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Abstract

:

Bottom ash (BA) is mainly composed of compounds of Al, Fe, Ca, and traces of rare earth elements (REEs). In this study, the selective recovery of erbium (Er) as REEs by means of sulfation–roasting–leaching–precipitation (SRLP) using BA was investigated. A pre-treatment process of sulfation and roasting of BA was developed to selectively recover REEs using ammonium oxalate leaching (AOL) followed by precipitation. Most of the oxides were converted to their respective sulfates during sulfation. By roasting, unstable sulfates (mostly iron) decomposed into oxides, while the REE sulfates remained stable. Roasting above 600 °C induces the formation of oxy-sulfates that are almost insoluble during AOL. Dissolved REEs precipitate after 7 days at room temperature. The effects of particle size, roasting temperature, leaching time, and AOL concentration were the important parameters studied. The optimal conditions of +100–500 μm particles roasted at 500 °C were found to leach 36.15% of total REEs in 2 h 30 min and 94.24% of the leached REEs were recovered by precipitation. A total of 97.21% of Fe and 94.13% of Al could be separated from Er.
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1. Introduction


The demand for rare earth elements (REEs) has grown due to their wide applications in the technologies of the 21st century. In 2017, the raw material supply group of the European Commission compiled a list of 41 elements or groups of elements considered critical [1]. Among these elements, heavy and light REEs as well as scandium were highlighted because of the supply risk due to their rarity and their high impact on the global economy. The availability of technology to separate REEs from one another is also among the important factors accounting for the high cost of some REEs [2]. Therefore, new sources of REEs need to be identified to enhance the global supply. Many researchers have identified and extracted REEs from low-grade REE materials such as power plant coal, hard coal fly ash, bauxite, coal deposits, and waste fly ash or by recycling electric and electronic equipment waste using various methods [3,4,5,6,7,8,9,10,11,12,13,14]. Many processes such as subsequent solvent extraction, liquid-liquid extraction, acid leaching, etc. have been developed for rare earth extraction [10,15]. However, the presence of large amount of iron in the leached solution is still challenging for researchers [15]. Moreover, finding a relatively low-cost process, which could selectively recover REEs, is of importance in the chemical engineering field.



In this study, a combination of sulfation, roasting, and leaching processes was thoroughly examined to recover REEs from bottom ash (BA) during the final stage by precipitation in order to find out a low-cost method for recovery of REEs in low concentrated secondary material. Ammonium oxalate was used as a leaching reagent; note that simultaneously, the affinity of this acid may induce the precipitation of REEs [16,17]. Roasting temperature, leaching time, and ammonium oxalate concentration are the main parameters, which were noted to study the selectivity of the process.




2. Materials and Methods


2.1. Materials


BA was collected from a recycling company in Japan (For confidential reason, the company will be unnamed). The change in structure with increasing temperature of the sulfated BA was investigated using a thermo-gravimetric differential thermal analyzer (TG-DTA) under ambient air flow, from room temperature up to 1000 °C, with a heating rate of 10 °C/min (Thermo plus EVO TG8120/Rigaku). Sulfated BA was roasted using an electric furnace (HPM-OG/AS ONE). The concentration of REEs as well as other metals in the solution was analyzed using an inductively coupled plasma-optimal emission spectrometer (ICP-OES; Perkin Elmer Optima 5300). Characterization of the powder samples was performed using X-ray diffraction (XRD) and X-ray fluorescence (XRF).




2.2. Sulfation–Roasting–Leaching–Precipitation


Sulfation–roasting–leaching–precipitation (SRLP) is a combination of four consecutive and complementary processes. The original sample was first crushed and passed through 500 μm and 100 μm sieves to obtain two samples (+100–500 μm and −100 μm). As described by Borra et al., both dried samples were moistened (the BA-to-deionized water mass ratio was 1:0.4) to ensure homogeneous mixing with acid, and thus aid in the conversion of metal oxides to sulfates [5,18]. After moistening, the samples were mixed with 64% sulfuric acid (sample-to-acid mass ratio was 1:1), as this ratio was found to ensure good dissolution of REEs while not excessively increasing the dissolution of iron [5]. The mixtures were dried at 70 °C for 24 h to ensure complete sulfation. During this step, metals are converted into their respective sulfates. After drying, the samples were roasted at selected temperatures in an electric furnace. Some of these sulfates, the iron sulfates in particular [19], are unstable at elevated temperatures, and consequently decompose during the roasting step into water-insoluble oxides [5]. Rare earth sulfates, conversely, remain stable at high temperature and are water-soluble [20]. After roasting, the samples were ground to obtain homogeneous powders. Ammonium oxalate leaching experiments were conducted at 25 °C and 300 rpm and the sample dosage was maintained at 67 g/L. Unless specified, the concentration of the ammonium oxalate was 50 g/L. After leaching, the solutions were filtered with 0.20 μm filter paper. The obtained filtrate was analyzed using an ICP-OES.



During the subsequent leaching step, the metal oxides remain in the solid residue, whereas the rare earth sulfates dissolve in the solution. Typically used to precipitate REEs, ammonium oxalate is, in this study, used for both leaching and selective precipitation of REEs [16,17] (its affinity to rare earth elements may confer a property of good leaching reagent for REEs). Therefore, after reaching the optimal conditions to extract as many REEs as possible, the leached solution was kept for seven days until precipitation occurred, and the remaining solution was filtered and analyzed. In addition, to identify the optimal temperature at which the iron sulfate decomposition may be completed, sulfated samples were subjected to thermal decomposition from room temperature to 1000 °C using TG-DTA. All the experiments were repeated several times to avoid discrepancies in the results. The flowsheet of the experimental procedure is shown in Figure 1.





3. Results and Discussion


3.1. Sample Characterization


As-received BA was ground using a planetary mill and sieved to produce two different size fractions, i.e., −100 μm and +100–500 μm. To compare the elemental composition of the samples, each size fraction was analyzed using XRF, and the REE composition was detected using an ICP-OES. The results of the present study were compared to previous studies as shown in Table 1. Compared to previous low-grade materials, the BA used in the present work is more concentrated in REEs, particularly erbium (Er). Aluminum oxide, calcium oxide, iron oxide, and silica account for nearly 83% of the total mass of the +100–500 μm BA, and are therefore the dominant metals. Copper, chrome, and zinc oxide are less dominant. The REEs are more concentrated in the size fraction +100–500 μm with erbium as the dominant element. Therefore, analysis in the present work will consider aluminum, calcium, and iron oxides as the dominant metals, chromium and copper oxides as less dominant metals, and erbium (Er) as REEs. Furthermore, sample with the size fraction of +100–500 μm was used.




3.2. Thermo-Gravimetric Differential Analysis of the Sulfurized Sample


As suggested by Borra et al. (2016) [5], +100–500 μm sieved BA was sulfurized with 64% sulfuric acid at a mass ratio of 1:1 and dried for one day. The obtained sample was termed “sulfurized sample” or “70 °C”. Prior to roasting, the sulfurized sample was subjected to thermal decomposition at a rate of 10 °C/ min using TG-DTA. The results are shown in Figure 2. The TGA thermogram indicates the weight loss in the sample and that of the DTA shows the phase changes in the sample with increasing temperature. Until 300 °C, the sample loses approximately 25% of its original weight and some peaks appears in the DTA thermogram. Meaning that most sulfates lose their physical and chemical bound water molecules until 300 °C [5]. From 300–650 °C, no significant changes were observed. From 650–750 °C, the sample once again lost 10% of its weight followed by the appearance of a significant peak at 750 °C. Borra et al. (2016) attributed these changes to the decomposition of iron sulfate into iron(III) oxide [5].




3.3. Roasting Process


To understand the progressive changes occurring with increasing roasting temperature and their effect on the leaching process, sulfurized bottom ash was roasted at 400 °C, 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C, respectively, for an hour in the electric furnace. With increasing temperature, a progressive change in color is observed, which may indicate a phase changes in the material. The sample color shifts from white to brown from 600 °C to 700 °C, indicating the partial decomposition of iron sulfate into iron(III) oxide. As shown by the XRD patterns (Figure 3), iron sulfate is totally decomposed into iron(III) oxide from 800 °C. These results are in accordance with those observed using TG-DTA. Calcium sulfate and aluminum sulfate were formed during the early stage and remained almost stable. REEs were not observed because their concentration was too low to be detected by the instrument.




3.4. Leaching Process


Ammonium oxalate is among the reagents that shows a high affinity to precipitate REEs. In this study, ammonium oxalate was used for the lixiviation of REEs during the first step. Leaching of sulfurized samples using deionized water was also tested to compare both results. During the second step, the leached solution was kept at room temperature for a period of time to ensure the precipitation of REEs, particularly erbium. Sulfurized samples are indicated in the graphs as 70 °C. The concentration of ammonium oxalate as well as the leaching time as a function of roasting temperature were the main parameters investigated. Since ammonium oxalate has particular affinity to REEs, REEs are selectively leached and precipitate as solid oxalate salts as shown in equation (1).




2REEs3+ + 3C2O42−→(REEs)2(C2O4)3



(1)





3.4.1. Effect of Roasting Temperature on the Leaching Process


To note the optimal roasting temperature at which Er (the most abundant rare earth element in the material) and other metals will reach their optimal leaching conditions, samples were roasted at 400 °C, 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C, respectively, and the sulfurized sample (70 °C) and the original were used. The ideal conditions for selectivity were to obtain a high concentration of Er and a low concentration of metals in the solution. Experiments were conducted for 2 h. Ammonium oxalate leaching as well as water leaching were both done. Er and metal concentrations in one gram of the sample were reported in Figure 4. Figure 4a shows the leaching results using ammonium oxalate, and Figure 4b indicates the leaching results using the deionized water function of roasting temperatures compared to the original sample.



Figure 4a displays the results suggesting that without sulfuric acid pre-treatment, the leaching ratio is very low, which highlights the importance of the pre-treatment process. The concentration of Er as well as other metals considerably increased during the sulfation process. Sulfation itself increases the dissolution rate of the chemical elements without selectivity. Roasting at 400 °C or 500 °C slightly decreases the metal rate in solution and increases the Er concentration with temperature, showing the affinity of ammonium oxalate with REEs. The dissolution of Er decreases from 600 °C to 700 °C, temperatures at which the decomposition of iron sulfate into iron oxide is ongoing. The dissolution of both REEs and metals is basically non-existent above 700 °C. Below 700 °C, water-insoluble forms of Fe, Al, and Cu are formed, explaining the observed low yield. It was concluded that the entire stability of the metals by roasting, which addresses the water-insoluble forms, is not favorable for the leaching process. These results are in accordance with those reported by Borra et al., (2016) which showed that a higher roasting temperature over a longer duration has a negative effect on the dissolution of REEs because of the increasing number of sulfates that are decomposed to water-insoluble oxy-sulfates and oxides [5,18]. Hence, the decrease in the Er yield from 600 °C may be related to the oxidization of rare earth oxides. In conclusion, 500 °C may be the optimal temperature for REE leaching.



Furthermore, the water dissolution results of Er and metals are shown in Figure 4b. Er leaching decreased with increasing roasting temperature. The sulfation process increased the yield of Er in water, but the roasting temperature had a negative effect on water leaching compared to ammonium oxalate leaching, even when the roasting temperature was less than 700 °C. This result may be due to the sulfates losing their chemical water and becoming increasingly insoluble in water. Therefore, an unroasted sulfurized sample (70 °C) shows the optimal dissolution yield in water.




3.4.2. Effect of Leaching Time on REE Recovery


The leaching time for a 500 °C roasted sample was evaluated every 30 min. The results are shown in Figure 5a. Er concentration started decreasing after 2 h 30 min of leaching while the metal concentration was still increasing. This phenomenon may be explained by lixiviation followed by precipitation of erbium after 2 h 30 min. Ammonium oxalate is known to show a strong affinity to REEs and is used for REE recovery via precipitation [16]. Therefore, 2 h 30 min may be the optimal time to leach a 500 °C roasted sample to recover as much as possible REEs by precipitation.



Comparatively, the water dissolution results (Figure 5b) indicated that the concentration of Er in solution does not vary with time. However, the lowest metal yield was observed after 2 h of contact time. Ammonium oxalate has strong lixiviation and precipitation forces vs. REEs.




3.4.3. Effect of Leaching Acid Concentration


Leaching experiments were conducted at various concentrations of ammonium oxalate under the optimal conditions previously found: a +100–500 μm particle size fraction, a roasting temperature of 500 °C, and 2.5 h of leaching time. Figure 6 shows the effect of the ammonium oxalate concentration on Er or other metal recoveries. The ammonium oxalate concentration shows no significant effect on the metal concentration in the solution, but highly affects Er leaching. Er concentrations in solution using 50 g/L or 75 g/L of acid are quite similar, indicating an equilibrium at approximately 50 g/L.





3.5. Precipitation and Recovery of REEs


The prepared sample, under the obtained optimal conditions for ammonium oxalate was maintained, at room temperature, to investigate the precipitation design of erbium as well as other metals in the solution. Figure 7 shows the concentration of erbium and metals in solution on the day of the experiment and after 7 days. As shown previously in Figure 5a, Er remained in the solution after 3 days of leaching. Therefore, a longer time is required to completely precipitate Er. According to Figure 7, the original concentration of Er in solution is approximately 1198 ppm, which represents 36.15% of the total erbium present in the 500 °C roasted sulfurized BA (referring to aqua regia leaching). When 94.24% of the Er in the solution precipitated, 97.21% of Fe, 94.13% of Al, and 70.74% of Cu remained in the solution. Therefore, a high purity of Er sulfate precipitate could be separated from Fe, Al, and Cu. A longer maintenance time may increase the concentration of Fe in the precipitate. The selective recovery of Er was effective by sulfation–roasting–leaching–precipitation process.





4. Application, Limitation, and Perspectives


Bottom ash is an important secondary source of metals. In Japan, 80% of bottom ash is still landfilled without any recycling process [21] due to the fact that the ash contains a high concentration of heavy and other metals, which do not fit the Japanese industrial standards to be reuse as cement kiln, etc. Therefore, in addition to previous authors’ works [22,23] concerning the removal of heavy metals from ashes, erbium recovery from bottom ash gives hope to the REE industry as well as the waste management field. Erbium which finds its main application in optical fiber fabrication is really on high demand in REE market. The present work findings could be an alternative to pre-concentrate erbium from bottom ash. However, only 36.15% of the erbium containing, in the bottom ash could be leached. Repeating experiments could enhance the leaching rate. 7 days are enough to recover REE precipitates with fewer metals content. Beyond 7 days, metals especially iron in solution precipitates progressively and a complex of rare earth iron may be formed. To avoid this phenomenon, the precipitation duration should be strictly respected. Furthermore, more purification processes of the rare earth precipitate need to be undergone to obtain a high purity erbium powder which could be reused in high technologies.




5. Conclusions


Sulfation, roasting leaching, and precipitation were applied to BA to selectively recover rare REEs, particularly Er. XRF analysis of the BA showed a high concentration of aluminum oxide, iron oxide, and calcium oxide. Further analysis indicated some trace of REEs, of which Er was abundant. The sulfation process induced the formation of sulfate molecules of Al, Fe, and Cu, which were transformed into their most stable forms with an increasing roasting temperature up to 600 °C. Iron(III) oxide in 800 °C roasted sample was observed in the XRD patterns.



Analysis of the effect of Er leaching using ammonium oxalate on the roasting temperature pointed out 500 °C as the optimal temperature to selectively recover Er. Roasting above 600 °C considerably decreased the leaching rate due to the formation of oxy-sulfates or oxide forms of the metals, which are insoluble in water and almost insoluble in ammonium oxalate.



Moreover, the leaching of the 500 °C roasted sample showed a 36.15% Er yield compared to aqua regia leaching of the same sample. The leaching time of 2 h 30 min with ammonium oxalate showed a progressive precipitation of Er without a pronounced effect on other metals in the solution. When 94.24% of Er in the solution precipitated, 97.21% of Fe, 94.13% of Al, and 70.74% of Cu remained in the solution. Therefore, a high purity of concentrated Er sulfate could be obtained by precipitation. The present study could be an alternative for a secondary source of erbium.
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Figure 1. Experimental procedure flowsheet. 
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Figure 2. TG-DTA analysis of the sulfated and dried +100–500 μm bottom ash. Experimental conditions: size fraction: +100–500 μm; deionized-water-to-sample mass ratio: 1:0.4; 64% sulfuric-acid-to-sample mass ratio 1:1; drying: 70 °C; drying time 24 h. 
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Figure 3. XRD patterns of roasted sulfurized samples. 3→Katoite Ca2.93 Al1.97 (Si.64O2.56) (OH)9.44; 4→Calcium Sulfate CaSO4; 5→Chromium Sulfate Cr2(SO4)3; 6→Millosevichite, syn Al2(SO4)3; 7→Mikasaite Fe2(SO4)3; 8→Iron(III) oxide, α-Fe2O3; 9→Hematite, syn Fe2O3; 10→Albite, syn Na (AlSi3O8). 
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Figure 4. Effect of roasting temperature on the leaching process. (a) Acetic acid leaching; (b) Water leaching. Experimental conditions: size fraction: +100–500 μm; ammonium oxalate concentration 50 g/L; leaching time 2 h; sample dosage 67 g/L. 
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Figure 5. Leaching time effect: (a) Ammonium oxalate leaching: Sample 500 °C roasted sample; (b) Water leaching: Sample 70 °C dried sample. Experimental conditions: size fraction: +100–500 μm; ammonium oxalate concentration 50 g/L; sample dosage 67 g/L. 
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Figure 6. Ammonium oxalate concentration effect. Experimental conditions: Size fraction: +100–500 μm; sulfurized sample roasted at 500 °C; leaching time 2 h 30 min; sample dosage 67 g/L. 
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Figure 7. Concentration of erbium and other metals in the leached solution as a function of keeping time using an ammonium oxalate leaching solution. Experimental conditions: Size fraction: +100–500 μm; sulfurized sample roasted at 500 °C; ammonium oxalate concentration 50 g/L; leaching time 2 h 30 min; sample dosage 67 g/L. 
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Table 1. Quantitative analysis of the as-received sample.
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Metals

	
BA-100 μm

	
BA +100–500 μm

	
Bauxite Residue

	
Lignite Ash

	
Refuse Ash

	
Biomass Ash






	
Metal concentration, (%)

	
MgO

	
0.53

	
0.63

	
NA

	
2.60

	
1.90

	
5.20




	
Al2O3

	
8.18

	
7.87

	
23.60

	
29.80

	
20.30

	
12.40




	
SiO2

	
14.21

	
18.20

	
10.20

	
48.40

	
50.40

	
54.40




	
P2O5

	
1.84

	
2.12

	
NA

	
0.40

	
1.00

	
2.20




	
SO3

	
1.60

	
1.26

	
NA

	
2.80

	
0.90

	
4.00




	
Cl

	
1.19

	
0.84

	
NA

	
NA

	
NA

	
NA




	
K2O

	
1.86

	
2.18

	
NA

	
0.20

	
0.90

	
8.30




	
CaO

	
49.02

	
38.78

	
11.20

	
7.90

	
3.30

	
9.20




	
TiO2

	
3.76

	
3.57

	
5.70

	
1.40

	
1.90

	
0.10




	
Cr2O3

	
0.26

	
0.33

	
NA

	
NA

	
NA

	
NA




	
MnO

	
0.46

	
0.56

	
NA

	
NA

	
NA

	
NA




	
Fe2O3

	
12.58

	
19.25

	
44.60

	
5.40

	
19.30

	
2.20




	
CuO

	
1.14

	
1.09

	
NA

	
NA

	
NA

	
NA




	
ZnO

	
2.30

	
2.04

	
NA

	
NA

	
NA

	
NA




	
Rare earth concentration, (ppm)

	
Sc

	
5.00

	
4.00

	
121.00

	
28.00

	
297.00

	
10.00




	
Y

	
5.00

	
6.00

	
76.00

	
1.20

	
0.30

	
0.20




	
La

	
14.00

	
13.00

	
114.00

	
134.00

	
58.00

	
32.00




	
Ce

	
32.00

	
30.00

	
368.00

	
295.00

	
114.00

	
61.00




	
Pr

	
-

	
-

	
28.00

	
2.00

	
0.54

	
0.30




	
Nd

	
-

	
-

	
99.00

	
152.00

	
43.00

	
25.00




	
Sm

	
-

	
-

	
21.00

	
33.00

	
9.30

	
5.20




	
Eu

	
-

	
-

	
5.00

	
8.10

	
1.80

	
1.00




	
Gd

	
-

	
-

	
22.00

	
20.20

	
5.80

	
3.20




	
Tb

	
-

	
-

	
3.00

	
3.70

	
1.00

	
0.60




	
Dy

	
-

	
-

	
17.00

	
22.80

	
6.20

	
3.30




	
Ho

	
-

	
-

	
4.00

	
4.60

	
1.20

	
0.60




	
Er

	
1467.00

	
1607.00

	
13.00

	
1.30

	
0.30

	
0.20




	
Tm

	
-

	
-

	
2.00

	
2.60

	
0.70

	
0.40




	
Yb

	
4.00

	
4.00

	
14.00

	
9.40

	
2.60

	
1.20




	
Lu

	
4.00

	
4.00

	
2.00

	
1.50

	
0.40

	
0.20




	
Sources

	
Present work

	
Borra et al., 2016

	
Singh et al., 2011




	
NA = Not available












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(1/5u) ‘voneu2u03 syl

2 & = 2

%n
days later

Experiment day






media/file4.png
-— Endothermic and Exothermic —=

| . I b I - | = | o | " 1 = 1

[—DTA
-— |—TGA

T"”“‘FM

L i L i | M 1 i 1 i 1 i 1 i 1

1

1

100 200 300 400 500 600 700 00

Temperature, (*C)

q00 100

.EIS
.EII:I
-85
.SD
-'.-'5

70

S

e |

100

5

]

al
0

Weight, (%)





nav.xhtml


  sustainability-11-03461


  
    		
      sustainability-11-03461
    


  




  





media/file2.png
Qottom ash (BD

Sieving

l
I |

—

Addition of water

(BA water rzlltio 1:0.4)

Addition of concentrated sulturic
acid

Drying 70 C

—Sulfation

Roasting(400-1000 C)

l

Ammonium oxalate leaching

l

<l;are eanl>
recipitate






media/file5.jpg
Intensity

103 19 1000°C
9 (%4 14 o

£ 108" 10 900°C
o 1%t w4 o
£ s00°C
% 4544 6 8

5710 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90
2-theta, (degree)





media/file3.jpg
(%) Wbiam

100

ES
%0

~— IUNBYI0XT PUB IULBYIOPUT —=

0 600 700 800 900 1000

501

200 300 400

100

Temperature, (*C)





media/file1.jpg
Bottom ash (BA)

Sieving

m +500 -100pm

Addition of water

(BA water rT[jn 1:0.4)

Addition of concentrated sulfuric
aci

Drying 70 C

Roasting(400-1000 C)

Ammonium oxalate leaching

recipitate

ulfation





media/file7.jpg
e
: M
H
H
g
H
0
H
]
00 xS o
Roasting temperature T, (°C)
" 5
b/ B
12 , =
ezgn
HE 3
< [
§os ]
H I H
£ oo w0 g
S ]
H E
H s 2
- P

T25 170 T-400 T-500 T-600 T-700 1-800 T-9007-1000

Roasting temperatute T, (°C)





media/file10.png
("7/3w) ‘wone.uIdIU0I S[BRA ('T/3w) ‘UoneIIUIIUO0I S[BPJA

() v () 'e) () v (@)
cn (@\| (@\ — — w ) on cn (@\ (@\ — — v o
I

i
B,
=72
%
A

A AN RN

/ It
o0
e u,ﬂr,_.J_M /
1=
< e ,M\E N i “ A== SN SSSSSNNNN ///T_Mm
) Q!
5l —— \
TE6 El | _VL
r

N
e
=4

4\ I
35t

H SONONONNNNNNNNNNNANN

—m—EBr[]Fe

\n TZTI S S S S S S S S SNN
\. 2

N\ Cu = Cr
}\7..
5.l
25 =3 t=
Leaching time t, (x3600s)

v_Vu_

AN SONNNNY

—m—FEr[___|Fe Al

OS] CubE— Cr
)
1

-4 H
g o
—lI Mo AN L__Iv
1w
o S-S -v._ — “ i H == N\ ////qv_
/ = . L__I- f I ™
A —
= HS<<T< - L__I-
1 v
y d - =
= e (N AN AN
-4 HH
[ — 1 — [ — 1 — L — 1 — L [ — [ — 1 — [ — 1 — L — 1
< o\ o oe) © < o\ o <+ o\ o ) Ne) < o\ o
-~ -~ ~ o o o o o — — — ) S o o ()
('7/3w) ‘uoneIIuDUOd WnIqI ('7/8w) ‘uoneUUOd WnIqI

e =

72

=48

t

=24

t

=12

6
Leaching time ¢, (x3600s)






media/file12.png
)
cn

-
cn
|

("7/3w) ‘UonLB.IIUIIU0D S[BIIA

-
—

g -
[\ Q\ W

!
—

ARRNNNNS.S.

;

) e

:

—B—FEr

[_]Fe

/4 Al

I

E——Cr

NA\\] Cu

("7/3w1) ‘uoneIIUIIU0D WnIq.L

80

70

60

50

40

30

20

10

Ammonium oxalate concentration, (g/L)





media/file9.jpg
2

R ——,

Leaching ime , (36009

B CFe ZZA|

=1

05 1 415 13 123 3 135 14 6 12 020 048 £72

R

[ ——

02






media/file0.png





media/file14.png
("7/3w) ‘UONRIIUIIUOI S[BIIN]

A - e - v o
L — L — L — L — 1 — T T
= u.mlv
02 <00 2
_ N1 % - -
Il S
v 7
>
1%
=
B
////.m
—
2.
¥
aa)
1 ] 1 | 1 | 1 | 1 | ' ,
< N < 0 O < -
— — —_— =) o =) =

(7/8w) ‘U0 BIIUIIUOD WNIGIH





media/file8.png
2

Erbium concentration, (mg/L)

Cya
~

Erbium concentration, (mg/L)

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

Al

ANANAN

AANAN

a

DN OAN NN NN

ANANAN

1
1

SS SN
<H

-
SSSSSSSSSSS=>F

v i

ﬁl

—u—Er
[_IFe
Al
Cu
dCr

T=25 T=70 T=400 T=500 T=600 T=700 T=800 T=900 T=1000
Roasting temperature T, (OC)
—m—FEr
[_1Fe
VLAl
N\ Cu
T E—Cr
AV
"
7N
—
1L N
g “
¢ ¢ / g g
1 |/ \/__
/)
q_ (I {§\L n &

T=25 T=70 T=400 T=500 T=600 T=700 T=800 T=900T=1000

Roasting temperatute T, (OC)

25

20

15

10

25

20

15

10

W

Metals concentration, (mg/L)

Metals concentration, (mg/L)





media/file11.jpg
5 10k 4
£ o8t E
E £
g o6l {15 §
£ g
£ oaf J0 2
2
00 L n 1 L L n 0
0 0 20 30 4 50 6 70 8

Ammonium oxalate concentration, (g/L)





media/file6.png
Intensity

] ] ., 1
900°C
] , ] | P | )
800°C
| i | I |
£ 700°C
= 6 755 4 44 6
» T A a
B | | | | | I o+ 1 1 1 1 | | | | . |
= & 600°C
6 4
- 7 7 4 4 6 4
! (I TR, SR S ~
B | | T e T | | ] ] | | | | | ] |
- 6 A6 500'C
& FE AR A A
| ] ] | 4 | | | T | ] | | | | | I T |
i 4 400°C
" > 5 44 4
- WTEE W PR W N—
— | ] ] | | | ] ] | | | | | | P .
Original |
3
P I T T T T ind i 2 PR R MO et e -
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

2-theta, (degree)






