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Abstract

Simulated wastewater containing Ni** and Zn*" was treated using an electrochemical cell.
Porous aluminum cathode and porous stainless steel anode were used in a flow-through
configuration. For porous cathodes, both aluminum foam and corrugated aluminum plates
having perforations were used. To study the effects of applied voltage and volumetric
liquid flux on the removal of Ni'* and Zn*", the electrochemical cell was operated for 48
hours at different applied voltages of 5, 10, 12, 15, 20 and 25 V, and at different
volumetric liquid fluxes both in the laminar (0.00471 and 0.00943 m3.m'2.s") and
turbulent regimes (0.01414, 0.01886 and 0.02357 m®.m%.s™"). For the maximum removal
of both nickel and zinc ions, the optimum applied voltage and volumetric liquid flux were
found to be 12 V and 0.02357 m*.m™.s”!, respectively; under these operating conditions,
the concentrations of Ni*" and Zn"" in the simulated wastewater were reduced by 85.5 %
and 98 % , respectively. Operating beyond an applied voltage of 12 V, the removal of
Zn"" was slightly improved and achieved a maximum value of 99.05 % at 25 V; however,
an opposite trend was observed in case of Ni** removal, which finally decreased to 56%

at 25 V., because of the excessive precipitation of Ni*" as nickel hydroxide.
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Introduction

1. Introduction

Effluents from industrial processes and hydrometallurgical operations, such as metal
finishing, electroplating and mining, contain heavy metals. Most of the heavy metals, for
instance, mercury, lead, cadmium, or nickel, are toxic in nature and pose long-term
environmental and health hazards. The removal of heavy metals from the aforementioned
effluents is important, not only from environmental viewpoint, but also for economic

reasons as the recovery of these metals can minimize operational costs [1].

The present study deals with the electrochemical treatment of wastewater generated from
an electro-coating process used in the automotive industry. Electro-coating provides
corrosion resistance to automobiles’ parts and bodies. The electro-coating process
involves cleaning, coating and rinsing of the metal parts; copious amounts of wastewater
are generated during these steps, especially during rinsing [2]. In the electro-coating
process, zinc-nickel alloys are the most commonly used protective coatings [3].
Therefore, the wastewater from the coating process typically contains nickel and zinc

ions.

Depending on the plant capacity, the flow rate of a wastewater stream leaving an
automotive plant can be very large. For instance, at the Toyota plant in Georgetown,
Kentucky, 1.4 million gallons of wastewater is generated per day [4]. Automotive-parts
industry is one of the major manufacturing sectors in southern Ontario; in this industry,
the electro-coating process generates 0.25 gallons of wastewater per square foot of the

metal parts being coated [5].

1.1. Industrial Effluent Discharge Limits

The effluent discharge limits are becoming ever more stringent due to rapid increase in
the quantities of industrial wastewater. The concentration of metal ions has to be reduced
to a permissible maximum before discharging the wastewater to a sewer. In 2003, United
States Environmental Protection Agency (US EPA) imposed stringent daily effluent
discharge limits for existing Metal Products and Machinery (MP&M) sector. Table 1.1

summarizes the current (2003) [6] and previous (before 2003) [2] maximum daily
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discharge limits for zinc and nickel in the MP&M sector. Discharge limits for zinc and
nickel in the sanitary sewer were enacted by the Council of the City of Toronto in 2000

[7]; for comparison, these limits (current: 2000; previous: before 2000) are also provided

in Table 1.1.

Table 1.1 Industrial effluent discharge limits for nickel and zinc ions

Jurisdiction Ionic species Daily maximum: Daily maximum:
current (mg.I") previous (mg.I")
City of Toronto Zinc 2 4
Limits [7] Nickel 2 4
US EPA MP&P Zinc 0.35 42
Limits [2 and 6] Nickel 1.5 4.1

1.2. Conventional Treatment Technologies

Metal ion solutions from an‘electro-coating process are commonly treated by chemical
and physical processes, such as chemical precipitation, ultrafiltration, solvent extraction,
reverse osmosis and ion exchange. Among the aforementioned processes, chemical
precipitation is most widely used because of its simplicity and cheapness; this method
involves precipitation of dissolved metal ions as hydroxides, sulfides or carbonates,

followed by separation and dehydration of the formed sludge [4, 8, 9].

Nevertheless, chemical precipitation process has few drawbacks. As precipitation of most
metals occurs in a pH range of 8.5 to 10, continuous adjustment of the wastewater pH is
required. Further chemical treatment is required to readjust the pH of the wastewater
between 6.0 and 7.0 before discharging it to the sewer. The whole process requires
extensive use of chemicals for pH adjustment. These ultimately become part of the sludge
that has no real use, and its disposal involves other environmental problems. Moreover,
the process is unable to meet the effluent discharge limits if the wastewater to be treated
contains a mixture of dissolved metals, for each dissolved metal precipitates at a

corresponding optimum pH, whereas hydroxide precipitation is usually carried out at a
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compromised pH [2, 5, 10]. This situation necessitates the development of new and
. efficient techniques for the treatment of wastewater.

1.3. Electrochemical Treatment

Over the past few years, electrochemical technology has emerged as an efficient
technique for the treatment of wastewater. Common electrochemical technologies for the
treatment of wastewater containing dissolved metal ions are electrodeposition,

electrocoagulation, electroflotation and electrowinning [11, 12].

Electrodeposition involves the recovery of heavy metals from wastewater through
cathodic deposition. Electrocoagulation utilizes direct current for in situ generation of
sacrificial ions from electrodes. The sacrificial ions act as coagulants to remove dissolved
metal ions. In electroflotation process, tiny bubbles of hydrogen and oxygen gases are
generated by water electrolysis. The generated bubbles make the pollutants to float to the
surface of the wastewater. Electrowinning is based on the method of electrodeposition,
and is mainly used in mining industry to extract dissolved metals from ore leaching
liquid. This method has also been employed to remove metal ions from industrial
effluents [12-14].

The most attractive features of the electrochemical processes are [9, 10]:

e Versatility

e High efficiency

e Amenability to automation

e Clean operation as opposed to sludge formation in chemical precipitation

o Possibility of recovering pure metal from effluents

Further research in the field of metal recovery from wastewater revolves around
designing better electrochemical reactors with enhanced space-time yield, which, in turn,
necessitates the development of electrodes having large surface area and improved mass

transfer characteristics.
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1.4. Objectives

As already stated, the wastewater generated from an electro-coating process typically
contains nickel and zinc ions; the reduction of heavy metals from this wastewater can be
accomplished through electrodeposition. The electrochemical treatment of electro-coating
wastewater was previously investigated by Doan et al. [5], who used flat plate electrodes
for reduction of nickel and zinc. In continuation of their work, Mitzakov [15] employed
porous electrodes with “plate-in-tank” configuration and investigated the effect of
volumetric liquid flux on the removal of nickel and zinc. However, he did not find porous
electrodes, with “plate-in-tank” configuration, to be a viable option for concurrent

removal of nickel and zinc.

The present study, which is a continuation of Mitzakov’s work [15], employs porous
electrodes in a “flow-through” configuration. The treatment of dilute aqueous metal
solutions is a mass-transfer limited phenomenon. Improving mass transport in dilute
solutions would require either increased turbulence or increased electrode surface area.
Therefore, in the present work porous electrodes are used in “flow-through”
configuration to achieve improved mass transfer kinetics. The main objectives of the

present study are:

e To investigate the effect of applied voltage on removal of nickel and zinc ions.

e To study the effect of volumetric liquid flux on removal of nickel and zinc ions.

e To investigate the effects of applied voltage and volumetric liquid flux on rate
constants for nickel and zinc removal, and to compare the values of mass transfer
coefficients for nickel and zinc obtained in the present study with those reported
in the literature for Ni-Zn system.

e To find the optimum applied voltage and volumetric liquid flux for concurrent

" reduction of nickel and zinc ions.



Literature Review

2. Literature Review
2.1. Electrochemical Cell
An electrochemical cell consists of at least two electrodes, an electrolyte, and external
wiring and loads. The electrode at which the current enters the cell is the anode, and the
one at which it leaves is the cathode. The liquid phase that completes the circuit between

electrodes is called the electrolyte.

Electrode reactions, or oxidation-reduction reactions, are heterogeneous in nature and
occur in the interfacial region between electrode and solution, the region where charge
distribution differs from that of the bulk phase [16]. In oxidation-reduction reactions,
there is loss and gain of electrons between two species; a decrease occurs in the oxidation
number of the species that gains electrons, while an increase occurs in the oxidation
number of the species that loses electrons. A typical oxidation-reduction reaction between

two species, O and R, is shown in equation 2.1
O+ne"«<—R 2.1)
where n corresponds to number of electrons (e”)

The reduction of species occurs at the cathode. It is also called cathodic reduction.
Similarly, oxidation of species occurs at the anode. It is also called anodic oxidation.
These coupled reactions produce an electric current, which is the flow of electrons

through a circuit.

2.2. Significance of Electrode Potential, Current Density and Cell Potential

Consider the interfacial region between electrode and electrolyte. The electrode potential

(E') is referred to as the difference between the metal potential (E,) and the solution
potential (E) [17]:
E'=E, -E; 2.2)
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At the cathode, positive current flows from the electrolyte to the electrode. Therefore, by
definition of equation 2.2, electrode potential for a cathode tends to be negative, whereas

it is positive for an anode.

Another important conclusion that can be drawn from equation 2.2 is that if the electrode
potential is kept constant and the area of electrode is doubled, the current flowing
between the electrode and electrolyte is also doubled. In other words, with other
parameters remaining constant, the current supported by an electrode is proportional to its
area. This is why the current carried by unit area of electrode is a more fundamental
property than the total current; it is referred to as current density (i), which is a measure

of the rate of an electrochemical process.

The spontaneity or non-spontaneity of oxidation-reduction reactions depend on cell
potential and are related to Gibbs free energy change of the system. The equilibrium cell

e

potential (E,) is referred to as the difference between the equilibrium electrode

potentials of cathode (E;) and anode (E;). The following expression provides the

relation between Gibbs free energy change (AG ) and equilibrium cell potential [18]:
AG =-nFE;,, =-nF(E. - E}) (2.3)

For a process to be spontaneous, the change in Gibbs free energy must be less than zero.
This requires a positive value for the equilibrium cell potential. If the equilibrium cell
potential is negative, the change in Gibbs free energy of the system will be positive,
indicating a non-spontaneous process. In such situation, an external power source is
required to provide a potential greater than the potential that a spontaneous reverse

reaction would produce.

Since there is no means of measuring an absolute electrode potential, the standard

reduction potentials (E°) are measured relative to a hydrogen electrode. An arbitrary
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value of zero volts is assigned to the hydrogen electrode. Equations 2.4 and 2.5 show the
standard reduction potentials for zinc and nickel at 25°C [19]:

Zn* +2e" —>7n E°=-0.76V (2.4)
Ni* +2¢"—> Ni E°=-023V (2.5)

Both nickel and zinc have negative reduction potentials; based on the above equations,
zinc would have a greater tendency to lose electrons than nickel. In other words, zinc has

greater reducing strength than nickel.

In most of the situations involving oxidation-reduction reactions, the reduction potentials
of the oxidized and reduced species are not in their standard states; to account for these

situations, the following Nernst equation is used [18]:

AE* '=AE°—£Zln Ce (2.6)
nF |\ C,

When an electric current flows through an electrode, it causes a change in its equilibrium

potential (E°). This shift is referred to as an overvoltage or overpotential (7) that
depends on the ohmic resistance of the electrolyte (17,,,), the activation energy barrier
limitations (7,,, ), and the concentration effects through mass transport limitations (7,,,, ).

The overvoltage is a sum of these factors [20]:
n= ﬂohm + nacl + ncom: | (27)
It is related to the electrode potential by the following expression:

El = E¢ + nohm + ﬂac‘l + nconc (2'8)
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The termsn,,,,, 7, and 7, always represent energy and voltage losses.

The first term 7,,,, represents losses due to the resistance of the electrolyte; losses due to

resistances of the electrode, wiring and external loads are also included in this term.

The second term 7, represents losses due to slow kinetics of electrochemical reactions,

which, in turn, are linked to large energy activation barrier. To overcome slow kinetics,
either the applied voltage across the electrodes is increased, or the temperature is

increased. In both cases, additional energy is required to achieve better reaction kinetics.

The third term 7, is associated with losses due to mass transfer limitations. When

voltage is applied to an electrode, the charges, which accumulate on the surface of the
electrode, attract ions of the opposite charges from the electrolyte. In due course, opposite
charges and ions align themselves on the surface of the electrode and in the interfacial
region respectively, and a double layer is formed. The reaction takes place across this
double layer. For a fast electrode reaction, a reactant must be replaced at an appreciable
rate in order to maintain the reaction. Therefore, for dilute solutions, the mass transport
becomes a limiting factor. The solution lies in decreasing the thickness of that double
layer. This is often accomplished by creating turbulence, or increasing electrolyte flow

rate.

Information about the kinetics of electrode reactions can often be obtained by plotting

current density (7) or In (/) against overpotential (77). The curve thus obtained (see Figure.

2.1) is called a polarization curve [17].

The initial linear rise in current density in Figure 2.1 corresponds to conditions when the
rate limiting step is the rate of charge transfer. The horizontal portion, where the current
density becomes independent of the overpotential, represents a situation where mass
transfer is rate controlling; at this point the limiting current (i, ) is reached. Applying
greater potential beyond this point would eventually lead to parasitic reactions, such as

hydrogen evolution.
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Liim

Ini

Figure 2.1 Idealized Polarization Curve, i = current
density, i, = limiting current density, 77 = overpotential
(17
2.3. Mass Transfer Aspects of Dilute Electrolytic Systems
In an electrochemical reactor, the transfer of a species, from the bulk electrolyte to the

electrode surface, can be affected by three mechanisms [16]:

e Molecular diffusion under the influence of concentration gradient
e Migration of charged species under the influence of a potential gradient

e Convection due to convective movement of the fluid

One common description of an electrochemical system is derived from assuming that the
concentrations of electroactive species are extremely small. Under these conditions, an

expression for describing the flux of a species is [19]:
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N ==zy,Fc,V¢—-D,Vc,+c,v (2.9

where N, is the flux of species i, z, is the charge on species i, y,is the mobility of
species i, c,is the concentration of species i, D, is the diffusivity of species i, F is the

Faraday’s constant, V¢ is the potential gradient, , and v is the bulk fluid velocity. Flux,
potential gradient, and fluid velocity are vector quantities, indicated by bold face type.
The terms on the right side of the equation represent fluxes resulting from migration,

diffusion and convection, respectively. Equation 2.9 is also called flux density equation.

In case of infinitely dilute metal solutions, diffusion due to concentration gradient is
negligible. Mass transport due to migration of charged species can be improved with the
use of a supporting electrolyte; supporting electrolyte may be defined as an inert
substance that does not take part in the electrode reactions, and helps increase the
conductivity of the bulk eléctrolyte by minimizing ohmic resistances. The mass transfer
can be improved by increasing convection, and as already stated, its importance lies in
reducing the thickness of the double layer that forms adjacent to the surface electrode

under laminar flow conditions.

A much simplified version of the flux density equation (Eq.2.9), which takes into account
only convective transport of the species i from the bulk electrolyte to electrode surface, is
given by

N, =k, (C)~C}) (2.10)

where C, and C. are the concentrations of species i in the bulk and at the electrode

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

k =(2) @.11)

10
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where D is the diffusion coefficient and & is the Nernst diffusion layer thickness

- According to Faraday’s law, the current density at an electrode is proportional to ion flux
~i=nFN, (2.12)

Combining equations (2.10) and (2.12) gives the relation between mass transfer

coefficient and current density

i

| T — 2.13
" T AFC-C) @13)

Under limiting current conditions (withi=i,_), the concentration of the electroactive

species at the electrode surface becomes zero (C! =0), and the process becomes mass

transfer controlled

i :
k= —lim__ 2.14
" nFC, @14)

However, in case of extremely dilute metal ion solutions, the rate of mass transport
controlled processes greatly decreases. The challenge lies in increasing the performance

of an electrolytic reactor by improving current efficiency and space-time yield [17].

Current efficiency (&.) is defined as the ratio of theoretical amount of current required to

produce a target product to that of actual consumption of the current during the
electrolytic process. Current efficiency indicates both the specificity of a process and the

performance of an electrolytic process involving surface reaction as well as mass transfer.

For the cathodic metal deposition in an electrochemical reactor, the space- time yield

(Yg ) is defined as the amount of metal deposited (dm) in time interval (dt) per unit

volume (V) of the reactor [10]:

11
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1dm
Yo =—— 2.15
Ty (2.15)

According to Faraday’s law, dm is proportional to the electrolysis charge A&, idr:
dm=A§cidt-—A-/{i (2.16)
nF

where A4 is the actual electrode area, and M,is the molecular weight of the metal

deposited.

At the limiting current density, the optimal process conditions are met when the rate of
heterogeneous process attains it maximum. Thus, replacing i with i,_ in equation (2.16)

and combining it with equations (2.14) and (2.15), the final expression for space-time

yield is given by:
Yo=(EM, Ak, C, 2.17)

Equation (2.17) provides a key relation for design of an electrochemical reactor for
wastewater treatment and metal recovery. For a given metal ion concentration, a high

mass transfer coefficientk,, and a large specific electrode aread. (A.=A/V) are

essential to achieve high space-time yields. In the recent years, major research activities
in the field of heavy metal recovery from wastewater have revolved around designing

electrodes and cells that exhibit improved mass transfer characteristics.

12
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2.4. Electrodes and Cell Designs for Heavy Metals Removal

- Different electrodes and cell designs have been reported in the literature [10, 11, 21].
Efforts in efficient cell design have been directed towards the optimization of the space-
time yield according to the key formula provided in equation (2.17), i.e. high specific

electrode area and/or large mass transfer coefficient.

It is not possible to review all types of cell designs; only a few are discussed here that
have found application in metal recovery; these include basic electrochemical cells, such
as tank cells, plate and frame cells, rotating cells, and more complicated three-
dimensional systems, for instance, fluidized bed cells, packed bed cells, perforated cells,

or porous carbon cells.

Tank cell (Figure 2.2a) represents the simplest and the most popular cell design. One
great advantage of this system is that it can be easily scaled up or down depending upon
the load of the process. The electrodes may be arranged in monopolar or bipolar mode

(Figures. 2.2 (b) and 2.2 (c)), and their number may vary from 10 to 100 in a stack [11].

+ +

Container tank A A A [/
AR RY 7990
1900 7 19 G 1
10 U4 Wastewaler /f/f
TR0 9 94— 2 9 U 7
100 9 7 2 U U
e

Fig 2.2 (a) Tank Cell [11] Fig 2.2 (b) Monopolar [11] Fig 2.2 (¢) Bipolar [11]

Plate and frame cell (Figure 2.3), also called filter press, is another other popular
electrochemical cell design. The cell consists of a number of modules, with each module
having an anode, a cathode, and a membrane. This module arrangement makes the

design, operation and maintenance of the cell relatively simple.

13
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Fig 2.3 Plate and Frame Cell [11]

In rotating cylinder cell (Figure 2.4), the cathode for metal deposition rotates between the
anodes. The rotation enhances turbulence, which results in increased mass transfer for the
metal ions from the bulk to the electrode surface. The deposited metal then can be

scraped off the electrode surface with the aid of a scraper blade [21].

Scraper blade membrane anode
] MESH
ELECTRODES
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Fig 2.4 Rotating Cylinder Cell [11] Fig 2.5 (Chemlec) Fluidized Bed Cell [10]

The Chemlec cell (Figure 2.5) uses a fluidized bed of glass spheres, which act as
turbulence promoters to improve the mass transfer to the electrodes. The electrodes
consist of a series of closely spaced gauze, or expanded metal sheet electrodes. Because
of the fluidization of the particles by water flow, the electric contact can not be

maintained at all times, which results in poor distribution of the current and large ohmic

drop within the cell.

14
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The packed bed cell (Figure 2.6) overcomes the non-contacting problem encountered in
. the fluidized Vbed cell. In packed bed cells, porous electrodes comprising electron
conducting particulate material are used. Either flow-through or flow-by arrangement is
used; in flow-through configuration, the current is parallel to the flow of electrolyte,
whereas in flow-by configuration, the current is perpendicular to the flow of electrolyte.
In case of packed bed cell, usually flow-by arrangement is preferred due to minimization

of ohmic losses.

Swiss roll electrode design (Figure 2.7) represents an efficient way of fitting a large
planar electrode area in a small volume. Thin metal foils, separated by an electrolyte-
permeable plastic mesh, are wrapped around a central core. The electrodes are contacted
at opposite ends to compensate for inhomogeneous potential distribution due to ohmic
drop. The Swiss role electrode is placed vertically in a cylinder. The electrolyte flows
axially through the electrode pack. The plastic separator mesh serves as turbulence
promoter and helps increase mass transfer rates and space-time yield. The performance of
the cell can be further increased by employing perforated electrodes, which give it a
three-dimensional character. Thus, meshed electrodes wrapped around a perforated

winding core form another version of the Swiss roll cell with radial flow.

ion exchange membrone

}——graphit anode

outlet

slecirodes  Seperalor
inlet

V Fig 2.6 Packed Bed Cell [10] Fig 2.7 Swiss Roll Electrode [10]
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In general, for the removal of heavy metals from dilute wastewater streams, extended
surface area porous electrodes offer practical advantages over slab-like two-dimensional
or planar electrodes. In contrast to planar electrodes, three-dimensional porous electrodes

have large specific surface area and exhibit improved mass transfer characteristics.

2.5. Porous Electrodes for the Removal of Heavy Metals

There is a broad definition for the term “porous electrodes” frequently used in the
literature. It may refer to a packed bed of particles, intermeshing elements as in steel
wool, a regular array of perforated plate electrodes, or a continuous porous matrix of
reticulated materials of metal or carbon [18]. A variety of materials have been used for
porous electrodes; these include carbon and graphite felts [22-26], nickel felts [27], iron
felts [28, 29], stacked nets or screens [30-32] or carbon cloth [33], packed beds of either
nickel or graphite [34, 35], reticulated vitreous carbon [36-41] and metallic foams [42-
46].

The use of porous electrodes for the removal of heavy metals from dilute aqueous
streams was pioneered by Bennion and Newman [47]; in their study, they employed a
porous flow-through fixed-bed of graphite chips for removal of copper ions from dilute
solutions. Since then, the porous electrodes have been applied for the removal of a variety
of metallic ions such as copper, mercury, lead, zinc, and nickel; a few examples are

presented in the following paragraphs.

Panizza et al. [45] used polyurethane foam coated with a thin layer of copper as porous
electrode; they used a batch recycle mode and were able to reduce the initial copper
concentration by 98 %. Other researchers have also demonstrated the successful use of
porous electrodes for removal of copper. Simonsson [35] utilized a particulate bed
electrode, which was composed of graphite grains, to reduce copper from a copper sulfate
solution from an initial copper concentration of 67 mg.I"! to a final concentration of 0.03
mg.l". Al-Shammari et al. [48] investigated the effect of applied voltage on removal of
copper from simulated wastewater using a perforated rotating barrel electrode; the

concentration of copper in the wastewater reduced from an initial value of 100 ppm to

16
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less than 1 ppm. The removal of copper increased with an increase in the applied voltage;

. however, operating beyond 5 V resulted in the surface passivation of the cathode.

The effect of liquid flow rate and applied voltage on recovery of palladium from
hydrochloric acid solution was investigated by Kim et al. [49]; 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™"). Likewise, operating at 3 V, the removal of palladium was twice as fast as that at 1

V. On the whole, 99% of the palladium was recovered from the acidic solution.

A flow-through iron-felt was employed by Grau and Bisang [28] for removal of mercury
from wastewater where more than 99.5 % reduction of Hg"" was achieved. Winder et al.
[50] used RVC in a flow-through configuration for the removal of lead; they reported

higher removal rates (more than 99 %) at higher liquid flow rates.

Removal of zinc and nickel using porous electrodes has been frequently reported in the
literature. Lanza and Bertazzoli [37] used RVC as cathode for the removal of zinc from
an aqueous zinc chloride medium under batch recycle operation; reduction of zinc from
an initial value of 50 to a final value of 0.1 mg.dm™ was reported. On the other hand, in
his study, using a graphite bed electrode, Simonsson [35] reported 99 % reduction of zinc
from a zinc sulfate medium. Njau and co-workers [51] studied the removal of nickel
using a variety of electrode materials, such as a bed of graphite particles, RVC, and a
stack of expanded nickel sheets; it was concluded that high porosity electrodes were
advantageous for removal of nickel. Ohran et al. [52] employed a rotating packed bed
cell of metal granules for the removal of nickel ions. A 90 % reduction in nickel
concentration was reported, and was attributed to the high surface area of the electrode
and improved mass transfer due to the rotation of the electrode. This brief literature
survey shows that porous electrodes have been successfully used, in a variety of
configurations, to remove heavy metals from wastewater. That is why porous electrodes

were used in the present study to remove Zn™ and Ni** from wastewater.
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3. Experimental

3.1. Experimental Apparatus -

The experimental apparatus used in the present study is shown in Figure 3.1. The
electrochemical cell and holding tank were constructed from PVC. The apparatus
operated in batch recirculation. Wastewater pumped from the holding tank would pass
through a heat exchanger and enter the top of the electrochemical cell; after flowing
through the porous electrodes, the wastewater would exit the electrochemical cell via

orifices at the bottom and return to the holding tank.

The liquid flow rate was varied both in the laminar and turbulent flow regimes. The
characterization of the flow regime, either laminar (0.00471 and 0.00943 m3.m>s™) or
turbulent (0.01414, 0.01886 and 0.02357 m3.m™.s™), was based on the diameters of the
electrochemical cell and the orifices drilled at the bottom of the cell. The electrochemical
cell had an internal diameter of 15 cm and a height of 33 cm. Eight orifices, each having
a diameter of 0.5 cm, were drilled at the bottom of the electrochemical cell. Sample
calculation to determine the orifice diameter is provided in Appendix A. The
electrochemical cell was considered as a short pipe; for internal flow in this pipe, the
transition from laminar to turbulent region occurred within the typical Reynolds number
range of 2100 to 4000. Sample calculations for different volumetric liquid fluxes and

Reynolds numbers are also provided in Appendix A.

To maintain a certain liquid head within the electrochemical cell, different arrangements
of the orifices were used with respect to laminar and turbulent flow regimes; the orifices
were either plugged at alternating locations, or completely left open as shown in Figure
3.2 (a-d) A variable area direct reading flow meter (Model F-45750- LHN 12, Fabco
Plastics, Maple, Ontario) with a range of 1 to 10 (U.S) gallons /min was used for liquid

flow measurement.

The heat exchanger was used to maintain the temperature of the wastewater around 25°C

for all runs. A by-pass line leading back to the holding tank was used to provide for
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Figure 3.1: Schematic diagram of the experimental apparatus for electrochemical
- treatment of simulated wastewater (Dashed (--) lines represent the wires connecting

anode and cathode to direct current power supply)
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Figure 3.2: Different arrangements of the orifices at the bottom of the
electrochemical cell with respect to different volumetric liquid fluxes (dark and light

colored circles show closed and open orifices, respectively)

Fig 3.2(a): Arrangement for Fig 3.2(b): Arrangement for
volumetric liquid fluxes of 0.00471 volumetric liquid flux of 0.01414
‘and 0.00943 m*>.m™.s”. (Laminar) m*.m™.s”. (Turbulent)

Fig 3.2(c): Arrangement for Fig 3.2(d): Arrangement for
volumetric liquid flux of 0.01886 volumetric liquid flux of 0.02357
m’.m>.s™. (Turbulent) m’m?s!, (Turbulent)
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efficient mixing of wastewater in the holding tank as well as to regulate the liquid flow

rate.

A DC Electro power supply (Model 612 T) was used to supply a voltage from 5 to 25 V.

A Simpson ammeter (Model 373) was connected in series for current measurement.

3.1.1. Electrochemical Cell

In the present study, porous electrodes were used in the electrochemical cell. The
materials chosen for the anode and the cathode were stainless steel (SS) and aluminum,
respectively. The choice was made because of the cheap availability and superior

electrowinning characteristics of these materials [5].

A porous stainless steel anode was constructed in-house. A 4-mesh size AISI 316 SS and
AISI 316 SS netting were used. The netting was supplied by Microwire, Toronto,
Ontario. Sixteen layers of the stainless steel netting were sandwiched between the two
stainless steel meshes. The resulting sandwich was held in place by stainless steel tie
wires at its four corners and was compressed to a thickness of 1.5 cm; the stainless steel
tie wire extending from the top of the anode served as current feeder., and was connected
to the power supply The SS anode had a specific surface area of 16.75 cm™ (see
Appendix A for sample calculations) and it rested on the two 10 cm long hollow

cylindrical PVC supports extending from the top of the cathode.

Initially, aluminum foam (ERG Aerospace and Materials, CA), with a grade of twenty
pores per inch (20 ppi), and having a specific surface area of 10.67 cm™, was used as
cathode. However, after just three experimental runs, it became brittle and started to
disintegrate. Therefore, a porous aluminum cathode was constructed in-house. Increased
surface area and better resistance to higher flow rates and voltages were the main design
considerations for the new electrode. Four aluminum plates (Metal Supermarket,
Toronto) were perforated with a 1 mm bit; each plate was 21 cm long, 9 cm wide and
0.08 cm thick, and had eighty four holes, with each hole having a diameter of 0.1 cm. The

perforated plates were then corrugated at an angle of 60° (see Figure 3.3).The plates were
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stacked together to form a cathode that had an area of 1507 cm® The cathode was
connected to the power supply using an aluminum wire; two 1 cm long PVC rings

separated one corrugated aluminum plate from the other.

Figure 3.3: Corrugated aluminum plate with perforations

3.2. Experimental Procedure
3.2.1. Cleaning Prior to Experimental Runs
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.

Electrodes were also cleaned prior to any run. The stainless steel anode was brushed with
stainless steel brush to remove any loose deposits; it was then rinsed with distilled water

and allowed to dry.

The cathode was stripped of any deposits by soaking it in 1:1 molar aqueous nitric acid

bath for 60 minutes; it was then washed with tap water and rinsed with distilled water.
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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.

3.2.2. Preparation of Simulated Wastewater

In the present study, zinc sulfate heptahydrate and nickel sulfate hexahydrate (J.T. Baker)
were used to make the simulated wastewater with zinc and nickel ion concentrations of
20 ppm each. Potassium sulfate (J.T. Baker) was used as supporting electrolyte with a
concentration of 500 ppm. The volume of simulated wastewater used for any

experimental run was 35 liters.

To prepare the simulated wastewater with desired concentration of metal ions and
electrolyte, a 4 liter Erlenmeyer flask was used. Approximately two liters of distilled
water was added to the flask. 3.076 g of zinc sulfate heptahydrate, 3.172 g of nickel
sulfate hexahydrate, and 17.5 g of potassium sulfate were weighed using an electronic
balance (Scientech Inc., Boulder, Colorado) and added to the flask. The contents were
then stirred to dissolve the solutes, and added to 33 liters of distilled water in the holding
tank.

3.2.3. Electrochemical Treatment

The simulated wastewater was added to the holding tank and the pump was turned on.
The water was allowed to flow through the apparatus for at least 5 minutes to ensure
complete mixing of metal jons and electrolyte. The water valves were adjusted to
maintain a desired liquid flow rate, and once the electrodes were completely submerged,
the power supply was turned on and its knob was adjusted to supply a desired voltage.

The electrochemical treatment time for any run was 48 hours.

Samples were drawn from the holding tank at regular time intervals of 0, 4, 8, 24, 28, 32
and 48 hours. A100 ml beaker (VWR, Inc) was used to take grab éamples of wastewater
from the holding tank. The samples were immediately analyzed for pH and metal ions
concentration Likewise, the current and témperature of the wastewater were measured at

the aforementioned time intervals. At the end of 48 hours of electrochemical treatment,
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the wastewater was drained out from the bottom of the holding tank and the electrodes

were taken out from the electrochemical cell for cleaning.

In the first phase of experimental runs, the volumetric liquid flux was kept constant at
0.02357 m’.m™.s™, and the applied voltages were varied from 5 to 25 V; in second phase,
the applied voltage was kept constant at 10 V, and the volumetric liquid fluxes were
varied from 0.00471 to 0.02357 m®>.m.s” For all runs, the temperature of the simulated
wastewater was maintained at 25°C and the pH was maintained between 5.6-6.0.(a
summary of experimental runs is provided in Appendix B) A detailed description of the

activities performed during any experimental run is provided in the following sections.

3.2.3.1. Temperature, Current and pH Measurements

During any experimental run, the temperature of the simulated wastewatér was measured
using glass thermometer (VWR, Inc). The thermometer was dipped in the holding tank
for 10 seconds and the témperature was recorded immediately. If the recorded
temperature was less than 25°C, the flow of the cooling water into the heat exchanger was

decreased, and vice versa.

Similarly, the current was measured, at regular time intervals, using an ammeter. For all
experimental runs, the current decreased during the first three to four hours of
electrochemical treatment because of the reduction of the Ni*™ and Zn**. However, as the
concentration of the metal ions in the bulk electrolyte decreased, the current attained a

stable value.

The pH of the sample was measured with a Corning 220 pH meter. In accordance with
the manufacturer’s manual, the pH meter was calibrated on daily basis using buffers of 4
and 7. For all runs, during the first eight hours of electrochemical treatment, the pH of the
wastewater was measured after every hour. Adjustment to the pH of the simulated
wastewater, between 5.6 and 6.0, was done by adding 1.0 M potassium hydroxide (J.T.
Baker) and 1.0 M sulfuric acid (Merck KGaA). For all runs, typically 20-25 ml of

potassium hydroxide and 5-6 ml of sulfuric acid were used.
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3.2.3.2. Analysis of Zn™ and Ni**

The concentrations of Zn*" and Ni*" in the simulated wastewater were measured using a
spectrophotometer (Model 975 PM, Orbeco-Hellige, Farmingdale, New York). The
wastewater samples, which were to be analyzed for Zn™* and Ni™ concentration, were
prepared according to standard methods ( zincon method and dimethylgloxime method
for Zn™ and Ni", respectively) provided in the manufacturer’s literature (Orbeco-
Hellige). For both methods, 10 ml of wastewater sample was put in a separate beaker and
diluted with 90 ml of distilled water. Three glass tubes (provided with
spectrophotometer) were filled with 10 ml of diluted wastewater sample each. One of
these tubes was used as reference or blank tube, and the other two were used to prepare

sample tubes for detecting zinc and nickel.

In zincon method, the sample tube was prepared by adding crushed zinc tablet (VWR,
Inc) to one of the tubes containing diluted wastewater sample. The sample tube for zinc
was then left aside for 5 minutes for the contents to dissolve. Similarly, the sample tube
to be used in the dimethylgloxime method was prepared by adding, 2 ml of ammonium
citrate (VWR, Inc), 1 ml of iodine (VWR, Inc) 4 ml of ammonium hydroxide (VWR, Inc)
and 18 drops of dimethylgloxime (VWR, Inc) to one the tubes containing diluted
wastewater samples. The sample tube for nickel was then left aside for 7 minutes for

solutions to react completely.

The spectrophotometer had a detection range of 0 to 4 mg/I”! for zinc at a wavelength of
640 nm, whereas the detection range for nickel was 0 to 12 mg/I''at a wavelength of 528
nm. To measure metal ions concentration, first, the knob of the spectrophotometer was
set to a specific wavelength and the reference tube was inserted. The spectrophotometer
would beep after it had finished analyzing the reference tube. Then the sample tube was
inserted, and after 5 seconds, the concentration of the metal ion could be read from the
L.CD (liquid crystal display) screen of the spectrophotometer. This measured
concentration of metal ion, either zinc or nickel, was for the diluted wastewater sample
and was multiplied by 10 to find actual concentration of metal ion in the original

wastewater sample.
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3.3. Viscosity and Density Calculations

The dynamic viscosity of the simulated wastewater and density were assumed to be the
same as calculated by Mitzakov [15] for the simulated wastewater having 20 ppm of
Zn™, 20 ppm of Ni*", and 500 ppm of potassium sulfate. Calculation details of the
method adopted by Mitzakov are provided in Appendix A.

3.4. 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 [53]. Similarly,

the uncertainties associated with the average mass transfer coefficient were determined
from the method of Kline and McClintock [54]
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4. Results and Discussion

‘4.1. Effect of Applied Voltage

4.1.1. Effect of Applied Voltage on Removal of Zn™" and Ni**

Figure 4.1 presents the effect of the applied voltage on the reduction of zinc ions for a
volumetric flux of 0.02357 m>.m?2s’! in the turbulent region; it shows that when the
applied voltage to the electrochemical cell was increased, the removal of Zn** increased
as well. The effect of applied voltage became distinct after just 8 hours of
electrochemical treatment; the percent removal of Zn'" increased from 71 % at 5 V to 91
% at 25 V. However, operating at the higher voltages (from 10 to 25 V), there was not
much difference (only 2 %) as to removal of zinc ions at the end of 48 hours of

electrochemical treatment.

In the present study, the fractions of Zn™" and Ni*" remaining in the electrolyte were
found to have a square-root relationship with time (Fig. 4.2). The governing equation (eq.
4.1) 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 [55]:

ln(%}=—kt“2 4.1)

o

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 time ¢, C, is the initial

concentration of the metal ions, and % is the apparent rate constant for the reduction of

metal ions.
Figure 4.2 presents a semi-log plot of the fractional zinc ion concentration versus square

root of time; the apparent rate constants for Zn", obtained from the slopes of the

corresponding regression lines, are reported in Table 4.1
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Figure 4.1: Effect of applied voltage on Zn" removal during electrochemical
treatment using porous corrugated aluminum cathode and SS anode at volumetric
liquid flux of 0.02357 m*’.m™2.s? (T = 25°C; pH = 5.6-6; I = 0.044, 0.155, 0.260, 0.360
and 0.470 A at applied voltages of 5,10 ,15 ,20 and 25V, respectively)
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Results and Discussion

Figure 4.2: Linear regression for Zn": Effect of applied voltage during
electrochemical treatment using porous corrugated aluminum cathode and SS
anode at volumetric liquid flux of 0.02357 m>.m>.s™ (T = 25°C; pH = 5.6-6; I = 0.044,
0.155, 0.260, 0.360 and 0.470 A at applied voltages of 5, 10 ,15 ,20 and 25V,

respectively). Solid line is linear regression
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The results for nickel ions removal are presented in Figure 4.3. In contrast to Zn"", a
different trend was observed in case of Ni'" removal. At the end of 48 hours of
electrochemical treatment, tﬁe percent removal of nickel ions increased from 66 % at 5 V
to 77.5 % at 10 V. However, further increase in the applied voltage resulted in the
decrease of nickel ions removal- beginning from 72 % at 15 V, it finally decreased to 56
% at 25 V. Figure 4.4 shows a semi-log plot of the fractional nickel ion concentration
versus square root of time; a summary of the apparent rate constants, which were

obtained from the slopes of corresponding regression lines, is presented in Table 4.1.

4.1.2. Effect of Applied Voltage on Apparent Rate Constants

Table 4.1 shows the effect of applied voltage on apparent rate constants for nickel and
zinc. The rate constants for zinc increased with corresponding increase in the applied
voltage. For nickel, the rate constant initially increased for applied voltages of 5 to 10 V;
however; it started decreasing again after an applied voltage of 15 V, and kept decreasing

with further increase in the voltage.

Table 4.1: Apparent rate constants for Zn*" and Ni**

Apparent rate constant, k (s*)
Applied voltage (V) | Zn™" Ni'*
5 6.24E-03 2.60E-03
10 8.68E-03 3.53E-03
15 10.6E-03 2.91E-03
20 11.7E-03 2.44E-03
25 12.2E-03 2.02E-03

From the discussion in the preceding sections, two anomalies are found with respect to

removal of nickel and zinc ions from the electrolyte:
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Results and Discussion

Figure 4.3: Effect of applied voltage on Ni™* removal during electrochemical
_ treatment using porous corrugated aluminum cathode and SS anode at volumetric
liquid flux of 0.02357 m*m™2s” (T = 25°C; pH = 5.6-6; I = 0.044, 0.155, 0.260, 0.360
and 0.470 A at applied voltages of 5,10 ,15 ,20 and 25V, respectively)
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Figure 4.4: Linear regression for Ni™: Effect of applied voltage during
electrochemical treatment using porous corrugated aluminum cathode and SS
anode @ volumetric liquid flux of 0.02357 m*>.m™2s™ (T = 25°C; pH = 5.6-6; I =
0.044, 0.155, 0.260, 0.360 and 0.470 A at applied voltages of 5, 10 ,15 ,20 and 25V,

respectively). Solid line is linear regression.
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Results and Discussion

o The standard reduction potential for Ni*" is -0.23 V (Eq. 2.5), which is higher
than that of -0.76 V for Zn™" (Eq.2.4). At the beginning of 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 of zinc ions increased. However, this is not a new phenomenon; in the
literature, it has been frequently referred to as anomalous co-deposition [56-61].

e The deposition of Zn™" increased with a corresponding increase in the applied
voltage. The Ni*" deposition followed a different path; it initially increased up to
an applied voltage of 10 V, and started to decline again after an applied voltage of
15 V; this apparent anomaly may be addressed against the backdrop of excessive
precipitation of nickel ions as Ni (OH), when operating at higher voltages (15 V

and above).

A brief discussion of the phenomena working behind the aforementioned anomalies is

provided as an aside in the following sections.

4.1.3. Applied Voltage and Anomalous Co-deposition
The term “anomalous co-deposition” refers to the phenomenon occurring during the
electrodeposition of two or more metals, in which the less noble metal deposits more

readily than the more noble metal.

Anomalous co-deposition of metals is a complex phenomenon; though many attempts
have been made to explain it, there is still no universally acceptable theory. Perhaps the
earliest theory to explain the phenomenon of anomélous co-deposition was propounded
by Brenner [56]. In his theory, known as addition agent theory, Brenner explained the
formation of an agent due to cathodic reaction occurring during electrodeposition, which
hinders the deposition of more noble metal. The formation of the agent is deemed to
occur only when the current density is adequately high to raise the pH of the cathode

diffusion layer appreciably.
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According to a different theory proposed by Dahms and Croll [57], anomalous co-
deposition occurs because of the formation of metallic hydroxides layer on the cathode,
which suppresses the deposition of more noble metal. The formation of metallic
hydroxides occurs because of the excessive evolution of hydrogen and hydroxyl ions. In
their study, Dahms and Croll [57] used an iron-nickel alloy system, and it was believed
that the formation of ferrous hydroxide layer blocked nickel discharge, whereas iron
discharged readily through this layer. To further expound their theory, a model was
developed to demonstrate that the electrode surface pH could rise to as much as 9.0 for an
iron-nickel system having a bulk pH of 2.5. Other researchers, Highashi e al. [36] and
Fukushima et al. [58], have validated through experimentation the hydroxide suppression

of the more noble metal, for a zinc-cobalt and zinc-nickel systems, respectively.

Another theory, which is based on the kinetic mechanisms involved during co-deposition
of metals, has also been developed. According to this theory, metal intermediates
adsorbed on the cathode surface act as catalysts for the deposition of less noble metals.
The studies that substantiate this theory include zinc-nickel systems in sulfate medium
[59] or chloride medium [60].

In the present study, as there was no means of either measuring the surface pH of the
cathode or of determining the presence of intermediate adsorbates, results were compared
with similar studies done by other investigators; for zinc-nickel system in sulfate
medium, Ishihara et al. [61] reported the formation of zinc hydroxide film, through which
a preferential deposition of zinc ions was observed. In their study, the pH of the
electrolyte was 2.0 and the zinc hydroxide film formation was supposed to be caused by
rise in the pH near the cathode surface. In the present study, the pH of the electrolyte was
maintained between 5.6 and 6.0. Thus, compared with their study, there was greater
probability of the formation of zinc hydroxide in the present study. Therefore, the theory
proposed by Dahms and Croll [57] appears to provide a reasonable explanation vis-a-vis

the anomalous co-deposition Zn™" and Ni*" observed in the present work.
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4.1.4. Applied Voltage and Precipitation of Metal Ions

_In electrochemical treatment, precipitation of metal ions depends on the pH of the bulk
electrolyte. The complex reactions occurring in an electrochemical cell alter the pH of the
electrolyte to a great extent. During the electrodeposition of metals, besides the reduction
of metal ions at the cathode, many side reactions occur both at the anode and cathode,
and in the bulk solution. These reactions may include the electrolysis of water at the
anode, decomposition of water at the cathode, the reduction of oxygen at the cathode, the
evolution of hydrogen at the cathode, and reaction of metal ions with hydrogen or
hydroxide ions [16, 62]. In the present study, in addition to the basic metal reduction
reactions (Equation 2.4 and 2.5), the following reactions were believed to have occurred

in the electrochemical cell:

The main reaction at the anode under acidic conditions was:
2H,0 —> O, +4H" +4e” 4.2)
“The decomposition of water occurred at the cathode under alkaline conditions

2H,0+2¢” —> H, +20H" 4.3)

The OH" ions reacted with Zn"" and Ni** to form zinc and nickel hydroxide

Zn*™* +20H™ —> Zn(OH), (4.4)

Ni** +20H™ —> Ni(OH), (4.5)

For all runs, the pH of the bulk electrolyte before electrochemical treatment had an
average value of 6.0. With the onset of electrochemical treatment, the pH was observed
to decrease, and after one hour of treatment, it had a typical value of 5.5. The anodic

reaction (Eq. 4.2) was believed to be responsible for decrease in the pH of the solution.
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For the runs that were conducted at 5 and 10 V, pH of the electrolyte had to be adjusted
around a value 6.0 after every hour during the first 8 hours of electrochemical treatment.
However, a slight increase in pH could be observed after 32 hours of electrolysis time,
and it had a typical value of 6.1 at the end of the 48 hours of treatment. The slight
increase in pH was due to decomposition of the water at the cathode (Eq 4.3), which
became a dominant reaction towards the end of the electrochemical treatment. To verify
whether any precipitation of nickel or zinc occurred, 200 ml sample of electrolyte was
filtered with Wattman filter paper # 42 at the end of the treatment. No precipitation was
observed in the solution, or on the filter paper. Zinc and nickel ion concentrations were
also'measured in the filtrate. The measured values provided the balance of Ni** and Zn**

that remained in the solution.

For runs conducted at 15, 20 and 25 V, the electrolyte began to get milky after just 10
hours of electrochemical treatment, and a slight rise in pH could be observed after 20
hours. It was assumed that due to high applied voltages excessive generation of electrons

- occurred at the anode (Eq 4.2), and the water decomposition reaction (Eq. 4.3) became

dominant in the early stages of electrochemical treatment. The excess OH~, which were
generated at the cathode, readily combined with zinc and nickel ions to form zinc and
nickel hydroxides, respectively (Eq. 4.4 & 4.5). In the light of Dahms and Croll’s theory
of anomalous co-deposition [57], it may be assumed that zinc deposited both as pure
metal and as zinc hydroxide, whereas nickel’s deposition was further decreased because

of the increased precipitation of nickel as nickel hydroxide.

At the end of the electrochemical treatment, the 200 ml sample of the electrolyte was
filtered. A light green precipitate could be observed for all runs conducted at 15, 20 and
25 V. The measured concentrations of zinc and nickel ions in the electrolyte, filtrate and
precipitate are reported in Table 4.2. It can be seen that at voltages higher than 10 V,

increased precipitation of nickel as nickel hydroxide occurred.

The effect of applied voltage on the removal of copper from wastewater was studied by

Al-Shammari et al. [48], who employed a perforated rotating barrel electrochemical
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reactor. A similar trend was observed in their case, when beyond the limiting voltage of
5.5V, copper started precipitating as Cu (OH),; a thick layer of Cu (OH), was deposited
on the cathode. Since they did not control the pH of the electrolyte, surface passivation of
the cathode occurred because of increased acidity, which ultimately reduced the removal

of copper.

Table 4.2: Effect of applied voltage on metal ions precipitation after 48 hours of
electrochemical treatment at (0.02357 m3.m'2.s'l; pH = 5.6-6.0; T=25C

Applied voltage | Metal ions in the bulk | Metal ions in the | Metal ions in the
W) electrolyte (mg.I") filtrate (mg.i'l) precipitate (mg.l'l)

Zn™ Ni™" Zn™ |Ni" | Zn" Ni™"

5 1.4 6.8 14 6.8 Nil Nil

10 0.6 4.5 0.6 4.5 Nil Nil

15 0.3 5.6 0.28 0.31 0.02 5.29

20 0.23 7.5 0.19 0.24 0.04 7.26

25 0.20 8.8 0.18 0.21 0.02 8.59

37



Results and Discussion

4.2. Effect of Volumetric Liquid Flux

4.2.1. Effect of Volumetric Liquid Flux on Removal of Zn** and Ni**

It was presumed that higher volumetric liquid flux would result in increased mass
transfer, thus improving the removal of Ni"* and Zn"™. To verify this presumption,
electrochemical treatment was performed both under laminar and turbulent flow

conditions.

The effect of volumetric liquid flux on removal of zinc ions is presented in Fig. 4.5. It is
evident from the graph that the reduction of Zn™ increased with an increase in the
volumetric flux. Within the laminar region, by increasing volumetric liquid flux from
0.00471 to 0.00943 m*m™2.s", the final reduction of Zn™ increased almost by 5 %.
However, the effect of volumetric flux became more pronounced in the turbulent region,
from 0.01414 to 0.02357 m’m™s”!. During the first 8 hours of electrochemical
treatment, the reduction of Zn™ increased from 58 % at 0.00471 m>.m2.s! to 81% at
0.02357 m3.m'2.s'l, while after 48 hours of electrochemical treatment, the removal of

Zn"* was 97 % at 0.02357 m>.m>.s™! compared to 84% at 0.00471 m>.m2.s™.

Figure 4.6 proves again the square-root dependence of reduction of Zn™" on time; the
apparent rate constants for Zn"", obtained from the slopes of the corresponding regression

lines, are reported in Table 4.3.

The results for nickel ions removal are shown in Figure 4.7. It can be seen that the
removal of nickel gradually increased with an increase in the volumetric liquid flux; at
the end of 48 hours of treatment, the final removal of Ni*" increased from 60% at

0.00471 m>.m™.s"to 77.5 % at 0.02357 m*.m™2.s;

Figure 4.8 proves the square root relationship described earlier; apparent rate constants
for Ni**, which were obtained from the slopes of the corresponding regression lines, are
reported in Table 4.3. The bar graph (Figure 4.9) compares the effects of volumetric
liquid flux on the removal of Zn"" and Ni** , both under laminar and turbulent flows; it

also shows the effects described in the preceding lines.
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Figure 4.6: Linear regression for Zn™: Effect of volumetric liquid flux during
_electrochemical treatment using porous corrugated aluminum cathode and SS
anode at an applied voltage of 10 V (T = 25°C; pH = 5.6-6; I = 0.155 A). Solid line is

linear regression
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Figure 4.7: Effect of volumetric liquid flux on Ni'" removal during electrochemical
_ treatment using porous corrugated aluminum cathode and SS anode at an applied
voltage of 10 V (T = 25°C; pH = 5.6-6; I = 0.155 A)
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Figure 4.8: Linear regression for Ni"*: Effect of volumetric liquid flux during
electrochemical treatment using porous corrugated aluminum cathode and SS
anode at an applied voltage of 10 V (T = 25°C; pH = 5.6-6; I = 0.155 A). Solid line is

linear regression
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Results and Discussion

Figure 4.9: Comparison between Zn*" and Ni™ removal in the laminar and
turbulent flow regimes during electrochemical treatment using porous corrugated
aluminum cathode and SS anode at an applied voltage of 10 V (T = 25°C; pH = 5.6-
6; 1=0.155 A)
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4.2.2. Effect of Volumetric Liquid Flux on Apparent Rate Constant (k) and Mass
Transfer Coefficient (k)

In the present study, the average mass transfer coefficients were obtained through
concentration decay measurements of 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 Appendix A. Figure 4.10 compares mass transfer coefficients
obtained for Zn™" and Ni** from laminar to turbulent flow regimes. Similarly, Table 4.3
presents the effects of volumetric liquid flux, both in the laminar and turbulent regions,

on apparent rate constants and mass transfer coefficients for Zn** and Ni*",

Table 4.3: Apparent rate constants (k) and mass transfer coefficients (km) for Zn™
and Ni'" (T = 25°C; pH = 5.6-6.0; applied voltage =10 V)

Flow Volumetric liquid k(s"°) K (m.s™)
regime flux (m>.m2.s™) Zn™ Ni™ Zn™ Ni™
Laminar 0.00471 4.64E-03 | 2.19E-03 | 2.41E-06 | 1.22E-06
0.00943 5.44E-03 | 2.34E-03 | 2.83E-06 | 1.33E-06
Turbulent 0.01414 6.82E-03 | 2.52E-03 | 3.52E-06 | 1.44E-06
0.01886 7.80E-03 | 2.87E-03 | 3.83E-06 | 1.58E-06
0.02357 8.68E-03 | 3.53E-03 | 4.50E-06 | 1.97E-06

At the highest volumetric liquid flux of 0.02357 m®>.m™.s’, the rate constant for zinc is
1.87 times higher than at the lowest volumetric liquid flux of 0.00471 m®m2s™. For
nickel, the £ is 1.61 times higher at the highest volumetric liquid flux than at the lowest
volumetric liquid flux. Likewise, at the highest volumetric liquid flux, the mass transfer
coefficient for zinc is almost 2 times higher than at the lowest volumetric liquid flux,
whereas for nickel, the mass transfer coefficient at the highest volumetric liquid flux is

approximately 1.6 times higher than at the lowest volumetric liquid flux.

44



Results and Discussion

Figure 4.10: Effect of volumetric liquid flux on mass transfer coefficients for Zn"
_and Ni'"" during electrochemical treatment using porous corrugated aluminum
cathode and SS anode at an applied voltage of 10 V (T = 25°C; pH = 5.6-6; I =
0.155A) |
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Operating at 10 V, with a volumetric flux of 0.0229 m®.m™2.s" in the turbulent region,
Mitzakov [15] reported apparent rate constant values of 1.02 x 10 s for Zn**, and
5.83 x 10® s for Ni* reduction; after 48 hours of electrochemical treatment, the
corresponding rate of reaction (r)values for Zn** and Ni** were 1.97 x 10® and 1.5 x 10
kg.m?s?, respectively (See Appendix A for sample rate of reaction calculations) In the
present study, operating under similar conditions (10 V; 0.02357 m3.m'2.s"), the
respective rate constant values for Zn™" and Ni** removal are 8.68 x 10~ and 3.53 x 107
s%%; and for 48 hours of electrochemical treatment, the corresponding rate of reaction
values for Zn™ and Ni™" are 2.64 x 10 and 2.11 x 10® kg.m™.s™,, respectively, which are

approximately 1.4 times higher than those reported by Mitzakov [15].

Similarly, operating at 10 V in the turbulent regime (0.0229 m? .m'z.s"), the mass transfer
coefficients reported by Mitzakov [15] for Zn™" and Ni*" were 2.05 x 10° and
1.19 x 108 m.s”", respectively; the values of mass transfer coefficients for Zn** and Ni*™*
- obtained in the present stﬁdy are, respectively, 2.2 and 1.7 times higher than those
- reported by Mitzakov [15]. Although the amount of supporting electrolyte (500 ppm),
the initial concentrations of Ni** and Zn™ (20 ppm each), and the volume of simulated
wastewater (35 liters) used were same in both studies, the high reaction rates and mass
transfer coefficients obtained in the present study may be attributed to the improved
configuration of the cathode. In his study, Mitzakov [15] used a plate-in-tank
configuration for porous electrodes. In the current study, a flow-through configuration
was used, which improved overall kinetics of the process. Moreover, investigations found
in the literature reveal that corrugations create irregular flow paths, which help enhance
flux and mass transfer rates, and provide characteristics of turbulent regime even at low
Reynolds numbers [64]. Therefore, improved mass transfer characteristics exhibited by
corrugated structure, could be another reason for the high rate constants and mass transfer

coefficients obtained in the present study.
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4.3. Observed Deposits on the Cathode

“The deposition of Zn™* and Ni"™* on the surface of the corrugated cathode plates was
visually observed after 48 hours of treatment. Most of the deposits were formed on the
top plate of the stack of corrugated cathodes that directly faced the anode; roughly, 60%
of the deposits were found on the top plate. Movin\g down the stack, the deposition of
metal ions gradually decreased on successive plates; the last plate on the bottom had
minimal deposition (roughly 5 %). As no technique was employed to measure the amount
of metal deposition, the figures provided in the preceding lines are just rough visual

estimates.

The deposition trend followed the same path both for laminar and turbulent flows.
However, greater product build-up was found in case of turbulent flow. In all cases, the
deposits were firm, largely light grey in color, with sparsely distributed dark grey

patches. In addition, the perforations on the plates remained unblocked.

Considering the removal trends for Zn™" and Ni** presented by Figures 4.1 & 4.3, and the
aforementioned observations for metal ions deposits, it may be surmised that during the
first 8 hours of electrochemical treatment, the deposition of metal ions mostly occurred
on the top cathode plate. Moreover, with the passage of the electrolysis time, the sites for
metal ions deposition on the top plate decreased, and they started depositing on the

bottom plates.
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4.4. Comparison of Porous Corrugated Aluminum Cathode with Porous Aluminum
Foam Cathode

As already mentioned in section 3.1.1., a porous aluminum foam cathode was originally
used in a flow-through configuration. However, only three runs could be completed using

the porous aluminum foam cathode, after which it got degraded and started to chip off.

Figure 4.11 presents a comparison between the porous corrugated aluminum cathode
(PCAC) and the porous aluminum foam cathode (PAFC) used in the present study. For
the first two runs conducted at an applied voltage of 10 V, and at volumetric fluxes of
0.00471 and 0.00943 m>.m™s”, there was not much difference with respect to the
removal of Ni*" and Zn™ (roughly 5 %) between the two cathodes. However, at a
volumetric flux of 0.01414 m3.m™.s”, the aluminum foam cathode started to disintegrate.
In case of porous aluminum cathode (Figure 4.11), after about 28 hours of electrolysis
time, the downward progress of the removal lines for Zn™" and Ni'" represents
degradation phenomenon, after which the loosely deposited Ni** and Zn"™ started to

- dissolve again in the bulk solution.

The main reason for degradation of aluminum foam was its brittle structure that could not
withstand higher liquid flow rates. Therefore, it may be said that the aluminum foam
cathode, if used in flow-through configuration, is not a viable option for removal of Ni**
and Zn™" from wastewater. In contrast, the porous corrugated aluminum cathode proved
to be a stronger electrode that could be used at higher voltages and liquid flow rates. It

was used in all subsequent experiments.
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Figure 4.11: Comparison between Porous Corrugated Aluminum Cathode and

at different volumetric liquid fluxes and an

applied voltage of 10 V (T = 25°C; pH = 5.6-6)
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4.5. Optimum Voltage and Volumetric Liquid Flux

From the discussion in the previous sections, it may be concluded so far that the
maximum concurrent removal of Zn"" and Ni*" -- 97 % and 77.5 %, respectively --
occurred at an applied voltage of 10 V, and at a volumetric liquid flux of 0.02357 m*.m"
2 s"!(Figure 4.12). This was the maximum volumetric flux that could be achieved under
the current system configuration. However, one area that deserved further investigation

was the removal of Ni"* between applied voltages of 10 and 15 V.

To investigate whether Ni*" removal could further be improved, another run was
conducted at 12 V and 0.02357 m>.m™2.s". Figure 4.13 shows a comparison for percent
removal of Zn"" and Ni*" at 10 and 12 V; it can be observed that operating at 12 V, the

removal of Zn™" increased only 1 % , while that of Ni'" increased 8 %.

Figure 4.14 proves again the square-root relationship of metal ions concentration with
~ time; at an applied voltage of 12 V and at a volumetric liquid flux of 0.02357 m*.m?2.s™,
apparent rate constants for both Zn"™" and Ni"" were obtained from the slopes of the
corresponding regression lines. Table 4.4 shows a comparison of rate constants and mass
transfer coefficients for Zn™ and Ni** at 10 and 12 V and at a volumetric flux of 0.02357
m>.m2s?!. A considerable difference was observed in case of nickel removal; for
instance, increasing applied voltage from 10 to 12 V, the mass transfer coefficient for

Zn™ increased by 8 % only, while for Ni*" it increased by 27 %.

Table 4.4: Comparison between apparent rate constants and mass transfer
coefficients for Zn™" and Ni'" at 10 and 12 V, and at a constant volumetric flux of
0.02357 m>.m.s™. (T = 25°C; pH = 5.6-6.0)

Applied Apparent rate constant Mass transfer co-efficient
voltage Ched) (m.s")
W) Zn™ Ni'™" Zn*" Ni™
10 8.68E-03 3.53E-03 4.50E-06 1.97E-06
12 1.00E-03 4.36E-03 4.86E-06 2.50E-06
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Figure 4.12: Effect of applied voltage on removal of Zn™* and Ni"" after 48 hours of
electrochemical treatment using porous corrugated aluminum cathode and SS
anode at volumetric liquid flux of 0.02357 m>.m?.s” (T = 25°C; pH = 5.6-6; I = 0.044,
0.155, 0.260, 0.360 and 0.470 A at applied voltages of 5, 10 ,15 20 and 25V,

respectively)
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Figure 4.13: Comparison of Zn™ and Ni** removal at 10 and 12 V during
electrochemical treatment using porous corrugated aluminum cathode and SS
anode at volumetric liquid flux of 0.02357 m*>.m™s™ (T = 25°C; pH =5.6-6; I = 0.155
and 0.195 A at applied voltages of 10 and 12 V, respectively)
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Figure 4.14: Linear regression for Zn™* and Ni**: Effect of an applied voltage of 12
.V during electrochemical treatment using porous corrugated aluminum cathode
and SS anode at volumetric liquid flux of 0.02357 m*.m™.s™! (T = 25°C; pH = 5.6-6; I

= 0.195 A). Solid line is linear regression
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At an applied voltage of 12 V, a small amount of precipitation for nickel (0.37 mg.l™")
was observed at the end of 48 hours of treatment. Operating beyond 12 V would have
resulted in increased precipitation for Ni™", as was observed in case of an applied voltage
of 15 V. Therefore, for the present study, the optimum applied voltage and volumetric
liquid flux were found to be 12 V and 0.02357 m>.m%s/, respectively.

The run at the optimum applied voltage and volumetric liquid flux was repeated three
times. The standard deviations for measurement of Zn"™" and Ni** concentration were
found to be 0.063 and 0.071mg.l!, respectively. Likewise, the percentage errors
associated with the measurements of zinc and nickel ions concentration were found to be

2.1% and 2.4%, respectively; these errors were assumed to be same for all other runs.
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5. Conclusions

. The present study investigated the electrochemical removal of nickel and zinc ions from

simulated wastewater using porous electrodes in a flow-through configuration. From the

analysis of the results obtained, the following conclusions could be drawn:

The applied voltage had a definite effect on the removal of nickel and zinc; the
maximum concurrent removal for both nickel and zinc occurred at an applied
voltage of 12 V. Although the removal of Zn*" increased with the increase in the
applied voltage, it only improved by 1 %, from 98% to 99.05 %, when the voltage
was increased from 12 to 25 V; nevertheless, the effect of applied voltage was
more pronounced in case of nickel; the removal of nickel ions decreased from a
value of 85.5 % at 12 V to 56 % at 25 V.

Increasing volumetric liquid flux from laminar to turbulent conditions
significantly improved the removal of both nickel and zinc ions; operating at an
applied voltage of 10 V and a volumetric liquid flux of 0.02357 m’.m>s” in the
turbulent regime, the removal for nickel and zinc ions increased by 17.5 % and 13
%, respectively, when compared to their corrésponding removal at a volumetric
liquid flux of 0.00471 m*>.m™.s™! in the laminar regime.

Using a stack of porous corrugated aluminum plates as cathode, and porous
stainless steel as anode in a flow-through configuration proved to be a viable

option for the removal of nickel and zinc ions from the simulated wastewater.
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6. Recommendations

The present study showed that Ni'* and Zn"™ could be removed from simulated
wastewater using flow-through porous electrodes. The separation between the anode and
the cathode is of prime importance with respect to electrochemical reactor design. If the
distance between the anode and the cathode is decreased, the resistance to flow of the
current decreases as well. Therefore, further study should be conducted to investigate the
effect of separation between the anode and the cathode on the removal of heavy metals
from wastewater Moreover, the porous corrugated electrodes could be used in an
alternating flow-through arrangement; this may result in improved current densities even
at lower applied voltages. Furthermore, the removal of individual metals, such as zinc
and nickel should also be studied to determine the influence of one metal on the

electrodeposition of the other.
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Appendices
- Appendix A: Sample Calculations
~ Appendix Al: Orifice Diameter Caléulation
To determine orifice diameter, first the liquid velocity was calculated using the following

equation [63]:
AP =1.7267x107* pv? (Al-1)

In the above expression, AP is the differential pressure in 1b.ft, pis the density of the

liquid in Ib ft3, and v is the liquid velocity in ft.s”. The pressure difference is the
pressure exerted by the column of water at the base of the electro-cell. In the design of

the electrochemical cell, the height of the liquid head was chosen to be 30.48 cm or 1ft.

Density of water at 25°C, p = 62.241b.ft
At one foot liquid head, AP = 62.42 Ib. ft™

v= 62.42 ——=76.21 fi.s7'
62.24(1.7267x10™)

For a liquid flow rate (Q) of 25 L.min™! = 0.01471 f*.s™", which was the maximum flow
rate of wastewater in the experimental design for current study (see Appendix A4), the

orifice diameter was calculated from the following equation:

orifice = 4Q (A1-2)
v
D,y = 490 _ J——4x 001471 _ 016 ft = 0.00487m = 0.5 cm
Ty x76.21

At the highest volumetric liquid flux of 0.02357 m®.m™.s!, with all the orifices left open
(see fig 3.2 d), the volumetric flux through a single orifice was 0.00295 m>.m™.s!
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Appendix A2: Calculation of Surface Area of the Anode [63]

The porous anode was constructed by compressing 316-stainless steel netting in between
two 316-stainless steel meshes. In one layer of netting, there were approximately 40
wires of an approximate length of 16.5 cm. The diameter of one wire was 0.016 cm. The
dimensions of one layer of was 11.4 x 10.8 cm. Based on these values the porosity of the

anode was calculated.

Volume of one layer (solid) = (11.4x10.8x0.016)cm’® =1.974cm’

Volume of one wire = =0.00332cm’

nD’L _ 7(0.016cm)*16.5cm
4 4

Volume of 40 wires in a layer=40x0.00332cm’ = 0.133cm’

The porosity of the anode (s) =1- 0—113—('1”— =0.933
1.974cm
. . 4 4 -1
r = ratio of surface area to volume of the wire =—=——=250cm
D 0.016

The resulting specific area of the anode is [31]:

Specific area of the anode=r.(1-£) =250 cm™ (1-0.933) =16.75 cm™

Appendix A3: Viscosity and Density Calculations [65]

The dynamic viscosity of the simulated wastewater was calculated from the method

described in [65].The dynamic viscosity () of a multicomponent electrolytic solution

can be calculated from the following expression:

n=1, expV (A3-1)

In the above expression 7,is the viscosity of water, which was obtained from Perry’s

Chemical Engineers’ Handbook [66] at the experimental temperature. ¥ was given by the

following equation:
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k
V=2 c,(Ay + At + Ayc, + Ayt (A3-2)

i=1

In the above expression, c, is the percent mass fraction of species 7, 4, , are 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 of the solution was calculated from the following formula:

k
p=p,+.c(B,+Byt+Byc) (A3-3)

i=]
In the above expression p, is the density of water (kg.m™), B 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 of the water was obtained from Perry’s Chemical Engineers Handbook [66] 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 of the solution selected:

¢ =100MC; (A3-4)
P

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 (A3-1).
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The density and dynamic viscosity calculated for a multicomponent electrolytic solution
with concentration of 20 ppm for zinc and nickel, and 500 ppm for potassium sulfate
were:

o p=99731gl" = 997.31 kg.m

e 7=0.00087 Pa.s= 0.00087.kg.m™.s"

Appendix A4: Calculation of Volumetric Liquid Flux and Reynolds Number

The Reynolds number is the ratio of inertial forces, as described by Newton's second law
of motion, to viscous forces. If the Reynolds number is high, inertial forces dominate and
turbulent flow exists. If it is low, viscous forces prevail, and laminar flow results. For a
fluid flowing through a pipe or column, the Reynolds number is given by the following

expression:

Re="Pe (Ad-1)
1]

In the above expression, u is the characteristic velocity of the fluid (m.s™), D¢ (m) is the
characteristic diameter of the coiumn, and v is the kinematic viscosity of the fluid. The
characteristic velocity of a fluid flowing through a pipe depends on pipe diameter. If the
diameter of the pipe varies, the velocity of the fluid varies as well. However, if the pipe is
of uniform diameter, as was the case in the present study, the characteristic velocity is
equal to the volumetric flux of the fluid (V) (m®>.m?2.s™). Likewise, the characteristic
diameter depends on the particular geometry of the pipe, and in case of a uniform
diameter pipe, it is equal to the actual diameter of the pipe. In the present study, the PVC
column had a uniform diameter, therefore, Dc was equal to the diameter of the

electrochemical cell (D,,= 0.15m); and kinematic viscosity (v=n/p, m%s™) was

calculated from the values of dynamic viscosity and density given in Appendix A3.

In the present study, the flow rate was varied between 5 Lmin."! to 25 Lmin". The

volumetric liquid flux (U) was calculated by dividing the flow rate with area of the
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electrochemical cell (4,,). The calculations for different volumetric liquid fluxes and

‘Reynolds numbers are provided in Table A4-1.

Table Ad4-1: Volumetric liquid fluxes and Reynolds numbers at different flow rates

(Dcen=.0.15m; A, =0.01767 m*v =8.72x10"m*s™)

[/

Volumetric liquid flux
Liquid flow rate (Q) U=0Q/Ace) Re = UD,
(l.min™) (m’.sT) (m’m?%s?) v
5 8.33E-5 0.00471 810
10 1.66E-4 0.00943 1622
15 2.50E-4 0.01414 2432
20 3.33E4 0.01886 3244
25 4.16E-4 0.02357 4054

Appendix AS: Rate of Reaction Calculation
In the present study, the following equation of was used to calculate rate of reaction (r)
for Zn™ and Ni** [63]:

._ac
AN

(A5-1)

Where V' is the total volume of the electrolyte, AC is the change in the concentration of

metal ions in the time interval Af, and 4 is the area of the cathode

For 48 hours of electrochemical treatment at an applied voltage of 10 V, and at a
volumetric liquid flux of 0.02357m3.m™.s™ (Fig. 4.6), C, for zinc can be calculated from

eq. (4.1) as follows:

m(%) =~k1'"? or C, = C, exp[ -k |= 20exp[ -0.521(48)"* | = 0.54 mg ™
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So, for zinc:
AC=C,-C,=Cy~C,; =20-0.54=19.46 (mg.™) =19.46g.m™
At=t,—t,=48-0=48(h) ; 4=0.1507m% V= 0.035m’

. 0.035(19.46)
0.1507(48)

=0.095gm2h =295 4,

m?s™ =2.64x10"%kgm s
1000x3600

Similarly, for nickel r =2.11x10*kg.m™2.s™

And using the model equation of Mitzakov’s work [15], (In(C,/C,) = —kt), with

A=0.1669m? and V=0.035 m?, in his study, the corresponding rate of reaction values for

zinc and nickel were found to be 1.97 x 10® and 1.5 x 108 kg.m?2s", respectively.

Appendix A6: Calculation of the Mass Transfer Coefficient [63]

The mass transfer coefficients for nickel and zinc were calculated using average metal
ions concentration € (mg.I"), and the change in metal ions concentration AC (mg.I") during
the specific time interval At (h). One sample calculation for determining ky, for zinc at a

volumetric liquid flux of 0.02357 m®>.m™.s" and at an applied voltage of 10 V is shown
below in Table A6-1:

Table A6-1: Mass transfer coefficient for Zn**

Time | Conc.Zn | At=tyt, | AC=C,-C, | €=(C;+C;)2 | k,=VAC/At.A.C Km At
(h) | (mgl") (h) (mg.I) (mg.r) (m.h) (m)
0 20 4 12.8 13.6 0.054646942 | 0.218587767
4 7.2 4 34 5.5 0.035893105 | 0.14357242
8 3.8 16 22 2.7 0.011827521 | 0.189240335
24 1.6 4 0.2 1.5 0.00774165 0.0309666
28 1.4 0.5 1.15 0.025244511 | 0.100978044
32 0.9 16 0.3 0.75 0.005806238 | 0.092899801
48 0.6 Avg. k= 0.01617

where V= 0.035 m>= volume of the solution and A= 0.1507 m?is the area of the cathode,
and Avg. kn= (3 km At)/48h=0.0162m.h™" =4.5 x 10° m.s"!
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Appendix A7: Uncertainty in Mass Transfer Coefficient

The mass transfer coefficient was given by the following expression [63]:

. _AcY
" AtdeC'

(A7-1)

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 [54]:
2 2
o’x~clu (ﬁ] + azv(gx-) Frors (A7-2)
Ou ov

Based on equation A7-2, the uncertainty associated with the mass transfer coefficient was

given by

okm Y (okm Y (okm Y (dkm _ YV (okm Y
b =\aac %) (o) *\aar o) e ) Hoc %) A7)
e

A sample calculation for determining the uncertainty linked with mass transfer
coefficient for zinc (Run 10: at 12 V and 0.02357 m® .m?s1) is provided below.

1. The uncertainty associated with AC in time interval Arwas calculated by multiplying

the total concentration change in 48 hours by standard deviation for zinc (0.063 mg.1"):

O =AC%0.063=19.6x0.063=1.23mg.]™

2. Similarly, the uncertainty for average concentration (C') was:

0 =C'x0.063=10.2x0.063 = 0.642mg.I""
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3. The uncertainty in total volume of the electrolyte was based on a 4000 Erlenmeyer
flask, which was used to make scale markings on the holding tank to a total of 35 liters of
solution. The flask had an uncertainty of + 5% or % 200 ml. For 35 liters of solution, the

total uncertainty was:

o, =8(4000:£200)m! +3000+150m! = 35000 +1750ml = 35000+ 2! , or o, =0.002m’

4. The uncertainty in electrode surface area was based on the graduations of the
measuring tape used. The smallest graduation was 1mm. The relative uncertainty

associated with electrode area (cathode) was calculated by the following expression [54]:

0 1 2 2
Relative uncertainty = \/(—J + (—) =1.2%

Or

04 = 0.012(0.1507)m? =1.81x107 m?

5. The uncertainty associated with time was based on an assumed error of 5 seconds in an

hour, and for 48 hours of electrolysis time it amounted to

o, =48x5/3600 = 0.067A

The uncertainty associated with k, was determined by calculating the five terms in

equation C4-3 one by one

2 2
xaAc) =( 0.035 x1.23) =3.4x10"mh™!

(At.Ae.C' 48x0.1507x10.2

2 2
ac_, o, | = ( 19.6 x 0.002) =2.82x107 m.h™
At.AeC’ 48x0.1507x10.2
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’ 2
((AO%EXGNJ ‘-'-‘((48)1?(‘3);2;3735102)(0.067) =1-68x10—10m.h-1
. Ae. ) 10,

2 2
Ao, | o[ 128X0035 ) e1s107 | 12410 ma
At.(de)’.C 48x(0.1507)? x(10.2)

2 2 ‘
—AC o, | o[ L2600 an ) —3.4x107 m
At.Ae(C) 48%0.1507%(10.2)

Or

k,= \/(3.4+2.82+3.4)x10"7 +1.68x107° +1.24x107* =9.87x10™* m.h™" =2.74x107" m.s™

Similarly, the uncertainty associated with the mass transfer coefficient for nickel (Run

10: at 12 'V and 0.02357 m3.m'2.s") was found to be2.34x107 m.s™.
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Appendix B: Summary of Experimental Runs
Appendix B1: Porous Aluminum Foam Cathode and Porous SS Anode

Table B1-1: Run 1

Conditions: @ 0.00471 m*.m.s"; 10 V; T=25°C; pH = 5.6-6

Ni™" Ni™" Zn"™ Zn"
Observations | Time Conc. Removal Conc. Removal

#) M) | (mgl) | (%) | (mgl) | (%)

1 0 20.0 0.00 20.0 0.00

2 4 18.0 10.00 13.2 34.00

3 8 15.6 22.00 9.6 52.00

4 24 12.1 39.50 5.8 71.00

5 28 11.2 44.00 5.5 72.50

6 32 10.8 46.00 5.2 74.00

7 48 9.8 51.00 4.1 79.50

Table B1-2: Run 2

Conditions: @ 0.00943 m>.m?.s™; 10 V; T=25°C; pH = 5.6-6

Nit* Nit* Zn*" Zn*"
Observations | Time Conc. Removal Conc. Removal

*#) () | (mgrhy | (%) | mgl") | (%)

1 0 20.0 0.00 20.0 0.00

2 4 17.0 15.00 12.1 39.50

3 8 14.4 28.00 9.0 55.00

4 24 11.6 42.00 5.0 75.00

5 28 10.5 47.50 4.3 78.50

6 32 10.2 49.00 3.9 80.50

7 48 8.4 58.00 2.70 86.50
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Table B1-3: Run 3
- Conditions: @ 0.01414 m*.m™.s™; 10 V; T=25°C; pH = 5.6-6

Ni*" Ni™ Zn** Zn"
‘| Observations | Time Conc. | Removal | Conc. | Removal
*#) ) | (mgl) | (%) | (mgl") | (%)

1 0 20.0 0.00 20.0 0.00

2 4 15.0 25.00 11.1 44.50

3 8 122 | 39.00 7.5 62.50

4 24 9.0 5500 | 24 88.00

5 28 8.4 58.00 1.8 91.00

6 32 10.1 49.50 3.1 84.50

7 48 11.5 42.50 3.3 83.50

Table B2-1: Run 1
Conditions: @ 5 V; 0.02357 m>.m™.s!; T=25°C; pH = 5.6-6

Appendix B2: Porous Corrugated Aluminum Cathode and Porous SS Anode

Ni™ | Ni™ Zn™ | Zn™
Observations | Time Conc. Removal | Conc. | Removal
(#) (h) (mg.I") (%) (mg.I) (%)

1 0 20 0.00 20.0 0.00

2 4 15.8 21.00 9.7 51.50

3 8 13.7 31.50 5.7 71.50

4 24 9 -55.00 34 83.00

5 28 8.6 57.00 3.0 85.00

6 32 8.2 59.00 2.5 87.50

7 48 68 | 66.00 1.4 93.00
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Table B2-2: Run 2
Conditions: @ 10 V; 0.02357 m*.m™s™; T=25°C; pH = 5.6-6

Ni™* Nit Zn"™ Zn*"
Observations | Time Conc. Removal Conc. Removal
() ) | mgy | (%) | mgr") | (%)
1 0 20.0 0.00 20.0 0.00
2 4 14.0 30.00 7.2 64.00
3 8 12.0 40.00 3.8 81.00
4 24 7.2 64.00 1.6 92.00
5 28 6.3 68.50 1.4 93.00
6 32 5.9 70.50 0.9 95.50
7 48 4.5 77.50 0.60 97.00

Table B2-3: Run 3
Conditions: @ 15 V; 0.02357 m*m™.s™!; T=25°C; pH = 5.6-6

Nit

Nit* Zn*" Zn**
Observations | Time Conc. Removal Conc. Removal

6] () | (mglh | (%) | (mgl") | (%)

1 0 20.0 0.00 20.0 0.00

2 4 14.8 26.00 5.2 74.00

3 8 13.1 34.50 2.9 85.50

4 24 9.0 55.00 0.8 96.25

5 28 8.0 60.00 0.6 97.00

6 32 72 64.00 0.5 97.45

7 48 72.00 0.3 98.30

5.6
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Table B2-4: Run 4
Conditions: @ 20 V; 0.02357 m>.m™.s; T=25°C; pH = 5.6-6

Ni™

Nit Zn™ Zn"™
Observations | Time Conc. | Removal Conc. Removal

) () | (mgl) | (%) | (mgl') | (%)

1 0 20.0 0.00 20 0.00

2 4 15.9 20.50 5 75.00

3 8 13.8 31.00¢ 24 88.00

4 24 9.9 50.50 0.58 97.10

5 28 - 8.7 56.50 0.42 97.90

6 32 8.3 58.50 0.31 98.45

7 48 7.5 62.50 0.23 98.85

Table B2-5: Run §
Conditions: @ 25 V; 0.02357 m*.m™.s!; T=25°C; pH = 5.6-6

: Nit* Nit* Zn™ Zn™
Observations | Time | Conc. | Removal Conc. | Removal

) ) | (gl | (%) | mgl) | (%)

1 0 20.0 0.00 20.0 0.00

2 4 16.5 17.50 4.3 78.50

3 8 14.4 28.00 1.8 91.00

4 24 11 45.00 0.5 97.55

5 28 10.5 47.50 0.4 98.10

6 32 9.6 52.00 0.3 98.60

7 48 8.8 56.00 0.2 99.05
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Table B2-6: Run 6
Conditions: @ 0.00471 m*.m™.s™; 10 V; T=25°C; pH = 5.6-6

Ni™ Ni™ Zn** Zn™
Observations | Time Conc. | Removal | Conc. | Removal
) M) | mgl) | (%) | (mglh) | (%)

1 0 20 0.00 20.0 0.00
2 4 16.8 16.00 11.0 45.00
3 8 14.4 28.00 8.4 58.00
4 24 10.5 47.50 4.8 76.00
5 28 9.8 51.00 4.5 77.50
6 32 9.2 54.00 4.2 79.00
7 48 8 60.00 3.2 84.00

Table B2-7: Run 7
Conditions: @ 0.00943 m*.m>.s™; 10 V; T=25°C; pH = 5.6-6

Ni™ Ni™ Zn™ Zn™
Observations | Time Conc. Removal Conc. Removal
*#) ) | mgl) | (%) | (mglh) | (%)
1 0 20.0 0.00 20 0.00
2 4 16.3 18.50 10.1 49.50
3 8 13.9 30.50 7.4 63.00
4 24 10.0 50.00 3.6 82.00
5 28 9.5 52.50 3.5 82.50
6 32 9.1 54.50 3.3 83.50
7 48 7.3 63.50 2.3 88.50
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Table B2-8: Run 8
Conditions: @ 0.01414 m*.m2.s™; 10 V; T=25°C; pH = 5.6-6

Nit* Ni™ Zn" Zn"
Observations | Time Conc. Removal Conc. Removal

) () | mgl) | (%) | mgl) | (%)

1 0 20.0 0.00 20.0 0.00

2 4 16.0 20.00 9.5 52.50

3 8 13.5 32.50 6.5 67.50

4 24 9.5 52.50 2.6 87.00

5 28 9.0 55.00 2.2 89.00

6 32 8.4 58.00 1.8 91.00

7 48 6.8 66.00 1.3 93.50

Table B2-9: Run 9
Conditions: @ 0.01886 m*.m™.s™; 10 V; T=25°C; pH = 5.6-6

Nit" Ni™ Zn" Zn*"
Observations | Time Conc. Removal Conc. Removal

#) (h) (mg.I™) (%) (mg.I'™) (%)

1 0 20 0.00 20 0.00

2 4 15 25.00 8.4 58.00

3 8 13.3 33.50 54 73.00

4 24 8.8 56.00 1.8 91.00

5 28 7.7 | 61.50 1.6 92.00

6 32 7.3 63.50 1.2 94.00

7 48 6 70.00 0.98 95.10
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Table B2-10: Run 10
Conditions: @ 0.02357 m*.m%.s; 12 V; T=25°C; pH = 5.6-6

Ni™ Nit Zn™ Zn™
Observations | Time Conc. Removal Conc. Removal
# (b (mg.1") (o) (mg.I") ()

1 0 20.0 0.00 20.0 0.00
2 4 12.9 35.50 5.4 73.00
3 8 10.1 49.50 3.2 84.00
4 24 6.0 70.00 1.0 95.00
5 28 4.9 75.50 0.8 96.25
6 32 4.5 77.50 0.6 96.90
7 48 3.0 85.50 0.4 98.00
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