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Abstract Many rare-earth elements are incorporated into

fine glass particles found in glass-polishing sludge and

wasted without further exploitation. This study attempts to

recover rare-earth element from simulated glass particles.

For this purpose, a series of P2O5 concentrations were

added to glass cullet doped with Eu2O3, followed by

melting and cooling to room temperature. Recovery of

rare-earth element was conducted by leaching into water.

Europium was selected as dopant into the opaque samples,

and its sensitive fluorescence spectrum utilized to estimate

changes in the neighborhood of Eu3? ions upon P2O5

addition. On the basis of fluorescence and infrared (IR)

spectral analysis, it is estimated that significant amounts of

Eu3? ions began to coordinate with PO4 tetrahedral units

when the concentration of P2O5 (P) was higher than the

concentration of alkali and alkaline-earth metal oxides (A),

expressed as A/P-ratio\1. In this condition, the recovery

efficiency of europium element by leaching into water

increased to 50–100 % relative to its initial concentration.

IR spectra suggested that the increased leaching was pro-

moted by the solubility of metaphosphate chains. This

study suggests a process for recovery of rare-earth elements

from glass particles found in glass-polishing sludge without

use of acid treatment.

Keywords Glass cullet � Europium � Phosphate �
Emission spectra � Infrared spectra � Recovery efficiency

Introduction

Rare-earth elements are essential because they are widely

utilized in high-technology applications such as fuel cells,

high-capacity batteries, permanent magnets for wind

power generation, etc. [1, 2]. They are also critical

because their natural reserves are concentrated in only a

few countries and their supply is strictly limited. More-

over, they have hardly any effective substitutes, and suffer

from low recycling rates and unsustainable primary min-

ing [3]. Intensive studies have been conducted to address

this critical situation, including the possibility of recovery

of rare-earth elements from industrial waste residues, for

example, red mud residue from smelting of bauxite [4, 5]

or glass-polishing sludge waste from glass industries

[6, 7].

Spent glass-polishing slurry waste from optical glass

industries is interesting because it contains relatively high

concentrations of rare-earth elements. Such polishing

sludge comprises Ce originating from the polishing pow-

der, glass particles released from the ground and polished

glass surfaces, and alumina particles hydrolyzed from

flocculants. The glass particles from the ground and pol-

ished glass surfaces [i.e., liquid-crystal display (LCD)

glass, optical glass, etc., plus colorants therein] might

contain notable rare-earth elements such as Yb, La, Gd, Er,

Y, and Eu [8, 9]. Unfortunately, recycling of glass-pol-

ishing sludge only focuses on Ce recovery. In the Ce

recycling process, glass particles including other elements

are discarded in the chemical dissolution, filtration, or

selective precipitation process [6–8, 10, 11]. As a
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consequence, valuable rare-earth elements are wasted

along with their host.

Therefore, after separating Ce, glass particles containing

rare-earth elements require further processing. Hydromet-

allurgical processes are commonly used to separate rare-

earth elements from a glass host. However, these processes

consume large amounts of chemicals and release harmful

residues, for example, recovery of rare-earth elements from

spent optical glass by leaching using NaOH followed by

HCl [11]. Ce recovery from spent glass-polishing powder

has been achieved using H2C2O4 and H2SO4 [6], NaOH

[7], and HNO3/H2O2 mixture [8] to dissolve the powder.

Most reports tend to focus on efficient recovery of Ce,

while to the best of our knowledge, recovery of rare-earth

elements from glass particles in glass-polishing sludge by a

combination of pyrometallurgical and hydrometallurgical

processes without chemical treatment has not been studied.

In this work, rare earth element-containing glass was

melted with addition of phosphate to attract rare-earth

element from silicate to phosphate networks in the glass

host. By controlling the phosphate composition, rare-earth

element in the glass could be leached into water. Initially,

rare-earth element was doped into glass cullet (soda lime

silicate) to form simulated rare earth element-containing

glass particles. Then, the rare earth element-doped glass

cullet was melted with a series of phosphate concentra-

tions, followed by leaching treatment. With phosphate

addition, the glass cullet might experimentally approach a

phosphosilicate glass system. We then exploited the

chemical behavior of phosphate in the silicate network

matrix, i.e., its high ionic field strength [12] to attract the

rare-earth element, its tendency to form discrete anion

complexes [13, 14] to cluster the rare-earth element away

from the silicate, and its low durability [15, 16] to leach

phosphate with rare-earth element using water. To study

the effect of phosphate addition on rare-earth element,

photoluminescence spectroscopy can be employed to

record the emission spectra of the element, especially in

glass samples lacking transparency. Therefore, europium

was selected as dopant into the glass cullet, and its sensi-

tive emission spectrum utilized to investigate the local

neighborhood of europium ions and determine whether it

became coordinated with phosphate. Coordination of

europium ions with linear phosphate units is expected to

occur within the series of phosphate compositions,

enhancing the solubility of rare-earth element in water.

Finally, europium was recovered from the glass samples by

leaching into water. The objective of this study is to

recover rare-earth element from soda lime silicate glass

cullet by utilizing phosphate. Photoluminescence was

employed to obtain the emission spectra, which are affec-

ted by the neighboring structures. Then, inductively cou-

pled plasma mass spectroscopy (ICP-MS) and Fourier-

transform infrared (FTIR) spectroscopy were used to detect

the amounts of europium element dissolved in the water,

and the local structures of the glass samples, respectively.

This study introduces rare earth element-containing glass

particles found in glass-polishing sludge as a potential

secondary resource for rare-earth elements and suggests a

recovery process without use of acid treatment.

Experimental Methods

Preparation of Simulated Rare Earth Element-

Containing Glass Particles

We obtained soda lime silicate glass cullet from a glass

company, having the following chemical composition as

confirmed by SEM-EDX (JSM-6510 LV, JEOL): 70.12

SiO2, 0.04 Fe2O3, 1.06 Al2O3, 14.34 Na2O, 0.51 K2O, 6.86

MgO, 7.07 CaO (mol%). Eu3?-doped glass cullet was

formed to simulate rare earth element-containing glass

particles, being denoted as ‘‘cullet ? Eu.’’ First, an

appropriate amount of glass cullet was ground in an alu-

mina mortar, thoroughly mixed with 1 mol% Eu2O3, then

melted using a platinum crucible in a high-temperature

electric furnace at 1500 �C in air atmosphere for about 2 h,

followed by quenching in water to cool to room tempera-

ture. Europium was selected because it has relatively

simple energy levels [17], its ground 7F0 and excited 5D0

levels are nondegenerate, and its luminescence spectra

show high sensitivity to small changes in its local chemical

neighborhood. By analyzing its fluorescence emission

spectra, one can estimate changes in the local chemical

neighborhood of Eu3? ions due to P2O5 addition. This also

allows us to measure small amounts of sample under either

transparent or opaque conditions.

Phosphate Addition

Addition of P2O5 was used to attract rare-earth element

based on the high ionic field strength of phosphate [18–20],

as well as to attract cations such as Na?, K?, Ca2?, and

Mg2? from the silicate network [21]. Sodium and potassium

ions might lead to formation of linear phosphate chains,

while calcium and magnesium ions can serve as ionic cross-

links between two different linear phosphate chains. Cul-

let ? Eu was reground and mixed with NH4H2PO4 as

phosphate raw material, being denoted as ‘‘(cullet ? Eu)–

xP2O5,’’ where x is the amount of P2O5 in mol%. To analyze

the phosphate network chains or structures, it is also

preferable to express the composition as a molar ratio of

alkali and alkaline-earth metal oxides to phosphate, i.e., the

A/P-ratio [19]. This ratio corresponds to the formation of

phosphate networks such as ultraphosphate (Q3) cross-
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linked network, metaphosphate (Q2), pyrophosphate (Q1),

and orthophosphate (Q0), as presented in Table 1.

A=P-ratio ¼ A2Oðmol%Þ þ A0Oðmol%Þ
P2O5ðmol% Þ ; ð1Þ

where A is the alkali metal and A0 is the alkaline-earth

metal. The values of x are 15, 17, 22, 25, 30, 35, 40, and 45,

with corresponding A/P-ratios of 1.62, 1.39, 1.01, 0.85,

0.67, 0.53, 0.43, and 0.34.

A small amount of the admixture was melted at

1400–1500 �C in air atmosphere using the single hot

thermocouple technique [23], and subsequently quenched

in air to cool to room temperature. Two thermocouple

wires (0.25 mm diameter) made of Pt and Pt-13 %Rh (R

type) were joined manually. The admixture was placed at

the bend side of the joined wire. By regulating the voltage

supply, heat was supplied through the thermocouple wire.

The temperature of the wire gradually increased, heating

the sample to its melting temperature. After melting, the

voltage supply was quickly stopped, then the sample was

quenched normally in air. A glass sample of 0.01 g

obtained by this technique takes about 3 min to cool to

room temperature. The accuracy of the temperature mea-

surements is estimated to be ±2–3 �C. Use of this hot

thermocouple technique enabled us to control the voltage

supply carefully to slowly increase the temperature, espe-

cially when NH4H2PO4 started to decompose to NH3, P2O5

and H2O at 180–250 �C. It also enabled us to check visu-

ally when the sample started to melt and minimize the

melting time by holding it in the melting condition for

about 5 min.

Preparation of Simple Glass Systems

To understand the local structure of the (cullet ? Eu)–

xP2O5 system, it is necessary to understand the structure of

the simpler glass systems from which the (cullet ? Eu)–

xP2O5 system is derived. For this reason, several glass

systems were prepared and doped with 1 mol% Eu2O3

using the same technique, as follows: silicate glasses

39.6A2O–59.4SiO2 (mol%), phosphate glasses 49.5A2O–

49.5P2O5 (mol%), and phosphosilicate glasses 9.9A2O–

29.7P2O5–59.4SiO2 (mol%), where A is Li, Na, or K. The

raw materials used to synthesize these glasses were

reagent-grade Li2CO3 (99.9 %), Na2CO3 (99.8 %), K2CO3

(99.5 %), LiPO3 (99.9 %), NaPO3 (99.9 %), KPO3

(99.9 %), SiO2 (99.9 %), NH4H2PO4 (99.0 %), and Eu2O3

(99.9 %).

Preparation of Selected Samples for Leaching Tests

(Cullet ? Eu)–xP2O5 samples with x = 15, 22, 35, and

45 mol% were selected for leaching tests. The sample was

placed in an alumina crucible, preheated at 180 �C for 22 h

in an electrical muffle furnace to decompose NH4H2PO4 to

NH3, H2O, and P2O5. Then, it was heated up to a melting

temperature of 1500 �C in air atmosphere using a platinum

crucible for 1 h in a high-temperature electric furnace.

After melting, these samples were quenched in water to

cool to room temperature.

Measurement of Fluorescence Intensity Ratio

To study the effect of phosphate addition on the rare-earth

element, absorption and transmittance spectroscopy tech-

niques cannot be applied because the glass samples are

opaque. Therefore, photoluminescence spectroscopy was

employed to record the emission spectra in order to esti-

mate the changes in the local chemical neighborhood of the

rare-earth ions in the glass system after introduction of

P2O5. The local chemical neighborhood of a Eu3? ion

affects the symmetry of its ligand field and the Eu–O

covalency [24–26], and may reveal the network unit with

which the rare-earth ion coordinates. Analysis of the

europium emission spectra focused on the 5D0 ?
7F1 and

5D0 ?
7F2 transition probabilities (Fig. 1), an allowed

magnetic dipole and forced electric dipole transition,

respectively. The 5D0 ?
7F1 transition is independent of

the matrix composition, while 5D0 ?
7F2 is hypersensitive

to the covalency and/or structural changes in the local

Table 1 Phosphate tetrahedral

sites in phosphate glass [22] and

A/P-ratio

Ideal composition (mol%) 100P2O5 50A2O–50P2O5 67A2O–33P2O5 75A2O–25P2O5

A/P-ratio 0 1 2 3

PO4 tetrahedral unit
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chemical neighborhood of the Eu3? ion [24, 26]. The dif-

ferences in the Eu3? emission spectra obtained from each

sample as a function of the glass composition can be

properly described based on the fluorescence intensity

ratio, I-ratio, as follows:

I-ratio ¼ Ið5D0 ! 7F2Þ
Ið5D0 ! 7F1Þ

; ð2Þ

where I(5D0 ?
7F1) is the emission intensity of the

5D0 ?
7F1 transition, and I(5D0 ?

7F2) is the emission

intensity of the 5D0 ?
7F2 transition. This ratio is widely

used to estimate the deviation of the symmetry of the

ligand field of Eu3? ion and the Eu–O covalency [17, 25,

27–30]. Excitation and emission spectra were recorded

from the samples using a photoluminescence spectrometer

(Hitachi, F-7000), working in the UV–visible range of

350–750 cm-1 at scan speed of 240 nm/min with slit width

of 2.5 nm and photomultiplier tube voltage of 400 V.

Emission spectra were measured using an excitation

wavelength of 393 nm.

Evaluation of Glass Structures

An infrared spectrophotometer (IR Prestige-21, Shimadzu)

was used to obtain IR spectra from the glass samples to

provide information about the local structure of PO4 and

SiO4 tetrahedral groups. The equipment was operated at

room temperature in the range of 500–1600 cm-1 using the

KBr disc technique. IR transmission (%) spectra were

converted to Kubelka–Munk function intensity units

(arbitrary units) with correction for powder grain size.

Measurement of Recovery Efficiency

Powdered samples (\150 lm) were leached using water

(ultrapure, pH 6.8–7.0) for 96 h at room temperature. The

weight ratio of sample to water in this leaching process was

kept at 1:50. The concentration of rare earth dissolved into

the water was compared with the initial rare-earth con-

centration in the sample to obtain the recovery efficiency:

%Recovery

¼ Concentration of rare earth dissolved in water

Initial concentration of rare earth in sample
� 100:

ð3Þ

The initial rare-earth concentration in each sample was

obtained by acid digestion treatment using HF (38 wt%)

and HNO3 (68 wt%), both heated at 200 �C for 4 h.

Finally, the sample was leached using HNO3 (3 wt%) for

48 h at room temperature until it completely dissolved in

the solution. Inductively coupled plasma mass spec-

troscopy (ICP-MS, Varian 820-MS) was used to determine

the concentration of rare-earth element dissolved in the

acid solution and water using an internal standard tech-

nique involving addition of 2 mg/L Re and Rh. Standard

solution (Custom assurance standard, Specx CertiPrep)

containing 10 mg/L rare-earth elements including Eu was

diluted from 0.15 to 0.0015 mg/L to obtain a precise cal-

ibration line with R2 value of 1.00.

Results and Discussion

Hypersensitive Emission Spectra to Investigate

the Local Neighborhood of Eu31 Ion

Photoluminescence was utilized to obtain the characteris-

tics of the excitation and emission spectra. Figure 1a shows

the excitation spectrum of Eu3?-doped glass cullet with

addition of phosphate, i.e., (cullet ? Eu)–35P2O5. Six lines

are observed in the excitation spectrum. The most domi-

nant line appears at 393 nm, being ascribed to the transi-

tion from the 7F0 ground state to the 5L6 excited states of

Eu3?. Using this excitation line, the emission spectrum of

Eu3? was recorded and is shown in Fig. 1b.

The emission spectrum presents transition bands arising

from 5D0 excited states to 7FJ (J = 0, 1, 2, 3, and 4) ground

states. The 5D0 ?
7F1 transition of Eu3? was observed in
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Fig. 1 Spectra of (cullet ? Eu)–35P2O5 (1 mol% Eu2O3, A/P-

ratio = 0.53): a excitation spectrum with 614 nm monitoring wave-

length and b emission spectrum under 393 nm excitation wavelength
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the emission spectrum at 593 nm, while the most intense

line, corresponding to the 5D0 ?
7F2 transition, was

recorded at 614 nm. The band corresponding to the
5D0 ?

7F1 transition presents magnetic dipole nature, and

its fluorescence intensity is not affected by the local

chemical neighborhood of the Eu3? ion, whereas the
5D0 ?

7F2 transition is hypersensitive and strongly

dependent on the local chemical neighborhood of the Eu3?

ion. Therefore, the fluorescence intensity of the 5D0 ?
7F1

transition can be considered as a standard against which to

compare the relative intensity of other bands [25]. The

fluorescence intensity ratio (I-ratio) of the 5D0 ?
7F2 to

5D0 ?
7F1 transition for silicate glasses, phosphate glas-

ses, phosphosilicate glasses, and glass cullet were calcu-

lated and are listed in Table 2.

Fluorescence Intensity Ratio (I-Ratio) of Simpler

Glass Systems

To study the emission spectra of the (cullet ? Eu)–xP2O5

samples, it is necessary to analyze and compare them

against the emission spectra of the simpler glass systems

mentioned above. Emission characteristics and I-ratios

similar to those of the simpler glass systems would indicate

similarity in the local chemical neighborhood.

In the Eu3?-doped silicate glasses, 39.6A2O–59.4SiO2

(mol%) (A = Li, Na, K), the I-ratios vary with the modifier

ion, showing a tendency to increase for larger ionic radius

of the modifier ion in the order Li\Na\K (Table 2).

The dependence of the I-ratio on the modifier ion results

from its action as a network modifier located as a second

nearest neighbor to a Eu3? ion or located in a region of

nonbridging oxygen of the three-dimensional silicate net-

work [20, 25]. These effects when network modifier ions

are substituted into silicate glasses result in strong distor-

tion of the local chemical neighborhood of Eu3? ions [27].

As a result, the I-ratio depends on the composition, varying

in a wide range from 3.01 to 3.79 (Table 2).

Unlike the Eu3?-doped silicate glasses, the I-ratios for

the Eu3?-doped metaphosphate glasses, 49.5A2O–

49.5P2O5 (mol%) (A = Li, Na, K), showed compositional

independence, changing only slightly upon network mod-

ifier substitution. Metaphosphate glass is made up of long

two-dimensional chains connecting PO4 tetrahedral units

through two bridging oxygens. The modifier ions occupy

sites in between these chains, while the rare-earth ions

selectively coordinate with the P=O site (doubly bonded

oxygen) [20]. Therefore, the emission intensity of the
5D0 ?

7F2 transition for these glasses reveals only slight

distortion of the local chemical neighborhood of the Eu3?

ions with increasing ionic radius of the alkali ion. As a

result, the I-ratios varied in a narrow range of 2.54–2.73

(Table 2). Illustrations showing an Eu3? ion linked to the

silicate and phosphate networks are shown in Fig. 2a, b.

In the phosphosilicate glass system, Eu3? ions might

coordinate with the silicate or phosphate network. Based on

the results for the silicate and phosphate glasses, the local

chemical neighborhood of the Eu3? ions will undergo

strong distortion when they are in coordination with silicate

networks, forming Eu–O–A as shown in Fig. 2a. Mean-

while, only slight distortion will occur in the local chemical

neighborhood of Eu3? ions when they are in coordination

Table 2 Fluorescence intensity ratio of 5D0 ?
7F2 to

5D0 ?
7F1 transition of Eu3? in matrix glasses (silicate, phosphate, phosphosilicate, and

glass cullet) doped with 1 mol% Eu2O3 and quenched in air

Matrix glass composition doped with Eu2O3 (mol%) Emission peak (nm) I-ratiob

I(5D0 ?
7F2)/I(

5D0 ?
7F1)5D0 ?

7F1
5D0 ?

7F2

39.6Li2O–59.4SiO2 593 615 3.01 ± 0.02

39.6Na2O–59.4SiO2 594 613 3.62 ± 0.09

39.6K2O–59.4SiO2 594 613 3.79 ± 0.08

49.5Li2O–49.5P2O5 593 615 2.54 ± 0.03

49.5Na2O–49.5P2O5 594 615 2.73 ± 0.03

49.5K2O–49.5P2O5 594 615 2.58 ± 0.02

9.9Li2O–29.7P2O5–59.4SiO2 593 614 3.09 ± 0.02

9.9Na2O–29.7P2O5–59.4SiO2 594 615 3.05 ± 0.02

9.9K2O–29.7P2O5–59.4SiO2 594 614 3.14 ± 0.02

Glass culleta 593 613 3.74 ± 0.02

(Cullet ? Eu)–45P2O5 593 614 3.00 ± 0.02

a Glass cullet composition: 69.42SiO2–0.04Fe2O3–1.05Al2O3–14.19Na2O–0.51K2O–6.79MgO–7.07CaO (mol%)
b Average values of three measurements
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with phosphate networks, forming Eu–O–P as shown in

Fig. 2b.

The I-ratios of the Eu3?-doped phosphosilicate glasses,

9.9A2O–29.7P2O5–59.4SiO2 (mol%) (A = Li, Na, K),

remained nearly constant in a narrow range of 3.05 to 3.14

(Table 2), indicating that the local chemical neighborhood

of the Eu3? ions in these phosphosilicate glasses did not

experience strong distortion upon variation of the modifier

ion. This indicates that the local chemical neighborhood of

the Eu3? ions in the phosphosilicate glasses was different

from in the silicate glasses. Rather, the local chemical

neighborhood of the Eu3? ions exhibited a tendency similar

to in the phosphate glasses. This tendency most likely

indicates that the Eu3? ions coordinated with PO4 (Eu–O–P

linkage) rather than SiO4 tetrahedral units. In addition, the

high ionic field strength of phosphate causes the Eu3? ions

to preferentially coordinate with the phosphate network.

This result is in good agreement with previous study dealing

with selective coordination of Nd3? with PO4 tetrahedra in

the 9.9Na2O–29.7P2O5–59.4SiO2 (mol%) system [19].

Although it contains multiple components, the Eu3?

ions doped in glass cullet have a local chemical neigh-

borhood similar to that in the simpler silicate glass, i.e.,

Eu3?-doped 39.6Na2O–59.4SiO2 (mol%) glass, because

their I-ratios are nearly the same. Their emission intensities

for the 5D0 ?
7F2 transition are at the same level (Fig. 3a).

Likewise, the (cullet ? Eu)–45P2O5 (mol%) sample

showed an I-ratio comparable to that of Eu3?-doped

9.9Na2O–29.7P2O5–59.4SiO2 (mol%) glass. The emission

intensities for the 5D0 ?
7F2 transition of these glasses

were also at the same level (Fig. 3b).

Effect of Phosphate Addition on I-Ratio of Eu31-

Doped Glass Cullet

When a series of phosphate concentrations (x = 45, 40, 35,

30, 25, 22, 17, and 15 mol%) corresponding to A/P-ratio of

0.34, 0.43, 0.53, 0.67, 0.85, 1.01, 1.39, and 1.62, respec-

tively, were introduced into the cullet ? Eu system, the I-

ratios of the resulting glasses showed a trend to level off

when reaching an A/P-ratio of 1 (region A, Fig. 4). In this

condition, the I-ratios were comparable to that of Eu3?-

doped 9.9Na2O–29.7P2O5–59.4SiO2 (mol%) glass, indi-

cating a similar local chemical neighborhood of Eu3? ions.

When the A/P-ratio exceeded 1, the I-ratios of the glasses

gradually increased to the range of silicate glasses

Fig. 2 Illustration of Eu3? ion in silicate and phosphate networks:

a alkali earth or alkaline-earth metal (A) is located as the second

nearest neighbor of the Eu3? ion, forming an Eu–O–A linkage, and

b phosphorus sits as a second nearest neighbor of Eu3? ion, forming

an Eu–O–P linkage
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(region B, Fig. 4). On the basis of the fluorescence inten-

sity ratios obtained for the simpler glass samples above

(Table 2), it can be estimated that, in the composition range

with A/P-ratio B1, the amount of P2O5 is sufficient to

attract significant amounts of Eu3? ions from the silicate to

phosphate network. The PO4 tetrahedral units begin to

dominate the local chemical neighborhood of almost all the

Eu3? ions, and the local chemical neighborhood is most

likely the same as in the simpler phosphosilicate glass

system. Thus, the I-ratios for these compositions (A/P-ratio

B1) are in the same range as for the simpler phosphosili-

cate glasses (Fig. 4). Meanwhile, for the compositions with

A/P-ratio[1, the smaller amounts of P2O5 present cannot

attract substantial amounts of Eu3? ions. Most of the Eu3?

ions therefore remain coordinated with SiO4 tetrahedral

units; the I-ratios thus increase to the range of silicate

glasses with increasing A/P-ratio (Fig. 4).

Presence of Metaphosphate and Pyrophosphate

Groups

FTIR spectroscopy was utilized to investigate the local

structure of the samples in terms of PO4 and SiO4 groups.

The IR spectra are shown in Fig. 5 and their assignments in

Table 3. Addition of P2O5 into the cullet ? Eu glass

changed its silicate structure to a phosphosilicate structure.

In the IR spectra of the (cullet ? Eu)–xP2O5 samples, the

wide and intense bands in the 900–1300 cm-1 range

(Fig. 5) correspond to vibrations of Si–O–Si and P–O–P

linkages [31–36]. The IR spectrum for x = 15 mol% (A/P-

ratio = 1.62) shows intense bands at 918, 1050, and

1123 cm-1, associated with stretching vibration of Si–O

(Q3), stretching vibration of Si–O–Si, and bending vibra-

tion of Si–O (Si–O–Si groups), respectively [31, 32]. Three

narrow bands peaking at 622, 796, and 1199 cm-1 are

assigned to a cristobalite-like three-dimensional SiO4 net-

work [33, 34]. These silicate bands eventually weaken with

increasing P2O5 addition (A/P-ratio\1). On the other hand,

the weak bands observed in the 1000–1100 cm-1 and

1200–1260 cm-1 ranges become broad and intense with

increasing P2O5 addition (A/P-ratio\1). The bands in the

1000–1100 cm-1 range are associated with pyrophosphate

groups (Q1) [35, 36], while those in the 1200–1260 cm-1

range can be assigned to asymmetric stretching of PO2

bonds of metaphosphate groups (Q2) [35, 37].

Recovery of Europium

Considering that Eu3? ions might selectively coordinate

with PO4 tetrahedral units for compositions with A/P-ratio

B1, glass samples below this ratio were selected for

recovery processing. Recovery of europium was conducted

by leaching into water. Addition of P2O5 to recover euro-

pium element showed positive results. No europium could

be recovered from cullet ? Euwithout P2O5 (x = 0 mol%),
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Fig. 5 IR spectra of (cullet ? Eu)–xP2O5, indicating presence of

pyrophosphate (Q1) and metaphosphate (Q2) groups. Absorption band

assignments are summarized in Table 3

Table 3 IR band assignments

in the range 500–1600 cm-1 for

(Cullet ? Eu)–xP2O5 doped

with 1 mol% Eu2O3 and

quenched in water

Wavenumber (cm-1) Assignment References

622, 796, 1199 Cristobalite-like network [33, 34]

790–800 Si–O–Si bending [31, 32]

918–940 ms (Si–O), Q
3 groups [31, 32]

1000–1100 ms(PO3) stretch, Q
1 chain terminal [35, 36]

1050 ms(Si–O–Si) stretch [31, 32]

1100 mas(Si–O–P) stretch [35, 36]

1123 mas(Si–O), Si–O–Si groups [31, 32]

1200–1260 mas(PO2) stretch, Q
2 units [35, 37]
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while 1 % of the total europium concentration could be

recovered from the sample with 15 mol% P2O5 addition

(region B, Fig. 6). The recovery of europium became more

efficient with increasing P2O5 addition. In region A, with

A/P-ratio B1, the recovery efficiency exceeded 50 %,

increased to 97 %, and reached 100 % for 22, 35, and

45 mol% P2O5 addition, respectively.

Recovery of Eu31 Increases with Presence

of Metaphosphate Chains

Low recovery efficiency indicates that addition of P2O5 at

concentration lower than alkali and alkaline-earth metals

could not attract significant amounts of Eu3? ions from

SiO4 units due to the lack of PO4 units forming

pyrophosphate and metaphosphate groups (region B). In

this condition, the I-ratios also showed that SiO4 tended to

affect the neighborhood of Eu3?, indicating that the Eu3?

ions remained coordinated with SiO4 tetrahedral units. In

addition, local structures were dominated by the silicate

network, as indicated by the presence of Si–O–Si vibration

and cristobalite-like linkages, which have inherently good

durability in water [38, 39].

In region A, with A/P-ratio B1, the concentrations of

P2O5 are similar to or higher than those of alkali metals and

alkaline-earth metals. In this condition, metaphosphate

chains started to grow with increasing P2O5 concentration

and coordinated with significant amounts of Eu3? ions, as

can be estimated from the I-ratio. Because metaphosphate

chains have weak durability in aqueous solution [40], the

recovery efficiency of Eu3? ions into water reached more

than 50 % (region A, Fig. 6). When the A/P-ratio was 0.34,

metaphosphate chains dominated the phosphosilicate

structure, and 100 % recovery efficiency was achieved.

Conclusions

Rare-earth element was successfully recovered from sim-

ulated glass particles. Eu3? ions likely coordinated selec-

tively with PO4 tetrahedral units rather than SiO4

tetrahedral units upon addition of P2O5 to the simulated

glass. When the concentration of P2O5 was similar to or

higher than those of alkali and alkaline-earth metals in the

glass (A/P-ratio B1), PO4 tetrahedral units in metaphos-

phate chains attracted significant amounts of Eu3? ions. As

a consequence, 50–100 % of europium could be recovered.

This recovery efficiency might be promoted by the solu-

bility of metaphosphate (Q2) chains that started to be pre-

sent in the local structure of the glass samples with A/P-

ratio B1. This study suggests a recovery process for rare-

earth elements contained in glass hosts such as glass par-

ticles in glass-polishing sludge. P2O5 addition and water

leaching could represent a promising process to recover

rare-earth elements from glass-polishing sludge. This

research will contribute to the sustainability of rare-earth

elements. Further studies need to be conducted before

applying this process in industrial application in order, e.g.,

to increase the recovery efficiency while reducing the

amount of P2O5 addition. Since the raw material phosphate

is a finite resource, in future research we will also consider

recycling phosphate from the leaching solution to enable a

sustainable recycling system.
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