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Abstract: The valuable metals were separated and extracted from waste light-emitting diodes (LEDs) by pyrolysis and 
leaching process. About 98.16% Ga and 99.54% Y were recycled from the LEDs after the pyrolysis by sieving process 
in advance. The effects of various leaching conditions on the extraction of Fe, Cu and Ag were investigated by single 
factor experiments and response surface method. About 90.15% Fe was selectively extracted from the waste LEDs by 
H2SO4 leaching without oxidant, and 99.55% Cu and 99.36% Ag were recovered from the iron leaching residue by acid 
leaching with the addition of HNO3. The XRD and SEM−EDS analyses confirmed that the iron and copper were 
effectively extracted from the waste LEDs by the developed process. 
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1 Introduction 
 

Light-emitting diodes (LEDs) are widely used 
in landscapes, vehicles and displays due to their 
advantages of high efficiency and carbon emission 
reduction [1−4]. These benefits have led to a rapid 
increase in the LED lighting market share, thus 
resulting in that a large number of waste LEDs will 
be generated [5]. Waste LEDs contain plenty of 
valuable metals, such as Ga, Y, Ag, and Cu, and are 
considered as an emerging urban mineral [6−8]. It 
is therefore of great economic and environmental 
importance to recover the valuable metals from 
waste LEDs. 

The technologies for the recovery of valuable 
metals from waste LEDs can be summarised as 
physical separation, and hydrometallurgical and 
pyrometallurgical processes. CENCI et al [9] used 
electrostatic separation after griding to enrich 96.15% 
Ga and 95.20% Y in the nonconductor product and 

isolate 80.18% Au and 94.22% Ag in the conductor 
product, but Fe and Cu were not recovered. 
REUTER and van SCHAIK [10] optimized the 
recycling route for waste LEDs by using traditional 
Cu metallurgy techniques. However, the method 
ignored rare earth metals and rare metals due to 
their low grades. ZHAN et al [11,12] applied 
pyrolysis to releasing LED chips from packaging 
plastic in advance, and about 93.48% Ga and  
95.67% In were recovered from the chips by 
vacuum metallurgy at 1373 K and 0.01−0.1 Pa for 
60 min. However, the pyro-metallurgical process 
requires the strict conditions of high temperature 
and vacuum. 

Hydrometallurgy is widely considered to be a 
green and high-efficiency method for metal 
recovery [13−15]. SWAIN et al [16,17] used 
Na2CO3 roasting followed by HCl leaching to treat 
the Ga dusts generated by the LED industry and 
optimized the process by using thermodynamic 
calculations. CHEN et al [18] used pressure leaching 
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for the recovery of 98.46% Ga from waste LEDs.  
MAAREFVAND et al [19] obtained more than   
90% Ga through roasting−leaching process after 
incineration. Some researchers had also used 
critical liquids, biohydrometallurgy and tribromide 
ionic liquids to recover rare metals, such as Ga and 
In, from waste LEDs [20−22]. Nevertheless, these 
methods are still in the laboratory research stage 
and have not been applied in the industry. 

As mentioned previously, most of studies have 
focused on the recovery of some valuable metals 
from waste LEDs and there is no report on the 
comprehensive recovery of valuable metals from 
waste LEDs to our knowledge. Most researchers 
prefer to recover the rare or precious metals from 
waste LEDs and leaching residues, including Cu,  
Fe, and even Ag, in large amounts, leading to 
concerns over not only the economic loss but also 
the potential environmental threat [23−28]. Therefore, 
a novel process that combined pyrolysis and 
hydrometallurgy was developed to comprehensively 
recover valuable metals from waste LEDs. The aim 
of pyrolysis is to release valuable metals from 
encapsulated plastics. Ga and Y can be easily 
isolated from the pyrolysis residue by sieving 
process, because they are mainly distributed in the 
fine particle fraction (<630 μm) based on the 
mineralogical analysis. The large particle sample 
obtained is subjected to acid leaching for selectively 
extracting Fe, and the leaching reside is used to 
recover Cu and Ag by acid oxidative leaching. 

In contrast to orthogonal experiments, the 
response surface method provides an intuitive and 
accurate picture of the effect of each factor on 
results and can predict the range of response values 
under different conditions [29−31]. In this study, 
the response surface method was utilised to identify 
the optimal conditions for the leaching of Cu, Fe 
and Ag from waste LEDs after pyrolysis. The 
effects of experimental parameters, including 
leaching temperature, time, H2SO4 concentration 
and oxidant concentration, on the extraction of the 
metals were combined by Design-Expert 13. 
Additionally, the chemical composition and 
morphological changes of waste LEDs during the 
process were detected via inductively coupled 
plasma (ICP-OES), X-ray diffraction (XRD). and 
scanning electron microscopy (SEM) coupled with 
energy dispersive spectroscopy (EDS). 

 
2 Experimental 
 
2.1 Materials  

The waste LEDs used in this study were 
supplied by a lighting company in Shenzhen, China. 
A structural diagram of LEDs and a photo of waste 
LEDs are shown in Fig. S1 in Supporting 
Information (SI). LEDs consist of a plastic support, 
epoxy resin, chips, phosphor, and pins. The pins 
mainly include cathodes and anodes, which contain 
plenty of Cu and Fe. In addition, the chips were 
connected with the pins by silver glue, which is an 
important secondary silver resource. Table S1 in SI 
gives the main metal composition of the waste LED. 
It contains 45.27% Fe, 10.80% Cu, and minor rare 
metals (0.26% Ag and 0.33% Ga). Unless otherwise 
stated, the reagents used in the experiments were of 
analytical grade. Ultrapure water was used in all the 
experiments. 
 
2.2 Methods 

A flow diagram of the developed process for 
comprehensive recovery of waste LEDs is shown in 
Fig. S2 in SI. For each pyrolysis test, 20 g of waste 
LED was taken and placed into a crucible, which 
was then placed into the pyrolysis furnace. The 
pyrolysis furnace was fed with N2 as a protective 
gas and connected to a pyrolysis oil absorption unit, 
wherein the gas produced by the pyrolysis was 
collected in gas bags. The pyrolysis conditions were 
set as 550 °C for 60 min. After pyrolysis, the slags 
were cooled to room temperature. The rare metals 
and metal pins were separated by using a 630 μm 
sieve. The metal pins constituted 75.28% of the 
waste LED pyrolysis slag, which contained 17.92% 
Cu, 73.75% Fe and 3886.43 g/t Ag after analyzing 
by ICP-OES. The grades of Ga and Y in the    
fine fraction (<630 μm) were 1.62% and 3.25%, 
respectively. It was calculated that 98.16% Ga and 
99.54% Y were separated into the fine sample by 
the sieving process. The waste LED metal pins 
obtained after the pyrolysis were detected by 
SEM−EDS analysis (Fig. S3 in SI). It was subjected 
to acid leaching for the extraction of Fe, Cu, and Ag 
in the subsequent process. For each test, 10 g of the 
metal pins were placed in a glass beaker with 
pre-prepared leach solution, which was heated in a 
constant-temperature water bath and subjected to 
mechanical stirring. After leaching, the residue was 
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separated from the leachate through vacuum 
filtration and washed with ultrapure water several 
times. The leachates and the washing water were 
diluted to a constant volume using a volumetric 
flask and analysed for Cu, Fe, and Ag contents by 
ICP-OES. The further separation and recovery of 
rare metals including Ga and Y will be carried out 
using ionic adsorption with advanced functional 
materials in the future. 

The contents of Cu, Fe, and Ag were analyzed 
with ICP-OES (5100 USA Agilent Technologies) 
after the samples were digested with a mixture of 
concentrated HCl and HNO3 (3:1, v/v). The phase 
compositions of the samples were determined by 
using XRD (X’ Pert3 Powder X-ray diffractometer 
Netherlands PANalytical B.V.). The morphological 
changes of the leaching residues were investigated 
by SEM (Quanta FEG250) coupled with EDS 
(Genesis XM2). All these techniques were 
conducted in accordance with the ISO standard. The 
response surface experiments for identifying the 
optimal leaching conditions were designed with the 
Box-Behnken module of Design-Expert 13 software. 
The leaching model is represented by Eq. (1), 
where R represents the response value and is also 
known as the extraction rate, and A, B and C 
represent the influencing factors. The factors 
involved in this study are listed in Tables S2 and S3 
in SI. Additionally, the coefficients of the linear, 
quadratic and interaction effects are represented  
by β.  
R=β0+β1A+β2B+β3C+β12AB+β13AC+β23BC+ 
β11A2+β22B2+β33C2                                   (1) 

 
3 Results and discussion 
 
3.1 φ−pH diagrams 

The metal−H2O systems were used as a guide 
for determining the pH and potential values of the 
leaching conditions. The φ−pH diagrams of Fe−H2O, 
Cu−H2O, and Ag−H2O systems at 25 °C were 
generated by FactSage 8.0 (Fig. 1). As shown in 
Fig. 1(a), Fe can be gradually oxidized into Fe(II) 
and Fe(III) as the potential is increased. The 
potential required for the oxidisation of Fe 
decreases as the pH is increased. In acidic solutions, 
the conditions for the conversion of Fe to Fe2+   
are pH < 5.5 and −0.40 V < φ < 0.77 V. Figure 1(b) 
shows that the conditions for the conversion of Cu 
to Cu2+ are pH < 3.95 and φ > 0.337 V. As depicted 

in Fig. 1(c), the extraction of Ag requires a high 
potential of φ > 0.80 V and pH < 6.20. As discussed 
above, Fe in the waste LED metal pins can be 
extracted with H2SO4 solution without any oxidant, 
and the extraction of Cu and Ag through acid 
leaching requires an oxidative condition. 
 

 
Fig. 1 φ−pH diagrams of Fe−H2O (a), Cu−H2O (b), and 
Ag−H2O (c) systems at 25 °C 
 
3.2 Selectively leaching Fe from waste LEDs 
3.2.1 Single factor experiments for Fe leaching 

Single-factor experiments were performed to 
investigate the effects of H2SO4 concentration, 
leaching temperature and time on the selective 
leaching of Fe from the waste LEDs at the liquid/ 
solid ratio of 7 mL/g (Fig. 2). As shown in Fig. 2(a), 
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leaching temperature has a more significant 
influence on the extraction of Fe leaching than the 
other factors. The extraction of Fe increases rapidly 
with increasing the temperature, from 40 to 80 °C, 
above which the extraction of Fe has no obvious 
change as the temperature further increases. 
Meanwhile, the extractions of Cu and Ag are less 
than 1% when the leaching temperature is below 
80 °C, implying that the selective extraction of Fe is 
feasible. Figure 2(b) illustrates the effect of H2SO4 
concentration on leaching. The extraction of Fe  
 

 
Fig. 2 Effects of leaching conditions on extraction of  
Fe: (a) Leaching temperature; (b) H2SO4 concentration; 
(c) Leaching time 

gradually increases from 68.18% to 83.81% when 
the acid concentration is increased from 1.0 to 
2.5 mol/L, above which it increases slightly with 
the further increase in H2SO4 concentration. 
However, the extraction of Cu and Ag will 
significantly increase with further increasing the 
acid concentration. As a result, 2.5 mol/L H2SO4 is 
considered as the optimal acid concentration. As 
seen from Fig. 2(c), the extraction of Fe gradually 
increases as the leaching time is extended from  
1.0 to 8.0 h. Thereafter, it has no significant 
variation with the further increase in time [32]. 
Approximately 88.34% Fe is extracted from the 
waste LEDs through the leaching with 2.5 mol/L 
H2SO4 at 80 °C for 8 h, while the extractions of Cu 
and Ag are less than 1%. 
3.2.2 Statistical analysis and model fitting for Fe 

leaching 
Through the single-factor experiments, the 

response surface experiments would provide the 
optimal option with the maximum Fe extraction and 
the minimum time and economic costs. A total of 
17 sets of conditional experiments were generated 
with the help of Design Expert 13 software 
(Table 1). Simultaneously, the extraction of Fe was 
fitted to a multivariate quadratic equation (Eq. (2)).  
R(Fe)=42.92875+0.869250A+10.61250B− 

7.01875C+0.2AB+0.049AC+0.505CB− 
0.00916A2−6.095B2+0.36625C2              (2)  
The optimization model for Fe leaching was 

subjected to the significance analysis and testing 
(Table 2). The F-value of the regression model is 
40.62 with a P-value of 0.0001, which is less than 
0.05, indicating that the resulting Fe leaching model 
is highly significant. By contrast, the F-value of the 
misfit term is 0.9306 with a P-value of 0.5037, 
which is greater than 0.05, implying that the misfit 
of the model is not significant. Consequently, the 
model is a good predictor of the effects of 
temperature (A), acid concentration (B), and 
leaching time (C) on the extraction of Fe within the 
regression range investigated. The P-values for the 
primary terms A, B and C in the model are all less 
than or equal to 0.0001 and those for the secondary 
terms AB, A2 and B2 are less than 0.05. These results 
indicate that these influencing factors have a 
profound and significant effect on the leaching of 
Fe. The order of the significance of the influence 
factors is A > C > B > B2 > AB > A2, based on the 
magnitudes of the F-values. 
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Table 1 Response surface design scheme and 
experimental results of Fe extraction from waste LEDs 
No. A/℃ B/(mol·L−1) C/h Fe extraction/% 

1 80 2.5 7 87.25 

2 70 1.5 6 78.47 

3 70 2.5 8 86.96 

4 80 1.5 7 81.86 

5 60 2.5 7 78.5 

6 70 2 7 84.91 

7 70 2 7 83.33 

8 60 1.5 7 77.11 

9 60 2 6 77.42 

10 70 2 7 83.31 

11 80 2 8 89.7 

12 80 2 6 82.87 

13 70 1.5 8 82.31 

14 70 2 7 83.38 

15 60 2 8 82.29 

16 70 2.5 6 82.11 

17 70 2 7 83.17 

 
Table 2 Analysis of variance and significance for Fe 
leaching regression model 

Source Sum of  
square df Mean  

square F-value P-value 

Model 186.62 9 20.74 40.62 < 0.0001 

A 86.86 1 86.86 170.16 < 0.0001 

B 28.39 1 28.39 55.61 0.0001 

C 51.97 1 51.97 101.81 < 0.0001 

AB 4 1 4 7.84 0.0265 

AC 0.9604 1 0.9604 1.88 0.2125 

BC 0.255 1 0.255 0.4996 0.5025 

A² 3.53 1 3.53 6.92 0.0338 

B² 9.78 1 9.78 19.15 0.0032 

C² 0.5648 1 0.5648 1.11 0.3278 

Residual 3.57 7 0.5104   

Lack 
 of fit 1.47 3 0.4896 0.9306 0.5037 

Pure error 2.1 4 0.5261   

Cor total 190.2 16    

 
As presented in Fig. 3(a), the extraction of Fe 

predicted by the model was compared with the 
actual extraction rate. It clearly shows that the 

actual values are concentrated on a straight line. 
Figure 3(b) indicates that the residuals of Fe 
extraction and the predicted values are within 
manageable limits. Therefore, the response surface 
method applied to model Fe extraction is reliable 
over the entire regression range. 
 

 
Fig. 3 Relation between predicated and actual extraction 
of Fe leaching: (a) Predicted vs actual extraction;      
(b) Residual and predicted extraction distribution 
 
3.2.3 Optimization for Fe leaching 

Three-dimensional response surfaces and 
contours were drawn to investigate the interactions 
of temperature, H2SO4 concentration and leaching 
time on the extraction of Fe (Figs. 4 and S4 (in SI)). 
The colours represent different extraction rates, and 
the change in colour from blue to green and red 
indicates that the extraction rate gradually increases. 
Figure 4(a) depicts that with the increase in 
temperature, the extraction of Fe increases rapidly 
for various H2SO4 concentration, especially for 
3.5 mol/L H2SO4, suggesting that leaching 
temperature plays an important in the leaching of 
Fe. Figure S4(a) (in SI) shows that the contour lines    
are more intensive in the temperature direction than 
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Fig. 4 Response surface of Fe leaching: (a) Effect of 
temperature on acid concentration; (b) Effect of 
temperature on time; (c) Effect of acid concentration on 
time 
 
that in the acid concentration direction, indicating 
that the temperature has a more significant effect on 
the extraction of Fe. Figure 4(b) shows that both 
leaching time and temperature are critical factors on 
the extraction of Fe, and the temperature has a more 
pronounced effect than leaching time, which can be 

further proved by the contour line distribution 
(Fig. S4(b) in SI). Figure 4(c) indicates that the 
extraction of Fe increases with increasing the acid 
concentration and leaching time, and the time plays 
a more important influence on the leaching, 
compared with H2SO4 concentration, which has 
been proved by Fig. S4(c) in SI. In conclusion, the 
significance of these factors on the extraction of Fe 
follows the order: temperature > time > H2SO4 
concentration. The results are consistent with the 
previous F-value ranking results. 

Thanks to the optimization of iron leaching 
with response surface method, it is predicted    
that about 89.97% Fe can be extracted from the 
waste LEDs via acid leaching under the conditions 
of 80 °C of temperature, 2.36 mol/L H2SO4 
concentration, 7 mL/g of liquid-to-solid ratio,   
and 7.76 h of leaching time. The confirmation 
experiments have proved that the actual extraction 
of Fe is 90.15%, which is in good agreement with 
the predicted result. 
 
3.3 Oxidative leaching of Cu and Ag 
3.3.1 Single factor experiments for leaching of Cu 

and Ag 
The effects of leaching temperature, H2SO4 

concentration, and oxidant dosage on the leaching 
of Cu and Ag were investigated. The liquid/solid 
ratio was fixed at 10 mL/g. Figure 5(a) shows that 
the leaching rates of Cu and Ag increase markedly 
as the leaching time is increased from 1 to 5 h, after 
which the extraction of Cu increases slightly but 
that of Ag still increases significantly. When the 
time is 5 h, the extractions of Cu and Ag reach 
92.58% and 88.00%, respectively. This reveals that 
Ag is more difficult to be dissolved in the leaching 
solution. It is seen from Fig. 5(b) that increasing the 
temperature can enhance the leaching of Cu and Ag, 
and it has a more important influence on the 
extraction of Ag. As shown in Fig. 5(c), the 
extraction of Cu and Ag gradually increases with 
increasing H2SO4 concentration from 2.0 to 
3.5 mol/L, above which they have no significant 
increase with further increasing the concentration. It 
is found from Fig. 5(d) that the addition of HNO3 
has a positive effective on the leaching, especially 
for Ag leaching [33−37]. The extractions of Cu and 
Ag are as high as 98.55% and 92.25%, respectively, 
when the dosage of HNO3 is 60 g/L. 
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Fig. 5 Effects of leaching conditions on extraction of Cu and Ag: (a) Leaching time; (b) Temperature; (c) H2SO4 
concentration; (d) HNO3 concentration 
 
3.3.2 Statistical analysis and model fitting for 

leaching of Cu and Ag 
The response surface method was applied to 

further optimizing the experiments to obtain the 
most cost-effective leaching conditions for Cu and 
Ag. The interactions of H2SO4 concentration, 
oxidant concentration, and leaching temperature on 
the extraction of Cu and Ag were investigated on 
the basis of the results of the single-factor 
experiments. The results are provided in Table 3, 
and the multivariate quadratic equations for the 
leaching extractions of Cu and Ag are presented by 
Eqs. (3) and (4), respectively.  
R(Cu)=−229.26250+3.45260A+65.05100B+ 

2.92975D−0.392AB−0.0084AD−0.182DB− 
0.01036A2−3.676B2−0.01434D2              (3)  

R(Ag)=−347.84625+3.58895A+91.082B+ 
5.48563D−0.493AB−0.0149AD−0.3305DB− 

    0.00726A2−5.262B2−0.02848D2         (4)  
The results of the significance analysis and test 

of the optimization models for Cu and Ag leaching 
are shown in Tables 4 and 5, respectively. The  

Table 3 Response surface design scheme and 
experimental results of Cu and Ag extraction from waste 
LEDs 

No. A/ 
℃ 

B/ 
(mol·L−1) 

D/ 
(g·L−1) 

Cu 
 extraction/% 

Ag  
extraction/% 

1 75 2.5 50 93.63 91.74 
2 85 2.5 50 98.32 97.88 
3 80 3.5 40 94.96 92.1 
4 75 3 40 93.36 89.06 
5 80 2.5 60 98.89 98.35 
6 80 3 50 98.77 98.66 
7 80 3 50 98.57 98.53 
8 80 2.5 40 90.5 84.59 
9 80 3 50 98.82 97.89 

10 80 3 50 97.35 96.01 
11 80 3 50 98.33 97.59 
12 80 3 60 98.74 98.26 
13 75 3 60 98.02 97.09 
14 75 3.5 50 98.79 98.3 
15 85 3 60 99.15 98.89 
16 80 3.5 60 99.71 99.25 
17 85 3 40 95.45 92.67 

* D represents HNO3 concentration 
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F-values of the regression models for the leaching 
of Cu and Ag from the iron leaching residue 
are17.47 and 20.28, respectively, with P-values of 
0.0005 and 0.0003, which are considerably less 
than 0.05, indicating that the Cu and Ag leaching 
 
Table 4 Analysis of variance and significance for Cu 
leaching regression model 

Source Sum of  
square df Mean  

square F-value P-value 

Model 103.83 9 11.54 17.47 0.0005 

A 7.92 1 7.92 11.99 0.0105 

B 12.85 1 12.85 19.46 0.0031 

D 61.72 1 61.72 93.47 < 0.0001 

AB 3.84 1 3.84 5.82 0.0466 

AD 0.7056 1 0.7056 1.07 0.3357 

BD 3.31 1 3.31 5.02 0.0601 

A² 0.2824 1 0.2824 0.4277 0.534 

B² 3.56 1 3.56 5.39 0.0533 

D² 8.66 1 8.66 13.11 0.0085 

Residual 4.62 7 0.6603   

Lack  
of fit 3.18 3 1.06 2.93 0.1628 

Pure error 1.44 4 0.3611   

Cor total 108.45 16    

 
Table 5 Analysis of variance and significance for Ag 
leaching regression model 

Source Sum of  
square df Mean  

square F-value P-value 

Model 270.02 9 30 20.28 0.0003 

A 16.79 1 16.79 11.35 0.0119 

B 25.31 1 25.13 16.99 0.0044 

D 164.98 1 164.98 111.52 < 0.0001 

AB 6.08 1 6.08 4.11 0.0823 

AD 2.22 1 2.22 1.5 0.2602 

BD 10.92 1 10.92 7.38 0.0299 

A² 0.1188 1 0.1188 0.0803 0.7851 

B² 7.29 1 7.29 4.93 0.0619 

D² 34.15 1 34.15 23.08 0.002 

Residual 10.36 7 1.48   

Lack  
of fit 5.85 3 1.95 1.73 0.2986 

Pure error 1.444.51 4 1.13   

Cor total 280.38 16    

models are highly significant. The F-values of the 
misfit terms are 2.93 and 1.73 respectively, with 
P-values of 0.1628 and 0.2986 that are greater than 
0.05, indicating that the misfitting of the models is 
not significant. Therefore, the models can predict 
the effects of temperature (A), H2SO4 concentration 
(B), and oxidant concentration (D) well within the 
regression range. Notably, analogous to that in the 
Fe leaching model, the order of influence between 
factors can be found in the leaching models for Cu 
and Ag. The P-values for the primary term D in the 
Cu leaching model are less than 0.0001 and those 
for the secondary terms AB, D2, and B2 are less than 
or approach 0.05, implying that these factors have 
significant effect on Cu leaching. The F-values 
reveal that the order of significance is D > D2 >  
AB > B2. The order of significance for Ag leaching 
model is determined as D > D2 > BD by using the 
same method. As predicted, the concentration of the 
oxidant has the most pronounced effect on the 
extraction of Cu and Ag. 

The model-predicted values for the extraction 
of Cu and Ag are compared with the actual data in 
Figs. 6(a) and (c). The graphs illustrate that the 
actual values are concentrated around a straight line. 
Figures 6(b) and (d) show that the residuals of the 
extraction of Cu and Ag are within a manageable 
range from the predicted values. Therefore, the 
models used by the response surface method to 
simulate the extraction of Cu and Ag are reliable 
over the entire range of regression areas. 
3.3.3 Optimization for leaching of Cu and Ag 

The three-dimensional response surfaces and 
contours are plotted in Figs. 7 and S5 to consider 
the interactions between factors. Compared with the 
other factors, oxidant concentration has a more 
pronounced effect on the extraction of Cu and Ag. 
In particular, when HNO3 concentration was 60 g/L, 
over 97% of Cu and Ag are extracted from the 
residue. The Cu leaching model in Figs. 7(a) and 
S5(a) (in SI) shows that acid concentration has a 
more significant effect on the extraction of Cu than 
the temperature. By contrast, the Ag leaching model 
provided in Figs. 7(d) and S5(d) (in SI) illustrates 
that H2SO4 concentration and temperature have a 
comparable effect on the extraction of Ag.    
These results are consistent with the findings of the 
statistical tests for the extraction of Cu and Ag. The 
optimization of Cu and Ag leaching with response 



Xu-yi WEI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 938−950 946 

 

 
Fig. 6 Relations between predicated and actual extraction of Cu (a, b) and Ag (c, d) leaching: (a, c) Predicted vs actual 
extraction; (b, d) Residual and predicted extraction distribution 
 

 
Fig. 7 Response surface of Cu and Ag leaching: (a) Effect of temperature and H2SO4 concentration on Cu leaching;   
(b) Effect of HNO3 concentration and H2SO4 concentration on Cu leaching; (c) Effect of HNO3 concentration and 
temperature on Cu leaching; (d) Effect of temperature and H2SO4 concentration on Ag leaching; (e) Effect of HNO3 
concentration and temperature on Ag leaching; (f) Effect of HNO3 concentration and H2SO4 concentration on Ag 
leaching 
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surface method results in the maximum extraction 
rates of 99.79% Cu and 99.61% Ag at 80.4 °C, 
3.1 mol/L H2SO4, 58.32 g/L HNO3, and 10 mL/g 
liquid/solid ratio, 5 h. These above conditions are 
adopted for the experiments, and the actual leaching 
rates obtained are 99.55% Cu and 99.36% Ag, 
which are in accordance with the predicted results. 
 
3.4 Phase transformation 

The phase transformation of waste LEDs 
during the process was investigated and the XRD 
patterns of the pyrolysis residue, iron leaching 
residue, and Cu−Ag leaching residue are presented 
in Fig. 8. It is found from Fig. 8(a) that the 
pyrolysis residue is mainly composed of Fe, Cu, 
and TiO2. Fe is selectively leached out by the 
first-stage leaching and the iron leaching residue 
primarily contains Cu, TiO2, and PbSO4 (Fig. 8(b)), 
which is generated during the leaching process 
through the reaction of Pb with H2SO4. The final 
residue is mainly composed of TiO2 and PbSO4, 
implying that Cu is extracted from the iron leaching 
residue. The silver phases are not detected by XRD 
due to too low content. 

 

 
Fig. 8 XRD patterns of waste LEDs: (a) Pyrolysis 
residue; (b) Iron leaching residue; (c) Cu and Ag 
leaching residue 
 
3.5 Morphology changes 

The leaching residues were further analyzed by 
SEM−EDS to reveal the morphological changes 
during the process (Fig. 9). Correspondingly, the 
pyrolysis residue was analyzed as well (Fig. S3 in 
SI). The metal pins in the pyrolysis residue are 
larger than 700 µm in size, and Cu and Ag are found  

 

 

Fig. 9 SEM images (a, d, g) and EDS results (b, c, e, f, h, i) of leaching residues of waste LED 



Xu-yi WEI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 938−950 948 

on the surfaces of metal pins with minor of TiO2. 
As illustrated in Figs. 9(a) and (d), the surface of 
the leaching residue is rougher than that of the 
metal pins and exhibits obvious signs of erosion 
caused by Fe dissolution. In addition to Cu and Ag, 
some bright fine PbSO4 particles (Spot 4) are 
presented in the iron leaching residue. After Cu and 
Ag leaching, the porosity of the leachate surface is 
increased, while the particle size is decreased to 
approximately 50 µm (Fig. 9(g)). The SEM−EDS 
results indicate that the resulting residue is mainly 
composed of TiO2 and PbSO4 as shown in Figs. 9(h) 
and (i). This is consistent with Fig. 8. 
 
4 Conclusions 
 

(1) About 90.15% Fe was selectively extracted 
from the waste LEDs after pyrolysis by acid 
leaching under the optimal conditions: 80 °C of 
temperature, 2.36 mol/L of H2SO4 concentration, 
7 mL/g of liquid/solid ratio, and 7.76 h of leaching 
time. These leaching conditions have an important 
effect on the extraction of Fe, and the significance 
order is temperature > leaching time > H2SO4 

concentration. 
(2) Approximately 99.55% Cu and 99.36% Ag 

were extracted from the iron leaching residue under 
the optimal conditions: 80.4 °C of temperature, 
3.1 mol/L of H2SO4 concentration, 58.32 g/L of 
HNO3 concentration, 10 mL/g of liquid/solid ratio, 
and 5 h of leaching time. HNO3 concentration has 
the most pronounced effect on the extraction of Cu 
and Ag. 

(3) The XRD results indicated that the waste 
LEDs after the pyrolysis are mainly composed of 
Fe, Cu and TiO2, the iron leaching residue primarily 
contains Cu, TiO2 and PbSO4, and the Cu−Ag 
leaching resides are mainly composed of TiO2 and 
PbSO4. This demonstrates that Fe and Cu are 
effectively extracted from the waste LEDs, which is 
further confirmed by SEM−EDS analysis. 

(4) About 98.16% Ga and 99.54% Y could be 
isolated from the waste LEDs after the pyrolysis via 
a sieving process. The fine particle samples 
(<630 μm) obtained are rich in Ga and Y elements, 
which will be recovered by ionic adsorption with 
advanced functional materials in the future. 
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摘  要：通过热解和浸出工艺从废旧发光二极管(LEDs)中回收有价金属。通过对热解后的 LED 预先筛分可回收

98.16% Ga 和 99.54% Y。采用单因素试验和响应曲面法研究不同浸出条件对铁、铜和银浸出的影响。利用无氧化

剂 H2SO4 浸出法从废旧 LED 中选择性回收约 90.15% Fe，Fe 浸出渣通过添加 HNO3 浸出可以回收 99.55% Cu 和

99.36% Ag。XRD 和 SEM−EDS 分析证实，所开发的工艺可以高效地从废旧 LED 中浸出 Fe 和 Cu。 

关键词：酸浸；金属回收；响应曲面法；废旧发光二极管 
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