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scale reactor. In industrial operations, where the ratio wall surface to bed surface is much 
smaller this multiple start effect would not have the same impact on the efficiency of the 
process. A filtration stage would also limit it. 

Figure 5.4: Illustration of the multiple start-up effect 

5.3 Reagents 

Precipitation was achieved by ffilxmg a pure nickel sulphate solution with sodium 
carbonate. 

The synthetic nickel solution fed to the reactor had a concentration of 50-150ppm of 
nickel (8.5*10-4 

- 2.6*10-3mol/L) depending on the experiment. This corresponded to a 
nickel load of 367 -1098g/h/m2 reactor XSA. The solution was prepared with nickel 
sulphate hexa-hydrate (MM=262.8g/mol) grade 1 or hepta-hydrate (280.88g/mol) grade 
2 accurately weighed in the laboratory (Balances Instrulab Precisa 205A and 3100C) 
before dissolving with tap water containing less than 0.1 ppm of nickel and 8.10-4mol/L 
of carbonates. The concentration of nickel in the mother solution was measured with 
Atomic Adsorption technique for every run, using a Spectrophotometer Varian 
SpectroAA30 and 110. Regarding the relatively high nickel concentration of the solution 
the pH of the mother solution was adjusted and maintained below 7.5 in order to 
prevent any hydroxide precipitation before operating. Two tanks of 100L and 25L were 
used depending on the duration of the run. Intense stirring was applied (electric stirrer 
Heidolph, Table 5.1, 300RPM) when preparing the liquor to ensure homogeneity. 

The carbonate solution had a concentration of 2.8*10-3 
- 3.4*10-2 mol/L of carbonate. 

This corresponded to a relative carbonate to nickel ratio of 1: 1 to 1:4 when fed to the 
reactor. The carbonate used was anhydrous sodium carbonate (MM=105.99g/mol). A 
20L tank was used during the operation, and continuous stirring was provided to avoid 
excessive decrease of concentration via re-crystallisation of the sodium carbonate. The 
mother solution tank was sealed from the atmosphere to prevent any carbon dioxide 
exchange. The carbonate concentration of the mother solution was measured for every 
run using titration techniques (described in Appendix 5). The carbonate concentrations 
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200~ 
I--------l 

Figure 6.15: SEM pellet sample 

Figure 6.17: SEM pellet surface 

Figure 6.16: SEM view of a 
pellet 

lOOnm 
I--------l 

Figure 6.18: SEM Detail of the 
surface 
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lOjlm 

Figure 6.19: SEM view of a crack on 
the pellet surface 

2j!m 

500nm 

Figure 6.20: SEM detail of the 
crack 

Figure 6.21: SEM measurement of the precipitate 
layer width on the pellet 
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519 18.42 82.1 2.92 97.2 27.4 
515 8.55 77.4 0.33 99.1 26 
520 3 91 2.36 93.6 27.1 
501 1.81 98.3 0.42 99.6 23.7 

S03 4.79 87 1.82 95.1 24.9 
S09 28.64 74.7 99.5 24.9 
S10 3.95 96.3 2.86 97.3 23.3 
S18 5.46 85.3 0.43 98.8 255 
516 10.88 0.45 98.9 
S05 30.73 72.3 0.77 99.3 25.4 
Sl1 3.49 96.8 3.06 97.2 25.1 
522 5.09 86.2 98.9 24.4 
S17 19.74 81.7 97.3 22.8 
S07 7.47 80.9 0.44 98.9 25.9 
513 4.33 89.1 2.75 
S21 2.8 97.3 0.28 23.8 

535 5.24 85.6 29 
531 47.66 0.23 99.8 23 
536 94.3 4.3 95.6 26 
523 8.2 77.9 0.13 99.7 

524 9.88 89.5 1.83 
527 6.91 80.9 0.15 25.6 
528 1.79 97.5 25.5 
534 7.68 93.2 99.4 27 
S32 10.01 91.2 97.3 25.6 
S25 70.4 0.12 24.8 
S29 1.14 96.9 0.79 

S38 1.81 98.3 0.32 24.6 

S33 5.34 86 2.09 94.5 26.4 

526 48.8 49.2 99.8 25.1 

530 3.71 96 97.5 28.2 

537 6.2 83.6 0.06 99.8 28.5 
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se02 1.65 97.7 1.01 98.5 26.6 
Se04 1.67 97.7 1.14 98.4 26.2 

SC05 9.31 86.5 0.81 98.8 23.7 
Se06 3.89 94.5 1.08 98.5 24.2 
SC07 4.79 92.6 99.2 24.7 
SCOS 4.44 93.5 0.93 98.6 21.9 
Se09 8.18 86.9 1.07 98.3 28.5 

SCll 9 85.6 0.9 98.6 27.6 
SCl2 5.35 91.4 0.74 98.8 25.2 
SC13 4.62 93.3 0.94 98.6 25.8 
SC14 5.19 92.4 1.33 98.1 24.2 
Set5 4.08 94.1 0.92 98.7 24.2 
se16 5.83 91.5 1.15 98.3 24.5 
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" ..... "n13'.-. u,,, ..... ,,"''' out: 

10.3 
Ratio 2.5 

RR 53.7 

MF 2 
83.8 

u .. ~n.~. out: 

9.97 

Ratio 3.5 

RR 43.9 
MF 2.3 

69.5 
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--------\Cancer Lists\------------------------------------------------------
---NTP 

I Known IARC 

Sodium Carbonate (497-19-8) None 
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--------\Cancer Lists\--------------------------------------------
---NTP 
Known IAR 

Sodium (1310-73-2 No No 
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--------\Cancer Lists\--------------------------------------------------

Chloride (7647-0 -0) 
(7732-18-5) 

---NTP 
Known 

No 
No 

No 

IARC Cate 

3 
None 
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--------\Cancer Lists\--------------------------------------------------
---NTP 
Known IARC Cate 

Nickel Sulfate (7786-81-4) No 1 
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Acid 7664-38-2) 
Water (7732-18-5) 

No 
No 

No 
No 

None 
None 
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1 AOt 

Ex 2 A02 

Ex 3 A03 

Ex 4 A04 

Ex 5 AOS 

Ex 6 A06 

Ex 7 A07 

Ex 8 A08 

Ex 9 A09 

GOI 

G02 

G03 

G04 

GOS 

G06 

G07 

G08 

G09 2 

GIO 

GIl 

501 

502 

503 

504 

505 

S06 

S07 

S08 

509 

510 

Sl1 

512 

S13 

514 

S15 

S16 

S17 

518 

519 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ni 9.5 

10.5 
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h em em 
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3.1 
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1.1 

1 

1.31 

9.11 3 1 81 

9. 5.14 3.4 1 

1 1 1 81 

2 5. 15 1 81 

3 
4 1 

5 5. 1 

6 9. 
7 9. 
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8 9. 

17 1 

1 4.16 1 

21 
9. 

5 1 1 

5.14 4.7 1 
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9.18 5 1 1 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

o 
1 
2 
3 

4 
5 

6 

8 
9 

1 

3. 
1 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2 
2 

9 2 
2 
2 
2 

2 
1 2 

2 
2 
2 
2 
2 

1 4 

4 

4 

4 

4 

4 

4 

4 

9. 4 

4 

1 4 

1 4 

4 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Conversion Concentration 
0/0 0/0 G/o 

2 

G03 8.6 65.2 65.7 0.5 

G03 8.87 84.9 85.2 0.3 

GO) 9 88 90 2 

G06 9.16 92.7 93.3 0.6 
GOl 9.24 97.7 98 0.3 

GOl 9.37 98.3 99.1 0.8 

G06 9.45 95.9 97.6 1.7 

GOS 9.7 99.2 99.8 0.6 
GOS 9.86 99.6 100 0.4 

G06 10.49 89.8 100 10.2 

G06 11.25 60 100 40 

Ratio 4 

Gl1 8.56 17.24 26.15 8.91 

Gl2 8.92 60.46 62.15 1.7 

G13 9.15 79.54 80.04 0.5 

GI4 9.27 84.5 85.46 0.96 

GIS 9.39 91.48 95.17 3.7 

G16 9.58 94.98 94.52 ·0.46 

GI7 9.61 85.83 94.43 8.61 

G1S 9.75 93.37 96.8 3.43 

G19 9.84 92.37 96.96 4.59 

G20 9.97 88.7 97.65 S.96 

G21 10.02 97.13 99.41 2.28 

G22 10.0S 85.13 98.09 12.96 

G23 10.17 87.15 99.2 12.04 

G24 10.18 84.28 98.65 14.37 

G25 10.36 84.63 99.15 14.52 

G26 10.47 83.72 99.48 15.76 

G27 10.54 85.35 98.57 13.22 

G28 10.7 82.04 99.74 17.7 

G29 10.82 83.52 99.93 16.41 

G30 10.92 79.76 99.89 20.13 

versus 
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Nita/our 

em 

0 
10 6.97 

20 2.01 

30 2.31 

40 1.73 

50 .25 

60 1.51 

70 1.82 
90 6.38 

cm 

a 

SC11 
9.7 

NitllCour 

% 

100.0 

17.3 

5.7 

4.3 

3.7 

4.5 
15.8391 

9 

Nidisf}uI 

1 

0.1 

30.1 
4,49 

1.97 

1.1 
1.05 

1.1 
0.98 

1.01 
1.09 

Nidi, mlt Niill Ni i" NiremIWal NiremlWal 

0/0 

74.7 10.18 25.3 60.62 100 20.34 0.0 
11.1 2.48 60.62 100 53.65 82.7 
4.9 0.04 0.1 60.62 100 58.61 95.0 
2.7 1.21 3.0 60.62 100 58.31 94.3 
2.6 0.68 1.7 60.62 100 58.89 95.7 

2.7 0.15 0.4 60.62 100 59.37 96.9 
2.4 0.53 1.3 60.62 100 59.11 96.3 
2.5 0.81 2.0 60.62 100 58.8 95.5 

2.70606 5.29 13.1331 60.62 100 54.24 84.160874 

reactor 

.2 

reactor 
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15 

0.4911 0.5292 0.5521 

18.8 16.1 16.7 

NB, all masses in Ii 
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GENERAL 
------------------

SIS REP 0 R 

DAMIEN PELLETS 
1 

SEM 

Factor: 

SAMPLE 

kV 

C Ka 44. 
0 Ka 18.21 

Ka O. 
S Ka O. 
Ca Ka 0.46 
N:i Ka 

1 .00 

1 

15.0 
2 .0 

.0 mIn 

0.0 
.0 
.2 

Error K-Rat:io 

o 

o. 
O. 

o. 
O. 
O. 
O. 
O. 

20. 
0.26 
0.37 
O. 

,-'" U 
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vu.~ ...... scan: Ni--caIbonate Date: 

1.54056 
1.54439 

r.,.-£'''UU.-..r./L'lo..-r1 .... U."" ... it1ltensity ratio: 0.50000 

10.14042 
7.28909 
4.26114 
3.86099 
3.78639 
3.35033 
3.24348 
3.03852 
2.87400 
2.70706 
2.49293 
2.45652 
2.37750 
2.33843 
2.28402 
2.23905 
2.19358 
2.12888 
2.09520 
1.97975 
1.91331 
1.87789 
1.81859 
1.74558 
1.72733 
1.67288 
1.62432 
1.60388 
1.54204 
1.52235 
1.46693 
1.45387 
1.43858 
1.41426 
1.38294 
1.37318 
1.36058 

Relative Intc:nsitv 

0.90 
0.87 

15.38 
2.06 
2.22 

100.00 
19.20 
26.69 

3.26 
18.69 
11.20 
7.84 

10.12 
6.63 

10.29 
5.62 
3.73 
7.81 
6.76 

12.19 
7.97 
9.83 

15.59 
9.09 
4.57 
4.97 
1.65 
3.11 

11.50 
5.40 
2.72 
2.53 
1.99 
2.75 
6.28 
9.33 
1.65 

1.54056 
1.39222 

14:24 

1 
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X'Pert 

1.29740 
1.28799 

0.63 
1.35 

damien 

2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

o ....... 



Univ
ers

ity
 of

 C
ap

e T
ow

n

s, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

out out 

Second eXl1erim,ent Second ex!tlc.".IT.en:t 

Combined """,,,rimenl,. Combined ex,,,,,';rn.en 

Combined eXltlel'irn.ents when MF", 1 Combined ",,,,e";li1ten when MF-l 

Combined ex"er';m:ents when MF", 3 Combined whenMF-3 
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Mean 

es 

Lire Error 
Error 

ararneter 

R 
~TrO 

R 
P 
IFEED 
rr*PH 
l)"TIO*PH 
1\TIO*RJ\TIO 
R*PH 

R*RR 
P*PH 
F*Rr"l\TIO 
P*RR 
F*MF 

FEED*PH 
IFEED*RATIO 

FEED*RR. 
IFEED*MF 
IFEED*NIFEED 

5 
5 

10 
20 

22 
12 

1 

1 
1 
1 

1 
1 
1 

1 

1 
1 
1 
1 
1 
1 

1 
5 

Parameter 
Est 

191. 5 
-42.758919 
35. 8 1 
-0.5 

16:41 

R-

0.4898 
0.0723 
0.2 5 
0.82 

36.234264 
5.8 

25.49 

1272.2 728 
25 .714 1 
14.0 68 

1.209602 
22.23 85 

0.444726 
1 .83 
1. 0162 

.42 

.0 
0.029754 
0 008019 
1.785243 
0.595081 
o . 63 
3. 0 539 
O. 5705 

.0 
0.000893 
0.017852 
0 0012 

20, 

:> F 

19.421 O. 
2. O. 
5 283 0.0001 
8.214 O. 0 

> F 

235 0.0011 

:> ITt 
0.151 0.8812 

-0.1 O. 
2.529 0.0163 

-0.4 
-0.115 0 
-1.5 0.12 
0.198 O. 

-3.272 o . 25 
0.811 0.4231 
0.120 O. 
0.582 O. 
0.231 0.8 
0.243 0.8 

-0.799 O. 297 
1.880 0.0687 
0 360 7208 
2.546 O. 6 

-5 " 3 O. 0 
0.575 0.56 

-0.353 .7261 
0.152 0.88 
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'le ? 
f ... 21 

.. _---"'--- Data 11. am ;;::1. .. t: L 

I '1 
-' . 

( 

.. 
[FEED 
{*PH O. 

-2. 
2.60 

t*PH O. 
0.5 

t*RR 0.74 61 
i'*PH -0.217187 

-0. 37 
i'*RR 1.677812 
i'*r.1F 1.15 61 
:FEED*PH 2.2728 

-4. 
CFEED*RR 0.5 8 
:FEED*MF -0.3153 

0.486061 

lctor Mean :> F 

I 6 5.724 
6 226 

t 6 0.714 
.. 6 0.749 0.6141 

6 1 3 0 .. "-
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!.ctor 

i 
~TIO 

~ 

[FEED 

5.014336 

at stat 

PH 

1.8 8 -0. 
0.338556 
0.232177 

-1.3 0 

a 

9. 
3. 

.885090 
2. 9 

69.4720 

-0 5146 
-0. 17 
0.286838 
0.2 723 
0.513 6 

:41 20, 2001 22 

1.373546 

RR MF NIFEED 

O. 8142 0.512 
0.7 1 -0. 

-0.505896 0.1 
0.274180 -0.2 

-0.246007 0.2 0.7 
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16 

Factor 
RR 

:41 

MF 

1.970904 
1. 2 

87.112489 
84. 
76. 

:23 
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Mean 

5 
5 

20 

22 

arameter 

1 
3: 1 .. 

.L 

~ 1 
~ 1 
IFEED 1 
::r*PH 1 

1 
1 

::t*PH 1 
~*RATIO 1 
~*RR 

~*PH 

1 
?*RR .. 

-'-

t<'*MF 1 
I:FEED*PH .. 

J. 

1 
fFEED*RR 1 
IFEED*MF 1 
IFEED*NIFEED 1 

1.17 
0.44 

O. 
37. 

36.831765 
2 . 
5. 

44. 

6. 
O. 
6. 

274.03 82 
-54 414747 

.743340 
0.021526 

-0. 
0.111287 
2.681 

-0.1120 
-0 07 
0.0 

-0.001990 
0.0005 2 
1'\ u,. 

5 
0.008078 
0.189620 

-0 . 
0.0 

-0.0 
-0.000119 

O. 152 

2 

1 

O. 

:41 20 t 2 1 24 

F-Rat :> F 

0.7208 38.021 
O. 86 2.5 
O. 17 2.682 
0.8711 11. 

F-Rat :> F 

6. 0. 

Error :> ITI 
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