlorite solutions. For example: B-2 x Default
stands for 0.4M/1.0M NaCl/ NaOCI solution made with bleach. Figure 2-6 shows the results

for phosphors sonicated in NaCl/NaOCI solutions of various concentrations for 5 minutes. In
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general, the higher the concentration, the better the efficiency, except for the solution [B-2 x
Default]. Compared to the result of phosphor sonicated in solution [B-2 x Default], solution
[P-2 x Default] had a much better efficiency. [B-2 x Default] and [P-2 x Default] have the
same concentration of sodium hypochlorite, the only difference is that the commercial bleach
contains other chemical components in it. The results seem to tell us that solutions made from

pure sodium hypochlorite solutions give better efficiencies in mercury removal.

5-min sonication
14.0%
12.0%
10.0%

8.0%

6.0%
4.0%
s lnwm
0.0%

B-0.5 x Default B-0.75 x Default B-Default (0.5M B-2 x Default P-2 x Default P-3.24 x Default
NaOCl/0.2M
Nacl)

Residual Mercury (%)

Figure 2-6. 5-minute sonication of phosphors in NaCl/NaOCI solutions of various
concentrations. B prefixes to the solutions made with bleach; P to the solutions made with
pure sodium hypochlorite. 0.2M/0.5M NaCI/NaOCI is the default concentration. The
concentrations of the other solutions were made to be the fractions or multiples of the
0.2M/0.5M NaCl/NaOCI. For example: 0.5 x Default = 0.1M/0.25M NaCl/NaOCl
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2.3.8. Time effect

As we mentioned in the mass balance section, the default concentration seemed to
reach its equilibrium. Consequently, the residual mercury only fluctuates around 3.3% and
would not go down any more, even with an extended sonication time. For the solutions of
higher concentrations, the residual mercury level further went down as we increased
sonication time. As illustrated in Figure 2-7, when sonication time was increased from 5
minutes to 15 minutes, the efficiencies for the NaCl/NaOCI solutions with higher
concentrations were further improved and remained the same trend as in Figure 2-6. [B-2 X
Default] condition still had the least efficiency. The reason is unclear. Perhaps, when we
increase the concentration of NaCl/NaOCI solutions, the other chemical components in the

bleach can cause negative effects on mercury removal.

Time effect

16.0%

14.0%
® 12.0%
&
3 10.0%
S 8.0%
— I
§ 6.0%
& a0% _

0.0%

B-Default B-2 x Default P-2 x Default P-3.2 x Default

H 5 min 15 min

Figure 2-7. Comparison between 5-minute and 15-minute sonication of phosphors in
solutions of various concentrations. B prefixes to the solutions made with bleach; P to the
solutions made with pure sodium hypochlorite. 0.2M/0.5M NaCl/NaOCl is the default
concentration. The concentrations of the other solutions were made to be the fractions or
multiples of the 0.2M/0.5M NaCIl/NaOCl.
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2.3.9. Toxicity characteristic leaching procedure (TCLP)

Even though we have achieved 98% of mercury removal from waste phosphors in only
15 minutes, percentage is only a relative measurement. In addition, our ultimate goal is to
meet the requirements and standards of the USEPA. Thus, the treated phosphors were
evaluated to see whether the results meet the EPA’s standards. Toxicity characteristic leaching
procedure (TCLP) is a chemical extraction analysis method to simulate leaching through a
landfill, which is employed by the USEPA to determine whether a waste is hazardous or not,
Basically, TCLP is carried out by leaching a waste sample with an acetic acid /sodium
hydroxide solution at a 1:20 sample-to-solvent ratio. This leachate mixture is then placed in
an extraction vessel, which is rotated at 30 + 2 rpm for 18 £ 2 hours to simulate an extended
leaching time in the ground. The leachate solution is then sent for analysis. If TCLP analytical
results are lower than the TCLP contamination standards, the waste is considered non-
hazardous. USEPA has different standards and regulations for different purposes. For land
disposal, the wastes are subject to the land disposal restrictions (LDRs) (40 CFR 8268.40), in
which the maximum concentration for mercury is 0.025 ppm TCLP. If they are above these
standards, the waste must be taken to a hazardous waste disposal facility and the cost of
disposal will increase significantly. For universal waste management purpose, the maximum
concentration for mercury is 0.2 ppm TCLP. Therefore, we performed TCLP on the samples

that had been treated with NaCI/NaOCI solutions of various concentrations under sonication.

As mentioned in the previous section, 0.2M/0.5M NaCIl/NaOCI was set as the default
concentration. TCLP was performed on the original phosphor and the phosphor treated in the

oil bath. The results in Figure 2-8 indicate that the treatment in oil bath did lower the TCLP


https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/Sodium_hydroxide
https://en.wikipedia.org/wiki/Sodium_hydroxide
https://en.wikipedia.org/wiki/Hazardous_waste#Final_disposal_of_hazardous_waste
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mercury level, but they are still far from meeting the USEPA standards for universal waste

management (0.2 ppm) and land disposal (0.025 ppm).

TCLP for original and phosphors treated in
Oil Bath

Leached Mercury (ppm)
BoRr NN W W
o (3] o (5, ] o [F,]

o
"

o
o

Original Phosphor B-Default (5 min) B-Default (15 min)

Figure 2-8. Leached mercury level after TCLP was performed on the original phosphor and
the phosphor samples treated under the default concentration in oil bath. B prefixes to the
solutions made with bleach; 0.2M/0.5M NaCl/NaOClI is the default concentration.

Figure 2-9 shows the TCLP results for phosphors sonicated using ultrasonic liquid processor
in the solutions of default concentration at various sonication times. The TCLP results went
down as sonication time increased. Also, within the first 5 minutes, the TCLP level already
lowered down below the EPA mercury standard for universal waste management. However,
it was not low enough to meet the mercury standard for land disposal under the default
concentration, even though the samples were sonicated for 1 hour. As a result, changing
conditions seems to be a better strategy. Thus, we performed TCLP on the phosphors that
were sonicated in NaCl/NaOCI solutions of different concentrations for 5 minutes. The results

in Figure 2-10 basically follow the same trend as previous sections. As the samples were
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treated with solutions of higher concentrations, less mercury could be leached out via TCLP.
Also, under the same condition, solutions made from pure sodium hypochlorite solutions have
better efficiencies. Once again, all the results met the standard for universal waste

management, but none of them met the standard for land disposal.

TCLP for default concentration

©

S 0.04
0.02
0.00

B-Default (5 min) B-Default (30 min) B-Default (60 min)

Figure 2-9. Leached mercury level after TCLP was performed on the samples treated under
the default concentration under sonication. B prefixes to the solutions made with bleach;
0.2M/0.5M NaCl/NaOCl is the default concentration.



0.20
0.18
__0.16

p
o
(=Y
'y

0.12
0.10
0.08
0.06
0.04
0.02
0.00

Leached Mercury (ppm

50

TCLP for 5-min Sonicationwith various concentrations

B-0.5 x Default B-0.75 x Default B-Default B-2 x Default P-2 x Default P-3.24 x Default

Figure 2-10. TCLP results for phosphors sonicated in NaCI/NaOCI solutions of various
concentrations for 5 minutes. B prefixes to the solutions made with bleach; P to the solutions
made with pure sodium hypochlorite. 0.2M/0.5M NaCl/NaOCl is the default concentration.
The concentrations of the other solutions were made to be the fractions or multiples of the
0.2M/0.5M NaCl/NaOCl.

Leached Mercury (p

TCLP for 15-min sonication with various
concentrations
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Figure 2-11. TCLP results for 15-minute sonication of phosphors in NaCl/NaOCI solutions
of various concentrations. B prefixes to the solutions made with bleach; P to the solutions
made with pure sodium hypochlorite. 0.2M/0.5M NaCIl/NaOCl is the default concentration.
The concentrations of the other solutions were made to be the fractions or multiples of the
0.2M/0.5M NaCl/NaOCl.



51

Since longer sonication times and higher concertrations can improve the reduction of
mercury level in the TCLP leachate solutions, we took the best 3 conditions from the 5-min
sonication experiments and carried out the experiments for 15 minutes. In Figure 2-11, the
results show that with 15-min of sonication, the most concentrated solution could bring the
mercury level down to 0.0382 ppm. Although it still does not meet the USEPA standard for

land disposal (0.0250 ppm), but it is very close.

2.3.10. Ultrasound-assisted mercury removal with deionized water using an
ultrasonic liquid processor

If ultrasound can facilitate mercury removal in a hypochlorite solution, would
sonication of mercury-containing phosphors with deionized water help us achieve the same
results? If water could be used as the reagent instead of hypochlorite solutions, the removal
of mercury from waste phosphors would become further cost-efficient and environmentally
friendly. To evaluate this idea, we used the same set of experiments, but replaced the
hypochlorite solutions with deionized water. In Figure 2-12, we can see that the mercury
content of the phosphor dropped to a certain level after 15 min of sonication in water. However,
after 15 mins the mercury level did not drop significantly any more. Without hypochlorite,
sonication with the ultrasonic processor can also remove some mercury from the phosphors,
however, conversion of the trapped mercury into water-soluble mercury species is rather

limited. Obviously, sonication alone is not sufficient to reduce mercury significantly.
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Sonication with DI water
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Figure 2-12. Sonication with DI water: Mercury removal by sonication of the phosphor in
water with an ultrasound probe at room temperature.

2.3.11.Potential of Reusability

A typical fluorescent emission spectrum of the phosphor collected from a new
Sylvania fluorescent lamp using an excitation wavelength of 254 nm is shown in Figure 2-13.
The excitation wavelength of 254 nm was employed because the mercury vapor in fluorescent
lamps generates UV light of 254 nm to excite the rare earth phosphors to produce visible light
when electric current passes through. Consequently, by using this wavelength, we will be able
to obtain the fluorescence emission of fluorescent lamps. In Figure 2-13, the peak around 508
nm is the peak of second order Ryleigh scattering. The peak around 625nm is for red
phosphors; the peaks around 557nm, 598nm and 636 are green phosphors; the blue phosphor
is around 460nm. The fluorescence emission spectra of several treated phosphor samples and
the new Sylvania phosphor were compared. In Figure 2-13, those treated samples exhibited

resemblance of emission spectra with the one from a new Sylvania lamp. The relative position
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of each peak of all the samples are nearly identical. The height of each peak does not
necessarily reflect the strength of the emission because the spectra were taken with solid
samples that were held between 2 quartz slides, in which the powder is hard to be distributed
evenly and conduct quantitative measurement. Figure 2-14 (a)-(e) are the SEM micrographs
were for original and the treated phosphors. Compared to the original phosphor, the ones

treated with 600°C heating and most dilute solution shows similar morphological features.

These 2 conditions might have a potential of reusability.

(a) Original Sylvania (b) 1 hr-Heating at 600°C (c) 0.5xDefault 5 min
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Figure 2-13. Emission spectra for (a) Original Sylvania phosphor; (b) phosphor heated at
600°C for 1 hour; (c) phosphor sonicated in 0.1M/0.25M NaCl/NaOCI solution for 5
minutes; (d) phosphor sonicated in 0.15M/0.375M NaCl/NaOCI solution for 5 minutes; (e)
phosphor sonicated in 0.2M/0.5M NaCIl/NaOCI solution for 5 minutes; (f) phosphor
sonicated in 0.2M/0.5M NaCl/NaOCI solution for 15 minutes
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Figure 2-14. SEM images for (a) Original Sylvania phosphor; (b) phosphor heated at 600°C
for 1 hour; (c) phosphor sonicated in 0.1M/0.25M NaCIl/NaOCI solution for 5 minutes; (d)
phosphor sonicated in 0.15M/0.375M NaCI/NaOCI solution for 5 minutes; (e) phosphor
sonicated in 0.2M/0.5M NaCl/NaOCI solution for 5 minutes; (f) phosphor sonicated in
0.2M/0.5M NaCl/NaOCI solution for 15 minutes
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2.4. Conclusion

Mercury in rare earth phosphors collected from used fluorescent lamps can be
effectively reduced from more than 250 ppm to less than 10 ppm in a few minutes by simply
using sodium hypochlorite solutions made from commercial bleach with an ultrasound-
assisted leaching process and meet the USEPA standard for universal waste management.
Based on the data, we can conclude that NaCIl/NaOCI solutions of a higher concentration with
a longer sonication time will increase the efficiencies of mercury removal from spent
phosphors. In addition, solutions made from pure sodium hypochlorite solution have better
efficiencies than the ones made from commercial bleach. It could possibly be attributed to the
unknow chemical ingredients in the commercial bleach. The fluorescence spectra of the
phosphors after mercury removal have similar spectra compared with the phosphors collected

from new lamps. However, more investigation will be needed to determine the reusability.

The results suggest that recycling rare-earth phosphors, from phosphor collection to
mercury removal, can all be accomplished within 5 minutes by using simple ultrasound-based
techniques described in this study. This simple method of converting a hazardous material to
potentially reusable rare earth phosphors should be of considerable interest to environmental

conservation and critical materials management programs.
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Chapter 3: Selective Extraction of Rare Earth Elements from
Spent Commercial Fluorescent Phosphors Using Supercritical
Fluid Carbon Dioxide

Abstract

Supercritical carbon dioxide provides an effective medium for extraction of rare earth
elements from phosphors collected from end-of-life fluorescent lamps. Without pretreatment,
supercritical carbon dioxide extraction is only effective for removing europium and yttrium
from the phosphors because they exist in oxide forms. To recover cerium, lanthanum, and
terbium, which exist in phosphate or aluminate forms in the phosphors, a pretreatment
procedure is required to facilitate their extraction. This paper describes a sodium peroxide
calcination procedure which would decompose the phosphor matrices and convert the rare
earths into their oxide forms prior to supercritical extraction. By utilizing a tri-n-
butylphosphate-nitric acid complex, selective recovery of the rare earth elements from the
pretreated phosphors can be achieved by supercritical CO2 extraction. The extraction
efficiencies are over 96% for all the rare earth elements using the supercritical extraction

method.
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3.1. Introduction

Rare earth elements (REES) are used in a number of electronics and communication
devices including lasers, magnets, wind turbines, cell phones, defense technologies, and
phosphors for fluorescent light bulbs, TV screens and computer displays, etc.! Currently, only
a handful of mines supply REEs to the entire world, and most of them are located in China.
To alleviate the dependence on rare earth supplies from China or increase supply diversities,
reopening the existing rare earth mines, seeking new rare earth ores or developing methods to
recycle rare earth elements from end-of-life electronic wastes have become some of the
approaches that are actively pursued by the U.S.A. Recycling rare earth elements from end-
of-life products, including fluorescent light bulbs, magnets, batteries, electronics, etc., is one
of the U.S. Department of Energy’s strategies described in the “Critical Materials Strategy”
report>3. This approach is generally called urban mining. The advantages of urban mining
include shorter operation period, relatively low cost, reduced amount of waste, and
environmental friendliness. It provides a sustainable way of obtaining rare earth minerals. One
of the most accessible sources containing rare earth elements in our day-to-day life is the
phosphors coated on the inner wall of fluorescent lamps. From 2006 to 2008, approximately
7% of global consumption of rare earth metals was used in phosphors?. In the U.S. alone, more
than 680 million fluorescent lamps are disposed annually, but most of them are not recycled®.
A number of studies for recovering rare earth elements from the phosphors of end-of-life
fluorescent lamps have been reported®’.

The phosphor materials used in fluorescent lighting consist of 3 types of phosphors:
red, green and blue phosphors, and therefore they are called tricolor or trichromatic phosphors.

Red phosphors are usually in oxide forms, which can dissolve in acid solutions. Green and
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blue phosphors have various forms, depending on what type of matrix in which rare earth
metals are doped. There are generally 4 types of matrices: phosphate, aluminate, borate and
silicate (Table 3-1). Phosphate and aluminate matrices are the most commonly used in the
commercial fluorescent lamps®. These 2 matrices are much more stable than oxides, especially
aluminate. Aluminate-based green and blue phosphors have been investigated and determined
to be in spinel structures. This type of phosphors has the advantages of anti-ultraviolet aging,
excellent thermal stabilities and high luminous efficiencies®. However, the stable structures
also make extraction of rare earth metals doped in aluminate structures by conventional acid

leaching considerably challenging™®.

Table 3-1. Chemical formula for fluorescent phosphor materials

Phosphor Red Green Blue

Phosphate matrix Y 0s:Eu?t LaPO4:Ce?, Th% (Ba, Sr, Ca)s (PO4,); Cl:EU?*
Aluminate matrix Y,0s:Eu®* CeMgAl;1;019:Th3* BaMgAlcO17:Eu?*

Borate matrix Y.03:Eu®* GdMgBs010:Ce®*, Th®*  Ca:BsOsCl:Eu?*

Silicate matrix Y20s:Eu®* Y2SiOz:Ce*, Th** BaZrSizOg:Eus+

Alkali fusion method is often used to decompose phosphors with stable structures and
convert them to acid soluble species to improve leaching efficiency. Li et al. decomposed
phosphors by calcining them with sodium hydroxide at 900 °C for 2 hours and reached a
leaching efficiency close to 100%?*. Porob et al. converted phosphors into a mixture of oxides
by heating them with sodium carbonate at 1000 °C*?. Zhang et al. performed 2-step acid
leaching. Their results show that hydrochloric acid is better than sulfuric acid in the first acid
leaching step, and sodium hydroxide is better than sodium carbonate in the alkali fusion

process. The leaching rates for all rare earth metals reached over 97%*3. Wu et al. investigated


http://www.sciencedirect.com/science/article/pii/S0921344914000937?np=y&npKey=fc73cb0561b0de93ed661903c9ab5b983a70901d25ef444434bfd13f6a6f991c#bib0205
http://www.sciencedirect.com/science/article/pii/S0921344914000937?np=y&npKey=fc73cb0561b0de93ed661903c9ab5b983a70901d25ef444434bfd13f6a6f991c#bib0290
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the calcination of green phosphor ((Ceo.67Tbo33)MgAl11019) using sodium peroxide system,
and the phosphor was converted to the mixtures of Na,CeOs, Na;ThOs, MgO- and NaAlOx.
The optimal molten salt calcining conditions were found to be 650 °C, 50 min, and 1.5 : 1 of

Na>O,-to-waste mass ratio®.

Compared to conventional solvent extraction methods, supercritical fluid extraction
(SFE) provides an alternative way for recovering rare earth elements from spent fluorescent
phosphors. In SFE, liquid solvents are replaced with supercritical fluid carbon dioxide (sc-
CO3), which can be recycled and reused after depressurization, and therefore the generation
of secondary solvent wastes is greatly reduced. Supercritical carbon dioxide has the
advantages of being non-flammable, inexpensive, easily accessible, and having moderate
critical parameters. The nature of being able to dissolve materials like a liquid and diffuse like
a gas also makes sc-CO- a very attractive option. Shimizu et al. demonstrated an SFE process
by using a tri-n-butylphosphate-nitric acid (TBP-HNO3) complex to extract the rare earth
elements from fluorescent phosphors®®. In their report, yttrium and europium, the rare earth
elements in the red phosphor, could be effectively recovered. However, the REES in hon-oxide

forms, such as lanthanide phosphates, showed very low extraction efficiencies.

In this paper, we report an SFE process for extracting rare earth elements from
aluminate-based phosphors and commercial Sylvania brand fluorescent phosphor. The
phosphors were pretreated via a sodium peroxide calcination process prior to SFE operation,
and high extraction efficiencies were achieved. It is a selective extraction method for REEs
when using a TBP-HNO3z complex as the chelating agent in our SFE process. This simple
batch extraction process using sc-CO- could achieve comparable results as the ones reported

in the literature using multi-solvent systems. The SFE process described in this paper may
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provide an environmentally sustainable and economically viable method for recycling rare

earth elements from fluorescent lamps and other electronic wastes.

3.2. Experimental Section

3.2.1. Chemicals and materials

Green phosphor (Ceo.s3Tho37MgAl11019), blue phosphor (BaossEuo.12aMgAl10017) and
Trichromatic phosphor (TRI), a mixture of the red (Y1.92Eu0.0803), green and blue phosphors,
were purchased from Sigma-Aldrich. Sylvania fluorescent phosphor material was collected
from end-of-life fluorescent lamps. Hydrogen peroxide (EMD Millipore, 30%) was used to
digest phosphor materials; sodium peroxide (Na2O2; 95%) used to decompose phosphor

materials was purchased from Alfa Aesar. All chemicals were used as received.

Based on a report by Shimizu et al.*> a TBP-HNO3 adduct (complex A) was prepared
by mixing an aliquot of TBP (Tri-n-butylphosphate, Sigma-Aldrich, 97%) with an equal
volume of concentrated nitric acid (Macron Fine Chemicals, 70%) in a glass vial. This glass
vial was shaken mechanically for 5 minutes and centrifuged at 4000 rpm for 10 minutes. The
upper layer of the resultant mixture is the complex A. An aliquot of complex A and 0.25

aliquot of TBP were mixed to prepare another TBP-HNO3z adduct, complex B.

3.2.2. Experimental apparatus
Inductively coupled plasma-mass spectroscopy (ICP-MS, Agilent 7700x) was used to
quantify the amount of rare earth elements found in each solution. Florescence spectra were

obtained using a fluorescence spectrometer (FluoroMax-3, Horiba). A schematic diagram of


http://www.horiba.com/scientific/products/fluorescence-spectroscopy/
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the SFE apparatus is shown in Figure 1. The main parts consist of a liquid CO» tank (Matheson
Tri-Gas), 2 parallelly connected syringe pumps (ISCO, model 260D, Japan), an injection cell
(internal volume 15 cm?®) and a reaction cell (internal volume 15 cm®) made of stainless steel
AISI 316, a pressure gauge, a few needle valves (High Pressure Equipment Company), a
micro-metering valve (Parker Autoclave Engineers) and a collection cell. As indicated in
Figure 3-1, both the injection cell and reaction cell are on top of the hot plates with magnetic
stir (Fisher Scientific) and are placed in the ovens to maintain 60°C. The output of the reaction
cell is connected to a needle valve and a micro-metering valve, which controls the flow rate

and back-pressure. 30 mL 0.1 M HNO3z was used as the trap solution.

SUPERCRITICAL FLUID EXTRACTION SYSTEM

Micro-metering

. Valve

| ISCO Pump System | 60°C 60°C Trap Solution

Figure. 3-1. Schematic diagram of the SFE system
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3.2.3. Characterization of the phosphors

Our phosphor materials are from 2 sources. The one purchased from Sigma-Aldrich
has been well processed by the merchant and does not contain any fragmented glass. However,
the phosphor material collected from spent Sylvania lamps tends to contain moisture and small
pieces of glass. As a result, drying and homogenization (manual mixing, sieving) were
essential prior to performing the investigations. First, the Sylvania phosphor powder was
collected from end-of-life Sylvania fluorescent lamps using sonication bath. Drying was
carried out in an oven at 70°C for 24 hours. The Sylvania phosphor was then passed through
250 um sieves and placed in a plastic bottle. The bottle was shaken mechanically for 3 hours
to ensure the homogeneity. Finally, this bottle of processed phosphor material was stored in a
dessicator. To estimate the metal content in the phosphors, whether purchased from Sigma-
Aldrich or collected from Sylvania lamps, 100 mg of each of the materials was mixed with an
appropriate amount of sodium peroxide to carry out alkali fusion under an elevated
temperature. After the sodium peroxide treatment, acid digestion was performed on each of
the alkaline slags by mixing 10 mL of concentrated HNO3z and 10 mL of 30% H20.. The
solutions were heated, stirred and refluxed at 500 rpm and 80 °C for 24 hours to ensure all
solid materials were completely dissolved. After dissolution, solutions were cooled,
transferred and diluted in 100 mL volumetric flasks with deionized water. A 2% nitric acid
solution, prepared with concentrated stock solution and deionized water, was used to further

dilute the solutions for ICP analysis.
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3.2.4. Sodium peroxide pretreatment of phosphors materials

To extract the rare earth elements in phosphate or aluminate-based phosphors, we
pretreated the phosphor materials based on conditions from a report by Wu et al** with
modification. An aliquot of phosphor material and 1.5 aliquot of sodium peroxide were well
mixed and placed in a nickel crucible. The crucible was then put into a tube furnace with a
temperature of 650°C for 1-hour. The procedures for sodium peroxide pretreatment of waste
phosphors are shown in Figure 3-2. After calcination, the treated phosphor was collected
differently for different purposes. Normally we soak and wash the treated materials with
deionized water to get rid of excess sodium peroxide and water-soluble species that are
generated due to the decomposition of phosphor materials and then further anneal the washed
materials at 700°C for 1 hour, but we also collected the samples without soaking and washing

to conduct selectivity experiments.

‘ 1 aliquot phosphor | 1.5 aliquot Na,O, ‘

Tube furnace

Calcination at 650°C
for 1 hour

Alkali slags

Soaking and washing with DI water ‘ ‘ Selective Extraction experiments

Annealing

‘ Extraction experiments |

Figure. 3-2. Flowchart for sodium peroxide pretreatment
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3.2.5. Extraction using TBP-HNO3 adduct
To evaluate whether pretreatment of phosphor materials with sodium peroxide would

improve the efficiencies of extraction, experiments were conducted under atmospheric
pressure using the TBP-HNO3 complex B as extractant. As shown in Table 3-2, in extraction
experiments under atmospheric pressure, 10 mL of the TBP-HNOs complex B in a glass vial
was preheated to 60°C in an oil bath, and 100 mg of the phosphor material was then added
into the glass vial and stirred for 2 hours. Excessive amount of 0.1 M HNOz was used to back-
extract the metal ions in the complex. The final solution was analyzed by ICP-MS.

Table 3-2. Extraction under atmospheric pressure

Adduct 10 mL TBP-HNO3 Complex B

Phosphor materials | Non-treated phosphors, treated-non-washed phosphors, treated-
washed-annealed phosphors

Material size 100 mg
Temperature 60°C
Extraction time 120 min

For the extraction experiments under supercritical conditions, 2 mL of the TBP-HNO3
complex B and 20 mg of the treated-washed-annealed phosphor material were placed in the
reaction cell, and 10 mL of TBP was added into the injection cell as the extra eluent. Both
cells were stirred and heated. 30 mL of 0.1 M nitric acid functioning as the trap solution was
placed at the end of the system. Liquid CO2was pressurized to 3200 psi. When the temperature
of the system reached 60°C, pressurized CO2 was introduced into both cells and mixed with
the TBP in the injection cell as well as the reaction mixture of TBP-HNO3z complex B and
phosphor material in the reaction cell. After 2 hours of static extraction, the terminal valve
was opened to start the 2-hour dynamic extraction. The effluents from the reaction cell were

directed into the trap solution through the micro-metering valve, which regulated the flow rate
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of CO; as approximately 2 mL/min. Once the supercritical CO2 came out of the tubing at
atmospheric pressure, it was gasified and left the REE-TBP-HNO3z complexes in the trap
solution, which was later analyzed by ICP-MS. The conditions for extraction under

supercritical conditions are listed in Table 3-3.

Table 3-3. Extraction under supercritical conditions

Adduct 2 mL TBP-HNOs Complex B

Phosphor materials | Treated-washed-annealed phosphors

Material size 20 mg

Pressure 3200 psi

Temperature 60°C

Extraction time Static stage = 120 min, Dynamic stage = 120 min

3.3. Results and discussion

3.3.1. Characterization and pretreatment of the phosphors

According to the estimates in the U.S. Department of Energy Critical Materials
Strategy?3, in lighting phosphors, yttrium has the highest average weight percentage, followed
by cerium/lanthanum, terbium and europium. Green phosphors consist of terbium, lanthanum
and/or cerium. Sometimes cerium has a higher weight percentage than lanthanum, and
sometimes lanthanum is higher than cerium, all depending on what type of green phosphor is
used in the tri-band combination. The percentage of each rare earth element also varies from

manufacturer to manufacturer, but roughly follows similar trends.

The trichromatic phosphor (TRI) purchased from Sigma-Aldrich is a mixture of red,
green and blue phosphors, which have chemical formulas of Y192Euq080s3,

Ceo.63Tho.37MgAl11019, and Bag.gsEuo.14MgAl10017, respectively. Lanthanum does not exist in
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this purchased trichromatic phosphor, and the weight percentage of each element is unknow.
As for the chemical composition and weight percentage of each element in the Sylvania
fluorescent phosphor (SYL), we were not able to acquire the information since it could be
commercially sensitive. As a result, we had to digest both phosphor materials to estimate the
chemical composition and weight of each element in both phosphor materials. Alkali fusion
and acid leaching were performed 3 times on both TRI and SYL phosphors. The results are

shown in Table 3-4.

Table 3-4. Metal content of Sylvania and Trichromatic phosphor (mg g dry non-treated
material)

Ce Eu La Th Y
SYL 50.3+2.2 18.4+0.4 46.3+1.9 19.9+0.5 219.0+4.8
TRI 324+19 26.2 £ 0.7 N/A 229+0.6 254.6 £ 3.7

Al Ba Ca Mg Sr
SYL 100.5 +13.3 3.2+05 31.9+23 21+04 35.4+3.2
TRI 204.9+99 148+ 3.4 N/A 246+6.0 N/A

Due to the stable nature of green and blue phosphors, sodium peroxide was used on
both materials to decompose their matrices. According to Wu et al.*, after calcinating with
sodium peroxide, the waste phosphors will yield a mixture of rare earth compounds such as
Na>CeOs, NaxThO3, NaYOo, La203, ThsO7, Ce2.0O3 and non-rare earth compounds such as CaO,
MgO, NaAlO;, etc. We also observed excess sodium peroxide remained in the alkali slags.
Therefore, we soaked the alkali slags with deionized water until the remnant sodium peroxide
was completely consumed. The slurries were then washed to remove water-soluble undesired

species. Finally, the slurries were annealed at 700°C for 1 hour to get the final product. After
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the above process, the metal content of the pretreated phosphors was also analyzed. The results
for treated-washed-annealed trichromatic phosphor (twa-TRI), treated-washed-annealed
Sylvania phosphor (twa-SYL) and the comparisons with the non-treated phosphor materials

are shown in Table 3-5, Figure 3-3.

Table 3-5. Metal content (mg g™ dry material) for Trichromatic phosphor and Sylvania
phosphor before and after sodium peroxide treatment. A stands for the weight difference
before and after the treatment, and A % stands for increase rate of weight.

Ce Eu La Tb Y Al Ba Ca Mg Sr
TRI 324 | 262 N/A | 229 | 2546 | 2049 | 148 | N/A | 246 N/A
+19 | 07 $06 | #37 | 499 | 134 6.0
twa-TRI | 464 | 339 N/A | 203 | 3440 | 458 | 472 NA | 337 N/A
+08 | #15 +23 | #100 | 26 | #1.1 4.7
A 14.0 7.7 N/A 6.4 89.4 | -150.0 | 324 | N/A 9.1 N/A
A % 432% | 293% | N/A | 27.9% | 351% | -77.6% | 219.2% | N/A | 37.0% | NIA
SYL 503 | 184 | 463 | 199 | 2190 | 1005 | 32 319 2.1 35.4
+22 | #04 | #19 | $05 | +48 | #133 | 05 | #23 | 04 | 32
twa-SYL | 762 | 271 | 737 | 276 | 3368 | 436 178 | 796 7.9 78.7
+41 | #17 | 03 | 41 | %58 | 14 | 15 | 326 | 03 | 208
A 26.0 8.7 213 77 | 1178 | 569 | 146 | 476 5.8 43.4
A % 51.7% | 47.5% | 59.0 | 38.6% | 53.8% | -56.6% | 453.7% | 149.1% | 280.4% | 122.7%
(a) ; :
Weight increase (twa-TRI)
600.0%
500.0%
400.0%
300.0%
219.2%
S 200.0%
100.0% 143.2% 59 3% 27.9% 35.1% 37.0%
0.0% N == == T -
Ce Eu La Tb Y . Ba Ca Mg Sr
-100.0% 77.6%

-200.0%
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(b) Weight Increase (twa-SYL)

500.0% 453.7%

400.0%

280.4%

300.0%

A%

200.0%

100.0% |51.7% 47.5% 590% g5 o, 53.8%

0.0%

Ba Sr

Ca Mg

-100.0% -56.6%

Figure 3-3. (a) The weight increase rate for each metal in treated-washed-annealed
trichromatic phosphor. (b) The weight increase rate for each metal in treated-washed
Sylvania phosphor

Compared to the non-treated phosphors, the concentrations of most metals in the
pretreated phosphors increased except aluminum, in both Sylvania and Trichromatic
phosphors. This means the stable aluminate-based phosphors were decomposed and
aluminum formed water-soluble species after the pretreatment. In order to characterize and
see the influence of the pretreatment on the phosphors, the fluorescent spectroscopy and SEM
were employed on the phosphor materials before and after the pretreatment. An excitation
wavelength of 254 nm was used when taking fluorescence spectra of fluorescent phosphors.
Fluorescence spectroscopy for the purchased blue and green phosphors were also taken so we
could better locate the peaks for each phosphor in the Trichromatic phosphor. The overlap of
the spectra of the Trichromatic, green and blue phosphors are shown Figure 3-4. The peak
around 508nm is the peak of second order Ryleigh scattering of the excitation wavelength.
The peaks for the green phosphor are around 557nm, 598nm and 636. The blue phosphor is

460nm. As a result, the peak for red phosphors in Sylvania and Trichromatic phosphor can be
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easily determined, which is around 625nm. Figure 3-5(a) are the spectra for the original and
the pretreated Trichromatic phosphor. As we can see, after the treatment, all the peaks
disappeared except the peak of second order Ryleigh scattering. It means the phosphor
materials, including the green and blue phosphors with stable structures, had been
decomposed, and the cerium, lanthanum and terbium were transformed into oxides!*, which
caused the change of fluorescence emission. The spectra for the original and the pretreated
Sylvania phosphor are shown in Figure 3-5(b), which are similar to Figure 3-5(a). The
scanning electron microscopy (SEM) was used to evaluate the change of particle sizes and
morphologies of the phosphor materials before and after the treatment. TRI, twa-TRI, SYL
and twa-SYL phosphors are shown in Figure 3-6, 3-7, 3-8 and 3-10, respectively. Obviously,
the particles of the phosphors became fragmented after the application of sodium peroxide

calcination and 700°C annealing.
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Figure 3-4. The fluorescence spectra for the Trichromatic phosphor, green phosphor and
blue phosphor.
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Figure 3-5. Fluorescent spectra before and after pretreatment for (a) Trichromatic
phosphor (b) Sylvania phosphor
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3.3.2. TBP-HNO3 complex preparation

Due to the nonpolar nature of carbon dioxide, direct application of supercritical carbon
dioxide (sc-COy) to extract rare earth metals from waste phosphors is not likely. Therefore,
tributyl phosphate-nitric acid (TBP-HNO3), a complex commonly used for extracting uranium
and lanthanides, was chosen for our investigation. TBP, an amphiphilic species functioning
like surfactants, has 3 non-polar ends, which make it highly soluble in sc-CO, and a polar end,
which can form hydrogen bonding with nitric acid that can pick up rare earth metal ions.
Conventionally, TBP-HNO3z adduct prepared by mixing 1 aliquot of TBP and 1 aliquot of
concentrated HNO3s to make complex A. Based on Shimizu et al.’s report, the extraction

reactions of lanthanide oxides by TBP-HNO3z complex can be expressed by Egs. (1) and (2).

Ln203 + 6HNO3 — 2Ln%" + 6NO3~ + 3H,0 (1)

Ln® + 3NOs~ + nTBP — Ln(NOs3)3(TBP)n @)

The water generated from the first reaction will form small droplets, which will further affect
the extraction efficiencies. Therefore, additional % aliquot of TBP was added to 1 aliquot of
complex A to make complex B. This additional amount of TBP will make extraction of

lanthanide oxides more efficient.

3.3.3. Extraction of rare earth elements from fluorescent phosphor materials
under atmospheric conditions and selectivity

Prior to supercritical extraction, we performed extraction experiments under
atmospheric conditions, as described in sec. 2.3., on the original phosphors, treated-non-

washed phosphors and treated-washed phosphors by using complex B. The reason we
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performed extraction experiments on treated-non-washed phosphors was to leave as much
impurities and undesired metals as possible in the materials and see if this TBP-HNOz adduct
could achieved selective extraction. Our results for both Trichromatic phosphor and Sylvania
materials are shown in Figure 3-6 and Figure 3-7. Due to the change of metal concentrations
of each metal in the phosphor materials before and after pretreatment, our definitions of
extraction efficiency are slightly different for original, treated-non-washed and treated-

washed materials. The definitions are as follows:

For original and treated-non-washed phosphors-

Metal extracted from original or treated—non—wached phosphor

Efficiency [%] = X100

Metal of original phosphor loaded

For treated-washed phosphors-

Metal extracted from treated—washed—annealed phosphor

Efficiency [%] = X100

Metal of treated—washed—annealed phosphor loaded

Figure 3-10 shows that when extraction experiments were performed on original
Trichromatic phosphor (TRI) with complex B, only europium and yttrium had noticeable
yields. As expected, the extraction efficiencies for cerium, and terbium were next to nothing.
It is understandable since europium and yttrium in red phosphors are in oxide forms while
cerium and terbium are doped in relatively stable green phosphors. In addition, most of the
europium in a phosphor material is contained in the red phosphor, and the rest of the europium
content is in the blue phosphor, which is stable and relatively challenging to be extracted

without pretreatment. Consequently, only 66.9% of europium was extracted.
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When extraction experiments were performed on treated-non-washed Trichromatic
phosphor (tnw-TRI), all rare earth metals could be extracted out, including cerium and terbium
in the green phosphor. In addition, only magnesium had a noticeable yield among all the non-
rare earth metals. However, the extraction efficiencies of all the rare earth elements were only
between 40.7% and 44.5%. It is noteworthy that even the yields of europium and yttrium were
not comparable with the yields of non-treated Trichromatic phosphor. Here are some
explanations: (1) After the treatment of sodium peroxide at 650°C for 1 hour, there was still
excess sodium peroxide leftover. The amount was hard to estimate, but it lowered the weight
percentage of rare earth metals in the phosphor material. As a result, when we took a certain
amount of treated phosphor material, there was less rare earth metal content than we expected.
(2) Sodium peroxide, which tends to react with acids, might have reacted with the nitric acid
in the TBP-HNOz complex and consumed the extraction capacity. (3) The matrices of green
and blue phosphors might have been decomposed through alkali fusion, but cerium,
lanthanum, terbium and the europium in the blue phosphor might not have been completely
transformed into leachable species. Due to the above reasons, the Na,O»-treated phosphor
material was soaked in deionized water to consume all the Na>O: leftover after calcination and
washed to get rid of undesired metals and impurities. The slurry was then annealed at 700°C

for 1 hour.

Results shows the extraction efficiencies for the treated-washed-annealed
Trichromatic phosphor (twa-TRI) improved significantly. The yields of europium and yttrium
achieved to > 99%, and the yields of the other rare earth metals also improved significantly.
For non-rare earth metals, same as the results for treated-non-washed phosphor, only

magnesium had a noticeable yield, and the others remained negligible. The same set of
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experiments were performed on Sylvania phosphors and similar results were obtained (Figure
3-11). Therefore, we believe the pretreatment procedure could help supercritical extraction of

cerium, lanthanum and terbium and part of the europium out of green and blue phosphors.

From our results, we noticed that the extraction efficiencies for the non-rare earth
metals were usually insignificant except magnesium. Thus, we carried out acid extraction
experiments under the same conditions on Sylvania phosphor, but only replaced TBP-HNO3
complex with 7M HNOa. The results in Figure 3-12 show that significant extraction yields of
the non-rare earth metals in the phosphors could be achieved via acid extraction. Therefore,
we could conclude that TBP-HNO3 complexes are in favor of the extraction of rare earth
elements, which helps achieve selective extraction. This phenomenon could possibly be
attributed to the following reasons: 1. Rare earth metals have great capability to form
complexes with TBP-HNOs3, but the non-rare earth metals in the phosphor materials do not
have this capability to form strong complexes. As a result, selective extraction was achieved.
2. Rare earth metals have very good solubility in TBP-HNOz; complex, but the non-rare earth
metals in the phosphors can only dissolve in TBP-HNO3z complex to a very limited extent.
However, compared to the other non-rare earth metals, magnesium might have a relatively
greater solubility in TBP-HNO3z complex. Consequently, a noticeable yield of magnesium was
observed. Figure 3-13 shows our measurement of the solubility for relevant metal oxides in
TBP-HNO3z complex. As expected, rare earth oxides have much higher solubility than non-
rare earth oxides. Among the non-rare earth oxides, magnesium oxide has the highest
solubility followed by calcium oxide and aluminum oxide, which is consistent to the results

in Figure 3-10 and Figure 3-11.
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Figure 3-10. TBP-HNOgzextraction under atmospheric conditions for original Trichromatic

phosphor (TRI), treated-non-washed Trichromatic phosphor (tnw-TRI), and treated-
washed-annealed Trichromatic phosphor (twa-TRI).
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Figure 3-11. TBP-HNO3 extraction under atmospheric conditions for original Sylvania

phosphor (SYL), treated-non-washed Sylvania phosphor (thw-SYL), and treated-washed-
annealed Sylvania phosphor (twa-SYL).
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Figure 3-12. Acid leaching on Sylvania phosphor with 7M HNO3 at 60°C for 2 hours.
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Figure 3-13. Solubility of rare earth oxides and non-rare earth oxides in TBP-HNO3z adduct

(mg-mL™?) at 60°C
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3.3.4. Extraction of rare earth elements from fluorescent phosphor materials vis
supercritical CO>

Based on the results on Sec. 3.3.3., obviously, sodium peroxide pretreatment can help
extraction of rare earth elements out of green and blue phosphors. Therefore, supercritical
fluid extraction was performed on the treated-washed-annealed phosphor materials. The
conditions and procedure were as described in Sec. 3.2.5. Figure 3-13 shows the results for
supercritical extraction of the treated-washed-annealed Trichromatic phosphor and treated-
washed-annealed Sylvania phosphor. As we can see, compared to the results of extraction
under atmospheric conditions, the extraction efficiencies for all the rare earth metals improved
to be > 99% for both phosphor materials. As for the non-rare earth metals, the yield for
aluminum increased in twa-TRI, and the yield for magnesium increased dramatically in both
twa-TRI and twa-SYL. This phenomenon could have been attributed to 2 factors: 1. aluminum
and magnesium ions were able to form weak but relatively stronger complexes with the
mixture of TBP-HNO3s and sc-CO- than the other non-rare earth metals; 2. the TBP in the
injection cell served as a continuous supply of ligand, which was steadily introduced to the
reaction cell via sc-CO> during dynamic extraction stage and eluted aluminum and magnesium
complexes out of the reaction cell to reach a dynamic equilibrium. It is noteworthy that even
though the extraction efficiencies for aluminum and magnesium look significant, but the
absolute values of Al and Mg are only 11.4 and 59.9 ppm for twa-TRI, 0.32 and 6.7 ppm for
twa-SYL. Compared the rare earth elements’ several hundred ppm of concentration, the

extraction may be considered selective for the REEs.
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Figure 3-14. Supercritical extraction efficiencies for (a) treated-washed-annealed
Trichromatic phosphor (b) treated-washed-annealed Sylvania phosphor
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3.3.5. Mass balance of rare earth elements

The solid residue after sc-CO> extraction was analyzed for its rare earth content to
ensure material balance of the extraction process. The results are shown in Figure 3-14. In
the TRI residues, the Ce, Eu, Tb, and Y contents (weight %) were all less than 1.3% indicating
virtually quantitative extraction of these rare earths (>98.7%) from the treated sample by the
sc-COz process; in the SYL residues, the rare earth contents varied from 3.3% for La to 1.0%
for Th. These results also indicate near total extraction of the REEs from the treated phosphor

by the sc-CO: process.
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Figure 3-15. (a) The weight percent of the remaining rare earth elements in the
Trichromatic phosphor residue after Sc-CO> extraction. (b) The weight percent of the
remaining rare earth elements in the Sylvania phosphor residue after Sc-CO; extraction.

3.4. Conclusion

Supercritical carbon dioxide could be used to extract rare earth metals out of waste
phosphor materials and realize high extraction efficiencies by using TBP-HNOs3 adduct if the
phosphors are pretreated. It is important to wash and anneal the sodium peroxide-calcinated
phosphor materials to raise the REE concentrations and to completely transform the rare earth
metals into extractable species. Under atmospheric conditions, decent yields of REEs and high
degree of selective extraction can be achieved through using TBP-HNO3z adducts. Under
supercritical conditions, extraction efficiencies of REEs can be further improved due to the
continuous extraction process though it will also increase the yields of undesired elements
such as magnesium and aluminum. How to achieve high extraction efficiencies of rare earth
metals without extracting non-rare earth metals will be an important topic for further

investigation.
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Chapter4: The Influence of Ultrasound on Acid Leaching of
Rare Earth Elements from the Phosphors of End-of-Life
Fluorescent Lamps

Abstract

Extractions of Rare Earth elements from fluorescent phosphors with nitric acid under the
influence of ultrasound were systematically investigated with respect to various parameters
including sonication time, temperature, and acid concentration. Using 11M HNO3 at 80°C
with 1-hr sonication, extraction yields over 99% for cerium, europium, lanthanum and yttrium
as well as 93% for terbium could be achieved. Europium and yttrium are easily extracted by
nitric acid under sonication whereas cerium, lanthanum, and terbium require longer extraction
times. The rates of extraction of Ce, La, and Tb appear to follow first order kinetics. The
activation energies of Ce, La, and Th were determined to be 56.9, 58.7, and 56.1 kJ/mol,
respectively. Ultrasound-assisted pretreatment of fluorescent phosphors followed by acid
leaching of the REEs under different conditions were also investigated. Some information
about the fluorescence spectra and SEM micrographic morphologies of the treated phosphors

is also given.
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4.1. Introduction

Rare earth elements (REEs) have numerous industrial applications and are essential
for modern societies. They drive our new technologies and shape our lifestyles. Rare earth
elements are used not only in defense technologies such as stabilizer material in rocket nose
cones, and laser crystals specific to spectral characteristics for military communications, but
also in consumer electronics, including phosphors for TV screen, computer display and
fluorescent light bulbs, batteries, cell phones, electric vehicles, etc. China has been the biggest
supplier of rare earth elements since the late 1990s. According to the estimates made by the
U.S. Geological Survey, there are approximately 130 million metric tons of worldwide rare
earth reserves. China owns the highest proportion of these reserves, which are estimated at
some 44 million metric tons®. With the attempt to develop its own industry for the 17 REE
minerals and raise their prices, China imposed restrictions on exports of REEs in 2009, which
resulted in escalated concerns about the future accessibility of these elements. Consequently,
industrial countries such as Japan, the United States, and countries of the European Union
face tighter supplies and higher prices for rare earth elements. Although China dropped its
restrictions after losing the WTO case in 2015, recycling of rare earth elements from end-of-

life electronic products has become a new research area of considerable interest in recent years.

Fluorescent lamps are the most accessible source of rare-earth-containing end-of-life
electronic products in our daily life. The white powder coated on the inner wall of fluorescent
lamps is a mixture of 3 types of rare-earth-containing phosphors, i.e., red, green, and blue
phosphor, to produce visible light. They usually come in different chemical forms including

oxides, phosphates, silicates or aluminates (Table 1), which generally contain cerium,
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europium, terbium, yttrium with or without lanthanum, depending on the brand of fluorescent

lamps and what type of green phosphor is employed>.

Table 4-1. Rare-earth-containing phosphors

Phosphor type  Possible compositions Wavelength
Red Y,05:Eud* 611 nm
Green CeMgAl10017:Th*; LaPO4:Ce** Th%; 546 nm

(Ce, Th)MgAl;1010
Blue CaMgSi,0s:Eu?*; BaMgAl100:7:Eu?* 450 nm

As shown in Table 1, red phosphors are usually in the form of oxides. Green and blue
phosphors are usually in the forms of phosphates, silicates or aluminates. In general, rare earth
oxides can dissolve in acid solutions with or without heating. When rare earth metals, however,
are doped in phosphate, silicate or aluminate matrices, they are more difficult to be extracted
by conventional acid leaching processes due to their relatively stable chemical structures.
Therefore, europium and yttrium tend to be easy to be leached out by acid solutions, but acid
leaching of cerium, lanthanum, and terbium are much more challenging. As a result, new
activation methods are required to extract cerium, lanthanum, and terbium from fluorescent

phosphors.

The influence of ultrasound on rate enhancement of chemical reactions accompanied
with higher production yields, in homogeneous or heterogeneous systems, is well known in
the literature®. Ultrasound is sound at frequencies greater than the upper frequency limit of
human hearing range (approximately 20 kHz). At atmospheric pressure, ultrasonic waves
have wavelengths of 1.90 cm and less in air or 7.42 cm and less in water. Whether in air or in

water, the wavelength is much greater than the bond length between atoms in the molecule.


https://en.wikipedia.org/wiki/Sound
https://en.wikipedia.org/wiki/Wavelength
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Thus, the sound wave will not cause any change on the vibrational energy of the bond, and
therefore will not directly increase the internal energy of a molecule. That is, the chemical
effects of ultrasound on chemical reactions do not result from a direct interaction of the
ultrasonic sound wave with the molecules in the solution, Instead, the effects arise from
acoustic cavitation®”’.

Ultrasound travels in media as longitudinal waves and forms areas of high and low
pressure known as compression and rarefaction phases, respectively. Air molecules dissolved
in the solution nucleate around particles to form bubbles during rarefaction phases. When a
solution is irradiated with ultrasound, these bubbles grow during the rarefaction phases. On
the compression phases, however, the high external pressure squeezes the bubbles as well as
the matters inside, and cause the bubbles to shrink. The bubbles grow a little more during the
rarefaction phase of the sound wave than they shrink during the compression phase. This
process of growth and compression proceeds for a few cycles until the external pressure
dominates and the bubbles collapse® 8. The formation, growth, and collapse of the bubbles is
well-known as the cavitation phenomenon, and the bubbles are called cavitation bubbles.
Cavitation bubbles resemble tiny chemical facilities, in which chemical species interact with
each other under extremely high temperature and pressure. According to the reports of Suslick
et al., the temperature and pressure inside cavitation bubbles can reach as high as 5000°C, and
1000 atm®°. Therefore, acoustic cavitation provides unique environments for chemical
reactions. Application of ultrasonic radiation to solutions generates not only chemical but
also physical effects. With liquids containing solids, similar phenomena also occur with
exposure to ultrasound. Upon collapse of cavitation bubbles, shock waves and microjets are

produced. These shockwaves and microjets can break brittle materials into fragments, deform


https://en.wikipedia.org/wiki/Cavitation
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ductile materials and exfoliate layered materials'™4. Liquid-powder suspensions produce high
velocity interparticle collisions. These collisions can change the surface morphology,
composition, and reactivity'!. Moreover, the nature of ultrasound provides chemical reactions
with high speed and frequency of agitation compared to the conventional magnetic stirring
method. As a result, sonication has been used in various fields such as food processing, waste
water treatment, nanomaterial synthesis, extraction, etc.

The effects of ultrasound in solutions have been applied in many different fields. In the
field of sonochemistry, different results usually come with different parameters, such as
frequency, power, solution, temperature, sonication times. In this paper, we will demonstrate
enhancement of acid leaching of rare earth elements from end-of-life fluorescent phosphors
using nitric acid with ultrasonic assistance and discuss the effects of various acid

concentrations, sonication time, and temperature.

4.2. Experimental Section

4.2.1. Waste phosphor materials, chemicals

Sylvania fluorescent phosphor material was collected with ultrasonic assistance from
end-of-life fluorescent lamps, in which fluorescent lamps were cut into sections and immersed
into the water of a sonication bath (Fisher Scientific FH60H, 100-Watt, 42 kHz). After 30-60
seconds of sonication, the white rare earth phosphor coating was totally removed from the
inner wall of the lamp with gentle shaking. After rinsing, the phosphor material in water was
collected and dried. The material was dried in an oven at 70°C for 24 hours. The Sylvania

phosphor was then passed through 250 um sieves and placed in a plastic bottle. The bottle
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was shaken mechanically for 3 hours to ensure the homogeneity. Finally, this bottle of
processed phosphor material was stored in a dessicator. To estimate the metal content in the
phosphor, samples of 100 mg of the material was mixed with an appropriate amount of sodium
peroxide to carry out alkali fusion under an elevated temperature. After the sodium peroxide
calcination, acid digestion was performed on the alkaline slags by mixing 10 mL of
concentrated HNO3 and 10 mL of 30% H2O: (Fisher Scientific). The solutions were heated,
stirred and refluxed at 80 °C and 500 rpm for 24 hours to ensure all solid materials were
completely dissolved. After dissolution, solutions were cooled, transferred and diluted in 100
mL volumetric flasks with deionized water. A 2% nitric acid solution, prepared from
concentrated stock solution and deionized water, was used to further dilute the solutions for
ICP analysis. Concentrated nitric acid (Macron Fine Chemicals, 70%) was used to prepare
various concentrations of nitric acid solutions. A 12M sodium hydroxide solution was

prepared using sodium hydroxide pallets (mallinckrodt chemicals).

4.2.2. Experimental set-up, instruments and experiment methods

In ultrasonically-assisted extraction experiments, samples of 100 mg Sylvania
phosphor material and 20 mL nitric acid solutions of the designated concentrations were put
into 50-mL centrifuge tubes. The centrifuge tubes were placed in a water bath at a designated
temperature. An ultrasonic liquid processor (Sonics, VCX130, 20kHz, 130 Watt) was inserted
into the centrifuge tube and sonicate the reaction mixture. The parameters are shown in Table

4-1. The experimental setup for sonication was illustrated in Figure 4-1.
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Table 4-2. Extraction under ultrasonic conditions

Extractant 1M, 3M, 5M, 7M, 9M, 11M HNOs
Phosphor materials | Sylvania fluorescent phosphor

Material size 100 mg phosphor + 20 mL HNOs3 solution
Frequency 20kHz

Amplitude 80%

Pulse 8 seconds on, 2 seconds off

Temperature 30°C, 40°C, 60°C, 70°C, 80°C
Sonication time 10, 20, 30, 40, 60 min

Ultrasonic liquid processor

—

Water bath Ultrasonic generator
Figure 4-1. Experimental set-up for sonication experiments.

A few extraction experiments under traditional agitation conditions were performed
as the control group. In the control experiments, samples of 100 mg Sylvania phosphor
material and 20 mL nitric acid solutions of the designated concentrations were put into 30-mL
glass vials. These vials were put into an oil bath at a designated temperature and stirred
magnetically. After the experiments, the solutions were allowed to cool down and centrifuged

at 3300 rpm for 10 minutes. The supernatants were then collected and sent for ICP analysis.
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The parameters for extraction under ultrasonic conditions a traditional agitation conditions are

as follows:

Table 4-3. Extraction under traditional agitation conditions

Extractant
Phosphor materials
Material size

Stir speed
Temperature
Sonication time

1M, 3M, 5M, 7M, 9M, HNO3

Sylvania fluorescent phosphor

100 mg phosphor + 20 mL HNOs solution
500 rpm

60°C, 80°C

10, 20, 30, 40 min

For ultrasound-assisted pretreatment of phosphor experiments, the process was carried

out in the similar fashion as the ultrasoundic-assisted extraction experiments. A sample of

1000 mg Sylvania phosphor material and 20 mL reagent (H20, H20., 12M NaOH, etc.) were

put into a 50-mL centrifuge tube. This centrifuge tube was then placed in a water bath at 60°C

or 80°C and sonicated with an ultrasonic liquid processor. After sonication, the solution was

allowed to cool down and centrifuged at 3300 rpm for 10 minutes. The supernatants and the

precipitates were collected separately. The supernatants were analyzed using ICP-MS. The

precipitates were used for extraction experiments. The parameters for the pretreatment under

ultrasonic conditions are as follows:

Table 4-4. Pretreatment under ultrasonic conditions

Reagents

Phosphor materials
Material size
Frequency
Amplitude

Pulse

Temperature
Sonication time

DI H20, 30% H202, 12M NaOH
Sylvania fluorescent phosphor
1000 mg phosphor + 20mL reagent
20kHz

80%

8 seconds on, 2 seconds off

60°C, 80°C

60 min
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After all the experiments, all the solutions were analyzed using ICP-MS (Agilent
7700x). Florescence spectra for the solid residues were obtained by a fluorescence

spectrometer (FluoroMax-3, Horiba).

4.3. Results and discussion

It is well-known that particle size, temperature, solvent concentration, solid to liquid
ratio and agitation method are generally the most important factors to be considered when a
chemical reaction, including solvent extraction, is carried out. The particle size of a substance
has a significant effect on extraction efficiency. Smaller particle size of a material gives a
larger contact surface area with the solvent, which will have a higher collision probability
among the reactants and a better mass transfer rate. As we mentioned earlier, when cavitaional
bubbles implode, shockwaves and microjets are generated. They are able to break brittle
materials into fragments. Thus, ultrasound provides a great tool for ultrasonic vibration
machining, which breaks big particles into smaller ones. In addition to the above factors, some
other factors are as important in the field of sonochemistry. These parameters include
sonication time, reaction temperature, hydrostatic pressure, ultrasonic frequency, acoustic
power, the nature of dissolved gases and the physicochemical properties of the solvent., etc.
The best extraction efficiency comes from the optimal combination of numerous factors. Thus,
we conducted investigation to achieve the optimal condition. Due to our availability of
equipment, an ultrasonic generator with only one default frequency of 20 kHz and 130 watts

(Sonics, VCX130) was employed. Also, because of the corrosion issue of the ultrasonic liquid


http://www.horiba.com/scientific/products/fluorescence-spectroscopy/
http://www.horiba.com/scientific/products/fluorescence-spectroscopy/
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processor, we mainly used nitric acid and sodium hydroxide solutions as our primary reagents

of investigation.

4.3.1. Characterization of the phosphor

Due to the fact that we were not able to acquire the information of rare earth metal
content of Sylvania fluorescent phosphor, acid digestion had to be performed on the phosphor
material to estimate the chemical composition and weight percentage of each element in the
phosphor material. Alkali fusion and acid leaching were carried out 3 times. The relative
standard deviation of each rare earth element doesn’t exceed 6%. The results are shown in
Table 4-5. Our estimates for europium, terbium and yttrium are very close to those in the
report from the U.S. Department of Energy>*, which are the average of values given by
lighting manufacturers in communications with DOE staff. However, our estimates of cerium
and lanthanum are somewhat different. The reason can be attributed to the composition of
green phosphor. The weight percentages of cerium and lanthanum vary from one
manufacturer to another. Based on the DOE report, the sum of cerium and lanthanum in
different types of green phosphors make up approximately 28.5%, and the sum of cerium and

lanthanum in our estimate is 27.3%. Therefore, our estimate is fairly accurate.

Table 4-5. Rare earth metal content of Sylvania phosphor (mg. g dry phosphor material)

Sylvania phosphor Ce Eu La Th Y
Weight (mg. g™) 50.3 18.4 46.3 19.9 219.0
Weight percentage (%) 14.2% 5.2% 13.1% 5.6% 61.9%

USDOE estimates (%) 6.5% 4.5% 22.0% 5.0% 62.0%
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Therefore, the definition of extraction efficiency in this study is as follows:

Metal extracted from phosphor (m
Efficiency [%)] = phosphor (mg) 14
Metal content of phosphor loaded (mg)

4.3.2. Comparison of extraction with ultrasonic and without ultrasonic
influence

Shimizu et al. reported the dissolution yields of Y, Eu, La and Ce when a quantity of
20 mg of the luminescent material was dissolved in concentrated HNO3 for 120 min at 313 K,
which were 20.1, 23.6, 0.6 and 0.4%, respectively'®. Based on this report, the dissolution and
extraction reactions of lanthanide oxides and lanthanide phosphate of luminescent material

can be expressed by the equation (1) and (2), respectively®:

Ln203 + 6HNO3 — 2Ln%*" + 6NO*™ + 3H,0 Q)

Ln(PO4) + 3HNO3z — Ln®" + 3H"+ PO4* + 3NO*~ 2

Europium and yttrium are in their oxide forms, and lanthanide oxides tend to dissolve in acid
solutions very easily. Therefore, they had higher yields than lanthanum and cerium which
exist in their phosphates in their study. To assess the influence of ultrasound, an extraction
was performed on 100 mg Sylvania phosphor material with 20 mL 9M HNO3 for 40 minutes
at 40°C (313 K) under ultrasonic influence. The dissolution yields for Eu and Y were over
99.9% and 9.2, 9.9 and 8.8% for Ce, La and Tb, respectively. Compared to Shimizu et al.’s
results, under sonication we obtained higher yields with a lower concentration of HNO3 and

shorter time.
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In order to further evaluate the effects of sonication, experiments for extraction of rare
earth elements from fluorescent phosphors with 9M nitric acid solution at 60°C were
conducted. The first set was agitated by conventional magnetic stirring at 500 rpm in a 60°C
oil bath for 40 minutes while the other set was agitated with an ultrasonic liquid processor

with a 20kHz frequency in a 60°C water bath. The results are shown in Figure 4-2.

9M HNOg, 60°C, 40 min
120.0%

100.0%

80.0%
60.0%
40.0%
20.0% i i i
0.0%
Ce Eu La Tb

M Oil Bath i Sonication

Extraction Efficiency (%)

Figure 4-2. Extraction efficiencies of rare earth elements from fluorescent phosphors with
and without sonication.

In fluorescent phosphors, europium and yttrium of red phosphors are usually in their
oxide forms, which can easily dissolve in acid solutions, whether weak or strong, while the
europium in blue phosphors and the cerium, lanthanum and terbium in green phosphors, which
are doped in phosphate or aluminate matrices, are known to be challenging to be extracted
through conventional solvent extraction methods. As expected, with conventional magnetic
stirring agitation, 80% or more of the europium and yttrium could be leached by 9M HNO3,

but the efficiencies for cerium, lanthanum and terbium were next to nothing. However, when
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extraction experiments were conducted under the influence of ultrasound, cerium, lanthanum
and terbium were extracted, and the efficiencies ranged from 30.0% to 35.4%. With
ultrasound, the efficiencies for europium and yttrium did not improve much, but for cerium,
lanthanum and terbium, they improved over 30%. Indeed, the ultrasonic liquid processor
vibrates 20000 times per second, but magnetic stirring at 500 rpm is only 8.3 round per second,
in which the agitation rate of the ultrasonic liquid processor is 2400 times greater, not to
mention the sonochemical effects ultrasound can offer. Therefore, extraction under ultrasonic
influence significantly enhanced the extraction of rare earth metals from fluorescent

phosphors.

4.3.3. Sonication time effect

The sonication time has to be carefully considered when using ultrasound. With
insufficient sonication time, desired results might not be obtained; an excess of time can cause
not only a waste of energy and time, but also damage to the quality of the solute since
sonofragmentation is one of the sonochemical effects that ultrasonic cavitation can offert®
7 To achieve an optimal sonication time is an important topic. Therefore, sonication time is
one of the most crucial factors when it comes to taking advantage of ultrasound effects, and it
has also been discussed by many researchers in various fields'®?2, Whether and how
sonication time could influence the efficiencies of ultrasonic extraction of rare earth metals
from fluorescent phosphors is critical. Figure 4-3 shows the results for extraction of rare earth

metals from Sylvania fluorescent phosphors under sonication at 30°C for different lengths of

sonication time. As expected, the yields of europium and yttrium are over 99.9% since they
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are in their oxide forms. For the rest of the rare earth metals, the yields are not significant.
However, the yields gradually increase as the sonication time increases. Obviously, extended

sonication times are of help to extraction of rare earth metals from fluorescent phosphors.

9M HNO,, 30°C Sonication
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Figure 4-3. Extraction efficiencies of rare earth elements from phosphors with 9M HNOs,
sonication at 0°C for 10, 20, 30, 40 min.

4.3.4. Temperature effect

Temperature is an important parameter in solvent extraction. Conventionally, the
higher the temperature of a reaction mixture, the higher the kinetic energy of the reactant
particles and thus the higher the yield. However, it is not always the case. Some researchers
have discovered that the solution temperature has no effect on the calcium extraction
efficiency?>24. As a result, the influence of temperature on extraction of rare earth metals from

fluorescent phosphors during sonication was investigated.

With the irradiation of ultrasound, the temperature of a receptive solution usually

gradually increases due to the absorption of acoustic energy. Based on our measurement,
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sonication of a 20-mL aqueous solution with a 20 Hz, 130-Watt ultrasonic liquid processor at
room will cause the temperature of the solution increase to 60°C in 5 minutes, 70°C in 10
minutes and fluctuates around 70°C for extended sonication times as shown in Figure 4-4. The
temperature of solution is also very susceptible to the ambient temperature and drops very
quickly once sonication stops. A temperature drop of approximately 20°C occurred in 5

minutes in this case.
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Figure 4-4. The temperature changes of a 20-mL aqueous solution vs sonication time.

Extraction using 9M HNOs solution under sonication for different lengths of
sonication times without water bath was carried out. The results are shown in Figure 4-5. The
only difference in condition between this experiment and the experiment in Section 4.3.3 is
temperature control. The results in Figure 4-5 further confirm the effect of sonication time.
The yield of each element increases as sonication time increases. Compared to the results in

Figure 4-2, yields of europium and yttrium are highly comparable, which is understandable
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and predictable since europium and yttrium are in their oxide forms, and thus they can be
easily extracted. However, the yields for the rest of the metals are much higher when
temperature was not controlled by the water bath. The possible explanation could be 1) with

the 30°C water bath, the increase of temperature and cavitation phenomenon caused by the

acoustic energy of ultrasound could be dispersed and weakened by the water bath, so the
ultrasonic liquid processor became a high-speed mechanical stirrer with little sonochemical
effects. It resembles the conventional extraction method using a magnetic stirring, but at a
much higher speed. As a result, a great amount of the europium and yttrium dissolved in the
acid solution, but cerium, lanthanum and terbium could hardly be extracted; 2) without the

30°C water bath, the acoustic energy was used to produce cavitation and increase the

temperature in the solution, and therefore, the yields of cerium, lanthanum and terbium

increase by the duration of ultrasonic radiation.

9M HNO,, no temperature control
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60.0%
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20.0%

Ce Eu La Tb Y

Extraction Efficiency (%)

B 10 min 20 min 30 min 40 min

Figure 4-5. Extraction efficiencies for sonication of Sylvania phosphor with 9M HNO3 for
10, 20, 30, 40 min without temperature control.
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Experiments using 9M HNOs3 solution under sonication influence for 40 minutes in
the water bath at different temperatures were also performed. The results in Figure 4-6 indicate

that under lower temperatures such as 30°C and 40°C, the extraction efficiencies of europium

and yttrium are comparable to the ones at higher temperatures. For the efficiencies of cerium,
lanthanum and terbium, the efficiencies are also improved as the temperature increases. It is
noteworthy that the results of extraction efficiencies for sonication of Sylvania phosphor with
9M HNOs for 40 min without temperature control (Figure 4-5) are comparable to the results
obtained at 70°C, which is consistent with our measurement of temperature change under
sonication (refer to Figure 4-4). That is, after 40-min of sonication, the temperature can reach

up to approximately 70°C.

120.0%
100.0%
80.0%
60.0%

40.0%

Extraction Efficiency (%)

20.0%

0.0%

Ce Eu La

m30°C m40°C m60°C 170°C m80°C

Figure 4-6. Extraction efficiencies for sonication of Sylvania phosphor with 9M HNO3 for
40 min at 30°C, 40°C, 60°C, 70°C, 80°C.

Based on the results for temperature effect, we have concluded that using water bath

to control the ambient temperature of reactions during the sonication process is more favorable
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for us to manage the extraction experiments. It provides a more stable reaction environment,

which makes the results more reproducible.

4.3.5. Solvent concentration effect

Solvent concentration is important for extraction process. In general, when
concentration is too low, the yield might not achieve our expectation; when concentration is
too high, all the metal content including undesirable impurities might be all leached out.
However, due to the chemical properties of different elements, some elements can only be
leached within a certain range. For example, when extracting calcium from steelmaking slag,
an ammonium salt concentration higher than 1M will begin to dissolve other impurity species
from the slag®*; in supercritical CO, extraction from nitric acid solution, uranyl ions can only
be quantitatively extracted into the sc-CO2 phase above 1 M HNO3, and the extraction of
trivalent lanthanide ions such as Eu* as well as trivalent actinides such as Am** only occurs
above 5 M HNO3? As a result, HNOj3 solutions of various concentrations were employed to
perform extraction of rare earth metals from fluorescent phosphors at 80°C under 40 min of
ultrasonic influence. As shown in Figure 4-7, over 99.9 % of europium and yttrium could be
leached under this condition even when the concentration of HNO3s was low. However, cerium,
lanthanum and terbium could hardly be leached with 1M HNOs3. With the concentration of
HNOg increasing, the yields were gradually improved. Based on the results from the previous
sections, in order to extract all the rare earth metals from fluorescent phosphors, high

temperature, high acid concentration and extended sonication time will be required. An
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experiment employing 11 M HNO3 at 80°C for 1 hour was carried out. In Figure 4-8, the

extraction efficiency for terbium was 93.4% and the rest were over 99.9%.
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H1MHNO; ®m3MHNO; ®5MHNO; 7M HNO; ®9M HNO;

Figure 4-7. Extraction efficiencies for sonication of Sylvania phosphor at 80°C for 40 min
at with 1M, 3M, 5M, 7M, 9M HNOs solutions.
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Figure 4-8. Extraction efficiency of rare earth metals from fluorescent phosphors with
11M HNOsat 80°C for 1 hour.
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4.3.6. Kinetics Study

The rates for the extraction of cerium, europium, lanthanum, terbium and yttrium from
the Sylvania fluorescent phosphor material with 9M HNO3 solution at 60°C under sonication
and in an oil bath without ultrasound were carried out and compared. Due to the fact that
europium and yttrium are very easily extracted at low temperature even with low

concentrations of nitric acid, the investigation of their kinetics is not discussed here.
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Figure 4-9. Influence of ultrasound on the yield and kinetics of the extraction of cerium,
lanthanum and terbium from fluorescent phosphors with 9M HNO3 solution at 60°C.
(Results obtained from sonication experiments are prefixed with Soni-; results obtained
from oil bath experiments are prefixed with Qil-.)

From the results given in Figure 4-9, we can see that the extraction rates of the REEs
by 9 M nitric acid at 60°C are obviously accelerated under ultrasonic influence. Consequently,
a more comprehensive kinetics study for the extraction of cerium, lanthanum, and terbium

from the Sylvania fluorescent phosphor material with 9M HNOs solution at 30°C, 40°C, 60°C,
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70°C, 80°C (313, 333, 343 and 353K) were investigated. The data for 30°C and without

temperature control were also used to compared.

The time-dependent REE extraction data were analyzed by Microsoft-Excel software
to obtain possible kinetics information. Based on the curve fitting for the initial rates of each
element, these extraction reactions are best fitted exponentially from 40°C to 80°C, with an
average coefficient of determination R? approximately 0.98. The exponential fitting appears
to be better at higher temperatures. The R? values for exponential fitting are given in Table

4-6 and Figure 4-10:

Table 4-6. Coefficient of determination (R?) for extraction of cerium, lanthanum, and
terbium from fluorescent phosphor with 9M HNO3z solution under sonication without
temperature control and at 30°C, 40°C, 60°C, 70°C, 80°C (303, 313, 333, 343 and 353K).

R? (Ce) R? (La) R? (Th)

No temp control 0.973 0.9722 0.9733
303K 0.855 0.857 0.845
313K 0.9659 0.959 0.9562
333K 0.9709 0.9691 0.9737
343K 0.9853 0.9827 0.9876
353K 0.9899 0.9891 0.9901

H No temp Control m30°C m40°C 60°C m70°C m80°C
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Figure 4-10. R? for extraction of cerium, lanthanum, and terbium at various temperatures.
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According to the data, we can see that the R? for 30°C is relatively lower compared to the
other groups. It means the curve of 30°C does not fit well exponentially; however, when it
was fitted linearly, with the values of R2- 0.8491 for Ce, 0.8504 for La, 0.8393 for Tb, do not
seem to fit well either. As for the other temperature groups, the kinetics analysis suggests that
the REE leaching process probably follows first order reaction. The rate law of first order

reaction is as follows:
[Al=[Aloe™ )

where [A]o and [A]: are the initial concentrations of the loaded rare earth elements and the
remaining concentrations of the rare earth elements, respectively. The value t represents the
extraction time. Through curve fitting using the initial reaction rate approach, the rate
constants k (in min) of each element at different temperatures are given in Table 4-7 and

figure 4-11.

Table 4-7. Rate constant k of extraction of cerium, lanthanum and terbium with 9M HNO3
under sonication without temperature control and at 303, 313, 333, 343 and 353K (30°C, 40°C,
60°C, 70°C and 80°C).

k (Ce) k (La) k (Th)

No temp control 0.022 0.026 0.02
303K 0.001 0.002 0.001
313K 0.002 0.002 0.002
333K 0.01 0.011 0.009
343K 0.01 0.021 0.017
353K 0.029 0.036 0.026
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Figure 4-11. Rate constant of extraction of cerium, lanthanum and terbium with 9M HNO3
under sonication without temperature control and at 303, 313, 333, 343 and 353K (30°C,
40°C, 60°C, 70°C and 80°C).

The data show that the rate constant values for all 3 elements increased as temperature
increased, which implies the extraction process is temperature-dependent. In addition,
compared to the other temperature-controlled groups, the k values of no-temperature-control
group are close to those of the 70°C group, which is consistent with the results in section 4.3.4:
after 40 minutes of sonication, the temperature of a 20 mL of aqueous solution will increase
to approximately 70°C. Due to the low R? and k values of the 30°C curve, this group will not
be discussed in the following kinetics study. The plots for the initial rate of reaction at 40°C,
60°C, 70°C, 80°C and without temperature control are presented in Figure.4-12 (a)-(e),

respectively.

To evaluate the temperature dependence of the rate constants of the extraction of
cerium, lanthanum, and terbium from the Sylvania fluorescent phosphor, Arrhenius equation

is then used, which is as follows:
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k = A*exp(Ea/R*T) (2)

where K is the rate constant, A is a constant, Ea is the activation energy, R is the universal gas

constant (8.314 x 107 kJ molK™), and T is the absolute temperature (in Kelvin).
Equation (2) can be rewritten as
Ink = -(Eo/R) (UT) + In A ?)

The Arrhenius plots of Ce, La and Tb for the extractions are shown in Figure 4-13. All the
plots of Ce, La and Tb for the equation show linear relationships (R?> 0.99). These results
indicate that the extraction efficiency increased as the temperature increased from 313 to 353
K. The slope of the curves is -(Ea/R). Based on the slope of each curve from the plots, the

activation energies for Ce, La and Tb are calculated and given in the following table:

Table 4-8. Slopes of Arrhenius plots and activation energies for Ce, Laand Th

Ce La Th
-Eo/R -6848.1 -7059.3 -6747.5
Ea (kJ- mol ™ 56.9 58.7 56.1

Shimizu et al. reported that the activation energies for acid leaching of Y and Eu from spent
fluorescent phosphors using TBP-HNOs complex were 31+ 6 and 42 + 11 kJ-mol™,
respectively®. Since Ce, La and Th are imbedded in phosphate or aluminate matrices, it is
very reasonable that they have higher activation energies relative to Y and Eu, which are

known to exist as oxides in fluorescent phosphors.
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Figure 4-12. Extraction of rare earth elements in luminescent materials at (a) 313, (b) 333
(c) 343 and (d) 353 K. (e) No temperature control. Time—O0 indicates the start of the
ultrasonic extraction.
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Figure 4-13. Arrhenius plots for the dissolution reactions of Ce, La and Tb with 9M
HNO3 under sonication at 313, 333, 343 and 353 K.
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4.3.7. Ultrasonically-assisted pretreatment of fluorescent phosphors using H.O
and NaOH solutions

Alkali fusion method has been used to decompose phosphors with stable structures to
improve leaching efficiency, in which phosphors are usually treated with strong oxidizing
agents under elevated temperatures. For example, Li et al. decomposed phosphors by
calcining them with sodium hydroxide at 900 °C for 2 hours and reached a leaching efficiency
close to 100%%2°. Porob et al. converted phosphors into a mixture of oxides by heating them
with sodium carbonate at 1000°C?’. Zhang et al. performed 2-step acid leaching and the results
show that sodium hydroxide is better than sodium carbonate in the alkali fusion process. The
acid leaching rates for all REEs reached over 97%28. Wu et al. investigated the calcination of
green phosphor using sodium peroxide system, and the optimal molten salt calcining
conditions were found to be 650 °C, 50 min, and 1.5 : 1 of Na,O--to-waste mass ratio®, and

over 99.9% recovery rate of rare earth elements was achieved.

Irradiation of aqueous solutions with ultrasound can cause sonolysis and generate
highly reactive species such as hydrogen atoms and hydroxyl radicals. These radicals can
attack solute molecules or combine to form Hz, H202 or water. The most common reaction
upon sonolysis of water is dimerization of the hydroxyl radical to produce hydrogen peroxide
3031 If oxygen molecules exist in the solution, oxygen atoms can also be produced®. Makino
et al. first proved the formation of hydrogen atoms and hydroxyl radicals in the sonolysis of
water through electron spin resonance (ESR) and spin-trapping studies in 1983%. The

reactions induced by ultrasound are as follows:

H.O -> H-+OH-:
2H- > H:


http://www.sciencedirect.com/science/article/pii/S0921344914000937?np=y&npKey=fc73cb0561b0de93ed661903c9ab5b983a70901d25ef444434bfd13f6a6f991c#bib0205
http://www.sciencedirect.com/science/article/pii/S0921344914000937?np=y&npKey=fc73cb0561b0de93ed661903c9ab5b983a70901d25ef444434bfd13f6a6f991c#bib0290
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H-+02, - HO2

HO2- + HO2» - H202+ O
2HO2: - H202

2HO2> - H)O+O
H-+H202 - OH-+H0

Since ultrasound can generate extreme chemical environment and strong oxidizing
agent H2O., pretreatment of phosphors with water or even hydrogen peroxide seem to be an
alternative way to decompose the phosphors. Phosphors samples were sonicated with
deionized water and 12M sodium hydroxide at 60°C and 80°C for 1 hour. The pretreatment
procedures were followed by nitric acid leaching. In order to better evaluate the efficiencies
of sonication pretreatment, oil bath and 1M HNO3 were employed to minimize the effect of
solvent concentration and avoid the influence of sonication. The results are shown in Figure
4-14. Compared to the non-treated phosphor, all the pretreated phosphors, whether with water
or NaOH, the efficiencies were all improved, especially the one pretreated with NaOH at 80°C
(NaOH-soni-1hr-80°C). This outcome for the pretreatment is also consistent with the
conclusion of section 4.3.2.- sonication at higher temperatures will have a higher impact on
the reaction. The improvement of efficiencies for cerium, lanthanum and terbium from the
water-treateed phospors was not significant though, approximately 2%. When acid leaching
was performed with 9M HNO3 at 80°C under ultrasound influence, with the assistance of
concentration, temperature and sonication effects, the efficiencies were furthur improved. The
efficiences for cerium, lanthanum and terbium of the phosphors pretreated with sodium

hydoroxid, whether treated at 60°C or 80°C, still outperformed the others (Figure 4-15). In
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addition, compared to non-treated phosphors, the NaOH-treated phosphors had higher yields

under the same extraction condition (refer to Figure 4-7.)

1M HNO;, 60°C Oil Bath, 40 min
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Figure 4-14. Acid leaching of non-treated, H.O and NaOH treated phosphors with 1M
HNO3 in an oil bath at 60°C for 40 minutes, where H>O-soni-1hr-60°C represents the
phosphor material was pretreated by sonication at 60°C with H20 for one hour; NaOH-
soin-1hr-60°C represents the phosphor material was pretreated by sonication at 60°C with
NaOH for one hour and so on.
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Figure 4-15. Acid leaching of non-treated, H.O and NaOH treated phosphors with 9M
HNOs under sonication at 80°C for 40 minutes.
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H20; is one of the most powful oxidizing agents. If the small quantity of H20-
generated from H20 under sonication could cause some change to extraction efficiencies,
whether phosphors sonicated with H>O2 could bring on a greater improvement became a
question. Consequently, samples of fluorescent phosphors were sonicated with hydrogen
peroxide at room temperature for 1 hour and 2 hours. For comparasion purposes, fluorescent
phospors were sonicated with H2O at room temperature for 1 hour and 2 hours as the control
experiments. All the pretreatments were followed by 1M HNO3z sonication at 60°C. The results

are shown in Figure 4-16.
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Figure 4-16. Acid leaching of non-treated, H.O and H20O treated phosphors with 1M
HNO3 under sonication at 60°C for 40 minutes.

Compared to the non-treated phosphor, although the efficiencies for cerium,
lanthanum and terbium of all the treated phosphors were slightly improved, aproximately
ranging from 2% to 3%, the difference of improvement between H>O-treated and H.O.treated
phosphors is very limited. Based on our observation, the possible explanation might be

because 1) sonication for an extented time could cuase temperature increase. When
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temperature increases, hydrogen peroxide will start to decompose and generate oxygen and
H20. Eventually it loses its reactivity; b) when oxygen evolves, the evolving bubbules of
oxygen produce a foam and bring phosphor particles to the surface of solution, which makes

the phosphor powder lose contact with the hydrogen peroxide solution.

Figure 4-17 (a)-(c) shows the appearances of the phosphors before and after the
pretreatment. After sonication with H>O and 12 M NaOH at 80°C for 1 hour, the phosphor
became greyish and yellowish. The scanning electron microscope (SEM) was also employed
to evaluate the morphologies and the particle sizes of the phosphor materials before and after
ultrasonic treatment. The SEM micrographs for the non-treated phosphor, the phosphor
sonicated with H2O at 80°C for 1 hour, the phosphor sonicated with 12M NaOH at 80°C for
1 hour, and the phosphor ultrasonically extracted with 11M HNO3z 80°C for 1 hour are shown
in Figure 4-18, 4-19, 4-20 and 4-21, respectively. In Figure 4-19, we can see that sonication
with H>O seemed to have changed the particle size of the phosphor. There are more fine
particles in the sonicated sample than in the non-treated sample. In Figure 4-20 and 4-21,
compared to the non-treated phosphor, apparent dimensional and morphological changes can
be observed on the treated phosphors. Obviously, sonication with the strong acid and base
solutions have led to chemical and structural changes of the phosphors. In addition, based on
the information of particle size and the extraction efficiencies of the water-sonicated
phosphors in Figure 4-14 and Figure 4-16, the slight improvement of extraction efficiencies,
if not resulted from analytical errors, could have also been attributed to the particle
disintegration due to the effect of sonication. After all, the smaller the particle sizes, the larger

the surface area and the better mass transfer rate.


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjHmYvhsJXXAhUEwmMKHZHiCWYQFggpMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FScanning_electron_microscope&usg=AOvVaw2PJ2VwPtgUBo8hTLb1ctDI
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Figure 4-17. (a) non-treated phosphor (b) phosphor sonicated with H.O at 80°C for 1 hour
(c) phosphor sonicated with NaOH at 80°C for 1 hour
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Figure 4-18. SEM micrograph of non-treated Sylvania phosphor.
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Figure 4-20. SEM micrograph of the phosphor sonicated with NaOH at 80°C for 1 hour.
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Figure 4-21. SEM micrograph of the phosphor ultrasonically extracted with 11M HNO3
80°C for 1 hour.

Fluorescence spectroscopy was employed to examine the change of emission spectrum
after the ultrasonic extraction with 11M HNO3 80°C and the ultrasonic treatment with H20
and 12M NaOH. In a fluorescent lamp, when electricity passes through a fluorescent lamp,
the mercury vapor in the lamp will generate ultraviolet radiation (254 nm), which in turn
excites the white coating on the inner wall of the lamp tube to emit visible light. As a result,
UV light of 254 nm was used to excite fluorescence emission when taking fluorescence
spectra of fluorescent phosphors. The spectra are shown in Figure 4-22. The strongest peak
around 508 nm is the peak of 2nd order Rayleigh scattering (a monochromator with a
combination of optical cut off filters must be used to get rid of it). The spectrum for the

phosphor sonicated with H>O at 80°C for 1 hour is not significantly different from the non-

treated phosphor. However, the spectra for phosphors sonicated with NaOH and HNOs3 are
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much different from the non-treated one. It is reasonable and understandable since strong acids
and bases can cause decomposition of fluorescent phosphors, not to mention that they were
treated under ultrasonic radiation, which can produce cavitation phenomenon that generates

high temperature, high pressure as well as various chemical and physical effects.

Non-treated Soni-H,0-80°C-1hr Soni-NaOH-80°C-1hr 11M HNO;
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Figure 4-22. Fluoresce spectra of 1) non-treated phosphor; 2) phosphor sonicated with
H20 at 80°C for 1 hour; 3) phosphor sonicated with 12M NaOH at 80°C for 1 hour; 4)
phosphor that has been ultrasonically extracted with 11M HNO3 80°C for 1 hour.
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4.4. Conclusion

Based on the results of this investigation, the facilitation of ultrasonic irradiation for
acid extraction of rare earth elements from fluorescent phosphor has been confirmed. A longer
sonication time, higher sonication temperature, and higher solvent concentration will lead to
higher extraction efficiencies of REEs. The kinetics analysis also suggests that the acid
leaching process of REEs from fluorescent phosphors under sonication probably follows first
order reaction, and the activation energies for acid leaching of Ce, La and Th were calculated
to be 56.9, 58.7, and 56.1 kJ-mol?, respectively. Ultrasound-assisted pretreatment of
fluorescent phosphors was also proved to be able to improve extraction efficiencies of REEs
from fluorescent phosphors. Spectroscopic spectra and SEM micrographic morphologies
further confirmed the physical and chemical effects that ultrasound can cause on fluorescent

phosphors.
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