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An electric current improves Cu and Ni leaching from waste
printed circuit boards by immobilized Acidithiobacillus
ferrooxidans MA-Y1
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Abstract: [Objective] Waste printed circuit boards (PCBs) contain about 40% non-ferrous metals,
which is more than 40 times that of natural ores, and thus they are known as a veritable “urban
mine”. To achieve efficient and green recycling of PCBs, this study developed a leaching system
that can efficiently leach non-ferrous metals from PCBs. [Methods] Acidithiobacillus ferrooxidans
MA-Y1 was used to construct a bioleaching system for PCBs. Additionally, an electric current was
introduced to strengthen the Cu and Ni leaching from PCBs. [Results] The optimal leaching
parameters were addition of PCBs at 80.0 g/L, particle size of 4.0 cm, liquid velocity of 2.0 L/min,
and electric current of 70.0 mA. Under these conditions, the leaching ratios of Cu and Ni from
PCBs were 84.0% and 75.3%, respectively, which represented increases of 15.8% and 17.1%
compared with the case without electric current. [Conclusion] An electric current improves the
ability of A. ferrooxidans MA-Y1 to recover Cu and Ni from PCBs.

Keywords: immobilization; response surface; printed
ferrooxidans; bioleaching

circuit boards; Acidithiobacillus
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Table 1  Factors level table of response surface test
Code  Factors Levels

-1 0 1
A ¢(PCBs)/(g/L) 60.0 80.0  100.0
B Particle size (cm) 2.0 3.0 4.0
C Liquid velocity (L/min) 1.2 24 3.6
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Figure 2 The effect of PCBs dosages (A), particle size (B), liquid velocity (C) and temperature (D) on metal
bioleaching ratios. Distinct lowercase letters indicate statistically significant differences (P<0.05).
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Figure 3  The effect of PCBs dosages(A), particle size (B), liquid velocity (C) and temperature (D) on metal
bioleaching rates. Distinct lowercase letters indicate statistically significant differences (P<0.05).
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Table 2 Response surface experimental design scheme and results of Cu and Ni leaching from PCBs

Run ¢(PCBs)/(g/L) Particle size (cm)

Liquid velocity (L/min) Cu bioleaching ratio (%)

Ni bioleaching ratio (%)

1 60.0 2.0 3.6
2 60.0 3.0 24
3 60.0 3.0 24
4 60.0 3.0 1.2
5 80.0 2.0 24
6 60.0 2.0 24
7 80.0 2.0 3.6
8 80.0 4.0 1.2
9 100.0 2.0 24
10 100.0 3.0 3.6
11 100.0 3.0 1.2
12 80.0 4.0 24
13 80.0 2.0 1.2
14 60.0 3.0 3.6
15 100.0 4.0 1.2
16 60.0 3.0 1.2
17 60.0 4.0 3.6
18 60.0 3.0 1.2
19 80.0 3.0 24
20 100.0 4.0 2.4

53.9 48.8
51.9 49.5
51.9 49.5
59.3 51.1
55.8 50.5
67.3 513
56.9 51.7
50.5 51.7
47.2 44.7
54.2 46.9
66.6 51.8
68.9 58.4
549 50.5
54.2 46.9
555 50.7
543 50.4
49.2 50.7
63.2 534
61.6 48.6
68.8 58.4

0.026 9x4C+0.003 8xBC—0.113 8xA42-0.000 0xB?
~0.034 9xC>Hl Y (IR 111 5%)=0.498 4+0.085 0xA4+
0.007 1xB-0.005 8xC+0.021 1xAB+0.006 8xAC+
0.003 3xBC—0.047 8xA>+0.016 0xB>-0.012 0xC2,
HE ALY R, R R 53514 0.813 1 F110.645 0,
BRI R g F1 R* 4351124 0.959 0 1 0.922 1,
FHIRIRDN S B2k 7 HAA B e 5 o

% 3 MR 4 53 O AR R RN T 2548
Mreg i, ek 3 Fne 4 ml g, i ALY [ ) A
RS ELAT 25 PR VR BB (A) 0 Pl B AR
8 I (A7) 2 0 R AR 1) f 25 0 A VA
JE(A), HE M B SR AR Y 28 LI (AB) LA K FL
S5 G 1) R T (A°) L R B ORE AR 11 R T
(BRI 032 1) R T (CP) e v R A 70 11
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Bl 4 FIE S s T MR — A ERFER
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R REM o FEVR AT B [ e e, Bl A PR B A
FERURL AR B, B B9 12 RN 49.2% TH &2
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R R R B S TR TR, N
50.5% Ft 2 58.4% Fi[% & 48.6% (K1 5A. 5B).
3BT FE B VA R AR I T A A FH X (D
4C. 4AD)HER(E 5C. SD)R By Bon, Bl
P B PR R B TR R A G T, R R R
FeTHIE R, M 51.9% 1 & 68.8% FE[EZE 54.2%;
BRAIR H N 49.5% THE 53.4% FFREE 46.9%.
M RO B — e I, R RO AR IR AR U
FHEAE R4 (8] 4E. 4F)F158 (8 5SE. 5F)i@ i
ROV FZMR AN, B ZEITE 50.4% At .
il Design-Expert 13.0 43 #7 it & 15 H 4.
Serrooxidans MA-Y 1 ¥t H AR s FIVER () B
N, BRI 80.0 g/L, Kiff 4.0 cm, i
M 2.0 L/min, AEILARAAFT, TTHER AR AR 1R
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xR3 EREHERERNGESN
Table 3 ANOVA for the model of Cu bioleaching ratio

Source Sum of squares Degree of freedom Mean square F-value P-value
Model 0.067 5 9 0.007 5 4.84 0.010 8
A 0.0535 1 0.0535 34.46 0.000 2
B 0.000 4 1 0.000 4 0.26 0.6230
C 0.002 8 1 0.002 8 1.79 0.2109
AB 0.005 1 1 0.005 1 3.28 0.100 2
AC 0.004 3 1 0.004 3 2.75 0.128 5
BC 0.000 0 1 0.000 0 0.05 0.8316
A? 0.053 0 1 0.053 0 34.12 0.000 2
B’ 0.000 0 1 0.000 0 0.00 0.999 2
c? 0.005 3 1 0.005 3 343 0.093 6
Residual 0.0155 10 0.001 6

Lack of fit 0.0129 5 0.002 6 4.87 0.053 6
Pure error 0.002 6 5 0.000 5

Cor total 0.083 1 19

x4 RRERBRBNGES
Table 4 ANOVA for the model of Ni bioleaching ratio

Source Sum of squares Degree of freedom  Mean square F-value P-value
Model 0.0198 9 0.002 2 25.99 <0.000 1
A 0.007 5 1 0.007 5 88.51 <0.000 1
B 0.000 3 1 0.000 3 3.27 0.100 5
C 0.000 2 1 0.000 2 1.91 0.197 5
AB 0.002 4 1 0.002 4 28.38 0.000 3
AC 0.000 3 1 0.000 3 3.26 0.101 4
BC 0.000 1 1 0.000 1 0.65 0.4397
A? 0.009 3 1 0.009 3 110.42 <0.000 1
B? 0.001 0 1 0.001 0 12.22 0.005 8
c 0.000 6 1 0.000 6 7.53 0.020 7
Residual 0.000 8 10 0.000 1

Lack of fit 0.000 6 5 0.000 1 2.08 0.2210
Pure error 0.000 3 5 0.000 1

Cor total 0.0206 19

T30k 68.5% I 58.1%. HiEscssRB, ikl BEE G 0.0 mA B KF] 150.0 mA, FiAYHR H
HARE T HT ARG 000 R 68.2% 1 58.2%, s 1ia MY 3 o S 10 N 5 KEAIG . 76 70.0 mA B,
SBURIMAIC A 25, RIS — AT HR R R AR AR, 423 84.0%
23 HERSEEXT A. ferrooxidans MA-Y1  f 178 mg/(L-d). 7F 30.0-150.0 mA ) HL i ¥
7= L B ER AR AP $E AN ER B9 52 i N, RSB s RIS . Ei
HE U o T IR R R BB B S i 1] 6 s . oA 0.0 mA F1130.0 mA B, #RR AR I EPE2E
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Figure 4 Contour (A, C, E) and 3D diagrams (B, D, F) of the effects of PCBs dosages, particle size, and liquid
velocity on Cu bioleaching ratio.
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Figure 5 Contour (A, C, E) and 3D diagrams (B, D, F) of the effects of PCBs dosages, particle size, and liquid
velocity on Ni bioleaching ratio.
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Figure 6 Effect of electric current on bioleaching ratios (A) and rates (B) of Cu and Ni. Distinct lowercase
letters indicate statistically significant differences (P<0.05).
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Figure 7 FTIR spectra of PCBs after bioleaching for
0,3,5,7,and 9 days.
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Table 5 Analysis of leaching ratios of Cu and Ni by different methods

Method Pulp density (g/L) Increasing ratio (%)  Bioleaching ratio (%) Reference
Microbial fuel cells assisted 100.0 Cu (24.0) Cu (79.7) [29]
Electrode modified with 20.0 Cu (20.0) Cu (99.0) [30]
N-doped carbon nanotube

Metal-tolerance strain 10.0 Cu (64.0), Ni (15.0)  Cu (94.0), Ni (45.0) [31]
Physical fragmentation 100.0 Cu (20.4),Ni (14.1)  Cu(94.3),Ni (90.7) [32]

The addition of lemon juice 7.5 Cu (5.0), Ni (12.0) Cu (94.0), Ni (81.0) [33]
Electrochemically assisted 80.0 Cu (15.8),Ni(17.1)  Cu (84.0), Ni (75.3) This study
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