
ELECTROCHEMICAL REMOVAL OF ZINC AND 
NICKEL IONS FROM WASTEWATER USING 

FLAT PLATE ELECTRODES

by
Rehan Muhammad Khan, M.Sc. 

Karachi University, Pakistan, 1994.

A project report 

presented to Ryerson University 

in partial fulfillment o f the 

requirements for the degree o f 

Master o f Engineering 

in the program o f 

Chemical Engineering

Toronto, Ontario, Canada, 2005 

© Rehan Muhammad Khan 2005

PROPERTY OF 
RYERSON ÜMVIR8ITY LfflRARY



UMI Number: EC 53038

All r igh ts  r e s e r v e d  

INFORMATION TO U SER S

T he  quality of this reproduction is d e p e n d e n t  upon the  quality of the  copy 
subm itted. Broken or indistinct print, colored or poor quality illustrations and  
photographs, print bleed-through, su b s tan d a rd  m argins, and  improper 
a lignm ent can  adverse ly  affect reproduction.

In th e  unlikely even t that the  au thor did not sen d  a com plete  m anuscrip t 
and  there  a re  missing p ag es , th e s e  will be  noted. Also, if unauthorized 
copyright material had  to be  rem oved, a  note will indicate the  deletion.

UMI
UMI Microform E C 53038 

Copyright 2008  by P ro Q u es t  LLC 
All rights reserved . This microform edition is p ro tected  aga in s t  

unauthorized  copying und er  Title 17, United S ta te s  Code.

P ro Q u es t  LLC 
789 E as t  E isenhow er Parkw ay 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Author’s Declaration
I hereby declare that I am the sole author of this thesis.

I authorized Ryerson University to lend this thesis to other institution or individual for the 

purpose of scholarly research.

Rehan Muhammad Khan

I further authorized Ryerson University to reproduce this thesis by photocopying or by 

other means, it total or in parts, at the request of other institution or individual for the 

purpose of scholarly research.

Rehan Muhammad Khan

ii



Abstract
Simulated wastewater containing 20ppm of Z n^, 20ppm of Ni"^ was treated using an 

electrochemical technique. This synthetic wastewater was used to simulate the wastewater 

from metal finishing industries. A rectangular bath integrated with an electrochemical cell 

consisting of flat plate electrodes (the stainless steel anode and aluminum cathode) was used 

in the treatment. Potassium sulfate was used as a supporting electrolyte to enhance the 

removal of Zn"*"̂  and N i^. The effects of volumetric liquid flux, pH and electrode surface 

area on Zn^^ and N i^  removal were investigated. All experiments were performed at 25°C 

and at an applied voltage of 4V. When volumetric flux was raised from 0.0092 to

0.0277m^.m’̂ .s'', an increasing trend of the Zn̂ "̂  and Ni"^ removal was observed. The 

maximum metal removal was observed at a volumetric liquid flux of 0.023Im^.m'^.s '. Zn"̂  ̂

and Ni"*”̂  were removed by 80% and 34%, respectively, after 48 hours of electrochemical 

treatment. Moreover, an increase in the removal of Zn^^ and was observed when the pH 

was varied from 3.5 to 6.5. The maximum removal of Zn^^ and N i^ , 97% and 62%, 

respectively, occurred at a volumetric liquid flux of 0.023Im^.m'^.s"' and a pH of 6.5. The 

experimental values showed a similar increasing trend in the removal of Zn^^ and Ni"^, when 

the electrode surface area was increased from 0.024m^ to 0.048m^; the removal of Z n^  and 

Ni"^ improved by 14% and 12%, respectively. However, there was no major change in the 

removal o f Zn"*̂  and Ni"^ between flat plate and corrugated plate electrodes.
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Nomenclature
Symbols Description

A Electrode area (m^)

C Concentration (mg.l ‘)

Ct Concentration in bulk liquid phase at time t (mg.l'*)

D  Diffusion coefficient (m^.s"’)

Dh Hydraulic diameter (m)

Null or equilibrium potential (V)

E° Standard reduction potential (V)

e' An electron

F  Faraday’s constant (96,485 A.s.mol'’)

G Gibbs free energy (J.mof*)

I  Current (A)

/ Current density (A.m'^)

ii Limiting current density (A.m'^)

k  Reaction rate constant

Average mass transfer coefficient at limiting current for metal ions in liquid 

(m.h'*)

km Average mass transfer coefficient for metal ions in liquid (m.h"')

M  Molecular weight of species

m Number of moles o f electroactive species (mol)

n Number of electron

N  Molar flux (mol.m'^. s ')

O Species that becomes reduced

q Electrical charge (A. s)

R Species that becomes oxidized

Keen Resistance (ohms)

Rg Gas constant (8.314 J.m of' .K"')

Re Reynolds number

kL

I X



T Temperature (K)

t Time (h)

u Velocity of liquid (m.s ’)

V Volume (m^)

Z Electrical charge number

Greek Symbols

Urn Mobility (m^.V'. s'*)

0  Potential field strength (V.m'*)

r] Overpotential (V)

riaci Activation overpotential (V)

tjconc Concentration overpotential (V)

I]ohm Ohmic overpotential (V)

p Liquid Density (kg.m'^)

p  viscosity (kg.m'*.s'*)

Ô Diffusion layer thickness (m)

Superscripts

C.A
00

Cathode, Anode 
Bulk value

Subscripts

I

L
o
R
s

Inlet

Limiting
Outlet
Reduced
Surface

Abbreviations

ppm 
PVC

Parts per million 
Poly vinyl chloride



Introduction

1 Introduction
The water management is one o f the most critical issues in the coming decade. Currently, 

more than half o f the available freshwater is appropriated for human uses [1], indicating a 

high degree of exploitation of the existing water resources. In future, water resources may 

even suffer drastic variations on a global level because o f the foreseen population growth 

and climate changes. This fact, in combination with the water pollution caused by 

mankind activity, makes water re-use o f utmost importance. However, one should keep in 

mind from global prospect that recycling of water is not environmentally benign if  high- 

energy input technologies are used for this purpose [2], Thus, the development o f 

efficient wastewater treatment technologies with low energetic and operational costs is 

essential for all types o f wastewater.

According to its origin wastewater can be divided into four broad categories, namely 

domestic, industrial, public service and system loss/leakage. Among these, industrial 

wastewater contributes 42.4% o f the total volume of wastewater in the world [3].

The major types of pollutants found in industrial wastewater are heavy metals and 

organic matter. The increasing levels o f heavy metals, such as Arsenic (As), Barium (Ba), 

Cadmium (Cd), Chromium (Cr), Copper (Cu), Lead (Pb), Silver (Ag), Nickel (Ni) and 

Zinc (Zn), in the environment is a serious threat to human health, living resources and 

ecological systems as these metals are harmful and toxic [4, 5].

Effluents from steelworks, rayon yam and fiber manufacturing, wood pulp production, 

plating, and metal processing industry contain zinc. Likewise, wastewater streams from 

metal processing industries, steel foundries, motor vehicle and aircraft industries, printing 

and chemical industries contain nickel [6].

The present study deals with the electrochemical treatment o f the wastewater generated 

from an automotive industry. In this industry, electrocoating process used to provide a 

protective polymer coating on the frames o f the automobiles and other interior and 

exterior parts. During the electrocoating process, the parts are cleaned and treated several
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times, generating a large amount of wastewater. In automotive industry, which is one of 

the major manufacturing sectors in southern Ontario, the electro coating process usually 

generates, on an average, 0.25 gallons of wastewater per square foot of the metal parts 

being processed. The wastewater flow rate exiting an automotive plant can be very large, 

e.g. 1.4 million gallons of wastewater is generated per day at the Toyota plant in 

Georgetown, Kentucky [7].

1.1 Effluent Discharge Limits
Due to rapid increase in the quantities of industrial wastewater, the effluent discharge 

limits are becoming ever more stringent. Table 1.1 shows the effluent discharge limits for 

and Ni"^ as imposed by the City of Toronto and United States Environmental 

Protection Agency [8, 9].

Table 1.1: Effluent discharge limits

Parameter (mg.l"')

Jurisdiction Zinc Nickel

City of Toronto: Sewer-use 

By-law [9]:

• Storm 0.04 0.08

• Sanitary 2 2

US EPA: guidelines and standard 

For the metal products & machinery 

point source category [8]:

• Storm 0.08 1.9

• Sanitary 0.35 1.5

1.2 Conventional Treatment Techniques
The conventional methods for the treatment of wastewater are ion exchange, reverse 

osmosis and chemical precipitation [10].
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In ion exchange process, metal ions are removed from the aqueous phase by exchange of 

cations or anions between the contaminants and the exchange medium. Ion exchange 

materials are resins made from synthetic organic materials that contain ionic functional 

groups, inorganic and natural polymeric materials. After a resin’s capaeity has been 

exhausted, it can be regenerated for re-use [11]. This method is simple, efficient and 

generates low sludge. However, one limitation of this method is that large amount o f 

wastewater is generated during the regeneration step that requires additional treatment 

and disposal [12].

Reverse osmosis is a semi-permeable membrane based treatment process used for 

removal o f particulates, organic material, and metals. Although this method is very 

efficient, the high cost of the membranes used in the processes makes it very 

uneconomieal [13].

Among the aforementioned methods, chemical precipitation is most widely used because 

o f its simplicity and low capital cost [14]. In this method, metal ions are precipitated as 

hydroxides, carbonates, or sulfides. Hydroxide precipitation is more common, which uses 

calcium, sodium or magnesium hydroxide. The hydroxide is added to a mechanically 

stirred tank to precipitate metal ions as metal hydroxides from wastewater. The required 

pH for precipitation process is between 8.5 and 10, depending on the types of metal ions 

in wastewater. In order to increase particle size and improve the settling characteristics o f 

the metal hydroxides, coagulating and flocculating agents are added, usually in a second 

tank with slow mixing. The pH of the treated wastewater should be adjusted around 7 

before discharging it to the municipal sewer. In practice, if zinc is the only metal to be 

removed, a concentration of 0.5mg.l"^ using calcium hydroxide as the precipitating agent 

is achievable. On the other hand, if nickel is the only metal to be removed a concentration 

o f O.Smg.r^ can be achieved using sodium sulfate as the precipitating agent [15].

However, the major drawback o f this method is the generation of large amounts of 

concentrated sludge, which is buried in landfills. In most o f the cases high cost o f further 

treatment o f sludge prior to disposal is another disadvantage o f this method. [16].
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1.3 Electrochemical Techniques
Metal ions in the wastewater can be treated by electrochemical methods. Most common 

methods for the electrochemical treatment of wastewater are electrodeposition, 

electrowining, electrodialysis, electro flotation and electrocoagulation.

Some prominent features of these methods are [14, 17]:

• High efficiency

• Versatility

• Amenability to atomization

• Lack of sludge to dispose of

• Possibility of recovering pure metals

Electro-deposition is the deposition of a metallic coating on an object. Electro-deposition 

is achieved by passing an electric current through a solution containing dissolved metal 

ions and the metal object to be plated. In an electrochemical cell, the metal object serves 

as the cathode, which attracts metal ions from the solution. This method is also referred 

to as electroplating. Ferrous and non-ferrous metal objects are plated by a variety of 

metals including aluminum, tin, copper, etc., as well as precious metal such as gold, 

platinum and silver [18,19].

Electrowining is widely used in the mining industry to extract dissolved metals from ore 

leaching liquid at a concentration of 1000 ppm or higher. This method is also used to 

remove metal ions from liquid wastes [20, 21].

In electrodialysis process, electrically charged membranes are used to remove metal ions 

from an aqueous solution. This separation process can be used to remove ions from 

concentrated ionic solution, deionized salt solution, and separate ionic and non-ionic 

species [22].

Electroflotation is the process of removing dispersed particles in liquid using gas bubbles 

that are generated by the electrolysis of water [17,23].
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Electrcoagulation utilizes direct current to create sacrificial ions from electrodes. The 

sacrificial ions remove undesirable contaminants in the wastewater either by chemical 

reaction and precipitation, or by causing colloidal material to coalesce, which can then be 

removed by flotation [9, 15, 21].

Further research in the field of metal recovery from wastewater depends on the design of 

electrochemical reactors with enhanced space-time yield, and the development o f high 

surface area electrodes with improved mass transfer characteristics.

1.4 Objectives
The wastewater generated from an electro-coating process typically contains nickel and 

zinc ions. This wastewater can be treated by electrodeposition. The electrochemical 

treatment o f wastewater containing nickel and zinc ions was previously investigated by 

Doan et al. [17], who used a packed column consisting of flat plate electrodes in a flow- 

by configuration. They studied the effect o f pH and applied voltage on the removal o f 

zinc and nickel ions from wastewater.

The present study employs rectangular bath, with flat plate electrodes in a flow-by 

configuration, for the treatment o f simulated wastewater containing nickel and zinc The 

main objectives of this project are:

#

e

To investigate the simultaneous removal of Zn~^ an d N i^  from simulated wastewater 

using the electrodeposition method using different volumetric liquid fluxes and pH.

To determine the rate constant and mass transfer coefficient o f zinc and nickel ions. 

To compare the removal of zinc and nickel ions using flat plate and corrugated plate 

electrodes.
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2 Theoretical Background
The study of the movement and separation of charge in matter is called electrochemistry. 

Electrochemical processes are of heterogeneous nature, in which chemical reactions take 

place at the interfaee of the electrode and the electrolyte. The main advantage of an 

electrochemical process is that it is environment friendly, since the main reagent, the 

electron, is a “clean reagent”.

2.1 Parameters Affecting an Electrochemical Process
The main parameters affecting the performance of electrochemical system are discussed 

in the following section [24]:

2.1.1 Electrode Potential

The electrode potential determines the nature of electron transfer reactions occurring in 

an electrochemical cell. It also determines their absolute rates, i.e. current densities. The 

potential or eurrent density is, in many eases, a major factor controlling the current 

efficiency, the space-time yield and the product quality.

2.1.2 Electrode Materials and Structure

The ideal electrode material for most proeesses should be totally stable in the electrolysis 

medium and permit the desired reaction with a high current efficiency at lower potential. 

In a few processes, the anodic reaction is the dissolution of a metal (e.g. plating or 

refining) and this reaction occurs with the same current efficiency as the cathodic 

deposition so as to maintain the electrolyte composition constant; again, the overpotential 

should be as low as possible.

2.1.3 The Concentration of Electroactive Species

The concentration of the electroactive species is the major parameter that determines the 

maximum feasible current density and, hence, the optimum space-time yield. The current 

is normally proportional to concentration and, therefore, the eoncentration of 

electroactive species will also be as high as possible in most systems, being limited only 

by cost, solubility or post-electrolysis process requirements.
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2.1.4 Electrolysis Medium

The properties o f the electrolysis medium are determined by the choice o f solvent, 

electrolytes and pH, and perhaps also by complexing agents, additives and reagents 

present to react with intermediates produced in the electrode reaction. The concentration 

o f each constituent is also important. Water with a high concentration of electrolyte is 

certainly the medium of choice for an industrial electrolytic process, with molten salts a 

second best if  their use is essential to the process. The other constituents o f electrolysis 

medium are chosen on the basis o f cost and their effectiveness in meeting the needs o f a 

particular process.

2.1.5 Pressure

Electrolysis at elevated or reduced pressures is generally avoided because of the 

complexity o f cell design. The large-scale examples of electrochemistry, much above 

atmospheric pressure, are mainly limited to special water electrolyzers and battery 

systems. However, if volatile solvents are utilized, an increased pressure may be 

desirable to minimize solvent loss, with its attendant cost, health and safety problems.

2.1.6 Temperature

For a design o f electrochemical system, temperature is another important parameter. 

Temperatures above ambient are usually employed beeause of their beneficial effects on 

the kineties of an electrochemical process. The diffusion coefficient, the exchange current 

density and the rates o f chemieal reactions generally increase with an increase in the 

temperature. The resulting decrease in the viscosity and increase in the diffusion 

coefficient serve to enhance mass transport rates. In any case, the passage o f current 

through most cells leads to Joule heating and extensive cooling may be necessary to 

maintain the cell at room temperature. Again, in the case of volatile solvents, or thermally 

unstable reactants/products, forced cooling of the electrolyte may be essential.

2.1.7 Mass Transport

The mass transport regimes used in industrial processes range from natural convection 

and diffusion in unstirred electrolytes to highly turbulent conditions produced by rapid
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stirring, or pumping or using turbulence promoters such as a bed of particles. A high 

liquid flow rate is commonly used because it increases mass transport and, ultimately 

increases the current density at any potential, and finally leads to a greater uniformity of 

concentration in the reaction layer adjacent to the electrode surface.

2.1.8 Cell Design

The design of the cell affects all the figures of merit for an electrolytic process. It should 

be noted here that the principal factors determining the electrolysis performance are 

presence or absence of a separator and its type, and the mass transport regime. The 

arrangement and form of the electrodes (the anode-cathode gap and potential distribution 

at both electrodes) and the materials of construction also affect the electrolytic process.

2.2 Electrochemical Cell
The oxidation-reduction reactions occurring in an electrochemical cell are heterogeneous 

in nature. These reactions occur on the electrode surface. In these reactions, there is a loss 

of electrons by one species and a gain of electrons by another species. The species that 

gains electrons has a reduction in its oxidation number, while the species that loses 

electrons has an increase in its oxidation number. A general expression that describes a 

half-reaction of an oxidation-reduction reaction where species O is reduced to species R 

can be expressed as follows;

0  + ne~ <r> R (2.1)

A typical electrochemical cell consists of electrodes (cathode and anode), electrolyte and 

external wiring and loads. The oxidation of a species occurs at the anode while the 

reduction occurs at the cathode. Equation (2,1) describes the reaction at the cathode. The 

opposite of this equation occurs at the anode, where species R loses electrons to become 

oxidized to O. These coupled reactions produce an electric current, that is, the flow of 

electrons through a circuit, either spontaneously or non-spontaneously. The spontaneity 

of such reactions is defined by the Gibbs free energy change of the system [24].

8
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2.3 Thermodynamics and Kinetics of Electrochemical Cell
These oxidation-reduction reactions produce current, which flows through an external 

circuit. The potential o f the electrochemical cell, electromotive force, can be calculated 

from the equilibrium reduction electrode potentials of the respective half reactions, which 

are obtained from Nemst equation [25].

= (2.2)

The equilibrium cell potential ( ) is referred to as the difference between the

equilibrium electrode potentials o f the cathode and the anode Eceii is the

minimum voltage requirement for the above overall cell reactions. A natural process

occurs, i f  and only if, the associated change in Gibbs free energy (AG) for the system is 

negative. The cell potential is related to AG of the overall cell reaction by the following 

equation.

AG = -nFE^ceii (2.3)

As a result, the value of the JS'ceii should be positive in order to have spontaneous redox 

reactions at electrodes. If  the value of the cell potential is negative, AG will be positive, 

so that the cell functions spontaneously in the opposite direction. When the £ceii is 

negative, an external source of energy will be required to provide energy for the 

spontaneous reverse -reaction. The applied voltage should be larger than the equilibrium 

cell potential to drive the chemical change.

In this case, we have an electrolytic cell instead o f Galvanic cell and it is much used in 

electrode reactions. The cathode is connected to the negative pole o f the direct current 

source and cations in the electrolyte migrate towards the cathode. The anode is connected 

to the positive pole o f the direct current source and anions migrate towards the anode.

9
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The following are standard reduction potentials for zinc and nickel at 25°C [26].

Zn*^{âq) + 2e- ->Zn(s) E° =-Q.16V  (2.4)

N r  (aq) + 2e~ Ni(s) E° = -  0.23V (2.5)

The negative reduction potential in these equations indicates that both species have 

tendency to readily lose electrons. Based on this, zinc would have a greater tendency than 

nickel to lose electrons.

If the resulting cell potential is negative the change in Gibbs free energy of the system 

would be positive indicating a non-spontaneous process. In such a situation, an external 

power source would be required to provide a potential greater than the potentials that the 

spontaneous reverse reaction would produce.

Most often, the reduction potentials of the oxidized and the reduced species are not in 

their standard states. To account for the situation in which the equilibrium potential of the 

half-reactions are not in their standard states the Nemst equation was developed [24, 25] :

E T
AE' =AE" - ^ I n  

nF
(2.6)

The standard electrode potentials apply only to the equilibrium potential of the metals 

and are the most positive potentials at which metal can be deposited. In actual deposition 

processes, the deposition potentials are more negative than the standard potentials due to 

polarization and cell resistance [27]. When there is a net flow of current through the 

electrode, there will be a shift in the electrodes potential from its equilibrium position. 

This shift represents an overvoltage that is dependent on resistance of the electrolyte, the 

activation energy barrier limitations, and the concentration effects through transport 

limitations.

10
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The overvoltage is often considered as a sum of these factors:

 ̂= VoHn, +  ïïac , + (2.7)

and is related to electrode potential

E = E^+  77̂  + 77,,, + (2 .8)

The first factor is due to the resistance o f the electrolyte between the two electrodes. 

However, when considering the entire electro-ce 11 as a whole, resistances are also 

encountered from the electrodes themselves, wiring, and external loads. All these 

resistances can be lumped together into an overall cell resistance, and represented 

through Ohm’s Law for the cell:

^ohm  — (2 -9)

The second factor is due to the kinetics o f the electrochemical reaction, which is linked to 

the activation energy of the reaction. Slow kinetics is due to a large activation energy 

barrier. To overcome slow kinetics either an increase in temperature could be used or an 

increase in the applied voltage across the electrodes could be used to achieve any 

appreciable current flow. The activation overvoltage is also linked to the third factor, 

namely, the concentration overvoltage.

The cell voltage is also influenced by different parameters such as temperature, flow rate, 

electrode material, and electrolyte composition. It is difficult to predict the required cell 

voltage analytically and it is not readily used as a primary control parameter. Constant 

cell voltage is used practically for convenience, but constant electrode potential 

(potentiostatic) or constant cell current (galvanostatic) is preferable operation mode [24].

11
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2.4 Mass Transport in Electrochemical Cell
In general, there are three modes of mass transport in electrochemical systems, 

diffusion, migration and convection [22, 24].

Diffusion is the movement of a species due to concentration gradient and it occurs 

whenever there is a chemical change at the surface. At the electrode surface (see eq. 2.1), 

compound O is converted to the product R h y  a chemical reaction and hence close to the 

electrode surface a boundary layer is formed. The concentration of O at the surface is 

lower than in the bulk, hence, O will diffuse toward the electrode.

Migration is the movement of charged species due to a potential gradient.

Convection is of two types, natural and forced. Natural convection arises from small 

differences in density caused by the chemical change at the electrode surface. Forced 

convection is defined as the movement of a species due to a mechanical force. 

Convection is usually induced by stirring, by flowing solution through the cell, or using 

rotating electrode.

For dilute solutions, mass transfer becomes the dominant factor. In order to obtain any 

appreciable rate of reaction so that process is viable, a means of increasing the transport 

of electroactive species towards the electrode surface is required.

The general expression describing the rate or more specifically the flux of the species for 

a dilute solution is given as the following [28].

N,=-z,MiFc^O-D.\^c.+ c.v (2.10)
Jlux migration diffusion convection

where N, is the flux, z, is the charge on the ion, w, is the mobility, c,is the species 

concentration, F is  the Faraday’s constant,VO is the potential gradient, D, is the 

diffusivity, and v is the bulk fluid velocity.
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In this expression, convection will be the predominant mode o f operation. Diffusion is 

more significant when the study involves investigating the role o f diffusion or obtaining 

diffusion coefficient for a particular system. Furthermore, if the electrolysis is carried out 

in the solution with a high concentration of an inert electrolyte, most of the charge is 

carried with the supporting electrolyte, and migration will not have significant effect on 

transport o f electroactive species.

Improving mass transfer by convection cannot entirely eliminate the effect o f diffusion 

on the transfer rate o f the species to the electrode surface. There is always a stagnant 

layer close to the electrode surface, in which diffusion is very important. When the 

solution is vigorously stirred the thickness of this diffusion layer, also known as Nemst 

diffusion layer, can be reduced but cannot be eliminated completely.

2.5 Interaction between Electron Transfer and Mass Transfer
We need to recognize the nature o f electrode reactions. Perhaps the simplest electrode 

reaction is one which interconvert, at an inert surface, two species O and R which are 

completely stable and soluble in the electrolytic medium containing an excess o f 

electrolyte which is electroinactive.

O + ns R (2.11)

The electrode reaction is a sequence of more basic steps to maintain a current that is 

essential to supply reactant to the electrode surface and to remove the product, as well as 

for the electron transfer reaction at the surface to occur. The electrode reaction must have 

three steps [24]:
mass

^ b u lk  --  ̂ ^electrode (2.12a)
transport

electrone

^electrode --  ̂ ^electrode (2.12b)
tranrfer(ne~)

^electrode . — ^ ^bulk ^
iransporl
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The rate of reduction and the cathodic current density is determined by the rate of the 

overall sequence, it must be dependent on the rate of the slowest step.

The current density is indicative of the rate of reaction per unit area of electrode. The 

transport of electrons in the Equation (2.12b) generates a charge that is indicative of the 

extent of the electrochemical reaction and is given by Faraday’s Law of Electrolysis 

which relates the charge produced, q to the number of moles, m of reacting species:

1
q = ^idt -  mnF (2.13)

0

where i is the current density, n is the number of electrons transferred, m represents the 

number of moles of electroactive species and, F  is the Faraday’s constant (96485 

A.s.mol'*).

For a mass transport controlled process this reaction rate will be limited by the rate of 

transport of the electroactive species to the electrode surface:

i.A = nFN^.A (2.14)

Where A is the electrode area and No is the flux of species O as given in Equation (2.12a).

The flux of species O from the bulk of the liquid to the boundary layer is due to

convective transport and is given by the following expression:

N o = K « - < ^ o s )  (2.15)

where C“ and are the concentrations of species O in the bulk and at the electrode 

surface, respectively, is the mass transfer coefficient and is given by

=
S J

where D is the diffusion coefficient and 5  is the Nemst diffusion layer thickness

(2 .16)
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Therefore, combining equation (2.14) with equation (2.15) illustrates the relationship 

between the current and mass transfer (mass transport coefficient) [22] :

h.) ) (2.17)

Here, these expressions represent the instantaneous current density at time t. When the 

rate o f transport is sufficient enough to provide electroactive species to the electrode 

surface, the concentration at the surface, c, will be zero indicating a fast reaction. In this 

case the, process is under complete mass transport control, at which point the mass 

transfer coefficient becomes known as the limiting mass transfer coefficient [29]:

m ^ i , = k , n F c :  (2.18)

where ki  is the average mass transfer coefficient at the limiting current for metal ion in 

the liquid.

Therefore, the average mass transfer coefficient can be obtained through direct 

measurement o f the limiting current. This procedure is applicable if  the bulk 

concentration of electroactive species does not change during electrolysis. In this case, 

the graph o f current density versus overpotential, also known as a voltamogram, results in 

a distinct plateau in which the limiting current is reached.

C urrent density, i

Lim iting current 
Density, i t III

Over
potential

Figure 2.1: A typical Polarization Curve (Current versus over potential) [29].
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Three different regions are shown in figure 2.1.

Region (I): In this region, the process is both under mass transfer and charge transfer 

control. In the case of dilute solutions, for the removal of heavy metal ions, the process 

would occur in this region since the limiting current would not reached.

Region (II): The limiting current can be reached if the bulk concentration of the 

electroactive species can be kept constant. At the limiting current, the process is 

completely mass transfer controlled, which is not reached in the case of dilute solutions.

Region (III): At the current density greater than the limiting current, the double layer 

becomes further charged and other reactions, such as hydrogen evolution, can 

significantly occur [29].

There are different routes for determination of k̂ '.

1- Via direct measurement of the limiting current.

2- Manipulation of the converted mass and assumption of specific reactor model.

The first method is the most straightforward route. However, using the limiting current is 

true for systems with constant bulk concentration of the electroactive species. In 

wastewater treatment processes, the bulk concentration of the electroactive species is 

reduced over treatment time. Consequently, in the present study, average mass transfer 

coefficient was determined from the average concentration measurement of the metal 

ions.
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3 Literature Review
3.1 Electrochemical Reactors for Heavy Metal Recovery
There are a few types of electrochemical reactors that have found applications in metal 

recovery, such as tank cells, plate and frame cells, rotating cells, to complicated three- 

dimensional reactor systems like fluidized bed, packed bed cell or porous carbon packing 

cells.

Tank cells are one o f the simplest and the most popular designs. These can be easily 

scaled up or down depending on the load of a process. The electrode can be arranged in 

mono-polar or bi-polar mode. Monopolar design (Figure 3.1a) is an arrangement of 

electrodes in alternating position, such as one anode and one cathode. Bipolar design 

(Figure 3.1b) is an arrangement of electrodes that are shared by two series-coupled in an 

electrochemical cell in such a way that one side of the electrode acts as an anode and the 

other side acts as a cathode. The main application of this type of reactor system is the 

recovery o f metals from high concentration process streams, such as effluents from the 

electroplating baths, ethants, and eluates o f an ion-exchange unit [23].

+ +

■IH I
(a) Monopolar

Figure 3.1: Electrode Arrangements [23].

123

(b)

(b) Bipolar

The plate and frame cell, also called filter press is one o f the most popular 

electrochemical reactor designs. It conveniently houses units with an anode, a cathode, 

and a membrane in one module. This module system makes the design, operation and 

maintenance o f the reactor relatively simple [30].
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The rotating cathode cell is another form electrochemical reactor. It is designed and 

employed to enhance mass transfer from the bulk to the electrode surface, and to remove 

the deposited metal powders from the cathode. The pump cell is another variant of 

rotating cathode cell. By having a static anode and a rotating disk cathode, the narrow 

spacing between the electrodes allows the entrance of the effluent [23].

Another form of electrochemical reactor is the packed bed cell. Carbon granules, which 

are used as the cathode, are packed in the cell. The anode is separated by a diaphragm. 

This three-dimensional porous, carbon cathode provides 500 times more plating area than 

conventional two-dimensional cells [31]. In order for dilute metal pollutants to be 

deposited properly on the cathode, it is suggested to seed metal powders by having 

concentrated metal solution at the begirming of the recovery process. Control of pH in the 

feed tank of a recirculating electrolyte is important to avoid precipitation of the metal.

3.2 Flat Plate Electrode and Mass Transport Studies
The electrode system is the most important part in the electrochemical unit. The electrode 

can be made of iron, aluminum and stainless steel. They are cheap, easily available and 

good conductors [23].

These flat plate electrodes have some advantages such as [22] :

• Uniform potential and current density distribution.

• High mass transfer rate.

• Small gap between the anode and the cathode, which also reduces cell volume and 

the ohmic drop.

• Extendable surface area.

Depending on the orientation of the electrode plates, electrochemical cell can be either 

horizontal or vertical. The electrode plates are usually connected in bipolar mode. The 

water flows through the space between the plates, which can be multiple charmels 

(Fig.3.2a) or single channel (Fig.3.2b). Multiple channels are simple in flow arrangement 

but the flow rate in each channel is small. When the electrode surface passivation can not
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be minimized, increasing the flow rate by using a single channel flow is recommended 

[23].

Roventi et al [32] used the steel discs as electrode for the codeposition of Zn & Ni alloy 

from chloride bath. They studied the normal and anomalous codeposition. They found 

that the deposition of alloys of different composition, morphology and structure depended 

on the cathodic potential.

+

+

+

ZZXÛ

(a) Multiple channel

+

(b) Single channel

Figure 3.2: Mode of Water Flow [23].

Njau et al [33] used the flat plate electrode for the reduction of nickel ion in dilute 

industrial wastewater. They found that the deposition of metallic nickel, nickel oxide and 

nickel hydroxide depended on the solution composition and electrolysis condition. Saba 

et al. used the platinum anode and the aluminum cathode. Removal o f heavy metals by 

steel flat plate electrodes were studied by Szpyrkowicz [34] and Polprasert [16].

Some researchers have used flat plate electrode, with rectangular plat promoters, for 

increasing the mass transport. These studies may be divided into static or dynamic 

operation. The first case includes the use of turbulence promoters on static electrodes, 

whereas the second case includes agitation of the electrolyte through vibration of the 

electrodes.

Subbaiah et al. [35] focused on mass transfer studies using displaced rectangular plate 

promoters in an electrolytic cell with flat plate electrodes. Under forced convective flow, 

the improvement in the mass transfer coefficient was four times higher than that under 

natural convection. It was determined that under forced convective flow the overall mass
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transfer coefficient varied with the velocity with an exponent of 0.13 for a range of 

Reynolds number between 100 and 1000.

Electrolyte 
in Cathode Anode

aULIJj
Electrolyte
outlet

R ectangular oromoters

Figure 3.3 Schematic Diagram of Subbaiah Apparatus [35].

The characteristic length was based on the hydraulic diameter of the flow channel, which 

was essentially the dimension of the electrocell.

Oduoza et al. [36] also employed turbulence promoters, but instead of having them 

attached on the bottom of the electro-cell, as was done by Subbaiah et al., rectangular 

baffles were placed on the frame of the electro-cell. This placement also created a 

“serpentine flow path.” Their study also examined the effect of baffle length on the 

overall mass transfer coefficient. Figure 3.4 depicts a schematic diagram of their 

apparatus with nickel flat plates as electrodes. It was concluded that a longer baffle length 

increased the mass transfer coefficient. The dimensionless correlation obtained indicated 

a Reynolds number exponent of 0.6 for the range of 2500-20000 based on the hydraulic 

diameter.

Other researches have examined the effect that moving electrodes through vibrations 

have on mass transfer. Buso et al. [37] studied the effect of agitation level on the removal 

of iodine, by using reciprocating sieve-plate electrodes. It was concluded that the 

agitation level does increase mass transfer coefficient. Agitation of electrolyte by means
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o f vibrating the electrodes was also studied by Panizza et al. [14]. In this study, multiple 

vibrating flat plate electrodes were used to investigate the effect o f removal efficiency o f 

copper from industrial wastewater.

Exit

i
Entiy

\
BafFIs

— N ick e l 
plate

PVC frame

Figure 3.4: Schematic Diagram of Oduoza Apparatus [36].

They examined the effect that flow rate has on the removal efficiency o f copper from 

which it was concluded that flow rate influenced residence time rather than mass 

transport. The reduction o f the copper to meet discharge limits was unattainable even 

though multiple flat plates would increase the available surface for deposition and 

increased agitation of the electrolyte caused by the vibration of electrodes would seem to 

increase mass transport.

The effect o f pH and electrolyte on removal o f zinc and nickel was investigated by Doan 

et al. [17]; they used packed column with flat plat electrode. They found an increase in 

removal o f zinc and nickel with an increase in the pH of electrolyte. The zinc and nickel 

were removed 99% in 42 and 46 hours, respectively, at a pH o f 6.05.

Dutra et al. [21] investigated the removal o f cadmium from diluted aqueous solution 

using flow by cell with RVC cathode. They investigated the effect o f volumetric liquid 

flux and current density on the removal o f cadmium. Cadmium was reduced from an 

initial concentration o f 200 to a final concentration o f 1 ppm.
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Mitzakov [38] used the flat plate electrode in packed column for removal of zinc and 

nickel. He investigated the effect of volumetric liquid flux and controlled and 

uncontrolled pH. In laminar region, zinc and nickel were reduced 95% and 80%, 

respectively. On the other hand, removal of zinc and nickel decreased in the turbulent 

region, from 95% to 82% and 80% to 55%, respectively.

Effect of liquid flow rate and applied voltage on recovery of palladium from hydrochloric 

acid solution was investigated by Kim et al. [39]; they used a modified cyclone reactor 

that comprised titanium rotating disc electrode, vitreous carbon electrode and saturated 

calomel reference electrode; compared with laminar flow at 0.6 m.s"', the recovery of 

palladium increased exponentially under the turbulent flow conditions (3.0 m.s'*).

Njau et al. [33] studied the removal of nickel ions from industrial wastewater on rotating 

disc electrode. Koene et al. [22] employed the different type of electrodes such as pack 

bed electrode, rotating cylinder electrode and flat plate electrode for removal of nickel 

ions.

2 2



Experimental Work

4 Experimental Work
4.1 Materials
Table 4.1 list the chemical used in the present study.

Table 4.1: List of chemical used

No. Chemical Formula Formula wt. Manufacturer

1 Nickel sulfate hexahydrate N 1S0 4 .6 H2 0 262.85 J.T. Baker

2 Zinc sulfate heptahydrate ZnS04.7H20 287.56 J.T. Baker

3 Potassium sulfate K2SO4 174.27 J.T. Baker

4 Potassium Hydroxide KOH 41.2 Merck

5 Sulphuric Acid H2SO4 98.6 Merck

4.2 Experimental Set-up
A schematic representation of the set-up is given in Fig 4.1. The experimental set-up 

consisted o f a rectangular bath, a storage tank, a flow meter (Model F-45750-LHN12, 

Fabco Plastics, Maple, Ontario) and a pump. The rectangular bath along with the flat 

plate stainless steel anode and the aluminum cathode formed the electrochemical cell; it 

was 100 em long, 30 cm wide and 10 cm high, and was constructed from PVC. The size 

o f each electrode was 20 cm x 6  cm, and the distance between these electrodes was 4 cm. 

The anode and the cathode were used in a flow-by configuration. In this configuration, 

the flow o f liquid is parallel to the electrode, whereas the flow o f current is perpendicular 

to the solution as well as the electrodes. This configuration allows high product 

conversion [2 2 ]; for this reason, this configuration was chosen for the present study.

A liquid distributor (Figure 4.2), installed at the bottom o f the rectangular bath, was used 

for the uniform distribution o f the simulated wastewater within the rectangular bath.

23



Experimental Work

+ Ammeter

Flow
meter

DC power 
supply O - j

I AnodeCathode

Valve 1

Cold Water 
out

Heater

Cold Water

Storage VesselPump

Figure 4.1: Schematic Diagram of Experimental Set-up
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Figure 4.2: Schematic Diagram of Electro-cell
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Figure 4.3: Corrugated plate electrode.

The storage vessel, having an internal diameter of 30 cm and a height 60 cm, was made 

o f polyethylene. It had a copper cooling coil and automatic immersion heater, which were 

used to maintain the temperature o f the simulated wastewater around 25°C. 

The flow meter, used for liquid flow measurements, had a range o f 0-40 l.m in '\

A direct current power supply (Sargent-Weich Scientific Co.) was used to provide a 

constant voltage to the electrochemical system. The cathode and the anode were 

connected to the negative and the positive terminals o f the power supply, respectively.

An ammeter (Sargent-Welch Scientific Co. 0-150 mA) was connected in series to 

measure the current.

In the present study, one experimental run was conducted using corrugated stainless steel 

anode and corrugated aluminum cathode. To construct these electrodes, stainless steel 

and aluminum plates (each o f 20 cm in length), were corrugated at an angle o f 60°. The 

corrugations formed triangles around an imaginary centre line; each triangle was 1.5 cm 

high and 4 cm wide. The size o f these electrode plates after corrugation was 1 4 x 6  cm as 

illustrated in Figure 4.3. These electrodes were also used in a flow-by configuration; the 

distance between the corrugated electrodes was 4 cm.
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4.3 Experimental Procedure
4.3.1 Cleaning before Experimental Run

Prior to any experimental run, the apparatus was cleaned with distilled water; distilled 

water was flushed through the system for at least 2 hours and then drained.

The anode and cathode were washed by detergent in order to remove grease and oil from 

it; rinsed with distilled water and fixed it in electrochemical cell

All glassware was cleaned by using mild detergent, followed by at least three rinses with 

tap water, and then a final rinse with distilled water.

4.3.2 Preparation of Simulated Wastewater

The simulated wastewater used for electrochemical treatment had 20 ppm of N i^ , 20 

ppm of Z n ^  and 500 ppm of potassium sulfate. Nickel sulfate hexahydrate and zinc 

sulfate heptahydrate were used to prepare the simulated wastewater. Potassium sulfate 

was also added to the solution as a supporting electrolyte. Total volume of the simulated 

wastewater used for all the runs was 50 liters.

To prepare the simulated wastewater solution, a 4 liters Erlenmeyer flask was used. For 

20 ppm of zinc ion concentrations, 20 ppm nickel ion concentration, and 500 ppm of 

electrolyte, 3.39 g of zinc sulfate, 3.54 g of nickel sulfate, and 25.0 g of potassium 

sulfate, respectively, were weighed and added to the flask. Then 2 liters of distilled water 

was added to the flask and the contents were stirred. The solution was then added to the 

holding tank, already containing 48 liters of distilled water.

4.3.3 Electrochemical Treatment

The simulated wastewater was added to the storage vessel and the pump was turned on. 

The apparatus operated in batch recirculation. The wastewater pumped from the storage 

vessel would flow thorough the liquid distributor into the rectangular bath, and finally 

flow back to the vessel. The water was allowed to flow through the apparatus for at least 

5 minutes to ensure complete mixing of metal ions and electrolyte. The water valves were
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adjusted to maintain a desired liquid flow rate, the power supply was turned on and its 

knob was adjusted to supply an applied voltage o f 4.0 V. The electrochemical treatment 

time for any run was 48 hours.

Samples were drawn from the storage vessel at regular time intervals o f 0, 4, 8, 24, 28, 32 

and 48 hours. AlOO ml beaker (VWR, Inc) was used to take grab samples o f wastewater 

from the holding tank. The samples were immediately analyzed for pH and metal ions 

concentration Likewise, the current and temperature o f the wastewater were measured at 

the aforementioned time intervals. At the end o f 48 hours o f electrochemical treatment, 

the wastewater was drained out from the bottom of the storage vessel. For each run, a 

new aluminum plate was used as cathode.

4.3.4 pH M easurement

The pH o f the sample was measured using a pH meter (model 230A^ Thermo Orion). The 

pH meter was calibrated on daily basis by using buffers o f pH 4 and pH 7. During any 

experimental run, adjustment to the pH o f wastewater was done using l.OM potassium 

hydroxide (KOH) or l.OM sulfuric acid (H2SO4).

4.3.5 M easurem ent of and Zn^^ in W astewater

The concentration o f Zn"^ and N i^  in wastewater were analyzed by Orbeeo-Hellige 

Spectrophotometer.

The zincon method was used for the measurement o f zinc concentration. The procedure 

was provided by the manufacturer (model Orbeco-Hellige 975 PM, Orbeco Analytical 

Systems Inc. Farmingdale, New York). The detection range for zinc was 0 to 4 mg.f* at a 

wavelength o f 640 nm according to the manufacturer literature.

Dimethylgloxime (Heptoxime) method was used for the measurement o f nickel 

concentration. The manufacture provided the procedure for this method. According to the 

manufacturer’s manual, the detection range for nickel was 0 to 12 mg.l ' at a wavelength 

o f 528 nm.
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Table 4.2 presents the list of instruments used in the present study.

Table 4.2: List of instruments used

Instrument Model & Manufacturer Precision

pH meter 220, Coming Inc. Coming 
New York ±0.01

Spectrophotometer
Orbeco Hellige 975PM, 

Orbeco Analytical Systems 
Inc. Farmingdale New York

Balance Scientech Inc. Boulder 
Colorado

±0.0001 g high range 
±0.001 g low range

4.4 Viscosity, Density and Reynolds number Calculations
The dynamic viscosity of the simulated wastewater and density were assumed to be the 

same as calculated by Mitzakov [38] for the simulated wastewater having 20 ppm of 

Z n^ ,  20 ppm of N i^ , and 500 ppm of potassium sulfate. Calculation details of the 

method adopted by Mitzakov are provided in Appendix B.

The Reynolds number was calculated from the following expression describing flow of 

liquid between parallel plates in a channel [40].

=
p u D ^

(4.1)

In the above expression, p  is the density of the liquid (kg.m’̂ ), u is the velocity of the 

liquid (m.s'’), is the hydraulic diameter of the electrochemical cell (m) and p  is the 

viscosity of the liquid (kg.m.s’’).

The hydraulic diameter is given by

4(26/;)
26 + 46 (4.2)
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Where, h is the height o f the plate (m) and b (m) is distance between the parallel plates.

4.5 Data Analysis
Uncertainties associated with the concentrations of zinc and nickel were calculated from 

multiple readings; all outlier values were discarded and average and standard deviations 

associated with zinc and nickel were calculated from the remaining data [41]. Similarly, 

the uncertainties associated with the average mass transfer coefficient were determined 

from the method o f Kline and McCIintock [42].
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5 Results and Discussion
5.1 Effect of Volumetric Liquid Flux
To examine the effect of the volumetric liquid flux on the removal of zinc and nickel 

ions, electrochemical treatment was done at different volumetric liquid fluxes, ranging 

from 0,0092-0.0277m\m‘̂ .s'' in the laminar regime, corresponding to Reynolds number 

717 to 2159.

Figure 5.1 presents the percent zinc ions reduction after 48 hours of electrochemical 

treatment at different volumetric liquid fluxes, and at a constant pH of 5.5. It can be noted 

that the percent removal of zinc increased with a corresponding increase in the 

volumetric liquid flux. The percent removal of zinc increased from 70% at 0.0092m^.m" 

^.s‘* to 80% at 0.023 Im^.m'^.s'V The removal of zinc ions started decreasing at a 

volumetric liquid flux of 0.0277m^.m'^.s'^

In the present study, the fractions of Z n ^  and N i^  remaining in the electrolyte were 

found to have a square-root relationship with time (Fig.5.2). The governing equation (Eq. 

5.1) describing the reduction of Zn"*̂  and Ni"^ was extracted from an analogous model in 

which the diffusion of species from a stirred solution of limited volume varied as the 

square root of time [43]:

In
v Q y

= (5.1)

where the ratio (C, /C„) represents the fraction of metal ions remaining in the electrolyte, 

C, is the concentration of the metal ions at any given tim e/, C„ is the initial 

concentration of the metal ions, and k is the apparent rate constant.

30



Results and Discussion

The log-natural plot o f the fractional zinc ion concentration in the solution verses square 

root o f  treatment time is presented in Figure 5.2. The apparent rate constants are 

summarized in Table 5.1.

In the present study, the average mass transfer coefficients were obtained through 

concentration decay measurements o f Zn"^ and Ni"^. Sample calculations to determine 

average mass transfer coefficient and the uncertainties associated with it, both for nickel 

and zinc, are provided in the Appendix C. Mass transfer coefficients for Zn"^ are also 

reported in Table 5.1

Table 5.1: Apparent rate constants (Ar) & mass transfer coefficients (A*,) for Z n^  at 
different volumetric liquid fluxes

(Applied Voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^; 
Temperature = 25°C; pH = 5.5)

Flow rate 
(m^.m'^.s’’ )

Removal
(%)
Zinc

k

Zinc

km
(m.h-‘)
Zinc

0.0092 70.0 0.159 0.051
0.0138 71.0 0.167 0.053
0.0185 78.0 0.189 0.064
0.0231 80.0 0.212 0.069
0.0277 72.0 0.174 0.055

Figure 5.3 presents the percent removal o f nickel ions. The percent removal o f nickel ions 

increased from 28% at 0.0092m \m '^.s ' to 34% at 0.023 Im^m'^.s"'. Further increase in 

flow rate resulted in decrease in the removal o f nickel ions, which was also observed in 

the case o f  zinc ion removal. Figure 5.4 shows the log-natural plot o f the fractional nickel 

ion concentration verses square root o f treatment time. The rate constants obtained from 

linear regression, and the mass transfer coefficients for N i'^, are presented in Table 5.2.
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Table 5.2: Apparent rate constants {k) & mass transfer coefficients (A )̂ for Ni^ at 
different volumetric liquid fluxes

(Applied Voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^; 
Temperature = 25°C; pH = 5.5)

Flow rate 
(m .̂m' .̂s"^)

Removal
(%)

Nickel

k
(h-*'')

Nickel

km
(m.h'^)
Nickel

0.0092 28.0 0.045 0.014
0.0138 30.0 0.050 0.015
0.0185 31.0 0.057 0.016
0.0231 34.0 0.061 0.018
0.0277 30.0 0.054 0.015

Figure 5.5 shows the comparison of the percent reduction of zinc and nickel ions after 48 

hours of treatment. Figure 5.6 presents the mass transfer coefficients of zinc and nickel 

ions. The mass transfer coefficients for nickel and zinc were found to have an exponential 

relationship with volumetric liquid flux; they increased with an increase in the volumetric 

liquid flux.

The zinc and nickel removal increased when volumetric liquid flux was increased from 

0.0092 to 0.0231 m^.m'^.s’’. However, when the volumetric liquid flux was increased 

beyond 0.0231 m^.m'^.s'', the removal of zinc and nickel was decreased. At volumetric 

flux of 0.0277 m^m'^.s"', the removal of zinc decreased from 80% to 72% and that of 

nickel from 34% to 30%. This decrease in the removal of zinc and nickel may be 

attributed to the excessive agitation of the simulated wastewater, which resulted in 

bubbles formation at the surface of the cathode. These bubbles redueed the electroactive 

surface area of the cathode. Consequently, the metal ions deposition decreased.

Another observation that can be made (Figure 5.1 and 5.3) is that there was not much 

increase in the removal of zinc and nickel ions when the volumetric liquid flux was 

increased from 0.0092 to 0.0231 m\m'^.s'^; the removal of zinc improved only by 10 %, 

while that of nickel by 6%. According to the boundary layer theory, increase in the
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volumetric liquid flux reduces the diffusion layer at the surface o f the cathode, and hence, 

the deposition of metal ions at the cathode surface increases. However, this trend was not 

observed in the present study. In case o f dilute metal ion solutions, deposition could be 

mass transfer controlled or reaction controlled. Since an applied voltage o f only 4.0 V 

was used in the present study, that might have resulted in low reaction kinetics o f  the 

process. Hence, no considerable increase in the removal o f metal ions could be observed 

even at higher volumetric liquid fluxes.

Tables 5.1 and 5.2 indicate that the apparent rate constant for zinc and nickel reduction 

increased with an increase in volumetric liquid flux. The differences between minimum 

and maximum apparent rate constants were 33% and 35% for zinc and nickel, 

respectively.

The deposition o f Z n ^  and N i^  on the surface of the flat plate cathode was visually 

observed after 48 hours o f treatment. Most o f the deposits were formed on that side o f the 

cathode that directly faced the anode. On the back of the cathode, a very small deposition 

was observed. The deposits were light gray in color and appeared to be adhered as a 

fragmented sheet on the surface o f the cathode.

From the discussion in the previous paragraphs, an anomaly can be found with respect to 

removal o f nickel and zinc ions from the simulated wastewater. The standard reduction 

potential for Ni"^ is -0.23 V (Eq. 2.5), which is higher than that o f -0.76 V for Zn"^ 

(Eq.2.4). At the beginning o f the present study, it was assumed that nickel ions would be 

removed more readily from the electrolyte than zinc ions. Nevertheless, when both nickel 

and zinc ions were present, the deposition o f zinc ions increased. However, this is not a 

new phenomenon; in the literature, it has been frequently referred to as anomalous co

deposition [27, 44-48].

A brief description o f the anomalous co-deposition is provided as an aside in the 

following section.
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Figure 5.1: Effect of the volumetric liquid flux on the removal of Zn^.

@ Temperature = 25°C; pH = 5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.2: In (C/Cq) verses for Zn^ at different volumetric liquid flux.

@ Temperature = 25°C; pH = 5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.3: Effect of the volumetric liquid flux on the removal of Ni%

@ Temperature = 25°C; pH -  5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.4: In (C/Cq) verses for N i^  at different volumetric liquid flux.

@ Temperature = 25°C; pH = 5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.5: Comparison of the percent reduction of Zn & Ni at different volumetric 
liquid flux.

@ Temperature = 25°C; pH = 5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.6: Comparison of mass transfer coefficient o f Zn & NC^at different 
volumetric liquid flux.

@ Temperature = 25"C; pH = 5.5; Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

5.1.1 Anomalous co-deposition

Anomalous co-deposition refers to a phenomenon that occurs during the 

electrodeposition of two or more metals, in which the less noble metal is preferentially 

deposited instead of the more noble metal [27]. Zinc—nickel system forms a typical 

example of anomalous co-deposition.

Dahms and croll [44] investigated anomalous co-deposition of nickel-iron alloys. They 

demonstrated that the suppression of nickel deposition occurred when the rate of 

hydrogen evolution exceeded the diffusion-limited current due to hydrogen ions resulting 

in the formation of metallic hydroxides. In their study, it was believed that the formation 

of ferrous hydroxide blocked nickel discharge while iron was discharged readily from 

this layer. They had developed a model in which they had shown that the electrode 

surface pH could rise to as much as 9 for an iron-nickel system having a bulk liquid pH 

of 2.5. Since this theory was first introduced, others have substantiated the hydroxide 

suppression of the more-noble metal for zinc-cobalt and zinc-nickel system [45].

The hypothesis of Dahms and Croll [44], however, failed to explain some phenomena 

during anomalous co-deposition such as, the lack of hydrogen reduction or the increase in 

nickel content in the alloy with an increase in pH [46]. These mechanisms include 

adsorbed intermediates that act as catalyst in the deposition of the less-noble metal. 

Studies include zinc-nickel system from a chloride medium [47] or from a sulfate 

medium [46, 48].

Miranda et al. [46] have shown that anomalous co-deposition occurs without permanent 

surface alkalination. It was observed that at a bulk pH of 3.0, the surface pH of the 

cathode was nearly potential independent and remained close to the bulk pH. One of the 

drawbacks to the theory developed by Dahms and Croll [44] was that it was based on a 

derived model in which they were able to calculate the surface concentration of hydrogen 

ions from other measurable quantities. The pH corresponding to this calculated hydrogen 

ion concentration may be greater than that actually encountered in practice. Nevertheless, 

the results of researchers who have measured surface pH for anomalous
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co-deposition have identified that an increase does occur. Therefore, the theory proposed 

by Dahms and Croll [44] provide a reasonable explanation for the anomalous co

deposition observed in the present study.
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5.2 Effect of Electrode Surface Area
The effect of the electrode surface area on the reduction of zinc and nickel ions was 

investigated for 48 hours using flat plate electrodes. These experiments were performed 

at a volumetric flux of 0.023Im^m'^.s'^ and a pH of 5.5. Two different aluminum 

cathodes, one having surface area of 0.024m^ (one anode and one cathode) and the other 

of 0.048m^(two anodes and two cathodes) were used. Figure 5.7 shows that the removal 

of zinc was higher at the cathode having larger surface area (0.048m^). The removal of 

zinc increased from 80% at the cathode with smaller surface area (0.024m^) to 94% at the 

cathode having larger surface area (0.048m^). The log-natural plot of the fractional zinc 

ion concentration in the solution verse square root of treatment time is presented in 

Figure 5.8.

Figure 5.9 compares the percent reduction of nickel ions in the simulated wastewater 

using the two different surface area cathodes. A similar trend was observed in case of 

nickel ions. The reduction of nickel ions increased with an increase in the surface area of 

the cathode. A 46% reduction with the larger surface area cathode and 36% reduction 

with the smaller surface area cathode were achieved. The log-natural plot of fractional 

nickel ion concentration in the solution verses square root of treatment time is presented 

in Figure 5.10. Figure 5.11 presents the comparison of the percent removal of zinc and 

nickel ions at different electrode surface areas. The apparent rate constants and mass 

transfer coefficients are summarized in Table 5.3.

Table 5.3: Apparent rate constants (k) & mass transfer coefficients (km) for & 
Ni^ at different electrode surface area.

(Applied Voltage = 4.0V; pH -  5.5; Volumetric liquid flux = 0.0234m\m'^.s'^; 
Temperature = 25°C; Current = 46mA)

Ionic
Species

Surface
area
mZ

Removal
(%)

k
(h-"2)

km
(m.h'^)

Zinc 0.024 80.0 0.212 0.069
0.048 94.0 0.384 0.059

Nickel 0.024 34.0 0.061 0.018
0.048 46.0 0.085 0.013
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Figure 5.7: Effect of the electrode surface area on the removal of Zn%

@ Temperature = 25“C; Volumetric liquid flux = 0.023Im^m'^.s’*; pH = 5.5; 

Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5 .8 : In (C /C o) verses t'^for Zn^ at different electrode surface area.

@ Temperature = 25°C; Volumetric liquid flux 0.023Im^m'^.s'*; pH = 5.5; 
Applied voltage = 4.0V; Current = 46mA.
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Figure 5.9: Effect of the electrode surface area on the removal of N i^ .

@ Temperature = 25°C; Volumetric liquid flux = 0.023Im^m'^.s’*; pH = 5.5; 
Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.10: In (C/Co) verses for N i^ at different electrode surface area. 

@ Temperature = 25°C; Volumetric Liquid flux 0.023Im^.m’̂ .s'*; pH = 5.5;
Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.11. Comparison of the removal of Zn & Ni^ at different electrode surface 
area.

@ Temperature = 25“C; Volumetric liquid flux = 0.023I m lm 'ls ’^  pH = 5.5;
Applied voltage = 4,0V; Current = 46 mA.
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Examination of this table reveals that the apparent rate constants for zinc and nickel 

increased by 14% and 12%, respectively, when the surface area of the electrode was 

doubled. On the other hand, the mass transfer coefficients for zinc and nickel decreased 

by 14% and 40%, respectively, when the surface area of the electrode was doubled. Mass 

transfer coefficient depends on volumetric liquid flux. In the banging of the study, it was 

found that at the high Reynolds number (2159 at volumetric liquid flux of 0.0277m^.m‘ 

.̂s'*) the mass transfer coefficients for nickel and zinc decreased. In this case, when the 

surface areas of the electrode was doubled (two cathodes plates used), the hydraulic 

diameter of the flow channels increased, and hence the Reynolds number increased to a 

value of 2542 at a volumetric liquid flux of 0.023 lm^.m'^.s"\ This high value of Reynolds 

number provides the reasonable explanation for the lower values of mass transfer 

coefficients for zinc and nickel ions. The observed deposit on the cathode was similar to 

that found previously at different flow rates.
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5.3 Effect of pH

Before discussing the results, a brief description of the behavior o f pH in the 

electrochemical cell is provided below.

In this study, the bulk pH decreased during first 8 hours o f treatment in all the 

experimental runs and l.OM KOH solution was added to control the pH. After that, the 

pH was stable up to 42 hours o f treatment. In the last 6 hours, the pH slightly increased.

The decrease in the bulk electrolyte pH was believed to have occurred from the 

electrolysis o f water at the anode. Brenner et al [27] also observed a decrease in the bulk 

pH due to electrolysis o f water. For electrolysis o f water under neutral and acidic 

solutions the reaction at the anode is [26]:

+ ]^0^+ 2 e-  £ "= + 1 .2 3 7  (5.1)

Besides the basic metal deposition reactions (eqs. 2.4 and 2.5), other reactions also occur 

in the electrochemical cell, such as the decomposition o f water, reduction o f oxygen and 

the evolution o f hydrogen gas. Hydrogen evolution, oxygen reduction and water 

decomposition reactions tend to increase pH at the cathode surface by either H^ ions 

consumption or OH" ions generation [26].

2H^O + 2e~ -+ H ^ + 2 0 H -  £ " = - 0 .8 3 7  (5.2)

O^+AH^ +Are- ~^2H^O  £ "= + 1 .2 3 7  (5.3)

2 W  + 2g- -+7^2 £ " =  0.007 (5.4)

Figure 5.12 presents the effect o f pH on the reduction o f zinc ions at the volumetric liquid 

flux o f  0.023Im^m^.s'^ in the laminar region; it shows that when the pH o f the 

electrochemical cell was increased, the removal o f Z n ^  increased as well. The effect o f
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pH became prominent after 8 hours of electrochemical treatment; the percent removal of 

Z n^ increased from 13 % at a pH of 3.5 to 85 % at a pH of 6.5, and after 48 hours of 

electrochemical treatment, the final removal of zinc ions increased from 21% at a pH of 

3.5 to 97% at a pH of 6.5.

Figure 5.13 presents a log-natural plot of fractional zinc ions concentration versus square 

root of time; apparent rate constants for Zn^, which were obtained from the slopes of the 

corresponding regression lines, are reported in Table 5.4.

Table 5.4: Apparent rate constants (Jk) & mass transfer coefftcients {k„^ for Zn^ at 
different pH

(Applied Voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^; 
Volumetric liquid flux = 0.023Im^.m'^.s'*; Temperature = 25°C)

pH Removal
(%)
Zinc

k
(h'*/")
Zinc

km
(m.h'*)
Zinc

3.5 21.0 0.036 0.010
4.5 54.0 0.105 0.033
5.5 80.0 0.212 0.068
6.5 97.0 0.548 0.143

The results for nickel ions removal are presented in Figure 5.14. A similar trend was 

found as in the case of Z n^ removal, the percent removal of Ni"^ increased with an 

increase in the pH. After 48 hours of electrochemical treatment, the percent removal of 

nickel ions increased from 16 % at a pH of 3.5 to 62 % at a pH of 6.5.

Figure 5.15 shows a log-natural plot of fractional nickel ions concentration versus square 

root of treatment time; a summary of apparent rate constants is presented in Table 5.5. 

Figure 5.16 presents the comparison of percent removal of zinc and nickel ions at 

different pH.
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Table 5.5: Apparent rate constants (k) & mass transfer coefficients (km) for Ni^ at 
different pH

(Applied Voltage -  4.0V; Current = 46mA; Electrode surface area = 0.024m^; 
Volumetric liquid flux = 0.023lm \m '^.s"'; Temperature = 25°C)

pH Removal

(%)

Nickel

k

(h-"=)
Nickel

(m.h’*)

Nickel
3.5 16.0 0.027 0.007
4.5 25.0 0.041 0.012
5.5 34.0 0.061 0.018
6.5 62.0 0.148 0.042

The apparent rate constants for zinc and nickel ions increased with an increase in the pH. 

At a pH o f 6.5, the apparent rate constants for nickel and zinc are almost 6 times higher 

than at a pH o f 3.5. Likewise, the mass transfer coefficients also increased with an 

increase in the pH; these are 5 times higher at a pH of 6.5 than at a pH o f 3.5.

Assuming that the hypothesis proposed by Dahms and Croll [44] was actually true in the 

present study, an increase in the concentration of Zn~^ ions in the cathode layer caused an 

increase in the rate o f Zn(OH )2 formation retarded the rate o f nickel ion discharge. The 

trend o f the variation o f the metal removal with the pH is similar to observations reported 

in the literature [27, 45-48].

From the discussion o f the previous paragraphs may be observed that the highest removal 

o f both zinc and nickel ions was achieved at a solution pH of 6.5. At this pH, a negligible 

amoimt (0.035mg.l'^) o f nickel precipitated as nickel hydroxide. Further increase in the 

pH could have lead to even more excessive precipitation o f nickel. Doan et al [17] also 

found the same trend. They found the increasing trend in the rate constant and the mass 

transfer coefficient with an increase in pH.
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Figure 5.12: Effect of pH on the removal of Zn̂

@ Volumetric liquid flux = 0.0231m^.m'^.s '; Temperature = 25°C; 
Applied Voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.13: In ( C /C o )  verses for Z n^ at different pH.

@ Volumetric liquid flux = 0.023Im^.m'^.s’ ;̂ Temperature = 25®C; 
Applied Voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.14: Effect of pH on removal of Ni^.

@ Volumetric liquid flux = 0.023 Im^.m’̂ .s''; Temperature = 25°C;
Applied voltage = 4.0V; Current = 46mA.

cn

fO

o . Q.

o§ oo oo oo o o o o o o o
00 m (N

s
I
I

!
H

( % )  IB A O O iaa

54



Results and Discussion

Figure 5.15: In (C/Co) verses for N i^  at different pH.

@ Volumetric liquid flux = 0 . 0 2 3 Temperature = 25°C; 
Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5,16: Comparison of the percent reduction of Zn^ & Ni'^at different pH

@ Volumetric liquid flux = 0.023Im^m'^.s"'; Temperature = 25°C;
Applied voltage = 4.0V; Current = 46mA.
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In the strong acidic medium, the rate o f hydrogen evolution at the cathode increases, 

which can cause a decrease in the metal deposition. In the present study, it was believed 

that the removal o f zinc and nickel ions decreased because of the increased evolution o f 

hydrogen at the cathode surface when the pH was decreased to 3.5 in the acidic medium. 

It has been reported that at a bulk electrolyte pH less than 5.5, zinc and nickel deposit as 

pure metals, while they deposit as a mixture o f both metals and hydroxides at pH greater 

than 5.5 and complete hydroxide deposits can be achieved at pH values higher than 9 

[33].
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5.4 Comparison of Flat and Corrugated Plate Electrodes
In the present study, the reduction of zinc and nickel was also investigated using both flat 

plate and corrugated plate electrodes. The surface area of both electrodes was same; it 

was 0.024m^. This run was conducted at a volumetric liquid flux of 0.023 Im^.m'^.s*' and 

a pH of 6.5.

The results for the reduction of zinc ions are presented in Figure 5.17. Approximately 

98% zinc reduction was achieved with the corrugated plate electrode, whereas 97% was 

achieved with the flat plate electrode. The difference between the percent reductions of 

zinc on both types of electrodes is insignificant (only 1%); it can be said that corrugated 

electrodes did not show any improved mass transfer characteristics.

Figure 5.19 presents the percent reduction of nickel ions. There was a slightly higher 

reduction of nickel ions, 65.5%, using the corrugated plate electrode compared with 62% 

using the flat plate electrode. The log-natural plots of the fractional zinc and nickel ion 

concentrations in the solution verses square root of treatment time are presented in 

Figures 5.18 and 5.20, respectively.

Figure 5.21 presents the comparison of percent removal of zinc and nickel ions with flat 

and corrugated plate electrodes. There was an overall increase of 1.9 % in zinc ions 

reduction and 3 % in nickel ions reduction when the corrugated electrodes were used. 

The apparent rate constants were obtained from the log-natural of fraction of zinc and 

nickel concentrations verses the square root of treatment time. The apparent rate 

constants and the mass transfer coefficients for zinc and nickel are presented in table 5.6. 

It may be noted that there are no significant changes in mass transfer coefficients for zinc 

and nickel ions using either flat plate or corrugated electrodes.
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Table 5.6: A pparent rate constants (k) & mass transfer coefficients (k„) for Zn^^ & 
a t F la t & C orrugated plate electrodes

(Applied Voltage = 4.0V, Current = 46mA, Electrode surface area = 0.024m^ pH = 6.5; 
Temperature = 25°C; Volumetric liquid flux =0.023 Im^m'^.s'^)

Type
Ionic

Species Removal
(%)

k
(If '^ )

km
(m.h-‘)

Flat Plate Zinc 97.0 0.548 0.143
Nickel 62.0 0.148 0.042

Corrugated
Plate Zinc 98.0 0.553 0.159

Nickel 65.5 0.145 0.046

Tzanetakis et al. [49] studied the mass transfer characteristics o f flat and corrugated 

surfaces. They used parallel plate anodes. The active surface area o f the anode was

0.012m^ and the corrugated cathode area was O.OOOBm̂ . The distance between the 

electrodes was l-4mm. The range o f the Reynolds number was from 125 to 3500. They 

obtained much higher values for the mass transfer coefficient using the corrugated 

electrode; compare with the flat plate electrode, the mass transfer coefficient o f the 

corrugated plate was about 10 times higher in the laminar flow regime , and about 6 times 

higher in the turbulent region. In the present study, since the surface areas o f the anode 

and the cathode were same (0.024m2), and the distance between the electrodes was 10 

times higher than employed by Tzanetakis et al. [49], no significant difference between 

mass transfer coefficient for corrugated and flat plate electrodes was observed.
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Figure 5.17: Comparison of the removal of Zn** with flat & corrugated plate electrodes 

@ Temperature = 25°C; Volumetric liquid flux = 0.023Im^.m"^.s'*; pH = 5.5;

Voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figures.18. in ( C /C o )  verses t for Zn with flat & corrugated plate electrodes.

@ Temperature = 25°C; volumetric liquid flux 0.023Im ^ m 'lsT ; pH = 5.5; 

Voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.19: Comparison of the removal of N i^ with flat & corrugated plate electrodes 

@ Temperature = 25“C; volumetric flux = 0.023Im^.m'^.s'*; pH = 5.5;

Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.20: in (C/Co) verses t  ̂for Ni^ with flat & corrugated plate electrodes.

@ Temperature = 25°C; volumetric liquid flux 0.023lm \m '^ .s '1; pH = 5.5; 

Applied voltage = 4.0V; Current = 46mA.
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Results and Discussion

Figure 5.21: Comparison of the percent reduction of Zn^ & Ni"̂  at flat & corrugated 

plate electrodes

@ Temperature = 25“C; volumetric liquid flux = 0.023Im^.m’̂ .s'*; pH = 5.5;

Applied voltage = 4.0V; Current = 46mA.
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Conclusion

Conclusion
• In the present study, an increasing trend o f the zinc and nickel removal was 

observed when volumetric flux was increased from 0.0092 to 0.0277m^.m’̂ .s'* at 

a constant temperature o f 25°C and a pH o f 5.5. The maximum concurrent 

removal o f zinc and nickel ions, 80% and 34%, respectively, occurred at a 

volumetric flux o f 0.023Im^.m'^.s"'.

e

e

An increase in the removal o f zinc and nickel ions was observed when the pH was 

increased from 3.5 to 6.5; the maximum removal o f zinc and nickel ions, 97% and 

62%, respectively, was achieved at a pH of 6.5, and at a constant volumetric 

liquid flux o f 0.023lm ^.m '^.s'\

The experimental values showed an increase in the metal ions removal when the 

cathode surface area was increased. The final removal o f zinc and nickel ions by 

14% and 12%, respectively, when the surfaces area o f cathode was doubled.

No major changes in the removal o f zinc and nickel ions were observed using 

either flat plate, or corrugated plate electrodes.
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7 Recommendations
• A real wastewater sample from an electroplating industry could be used to 

examine the performance of the apparatus employed in the present study.

#

Temperature affects the performance of electrochemical process. It may be 

beneficial if the reduction of zinc and nickel ions is studied at higher 

temperatures.

In an electrochemical cell, the distance between electrodes is of prime 

importance. More experiments should be performed using different distances 

between electrodes.

Further studies should be conducted to investigate the effect of electrode surface 

area on the removal of zinc and nickel ions.
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9 Appendices

9.1 Appendix A: Summary of Experimental Runs

9.1.1 Flat Aluminum Cathode & Stainless Steel Anode

Run-01

Conditions: Volumetric liquid flux=0.0092m^.m \ s  \  Temperature =25°C; pH=5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
O bservation

Time

(Hours)

Concentration 
O f Ni
mg.r'

Removal
Ni
(%)

Concentration 
O f Zn
m g.r'

Removal
Zn

(%)
1 0 20.0 0.00 20.0 0.00
2 4 18.3 8.50 14.6 27.00
3 8 17.2 14.00 13.5 32.50
4 24 16.3 18.50 10.1 49.50
5 28 15.8 21.00 8.8 56.00
6 32 15.5 22.50 7.9 60.50
7 48 14.5 27.50 6.1 69.50

Run-02

Conditions: Volumetric liquid flux=0.0138m^m'^s'*; Temperature =25°C; pH=5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observation Time

(Hours)

Concentration 
O f Ni
mg.r'

Removal
Ni

(%)

Concentration.
O fZ n
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 17.5 12.50 14.2 29.00
3 8 16.8 16.00 13.1 34.50
4 24 16.1 19.50 9.8 51.00
5 28 15.5 22.50 8.4 58.00
6 32 15.1 24.50 7.6 62.00
7 48 14.1 29.50 5.8 71.00
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Run-03

Conditions: Volumetric liquid flux=0.0185m .̂m' .̂s"*; Temperature -25°C; pH-5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observation Time

(Hours)

Concentration 
Of Ni
mg.r’

Removal
Ni
(%)

Concentration
OfZn
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 17.1 14.50 14.0 30.00
3 8 16.6 17.00 12.9 35.50
4 24 15.4 23.00 9.2 54.00
5 28 15.1 24.50 7.8 61.00
6 32 14.7 26.50 6.8 66.00
7 48 13.8 31.00 4.5 77.50

Run-04

Conditions: Volumetric liquid flux=0.0231m\m .̂s Temperature =25°C; pH=5.5;

Applied voltage = 4.0V; Current 46mA; Electrode surface area = 0.024m^.

No. of 
Observation. Time

(Hours)

Concentration 
Of Ni
mg.r'

Removal
Ni

(%)

Concentration
OfZn
mg.r’

Removal
Zn

(%)
1 0 20.0 0.00 20.0 0.00
2 4 17.2 14.00 13.8 31.00
3 8 16.3 18.50 11.2 44.00
4 24 15.1 24.50 7.7 61.50
5 28 14.5 27.50 7.0 65.00
6 32 13.9 30.50 5.9 70.50
7 48 13.3 33.50 4.1 79.50
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Run-05

Conditions: Volumetric liquid flux=0.0277m^.m \  Temperature = 25°C; pH=5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observation Time

(Hours)

Concentration 
O f Ni
m g.r’

Removal
Ni
(%)

Concentration
O fZ n
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 17 15.00 13.6 32.00
3 8 16.6 17.00 12.2 39.00
4 24 15.7 21.50 9.4 53.00
5 28 15.2 24.00 8.3 58.50
6 32 14.9 25.50 7.2 64.00
7 48 14.1 29.50 5.6 72.00

Run-06

Conditions: Volumetric liquid flux=0.0231m^.m'^.s‘'; Temperature =25°C; pH=3.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^,

No. of 
Observation Time

Concentration 
O f Ni
m g.r'

Removal
Ni

(%)

Concentration 
O f Zn
m g.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 18.8 6.00 18.5 7.50
3 8 18.3 8.50 17.4 13.00
4 24 17.5 12.50 16.8 16.00
5 28 17.3 13.50 16.6 17.00
6 32 17.1 14.50 16.3 18.50
7 48 16.9 15.50 15.8 21.00
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Run-07

Conditions: Volumetric liquid flux=0.0231m^.m‘̂ .s''; Temperature =25°C; pH=4.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observation Time

(Hours)

Concentration 
Of Ni
mg.r'

Removal
Ni
(%)

Concentration
OfZn
mg.f’

Removal
Zn

(%)
1 0 20.0 0.00 20.0 0.00
2 4 18.6 7.00 16.6 17.00
3 8 17.5 12.50 15.1 24.50
4 24 16.5 17.50 12.5 37.50
5 28 16.1 19.50 11.7 41.50
6 32 15.7 21.50 10.7 46.50
7 48 15.1 24.50 9.30 53.50

Run-08

Conditions: Volumetric liquid flux=0.0231m\m'^.s''; Temperature =25“C; pH=5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observation Time

(Hours)

Concentration 
Of Ni
mg.l‘‘

Removal
Ni
(%)

Concentration
OfZn
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 17.2 14.00 13.8 31.00
3 8 16.3 18.50 11.2 44.00
4 24 15.1 24.50 7.7 61.50
5 28 14.5 27.50 7.0 65.00
6 32 13.9 30.50 5.9 70.50
7 48 13.3 33.50 4.1 79.50
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Run-09

Conditions: Volumetric liquid flux=0.0231 m\m'^.s"' ; Temperature =25°C; pH= 6,5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observations Time

(Hours)

Concentration 
Of Ni
mg.r‘

Removal
Ni

(%)

Concentration 
Of Zn
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 16.1 19.50 6.5 67.50
3 8 12.8 36.00 3.1 84.50
4 24 9.7 51.50 1.2 94.00
5 28 8.8 56.00 1.0 95.00
6 32 8.2 59.00 0.9 95.40
7 48 7.6 62.00 0.6 97.00

9.1.2 Surface area of the Cathode and Anode

Run-10

Conditions: Volumetric liquid flux=0.0231m^.m'^.s''; Temperature =25°C; pH= 5.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.048m^

No. of 
Observations Time

(Hours)

Concentration 
Of Ni
mg.r'

Removal
Ni
(%)

Concentration
OfZn
mg.r'

Removal
Zn
(%)

1 0 20.0 0.00 20.0 0.00
2 4 16.1 19.50 11.7 67.50
3 . 8 15.8 36.00 7.7 84.50
4 24 13.8 51.50 3.5 94.00
5 28 13.1 56.00 2.6 95.00
6 32 12.8 59.00 2.1 95.40
7 48 10.8 62.00 1.2 97.00
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9.1.3 The Corrugated Cathode and Anode Plate

Run-11

Conditions: Volumetric liquid flux=0.0231m^.m'^.s’’; Temperature =25°C; pH= 6.5;

Applied voltage = 4.0V; Current = 46mA; Electrode surface area = 0.024m^.

No. of 
Observations Time

(Hours)

Concentration 
Of Ni
mg.r’

Removal
Ni

(%)

Concentration
OfZn
mg.r’

Removal
Zn

(%)
1 0 20.0 0.00 20.0 0.00
2 4 16.2 19.50 9.7 67.50
3 8 13.3 36.00 4.3 84.50
4 24 10.4 51.50 1.3 94.00
5 28 9.6 56.00 1.0 95.00
6 32 8.5 59.00 0.9 95.40
7 48 6.9 62.00 0.4 97.00
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9.2 Appendix B

9.2.1 Viscosity and Density Calculation

The dynamic viscosity o f the simulated wastewater was calculated from the method 

described in [50] .The dynamic viscosity o f a multicomponent electrolytic solution can be 

calculated from the following expression:

77 = 77„expT (1)

In the above expression vĵ  is the viscosity o f water, which was obtained from Perry’s

Chemical Engineers’ Handbook [51] at the experimental temperature. V was given by the 

following equation:
k

7  = ^  c, + A^|t + ) (2)
<=i

In the above expression, c,. is the percent mass fraction of species /, A/j-arc coefficients for

each electrolyte. The reported percent error of these coefficients for zinc sulfate, nickel 

sulfate and potassium sulfate was 2.39 %, 1.54 %, and 0.30 %, respectively.

To determine the mass fraction of each species the density of the solution was required. The 

density o f the solution was calculated from the following formula:

p  = Po+ ^  Cj (5,, + Bjjt + ) (3)
1=1

In the above expression p^ is the density of water (kg.m'^), By are the coefficients for the

electrolytic species present. The reported error for these coefficients for zinc sulfate, nickel 

sulfate and potassium sulfate was 0.27%, 0.23% and 0.13%, respectively. The density o f the 

water was obtained from Perry’s Chemical Engineers Handbook [51] at the experimental 

temperature of 25°C.

The density expression required the % mass fraction of each species. An iterative process 

was required of this. Therefore, the following expression was used with an initial value of the 

density o f the solution selected:
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C: =
100M,C,

(4)

In the above expression, c, is the mass fraction of species, M, is the molecular weight of the 

species, and C, is the mass concentration of the species. The mass fraction of each species 

was determined when a prescribed tolerance was reached. With the mass fraction calculated, 

the dynamic viscosity of the solution was calculated from equation (1).

The density and viscosity calculated for a multicomponent electrolytic solution with 

concentration of 20 ppm for zinc and nickel, and 500 ppm for potassium sulfate were:

• Density = 997.31 kg.m'^

• Viscosity = 0.00087 kg.m''.s'‘

9.2.2 Calculation of Reynolds Number

Once the dynamic viscosity and density were known, the Reynolds numbers for different 

volumetric liquid fluxes were calculated from the equation 4.1.

• Density =/> = 997.31 kg.m'^

• Viscosity = //=0.00087 kg.m‘'.s''

• Hydraulic diameter = Dh= 0.068m

volumetric
flux Reynolds No. 

Re
0.0092
0.0138
0.0185
0.0231
0.0277

717.15
1075.72
1442.09
1800.66
2159.23
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9.3 Appendix C: Sample Calculations

9.3.1 Calculation of the Mass Transfer Coefficient

The mass transfer coefficients for nickel and zinc were calculated using average metal ions 

concentration (C ) and the change in  metal ions concentration (AC) during the specific time 

interval (A t), volume of the solution (V), area of the electrode (Ag)

ACF
A tA eC (1)

One sample calculation for determining k„ for zinc at a volumetric liquid flux 0.0231 m^.m' 

^.s’’ and at pH6.5 is shown below in Table - I:

Table -1: Mass transfer coefficient for Zn

Time
(t)

(Hours)

Cone, 
o f Zn 
(C) 

(mg/1)

At=(t2-tl)

(Hours)

AC=(C1-C2)

(mg/1)

Cavg—(C i+C2)/2

(mg/1)

hm

(cm/h)
0.00 20.00 4.00 13.50 13.25 2.123
4.00 6.50 4.00 3.40 4.80 1.476
8.00 3.10 16.00 1.90 2.15 1.841

24.00 1.20 4.00 0.20 1.10 0.379
28.00 1.00 4.00 0.08 0.96 0.174
32.00
48.00

0.92
0.60

16.00 0.32 0.76 0.877

Avg km 0.143

where V= 0.05 ' volume o f the solution

Ag- 0.024m^’ area o f electrode.
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9.3.2 Uncertainty in Mass Transfer Coefficient

The mass transfer coefficient was given by the following expression:

ACV
AtAeC

(1)

The uncertainties associated with the mass transfer coefficients for zinc and nickel were 

calculated by the method of Kline and McClintock based on the following error 

propagation equation [42]:

ÔX
(j^x w a^u

2 / 2
— +  <7 V

yduj \ ÔV ,
+ . (2)

Based on equation Eq.-2, the uncertainty associated with the mass transfer coefficient 

was given by

dAC
(  dkm ^1 ( dkm \ ( dkm ^2 ( dkm
------ +

[ôAr """j ' IdAe
+

U c '
(3)

A sample calculation for determining the uncertainty linked with mass transfer 

coefficient for zinc (Run 09: at pH6.5 and 0.0231 m^.m'^.s'*) is provided below.

1. The uncertainty associated with AC in time interval At was calculated by multiplying 

the total concentration change in 48 hours by standard deviation for zinc (0.014 mg.f'):

ct^c=^Cx0-014 = 19.4x0.014 = 0.272mg.C

2. Similarly, the uncertainty for average concentration (C ')  was:

cTc- = C 'x 0.014 = 10.3x 0.014 = 0.144mg.r‘

3. The uncertainty in total volume of the electrolyte was based on a 4000 ml Erlenmeyer 

flask, which was used to make scale markings on the holding tank to a total of 50 liters of

8 0
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solution. The flask had an uncertainty o f ± 5% or ± 200 mi. For 50 liters o f solution, the 

total uncertainty was:

=12(4000±200)m / + 2000±100w/ = 50000±2500w / = 5 0 ± 2 .5 /, or = 0.0025m'

4. The uncertainty in electrode surface area was based on the graduations o f the 

measuring tape used. The smallest graduation was 1mm. The relative uncertainty 

associated with electrode area (cathode) was calculated by the following expression:

Relative uncertainty = O.lY ("0.1 \2
+ -

6 J (2 0
= 1.58%

Or

= 0 .0158(0.024)m" =3.79x1 O^m"

5. The uncertainty associated with time was based on an assumed error o f 5 seconds in an 

hour, and for 48 hours o f electrolysis time it amounted to

= 4 8 x 5 /3 6 0 0  = 0.067/1

The uncertainty associated with km was determined by calculating the five terms in 

equation Eq.-3 one by one

^At.Ae.C'
■xcr

0.05 -X0.272 I =1.31xlO"^m.A"‘AC 48x0.024x10.3

AC
 ̂At.Ae.C'

19.4
—  X 0.0025 

48x0.024x10.3 j
= 1.67x10 m.h

AC
2(A ty .A e.C

19.4x0.05 X0.067 j = 1.30x1 O'*
(48)^x0.024x10.3 J

8 1
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r AC
At.iA ey.C

19.4x0.05 \2

48 X (0.024)" X (10.3)
-X  3.79x10" = 1.66xl0^w.r‘

AC
A/.^e.(C')

19.4x0.05
48 x 0.024 X (10.3)"

■xO.144 = 1.3x10""- 6 __ Z.-1

Or

= V(1-31 + 1.66 + 1.30)x10""+1.67x10"'+1.3x10"® =4.58x10"' w .r '

Similarly, the uncertainty associated with the mass transfer coefficient for nickel (Rim 

09; at pH 6.5 and 0.0231 m^.m'^.s'*) was found to be2.18x10'^ m .h'\
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