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An environmentally friendly and efficiently process for recycling from waste 11 

phosphors has been developed. The alkaline fusion process is used for recycling Eu 12 

from BaMgAl10O17:Eu
2+

 (BMA) completely. The comprehensive BMA disintegration 13 

via alkaline fusion is discussed. Relationships between the alkaline fusion temperature 14 

and various properties of the compounds have been examined by various techniques 15 

(DSC-TG, XRD, SEM and XPS) to elucidate their roles of BMA disintegration in the 16 

alkaline fusion process. X-ray diffraction analysis the details of phase change. Based 17 

on the X-ray photoelectron spectroscopy, a scientific hypothesis of crystal structure 18 

disintegration was presented. Sodium ions would substitute the europium and barium 19 

ions in the mirror plane and magnesium ions in the spinel block successively, which 20 

results in more oxygen vacancies and interstitial sodium ions were appeared. The unit 21 

cell (P63/mmc (194)) would break from the mirror plane. Then changes into BaAl2O4 22 

(P6322 (182)), and be decomposed into NaAlO2, and barium and europium ions 23 

combine with free OH
-
 and CO2 into BaCO3, Eu2O3 and H2O. In the end the Eu2O3 24 

would be recycled easily by the acidolysis, oxalic acid precipitation and ignition. The 25 

mechanism would provide fundamental basis for recycling of REEs from waste 26 

phosphors. 27 

 28 

1. Introduction 29 

The recycling of rare earths is of importance for helping to reduce environment 30 

pollution and maintain supplies of these critical elements.
1
 Eu

2+
 doped barium 31 

magnesium aluminate, BaMgAl10O17:Eu
2+

 (BMA) is an excellent matrix for 32 

phosphors used for fluorescent lamps, plasma display panels and Hg-free lamps, 33 

because of its chemical stability and efficient blue emission phosphor.
2-4

 The rare 34 

earth elements (REEs), terbium, neodymium, dysprosium, yttrium, europium and 35 

indium have greatest short-term “criticality”. They are important to clean energy and 36 

run the risk of supply, based on the medium-term criticality matrix available from the 37 

Critical Raw Materials for the European Union report and the U.S. Department of 38 

Energy.
5,6 

Many researchers have focused on the REEs recycling from the waste 39 
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 2

lamps
 7-9

. However, waste lamps are being collected in many countries for many years, 40 

the commercial recovery of REEs from waste phosphor was not rarely considered. 41 

Recently, a commercial recovery of rare earths from waste phosphor developed by 42 

Solvay-Rhodia is operated in France in Saint Fons (near Lyon) and in La Rochelle. 43 

Finally, the purified rare-earth oxides are processed in La Rochelle to new lamp 44 

phosphors, mainly Y2O3:Eu
3+

 and LaPO4:Ce
3+

, Tb
3+

.
10

 And OSRAM (owned by 45 

Siemens) developed a process to recover REEs from used phosphors that consists of 46 

dissolution of the phosphor mixture in acids, followed by precipitation of the REE as 47 

oxalates, and finally transformation of the oxalates in oxides.
11,12

 Technically, Eu in 48 

the BMA is difficult to recycle due to its stable aluminate crystal structure.  49 

The BMA structure is derived from that of β-alumina (NaAl11O17), which was first 50 

discovered by Rankin and Merwin.
7, 8 

The structure has a space group of P63/mmc 51 

and can be described as consisting of oxygen close-packed spinel blocks of the 52 

[Al11O16]
+1

 composition, separated by mirror planes of the [NaO]
−1

 composition (Fig. 53 

1). 
9-12 

Sodium occupies the Beevers-Ross site in the mirror plane.
13

 Aluminum ions 54 

occupy both octahedral and tetrahedral sites in the spinel block. In forming BAM, 55 

sodium is replaced by barium and the same number of aluminum ions is replaced by 56 

magnesium in order to keep the unit cell charge neutral. Thus the chemical formula of 57 

the spinel blocks becomes [MgAl10O16] and the mirror plane changes to [BaO], while 58 

both are charge neutral. Magnesium may substitute any of the four aluminum sites in 59 

the crystal.
14

 Alkali fusion of waste phosphor as a pretreatment process makes it 60 

possible to increase the leaching rate.
 15

 Furthermore, an understanding of the alkali 61 

fusion mechanisms of BMA is still lacking, and there have been no reports from the 62 

structure viewpoint.  63 

 64 

Fig. 1. Projection of the unit cells of BaMgAl10O17 β-alumina crystal structure on the 65 

[110] plane. 66 
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 67 

 Therefore, the main objective of this study was to probe the specific 68 

decomposition mechanisms of the BMA crystal structure by alkali fusion to elucidate 69 

the condition and process. A series of BMA powders were performed at 300-450 °C 70 

by alkali fusion to discuss the condition. The transiformation of the crystaline stucture 71 

was discussed in the alkaline fusion process by thermal and XRD analysises. In 72 

addition, the chemical states of the samples were identified by using XPS analyses 73 

during alkali fusion. 74 

2. Experimental 75 

In this study, BMA, Ba1-xEuxMgAl16O27 (0.2<x<0.4), powders with the average 76 

particle size of 2-4 µm were obtained from the Dalian Luminglight (China). BMA 77 

powders were mixed with sodium hydroxide, according to the 1:1 NaOH/BMA mass 78 

ratio by the ball milling. Differential scanning calorimetry (DSC) and 79 

termogravimetric (TG) analysis were carried out using the NETZSCH STA 409 C/CD 80 

thermal analyzer. The reference material was α-Al2O3 powder, and the parent glass 81 

powder samples (<74 µm) were heated from 23 °C to 700 °C at the heating rates 10 82 

°C⋅min
-1

. The mixtures were then placed into 200 ml iron crucibles. Fusion was 83 

performed in a furnace at 150-375 °C for 2 h separately, and quenching processing 84 

was needed to keeping the crystal structure in the condition. The main chemical 85 

reaction during the alkali fusion process is:
 14 

86 

 BMA + NaOH + CO2→ NaAlO2 + MgO + BaCO3 + Eu2O3 + H2O   (1) 87 

In order to remove the NaOH and NaAlO2, the fusion product was cleaned several 88 

times under stirring at 200 rpm for 20 min with deionized water at 60 °C. All obtained 89 

intermediate and final products were collected and dry roasted at 120 °C, and then 90 

ground to produce particle size smaller than 52 µm (270 mesh). X-ray diffraction 91 

(XRD) analysis was performed using Philips APD-10 X-ray diffractometer with Cu 92 

Kα radiation, 40 kV voltage and 150 mA current at 10°⋅min
-1

 scanning rate, from 10° 93 

to 100° 2Theta angle range. The morphology and the mean particle size were 94 

observed in the scanning electron microscope (SEM, JSM-6510A, Japan). The XPS 95 

spectra were recorded using an ESCALAB 250Xi spectrometer from Thermo 96 

Scientific Ltd with monochromatized Al Ka source operated at 200W. The 97 

measurements were done on fresh surfaces. During measurements the pressure in the 98 

main chamber was maintained below 10
-9

 mbar. All spectra were calibrated against 99 

the Au 4f7/2 signal from an Au foil (84.0 eV) and a pass energy/step of 30eV/0.1eV for 100 

narrow scans. 101 

 102 

3. Results and discussions 103 
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 4

3.1 Thermal analysis  104 

Fig. 2 is a typical DSC-TG pattern of the mixture. From the DSC curve, there are two 105 

endothermic peak at 60 °C and 150 °C, because of water evaporation, and part of 106 

water is evaporating at 150 °C due to high moisture-absorb of sodium hydroxide. The 107 

total weight loss between RT and 290.5 °C is measured to be about 22.93%. However, 108 

there is an exothermic peak at 290.5°C, the reaction have begun. Next, the DSC curve 109 

shows one endothermic peak with a maximum at 293.01 °C, but there is less change 110 

from TG curve, it concludes that the internal structure of BAM is changing. While 111 

there is one endothermic peak at 313.07 °C , because of ball milling, NaOH begins to 112 

melt below the melting point of NaOH (318.4 °C). According to the TG curve, the 113 

weight loss between 290.5 °C and 500 °C is measured to be about 4.34%. The DSC 114 

curve shows one exothermic peak at 350.70 °C, then subsequently, DSC curve 115 

become more smooth, and TG curve become more smooth when the temperature is 116 

higher than 500 °C. The temperature range of the endothermic peak in the DSC curve 117 

fits well with that of the weight loss in the TG curve. Consequently, the reaction is 118 

started at 200 °C and finished at about 500 °C. 119 

 120 

Fig. 2. DSC-TG curves of the BMA mixture obtained in air.  121 

 122 

3.2 Phase and microstructure analysis  123 

Fig. 3 shows X-ray diffractgrams of the alkaline fusion BMA products at different 124 

temperatures (fusion condition: the mixed ratio of NaOH to BMA is 1). When the 125 

temperature increases from 150 to 375 °C, the BMA (JCPDS 50-0513) diffraction 126 

peak intensity is gradually reduced, and the main crystal phase was becoming MgO 127 

(JCPDS 45-0946), BaCO3 (JCPDS 41-0373) and Eu2O3 (JCPDS 34-0392).  128 

However, from the details of the X-ray diffractgrams at different temperatures as 129 

Fig 4, when the temperature increases from 150 to 250 °C, the BMA diffraction peak 130 

has the splitting and shifting to small angle (Fig. 4a). The growth of BMA crystalline 131 

size and phase transformation are observed. Then, the BaCO3, MgO and Eu2O3 132 

Page 4 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 5

diffraction peaks starts to appear at 250 °C, 300 °C and 350 °C, and the BMA 133 

diffraction intensity of peaks significantly reduced (Fig. 4b). 134 
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 135 

Fig.3. X-ray diffractgrams of the alkaline fusion products at different temperatures. 136 

 137 

 138 

 139 

 140 

Fig.4. Details of X-ray diffractgrams at different temperatures. 141 

 142 

Page 5 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 6

The phases analysised from the Fig.4 are listed in the table 1. According to the 143 

results of XRD analysis, it is concluded that the transiformation of the crystaline 144 

stucture in the alkaline fusion process is showed in Fig.5. It showed that, Firstly, Eu
2+

 145 

in BMA (P63/mmc (194)) moved from the crystal lattice reacts with oxygen in 146 

medium and form Eu2O3. The Mg
2+

 is moved as well, and the main phase changes 147 

into BaAl12O19 (P63/mmc (194)), then, Ba0.83Al11O17.33 (P63/mmc (194)), shortly 148 

afterwards, BaAl2O4 (P6322 (182)) as the reaction progress. Finally, it is decomposed 149 

into NaAlO2 and BaCO3. The details of phases’ crystalline structures is obtained from 150 

the table 2, it shows that the BMA is decomposed step by step in the alkaline fusion 151 

process.  152 

Table 1 The transiformation of the crystaline stucture in the alkaline fusion process 153 

 154 

T/°C Phase 

RT BaMgAl10O17:Eu
2+

 

150 BaMgAl10O17:Eu
2+

,
 
Ba0.9Eu0.1MgAl16O27 

200 BaMgAl10O17:Eu
2+

, Ba0.9Eu0.1MgAl16O27, BaAl12O19 

250 Ba0.9Eu0.1MgAl16O27, BaAl12O19, BaCO3 

300 Ba0.9Eu0.1MgAl16O27, BaAl12O19, Ba0.83Al11O17.33, BaCO3, MgO, (NaAlO2) 

325 
Ba0.9Eu0.1MgAl16O27, BaAl12O19, Ba0.83Al11O17.33, Ba2Al10O17, BaAl2O4, BaCO3, MgO, 

Eu2O3, (NaAlO2) 

350 
Ba0.9Eu0.1MgAl16O27, BaAl12O19, Ba0.83Al11O17.33, Ba2Al10O17, BaAl2O4, BaCO3, MgO, 

Eu2O3, (NaAlO2) 

375 Ba2Al10O17, BaAl2O4, BaCO3, MgO, Eu2O3, BaAl2O4, (NaAlO2) 

 155 

Table 2 The lattice parameter of phases in the alkaline fusion process 156 

 157 

Phases PDF Space Group a b c α β γ 

BaMgAl10O17:Eu
2+

 26-0163 

P63/mmc(194) 

5.625 5.625 22.625 90 90 120 

Ba0.9Eu0.1MgAl16O27 50-0513 5.660 5.660 22.660 90 90 120 

BaAl12O19 26-0135 5.607 5.607 22.900 90 90 120 

Ba0.83Al11O17.33 48-1819 5.587 5.587 22.721 90 90 120 

BaAl2O4 17-0306 P6322(182) 10.447 10.447 8.794 90 90 120 

NaAlO2 33-1200 Pna21(33) 5.387 7.033 5.218 90 90 90 

 158 

 159 
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 7

Fig.5. Details of X-ray diffractgrams at different temperatures 160 

The productions were dissolved completely in 2mol /L HCl after alkaline fusion at 161 

375 ℃ for 2h, when solid to liquid ratio was 1:5, 60℃, 2hours. The Eu2O3 would be 162 

obtained by oxalic acid precipitation and calcination. The results show that the yield is 163 

more than 99% and the purity more than 90% under the optimum conditions. And it 164 

would be finally purified to the purity of more than 99.5% by the extraction. 165 

Fig. 6 shows SEM images of the BMA and alkaline fusion products at different 166 

temperature. The raw BMA material is in the form of irregular particles with smooth 167 

surface and 3 µm size in Fig.6 (a). However, there are many parallel gullies on the 168 

surface due to hot alkaline corrosion at 300 °C as seen in Fig.6 (b). The particles 169 

break down into smaller rod-like grains with the 1-2 µm size, but they are severely 170 

agglomerated 350 °C in Fig.6 (c). In the end, the particles separate into tiny grains 171 

seen in Fig.6 (d). 172 

 173 

 174 

Fig. 6. SEM images of BMA and alkaline fusion products at different temperatures: 175 

(a) BMA before alkaline fusion; (b) 300 °C; (c) 325 °C; (d) 350 °C. 176 

 177 

3.3 Reaction mechanism and the corresponding model 178 

From the SEM results obtained at the macro particle scale, it is reasonable to conclude 179 

that the alkaline fusion process can be described by the shrinking core model 
15

. Fig. 7 180 

illustrates the mechanism of the alkaline fusion reaction. It is hypothesized that (1) 181 

NaOH melted to liquid ions at about 300 °C. (2) The reaction occurred on the surface 182 

of the particles, and the products diffuse into the surrounding liquid phase. (3) Then 183 

the surface becomes rougher with small pores and cracks, particularly for the particles 184 

with a high conversion rate. The BMA particle break into plate-like and rod-like 185 

particle successively. (4) The reaction proceeds until complete decomposition of the 186 
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 8

particles, in the end the smaller grains aggregate in the liquid phase.   187 

 188 

Fig. 7. Schematic representation of the reaction mechanism. 189 

 190 

3.4 X-ray photoelectron spectroscopy analysis 191 

The elemental composition in the volume of BMA alkaline fusion was studied 192 

through XPS measurements. Fig. 8a show typical survey spectra of untreated BMA 193 

and treaded by fusion product under 200-350°C. It is observed that besides the C 1s 194 

peak visible at about 284.78 eV, peaks corresponding to Mg 1s, Eu 3d, Na 1s, Ba 3d, 195 

O 1s and Al 2p core levels are identified in XPS spectra. The aluminum to oxygen 196 

atom ratio was showed in Fig. 8b. The aluminum to oxygen atom ratio decreased as 197 

the temperature increased at RT-300 °C. However the aluminum to oxygen atom ratio 198 

increased at 350 °C, it shows variation trend of the aluminum to oxygen atom ratio 199 

according to phase transformation in the alkaline fusion process showed in Fig. 5. 200 

 201 

Fig. 8. XPS survey spectra of untreated BMA and treaded by alkaline fusion at different 202 

temperature (a), aluminum to oxygen atom ratio at different temperature (b), XPS spectra in 203 

the Ba 3d (c), O1s (d) and Al 2p (e) region. 204 
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 205 

The typical XPS of Ba 3d, O1s and Al 2p spectra are shown in Fig.8 c-e. It is 206 

observed that the characteristic Ba 3d, O1s and Al 2p peak in BMA was present at a 207 

binding energy of 780.23eV, 530.98 eV and 74.3 eV. The Ba 3d, and Al 2p bands all 208 

show shifts toward lower binding energies with the increase of temperature. The O 1s 209 

band shifts toward higher binding energy from RT to 300 ℃, but shifts toward lower 210 

binding energy at 350 ℃. And the typical XPS Na 1s, Na 2s and Na 2p spectra of 211 

fusion product at 300 ℃ are shown in the Fig.9 which is not detected by XRD and 212 

the atomic percentage of Na is 1.43%. It is interpreted that Na is a doping induced 213 

change in the chemical potential. 214 

 215 

 216 

Fig. 9. XPS Na 1s, Na 2s and Na 2p core level spectra of BMA alkaline fusion at 300℃ 217 

 218 

In conclusion, at the micro level, Fig. 8 illustrates the basic mechanism of the unit 219 

cell formation, as the temperature increased, initially the sodium
 
ions would substitute 220 

the europium ions sites having an active chemical property in the mirror plane, where 221 

sodium
 
ions occupy the mirror plane of β-alumina (NaAl11O17). This results in more 222 

defects around the sodium
 
ions sites, caused by the oxygen vacancies and interstitial 223 

sodium ions due to the different valence states of europium and sodium ions. Because 224 

of interstitial sodium ions, lattice constant of the mirror plane is increased and lattice 225 

is expanded. And oxygen vacancies, sharing in the sites of vertex between in alumina 226 

tetrahedral and polyhedral, would break the spinel block. Defects generally provide an 227 

extensive perturbation of the surrounding lattice in the mirror plane and increase the 228 

possibility of the ion diffusion. However, in order to keep the unit cell charge neutral, 229 

the sodium ions would keep diffusing into the spinel blocks. The sodium
 
ions would 230 

substitute the magnesium ions sites in the spinel block. Thereafter, the unit cell would 231 

be break from mirror plane, the main phase changes into BaAl2O4 (P6322 (182)) from 232 

Ba0.83Al11O17.33 (P63/mmc (194)) showed in the XRD analysis as the reaction progress. 233 

And the BaAl2O4 would be decomposed into NaAlO2 by alkaline fusion, the Barium 234 

and europium ions combine with free OH
-
 and CO2 into BaCO3, Eu2O3 and H2O.  235 

 236 
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 10

 237 

Fig. 10. Possible mechanism of the BAM unit cell formation. 238 

 239 

4. Conclusions 240 

The results presented in this paper show that Eu can be recovered by alkaline 241 

fusion completely. The comprehensive BaMgAl10O17:Eu
2+

 disintegration via alkaline 242 

fusion has been examined by various techniques to elucidate their roles in the 243 

expected BMA transformations. The yield of Eu2O3 is more than 99% and the purity 244 

more than 90% by alkaline fusion at 375℃ for 2h. X-ray diffraction analysis indicates 245 

that the transition of BMA in the alkaline fusion process, from BMA to 246 

Ba0.9Eu0.1MgAl16O27, BaAl12O19, Ba0.83Al11O17.33, Ba2Al10O17 and BaAl2O4 and the 247 

final product. Through X-ray photoelectron spectroscopy, a scientific hypothesis of 248 

crystal structure disintegration was presented. The sodium ions would substitute the 249 

europium and barium ions in the mirror plane and magnesium ions in the spinel block 250 

successively, which results in more oxygen vacancies and interstitial sodium ions 251 

were appeared. The unit cell (P63/mmc (194)) would break from the mirror plane. 252 

Then changes into BaAl2O4 (P6322 (182)), and be decomposed into NaAlO2, and 253 

barium and europium ions combine with free OH
-
 and CO2 into BaCO3, Eu2O3 and 254 

H2O. However, a more detailed investigation and direct evidence into structure change 255 

is needed. 256 

 257 

Acknowledgments 258 

The work was supported by the National Key Project of the Scientific and 259 

Technical Support Program of China (Grants No. 2011BAE13B07, 2012BAC02B01 260 

and 2011BAC10B02), the National Hi-tech R&D Program of China (Grant No. 261 

2012AA063202) and the National Natural Science Foundation of China (Grants 262 

U1360202). 263 

 264 

References 265 

Page 10 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 11

1 K. Binnemans, P. T. Jones, B. Blanpain, T. Van Gerven, Y. Yang, A. Walton and 266 

M. Buchert, J. Cleaner Prod., 2013, 51, 1–22. 267 

2 V. Pike, S. Patraw, A. L. Diaz, B. G. Deboer, J. Solid. State. Chem., 2003, 173: 268 

359-366. 269 

3 Y. Wang, Q. Zhu, L. Hao, X. Xu, R. Xie, J. Am. Ceram. Soc., 2013, 270 

96:2562-2569. 271 

4 S. Oshio, T. Matsuoka, S. Tanaka, H. Kobayashi, J. Electrochem. Soc., 2008, 272 

145:3903-3907. 273 

5 European Commission. Critical raw materials for the EU, Report of the Ad-hoc 274 

Working Group on Defining Critical Raw Materials. Brussels: European 275 

Commission. Enterprise and Industry. 2010. 276 

6 U.S. Department of Energy, 2011. 2011 Critical Materials Strategy, 97. 277 

7 T. Horikawa and K. Machida, Mater. Integr., 2011, 24, 37-43. 278 

8 M. Tanaka, T. Oki, K. Koyama, H. Narita, and T. Oishi, Handbook on the 279 

Physics and Chemistry of Rare Earths, 2013, 43, 159-212. 280 

9 L. Meyer and B. Bras, IEEE International Symposium, 16-18 May 2011, 281 

Chicago. 282 

10 J. J. Braconnie r, A. Rollat, Patent: WO2010118967A1, 2010. 283 

11 R. Otto, A. Wojtalewicz-Kasprzac, US Patent: US 2012/0027651 A1. 284 

12 K. Binnemans, P.T. Jones, J. Rare Earths, 2014, 32:195-200. 285 

13 M. Bettman, and L.L. Terner, Inorg. Chem. 1971, 10, 1442-1446. 286 

14 N. Iyi, Z. Inoue and S. Kimura, J. Solid State Chem. 1986, 61, 81-89. 287 

15 S. Kimura, E. Bannai, I. Shindo, Mater. Res. Bull. 1982, 17, 209-215. 288 

16 N. Iyi, S. Takekawa, Y. Bando, S. Kimura, J. Solid State Chem. 1983, 47, 34-40. 289 

17 N. Iyi, Z. Inoue, S. Takekawa, S. Kimura, J. Solid State Chem. 1984, 52, 66-72. 290 

18 K. B. Kim, Y. I. Kim, H. G. Chun, T. Y. Cho, J. S. Jung, J. G. Kang, Chem. Mater. 291 

2002, 14, 5045-5052. 292 

19 M. Stephan, P. C. Schmidt, K. C. Mishra, M. Raukas, A. Ellens, P. Z. Boolchand, 293 

Phys. Chem. 2001, 215, 1397-1412. 294 

20 Z. Wu, and A. N. Cormack, J Electroceram. 2003, 10, 179-191. 295 

21 H. Liu, S. Zhang, J. J. Tian, M. Yang, Wu, A. A. Volinsky, J. Hazard. Mater. 2014, 296 

272, 96-101. 297 

Page 11 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


