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Study on the cyclic leaching performance of lead sulfate from waste

lead paste by triethylene tetramine
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Abstract: The recycling of waste lead paste is the focus of the lead recycling industry. Traditional fire
smelting has issues with high energy consumption and heavy pollution. Wet conversion is a green and
low—carbon recycling technology for waste lead paste, but its leaching efficiency and recycling of leac-
hing agent need further improvement. In this study, triethylenetetramine (TETA) was used as a leac-
hing agent to investigate the cyclic leaching of lead sulfate from waste lead paste. An effective leaching
model was established using the response surface method, and the leaching reaction parameters were
optimized. With a TETA/PbSO, ratio of 1.3 : 1, a reaction time of 11 minutes, a liquid—solid ratio of
2 : 1, and a reaction temperature of 30 “C , the predicted leaching rate of PhSO, was 99.99%, achie-
ving an actual leaching rate of 99.93%. The apparent activation energy of PbSO, leaching reaction was
found to be 47.5 kJ/mol. Furthermore, high—purity PbCO, with an impurity content of 0.020 4% could
be obtained from TETA-Pb solution by using Na,CO,. This process allows for the regeneration cycle of
TETA while maintaining a leaching rate of lead sulfate above 90% in 10 cycles. The results provide a
reference for the high—value utilization of waste lead paste.
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1.2.1 PbSO,i2 th iy 5 i @ 52 2

PbSO, = i Wi W fBh T 52 5 oKk A Plackett-
Burman ( P-B) SZ 5, ¥4 7 SCU0 R ECH 12 Wk, A Hi
FEHUEE pH | V) Y BE JK HE (n (TETA/PDSO,) )
TR 1 Jo R Bl | S Sl R S B ] 6 A PR 2% i
X PhSO 2 R B A EEE W HER, 73 5
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PbSO, ) [ J57 5 L | S5 7 B[] RS oy 3 B8 ) R
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— Ak, SRA Expert-Design 10.0 #4750
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Table 1 Range of different factors investigated by the P-B design

s H7AE R LS E
X1 pH 10 12
X2 n(TETA/PbSO, )/ (mol + mol™") 0.5 1.5
X3 WERE L/ (g g™") 1 5
X4 SN/ °C 20 60
X5 BEPHE/ (¢ min™!) 200 500
X6 SN B[]/ min 3 15

X7~X11 RIS — —

&2 PbSO FEUXLH BT ERIEEEKF

Table 2 Experimental range and levels of independent variables of the lead sulfate conversion

HIHE
DLV ETR)
-1 0 1
n( TETA/PbSO, )/ (mol - mol™") A 0.5 1.0 1.5
WE SRR/ (g-g7") B 1 3 5
SN BsF[E]/min C 1 8 15
SR/ °C D 20 40 60

1.2.2 BEASFHRRZ E £

JEFYETE n(TETA/PbSO,) A 1.3 = 1 it
28 11 min EFE SRR 2 0 1 3R R 30 CHY
L Z&AE T A E A PSSO, iR i i T8 LA
Wi 245 A VR T NaCO, UTTE IR H R i 4%, T i
PbCO, 1 Na,SO, &= % ; Na,SO, ] 7 ¥y 1 %
A5 (15 C) 15 =X, B BT i, 15 B i 25
B (B) TETA ) , AT BT PhSO, %61k,
i 1CP—-MS Kl [ {7 A AR b i & 8 e %
L, REVBIR B T AMAAE 1 TR,
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L . STRATER
(0 %j’”%aA.;;)H e e H Naco, |
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Fig. 1 Process flow chart of waste lead paste leaching
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2.1 WEANZEEZRRIRFHAL
PbSO, Al P-B SEIZE IR UL 3, I % K
Expert-Design 10.0 #£47 [8] 15 53§, 15 3 PbSO, =

RO I 1] RO R R (R 4) , B R
B, FE S50 AR R TS BN, pH RN E Dl 5.47,
X PhSO, 2 th Z 5t s, B pH 8 /)N A ) T
PhSO, Ak, K2 pH R AR Jiie 56 1 B0 5t 1 fk. 30
2, BB GRS I, n(TETA/PbSO, ) VK &
JEE L SRR R RS [ ATBE e A 35k Ry
4351k 42.20 24.87 [17.30,18.17 Fl 8.33, X L& [
FXF PbSO, = H 5 1E 52 M, RIVEE 52 905 1 (B 78
Rl P, LA KA 1 F PhSO, A5 Ak, i i 4%
B X B6 K 2 A9 518k %, n( TETA/PbSO, ) T [ Jii
Fb SR i BE S st i) X6k PhSO, ¥ HY 2R ) 52 i)
Bk, TTHR R 40 51N 58.21% ,15.25% . 10.17% Al
10.75% .

EFXF52m PbSO, 12 H 1) E AR & (n (TETA/
PbSO, ) SN IEE | s N7 Bisf 8] 09 [ o e ) R AT
THiAk, RA TETA A i 50, [ B 52 5 o i
7% %5 T n(TETA/PbSO, ) | N B[] | 2 o it
I R LE AT PhSO, 3R SR, a2
Jii7R X 4 AAZ BT PhSO, 1R H3CR A B 511
SN | 170 B X S KRR I S I AR 2 A n ( TETA/
PbSO, ) > 52 7 i [a] > 52 1 3 B > W 18 i ke, A%
AT LAB 1, 24 n(TETA/PbSO,) K 1.2~1.5 : 1,
W T Lol 2~ 5 B, NI EE A 30 ~ 60 °C
10 minlJ I 1Y) PbSO, 37 H 8% ] 35 5] 90% LA I,
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Table 3 P-B experimental design and response values

F5 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11  PbsSO,BHZH/%
1 1 1 -1 -1 -1 1 -1 1 1 -1 1 57.4
2 1 1 1 -1 -1 -1 1 -1 1 1 -1 70.2
3 -1 1 1 -1 1 1 1 -1 -1 -1 1 99.5
4 -1 -1 1 -1 1 1 -1 1 1 1 -1 41.6
5 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 16.7
6 -1 1 1 1 -1 -1 -1 1 -1 1 1 95.3
7 1 -1 -1 -1 1 -1 1 1 -1 1 1 17.4
8 -1 -1 -1 1 -1 1 1 -1 1 1 1 29.7
9 -1 1 -1 1 1 -1 1 1 1 -1 -1 43.3
10 1 1 -1 1 1 1 -1 -1 -1 1 -1 70.6
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 30.3
12 1 -1 1 1 -1 1 1 1 -1 -1 -1 47.4

x4 ROARFEZWEFHEEESHT
Table 4 Partial regression coefficients and analyses of their significance
A7z B AH B TIRRA/ %
pH 5.47 89.65 1.06
n(TETA/PbSO, ) 42.20 5342.52 58.21
biAnilisigia 24.87 1 855.05 15.25
JERIVAT Y 17.30 15.87 10.17
P 8.33 16.33 2.12
SIS (] 18.17 444.08 10.75
X7 -0.73 1.61 0.02
X8 -2.43 17.76 0.21
X9 -5.11 461.28 0.86
X10 5.03 76.00 0.79
X11 4.63 132.00 0.56

M Z oo IHA 53] T PhSO, RITFE(Y)
5 RN SR Rk 23R (K1) ) .

Y=-193.452 3+14.563 8xA+16.331 7xB+
3.483 5xC+79.165 0xD+0.353 4xAxB+0.001 7xA
xC—0.706 9xAxD-0.036 92xBxC-1.671 3xBxD-
0.167 1xCxD-0.945 8xA*-1.308 3xB*-0.021 36x
C’-12.994 6xD* (1)
AH AN n(TETA/PbSO,) ; B I & i & H; C
RV (°C ) 3D AN E] (min)

HRE S 80 BE 1T 745, 24 n (TETA/PHSO, ) K
1.3 1, SOWAFEY 11 min W E SRR N2 0 1,
BN BE SR 30 °C i, PBSO, 7 R ] Gk
99.99% , N T B UERIRIFM PhSO, 32 AR A
ROPE , FEIX S B A N S HCT 64T 3 RIS UE S 55
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TETA £ 14 52 BB RE, 76 pH iy 6 R BE
298 K B[E] 1.5 h #5¥K BE 4 200 mg/L W {51
FHEE R 500 mg/L WS AR BS54 R, HXF Pb B
TR B 7T 3K 5 370,63 mg/g, LIU %50
W58 T Z W (EDA) , —Z 3= (DETA) TETA
DY 2 H T (TEPA ) X4 125 7 1R W B PE R, 2 81
e X1 0] 2 - EL AT B R W T 25 S R . 2ok
SN R R R FH T BRHE  F L te
T, 25 T 7 P IR S R, AR AN
B LTk TR S S LRk 2
Wi L L 7S ISR B 2035 0 e |
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Fig. 2 Effect of the reaction conditions on the PbSO, leaching rate
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for conversion of PbSO, calculated

RN 30 °C) PbSO, % 1k J5 75 2 /Y TETA-Ph ¥
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WEERISZ I AN 4 BFs . BRSE R B, AR D0TE M
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EL3 I 34, GO3E BEVRO PhSO, 112 H 850R M
Na, CO, I FH A BERRET LU O3S NG . it kb
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(78.54% ~94.85% ) ULVE B XT PhSO, HYi= Hi 3K
#(95.65% ~98.53%) Na, CO, F| F % (94.85% ~
98.18%) ., HFULVE J5 ¥ W Y Na, CO, Fll Na, SO,
(I3 31K 0.02~0.08 mol/L . 1.73~2.14 mol/ L.,

DUERE P Na, CO, Fll Na, SO, Y€ & X} HAF
W PhSO, A BRFE M, MUt e sE [ T
PbSO, iz i), Fo i F7 7E i i R B % 5 PbSO, |
IE, A B D 152 L AR R AR, AT B AR U 1
W L PERE s B FR kv FE i = B, TR
BN I TETA {955 435 25 34 5, 45 PbSO, 9
FRBCREAR, B 5 AT, 24 Na, SO, ¥ EEM 1.0
mol/L ¥ /% 2.6 mol/L I, FTVERE X PbSO, fY
12 AR 98.95% [EAR 2 7.54% 5 24tk FR AN He 1
MO H1ZE 0.8 mol/L A, YLIE BHE YT PbSO, AR
AR 99.93% MK = 55.94% , HIL, N T 3k4%
BAFH PSSO, 2 0K, 75 2R AT g Na, CO,
il Na, SO, 1k B 23 SR FFAR T 1.0 mol/L F10.1
mol/L, FIRERRATLLREMR R 0.9 2247, $2/5 Na, CO,
R FH S BRI 9 R Y Na, CO, ¥ B 5 3 5 B
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2.4 TETA fBIRESRE FHI PbSO,

AT WE5E TETA (983 R PbSO, 12 H %
MISZ , HEAT T ORISR, R 5 I WE PR UCEL
XTI PhSO, 12 H 5 BT UTTE#  Na, CO, 1| FH %A
Na,SO, W&, 7€ 10 IRPEHE H 525, PhSO, B
PR K 99.95% , A48 J5 T 1 JLIRIR H R g A
TFEE AEASRARFEE 90.47% ~98.77% , ik 3] T &
PV [T AT 4TS 1 5 v KT R
TER G A VEFT , Na,CO, e LUK 7 i F 45 4238
DUBE , (A UL IE RN 92.69% ~93.73% , Na,CO,
FIFHRH 93.72% ~ 94.80% , DA % 5¢ 45 B W i 5%
BATEVS T HLIY Na,CO, , — #4325 TR HY I Y
PbSO, J i A B PbCO, , T 2L PhSO, Mk LI 43
i, KUANG 8572 R 9% & 1 = £ 0 DU e 45 A5
PE7E MR RL T 7K B 25— 1 I B ELA AR g 14 Wi
BB ERE , 26 IR AR S, T RE R H AR 5+
I RERE 7. XIONG Fl YAO'® &1 T —Ffh =2
A DU SR B 0 R B P 2R VERE A, A R
LR AT S, S5 40, BT SOT Y [R] B &6,
Na, SO, ¥ B th 2% PbSO, (Y12 H 7= A — 5 (5%
U ISPy X 7 N o i Rl [ N 5 Dl D 3 T e
J5 1% Na, SO, ¥ BE4E 45 7E 0.74~0.93 mol/L, ik
SERRINZEAR G RA RAFist TR e T 18
b3 FR Y TETA (IHEFERR /DN, #ff PbSO, 4% 1k
ROR TN A BUAS 1) O B 2 B B 45 LU RN Na, SO, &
FEFEHIAE A 18 KT, 32 5 Na, CO4 IR T2, s
> SO M BE XA T AR BRI H 52

x5 EHED PbSO,BREHEN

Table 5 Recycle leaching of lead sulfate from waste lead paste

PEFRUR B PhSO, 2 %/ % HUTER/ % NaCO; FI 1%/ % Na,S0, #JE/(mol - L)
1 99.95 92.86 93.94 0.76
2 98.77 93.18 94.26 0.89
3 96.71 92.63 93.72 0.81
4 95.58 93.73 94.80 0.93
5 94.65 93.57 94.64 0.86
6 92.53 92.71 93.80 0.85
7 92.49 92.69 93.78 0.79
8 91.61 93.01 94.09 0.74
9 91.42 93.48 94.55 0.83
10 90.47 92.79 93.87 0.90

MR E 5 R AT 2 B BRI i P A o 5
R ICP AT TIE (K 6)  Z RN 13FI Y

BRI 2l 558  , i Fe .Cu, As . Sb Ca . Ba )%
Y4 0.000 6% .0.000 4% .0.000 7% .0.001 5% .
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Table 6 Chemical impurity contents of

the waste lead paste and lead carbonate

o R X
BRI e

Fe 0.020 1 0.000 6
Cu 0.053 0 0.000 4
As 0.002 0 0.000 7
Sbh 0.007 4 0.001 5
Ca 0.068 2 0.001 1
Ba 0.210 3 0.000 8

SR E R R Y E IR BT R Ca Ba,
Fe Cu ¥ BT /BT 6 Fros . A4 AR Hh i

D I Ca-0.604 g
I JFHFCa-0.682 ¢

12 Ba-2.087 ¢
JEHEBa-2.103 g

R IFe-0.177 ¢

o 2 ECU-0.419¢
IR EFe-0.201 g

BRI E Cu-0.530 ¢

w72 L Ca-0.078 g
12 HBa-0.016 g
2 R Fe-0.024 ¢
B 2 i Cu-0.111 ¢

JRFICE SR (£ 6), L1 kg JREVE it 5Lml
Al Ca Ba Fe Fl Cu #I4A & 5314 0.682.2.103
0.201 #10.530 g, H TR IAKRRE pH 5 , 425
KR E, b Ca Ba Fe fll Cu 1
4351 0.604 .2.087 .0.177 F1 0.419 g, /b iEZe
Jo BA AE TR H VB (A A4 05 R g T T B TR
B AT K B RR AR R RS A R i — BB
AL SRR, TR P A R
A, BRI ok T RV T 0 1 0 B 5 A/ N

2T RIZ TR BA T AEBE 1 ¢ SR
AN 554.26 JT, H AL SR i A4S Ry 519.19
JG, BB A 33.60 U6, M TR I R IR A
PR HEFT , FLIR R TG A1 A, DA T 7 24 550 46 2%
SHERE I T HA P, % T 2 A 8 45
AT

w21 T BE Ca-0.051g
— 4 R Ba-0.009 g
= 7L E1iFe-0.016 g

N o | A=) W -
Yol FHCa-0.073 g L EEHRCu-0073 g

— P BHEBa-0:1012 ¢

VUUE FRFe-0.021 ¢
B e FHRCU-0.109 g

B RN Ca-0.022 ¢
— B2 1MBa-0.003 g
— Tl i 5AFe-0.005 g

BRERHCa-0.005 g L
= i A Cu-0.036 ¢

— BEIR41Ba-0.004 g
(KBS AFc-0.003 g
— RERECu-0.002 g

6 EiEEEHITEDA Ca,Ba Fe,Cu ¥R
Fig. 6 Flow of Ca, Ba, Fe and Cu in the leaching process of waste lead paste

®T HBESH
Table 7 Cost analysis
WH iy LKy B (T Git/ot
Na,CO, 0.191 t 1 800 TG/t 343.19
TETA 0.004 t 44 000 TG/t 176.00
Hifig 56 kW - h 0.6 75/ (kW - h) 33.60 23426
7K 0.420 t 3.5 J0/t 1.47
3 % w BT IK 99.93% 1% B 1Y S R 38 A7 AT

ARSCHEH T TETA 172 H R HYE T PbsO,
FRRE T3 i, ST T e 2800 A TR 24k o ) TR B
fb. £ PbSO, i Y ad 72 o, A4k 1 B B 2% 1
n(TETA/PbS0,) A 1.3 : 1 W AFEIA 11 min &
e ol 2 0 1 R EE R 30 °C, i PhSO,

8

b2 KR P 4, PhSO, 72 HY IV 1) 36 L3 Ak i >

47.5 kJ/mol, TETA BEA R 4712k 596
PbSO, P RE , 76 10 G PR 1 i R AR R
T 90% LA 1, BEAN A3 B A RR BRAS 7= 5 4l BE 45
H A ESAY Cu Fe S As 240 & I BE M 12 5
PERBETE H AR P ISR , TR R KD T B
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