Optimization and thermodynamic modelling of the
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Abstract

Providing resources and reducing pollution in environment are the reasons for recovering
metals from secondary sources such as filter cakes. Optimization, thermodynamic and kinetic
modeling of effective parameters for the simultaneous leaching of four metals from low-grade
filter cakes have been carried out. Temperature, particle size, time, pH, solid-to-liquid ratio and
air or ozone injection rate on the leaching process are important. These parameters were
checked by response surface methodology at five levels. 84.66% nickel, 85.87% copper,
74.86% cadmium and 86.13% zinc were recovered from filter cakes by endothermic and
spontaneous acid leaching process. The optimal conditions are: pH 2.5, time 2.5 hr at 50 °C
with 88 mic particles and ratio of solid-to-liquid 0.08 g/ml and without air/ozone injection.
Four quadratic equations were proposed to relate the independent parameters for maximum
recovery. The nickel and copper extraction were controlled by diffusion mechanism. The
leaching of zinc and cadmium were controlled by both chemical reaction and diffusion
mechanisms.
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kinetic modeling.
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Fig. (1). Hydrometallurgical process steps in metal recovery [12]
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Table 1. Levels of opirating parameters in the leaching process

Level of Parameter 1 2 3 4 5
Time (A) (h) 0.5 1.0 15 2.0 2.5
Temperature (B) (°C) 40 50 60 70 80
Solid/ Liquid (C) (gr/150cc) 7.5 9.0 10.5 12.0 135
Particle Size (D) (mic) 177 149 88 63 44
Air/ Oz injection (E) " 0.0 0.25 0.5 0.75 1.0
pH (F) 0.5 15 2.5 35 45

*:0.0 and 0.25: Without injection, 0.5: Air injection, 0.75 and 1.0: O injection.
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Fig. (2): Low-grade filter cake leaching process
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Table (2): Analysis report of element identification in filter cake

Elements | SOs CO2 | CaO Si Alos | Cd | Na2O | Zn | Fe20s
Wt % | 36.101 | 24.400 | 12.676 | 7.461 | 7.496 | 2.593 | 1.957 | 1.737 | 1.536
Elements | Pb Ni MgO | Cu Sr
Wt % 1.458 | 1.045 | 0.734 | 0.485 | 0.141
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Table (3): Variance analysis report for proposed leaching process models

Source

Sum of Squares |df

Mean Square

F-value

p-value

Ni

Quadratic vs 2FI

66.51

6

11.08

13.27

< 0.0001 |Suggested

Cu

Quadratic vs 2FI

50.60

o

8.43

4.61

0.0030

Suggested

Zn

Quadratic vs 2FI

151.20

6

25.20

12.76

< 0.0001 |Suggested

Cd

Quadratic vs 2FI

1223.84

6

203.97

180.54

< 0.0001 |Suggested

2 Analysis of variance
3 p-value

4 Lack of fit

5 Quadratic

(ANOVA)
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()
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+ 0.5584BF — 1.79EF + 1.53A2 + 0.5375B% — 0.9194(2 (8)

— 1.04E?

b Ly LE8] sl o st Lo zal33l 31 00 oaiSun ST Jole ,5 Jds 4y s 5,8 oleadl, 2alS
VIO Gloy Do b g ol Sl a0 00 sleo b sl o 58 e SbsL Sleaily iSTas (V) U
Gz ol Jlaise (55l Bra e (Rl Js 4 5 by slales jo an T8 plnil s b oo 85wl
a5 53 g 09 (oo ol ey JUl 5 5B 90 uled sl (s rtE e 5 ooy Gl L LILIFY] e

LEA] sl oo (aal33) 55 cylondl,



90

87

84

Cu%

81

78

. }
40 ! Time (h)

T(C) o A

80

T(C) 60

50

40 0.5 L Time (b)

LS
Time (h)

o3l (d g 59, (C e (0 (IS5 (A (2L 3L oty 2 Lod g (yloj ol 93 (51 Y JSS

Fig. (3): Time and temperature effect on recovery of (a) nickel, (b) copper, (c) zinc
and (d) cadmium
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Fig. (4): Solid-to-liquid ratio and particle size effect on recovery of (a) nickel, (b)
copper, (c) zinc and (d) cadmium
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Fig. (5): Effect of air/Os injection and pH parameters on leaching recovery of (a)
nickel, (b) copper, (c) zinc and (d) cadmium
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Fig. (6): Plot of predicted versus actual for recovery of (a) nickel, (b) copper, (c)
zinc, and (d) cadmium.
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Table (4): Best parameter values for simultaneous recovery of nickel, copper, zinc
and cadmium metals

&
2 | Time | Temperature |Solid/Liquid| Size | ,. Recovery Percent (%)
£
s | (0 C) @ricc) | (mic) |AM7O3| pH
o Ni | cul| zn | cd
Value | 2.5 50 0.08 88 IW'th(.’“t 25 |84.67|85.49|86.13|74.86
nJeCtlon
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Table (5): Parameter values with the aim of reducing process time and temperature

Py

2 | Time |Temperature|Solid/Liquid| Size | ,. Recovery Percent (%)
£

g | (h (0 C) (ricc) | (mic) |AFO3| PH

[0

a Ni | cu | zn | cd
value | 2 40 0.08 88 IW'th‘?”t 25 |88.55/88.71/83.92|72.86

njeCtlon
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Fig. (7): Leaching thermodynamic parameters versus Van't Hoff equation for
recovery of (a) nickel, (b) copper, (c) cadmium and (d) zinc
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Source Sum of Squares | df | Mean Square | F-value | p-value
Model 378.23 27 14.01 16.77 | <0.0001 significant
A-Time 8.41 1 8.41 10.07 0.0041
B-T 0.6728 1 0.6728 0.8056 | 0.3783
C-S/L 255.40 1 255.40 305.81 | <0.0001
D-Size 8.50 1 8.50 10.17 0.0039
E-E 1.80 1 1.80 2.16 0.1551
F-pH 9.49 1 9.49 11.37 0.0025
AB 2.93 1 2.93 3.50 0.0735
AC 1.01 1 1.01 1.21 0.2822
AD 0.3741 1 0.3741 0.4479 | 0.5097
AE 0.6917 1 0.6917 0.8282 | 0.3719
AF 0.0212 1 0.0212 0.0254 | 0.8747
BC 8.26 1 8.26 9.89 0.0044
BD 0.4189 1 0.4189 0.5015 | 0.4857
BE 0.2743 1 0.2743 0.3284 | 0.5719
BF 1.43 1 1.43 1.72 0.2026
CD 0.8583 1 0.8583 1.03 0.3208
CE 6.95 1 6.95 8.32 0.0081
CF 0.7757 1 0.7757 0.9288 0.3448
DE 2.38 1 2.38 2.85 0.1041
DF 0.6156 1 0.6156 0.7371 | 0.3991
EF 0.4484 1 0.4484 0.5369 0.4708
A? 0.4748 1 0.4748 0.5685 | 0.4582
B2 28.33 1 28.33 33.92 | <0.0001
C2 27.64 1 27.64 33.09 | <0.0001
D2 0.7382 1 0.7382 0.8839 | 0.3565
E2 6.62 1 6.62 7.92 0.0096
F2 3.50 1 3.50 4.20 0.0516
Residual 20.04 24 0.8352
Lack of Fit 15.74 17 0.9258 1.51 0.3011 | not significant
Pure Error 4.31 7 0.6151
Cor Total 398.27 51
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Source Sum of Squares | df | Mean Square | F-value | p-value
Model 481.18 27 17.82 9.74 <0.0001 significant
A-Time 6.82 1 6.82 3.73 0.0654
B-T 0.0272 1 0.0272 0.0149 | 0.9040
C-S/L 213.00 1 213.00 116.43 | <0.0001
D-Size 4.32 1 4.32 2.36 0.1373
E-E 4.10 1 4.10 2.24 0.1472
F-pH 171.44 1 171.44 93.71 | <0.0001
AB 4.54 1 4.54 248 0.1283
AC 0.2046 1 0.2046 0.1118 | 0.7410
AD 0.9111 1 0.9111 0.4980 | 0.4872
AE 0.6949 1 0.6949 0.3798 | 0.5435
AF 0.0758 1 0.0758 0.0414 | 0.8404
BC 3.43 1 3.43 1.87 0.1839
BD 0.0492 1 0.0492 0.0269 | 0.8711
BE 0.5415 1 0.5415 0.2960 | 0.5914
BF 0.1690 1 0.1690 0.0924 | 0.7638
CD 1.40 1 1.40 0.7673 | 0.3897
CE 9.54 1 9.54 521 0.0316
CF 3.12 1 3.12 1.71 0.2038
DE 0.6047 1 0.6047 0.3305 | 0.5707
DF 0.7877 1 0.7877 0.4305 | 0.5180
EF 4.80 1 4.80 2.62 0.1185
A2 0.0179 1 0.0179 0.0098 | 0.9220
B2 21.92 1 21.92 11.98 0.0020
c2 18.83 1 18.83 10.29 0.0038
D2 5.45 1 5.45 2.98 0.0971
E? 4.60 1 4.60 251 0.1259
F2 0.5462 1 0.5462 0.2986 | 0.5898
Residual 43.91 24 1.83
Lack of Fit 26.74 17 1.57 0.6413 | 0.7858 | not significant
Pure Error 17.17 7 2.45
Cor Total 525.08 51
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Source Sum of Squares | df | Mean Square | F-value | p-value
Model 1639.68 27 60.73 53.75 | <0.0001 significant
A-Time 8.71 1 8.71 7.71 0.0105
B-T 1.79 1 1.79 1.58 0.2206
C-S/L 332.87 1 332.87 294.63 | <0.0001
D-Size 51.60 1 51.60 45.68 | <0.0001
E-E 0.0622 1 0.0622 0.0550 | 0.8165
F-pH 10.60 1 10.60 9.38 0.0053
AB 0.0413 1 0.0413 0.0366 | 0.8500
AC 0.0508 1 0.0508 0.0450 | 0.8339
AD 0.1254 1 0.1254 0.1110 0.7419
AE 0.0070 1 0.0070 0.0062 | 0.9380
AF 0.8678 1 0.8678 0.7681 | 0.3895
BC 0.1249 1 0.1249 0.1105 | 0.7424
BD 0.9540 1 0.9540 0.8444 | 0.3673
BE 0.0073 1 0.0073 0.0064 | 0.9367
BF 0.6489 1 0.6489 0.5743 | 0.4559
CD 0.0315 1 0.0315 0.0278 | 0.8689
CE 2.53 1 2.53 2.24 0.1474
CF 0.0506 1 0.0506 0.0448 | 0.8342
DE 0.0015 1 0.0015 0.0014 | 0.9709
DF 2.39 1 2.39 212 0.1584
EF 2.37 1 2.37 2.10 0.1606
A? 242 1 242 2.14 0.1563
B2 0.3758 1 0.3758 0.3327 | 0.5695
Cc2 45.47 1 45.47 40.25 | <0.0001
D2 922.92 1 922.92 816.90 | <0.0001
E? 139.40 1 139.40 123.39 | <0.0001
F? 29.73 1 29.73 26.31 | <0.0001
Residual 27.11 24 1.13
Lack of Fit 22.41 17 1.32 1.96 0.1856 | not significant
Pure Error 4.71 7 0.6726
Cor Total 1666.79 51

+ E- mail: aghaemi@iust.ac.ir SLlSe s sage o

)lf 9 s e W (WA PR ‘Q‘)J‘ e w.l.c oKl ‘U‘)‘ef‘ Zu,u)bT



95 3 sl 9nl 9,50 SilyolsS Jaw il ly 5 IUT (F-ill) Jgaor

Source Sum of Squares | df | Mean Square | F-value | p-value
Model 702.15 27 26.01 13.17 | <0.0001 significant
A-Time 18.00 1 18.00 9.12 0.0059
B-T 16.57 1 16.57 8.39 0.0079
C-S/L 215.52 1 215.52 109.17 | <0.0001
D-Size 18.26 1 18.26 9.25 0.0056
E-E 0.3828 1 0.3828 0.1939 | 0.6636
F-pH 22.58 1 22.58 11.44 0.0025
AB 1.99 1 1.99 1.01 0.3252
AC 0.0238 1 0.0238 0.0120 | 0.9136
AD 6.70 1 6.70 3.39 0.0779
AE 52.33 1 52.33 26.51 | <0.0001
AF 42.68 1 42.68 21.62 0.0001
BC 8.26 1 8.26 4.18 0.0519
BD 4.09 1 4.09 2.07 0.1629
BE 0.4215 1 0.4215 0.2135 | 0.6482
BF 9.98 1 9.98 5.05 0.0340
CD 4.80 1 4.80 243 0.1319
CE 10.45 1 10.45 5.30 0.0304
CF 13.06 1 13.06 6.62 0.0167
DE 0.5986 1 0.5986 0.3032 | 0.5870
DF 1.44 1 1.44 0.7314 | 0.4009
EF 102.81 1 102.81 52.08 | <0.0001
A2 77.77 1 77.77 39.39 | <0.0001
B2 9.54 1 9.54 4.83 0.0378
Cc2 27.92 1 27.92 14.14 0.0010
D2 0.5131 1 0.5131 0.2599 | 0.6148
E2 35.81 1 35.81 18.14 | 0.0003
F? 4.50 1 4.50 2.28 0.1443
Residual 47.38 24 1.97
Lack of Fit 38.08 17 2.24 1.69 0.2470 | not significant
Pure Error 9.30 7 1.33
Cor Total 749.53 51




