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T e c h n i q u e

In the previous chapter, the result of metal recovery obtained by 
electrodeposition technique was presented. It has been demonstrated that this 
technique is efficient for the copper and zinc recovery. However, due to the 
requirement of specific conditions and a low current efficiency in electrodeposition of 
some metals such as chromium or nickel, another technique is applied to remove and 
recover these heavy metals from aqueous solutions. This chapter deals with chromium 
and nickel recovery by using electroprecipitation technique with a membrane reactor. 
After obtaining experimental results, model of this process in terms of pH evolution in 
cathodic compartment and many assumptions was developed and its estimation was 
also compared with experimental results.

1. Chromium recovery
The electrodeposition technique is not effective in recovering chromium 

because it needs a specific condition (H2 S(VCr0 3  = 1/100 by weight). The suitable 
technique to recover chromium will be the electroprecipitation technique. Chromium 
ions in solution are reacted with hydroxide ion at suitable pH and then precipitated as 
chromium hydroxide. Experiments were performed in a reactor with membrane as 
presented in Chapter III (Figure III.5). The reactor was separated to two 
compartments by anionic membrane (IONAC, surface area of 7744 mm2 type 
IONAC). Two pumps were used to circulate an electrolyte at both sides of reactor. 
The solution descriptions and operating conditions were detailed in Tables III.2 and
III.4, respectively.

1.1 Influence of current density
Figures v .l and V.2 show the percentage of chromium recovery as a function 

of time at a current density range from 90 to 203 A/m2 for solutions S4 (pH = 1 ) and 
S5 (pH = 4.6).
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Figure V. 1 ะ Chromium recovery percentage versus time (solution S4).

Figure V.2: Chromium recovery percentage versus time (solution S5).
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The results showed that the chromium was completely recovered at every 
current densities. The operating time was an inverse function with current density. It 
decreased with increasing in current density. This is because a high current density 
conducts a large amount of electrons supplied to the system.

Comparing the complete precipitation time of both pH solutions, the time used 
for solution ร 5 was less than that used for solution ร4 under the same current density. 
It is obvious that solution S5 had a high initial pH so the time to decrease proton 
concentrations in this solution was short.

The percentage of chromium recovery, cathodic pH and anodic pH evolution 
are plotted versus electrolysis time at a current density ranging from 90 to 203 A/m2 at 
initial pH solutions of 1 and 4.6 respectively shown in Figures V.3 and V.4. In the 
cathodic compartment, pH increased slightly with a little difference from initial pH by 
the reduction reaction of proton to hydrogen gas and hydroxide ions (equation (V.l)). 
During this period, the chromium recovery percentage was also low. pH of solution 
increased continuously until the solution pH reached about 5.5 by equation (V.2a). 
Then, the precipitation of chromium occurred with hydroxide ions produced in the 
system (equation (V.2b)). At this point, pH of solution must be constant or has a little 
change until the precipitation of chromium is completed. After that, pH in this 
compartment increased rapidly due to water reduction reaction (equation (V.3)). In 
the anodic compartment, the oxidation reaction was taken place to convert water to 
oxygen gas and protons (equation (V.4)) so that pH in this compartment was 
diminished gradually. The observed reactions in both compartments were expressed 
by

Reactions in the cathodic compartment

pH < 5.5 2H+ + 2๙ - — ►  h 2 (V.l)

pH sa 5.5 2H20  + 2๙ — ►  20H '+ H 2 (V. 2a)

Cr3+ + 3 OH' - — -  Cr(OH)3 เ, (V ,2b)

pH >5.5 2H20  + 2๙ — ►  20H' + H2 (V.3)
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Reactions in the anodic compartment

H20  ------►  l/2 0 2 + 2H++ 2๙ (V.4)

Figure V.3: Chromium recovery percentage and pH versus time (solution S4).
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Figure Y.4: Chromium recovery percentage and pH versus time (solution รร).

Figures V.5 and V.6 show operating cost versus the electrical current density 
for solution S4 and รร, respectively. The correlation was expressed as

Operating cost = / (current density, electrolysis time) (V.5)

Operating costs for chromium solution of pH = 1 were about 3.23 us$/m 3 and 
about 0.72 us$/m 3 for pH = 4.6. It indicates that a high initial pH solution leads to a 
lower operating cost because of a shorter recovery time.
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Figure V.5: Operating cost versus current density (solution S4).

Figure V.6: Operating cost versus current density (solution S5).
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Decreasing o f current density may give a lower operating cost but a longer 
operating time. This is not agreed with economic reason. Then, the experiments were 
not performed at a current density lower than the minimum previous current density. 
For the continuous experiments, the operating current density will be performed at 90 
A/m2.

1.2 Model for chromium recovery
In this work, three models for chromium recovery have been developed 

depending upon different assumptions to predict the pH evolution in the cathodic 
compartment and to compare with experimental pH evolution.

The precipitation time is separated in three zones, 1st, 2nd and 3rd zone, 
depending on the observed reaction. The following equations present the reactions 
used in models.

1st zone 2H+ + 2e'  ►  H2

2nd zone 2Cr3+ + 6H20  + 6e'------ ►  3H2 + 2Cr(OH)3

3rd zone 2H+ + 2e  ►  H2 5.5 < pH < 7

2H20  + 2e‘  ►  H2 + 20H' pH > 7

The observed reaction in the first zone of electrolysis time is the reduction 
reaction of protons to hydrogen gas. The precipitation of chromium with hydroxide 
ions which is produced by water reduction reaction was observed in the second zone 
of electrolysis time. Finally, in the third zone, the reduction reactions of residual 
protons and water were noted after complete precipitation was reached.
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1.2.1 The basic model
This model was based on two assumptions. The first one is that the 

precipitation of chromium occurs at constant pH (pH = 5.5). The another is that there 
is no hydroxide ion loss from the cathodic compartment to the anodic one. Followed 
these assumptions and previous reactions, the modelling equations have been 
modified and expressed by

T': pH501 < 5.5, [ o 3+] > 0, t < h, h = 1Q-P», nEZ.

p H .  = -log  [ i o - - - y y (V.6)

2 nd: p H s01 = 5.5, [ o 3+ ] > 0 ,  h < t  < t2, h  = h +

pH m \ = 5.5 (V.7)

3rd: p H s01 > 5.5, [ o 3+] = 0 ,  t  > h

pH m \ = -log 10-!4 nFV 
i ( t- t2 ) (V.8)

In the first period, the pH of solution (pHmi) increased from initial pH to pH =
5.5 followed the 1st zone equation, and chromium ions started to precipitate at the 
beginning of the 2nd zone equation. During this period, pH remained constant at 5.5 
until chromium precipitation was complete. Then, pH increased rapidly due to 
protons and water reduction reactions.

Figure v.7 displays the plots of experimental pH (pHexp) and the first model 
pH (pHmi) versus electrolysis time of synthetic chromium solution (Solution S4, 
pH = 1 ) at current density of 90 - 203 A/m2. The great difference between pHexp and 
pHmi evolution was observed. The former evolution needs longer electrolysis time 
than the latter evolution. On the other hand, when an experiment started with high 
initial pH solution (Solution S5), a good agreement between experimental and 
calculated pH evolution was obtained (Figure v.8).
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Figure V.7: Comparison between pHexp and pHm] evolution versus time (solution ร4).
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Figure V.8: Comparison between pHexp and pHml evolution versus time (solution S5).

1.2.2 Non - constant pH precipitation model
The supplementary assumption of the second model is that chromium 

precipitates at non - constant pH. The precipitation data for this model came from 
both references and experiments. Three references were included in this model [60, 
61. 62]. For the data of experiment, it was investigated by adding sodium hydroxide 
(NaOH) in synthetic chromium solution, analysing the concentration of chromium by 
using Atomic Absorption Spectrophotometer, and measuring the pH. Figure V.9 
reviews the chromium precipitation curves at different pH. The results showed that 
chromium precipitation data differed from other works and solubility data.
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Figure Y.9: Precipitation data of chromium solution.

These precipitation data were included in this model, the chromium 
concentration depending upon the pH has been written as the following equations.

Experimental data: p H  exp
[Cr] -  4.01 

-0.67 (V.9)

Pourbaix data: p H p o u rb a ix  = 4 - 0 . 2 1 7  ln [o] (V .1 0 )

Solubility data: p H k sp -log  k,พ M aX
y Af IP ksp  J

( V. l l )

Where the solubility constant of water is 10'14 and the chromium solubility constant is 
6.31 X 10'31.

Similar to the first model, three pH zones versus electrolysis time have been 
used. The reactions observed in each zone were similar to these presented in the first 
model. For the first and the third zone, model equations were exactly the same.
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However, for the second zone, the precipitation data were included in the model 
equation to predict the pH evolution during the precipitation period.

1": [03*] > 0, t < ft; ft = 1 Q-pmnESL

p Hm. =  -lojio-'""- y y (V.12)

2 nd-. [ o 3+] > 0 ,  ft < t<  tr, h  = ft + ^ nF^ \ Ç r \

p i î ml exp 4.01 + 52 /(/-ft) 
3 n F V -  [C r \ /0.67 (V. 13)

p H ,ml-Pourbaix = 4 -  0.217๒ [CrJ- 52
3 n F V (V.14)

P H „a-kv = - lQg k พ

X

52 jfcJ/7 (V.15)

3๗: [ o 3+] = 0 ,  t > ti

pH m l —log 10ไ - ! 4 (V.16)

where pHntf-exp, pHm2.pourbaix and pHtn2-ksp are the pH evolution given by the second 
model of the experimental data, Pourbaix data and solubility data, respectively.

At initially, the calculated pH (pHm2 ) increased from initial pH as given by the 
1st zone equation and chromium ions started to precipitate as following the equation 
expressed in the 2nd zone. During precipitating, the pH was not constant as shown in 
the first model, change in pH depends upon chromium concentration as expressed in
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equations (V.9) to (V .ll). Finally, pH rapidly increased to the maximum pH due to 
proton and water reduction reactions as equation given in the 3rd zone.

Figure V.10: Comparison between pHexp and pHm2 evolution versus time(solution S4).

Figures v.10 and v . l l  show the results of the second model comparing to 
experimental pH evolution of synthetic chromium solutions at pH = 1 and pH = 4.6. 
It showed that although the different precipitation data were included, large difference 
between experimental and calculated pH evolution were always observed for solution 
S4 at pH = 1. These differences remain similar to the results of the first model. It 
indicates that these differences do not come from the precipitation data used. 
However, similar to the previous model, the good fitting between experimental and
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calculated pH evolution was obtained at pH = 4.6. A few differences were observed 
when the increasing of solution pH occurred rapidly due to non homogeneous of pH 
between electrode surface and bulk solution.

As the first calculation, it could be said that the two preliminary models were 
not sufficient to describe experimental pH for solutions with initial pH = 1, so another 
model with more assumptions has been investigated.

0 pHn2-ksp -------pHn2-eqi
• plfeqi .........pHn2-Pourbaix

Figure v .l  1 : Comparison between pHexp and pHm2  evolution versus time(solution S5).



164

1.2.3 Non - constant pH precipitation with loss flux of hydroxide ion model
Assumptions of this model are that chromium precipitates at non - constant pH 

and the system lost flux of hydroxide ions from cathodic to anodic compartments. In 
the first time, this loss flux through the membrane has been established by material 
balance between anodic and cathodic compartments of proton consumption which is 
normally equilibrium with amount o f hydroxide ions. The calculation of material 
balance was shown in Appendix A.6. Table v .l  shows results of material balance in 
terms of proton loss flux (N h+).

Table v . l  : Material balance of proton in chromium precipitation process.

Current density, 
(A /m 2)

N h+ in cathodic part 
(m o l/m 2s)

N h+ in anodic part 
(m ol/m 2s)

N h+ average  
(m ol/m 2s)

90 1.02 X  10"3 0.73 X 1 O'3 0.88 X 10'3
126 1.41 X 10'3 1.16 X 10’3 1.29 X 10'3
153 1.65 X  1 O'3 1.27 X 1 O’3 1.46 X 10’3
203 2.17 X 10'3 1.65 X 1 O'3 1.91 X 10’3

A presence o f proton flux in cathodic compartment indicated the amount of 
proton that should be reacted precisely with the hydroxide ion produced in this 
compartment or, in the other hand, the same amount of hydroxide ion is loss from this 
compartment. As the same manner, the flux of proton in the anodic compartment 
demonstrates the loss of proton from this compartment. This loss is caused by the 
reaction with hydroxide ion coming from the cathodic compartment.

The results of proton balance showed the differences exist between estimated 
values in anodic and cathodic compartments. Due to these phenomenon, three values 
of proton loss flux ( N h+) estimated from cathodic compartment, anodic compartment 
and average values were substituted in the third model in order to find the best 
correlation with experimental results. Similar to two previous models, the equations 
of the third model were classified into three zones versus electrolysis time. The 
equation modified by our experiment was included in this model during the 
precipitation zone. In addition, the precipitation is quickly so no hydroxide ions loss 
flux will be consider during this zone. The third model equations were
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Is': [cr3+] > 0, t  <  h; h =  พ ,'1,
(  . Nh.À \

~nFV v ~

p H 3 = -log พ ,11, ~  I tF V  +
N H+A t

V (V. 17)

2nd: [cn +] > 0, h < t< tr, t2 = h + 3nF^ r ^

p H  m3 4.01 + 52
3 n F V (V. 18)

3 ๗ .  [C r 3 + ]  = 0, t > 12

pHm3 = -log 10-14

( ^ 2)
N „ t A

n F V

(V.19)

The comparison between experimental pH (pHexp) and model pH (pHm3 ) 
calculated by the third model equation is shown in Figure V.12. The loss flux used in 
the third model composed of the loss flux from the anodic compartment ( p H m3_NA), the 
loss flux from the cathodic compartment (pHm3.Nc) and an average of loss flux from 
two compartments (pHm3-Nav)-
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----- pHrS-NA. O pHiC-fC
----- pHxB-bfe/ • pHsp

------pHrB-NA 0 pHn3-NC
....... pHr8-Nav • pffef)

Figure V.12: Comparison between pHexp and pHm3 evolution versus time(solution S4).

The experimental results and model predictions had a similar behaviour when 
a current density was applied. It is marked that the experimental result had a good 
fitting to that from the anodic compartment at which only proton reduction occurred. 
It did not fit to the results from the cathodic compartment at which water and proton 
reduction occurred. By this reason, the current efficiency in cathodic compartment is 
not 100 % as our assumption so the exact value of loss flux is not obtained. On the 
other hand, in anodic compartment, only one reaction happened so the high precision 
of loss flux is obtained.
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------ pHml 0 pHm2-ksp........ pHm2-esp *■ pHm2-Pourbaix-------pHm3 • pHexp

time (man)
pHml 0 pHm2-ksppHm2-exp *■  ]pHm2-PcruibaixpHm3__________ • pHeiff_______

------pHml 0 pHm2-ksp........ pHm2-exp + pHm2-Pourb3ix------ pHm3 • pHê D

lime (min)
.........pHml 0 pHm2-ksp........ pHm2-ej$i + pFfai2-Pouttiaix------ pHmfi • pHejç)

Figure V.13: Plots of pHml, pHm2, pHm3 and pHexp evolution versus time (solution S4).

The plots of experimental results and pH evolution in cathodic compartment 
calculated by the first, the second, the third models versus electrolysis time of 
solutions S4 and S5 are shown respectively in Figures v.13 and V.15. The 
concentration evolutions of the developed model and experiment are plotted in 
Figures V.14 and V.16 for solutions ร4 and รร, respectively. The results showed that 
the third model gave the best fitting with experimental pH and concentration evolution 
for the both solutions.
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Figure V.15: Plots o f pHmi, pHm2 , pHm 3 and pHexp evolution versus time( solution รร).
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Figure V.16: Plots of c mi, C m 2,  C m 3 and C e x p  evolution versus time (solution S5).

For high chromium concentration, the experiment was carried out with 
solution S6 (10 g/1, pH = 1) and solution ร? (10 g/1, pH = 4.6) at current of 203 A/m2. 
Figure V.17 shows the experimental and the model pH (pHmi, pHm2 and pHm3 ) 
evolution. At low initial pH solution, the good fitting between experimental and 
calculated pH evolution was obtained by using the third model calculating with the 
loss flux of hydroxide ion from anodic compartment. For high initial pH solution, all 
model can be used to predict the pH evolution. It indicates that the precipitation 
process is sensitive with initial pH solution. Low initial pH solution has the large 
amount of proton loss from cathodic compartment to anodic compartment whereas
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high initial pH solution has little amount of proton loss. This is because the latent 
time of low initial pH solution is longer than that of high initial pH solution.

Figure V.17: Plots of pHmi, pHm2 , pHm3 and pHexp evolution versus time 
at 203 A/m2 (solutions S6 and S7).

1.3 Influence of initial pH and initial concentration
This part considers the effect of initial pH on the chromium recovery. Figure

V.18 expresses chromium recovery for solutions S4 (pH = 1 ) and ร5 (pH = 4.6) at a 
current density of 203 A/m2. Solution S5 has high initial pH, the complete electrolysis 
time (พ 20 minutes) is less than solution S4 (ระ: 90 minutes) about 4 times. For the low 
initial pH solution (S4), the rapid precipitation rate was observed after 60 minutes 
whereas, for high initial pH solution, the precipitation occurred immediately after 
starting experiment. It showed that low initial pH solutions consume high latent time 
than high initial pH solution.

So in actual operation, it should be noted that the precipitation process should 
be performed at high pH solution to reduce the operating time and operating cost.
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Figure V.18: Effect of initial pH on chromium recovery at 203 A/m2 
(solutions S4 and S5).

Next, experiments were performed to investigate the effect of initial 
concentration. Chromium concentration changed at 10 g/1 at pH -  1. The last two 
curves are the plots of chromium recovery versus electrolysis time at two different 
initial concentrations at the same pH. Figures V.19 and V.20 demonstrate the 
correlation between chromium concentration versus electrolysis time under current 
density of 203 A/m2 at pH = 1 and pH = 4.6, respectively. Figure v.19 shows a 
complete electrolysis time at lower initial concentration (solution S4) was less than 2 
hours, whereas it took 6 hours at higher initial concentration (solution S6). Figure
V.20 shows the same result for solution pH = 4.6. High initial chromium 
concentration (solution ร?) spent about 3 hours for complete precipitation while low 
initial concentration (solution S5) consumed about 20 minutes at 203 A/m2 current 
density which corresponds to 9 times difference. High initial concentrations have 
large amount of chromium ion in solution then they needed a large amount of 
hydroxide ion for precipitation so longer electrolysis time is observed.
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Figure V.19: Chromium recovery percentage versus time at 203 A/m2 
(solutions ร4 and S6).
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Figure V.20: Chromium recovery percentage versus time at 203 A/m2 
(solutions S5 and ร?).
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2. Nickel Recovery
Nickel can be recovered by electrodeposition technique but it uses a long 

operating time and gives very low current efficiency. Pruksathom et al [63, 64] 
demonstrated that nickel with concentration o f 200 mg/1 at pH «  2 was recovered with 
current efficiency o f 3.5 % at 240 A/m2 current density. By this reason, another 
technique is applied to recover nickel from synthetic solution in order to get the higher 
current efficiency and shorter operating time. The precipitation technique seems to be 
a possible technique to recover nickel from a synthetic solution. A reactor with 
membrane as shown in Chapter III (Figure III.5) was used in this study similar to 
chromium recovery. The reactor was separated into two compartments by anionic 
membrane. The electrolyte was passing through the reactor by a pumping system and 
its flow rate was kept constant at around 0.42 1/min.

2.1 Influence of current density
Experiments were performed with synthetic solution o f nickel at concentration 

o f 1 g/1, pH = 1 (solution S8), and 1 g/1, pH = 5 (solution S9). H2SO4 and NaOH were 
used to adjust pH o f solution to the preferable value and ฬท2ร04 was used to keep 
constant conductivity in range from 20 to 40 mS/cm. The current density was varied 
from 90 to 203 A/m2 to detect the effect o f current density on precipitation process. 
The amount o f nickel recovery from solution S8 and solution ร9 is shown respectively 
in Figures V.21 and V.22.

The results showed that, for the both pH solutions, nickel solutions were 
completely recovered at every current densities. An electrolysis time is an inverse 
function with current density. High applied current density led to a short operating 
time, whereas low applied current density granted a long operating time. Because 
high current density conducts high amount o f electrons to the system, the large 
quantity o f hydroxide ions is produced. Increasing current density around 1.31 times 
leads to decreasing electrolysis time about 0.77 times for both initial pH solutions.

In addition, at the same current density, the high initial pH solution gave the 
shorter operating time than the low initial pH solution did. Because a low amount o f 
protons containing in high initial pH solution, fewer time needed to decrease number 
o f protons and little increasing o f hydroxide ion leads to fast precipitation.
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Figure V.21: Nickel recovery percentage versus time (solution S8).

Figure V.22: Nickel recovery percentage versus time (solution S9).



17 6

The results o f  pH evolution in anodic, cathodic compartments and percentage 
o f nickel recovery as a function o f  time (1 g/1, pH = 1 and pH = 5) are plotted 
respectively in Figures V.23 and V.24.

Both solutions gave the same tendency o f pH evolution; ie., the pH increased 
in cathodic compartment but it decreased in anodic compartment. In cathodic 
compartment, increasing pH is caused by proton and water reduction reactions to 
hydrogen gas and hydroxide ions. The observed reactions in this compartment are 
both deposition (as white layer on cathode surface) and precipitation reactions (as 
green sludge). W hen pH is lower than precipitation pH, the deposition o f nickel on 
electrode surface is observed during this period (equation (V.20)). The solution pH 
increases gradually by proton reduction (pH < 7) and water reduction (pH > 7). When 
pH equals to or is more than precipitation pH (pH «  7.5 - 7.9), nickel ions starts to 
precipitate as equation(V.21) with hydroxide ions produced by the water reduction 
reaction. At this moment, pH o f solution is constant or have a little change. Finally, 
after the complete precipitation, pH o f solution increases rapidly because o f reduction 
reaction o f  water.

On the other hand, the reaction observed in anodic compartment is oxidation 
reaction o f water to oxygen gas and protons, so the pH in this part decreases. 
Following equations display reactions occurring in reactor either anodic or cathodic 
compartments.

Anodic compartment
H20 -* l /2 0 2 + 2H+ + 2๙

Cathodic compartment
pH < 7 2H+ + 2๙ ------ ►  Hi

N i2+ + 2e' ------ ►  Ni (V.20)

pH > 7 .9  2H20  + 2e~ ------* 2 0 H ' + H2

N i2+ + 2 0 H ~ ------► Ni(OH)2 [ (V.21)
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Figure V.23: Nickel recovery percentage and pH versus time (solution S8).
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Figure V.24: Nickel recovery percentage and pH versus time (solution S9).

Figures V.25 and V.26 depict the relationship between operating cost as a 
function o f current density o f solutions S8 and S9, respectively. Operating cost which 
is corresponding to electricity cost is a function o f applied current density and 
electrolysis time. The results showed that the operating cost was a direct proportion to 
current density. The operating cost at a range o f current density from 90 to 203 A/m2 
at pH = 1 was between 4.42 to 8.89 u s $ /m 3 and from 0.48 to 1.02 u s $ /m 3 at pH = 5. 
Low initial pH solution led to approximately 9 times o f operating cost higher than 
high initial pH solution.

Similar to chromium recovery, if  experiments perform at current density less 
than 90 A/m2, the operating cost may be lower. However, the operating time will
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increase which is not practical for actual operation. By this reason, experiments did 
not performed at current density less than 90 A/m2 and for the continuous experiments 
o f nickel, they will be performed at 90 A/m2.

Figure V.25: Operating cost versus current density (solution S8).

Figure V.26: Operating cost versus current density (solution S9).



180

2.2 Model for nickel recovery
Three models for nickel recovery have been investigated in order to predict the 

pH evolution in the cathodic compartment o f the reactor. The electrolysis time was 
separated into three zones depending on the observed reaction and pH evolution. The 
reactions taken place in the cathodic compartment can be described briefly by the 
following reactions.

1st zone
2H+ + 2๙ -------- ►  H2 pH < 7

2H20  + 2๙ ---------►  H2 + 2 0 H ' pH > 7

Ni2+ + 2e' ---------►  Ni

2nd zone
Ni2+ + 2H20  + 2 ๙ -------- ►  H2 + Ni(OH)2

3 rd zone
2H20  + 2๙ ----------- ►  H2 + 2 0 H '

In the first zone, pH o f solution increases from initial pH by reduction reaction 
o f proton and water to hydrogen gas and hydroxide ions. At the same time, the 
deposition o f nickel happens simultaneously. In the second zone, nickel ions in 
solution begin to precipitate with the hydroxide ions produced in the first zone o f 
electrolysis time. In the last zone, after reaching the complete precipitation, the pH 
increases rapidly by water reduction reaction. By this process, products are both in 
form o f pure nickel with white colour deposited on cathode surface and in form of 
nickel hydroxide with green colour.
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2.2.1 The basic model
This model is based on two assumptions. The first is that nickel precipitates at 

constant pH (pH = 7.9). The second is that the loss o f hydroxide ions from cathodic 
compartment through the membrane does not occurs. The developed model can be 
expressed by following equations

T': p H  sol < 7.9, [M 2+] > 0, t < tv, t, = \Q-pH‘

pH „ , = -lo g  fo -* »  -  y y (V.22)

2nd: pH s01 = 7.9, [M 2+] > 0, h < t < h\ t i  = ft +  2nF

pHm\ = 7.9 (V.23)

3๗: pH s01 > 7.9, [M 2+] = 0, t>h

p H mX = - lo g 1 A-14 nFV
/(7-/2) (V .24)

In the first zone o f electrolysis time, the model pH (pHmi) increases from 
initial pH to pH about 7.9 as presented by the first zone equation. Nickel ions start to 
precipitate with hydroxide ions produced in the second zone o f electrolysis time when 
pH equals to 7.9. At this period, pH remains constant at pH = 7.9. When the 
precipitation is completed, pH o f solution rapidly increases due to water reduction 
reactions.

Figures V.27 and V.28 illustrate the comparison between the results obtained 
from the first model (pHmi) and that obtained from experimental data (pH exp) in the 
cathodic compartment at current density between 90-203 A/m2. For nickel solution at 
pH = 1, the difference between experimental and model pH evolution was observed 
but for nickel solution at pH = 5, it did not. The good fitting between experimental 
and model pH evolution was observed by using solution at pH = 5. The difference for
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low initial pH solution should come from an assumption that nickel precipitates at 
constant pH, so a new model with new assumptions has been developed.

14 
12 
10

X  8 
u  6

4
2
0

0 60 120 180 240 300 360
time(nin)

+ pHml *pHesq?

14
12
10

X  8 
*  6

4
2
0

0 60 120 180 240
time (inn)

+ pHml • pHesp

14 
12 
10

*  8 
*  6

4
2
0

0 30 60 90 120 150 180 210time (min)
+ pHnl • pHxp

Figure V.27: Comparison between pHexp and pHml evolution versus time(solution S8).
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Figure V.28: Comparison between pHexp and pHml evolution versus time(solution S9).

2.2.2 Non - constant pH precipitation model
The supplementary assumption o f this model is that nickel precipitates at 

non - constant pH. In this model, the nickel precipitation data obtained from our 
experiment and that obtained from some references were included. The precipitation 
data o f our experiment have been performed by adding NaOH into synthetic nickel 
solution. The nickel content was analysed by Atomic Absorption Spectrophotometer 
and, at the same time, pH o f solution was collected. Figure V.29 presents the 
evolution between concentration versus pH value. The results showed that 
concentration differences were observed at the same pH.
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Figure V.29: Precipitation data o f nickel solution.

As the previous figure, the precipitation data from our experiment and 
references [62, 65, 66] were included in this model and their equations were written 
by

Experimental data: p H e x  p
[m ] -  5.74 

-0 .64 (V.25)

Nasanen data: p H N a sa n en =  6.4 -  0.217 lnjjVz] (V .26)

Britton data: p H  Britton = 5 .4 - 0 .2 1 7  In[Ni] (V.27)

Solubility data: p H ksp (  โM l ไ ^
=  -lo g  kw —'— '—\ M W ksp J (V.28)

where kw equals to 10'14 and ksp o f nickel is 2 X  10'16.
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Three zones o f pH evolution versus electrolysis time were used similar to the 
first model depending upon the observed reactions. For the first and the third zone, 
the model equations were exactly the same as those in the first model equations. The 
difference was observed in the second zone. This zone is corresponding to the 
precipitation zone and the precipitation data were included. The model equations 
followed the second model assumption can be expressed by

T ':  [M 2+] > 0, t < h; ti = lQ-pH‘ p£ ^ -

(V.29)

2nd: [Ni2+] > 0, tx <t<ti; /2 = *1 + 2nF V \m \ 
59i

TJ r ๆ. 1 59i(t-t\)p l l  m2-exp — 5.74 +  —1 T ~ < T r —  2 nr V -  [m ]  /0.64 (V.30)

p H , = 6.4 -0 .217  ๒ [Ni] 59 i(t-t\) 
InFV (V.31)

p H , 5.4 -0 .217  ๒ [Ni] - 59 i(t-h) 
2 nFV (V.32)

pH ^  = ' l 0 g t “' --------59ไ น ิ (V.33)

3๗: [Ni2+] =0, t>t2

p H . ,  =  - l o g  1 0 - Æ (V .3 4 )
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In the cathodic compartment, pH increases as the first zone equation until 
electrolysis time equals to t\. After that, nickel ions in solution begin to precipitate as 
the precipitation equation used. W hen the complete precipitation o f nickel is reached, 
pH o f solution sharply increases as given by the third zone equation corresponding to 
water reduction reaction to hydrogen gas and hydroxide ions.

0 (50 120 180 240 300 360
_____________ time (inn)____________
----- îHm2-eçi .......fHiïû-Fàsaren
----- pHm2-Bntt£n * fHm2-ksp

•  îfiasp
------ pHm2-eîq) ....... pHm2-Hasanen
........pHm2-Bntton ■* pHm2-ksp

• pHexp

14
12
10

ท: 8

2
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0 30 60 90 120 150 180
time (mb)

-------pHm2-esç ........pHm2-Nasanen
........pHn2-mtton

• pHexp
*■ pHm2-ksp

ร ' «
1 j = 203 Afol2

A

J .  .  • •
T------- 1------- 1------- 1------- r

Figure V.30: Comparison between pHexp and p H m2 evolution versus time(solution S8).

Figure v.30 presents the comparison plot between experimental and model pH 
versus time at current density o f 90 - 203 A/m2 for solution S8 (1 g/1, pH = 1). The 
results showed that large differences between experimental and model pH evolutions 
were observed. The experimental pH evolution needed electrolysis time longer than
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the model pH evolution. It implies that the previous hypothesis is not sufficient to 
predict pH evolution in cathodic compartment and the difference between 
experimental and model pH do not come from precipitation equation used.

For high initial pH solution, the plot between experimental and model pH 
evolution o f nickel with initial concentration o f 1 g/1 at pH = 5 (solution S9) is shown 
in Figure V.31. It shows that the good agreement was obtained. The electrolysis 
times o f all models calculated by several precipitation equations were quite the same 
with that o f experiment, and the model calculated by experimental precipitation data 
gave the best fitting than the other models.

------- pHïi2-e$i ------- pHn2-Nasanm
------- pHn2-Bitton 4 pHu2-ksp

• plfep

0 5 . 10 . 15 20
time (run)
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•  pffejç

------ pHm2-ejq3 ....... pHm2-Nasanen
------ pHm2-Bntton

• pHeîçi
+ pHm2-ksp

0 5 10 15 20
time (mb)

---- pHm2-exp --------pHm2-Nasanen
—  pHm2-Bnttan 4 pHm2-ksp • pHesqD

Figure v.31 : Comparison between pHexp and p H m2 evolution versus time(solution S9).
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2.2.3 Non - constant pH precipitation with loss flux of hydroxide ion model
This model had a supplementary assumption that loss flux o f hydroxide ions 

through the membrane is taken place in the system. The loss flux o f hydroxide ions is 
normally in equilibrium with the amount o f proton consumption in the reaction, so the 
loss flux o f hydroxide ions is searched by the material balance o f proton in the anodic 
and the cathodic compartments. The material balance o f protons is shown in 
Appendix A.6.

Table V.2 presents the value o f proton loss flux obtained from the material 
balance between the anodic and the cathodic compartments. The results showed the 
difference o f proton loss flux in cathodic and anodic compartment. So, in the third 
model, these loss fluxes o f hydroxide ions were substituted in order to determine the 
best adequateness with experimental results. In addition, it was assumed that the loss 
flux didn’t presented during precipitation period because, pH in the anodic 
compartment decreased quickly during this period.

Table v.2: Material balance o f proton in nickel precipitation process.

Current density, 
(A/m2)

N h+ from cathodic part, 
(mol/m2s)

Nh+ from anodic part, 
(mol/m2s)

N h+ average, 
(mol/m2s)

90 1.13 X  10'3 1.07 X  10‘3 1.10 X  10‘3

126 1.59 X  1 O'3 1.50 X  1 O'3 1.55 X  10'3

153 1.95 X  1 O'3 1.84 X  1 O'3 1.90 X  1 O’3

203 2.69 X  1 O'3 2.40 X  1 O'3 2.55 X  10'3

pH evolution was classified into three zones. The first and the third zones o f 
this model were similar to those o f two previous models while the equation calculated 
by experimental data was included in the second zone.
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The equations for this model can be written by the following

Is': [N i 2+] >  0, t <  ti; ti \Q - pH‘

i  N H^
nFV V

1

pHm3 = -log 10 - pH i  _ N H+At
V (V.35)

2 n d .  [ M 2 + J  >  0 5  1 1 < t < 1 2 .  t2  = , 1 +

p H m 3 5.74 + 59i(t-t\)
2nFV (V .36)

3'■ ๙: [m 2+J = 0, t > ti

p H 3 = -lo g
1 0 - 1 4

( ' - ' 2)

1

nFV V
(V.37)

where A is the area o f membrane.
The plots o f the third model are shown in Figure V.32. It shows the same 

tendency as that obtained from chromium recovery. The model included loss flux o f 
hydroxide ions calculated from anodic compartment gave the best fitting with 
experimental results. The reason should be that the material balance o f proton in the 
cathodic compartment had low precision due to our assumption. Our assumption was 
based on only one reaction taken place at one zone. However, the reaction takes place 
in each zone may be more than one reaction such as water reduction or proton 
reduction in the first zone o f electrolysis time. By this reason, the current efficiency
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that we generally suppose 100 % is always less than, so the exact value o f loss flux 
does not obtained. In the anodic compartment, on the other hand, it had only water 
oxidation reaction to oxygen gas and protons. The more precision o f material balance 
in the anodic compartment than the another one is obtained.

0 60 120 180 240 300 360 420
time (inn)

------- pHm3-NA pHm3-NC
— .....pHmTNav • pHexp

0 60 120 180 240 300
tirre(mn)

------ptfaittA  - - - - pHm3-NC
.......pHm3-Fhv • pHexp

-------pHm3-NA -------pHm3-NC
-------pHm3-NAV • pHexp

0 60 .120 180 240time (min)
-------pHm3-NA -------pHm3-NC......... pHm3-Naw • pHejqว

Figure V.32: Comparison between pHexp and pHm3 evolution versus time(solution S8).

where pHm3-NA, pHm3.Nc, pH m 3 -Nav and pHexp are the pH evolution given by loss flux 
from anodic and cathodic compartments, an average and experiment, respectively.

Figures V.33 and V.34 show the plots o f pH calculated by the first, the second, 
the third model and experimental results o f solution S8 and S9, respectively. They 
show that the third model gave the best fitting with experimental results for both pH
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solution. The loss flux o f  hydroxide ion has effect on low initial pH system because 
the increasing o f solution pH to precipitation pH uses long electrolysis time. So the 
large amount o f  hydroxide ions is loss in cathodic compartment. On the other hand, 
the loss flux o f  hydroxide ions has no effect on high initial pH system because the 
solution has large amount o f hydroxide ions .

Figure V.33: Plots o f pHmi, p H m2, pHm3 and pHexp evolution versus time (solution S8).
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Figure V.34: Plots o f pHmi, pHm2, pHm3 and pHexp evolution versus time (solution S9).

The concentration evolution at all current density corresponding to the 
previous three models o f solution S8 and ร9 are plotted in Figures V.35 and V.36. By 
using the third model, the good fitting between experimental and calculated pH is 
obtained for both low and high initial pH solutions. For low initial pH solution 
(solution S8), a little difference between model (Cm3) and experimental (Cexp) 
concentration was observed because o f little nickel deposition on cathode surface. 
When, the current density increases, the difference between those concentration 
increases because high applied current density conducts high nickel deposition 
followed the Faraday’s law. For high initial pH solution (solution S9), the deposition 
didn’t observe during the experiment.



Figure V.35: Plots o f C m i ,  C m 2,  C m 3 and C ex p  evolution versus time (solution S8).
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Cml X  Cm2
Cm3 •  Cexp

0 5 10 15 20
time (min)

..........Cml X Cm2
------- Cm3 • Cexp

........ . Cml X Cm2
..........Cm3 • Cexp

0 5 10 15time (min)
Cml X Cm2
Cm3 •  Ceîç

Figure V .3 6 : Plots o f Cml, Cm2, Cm3 and Cexp evolution versus time (solution S9 ).

For high initial concentration solutions, experiments have been performed by 
synthetic nickel solutions with concentration o f 10 g/1, pF[ = 1 (solution S10) and 10 
g/1 at pH = 5 (solution SI 1) at current density o f 90 and 203 A/m2. Figures V.37 and
V.38 respectively show the plots o f percentage o f nickel recovery, the pH evolution in 
anodic and cathodic compartments versus electrolysis time o f solution S10 and 
solution ร 11.

For low initial pH solution (solution S10), nickel was completely recovered in
8.5 and 5 hours at current density o f 90 and 203 A/m2, respectively. W hen pH
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solution is lower than precipitation pH, the nickel deposition occurred which can be 
observed from the increasing o f nickel recovery percentage.

Figure V.37: Nickel recovery percentage and pH versus time (solution S10).

Figure V.38: Nickel recovery percentage and pH versus time (solution SI 1).

For solution SI 1, nickel was completely recovered after 4 and 2 hours at 
current density o f 90 and 203 A/m2, respectively. Considering at current density o f 90 
A/m2, the constant pH in cathodic compartment at pH «  7.9 was observed, this region 
corresponds to the nickel precipitation. The nickel deposition didn’t observed at this
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pH solution because the nickel precipitation occurred quickly due to high amount o f 
hydroxide ions in solution.
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Figure V.39: Plots o f pHml, pHm2, pHm3 and pHexp evolution versus time at 203 A/m2 
(solutions S10 and SI 1).

Figure v.39 shows the summation plots o f pH evolution versus electrolysis 
time of nickel solution (solution S10 and SI 1) at current density o f 203 A/m2. The 
results showed the similar tendency as solutions ร 8 and ร9 in that the third model 
gave the best fitting between experimental and model pH evolutions. The loss flux o f 
hydroxide ions had strong effect on the low initial pH solution whereas it had no 
effect on high initial pH solution.

2.3 Influence of initial pH and initial concentration
The effect o f initial pH solution at current density o f 203 A/m2 is shown in 

Figure V.40, solutions with high initial pH had lower electrolysis time about 10 and
2.5 times respectively for solution pH = 1 and pH = 5. This is due to the high initial 
pH solution having small amount o f proton. So, it uses only short time to reduce the 
quantity o f  protons and nickel ions precipitate faster than in lower initial pH solution.
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Figure V.40: Effect o f initial pH on nickel recovery versus time at 203 A/m2.

Figure V.41 : Effect o f  initial concentration on nickel recovery versus time 
at 203 A/m2.

Figure v.41 shows the plots o f  percentage o f nickel recovery as a function o f 
electrolysis time. Solution S8 needed a complete processing time approximately 150 
minutes and solution S10 used processing time in 300 minutes. On the other hand, 
solution ร9 had complete recovery time around 6 times faster than solution SI 1. It 
indicates that the complete recovery time is depending upon the initial concentration 
and solution pH. However, it isn’t direct proportion between initial nickel 
concentration to electrolysis time or between initial pH to electrolysis time.
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3. C onclusion
Chromium and nickel were recovered in reactor with anionic membrane by 

electroprecipitation technique in a range o f current density o f 90 - 203 A/m2. The 
initial concentration o f  chromium and nickel were about 1 g/1 and 10 g/1 at pH = 1 and 
pH = 4.6-5. H2SO4 and NaOH were used to adjust the pH o f solution to the 
preferable value and ฬน2ร04 (5 % wt) was used to keep the solution conductivity in 
the range o f 20 - 40 mS/cm.

From the experimental work, it was found that both chromium and nickel ions 
were completely recovered at all current densities. Increasing current density causes 
decreasing electrolysis time. The most important parameter to this experiment is the 
operating cost which is calculated from electricity consumption in each experiment. It 
was focused that the optimum current density for both metals was found at 90 A/m2. 
Operating costs were about 3.23 u s $ /m 3 and 0.72 u s $ / m 3 for chromium solutions at 
pH = 1 and pH = 4.6, respectively. For pH = 1 and pH = 5 o f nickel solutions, the 
operating costs were about 4.42 u s $ / m 3 and 0.48 u s $ / m 3.

In order to predict the pH evolution in cathodic compartment, three models 
with different assumptions were developed. The total electrolysis time was separated 
into three zones depending on the observed reactions. The first zone depicts pH 
evolution from initial pH to precipitation pH. The second zone shows pH evolution 
during metal precipitation and the last zone concerns the evolution o f pH after a 
complete metal precipitation is reached.

The results showed that the model with loss flux o f hydroxide ions from 
cathodic to anodic compartments gave the best fitting with the experimental pH 
evolution for both low and high initial pH solution and initial concentration. This loss 
flux o f hydroxide ions has strong effect on low initial pH solution while it has no 
effect on high initial pH solution. The reason should be that the loss o f hydroxide ions 
is mainly observed during the first zone o f electrolysis time and this loss depends 
upon the latent time. The low initial pH solution uses long electrolysis time to 
increase pH o f  solution from initial pH to precipitation pH, so the large amount of 
hydroxide ions transfer from cathodic compartment to anodic compartment.

By using the electroprecipitation process in industry, the operation should be 
performed with high initial pH solution in order to reduce the operating time and
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operating cost. H ow ever, the o ther factors should be considered c a re fu lly  such as
m etal io n ic  fo rm s presented in  so lu tio n , im p u ritie s  o r contam inants.
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