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Chapter 1: General Introduction
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1 Preface 

1.1 Purpose 
 
The purpose of this work was to establish a new process for the removal of heavy metals from 

galvanic solutions.  The recovery of heavy metals from industrial process solutions has 

garnered a great deal of attention in recent years.  This is mainly due to the rise in 

environmental awareness and the consequent severity of legislation regarding the disposal of 

toxic substances; for instance, the effluent limits for nickel ions in Germany, Switzerland and 

the United States are 0.5 (1991), 2 (1991) and 3.98 ppm (2001) respectively [1,2].  Stringent 

legislation, however, is not the only reason for industry to invest in such processes. The 

increasingly high cost of water due to its “relationship to environmental management” [3] and 

the potential for additional cost savings by moving towards a closed system provide 

additional incentives such as “[putting] added dollars into the metal finishers pockets” [4].  A 

continuous process for heavy-metal recovery increases the viability of a closed process, a 

process that itself becomes more cost-effective through the recycling and optimal use of raw 

materials [5, 6]. 

 

In this thesis the recovery of nickel ions will be discussed.  Processes that utilise nickel are 

essential as “with few exceptions, substitutes for nickel would result in increased cost or some 

trade-off in the economy or performance of the product” [7].  Nickel, however, is of 

“particular environmental concern” and has been placed on a list of thirteen priority metals by 

the US Environmental Protection Agency, or EPA [8].  In the year 2000, 158000 tons of 

nickel was used in the US, 13 % of which was consumed by the galvanic industry [7]; 

previous studies have nevertheless shown that the galvanic industry is the main source of 

nickel in the environment [9]. 

 

Today, alternative methods are being used to reduce the concentration of metals in waste 

streams.  This is because the rinse streams are “too dilute for direct metal recovery and too 

concentrated [i.e. greater than the standards mentioned above] for disposal” [10].   

 

One of the most important of these is ion-exchange.  Ion-exchange is a process whereby ions 

from solution are removed by exchange with less toxic ions contained in the fixed matrix of 

an ion-exchanger.  The operation usually takes place in a column.  Once the column has 

reached capacity, that is, loaded with metal ions, it must be regenerated with a concentrated 

electrolyte such as a strong acid.  For this reason two ion-exchange columns are usually 
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required, one that is in operation while the other is regenerated; this means that the system 

requires a large amount of excess chemicals during the regeneration process [6].  In spite of 

these drawbacks, ion-exchange remains the most viable method to remove ions from dilute 

solutions.   

 

A second method that has been suggested is electrodialysis.  Electrodialysis is an electrically 

driven process involving the use of ion-selective membranes.  It could be used not only to 

concentrate metals from the rinse streams, but also to “maintain the quality of a plating bath” 

[10].  In spite of the processes mentioned above, and the fact that much effort has been spent 

on reducing the cost of the processes, the relative cost of wastewater treatment in the galvanic 

industry remains very significant [3]; there is therefore a demand for improvement. 

 

The improvement presented in this work involves the design of a hybrid system that combines 

an ion-exchange column with an electrodialysis cell.  In this way, the properties of ion-

exchange materials are combined with the advantages of electrically driven migration 

processes.  The hybrid system is produced by incorporating an ion-exchange resin into the 

diluate compartment (the compartment in which the metal ions are removed from solution) of 

an electrodialysis type cell.  This compartment is located between two ion-selective 

membranes that essentially divide the cell into three separate compartments (see figure 1.1).  

Metal ions introduced to the cell by continuous feed are concentrated within the matrix of the 

resin, and hence the conductivity and efficiency of the cell are increased.  This results from 

the fact that metal ions will obtain concentrations within the resin hundreds of times their 

original concentration in solution, while the diffusivities of ions in the resin phase can differ 

by factors of ten less than that in the solution phase (see Chapter 4 for an example).  The net 

result is an increase in the removal rate of metal ions by a factor approximately equal to the 

change in concentration between the phases divided by the change in the diffusivity of the 

ions.  This assumes that there is no polarization at the membrane surfaces, if such polarization 

were to occur then the effect of adding the resin would be even greater.   

The migration of metal ions is promoted by the application of an electric potential difference 

applied between two electrodes located in the outer compartments.  The metal ions will 

migrate towards the negatively charged electrode (the cathode) and into another compartment 

where they are concentrated; this compartment is termed the “cathode” or “concentrate” 

compartment.  The metal ions are replaced by hydrogen ions from the compartment 

containing the positively charged electrode or anode; this compartment is termed the “anode” 
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compartment.  Metal ions found in solution can then exchange with these hydrogen ions to 

produce a situation of continuous sorption and regeneration. 

The combination of electrodialysis and ion-exchange particles for the removal of ions from 

solution has received a great deal of attention.  One of the first to mention such a 

combination, in this case for the treatment of radioactive wastes, was Glueckauf [11].  Much 

of the work, however, has been focused on the removal of monovalent ions and the 

production of ultra-pure water [12-16], while the removal of divalent ions has been studied to 

a lesser degree [17-20]. 

Figure 1.1: Simple representation of a hybrid electrodialysis/ion-exchange column cell 
including: (+): anode;  (-) cathode; (a) cation or anion-selective membrane; (b) cation-
selective membrane; (c) ion-exchange bed 

 
 
 

Mn+

(+) (-)(a) (b)

(c)

Mn+nH+
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1.2 The Galvanic Plant 
 
Waste is produced at many points during the fabrication and finishing of metal products.    

Since the hybrid cell discussed in this thesis is useful for the treatment of dilute solutions, it 

will be tested at the rinsing stage in the nickel-plating line.  A typical section of the plating 

line is shown in figure 1.2 [21].  It consists of a process bath, where a work piece is plated, 

followed by a rinse system that usually consists of a series of rinse tanks.  These rinse tanks 

are fed with a continuous stream of fresh water and it this stream that the hybrid cell will 

conceivably replace.  This means that, for this application, clarification of the water in the 

rinse tank is required to maintain an acceptable background concentration of nickel ions (i.e. 5 

ppm).  If required for other purposes, the hybrid cell can also be used for robust removal of 

ions and this can be achieved by modifying operational parameters. 

 Figure 1.2: Section of the electroplating line [21]. 
 

1.3 Background: Ion-exchange materials and processes 
 
This section provides a brief description of the ion-exchange materials and processes utilized 

during this research program.  The materials consisted of macroreticular and gel type cation-

exchange resins as well as anion and cation-selective membranes.  These materials were 

arranged to create a process that combines an ion-exchange column with electrodialysis and 

as such, the hybrid process can be described as: (a) an ion-exchange column continuously 

regenerated using an applied electric potential and (b) an electrodialysis cell whose selectivity 

and conductivity is enhanced by the presence of ion-exchange particles in the diluate 

compartment.  For a general review of ion-exchange phenomena and practice see Helfferich 

[22]. 
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1.3.1 Ion-exchange materials 

1.3.1.1 Gel-type cation-exchange resin 

 
The gel-type cation-exchange resin consists of a network of functionalised polystyrene chains 

(Fig.1.3).  These chains are held in place by divinylbenzene (DVB) cross-links that are varied 

in quantity to produce particles differing in elasticity.  The particles had diameters of 75 - 150 

µm in the hydrogen form.  They consist of an irregular and flexible network of chains, or 

matrix, that can swell in water due to the presence of hydrophilic functional groups [22].  The 

resins most commonly used in this work were 2 – 8 % cross-linked, and were functionalised 

with the strong acid sulfonic acid, -SO3
-, group; the resin must therefore contain positively 

charged counter-ions to maintain the charge balance within the resin.  It is this counter-ion 

that can diffuse or migrate through the matrix and exchange with other counter-ions from the 

bulk while the anionic functional groups remain fixed on the polymer chain of the matrix.  

The gel-type ion-exchange resin can be considered as a solid or poly-electrolyte. 

Figure 1.3: Representation of a gel-type ion-exchange particle with cross-linked styrene DVB 
matrix 

 

1.3.1.2 Macroreticular cation-exchange resin 

Macroreticular resins are similar to gel-type resins in that they also consist of a polystyrene 

backbone and sulfonic acid functional groups.  The difference lies in that they contain 

permanent, wide pores that allow access to the centre of the particle; the pores can reach 

several tenths of a micrometer in diameter.  A simplified schematic of the synthesis of a  
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 Figure 1.4 b: Surface of a macroreticular 
macroporous resin particle, 5000x magnification [2] 
Figure 1.4 a: Formation of a macroporous
ion-exchange particle  
croreticular resin is given in figure 1.4 along with a magnification of the surface of such a 

rticle.  The matrix is rigid and very stable due to its high degree of cross-linking and as 

ch this type of resin is often used in ion-exchange columns.  Also of note is that the 

jority of the functional groups are located at or near the surface of the pores (the internal 

rface area ranges between 30 and 1000 m2 g-1).  This follows from the fact that the high 

idity of the matrix inhibits functionalisation of the inner regions of the resin [23]. 

3.1.3 Cation-selective Membrane 

e perfluorinated Nafion 117 cation selective membrane functionalised with sulfonate was 

dominantly used in this work.  The structure of the membrane consists of essentially three 

ions: 1. fluorocarbon polymer base, 2. interfacial region and 3. aqueous phase that contains 

 majority of cations (Fig. 1.5) [24,25].  It is agreed that the macroscopic structure of the 

mbrane is a continuous, three-dimensional network of pores but models of their shape and 

ensions vary.  One widely used (but simplified) model is the “cluster-network” model 

posed by Gierke [26-28].  It consists of uniform spherical clusters connected by thin 

annels (Fig. 1.6).  The clusters contain the ionic groups, water and counter ions [29] while 

 narrow pores are included in the model to explain the high ionic selectivity and 

ctrostatic resistance to OH- migration [27].  The length of the pores is roughly equal to the 

dth of the membrane that ranges from approximately 175 – 205 µm depending on its water 

ntent [30].  Another widely used model to describe transport through ion-exchange 
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membranes consists of cylindrical pores of constant radius [31-34]. The Nafion membranes 

are known to be very stable, have high current efficiencies and are well tested in industrial 

processes such as chlor-alkali production [35]. 

 

Figure 1.5:  Representation of the Gierke  

Cluster Network model [10] 

 

1.3.1.4 Anion Selective Membrane 

The Selemion AMV anion selective mem

work.  This membrane is functionalised

styrene/divinylbenzene matrix.  Anion se

selectivity much lower than that of cation

for proton transport [10,36]. 

 

1.3.2 Ion-exchange Processes 

1.3.2.1 Column operation 
 
An ion-exchange column is used to replac

contained within the packed bed of ion-e

used for the treatment of wastewater [6] 

column operation has advantages over th

concentration of the ions to be exchanged

solution constantly comes into contact wit

column.  Once the ion Mn+ appears in the

exhausted and must be regenerated with

represents the exchange of Mn+ from the bu

resin.  The bed can be divided into three 

 
Figure 1.6: The three regions within a
perfluorinated polymer [10,29] 
 

brane produced by Asahi Glass was used in this 

 with quaternary ammonium groups and has a 

lective membranes are known to have an ionic 

-selective membranes, this due to their propensity 

e ions originally in a solution (i.e. Mn+) with one 

xchange particles (i.e. A+).  This process is often 

and water softening.  For robust removal of ions, 

at of batch because in batch operation the outlet 

 will never be zero.  In a column, however, the 

h fresh exchanger as it advances further down the 

 effluent of the column, the column is considered 

 a concentrated solution of ion A+.  Figure 1.7 

lk solution with ion A+ originally contained in the 

sections during the process: 1. section completely 
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converted to the Mn+ form, 2. section containing both Mn+ and A+ and 3. section completely in 

the A+ form.  The length or “dispersion” of Section 2, often termed the “front”, is determined 

by the equilibrium, or selectivity characteristics of the resin; that is, how great one ion is 

preferred by the resin over the other, and by axial mixing and diffusion.  The greater the 

relative selectivity of the resin for Mn+ over A+, the sharper the front upon uptake of Mn+ and 

the more disperse the front upon regeneration.  Macroporous resins are suitable for column 

operations as their high degree of cross-linking prevents them from swelling and increasing 

the pressure on the column walls (pressures can be high enough for the column to burst), 

while lightly cross-linked resins are more suitable for batch operations, such as its use as a 

catalyst, because they are less susceptible to attrition [1,23]. 

Figure 1.7: Schematic of a column operation in which ion M is replaced by ion A [22] 

1.3.2.2 Electrodialysis 

Electrodialysis is a process by which electrolyte solutions are either concentrated or diluted.  

A typical electrodialysis stack is depicted in figure 1.8.  Under an electric potential, the anions 

and cations will migrate towards the anode and cathode respectively.  The cations will 

migrate through a cation-selective membrane to the “concentrate” compartment where they 

will be blocked from further migration due to the presence of an anion-selective membrane.  

The same occurs for the anions, only they migrate through the anion-selective membranes and 

are blocked by the membranes selective for cations.  In this way both “diluate” and 

“concentrate” streams are created; figure 1.8 depicts a “stack” of alternating diluate and 

concentrate compartments.  Electrodialysis is only used for solutions with a reasonable 

conductivity, and hence concentrations must be reasonably high.  To process solutions with 

lower electrolyte concentrations, ion-exchange can be used (Fig. 1.9)[6].  This figure shows 

the relative costs of various ion-removal techniques, and it can be seen that ion-exchange and 

electrodialysis are cheapest at low concentrations. 
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Figure 1.8: Schematic of an electrodialysis cell with NaCl solution [10] 

Figure 1.9: Cost comparison of various ion-removal techniques as a function of NaCl 
concentration [10] 

 

1.4 Thesis Outline 

The objective of this thesis is the study and development of the hybrid ion-exchange / 

electrodialysis process for the treatment of dilute heavy metal solutions.  Each chapter 

contains work that provides insight into the process while maintaining a focus on its 

application in a practical situation.  This means that the work has been designed to resemble 

the actual situation, i.e. treatment of a dilute galvanic rinse solution, as closely as possible 

while still allowing for the accumulation of knowledge applicable to various conditions. 

The next two chapters of this thesis discuss the regeneration of ion-exchange beds loaded with 

nickel ions using an applied electric potential difference.  Two different types of resin are 

used (see above).  Various characteristics were studied such as the magnitude of the potential 

difference, the fraction of nickel sorbed by the bed, the bed width and electrolyte 

concentrations. 

Chapters four and five move closer to the actual situation by introducing nickel ions to the 

system via a feed solution.  Chapter four discusses the removal of nickel ions from a feed 

using the two types of resins, and focuses on the nickel feed concentration, the current 

distribution along the column as well as the formation of nickel hydroxide within the ion 

exchange bed.  Chapter five studies the system over a longer period of operation and looks at 
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various factors that play a role in the attainment of a steady state, such as temperature and 

feed flow rate and concentration.  This chapter also uses current distribution measurements to 

study the state of the bed over time. 

In order to obtain a more fundamental look at how the potential and concentration gradients 

over the ion-exchange bed changed during the regeneration process, a cell with a large bed 

width was used.  Chapter six discusses the use of this cell, which allowed the measurement of 

both the potential and concentration gradients over time, both of which were then compared 

to results from a model based on the Nernst-Planck equation.  This experiment was carried 

out for gel type ion-exchange resins of various degrees of cross-linking. 

The final chapter, chapter seven, is a culmination of all the previous chapters in that it 

describes pilot scale experiments that were carried out on-site at a galvanic plant.  These 

successful experiments were performed in order to test the process in an actual situation as 

well as to see what other problems may arise during its operation.  This chapter also includes 

a series of lab scale experiments that were conducted in order to determine the influence of 

feed solution pH on the rate of nickel removal. 

 



12  Chapter 1 

  

1.5 References 

1. K. Juttner, U. Galla, H. Schmieder, Electrochim. Acta, 45 2575 (2000). 
 
2. 40 CFR Part 433, Metal Finishing Point Source Category, US Federal Register. 
 
3. Applying Environmental Accounting to Electroplating Operations: An In-Depth Analysis, 

US EPA-A742-R-97-003 (1997). 
 
4. Fact sheet: Hazardous waste generated by metal refinishing facilities, California 

Department of Health Services, Toxic Substances Control Program, Alternative 
Technology Division (1990). 

 
5. D. Pletcher, F.C. Walsh, Industrial Electrochemistry, 2nd edition, Chapman and Hall, 

London (1993). 
 
6. B.A. Bolto, L. Pawlowski, Wastewater Treatment by Ion Exchange, E. & F. N. Spon Ltd., 

London (1987). 
 
7. US geological survey, Mineral Commodity Summaries, January (2001). 
 
8. V. Novotny, in Heavy Metals, Problems and Solutions, Springer – Verlag, Berlin (1995). 
 
9. T. Stephenson, in Heavy Metals in Wastewater and Sludge Treatment Processes, Vol I: 

Sources, Analysis and Legislation, CRC Press (2000). 
 
10. T.A. Davis, J.D. Genders, D. Pletcher, A First Course in Ion Permeable Membranes, The 

Electrochemical Consultancy, New York (1997). 
 
11. E. Glueckauf, Brit. Chem. Eng., 4, 646 (1959) 
 
12. W.R. Walters, D.M. Weiser, L.Y. Marek, Ind. Eng-Chem., 47, 61 (1955). 
 
13. V.D. Grebenyuk, N.P. Gnusin, I.B. Barmashenko, A.F. Mazanko, Russian Journal of 

Electrochemistry, 6, 139 (1970). 
 
14. H. Neumeister, L. Fürst, R. Flucht, Van Dy Nguyen, Ultrapure Water, 13, 60 (1996). 
 
15. C. Gavach, G. Pourcelly, Separation Science and Technology, 34, 69 (1994). 
 
16. G.C. Ganzi, A.D. Jha, F. DiMascio, J.H. Wood, Ultrapure water, 14, 64, (1997). 
 
17. E. Korngold, Desalination, 16, S225 (1975). 
 
18. K. Basta, A. Aliane, A. Lounis, R. Sandeaux, J. Sandeaux, C. Gavach, Desalination, 120, 

175 (1998). 
 
19. V.D Grebenyuk, R.D. Chebotareva, N.A. Linkov, V.M. Linkov, Desalination, 115, 255 

(1998). 
 
20. N.A. Linkov, J.J. Smit, V.M. Linkov, V.D. Grebenyuk, J. Appl. Electrochem., 28, 1189 

(1998). 



General Introduction 13 
 
21. EPA Office of Compliance Sector Notebook Project, Profile of the Fabricated Metal 

Products Industry, US EPA /310-R-95-007, September 1995. 
 
22. F. Helfferich, Ion Exchange, Dover, New York (1995). 
 
23. D.C. Sherrington in Chemistry of Waste Minimization, Chapman & Hall, Glasgow (1995). 
 
24. H.L. Yeager, A. Steck, J. Electrochem. Soc., 128, 1880 (1981). 
 
25. E.J. Roche, M. Pineri, R. Duplessix, J. Polym. Sci., 20, 107 (1982). 
 
26. T.D. Gierke, G.E. Munn, F.C. Wilson, J. Polym. Sci., 19, 1687 (1981). 
 
27. W.Y. Hsu, T.D. Gierke, J. Memb. Sci., 13, 307 (1983). 
 
28. S.W. Capeci, P.N. Pintauro, J. Electrochem. Soc., 136, 2876 (1989). 
 
29. M. Falk, Can. J. Chem., 58, 1495 (1980). 
 
30. G. Pourcelly, A. Oikonomou, Gavach C., J. Electroanal. Chem., 287, 43-59 (1990). 
 
31. A.G. Guzman-Garcia, P.N. Pintauro, M.W. Verbrugge, R.F. Hill, AiChE Journal, 36, 

1061 (1990). 
 
32. J.R. Bontha, P.N. Pintauro, Chem. Eng. Sci., 49, 3835 (1994). 
 
33. E.H. Cwirko, R.G. Carbonell, J. Colloid Interface Sci., 129, 513 (1989). 
 
34. E.H. Cwirko, R.G. Carbonell, J. Membr. Sci., 67, 227 (1992). 
 
35. J.H.G. v.d. Stegen, The State of the Art of Modern Chlor Alkali Electrolysis with 

Membrane Cells, Ph.D. Thesis Enschede, Akzo Nobel Salt b.v., Amersfoort, The 
Netherlands (2000). 

 
36. Y. Lorrain, G. Pourcelly, C. Gavach, J. Membr. Sci., 110, 181 (1996). 



 14 
 
 
 
 



 

Chapter 2:  The migration of nickel ions in a rigid, 
macroporous cation-exchange resin. 
 

 

Abstract 
In this chapter the removal of nickel ions from a packed bed of ion-exchange material under 
an applied potential is studied.  This process involves the use of an electrodialysis type cell in 
which the centre compartment is filled with a packed bed of ion-exchange particles.  The bed 
width, concentration of nickel in the resin and electrolyte concentration were varied.  
Emphasis was placed on the rate of nickel migration into the concentrate compartment, the 
current efficiency and the effective mobility of nickel in the system.  The purpose of the study 
is to aid in the development of a system for the continuous removal of heavy metal ions from 
dilute solutions.  The contents of this chapter have been published in the Journal of Applied 
Electrochemistry (P.B. Spoor, W.R. ter Veen, L.J.J. Janssen, J. Appl. Electrochem., 31, 523-
530 (2001)). 
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2.1 Introduction 
Ion-exchange beds and electrodialysis technology are widely used in industry.  A hybrid 

process is being studied in an effort to remove heavy metals from very dilute solutions in a 

continuous and efficient manner.   

 

Other studies have been performed in which the electrolytic regeneration of ion exchangers 

[1-4] was used in the removal of monovalent metal ions.  These ions tend to have a much 

greater mobility in the exchanger when compared to divalent metals such as Ni2+ [5-9] and 

can therefore be removed with much greater ease.  Divalent ions will also have a greater 

mobility when in the presence of monovalent ions.  This is due to the increase in the quantity 

water contained within the matrix of the resin as Ni2+ is replaced by an equivalent amount of 

monovalent ions.  The water solvates counter ions as well as the fixed ionic sites and causes 

the matrix to swell.  This work has shown that as nickel was removed from the exchanger and 

replaced by H+, the current efficiency for the removal of nickel decreased sharply and reached 

a point at which the migration of hydrogen carried nearly 100% of the charge.  

 

The purpose of the present work was to determine the effect of key variables on the behaviour 

of an ion-exchange resin loaded with nickel ions.  One key variable that can be changed 

without changing the characteristics of the ion-exchanger itself (i.e. degree of cross-linking, 

concentration of fixed sites) is the concentration of ions in the bed of ion-exchange particles.  

Another is the potential gradient across the bed.   

 

A cell consisting of three compartments separated by ion-selective membranes was used.  

Experiments were performed to determine the rate of nickel migration in an ion-exchange 

resin placed in the centre compartment.  The strong acid Amberlyst 15 XC-17 macroporous 

ion-exchange resin with approximately 20% cross-linking was used in this study.  This resin 

was chosen as its high degree of cross-linking minimizes swelling effects.  This in turn 

reduced the pressure drop changes through the ion-exchange compartment, changes in cell 

resistance due to changes in ionic mobilities and changes in the concentration of fixed sites, 

X.  The migration and diffusion of ions from the outer compartments into the centre 

compartment and the effect of bed width were also studied. 
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2.1.2 Theory 
 
There are three possible transport paths of an ion through a bed of ion-exchange particles:  

1. solely through the resin particles 

2. alternating through the interstitial solution and the resin particles 

3. solely through the interstitial solution 

In the experiments presented in this chapter, the interstitial solution has a very low 

conductivity, much lower than that of the particles themselves, the first mechanism therefore 

predominates [10,11]. 

 

The transport of ions through a homogenous bed of ion exchange resin can be described by 

the Nernst-Planck relationship [11-13]: 

 

iiii
i

ii CgraduCz
dx
CdDN ν+ϕ−−=  (1) 

 

where values inside the resin are denoted with an over-bar.  The first term on the right hand 

side describes the diffusion of ion i with concentrationCi and diffusion coefficientDi.  The 

second term accounts for the migration of ion i with valence state zi and mobilityui.  The bed 

potential gradient is denoted by gradϕ.   The third term describes the movement of the pore 

liquid within the ion-exchange particles.  The centre of gravity of the pore liquid moves at a 

rate ν which is described by the following equation: 

 

ϕ
ρε

ω=ν gradFX , (2) 

 

where ρ is the solvent flow resistance of the ion exchanger, X the concentration of fixed sites, 

ω the charge of the fixed sites and ε represents the fractional pore volume in the ion-exchange 

resin.  The mobility of the ions in the particles,ui, is defined by Eqn. 3: 

 

RT
FDu i

i =  (3) 
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Di depends on the hydration of ion i in the exchanger and the extent of its association with 

the fixed groups [5].  Some of the main characteristics governing the diffusion coefficient of 

an ion in an ion-exchange particle are the size and valence of the ion and the degree of cross-

linking of the exchanger.  The smaller (solvated) ion of lower valence will have the greatest 

diffusion coefficient in an exchanger with a low degree of cross-linking [6].  Other 

characteristics such as the exchanger’s capacity, the concentration of ions in the solution 

phase, the type of solvent as well as the type of co-ions in the system can have varying effects 

onD.  

 

The diffusion term will be neglected as this equation will be applied to results at t=0 when no 

concentration gradients exist within the bed.  The correction for convection conductivity will 

also be neglected; the following simplified equation results [4, 12,14]: 

 

(4) 

 

This equation will be used to calculate and compare the nickel mobilities obtained under the 

various experimental conditions1.  

 
 

 
 
 
1It must be noted that the apparent mobility expressed in equation 4 now contains the 
convection conductivity, so that:  

u u u
zi i= +( )1 0 ,  (5) 

where u FX
0 =

ρε
 and ui

( )1  is the effective mobility expressed earlier in (1).  In order to 

determine the contribution of convection conductivity, a comparison could be made with 
mobilities determined by measuring the self-diffusion coefficients by radiotracer techniques.  
This has been done by Spiegler [15], where Zn2+ was found to have a self-diffusion 
coefficient of 4.1 x 10-11 m2 s-1 compared to 4.8 x 10-11 m2 s-1 including convection 
conductivity (these measurements were carried out using the Nepton CR-51 resin).  However, 
many factors can influence the relative contribution of convection conductivity, but it can be 
said that high ionic valence and electrolyte sorption reduces its contribution [11]; since these 
characteristics are realised by the system described in this chapter, it is likely that u0 is 
relatively low.  
 

 

 

ϕ= graduCzN iiii
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2.2 Experimental 
2.2.1 Experimental Set-up 
 
The experimental set-up consisted of a three-compartment Perspex cell and three separate 

liquid lines (Fig. 2.1).  
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Figure 2.1: Experimental Set-up (cell enlarged for clarity).  1. Anode Reservoir; 2. Heat 
exchanger; 3. Reference electrode 1; 4. Pump; 5. Anode compartment; 6. Centre compartment; 
7. Cathode compartment; 8. Flow meter; 9. Reference electrode 2; 10. Cathode reservoir; 11. 
Valve; 12. Feed Reservoir; 13. To waste container; 14. pH cell; 15. Conductivity cell; 16. 
Conductivity cell; 17. Ion-selective membranes. 

 
The rectangular cell contained 2 outer compartments with platinum electrodes and a centre 

compartment that housed the ion-exchange bed.  The compartments were separated by a 

Nafion 117 cation selective membrane on the cathode side and Asahi AMV anion selective 

membrane at the anode side.  The use of an anion selective membrane is possible, as it is 

known to leak protons as well as catalyse the splitting of water [16-18].   

 

The electrolyte circuits connected to the outer compartments had volumes of approximately 

500 cm3 apiece.  The liquid in these circuits was pumped using two Verder V-MD6 type 

pumps.  Liquid was pumped from a 30 dm3 reservoir through the centre compartment and into 

a waste container using a Schmitt MP100 pump.  The flow rate through the centre 
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compartment was measured using a F&P Co. (Tube #2-F ¼-20-5/36 with glass ball) flow 

meter.  The effective area of the membrane and electrodes inside the cell was 10 cm2 (1 cm x 

10 cm) while the volume of the anode, centre and cathode compartments were 5.0 cm3, 14.6 

cm3 (bed thickness of 1.46 cm) and 5.0 cm3 respectively.  The system was kept at constant 

temperature, i.e. 298 K, using a M3 Lauda thermostatic bath.  Deionized water, prepared 

using a Millipore Milli-Q water purification system, was used to produce the solutions.  

 

Two conductivity cells were also built into the system, one on the input side and one on the 

output side of the centre compartment fluid line. Conductivities were measured using a 

Radiometer Type CDM 2d conductivity meter.  A Philips PW 9414 pH meter and a Data 

Precision 2480 volt meter were also used.  The pH and conductivity meters were connected to 

a Multilab computer interface (built in house) for continuous data acquisition.  The Multilab 

system was also capable of continuous cell potential measurements.   

 

2.2.2 Preparation of Ion-exchange Resin 
 
Two methods were used in the preparation of the Amberlyst 15 ion-exchange resin (300-1200) 

µm).  Procedure A, the preparation of resins containing different concentrations of nickel, 

involved the following steps, all of which were performed in batch: 

 

1. Initial regeneration of the exchanger with two bed volumes of 2 M H2SO4.  This 

procedure was repeated twice. 

2. Addition of 2 bed volumes 2 M H2SO4 that was allowed to equilibrate with the 

exchanger over a period of 3 hours. 

3. Rinsing of the exchanger with deionized water until the effluent was pH neutral. 

4. Equilibration and storage of the exchanger in 2 bed volumes deionized water. 

5. Aliquots (15 cm3) of this exchanger were then equilibrated with 2 bed volumes of 

dilute NiSO4 solutions for a period of approximately 3 days.    

6. These samples were then washed and placed in deionized water.  Use of the 

dimethylglyoxime Ni2+ indicator showed no nickel in the retinate.   

 

This method is valid as long as the resin effectively adsorbs the entire amount of nickel from 

solution.  This is dependent on the equilibrium properties of the material, i.e. differences in 

selectivity between the two ions of interest, but generally occurs when the number of sites 
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available for sorption greatly outnumbers the quantity of nickel in the fresh solution.  If this is 

not the case, the amount of nickel remaining in the solution must be taken into consideration. 

 

Procedure B, the preparation of the resin containing an effective capacity of nickel along with 

sodium ions, involved steps 1-4 of procedure A followed by the following steps, all of which 

were performed in batch: 

 

5. Equilibration of a 200 cm3 Amberlyst 15 resin sample in the hydrogen form in 2 bed 

volumes 0.86 M NiSO4 solution for a period of 24 h. 

6.  This solution was neutralised by the drop-wise addition of a 4M NaOH solution and 

allowed to equilibrate over a period of 14 days  

7. The ion-exchanger was then washed and stored in 2 bed volumes deionized water 

8. The retinate was then analysed for Ni2+ using Flame AAS and the concentration of 

Ni2+ in the resin calculated. 

 

Procedure B produced a resin with a nickel concentration of 670 mol m-3 wet settled bed.  

This value was determined by subtracting the quantity of nickel in the retinate from that of the 

original solution, 0.86 M NiSO4, and dividing by the volume of wet resin. 

 

2.2.3 Determination of Na+ and Ni2+ concentrations using Flame Atomic 
Absorption 
 
The determination of nickel and sodium concentration in the sample solutions were 

determined using a Perkin Elmer 3030 atomic absorption system.  The absorption is linear 

between 0 and 1 ppm for sodium and 0 and 2 ppm for nickel.  For solutions outside these 

ranges, dilutions were made using deionized water.  The literature lower detection limit is 

approximately 4.3 x 10-3 ppm for nickel and 2.0 x 10-4 ppm for sodium.  All experiments were 

performed using an air/acetylene flame and a detection wavelength of 232.0 nm for nickel and 

589.0 nm for sodium.   

2.2.4 Determination of Membrane and Bed Conductivities 
 
The specific conductivity of the Nafion 117 cation and Asahi AMV anion selective 

membranes were determined in order to ascertain their contribution to the ohmic drop of the 

system as a whole.  Before being placed into the cell, the membranes (as received) were 

equilibrated for 24 hours with deionized water.  Two sheets of the same membrane type with 
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an effective area of 10 cm2 each were clamped into position dividing the cell into three 

sections, the anode, centre and cathode compartments.  No ion-exchange resin was present in 

the centre compartment during these experiments.  The sulphuric acid solutions placed into 

each compartment had a concentration of 1 M for each experiment.  The solutions were 

allowed to reach a temperature of 298 K before the measurements were taken.  The ohmic 

drop across the centre compartment including the membranes was determined by placing 

Luggin capillaries (connected to calomel reference electrodes in concentrated KCl solutions) 

approximately 2 mm from each membrane in the two electrode compartments.  Alternating 

current impedance measurements were then taken between 1Hz and 10kHz at zero direct 

current.  A Solartron 1250 Frequency response analyser (FRA) along with the 1286 

Electrochemical interface was used to perform the impedance analysis.  The resistance of the 

system containing an ion-exchange bed was then measured for comparison.  The sulphuric 

acid solution in the centre compartment was replaced by an Amberlyst 15 ion-exchange bed in 

the hydrogen form and bordered by Nafion 117 membranes.  De-ionized water was cycled 

through the centre compartment and 1M H2SO4 through the outer compartments at a 

temperature of 298 K. 

 

2.2.5 Electromigration experiments  
 

2.2.5.1 Affect of anode and cathode compartment H2SO4 electrolyte concentration on 

bed regeneration 

 
The effect of acid concentration in the outer anode and cathode compartments was studied.  

For each run a 300 cm3 solution containing a pre-determined concentration of H2SO4 was 

placed in the reservoir of the outer compartments.  Solutions in the anode and cathode circuits 

had a flow rate of approximately 3 cm3 s-1 each.  The system was kept at a constant 

temperature of 298 K.  A run was also carried out in which a 0.5 M Na2SO4 solution was 

placed in the anode compartment while a 1 M H2SO4 solution was used in the cathode 

compartment.    

 

For each run, a new sample of the Amberlyst 15 ion-exchange resin containing nickel and 

sodium, prepared using procedure B, was placed in the centre compartment between an anion 

selective (Asahi AMV) at the anode side and cation selective (Nafion 117) membrane at the 

cathode side.  The anion selective membrane was used to accommodate the migration of 
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anions present in the feed solution in a practical situation and to eliminate the diffusion of 

Ni2+ ions from the centre compartment into the anode compartment.  Moreover, it is known 

that the selectivity of an anion selective membrane is less than 100% and that the transport of 

H+ through this membrane is possible.   

Deionized water was passed “once through” the ion-exchange compartment at a flow rate of 

0.42 cm3 s-1 (this was done to prevent water transport from decreasing the water content of the 

bed) while a constant current density of 5.0 mA cm-2 was applied across the cell.  The 

following characteristics of the system were monitored: 

 

• pH and conductivity of the effluent solution 

• cell voltage 

• ohmic drop between the reference electrodes 

• temperature of each solution 

• volume of the anolyte and catholyte  

• flow rate of solution through the centre compartment 

 

Samples were taken at regular intervals from the anode and cathode compartments and later 

analysed for Ni2+ using the procedure described in 3.3.   

 

2.2.5.2 Affect of initial Ni2+ content in the ion-exchange bed on bed regeneraton 

 
A known amount of the resin sample prepared using procedure A was placed into the ion-

exchange compartment of the cell between an anion selective (Asahi AMV) at the anode side 

and cation selective (Nafion 117) membrane at the cathode side.  The anode and cathode 

compartments were filled with a 1M H2SO4 solution while the ion exchange compartment was 

supplied by a 30 dm3 deionized water reservoir at 0.42 cm3 s-1 in a “once through” 

configuration.  A constant current density of 25 mA cm-2 was applied (supplied by an Autolab 

system with PG Stat 30 (Eco-Chemie)).  The procedure to determine the transport of nickel 

and the parameters which were monitored during the experiment are given in 3.5.1. 
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2.2.5.3 Variation of bed width 

 
In these experiments the effect of a variation in bed width using the nickel form of the 

Amberlyst 15 resin from procedure B was studied.  The experiment was similar to 3.5.1 with 

the exception that a constant cell voltage of 30 V was applied (Delta Elektronika Power 

Supply D 050-10) across beds of 5, 10, 15 and 20 mm widths.  The initial anolyte and 

catholyte solutions were 0.1 M H2SO4. 

2.3 Results  
2.3.1 Ohmic resistance of the membranes and ion-exchange bed 
 
When a 1M H2SO4 electrolyte solution was placed in all three compartments, the cation 

selective Nafion 117 membrane was found to have a resistance of 0.07 Ω while the anion 

selective Asahi Selemion AMV membrane was found to have a resistance of 0.15 Ω.    

The specific conductivity of a membrane can be calculated using the equation: 

 

m

m

m
m A

l
R
1=κ  (6) 

 

Using a literature value of lm = 225 µm [19] for the thickness of the Nafion 117 membrane 

equilibrated in a 1 M H2SO4 solution and a surface area (Am) of 0.0010 m2, the specific 

conductivity of the membrane at 298 K was found to be 3.02 Ω-1m-1.  The Nafion 117 

membrane was compared to results given in literature:  Pourcelly et al. found a conductivity 

of 1.8 Ω-1m-1 [19], while Portegies Zwart gives a value of 4.6 Ω-1m-1 [20].  The agreement is 

reasonable.   

 

The ohmic resistance of ion-exchange beds containing various quantities of nickel ions was 

determined.   In these experiments a 1 M H2SO4 solution was used in the outer compartments 

as electrolyte while a constant current of 250 mA was applied.   

By subtracting the anodic and cathodic electrode potentials from the cell voltage, and 

assuming that no polarisation occurs at the membrane surfaces, the ohmic potential drop 

across the cell, ∆Ecell, was obtained.  The resistance of the ion-exchange bed was calculated 

by subtracting the anolyte and catholyte resistance, Ra and Rk respectively, and both 

membrane resistances from the total resistance of the cell, Rcell.   
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The ohmic resistance of the bed, Rbed, is depicted in Fig. 2.2 versus the loading percentage of 

the resin by nickel ions.  Rbed at cNi,c = 0 was measured using the procedure outlined in 3.4 

while all other values were determined from ∆Ebed and the applied current at t = 0.5 h (to 

eliminate start-up effects) during the experiments outlined in 3.5.2.   From this figure it can be 

seen that Rbed increases linearly with increasing Ni2+ content.  It is assumed that the error 

which occurs due to the use of the Nafion membrane resistance when both sides were in 

contact with a 1M H2SO4 solution, as opposed to the membrane resistance when one side was 

in contact with a 1M H2SO4 solution and the other with a packed bed of ion-exchange particles 

with varying ionic content, is relatively small.  Anion selective membranes are not perfect and 

can leak protons.  It was found that about 1.52 x 10-6 mol s-1 H2SO4 leaked through the Asahi 

Selemion AMV membrane into the central compartment when one side was in contact with a 

1M H2SO4 solution and the other with a bed of ion-exchange particles.  The current efficiency 

for proton transport through an anion exchange membrane under the fore mentioned 

conditions is approximately 50% [21,22].  The resistance of the anion selective membrane 

when one side is in contact with water and the other with a 1 M sulphuric acid solution is 

nearly equal to the resistance of the membrane when both sides are in contact with 1 M 

sulphuric acid.   

Since the resin has a much higher conductivity than the deionized water (1.6 x 10-4 Ω-1 m-1), 

almost all current will be transported through it.  The effective contact area of the membrane 

with a bed of ion-exchange resin is smaller than the geometric surface area of the membrane.  

The current will only be transported across the contact points between the membrane and the 

resin particles.   

Figure 2.2: Ohmic resistance of the ion-exchange bed with respect to the initial nickel 
concentration in the resin. 
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2.3.2 Nickel transport 

2.3.2.1 Affect of anode and cathode compartment H2SO4 electrolyte concentration 

 
The effects resulting from the variation of anode and cathode compartment H2SO4 

concentration (ck,sul and ca,sul respectively) were studied in order to better understand the cause 

of pH change in the centre compartment and the effect of an increasing H+ supply (through 

diffusion from the outer compartments) to the ion-exchange bed on the flux of nickel ions, 

NNi.   

 

The amount of nickel transported into the cathode compartment from a nickel (670 mol m-3) 

and sodium loaded bed (460 mol m-3, calculated from the capacity obtained from the supplier 

of the material - 1800 mol m-3 fixed ionogenic sites) with respect to electrodialysis time is 

depicted in Fig. 2.3.  From Fig. 2.3 it follows that the H2SO4 concentration in the anolyte and 

catholyte has little influence on the nickel flux at early times (t < 4 h).  The influence of the 

decreasing H2SO4 concentration in the anolyte and catholyte on NNi increases gradually with 

increasing time of electrodialysis; at later times it causes the nickel flux and therefore the 

current efficiency (at a constant current density of 5.0 mA cm-2) to decrease at a lower rate.   

 

It was found that the pH of the centre compartment solution at the outlet of the cell was 

virtually constant during the course of an experiment but was dependent on the H2SO4 

concentration in the electrode compartments.  Fig. 2.4 represents the average concentration of 

H+ in the effluent with respect to the initial concentration of sulphuric acid in the anode 

compartment for the same experiments represented in Fig. 2.3.   From Fig. 2.4 it can be seen 

that upon increased H2SO4 concentration in the anode and cathode compartments, where ca,sul 

= ck,sul, the concentration of H+ in the effluent increased linearly.  This corresponds to acid 

leakage through the membranes. 
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Figure 2.3: Nickel content in the catholyte as a function of time for the series of experiments 
in which a bed loaded with nickel and sodium was used and co

k,sul=co
a,sul concentrations were 

varied.  A constant current density of 5.0 mA cm-2 was applied over a bed 1.46 cm in width.  
Electrolyte concentrations: � 0.5 M Na2SO4; + 0.9 M H2SO4; ∆ 0.7 M H2SO4; O 0.5 M 
H2SO4; 4. ✚ 0.3 M H2SO4; �0.1 M H2SO4. 
 

 
Figure 2.4: The average concentration of H+ ions in the centre compartment effluent as a 
function of anolyte H2SO4 concentration.  See caption of Fig. 2.3 for experimental details: ✚ 
(Identical anolyte and catholyte H2SO4 concentrations); O (0.1 M H2SO4 anolyte – 1.0 M 
H2SO4 catholyte); � (1.0 M H2SO4 anolyte – 0.1 M H2SO4 catholyte); � (Na2SO4 anolyte – 
1.0 M catholyte). 
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In the second series of experiments only the anolyte was varied (0.5 M Na2SO4, 1 M H2SO4 

and 0.1 M H2SO4) and the catholyte was kept constant (1 M H2SO4).  The resulting H+ 

concentrations in the effluent solutions are also presented in Fig. 2.4.  The experiment in 

which an initial 0.5 M Na2SO4 anolyte accompanied a 1M H2SO4 catholyte produced the 

lowest H+ concentration in the effluent of the centre compartment.  This experiment can also 

be interpreted as one in which the H2SO4 anolyte concentration was virtually zero.  The 

experiment that employed a 0.1M H2SO4 anolyte and 1.0 M H2SO4 catholyte produced an 

effluent pH similar to that produced when both electrolytes were 0.1M H2SO4 solutions.  Use 

of a 1.0 M H2SO4 anolyte and 0.1M H2SO4 catholyte produced an effluent pH slightly larger 

than that of the case when both outer solutions were 0.9 M H2SO4 solutions.  These three 

experiments demonstrate the relatively small H2SO4 flux from the cathode compartment into 

the centre compartment solution.  The majority of H2SO4 present in the centre compartment 

effluent was transported from the anode compartment.  Fig. 2.3 also contains the nickel 

transport data for the sodium sulphate anolyte.  The use of this solution as anolyte produced 

the lowest nickel flux at early times and the greatest at later times.  It also led to the removal 

of the greatest amount of nickel from the bed after 7 h electrodialysis time.  No nickel was 

removed from the bed due to diffusion into the centre compartment solution, as nickel ions 

were not detected in the effluent solutions in all experiments. 

 

A pixelated pattern of brown spots was observed on the anion selective membrane at the 

contact points with the ion-exchange particles when the sodium sulphate solution was used as 

anolyte.    No discolouration was observed when a 1 M H2SO4 anolyte was used.  The size and 

intensity of these spots strongly depended on the H2SO4 concentration in the anolyte.  The 

brown spots are likely due to water splitting since the concentration of H+ is not sufficient to 

ensure the charge flux imposed by the current across the cell.  As the concentration of H2SO4 

in the anolyte was increased, the degradation of the anion selective membrane was observed 

to substantially decrease. 

 

2.3.2.2 Affect of varying initial nickel concentrations in the ion-exchange bed on 
nickel flux 
 
To determine the effect of nickel content in the resin on nickel flux, a series of experiments 

was carried out in which a constant current density of 25 mA cm-2 was applied to various 

Amberlyst 15 resin beds of differing nickel and hydrogen contents (Prepared using Procedure 

A).  1 M sulphuric acid solutions were placed in the outer compartments while the central 
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compartment was fed with deionized water.  The bed was prepared in such a way as to be 

homogeneous at the beginning of the experiment.  In Fig. 2.5 the nickel content in the 

catholyte is given as a function of the electrodialysis time, t, for these experiments.  From this 

figure it can be seen that at the start of the experiment, t=0, the catholyte contained a small 

quantity of Ni2+ ions.  These ions diffused into the cathode compartment from the bed of ion-

exchange particles in exchange for protons.  This occurred during the pre-electrolysis time, 

which lasted approximately 0.5 h to ensure constant temperature.  From Fig. 2.5 it follows 

that the quantity of nickel in the catholyte increased linearly with increasing time of 

electrodialysis, and tapered slightly near the end of the experiment. The average nickel flux, 

NNi,av (mol m-2 s-1), was calculated from the slope of the curves given in Fig. 2.5.  It was 

found to be linearly proportional toc0
Ni. 

Figure 2.5: Nickel content in the catholyte over time.  A current density of 25 mA cm-2 was 
applied for all experiments in this series with a bed width of 1.46 cm. 1 M H2SO4 anolyte and 
catholyte solutions were used.  Experiments differed in initial nickel ion concentration in the 
ion-exchange bed:  + 319.9; ∆ 254.6; O 191.9; ✚ 127.5; �64.0 mol m-3. 

 

The average current efficiency for Ni transport, ηNi = 2FNNi,avQ-1, also experienced a 

proportional increase with increasingco
Ni.  The current efficiencies for all the experiments in 

this section were found to be quite low (due to the presence of sorbed H+), the lowest being 

approximately 3% and the highest 10%.  The remaining fraction of charge, 1- ηNi, was carried 

by hydrogen ions.  The potential difference, ∆Ebed, was observed to decrease slightly over 

time.  This was due to the small decrease in the nickel content of the bed.   
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2.3.2.3 Affect of bed width 

 
The transport of nickel from the Amberlyst resin loaded with both Ni2+ (75%) and Na+ (25%) 

(Procedure B) to the cathode compartment at a constant cell potential for different bed widths 

with respect to time is shown in Fig. 2.6.   The results can be represented by curves with an 

inflection point and were fitted using Eqn. 7 (this equation is intended as an empirical tool to 

compare the following results with those presented in 2.3.2.2): 

)
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Figure 2.6: nNi,k as a function of time for the series of experiments in which the bed width 
was varied.  A constant applied cell potential of 30 V was applied across beds loaded 
with both nickel and sodium.  The data was fit using Eqn. 7 and the solid lines represent 
the fit.  Bed width: + 5; ∆ 10; O 15; ✚ 20 mm 

 

The nickel flux was determined using the derivative of Equation 7: 
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The initial nickel flux, NNi
0, was used to determine the mobility of nickel in the resin under 

the initial conditions.  Using Eqn. 4 along with the initial bed potential gradient, nickel 

concentration and flux values, the mobility of Ni2+, uNi
0, was calculated.  The average 
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mobility for all bed widths is given in Fig. 2.7 atcNi
0 = 670 mol m-3 (�) along with the Ni2+ 

mobilities through beds loaded with Ni2+ concentrations between 127.5 and 319.9 mol m-3 

(✚). 

 

It was also found that the charge required to remove a given amount of Ni2+ was only slightly 

affected by the bed width; the current efficiency for nickel ion removal was therefore 

unaffected by bed width. 

Figure 2.7: Initial nickel ion mobilities for the series of experiments in which the nickel 
content of the resin was varied,uo

Ni (✚) (see caption of Fig. 2.5 for experimental details); 
as well as the average nickel mobility through beds in the nickel and sodium form for the 
series in which various bed widths were studied (�) (see caption of Fig. 2.6 for 
experimental details). 
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2.4 Discussion 
 
The migration of nickel in an ion-exchange resin was affected by the bed width, concentration 

of nickel and, to a lesser degree, the electrolyte composition in the anode compartment.  The 

mobility of nickel and hydrogen ions through the resin, the mechanism with which hydrogen 

ions were supplied to the bed and the characteristics of the nickel front were ascertained from 

these experiments.   

 

The quantity of nickel ions transported from the ion-exchange bed, uniformly loaded with 

nickel and sodium prior to electrodialysis, into the cathode compartment over time is given by 

a sigmoidal curve (Eqn. 7).  Examples of these curves are given in Fig. 2.3 and 2.6.  The 

inflection occurred only in experiments utilizing a bed loaded with nickel and sodium ions.  It 

is known that the mobility of an ion will increase when in the presence of an ion of higher 

mobility [11].  The inflection is caused by the difference in the mobility of nickel ions in a 

bed containing a combination of nickel and sodium, or nickel and hydrogen (the mobility of 

H+ being higher than that of Na+).  Before the inflection the flux increased with time, this 

increase was due to the substitution of Na+ and Ni2+ in the resin with protons from the anode 

side of the cell.  The differences in the mobilities of the various ions will affect the potential 

gradient over the bed; this will be discussed in greater detail in chapter 6. 

 

As the nickel and sodium ions were removed from the ion-exchange bed during 

electrodialysis, they were replaced by protons from the anode compartment.  The mechanism 

with which these ions were supplied to the bed strongly depended on the concentration of 

sulphuric acid in the anolyte.  At high ca,sul, i.e. > 0.1 M, the diffusion of H+ ions will 

predominate over water decomposition.  At ca,sul ≈ 0, the protons were mainly supplied to the 

bed by the decomposition of water.  It is well known [16-18] that the decomposition of water 

at anion selective membranes containing quaternary ammonium groups occurs at rates much 

larger than at cation selective membranes containing sulphonic acid groups.  The 

decomposition of water at the membrane-resin interface produces a localized increase in pH 

within the membrane and causes the membrane to degrade.  The quaternary ammonium 

groups of the Asahi AMV anion selective membrane undergo the Hofmann elimination at high 

pH [11].  The intensity of the brown spots on the membrane caused by the degradation 

increased dramatically with decreasing anolyte H2SO4 concentration, indicating the increased 

importance of water decomposition on the regeneration of the bed.   In a separate experiment, 
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a segment of the Asahi AMV membrane was also observed to turn brown in a concentrated 

NaOH solution.   

The diffusion of sulphuric acid into the centre compartment was also observed with 

increasing ca,sul.  The increased concentration of sulphuric acid increased the conductivity of 

the centre compartment solution and caused a small increase in the fraction of current 

transported through the centre compartment solution as opposed to the resin. 

 

The initial nickel flux, N0
Ni, is an important parameter in determining the industrial 

possibilities for the use of an ion-exchange resin in this process. N0
Ni increases with 

increasing potential gradient over the bed, gradϕ (assumed linear at t=0), and initial nickel 

concentration in the bed.   

 

The initial mobility of the nickel ions within the ion-exchange resin tended to decrease as the 

initial nickel content of the bed was increased from approximately 64 to 320 mol m-3 (Fig. 

2.7).  This is in accordance with theory which states that as nickel is replaced by 2 equivalents 

of hydrogen, the increased osmotic pressure between the inside of the particle and the bulk 

solution causes the water content of the resin to increase.  The increase in water content of the 

particle results in an elevated mobility of the nickel ions [11].  In figure 2.7, the presence of 

sodium in the resin as opposed to hydrogen is seen to cause a slight decrease in the nickel 

mobility relative to the experiments in which the bed contained sorbed Ni2+ and H+.  This 

agrees with theory [11].  The high Ni2+ mobility for the experiment with an initial nickel 

concentration of 64 mol m-3 is believed to be an artifact as Helfferich shows a linear 

dependence of mobility on ionic fraction within the resin [11]. The current efficiency for all 

experiments was low.  This was due to the presence of highly mobile H+ and/or Na+ ions in 

the resin. 
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2.5 Conclusions 
 
The focus of this chapter was to examine changes in the Ni2+ concentration in the ion-

exchange resin, the effect of bed width and the influence of anolyte and catholyte 

concentrations in both outer compartments on the performance of a cell that couples ion-

exchange and electrodialysis.  It was found that the resistances of the membranes were small 

compared to that of the resin.    The flux of nickel within the Amberlyst 15 ion-exchange resin 

was small but the low degree of swelling allowed greater control of the variables of interest.  

The flux of nickel and the current efficiency for the transport of nickel within the exchanger 

was found to increase exponentially with Ni2+ concentration in the resin.  The mobility of 

nickel in the resin, in agreement with theory, decreased with increasing nickel concentration 

in the resin.  The mobility of Ni2+ ions in an aqueous solution, calculated from the limiting 

equivalent conductance of Ni2+ in aqueous solution at 298K i.e. 5.4 x 10-3 m2 Ω-1 [23], was 

found to be approximately 103 times higher than the mobility of Ni2+ ions sorbed in an 

Amberlyst 15 ion-exchange bed. 

 

It was found that the majority of acid leakage originated from the anode compartment and that 

this flux was linear with H2SO4 concentration.  The use of Na2SO4 as anolyte produced the 

highest current efficiency and nickel flux.  It did, however, cause substantial degradation of 

the anion exchange membrane.   
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2.6 Notation 
 
A area (m2) 
c concentration of species (mol m-3) 
D diffusion coefficient of species (m2 s-1) 
∆Ebed potential drop across ion-exchange bed (centre compartment) (V) 
F Faraday constant (C mol-1) 
l thickness (m) 
N flux of species (mol m-2s-1) 
n number of moles species 
Q charge (C) 
R Ohmic resistance (Ω) 
R universal gas constant (J mol-1K-1, VC mol-1K-1) 
T temperature (K) 
u mobility (m2  V-1s-1) 
X concentration of fixed sites within ion-exchange resin (mol m-3 wet resin) 
z valence (-) 
ε fractional pore volume within ion-exchange resin (-) 
η current efficiency (%) 
ϕ potential in ion-exchange bed (V) 
κ specific conductivity (Ω-1m-1) 
ρ specific flow resistance within ion-exchange resin (kg m-3 s-1) 
υ rate at which the centre of gravity of the pore liquid moves (m s-1) 
ω charge of fixed sites within ion-exchange resin (-) 

Subscripts 

a anode compartment 
av average 
bed bed of ion-exchange resin occupying centre compartment 
c centre compartment 
k cathode compartment  
i ion 
m membrane  
sul H2SO4 

Superscripts 

− indicates values within ion-exchange resin 
0 initial value at t=0 
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Chapter 3: The migration of nickel ions in a flexible ion-
exchange resin 
 
 

Abstract 
The removal of nickel ions from a low cross-linked ion-exchange resin using an applied 
electrical potential gradient was studied.  The potential gradient across a bed of ion-exchange 
particles containing nickel ions was varied by two methods.  One involved a change of cell 
voltage across beds of constant width, the other a change of bed width at constant cell voltage.  
In this way, various characteristics concerning the electrodialytic regeneration of a bed of ion-
exchange particles in the nickel form were ascertained.  The diffusion coefficient, current 
efficiency and migration rate of nickel in the bed are discussed.  It is shown that the current 
efficiency for the removal of nickel is nearly one hundred percent when the bed is in the 
nickel form, and that the rate of regeneration is proportional to the cell voltage.   The contents 
of this chapter have been published in the Journal of Applied Electrochemistry (P.B. Spoor, 
W.R. ter Veen, L.J.J. Janssen, J. Appl. Electrochem., 31 (2001), 1071-1077). 
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3.1 Introduction 
In this chapter, the electrodialytic regeneration of a low cross-linked, flexible ion-exchange 

material containing nickel ions is studied.  It will involve the influence of the voltage gradient 

over the ion-exchange bed on the migration of nickel through the system. 

 

The migration of ions through the ion-exchange resin is governed by various parameters.  One 

such parameter is the apparent (or effective) diffusion coefficient of ions in the ion-exchange 

particles.  The apparent diffusion coefficient of nickel ions inside an ion-exchange 

particle,DNi,eff, is affected by the ionic state of the ion-exchange resin.DNi,eff increases if the 

competing ions have higher diffusion coefficients, and decreases if they are lower.  This 

occurs because the type of ions in the resin affect its water content; the resin will contain a 

lower fraction of water in the Ni2+ form compared to that of the H+ form.  If the water content 

of the resin is low, the mobility of ions in the resin will be small [1].   

 

This chapter studies a resin of low cross-linking, namely the Dowex brand 50X-2 100 ion-

exchange resin.  Its low degree of cross-linking allows it to take up a higher fraction of water 

and the ions in the Dowex 50X-2 resin therefore display higher conductivities when compared 

to resins of higher cross-linking.  The ion exchange bed can therefore be regenerated in a time 

shorter than that of more highly cross-linked resins.  The use of a low cross-linked resin, 

however, produced problems resulting from a strong degree of swelling that occurred as Ni2+ 

was replaced by H+ upon regeneration.  Consequently, the concentration of fixed sites and the 

pressure drop over the cell in the solution flow direction were no longer constant. 
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3.2 Experimental 

3.2.1 Conversion of the Dowex 50X-2 100 (150–300 µµµµm particle diameter) 
ion-exchange resin to the Ni2+ form 
 

Preparation of the nickel-loaded resin involved the following steps: 

1. Initial regeneration of the ion-exchanger (1.50 x 10-4 m3 as received) with two bed 

volumes of 2 M H2SO4.  This procedure was repeated twice. 

2. Rinsing of the exchanger with deionized water until the effluent was pH neutral. 

3. Equilibration and storage of the exchanger in 3.00 x 10-4 m3 deionized water.   

4. The water was filtered off and the resin equilibrated in 1.50 x 10-4 cm3 1.3 M NiSO4 for 

1 day. 

5. The resulting nickel loaded resin (1.08 x 10-4 m3) was washed and stored in 4.00 x 10-4 

m3 deionized water to remove any sorbed electrolyte.  The effluent was then analysed 

by AAS for Ni2+ content.   

This procedure produced an essentially fully loaded resin1 with a nickel concentration of 602 

mol m-3 wet settled bed. 

 

3.2.2 Experimental Set-up 
 

The experimental set-up described in chapter 2 was used.  The vertical electrolysis cell had 

three compartments: a central compartment that contained the bed of ion-exchange particles 

as well as the anode and cathode compartments that contained the electrolyte solutions (Fig. 

2.1).  The three compartments were separated using an anion selective membrane on the 

anode side and a cation selective membrane on the cathode side.  The choice to use an anion 

selective membrane is based on the fact that future cell designs may be required to remove 

anions and/or to allow for a stack of columns similar to that found in conventional 

electrodialysis. 

An aliquot of the nickel-loaded resin prepared in section 2.1 was placed in the centre 

compartment of the cell for each run.  Deionized water from a 0.03 m3 reservoir was passed 

once through the ion-exchange compartment bottom up at a flow rate of 4.2 x 10-7 m3 s-1 

while 0.1 M H2SO4 solutions were circulated through the outer compartments with a flow rate 
                                                 
1 For practical reasons an effective nickel concentration in the resin is preferred.  Using the literature value of the 
H+ concentration provided by the supplier, i.e. 0.6 kmol m-3, this concentration would relate to an approximate 
change in resin volume of 50% due to swelling. 
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of approximately 1.1 x 10-5 m3 s-1.  The deionized water supplied to the ion-exchange 

compartment as well as the solutions in the outer compartments were kept at a constant 

temperature of 298 K.   A constant cell voltage was applied using a Delta Elektronika Power 

Supply D 050-10.  During the course of the experiments the following characteristics were 

monitored: 

• Current (Keithley 177 Microvolt DMM) 

• cell voltage (Multilab computer interface) 

• charge passed through the cell (Wenking E VI80 Voltage integrator) 

• inlet and outlet feed solution conductivity, (Radiometer Type CDM 2d) and pH of solution 

(Philips PW 9414) at the outlet of the centre compartment  

• temperature of all three solutions at the outlet of each compartment  

 

Samples of the cathode compartment solution (1 cm3) were taken on an hourly basis and 

analysed for nickel content using flame atomic adsorption (Perkin Elmer 3030).   

 

Transport experiments were carried out at constant bed width (15 mm) and various cell 

voltages; i.e. 0, 5, 10, 20, and 40 V.  Another series of experiments was carried out at constant 

cell voltage (30 V) and various bed widths; i.e. 5, 10, 15 and 20 mm.  In addition to these, an 

experiment was carried out during which the cell voltage was increased periodically.  A 15 

mm wide centre compartment was used and the entire experiment lasted a total of 12 hours.  

The cell voltage was constant at 5 V for the first 4 hours, 20 V for the next 4 and 40 V for the 

remaining 4 hours.   
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3.3 Results  

3.3.1 Influence of cell voltage 
Experiments were completed in which different voltages were applied across a cell containing 

Dowex 50X-2 initially loaded with 602 mol m-3 Ni2+.  The diffusion of nickel into the cathode 

compartment, excluding transport due to migration, occurred during the experiment without 

an applied cell voltage.  This process involved the exchange of nickel from the ion-exchange 

particles with hydrogen from the catholyte.  During the experiments with an applied cell 

voltage, a front of nickel ions was observed to move across the bed towards the cathode 

compartment.  It was observed as a green/yellow boundary.  At the end of the 8hour 

experiments with cell voltages greater than 10 V, this front had completely disappeared, 

returning the exchanger to its original light yellow colour indicative of its hydrogen form.   

 

Characteristic results for the current and effluent pH over time are depicted in Fig. 3.1 (in this 

figure, results from the 20 V experiment are presented).  A sudden decrease in the flow rate of 

deionised water from 4.2 x 10-7 to approximately 2.0 x 10-7 m3 s-1 for a period of about 0.5 h 

resulted in a clear decrease in effluent pH and an increase in current, i.e. circled region of Fig. 

3.1.  Thereafter, the flow rate was adjusted to the original level, i.e. 4.2 x 10-7 m3 s-1.  The pH 

of the centre compartment solution decreased due to the diffusion of acid from the anode 

compartment [2-5].  At lower solution flow rate, the conductivity of the centre compartment 

solution increased and caused a corresponding increase in current.   

Figure 3.1: Current and pH change over time for the 20 V experiment in which a bed of 
Dowex 50X-2 particles in the nickel form was regenerated: + Current; ∆ pH. 
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The quantity of Ni2+ transported from the centre compartment into the cathode compartment, 

nNi,k, as a function of time is shown in Fig. 3.2.  From this figure it follows that the rate of 

nickel transport decreased over the course of the experiments and the rate of nickel transport 

increased with increasing cell voltage.   

Figure 3.2: Nickel content in the catholyte over time for various cell voltages and a bed width 
of 1.5 cm; these results are corrected for diffusion prior to t=0.  A bed of Dowex 50X-2 
particles initially in the nickel form was used in all cases: � 0; + 5; ∆ 10; O 20; ✚ 40 V. 

 
During the experiment with ∆E = 40 V, nNi,k decreased after t = 3 h.  This was caused by the 

deposition of metallic nickel on the cathode.  A negligible quantity of Ni2+ was deposited 

during the 20 V experiment while no nickel deposition was found in either the 5 or 10 V 

experiments; the deposition of nickel is a function of current density and catholyte 

concentration.  For analytical purposes, the data sets were fitted using the following 

exponential equation: 

 

)e1(nn t-
h8,k,Nik,Ni

τ−= ,         (1) 

 

where nNi,k,8h (mol) is determined experimentally and represents the quantity of nickel in the 

cathode compartment at the end of the experiment, and τ (s-1) is an inverse time constant for 

the regeneration process.  Figure 3.2 shows that Eqn. 1 agrees with the results for the 0, 5, 10 

and 20 V experiments and it will later be shown that the value τ is directly proportional to the 

cell voltage at constant bed width.   
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Figure 3.3: Nickel quantity in the catholyte with respect to the charge passed through the cell 
for various cell voltages and a bed width of 1.5 cm:  + 5; ∆ 10; O 20; ✚ 40 V. 

 

The relationship between the charge passed through the cell, Qe, and the quantity of nickel 

ions removed from the bed, nNi,k, is given in Fig. 3.3.  This figure demonstrates that the nNi,k – 

Qe relation does not depend on the cell voltage.  Only under conditions where metallic nickel 

deposition occurs does a deviation in the relationship exist.  

In addition to these experiments, a singular experiment was run during which the cell voltage 

was increased every 4 hours.  Fig. 3.4 depicts the amount of nickel in the catholyte during the 

experiment.  From this figure it can be seen that directly after every voltage increase an 

increase in nNi,k occurred.  The data pertaining to each Ecell were fitted using Eqn. 1.     
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Figure 3.4: Nickel quantity in the catholyte as a function of time for the experiment in which 
∆Ecell was increased every 4 hours.  A 1.5 cm wide bed of Dowex 50X-2 particles initially in 
the nickel form was used.  The cell voltage was varied: + 5; ∆ 20; O 40 V. 
 
 

3.3.2 Influence of bed width 
 

The effect of bed width on the migration rate of Ni2+ was studied at a constant cell voltage of 

30 V; the initial current densities averaged approximately 24.5 mA cm-2 and increased to an 

average of 30.4 mA cm-2 after 8-h electrodialysis.  The quantity of Ni2+ transported to the 

cathode compartment as a function of the electrodialysis time is shown in Fig. 3.5.  The 

slopes of the curves in this figure, which represent the rate of nickel removal, demonstrate 

that the Ni2+ migration rate to the catholyte decreases with electrodialysis time and declining 

bed width.  These sets of data were found to follow the same exponential pattern as the data in 

3.1 and were fitted using Eqn. 1.  The 5 mm bed, in which nNi,k = 3.0 mmol after 8 h 

electrodialysis time, was almost completely regenerated while the 20 mm bed, with nNi,k = 8.6 

mmol after 8 h electrodialysis time, was 70 % regenerated. 
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Figure 3.5: Nickel quantity in the catholyte over time for the series of experiments in which 
the bed width was varied.  A constant cell voltage of 30 V was applied and a bed of Dowex 
50X-2 particles initially in the nickel form was used: + 5; ∆ 10; O 15; ✚ 20 mm. 

 
The quantity of nickel in the catholyte is depicted with respect to charge, Qe, in Fig. 3.6.    

This figure reveals that an increase in bed width causes a decrease in the charge required to 

remove a given amount of nickel.  It follows that the fraction of hydrogen transport during the 

8-h experiments was greater for beds of smaller width; this due to the increased rate at which 

they were regenerated. 
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Figure 3.6: Nickel quantity in the catholyte as a function of charge for the Dowex resin 
initially in the nickel form and at various bed widths and a constant cell voltage of 30 V: + 5; 
∆ 10; O 15; ✚ 20 mm. 

 

3.4 Discussion 
 
The nickel flux from the bed of ion-exchange resin was determined from the experimental 

data using the derivative of Eqn. 1:  
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The initial nickel flux is then given by: 
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The initial flux, NNi
0, is of interest as it represents the flux before any concentration gradients 

and swelling effects were produced in the bed.   
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A plot of NNi
0, obtained from the results of Fig. 3.2 and Eqn. 3, is depicted in Fig. 3.7 as a 

function of bed voltage drop, ∆Ebed, at constant bed width, where: 

 

)EEEEEE(-EE ak2mm1cathodeanodecellbed ∆+∆+∆+∆++=∆          (4) 

 

The electrode potentials were determined from analyses of I/E curves and are together 

approximately 1.8 V (see Figure A2-1) while the potential drop across the membranes and 

electrolytes were neglected due to their relatively low values at low current densities [2, 6].  

Figure 3.7 illustrates the linear relationship between the initial nickel fluxes and the bed 

potential difference.  It is in agreement with the migration term of the Nernst-Planck equation 

[1].    

Figure 3.7: Initial nickel flux into the cathode compartment with respect to cell voltage for the 
series of experiments with a constant bed width, i.e. 15 mm, and variable cell voltage. 

 

It is possible to calculate the apparent diffusion coefficient of nickel in the bed,DNi,eff, 

usingNNi
0,cNi

0 and the migration term of the Nernst-Planck equation, where: 
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The averageDNi,eff
0 was calculated for the experiments with a constant bed width.  It was 

found to be (1.13 ± 0.04) x 10-11 m2 s-1 for Dowex 50X-2 fully loaded with nickel.  This 

information can be used to determine the characteristics of a continuous de-ionization process 
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[7], such as bed area, solution flow rate and bed potential difference, for the processing of a 

dilute nickel solution.   

 

The relationship between the quantity of nickel transported to the cathode compartment and 

the quantity of charge used during electrodialysis is a measure of the efficiency of nickel 

transport under an applied electric potential difference.  Figure 3.3 establishes this 

relationship as being independent of the potential drop over the cell at constant bed width.  

This means that the current efficiency for nickel transport, ηNi, where 

 

1t
e

2t
e

t1
kNi,

2t
k,Ni

Ni Q-Q
)n-n(F2

=η ,         (6) 

 

 is independent of the potential drop over the bed when the bed width was kept constant.  

Although the current efficiency does not show a dependence on the potential drop over the 

bed, it is dependent on the bed width (Fig. 3.6).   The slope of a curve in Fig. 3.6 represents 

the current efficiency of the system.  From this figure it can be seen that the current efficiency 

for nickel removal increased with bed width; after 1-h electrodialysis they were 36, 45, 53 and 

63 % for the 5, 10, 15 and 20 mm beds respectively and decreased exponentially to nearly 

zero.  The increase in current efficiency with bed width was due to the increasing quantity of 

nickel in the centre compartment (along the axis of migration) available for transport.  Due to 

the increased quantity of nickel along the axis of migration, a smaller quantity of H+ ions 

originating at the anode side of the cell “broke through” the nickel form of the bed to the 

catholyte in the time frame observed.  The nni,k vs. Qe curves presented in Figs. 3.3 and 3.7 

represent the transport of nickel with the effect of time removed; it can therefore be said that, 

at constant bed width (Fig. 3.3), the cell voltage only affects the time required for 

regeneration (i.e. the rate of regeneration is proportional to the cell voltage).  This is true only 

at early electrodialysis times in Fig. 3.6, again because of the differing quantities of nickel in 

beds of varying width.  To determine this effect, the initial quantity of nickel in the beds was 

taken into consideration by plotting 
n
n

vs Q
Fn

Ni k

Ni

e

Ni

, .0 02
 (Fig. 3.8).  By comparing this plot to Fig. 

3.6 it can be seen that once the initial quantity of Ni2+ in the ion-exchange bed, nNi
0 , was taken 

into account, the curves no longer showed a dependence on bed width.  The fraction of nickel 

removed from the beds after a fixed quantity of charge had passed through the bed is therefore 

independent of the potential drop over the bed and the initial quantity of nickel in the bed.  
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The spread in the data shown in Figure 3.8 is most likely due to artefacts arising from the 

change in bed width, such as the pressure on the bed and bed packing. 

Figure 3.8: Fraction of nickel removed from the bed at a cell voltage of 30 V vs. the ratio of 
charge passed through the bed, Qe, and the initial charge of Ni2+ in the nickel loaded Dowex 
ion-exchange beds with widths of: + 5; ∆ 10; O 15; ✚ 20 mm. 
 

A similar experiment utilizing a bed of highly cross-linked Amberlyst 15 particles was carried 

out in chapter 2.  In this case the nNi,k / Qe relation did not depend on the bed width at constant 

cell voltage.  This was due to the small degree of bed regeneration during these experiments.  

At low degrees of bed regeneration the fraction of nickel in the ion-exchanger was essentially 

uniform throughout the bed.  Under these circumstances, the bed width does not considerably 

affect the transport of nickel to the catholyte.   

 

The logarithm of ηNi is plotted in Figure 3.9 as a function of the fraction of Ni2+ removed 

from the bed (
n
n
Ni k

Ni

,
0 ) for experiments at various cell voltages and constant bed width.  A linear 

fit of this trend gives an intercept equal to approximately one.  This represents a current 

efficiency of approximately 100% for the transport of Ni2+ when the exchanger was at 

capacity.   
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Figure 3.9: Logarithm of the differential current efficiency as a function of the fraction of 
nickel removed from the bed.  Current efficiencies for transport after nickel deposition had 
begun are not included.  The current efficiencies are shown for experiments run with a 
constant bed width, i.e. 1.5 cm, and variable cell voltage. 

 

A clear increase in the flux of nickel ions was observed with increasing cell voltage; this 

increase was found to be directly proportional to the cell voltage in Fig. 3.3 and 3.7.  The 

relationship between nickel flux and the cell voltage increased during the course of an 

experiment has not been discussed as yet.  By analysing the slopes of the curves in Fig. 3.4, 

the flux directly after the increase in cell voltage, at t = 4 and 8 h, is approximately 20 times 

that of the flux just before the increases.  This large increase may be attributed to the different 

concentration gradients and the effect that they have on the potential distribution in the bed.   

 

A comparison between the two series of experiments described in 3.1 and 3.2 was made using 

Eqn. 1; this equation contains two factors, τ and nNi,k,8h.   In Fig. 3.10 these parameters are 

represented for both series of experiments as a function of the mean bed potential gradient, 

∆E
d

bed

bed

.  Since the rate of nickel removal was affected by the initial quantity of nickel in the 

bed, τ
nNi

0 was plotted versus ∆E
d

bed

bed

.  In this figure τ
nNi

0  is seen to increase linearly with the 

mean potential difference over the bed.  The time constant, and hence the bed regeneration 

rate, is directly proportional to the mean potential difference over the bed and the initial 

quantity of nickel in the bed for both series of experiments.  The value of τ at a mean bed 

potential of zero represents the diffusion process only.  The diffusion of nickel ions to the 
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catholyte occurred due to the exchange of H+ from the catholyte with Ni2+ from the ion-

exchange bed and involves no net charge transfer.   

 

Figure 3.10 also depicts XNi,8h, the fraction of nickel remaining in the bed at the end of 8-h 

electrodialysis, where, 

 

0
Ni

h8,k,Ni
h8,Ni

n

n
1X −

− −≡          (7) 

 

XNi,8h was found to decrease exponentially with the mean potential gradient over the bed.  

From this figure it follows that the two series of experiments produced comparable results that 

showed the dependence of regeneration rate on both cell voltage and bed width.  No large 

discrepancies were observed within the range of cell voltages and bed widths studied; smaller 

discrepancies in the results pertaining to the various bed widths can be attributed to 

differences in the solution pressure on the bed, differences in the effects of particle swelling, 

and membrane bulging (the bed width, dbed, was assumed equal to the width of the central 

compartment), the effects of which would increase with decreasing bed width. 

Figure 3.10: τ nNi
0 -1and XNi,lim values plotted against ∆E dbed

-1 for experimental series 3.1 at 
various cell voltages and series 3.2 with various bed widths.  τ nNi

0 -1: � series 3.1, ∆ series 
3.2; XNi,lim: � series 3.1, O series 3.2. 
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3.5 Conclusions  
Theory states that the flux of nickel through an ion-exchange resin is dependent on both the 

potential gradient over the bed and the Ni2+ ionic fraction in the bed [1].  It was found that the 

initial regeneration rate of a bed of ion-exchange particles loaded with Ni2+ is linearly 

proportional to the potential difference across a bed of ion-exchange particles; this is also in 

agreement with the migration term of the Nernst-Planck equation.  To compare the entire 

length of the experiments, a time constant for the regeneration process, along with the initial 

quantity of nickel in the bed (unit of mmol-1 s-1) and the fraction of nickel remaining in the 

bed at the end of the 8-h experiments, were plotted against the mean bed potential difference.  

This plot shows that a good agreement between all experiments was found and that secondary 

effects caused by changing the bed width were negligible.  This is because, as opposed to the 

effective diffusion coefficient of Ni2+ sorbed in the bed, the time constant used for comparing 

the results encompasses changes that may occur during the regeneration process such as 

changes in the concentration of fixed sites, changes in the water content of the resin as well as 

changes in the contact area between the particles.  

 

An abrupt increase in the potential gradient across the bed at later electrodialysis times caused 

a disproportionately large increase in NNi.  It is proposed that this was due to the 

concentration gradients that had developed in the bed and their affect on the distribution of 

the potential drop over the bed. 

 

The current efficiency for nickel transport, ηNi, was found to decrease with decreasing ionic 

fraction of nickel in the resin.  It was also found to have a value of approximately 1 when the 

bed was completely in the nickel form.  The initial apparent diffusion coefficient of nickel in 

the bed was determined to be 1.13 x 10-11 m2 s-1; this is of the same order of magnitude as the 

self-diffusion coefficient of other divalent metals through an ion-exchange resin of the same 

type [8].  The apparent diffusion coefficient is of practical importance as it can be used to 

determine the system requirements, such as bed area and cell voltage, needed to process a 

nickel solution under various conditions. 
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3.6 Notation 
Abed area of the ion exchange bed perpendicular to the potential gradient (m2) 
ci concentration of species i (mol m-3) 
ci

0 initial concentration of species i (mol m-3) 
Di eff,  apparent diffusion coefficient of species i in ion-exchange bed (m2 s-1) 

Di eff,
0  apparent initial diffusion coefficient of species i in ion-exchange bed (m2 s-1) 

dbed width of ion-exchange bed (m) 
∆E potential difference (V) 
F Faraday constant (C mol-1) 
I current (A) 
Ni flux of species i (mol m-2s-1) 
Ni

0
     initial flux of species i (mol m-2s-1) 

ni quantity of species i (mol) 
Qe charge passed through cell (C) 
R gas constant (J mol-1 K-1) 
T temperature (K) 
t time (s) 
V volume (m3) 
Xi fraction of species i in ion-exchange bed (-) 
z valence (-) 
η current efficiency (%) 
τ inverse time constant (s-1) 
grad ϕ electrical potential gradient  

Subscripts 
a anode compartment 
bed bed of ion-exchange resin occupying centre compartment 
cell entire cell including anode, cathode and centre compartments 
eff effective or apparent value 
i ionic species 
k cathode compartment  
m membrane 
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Chapter 4: The removal of nickel ions from dilute solutions 
 

Abstract 
 
The removal of nickel ions from dilute solutions using a process that combines an ion-
exchange bed with electrodialysis has been studied.  The main aspects include: the 
concentration of nickel ions in the diluate, the voltage over the cell and the current density 
distribution along the ion-exchange bed.  The current density distribution provides insight into 
the state of the bed as it is simultaneously loaded with Ni2+ and regenerated with an electric 
potential difference applied perpendicular to it.  A simple model is used to describe the state 
of the bed and the quantity of nickel removed from it as a function of time.  Under specific 
conditions the precipitation of metal hydroxides is observed in the compartment containing 
the ion-exchange bed.   The results show that hydroxide precipitation is related to the nickel 
concentration in solution and the electric potential gradient across the bed.  The contents of 
this chapter have been accepted for publication in the Journal of Applied Electrochemistry 
(P.B. Spoor, L. Koene, W.R. ter Veen, L.J.J. Janssen). 
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4.1 Introduction 
 
The aim of this chapter is to study the effects of nickel feed concentration, and to examine the 

current density distribution along the cell as it is simultaneously fed with a dilute nickel 

solution and regenerated with a constant electric potential difference.  Two different ion-

exchange materials have been used, one with a flexible gel matrix and one with a rigid macro-

reticular matrix.  The rigid macro-reticular Amberlyst 15 ion exchange resin was used in the 

study incorporating various nickel concentration in the feed solution, and utilized a 0.10 m tall 

cell.  Its high degree of cross-linking (approximately 20 %) renders it very stable and, 

consequently, the size of its “macro” pores are fixed.  The second type, the Dowex 50WX-2 

100 ion-exchanger, is a 2% cross-linked gel that swells and creates space between the 

polystyrene chains through which ions can migrate [1].   This resin was used in the study of 

the current density distribution over a 0.5 m tall bed during the electrodeionization process.  

The two resins differ greatly in their electrical conductivity and physical stability; it was 

found that the highly flexible Dowex 50WX-2 ion-exchange resin has a much higher 

conductivity but lower stability than Amberlyst 15 (see Chps. 1 and 2). 
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4.2 Experimental 
4.2.1 Mass transfer during electrodialysis 

 
The electrodialysis experiments were carried out using a cell consisting of three 

compartments (anode, cathode and centre) divided by an anion-selective membrane on the 

anode side and a cation-selective membrane on the cathode side of the centre compartment.  

The effective area of the cell (i.e. membrane and electrode area) was 0.001 m2 (0.100 m in 

height).  The centre and outer compartments had widths of 0.015 m and 0.0050 m 

respectively.   

 

Each experiment employed one of the following exchange resins: 

 

a. Amberlyst 15 containing sorbed Ni2+ and Na+ 

b. Amberlyst 15 containing sorbed H+  

c. Dowex 50WX-2 100 containing sorbed Ni2+  

 

Exchanger-a was prepared in batch by equilibrating the resin, originally in the sodium form, 

with two bed-volumes of 215 mol m-3 NiSO4 solution over a period of 20 days. The resin was 

then washed with de-ionised water and later stored in a beaker containing two bed-volumes of 

deionised water.  The retinate was then analysed for nickel content and the resin was found to 

have an effective nickel content of 334 mol m-3 wet settled bed (40 %) and an effective 

sodium content of 1050 mol m-3 (60%).  Exchanger-b was prepared by placing a quantity of 

the resin in a column and, to ensure its hydrogen form, it was subsequently regenerated with 2 

M sulphuric acid.  It was then washed with deionised water until the retinate was neutral.  The 

preparation of exchanger-c was performed in batch and is described in chapter 3. 

 

The affects of the NiSO4 concentration in the feed solution (1.3, 2.8, 4.7, 5.7 and 8.2 x 10-4 M) 

on the mass transfer of Ni2+ were studied using exchanger-a.  Exchanger-a was used to 

ascertain the origin of the ions present in the effluent, i.e. Na+ from the exchanger and H+ 

from the outer compartments (see chapter 2).  The results were then compared to experiments 

using Amberlyst 15 in the hydrogen form (exchanger-b) and the Dowex resin in the nickel 

form (exchanger-c).  These latter experiments were carried out with a 0.001 M NiSO4 feed 

solution. 
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All experiments were performed by placing an aliquot of the resin in the centre compartment 

of the cell.  A solution containing a pre-determined concentration of NiSO4 at a pH of 5.70 

was introduced to the centre compartment at a flow rate of 25 cm3 min-1, while sulphuric acid 

solutions with concentrations of 0.1 M were circulated through the outer compartments.  

During each run a constant cell voltage of 30 V was applied and the following characteristics 

were monitored: 

 

• current (hourly) 

• centre compartment solution conductivity and pH at the outlet 

• temperature of all three solutions 

 

Samples of the catholyte (1 cm3) and effluent (2 cm3) were taken on an hourly basis and 

analysed for Ni2+.  Effluent samples from a selection of the experiments were also analysed 

for Ni2+ and Na+.   

 

Nickel and sodium concentrations were determined using a Perkin Elmer 3030 atomic 

absorption system.  The absorption was linear between 0 and 1 ppm for sodium and 0 and 2 

ppm for nickel, while solutions found outside these ranges were diluted with deionized water.  

The lower detection limit for nickel was approximately 4.3 x 10-3 ppm and 2.0 x 10-4 ppm for 

sodium.  All analyses were performed using an air/acetylene flame and a detection 

wavelength of 232.0 nm for nickel and 589.0 nm for sodium.   

 

4.2.2 Current distribution along a tall vertical cell with segmented 
electrodes 
 
The cell used in this series of experiments contained segmented electrodes.  It is depicted in 

Fig. 4.1.  The effective height of the cell was 0.50 m and it consisted of three compartments 

(anode, cathode and centre) separated by two Nafion 117 cation selective membranes.  The 

outer compartments, which housed the electrodes, were 0.01 m wide and 0.005 m thick while 

the centre compartment had horizontal dimensions of 0.01 by 0.01 m respectively.  Each 

electrode comprised 20 flat platinum segments.  Each segment was 0.0240 m in height, 0.010 

m in width and separated by a distance of 0.0010 m.  The segments in the electrode 

compartments were aligned directly opposite one another and each of the 20 pairs were 

connected to a separate channel of a power supply [2]. 
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The anode and cathode compartments were connected to separate flow circuits, each 

containing a 1 M H2SO4 solution, while a bed of Dowex 50WX-2 100 ion-exchange particles in 

the hydrogen form was placed in the centre compartment.  A 0.001 M NiSO4 feed solution was 

then treated by passing it through the centre compartment of the cell at a flow rate of 33 cm3 

min-1.  All solutions were kept at a constant temperature of 298 K.  During electrodialysis, the 

current density across each electrode segment pair was recorded every 15 minutes and 1.5 cm3 

catholyte samples were taken periodically and analysed for Ni2+ content.  This procedure was 

carried out for cell voltages of 5, 10 and 15 V. 

Figure 4.1: Section of the segmented 
electrode cell depicting the anode (a), 
cathode (k), and centre (c) compartments. 
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4.2.3 Apparent nickel capacity of Dowex 50WX-2 100  

 
Due to the large degree of swelling of the 2% cross-linked resin, the apparent concentration of 

fixed sites in its Ni2+ form distinctively varies from that of the H+ form, and hence that given 

by the supplier (600 mol m-3).  To determine the apparent nickel capacity of the ion-exchange 

bed, a quantity of Dowex 50WX-2 resin in the hydrogen form was placed in a calibrated 

column with a cross sectional area of 1 cm2.  The settled volume of the resin was 19.1 cm3.  

Top down flow of de-ionised water was then induced by a suction pump at a pressure of 0.6 

bar (equal to the initial pressure across the 70 cm tall cell filled with the nickel form of a 50 

cm tall Dowex 50WX-2 bed).  The bed volume was then re-measured and was found to have 

decreased by 7 % to 17.8 cm3.  A 0.1 M NiSO4 solution was then trickled through the column 

until the retinate had the same composition as the NiSO4 feed (at this point the bed had been 

fully converted to the nickel form; it was determined by measurement of the retinate pH).  

The ion exchange bed, now in the nickel form, was then washed with five bed-volumes de-

ionised water (to remove NiSO4 from the interstitial solution), and the retinate analysed for 

nickel content by AAS.  The quantity of nickel sorbed by the bed was determined by 

calculating the difference between the quantity of nickel fed to the bed and the quantity 

remaining in the retinate.  Top down flow of de-ionised water was again stimulated by a 

suction pump at a pressure of 0.6 bar to determine the volume of the bed under operating 

conditions.  The volume of the resin in the nickel form was found to have decreased by 

approximately 40 % to 10.8 cm3 upon conversion from the hydrogen to nickel form and the 

effective nickel capacity of the contracted Dowex 50WX-2 was found to be 534 mol m-3.  
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4.3 Results  
4.3.1 Mass transfer during electrodialysis, Amberlyst 15  

 
The effect of nickel concentration in the feed solution, cNi,f, on the migration rate of nickel in 

a bed of Amberlyst 15 particles loaded with nickel and sodium was studied.  During the 

course of the experiment a gradual increase in current density, from approximately 5 mA cm-2 

to 14 mA cm-2, and the formation of a greenish precipitate on the ion-exchange particles at the 

inlet side of the cell were observed.  The quantity of nickel transported from the centre 

compartment, through the cation-selective membrane and into the cathode compartment is 

presented in Fig. 4.2 for the 1.3, 2.8, 5.7 and 8.2 x 10-4 M NiSO4 experiments.  The rate of 

nickel transport increased with increasing cNi,f and decreased with increasing time of 

electrodialysis.   
 
 

Figure 4.2: Nickel content in the catholyte as a function of time for the series of experiments 
in which a bed of Amberlyst 15 particles loaded with Ni2+ and Na+ was used and the nickel 
concentration in the feed solution, cNi,f, was varied.  A constant cell voltage of 30 V was 
applied for all experiments with a feed solution flow rate of 25 cm3 min-1.  cNi,f:  ; + 1.3 x 10-4;  

 2.8 x 10-4;  ✚ 5.7 x 10-4; � 8.2 x 10-4 M NiSO4.  
 

The various contributions to the mass balance of the system is depicted in figure 4.3 as a 

function of the nickel feed concentration, cNi,f.  These include the amount of Ni2+ transported 

to the cathode compartment, nNi,k (O), the total amount feed to the cell, nNi,f ( ), and the 

amount remaining in the effluent, nNi,e ( ) after 8 h electrodialysis.  The difference between 

the quantity of Ni2+ fed to the cell and the quantity transported to the catholyte as well as 
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remaining in the effluent, nNi,f – (nNi,k + nNi,e) (✚), is also depicted in figure 4.3 and is equal to 

the amount of Ni2+ remaining in the bed.   

 

Figure 4.3: The total quantity of nickel transported into the cathode compartment, nNi,k at a 
cell voltage of 30 V (O),  the total quantity of nickel fed to the cell, nNi,f ( ), the total quantity 
of nickel remaining in the centre compartment, nNi,c (✚), and the total quantity remaining in 
the effluent, nNi,e ( ) after 8 h electrodialysis as functions of the nickel concentration in the 
feed solution.   

 

After 8 h electrodialysis, the quantity of nickel remaining in the bed is observed to increase 

substantially with increasing nickel feed concentration.  This was primarily due to the 

formation of a green precipitate, Ni(OH)2 [3], around the outside of the particles at the feed 

solution inlet of the bed; it tended to “cement” the particles together.  The precipitate formed 

in a triangular region whose sides partially bordered the bottom of the bed and the cation-

selective membrane.  The green region of precipitation grew in both size and density over 

time.  By comparing the nickel concentration in the effluent with its original concentration in 

the feed, it was found that an average of 92% of the nickel was removed from the feed 

solutions.   
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Typical results for the effluent pH, pHe, and sodium ion concentration, nNa,e, are given in Fig. 

4.4 for nickel feed concentrations of 2.8, 4.7 and 5.7 x 10-4 M.  For cNi,f = 4.7 and 5.7 x 10-4 M, 

pHe increased from approximately 3.5 to 10.3 for a period of time after which it returned to a 

constant value of approximately 3.1.  When cNi,f = 2.8 x 10-4 M, the pHe remained nearly 

constant at 3.5 for the entire experiment; this was also the case for cNi,f below 2.8 x 10-4 and 

above 5.7 x 10-4 M.  Moreover, the pHe profile closely followed that of nNa,e. 

Figure 4.4: pH (  2.8 x 10-4,  4.7 x 10-4, + 5.7 x 10-4 M NiSO4) and sodium content (�  2.8 
x 10-4,   4.7 x 10-4, ✚ 5.7 x 10-4 M NiSO4) of the centre compartment effluent solution with 
time at various nickel feed concentrations.   A constant cell voltage of 30 V was applied across 
the Amberlyst 15 ion-exchange bed. 

 

A further experiment was conducted in which a bed of Amberlyst 15 particles originally in the 

H+ form was fed with a 0.001 M NiSO4 solution at a cell voltage of 30 V.  Figure 4.5 depicts 

the transport of nickel ions from the centre compartment to the cathode compartment during 

electrodialysis.  The amount of Ni2+ in the effluent from the centre compartment was less than 

the detection limit of the AAS instrument (~20 ppb) and after an electrodialysis time of 8 hr 

the quantity of Ni(OH)2 precipitate was significantly less than that observed when Amberlyst 

15 beds originally containing Ni2+ and Na+ were used.  The average pH of the effluent was 

approximately 2.9 during the entire experiment; this is less than that of the previous series 

using an Amberlyst 15 bed loaded with Ni2+ and Na+. 
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Figure 4.5: Nickel content in the catholyte as a function of time for the series of experiments 
in which a bed of Amberlyst 15 particles initially in the hydrogen form was used.  The nickel 
concentration and flow rate of the feed solution was 1.0 x 10-3 M and 25 cm3 min-1 

respectively.  The cell voltage was constant at 30 V. 
 

A similar experiment was carried out in which a bed of Dowex 50WX-2 100 resin initially in 

the nickel form was used with a 0.001 M nickel feed.  During the experiment it was observed 

that nickel from the model solution was sorbed nickel or deposited as Ni(OH)2 near the inlet of 

the cell in the same triangular manner described for Amberlyst 15, while the remainder of the 

bed was regenerated (in contrast to the Amberlyst 15 resin, a clear distinction between the 

(green) nickel and (yellow) hydrogen forms of the Dowex resin could be observed (see Chp. 

3)).  Nickel hydroxide formation was only observed in areas of the bed already converted to 

the nickel form.   

 

4.3.2 Current distribution in a tall vertical cell with segmented electrodes 
 

To determine the current distribution along an ion-exchange bed a cell with segmented 

electrodes was used.  The centre compartment of the cell contained a bed of Dowex 50WX-2 

resin initially in the hydrogen form.  A nickel solution was fed upwards through the centre 

compartment and a cell voltage was applied.  The nickel ions were subsequently sorbed by the 

resin and transported to the cathode compartment under the potential gradient.  During the 

process an interface between the nickel and hydrogen forms of the bed was observed and is 

termed the nickel front.  The position and dispersion of the nickel front were affected by the 
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vertical nickel fluxes produced by feed solution flow and the horizontal fluxes directed 

towards the cathode compartment produced by the electric potential gradient.  

 

Upon sorption of Ni2+ at the front, the ion-exchange particles contracted and caused the bed to 

shrink and an increase in the pressure drop of the feed solution through the bed.  This 

produced a decrease in the flow rate of the feed solution that then had to be periodically 

readjusted; more detail of this effect can be found in chapter 3.  

 

The amount of Ni(OH)2 precipitation was observed to vary with applied cell voltage.  No 

nickel hydroxide was visibly observed to form at a cell voltage of 5V, but precipitation was 

observed at cell voltages of 10 and 15 V.  It was found on the cathode side of the bed in 

regions where the ion exchanger had already been converted to the nickel form.  The rate at 

which the nickel front progressed upwards through the column was also observed to decrease 

with increasing cell voltage.   

 

Figure 4.6 depicts the current density for various electrode segment pairs at a cell voltage of 5 

V as a function of electrodialysis time (the segments increment from 1 at the bottom of the 

cell where the feed solution was introduced to 20 at the top of the cell).  At the start of 

electrodialysis a relatively high current density through each segment is visible.  This was 

caused by the relatively high interstitial solution conductivity resulting from H2SO4 diffusion 

from the outer compartments before electrodialysis and feed flow was initiated.  After the 

model solution was fed through the centre compartment for approximately 15 minutes, the 

conductivity of the centre compartment decreased to a constant level.  After this start-up 

period, the current density across each segment (excepting pairs 1 and 2) was relatively high 

for a period of time, i.e. 0.04 – 0.068 A cm-2, and then decreased sequentially along the length 

of the cell to nearly zero.  The current decrease occurred as nickel ions from solution replaced 

H+ originally sorbed by the ion exchange particles.  Due to the relatively low mobility of 

sorbed nickel ions, the ion exchange bed increased in resistance upon conversion to the nickel 

form (the conductivity of the hydrogen and nickel forms of the Dowex 50W X2 resin are 6.7 

and 2.04 x 10-3 Ω-1 cm-1 respectively).   
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Figure 4.6: Current densities across various electrode segment pairs at a 5V cell voltage 
versus electrodialysis time.  The ion-exchange compartment contained a bed of Dowex 50X-2 
particles originally in the H+ form and was fed by a 1.0 x 10-3 M NiSO4 solution at a flow rate 
of 33 cm3 min-1.  The segments are numerically labelled, where segment 1 is located at the 
feed inlet of the cell. 
 

After the start-up period, the curves can be divided into 3 sections; a, b and c, which are 

depicted in Fig. 4.6 for segment pair 8.  Section a, where the current density is relatively 

large, corresponds to the time during which only H+ was transported through the bed between 

segment pair 8; b, where the current decreases sharply, corresponds to the time period during 

which Ni2+/H+ exchange had occurred; and c, where the current density is relatively small, 

corresponds to the time period during which the bed was largely in the nickel form and only 

Ni2+ was transported across the segment.  The location of the nickel front can then be 

ascertained as a function of electrodialysis time.  For instance, the time at which the bed 

adjacent to an electrode segment was fully converted to the Ni2+ form corresponds to the time 

at which the current across that bed segment reached its lowest level, tcap.  In Fig. 4.6, tcap is 

indicated for three electrode segments.     

 

In Fig. 4.7, the quantity of sorbed nickel,nNi, is represented as a function of electrodialysis 

time, t, for cell voltages of 5, 10 and 15 V.  To calculatenNi, the volume of the bed in the 

nickel form, VNi, was used along with the nickel capacity of the bed,cNi,cap, determined in 

section 2.3: 
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n c VNi Ni cap Ni= ,  (1) 

 

VNi was calculated as a function of time using the position, or height, of the fixed segment at 

time tcap: 

 

V z ANi t bcap
=  (2) 

 

where Ab is the cross-sectional area of the bed perpendicular to the flow of the feed solution.   

 

The quantity of sorbed nickel was observed to decrease with increasing cell voltage.  It was 

clearly larger for a cell voltage of 5 V.   

 

The quantities mentioned above are part of the mass balance of the system: 

 

n n n n n nNi f Ni k Ni Ni OH Ni e Ni d, , ( ) , ,= + + + +
2

 (3)  

 

It states that the quantity of nickel introduced to the system, nNi,f, is equal to the sum of the 

quantity in the catholyte, the quantity sorbed by the resin, the quantity precipitated as Ni(OH)2, 

the quantity remaining in the effluent and the quantity deposited on the cathode.  nNi,f,  nNi,k 

and nNi,e were determined by analysing samples using AAS whilenNi and nNi OH( )2
were 

calculated using equations 1 - 3.  The quantity of nickel in the effluent, nNi,e, was found to be 

less than the detection limit of the AAS analysis in all cases, whereas the quantity deposited 

on the cathode, nNi d, , was not observed until later in the 5 V experiment.  Figure 4.7 also 

shows a comparison between the quantity of Ni2+ fed to the cell, nNi,f (dotted line), with the sum 

of the quantity sorbed by the bed and transported to the cathode compartment,  

( ),n nNi k Ni+ (�), for the 5 V experiment.  A good agreement between nNi,f and 

( ),n nNi k Ni+ was found in the 5 V case, but not when cell voltages of 10 and 15 V were used. 
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Figure 4.7: The quantity of nickel sorbed by the ion exchange bed, nNi (� 5;  10;  15 V), 
and the quantity of nickel fed to the cell, nNi,f (dotted line), are presented as a function of time 
for the experiments utilizing the segmented electrode cell.  n nNi k Ni, +  is presented for the 5 
V experiment (�).  The ion-exchange compartment contained a bed of Dowex 50X-2 particles 
originally in the H+ form and was fed by a 1.0 x 10-3 M NiSO4 solution at a flow rate of 33 
cm3 min-1.   

 

The quantity of nickel transported to the catholyte, nNi,k, is given in figure 4.8 as a function of 

time.  It was clearly higher for the 5 V experiment (due to the absence of nickel hydroxide 

formation), but contrary to the 10 and 15 V experiments it was observed to decrease after t = 

5 h.  This was caused by the deposition of metallic nickel on the cathode; such behaviour was 

also observed in chapter 3 at a cell voltage of 40 V and a nickel concentration in the catholyte 

of approximately 0.02 mol l-1. 
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Figure 4.8: The quantity of nickel transported to the catholyte, nNi,k (� 5;  10;  15 V) as a 
function of time.  The ion-exchange compartment contained a bed of Dowex 50X-2 particles 
initially in the H+ form and was fed by a 1.0 x 10-3 M NiSO4 solution at a flow rate of 33 cm3 
min-1.  The dotted line represents the calculated quantity of nickel transported to the catholyte 
(equations 6 – 10). 

 

4.4 Discussion 
4.4.1 Mass transfer during electrodialysis  

4.4.1.1 Amberlyst 15 
Nickel ions were removed from the feed solution either by sorption into the ion-exchange 

particles and subsequent transport to the cathode compartment or by precipitation as Ni(OH)2.  

For an ion-exchange bed consisting of Amberlyst 15 resin initially loaded with Ni2+ and Na+ 

(40 % and 60 % respectively), it was found that the flux of nickel to the cathode compartment 

increased with increasing Ni2+ feed concentration (Fig. 4.2).  This was most likely due to the 

increased quantity of sorbed Ni2+ (note the higher rate of Ni2+/Na+ exchange exhibited with 

increasing nickel feed concentration in figure 4.4) as well as the increased flux of Ni2+ in the 

solution phase.  The majority of nickel removed from the feed solution during the 8 h 

Amberlyst 15 experiments, however, remained in the central compartment and its quantity 

increased practically linearly with nickel feed concentration (Figure 4.3).  One of the 

consequences of nickel hydroxide precipitation was a drop in the efficiency of the process.  

The current efficiency, for example, decreased from an average of approximately 11 % after 

1-h electrodialysis to approximately 3 % after 8 h; there is no clear effect of nickel feed 

concentration. 
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Figure 4.4 indicates that the increase in effluent pH during this series of experiments was 

related to the exchange of Ni2+ in solution with Na+ in the resin.  It shows that after a large part 

of the sodium ions had been removed from the bed, the effluent pH decreased to a value 

slightly above 3.  The decrease of effluent pH below that of the feed solution (pH ≅ 5.7) was 

due to the exchange of Ni2+ with sorbed hydrogen and the additional diffusion of sulphuric 

acid from the outer cell compartments (mainly from the anode compartment, Chp. 2).  The 

high effluent pH, i.e. 10.3, during a short period of electrodialysis was only observed for two 

experiments in this series and was produced by the formation of NaOH, the mechanism of 

which was most likely similar to that of Ni(OH)2 formation explained below.   

 

A deposit of nickel hydroxide was found in all Amberlyst 15 experiments.  It was observed to 

dissolve after electrodialysis and feed flow were stopped as a result of a decrease in the centre 

compartment pH brought about by sulphuric acid diffusion from the outer compartments.  

Although dehydrated nickel hydroxide was found to be practically insoluble in 1 M H2SO4 [4], 

the nickel hydroxide formed during this process was most likely hydrated.  The dissolution of 

hydrated Ni(OH)2, which has a solubility product of 6.3 x 10-7 mol3 m-9 [5], occurs below a pH 

of 3.  It follows that the nickel hydroxide was formed in regions of the bed with a pH greater 

than 3, namely about 7 or higher. 

 

The formation of both Ni(OH)2 and NaOH occurred due to the decomposition of water in the 

centre compartment.  Water dissociation at ion-exchange membranes is well documented [6-

11].  “Extraordinary violent” water dissociation was observed on the desalting surface of a 

cation exchange membrane placed in a NiCl2 solution [10].  In [8], the entire current density of 

40 mA cm-2 across a Selemion CMV cation exchange membrane placed in a 0.1 M NiCl2 

solution was carried by H+ formed during Ni(OH)2 precipitation.  During electrodialysis, 

Linkov et al. [3] found nickel hydroxide deposited on particles of cation exchange resin 

placed in an electrodialysis chamber fed with 0.05 M Na2SO4 solutions containing 0.15 to 0.4 

g dm-3 Ni2+.  To explain the formation of this deposit they proposed that hydrogen and 

hydroxyl ions were generated on the boundaries of the granules when these were saturated 

with metal ions.  The hydrogen ions were sorbed by the particles to replace nickel ions 

removed by migration while the hydroxyl ions combined with the nickel to form a hydroxide.  

Taky et al. [7] proposed that nickel hydroxide precipitation at a cation selective membrane 

occurred as a result of the decomposition of water molecules involved in the hydration of the 

nickel ion.  These water molecules have a larger equilibrium constant, Ka, than water 

molecules not complexed with nickel, and should therefore dissociate with greater ease.  
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Based on the work mentioned above, it can be concluded that the dissociation of water, and 

the consequent precipitation of Ni(OH)2, occurs primarily above the limiting current density 

for nickel transport.  The reactions are as follows [12]: 

1.  Ni H O NiOH H O H2 6

2

2 5b g b g+ + + → +  K1 = 5.0 x 10-9 

2.  NiOH H O Ni OH H O H2 5 2 2 4b g b g b g+ + → +  K2 = 2.7 x 10-5 – 8.5 x 10-3 

 

 
4.4.1.2 Dowex 50WX-2 100 
When a 5 V cell voltage was applied across a bed of Dowex 2% cross linked resin initially in 

the H+ form, no nickel hydroxide was observed to form in the centre compartment.  This also 

follows from figure 4.7 where the following mass balance was shown to be true: 

 

n n nNi f Ni k Ni, ,= +  (4) 

 

The deviation at later electrodialysis times (t > 5 h) is attributed to nickel deposition on the 

cathode.  For cell voltages greater than 5 V, no metallic nickel deposition was observed.  The 

mass balance given by Eqn. 3 can then be rearranged to determine the amount of nickel 

hydroxide formation: 

 

n n n nNi OH Ni f Ni k Ni( ) , ,2
= − +c h  (5) 

 

Using Eqn. 5, the nickel hydroxide precipitation was found to start after 1.11 and 0.43 h 

electrodialysis at a cell voltage of 10 and 20 V respectively while the rate of precipitation 

increased with both electrodialysis time and cell voltage.  
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4.4.2 Current distribution in a tall vertical cell  

The current distribution in the hybrid cell was studied using Dowex 50WX-2 100, and the 

bed’s change in conductivity with time was determined.  From this information, the 

distribution of sorbed nickel ions can be determined as a function of time.  Figure 4.9 shows 

the position of the “tip” and “base” of the nickel front as a function of time.  The tip 

represents the time at which the current across an electrode segment began to decrease (Figure 

4.6) due to the sorption of nickel by the ion-exchange bed located adjacent to it.  The “base” 

of the nickel front represents the position of the front at tcap.  The distance between the two 

lines in figure 4.9 indicates the length of the disperse nickel front along the axis of solution 

flow.   

Figure 4.9: Height of the tip ( ) and base (�) of the nickel front as a function of time for the 
5 V experiment. The ion-exchange compartment contained a bed of Dowex 50X-2 particles 
initially in the H+ form and was fed by a 1.0 x 10-3 M NiSO4 solution at a flow rate of 33 cm3 
min-1.  The solid line represents the calculated result (equations 6 - 9) while the dotted line 
represents the height of the nickel front without continuous regeneration of the bed, i.e. 
conventional ion-exchange. 

 

In a conventional ion-exchange bed the velocity at which a concentration front travels through 

the ion-exchange column can be described by the following equation [1]: 
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where νF is the velocity of the front in m s-1, νs the linear solution flow rate in m s-1,cNi,cap the 

nickel capacity of the resin in mol m-3, cNi the nickel concentration in the feed solution in mol 

m-3, ε represents the void fraction of the bed and ∆z the distance the nickel front travelled 

through the bed in time ∆t.  From this equation the height of the nickel front was calculated as 

a function of time and is given in figure 4.9 as a dotted line.   

In the hybrid ion-exchange / electrodialysis system described here, however, the change in cNi 

due to sorption at continually regenerated sites must first be taken into account.  This was 

done by expressing the mass balance of the system as a function of bed height and then 

assuming that the rate of sorption in regions of the bed converted to the nickel form was equal 

to the regeneration rate of the bed, NNi: 

 

c Q c wzN
QNi

s Ni Ni

s

= − , (7) 

 

where cNi is the concentration of nickel ions in the interstitial solution in regions of the bed 

completely converted to the nickel form (mol m-3), Qs the volumetric solution flow rate in m3 

s-1, w the width of the bed perpendicular to the potential gradient in m and NNi the flux of 

nickel into the cathode compartment in mol m-2 s-1.  By substituting νs = 5.5 x 10-3 m s-1, Qs = 

5.5 x 10-7 m3 s-1, cNi,f = 1.0 mol m-3,cNi,cap = 534 mol m-3, ε = 0.5 and NNi = 1.5 x 10-4 mol m-

2 s-1 into equations 6 and 7, the height of the bed fully converted to the nickel form was solved 

as a function of time.  NNi was calculated from the migration term of the Nernst Planck 

equation: 

 

ϕ= grad
RT

FD
czN eff,Ni

cap,NiNiNi , (8) 

 

whereDNi,eff , the effective diffusion coefficient of nickel in the fully loaded Dowex 50WX-2 

resin, is 1.13 x 10-11 m2 s-1 (see Chp. 3).  The potential gradient over the ion-exchange bed is: 

 

bed

akcathodeanodecell

bed

bed

d
)EEEE(-E

d
E

grad
∆+∆++

=
∆

=ϕ = 320 V m-1 (9) 

 

where (Eanode + |Ecathode|) was found to be approximately 1.8 V from I/E measurements of the 

hybrid cell containing the Dowex resin (see appendix 2).  The resistance of the electrolytes as 

well as the membranes were neglected due their relatively small contribution to the resistance 
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of the cell at low current densities (see Chp. 2).  The calculated height of the “ideal” nickel 

front as a function of time is given in figure 4.9 as a solid line and it agrees well with the 

experimental data for the “base” of the nickel front.  The “tip” of the front cannot be 

accurately predicted by this model since its formation has largely to do with the migration of 

ions in the solution phase towards the cathode (the shape of the front is triangular with the 

hypotenuse running upwards from the anode to the cathode membrane).   

 

This model was further used to simulate the quantity of nickel transported to the catholyte, 

where: 

 

∆ ∆n wzN tNi k Ni, = b g , (10) 

 

where z is calculated using equations 6 and 7 as a function of time.  The dashed line in figure 

4.8 shows the calculated result for the 5 V experiment.  The agreement between the 

experimental and calculated result is good until metallic nickel deposition on the cathode 

occurred.  Note that in the above model, the transport of nickel through the solution phase was 

not taken into consideration and yet the calculated results show a good agreement with the 

experimental results.     

 

The conductivity of the nickel feed solution was lower than that of the ion-exchange particles 

themselves (4.5 x 10-4 vs. 2.04 x 10-3 Ω-1 cm-1) and hence the current carried by Ni2+ during 

the electrodialysis process flowed mainly through the ion exchange particles.  The three 

mechanisms of transport include: solely through the resin (R), solely through the solution (S) 

and alternating through the resin and solution (S-R).  The resistance of the ion-exchange bed 

can then be expressed as [1]: 

 

1 1 1 1
R R R Rbed S R S R

= + +
−

 (11) 

 

The amount of current transported by Ni2+ through the solution phase can be estimated using 

ohm’s law and was found to be 1.4 mA cm-2 at a potential gradient over the ion-exchange 

compartment of 3.2 V cm-1; this compared to an estimated 6.5 mA cm-2 through the resin 

phase.  This, along with the agreement between the model and experimental results, indicate 

that transport through the resin phase was the predominant transport mechanism of the nickel 

ions.  Note that the conductivity of the interstitial solution will increase with bed height due to 
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the exchange of Ni2+ with H+; the corresponding increase in total current density can be seen 

in figure 4.6, especially during the portion of the curves corresponding solely to H+ transport 

(a). 

The limiting current density to the membrane through the solution phase was estimated by 

assuming that the transport of ions to the membrane surface was similar to the transport of 

ions to particle surfaces in a packed bed; the corresponding Sherwood correlation for a packed 

bed of particles is [13]: 

 

Sh Sc= 152 0 55 0 33. Re . . , (12) 

 

where Re = ν
υ
l , Sc

D
= υ and l is the characteristic length, in this case the average particle 

diameter = 2.25 x 10-4 m.  Substituting the linear flow rate ν = 5.5 x 10-3 m s-1, the kinetic 

viscosity of water υ = 8.98 x 10-7 m2 s-1 and the diffusion coefficient of Ni2+ in water = 6.9 x 

10-10 m2 s-1 at 25°C and very low concentrations [14], into the above equations, the Reynolds, 

Schmidt and Sherwood numbers were found to be, 1.37, 1301 and 19.33 respectively.  The 

mass transport coefficient, km, to the membrane can then be calculated using: 

 

 Sh k
D

m

Ni

= l
, (13) 

 

and was found to have a value of  5.93 x 10-5 m s-1.  Taking migration into account, the 

limiting current density to the membrane through the solution phase can be calculated using 

the following equation [15]: 

i z z
z

FkcNi
Ni

SO
Nilim = +

F
HG

I
KJ1

4

, (14) 

and was found to be 2.2 mA cm-2.  This limiting current density, above which nickel 

hydroxide precipitation is expected to occur, is greater than the estimated current density 

transported through the solution phase at a bed voltage of 3.2 V cm-1, i.e. 1.4 mA cm-2.  At a 

bed voltage of 8.2 V cm-1 (the 10 V experiment), however, using Ohm’s law a current density 

of 3.7 mA cm-2 was estimated.  This is above the calculated limiting current density, which 

would explain the nickel hydroxide formation at this, and higher, cell voltages.   
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4.5 Conclusions  
 
The removal of nickel ions from solution using a combined ion-exchange/electrodialysis 

technique was studied.  The nickel ions were removed by the following mechanisms: either 

by transport through the solution phase to the cathode compartment, by sorption in the ion-

exchanger and subsequent transport to the cathode compartment or by precipitation as a 

hydroxide in the centre compartment.  As the aim of this research program is to create a 

continuous system for removing nickel ions from very dilute solutions, the latter mechanism 

must be avoided.  Key factors involved in obtaining a continuous system are cell voltage, 

concentration of nickel in the feed solution and the ionic nature of the ion exchanger.  It was 

shown that the concentration of nickel in the feed affected the quantity of nickel hydroxide in 

the ion-exchange bed and that the pH of the effluent can be affected by the presence of 

sodium ions in the resin.  Both nickel hydroxide and sodium hydroxide were formed due to 

the decomposition of water within the central compartment. 

 

The flexible Dowex 50WX-2 resin performed remarkably better than the macro-reticular 

Amberlyst 15 resin; this due to the greater conductivity of the Dowex resin.   The absence of 

precipitation in one of the experiments using the Dowex 2% cross linked resin showed that it 

was possible to continuously deionise a dilute nickel solution.  Of the cell voltages used, the 1 

mM NiSO4 solution in question was deionised without hydroxide precipitation at a cell voltage 

of 5 V while cell voltages of 10 and 15 and 30 V were high enough to cause Ni(OH)2 

formation.  The potential gradient over the bed must be chosen sufficiently low.  The 

concentration of nickel and hydrogen ions in the feed solution will also determine whether 

hydroxide formation will occur and it has been found that the rate of nickel hydroxide 

precipitation increased with both nickel concentration in the feed as well as cell voltage.  

Under our experimental conditions, cell voltages higher than about 5 V should be avoided; 

this corresponds to approximately 320 V m-1 bed width. 

In chapter 3 it was shown that the current efficiency of the system is 100 % when the bed is 

completely in the nickel form; it follows that the current efficiency of the system greatly 

depends on the ionic state of the bed.  The simple model presented in this chapter gives an 

accurate prediction of the portion of the bed fully converted to the nickel form, where the 

current efficiency is highest, but it cannot predict the dispersion of the nickel front, where the 

current efficiency will decrease substantially due to the presence of sorbed hydrogen ions.  

This model also successfully predicted the quantity of nickel transported to the catholyte as a 

function of time. 
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4.6 Symbols 
Ab area of the bed perpendicular to feed flow (m2) 
c concentration of species (mol m-3) 
D diffusion coefficient (m2 s-1) 
d species deposited on cathode 
dbed distance between the two ion-exchange membranes (m) 
Ei electrode potential of component i (V) 
F Faraday constant (C mol-1) 
gradϕ potential gradient (V m-1) 
Ka equilibrium constant 
km transport coefficient to cathode membrane (m s-1) 
l characteristic length (m) 
N flux of species to cathode compartment (mol m-2 s-1) 
n quantity of species (mole) 
Qs volumetric flow rate of solution (m3 s-1) 
R resistance (Ω), gas constant (VC mol-1 K-1) 
Re Reynolds number 
Sc Schmidt number 
Sh Sherwood number 
T temperature (K) 
t time (s) 
tcap time at which a bed segment was converted to the nickel form (s) 
Vi volume of bed in i form (m3) 
w width of ion exchange bed perpendicular to the potential gradient (m) 
z axial position in ion-exchange bed (m), ionic valence (-) 
∆Ei electric potential difference over component i (V) 
ε void fraction of ion-exchange bed 
ν linear solution flow rate (m s-1) 
υ kinematic viscosity (m2 s-1) 

Subscripts 
a  anode compartment, anolyte 
anode  platinum anode 
bed  ion exchange bed  
c  centre compartment 
d  deposit on cathode 
cathode platinum cathode 
cell entire cell including electrodes, electrolytes, membranes and ion-exchange bed 
cap  capacity 
e  effluent solution 
eff  effective or apparent parameter 
f  feed 
k  cathode compartment, catholyte  
i  ion 
lim  limiting 
R  resin phase 
r  quantity removed from model feed solution 
S  solution phase 
S-R  combination of solution and resin phase 
seg  segment 
Note: symbols with over-bars (i.e.ci) indicate values within the ion-exchanger 
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Chapter 5: Continuous deionization of a dilute nickel 
solution 
 

Abstract 
This chapter describes the continuous removal of nickel ions from a dilute solution using the 
hybrid ion-exchange / electrodialysis process.  Emphasis was placed on the ionic state of the 
bed during the process, and the mass balance of ions in the system.  Much of this information 
was obtained by analysing the current distribution across the cell.  The effects of temperature, 
feed nickel concentration and feed solution flow rate were ascertained.  It was found that a 
steady, continuous process can be achieved.  The contents of this chapter have been accepted 
for publication in the Chemical Engineering Journal (P.B. Spoor, L. Koene, W.R. ter Veen, 
L.J.J. Janssen). 



80  Chapter 5 

 

5.1 Introduction 
This chapter will focus on the longer-term behaviour of the hybrid process. The studies were 

carried out for up to 100 hours and involved variations in the feed flow rate, temperature and 

the concentration of the nickel feed. These parameters are important as they may affect the 

nickel flux and current efficiency of the process.   

5.2 Experimental 
The experimental set-up has been previously described in Section 4.2.2.  It consisted of a 

three-compartment cell with an effective area of 50 cm2 (1cm wide x 50 cm long) (Fig. 4.1).  

The outer compartments contained the electrodes and were each connected to separate 1M 

H2SO4 electrolyte circuits.  The centre compartment contained a packed bed of ion-exchange 

particles (Dowex 50X-2 50-100 mesh) initially in the H+ form while two Nafion 117 cation-

selective membranes were used to separate the three compartments.  Various NiSO4 feed 

solutions were fed through the centre compartment top-down. 

 
The electrodes were comprised of 20 separate platinum segments that were 0.024 m in height, 

0.010 m in width and separated by a distance of 0.001 m. Each electrode pair was connected 

to a separate channel of a potentiostat.  Segment-1 was located at the top of the cell where the 

feed solution was introduced while segment-20 was located at the bottom, or exit, of the cell.  

This set-up allowed for an accurate determination of the current distribution down the column 

during operation at a constant cell voltage.  Other measurements included the temperature 

along the column (Pt-100 thermocouples inserted into the wall of the centre compartment) 

and the pH and conductivity of the processed solution.  These data were recorded 

continuously with the aid of a computer.  Mass transport information was acquired by 

analysing the nickel contents in the catholyte, processed effluent solution and anolyte.  

Regular sampling of these solutions and subsequent analysis of the samples by either Flame 

AAS or UV/Vis spectroscopy, depending on concentration, were carried out.  The pressure 

drop across the cell as well as the position of the nickel front, measured from the top of the 

cell, was measured periodically. 
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The experiments follow the same procedure as described in Section 4.2.2 with a few changes 

to the experimental parameters.  These parameters are given in the following table:  

 

Table 5.1: Experimental parameters 

Experiment # Cell voltage 
/V 

Feed Ni2+ 
concentration 
/mM 

Feed Flow 
Rate /cm3 s-1 

Electrolyte 
and Feed 
Temperature 
/°°°°C 

1 5 1 0.53 25 initial 
2 5 2 0.53 Incremented: 

25, 30, 35, 40 
3 5 1 Incremented: 

0.25, 0.38, 
0.58, 0.8, 0.92 

25 

 

 

5.3 Results 

5.3.1 Experiment 1: Initial experiment 

In this experiment all parameters mentioned in Table 1, aside from the temperature, were held 

constant.  This experiment was carried out to determine if the process would reach a steady 

state during its 110 h duration.  During the weeklong experiment it was found that changes in 

the ambient temperature affected the temperature in the cell; this will be discussed in more 

detail below.  When the 1 mM NiSO4 feed solution was introduced to the centre compartment, 

the Ni2+ ions were absorbed by the ion-exchanger.  This caused the bed to turn from its 

original yellow colour when in the hydrogen form to the dark green colour indicative of its 

nickel form.  A clear yellow/green boundary, or front, resulted (Fig. 5.1).  This front was 

observed to move down the bed.   
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Figure 5.1: The nickel front.  Depicts sections of the bed in the Ni2+, H+ and Ni2+/H+ forms.  
The bed is regenerated by H+ supplied by the anolyte while nickel is concentrated in the 
cathode compartment.  The nickel solution is fed top-down. 

 

As the front moved down the column it was also observed to change in shape; it became less 

flat and more elongated along the cathode side of the cell.  The resulting tip and base of the 

front is indicated in Fig. 5.1. The position of the front in the column was not constant over the 

course of the experiment.  It was observed to retreat and advance on a daily basis, hovering 

around an average position.  A sharp decrease in particle volume occurred upon the 

conversion of the particles from the hydrogen to nickel form (see Chps 3, 4).  This caused the 

bed to contract, leaving the first 3 segment pairs without an adjacent resin bed.   

 

Ni2+

~ 2H+

Segmented Cathode

20

1

H+

H+

Ni2+

Ni2+

Segmented Anode
IEM IEM

H+

H+

H+

Tip

Base



Continuous deionization of a dilute nickel solution 83 
 

 

The current that passed through the various electrode pairs for the first 80 h of this experiment 

is given in Fig. 5.2 as a function of time.  For clarity, only the channels at positions of the bed 

involved in exchange with Ni2+ are given.  The position of the nickel front can be determined 

from the current distribution.  This is possible due to the large mobility difference between the 

divalent nickel ion and the hydrogen ion in the system [1].  When the current across a pair of 

segments was relatively high the bed between the segments was in the hydrogen form.  A low 

current across a pair of segments corresponded to a section of the bed in the nickel form.  It 

was found that when the tip of the front reached the top of a segment, its current began to 

decrease.  This current stabilized when the base of the front reached the bottom of the 

segment pair.  It can be seen that the current across a number of the segment pairs (segments 

5 to 11) was not stable, but oscillated periodically. 

Figure 5.2: Current distribution for the first 80 h of Experiment 1.  The first 11 channels, representing 
a bed position of 27.5 cm, are depicted.  A cell voltage of 5 V was applied.  The current across the 
remaining portion of the bed remained relatively constant at currents between 0.15 and 0.25 A.  
During the first 24 h, the current across the segments decrease in consecutive order. 
 
The total amount of nickel introduced to the cell and the amount transported into the cathode 

compartment is shown in Fig. 5.3 as a function of time.  This figure shows that the flux of 

nickel into the cathode compartment was relatively constant over the entire experiment.  Only 

a small difference between the amount of nickel entering the cell and the amount removed 

from the bed was observed.  The amount of nickel in the effluent of the centre compartment 

was below the detection limit (~20 ppb) of the AAS instrument used for the analysis.  The 
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effluent pH during the experiment averaged 2.65, this corresponds to a H+ concentration of 

2.24 mM.     

 
The formation of a green Ni(OH)2 deposit in the centre compartment, the occurrence of which 

was observed in chapter 4, was not observed in this case. 

Figure 5.3: Quantity of nickel transported to the cathode compartment ( ) and the total 
amount of nickel introduced to the cell during Experiment 1 (Dashed line).  The NiSO4 feed 
had a concentration of 1 mM and a flow rate of 0.53 cm3 s-1.  A cell voltage of 5 V was 
applied. 

5.3.2 Experiment 2: Temperature variation 

The temperature of the system affects the conductivity, and hence the ionic fluxes in the bed.  

Its effect on the system was therefore studied.  This experiment was carried out over a period 

of 90 h at various temperatures and a nickel feed concentration of 2 mM.  This higher feed 

concentration was used in order to (a) utilize a greater portion of the cell than that used in 

Experiment 1 (i.e. resulting in a larger region of the bed in the nickel form) and (b) observe 

any other consequences it may have.   

 
During the first 24 hours the experiment was run at 25 °C.   During this time the nickel front 

was observed to exit the cell at the bottom of the packed bed.  This was due to the increased 

quantity of nickel fed into the cell.  The formation of Ni(OH)2 in the centre compartment was 

observed after approximately 6 hours of operation.  It formed as dendrites on the cathode side 

membrane in the top 0.1 m of the cell.  Nickel hydroxide dendrite formation occurred on this 

section of membrane because, due to bed contraction, it did not have an adjacent bed of 

particles.  Due to the absence of ion-exchange particles adjacent to segment pairs 1-4, these 

segments were turned off at t = 30 h to prevent further Ni(OH)2 precipitation on the 
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membrane; the precipitate subsequently detached itself from the membrane.  Along the 

cathode cation-selective membrane, precipitate was also observed as non-uniform patches in 

the bed.  Precipitate only formed in areas of the bed in the nickel form.   

 
At t = 24 h the temperature of the system was increased to 30°C.  Shortly after the increase in 

temperature the nickel front was observed to re-enter the cell and retreat to a bed position of 

approximately 0.275 m.   Subsequent increases in temperature resulted in further decreases in 

the fraction of the bed in the nickel form.  

 
The amount of Ni(OH)2 precipitation was observed to abate after the first increase in 

temperature.  In subsequently regenerated areas of the bed, the precipitate dissolved and the 

nickel ions were absorbed and transported.  The precipitate that had formed in areas of the bed 

still in the nickel form remained. 

 
The current distribution for each segment pair as a function of time is given in Fig. 5.4.  This 

figure shows that for each increase in temperature, an increase in the segment’s current 

occurs, particularly for segments at the nickel front.  At t = 24 h for example, the current for 

segment pairs 1-5 was observed to increase; this was due to the first increase in temperature at 

that time (25 to 30 °C).  At t = 48 h (temperature increase from 30 to 35°C), the current across 

pairs 6 and 7 were observed to increase while the rate of current increase across the 4th 

segment escalated.  The decrease in current for segments 2-6 at t = 60 h was due to a decrease 

in the ambient temperature.  At t = 72 h, the current across pairs 4-7 were observed to increase 

after the temperature was changed from 35 to 40 °C.  It can be concluded that the temperature 

strongly affects the position of the nickel front and hence the deionisation process. 
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Figure 5.4: Current distribution during Experiment 2.  The feed solution had a nickel 
concentration of 2 mM and a flow rate of 0.53 cm3 s-1.  The temperature was periodically 
increased.  A cell voltage of 5 V was applied.  During the first 24 h, the current decreases 
across each segment in consecutive order.  All 20 channels representing the entire cell are 
depicted. 

 

By analysing the current distribution, the position of the nickel front could be obtained.  

Figure-5.5 depicts the position of the tip and base of the front measured from the top of the 

cell, Ht and Hb, for the first 18 h of Experiment 2.  During this time the entire bed contained 

nickel.  From this figure it can be seen that the tip and base leave the bottom of the cell, 

corresponding to segment pair 20, at approximately t = 12 and 17 h respectively.  The 

dispersion of the front can be expressed as the distance between the tip and base.  From Fig. 

5.6 it can be seen that the dispersion of the front increases as it moves further down the 

column. 
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Figure 5.5: Position of the tip, Ht, (✚) and base, Hb, (�) of the nickel front as a function of 
time (first 17 h) of Experiment 2. 
 

The amount of nickel transported to the cathode compartment, nNi,k, is depicted in Fig. 5.6.  

Figure 5.6 illustrates that during the first 24 h of operation, the flux of nickel into the cell was 

much greater than the transport of nickel to the cathode compartment, NNi,k.  A breakthrough 

of nickel at the outlet of the central compartment resulted.  After the first increase in 

temperature the flux of nickel in the bed increased significantly, and after further increases in 

temperature the nNi,k / t curve, indicating the quantity of nickel removed from the bed, moves 

closer to the nNi,total / t curve indicating the total quantity of nickel ions fed to the bed.   

Figure 5.6: Quantity of nickel transported to the cathode compartment ( ) and the total 
amount of nickel introduced to the cell during Experiment 2 (Dashed line). 
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No Ni2+ was found in the effluent after t = 24 h, but it was found in the anolyte.  

Approximately 8 mmol of nickel were removed by diffusion to the anode compartment during 

the entire experiment.  The average transport rate of nickel to the anode compartment during 

the first 24 h, when the system temperature was 25 °C, was found to be 6.67 µmol s-1.  This 

compared to an average transport rate of 16.7 µmol s-1 nickel to the catholyte.  The transport 

of nickel to the anolyte drastically decreased to an average of 0.67 µmol s-1soon after the 

temperature was increased to 30 °C while that of the catholyte increased to 66.7 µmol s-1. 

 
The effluent pH during the first 24 h averaged 2.70.  This corresponds to a hydrogen 

concentration of 3.98 mM.  During the remainder of the experiment the pH averaged 2.66, or 

4.36 mM H+.  Since all nickel is absorbed after t=24 h, 4 mM of H+ is produced by the 

exchange with the 2 mM Ni2+ solution fed to the bed; the remainder enters the cell from the 

outer compartments. 

 
The pressure drop through the centre compartment was observed to decrease as the front 

moved down the bed.  At t = 0.5 h the pressure drop over the entire centre compartment was 

measured at 3.5 x 104 Pa.  It decreased to 3.0 x 104 Pa at t = 32.5 h.  The decrease in the 

pressure drop is attributed to the contraction of the bed upon uptake of nickel ions.   

5.3.3 Experiment 3: Flow rate variation 

During this experiment the flow rate of the 1 mM NiSO4 feed solution was increased 

stepwise.  After every increase in flow rate the nickel front was observed to move further 

down the column.  The temperature during this experiment was kept constant at 25 °C and no 

nickel hydroxide precipitation was observed. 

 
The current distribution down the cell is given in Fig. 5.7.  From this data the location of the 

tip and base of the nickel front, Hb and Ht respectively, was determined (see Chp. 4) and 

plotted for each feed solution flow rate (Fig. 5.10). 
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Figure 5.7: Current distribution during Experiment 3.  The feed solution had a nickel 
concentration of 1 mM.  The flow rate was increased periodically from 0.25 to 0.92 cm3 s-1 
and the temperature was constant at 25 °C.  A cell voltage of 5 V was applied.  During the first 
24 h, the current decreases across each segment in consecutive order.  All 20 channels 
representing the entire cell are depicted. 

 

The flux of nickel into the catholyte was found to increase after each increase in feed flow 

rate.  Figure 5.8 depicts the nickel flux into the catholyte as a function of flow rate.  The 

nickel flux with respect to the entire area of the bed (Abed), the area of the bed until the tip of 

the nickel front (At) and the area until the base of the nickel front (Ab) are depicted.  From this 

figure it can be seen that the nickel flux with respect to the entire bed increases strongly with 

flow rate, while the nickel flux with respect to At and Ab increased only slightly. 
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Figure 5.8: Flux of nickel into the catholyte as a function of feed solution flow rate.  Nickel 
flux is presented with respect to the area of the bed, Abed (✚), area of the bed until the tip, At 
(�), and base, Ab ( ) of the nickel front.  

 

Figure 5.9 shows the average concentration of H+ in the effluent for each flow rate.  The 

concentration of H+ in the effluent is seen to decrease exponentially with increasing flow rate.  

The nickel concentration in the effluent was not detectable with the Flame AAS method used; 

it was therefore below approximately 20 ppb (See Chp. 1). 

 
The development of the nickel front during Experiment 3 is depicted in Fig. 5.10.  In this 

figure it can be seen that after each increase in flow rate, the nickel front progressed further 

down the column.  It is apparent that the increase in flow rate increased the dispersion of the 

nickel front.  It was found that the current efficiency of the process decreased with increasing 

solution flow rate.   
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Figure 5.9: H+ concentration in the centre compartment effluent as a function of feed solution 
flow rate during Experiment 3. 

Figure 5.10: Ht (✚) and Hb (�) at a constant temperature of 25°C during Experiment 3 as a 
function of feed solution flow rate. 
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5.4 Discussion 

The current distribution can be used to track the position of the nickel front.  The front 

stopped when the amount of nickel removed from the bed by migration and diffusion equalled 

the total amount supplied to the cell: 

 
n n n nNi total Ni bed Ni k Ni a, , , ,= + +           (1) 

 
where n = quantity in moles, k = cathode compartment, a = anode compartment, bed = packed 

bed of ion-exchange particles.    

 
The dispersion of the front increased as the front progressed further down the column (Fig. 

5.5), especially when the flow rate of the feed solution was increased (Fig. 5.10).  As both H+ 

and Ni2+ ions are transported at the nickel front, the efficiency for nickel transport decreases 

there.  The dispersion of the front can be attributed to Ni2+ migration in the interstitial solution 

towards the cathode, sorption of nickel ions solely in regenerated parts of the bed, axial 

mixing and diffusion, and ion-exchange kinetics [1].  The preferred sorption of nickel along 

the anode side of the cell (where regeneration first took place) and the migration of nickel 

ions in the interstitial solution caused the nickel front to elongate along the cathode side of the 

bed.      

 
The nickel flux into the catholyte during Experiment 3 was observed to increase with 

increasing flow rate.  The increase is strong when viewed with respect to the entire bed, but is 

only slight with respect to the area of the bed in the nickel form (Ab or At).  The slight 

increase of the latter is most likely due to the increase in conductivity of the bed upon 

increasing flow rate.  Upon increase in flow rate, the pressure on the bed increased, causing 

the contact area between the particles to increase and thereby increasing the conductivity of 

the bed.  

 
The concentration of H+ in the effluent during all of the experiments was slightly higher than 

2 times the nickel concentration in the feed.  This was due to the transport of sulphuric acid 

from the outer compartments.  Fig. 10 shows that the concentration of H+ in the effluent 

decreased exponentially with increasing flow rate.  When extrapolated to infinite flow rate, 

the fit from Fig. 10 gives a H+ concentration in the effluent equal to 2.16 mM; nearly equal to 

the equivalent concentration of Ni2+ in the feed.  Hence, the resulting concentration of H+ in 
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the effluent would be equal to the equivalent concentration of ions exchanged during the 

process, plus the H+ ions transported from the outer compartments.   

The occurrence of Ni(OH)2 precipitation in Experiment 2 showed that its formation during 

this process depends on the nickel concentration of the feed solution.  The temperature 

increases incurred during this experiment and Experiment 1 were observed to affect the nickel 

flux, and hence the mobility of nickel through the resin.  In fact, increases in temperature 

affect the mobility of ions through ion-exchange resins greater than through aqueous solutions 

[1].  The observed decrease in the rate of nickel precipitation upon increasing temperature 

possibly occurs due to the dissimilar affect of temperature on Ni2+ transport through the resin 

and solution phases; i.e. the increase in the rate of regeneration of the ion-exchange bed is 

greater than the increase in the limiting current to the cathode side membrane through the 

solution phase. 

 
Nickel ions were also transported to the anode compartment due to diffusion.  The exchange 

of nickel ions from the highly concentrated resin with protons from the anolyte took place 

across the cation-selective membrane.  The transport due to diffusion was highest during 

Experiment 2 as the area over which diffusion takes place was greatest during this 

experiment.  At t = 24 h, when the temperature of the system was increased to 30 °C from a 

previous temperature of 25 °C, the flux of nickel to the catholyte increased and a portion of 

the bed was regenerated to the hydrogen form.  At the same time, nickel transport to the 

anolyte decreased.  The transport of nickel to the anolyte is therefore greater when Hb is 

greater.   
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5.5 Conclusions 
The purpose of these experiments was to determine the behaviour of a combined 

electrodialysis / ion-exchange system over a longer time period.  By analysing the current 

distribution during these experiments, the ionic state of the bed and therefore the development 

of the nickel front could be studied.  During Experiment 1 a pseudo-steady state was obtained 

in which oscillations in ambient temperature caused oscillations in the nickel flux.  

Experiment 2 clearly demonstrated the importance of temperature on nickel flux in the ion-

exchange bed.  It also demonstrated the importance of nickel feed concentration on the 

formation of nickel hydroxide. The dispersion of the nickel front was shown to increase with 

feed flow rate during Experiment 3.  The results showed that the temperature, feed 

concentration and solution flow rate are all important parameters during the longer term.  

They were found to affect the flux of nickel to the catholyte, the current efficiency of the 

process, the volume of resin required for the process as well as the formation of nickel 

hydroxide in the centre compartment.  It has been shown that by controlling these parameters, 

a continuous process is possible. 

   
As stated in chapter 1, this process could be used for clarification of a process solution, or for 

robust treatment of a waste solution before disposal.  Robust treatment would require careful 

control of the process parameters stated above because breakthrough of Ni2+ should be 

avoided.  Scale-up would not entirely depend on the length of the column, but primarily on 

the effective regeneration area normal to the feed solution flow – steady state would then be 

achieved when the regeneration rate equals the rate at which ions are fed to the cell.  The 

length of the cell would have to be adjusted for the affects of flow rate on the development of 

the nickel front [1] and the pressure drop over the bed.  Clarification of a process solution is 

much simpler as it does not require complete removal of nickel ions in one pass through the 

cell; breakthrough of Ni2+ is therefore permitted.   
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5.6 Symbols 
A Area of the bed perpendicular to nickel migration (m) 
∆E cell voltage (V) 
H bed position, measured from top of cell (m) 
Ni flux of species i (mol m-2s-1) 
ni quantity of species i (mol) 
t time (s) 
v feed solution flow rate (cm3 s-1) 
 
Subscripts 
a anode compartment 
b base of nickel front 
bed bed of ion-exchange resin occupying centre compartment 
cell entire cell including anode, cathode and centre compartments 
eff centre compartment effluent solution 
feed feed solution 
k cathode compartment 
t tip of nickel front 

 

5.7 References 
1. F. Helfferich, Ion Exchange, Dover, New York, 1995. 
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Chapter 6: Potential and concentration gradients in a 
hybrid ion-exchange / electrodialysis cell 
 

Abstract 
The regeneration of 2, 4, and 8 % cross-linked ion-exchange resins in the nickel-form was 
carried out in a three-compartment hybrid ion-exchange/electrodialysis cell.  During the 
process the potential and nickel concentration profiles in the bed were measured.  The 
experimental results are compared to results from a one-dimensional transport model able to 
simulate the development of potential and concentration gradients during the process; the 
amount of nickel transported out of the ion-exchange bed to the cathode, or concentrate, 
compartment was reasonably predicted.  Differences between the model and experimental 
results are also discussed.   
It was found that under extreme conditions, i.e. high bed voltage, the formation of metallic 
nickel was observed in the central ion-exchange compartment.  The contents of this chapter 
have been submitted to the Journal of Applied Electrochemistry for publication (P.B. Spoor, 
L. Koene, L.J.J. Janssen). 
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6.1 Introduction 
 
A hybrid ion-exchange/electrodialysis system is being studied for the treatment of galvanic 

nickel waste solutions.  The aim of the hybrid system is to increase the selectivity and 

conductivity of an electrodialysis-type cell by placing a bed of ion-exchange particles in its 

diluate compartment.  Several factors regarding the removal of sorbed divalent metal ions 

from a bed of ion-exchange particles using an applied electrical potential have been studied in 

previous chapters (published in [1-4]).  This chapter will focus on the concentration and 

potential gradients that develop in the cell during the regeneration of an ion-exchange bed 

initially in the nickel form.  The results of these experiments will then be compared to a 

simple transport model based on the Nernst-Planck equation. 

 

6.1.1 Theory 
 
The model presented in this chapter involves the Nernst-Planck equation (Eqn. 1).  This 

equation has been used to model various ion-exchange processes such as ion-exchange [5, 6], 

electro-migration in ion-exchange particles [5] and membranes [5, 7-9] as well as the hybrid 

system [10-12] and other similar systems [13].  
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The model will be used to describe the flux of an ion through an ion-exchange resin in terms 

of its diffusion and migration.  It requires the electric charge of the ionic species (zi), diffusion 

coefficients ( Di ), bed voltage drop ( ∆ϕ = −ϕ ϕd 0 ), bed width (d), initial nickel concentration 

in the bed ( cNi
0 ), concentration of fixed sites ( cfixed ), and the charge of fixed sites (ω) as input.  

It considers the ion-exchange bed as a porous, macroscopically homogeneous system where 

the inputs mentioned above refer to the volume, cross-section and length of the ion-exchange 

bed.  They can therefore be obtained by macroscopic measurements.  The model assumes no 

convection, constant diffusion coefficients, constant particle contact-area, and a constant 

concentration of fixed ionogenic groups.  Moreover, the model assumes a uniform distribution 

of counter ions in the pores.  A graphical representation of the model parameters is depicted 

in Figure 6.1. 

The potential and concentration profiles as a function of place and time, the fluxes of H+ and 

Ni2+ and the current as a function of time, as well as the amount of nickel removed from the 

bed can be calculated using the model.  
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Figure 6.1. Scheme of the process. 
 
The diffusion coefficient,Di, is an effective constant and as such incorporates all interactions 

of the counter ion within the resin, i.e. counter ion – counter ion, counter ion - water, counter 

ion – fixed group, counter ion – matrix.  By using this effective parameter the model does not 

take swelling effects into account.  The swelling of the particles can affect the concentration 

of fixed sites, the diffusion coefficients and the contact area of the particles. 

Governing Equations 

The model is governed by the Nernst-Planck equation (Eqn. 1) along with the following 

equations: 

 

1. The current represented as a sum of the fluxes: 

i F z Ni i
i

= ∑  (2) 

with i = 1,2 where 1 = Ni2+and 2 = H+ 

 

2. The electro-neutrality relation:  

z c ci i fixed
i

= −∑ ω  (3) 

where ω is the sign of fixed charges and cfixed  the concentration of fixed charges in the bed.  

  

+ -

NNi2+/H+

9.5 cm

dx0 d

ϕ( , )0 t const= ϕ( , )d t ≡ 0

NH+ cNi2+
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3. The mass balance equations for both species: 

dc
dt

dN
dx

i i= −  (4) 

Initial Conditions  

The initial conditions are given below; at the start of the process the bed was uniformly 

loaded with ions, the concentration gradient was therefore zero: 

dc x
dx

i ( , )0 0=  (5) 

and the potential gradient is initially linear: 

∂
∂

=ϕ( , )x
x

const0 = ϕ ϕd

d
− 0  (6) 

Boundary Conditions 

The potential at x = d is defined to be zero: 

ϕ (d,t) ≡ 0 (7) 

For the entire experiment the current at x = 0 is defined as being solely due to the transport of 

hydrogen-ions: 

iH(0,t) = i(t),  (8) 

 

The total amount of nickel removed from the bed is calculated with the formula: 

n t N d t dtNi Ni

t
( ) ( , )= z0  (9) 

 

The numerical procedure used in solving the above system of equations is given in Appendix 

3. 

6.2 Experimental 
An experimental set up similar to that described in [1] was used, it consisted of a 3-

compartment cell connected to separate liquid circuits (Figure 6.2).  The outer anode and 

cathode compartment circuits each contained a 1 M H2SO4 electrolyte while the centre 

compartment was filled with Dowex 50W ion-exchange resins in the nickel form.  Two 

Nafion 117 cation selective membranes separated the compartments; each had an effective 

area of 0.0010 m2.  The outer compartments had dimensions of 0.01 x 0.1 x 0.005 m3, and 

each contained a platinum plate electrode with dimensions of 0.01 x 0.1 m2.  A centre 

compartment with a relatively large width was used to study the concentration and electrical 
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potential gradients that developed during the process; it had dimensions of 0.01 x 0.1 x 0.1 

m3.  

Figure 6.2.  Experimental set-up (cell enlarged for clarity).  1. Anode compartment; 2. ion-
exchange bed; 3. cathode compartment; 4. cation-selective membranes; 5. Luggin capillaries 
6. anolyte reservoir; 7. catholyte reservoir; 8. rinse solution reservoir; 9. pump; 10. flow 
meter; 11. heat exchanger. 

 
In order to measure the electrical potential in the centre compartment, 4 silver wire electrodes 

were placed equidistant into the side of the compartment at a height of 0.05 m.  The 

concentration gradient in the ion-exchange bed was determined by removing small quantities 

of the bed from the top of the cell.  A lid located at the top of the centre compartment held the 

bed in place during the process and allowed access to the bed when removed. 

Experiments were carried out using fully nickel loaded Dowex resins with 2, 4 and 8% cross-

linking (these resins have H+ capacities of 0.6, 1.1 and 1.7 meq cm-3 respectively).  The resins 

were loaded with nickel by placing them, originally in the hydrogen form, into a column and 

passing a 0.2 M NiSO4 solution through the bed until the pH of the effluent was equal to the 

pH of the original nickel solution.  They were then washed with deionised water and 

subsequently placed in the centre compartment of the cell.  The centre compartment was fed 

from the bottom with deionised water at a flow rate of 33 cm3 min-1 to prevent dehydration of 
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the resin, while sulphuric acid solutions were circulated through the outer compartments.  A 

bed voltage of 20 V was applied for resins with 2 and 4% cross-linking while the 8% cross-

linked resin was regenerated at 40 V; the higher voltage was used to reduce the time of the 

experiment (in previous work, the rate of regeneration was found to be directly proportional 

to the bed voltage [2]).  Additional experiments were carried out with the 2% cross-linked 

resin at bed voltages of 40 and 50 V.   

The electric potential difference was kept constant between two calomel reference electrodes 

connected to two Luggin capillaries placed approximately 2 mm from each membrane.  The 

system was kept at a constant temperature of 298 K and all experiments excepting that with 

the 2 % cross-linked resin were run continuously.  Due to the high degree of swelling and the 

high swelling pressures the 2 % cross-linked resin produced upon regeneration [5], this 

experiment was run daily for 8 h so that proper operation of the cell could be ensured.  Since 

the mobility of nickel decreases with increased cross-linking, the duration of the experiments 

were varied.  The 2, 4 and 8 % cross-linked resins were regenerated for 24, 72 and 95 h 

respectively. 

Various properties of the system were monitored during the experiments.  The current was 

recorded continuously using the aid of a computer while catholyte and bed samples were 

obtained at different electrodialysis times.  Bed samples consisting of a small number of 

particles were obtained at 13 points along the bed; in order to obtain these samples 

electrodialysis and flow of all solutions were stopped for a period of approximately 15 

minutes.  The voltage distribution in the cell was obtained as a function of time using the 

silver electrodes; the potential differences were measured with respect to the reference 

electrode located in the cathode compartment.   

Analyses of the catholyte and bed samples were carried out using Flame Atomic Absorption 

Spectroscopy and Energy Dispersive Spectroscopy respectively (Jeol Superprobe JXA-8600 

SX, measurements were made using an acceleration voltage of 20 kV and a beam current 

between 5 and 7 nA).  Using EDS, the fraction of nickel in the resin samples was obtained by 

relating the atomic fraction of nickel in the resin with that of sulphur (since nickel has a 

valence of 2, it will coordinate with 2 sulphonic acid sites, SO3
-, fixed on the resin); three or 

more particles from a sample were used to obtain an average nickel fraction.  A detailed 

description of the AAS procedure can be found in [1]. 
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6.3 Results 
 
During the regeneration of the bed by means of an electric potential difference, a 

nickel/hydrogen front was observed to move across the bed towards the cathode 

compartment.  The velocity of the front strongly depended on the degree of cross-linking, so 

much so that after 24 h electrodialysis at a bed voltage of 40 V, the front had moved less than 

1 cm through the 8 % cross-linked resin.  The 2 % cross-linked bed, however, was nearly 

regenerated after 24 h electrodialysis at 20 V; this can be seen in figures 6.3 – 6.5.  These 

figures represent concentration gradients determined at different electrodialysis times during 

the three experiments.  The gradients began relatively sharp but increased in dispersion as 

electrodialysis continued.  The overall degree at which the 2 (Figure 6.3), 4 (Figure 6.4), and 

8 % (Figure 6.5) cross-linked resins were regenerated were calculated using the concentration 

gradient measured at the end of the experiments, they were found to be 86, 84 and 21 % 

respectively. 

Figure 6.3. Fraction of nickel in the 2% cross-linked resin as a function of distance, x, at t = 8 
(✚), 16 ( ) and 24 h ( ); ∆Ebed = 20 V.  Model results are given as solid lines. 
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Figure 6.4. Fraction of nickel in the 4% cross-linked resin as a function of distance, x, at t = 
24 (✚), 55 ( ) and 72 h ( ); ∆Ebed = 20 V.  Model results are given as solid lines. 

Figure 6.5. Fraction of nickel in the 8% cross-linked resin as a function of distance, x, at t = 
95 h; ∆Ebed = 40 V.  The model result is given as a solid line. 

 

The potential distribution at various times of electrodialysis for the 2 % experiment is shown 

in Figure 6.6.  The potential distribution was originally linear for all experiments but as 

regeneration progressed, the distribution curved.  This curvature arose as the potential 

gradient decreased in regenerated areas of the bed.  During regeneration of the 8 % cross-
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other two experiments however, the potential distribution reached a maximum curvature and 

subsequently returned to its original state; the “maximum curvature” was reached after 

approximately 4 and 24 h for the 2 and 4 % cross-linked resins respectively.  

Figure 6.6. Electric potential distribution as a function of distance, x, measured at various 
electrodialysis times for the 2% experiment at 20 V.  The curvature of the distribution 
increases from t = 0 to 4 h (solid lines) and decreases from t = 4 to t = 24 h (dashed lines). 

 
Figure 6.7 clearly shows that the flux of nickel out of the bed decreased with increased cross-

linking.  It also shows that the flux was not constant during electrodialysis but, for cross-

linking of 2 and 4 %, had a maximum at approximately t = 4 and 24 h respectively 

(inflections in Figure 6.7).  The various capacities of the three types of resin account for the 

differing magnitudes of nickel removed from the beds.  
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Figure 6.7. Quantity of nickel in the catholyte versus electrodialysis time for the 2 ( ), 4 ( ) 
and 8% (✚) experiments.  Model results are given as solid lines. 

 
The results presented in Figures 6.3 - 6.5 and in Figure 6.7 were compared to the model 

described above; the outcomes of the simulations are represented as solid lines in the figures.  

The parameters used for the calculations were obtained from various sources including 

previous work, literature and the experiments themselves.  The apparent diffusion 

coefficients,DNi, were estimated using the migration term of Eqn. 1 and an average nickel 

flux, NNi, determined by the slope of linear fit of the nNi,k / t curves in Figure 6.7.  The values 

used in the simulations were 4.87, 1.69 and 0.24 x 10-11 m2 s-1 for the 2, 4 and 8% cross-

linked resins respectively.  This will be discussed in greater detail below. 

The initial concentration of nickel in the resin was experimentally determined for the 2 and 

4% resins, they were found to be 534 [3] and 739 mol m-3 respectively.  Since the 8% cross-

linked resin did not swell significantly, the concentration was obtained from the supplier (i.e. 

1700 mol m-3 H+ / 2 eq Ni2+ = 850 mol m-3).  The model parameters are summarized in the 

following table: 
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Table 6.1: Model parameters 

Cross-

linking 

∆Ebed 

/V m-1 

cNi
0  /mol m-3 cfixed  /mol m-3 DNi / x 10-11 

m2 s-1 

DH / x 10-10 

m2 s-1 

2 % 200 534 1068 4.87 4.87 

4 % 200 739 1478 1.69 1.69 

8 % 400 850 1700 0.24 0.24 

• zH = 1, zNi = 2, d = 0.1 m, Am = 0.001 m2, ω = -1 

 

It was assumed that the apparent diffusion coefficient of hydrogen in the bed,DH, is 10-times 

greater than that of nickel.  This assumption is corroborated by literature results for the H+ and 

Zn2+ forms of the older Dowex-50 resin [14] as well as current – voltage measurements 

performed on the hydrogen and nickel forms of the 2% cross-linked bed (See Appendix 2). 

In the simulations the estimated nickel diffusion coefficients were used to account for the 

dependence of DNi oncNi (for a general description of this phenomenon see Helfferich [5]).  

Figure 6.8 shows the experimental nNi,k / t results for the 2% experiment along with 

simulations which used the initial nickel diffusion coefficient, DNi
0 = 1.33 x 10-11 m2 s-1 (this 

agrees well with previous work in which a value of DNi
0 = 1.13 x 10-11 m2 s-1 was found by the 

same method [2]), the maximum nickel diffusion coefficient during the 2% experiment 

DNi
max = 7.93 x 10-11 m2 s-1 (calculated from the nickel flux just before the inflection in the 

experimental curve, at t = 5 h, as well as the potential gradient and nickel concentration in the 

cathode side of the bed at this time), and the estimated diffusion coefficient calculated 

above, DNi
est = 4.87 x 10-11 m2 s-1.  It is clear that the initial and maximum nickel diffusion 

coefficients lie well above and below the experimental result while the simulation using the 

estimated nickel diffusion coefficient lies between and reasonably agrees with the 

experimental results.  This clearly shows the dependence of the apparent diffusion coefficient 

of Ni2+ in the resin on factors not taken into consideration in the model, such as the 

dependence of the apparent diffusion coefficient on nickel concentration and particle contact 

area and the change in the concentration of the fixed ionic sites.   

 

 

 

 



108  Chapter 6 
 

 

Figure 6.8. Quantity of nickel in the catholyte versus electrodialysis time for the 2% 
experiment ( ) along with simulations with DNi = 1.33 x 10-11 ( ), 4.87 x 10 –11 ( ) and 7.93 
x 10-11 m2 s-1 (✚). 

 
Strong swelling effects were also observed during the 2 and 4% experiments.  In previous 

work [3], the 2% cross-linked resin was observed to increase in volume by approximately 40 

% upon conversion from the nickel to the hydrogen form.  Swelling causes an increase in the 

swelling pressure within the cell during the regeneration process, the greatest of which was 

observed during the 2 % experiment and, to a lesser degree, the 4 % experiment 

(approximately 20 %).  No swelling was observed during the experiment with the 8 % cross-

linked resin.  The observed expansion of the bed out of the cell when its compartment was 

opened was one consequence of swelling.  This portion was removed before bed samples 

were taken; this resulted in a decrease in swelling pressure within the bed when the process 

was restarted.  Such changes in swelling pressure within the cell manifested itself mainly as 

fluctuations in current; figure 6.9 depicts the current as a function of time for the experiment 

with a 2 % cross-linked resin.  During this experiment bed samples were taken every 8 hours, 

while at t = 11.5 and 14.5 h, excess resin was removed to prevent the cell from bursting; a 

corresponding decrease in current is clearly observed at these times.  The magnitude of the 

current decreases at t = 8, 11.5 and 14.5 h were 111, 194 and 190 mA respectively; at 20 V 

these changes correspond to changes in bed resistance of 24, 20 and 22 Ω.  The I / t result of 

the simulation is also given in Figure 6.9, the simulation calculated a current that roughly 

follows the minima of the current oscillations. 
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Figure 6.9. Current as a function of electrodialysis time for the 2% experiment run at a bed 
voltage of 20 V ( ).  The sharp decreases at t = 8.0, 11.5, 14.5 and 16.0 h are due to the 
release of swelling pressure within the ion-exchange bed.  The result of the computer 
simulation is also presented ( ). 

 

Three experiments were initially performed at a bed voltage of 50 V using the 2 % cross-

linked resin.  About 1.5 to 2 hours into these experiments the formation of a dark green layer 

in the bed on the cathode-side membrane was observed.  After about 4 hours of electrodialysis 

the green layer had grown uniformly along the membrane to a distance of approximately 2.5 

mm into the bed.  Samples taken from the bed showed that the green layer consisted of a 

precipitate attached to the outside of the ion-exchange particles.  Small black particles, which 

grew with time, were subsequently observed in this region.  After approximately 5 – 7 h 

electrodialysis time, the growth of the black particles was accompanied by the evolution of 

gas from the same region of the bed.  One of the trials was allowed to run until the entire bed 

was regenerated.  During this experiment, the potential distribution was measured periodically 

at 14 points along the top of the bed; the distribution at 6 and 12 h is given in Figure 6.10.  

Six-hours into the experiment the dark green strip of precipitate was observed to reach a 

width of approximately 5 mm, the potential drop over this region was significantly high at 

2800 V m-1 compared to approximately 300 V m-1 over the remainder of the bed.  At t = 12 h 

the potential drop over this region was considerably lower but the rate of gas evolution had 

radically increased; the current at this time was 2.14 A compared to 0.97 A at t = 6 h. 
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Figure 6.10. Electric potential as a function of distance, x, for the 2% experiment run with a 
bed voltage of 50 V.  The measurements were taken at t = 6 ( ) and 12 h ( ).  At t = 6 h a 0.5 
cm band of precipitate along with a small quantity of gas evolution was observed along the 
cathode side membrane.  At t = 12 h the rate of gas evolution had increased dramatically. 

 

Once regeneration of the bed was complete, the green strip of precipitate gradually 

disappeared leaving only the regenerated resin and the black particles.  Upon removal of the 

ion-exchange bed, the black particles were separated using a magnet and analysis by Energy 

Dispersive Spectroscopy (EDS) showed that they consisted solely of nickel.  Figures 6.11 and 

6.12 show photos of the metallic nickel found attached to an ion-exchange particle at different 

magnifications; the dendritic structure of the deposit is clear at higher magnification.  An 

additional experiment run at a bed voltage of 40 V also exhibited this behaviour. 
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Figure 6.11. Metallic nickel deposition protruding from an ion-exchange particle removed 
from the cathode side of the cell after the 2%, 50V experiment was completed; 180x 
magnification. 

Figure 6.12. Dendritic metallic nickel deposition found on an ion-exchange particle removed 
from the cathode side of the cell after the 2%, 50V experiment was completed; 650x 
magnification. 

140 um

40 um



112  Chapter 6 
 

 

6.4 Discussion 
Before discussing the relationship between the calculated and experimental results given 

above, it is worthwhile to mention how the model behaves when the fraction of nickel in the 

bed is decreased, and theDH /DNi ratio increased.  Figure 6.13 shows simulated nNi,k / t 

results of the former withDNi = 5.0 x 10-11 m2 s-1, a maximumcNi = 534 mol m-3, and an 

electrodialysis time of 24 h (these parameters are similar to those of the 2% experiment).  An 

increase in nickel flux with increasing nickel concentration is clearly observed, and there are 

obvious inflections in the curves at highercNi. The presence of these inflections can be 

understood by examining the simulated concentration and potential profiles within the bed.  

The circled points in Figure 6.13 represent the electrodialysis time at whichcNi decreased 

(andcH increased) at the cathode side of the bed, and these points also correspond to the time 

of “maximum curvature” of the potential profile.  It is also interesting to note that they fall on 

the inflection of the nNi / t curve.  The reason for this behaviour arises from the difference 

between the hydrogen and nickel diffusion coefficients.  When the nickel in the bed is 

replaced by the more mobile hydrogen ion, the resistance and therefore the potential gradient 

over the regenerated part of the bed will decrease.  The potential gradient over the remainder 

of the bed, since the process is run at constant bed voltage, will increase.  The increase in the 

potential gradient over the nickel-loaded portion of the bed will cause an increase in the flux 

of nickel out of the bed; this is represented by the nNi / t curves before the inflection.  Once 

the fraction of hydrogen ions increases throughout the entire bed (i.e. the breakthrough of H+ 

transport to the catholyte during the experiment withcNi = 534 mol m-3) the resistance of the 

bed and therefore the potential gradient over the bed will become increasingly uniform.  The 

potential profile will then return to its original state and the flux of nickel out of the bed will 

decrease; this is represented by the nNi / t curve after the inflection.  Since the transport rate of 

Ni2+ increases with its concentration in the resin [1], the inflection in the nNi / t curve during 

thecNi = 50 and 100 mol m-3 simulations occurs at later times and is not observed within the 

time frame of the simulation. 
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Figure 6.13. Computer simulations at various degrees of nickel loading: 50 ( ), 100 ( ), 200 
( ), 300 (✚), 400 (�) and 534 (�) mol m-3 out of a total set capacity of 534 mol m-3. DNi  
and ∆Ebed were set at 5.0 x 10-11 m2 s-1 and 200 V m-1 respectively. 

 
Since the difference between the H+ and Ni2+ diffusion coefficients have been shown to 

influence the electrodialytic regeneration of the ion-exchange bed, simulations were also 

performed with a constantDNi (5.0 x 10-11 m2 s-1) and varyingDH.  The nickel concentration 

for all simulations was initially 534 mol m-3  (this concentration represents a nickel fraction in 

the bed of 1, or fully loaded).  Figure 6.14 shows that forDH /DNi ratios between 2 and 100, 

the nickel flux increases with increasingDH before the inflection while the opposite holds 

true after the inflection.  This can be understood by again considering the relative decrease in 

the resistance of the regenerated portion of the bed at variousDH /DNi ratios.  The potential 

gradient over the regenerated portion of the bed will decrease by a degree dictated by theDH 

/DNi ratio (i.e. the larger the ratio, the larger the decrease), this means that the increase in the 

potential gradient over the remainder of the bed will also be dictated by this ratio.  In other 

words, the “maximum curvature” of the potential distribution over the bed will increase with 

an increase in theDH /DNi ratio.  Before the inflection, the flux of nickel out of the bed will 

therefore increase with an increase in this ratio.  Once the transport of H+ has broken through 

to the catholyte, the flux of nickel out of the bed will be dictated by both theDH /DNi ratio as 

well as the nickel concentration in the resin at the cathode side of the bed. 
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Figure 6.14.  Computer simulations at various D DH Ni/ ratios : 2 ( ), 5 ( ), 10 ( ), 20 (✚), 
50 (�) and 100 (�). DNi  and ∆Ebed were 5.0 x 10-11 m2 s-1 and 200 V m-1 respectively, while 
DH  was varied. 

 

Similar behaviour to that described above was found experimentally and as such, the 

simulations agreed reasonably well with the experimental results.  The fit of the 8 % 

experiment was most accurate as its degree of swelling was very small. Calculations for the 2 

and 4 % experiments, whose volumes in the nickel and hydrogen forms vary by 

approximately 40 and 20 % respectively, were less accurate.     

As described above, the model was able to show a correlation between the time at which the 

flux of nickel to the catholyte began to decrease, the time at which a breakthrough of 

hydrogen at the cathode side was observed and the time at which the “maximum curvature” of 

the potential distribution over the bed was reached.  These correlations were also observed 

experimentally.  The electrodialysis time at which the inflection of the nNi,k / t curves occurred 

was predicted by the model for the 2 and 4% experiments (the 8% experiment showed no 

breakthrough of H+ to the catholyte and hence no inflection).  The magnitude of the 

“maximum curvature” of the potential distribution as well as the slope of the nNi / t curves at 

the inflection, however, were not adequately predicted by the model.  Figure 6.15 depicts the 

calculated potential distribution for the 2% experiment at various times, the change in the 

distribution was smaller than that obtained experimentally.  The slope of the experimental 

0 10 20 30

t / h

0

9

18

27

36

45
n N

i,k
 / 

m
m

ol

5
10

20
50
100

2

D
H
 / D

Ni



Potential and concentration gradients in a hybrid ion-exchange/electrodialysis cell 115 
 

 

curves at the inflection in Figure 6.7 are also much greater than that predicted by the model.  

These two factors are likely linked. 

Figure 6.15. Calculated electric potential distribution as a function of distance, x, measured at 
various electrodialysis times for the 2% experiment.  The curvature of the distribution 
increases from t = 0 to 4 h (solid lines) and decreases from t = 4 to t = 24 h (dashed lines).  
The time of maximum curvature (t = 4 h) is about equal to that of the experimental results in 
Figure 6.6. 

 
The strong swelling effects exhibited by the 2 and 4 % cross-linked resins revealed 

themselves as a physical swelling of the particles out of the cell after it was opened, and as 

fluctuations in current (Figure 6.9).  The conductivity of the ion-exchange bed increased due 

to the exchange of nickel ions with highly mobile hydrogen ions but it has also been shown 

that the 2 % cross-linked bed decreased in resistance by as much as 24 Ω due to swelling 

pressure.  The swelling pressure likely affected the contact area between the gel particles.  

When the pressure was released during the sampling process (which required the opening of 

the cell and the removal of excess resin), the conductivity of the bed dropped.  The 

mathematical model, which did not account for changes in swelling pressure, reasonably 

predicted the current immediately after the release of pressure within the cell (or at the 

minima of its oscillations).   

The formation of metallic nickel was observed within the 2 % cross-linked ion-exchange bed 

at high cell voltage.  The electrochemical reduction of nickel ions in the cathode side of the 

bed was preceded by the formation of a layer of nickel hydroxide precipitate at the cathode 

membrane and was accompanied by the evolution of gas in the same region.  The 
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precipitation of nickel hydroxide was also observed in previous work [3], however, the latter 

process involved Ni2+ originating from solution and not from the ion-exchange particles.  

After the precipitate had begun to form, the potential difference over the region of the bed 

containing the precipitate increased and nickel reduction followed.  Figure 6.10 clearly shows 

that the potential drop across the region in which metallic nickel was formed was large 

enough to facilitate its reduction.  Once the bed had been fully regenerated to the hydrogen 

form, the nickel hydroxide precipitate was re-sorbed and transported to the cathode 

compartment.  The dissolution of the precipitate, normally insoluble at higher pH [3], was 

possible due to the high acidity of the resin.  The formation of nickel hydroxide as well as 

metallic nickel was not observed during the experiment with a bed of 8% cross-linked resin; 

the mobility of the nickel ions within the resin therefore plays a role in the process. 

6.5 Conclusions 
A model based on the Nernst-Planck equation offers a relatively simple method to describe 

the regeneration of a packed bed of ion-exchange particles using a constant applied electric 

potential difference as driving force.  Calculations using this model agreed reasonably well 

with experimental results, especially for a resin with a relatively high degree of cross-linking, 

i.e. 8%.  The inability of the model to account for particle swelling meant that its accuracy 

decreased for resins of lower cross-linking.  Experiments with resins of low cross-linking, i.e. 

2%, also exhibited nickel precipitation and reduction within the ion-exchange bed at high cell 

voltage. 
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6.6 Notation 
A area (m2) 
ci concentration of species i (mol m-3) 
Di effective diffusion coefficient of species i (m2 s-1) 
d bed thickness (m) 
∆Ebed potential drop across ion-exchange bed  (V)  
E, ϕ potential in ion-exchange bed (V) 
F Faraday constant (C mol-1) 
i current density (A m-2) 
Ni flux of species i (mol m-2s-1) 
ni number of moles species i 
R universal gas constant (J mol-1K-1, VC mol-1K-1) 
T temperature (K) 
t time (s) 
Xi fraction of ion i 
x position along axis 
z valence (-) 
ω charge of fixed sites within ion-exchange resin (-) 

Subscripts 

a anode compartment 
bed bed of ion-exchange resin occupying centre compartment 
c centre compartment 
fixed fixed ionogenic sites in ion-exchange resin 
k cathode compartment  
m membrane 

Superscripts 

0 initial value at t = 0 
  

Note: over-bar indicates values within resin 
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Chapter 7: Pilot scale deionization of a galvanic nickel 
solution  

 

Abstract 
A pilot scale ion-exchange/electrodialysis system was tested on-site at a galvanic plant1.  The 
system was used to treat a rinse solution containing approximately 5 g m-3 Ni2+.  It operated 
continuously without the need of maintenance for a period of 3 months and was able to 
remove nickel to concentrations less than the detection limit of approximately 0.2 g m-3.  This 
chapter also describes the effect of solution pH on various aspects of the deionisation process.  
The content of this chapter has been accepted by the Chemical Engineering Journal for 
publication (P.B. Spoor, L. Grabovska, L. Koene, L.J.J. Janssen, W.R. ter Veen). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

                                                 
1 Jacobs B.V., Lomm, The Netherlands 
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7.1 Introduction 
This chapter contains two types of experiments, one performed on-site at a galvanic plant and 

the other in the laboratory.  The pilot scale cell was tested on-site at a galvanic plant for a 

period of approximately three months.  During this time two experiments involving the 

treatment of a 5 g m-3 Ni2+ rinse solution were carried out.  These experiments varied in both 

solution flow rate and the quantity of solution treated. 

Experiments were conducted in the laboratory to determine the effect of pH on various 

aspects of the process.  Since the process involves the exchange of Ni2+ from solution with H+ 

in the resin, the pH of the process solution will decrease as it is treated.  These experiments 

will focus on the fraction of nickel ions sorbed by the resin at various solution pH.  The 

increasing H+ concentration in the process solution will affect the ratio of Ni2+ and H+ in the 

resin and therefore the flux of nickel ions out of the bed as well as the current efficiency for 

nickel removal. 

 
7.2 Experimental 

7.2.1 Pilot scale experiments 

The pilot scale experiments were carried out with a modified ElectroCell AB Multipurpose 

Cell.  This cell consisted of three vertical compartments including an anode, cathode and 

centre compartment.  The outer anode and cathode compartments both had dimensions of 10 

x 10 x 0.6 cm3 and both contained platinised titanium electrodes with areas of 100 cm2.  The 

centre compartment was built in-house (Technical University Eindhoven) and designed for 

the purpose of containing the ion-exchange resin; the vertical cross-section of the centre 

compartment was 100 cm2 and it had a width of 1 cm.  The compartments were separated by 

two Nafion 117 ion-exchange membranes, also with active areas of 100 cm2.  The cell was 

connected to three separate liquid circuits (Fig. 7.1): an anolyte circuit containing 0.03 m3 1 M 

H2SO4, a catholyte circuit of 0.03 m3 1 M HCl and a process solution circuit that was 

connected to the centre ion-exchange compartment.  The electric potential difference over the 

bed was applied using a Delta Elektronika E030-3 power supply and measured using a Data 

Precision 2480 Multimeter; a Metrawatt Multiscript 3 recorder was used to record the current. 
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Figure 7.1: Pilot scale set-up (cell enlarged for clarity).  1. Anode compartment; 2. ion-
exchange bed; 3. cathode compartment; 4. cation-selective membranes; 5. anolyte reservoir; 6. 
catholyte reservoir; 7. feed solution reservoir; 8. pump; I. current recorder; V. voltage source. 

 

Two series of experiments were carried out.  They differed mainly in the quantity of process 

solution treated (i.e. 0.3 m3 and 0.6 m3) and the flow rate at which these solutions were passed 

through the ion-exchange compartment (i.e. 233 and 1000 cm3 min-1 respectively).  During 

both experiments the anolyte and catholyte flow rates were 233 cm3 min-1.  Approximately 

125 cm3 Dowex 50WX-2 100 resin in the hydrogen form was placed in the centre 

compartment of the cell and a cell voltage of 5 V was applied.   

 

7.2.1.1 The 0.30 m3 experiment 

Part 1 

The 0.30 m3 experiment was conducted first and can be divided into three parts.  The first part 

involved the batch treatment of 0.30 m3, 5 g m-3 Ni2+ process solution prepared by diluting 20 

cm3 of the industrial solution (Watts bath containing 80 kg m-3 Ni2+ as NiSO4 and NiCl2, 

H3BO3 and small quantities of organic additions; the SO4
2-, Cl- and H3BO3 molar 

concentration ratio was 0.39 : 0.27 : 0.34 respectively) with 0.30 m3 of the same water fed to 

the rinse tank (tap water) in the galvanic plating line.  The solution prepared in this step, 

which resembled that found in the actual rinse tank, also contained other divalent ions such as 

Mg2+ and Ca2+ found at concentrations approximately ten-times greater than that of nickel.  It 
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has also been found that these divalent ions are essentially removed at a rate relative to their 

concentrations in solution [1,2]; their presence in the process solution will therefore decrease 

the efficiency of nickel removal and recovery.  This is due to the similar ion-exchange 

selectivities and diffusivities exhibited by divalent ions [3].  It was therefore assumed that 

once all nickel ions were removed from the process solution, the solution was also free of all 

other divalent ions [2].   

Part 2 

After the nickel had been removed from the process solution, the following procedure was 

carried out.  First, the catholyte was replaced with a fresh 1 M HCl solution; this as the 

catholyte contained a high concentration of Mg2+ and Ca+ and a relatively low concentration 

of Ni2+.  20 cm3 electroplating solution was then added to the previously treated solution in 

order to raise its nickel concentration back to approximately 5 g m-3.  Since Ni2+ made up the 

bulk of divalent cations in the resulting solution, and since the concentration of divalent 

cations was much smaller than in the first treatment step, the process was restarted at a cell 

voltage of 2.5 V to account for the smaller regeneration rate required to treat it.  

Part 3 

The third step involved the addition of 20 cm3 electroplating solution to the previously treated 

solution.  It was then treated at a cell voltage of 2.5 V.   

The process solution was treated for approximately ten days after each of the three additions 

of the nickel-plating solution.  Samples of the catholyte and anolyte were taken periodically 

during the first step and at the end of the second and third steps.  They were later analysed for 

nickel and hydrogen content by Atomic Absorption Spectroscopy and pH measurement 

respectively; a description of the AAS method can be found in [4]. 

 

7.2.1.2 The 0.6 m3 experiment 

After the 0.3 m3 experiment was completed, all three solutions - the anolyte, catholyte and 

process solutions - were replaced and parts 1 and 2 above were repeated.  In this case, 

however, a 0.6 m3 process solution with a nickel concentration of approximately 5 g m-3 was 

treated at a flow rate of 1000 cm3 min-1.  During this experiment samples were taken from the 

anolyte, catholyte and process solutions periodically; one sample was also taken directly from 

the cell effluent 1 hour after the second addition of the nickel-plating solution (Part 2).  The 

process solution was treated at a cell voltage of 5 V. 
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7.2.2 Laboratory Experiments 

7.2.2.1 Electromigration experiments 

The effect of feed solution pH on the treatment of dilute nickel solutions using a hybrid ion-

exchange/electrodialysis process was studied.  The experimental set-up consisted of a three-

compartment perspex cell and three separate liquid lines; it was similar to that depicted in Fig. 

7.1.  The outer compartments were connected to liquid circuits having volumes of 

approximately 400 cm3; the liquid in these circuits were pumped using two centrifugal Verder 

V-MD6 pumps.  The centre, ion-exchange compartment was fed with solution stored in a 

0.030 m3 reservoir using a Schmitt MPN 100 centrifugal pump. The flow rate through the 

central compartment was measured using an F&P Co 2F1/4.20.5/36 flow meter with glass 

ball.     

The effective area of the membrane and electrode inside the cell was 10 cm2 (1 cm × 10 cm) 

while the volume of the anode, central and cathode compartments were 5.0, 10 (bed thickness 

of 1.0 cm) and 5.0 cm3 respectively. The system was kept at a constant temperature, i.e. 298 

K, using a M3 Laude thermostatic bath.  A constant voltage was applied using a Delta 

Elektronika Power Supply D 050-10 and regulated between two reference electrodes placed 

approximately 2 mm from the ion-selective membranes in the anode and cathode 

compartments. 

A conductivity cell was placed at the outlet of the central compartment to monitor the 

conductivity of the effluent solution; it was connected to a Radiometer Type CDM 2d 

conductivity meter.  A Philips PW 9409 pH meter was used to determine the pH of the treated 

solution. An Automatic Multimeter PU 2519 and Keithley 177 Microvolt DMM voltmeter 

were used to measure cell voltage and current respectively. The pH, conductivity and current 

meters were connected to a Multilab computer interface (built in-house) for continuous data 

acquisition. The Multilab system was also capable of continuous bed voltage measurements.   
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7.2.2.2 Preparation of the nickel loaded ion-exchange resin 

The preparation of the Dowex 50WX2-100 ion-exchange resin, which included its effective 

conversion to the nickel form, involved the following steps: 

1. A quantity of exchanger (approximately 20 cm3) containing nickel and hydrogen was 

placed in a column with a cross-sectional area of 1 cm2. 

2. The exchanger was regenerated with 2 M H2SO4 to convert it to the H+ form.  

3. The exchanger was rinsed with deionized water until the effluent was pH neutral. 

4. It was then loaded with nickel using the actual feed solution used in the experiments. 

5. This procedure was repeated for every feed solution studied. 

The feed solutions used in these experiments were varied in pH while the nickel concentration 

was kept constant at about 1 mol m-3. The solution was prepared by dilution of a Watts bath 

solution with deionized water.  To obtain the desired pH, the dilution was made by adding 

deionized water and a mixture of H2SO4, HCl and H3BO3 in a concentration ratio equal to that 

of the original industrial solution. 

7.2.2.3 Preparation of the ion-exchange membranes 

Two Nafion-117 cation-exchange membranes were used in the electrodialysis cell. The 

membranes were treated with 1 M sulfuric acid for approximately 2 hours and then washed 

with deionized water before each experiment. 

7.2.2.4 Nickel ion sorption 

To determine the resulting fraction of nickel in the ion-exchanger the Ni : S ratio was 

measured using Energy Dispersive Spectroscopy, or EDS (Jeol Superprobe JXA-8600 SX, 

measurements were made using an acceleration voltage of 20 kV and a beam current between 

5 and 7 nA). The experiment included the follow steps: 

1. 10-20 ion-exchange particles were equilibrated for 15 minutes in a 200 cm3 0.001 M Ni-

SO4 solution at various pH: 1.0, 1.7, 2.0, 4.0, 6.0 and at a temperature of 298 K.   

2. Some of these particles were removed and washed with deionized water after each 

equilibration step. The particles were then dried at 313 K for a period of 2 days.  

3. The dry ion-exchanger was analysed by EDS.  

In a similar manner a Ni2+ / H+ isotherm in a solution with a total concentration of 0.1 M 

(NiSO4 + H2SO4) was made.  This was done by varying the hydrogen and nickel fractions in 

the bulk solution and measuring the resulting nickel fraction in the resin by EDS. 
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7.2.2.5 Effect of various feed solution pH 

The nickel-loaded ion-exchanger was placed into the central compartment of the cell between 

the two cation-exchange membranes.  The dilute industrial solutions, containing about 0.001 

M Ni2+, were passed “once through” the ion-exchange compartment at a flow rate of 0.42 cm3 

s-1.  The anode and cathode circuits were each filled with a 1 M H2SO4 solution, these 

solutions were cycled at a flow rate of approximately 3 cm3 s-1.  A constant voltage of 5 V 

was applied across the ion-exchange bed between reference electrodes connected to Luggin 

capillaries placed in the anode and cathode compartments approximately 2 mm from their 

respective membranes; the system was kept at a constant temperature of 298 K.  Since the 

potential drop over the anolyte, catholyte and membranes is negligible, the voltage of 5 V is 

practically equal to the bed voltage. 

Each electromigration experiment was carried out for a period of 6-hours.  Anolyte, catholyte 

and effluent samples were taken at regular intervals and analyzed for Ni2+ using Flame 

Atomic Absorption. 

At the end of each experiment, the bed voltage was progressively increased to observe the bed 

voltage at which nickel hydroxide precipitation would occur. The system was allowed to run 

at each cell voltage for a period of 15 minutes. 

 

7.3 Results 
7.3.1 Pilot scale experiments  

The pilot scale set-up ran successfully for a period of approximately three months.  The cell, 

along with the accompanying equipment, operated continuously and without leakage in the 

industrial environment in which it was situated.  The results presented in this chapter 

represent various measurements taken over these three months during which two experiments 

were conducted.  In the first experiment a 0.30 m3 solution with approximately the same 

constitution as the rinse bath in the galvanic plating line (5 g m-3 Ni2+ in rinse water [5]) was 

treated at a flow rate of 233 cm3 min-1.  This experiment can be divided into three consecutive 

treatment steps: 

1. treatment of process solution containing 5 g m-3 nickel and other divalent ions 

such as Ca2+ and Mg2+ 

2. addition of nickel plating solution to previously treated solution and 

replacement of catholyte 

3. second addition of nickel plating solution to solution treated in step 2 
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Catholyte samples were taken during step 1 and unfortunately only at the beginning and end 

of steps 2 and 3.  The concentration of nickel in the catholyte obtained from the analyses of 

these samples is given in Fig. 7.2 as a function of time.  The three parts of the experiment, 

lasting approximately ten days apiece, are clearly visible.  The concentration of nickel in the 

catholyte increased to approximately 44 g m-3 during the first part of the experiment, after 

which the catholyte was refreshed.  After the second part the Ni2+ concentration was found to 

be 45 g m-3 while after the third part the catholyte nickel concentration, expected to increase 

to about 90 g m-3, only increased to 65 g m-3.  The remainder was attributed to the metallic 

nickel found deposited on the cathode.  Anolyte samples were also taken at the end of steps 2 

and 3 and they were found to contain 8.23 and 12.06 g m-3 Ni2+ respectively. 

Figure 7.2: Concentration of nickel in the catholyte as a function of electrodialysis time; 
0.30 m3 process solution was treated at a flow rate of 233 cm3 min-1, the three phases of the 
experiment are clearly seen at t = 0, t = 10 and t = 20 days (cell voltage = 2.5 V).  The solid 
line represents the actual nickel concentration in the catholyte while the dotted line 
represents Eqn. 1b. 

 

At the same time that the catholyte samples were taken, the pH of the process solution was 

measured.  These results are shown in Fig. 7.3.  The pH, initially 7.75, decreased rapidly 

during the first day of the experiment to a value of approximately 2.85.  The decrease in pH 

occurred due to the exchange of cations from the process solution with hydrogen from the 

ion-exchange bed, and to a lesser degree from the diffusion of acid from the outer electrolyte 

compartments [4,6].   
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Figure 7.3: pH of the process solution as a function of electrodialysis time; 0.30 m3 
process solution was treated at a flow rate of 233 cm3 min-1

. 
 

After the 0.3 m3 experiment was completed the anolyte and catholyte solutions were replaced 

and 0.6 m3 process solution was prepared.  This second experiment was run with a process 

solution flow rate of 1000 cm3 min-1.  During this experiment, samples of the process solution 

were taken on a regular basis and analysed for nickel content; the results are shown in Fig. 

7.4.  The initial nickel concentration in the process solution, approximately 7 g m-3, decreased 

to below the detection limit of the analysis (0.2 g m-3) after approximately 7 days of 

treatment.  After the second addition of plating solution less than 2 days of treatment was 

required to bring the nickel concentration in the process solution below the detection limit (t = 

16 to 18 days).  The difference in the cNi,p / t curves for steps 1 and 2 was caused by the 

difference in the concentration of Mg2+ and Ca2+ ions in the process solution.  The 

concentration of nickel in the solution at the outlet of the centre compartment one hour after 

the second addition of plating solution was found to be lower than the analysis detection limit.  

The removal of Ni2+ therefore occurs in a single pass of the process solution through the cell 

during the second step.  The concentration of nickel in the anolyte after 21 days 

electrodialysis was found to be 17.8 g m-3, which is a factor 3 larger than that in the original 

process solution. 
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Figure 7.4: Concentration of nickel in the process solution for the experiment during which 
0.60 m3 process solution was treated at 0.001 m3 min-1 and a cell voltage of 5 V.  The dotted 
line represents Eqn. 1a. 
 

The current for the first step of the experiment is shown in figure 7.5 as a function of time.  It 

decreased sharply during the first 2-hours of treatment after which it gradually began to 

increase to a relatively constant value of approximately 3 A.  The change in current was 

brought about by the conversion of the bed to different ionic forms, i.e. hydrogen to divalent 

ion form and visa versa, having different resistances [7,8].   

Figure 7.5: Current vs. electrodialysis time during the first phase of the experiment during 
which 0.60 m3 process solution was treated at 0.001 m3 min-1 and a constant cell voltage of 5 
V. 
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After both experiments were complete the cell was disassembled for inspection.  One of the 

most noticeable (but expected) [1,9] observations was the presence of biological growth in the 

ion-exchange bed.  The growth was found to be separable from the particles and was not 

found on either of the two membranes.  The ion-exchange particles were otherwise in good 

condition and the ion-selective membranes showed no defects.  The cathode was tinted black 

indicating the presence of metallic nickel (such deposition was also observed Chp. 3, [6]) and 

no metal hydroxide deposits were found within the cell. 

7.3.2 Nickel sorption isotherm 

In Fig. 7.6 the fraction of nickel absorbed by the Dowex 50WX-2 ion-exchanger is given as a 

function of solution pH where each solution contained 1 mol m-3 Ni2+.  The fraction of nickel 

in the resin increased with an increase of solution pH from 1 to 2 and remained constant at 

higher pH.  The Ni2+/H+ isotherm for a H2SO4/NiSO4 solution with a total sulphate 

concentration of 0.1 M, is given in Fig. 7.7.  The positive curve of the isotherm indicates that 

nickel was strongly preferred by the resin over protons; a common factor used to quantify the 

preference of one ion over another is called the separation factor and is defined by Eqn. 1 [3].  

The separation factor increased from 1.95 at an equivalent nickel ionic fraction in solution 

(XNi) of 0.93 to 16.96 at XNi = 0.095 (it has been found that a nickel fraction of 1 in the resin 

corresponds to an effective concentration of approximately 534 mol m-3 [7]).   

NiH

HNiNi
H X X

X X=α           (1) 
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Figure 7.6: Fraction of nickel in the Dowex 50WX-2 ion-exchanger loaded in solutions 
containing 0.001 M NiSO4 and various H2SO4 concentrations. 

Figure 7.7: Ni2+/H+ (sulphate) isotherm for the Dowex 50WX-2 ion-exchanger in solutions 
with a total concentration of 0.1 M. 
 

7.3.3 Nickel removal from solutions of different pH 

To determine the effect of feed solution pH on the nickel flux to the cathode compartment, 

experiments were carried out at a constant bed voltage, ∆Ebed, of 5 V (regulated between the 

reference electrodes).  Before the ion-exchanger was put in the electrodialysis cell it was 

loaded with Ni2+ using a nickel solution with a fixed pH.  The resin turned from its original 

light yellow colour (in the H+ form) to green upon effective conversion to the Ni2+ form.  The 

resin turned less green when loaded with the pH 1 and 1.7 nickel solutions, indicating a 

0 1 2 3 4 5 6 7

pH

0.00

0.20

0.40

0.60

0.80

1.00

X
N

i

0.00 0.20 0.40 0.60 0.80 1.00

xNi

0.00

0.20

0.40

0.60

0.80

1.00

X
N

i



Pilot scale deionization of a galvanic solution 131 
 

 

decrease in nickel sorption.  During the experiments with feed solution pH between 2 and 6, 

the current was observed to increase while the current during the pH 1 and 1.7 experiments 

(Fig. 7.8) decreased slightly with time.  

Figure 7.8: Current vs. electrodialysis time for the lab scale experiments during which 0.001 
M Ni2+ solutions with differing pH were treated at a constant cell voltage of 5 V: Feed 
solution pH: 1.0 ( ), 1.7 ( ), 2.0 ( ), 4.0 (✚), 6.0 (�). 

 

During the electrodialysis process, Ni2+ ions from the solution exchanged with two 

equivalents of hydrogen ions in the ion-exchanger.  This caused the pH of the central solution 

to decrease.  The pH of the central solution, measured at the outlet of the cell, was constant 

for the duration of each experiment.  The pH of the solution decreased from 6 and 4 at the 

inlet of the cell, to 2.8 and 2.5 at the outlet respectively.  No clear differences between the 

inlet and outlet pH were observed during the other experiments. 

The amount of nickel transported into the cathode compartment with respect to electrodialysis 

time is depicted in Fig. 7.9.  The nickel content of the catholyte increased linearly for all feed 

solutions. The maximum value of Ni2+ ions in the catholyte after 6 hours of electrodialysis 

(approximately 10 mmol) was obtained with a feed solution pH of 2.  
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Figure 7.9: Quantity of nickel in the catholyte as a function of electrodialysis time for the lab 
scale experiments during which 0.001 M Ni2+ solutions with differing pH were treated at a cell 
voltage of 5 V: 1.0 ( ), 1.7 ( ), 2.0 ( ), 4.0 (✚), 6.0 (�). 

 

In Fig. 7.10 the nickel flux to the cathode compartment is given as a function of the feed 

solution pH.  This figure shows a maximum flux for the feed solution with a pH of 2.  The 

experiment with a feed pH of 2 was carried out twice to verify this result and the nickel fluxes 

for both trials are given in the figure.  Below a pH of 2, the nickel flux decreases 

substantially. 

Figure 7.10: Nickel flux as a function of solution pH for the lab scale experiments during 
which dilute Watts bath solutions, 0.001 M Ni2+, with differing pH were treated at a cell 
voltage of 5 V ( ); (✚) represents the repeat of the pH 2 experiment. Compare with figure 
7.6. 
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The current efficiency for the removal of nickel is represented as a function of electrodialysis 

time in Fig. 7.11 for the various feed solutions.  The current efficiency, ηNi, for the 

electrodialysis process decreased with increasing concentration of H+ in solution.  It decreased 

with electrodialysis time between pH 6 and 2, and remained constant for pH 1 and 1.7. 

Figure 7.11: Current efficiency as a function of electrodialysis time for the lab scale 
experiments during which 0.001 M Ni2+ solutions with differing pH were treated at a constant 
cell voltage of 5 V: 1.0 ( ), 1.7 ( ), 2.0 ( ), 4.0 (✚), 6.0 (�). 

 

The fraction of nickel removed from the feed solutions was determined (Fig. 7.12).  

Approximately 95 % was removed from feeds with pH values of 2, 4 and 6 while much less 

was removed from feed solutions with pH values of 1 and 1.7. 
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Figure 7.12: Fraction of nickel removed from the feed solution for the lab scale experiments 
during which 0.001 M Ni2+ solutions with differing pH were treated at a cell voltage of 5 V.  
This value was constant for the entirety of the experiments.  Compare with figures 7.6 and 
7.10. 

 

7.3.4 Nickel hydroxide precipitation 

After 6-h electrodialysis, the bed voltage was progressively increased in 1-V intervals to 

determine the approximate bed voltage above which nickel hydroxide precipitation takes 

place.  Nickel hydroxide precipitation was observed on the cathode-side ion-exchange 

membrane at a cell voltage of 9 V with the pH 6 feed solution.  No nickel hydroxide 

precipitation occurred at feed pH values of 1, 1.7, 2 and 4, even at a bed voltage of 20 V.  The 

cell voltage was not increased beyond 20 V because of the high current obtained at this 

voltage (approximately 6 A for pH 1 and 3 A for pH 4). 

 

0 1 2 3 4 5 6 7

pH

0.00

0.20

0.40

0.60

0.80

1.00

(c
N

i,p
,in

  -
 c

N
i,p

,o
ut

) c
N

i,p
,in

-1



Pilot scale deionization of a galvanic solution 135 
 

 

7.4 Discussion 
The pilot scale cell operated for a period of approximately 90 days and during this time two 

experiments were carried out.  During the first part of each experiment, all divalent ions were 

removed from the process solution; these included not only Ni2+ but also other divalent ions 

naturally found in tap water such as Ca2+ and Mg2+ (the total concentration of which was 

around 0.001 M, determined by EDTA complexation with eriochrome black indicator [10]).  

The typical current profile at a constant cell voltage of 5 V is given in Fig. 7.5 for the first part 

of the experiment.  Since divalent ions have mobilities of about an order of magnitude less 

than that of hydrogen ions, the resistance of the bed increased upon sorption of these divalent 

ions during the first two hours of electrodialysis (this was studied in detail in [7]).  After 2-

hours the current gradually began to increase; during this time the quantity of divalent ions 

fed to the cell was less than the amount removed by electrodialysis; the bed therefore began to 

regenerate to the more conductive hydrogen form.  After approximately 7 days the current 

levelled off at around 3A, this represents the point at which the bed was practically 

regenerated and the process solution was essentially free of divalent ions.   

During part 2 of the 0.6 m3 experiment, the process solution contained only Ni2+ and 

monovalent ions such as H+.  The current during this part of the experiment remained constant 

at around 3 A at a cell voltage of 5 V.  Since protons have a much higher mobility in the resin 

compared to Ni2+, the high current indicates that a large quantity of the bed was not used for 

nickel transport, even at a flow rate of 1000 cm3 min-1.  The initial fraction of the bed used for 

nickel transport can be estimated by taking the initial flux of nickel in the nickel form of the 

resin into consideration.  For a fully loaded bed the maximum flux was found to be 2.35 x 10-4 

mol m-2 s-1 at 5 V in chapter 3 [6].  The initial flux of nickel into the central compartment of 

the cell was approximately 3.3 x 10-7 and 1.4 x 10-6 mol s-1 for the 0.30 and 0.60 m3 

experiments respectively.  This means that theoretically only a bed area of 1.4 x 10-3 and 6.0 x 

10-3 m2 or bed fractions of 0.14 and 0.6 would be used respectively.  This calculation is most 

likely less than the actual bed area used since it does not take the sorption equilibrium into 

account (i.e. dispersion of the sorption front). 

Most of the nickel removed from the process solution could be found in the catholyte.  During 

the first two parts of the 0.30 m3 experiment, 22 and 23 mmol of the total 25 mmol Ni2+ were 

found in the catholyte respectively while the remainder, approximately 2 mmol, had diffused 

into the anolyte.  This accounts for approximately 8% of the nickel in the process solution.  

Essentially the same fraction of nickel was transported during the 0.60 m3 experiment, that is, 

0.087 mol of the total 0.102 mol Ni2+, or 8.5%, had diffused to the anolyte during the entire 
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0.60 m3 experiment.  The diffusion of nickel ions to the anolyte involved the exchange of 

nickel in the resin with H+ from the anolyte; it involved no net charge transfer.   

The quantity of nickel remaining in the process solution and the catholyte, assuming perfect 

mixing in the tank and the removal of all nickel ions in one pass through the cell are given by 

equations 2a and 2b respectively: 

n t n eNi p Ni p
V

t
p
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−

0
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, , , ,( ) ( )= − −
−
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Equation 2a and 2b are represented as dashed lines in Figs. 7.4 and 7.2 respectively.  The 

removal of all nickel ions in a single pass during step one is clearly incorrect, but the 

assumption is good for steps 2 and 3.   

The isotherm (Fig. 7.7) shows that the sorption of Ni2+ is favoured over that of H+ when the 

total concentration of sulphate ions in the bulk is 0.1 M.  The separation factor was found to 

have values between 2 and 17 forXNi between 0.97 and 0.64.  It is well known that in the 

case of divalent-monovalent exchange, the separation factor is strongly affected by the total 

concentration of ions in the bulk solution; it decreases with increasing total solution 

concentration [3].  The nickel concentration was constant in all the solutions used in the 

remainder of this study (0.001 M), while the concentration of H+, or pH, was varied.  Under 

these conditions the fraction of nickel in the Dowex 50WX-2 100 resin was found to be 1 at 

solution pH values greater than 2 while it was found to decrease significantly to a value of 

0.078 at a pH of 1 (Fig 7.6).   

The flux of nickel into the catholyte is a function of the concentration of nickel in the bed and 

can be described by the Nernst-Planck relation [3,4,11,12]: 

ϕ+= graducz
dx
cdDN iii

i
ii   (3) 

For feed solutions with pH between 2 and 6 the nickel concentration in the resin is practically 

constant but the nickel flux to the cathode compartment decreases with increasing pH.  This 

can be attributed to the increasing role of a third mechanism of transport in addition to 

transport solely through the solution and resin phases, namely the alternating transport of Ni2+ 

through both the resin and solution phases (see chapter 4).  Since increasing interstitial 

solution conductivity enhances this mechanism [3], this transport mechanism will increase in 

importance with decreasing feed solution pH.   

The consequence of a lower degree of nickel sorption and flux is a decreased rate of nickel 

removal from the process solution.  The fraction of nickel removed from the feed at pH 1 and 
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1.7 was found to be 0.32 and 0.50 respectively while a fraction of approximately 0.95 was 

removed from the pH 2, 4 and 6 experiments. 

Another consequence of an increased solution pH is a drop in the current efficiency (Fig. 

7.11).  This arose from both the increased conductivity of the interstitial solution and the 

increased H+ fraction in the ion-exchange bed.  Both of these factors led to increased H+ 

transport and a decrease in the fraction of current carried by Ni2+.  During the pH 2, 4 and 6 

experiments the current efficiency was observed to decrease with time.  This was caused by a 

partial regeneration of the bed, most likely near the outlet of the cell.  The degree of 

regeneration, however, was small and, as is shown by the linearity of the data in Fig. 7.9, did 

not noticeably affect the nickel flux to the catholyte.  Since the diffusion coefficient of H+ in 

the resin is an order of magnitude greater than that of Ni2+, only a small degree of 

regeneration will result in a large increase in H+ transport and hence a large decrease in the 

current efficiency of the system.   

One positive consequence of an increased concentration of H+ in the feed solution is its 

tendency to prevent the formation of nickel hydroxide within the centre compartment.  The 

formation of nickel hydroxide precipitate was found to occur between cell voltages of 5 and 

10 V with a feed concentration of 0.001 M NiSO4 [7].  The nickel hydroxide was observed to 

form on the cathode side membrane and, under more extreme circumstances, to form around 

the ion-exchange particles themselves [4,13].  At the cathode side membrane the hydrated 

water of the Ni2+(H2O)6 will dissociate to form Ni(OH)2(H2O)4 + 2 H+; the hydrogen is 

transported to the cathode compartment [14,15].  Also of note is that it has been found that the 

nickel hydroxide could be removed by running the system with a deionised water feed; the 

strong acidity of the hydrogen form of the regenerated resin will aid the dissolution of the 

hydroxide and the re-sorption and transport of the nickel to the catholyte.  Nickel hydroxide 

was observed to form on the cathode side membrane at a cell voltage of 9 V in the case of an 

industrial 0.001 M Ni2+ feed at pH 6.  At and below a pH of 4, however, no nickel hydroxide 

was observed, even at a cell voltage of 20 V and current densities between 0.3 and 0.6 A cm-2.  

It is possible that the presence of H3BO3 also inhibits nickel hydroxide precipitation. 
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7.5 Design and cost 
 
The set-up of the system will be very similar to that shown in figure one, with the exception 

that the rinse tank will replace the feed solution reservoir.  It was found that, under ideal 

conditions (i.e. Ni2+ is the only divalent species in solution), the effective cell area needed for 

treating a 6 m3 rinse tank is 0.030 m2.  This follows from the regeneration rate of the fully 

Ni2+ loaded bed at a bed voltage gradient of 500 V m-1 (i.e. 2.35 x 10-4 mol m-2 s-1 [6]) and the 

assumption that the cell will remove nickel ions from the rinse solution at the same rate as 

they are brought into the rinse tank; it is estimated that about 0.026 mol Ni2+ are brought into 

the rinse tank per hour [16].  In order to operate the process as efficiently as possible, the ion-

exchange bed should remain as best as possible in the nickel form.  In order to do so, the feed 

solution flow rate will be calculated so that 10 % of the initial quantity of Ni2+ will be 

removed in a single pass. Assuming that the background Ni2+ concentration in the rinse tank 

will be maintained at 0.07 mol m-3 [5], and that 90 % of the nickel ions entering the cell will 

be removed in a single pass, the flow rate through the cell should be 0.41 m3 h-1.   

To accommodate such flow rates, the cell should be designed so that the pressure drop over 

the ion-exchange bed is minimized.  It was found that the pressure drop across the bed with a 

height of 0.10 m and a cross-section of 0.001 m was 0.55 bar at a flow rate of 0.06 m3 h-1.  

Since the pressure drop is proportional to both bed height (m) and the superficial velocity of 

solution through the bed (m s-1), the pressure over an ion-exchange bed with a height of 0.10 

and a 0.0030 m2 cross section along with a flow rate of 0.41 m3 h-1 will therefore be 1.22 bar.  

Maintaining the same active bed area but adjusting its cross-section to height ratio can 

therefore optimise the pressure drop over the bed. 

The following table gives the cost estimates of the cell.  It includes the Nafion 117 cation 

selective membranes and ion-exchange resin, the pumps for the anolyte and catholyte (Totton 

model NDP 25/4) as well as feed solution (Prominent Vario with a capacity of 2.82 m3 h-1 at 6 

bar), a sand filter followed by an active carbon filter for removal of organics (i.e. algal growth 

in rinse tank) and the cell itself.  These costs are then compared to the costs for the electrolyte 

solutions and power consumption. 



Pilot scale deionization of a galvanic solution 139 
 

 

 Table 7.1: Currency values given in Euro; costs are based on [16] and revised from [5]. 

Investment Costs 
Price /Unit Quantity Total  Lifetime 

/yr 
Annual Costs 

Membranes 545 / m2 0.15 m2 82 5 16 
Pumps: anolyte and 
catholyte 

158 2 316 5 63 

Pump: feed solution 1044 1 1044 5 209 
Carbon Filter Housing 136 1 136 10 14 
Sand Filter Housing 136 1 136 10 14 
Ion-exchange Resin 0.35 / cm3 300 104 5 21 
Cell 2750 1 2750 10 275 
 
Total Investment Costs 

 
4540 

 
 

 
612 

Instalment cost factor   100% 9080  1224 

Operational Costs 
     

Variable Costs 
Electricity  
(8400 h yr-1 or 50 weeks 
of operation) 
 
Pumps: anolyte and 
catholyte 
 
Pump: Feed solution 
 
Cell 
 
 

 
Chemicals 

HCl 

H2SO4 

Active Carbon 

 

0.11 /kWh 

 
 

 

 

 

 

 

 

 
 
N/A 

0.08 /mol 

1.36 /kg 

 
 
 
 
 

0.168 kW 
 
 
0.176 kW 
 
0.008 kW 
 
 

 
 

N/A 

120 

5 

 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
160 
 
 
167 
 
8 
 
 
 

 

N/A 

9 

7 

 
Fixed Costs 
Labour and Maintenance 

 

 

 

5 % 

   

454 

 

Total Operational Costs 

 

805 

Total Costs € 2030 yr-1 
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This table is meant to give an estimate of the costs associated with the process.  If the same 

rinse tank were to be run purely with a continuous flow of water and direct disposal of the 

rinse water into the local sewage system, then the effluent would have to have a concentration 

of nickel ions at or less than the standard set for such waste.  If this limit were set at 2 ppm 

(see chapter 1), then a flow rate of rinse water through the tank of 0.76 m3 h-1 would be 

required.  Assuming a cost of €0.35 m-3 industrial water and 8400 h yr-1 of operation, the 

yearly cost of rinse water would be approximately €2200, excluding sewer costs. 

If a conventional ion-exchange system were used, then a recycle rate of approximately 0.37 

m3 h-1 would be required to maintain a nickel concentration of 0.07 mol m-3.  Rohm & Haas 

estimates an operating cost of US $0.45, or €0.50 m-3 for their “small unit” capable of treating 

6.25 m3 h-1.  This brings the yearly treatment cost for the above-mentioned rinse tank (0.41 m3 

hr-1) using this ion exchange unit to an estimated €1550, excluding investment costs (note that 

this value has not been corrected for the ionic concentration in the feed water).  It has also 

been found that a similar system for the production of ultra pure water occupies about half the 

space (footprint) of a conventional ion-exchange system with the same treatment capacity 

[17].  This is also likely for the system presented here, and should be an advantage for smaller 

plants whose floor space is limited. 

It is evident that the hybrid ion-exchange / electrodialysis system is in a position to provide a 

cost-effective alternative to current modes of rinse tank operation and the treatment of waste 

streams containing low concentrations of metal ions. 

7.6 Conclusions 
 
The H+ concentration in the process solution was found to significantly affect the efficiency 

of the hybrid ion-exchange/electrodialysis process.  Below a pH of 2, the fraction of Ni2+ 

sorbed by the resin decreased, thereby decreasing its rate of removal.  One positive aspect of 

decreasing process solution pH is its inhibition of nickel hydroxide formation in the ion-

exchange compartment.    

The treatment of an actual rinse solution containing dilute concentrations of nickel ions using 

the pilot scale cell was successful.  The concentration of nickel in the process solution was 

found to decrease from approximately 5 ppm to less than the detection limit of the analysis 

after each treatment.  The limiting factor of these experiments was not the flux of nickel out 

of the ion-exchange bed, but the flux of nickel into the cell.  The process solution flow rate is 

therefore critical to the efficiency of the process.  The experiments ran continuously without 
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the formation of nickel hydroxide or other solid compounds and showed that the cell can 

operate without human intervention.   

The pilot-scale experiments, along with the cost estimation of the process, show that the 

hybrid ion-exchange / electrodialysis cell is a credible solution for the removal of heavy 

metals from dilute solutions.  

7.7 Symbols 
ci concentration of species i (mol m-3) 
Di effective diffusion coefficient of species i (m2 s-1) 
∆E potential difference (V) 
Ni flux of species i into cathode compartment (mol m-2s-1) 
ni quantity of ion i (mol) 
t time (min) 
ui effective mobility of species i (m2  V-1s-1) 
Vp volume of process solution (m3) 

iX  fraction of ion i in solution (-) 
zi valence of ion i (-) 

Ni
Hα  Ni2+/H+ separation factor (-) 

ηI current efficiency for ion i (%) 
ϕ electric potential (V) 
υ flow rate of process solution through the ion-exchange bed (m3 min-1) 
 

Subscripts 
a anode compartment 
bed ion exchange bed 
k cathode compartment 
p process solution 
 
Note:  Over-bar indicates values within ion-exchange resin 
 

 

 



142  Chapter 7 
 

 

7.8 References 
1. B.A. Bolto, L. Pawlowski, Wastewater Treatment by Ion Exchange, E. & F. N. Spon Ltd., 

London (1987).  
 
2. M.M. Crank, W.R. ter Veen, Ion exchange assisted electrodialysis: comparison of cell 

performance using model and practical dilute nickel solutions, TNO-MEP report R 
2001/263, June 2001. 

 
3. F. Helfferich, Ion Exchange, Dover , New York, 1995. 
 
4. P.B. Spoor, W.R. ter Veen, L.J.J. Janssen, J. Appl. Electrochem., 31, 523 (2001). 
 
5. M.E. Woude, Technical University Eindhoven internal report, Eindhoven, The 

Netherlands, October (1997). 
 
6. P.B. Spoor, W.R. ter Veen, L.J.J. Janssen, J. Appl. Electrochem.,31, 1071 (2001). 
 
7. P.B. Spoor, L. Koene, W.R. ter Veen, L.J.J. Janssen, J. Appl. Electrochem., Accepted for 

publication. 
 
8. P.B. Spoor, L. Koene, W.R. ter Veen, L.J.J. Janssen, Chem. Eng. J., Accepted for 

publication. 
 
9. T.A. Davis, J.D. Genders, D. Pletcher, Ion Permeable Membranes, The Electrochemical 

Consultancy, New York (1997). 
 
10. D.C. Harris, Quantitative Chemical Analysis 3rd Ed., W.H. Freeman and Company, New 

York (1991). 
 
11. H.M. Verbeek, L. Fürst, H. Neumeister, Computers and Chemical Engineering, 22, S913 

(1998). 
 
12.  K.S. Spiegler, C.D. Coryell, J. Phys. Chem., 56, 106 (1952). 
 
13. N.A. Linkov, J.J. Smit, V.M. Linkov, V.D. Grebenyuk, J. Appl. Electrochem., 28, 1189 

(1998). 
 
14. M. Taky, G. Pourcelly, F. Lebon, C. Gavach, J. Electroanal. Chem, 336, 171 (1992). 
 
15. Y. Tanaka, M. Seno, J. Chem. Soc. Faraday Trans I, 82, 2065 (1986). 
 
16. L. Koene, Cost estimation of IXED Process, TUE Report, August 2001. 
 
17. M. Henly, Ultrapure Water, 14, 15 (1997). 



 143 

Summary 
 
The purpose of this work was to establish a new process for the removal of heavy metals from 

dilute galvanic solutions using a hybrid ion exchange / electrodialysis system.  Some 

advantages of this system, from the point of view of the galvanic industry, include a reduction 

in: water and chemical usage, manpower and waste production.  This thesis focused primarily 

on the characteristics of the system that would lead to the practical implementation of the idea 

as well as long term and pilot studies based on this knowledge.  An introduction to the topic is 

given in Chapter 1. 

 

In Chapter 2 the removal of nickel ions from a packed bed of macroporous ion-exchange 

material under an applied potential difference was studied.  This process involved the use of 

an electrodialysis type cell in which the centre compartment was filled with a packed bed of 

ion-exchange particles.  The bed width, concentration of nickel in the resin and electrolyte 

concentration were varied.  Emphasis was placed on the rate of nickel migration, current 

efficiency and the effective mobility of nickel in the system.  It was found that the flux of 

nickel within an ion-exchange resin, as well as the current efficiency of the system, increased 

exponentially while the mobility of nickel ions decreased with increasing Ni2+ concentration 

in the resin.  It was also found that acid leakage took place primarily through the anion-

selective membrane separating the ion-exchange bed from the anode-compartment and that its 

flux was linear with H2SO4 concentration in the anolyte.  In addition to hydrogen ion transport 

from the anode compartment, water decomposition also played an increasing role in the 

regeneration process with decreasing acid concentration in the anolyte.  The degradation of 

the anion-selective membrane was an indication of water splitting at the anode side of the ion-

exchange bed.  By applying the Nernst-Planck equation, the apparent mobility of ions through 

the resin was determined. 

 
The regeneration of a low cross-linked gel type ion-exchange resin, which contained sorbed 

nickel ions, using an applied electrical potential gradient was studied in Chapter 3.  This 

chapter focussed primarily on the effect of the voltage difference across the bed.  The 

potential difference across the bed of ion-exchange particles was varied by changing the cell 

voltage across beds of constant width, as well as the bed width at constant cell voltage.  The 

diffusion coefficient, current efficiency and migration rate of nickel in the bed were discussed.  

It was shown that the current efficiency for the removal of nickel was nearly one hundred 

percent when the bed is fully in the nickel form, and that the rate of regeneration was 
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proportional to the potential difference over the bed.  It was concluded that the gel-type ion-

exchange resin of low cross-linking performed remarkably better than the macroporous resin 

used in chapter 2, this because the apparent Ni2+ diffusion coefficient, determined to be 1.13 x 

10-11 m2 s-1, was much higher than that of the macroporous resin (DNi = 1.0 x 10-13 m2 s-1). 

 

Once the effects of ionic concentration within the resin, bed width and cell voltage on the 

regeneration rate were determined, the removal of nickel ions from dilute solutions using the 

combined cell was studied.  In Chapter 4, two main aspects were considered: the effect of 

nickel concentration in the diluate, or feed solution, and the change in current distribution 

along the ion-exchange bed.  During these experiments, the formation of nickel hydroxide 

within the central compartment was observed.  The formation of this precipitate is detrimental 

to the process as it then ceases to be continuous.  However, the results showed that the nickel 

hydroxide precipitation was related to the nickel concentration in the feed solution and 

electric potential gradient across the bed.  By careful consideration of these parameters, 

precipitate formation could be avoided.  The study of the current distribution along the ion-

selective bed proved to be an important tool.  With it, the ionic state of the bed could be 

followed in time without interfering in the process itself and the influence various system 

parameters could be elucidated. 

 

Chapter 5 described the continuous removal of nickel ions from a dilute nickel solution over 

a longer period of time.  Emphasis was placed on the ionic state of the bed during the process, 

and the mass balance of ions in the system.  Much of this information was obtained by 

analysing the current distribution across the cell.  The effects of temperature, nickel feed 

concentration and feed solution flow rate were ascertained.  They were found to affect the 

flux of nickel to the catholyte, the current efficiency of the process, the volume of resin 

required for the process as well as the formation of nickel hydroxide in the centre 

compartment.  The primary conclusion to this chapter was that a continuous process could be 

achieved. 

 

After this important practical result, Chapter 6 returned to a more fundamental study of the 

system.  The regeneration of 2, 4, and 8% cross-linked ion-exchange resins in the nickel-form 

was carried out.  During the process the potential and nickel concentration profiles in the bed 

were measured.  The experimental results were then compared to results from a one-

dimensional transport model able to simulate the development of the potential and 

concentration gradients during the process; the amount of nickel transported out of the ion-



Summary 145 
 

 

exchange bed to the concentrate compartment was also reasonably predicted.  Differences 

between the model and experimental results were also discussed.   

The formation of metallic nickel, previously not observed, was found to occur under extreme 

conditions, i.e. high bed voltage. 

To conclude the thesis, Chapter 7 discussed the study of a pilot scale ion-exchange / 

electrodialysis system tested on-site at a galvanic plant.  The system was used to treat a rinse 

solution containing approximately 5 g m-3 Ni2+.  It operated continuously without the need of 

maintenance for a period of 3 months and was able to remove nickel to concentrations less 

than the detection limit of approximately 0.2 g m-3.  This chapter also described the effect of 

solution pH on various aspects of the deionisation process.  The hydrogen ion concentration 

in the feed solution was found to significantly affect the quantity of nickel sorbed by the resin, 

and therefore the efficiency of the process, below a pH of 2.  At and below a pH of 4, 

however, the formation of nickel hydroxide in the centre compartment was prevented, even at 

high bed voltage.  A cost estimation of the process also showed that it is in a position to 

provide a cost-effective alternative for the processing of dilute heavy-metal solutions. 

 
The goal of the work presented in this thesis was the study of a combined ion-exchange / 

electrodialysis system for the removal of heavy metal ions from dilute solutions.  The great 

success of the pilot study presented in chapter 7, as well as further research carried out since 

then have made this project a success.  Because of these successes, continuation is justified.  

Specifically, in the coming year a prototype will be used in the treatment of an actual rinse 

solution in a galvanic line. 
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Samenvatting 
Het doel van dit werk was een nieuw proces te ontwikkelen om zware metalen uit verdunde 

galvanische oplossingen te verwijderen gebruik makend van een hybride ionwisselaar / 

elektrodialyse systeem. Een aantal voordelen van dit systeem voor de galvanische industrie 

zijn een vermindering van gebruik van water en chemicaliën, mankracht en afvalproduktie. 

Dit proefschrift concentreert zich op de karakteristieken van het systeem dat leidt naar de 

praktische implementatie van het concept en op de lange termijn studies, die is gebaseerd op 

deze meer fundamentele kennis. 

 

Hoofdstuk 2 beschrijft een studie naar de verwijdering van nikkel ionen uit een gepakt bed 

van een macroporeus ionenwisselaar materiaal onder toepassing van een elektrische veld. Bij 

dit proces werd gebruik gemaakt van een type elektrodialyse cel, waarvan het centrale 

compartiment gevuld was met een gepakt bed van ionenwisselaardeeltjes. De beddikte, 

nikkelconcentratie in de ionwisselaar en de elektrolytconcentratie werden gevarieerd. De 

nadruk lag op de snelheid van de nikkelmigratie, de stroomefficiency en de effectieve 

mobiliteit van nikkelionen in het systeem. Gevonden is dat de nikkelflux binnen een 

ionwisselaar en de stroomefficiency exponentieel toenemen en de mobiliteit van nikkelionen 

afnamen met een toenemende Ni2+-concentratie in het hars. Daarnaast is gevonden dat het 

lekken van zwavel zuur vooral plaatsvond door het anion-selectieve membraan dat het bed 

met ionenwisselaar scheidde van het anode-compartiment en dat de flux van dat zuur 

evenredig was met de zwavel zuur concentratie in het anolyt.  De degradatie van het anion-

selectieve membraan was een indicatie voor de ontleding van water aan de anodezijde van het 

ionenwisselaarbed. De schijnbare mobiliteit van ionen door het hars werd verekend uit de 

nickel flux door toepassing van de Nerst-Planck vergelijking.   

 

Een studie van de regeneratie van een met nikkelionen beladen geltype ionwisselaarshars met 

een lage graad van kruisverbindingen, door middel van het aanleggen van een elektrische 

potentiaal gradient, is beschreven in Hoofdstuk 3. Dit werk concentreert zich primair op het 

effect van het potentiaalverschil over het bed. Het potentiaalverschil over het bed van 

ionwisselaarsdeeltjes werd gevarieerd door de celspanning te variëren bij constante beddikte 

en het variëren van de beddikte bij constante celspanning.  Diffusiecoefficiënt, 

migratiesnelheid en stroomefficiëntie van nikkel in het bed worden in dit hoofdstuk 

behandeld. Gevonden is dat de stroomefficiency voor het verwijderen van nikkel bijna 100% 

was als het bed volledig in de nikkel-vorm was, en dat de regeneratiesnelheid evenredig was 
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met het potentiaalverschil over het bed. Het bleek dat de geltype ionwisselaar met weinig 

kruisverbindingen aanmerkelijk beter presteerde dan de macroporeuze starre ionenwisselaar 

zoals beschreven in Hoofdstuk 2. De hiervoor bepaalde schijnbare nikkel diffusiecoefficient, 

1.13 x 10-11 m2 s-1, was veel groter dan die voor het macroporeuze hars  

(DNi = 1.0 x 10-13 m2 s-1). 

 

Nadat de effecten van ionenconcentratie binnen het hars, de beddikte en de potentiaalgradient 

over het bed op de regeneratiesnelheid waren bepaald, is het verwijderen van nikkelionen uit 

verdunde oplossingen met de hybride cel bestudeerd. In Hoofdstuk 4 zijn twee hoofdzaken 

beschouwd: het effect van de nikkelconcentratie in het diluaat (te zuiveren oplossing) en de 

verandering in stroomverdeling over het bed met ionenwisselaar. Gedurende deze 

experimenten werd in het centrale compartiment de vorming van nikkelhydroxide 

waargenomen.  De vorming van dit precipitaat is ongunstig voor het proces, omdat continue 

processvoering dan onmogelijk is. De resultaten toonden echter ook dat de 

nikkelhydroxideprecipitatie gerelateerd was aan de nikkelconcentratie van de te zuiveren 

oplossing en de elektrische potentiaalgradient over het bed. Door een geschikte keuze van 

deze parameters kon vorming van neerslag worden voorkomen. De studie van de 

stroomverdeling over het bed met ionwisselaar bewees een belangrijk stuk experimenteel 

gereedschap te zijn. Men kan er namelijk de ionbeladingstoestand van het bed mee volgen 

zonder in het proces zelf in te grijpen en de invloed van verschillende systeemparameters kon 

ermee worden gevolgd. 

 

Hoofdstuk 5 beschrijft het continu verwijderen van nikkelionen uit een verdunde 

nikkeloplossing over een langere tijdsperiode. De nadruk lag op de beladingsgrad van het bed 

gedurende het proces en de massabalans van de ionen in het systeem.Veel van deze informatie 

is verkregen uit een analyse van de stroomverdeling over de cel. De effecten van temperatuur, 

nikkelconcentratie en de stromingsnelheid van de te ziveren nikkel oplossing werden bepaald. 

Ze hadden invloed op de nikkelflux naar het katholiet, de stroomefficiency, de hoeveelheid 

ionenwisselaar en de vorming van nikkelhydroxide in het centrale compartiment. De 

voornaamste conclusie van dit hoofstuk was dat een continu proces haalbaar was. 

 

Na dit praktische success keert Hoofdstuk 6 terug naar een meer fundamentele bestudering 

van het systeem. De regeneratie van ionenwisselaar met 2, 4, en 8% kruisverbindingen in de 

nikkel-vorm werd uitgevoerd. Gedurende het proces zijn de potentiaal en nikkelconcentratie 

profielen in het bed gemeten. De experimentele resultaten zijn vervolgens vergeleken met de 
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resultaten uit een een-dimensionaal transportmodel dat in staat bleek de ontwikkeling van 

potentiaal en concentratiegradienten gedurende het (regeneratie)proces te simuleren; ook de 

hoeveelheid nikkel die van de ionwisselaar naar het kathodecompartiment werd 

getransporteerd werd redelijk voorspeld. Bovendien zijn de verschillen tussen model - en 

experimentele resultaten besproken.  De vorming van metallisch nikkel, die voorheen niet is 

waargenomen, vond plaats onder exterme omstandigheden, namelijk een hoge potential 

gradient over het bed. 

   

Als besluit van dit proefschrift beschrijft Hoofdstuk 7 de studie van een pilotscale 

ionwisselaar - elektrodialyse systeem dat on-site werd getest in een galvanisch bedrijf. Het 

systeem werd gebruikt om een was oplossing te behandelen die ongeveer 5 g m-3 Ni2+ bevatte. 

Deze installatie heeft gedurende een periode van 3 maanden continu en zonder onderhoud 

gewerkt en was in staat om nikkel te verwijderen tot concentraties beneden de detektielimiet 

van ongeveer 0,2 g m-3.  Dit hoofdstuk beschrijft ook het effect van de pH van de oplossing 

op verschillende aspecten van het deionisatieproces. De waterstofionconcentratie in de 

aangevoerde oplossing had beneden een pH van 2 een significant effect op de hoeveelheid 

nikkel dat door de sterke zuur ionenwisselaar werd opgenomen, en dus op de efficiency van 

het proces. Beneden een pH van 4 werd de vorming van nikkelhydroxide in het centrale 

compartiment voorkomen, zelfs bij een hoge potential gradient over het bed. 

 

Het doel van het onderzoek dat in dit proefschrift wordt gepresenteerd was de studie van een 

gecombineerd ionwisselaar / elektrodialyse system voor het verwijderen van zware 

metaalionen uit verdunde oplossingen.  De pilot study beschreven in hoofdstuk 7, en 

voortgezet onderzoek hebben van dit project een succes gemaakt. Op grond hiervan is 

voortzetting van het onderzoek gerechtvaardigd. Met name zal in de nabije toekomst door een 

prototype een werkelijke was oplossing in een galvanische lijn worden behandeld.
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Appendix 1: Membrane selection 
 
The decision to use a cation selective membrane on the anode side of the ion-exchange bed 

was made with the aid of the following results.  These results were obtained from experiments 

carried out with the nickel-loaded Dowex 50W-X2 resin prepared in 3.2.1 and followed the 

experimental procedure presented in 3.2.2.  Exceptions to this procedure included the 

following variations of the membrane set-up: Cation-selective/Cation-selective, Cation-

selective/Anion-selective.   

Nafion-117 and Asahi AMV membranes were used as the cation and anion-selective 

membranes respectively.  These experiments also varied from those described in 3.2.2 in that 

they were run at constant current, i.e. 500 mA for the cation/cation and 200 mA for the 

cation/anion configuration. 

The quantity of nickel transported to the catholyte with electrodialysis time, represented in 

Fig. A1.1, was highest for the cation/cation configuration run at a constant current of 500 mA.  

Since the cation/anion set-up was run at a constant current of 200 mA, it follows that the 

quantity of nickel transported to the catholyte would be lower compared to the former 

configuration.  The current efficiency for this set-up, however, was highest.  

Figure A1.1: Nickel content in the catholyte over time for various cell configurations.  A bed 
of Dowex 50X-2 particles initially in the nickel form was used in all cases: O cation/anion 
(200 mA); + cation/GDE (500 mA); ∆ cation/cation (500 mA). 
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Even though the cation/anion configuration exhibited the highest current efficiency, the cell 

voltage during this experiment was much higher than during the other two experiments (Fig. 

A3.2). 

 
 

Figure A1.2: Cell voltage for various cell configurations: solid line - cation/anion (200 mA); 
dashed line - cation/GDE (500 mA); dotted line - cation/cation (500 mA). 

 

It is clear that the resistance of the cell was much higher during the cation/anion experiment.  

The ohmic drop over the cell was approximately 125 Ω for the former case and approximately 

10 Ω for the cation/cation configuration.  This was due to the greater ease at which protons 

were transported through the cation selective membrane compared to the anion-selective 

membrane. 

With these results, along with the observed degradation of the anion-selective membrane 

(Chapter 2), it was concluded to use the cation/cation configuration. 
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Appendix 2: Current/Voltage curves of the nickel and 
hydrogen forms of the Dowex 50W-X2 100 ion exchange 
resin 
 
The diffusion coefficient of hydrogen was assumed to be ten times less than that of nickel in 

the 2, 4 and 8% cross-linked resins.  This assumption was based on the results presented by 

Spiegler and Coryell [1] who showed that the ionic mobilities for the HR and ZnR2 forms of 

the Dowex-50 differed by a factor of approximately 10 (it is assumed that they use the 

“commercial” Dowex-50 resin which has a nominal degree of cross-linking of 12% [2, 3]) as 

well as results presented in figure A2.1 for the Ni2+ and H+ forms of the resin. 

Figure A2.1. I/E curve measured for the nickel (dashed line) and hydrogen (solid line) forms 
of the Dowex 50W-X2 resin. 

 

This figure shows current – voltage curves for the nickel and hydrogen forms of the 2% cross-

linked Dowex 50W resin.  They were measured between two platinum electrodes in a cell 

similar to that presented in Fig. 3-1 at a scan rate of 0.100 V s-1; the bed width was 1 cm.  The 

inverse slopes of each line, which represent the resistances of the systems, were 15.2 and 48.7 

Ω for the H+ and Ni2+ forms of the resin respectively (the voltage increase is essentially equal 

to the increase of the voltage drop over the bed). 
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The flux of an ion i sorbed by the resin can be calculated from the current using the following 

equation: 

 

N I
z Fi

i

= τ ; (1) 

 

where τ is the transference number of ion i and is assumed equal to unity in the case of a bed 

in the i form.  Since E = IR it follows from (1) that: 

 

N
N

z R
z R

H

Ni

Ni Ni

H H

= . (2) 

 

Using the migration term of the Nernst-Planck equation, the diffusion coefficient of ion i can 

be calculated assuming no convection and the absence of concentration gradients within the 

bed: 

 

D N RT
z Fc gradi

i

i i

=
ϕ

. (3) 

 

And so from equations (2) and (3), 

 

D
D

N
N

z c
z c

z c R
z c R

H

Ni

H

Ni

Ni Ni

H H

Ni Ni Ni

H H H

= =
2

2 . (4) 

 

Substituting RNi = 48.68 Ω, RH = 15.17 Ω, cNi = 534 mol m-3[Chp. 4], cH = 600 mol m-3[from 

supplier], zNi = 2 and zH = 1 into (4) gives a DH : DNi ratio of 11.4.   
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Appendix 3: The One-Dimensional Model, Numerical 
Method 
 

In this appendix the basic equations used in the calculation together with the starting values 

and boundary conditions will be discussed. 

The system 

The system is a one dimensional ion exchanger with a fixed amount of free sites loaded with a 

certain amount of two ionic species, components 1 and 2.  A constant potential difference will 

be applied over the bed of ion-exchange particles in order to induce transport of the sorbed 

species.  Ions will move to the cathode side of the bed (x = d) with different speeds depending 

on their properties while at the anode side of the bed, empty sites will be filled by ions of 

component 2. Because of the electroneutrality condition, all free sites must be filled at all 

times. 

Equations for the binary Ni2+/H+ system 

The following equations are valid for one-dimensional systems consisting of 2 ionic species. 
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Starting values and boundary conditions for the binary Ni2+/H+ system 

At t = 0 and 0 < x < d 

 
cNi  =  c0 

cH  =  (X – 2c0)/1 (mass balance) 

 

 

 

c0: starting concentration of the bed. 

∆E:  applied potential difference. 

 

Current i at t = 0 can be calculated using equation 2. 

 

At x = 0 and t > 0 

NNi = 0 

NH = I(t) / F 

Numerical methods 

The model was solved by numerical differentiations using both the backwards and the 

forwards finite difference approximations [1]. 

Backward method: 

t
xx

t
x

t
x ttttt

tttt ∆
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∆
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∂
∂ ∆−==

==

 

 

Forward method: 

t
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t
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When using the backwards method, values at t = 0 cannot be calculated as there is no t = 0 - 

∆t.  This means that values at t = 0 have to be either known (boundary conditions) or 

estimated.  The same applies for values at t = tmax when using the forward method. 
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Structure of the Computer Program 
Below is shown a diagram illustrating the structure of the computer program. 

Reference: 
 
[1] D.G. Zill, A First Course in Differential Equations 5th ed., PWS – Kent Publishing 

Company, Boston (1993).
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