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Abstract: In an ongoing effort towards a more sustainable rare-earth element market, there is a high
potential for an efficient recycling of rare-earth elements from end-of-life compact fluorescent lamps
by physical separation of the individual phosphors. In this study, we investigate the separation of
five fluorescent lamp particles by high-gradient magnetic separation in a rotary permanent magnet
separator. We thoroughly characterize the phosphors by ICP-MS, laser diffraction analysis, gas
displacement pycnometry, surface area analysis, SQUID-VSM, and Time-Resolved Laser-Induced
Fluorescence Spectroscopy. We present a fast and reliable quantification method for mixtures of
the investigated phosphors, based on a combination of Time-Resolved Laser-Induced Fluorescence
Spectroscopy and parallel factor analysis. With this method, we were able to monitor each phosphors’
removal dynamics in the high-gradient magnetic separator and we estimate that the particles’ removal
efficiencies are proportional to (d2·χ)1/3. Finally, we have found that the removed phosphors can
readily be recovered easily from the separation cell by backwashing with an intermittent air–water
flow. This work should contribute to a better understanding of the phosphors’ separability by high-
gradient magnetic separation and can simultaneously be considered to be an important preparation
for an upscalable separation process with (bio)functionalized superparamagnetic carriers.

Keywords: rare-earth elements; compact fluorescent lamp phosphors; time-resolved laser-induced
fluorescence spectroscopy; PARAFAC; rotary permanent magnet separator; high-gradient magnetic
separation; kelvin force

1. Introduction

In a global effort towards a low-carbon and green economy, rare-earth elements (REEs)
are becoming increasingly important, due to their essential role in permanent magnets,
lamp phosphors, rechargeable batteries, and catalysts [1]. However, REE production
considerably harms the natural environment by causing human toxicity, eutrophication,
acidification, and global warming [2]. Furthermore, China continued to supply 86% of the
global demand and over 98% of the EU demand in REEs last year, whereas recycling rates
in the EU were just 8% for the heavy and 3% for the light REEs, posing a serious supply
risk of these critical raw materials in the future [3]. In terms of value, lamp phosphors
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represent 32% of the REE market [1], therefore an enhanced recycling of End-of-Life (EoL)
fluorescent lamps should be considered to be a serious option for many countries to
decrease the dependency of their REE demand on import of primary raw materials. Due
to the environmental hazards related to the mercury content of fluorescent lamps, very
efficient collection schemes exist for EoL fluorescent lamps as a separate waste stream [4].
Furthermore, the composition of EoL fluorescent lamps is much less complex, compared
to primary ores, creating a potential for a more efficient processing of REEs. Finally, it
should be noted that each of the elements in the group is mined according to its abundance
in natural resources, which, however, does not reflect the ratio of the elements’ market
demands. In the EU approximately 50% of yttrium, 68% of terbium and 100% of Europium
are used for artificial lightning [3]. In this context, a recycling of these highly critical
elements could decouple their supply from the processing of the more abundant elements,
which could substantially contribute towards a stabilization of the REE market.

Linear tube lamps can be recycled relatively straightforwardly with the so-called “end
cut” method, in which the ends of the tube are cut off and the phosphor powders are blown
out. Upon crushing of Compact Fluorescent Lamps (CFLs) however, the phosphor fraction
becomes heavily contaminated with very fine glass that drastically lowers its intrinsic value.
Therefore, the more recommended ways of CFL recycling are to either leach out the valu-
able elements or to physically separate the individual phosphor particles [1]. The phosphor
fraction of CFLs mainly consists of white halophosphates, red Y2O3: Eu3+ (YOX), green
LaPO4: Ce3+, Tb3+ (LAP), green CeMgAl11O19: Tb3+ (CAT) and blue BaMgAll0O17: Eu2+

(BAM), representing approximately 50%, 20%, 5%, 5% and 5% by weight, respectively [5].
The halophosphates and YOX can readily be (bio)leached under mildly acidic conditions,
enabling a recovery of valuable antimony, as well as yttrium and europium which can be
processed to high-purity rare-earth oxides [4–6]. However, the dissolution of LAP, CAT,
and BAM requires much harsher conditions, associated with higher energy and chemical
costs. Furthermore, undesired reactions of contaminating particles can occur under such
conditions, such as the transformation of glass particles to soluble silicates [1]. Aiming at a
physical particle separation, early works have focused on pneumatic separation [7], dense
medium centrifugation [8], froth flotation [9], and two-liquid flotation [10,11]; however
achieving an end product with a satisfactory purity appeared to be challenging. More
recently, Wada et al. have proposed a separation method based on differences of the
phosphors’ magnetic susceptibilities and densities by means of Magneto-Archimedes sepa-
ration [12]. As a more industrially applicable approach, Yamashita et al. have developed
and patented an ingenious separation method based on the combination of the magnetic
and gravitational forces in a high-gradient magnetic separator (HGMS) equipped with an
electromagnet [13,14]. In a following work, the applicability of the method was demon-
strated by the recovery of high-purity LAP with excellent luminant properties from actual
waste phosphors [15]. The successful separation of LAP was enabled by the phosphor’s
high magnetic susceptibility, relative to the other phosphors, associated with the particle’s
terbium content. The recovery of the other terbium containing phosphor, CAT, was outside
the scope of Yamashita et al., as the phosphor waste originated from fluorescent lamps
in Japan, where CAT is not commonly used [15]. Finally, aiming at a highly innovative
approach for phosphor separation, Lederer et al. have identified selectively surface-binding
peptides that specifically interact with LAP and CAT [16]. Surface-binding peptides are
a promising tool for highly selective bioseparation processes. They can be employed for
the functionalization of superparamagnetic beads or nanoparticles to facilitate a rapid
removal of target particles from a mixed suspension under the influence of a magnetic
field [17]. Although this general concept has previously been demonstrated on a milliliter
scale [18–20], to the best of our knowledge, its upscalability has yet to be proven.

In this study, we investigate the removal dynamics of CFL phosphors, using a rotary
permanent magnet HGMS device that had been previously designed by Hoffmann et al.
for biotechnological applications which incorporate superparamagnetic beads. The char-
acteristic property of the featured device is that the magnetic field in the gap of an iron
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yoke can effectively be turned “on” and “off” by a simple rotation of a NdFeB magnet.
This combines the permanent magnet’s benefit of low running costs with an electromag-
net’s benefit of switchable fields [21]. First, we present a thorough characterization of
the particles’ chemical compositions and physical properties. Subsequently, we propose
a uniquely fast quantification method for a mixed suspension of the phosphor particles,
based on Time-resolved Laser-induced Fluorescence Spectroscopy (TRLFS). Using this
method, we were able to analyze a large number of samples to monitor each phosphors’
removal in the investigated HGMS. Finally, we give a mathematical elucidation of the em-
pirically observed removal dynamics. The goal of this investigation is two-fold: to obtain
a better understanding of the phosphors’ separability by HGMS and to prepare future
bioseparation experiments, demonstrating the upscalability of particle separation based on
superparamagnetic beads functionalized with selectively surface-binding peptides such as
the ones identified by Lederer et al.

2. Materials and Methods
2.1. Determination of the Phosphors’ Chemical Compositions

For this study, the REE containing phosphors LAP, CAT, BAM, YOX, and the calcium
halophosphate phosphor Ca4(PO4)3(Cl, F): Sb3+, Mn2+ (HAP) were purchased as pure
powders from Leuchtstoffwerk Breitungen GmbH (Breitungen, Germany). To allow for a
determination of the phosphors’ chemical compositions by ICP-MS, each phosphor was
dissolved in a microwave-assisted acid digestion process. This was done by adding 50 mg
of an individual phosphor to 4 mL of a suitable concentrated acidic solution, followed
by treatment in a Multiwave3000 (Anton Paar GmbH, Graz, Austria) microwave. For
this investigation, solutions of phosphoric acid (85% H3PO4, Merck KGaA, Darmstadt,
Germany), hydrochloric acid (36% HCl, Merck KGaA, Darmstadt, Germany), hydrofluoric
acid (48% HF, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and nitric acid (65% HNO3,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were used. After digestion, the samples
were cooled down to room temperature, diluted to 25 mL and measured by ICP-MS.

2.2. Characterization of the Phosphors’ Physical Properties

The phosphors’ primary particle size distributions (PSDs) were determined with a
HELOS (Sympatec GmbH, Clausthal-Zellerfeld, Germany) laser diffraction analyzer. The
volumetric mass densities were measured in a AccuPyc II 1340 (Micromeritics GmbH,
Unterschleissheim, Germany) gas displacement pycnometer. The particles’ specific surface
areas (Sm) were calculated from nitrogen adsorption isotherms obtained with a Gemini VII
2390 (Micromeritics GmbH, Unterschleissheim, Germany) surface area analyzer according
to the BET theory. Finally, each particle’s response to a magnetic field was investigated
by determination of M-H curves at 300 K and 5 K and M-T curves in a magnetic field of
4 T with a SQUID-VSM magnetometer of the model MPMS3 (Quantum Design GmbH,
Darmstadt, Germany).

2.3. Development of a Time-Resolved Laser-Induced Fluorescence Spectroscopic
Quantification Method

To allow for the analysis of a large number of samples containing suspended phos-
phors in a mixture, such as the ones resulting from the investigation of the phosphors’
removal dynamics in an HGMS in this work, we propose a uniquely fast quantification
method based on the particles’ most characteristic functional property, i.e., fluorescent
emission of visible light after UV excitation. The color temperature of a lamp powder is
determined by the composition of the individual phosphors. This is achieved by the super-
position of emitted light of different wavelengths. These different luminescence emissions
differ for each phosphor, depending on the particles’ activator ions and mineral structures.
Thus, the emission spectrum, especially when combined with the luminescence decay, car-
ries information about the phosphor and is a unique fingerprint of it. The TRLFS data were
analyzed using parallel factor analysis (PARAFAC, N-way toolbox for Matlab [22]), which
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was previously successfully used for TRLFS data of ionic f-elements [23,24]. Here, we
demonstrate the use of TRLFS in combination with PARAFAC for the quantification of an
individual phosphor’s concentration when suspended in a mixture with other phosphors.

Samples of 2 mL deionized water, containing an amount of each phosphor in the range
of 0–0.10 g·L−1 were introduced into a quartz cuvette. The cuvette holder was equipped
with a magnetic stirrer turning at 1200 rpm to prevent sedimentation and the temperature
was fixed to 25 ◦C. The phosphors were excited with a 5 ns NT230 (Ekspla, Vilnius,
Lithuania) laser pulse, set at a wavelength of 254 nm. The emitted light was decomposed
with a 150 lines/mm SR-303i-A spectrometer (Andor Technology Ltd., Belfast, UK) and
detected with an iStar iCCD camara (Andor Technology Ltd., Belfast, UK). The emission
spectra were obtained in the range of 440–625 nm with a resolution of 0.27 nm. During
each sample analysis, the emission spectra were acquired in a time range of 19.2 ns–18 ms
in 22 time steps after excitation using an exponentially increasing stepsize, according to
the function: stepsize in ps = 104·e0.65·step number. For each time step, 200 measurements were
accumulated with an exposure time of 50 µs.

For the development of the quantification model, a standard curve of each phosphor
was obtained by analyzing samples that contained 0.01 g·L−1, 0.05 g·L−1 and 0.10 g·L−1 of
one individual phosphor, according to the protocol described above. In a next step, the
proportionality of the characteristic PARAFAC components with the phosphors’ concentra-
tions in 13 mixed samples with randomly predetermined concentrations of each phosphor
was validated, as described in Supportive Information 1. Based on this proportionality,
the concentration of each phosphor in the mixed samples of the HGMS experiment was
quantified in the same way as the mixed samples in Supportive Information 1.

2.4. Removal Experiment with a High-Gradient Magnetic Separator

The phosphors’ individual removal dynamics from a mixture of suspended phosphors
were investigated in an ‘on-off’ permanent magnet-based HGMS of the type Steinert
HGF-10 (Steinert Elektromagnetbau GmbH, Köln, Germany). A separation cell with inner
dimensions of 80 mm × 80 mm × 20 mm was placed in the gap of the iron yoke. The
homogeneous background magnetic field in the empty separation cell was 0.32 ± 0.01 T
and 4.0 ± 0.3 mT in the “on” and “off” modes, respectively, according to measurements
with a Model 460 gaussmeter (Lake Shore Cryotronics, Inc., Westerville, OH, USA). A
430-grade stainless steel wire matrix with a wire diameter of 0.67 mm provided by Haver
& Boecker OHG (Oelde, Germany) was introduced into the separation cell to serve as the
magnetizable matrix for HGMS. The separation cell contained two openings at the bottom
and two at the top, which were connected to a tube system. The overall loop volume,
comprised of the separation cell and the tube system, was approximately 280 mL. The
separation experiment was conducted as follows.

First, a mixture containing 1.5 g of each phosphor was prepared and suspended in
50 mL of deionized water, ultrasonicated with a W-250 D (Branson Ultrasonics Corporation,
Brookfield, CT, USA) sonifier for 5 min, diluted with deionized water to 1.5 L and stirred
in a glass beaker with an RW16 basic (IKA Werke GmbH & Co. KG, Staufen im Breisgau,
Germany) overhead stirrer. Then, the phosphor mixture was pumped in a loop through
the separation cell in the “field off” mode in an upward direction with a Masterflex L/S
(Cole-Palmer GmbH, Werthheim am Main, Germany) peristaltic pump at a high flow rate of
2500 mL·min−1 for one minute to fill the tube system and the separation cell. Subsequently,
the flow rate was gradually decreased to 1000 mL·min−1 for one minute. Next, a first
sample of approximately 5 mL was taken from the beaker with a syringe and the device
was switched to the “field on” mode, which was considered to be the starting point of
the experiment. In the following 10 min, a sample was taken from the beaker once per
minute. Afterwards, during another 20 min, a sample was taken every 5 min. Thirty
minutes after the experiment’s starting point, the beaker was replaced with a new beaker,
containing 1220 mL (i.e., the loop volume subtracted from the initial volume) deionized
water and the device was switched to the “field off” mode to investigate the recoverability
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of the removed phosphors by backwashing via two methods. First, the liquid was pumped
through the separation cell in a downward direction at a high flow rate of 2500 mL·min−1

after which a sample was taken. Subsequently, an intermittent air–water flow was pumped
through the cell to create a high turbulence in a downward direction at a flow rate of
2500 mL·min−1 by periodically removing the suction tube out of the beaker and a final
sample was taken, marking the experiment’s end. After the experiment, the separation
cell was thoroughly rinsed with deionized water, opened, and cleaned manually and the
wire matrix was removed for treatment in an ultrasonic bath for 5 min. To investigate the
reproducibility, the separation experiment was performed three times according to the
described procedure. Additionally, three control experiments were conducted in which the
device was not switched to the “field on” mode at the experiment’s starting points. All
samples were analyzed as described in Section 2.3. Figure S2 shows a picture of the HGMS
setup, wheras a scheme depicting the normal operation and the recovery by backwashing
is presented in Figure S3.

2.5. Magnetic Field Configuration within the Applied Separation Cell

Although the magnetic field’s distribution in an HGMS’s configuration can be highly
complex, it can be assumed that at a wire’s surface in an HGMS, the field is consistent with
the field around a single wire [25]. The pattern of the magnetic field around a single wire,
perpendicular to a homogeneous background field, can be described as [26] (pp. 360–362):

B=

√
B2

0 +
1
4
·J2

s ·
( a

r

)4
+ B0·Js·

( a
r

)2
· cos(2ψ) (1)

where B0 is the intensity of the background field, Js is the saturation polarization of the
wire, a is the radius of the wire, r is the distance of a point to the center of the wire and ψ
is the angle between the direction of the background field and a vector pointing from the
center of the wire to the given point in space.

In the investigated setup, a 430-grade stainless steel matrix, consisting of 6 mesh
layers with approximately 300 wires with diameters of 0.67 mm was introduced into the
separation cell (cf. Supportive Information 2). Approximately half of the wires were
arranged in a transversal, whereas the other half were arranged in an axial direction.
Figure 1A visualizes the distribution of the magnetic field in close vicinity to the wires,
as applied in the separation cell. The magnetic field increases or decreases towards the
wire surface in a longitudinal or transversal direction compared to the background field,
respectively. Accordingly, the magnetic field gradient is positive or negative in the direction
of the wire surface and paramagnetic particles are attracted towards, or repelled from the
wire surface, respectively. In positions with a value of 0 for ψ, Equation (1) is reduced

to B0 + Js
2
( a

r
)2 and the field gradient is given by −Js ·a2

r3 . It is clear that along this line
(represented by a white line in Figure 1A), the field gradient decreases proportionally to r3,
whereas the magnetic field decreases strongly at the wire surface, but evolves to B0 further
away from the wire, as shown in Figure 1B.
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horizontal background field with an intensity of 0.32 T, simulated according to Equation (1), based on hysteresis loops
reported by Franzreb, the saturation polarization was estimated at 1.5 T [27]. Due to the direction of the magnetic field
gradient, the wire surface is attractive and repulsive to paramagnetic particles in the longitudinal and transversal direction,
respectively. (B) Course of the magnetic field and its gradient on a line perpendicular to the wire surface and longitudinal to
the background field with increasing distance to the wire surface.

3. Results
3.1. Microwave-Assisted Acid Digestion with Subsequent ICP-MS Measurement

Table 1 shows the results of the ICP-MS measurements of the phosphors after microwave-
assisted digestion. As oxygen cannot be quantified by ICP-MS, it was assumed that all the
metals in CAT, BAM and YOX were present as oxides and that phosphorus was present in
HAP under the form of a phosphate. As LAP could only be entirely dissolved in H3PO4,
a medium in which the phosphorus content cannot be quantified, it was assumed that
all three REEs in LAP were present as phosphates. For YOX, the mass balance indicates
a successful analysis. For HAP, the small gap in the mass balance can be dedicated to
the chloride and fluoride content, which cannot be quantified by ICP-MS. The slightly
deviating results for LAP, CAT, and BAM may have been caused by matrix effects during
ICP-MS, contaminants in the samples, and minor experimental errors.

Table 1. Chemical compositions of the phosphors as determined by ICP-MS after dissolution in a microwave-assisted acid
digestion process, shown in mass percentages with standard deviations of repeated measurements. LAP 1, CAT, and BAM
were dissolved in H3PO4, YOX was dissolved in aqua regia (3:1 ratio of HCl and HNO3) and HAP in HF.

ICP-MS
Analysis LAP CAT BAM YOX HAP

measured

La 44.8 ± 0.3 Ce 6.2 ± 1.1 Ba 16.9 ± 0.3 Y 74.1 Ca 38.6 ± 0.2
Ce 7.6 ± 0.1 Mg 3.3 ± 0.2 Mg 3.6 ± 0.4 Eu 4.1 P 18.9 ± 0.2
Tb 11.4 ± 0.1 Al 39.1 ± 0.2 Al 36.0 ± 3.0 Mn 0.3 ± 0.1

Tb 5.2 ± 0.2 Eu 2.3 ± 0.1 Sb 0.6 ± 0.1

assumed

LaPO4 75.4 ± 0.5 Ce2O3 7.3 ± 1.2 BaO 18.9 ± 0.3 Y2O3 94.1 Ca 38.6 ± 0.2
CePO4 12.7 ± 0.1 MgO 5.5 ± 0.3 MgO 6.0 ± 0.7 Eu2O3 4.7 PO4 57.5 ± 0.5
TbPO4 18.1 ± 0.1 Al2O3 73.9 ± 0.3 Al2O3 68.0 ± 5.7 Mn 0.3 ± 0.1

Tb2O3 6.0 ± 0.3 EuO 2.5 ± 0.1 Sb 0.6 ± 0.1

total 106.2 ± 0.5 92.6 ± 1.4 95.4 ± 6.1 98.8 97.4 ± 0.7
1 In aqua regia, LAP dissolution was estimated at 79.6% ± 7.2% and the molar ratio of phosphate/REEs was 101.2% ± 0.5%, confirming the
validity of the assumption that the REEs were all present as phosphates.
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3.2. Physical Particle Characterization

The physical properties of the investigated phosphors that are most relevant for a
magnetic separation process are summarized in Table 2, whereas the fluorescent properties
will be presented in Section 3.3. It is important to note that all the investigated phosphors
have broad and overlapping PSDs in the range of 1–20 µm. Such particles are considered to
be “ultrafine” in conventional separation processes such as froth flotation and can be quite
challenging to efficiently mechanically separate. Furthermore, the particles’ densities do
not differ largely, indicating that a separation process based on gravitational forces would
be non-trivial. The particles’ magnetic susceptibilities on the other hand naturally differ
over more than one order of magnitude. A more detailed presentation of the phosphors’
PSDs and their influencing role in the investigated magnetic separation experiment is given
in Section 4.3.

Table 2. Summary of the investigated phosphors’ physical properties: 10th percentile diameters (d10),
median diameters (d50), 90th percentile diameters (d90) and surface area of volume equivalent spheres
(Sv, volume equivalent spheres), as determined with laser diffraction analysis, densities (ρ), obtained with
gas displacement pycnometry, Sm, calculated from nitrogen adsorption isotherms, estimated volume-
weighed sphericities (ψ) and volumetric magnetic susceptibilities (χ), measured with a SQUID-VSM.

Variable Unit LAP CAT BAM YOX HAP

d10 µm 1.1 2.0 2.6 1.6 1.2
d50 µm 4.9 5.9 6.2 5.8 9.1
d90 µm 10.2 13.0 11.4 12.3 20.1

Sv, volume equivalent spheres m2·m−3 2.41 1.75 1.56 2.00 1.90
ρ kg·m−3 5276 4216 3764 5115 3079

Sm m2·g−1 0.76 0.45 0.62 0.53 0.77
χ·10−4 / 24.4 12.8 2.61 1.08 0.64

ψ / 0.60 0.92 0.67 0.74 0.40

For simplicity, the equations given later in the Discussion assume that the investigated
phosphors are perfectly spherical particles. In reality, however, the phosphors have irregu-
lar shapes. A particle’s sphericity, as described by Wadell, is given by the ratio of the surface
area of the particle’s volume equivalent sphere over the particle’s actual surface area [28].
For Table 2, the volume-weighed sphericity of each phosphor was estimated by comparing
the volume equivalent spheres’ surface areas (Sv, volume equivalent spheres), obtained from laser
diffraction analysis, with the actual surface areas, determined with surface area analysis
according to the BET theory, as:

ψ =
Sv, volume equivalent spheres

Sm·ρ
(2)

where ψ represents a phosphor’s volume-weighed sphericity, Sm and Sv, volume equivalent spheres
stand for the actual particles’ surface areas and the surface areas of the particles’ volume
equivalent spheres, respectively, and ρ indicates the particles’ volumetric mass densities.

3.3. Time-Resolved Laser-Induced Fluorescence Spectroscopy

Of the REEs present in the investigated phosphors, cerium, terbium and europium
are optically active due to the presence of 4f electrons and yttrium and lanthanum are
optically inactive due their absence [29]. In LAP and CAT, Ce3+ functions as a sensitizing
ion, absorbing incident photons and transferring the energy to Tb3+, which is the activator
ion and emits green photons. In YOX and BAM, Eu3+ and Eu2+ are the activator ions,
respectively emitting red and blue photons. The non-REE phosphor HAP has a broad
emission spectrum, due to the complementary emission of blue light by Sb3+ and yellow
light by Mn2+ [30].
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A deconvolution of the phosphors’ emission spectra by PARAFAC requires trilinearity
of components [24]. More specifically, in the case of our TRLFS setup, this means that
each PARAFAC component must have a unique distribution within the (1) sample series,
(2) emission spectrum and (3) luminescence decay. For the investigated system of five
phosphors, this requirement is fulfilled with a six component PARAFAC model, as shown
in Figure 2. The reason for the additional component is that the emission by Eu3+ in
YOX had to be deconvoluted into two components. The main emission is composed of
5D0 → 7Fj transitions, whereas an additional emission from the 5D1 excited state is also
detectable and results in a blue shifted spectrum with significant shorter lifetimes, as com-
pared to the 5D0 transitions. To fulfill the requirement of trilinearity, this emission had to
be considered to be a separate PARAFAC component, but one that behaves synchronously
to the main emission. Given this synchronous behavior, the two PARAFAC components
for YOX were summed to a single distribution for the quantification of YOX in all our
further work.

Figure 2. PARAFAC results of samples containing pure phosphors. Standard curves, containing concentrations of 0.01, 0.05
and 0.10 g·L−1 were measured for BAM (samples 1–3), CAT (samples 4–6), HAP (samples 7–9), LAP (samples 10–12) and
YOX (samples 13–15), respectively. All samples were analyzed simultaneously with PARAFAC. (A) Distributions of the
single PARAFAC components. For YOX, two components were needed to account for the different Eu3+ emittive levels,
i.e., 5D0 and 5D1. The inset shows the linear correlation of the phosphors’ luminescence signal versus their concentrations.
(B) Emission spectrum of each PARAFAC component. On this Figure, the same color code is used as shown in the legend
and solid lines are used for LAP and the 5D0→ 7Fj transition of YOX, whereas dashed lines are used for CAT and 5D1 → 7Fj

transition of YOX. (C) Luminescence decay of the PARAFAC components. The dashed lines represent the fits of the
luminescence decays. The decay of LAP was fitted with a stretched exponential function, whereas the other decays were all
fitted with a mono-exponential function.

To account for differences in the luminescence lifetimes of the different phosphors over
multiple orders of magnitude, we used an exponentially increasing stepsize in our TRLFS
study. As shown in Figure 2C, the shortest emission lifetimes of approximately 0.9 µs and
6 µs were found for BAM and HAP, respectively. In YOX, the 5D1 → 7Fj transition has
a lifetime of about 60 µs, whereas the main 5D0 → 7Fj transition has a longer emission
lifetime of approximately 1 ms. The terbium containing phosphors emit light over a
relatively long period of about 1.5 to 2.1 ms after excitation. The emission lifetimes of
all phosphors but LAP could be well fitted with a mono-exponential decay. Interestingly,
LAP is the only phosphor, whose decay follows a Kohlrausch function, i.e., a stretched
exponential function. This is indicative for a superposition of several slightly different
micro environments of Tb3+ [31,32]. Finally, it should be noted that the emission spectra (cf.
Figure 2B) and emission lifetimes (cf. Figure 2C) of Tb3+ in LAP and CAT differ sufficiently
for an accurate deconvolution.
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The potential use of TRLFS with PARAFAC for deconvolution of mixed phosphor
samples is validated in Supportive Information 1 by analysis of 13 mixed samples with
randomly predetermined concentrations of each phosphor. The concentrations of these
samples are presented in Table S1. In PARAFAC, these samples were analyzed together
with the standard curve samples. Thus, the emission spectra and luminescence decays
were the same as the ones shown in Figure 2. Furthermore, the distributions from the
distinct YOX emissions (5D0→ 7Fj and 5D1→ 7Fj) were summed up for simplification. The
results of the PARAFAC analysis performed on the TRLFS measurements of the synthetic
mixtures are given in Figure S1. The deconvolution of the TRLFS data using PARAFAC
worked excellently to obtain a linear correlation between the phosphors’ concentrations
and the intensities of their PARAFAC components. Therefore, the approach to combine
TRLFS with PARAFAC for phosphor quantification is validated.

3.4. High-Gradient Magnetic Separation

Figure 3A shows the evolution of each phosphors’ concentration during the removal
stage within the HGMS experiments, whereas the removed and recovered fractions of
each phosphor at the end of the experiment are depicted in Figure 3B. The concentra-
tions in Figure 3A are shown as relative concentrations (RC), calculated from the TRLFS
measurements according to the following equation:

RCphosphor x(t) =
Iphosphor x
TRLFS (t)

Iphosphor x
TRLFS (t0)

(3)

where “phosphor x” represents one of the five investigated phosphors, t0 is the experiments’
starting point and t is the time between t0 and the moment of sampling.
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It is clear from Figure 3A that the terbium-doped green phosphors LAP and CAT,
which have the highest magnetic susceptibilities (cf. Table 2) were removed faster than
the europium-doped blue phosphor BAM and red phosphor YOX. The white phosphor
HAP, which does not contain any REEs and has the lowest magnetic susceptibility was
removed the slowest. As most of the LAP and CAT were removed during the first 10 min
of the experiment, it was decided to take a sample during every minute in this early phase.
As shown in the figure, the phosphors’ RCs in this early phase can be well described by
an exponential function. After this early phase, the removal dynamics of all phosphors
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decreased as seen in the deviations from the exponential fit. Nevertheless, 94.4 ± 0.6%
of CAT and 92.0 ± 0.1% of LAP were removed during the experiment. At this point,
approximately 70% of BAM and 60% of YOX and HAP were removed as well. Moreover,
the RCs of all phosphors continued to decrease until the point that the device was switched
to the “field off” mode, indicating that the removal of the phosphors was limited by the
experiment’s duration. For comparison, the evolution of the phosphors’ RCs in the control
experiments with the HGMS in the “field off” mode are presented in Figure S4.

After the device had been switched to the “field off” mode, the recoverability of
the phosphors from the separation cell into a separate beaker was investigated in two
steps. Assuming that for each phosphor the concentration in the initial beaker equaled the
concentration in the loop volume (i.e., the separation cell and the tube system), it should be
kept in mind that the total recoverable fraction in the second beaker consists of the removed
fraction and the fraction in the loop volume. It is clear from Figure 3B that the first step, in
which water was pumped through the separation cell in a downward direction at a high
flow rate, is suboptimal for a recovery of the phosphors. In the second step, the application
of an intermittent air–water flow was investigated, which facilitated a complete recovery
of the removed phosphors. These results are in line with the findings of Kampeis et al.,
who have investigated multiple techniques for the recovery of superparamagnetic beads
from a stainless steel wire mesh in the HGF-10 device [33].

4. Discussion
4.1. Magnetophoretic Velocity and High-Gradient Magnetic Separation

The magnetic or Kelvin force acting on a particle is given by the equation [26] (pp. 5–6):

→
F m = V· χ

µ0
(
→
B ·∇)

→
B (4)

where V and χ stand for the particle’s volume and volumetric magnetic susceptibility,

respectively,
→
B and ∇

→
B represent the magnetic field and its gradient, respectively, and µ0

is the vacuum permeability.
Suspended particles with a relative motion with respect to the surrounding fluid

undergo a counteracting viscous drag. The equation for the Stokes drag on spherical
particles in a laminar flow regime is given by [34]:

→
F d = −3πdη

→
v (5)

where d, η and
→
v respectively represent the particle’s diameter, the dynamic viscosity of

the surrounding fluid and the particle’s velocity relative to the fluid.
In the steady state, in which the Kelvin force, Equation (4), is balanced by the drag,

Equation (5), a spherical particle moves with the magnetophoretic velocity:

→
v m =

d2

18·η ·
χ

µ0
·(
→
B∇)

→
B (6)

which depends on both the physical properties of the particle (d, χ) and the surrounding
fluid (η), and on the magnetic field and its gradient. Although in low-gradient magnetic
separation, the field gradient is generally less than 100 T·m−1, the field gradient in high-
gradient magnetic separation can be increased to thousands of T·m−1 by introducing a
magnetizable matrix (such as a steel wire mesh, steel balls, grooved plates or steel wool)
into the magnetic field [25,35], as indicated in Figure 1.

4.2. Elucidation of the Empirically Observed Removal Dynamics

Based on the linear correlation between the phosphors’ concentrations and the intensi-
ties of their PARAFAC components, obtained with a combination of TRLFS and PARAFAC,
we were able to quantify many samples to monitor each phosphors’ removal in the in-
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vestigated HGMS. As shown in Figure 3A, the concentration of each phosphor decreased
exponentially during the first 10 min of the experiment, according to the function e−k·t.
This finding indicates that in this early phase, a constant fraction of each phosphor was
removed in the HGMS during each cycle in which the suspension was pumped through the
separation cell. With cycle, we refer to the time required to pump the total volume through
the separation cell. Hence a removal efficiency during a single cycle can be calculated
according to the following equation:

Removal Efficiency= 1− e
Vtot

Q k (7)

where Vtot and Q stand for the total volume of the suspension and the flow rate, respec-
tively, and k represents the exponential constant in the evolution of the phosphors’ RCs
as shown in Figure 3A. The exponential constants and the coefficients of determination
for the exponential regressions of the early phase removal, as well as the calculated re-
moval efficiencies for a Vtot of 1.5 L and a Q of 1000 mL·min−1 are given in Table 3 for
each phosphor.

Table 3. Exponential constant, k, and coefficient of determination, R2, of the early phase removal
with the associated removal efficiency of each phosphor.

Variable LAP CAT BAM YOX HAP 1

k/min−1 0.123 0.123 0.057 0.041 0.039
R2 0.9886 0.9926 0.9766 0.9718 0.9093

Removal Efficiency 17% 17% 8% 6% 6%
1 The relatively low coefficient of determination of the exponential fit to the removal of HAP could be attributable
to the phosphor’s relatively broad PSD, low magnetic susceptibility, and/or low sphericity, as compared to the
REE containing phosphors (cf. Table 2).

As the phosphor removal in the control experiments with the HGMS in the “field off”
mode was inferior as compared to the removal shown in Figure 3A and was not clearly
distinguishable for the different phosphors (cf. Supportive Information 2), we assume that
phosphor removal in the HGMS was predominantly driven by magnetic capture on the
wire matrix. In the context of a particle’s magnetic capture, a particle’s capture radius
(Rc) is defined as the critical distance of the particle’s streamline to the wire’s stagnation
streamline for the particle to be captured on the wire. Early works focused on the magnetic
capture in an HGMS have described that a particle’s Rc is proportional to the particle’s
magnetic capture efficiency and, under the conditions investigated in this study, approx-

imately proportional to
(

vm
v0

)1/3
, with v0 referring to the average cross sectional fluid

velocity [36,37]. According to Equation (6), vm is proportional to the particle-dependent
component d2·χ, whereas v0 can be considered to be a constant in this study. Hence, the re-
lationship Rc ~ (d2·χ)1/3 is obtained. It is interesting to note that this corresponds well with
vm ~ d2·χ·(B·∇)B (Equation (6)), given the considerations that on a line perpendicular to
the wire surface and longitudinal to the background field, ∇ B ~ 1

r3 and the approximation
B ≈ B0 holds with increasing distance to the surface (cf. Section 2.5). Furthermore, it is
clear that for each phosphor, larger particles are removed faster than smaller particles.
We propose that this preferential removal of larger particles may have caused a shift in
the suspended phosphors’ PSDs during the HGMS experiment. Given the low loading
rate in the investigated setup, we expect that it is the aforementioned shift in the PSDs
that caused the decreasing removal dynamics after the first 10 min of the experiment,
shown in Figure 3A, rather than a substantial saturation of the particles on the wire matrix.
Nevertheless, the constant removal efficiencies during the first 10 min of the experiment
indicate that in this early phase, the phosphors’ removal dynamics resembled those of
monodisperse particles. Hence, the calculated removal efficiencies, presented in Table 3,
can be related to the phosphors’ characterized properties, presented in Table 2, by the
relationship Removal Efficiency ~ (d50

2·χ)1/3, as shown in Figure 4.
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4.3. Compensation Demanding Role of Broad Particle Size Distributions

It is clear from Tables 1 and 2 that in an inter-phosphor comparison, the phosphors’
magnetic susceptibilities vary strongly, associated with their terbium and europium content.
It is interesting to note that the latter two elements are also the fluorescent activator ions in
the REE-doped phosphors, hereby determining the particles’ emission spectra, as discussed
under Section 3.3. Hence, there is a direct link between the particles’ functional property,
i.e., fluorescence, and a separation-facilitating property, i.e., magnetizability. However,
although it can be assumed that each phosphor has a specific value for χ, in an intra-
phosphor comparison, the particle-dependent components of the magnetophoretic velocity
can widely vary, according to the phosphors’ broad PSDs. This causes large overlaps in
the particle-dependent component of the Kelvin force acting on the different phosphors,
as shown in Figure 5. Therefore, an efficacious separation of the phosphors cannot be
implemented solely based on Kelvin forces despite the clear differences in the phosphors’
removal dynamics, e.g., a separation solely based on Kelvin forces of BAM and LAP, even
with a cascade process, cannot result in a high purity and recovery simultaneously, as in
each point in a magnetic field, large BAM particles have higher magnetophoretic velocities
than small LAP particles. Hence, it can be expected that a shift in the recovered phosphors’
PSDs would detrimentally decrease the selectivity of subsequent separation steps in a
cascade process.
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The previously described problem was ingeniously solved by Yamashita et al. by sep-
arating fluorescent lamp phosphors in an HGMS through a simultaneous use of magnetic
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attraction and sedimentation [13–15]. This was done using an electromagnet-based HGMS
with vertical magnetic field gradients. The magnitude of the field gradients was carefully
chosen in order that the Kelvin force exerted on the more magnetizable phosphor LAP
dominated over the gravitational force, whereas it was the other way around for the other
phosphors. By repeatedly turning the field of the electromagnet on and off for periods
of 15 s, it can be assumed that although e.g., larger BAM particles were attracted to the
matrix faster than small LAP particles when the field was on, they were overall removed
from LAP due to a faster sedimentation in the absence of the magnetic field. Hence, it
can be said that the higher sedimentation velocities of larger particles compensated for
the overlap of the magnetophoretic velocity’s particle-dependent component shown in
Figure 5B. On the contrary to the HGMS device used by Yamashita et al., the HGF-10 has
a horizontal magnetic field and captures paramagnetic particles horizontally, as shown
in Figure 1A. Therefore, in the current configuration, the investigated device is not suit-
able for an efficacious phosphor separation based on a simultaneous use of magnetic and
gravitational forces.

Finally, the recovery of CAT was outside the scope of Yamashita et al., as CAT is not
commonly used in Japan. To the best of our knowledge, this is the first work focused on the
separation of CFL phosphors by HGMS that included CAT. Although the terbium content
and the magnetic susceptibility of CAT are about half of LAP, according to our findings CAT
and LAP both had an initial removal efficiency of 17% (cf. Table 3) and had very similar
recovery rates throughout the entire HGMS experiment (cf. Figure 3A). The proposed
explanation for this finding is that in the size distributions, CAT has significantly larger
particles than LAP, compensating for the magnetic susceptibility in the magnetophoretic
velocity’s particle-dependent component, as shown in Figure 5.

4.4. Potential of the HGF-10 for a Peptide-Based Magnetic Phosphor Separation

As opposed to the HGMS presented by Yamashita et al. [13–15], the investigated
configuration had a horizontal instead of a vertical field gradient and is not suitable for
obtaining high-purity phosphors (cf. Section 4.3). Nevertheless, our findings can have
important implications for a future separation of the phosphors with the HGF-10 by means
of selectively surface-binding peptide functionalized superparamagnetic carriers.

In this work, it is for the first time that we investigate an HGF-10 for the separa-
tion of larger inorganic particles with relatively low magnetic susceptibilities. Previous
studies with the device have focused on applications with superparamagnetic micron-
sized composite beads and nanoparticles for the separation of target biomolecules from
a fermentation broth [38], the recovery of biocatalysts [39], and fluoride removal from
wastewater [40]. In these works, the HGF-10 was applied as a magnetic filter, effectively
capturing close to 100% of the target particles during a single cycle through the separation
cell until a filter breakthrough was observed, at which point the device was to be switched
to the “field off” mode to allow for a recovery of the target particles.

By functionalizing superparamagnetic beads or nanoparticles with phosphor binding
peptides identified by Lederer et al., target phosphors could be fished out of a mixed sus-
pension, similarly to the HGF-10’s previous applications [16]. Although the general concept
of particle separation by means of selectively surface-binding peptide functionalized super-
paramagnetic carriers has previously been demonstrated on a milliliter scale [18–20], to the
best of our knowledge, its upscalability has yet to be proven. In this context, this work can
be considered to be an important preparation of a future proof of the concept’s upscalability
in the HGF-10. First, the high reproducibility of the HGMS experiment in this work indi-
cates the solidity of both the setup of the HGF-10 and the phosphor quantification method,
which can be used for future experiments. Secondly, although the current configuration is
not suitable for as a separation method, it is clear that captured phosphors can effectively
be held on the matrix in the separation cell, despite their low magnetic susceptibilities.
Moreover, we have shown that a simple backwashing step with an intermittent air–water
flow can recover nearly all the captured phosphors from the cell. However, we have also
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shown that in the current setup, a fraction of between 6% and 17% of each phosphor is
captured on the wires during a single cycle through the cell. Therefore, we suggest that
a peptide-based separation aiming at a high phosphor purity should be performed as a
cascade process with multiple steps of separation in and recovery from the cell.

5. Conclusions

In summary, we have characterized five CFL phosphors in terms of their chemical
compositions and physical properties that are most relevant for a magnetic separation (i.e.,
PSD, ρ, Sm, ψ and χ). Furthermore, we have characterized the phosphors’ luminescence
emissions by a combination of TRLFS with PARAFAC. We have found that the trilinearity
requirement is fulfilled for distribution within the (1) sample series, (2) emission spectrum
and 3) luminescence decay with a six component PARAFAC model. By deconvolution
of the TRLFS data with PARAFAC, linear correlations between the phosphors’ concentra-
tions and the intensities of their PARAFAC components were obtained. Hence, we were
able to quantify a large number of samples to monitor each phosphors’ removal in the
investigated HGMS.

We have found that the phosphor concentrations in the HGMS decreased exponentially
during the first 10 min of the experiment, after which the removal dynamics started to
decrease. At the end of the experiment, we have found that the removed particles could
be recovered very well from the separation cell by backwashing with an intermittent
air–water flow. From an exponential regression analysis to the early phase removal, as well
as from theoretical calculations of the field around a single wire in the investigated HGMS,
we could obtain the relationship: Removal Efficiency ~ (d2·χ)1/3, which is consistent with
previous works on the magnetic capture efficiency in HGMS [36,37]. We have proposed
that the preferential removal of larger particles of each phosphor may have caused a
shift in the PSDs during the removal experiment, which could be the main cause of the
decreasing removal dynamics throughout the experiment. Furthermore, we have stated
that a combination of a PSD shift due to the preferential capture of large particles and the
broad and overlapping PSDs, would hinder an efficacious separation of the phosphors
with the device in the current configuration. Therefore, we conclude that the currently
investigated process is not suitable as a separation method of CFL phosphors, but may be
considered to be an important preparation for their separation, using superparamagnetic
carriers, in the device initially designed for biotechnological separation purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11101116/s1, Figure S1: PARAFAC analysis of the TRLFS measurements of the synthetic
mixtures with randomly predetermined concentrations of each phosphor, Figure S2: Picture of the
HGMS setup during operation in a removal experiment, Figure S3: Scheme of the HGMS setup during
normal operation and recovery of the removed phosphors from the separation cell by backwashing,
Figure S4: Evolution of the phosphors’ relative concentrations during the control experiments with
the HGMS in the “field off” mode, Table S1: Concentrations of the synthetic mixtures with randomly
predetermined concentrations of each phosphor.
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