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1. Introduction

The advantages compared to incandescent bulbs, marketing campaigns and environmental
concerns have led to an increase in the number of fluorescent lamps used all over the world.
Lower energy consumption (about 75% less ggyeconsumed to produce the same light
output as an incandescent bulb) and longer life expectancy (about 10 titlesgs well as

the decisions made by some governments to phase out incandescent lighting, have greatly
contributed to the rising use of fluorescent lamps. Although the cost of such lamps is higher
(3 to 10times more than comparable standard bull$), the advantages mentioned above

are expected to comensate for this.

When fluorescent lamps reach their end of life, they are usually discarded as waste products.
However, because all fluorescent lamps contain merdy3], they are classified as
hazardous waste. Before disposing, treatment in order to reduce the toxicity of the waste
below the allowed limits is required.

Recycling is one of the solutions to the large quantities of waste generated every year. While
it allows decontamination of fluorescent lamps waste (mercury removal), it can also lead to
the recovery of valuable materials. &6 and aluminum end caps can be recycled into
production cycles. Also, recovery of the contained rare earth metals (REMs), key
components of these lamps, is receiving more and more attention. Considering the
availability and supply risk of certain raw reasls [4], fluorescent lamps are viewed as
potential urban mining resources for the recovery of REMs and other elerffents

So far in the world hundreds of millions of fluorescent lamps are sold and disposed every
year [6-8]. Viewed as a whole, these products contain tons of phosphorus powder which

contains, among others, high amounts of mercury and a large quantity o RE#&eloping

an industrial process which, in a sustainable way, removes mercury from the phosphorus
powders and individually recovers the contained REMs is of great importance.

The purpose of this reportis a survey of the literature in order to find thiatest
achievements irwaste recyclingThe focus will béhe methods that can be applied for the
efficient recovery of mercury and REMs from phosphorus powdersthe hope of
determining a viable and profitable procedure that can be scaled up todarstrial process.

1.1. The importance of recycling fluorescent lamps

Two aspects are of great importance when it comes to recycling of fluorescent lamps:
mercury and REMs content.

Experimental data has shown that many fluorescent lamps contain highentrations of
mercury, failing the toxicity characteristics when they are dispd2gdOne of the problems



that fluorescent lamps waste recycling poses is mercury contamination. Without special
treatment it is always a possibility that recycled components such as glass and metal caps

will be contaminated with hazardous mercury. Mso | f 1 K2 dzZ3K A(0Q& y20 RAT
phosphorus powder from the other components, the material will be contaminated as well.

In order to recover the REMs contained in the phosphorus powder, mercury must first be
removed. An efficient method for th is thermal treatmentHowever this will not remove

Fff YSNOdzNE (GKIGd A& [60ad2NBPSR 2y (KS LI266RSNJ
phosphors can be dissolved in acids to bring all mercury and REMs into solution. From here,
mercury can be removkusing different methods. Sometimes, in the absence of an efficient
process that separates REMs from the phosphors, the powder is usually landfilled or stored.

Obtaining access to certain raw materials is becoming a challenge for many countries all over
the world. According to a recent European Commission repfrt14 raw materials are
considered critical for the EU, the highest on scale being the RElge 1).
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Figure 1: Important raw materials for the 4]

REMs prices, especially for those used in the manufacturing of phosphorus powders
experienced very big variations during the last years. Today approximately 97% of all REMs
I'NE LINPRdzOSR AYy [/ KAYlF® . SOFdzaS 27F R®ofts,y R INE
REMs suffered significant price increases. According to Rhodia, the prices of yttrium, terbium
and europium have increased roughly 45%, 420% and 53%, respectively, from 2000 to 2009
[10]. Additionally, in June 2006, a 10% tariff on REMs has been established. For key
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phosphors, theariff in 2009 was 25%. Thus, recycling of REMs from spent fluorescent lamps
is of great importance and putting the basis of a suitable industrial process for recovering
REEs is criticabuch a process would provide an independent source of these elerapdts
negate Chinese export quotas and price increases.

To sum up, several reasons stand behind the efforts to develop an efficient process for
recycling of fluorescent lamps:

1 environmental benefits: prevent the spreading of toxic chemicals (mercury and its
compounds) in the environment; reduction of landfill areas and clean landscapes;

1 material supply: materials can be recycled back into production cycles; increasing the
availability of certain compounds (REMSs);

1 taking care of natural resources: reducinglaitation and conserving natural deposits;

1 economic reasons: reducing the costs of raw materials, processing costs, logistic costs.



2. Fluorescent lampsg construction and composition, principles of operation

In the present, two types of lamps are mbirused in lighting: mercurgontaining ones
(fluorescent lamps), and lamps without mercury (incandescent lamps and halogen/dichroic
lamps)[8].

Fluorescent lamps are gas discharge lamps that use mercury vapors to produce light. The
typical construction of a straight tube fluorescent lamp is presented in Figure 2. The lamp
comprises of a glass tube, filled with an inert gas. The inside of theidudmated with a thin

layer of phosphorus powder. Mercury is added in the manufacturing process into elemental

form, and it plays a vital role: conversion of electrical energy into radiant energy. UV photons

are emitted from the interaction of mercury atsnwith the electrons emitted by the

cathode. The inner coating layer of the lamp absorbs the UV energy causing the phosphors

to fluoresce and emit visible ligHtL1l]. The composition of thg@hosphorus powder is
NBalLR2yarofS FT2N 0KJI004.3KGQa O2ft2NJ YR AyiGSya

Phosphor coating

Cathode Glass tube (various shapes and sizes)
—
Electrons -
A ]
\UV photons —
Contact pins X; Inert gas and mercury vapors End cap
Visible light

Figure 2: Schematic representation and operation principéefluorescent lamp

Fluorescent lamps are available in different forms and sizes. The tube can be straight, bent
or coiled into different shapegl]. All lamps are identified by a code that contains
information regarding shape, dimensions and operation characteristics. Aesthetic and
architectural reasons, as well as the need to provide large amaaflight in small areas,

have led to the miniaturization of fluorescent lamps. Compact fluorescent lamps (CFLs) are a
great example, with continuous rising use in residential sectors.

The operating life of a fluorescent lamp varies and it is based oarnhaeal hours of use. If a
lamp is operated between 4000 and 5000 hours each year, and has a typical life of 20000
hours, the life span is between four and six yda3.



3. Mercury recycling from industrial wastes

Mercury is a highly toxic element, being included in the priority list of 129 hazardous
substances by the US Environmental Protection Agef@dp LG Q& LISNBAA&AGSY
environment and bioaccumulation ability in living organisms requires special measures to be
taken into consideration when disposing of mercury contaimagte.

Despite its toxicity, several of its physical and chemical properties make mercury an essential
material in many industrial produc{9], especially fluorescent lamps.

3.1. Mercury in fluorescent lamps

All fluorescent lamps contain mercury. The quantity varies based on the type of lamp,
manufacturer and the year of fabricatioj2, 8, 13]. Taking into account environmental
concerns and human safety, important progress has been made over the years to teduce
amount of mercury used in the lighting industf®]. According to the Natiwal Electrical
Manufacturers Association (NEMJAN], the quantity of mercury used in the manufacture of
fluorescent lamps decreased significantly, from 57 tons in 1984 to 6 tons in 20@GatAt
time, the mercury contained in a fodioot linear fluorescent lamp (the most common
fluorescent lamp type) was about 8 mg. The survey says that, although the average mercury
content in lamps declined from 48.2 mg in 1985 to 8.3 milligrams in 20Quré&B), it is
unlikely that an energy efficient mercufsee fluorescent lamp will be commercially
available in the near future. In the absence of a substitute with the same efficient properties,
a fluorescent lamp without mercury would consume approxiehat3 times more energy
than a mercurycontaining lamp to produce the same light output.

The European Community established the limits for mercury in fluorescent lamps through
the Directive 2002/95/EC. According to this document, mercury in CFLs muskcesde5

mg per lamp. For general purposes straight fluorescent lamps the limits are 10 mg for
halophosphate ones, 5 mg for triphosphate lamps with normal lifetime and 8 mg for those
with long lifetime[14]. However, high mercury content lamps are still used. Recent analyses
of mercury content in different types of compact fluorescent lamps revealed mercury
guantities per lamp ranging from 1.6 to 27 mg, six samples out of 15 tested (40%) being
above the allaved limit[15].

If mercury is introduced in insufficient quantities, premature failure of the lamp will occur, a
phenomenon know as mercury starvation. A four feet, 40 W, fluorescent lamp with 20000
hours operating life needs about 10 mg of merc[8} Sometimes mercury is introduced in
the manufacturing process in higher amounts than required, in order to ensuretéteds
lifetime of the lamp.
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3.2. Mercury interactions in fluorescent lamps

Investigations regarding the chemical reactions taking place in fluorescent lamps have been
conducted, with focus on the interactions between mercury and various lamp components.
Analytical results have shown that, throughout the lamps life, mercury islynadsorbed

into the phosphorus powder and, in small quantities, into the glass and other components
(end caps, electrodes etd3, 16-18].

Studies regarding the interaction between mercury and various fluorescent lamp
components (glass, conductiien oxide, electrode, and its volatile emitter) have been
conducted. Electron spectroscopy for chemical analysis (ESCA) and sputtered neutral mass
spectrometry (SNMS) have been used in the investigatidrs Four types of lamps were

used, a center and an end portion being studied for each lamp. Lamp ends specific
components such as coils and emrtewere also studied. Both uncoated and phosphor
coated lamps were used. Results revealed for the central part of the lamps strong
interactions of mercury with sodium in the glass and, at the lamp ends, with volatile emitter
materials. In the central pamwf uncoated lamps mercury was much more easily desorbed
compared to phosphor coated lamps, suggesting stronger interactions for the latter.

Mercury-glass interactions in fluorescent lamps have been studied usmag ghotoelectron
spectroscopy (XPS), Ratford backscattering spectroscopy (RBS), scanning electron
microscopy (SEM) and thermally stimulated evolutjitf]. Investigations revealed that the
amount of mercury that interacts with the glass is time dependent and it is inversely
proportional to the phosphor weight. Local merguconcentration is clumpy and inversely



proportional with sodium concentration in the glass. Very low interaction has been observed
when the samples were physically shielded from the plasma by quartz.

Two of these observation were also made by Thadera. [18] who states that two
parameters determine the amount of bound mercury on glass: the time of operation and the
phosphor weight. An empirical model describing how much mercury is bound in the glass, as
a function of these parameters was proposed:

M=A-t+B-[1C-W]-t?

In the equationM is the amount of bound mercury (ug/én W the phosphor weight
(mg/cnf), andt the time the operating time of the lamp (hp, B and C are empirically
determined fitting parameters, with the following values: 5.2421Qig/cn/h, 0.045
ng/cm?/h*? and 0.20 crffpg respectively.

The mercury content in glass and phosphorus powders from new and spent fluorescent
lamps was investigated by Raposbal. [3]. After cleaning the lamps, they were carefully
imploded under a hood and the pbphorus powder was collected by scraping. Phosphorus
powder and glass samples were dissolved in nitric acid and the contained mercury was
investigated using cold vapor atomic absorption spectrometry (CVAAS). The results showed
that the main contribution ® the hazardous aspect of spent fluorescent lamps waste
belongs to the phosphorus powder matrix. Mercury concentrations in the powder of spent
lamps were found to be, in some cases, 40 times higher compared to new lamps, reaching
13300+£1300 ug/g. Very smhabncentrations were found in the glass of new lamps (about 18
Hg/g) while, in the case of spent lamps, mercury concentrations reached 4300+1300 pg/g.

Recent researchl9] shows that more than 85% (average value of 204.16+23.0 ppb) of the
mercury introduced in compact fluorescent lamps binds to the phosphorus powder and
more than 13% (average value of 18.74+2.0 ppb) diffuses through the glass.

Partitioning of mercury in flarescent lamps has been examined by Jaingl.[2] and similar
conclusions wex drawn. Different types of spent and new fluorescent lamps were used in
the experiments. The results showed that the quantity of mercury which interacts with
certain components varies from one lamp to another (TableMgre than 94% of total
mercury inteacts with the phosphorus powder coating and glass. Higher quantities of
elemental mercury are present in the vapor phase of new lamps. In contrast, for spent
lamps, mercury is found in higher quantities in the phosphorus powder anecepsl.
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Tablel: Partitioning percentages of mercury for different components of fluorescent lamps

[2]

Components Spent T8 Spent T1Z New  T12
lamps (%) | lamps (%) lamps (%)

End caps 2.07 0.50 0.09

Loose phosphor powders obtained duril 2.86 5.34 2.72

breaking and washing steps

Vapor phase Not 0.04 0.17
detected

Phosphor powders remained on thgdass and 95.08 94.12 97.02

glass matrices

Investigations with Rutherford backscattering spectroscopy (RB&y Xhotoelectron
spectroscopy (XPS), leamergy ion scattering, and thermal desorption mass spectroscopy
revealed that the interactions between mercury and glass are greatly reduced gl#iss is
covered with a thin oxide filf20]. Three differeh oxides were investigated: cerium dioxide,
tungsten (VI) oxide and yttrium oxide, each leading to different mercury concentration
profiles in the films. Higher concentrations of mercury were registered close to the
discharging side of the coating. Mercungeractions with the glass were reduced by about
two orders of magnitude, mercury being bound mainly in the oxide films.

The interaction between mercury and the phosphorus powder matrix was studied using
thermo-desorption atomic absorption spectrometryDAAS|3]. This technique revealed the
presence of both metallic (gand ionic (HY and HG") mercury species. A predominance

of HJ and HJ" over HG" was observed, although there were exceptions. The authors state
that ionic species, compad to metallic mercury, can form compounds more soluble, and
thus have a greater impact on the environment. This is due to much easier transportation,
oxidation and methylation processes.

3.3. Mercury release from fluorescent lamps

Releases of mercury in the environment are correlated with the processing and disposal
methods of spent fluorescent lamps. Direct landfilling is not a good option, leading to
contamination of the air around the dumping site, especially if the lamps ashedion site.

Soil and groundwater are also affected by leaching of mercury species from the waste. One
big concern is the possibility of conversion into extremely toxic species such as methyl
mercury. Incineration of fluorescent lamps waste also pose®lpros if it is performed in

the absence of air pollution control systems that capture generated mercury vdpals
Collection of spent fluorescent lamps and decontamination/recycling is the best options
when taking into account those stated above.
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Studies regarding leaching of mercury from fluorescent lamps in the environment have been
performed [6, 22]. Anodic Stripping Voltammetry (ASV) was used to determine mercury
content in CFLs and in the soil of a disposal site in Ifi#a Analysis reported mercury
concentratiors up to 0.1175 mgg in the lamps and 0.0149 mg/g in the sdikboratory
investigations with artificially spiked spent fluorescent lamps were used to confirm the
leaching of mercury in the soil.

It was reported that between 17 and 40% of the mercury in fluorescent lampeeased in

the atmosphere during a two week period after break[yy During the first 8 hours, about
one third of the mercury release occurs. High temperatures affect the process, leading to
increased percentages.

It was stated that the ionic species of mergupresent in fluorescent lamps can form
compounds more soluble than metallic mercury, thus having a greater impact on the
environment. This is due to a much easier transportation via the aqueous phase, oxidation
and methylation processd8].

3.4. Mercury separation and determination

During the last years, environmental (pollution prevention) and economic (material supply)
concerns have focused the attention on developing more efficient methods for removal of
mercury from industrial waste.

Acording to[23], determination of mercury involvegenerallysix steps:

sample collection;

sample pretreatment/preservation/storage;
liberation of mercury from its ntaix;
extraction/cleanup/pre-concentration;
separation of mercury species of interest;
guantification.

= =4 =4 4 -4 -

3.4.1. Instrumental methods for mercury determination

Various instrumental methods are available for quantifying mercury: CVed&,vapor
atomic fluorescence spectrometryCVAFS)nductivelycoupled plasmanass spectrometry
(ICPMS) inductivelycoupled plasmaptical emission spectrometry (I€BES),
electrochemical methods, and neutron activation analyses (NAA).

Some of the most frequently usedetihods for determination of mercury and their relative
detection limits are presented in Tabld23].
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Table2: Frequently used methods for quantification of mercury and their relative detection

limits [23]
Method Detection limits
Colorimetric
methods 0.01-0.1 pg/g
AAS Graphite furnace (GF AAS) 1 ng/g
Cold vapour (CV AAS) 0.01-1 ng/g
AFS Cold vapour (CV AFS) 0.001-0.01 ng/g
NAA Instrumental (INAA) 1-10ng/g
Radiochemical (RNAA) 0.01-1 ng/g
Electron capture detector 0.01-0.05 ng/g
GC Atomic emission detector 0.05 ng/g
Mass spectrometer 0.01 ng/g
CV AAS/AFS 0.01-0.05 ng/g
uv 0.1 ng/mL
CV AAS 0.5 ng/mL
HPLC CV AFS 0.08 ng/mL
Electrochemical detectors 0.1-1 ng/mL
ICP MS 0.01 ng/mL
ICP AES 2 ng mL
Photo-acoustic 0.05 ng
spectroscopy
X ray
fluorescence 5 ng/g- 1ng/g
Goldfilm
analyzer 0.05 ug/g

3.4.1.1. Cold vapoatomic absorption spectrometry

CVAAS is one of the most popular methods to quantify total mercury content in various
types ofsamples. A reducing agenin( chloride or sodium borohydride is added to the
sample in order to reduce mercury to its elemental form. Mercury vapors liberated from the
sample areausuallypre-concentrated on a gold surface then thermally desorbed imtanert

gas streanwhich carries them into the cell of an atomic absorption spectromgeAS) The
absorption is measured at 253.7 nf@ompared to many other techniquede method is
easy to performrapid, selective, and accuraf@3]. However,spectral interferences can
occur, most often caused byolatile materials which absorb at 253.7 nRroper selection of

the pH and reducing agent can minimize or completely remove some of théereaces.
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3.4.1.2. Cold vapor atomic fluorescence spectrometry

CVAFS8an be used with great results fareasumg trace amounts of/olatile metals such as
mercury.Compared to AAShé method achieves much better sensitivities (less than 1 pg)
andlinearity over a wider concentration rang23]. AnUV light sourc€253.7 nn) is used to
excite mercury atoms. The absorbed energy igadiated by the mercury atos and
detected bya photomultiplier or UV photodiode

A preconcentration step can be performed (absorption on a gold surface, followed by
thermal desorption) in order to increase the sensitivity of the method.

3.4.1.3. Inductively coupled plasmmass spctrometry

ICRMS is one of the most powerful techniques for metal determinationaqueous phases
because of its high sensitivity, large dynamic linear range, +@kglthent capability and
possibility to perform isotopic measuremerjé4].

Memory effects, which are one of the major problems for the effective use of this method,
are gratly reduced by introducing mercury as gaseous species into the plgdndsotopic
speciation can offer valuable information about transformations neércury species in
environment and biological systems.

3.4.1.4. Neutron activation analysis

The method it is highly precise and sensitive and has the advantage that it does not destroy
the sample, analyses being performed directly, without anytpgatment. However, due to

its high cost, safety requirements, the need for a nuclear reactor and special apparatus, this
method is not used frequentlj23].

One of theadvantages is thpossibility to analyze a large variety of samples: liquids, solids,
gas, suspensions etc.

3.4.1.5. Atomic emission spectrometry

Photons emitted during the transition of mercury atoms from an excited state to a lower
energy state aremeasured, the intensity of the emission being correlated with the
concentration.

Several types of plasma sourcédirect current, inductively coupled, and microwave
induced have been used for the determination of mercyid3, 25 and, dthough these

14



methods are very sensitive compared to AAS and AFS, they are much more expensive and
complex for routine analyses.

3.4.1.6. Photeacoustic spectroscopy

For mercury determination, a preoncentration step on a gold trap is performed; after
thermal release, the sound produced from fluorescent quenching when the sample vapor is
irradiated with a modulated mercury vapor lamp is measured. The detection §Gi0b ng

[23]. Trace levels of mercury in air and snow hdeen successfullgetected with this
method|[26, 27].

3.4.1.7. Xray fluorescence

Compared to other methods)Xray fluorescence XRIF has some advantages: minimal
sample preparation, fast and negestructive analysis and it is indifferent to the chemical or
physical state of the analyte. However, AAS and NAA offer better sensitivities. For direct XRF
sample measurements, detectionmits in the pg range can be achievedA pre-
concentration of mercury can improve the sensitijidyj].

3.4.1.8. Electrochemical methods

ASV is used as a method of quantifying mercury in solutions. One of the advantages, apart
from the lower cost of instrumentation, is the possibility of separating mercury(l) and
mercury(ll) in agueous solutions. However, because of the low sensitivitiese timethods

have become legsopular and havéeen replaced by the others described ab$28].

3.4.2. Determination of organic mercury

Gasliquid chromatography wh electron capture detection (GLEXCD) is used for selective
analysis of organomercury compouni@s]. The analytical procedure involves the extraction
of methylmercury in the samples with an organic solvent followed by -eatiaction into a
cysteine or glutathioneagueous solution. After rextraction into an organic solvent
methylmercury is measured using GECD.

GLGECD responds to the halide ion attached to the methylmercury iatoés not measure
mercury directly. Because of its superior sensitivity (detection limit of approximately a few
pg), this technique is widely used for the determination of methylmercury in various kinds of
biological and environmental samplg3].
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Methods that use the formation of volatile organomercury derivatives through ethylation,
propylation, butylation, hydration and iodination can be used in order to separate organic
mercury [23]. These volatile compounds are removed from solution by aeration and then
trapped on an adsorbent. From there, they can be desorbed or leached and analyzed.

Methods that are based on differential reduction also exist. Md@8$ described a method
based on the rapid conversion of organomercurials first into inorganic mercury and then into
atomic mercury. Organomercury compounds are redutecelemental mercury by din
chloridecadmium chloride combination; CVAAS is used as an analytical technique for
mercury determination.

3.4.3. Determination of mercury and its compounds in solutions

Mercury compounds occurring in water are presented iguFe 4; they are most often
defined by their ability to be reduced to elemental merg{23].

The stability of mercury in solution is affected by factors such as: concentration of mercury
and its compounds, the type of water sample, the type of containers used, the cleaning and
pretreatment of the containers and the preservative addad].

MeHg

CH,Hg*

WEIER Major mercury species to be
EVASION DEPOSITION determined:
A
l ! - total Hg (dissolved and
. AT, particulate)
Hg%g) <> Hg2*(aq) *+%CH,),Hg(q) - monomethylmercury
S — R—— compounds (dissolved and
T particulate)
) A,‘ﬂ.’ it I) I .| - reactive Hg species
e T | - dissolved elemental Hg

- dimethylmercury

Figure4: Mercury species and transformation in waf2g]
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The mainsteps for determination of various mercury compounds in solution are shown in
Figure5 [23].

REACTIVE Hg SPECIES PARTICULATE Hg
(Reduction by SnCl, and SPECIES
purging) (Tota! Hg, CH;Hg")
2
1 )
' N
SAMPLING AERATION FILTRATION
(Ultra clean protocols) (Ultra clean, 0.45um, Teflon,
9 J nitrocetluloge. glass)
- y ~ y
SIMULTANEOUS VOLATILE Hg SPECIES ([ PRESERVATION |
DETERMINATION OF (Dissolved Hg® and (HC! and/or HNOs, freezing)
VARIOUS Hg SPECIES (CH3);Hg)
(Dexivatizatiqn and cryo- L J k J
trapping) l

(" DISSOLVED Hg SPECIES |
(Total Hg, CH;Hg")

- J

Figure5: @mmon steps for determination of total mercury anddtenpainds in solution
[23]

Containers and other sampling equipment used should be made of Teflon, borosilicate glass
or silica glass. Teflon has the bgstrformance regarding contamination and lefsse
storage of aqueous samplg&3]. In order to minimize contamination, water can be pumped
through Teflon tubing ueg a peristaltic pump.

Volatile mercury species such as metallic mercury and methylmercury can be removed from
the samples by aeration and collection on absorbents. In order to measure dissolved
mercury compounds, removal of particulate matésidrom thesample is necessaryhig is
achieved by either filtration or centrifugation. Samples should be processed immediately
after removal of the particulate matter. If this is not possible and samples have to be stored
for a certain period of time, the mercury present has to be dizdil by adding acid. For the
analysis of organomercurials, preservation with oxidative reagents is not advised as
organomercurials are converted into inorganic mercury. In this case, hydrochloric acid was
found to be the most appropriate acid for storiagueous solution§23].

A schematic flow chart for determination of total mercury in natural water samples is shown
in Figures [23]. If total mercury is to be measured, the decomposition of all species irftb Hg

is mandatory. This can be achieved with oxidizing agents or by using UV irradiation. A
combination of the above methds can be used for better results. CVAAS is the most used
method for total mercury determination in solutions. K6/ and ICIDES can be used if

17



mercury in the samples is present in traces, due to better detection limits compared to
CVAAS.

SAMPLING
U
FILTRATION
U
PRESERVATION
U
DECOMPOSITION
(UV irradiation and/or cold oxidation with BrCI)
U
REDUCTION
U
AERATION
U
PRECONCENTRATION
(double or single amalgamation on gold)

DETECTION
(CV AAS, CV AFS, plasma-AES, ICP-MS, etc.)

Figure6: Principal steps for the determination of total mercury in solufzs}

3.4.4. Determination of mercury and its compounds in solid samples

When analyzing solid sargs, a preliminary decomposition is needed. Wet procedures using
oxidizing agents (hydrochloric, sulphuric, nitric acid) or dry procedures involving
combustion/pyrolysis are usually us§23]. The latter can be performed under reductive or
oxidative conditions and can be combined with qm@ncentration methods for better results
e.g. gold amalgamation.

Comparison between acid digestion and thermal treatment of saligré containing
particulate mercury was mad@&0]. Microwave assisted acid digestion was carried with nitric
acid at 160 °C followed by determination of mercury by CVAAS. Pyrolysis experiments were
conducted in a quartz pyrolyzer, at 8900 °C, under a nitrogen flow. Acid treatment was
found to give better results (about 30%) compared to pyrolysis, due to lessiteractions

of mercury with the matrix.
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3.4.5. Recovery and determination of airborne mercury

One of the methods for removing mercury vapors from gas streams involves using
adsorbents. Activated carbon and zeolif®4, 32], as well as sulfumpregnated activated
carbon and eolites have been studigf@3]. Experiments on the adsorption of mercury vapor
on sulfurimpregnated adsorbents, conducted by Otaei al. [34], showed that the
impregnation of sulfur increases the adsorption capacity of active alumina and zeolite by
several orders of magnitude.

The removalof mercury vapors by TiQrradiated using various iy sources was studied

[35]. A mixture of Ti@and glass beads was used to increase the effective surface area of
TiQ for mercury adsorption and UV radiation. A mercury vapor generator, a photochemical
reactor, and an o#fine mercury analyzer were used to study the efieeness of the
method. Three different commercially available T¥dere used and removal efficiencies
under different light sources were evaluated (UV black light, UV sterilizing light, fluorescent
light and blue light). With one exception, more than 98%initial mercury was removed.
Under blue light, a removal efficiency of only 85% was achieved. Exhaust gas samples were
taken out of the photochemical reactor and analyzed to verify that mercury was actually
adsorbed onto the Ti©surface. This was coniied for efficiencies close to 100%, no
mercury being detected in the gas. Comparisons made with activated carbon shows that
TiG performs better for mercury removal while also being much more economical.

Several types of sorbents were analyzed for the agat of elemental mercury from a carrier
gas|[36]. Thecapacities and breakthrough times of different sorbents were investigated.
Higher capacities were observed for activated carbons at lower temperatures and also for
chemically promoted activated carbons, compared to standard ones. Due to low costs,
chlorine was suggested as a chemical promoter for carbon sorbents for the removal of
mercury. Metal oxides and sulfides are suggested as an alternative,, NO¥0; and Mo$
exhibiting moderate capacities for mercury removal.

Occupational Safety and Healdministration Method ID 14(B7] describeshe collection

of airborne elemental mercury in a passive dosimeteactive sampling device and further
analysis using CVAAS. The passive dosimeter is based on controlled diffusion while the active
sampler uses a calibrated sampling pump. Mercury is irreversibly trapped on a solid sorbent
such as Hydrar or hopcalite. Fquantification of mercury, the sorbent is dissolved with
concentrated acidsTin chlorideis added to generate mercury vapors that are driven into

the cell of a flameless atomic absorption spectrophotometer.

The method describes that previously, mercusamples were collected on iodine
impregnated charcoal contained in glass tubes. Mercury vapors were released into the beam
of an atomic absorption spectrophotometer by thermal treatment. Detection limit for this
method is approximately 0.1 pg.
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Hopcalite sbd sorbent was chosen for mercury vapors sampling in place of the iodine
impregnated charcoal. Analysis of hopcalite used for mercury collection shows its
composition consists mainly of oxides of manganese and copper. Hydrar, which has a similar
compositdbn, can be used as a substitute.

According to the documentationi37], the advantages and disadvantages of O&HA
method are:

1 adequate sensitivity for measuring workplace atmospheric concentrations of elemental
mercury;

1 small, lightweight, reusable, cost efficient passive dosimeter that requires no sampling

pumps;

stability of the collected mercury sample forlaaist 30 days;

simple sample preparation procedures for analysis;

analyzes can be performed in any laboratory equipped with a CVAAS;

one of the disadvantages the passive dosimeter has is the inability of collecting

particulate compounds; a separate samplipump and collection media is necessary in

this case;

1 sample rate is dependent on air velocity, the dosimeter not being recommended in areas
where the air velocity is greater than 229 m/min;

1 the active device is dependent on a calibrated pump for samgleation.

= =4 =4

Inorganic mercury passive sammeralidated byOSHA method ID 14@re commercially
available One of such devices is manufacturedthg companyXC Inclt uses Anasorb, a
proprietary sorbent, comparable to HydraThe passive sampler, according to its
specification sheet hasigh accuracy and sensitivity

positive analysis of inorganic mercury;
limit of detection: 0.01 ug;

limit of quantitation: 0.04 ug;

sampling and experimental error: + 8.6%;
background: 0.02 pug/206hg section.

= =4 4 4

The device is light, easy to us, has the lowest cost per measurement and provides longtime
sampling (up to 120 hours). ik supposed to be attached close to the collar when used for
personal exposure or close to the desired measuring arease of room measurements.

An active sampler has more advantages, due to the fact that is programmable. It uses a
pump and continuously measures the air flow taken into the device. Temperature in the
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work area is an important factor, due to the fact thaterury concentrations in the air
increase with temperaturéTable 3]37].

Several patents regarding mercugmoval from gases were registered over the years.

Brooks registered a patent for removal of mercury from a combustion gas stream and the
apparatus used38]. Mercury ingas stream is oxidized and the resulting compounds are
absorbed on adsorbent particles e.g. activated alumina. Catalysts are used to promote
oxidation. Thermal treatment is used to desorb mercury from the absorbent which can be
regenerated and raised. In another embodiment, elemental mercury is oxidized using
catalysts and the resulting compounds are removed from the stream by scrubbing.

Table 3: Vapopressuresaturation concentration of mercury at various temperatyi&g

Temperature| Vapor Pressure Mercury Concentration
(degrees C) | (torr) (Hg/m®)
0 0.000185 2,18
10 0.000490 5,88
20 0.001201 13,2
24 0.001691 18,3
28 0.002359 25,2
30 0.002777 29,5
32 0.003261 34,4
36 0.004471 46,6
40 0.006079 62,6

Dangtranet al. registered a patent for removal of mercury and nitrogen oxides from
combustion flue gag39]. Thisis achieved by injection of calcium chloride into the combustor
and lowering the flue gas temperature. @ation of mercury and nitrogen oxides leads to
more soluble compounds that are absorbed in a wet scrubber. By cooling the flue gas,
mercury removal is enhanced.

Bhat et al. registered anactivated carbon flue gas desulfurization system for mercury
removal[40]. A flue gas treatment system comprising ofelactrostatic precipitator and a

wet flue gas desulfurization tower is used. Fresh activated carbon is injected into the stream
and then collected by the electrostatic precipitator. A part of the reacted carbon collected by
the precipitator can be injectetback into the stream to minimize fresh activated carbon
consumption.

Lovell et al. registered a patent for anigh-capacity regenerable sorbent for removal of
mercury from flue gas and processes and systems for making and using the Jdrfjest
polyvalent metal sulfide deposited on a phyllosilicate substrate is used to absorb elemental
mercury or oxidized mercury species present in flue gas in a wide range of temperatures.
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3.4.6. Recovery of mercury by amalgamation

Mercury forms alloys, also known asalgams, with a lot of metals. Amalgams are easily
formed by heavy metalsMost of the lighter transitional metals (with the exception of
manganese and copper) are insoluble in merddg}. Iron is one example, ireflasks being
sometimes used for mercury storage.

The capacity of mercury to form amalgams is of great interesiny of them having
important applications e.g. sodium and zinc amalgams are valuable reducing pg#@nihe
ability of mercury to dissolve gold arsillver was used to extract these metals from their
ores.

Metallic mercury can be neutralized or removed from certain mixtures by forming
amalgams. Mercury can then be separated from the amalgamated metals by heating the
amalgam in special vessel (atort). For smaller quantities of amalgams, nitric acid
dissolution can be used as an alternative. Although gold and silver combine very well with
mercury to form amalgams, because of their price, other metals are required for this
process. Considering ¢havailability and price, aluminum is one of the best choices when it
comes to removing high quantities of metallic mercury using amalgama#dmminum
amalgam can be obtained by grinding aluminum pellets or wire in mercury, or by immersion
of aluminum wie in a solution omercury(ll) chlorid¢43].

Oxygen in the air reacts with aluminum, forming on its surface a thin layer of aluminum
oxide. The aluminum oxide protects the metal from interactimigh mercury; however,
small scratches can expose aluminum and lead to the formation of amalgam.

A convenient method to extract mercury available as mercuric chloride in water is described
in [43]. An aluminum wire can be immersed in the solution containing mercuric chloride.
Aluminum interacts with mercury in the solution, deposits forming on the surface of the
wire. Aluminum from the wire will gradually diffuse into the outer coating of merdary
form the amalgam.

3.4.7. Solvent extraction of mercury

Solvent extraction, also known as ligdiquid extraction, is based on the differential
partitioning of soluble complexes between two immiscible phases: an aqueous and an
organic ong44]. The component to be separated is distributed between the two phasés a

a distribution coefficient can be defined at equilibrium:

D = (Concentration in organic phase) / (Concentration in aqueous phase)

A percentage of the extraction, also known the extraction factor can be definedlhis
shows how much component has beextracted:
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Theorganic phase acts as a diluent for the extractaotdic solutions are commonly used as
the aqueous phase.

Solvent extraction is considered to be one of the most effective, ensaging and
nonpolluting separation tdmiques for the removal of heavy metals from industrial wastes.
In this process, the most important factor is how selective is the extractant to the specified
metal ions to be removef#5].

Extractants such asi-n-butyl phosphate TBR [46], dialkylsulphoxided47-49], trialkyl
thiophosphateg[50], thiophosphorus compoundb1], dihexyl sulphidd52], octyl(phenyh
N,N-diisobutylcarbomylmethyphosphine oxide (CMPO])53], Aliquat 336 (troctyl
methylammonium chloride)54-56], Alamine 30457], Cyanex 92858], rhodamine H59],
N-octylaniline [60], dibenzel8-crown6 [61], dicyclohexyll8crown6 [62], 1,2
bis(hexylthio)ethane [63], calixarenes [64, 65], triphenylarsine oxide [66] and
iodonitrotetrazolium chloridg67] are capable of extracting mercury with good res(i8].

For mercury(ll) in hydrochloric acid solutions, certain metal species may exist in the aqueous
phase: HY, HgCl, HgGl, HgGF and HgGl' *. Considering that mercury exhibits a strong
tendency to form complexes ith ligands containing phosphorus, sulphur or nitrogen as
donor atoms, amines can be used to extract these spg6ids

Fabregeet al. [68] has shown that Aliquat 336 is very efficient for the removal of mercury
from hydrochloric acid solutions. Aliquat 336 was dissolved in kerosene -aathdol was

added in the organic phase, to avoid the formationaathird phase. The experiments were
carried at room temperature. Very fast extraction was achieved, mercury being
quantitatively extracted within 5 mimtest & LJ xmM® ¢ KA 2dzNBI LINR SR
agent, the efficiency of the process being correthteith the concentration of the agent.
There was no formation of precipitates.

The extraction of mercury(ll) from hydrochloric solutions using Aliquat 336 was also studied
by Cattrall and Daud[54, 56]. Their investigations show that the monovalent
trichloromercurate(ll) species (Hgg) are extracted more strongly than the divalent
tetrachloromercurate(ll) ions (Hglh. Extraction equilibrium constants have been
determined for different systems: mercury in iodide solutions and copper (Il), zinc (II) and
cadmium (II) irhydrochloric acid solutions. The results show that the extraction order using
Aliquat 336 is: mercugydgidze)™> MErCUry:nioridey™> Cadmium > zinc > copper.

The extraction of mercury(ll) from hydrochloric acid solutions has been investigated using
Cyanex 23 (TRPO), a mixture of four trialkylphosphine oxides that exhibits extraction
properties similar to trioctylphosphine oxidgs8]. This extractant has also been studied for
the separation of trivalent lanthanides and yttrium from industrial wag&3. The effects of
hydrochloric acid and Cyanex 923 concentrations on the extraction of mercury have been
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studied. The extraction efficiency decreasethwincreasing hydrochloric acid concentration

in the aqueous phase. An explanation for this is the formation of Hag@ HgGF in the
agueous phase with the increase of acid concentration. The authors state that a similar
behavior has been observed Byeweret al.[53] when using CMPO and TB® extractants.

As for Cyanex 923, the distribution ratio of mercury increases linearly with an increase in the
concentration of the extractant. The effect of other metal ions (zinc, cadmium, calcium,
barium, magnesium and iron) on the extraction process been investigated and it was
found that none of these metal ions are extracted into the organic phase. Various stripping
agents have been investigated and it was found that®@s and thioureea strip mercury
almost quantitatively in a single stage.

Theliquid-liquid extraction of mercury(ll) from hydrochloric acid solutions has been studied
using bis2-ethylhexyl sulfoxide as an extractg@dt9]. In parallel, extraction studies with-di

octyl sulfoxide and diphenyl sulfoxide have also been carried out. The effect of other metals
(zinc, cadmium, calcium, barium, magnesium and iron) on the extraction of mercury has also
been investigated; none of these metals were extracted in the organicepfidse nature of

the diluent was found to be an important factor in the process. Very little extraction is
observed when using chloroform; for aromatic hydrocarbons extraction increases in the
order: benzene<toluene<xylene. Diluents such as kerosene addhexane show high
extraction for mercury, because of low dielectric constants. Mixtures of 1% thiourea in 1%
hydrochloric acidand 4M sodium chloride in 0.1 M sodium hydroxide were found to be a
very effective stripping agents (>99.9%), stripping meraugne stage.

Trialkyl thiophosphates have been investigated for the extraction of silver(l) and mercury(ll)
[50]. Triio-octyl thiophosphate and tm-butyl thiophosphate were found to be highly
selective extractants for silver and mercury(ll) ions in nitric acid. Partition coefficients
exceeding 100 for silver and 90 for mercury were observed at room temperature.

Tri-n-butylphosphine sulphide and tn-octylphosphine sulphide can be used to extract
silver(l), mercury(ll) and palladium(ll) from aqueous acid solutj@fs 71], the last one
being more selective in hydrochloric acid systems than in nitric acid systems.

Di-n-butyl thiophosphite (DBTP), -dibutyl 2-hydroxypropylthiophosphonate (DBPrPS) and
di-n-butyl phosphinyl 8$nethyl dithioformate have been used to study the eadtion of
mercury[51]. Mercury showed a stronger affinity for the sulphur in the PSH group in DBTP
than the P=S in OBPS. From the preliminary calculations of the stability constants it was
clear that DBTP forms the most stable complexes.

Alamine 304, a high molecular weight tertiary amine, was used to extract mercury in
aqueous chloride mediurfb7]. The effect of Alamin804 concentration was investigated, at
least a 5% solution being necessary to extract the mercury in an equal aliquot of solution.
High Alamine 304 concentrations did not improve the efficiency of the extraction however,
increases in hydrochloric acid amntration showed a positive effect. More than 98% of the
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mercury is removed at a concentration of 0.001 M, a maximum being observed at 0.1 M HCI.
Equilibrium is reached very rapidly, more than 98% of the mercury being transferred from
the aqueous phase tthe organic phase in about 30 seconds. Nitric acid, sodium hydroxide
and EDTA were found to be good stripping reagents to remove mercury from Alamine 304
xylene solutions.

Dibenze18-crown-6 into benzene was used to extract mercury(ll) as chtammplexesrom
solutions in hydrochloric acid with. The experiments were conducted in the presence of
different cations (lithium, potassium, ammonium, calcium and strontiuf@)l]. The
extractability of mercury(ll) in the presence of these cations decreased in accordance with
their ionic diameter.

3.4.8. Standardizednethods for separation and detection of mercury

A series of standardized methods used by USEPA for separation and detection of mercury in
different media arespecifiedbelow. Variations of these methods are currently in use all over
the world.

1 Mercury spets fractionation and quantification by microwave assisted extraction,
selective solvent extraction and/or solid phase extraction (EPA Method 3200)

1 Mercury in solid or semisolid waste (manual ce&por technique) (EPA Method
7471B)

1 Mercury in liquid wate (manual colevapor technique) (EPA Method 7470A)

1 Mercury in aqueous samples and extracts by anodic stripping voltammetry (ASV)
(EPA Method 7472)

1 Mercury in solids and solutions by thermal decomposition, amalgamation, and
atomic absorption spectrophotaetry (EPA Method 7473)

1 Mercury in sediment and tissue samples by atomic fluorescence spectrometry (EPA
Method 7474)

1 Mercury in water by oxidation, purge and trap, and cold vapor atomic absorption
fluorescence spectrometry (EPA Method 1631)

1 Methyl mercuy in water by distillation, aqueous ethylation, purge and trap, and
CVAFS (EPA Method 1630)

1 Mercury in water by coledbapor atomic fluorescence spectrometry (EPA Method
245.7)

1 Mercury (automated cold vap technique) (EPA Method 245.2);

1 Determination ofparticulate and gaseous mercury emissions from chlkali plants
(air streams) (EPA Method 10Q1)

1 Determination of particulate and gaseous mercury emissions from sewage sludge
incnerators (EPA Method 101A);
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91 Determination of particulate and gaseous mercury emissions from -chadi plants
(hydrogen streams) (EPA Method 102)

1 Determination of mercury in wastewater treatment plant sewage sludges (EPA
Method 105)

EPA Method 320072] describes the determination ofotal mercuryand various mercury
species in soils and sediments. Microwassisted extraction using nitric acid solution or
ultrasoundassisted extraction using a mixture of hydrochloric acid and ethanol can be used
to extract mercury in the samples. The method offerormation about sukspeciation of
extractable and nofextractable mercury and analysis of specific mercury fractions.

EPA Method 7471B/3] measures total mercury in soils, sediments, bottom deposits, and
sludgetype materials. Digestion of the samples with concentrated acids at elevated
temperatures is necessary. CVAAS is used to quaotiflymercury in the solutions.

EPA Method 7470A74] is used todetermine the concentration of mercyrin mobility
procedure extracts, agueous wastes and ground waters. All samples are subjected to an
appropriate dissolution step prior to analysis. Mercury content is determined using CVAAS.

EPA Method 747379 is based on ASV for quantifying mercury.céin be applied for
determinations of dissolved organic and inorganic divalent mergurg and compounds in
drinking water, natural surface water, seawater, in domestic and industrial wastewater, and
in aqueous soil extracts. Acid digestion is necessary for solid matrices.

EPA Method 747376] is applied for the determination of mercury in solids, aqueous
samples and digested solutis. It can be used in the laboratory or field environments.
Mercury is liberated from the samples using controlled heating. AAS is used for
measurements.

EPA Method 747/77] uses AFS to determine total mercury in sediment and tissue samples.
Microwave digestion of the sample is accomplished using nitric and hydrochloric acids.
Mercuryspecies are reduced to elemental mercwiich is measured using AFS.

EPA Method 163178] describes thedetermination of mercury in filtered and unfiltered
water using oxidation, purge and trap, desorption, and CVAFS.

EPA Method 163(79] is applied for determination of methyl mercury in filtered and
unfiltered water using distillation, agqueous ethylation, purge and trap, desorption, and
CVAFS.

EPA Method 245.780] quantifies mercury in filtered and unfiltered water using CVAFS.
Mercury in drinking water, surface and ground waters, marine waded industrial and
municipal wastewater can be determined.
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EPA Method 245.[81] is applied for the determination of mercury surface waters and, if
potential interferences are not present, in saline waters, wastewaters, effluents, and
domestic sewages. Dissolved mercury is reduced to its elemental state, aerated from
solution and analyzed by AAS.

EPA Method 10182] determines particulate and gaseous mercury emissions from <chlor
alkali plants and other sources where the cargais steam is principally air. Particulate and
gaseous mercury emissions are withdrawn isokinetically from the source and collected in
acidic iodine monochloride solution. Mercury is reduced to its elemental form, which is then
aerated from the solution and measad using AAS.

EPA Method 101A83] analyses mercury emissions from sewage sludge incinerators and
other sources. Particulate and gaseous mercury emissions are withdrawn isokinetically and
are collected in acidic potassium permanganate solution. Collected mercury is reduced to its
elementalform, which is aerated and analyzed by AAS.

EPA Method 10884] is used for the determination of both particulate and gaseous mercury
emissions from chlealkali plants and other sources where the carg@rs stream is
principally hydrogen. The procedures are similar to EPA Method 101.

EPA Method 10985] quantifies total organic and inorganic mercury content in sewage
sludge. The samples are collected after dewatering and before incineration or drying.
Digestion in aqua regia followed by potassium permanganate oxidation is performed for a
weighted portion of the sample. CVAKBSIsed to measure mercury content.

3.4.9. Mercury recovery from fluorescent lamps

Considering the environmental implications athe extreme rarity of mercury in the Earth's
crust (average crustal abundance of 0.08 pf8€]), recycling of mercury containing waste
and recovery of the contained mercury is very important.

As previously discussed, mercury in fluorescent lamps can be found in elementary form or in
different oxidation statesbound to certain components of the lamps: glass, end caps,
electrodes, phosphorus powder. Contamination of the waste with mercury is a problem, as
mercury interferes with the recycling of important elements such as REMs. Therefore,
mercury removal techniges play an important role in developing recycling processes for
spent fluorescent lamps.

Duraoet al.[8] states that three processes are most important for the decontamination of
fluorescent lamps waste: a thermal process, a chemical process involving lixiviation by
aqueous solutions and stabilization. The first two are the most itamdy making possible

the recycling of mercury.
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3.4.9.1. Thermedesorption techniques for recovering mercury from fluorescent lamps

Thermal processes for the recovery of mercury from fluorescent lamps are described in
literature[2,8,9,87]® ¢ KS YI GSNALFEf A& SELRASR (2 KA3IK
point, for several hours. Mercury vapors are condensed and collected into decanters.
Further distillation steps or additional treatments such as nitric acid bubbling can be used as
purification methodq?2]. The efficiency of the process is influenced by two npairameters:
temperature and desorption timg9].

TDAAS was used to investigate the thermal release of mercury from phosphorus powder and
glass of spent fluorescent lamp8]. A heating rate of 33 °C/min was used to bring the
powder samples from room temperate to 570 °C. With the help of a constant nitrogen
flow, the desorbed vapors were taken to the detection cell of an atomic absorption
spectrophotometer and mercury was quantified. Using a thermocouple and monitoring the
temperature over the sample, registtion of absorbance as a function of the temperature
was obtained (Figur&). Relevant information regarding the interaction force of mercury
with the matrix was obtained by studying these thernmesorption profiles. They show that
desorption of elementamercury occurs at low temperatures, reaching a maximum at 150
°C. Maximum desorption for H@G}L is reached at 225 °C, for Hg@t 275 °C and for Hg@x
approximately 400 °C. Higher desorption temperatures of mercury were observed for glass
samples of spent fluorescent lamps. Mercury desorption was recorded between 240 and 800
°C with a maximum peak at 618 °C. Such high temperatures confirm the gtrtargctions
between mercury and the glass components.
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Figure7: a. Thermograms of fluorescent lamp treated phosphor powder spiked with mercury
standards b. Thermedesorption profile of glass sample of a spent fluorescent [@hp

The high temperatures that are necessary to weaken the interactions between mercury and
lamp components translate into more energy consumption, specialized installations and the
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possibility of unwanted chemical or physical transformations. Studies wittpoands that
lower the temperatures necessary for mercury desorption from phosphorus powders of
spent fluorescent lamps have been performi8]. Sodium borohydride, lithium aluminum
hydride, iron powder, citric acid, sodium oxalate and sodium citrate were used as reducing
agents in order to lower the heating temperature required for meyctelease. Among the
tested substances, sodium borohydride proved to be the best, an improvement of 30%
compared to the treatment without crushing and reducing agent being observed. Citric acid
presented a high capacity to weaken mercury bonds with thé&imas well.

The efficiency of mercury desorption from fluorescent lamps glasses at various temperatures
has been studied2]. Temperatures between 100 and 500 °C were investigategent
fluorescent lamps and a sample taken from a recycling company were used. Good results
were observed fter only 1 h of exposure at 100 °C. In tk&se the mercury concentrations
dropped below 4 upg/g for all samples (Figus® The remaining mercury was slowly
desorbed by increasing the temperature. After thermal treatment at 400 °C, mercury was
not detected in 3 samples, indicating complete remowdercury was still found in one
sample, even after heating it at 500 °C, due to strong bounds with the glass matrix.
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Figure8: Temperature effect for mercury extraction from fluorescent lamps gld8kes

Wet-based and dnpased thermal desorption systems for mercury removal from fluorescent
lamps exist: Nomura (Japan), respeelw MRT (Sweden), AERC and SepaDyne (US). High
costs, secondary pollutants and the required treatment of the resulting wastewaters are
some of the disadvantages wbased thermal desorption systems hg@.
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A fulkscale thermal desorption process compig a pretreatment unit and a mercury
recovery system can be used for recovering mercury from fluorescent lamps \&ste
Mercury is thermally separated in the pteeatment unit then recovered by a condenser in
the mercury recovery system. A doased system, including a lamp crushing system, was
used to recover mercury from different types of lamps (FigBreTwo heatingchambers
were used: a prdneating one that operated under vacuum conditions to vaporize the
mercury from the lamps and a pekeating one to make sure that all the mercury was
vaporized. The effects of pteeating temperature and desorption time on thefiefency of

the process were investigated. For standard fluorescent lamps efficiencies from 97.08 to
99.22%, with standard deviation and coefficient of variation of 0.74% and 0.75%, were
obtained. The two parameters investigated had little influence on precess (2.14%
maximum difference). The ptieeating temperature showed higher influence on the process
compared to desorption time. Efficiencies between 69987/39% were obtained for CCFLs
with standard deviation and coefficient of variation of 8.03% &h88%. Préheating
temperature is an important factor in this case, the efficiency of the process improving with
an increase in temperature. For optimum mercury recovery, 525 °@eating temperature

and 8 hours desorption time is required.
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Release of mercury from different materials was studied using a bench scale thermal
desorption setup[87]. Pure mercury, cinnabar, amalgam, different types of mercury
containing lamps and a mercury/fluorescent powder of a mixed sample originating from a
thermal desorption plant were investigated. Results showed a desorption of mercury in the
sample from the treatment plant at temperatures between 5880 °C, much higher
compared to those of the other materials investigated. For those, mercury release
temperatures vere between 56250 °C. Comparison was made for the mixed sample with
commercial phosphor powders and desorption temperatures were found to be lower in the
latter (30-150 °C).

3.4.9.2. Acid digestion techniques for recovering mercury from fluorescent emp

Another method used for the recovering of mercury from spent fluorescent lamps involves
leaching of mercury species with acids. For this, the crushed waste is dissolved into acid or a
mixture of acids. Extraction can be accomplished with the aid of mvEve irradiation,
ultrasound or temperature. A separation of the resultant extracts from the remaining
sample matrix is needed. Mercury is analyzed and recovered through various techniques: ion
exchange, solvent extraction etc.

Strong oxidants such as hygdorite and nitric acid solutions were tested for the recovery of
mercury from the phosphorus powder of spent lam88]. Nitric acid was very effective,
leading tothe dissolution of more than 99% of the mercury. However, the agent was very
aggressive and dissolved the whole powder, the goal of the authors (return the powder back
in the production process) being rendered impossible. The efficiency of hypochlorite
extraction increased with concentration, leaching time and temperature, reaching similar
values (over 99%).

The effectiveness of acid digestion compared to themesorption of mercury from spent
fluorescent lamps glass has been investigat2[d Different concentrations of nitric acid
solution and a mixture of nitric and hydrochloricié solution (1:1 volume ratio) were used.
CVAAS was used to analyze the mercury content in the samples. The obtained results show
that the extraction effectiveness increases with an increase in acid concentrations. Also,
higher extraction efficiency wadeerved for the mixture of nitric and hydrochloric acid. The
mixed acids solution managed to extract 36% of total mercury and the nitric acid solution
only 28%. These results indicate that acid extraction is not as effective as thermal treatment
for mercury recovery from spent fluorescent lamps glass. Comparing these two techniques,
heating is much simpler, easier to achieve and leads to better results. It does not require the
use of chemical reagents and does not lead to toxic compounds or effluents, gnakin
additional treatment unnecessary.
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3.4.9.3. Other mercury removal techniques from fluorescent lamps

Other mercury removal techniques have been investigated. Electroleaching was considered
for treating the phosphorus coating of fluorescent lanif8]. The powder, consisting mainly

of fluorchlorapatite, was suspended in 1M sodium chloride solution and two graphite
electrodes were used. Different pH values weested, better results being obtained at
pH=4. The efficiency of the process in this case reached 99.5%. Compared to chemical
procedures, where mercury is recovered as soluble species and further treatment is
necessary, this method leads to the recoverynarcury in its elemental form, in one step.

Heterogeneous photocatalysis has been applied for the selective reduction of mercury from
fluorescent lampd89]. In this method UWIS photons & absorbed by a semiconductor,
their energy promoting the passage of electrons from the valence band of the
semiconductor to its conduction band. The species in solution can be reduced by the
electrons that reach the surface of the semiconductor. Alsohibles created in the valence
band are capable of migrating to the surface, oxidizing species in solution. Thus, one or more
redox reactions occur, the semiconductor acting like a catalyst. Crushed lamps originating
from a recycling company were used iretexperiments. A mixture of hydrochloric and nitric
acids and an aqueous solution of sodium hypochlorite were used to bring the mercury into
solution. Sodium hypochlorite at pH 5.5 was found to be most effective. Two 18 W UV lamps
with a radiation peak vake of 360 nm were used. Titanium dioxide was used as a
photocatalyst and the reduction was performed in the presence of citric acid in order to
avoid interferences of high concentrations of calcium and other metal ions. A solid mixture
of different mercurycompounds was obtained as depositions on the photocatalyst. More
than 99.9% of mercury was recovered this way. Aftedissolving into sodium hypochlorite,
metallic mercury was obtained by cementation techniques with iron as a reducing agent.
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4. Rare earth metalsecycling from industrial waste
4.1. The rare earth metals

The rare earth metals, also known as rare earth elements or rare earths, is one of the largest
naturally occurring groups in the periodic table, comprising the 14 lanthanidegifteo
lutetium), lanthanum, yttrium and scandiufd?2] (Figure D).
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Figure D: Chemical periodic table delineating the REMs: the lanthanides, lanthanum,
scandium and yttrium

The REMs are divided into two groups: the light REMs, also known as the cerium group, and
the heavy REMs, also known as the yttrium group. The REMs with atomic mass lower than
153 and radius larger than 95 pm (lanthanum, cerium, praseodymium, neodymium,
promethium, samarium and europium) are included in the first group, while REMs with
atomic mass higher than 153 and radius lower than 95 pm (gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium and lutetium) are included in the latter.
Yttrium, despite lower atomic mass, is included in the latter group as well, having a
comparable ionic radiupt2]. Sometimes, a third group known as medium REMs is used to
define REMs of intermediate atomic mass and ionic radius, thought this group is rarely well
defined[9Q].

Substantial geochemical fractionation was revealed on thendawy between the two
subgroups. Anomalies of cerium and europium were found in natural deposits. The
lanthanides undergo regular chemical fractionation in aquatic mediums, a phenomenon also
known as the tetrad effedi91] (see 4.4 for more information)
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With the exception of promethium, REMs are relatively abundant. Cerium has almost the
same abundane as copper and zinc, while the most scarce members of the group, lutetium
and technetium, are more abundant than cadmium and selen[@0). One of the main
concerns is the fact that REMs rarely form continuous ore bodies, thus are not often found in
O2y OSYUNI GSR F2N¥Xad LGQa y20 dzydzadz- € GKI G
abundant REMs in geological deposits to differ by twdive orders of magnitudg95].
Additionally, because they are found together in the same deposits and show similar
chemical properties, their individual separation is difficult to achieve. Considering these
aspects, some of the REMs that are critical for the development of sustainable future
technologies, are relatively expensive.

4.2. Applications of rare earth metals

Due to their nuclear, metallurgical, chemical, catalytic, electrical, magnetic, and optical
properties, REMs have a big variety of applications: lighter flints, glass polishing, phosphors,
lasers, magnets, batteries, magnetic refrigeration, Higimperature superconductivity, safe
storage and transport of hydrogen e{®5].

Many of these applications are characterized thgh specificity, and most REMs have no
substitutes that possess the same efficient properti€3ne example iguropium which is
used as the red phosphor in color catheds tubes and liquigtrystal displays; no substitute

is known, and because of thesiropum has a relatively high price. The same thing can be
said about erbiumwhich is used idaser repeaters for fibeoptic cables that can transmit
signals over long distances. Specificity applies even to the rabshdant and least
expensive REMsuchas cerium cerium oxide ighe onlypolishing agent for glass products,
ranging from ordinary mirrors and eyeglasses to precision |ej@&$s

Neodymium, samarium, gadolinium andysprosium revolutionized permanent magnet
technology. They made possible the construction of small, lightweight andskrighgth
magnets that have allowed miniataation of many electrical and electronic components.
These components are used in appliances, awdieo devices, computers, portable disk
drives, automobiles, communications systems and military {&53}.

Environmental concerns have led to the use ofVIREN automotive pollutiorcontrol
catalytic converters and to the widespread adoption of enegfficient fluorescent lamps

that use yttrium, lanthanum, cerium, europium, gadolinium, and terbiurMagnetic
refrigeration technology could also help reducingeegy consumption andarbon dioxide
emissions. Due to their several unpaired electrons®*@&trough Tni* ions have unusually
large magnetic moments. Alloys that contain REMs and have a very big magnetocaloric
effect near room temperature have been devpknl. These alloys can be used in
refrigerators, freezers and air conditioners and, compared teagaspression refrigeration,
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layer or contribute to global warmingBecaise of their relatively low toxicity, RES are

slowly replacing toxic metals likeadmium and lead in rechargeable batteries. td¥i-H

batteries pose fewer environmental problems upon disposal or recycling, have greater
energy density and better chargistarge characteristic95].

4.3.Rare earth metals in fluorescent lamps

One important application of REMs is the production of luminescent materials, also known
as phosphors. Rare earth phosphors are important components of fluorescent [dfips
Their role is to convert invisible UV radiation into visible light. The phosphorus powder
contained in a standardOW fluorescent lamp weights between 4 to 6 g, accounting for 2%
2T GKS f [BYTIHWQEACT ¥rid &hé& CRI of the lamp is influenced by the blend of used
phosphors.A mixture of three rare earth phosphors (red, green and blue) is used today in
high-performance lamps. Such lamps are knowtrdeand or triphosphorlamps[10].

The powder coating a standard triphosphor fluorescent lamp consists of approximately 55%
red, 35% green, and 10% blue phosphors, though variations exists. Also, the amount of REMs
in each of these phogmrs is not constant. Depending on the manufacturer and application
requirements, different quantities of REMs can be used. Yttrium (mainly) and europium
constitute the red phosphor. The green phosphor contains approximately 10% terbium, and
the blue phospor less than 5% europiufiQ].

Rmda et al. reviewed the fundamentals and applications of rare earth phospHag.

Details regarding the composition, absorption and emission of light are presehbedblue

phosphor consists of BaMgA®,7 doped with EG*. The photons are absorbed and emitted

bythe EEFA2y &> RdzS (2 | n¥MmpR FyRZ NBIO:EOSAISE & .
responsible for the red emission, excitation involving a chargasfier transition from ©

ions to Ed* and emission involving thelévels of E®. For green emitting phosphors, Te

ions are involved in the absorption, the energy being transferred to the emittirfiidis.
LaPQCe", TB" (Ce, Th)MgAIOys and (Ce,8, Th)MgRBO,, are examples of green phosphors

that can be used. In the latter, energy is transferred from' @eTb** via the Gd"ion.

The composition of trichromatic phosphors was determined uskngyXfluorescence (XRF)
by Wanget al. (Table 4)[31]. Rare earth oxides reach up to 27.9%the total weight of
phosphors, proving that fluorescent lamps have high recycling value.
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Table4: Component analysis of rare earth trichromatic phosphors by9aRF

Element| Compound| Content
(%)
Al AlLO; 27.6
P P.Os 14.4
Ca CaO 15.1
Ba BaO 2.0
Y Y>03 23.2
Ce CeQ 24
Eu EuwGs 1.8
Tb ThO, 0.2
La LaOs 0.3

The chemical composition of pure-phosphor samples was determined by Mgial. using
ICROES and XRD and is presented in Talp®¥]5 Phosphors particle sizes in the range of 1

G2 mn >Y 6SNBE 20aSNIBSR> GKS F@SNYr3IS o0SAy13
performed in specific bottles, with the following results: 4.295 (red jphas), 3.506 (blue
phosphor) and 4.062 (green phosphor).

Table5: The chemical composition of puregiiosphor samplef97]

Phosphor| Formula Element content (%)

O Y Eu|Al |Mg|Ba |[Ce|Tb
Red YOsEU* 17.5|67.2| 6.5
Green | CeMgAO/TB* | 42.6 31.3| 5.7 9.5|5.3
Blue BaMgAlO/IEY | 42.3 1.9] 32427124

Phosphorus powder from fluorescent lamps waste was dissolved in concentrated sulfuric
acid and ICRAES was used to determine the amount of REMs in soly88h XRD and
scanning electron microscomnergy dispersive spectroscopy (SEM/EDS) were used to
analyz the structure of the powder. Yttrium (29.6%), europium (2.3%), lanthanum (10.6%),
cerium (5.0%) and terbium (2.6%) were identified in the powder (Table 6). Yttrium and
europium were identified as oxides and lanthanum and cerium as phosphates. Duéot@ its
concentration, the structure of terbium was unable to identify. SEM/EDS identified phosphor
particles ranging from 5 to 10 um. Analysis showed that lanthanum and cerium coexist in the
same particle and yttrium is present independently in different [mdes.
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Table6: Elemental content and structure of phosphorus powder from fluorescent lamps

waste[98]

Element| Content | Structure

(%)
Y 29.6 (Y0.95EW.05)2
Eu 2.3
La 10.6 LasPsOo2 5
Ce 5.0 CePQ
Tb 2.6 Unidentified

The chemical composition of phosphor materials originating from a fluorescent lamps
recycling plant in Japan was determined by Hirajebal. (Table 7). The waste contained
about 80.1% calcium hajohosphate, 15.1% rare earth phosphors and 4.8% other nadse

[5].

Table7: Chemical composition of phosphor materials from the waste fluorescent lamps
recycling plant (Itomuka Mining Laboratory (Nomura Kohsan Co., Ltd), Hokkaido (Japan))

Elements| Content
(%)
P,Os 21
Cl 0.35
Sh0Os 0.9
LaOs 2.1
CaO 55
BaO 1.2
CeQ 1.0
SiQ 1.9
ZnO 0.13
MnO, 2.3
Y03 8.1
ThO; 0.62
SrO 3.9
EwGs 0.51
FeOs 0.47
TIQ 0.18
HgO 0.00
Others | 0.34
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Analyses of phosphorus powder collected by brushing from 5000 spent fluorescent lamps of
different types revealed the powder contains mostly calcium orthophosphate (61.52%) and
calcium sulphate (34.48%). Small percentages of europium oxide (1.62%), ytixide
(1.65%) and other impurity metals (0.65%) were identifi&g].

XRF analysis of fluorescent powder originating from recycled fluorescent lamps revealed an
yttrium percentage of 7.55% in the sample (Tablg3d]).

Table 8: Phosphas powderoriginating from recycled fluorescent lam|32l]

Elements| Content
(%)
Mg 1.45
Al <0.001
Si 20.81
P <0.001
K <0.001
Ca 25.54
Mn 1.09
Fe 0.7
Ni <0.001
Cu <0.001
Zn <0.001
Y 7.55
Sb <0.001
Ba 3.04
Pb 0.46

Very high levels of purity are necessary for the REMs used in lighting appliances and this
leads to an increase in the manufacturing costs. Depending on the lamp type, the rare earth
phosphors can be the most expensive component of a fluorescent Ja@jpHalophosphors

can be used aa cheaper alternative to coat the inside of a lamp. However, they are less
efficient and produce a lower quality light.

Halophosphate phosphorus powder recovered from spent fluorescent lamps was
characterized. Distillation was used in order to remove mgrcAnalysis revealed that the
recycling process affects phosphor particle size, a decrease in average particle size from 7.7
pm to 6.5 pum being observed. Also, a difference in the composition of fresh and recovered
phosphors was observed (Table [B5]. Small amounts of REMs such as lanthanum,
gadolinium, terbium and europiunwere identified in the samples, due to possible
contamination with other phosphors in the recycling process.
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Table 9: Halophosphate phosphorus powder composition, before and after mercury removal

using thermal treatmen{2]

Content | Content
before after
Compound| thermal | thermal
treatment | treatment
(%) (%)
CaO 50.9 495
P,Os 35.7 34.9
Y203 3.28 3.09
F 2.48 2.43
ALGO; 1.21 1.16
SrO 1.14 1.13
ShOs 1.04 0.91
MnO 0.8 0.82
LaOs 0.79 0.97
C 0.63 0.7
BaO 0.54 0.83
Cl 0.5 0.44
GaOs 0.2 C
ThO; 0.2 0.16
EwOs 0.18 0.19
SiQ 0.14 1.88
ZnO 0.1 0.02
FeOs 0.05 0.12
NaO 0.05 0.33
SQ 0.04 0.06
HgO 0.03 C
GeQ 0.02 0.02
PbO C 0.23
MgO C 0.09
KO C 0.06

4.4. Rare earthmetalsseparation and determination

The small difference in ionic radius, the preference for interaction with ispitere base
donor atoms and the dominance of the +3 oxidation state across the lanthanide series, make
individual separation of these elements very diffic{®)]. Methods such as fractional
crystallization or precipitation, ioexchange, selective oxidation/reduction and hsmt
extraction were developed for individual separation of REMs. A summary of separation
methods for such elements was published by Gupta and Krishnam{B#y Fractional
crystallization and fractional precipitation are slow and tedious methods that were used in
the past. Especiallwhen the lanthanides were first discovered and separated, up to more
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than 1000 recrystallizations were not uncommon for separation. Nowadays, solvent
extraction and ion exchange are the most useful methods for REMs sepdi@éion

lon exchange and solvent extraction separations are based on lanthanide contrgdhen
decrease inionic radiusacross the lanthanideseries ofelements, from lanthanum to
lutetium (Table10) [101]. This has an effect on the properties of the elemettis, strength

of cationranion, iondipole and iorinduced dipole interactions increasing with the decrease

in ionic radius. Thus, heavy members of the series will create stronger bounds with solute
and solvent molecules compared to light memb¢@9], allowingpreferential binding to ion
exchangeesins, or extraction of the complex into the organic ph<#].

Tablel0: Lanthanide contractiofiL01]

Element Atomic Atomic lonic radius
number mass

Lanthanum (La) 57 138.9 1.061
Cerium (Ce) 58 140.1 1.034
Praseodymium (Pr 59 140.9 1.013
Neodymium (Nd) 60 144.2 0.995
Promethium (Pm) 61 0.979
Samarium (Sm) 62 150.4 0.964
Europium (Eu) 63 152 0.95
Gadolinium (Gd) 64 157.3 0.938
Terbium (Th) 65 158.9 0.923
Dysprosium (Dy) 66 162.5 0.908
Holmium (Ho) 67 164.9 0.894
Erbium (Er) 68 167.3 0.881
Thulium (Tm) 69 168.9 0.869
Ytterbium (Yb) 70 173 0.858
Lutetium (Lu) 71 175 0.848
Yttrium (YY) 39 88.9 0.88

In certain solvent extraction systems the logarithmic distribution coefficients of lanthanide
ions exhibit four separate rounded segments (tetrads) in relation with the atomic number:
lanthanumneodymium, promethiurrgadolinium, gadoliniuatholmium and erbim-lutetium

[92]. The segments are either convex or concave, witehdped and \Ashaped distribution
patterns, respectivelyR3].

A significant increase in stability, represented by the half (gadolinium) and completely filled
(lutetium) 4f electron shell, is observed. Alsolesser increase in stability is associated with
the quarter (between neodymium and promethium) and thigearter filled (between
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holmium and erbium) 4f shell. Solvent extractions systems such &settiiylhexyl
ortophosphoric acid (HDEHP)/ hydrochloracid and dn-octyl ortophosphoric acid
(HDOP)/hydrochloric acid are some of the best examples for tetrad effect. When the
distribution coefficients or stability constants are plotted against atomic number or ionic
radius, clear breaks can be observed m=akodymium/promethium, gadolinium and
holmium/erbium, and a further discontinuity at lutetiuf@4].
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FigurelO: Plot of third ionization energy vs. atomic number for lanthanide elements with
arrows denoting the location of the quarter, half, thrgearter, and completslfilled 4f
electron shel[94]

A series of methods that can be used for REMs separation are presented irlTable

Three main steps are required for REMs recovery from waste products: separation of the
components containing the RS, extraction of REMs compounds from these components
and the metallothermic reduction of the metdl$02].
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Tablell: Possible methods for REMs separation

Selective Ce* can be oxidized to C& then precipitated as Ce®r Ce(IQ),
oxidation/reduction| EU** can be reduced to Elj thenprecipitatedas EuS§
Separation by Small scale| Fractional crystallization
fractionation methods Fractional precipitation

used

originally

Current lon- Mobile phases: gueous solutions of

methods exchange | complexing agentéHIBA, EDTA etc.)
Stationary phasesoWw-capacity catio-

exchange resins

Solvent Solvating type extractants (TBP)
extraction Amine extractants

Acidic extractantsdarboxylicand
organophosphorus acids)

4.4.1.Solvent extraction of rare earth metals

Solvent extraction is one of the easiest methods for REMs separation. It is more convenient
than ion exchange because it allows both semicontinuous operation and the use of more
concentrated feed solutions. Solvagirtype extractants such as TBP can be used to extract
REMsKerosene containing TPB used to extract the metals from nitric acid solutioiie

pH, nitric acid concentration, ionic strength, and concentration of the elements in the
aqueous phase influeecthe extraction effectiveness. A complication can occur due to the
ability of TBP to extract nitric acid which competes wiik tanthanidesTo prevent thisthe
process must be optimized in terms of high pH but low nitric acid concentration. The
separaton factors between adjacent elements decrease as the total concentration of
lanthanides in the feed rises; in contrast, the separation factors betwdgium and the
lanthanides increase with dilutioi01].

An alternative method for extraction lanthanides from nitric acid media is the usenofea
extractants; pH above 2 is required. The amistucture is important, asymmetric
compounds giving the highest distribution coefficiefit81].

Acidic extractants such as carboxylic and organophosphorus acids give very good results
when recovering lanthanides; the extraction depends on the pH of the feed.
Organophosphorus acids are more powerful extractants than carboxylic acids and extract
the heary lanthanides even at low pH valuekhe paration factors between adjacent
lanthanidesfollow the order phosphinic > phosphonic > phosphoric > carboxylic acids. A
0.1M di2-ethylhexylphosphoric acid (DEHPA) solution completely extracts all the elements
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aboveeuropiumat pH 2; however, this gives problems with stripping, the heaviest elements,
ytterbium and lutetium, requiring 20% hydrofluoric or 50% sulfuric acid as strip solutions
[101].

Synergistic systems can be used for improved extraction efficiencies. They can be obtained
by combining solvating extractants with chelating extractarf@sich sysgims often exhibit
extraction strength greater than the sum of the two ligandihough the diluent may act as

a synergist, more often a solute ligand used Even hough synergistic systemshow
improved extraction strength, not much enhancement in selectivity for given elements is
achieved. The composition of the aqueous phase can also affect the efficiency of the
extraction. Other parameters can be modified in order to achieve better separdien:
diluent (solvent) of the organic phase, salting out reagents, water soluble complexing agents
or various types of solid sorbent materi§@9].

4.4.1.1. Solvent extraction afare earth metalsfrom different waste materials

Rare earths were recovered from waste materials using different solvents and techniques

[103.

The extraction of lanthanum, europium and lutetium with bis@yt5-hydroxypyrazoles)
derivatives was achievdd04]. The extraction was performed from sodium nitrate agueous
sdutionsusing chloroform as a diluent.

Narita et al. [105 dz&a SR (1 KS 0 Alik&hytd E @ifhenptmdiofamide (MA) and
0KS (S0 NI Risgthylb & $lighbnytB,&xioxaoctanediamide (DOODA) to extract
lanthanides. Comparison of the eattion by MA and DOODA was made with the extraction
o0& (KS { NXdiméthyykb > digherytaligly@olamide (DGA). It was found that the
order of the extractabilities in 4Mitric acidsolution using 0.1M extractants is MA < DOODA
<< DGA. It is cleahat the introduction of one ether oxygen atom to the principal chain in
the diamides leads to an increase in the extraction effectiveness.

The synergistic extraction dREMswith a mixture of bis(2,44rimethylpentyl)phosphinic
acid (Cyanex 272) and secnylphenoxy acetic acidvas investigated[106]. Sandium
yttrium, lanthanum, gaolinium and ytterbiumwere extracted from hydrochloride medium
using extractantglissolved in rheptane. The extraction equilibrium was investigated and
calculations of the equilibrium constants, formation constants and several thermodynamic
parameters were performed.

Vijayalakshmiet al. [107] describes a process for the recovery REMsfrom xenotime
concentrate by sulphuric acid digesti@and selective thorium precipitation. Xenotime is a
rare earth phosphate mineral which is a rich source of yttrium and hB&Ms Two types of
concentrates which are routinely produced in India were used: a low grade one, typically
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assaying 57% liglREMs 27%yttrium oxideand 15.6% heaviREMs and a high grade one,
assaying 38% ligiREMs 41.8%yttrium oxideand 20.55% heaviREMsDissolutionof more
than 98% metal values has been achievesing sulphuric acid as a leaching ag@iforium
was remoed by selective precipitation with ammonia and sodium pyrophosphatis al$o
facilitated the precipitation of lighteREMsalong with thorium enrichingthe heavy REMs in
the filtrate. The REMshave been recovered and separated from other impurities (s&s
iron, uranium, sulphate and phosphate) by oxalate precipitatiorides were obtained by
calcination of the oxalatefREMs were purifiedy dissolving the oxides in hydrochloric acid
followed by solvent extractionAbout 99% recoveryf REMs can be hevedusing these
processes.

Leaching ofREMsfrom computer monitor scraps orderto recover the metals from the
obtained liquor has been investigated108. The experimentswere carried out under
mechanical agitation, with controlled temperature, usingdihochoric and sulphuric acidss
leaching agents Energydispersive Xay spectrometry, AAS and XRD were used to
characterize the sample®y determining the europium and yttrium content in the sample
and on the leached residuehé recoveryof the metalswas calculated. Several parameters
were investigated: influence of the leaching agent, acid/sample ratio, time of leaching, solids
percentage and temperature. Sulphuric acid was far more efficient and selective than
hydrochloric acid, reaching 97&tiropiumand yttrium recovery compared to only 30%or
hydrochloric acid Leaching efficiency improved gradually with the increase of the
acid/sample ratio and with time. Regarding temperature, maximum leaching was attained at
60 °C. Solids percentage recommendedo be lessthan 20%.The optimum parameters
selected were: 1.5 durs of leaching, acid/sample ratio of 1500 g/kg, solids percentage of
20% and room temperature. In this case a dissolution of 968taf europiumand yttrium
waspossible

In order to obtan pure yttrium and europium,the authors suggest solvent extraction,
followed by the precipitation of the metals and calcination of the precipitate. Because
yttrium presents similabehaviourto the heavy lanthanides group amdiropiumbelongs to

the medium group, the separation by solvent extractioan be easily achieve®EHPA can

be used as an extractarior yttrium. Europium, which willemain in the raffinatecan be
further removed through selective precipitation or by solvent extraction.

Morais andCiminelli developed a solvent extraction process for the recovery ofdriadie
lanthanum oxide fronthloride solutiors containing light REMs: lanthanum, praseodymium
and neodymium [109. DEHPA and HHEEHP) (2Zthylhexylphosphonic acid mor2
ethylhexyl ester) were used as extractants. Several parameters were investigated: the nature
and concentration of the eractants, contact time, acidity, REM®ncentration in the
extraction stage and hydrochloriccid concentration in the stripping stage. The process
required 22 stages (8 for extraction, 8 for scrubbing and 6 for stripping) leading to a high
grade oxide (>99.9%nthanum oxidg.
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A comparison of three organophosphorus extractants in the separatiosanfariumand
gadoliniumwas conducted[110]. Gadolinium and samarium oxides were dissolved into
hydrochloric acid solution an@®EHPA, EHEHPA-etRylhexyl phosphonic acid mono- 2
ethylhexyl ester) and DTMPP@&-R,4,4trimethylpentyl phosphinic acidCyanex 272were
tested as possible extractantddigh purity adodecane was used as a dilueiihe results
show thatseparation of the two metals from hydrochloric acid solutions can be achieved
with good results singDEHPA and EHEHPA, satisfactory separation was not attained using
DTMPPADEHPA achieved the highest separation factbigngthis extractant has other
advantagesas well lower feed ratio and a reduced number of stageewever, EHEHPA
more favourable in the stripping stage, permitting the use of a more dihydrochloric acid
solution.

Cyanex 925a(mixture of branched chain alkylated phosphine oxides )}reptane was used

to extract lanthanides and yttrium from nitrate mediufill]. Several parameters were
investigated: thaonic strength of theaqueous phase, the concentration of the extractant in
the organic phase and the temperaturét. was observed thathe extraction efficiency
increaseswith increasing nitrate and extractant concentratiorsn extraction mechanism
was proposed and the equilibrium constants have been calculated for yttrium, samarium,
neodymium and erbiumSeparaion of yttrium from the light lanthanides and also the light
and heavy lanthanides can be achievdlitric acid solutiorwas used as a stripping agent
Stripping agent concentration studies have been made, obseragimgincrease in the
percentage stripping ofttrium with increasing acidityat pH=2the value isalmost100%

Nuclear technology has played a big role in the development of solvent extraction
techniques for industriascale separations of metals. After World War Il a lot of studies have
been conduted on solvent extraction of lanthanides from different mixtures, many of them
having appications in the nuclear field.

One particular case is the separation of the trivalent actinides from the trivalent lanthanides;
this is necessary because some lanidas have very high neutron absorption cross sections
and act as neutron poisons. Efficient separation of these elements is therefore critical in the
preparation of nuclear fuels or in the transmutation of actinides into shorter lived nuclides
[99]. Solvating extractants likenalonamides (the DIAMEX prockss phosphine oxides (the
TRUEXNd TRPO process) are the most commonly usgd 12].

Another example is the SANEX processmnsiderableamount of research has been
performed in order to find the optimum extractantsfor largescale separations. Four
chemical systems have been explored: SANEX 1, based on the preferential extraction of
trivalent actinides over lanthanides using i3 NJA R A y-Bomdcapic adid in tert
butylbenzene; SANEX 2 which uses-dk(yridin-2-yl)-2-(3,5,5trimethylhexanoylamino)
1,350 NR& I 1-G&/18yx2 RS O v 2 A GdimetdyidiButyltetyaBecylmaldndnidewith

TPH as diluent; SANEX 3 which uses th&ig(®,6-dialkyt1,2,4triazine-3-yl)pyridine family
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of extractants containing the propyl group and SANEX 4 based on S donors dithiophosphoric
acids[113].

The TALSPEAK (trivalent actinide/lanthanide separation bgpblorus reagent extractants
and aqueous komplexes) process is based on t#draction with an acidic
organophosphorus extractaritom an aqueous phase ctaining a arboxylic acid buffer and

a polyaminopolycarboxylate complexaitl2. The complexant holds back the trivalent
actinides, allowing theextraction of the lanthanides into the organic phase. Different
components are used in the TALSPEAK systemettiythexyl) phosphoric acid (HDEHP),
lactic acid and diethylenetriaminle = b = b QpebtdacetcaEIYDTPA). Each component
plays a certain roleilDEHR; lanthanide extractant, DTP&actinide holdback reagent and
lactic acidg buffer, catalyst, solubility enhancer, complexant and secondary extrafidd.

Nash published a review of the basic chemistry and developments in trivakdamients
separationg99]. Differentmethodsthat can be used for intragroup lanthanide separations

are shown in Figure 11 Solvent extraction with HDEHPY R Ol G4 A2y SEOKI y 3¢
hydroxyisobutyricacid are used with great results in the separation procédsgarding

intergroup separations,FHgure 12 shows a representation of americium/europium
separation factors (as a representative of lanthanide/actinide group separation factors) for
several separation methods.

46



—
o
Gy

—_
o
FS
|

—y
o
w
1

10% 4

10" =

Separation Factor (Ce=1)

_¢
Qe
al

Al 1Ll

—_
Q
n
J

HDEHP

TALSPEAK

DHDECMP

a-hydroxyisobutyrate
1 " 1 " 1 N 1 1 1 i 1 i 1 " 1

e
&)

Figure 1. Interlanthanide separation factors (relative to Ce=1)Xifferentmethods[99]

La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er TmYb Lu

47



[P
(o)
(N
M ]
(.
K
J]
Eu extracted % Am extracted
H

[ G]
[ F]
[ E]
)

T T T T T T T T L T 1 T L T T T T T.1 T

-2 -1 0 1
Separation Factor (D, /D¢, or K, /Kg,)

Figure P: Histogram representation of americium/europium separation factors (as a
representative of lanthanide/actinide group separation factors) for several separation
methods[99]

A¢HBMPPT/DPPHEN (thiopyrazolone/diphenylphenantroline)
B¢ 30% Alamine 336/xylene/11M LICl
C¢ 1,10phenantroline/nanoic acid/decanol
D¢ DHDECMP/NaSCN
E¢ Dowex 1/10M LiCl/ 87C
F¢ Dowex 50/ammoniumh -hydroxyisobutyric acid as elutriant
G¢ 5% TBP/hexane/1M NaS@N! NaClQ(pH 45)
Hc¢ Dowex Al
| ¢ DHDECMP/diisopropylbenzen®f HNO3
J¢ TTA/benzene
K¢ Biorex 70
L¢ TTA/CHGI
M ¢ Dyoctylphosphoric acid
N - Dybutylphosphoric@d
O ¢ Bis(2ethylhehyl)phosphoric acid
P ¢ 2-ethylhexyl(phenylpbsphonic) acid/diethylbenzendyllactic acid0.05 M DTP#4H 3
Q¢ TALSPEAKD.3M HDEHP/diisolpropylbenzene/1M lactic acid
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4.4.12. Solvent extraction of rare earth metals from fluoresceanhps

Leaching, conversion and solvent extraction of REMs from fluorescent lamps have been
carried using various compound96-98, 103, 114, 115|.

Experiments for the recovery of europium and yttrium frahe phosphorus powder of
spent fluorescent lamps using solvent extraction were carfi€$. A conceptual flow sheet

for the recovery of these metals and some salts from spent fluorescent lamps was proposed
(Figureld). The lamps weravashed with tap water and the aluminum caps were removed
mechanically. In order to minimize mercury emissions, the lamps were broken under
aqueous acetone. The phosphorus powder was separated by brushing, under a water
stream. The water was filtered anddfcollected powder was dried at 110 °C. A sulfuric and
nitric acid mixture was used to leach the metals. During a 4 hours digestion at 125 °C and 5
MPa pressure, a large percent of the metals was leached into solution (96.4% yttrium and
92.8% europium). da@um was removed by precipitation as oxalate and potassium
thiocyanate was used to convert yttrium and europium sulphate to thiocyanate. Trimethyl
benzylammonium chloride was the solvent chosen to extract the metals from the
thiocyanate solution. A maxinmu in extraction was attained at 80°C. It was observed that
the efficiency of the processes increases with an increase in the organic solvent ratio.
Extraction percentages of 98.8% (yttrium) and 96.5% (europium) were achieved using a 2:1
solvent:water molarratio. The metals in the organic phase were recovered as nitrate salts
using Ntributylphosphate in nitric acid. An increase in the acid concentration was observed
to increase stripping efficiency. At 125 °C and a concentration of 1 M nitric acid, pirstyip
extent of 99% was achieved. The two nitrates were separated by dissolving in ethyl alcohol,
in which only yttrium nitrate is soluble. The metals were obtained by thermal reduction
using hydrogen at 850 °C (for europium) and 1575 °C (for yttrium). @alreeparation factor

of 9.4 was achieved and economic estimations showed that the method can be applied
industrially.

Red (YO;:EU"), blue (BaMgAO7EUF") and green (CeMgAD.7Tb) phosphors were
efficiently separated using solvent extraction by Meal.[30]. Artificial mixtures were used

in the experiments. 2henoyltrifluoroacetone (TTA) dissolved in heptane was used to
extract the blue powder at alkaline pH. Potassium sodium tartrate (PST) ai@QNaere

used as regulators. In a secost@p, chloroform was used to extract the green phosphor into
the organic phase, leaving the red phosphor in agueous phase. A small quantity of 1
pentanol improved the separation efficienc¥xtraction with single phosphor samples was
first carried. Results show that the blue phosphor can be extracted selectively into TTA at pH
values from 7 to 11, reaching a maximum at pH=10.34. The blue and green phosphors can be
extracted into chloroform, wh more than 90% recovery at pH values from 7 to 11, leaving
the red phosphor in the aqueous phase. Due to similarity in chemical composition and
crystal structure, blugreen phosphor mixtures are very difficult to be separated
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completely. TTA was used extract the blue phosphor. Optimum results were achieved at
pH 10.3, TTA 2.5 g/L, solid/liquid 30 g/L and PST 1%.

Figure B: A conceptual flow sheet for the recovery of europium, yttrium metals and some
salts from spent fluorescent lamfs03]

50
















































