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Abstract
Anoxic groundwaters in the Waikato region are naturally contaminated with iron
and manganese at levels of 25.0 mg/L and 0.9 mg/L respectively and above.
Often these contaminants can be removed by simple aeration and clarification
and/or filtration. However when present with elevated levels of silica and/or
organic matter, these waters, upon oxidation, can form highly stable brownish
colloidal suspensions that are difficult to filter. Typical treatment methods for
these waters usually involve expensive ion exchange to remove the metal ions in
their reduced forms or chemical oxidation, using strong oxidising agents such as
calcium hypochlorite, to precipitate the metals as their respective hydrous oxides.
An improved multiple electrode perforated electrode flow through (ME-PEFT)
cell has been developed for in-line electrochemical oxidation of these problem
waters. In initial work, using low cost graphite anodes and with added sodium
chloride (250 mg/L), 40% instant oxidation at 16 V was achieved.

When

dimensionally stabilised anodes (DSA) consisting of titanium metal coated with
TiO2/RuO2/IrO2 were used in a dual electrode pair ME-PEFT cell, 100%
oxidation of the iron was obtained after a single pass through the cell using only
the naturally available chloride (10 to 12 mg/L). Power consumption was 3.80
kWh/m3.
The oxidised iron clarified readily yielding a clear solution containing less than
0.2 mg/L of iron and having a turbidity of 1.5 NTU after 5 hours settling time.
Preliminary tests for an inline flotation clarifier have yielded promising results.
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Chapter 1: Introduction and Literature Review
1.1 General Introduction
Over 70% of the earth’s surface is covered by water but 97.5% of this is salt water
that cannot be used for most human needs. 70% of the remaining 2.5% is
freshwater frozen in the icecaps of Antarctica whilst much of the rest is present in
soil as moisture or lies in deep groundwater aquifers, inaccessible to humans. (Pal
et al. 2010).
Less than 1% of the world’s freshwater is accessible for direct human use and is
found in lakes, rivers, reservoirs and underground water shallow enough to be
withdrawn at affordable costs. Apart from fossil groundwaters, these sources of
water are generally available on a sustainable basis as they are regularly recharged
by rain and snowfall.
The shortage of clean usable water has been a major global concern for a long
time and its primary impact has been upon developing countries. In such areas,
water withdrawals have increased from 4% to 8% every year for the past decade
(Falkenmark & Widstrand 1992). Furthermore, developed countries have
experienced a critical need for wastewater management due to an ever increasing
population, urbanization and improved living standards (Pal et al. 2010). Between
the years 1900-1995 it has been estimated that the global freshwater water
withdrawal increased over six times which was nearly twice the rate of population
growth (Gleick & Miller 2002).
Groundwater is an integral part of human existence. Groundwater is trapped
within the soil and underlying broken rocks, its major contributor being rain that
infiltrates through the soil onto the aquifer where it is stored (Shibasaki et al.
2007). Groundwater is a very important freshwater source for humans and human
activities. According to the Environmental Protection Agency (EPA), nearly 40%
of the United States population use groundwater for drinking, cleaning, cooking
etc. Moreover, 97% of the people living in rural area use groundwater and nearly
40% of the water is used for farming purposes (Dowd 1985). Fossil water is a
form of groundwater that remains sealed in the aquifer for a very long period of
time. Since it is a non-renewable resource, water mining leads to a drop in the

1

water table and raises the water level in the hydrosphere contributing to the rise of
sea level (Hays 2011).
In New Zealand, groundwater is known to contain elevated levels of iron and
manganese which is derived naturally from the water rock interactions (Rosen
2001). Iron and manganese are more likely to be present in their reduced state
when the dissolved oxygen levels are low and also because reduced states are
more soluble and stable than their oxidised forms. Generally, aquifers with slow
water flow, peat layers and oxygen depletion zones have elevated levels of iron
and manganese (Ayotte J.D. 1999). At low concentrations, the water is
unpalatable and, in extreme cases, unusable even for agricultural purposes.
In order to make use of this metal polluted ground water, new technologies need
to be developed to reliably and efficiently remove contaminants present. One
such technology is electrochemical oxidation. It is a process where the
contaminants present in water are indirectly oxidised by oxidising species such as
chlorine and oxygen formed by electrolysis with an applied DC current (White
1984).
In water and wastewater treatment industries, chlorine remains the most effective
way of disinfecting water as it provides both the primary and secondary functions
of a disinfectant (Worley et al. 1986). Traditionally, active chlorine is introduced
into the water body as chlorine gas or hypochlorite. However, more recently, there
has been a positive surge towards generating chlorine electrochemically onsite,
thereby eliminating transportation costs, handling and storage of dangerous
chlorine gas and hypochlorite (Zorpas 2011). One of the major drawbacks
associated with the electrochemical oxidation of chloride to chlorine is the high
cost at low chloride concentrations (Costaz et al. 1983).
The chloride concentration present in New Zealand groundwater ranges from 10 –
160 mg/L NaCl (Council 2005). Electrochemical chlorine generation from such
low salt concentrations is costly because of high cell resistance, high voltage
requirements, high power consumption and the need for expensive electrodes.
There are two ways of addressing concerns of cell resistance and associated power
consumption. The inter electrode distance can be reduced or the active surface
area of the electrodes can be increased. Recently a perforated electrode flow
2

through (PEFT) cell has been described which uses low cost carbon (graphite) and
stainless steel electrodes and has an inter electrode distance of less than 240 µm
(Nath 2011; Nath et al. 2011). This cell configuration achieved high current
densities at voltages below 25 V. The cell was able to decontaminate problem iron
water with an added chloride concentration of 250 mg/L with four passes through
the cell at an energy cost of 18 kWh/m3 (Nath 2011). The present work had the
general aim of optimising this technology to achieve single pass treatment of
natural water, without added chloride and at lower energy cost.
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1.2 Literature Review
1.2.1 Waikato bore water
Apart from the Waikato river, the predominant source of freshwater in Waikato
region originates from groundwater. Groundwaters accounts for nearly 90% of the
rural freshwater supply in the region and is extensively used for agricultural,
domestic and industrial activities (Hadfield 2001). An estimated 400 wells are
drilled every year to extract groundwater in the Waikato region (Figure 1.1).

Figure 1.1 Waikato Region geology and wells drilled since 1989 (Retrieved from (Hadfield 2001))
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Factors including shallow water tables and sediment accumulation affect the
quality of groundwater extracted from bores (Rosen 2001). Additionally,
proximity to road surfaces, sewage pipelines, septic tanks and farmland also
increases the risk of contamination (Gleick & Miller 2002). Furthermore, streams
are sustained by groundwater interaction during draught seasons which in turn has
an influence on surface water quality (Piver 1993). Therefore, careful
management of groundwater is essential to ensure the sustainability of the
freshwater resource.

1.2.2 Issues relating to iron and manganese in groundwater

Figure 1.2 Left: Wells drilled with resource consent Right: Total number of wells drilled in Waikato
Region (Retrieved from (WRC 2012))

The presence of iron and manganese is very common in groundwater. In
unconfined shallow aquifers of New Zealand, slow movement of water facilitates
oxygen consumption and reaction with organic matter leading to anoxic
conditions and increased concentrations of iron and manganese (Hadfield 2001).
Such is the case with most of Waikato’s groundwater caused by the extraction of
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water from shallow aquifers instead of the best aquifer available in the area due to
mere inconvenience (see figure 1.2).
In nature, Fe(II) is spontaneously oxidized to Fe(III) by oxygen. This process may
also lead to the formation of partially oxidized ferrous-ferric intermediate species
which are very difficult to predict (Rosen 2001). Depending on environmental
conditions (such as pH, temperature and redox potential), the partially oxidized
iron intermediates form stable iron oxides such as magnetite (Stumm &
Sulzberger 1992). When iron contaminated water is used for irrigation, the iron
concentration in the pasture is increased and has an adverse effect on the health of
dairy animals (Linn 2006). It is recommended that the concentration of iron in
bovine drinking water should be below 2 mg/L. More importantly, the New
Zealand drinking water standards specify maximum acceptable values for iron and
manganese of 0.2 mg/L and 0.04 mg/L respectively (Ministry of Health 2005).

Figure 1.3 Median concentration of total dissolved Fe plotted against median total dissolved Mn. There
is no apparent correlation between the concentrations of the two elements. (Retrieved from (Rosen
2001))

Figure 1.3 depicts elevated levels of iron present throughout the regions in New
Zealand. According to drinking water standards for New Zealand (DWSNZ
1995), iron concentrations greater than 0.2 g/m3 and manganese concentrations >
0.05 g/m3 can stain laundry. Concentrations of manganese exceeding 0.5 g/m3
impose a potential human health risk (DWSNZ 1995). Thirty six sampled wells
had a median total dissolved manganese concentration > 0.05 g/m3 and sixteen
6

wells had concentrations exceeding 0.5 g/m3 (Figure 1.3). While widespread
throughout the country, Gisborne has by far the highest iron and manganese
concentration in bore water. The aquifers in this region are very deep and
characteristically contain organic matter (Rosen 2001).
Waikato region’s groundwater is known to contain elevated levels of iron and
manganese (20.0 mg/L and 0.9 mg/L respectively) (Moore & Clarkson 2007). In
oxygen rich surface soils, these metals exist in insoluble oxidised forms (Rosen
2001). In deeper peat soils, under anaerobic conditions, iron and manganese are
found in their soluble reduced Fe(II) and Mn(II), oxidation states. (Ellis et al.
2000). The natural conditions present in the aquifer determine the concentration of
dissolved iron and manganese. From Figure 1.3, it is clear that there is no
correlation between the concentration of iron and manganese present in
groundwaters of New Zealand. This can arise from two main causes. Firstly, since
the redox potentials for the reduction of Fe(III) and Mn(IV) are different, the
redox potential of the aquifer may lead to differential reduction and solubility of
iron and manganese (Rosen 2001). Secondly, the abundance of iron relative to
manganese in the minerals of soil and rocks can lead to high Fe(II) and low
Mn(II) concentrations in the aquifer (Rosen 2001). These metals are known to
form stable colloidal suspensions with organic carbon and silica. (Stumm &
Morgan 1988). Bores with groundwater contaminated with iron and manganese as
well as silica and/or organic carbon are often abandoned due to high costs of
treatment to remove stable colloidal iron.

1.2.3 Colloidal chemistry
In nature, colloidal particles have associated surface charges that stabilize them in
suspension (Priesing 1962). These stable surface properties can be altered by
adding chemicals so that separation by gravity clarification or filtration is
possible. This transformation of the suspension from a stable to an unstable state
is achieved by coagulation and flocculation processes (Bratby 2006). Although
these two processes are capable of co-existence, they are vastly disparate. In
coagulation, colloids are destabilised (through charge neutralisation) using
chemicals, whilst in flocculation, large agglomerates of colloid particles are
formed facilitating settling under gravity. Coagulation also results in agglomerate
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formation but these are relatively small and more loosely bound as opposed to the
larger flocs formed during flocculation (Priesing 1962).
Stability of Colloidal Suspension
In colloidal chemistry, the term stability entails the ability of a particle in the
suspension to remain as separate entity (Shchukin et al. 1981). The surface
charge present at the solid-liquid interface of the colloid and surface hydration
layer of colloids are the two interfacial effects promoting colloidal stability
(Bratby 2006).
Colloids are generally classified into two groups:
1. Hydrophobic colloids – repel water molecules, and
2. Hydrophilic colloids – strong affinity for water molecules
In water and wastewater, both types of colloids can be present (Priesing 1962;
Birdi 2008).
The tendency to aggregate is caused by weak van der Waal forces of attraction.
These attractive forces are opposed by the electrostatic repulsion of like surface
charges on the particles (Priesing 1962). The strength of the electrostatic repulsion
determines the stability of both hydrophobic and hydrophilic particles (Tripathy &
De 2006). Additionally, stability of the colloidal suspension can be affected by
adsorbed water molecules that act as a barrier to the close approach of the
particles necessary for van der Waals forces to be operative (Birdi 2008).
Electrical Double Layer
In electrolytic solutions, charged surfaces acquire an ionic atmosphere of mobile
ions such that the excess of the counter ions (same charge as surface) over the co
ions (same charge as surface) balances the surface charge. The fixed layer of
surface charge and the diffuse layer of charge in the ionic atmosphere together
constitute the electrical double layer (Priesing 1962; Sprycha 1989; Tripathy &
De 2006).
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Figure 1.4 Concept of Zeta potential in electrical double layer (Retrieved from (Priesing 1962))

Figure 1.4 illustrates further refinement of the double layer theory where a layer
of specifically adsorbed ions is envisaged at the particle surface. The inner layer
of fixed charge is known as the Stern Layer (Priesing 1962). The outer diffuse
layer is known as the Gouy-Chapman Layer. The stability of the colloidal
suspension is significantly influenced by the potential of the Stern Layer (Tripathy
& De 2006). The potential of Stern Layer cannot be calculated directly but is
estimated by the electrical potential between the shear plane and the bulk solution,
i.e., the Zeta potential (Sprycha 1989).

1.2.4 Colloid chemistry of Waikato’s problem bore waters
Natural air oxidation of iron and manganese contaminated bore water results in
slow formation of hydrous oxide colloids which react with negative charged silica
and/or organic species to form stabilised colloidal suspensions (Winchester 1983).
When the metal hydrous oxide colloidal particles are coated with negatively
charged particles, they acquire a net negative charge and become stabilised
against aggregation.
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Figure 1.5 TEM image showing poor aggregation resulting from slow air oxidation of Waikato bore
water (Nath 2011)

The process is illustrated by data taken from Nath (2011). Figure 1.5 shows how
during slow oxidation, the iron particles (dark particles) become surrounded by a
sheath of silica particles (lighter particles). In contrast, during rapid oxidation
large aggregates of iron (dark particles) with silica particles interspersed are
formed (Figure 1.6). The hydrous oxides aggregate before being coated with the
negatively charge silica particles (Stumm & Sulzberger 1992). The size of the
aggregates formed is large enough to allow rapid settling. (Stumm & Sulzberger
1992)

Figure 1.6 TEM image of flocs formed by rapid air oxidation of Waikato bore water (Nath 2011)
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1.2.5 Existing technologies for treating iron and manganese water
Depending on the pH and oxygen status of the water, iron and manganese can be
present as dissolved, particulate or colloidal forms. The speciation and
concentration of these metals determines the best treatment process for removal.
Normally the groundwater is chemically treated to oxidise the Fe(II) to Fe(III). At
neutral and higher pHs, ferric (Fe(III)) is converted to ferric hydroxide (Fe(OH)3)
which eventually transforms to a rust (Fe2O3) like product that can be separated
by sedimentation or gravity filtration (Casiday et al. 2008).
Some of the existing technologies used for treating iron and manganese laden
waters are summarised below.
Air oxidation
Air oxidation is an effective, low cost and chemical free method for treating iron
and manganese contaminated water. (Sugio & Kojima 1992). This treatment
process uses aeration as the oxidizing agent and is typically conducted prior to
filtration in conventional treatment plants. Under excess air, the soluble ferrous
ion, Fe(II), is oxidized to ferric ion, Fe(III) which readily forms an insoluble iron
hydroxide. Similarly, manganous ion, Mn(II), is oxidized

to manganic ion,

Mn(IV), forming insoluble manganese dioxide (Aydin et al. 2001). These
insoluble metals are either allowed to settle (in a settling tank) or removed using
filtration.
Consideration of standard reduction potentials (see below) for these processes
indicates that whereas Fe(II) can be expected to be relatively easily oxidised by
air, Mn(II) will be require a stronger oxidising agent for complete oxidation.
2Fe2+ - 2e- → 2Fe3+

E0 = - 0.77

1/2O2 + 2H+ + 2e- → H2O

E0 = 1.23

The overall reaction is:
2Fe2 +1/2O2 + 2H+ → 2Fe3+ + H2O
The Fe(III) will undergo hydrolysis according to:
2Fe3+ + 6H2O → 2Fe(OH)3 + 6H+,
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E0 = 0.46

so that the overall reaction will be:
2Fe2+ + 1/2O2 +5H2O → 2Fe(OH)3 + 4H+
Equation 1.1

Similarly for Mn we have:
Mn2+ + 2H2O - 2e- → MnO2 + 4H+

E0 = - 1.23

1/2O2 + 2H+ + 2e- → H2O

E0 = 1.23

Mn2+ + 2H2O + 1/2O2 + 2H+ → MnO2 + H2O

E0 = 0.0

Equation 1.2

While the conditions in the air oxidations will not be standard conditions, standard
data are indicative of the differences in the Fe and Mn systems and indicate why
Mn(II) is more difficult to oxidise than Fe(II).
Air oxidation can be achieved using several methods. Water is either treated by
dispersing into the air (e.g. passing it through porous trays under gravity which
provides ample contact between air and water) or by passing air into water (as
bubbles) (John 1997). Alkaline conditions are required for optimum manganese
removal. Moreover, this treatment process is also capable of removing sulphides
and volatile organic matter under optimum pH values (Serikov et al. 2009).
However, treatment using air oxidation requires careful monitoring of the water
flow rate. When the flow rate is too high, sufficient air does not contact with the
water and hence, oxidation of Fe(II) and Mn(II) does not occur. Likewise when
the flow rate is too low, the water becomes saturated with dissolved oxygen and
can subsequently lead to corrosion and elevated concentrations of other trace
metals such as copper and lead present in the water (Kaya et al. 2005; Serikov et
al. 2009).
Over the course of treatment, slime growth is one of the most common byproducts that form on the aeration equipment. When untreated, slime can cause
odour and palatability issues in treated water. However, slime can be controlled
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by the addition of a disinfectant such as chlorine and regular inspection and early
treatment (Kaya et al. 2005).
Although air oxidation is a chemical free treatment process, there are some major
disadvantages related to air treatment of iron and manganese laden water
(Sarikaya 1990). Treating water contaminated with high concentrations of
manganese requires a large reaction tank as the rate of oxidation is very slow (Li
et al. 2005). Additionally, air oxidation depends upon the pH of the solution.
Subtle changes in the water quality can alter the pH of the solution which in turn
affects the rate of oxidation. In extreme cases, low pH can significantly reduce the
rate of oxidation, exceeding the treatment plant’s capacity and promoting poor
water quality (Aydin et al. 2001; Serikov et al. 2009).
Chemical oxidation
Chemicals are added in order to increase the redox potential of water and oxidise
iron and manganese. Some of the most common chemicals used for chemical
oxidation of iron and manganese are chlorine and potassium permanganate (White
1992).

Table 1.1 Chemicals used for iron and manganese treatment (Retrieved from (White 1992))

For example oxidation of iron by potassium permanganate is represented by the
equation:
3Fe2+(aq) + MnO4-(aq) + 4H+

3Fe3+(aq) + MnO2(s) + 2H2O(l)
Equation 1. 3
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Potassium permanganate is superior to air or chlorine as a manganese oxidizer.
However, high dosages are required and over-dosage can result in colouring of the
treated water (Ingram & Bean 1953).
Generally permanganate oxidation is carried out as part of a filtration process.
Oxidation occurs while the solution is in a filter of manganese greensand, a
granular filtration media that regenerates permanganate after backwash (Sayell &
Davis 1975). Optimum oxidation is achieved when a considerable amount of time
is allowed for the permanganate to regenerate after backwashing Overdosing with
chlorine and subsequent addition of reducing agent can result in improper
subsequent disinfection as excess reducing agent can also reduce the chlorine that
is later added as a disinfectant. Careful monitoring is thus required.
Several drawbacks limit widespread usage of chlorination for iron removal. The
major concern is the health issues caused by the so called disinfection by-products
(DBP) (Ellis et al. 2000). Figure 1.7 shows a list of chlorine DBPs. Other
concerns include the dangers of transporting, handling and storing of these
dangerous chemicals (Tang et al. 2010).
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Figure 1.7 Disinfection by-products (Retrieved from (White 1992))

1.2.6 The aqueous chemistry of chlorine
In water treatment applications, chlorine is typically supplied in the form of
calcium/sodium hypochloride or chlorine gas. Chlorine can also be generated
from the electrolysis of chloride ions present in brine solutions (Abdul-Wahab &
Al-Weshahi 2009).
Depending upon the pH chlorine reacts with water to form HOCl, OCl- or Cl(Equation 1.4 and Equation 1. 5) (Kott et al. 1975).
Cl2(aq) + H2O ⇌ HOCl + Cl- + H+

K1 = 5 X 10-4 mol/L
Equation 1.4

HOCl ⇌ H+ + OCl-

K2 = 2.6 X 10-8 mol/L
Equation 1.5
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Oxidizing and disinfecting capacities of chlorine stems from its ability to produce
hypochlorous acid. The pH determines the relative concentrations of HOCl and
OCl- (Kott et al. 1975). Since OCl- predominates at high pH and Cl2 predominates
at low pHs, approximately neutral pHs, where HOCl predominates, provide the
optimum conditions for disinfection (Sobral et al. 2000) (Figure 1.8). However
free chlorine exists in water as a combination of OCl-, HOCl and Cl2 present in
different concentrations.

Figure 1.8 Hypochlorous acid dissociation in dependence with pH (Retrieved from (Sobral et al. 2000))

1.2.7 Electrochemical chlorine generators
The electrochemical generation of chlorine for chlorination possess many
advantages over chlorination by addition of chemical chlorine. Chlorine can be
generated on-site, eliminating the risks involved in storage and handling
(Czarnetzki & Janssen 1989). Electrochemical production of gases such as Cl2 and
O2 is achieved using vertical electrolysers with small inter-electrode gaps. In
addition to disinfection, the Cl2 and O2 can also assist in mass transfer (Bennett
1980).
Chlorine generators, also known as chlorinators, electrochemically convert the
chloride ions present in natural water or brine into a hypochlorite solution. Under
an applied direct current (DC), the anode oxidises the chloride ions to form
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chlorine and hypochlorous acid and some electrolysis of water may also occur
producing oxygen and acid (Key D.L. 2010). At the cathode, reduction takes place
producing hydrogen and base (Miller 1985) (Liske 1965).
Divided and undivided cells for electrochemical chlorine generation
The two types of cell configurations used for electro chlorination are; undivided
(hypochlorite is formed along with hydrogen and oxygen gases) and divided
(where the hydrogen and oxygen gases are formed in separate streams) (White
1984).
Depending on whether the cell is divided or undivided, chlorine can be generated
as a gas or in the hydrolysed hypochlorite form. Of the two cell configurations,
undivided cells are more widely used as electro chlorinators (White 1992). The
redox reactions occurring in an undivided cell are as follows;


At the anode, chloride is oxidised to generate chlorine
2Cl- ⇌ Cl2 (g/aq) + 2eEquation 1.6



During electrolysis, concomitant with chlorine production, water is
reduced at the cathode to hydrogen according to equation 1.7.
2H2O(l) + 2e- → H2(g) + 2OHEquation 1.7

Overall (Equation 1. 6 and Equation 1.7):excluding water oxidation is:
2Cl- + 2H2O → 2OH- + Cl2 + H2
Equation 1.7

Key parameters affecting chlorine production include:
1. Conductivity of the electrolyte,
2. Electric potential between the anode and cathode, and
3. Flow rate of the electrolyte.
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Hydrogen gas bubbles affect the electrochemical processes in several ways
particularly by hindering the fluid dynamics in the cell and increasing cell
resistance (Lantelme & Groult 2004). Gas bubbles on the electrodes cause a
fraction of their surfaces to be inactive and result in high overpotential values
(Thonstad et al. 2004). In addition to hydrogen gas bubbles, other gases also
evolve from the electrodes (Ambler & Logan 2011). In particular, oxygen will be
formed at the anode in competition to chlorine according to Equation 1.8.
2H2O(l) - 4e- → O2(g) + 4H+
Equation 1.8

The relative amounts of chlorine and oxygen produced will depend on the
respective overpotentials of the material used for the anode (Table 1.2).

Table 1. 2 Chlorine overpotential of different anode material (Retrieved from (Chandler et al. 1997))

Often the surfaces of electrodes are coated with electrocatalytic materials in order
to favour the generation of a desired product (Chandler et al. 1997). These
materials increase the rate of chemical reaction of the target ions without being
consumed in the process (Liu et al. 2004).
Direct and indirect oxidation by electrolysers
Electrolysers can bring about oxidation either directly or indirectly (Chiang et al.
1995). Direct oxidation is a two-step procedure, involving the diffusion of species
from the bulk effluent onto the anode followed by its oxidation at the anode
surface.

Indirect oxidation is a process where a strong oxidising agent is

generated at the anode which is then responsible for oxidising the target species
present in the bulk solution (Figure 1.9). For disinfection and oxidation of water
impurities, the general consensus favours the principal oxidation mechanism to be
indirect oxidation by electrochemically generated chlorine. The main advantage of
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the undivided cell for water treatment is that it allows the indirect oxidation and
disinfection and can be installed as an inline treatment device (Mathieson 2006).

Figure 1.9 Direct and indirect oxidation processes in divided and undivided cells – Pollutant removal
pathways of electrochemical oxidation (Retrieved from (Chiang et al. 1995))

Electrolytic chlorination of drinking water
Electro-chlorination offers the possibility of both metal removal and disinfection
in a controlled way without the addition of chemicals (Miller 1985). Some of the
potential advantages of electrochemical chlorination:


fine control of amount produced,



no storage or handling of dangerous chemicals,



no expensive metering devices, and



good for small scale applications

The aim of electrolytic chlorination is to generate active chlorine from the natural
salt present in water through electrolysis (Guillet & Trancart 1988). The difficulty
in achieving this is that most potable waters contain such low levels of electrolyte
that their conductivities are so low that conventional cell resistances are too high
for the process to be economic
Electrolytic chlorination of wastewater
Electro-chlorination also has potential applications in wastewater treatment (Li et
al. 2002; Li et al. 2004).
Historically, chlorination has been used as an important final step in the
wastewater treatment. However, due to the generation of organo-chlorinated
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species this disinfection process is now less favoured (Cano et al. 2011). The
possibility of more controlled chlorine dosing and recent advances in anodic
materials such as conductive-diamond (Rodrigo et al. 2010), producing BOD
consuming reactive oxygen species (ROS), have resulted in renewed interest in
electrochemical treatment of wastewater.

1.2.8 The chlor alkali industry
Liquid Mercury Chlor-Alkali process (Divided cell)
Chlor-alkali has been a well-established process for the electrolysis of brine to
generate chlorine since the 1980s. Initially, the electrode materials used were
graphite anode and mercury liquid cathode.

Figure 1.10 Liquid Mercury Chlor-Alkali process (Retrieved from (Harris 2007))

Liquid mercury flows along the bottom of the electrolyser acting as the cathode
whereas graphite anodes are suspended parallel from the top. The chlorine gas
evolved from the brine solution during electrolysis is released at the anode (Figure
1.10). This process produces chlorine and hydrogen gases in separate steps (Harris
2007).
One of the major disadvantages of this process is the cost associated with the
mercury liquid cathode. Moreover, the loss of unrecovered mercury into the
environment can lead to a rise in mercury levels in the fish population present in
streams where the treated water is discharged (Díez et al. 2008).
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Diaphragm and Membrane cell processes
High costs associated with mercury and its negative impact on the environment
eventually led to the development of diaphragm and membrane separated cells, a
technology that allows generation of chlorine and hydrogen gases in the same cell.
(Florkiewicz 2007).

Figure 1.11 Diaphragm Separated Cell (Retrieved from (Harris 2007))

Nearly saturated brine solution enters the anode section. During this process the
chloride ions are oxidised to chlorine gas at the anode whereas hydrogen gas and
hydroxide are produced at the cathode. Sodium ions migrate to the cathode
section through the diaphragm forming sodium hydroxide (Figure 1.11).
This technology is a technical advancement on the traditional mercury liquid flow
cell due to its capacity to produce chlorine in a mercury free environment
(Collings 2007). However, the cell produces low quality sodium hydroxide due to
sodium chloride contamination as the diaphragm is not selectively permeable
(McCluney & van Zee 1989; Collings 2007). This issue was overcome by
replacing the diaphragm with a perfluorinated polymer cation exchange
membrane. The membrane is cation selective, allowing passage of only water and
sodium ions towards the cathode end and allowing production of high quality
sodium hydroxide (Collings 2007)
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Table 1.3 Comparison of Chlor-alkali cells (Retrieved from (Collings 2007))

Undivided cell hypochlorite generators
In water treatment, sodium hypochlorite (bleach) is widely used as a disinfectant
instead of chlorine gas. (White 1992). This eliminates risks associated with
chlorine gas leakage from storage cylinders. Alternatively sodium hypochlorite
can produced on site by electrolysis of brine in an undivided cell (Asokan &
Subramanian 2009). The, chlorine gas and sodium hydroxide generated in the
undikvided cell react to form sodium hypochlorite solution (Martinez-Huitle &
Ferro 2006) (Equation 1.9).
Cl2 + 2NaOH → NaOCl + NaCl + H2O
Equation 1. 9

1.2.9 Electrode Materials
The type of electrode material used for electrochemical processes determines the
current efficiency for the production of the desired species. In the case of chlorine
production, three main anode materials have been used; graphite, dimensionally
stabilised titanium and boron doped diamond.
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Graphite
Physical parameter

Value

Bulk Density

>1.72 g/cm3

Maximum particle size

0.8 mm

Specific Resistance

<8.0 µΩm

Thermal Conductivity

150.2 W/m-°C

Compressive Strength

>30MPa

Flexural Strength

13.5 MPa

Table 1.4 Mechanical properties of Graphite material (Retrieved from (Nath 2011))

Graphite has been widely used for the electrochemical production of chlorine
since the nineteenth century. During chlorine generation, graphite anodes are inert
and therefore efficient chlorination can be achieved at low polarizations. Graphite
anodes undergo two general groups of reactions during electrolysis, the first of
which is the electrochemical oxidation of water molecules (Equation 1.10 Equation 1.12) and the second is, formation of oxidation species from the
ingredients present in the solution (Entwisle 1974).
C + H2O → CO2 + 4H+ + 4e-

(E0 = +0.144V)
Equation 1.10

C + H2O → CO + 2H+ + 2e-

(E = +0.420V)
Equation 1.11

2H2O → O2 + 4H+ + 4e-

(E° = +1.23V)
Equation 1.12

However, a predominance of oxygen generation promotes oxidization of the
graphite anode to carbon dioxide. Graphite degradation also occurs at low pH,
increased sulphate ion concentrations and high current densities (Entwisle 1974).
Of great importance when utilizing graphite as the anode material is the pressure
build-up with applied voltage. Voltage fluctuates throughout electrolysis whereas
current flow rate remains constant. Graphite electrodes degrade after repeated
cycles of charging and discharging. This is mainly due to the deformation of the
porous structure caused by chemical coating and pressure build up during
electrolysis (Dresselhaus & Dresselhaus 1981). More importantly, graphite anodes
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generate poor quality chlorine whilst consuming large amounts of current during
brine electrolysis, further limiting their practicality for inline electro-chlorine
generation (Woo 1986). However, graphite offers the advantage of low cost and
compatibility with New Zealand drinking water standards and a lesser likelihood
of producing more toxic and highly oxidised forms of chlorine (DWSNZ 1995;
MOE 2005).
Dimensionally Stabilized Anodes (DSA)
A major drawback associated of graphite anodes is their low current efficiency at
low chloride concentrations. Dimensionally stabilized anodes (DSA) (Katsaounis
2010) are extremely energy efficient and have the ability to generate hypochlorite
from very dilute brine solutions (Key D.L. 2010) (Figure 1.12).

Figure 1.12 Chlorine generation using the chloride content present in the bulk solution using four
different anode materials (Retrieved from (Ghernaout et al. 2011))

DSAs have excellent stability against surface and pitting corrosion and can thus
be used as an inline chlorine generator (Lu et al. 2012). The development of DSA
has resulted in innovative equipment design, better operation conditions and lower
energy consumptions associated with electrochemical applications (Miller 1985).
Titanium metal is naturally coated with an insulating titanium oxide layer which
makes it corrosion resistant (Liu et al. 2004). However, due to the insulating oxide
layer, titanium metal cannot be directly used as an anodic material. It requires
modification by a coating of other metals or oxides to make the surface
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electrically conducting and also impart electrocatalytic properties. (Katsaounis
2010).
Physical parameter

Value

Bulk Density

4.54 g/cm3

Maximum particle size

-

Specific Resistance

42 µΩcm

Thermal Conductivity

19.2 W/m-K

Compressive Strength

>400MPa

Flexural Strength

275 MPa

Table 1.5 Mechanical properties of 99.2% Titanium material (Retrieved from (Liu et al. 2004))

Titanium electrodes can be modified by various techniques as illustrated in Figure
1.16 depending upon the electrocatalytic behaviour exhibited by the deposited
conducting compound (Katsaounis 2010). Dimensionally stable titanium anodes
can be derived by modifications using metallic oxides (by thermal decomposition)
such as Ti/TiO2/Pt. Furthermore, titanium can be also modified using conducting
oxides (by anodic process) such as Ti/TiO2/PbO2 constituting low-cost DSAs (Li
et al. 2006).
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Figure 1.1 Surface modifications of titanium anodes by; a) pure oxide film, b) atmospheric oxide film, c) doped oxide,
d) oxide-metal mixture, e) modification by surface states of oxide, f) surface states from metal deposition. D is the
distribution of electrons in dependence of the energy E (Retrieved from (Schultze 1989))

Although DSAs have excellent electrocatalytic properties, the associated costs are
much higher than graphite. Moreover, rigorous preparation techniques are
required and can be quite long, involving multiple procedures. However, despite
its cost ineffectiveness, DSAs have completely replaced graphite anodes for
chlorine production primarily due to their longer service life as well as
considerable reduction in anodic overpotential (Devilliers & Mahé 2010).
Boron Doped Diamond (BDD)
Boron doped diamond, with its excellent structural stability and oxidation ability,
can produce species with high oxidation potential (such as ozone and hydrogen
peroxide) during electrolysis (Michaud et al. 2003). BDD anodes are widely used
for the electrochemical oxidation of organic matter to carbon dioxide.
Additionally, BDD anodes are also useful in disinfection (Schmalz et al. 2009).
According to current literature, BDD anodes produce inorganic disinfection byproducts. Initial studies have concluded that during electrolysis of chloride free
water, oxidised form of sulphur from sulphate were effective (Bergmann et al.
2009). However utilization of BDD anodes for electrolysing synthetic drinking
water containing chloride resulted in the generation of chlorate and perchlorates at
high concentrations (Bergmann et al. 2009). Additionally, usage of BDD anodes
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were also found to produce precarbonates in sulphate containing water as well as
bromate and perbromate when electrolysing bromide containing water (Rychen et
al. 2010; Bergmann et al. 2011). All these species are incompatible with drinking
water. BDD anodes were thus not considered for this research.

1.2.10 Factors affecting electrochemical efficiency
In order to minimise energy consumption for a given rate of treatment, it is
important to minimise the voltage required to achieve the necessary current flow.
Formation of bubbles, the overpotential, the inter-electrode gap and the
conductivity of the electrolyte all affect the applied voltage required (Sharma
1998).
Gas bubbles in the inter electrode gap
When gas bubble sizes are small with respect to the interelectrode gap, the
lengthening of the current distribution paths is not considered. The free space
around the bubble has no effect on the ohmic voltage drop. However, for larger
bubbles, there is a strong non-uniform current distribution in the bubble free space
(Figure 1.14). The vertical flow direction of the current is hindered resulting in an
ohmic voltage drop in the bubble free space. (Thonstad et al. 2004).

Figure 1.14 Current distribution when a) large bubbles are formed and b) small bubble are formed
(Retrieved from (Thonstad et al. 2004)

Effect of Current Density on Cell efficiency
Operational current density is a vital factor in electro-oxidation process as it is the
only parameter that can be controlled externally. An increase in current increases
the anode potential, the rate of oxidation and the gas bubble formation.
In theory, three components determine the potential of the cell;
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ηAP = ηk + ηMt + ηIR
Equation 1. 13

where,
ηAP = applied overpotential (V)
ηk = kinetic overpotential (V)
ηMt = mass transfer overpotential (V)
ηIR = overpotential caused by resistance or IR drop (V)
The drop in resistance (IR) is directly related to the interelelctrode distance,
surface area of the electrodes, the conductivity of the solution and the applied
current (Queeney 2003). However, decreasing the interelectrode gap, increasing
the cross sectional area of the electrodes and increasing the conductivity of the
electrolyte can minimize the drop in IR (Queeney 2003).
Current density not only influences the systems run time but it also determines the
rate of oxidation. Often, the highest achievable current density may not be the
most effective way of treatment but rather, depends on a combination of optimum
current density and cell configuration (Augustin 1998). Current density is greatly
influence by pH, conductivity and temperature as well as flow rate of the
electrolyte (Czarnetzki & Janssen 1989)
Effect of inter-electrode gap on current density
When the inter-electrode gap is within the micron range, electrolyte resistance, Rel
(present between the electrodes) is largely eliminated resulting in a large decrease
in the ohmic resistance Rd of the cell as shown in Figure 1.15 (Küpper et al.
2003). Moreover, minimisation of the thickness of the diffusion-layer (present on
the electrode surface) decreases the residual potential drop

. This is achieved

by reducing the electrode gap ( 500 m) until the minimum ohmic drop is
reached (Küpper et al. 2003). In other words, Rd
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Ra + Rc.

Figure 1.15 Difference between conventional and thin layered cell (Retrieved from (Küpper et al.
2003))

Reducing Rd assists in lowering the amount of salt required to produce adequate
conductivity (Küpper et al. 2003).
Effect of pH and Conductivity
pH is another critical aspect of electro-oxidation treatment. According to the
Nernst equation, the standard oxygen potential drops at higher pH.
= 1.229 – 0.05916 pH
Equation 1.14

The standard potential for the production of chlorine from chloride (1.358 V) does
not vary much with pH as compared to oxygen. At pH = 0,
7,

= 0.815 V; at pH = 14,

= 1.229 V; at pH =

= 0.401 V. When voltages are higher than

chlorine potential, the chlorine current fraction can be increased by decreasing the
anodic pH (by increasing the current density) at the expense of oxygen production
that can be balanced by chloride depletion. However, raising the pH of the bulk
solution does not directly lower the minimum voltage for electrolysis since the
change in hydrogen potential instates a change in oxygen potential (At pH = 1,
= 0 V; at pH = 7,

= - 0.414 V; at pH = 14,

= - 0.828 V).

= – 0.05916 pH
Equation 1.15
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Therefore, for all uniform pH values at 25 C, the standard potential for the
electrolysis of water is 1.229 V. The surface of the cathode will be strongly
alkaline whereas the anode surface would be strongly acidic. This implies that the
cell voltage of the overall electrolysis of water can easily exceed 2.05 V (1.229 (- 0.828)). Altering the flow rate is one of the few ways of altering this affect.
Lowering the flow rate will aggravate the lowering of anodic pH whereby
favouring chlorine production ahead of oxygen. Likewise, increasing the flow rate
will offset the acidity of the anode and therefore favour oxygen production
(Macka et al. 1998)
In chemical treatment, the pH of the solution decreases with the addition of
coagulant and thus needs to be adjusted. However, for electro-oxidation, the pH of
the solution increases due to the production of H2 gas at the cathode, particularly
true at a pH range between 4 and 9. A pH > 9 results in a pH decrease after
treatment (Brillas et al. 2004). However, in order to avoid the development of
chlorine bubbles (which may lead to the loss of chlorine gas during electrolysis)
and to minimise the production of O2 gas, electrolysis should be carried out at a
pH range between 9 and 12 (Czarnetzki & Janssen 1989).
Conductivity is defined as the ability of a material to withstand electric current
(Priesing 1962). In an electrochemical system, the current efficiency decreases
when the electrolytic conductivity is low. In order to increase the current
efficiency, the conductivity of the electrolyte is increased by adding salt. (Sharma
1998).

1.2.11Clarifier Design
The electrolysis of dilute chloride solutions will always produce hydrogen at the
cathode and in addition to hypochlorite, at least some oxygen at the anode due to
water electrolysis. The gas is produce as very fine bubbles which adhere to any
particles present promoting their buoyancy (Haarhoff & Edzwald 2012).
Therefore, substances with densities similar to water rise to the water surface
assisted by gas bubbles by a process known as electro-flotation (Trahar & Warren
1976).
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Dissolved air flotation (DAF)
DAF is used for floating particles which have specific gravity higher than 1.0.
(Trahar & Warren 1976). Contact between the gas bubbles and the solid can occur
by adhesion, trapping and adsorption. (Trahar & Warren 1976). Providing their
combined density is less than unity, the particle-bubble pair will rise to the surface
of the liquid where the solid material can be skimmed off. For adequate flotation,
the bubble size should be between 10 – 100 m. Gas bubbles generated from a
pressurized liquid produces a milky white appearance of this size range once the
liquid is depressurized (Haarhoff & Edzwald 2012).

1.3 Previous work at the University of Waikato
Prior research at the University of Waikato has dealt with the development of
electrochemical methods for chlorine generation, disinfection, iron removal and
effluent treatment

1.3.1 Divided cell using porous anode
Wang (2005) developed a divided cell using porous anodes to generate chlorine
from dilute brine solutions for small scale water treatment plants and treatment of
swimming pools.
The cell comprised of an anode compartment which consisted a porous titanium
anode plate, an anode back plate and a product chamber and a parallel cathode
compartment consisting a porous titanium cathodic plate, a cathode back plate and
a product chamber. The electrodes are supported with ion exchange membranes
which selectively allow the ions, present in the aqueous solution, to enter into
either compartment (Figure 1.16).
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Figure 1.16 Porous anode membrane cell (Retrieved from (Wang 2005))

In order to improve the cell’s ability to generate chlorine at low power
consumptions, the ion exchange membrane was chemically modified with
platinum which acts as a catalyst and improves the surface properties of the
membrane. The Pt-catalysed membrane resulted in a 50% drop in cell voltage,
increasing the cell’s current efficiency by 87% at a cell voltage of 6.4 V at 5 A.
However, it was also found that decreasing the concentration of the brine resulted
in an increase in membrane resistance, resulting in poor energy efficiencies.

1.3.2 Online Chlorine generation using natural chloride in novel
undivided cells
Mathieson (2006) developed two cells for wastewater treatment.

Figure 1.17 Breadbox design for treating iron laden water (Retrieved from (Mathieson 2006))
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Breadbox cell
The breadbox cell (see Figure 1.17) so called because of its parallel alignment of
the electrodes, is a bipolar stack of twelve 316-stainless steel electrodes (having
an active area of 0.04 m2). The electrodes were hollow rectangular prisms each
with a small hole in the top face to allow the generated gases to escape. The
thickness of the hollow electrodes was 15 mm and the inter-electrode gap between
the parallel electrodes was set to 1 mm. This undivided cell design was capable of
achieving rapid oxidation of Fe(II) to insoluble Fe(III). The Fe(III) formed
aggregated flocs which rose in the settling tank due to the gas bubbles produced
during electrolysis. The floc was then allowed to settle and removed using gravity
filtration.
While the system is capable of producing high quality water using the chloride
present in bore water, it involved a lengthy filtration step. Additionally, since the
breadbox design is an undivided cell system and doesn’t have a separating
membrane between the anodes and the cathodes, the reduction of Fe(III) back to
Fe(II) at the cathode is an added possibility. Furthermore, high current densities
were required for optimum electrolysis, promoting high power consumption and
rapid degradation of the anodes. Reducing the current density led to poor chlorine
generation and poor oxidation of Fe(II) to Fe(III).
Flume cell
Mathieson’s second cell design represented a major advance. He was able to
reduce the inter-electrode gap to 0.1 mm (thickness of a nylon insulating
membrane) and avoided hydraulic resistance by passing the effluent to be treated
through an anode bed of aluminium shavings separated from a stainless steel
cathode flume by the nylon mesh. Essentially this was a cell with a porous anode
separated from a sheet cathode. (Figure 1.18).
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Figure 1.18 Flume design with reduced interelectrode gap (Retrieved from (Mathieson 2006))

1.3.3 Micro-gap perforated electrode flow through (PEFT) cell
Nath (2011) further developed the concept of passing the liquid to be treated
through the electrodes rather than between them by developing a cell based upon
two perforated electrodes. The cell was used for the in situ generation of chlorine
for various water and wastewater treatment applications. The cell had some
similarities to the Zappi cell (Zappi & Weinberg 2001) which, like the Mathieson
cell, used an insulating electrode spacer. However, unlike the Zappi cell, this cell
has a closed housing to facilitate in situ high pressure operation as an inline
chlorine generator/oxidiser.

.
Figure 1.19 PEFT cell Electrode set-up (Nath 2011)
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Perforations in the electrodes were precision drilled and the electrodes assembled
in such a way that optimised symmetrical flow paths of identical and minimum
path length for flow between each perforation of the anode and each perforation of
the cathode (see Fig 1.21). Even though the flow gap between the electrodes was
very narrow (50 µm or less) the flow path was very short. In this way good
volumetric flow rates through the cell were obtained at modest applied pressures
The PEFT cell is capable of in situ generation of chlorine using natural chloride.

Figure 1.20 Staggered electrode set-up (Retrieved from (Nath 2011))

Nath found that by using the PEFT cell, 100% Fe(II) oxidation of iron in bore
water was achieved after four cycles through a single cell at chloride
concentration of 250 mg/L and with a power consumption of 18.4 kWh/m3.
The present work is based upon Nath’s PEFT cell design and investigates methods
for improving the PEFT cell’s performance for treating iron and manganese laden
bore water. The central idea was that by using a stack of multiple electrode pairs
connected in parallel, single pass oxidation at lower power consumption should be
achievable.

1.4 Objectives of the Present Study
The first objective was to assemble and test a multi-electrode PEFT cell design
with graphite anodes. The use of multiple electrodes should require lower
concentrations of chloride as the chloride oxidised in the first cell and then
reduced while oxidising Fe(II) will be available for re-oxidation by the second cell
in a stacked multiple cell system. Furthermore, if the cells are electrically
connected in parallel, for a constant current flow through the system, the
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resistance and, consequently the power consumed should be reduced by a factor
equal to the number of cells connected in parallel.
In initial work, graphite anodes will be used to see if this low cost material can be
used to achieve satisfactorily oxidise the iron and manganese of a problem
Waikato bore water. Depending upon the outcomes of this work, DSAs may be
trialled.
A final objective of the study, if the initial work was successful, was to design and
develop an electro-flotation clarifier system for the online floc removal after the
inline oxidation.

1.5 Thesis Outline
Chapter 1 defines the area of study with a general introduction, and examines the
literature on the importance of chlorine in water and wastewater treatment
industries leading to the evolution of electrochemical technology and applications
of various electrochemical techniques for iron and manganese removal followed
by the specific objectives of this research.
Chapter 2 describes the materials and methods used in this research.
Chapter 3 describes the development of the ME-PEFT cell system and the
evolution of the electro-flotation column.
Chapter 4 investigates graphite as the anode material and the effect of multiple
electrode pairs, electrically connected in parallel, on iron oxidation, iron removal
and electro-chlorination.
Chapter 5 investigates the effect of a better anode material (DSA) on electrochlorination, iron oxidation and iron removal from low chloride concentrations.
Chapter 6 investigates the performance of the electro-flotation column with
respect to gravity settling.
Chapter 7 is the general discussion and main conclusions along with
recommendations for future research.
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Chapter 2: Material and Methods
2.1

Perforated electrode flow through cell (PEFT)

Traditionally, static plate electrodes are immersed into a water bath and separated
by distance of a few millimetres to centimetres. While satisfactory for use with
concentrated electrolytes, such configurations, because of their high resistance,
are unsatisfactory because of cost and high voltage requirement for dilute
electrolyte systems such as natural water. The development of PEFT cell design
has enhanced the efficiency of the electrolytic system. Unlike conventional
systems, PEFT cell is completely sealed and it can be subjected to varying
pressure and flow rates allowing it to be directly in cooperated into an existing
water treatment plant. More importantly, the cell design based upon electrodes
perforated with a regular hole pattern and staggered to give symmetrical short
flow paths between the electrodes, allows the electrodes to be brought very close
together while maintaining good cell flow characteristics. Inter electrode gaps of
50 µm can be used dramatically reducing cell resistances and hence power
consumption (Nath 2011).
The details of the PEFT cell design, its electrodes and construction have been
summarised in Section 1.2. The adaptation of this design to provide multiple
electrode contacts during a single pass and so avoid the need for recycling is
discussed in Section 2.2 below.

2.2

Development of the multi-electrode PEFT (MEPEFT) cell

The outer casing of the PEFT cell was made of high density plastic (Poly(methyl
methacrylate)) and the electrodes were held together by eight stainless steel nuts
and bolts. Each electrode compartment comprised of an anode and a cathode
separated by a spacer. The distance between each electrode compartment was set
at 10 cm in order to achieve optimum oxidation efficiencies from each cell as it
gives enough time for the electrochemically generated chlorine to oxidise Fe(II) to
Fe(III) and also for the reduction of chlorine to chloride. The longer column (57
cm) following the four cells was incorporated in order to allow flocculation to
occur with the help of the bubbles generated during electrolysis. Bubbles attached
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to the floc allow them to float and aggregate at the top of the column. Ideally, the
concentrated aggregated floc is collected inside the tray (at the top) and removed
through the sludge outlet whereas the clear effluent is retrieved from the treated
effluent outlet as shown in Figure 2.1.
Initially, stainless steel wires were used as the electrical connecting leads
however, due to high resistance and improper current distribution onto the
electrodes they were replaced with titanium foil discs. The electrode separator
used was 50 µm strip of inert cellulose (3M ScotchTM tape 375, USA) giving a
cell constant of

1 x 10-6 cm-1 (calculated from cell geometry). The influent

enters into the cathodic end of the PEFT cell and moves vertically through the
electrodes and discharged as treated electrolyte (Figure 2. 1).

Figure 2.1 Schematic of the Multiple PEFT cell system
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Figure 2.2 illustrates the experimental setup of the PEFT cell system. The cell was
connected to a direct current source with a maximum of 20 A and 35 V (TRIO
Regulated DC Power Supply PD 35-20). The applied current and voltage were
measured using FLUKE 37 multimeters. A peristaltic pump (Watson Marlow
504S, with regulated DC power supply) with a flow controlling knob was feeding
the influent into the cell and the effluent was collected into a measuring cylinder.

Figure 2.1 Experimental set-up of the multiple PEFT cell
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2.3 Electrode Materials
The electrode materials used in this research were chosen on the basis of their
compatibility with water treatment, New Zealand drinking water standards, cost
effectiveness and the ability to withstand corrosion. The anode and cathode
materials used during this research are summarised in Table 2.1.
Anode

Cathode

Spacer – electrode gap

Flow gap

Graphite

Stainless steel

Polyurethane –

50 µm

50 µm ± 2µm
TiO2/RuO2

Stainless steel

Polyurethane –

50 µm

50 µm ± 2µm
TiO2/RuO2/IrO2

Stainless steel plate

Polyurethane –

50 µm

50 µm ± 2µm
Table 2.1 Electrode Material and spacer used in the development of the multiple PEFT cell

2.3.1 Anode Materials
Graphite (thickness = 2.5 mm) was chosen as the anode in the study conducted
previously using the PEFT cell for iron and manganese removal from bore water
(Nath 2011). In order to compare the differences in iron and manganese removal
efficiencies using the multi-electrode PEFT cell system graphite was used as the
anode for initial studies.
For the later part of this research graphite anodes were replaced by dimensionally
stabilised titanium anodes (thickness = 2 mm). They were chosen due to their
superior mechanical properties, compatibility with the drinking water supplies and
primarily because of their excellent ability to generate chlorine from very low
chloride levels as found in Waikato groundwater.

2.3.2 Cathode Material
The material used as the cathode was 316-stainless steel (thickness = 2 mm) for
this research. This particular stainless steel composition was selected because of
its high corrosion resistant properties.
Both the electrodes were precisely drilled using a CNC-1350-A Galaxy computer
numerical controlled machine with the same hole density of 8 holes/
(diameter = 1 mm) giving an effective electrode surface area of 48.3
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2.4 General procedure for electrolysis experiments
Iron and manganese (up to 25 and 0.9 mg/L) contaminated water used for this
research was collected from a groundwater bore located in 956, Tuhikaramea
road, Hamilton, New Zealand. Synthetic iron water were prepared using double
distilled water which had a fixed pH range between 4.2-4.5 and conductivity < 2
µS/cm at 20°C.
The electrochemical treatment was carried out by passing groundwater through
the ME-PEFT cell which electro oxidizes the metal ions which subsequently
aggregate and settle in the column. The percentage oxidation of ferrous into ferric
ions was determined by the 1, 10 Phenanthroline spectrophotometric method and
detected using JENEWA 7300 SPECTROPHOTOMETER (Vogel 1997). The
effluent from the cell was filtered with a 0.45 m filter and analyzed using ICPMS PerkinElmer SCIEX ELAN DRC II for metal ion content. BDH Analar grade
reagent sodium chloride was added to the groundwater for effective chlorine
production under electrolysis. The pH was measured using a BA350 series 3 EDT
Instrument pH meter and the conductivity was measured using a CyberScan100
Con Eutech Instrument. Turbidity of the treated groundwater samples was
measured using HACH 2100P Turbidimeter, in Nephelometric Turbidity Units
(NTU) and the dissolved oxygen level was measured using a CyberScan 100 DO
instrument. The active chlorine level in treated water was determined by an
iodometric titration and the initial chloride level in groundwater was determined
using mercury (II) thiocyanate spectrophotometric method (Vogel, 1997).

2.5 Analytical Methods
2.5.1 Ferrous ion Analysis
The ferrous ion concentration in the effluent was measured using the 1,10
Phenanthrolein spectrophotometric method (Vogel 1997). A dilution series of
known ferrous ion (FeSO4.7H2O, MW 278.02, BDH Analar reagent) solutions (0 4.0 mg/L) were used to prepare a calibration curve (absorbance versus ferrous ion
concentration (Appendix A).

A volume of 10 mL oxidized effluent was

transferred into a 50 mL falcon tube to which 5.0 mL of 0.2 mol/L sodium acetate
(UNILAB Ajax, Analar reagent) and 4.0 mL of 0.25% 1, 10 Phenanthrolein
(SERVA, Feinbiochemica, Heidelberg, Analar reagent) were added and made up
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to the 50 mL mark with distilled water. The solution was mixed well and allowed
to stand for 10 minutes for the colour to develop and the absorbance was
measured at 515 nm using JENEWA 7300 UV-VIS spectrophotometer.
Preparation of 20 mg/L iron solution
M.W. of FeSO4.7H2O = 278.02 g/mol
M.W. of Fe = 55.847 g/mol
55.847 g/mol

278.02 g/mol

55.847 g (Fe)

278.02 g (FeSO4.7H2O)

1 g (Fe)

278.02/55.847 = 4.978 g (FeSO4.7H2O)

Thus, 20 mg (Fe) = 4.978 x 20 = 99.56 mg (FeSO4.7H2O)

2.5.2 Chlorine Analysis
The chlorine concentrations of synthetic water having the same electrolytic
concentrations (containing no iron or manganese) as groundwater were calculated
using the Iodometric titration method. NaCl (BDH Analar reagent) was used to
prepare the sodium chloride solutions in single distilled water (conductivity < 2
mS/cm). Sodium iodide (10% solution, BDH Analar reagent), sodium thiosulfate
(BDH Analar reagent, made up to concentrations of 0.1, 0.05, 0.025 and 0.0125
mol/L), glacial acetic acid (Merck Laboratory Reagent), and starch glycollate
indicator (BDH Analar reagent) were used as required. In order to resist chlorine
to escape, a known amount (100 mL) of the electrolysed solution was transferred
into a beaker containing 10% sodium iodide (20 mL). The solution was acidified
using glacial acetic acid (10 mL) along with the starch indicator (

1 mL). The

samples were titrated against standardized sodium thiosulpfate solution.

2.5.3 Chloride Analysis
The chloride ion concentration present in groundwater samples was measured
using a spectrophotometric method. A dilution series of known chloride ion (BDH
Analar grade reagent) concentrations (0 – 40 mg/L Cl-) were used to prepare the
calibration curve (absorbance versus chloride ion concentration (Appendix A). A
volume of 6 mL colour reagent was transferred into a 15 mL falcon tube to which
3 mL of the sample was added. The solution was well mixed and made up to the
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15 mL mark with distilled water. After the colour had developed (15 minutes)
absorbance was measured at 460 nm using JENEWA 7300 UV-VIS
spectrophotometer.
Preparation of the Colour Reagent for chloride analysis
Mercury Thiocyanate (0.013 mol/L Hg(SCN)2; Mr = 316.77)
4.17gram of Hg(SCN)2 was added to 1 L methanol. The solution was filtered
using ash less filter paper.
Ferric Nitrate (0.5 mol/L Fe(NO3)3.9H2O; Mr = 404.00)
202 gram of Fe(NO3)3.9H2O was added to 250 mL distilled water along with 21
mL conc. HNO3. The solution was made up to 1 L using distilled water and
filtered using ash less filter paper. It was then stored in an amber bottle.

Colour Reagent
90 mL of 0.5 mol/L ferric nitrate was added to 90 mL 0.013 mol/L mercuric
thiocyanate. The solution was then made up to 600 mL using distilled water.
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Chapter 3: Evolution of the multi-electrode PEFT cell
and DAF clarifier system
3.1 Multi-electrode PEFT cell
The poly(methyl methacrylate) outer casing of the prototype of the Multielectrode PEFT (ME-PEFT) cell had been prepared prior to the commencement of
this research. This was a major advantage as getting the prototype built can be a
time taking process depending upon the availability of the material and the
workload on the University workshop. All the components in the cell, however,
were prepared during the course of this research. Initially, the cell was assembled
and tested for leakage using tap water. It was ensured that the water sealant
prepared were of diminutive thicknesses so that it does not interfere with the
desired inter-electrode gap of 50

(thickness of cello tape used as the spacer).

The sealants were positioned between the electrode and the outer covering of the
cell in order to avoid leakage and short circuiting. However, preparing the sealants
was a tedious procedure as the preparation stage required >24 hours for the silicon
seal to form and often the retrieval of the thin sealant resulted in tearing.
Eventually the seals were prepared and the cells were working without any
leakage.
Initially, the cells were powered from the DC supply using stainless steel leads.
The leads were coiled in order to cover a large surface area of the electrodes. The
preparation stage of the coils was not easy as the stainless steel wires were 1.5
mm thick which made it very hard to bend. Moreover, the coiling process was
done by hand leading to irregularities in the shape of the coils. It was also found
that the coils, when placed inside the cell, did not sit evenly on the surface of the
electrode due to the unevenness of the coil surface (Figure 3.1). This resulted in
point contacts between the power leads and the electrode surface and thus current
distribution across the electrode was not even.
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Figure 3.1 Point contact between Stainless Steel leads and the electrode surface.

During the tests it was found that electrolysis was not occurring evenly over the
surface of the electrodes as a result of uneven current distribution.
Table 3.1 Individual cell performance using stainless steel leads (Conductivity = 150 µS/cm at 16 , pH
= 6.90 at 20 , natural chloride = 26 mg/L, residual chlorine = 0.40 mg/L and flow rate = 190 mL/min)

Cell
1
2
3
4

Current (A)
1
0.32
1
1

Voltage (V)
12.4
31.2
3.6
13.8

From the currents and voltages of Table 3.1 it is clear that individual cells
resistances differed widely. Cells 1 and 4 require similar voltages to produce 1 A
current indicating that the contact resistances between the current leads and the
electrodes are similar. However, Cell 2 has lower current for a higher voltage
indicating much higher contact resistances. The very low resistance of cell 3 was a
result of obvious short circuiting.
In order to have an even power distribution throughout the cell a new pressing
mechanism was developed. This pressing technique would ensure that the leads
are in proper contact with the electrodes (Figure 3.2). The results were very
similar to what was observed for cell 1 and 4 in Table 3.1 however, using this
technique it was observed that stainless steel leads started to corrode over a period
of time forming a resistive layer between the surface of the lead and the electrode
causing an increase in cell resistance.
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Figure 3.2 Drilled HIP sheet pressing the stainless steel leads onto the electrodes

Therefore the stainless steel leads were replaced with more corrosion resistant
leads. It was also decided that the leads should be in the form of a disc rather than
a coil in order to improve electrode contact and current distribution between the
electrodes (Figure 3.3).

Figure 3.3 Titanium disc leads

This new contact system worked successfully. The discs were clamped between
the electrodes and the outer diameter of the cell’s casing (Figure 3.3) so that the
discs are not in contact with the solution during electrolysis. This is required as
titanium forms a resistive oxide layer if in contact with the solution during
electrolysis. During the tests, it was observed that electrolysis occurred evenly
over the electrode surface..
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Table 3.2 Individual cell performance using titanium dics (Conductivity = 150µS/cm at 16 , pH = 6.90
at 20 , natural chloride = 26 mg/L, residual chlorine = 0.40mg/L and flow rate = 190 mL/min)

Cell
1
2
3
4

Current (A)
1
1
1
1

Voltage (V)
7.85
6.99
7.23
7.19

From Table 3.2 it can be seen that the current distribution is similar in all the
individual cells. Even more, the cell resistance has decreased from what was
observed using stainless steel leads (Table 3.1) implying that the power
distribution has improved from the coiled set up.

3.2 DAF clarifier
The DAF clarifier was initially designed as shown in Figure 3.4 (a). The effluent
from the cell enters the clarifier from the bottom of the column. The floc
aggregating at the top of the riser column (due to electro-flotation) is removed via
the sludge outlet (situated on the top of the column) whereas eluent is removed at
the base of the riser column.

This design did not perform well due to the

positioning of the inlet and the eluent outlet which were located very close
together allowing contamination of the product water by the floc suspension.
Therefore the inlet position was raised to the middle of the clarifier column as
shown in Figure 3.4 (b). This new design performed well as the floc rose with the
top of the riser column without interfering with the retrieval of clean product
water. However, at higher current densities it was found that the large gas bubbles
formed during electrolysis interfered with the floc formation process. Due to these
large bubbles floc removal was inefficient as the floc mixed with product waters.
A third clarifier design is shown in Figure 3.4 (c). The treated water is fed into a
narrow riser column which allows the floc to rise and aggregate at the top of the
column. The circumference of the sludge removal outlet was reduced in order to
allow removal both large gas bubbles and concentrated floc simultaneously even
at high current densities.
Data for the first two clarifier designs were not recorded due to the poor/no floc
removal achieved. The third clarifier design showed some promise but the large
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bubbles still caused problems. Further development of this design is described in
Chapter 6.

Figure 3.4 Flotation column design
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Chapter 4: Multi-electrode PEFT (ME-PEFT) Cell
Using Graphite Anodes
4.1

Trials of the ME-PEFT cell using synthetic bore water

4.1.1 Effect of increased number of electrode pairs.
Initial trials of the ME-PEFT cell were performed using synthetic bore water
prepared by 20 mg/L Fe (see Section 2.5.1) made up with ferrous sulphate and tap
water to provide the other mineral constituents likely to be present.
The synthetic bore water was passed through the ME-PEFT cell at 190 mL/min
(Current density = 20 mA/cm2, conductivity = 189.7 µS/cm at 1

). Samples of

the electrolysed water were filtered through 0.45 µm filter and analysed for Fe
using ICP-MS. Data for system fitted with 1, 2, 3, and 4 electrode pairs are
presented in Figure 4.1.
35

% Removal of Iron
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Number of cells

Figure 4.1 Iron removal from 20 mg/L iron solution at 1A (Flow Rate = 190 mL/min using 1, 2, 3, and 4
electrode pair of graphite anode and stainless steel cathode)

It is clear that at 1 A current, the maximum iron removal was 30% with the use of
two electrode pairs. It is apparent that even without the addition of chloride,
significant oxidation of the Fe was achieved. This could have been brought about
either by the oxygen species formed as a result of water electrolysis and/or the
chlorine produced from the chloride added to the synthetic bore water with the tap
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water used to prepare the solution. Tap water was found to contain 25 mg/L
chloride.
While the increase in Fe removal by the two electrode pair system relative to the
one pair system is easily understood, the reduced removal with three and four
electrode pair is not easily explained.

4.1.2 Effect of chloride concentration and current density
A series of experiments was conducted on the 20 mg/L synthetic bore water to
show the effect of NaCl concentration and current on iron oxidation and removal.
Data are presented in Figure 4.2.
From Figure 4.2 it can be observed that while the cell’s efficiency did improve
with increasing chloride concentration up to a chloride concentration of 225 mg/L,
the effect of increasing the number of electrode pairs had if anything, a negative
effect on Fe removal. With the electrode pairs connected electrically in parallel,
current would be distributed between them. Thus the total passage of charge per
unit volume would remain the same and so the amount of oxidation would be not
affected. In order to test this possibility experiments at 2, 2.5 and 3 A and 100
mg/L chloride were conducted. However even the passage of more current per
unit volume of the solution had little effect on iron removal.
One possible explanation for the contradictory result obtained from these
preliminary results for the ME-PEFT cell was the sub-optimal alignment of the
electrode perforations. This aspect will be considered in the next section.
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Figure 4.2 The effect of NaCl concentration and current on iron removal efficiencies (Flow Rate = 190 mL/min)

4.1.3 Effect of Perforation Configuration
Initially the electrodes were aligned with the perforations in the electrodes directly
aligned. In this configuration the solution between the electrodes will tend to be
stagnant and not renewed by the flow through the cell.
In order for the surfaces of the electrodes to be continuously exposed to fresh
solution, it is necessary that the perforations be configured in a staggered array to
ensure symmetric paths of minimum path length from the perforations of one
electrode to the perforations of the other electrode. This is illustrated in figure 4.3.

Figure 4.3 Aligned and Staggered electrode set-up

The results achieved for iron removal for one cell with a staggered perforation
pattern were 69%, 56% and 63% respectively at 1 A, 2 A and 3 A. The 3 A iron
removal results with staggered perforations were approximately 50% greater than
for the aligned perforations (Figure 4.4). Therefore, staggered electrode
configuration was used for further studies in this research.
However, Figure 4.4 also indicates that increasing the applied DC current through
the staggered configuration did not improve the iron removal efficiency of the
graphite anode. Quite to the contrary, the highest iron removal efficiency (≈ 70%)
was achieved at the lowest current of 1 A DC. This result cannot be easily
explained. Possibly at the higher voltages electrolysis of water to form oxygen is
favoured with this oxygen reacting with the carbon anode rather than with the
iron.
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Figure 4.4 Comparison of Aligned and staggered electrode set-up for iron removal (Flow Rate = 190
mL/min)

Data for the staggered configuration for multi-electrode PEFT cells using the
same synthetic bore water and 1 A current are summarised in Table 4.1.
Increasing the number of electrode pairs had no effect on the iron removal. This is
consistent with the iron removal requiring a given amount of charge transfer
irrespective of the number of electrode pairs used.
Table 4.1 Iron Removal efficiency of ME-PEFT cell from 20 mg/L iron water (Flow rate = 190 mL/min,
NaCl = 100 mg/L, current = 1 A)

Electrode
Pair

Voltage
(V)

1
1-2.
1-3.
1-4.

5.47
4.46
4.2
3.75

Fe+2 Concentration (mg/L)
Initial
10.88
9.59
9.05
8.52

Final
3.32
3.54
3.17
2.47

Iron Removal
Efficiency (%)
69
64
64
63

4.2 Oxidation versus iron removal with staggered
perforations.
In experiments up until this time, the % iron removal has been used as the
criterion for cell efficiency. Iron removal requires two steps: oxidation and
filtration through 0.45 µm filters. It is possible that less than 100
% removal was a consequence of inefficient filtration of sub 0.45 µm oxide
particles rather than incomplete oxidation and colloidal hydrous oxide particle
formation. Even though the electrolytically treated solutions were clear and non53

turbid after 0.45 µm filtration, it was considered prudent to check that there was
good correlation between iron oxidation and iron removal. In other words it was
felt necessary to show that poor iron removal was a result of poor iron oxidation
not poor filtration.
The oxidation efficiency of the ME-PEFT cell system for synthetic 20 mg/L iron
solution containing 100 mg/L NaCl electrolysed at 1 A was determined by
collecting samples of the electrolysed water immediately after passage through the
cell and analysing the Fe(II) content according to the procedure described in
Section 2.5.1. Data are summarised in Table 4.2.
Table 4.2 Iron oxidation efficiency of ME-PEFT cell from 20 mg/L iron water (Flow rate = 190
mL/min, NaCl = 100 mg/L, current = 1 A)

Electrode
Pair

Voltag
e (V)

Current
Density
(mA/cm2)

1
1-2.
1-3.
1-4.

5.47
4.46
4.2
3.75

19.90
9.95
6.63
4.98

Fe+2 Concentration
(mg/L)
Initial
Final
20
20
20
20

6.19
6.96
6.96
6.79

Absorbance
(NTU)

% Fe+2
oxidise
d

0.218
0.245
0.245
0.239

69
65
65
66

From Table 4.2 it is clear that complete oxidation of Fe(II) was not achieved and
that distributing the current over an increasing number of cells had no effect.
However comparison of the data (Table 4.2) with that of Table 4.1 reveals that the
% of iron oxidised was essentially the same as the % removed in the previous
experiment. Here again it can be noted that using multiple cells connected in
parallel did not improve the efficiency of oxidation. Current densities were all
very low (19.9 mA/cm, 9.95 mA/cm, 6.63 mA/cm and 4.98 mA/cm respectively)
making it unlikely that lowered current density would contribute to improved
current efficiency.

4.3 Effect of chloride concentration with staggered
perforations
It is clear from the results of Section 4.2 that, even with the improved
performance achieved with the staggered perforation, insufficient oxidation had
been achieved to oxidise and precipitate all of the iron. A chloride concentration
of 100 mg/L electrolysed in the ME-PEFT cell system produced insufficient
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chlorine to oxidise all the Fe(II) of a 20 mg/L solution to Fe(III). Even though
chloride concentrations above 100 mg/L had little effect on iron removal with the
aligned perforation configuration, it was considered worthwhile to see if chloride
concentration was more effective with the staggered perforation configuration.
Also it was considered worthwhile to see if the performances of electrode pair
combinations were similar. Experiments were conducted with two single electrode
pair

cells

with

staggered

perforation

configuration

at

three

chloride

concentrations. Data are presented in Figure 4.5.

.
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66
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65
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Figure 4.5 Iron (II) oxidation efficiencies of Cell 1 and Cell 4 from 20 mg/L iron solution and 2 A DC
(Flow Rate = 190mL/min)

It is apparent that the two cells used performed similarly and that chloride
concentration had little effect on oxidation efficiency.

4.4 Electrochemical chlorine generation using graphite
anodes
It is commonly believed that electrochemical oxidation of species occurring in
water proceeds through initial oxidation of chloride naturally present (or added) to
chlorine. It was thus of interest whether the incomplete oxidation and removal of
iron that has been observed was due to inadequate generation of chlorine or
whether adequate chlorine was being produced but was ineffective in oxidising
the iron under the conditions of the experiment.
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Considerations of the currents used indicate that more than adequate charge was
passed through the cell to bring about complete oxidation. For example when a
current of 1 A is passed through a single electrode pair PEFT cell where the
average residence time of the sample in the cell at a flow rate of 190 mL/min is
0.078 seconds, the amount of charge transferred will be 316 coulombs per litre or
3.27 x 10-3 Faradays. This should be able to oxidise 3.27 x 10-3 moles of Fe(II).
The actual amount of iron that would have passed through the cell was calculated
to be 3.21 x 10-5 mol. Thus a 100 fold excess of charge over that required to
oxidise the iron would have been passed through the cell.
If the mechanism for iron oxidation involves initial production of chlorine, then
the amount of chlorine produced will indicate the amount of iron oxidation to be
expected. It was thus of interest to determine the amount of chlorine produced in
the absence of any reducing agent.
A single cell consisting of graphite anode (see Figure 3. 3) was used to electrolyse
a NaCl solution (Conductivity = 212 µS/cm at Temperature = 24.6 , 100 mg/L
NaCl) at a flow rate of 190 mL/min and at currents ranging from 1 to 5 A. The
amount of chlorine generated was measured following the procedure described in
Section 2.5.2. Results are summarised in Table 4.3.
Table 4.3 Chlorine generation by graphite anode from 100 mg/L NaCl at increasing currents (Flow
rate 190 mL/min)

Current (A)

Voltage (V)

Current Density
(mA/cm2)

Cl₂ Production
(mg/L)

1
3
5

8.93
15.64
20.08

19.90
59.67
99.45

0.55
0.66
1.14

It is clear that even at the highest current density (99.45 mA/cm) and voltage used
(5 A, 20.08 V) the chlorine production (1.14 mg/L or 3.21 x 10-5 mol/L) is much
less than what is required to oxidise the levels of iron used in the synthetic bore
water trial reported above (20 mg/L or 3.61 x 10-4 mol/L). So even if the chloride
was repeatedly re-oxidised in a series of 4 PEFT cells, insufficient chlorine would
be produced to effect complete oxidation of the iron.
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In order for the stoichiometric oxidation of 20 mg/L Fe by Cl2, the graphite anode
must be able to generate at least 13 mg/L chlorine as shown below.
Mr(Fe) = 55.4
0.020 g/L → 0.020 / 55.4 = 3.61 x 10-4 mol/L
Mr(Cl) = 35.5
3.61 x 10-4 x 35.5 → 0.0128 g/L = 13 mg/L

4.5 Trials with bore water
Up until this stage of the work, all tests were conducted using synthetic solution
containing 20 mg/L ferrous ion with known concentrations of NaCl. Even though
iron removal from this water was less than desirable it was considered to be useful
to get some data for the performance of the staggered perforation ME-PEFT
system on a real iron containing bore water. Bore water is known to contain
ferrous ion, concentrations ranging from 20 – 25 mg/L, along with various other
inorganic and organic constituents that can affect oxidation and coagulation
processes. In order to be able to make comparison with the synthetic iron water
results of figure 4.5, 250 mg/L NaCl was added (Conductivity = 255 µS/cm at
17.5

. Data are given in Figure 4.6 in which PEFT cell oxidation at two applied

currents is compared with natural air oxidation for a sample passed through the
cell without any current.

Figure 4.6 Comparison of iron oxidised by air, electro-oxidation of bore water (at 1 A and 2 A) and
electro-oxidation of synthetic bore water (flow rate 190 mL/min) using a single PEFT cell
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Figure 4.6 shows that bore water was only 40% oxidised, irrespective of current,
whereas synthetic water of similar iron content was 69% oxidised under the same
conditions.

4.6 Conclusion
From the evidence provided by the present findings, stacking four cells connected
in parallel did not achieve complete oxidation of Fe(II) in bore water even with
the addition of 250 mg/L NaCl when graphite was used as the anode material. The
graphite anodes did not produce nearly enough chlorine to oxidise the iron.
Thus while Nath was able to achieve 100% oxidation with graphite electrodes in
a single pass through the PEFT cell, he used much higher chloride dosages (≈ 1-3
g/L) and higher current densities (78.6 mA/cm) (Nath 2011). These conditions are
not compatible with the treatment of domestic farm water supplies. Moreover,
increasing the chloride concentration will result in the formation of residual
chlorine in the treated bore water (which is not used up during electrolysis)
leading to the formation of chlorinated organics (Bull et al. 1995; Hsu et al. 2001)
which could be carcinogenic.
It was clear from the results of this chapter that a more electrically efficient anode
material would be necessary to achieve the objective of single pass removal of
iron from bore water from the chloride concentrations available.

58

Chapter 5: Multi-electrode system using dimensionally
stabilised titanium anodes (DSAs)
In Chapter 4, it was shown that even with the use of multi-electrode PEFT cells
the maximum amount of oxidation in a synthetic iron water system was
approximately 66% and with bore water the oxidation and removal for the same
initial concentration was significantly less. Increasing the number of cells, the
chloride concentration or the current density had little effect on this amount of
oxidation. It is believed that the generation of chlorine is an essential step in the
oxidation process and that at least 1 mole of HOCl is required to oxidise 1 mole of
Fe(II). Apparently, in order to improve the oxidation of Fe(II) it is necessary to
produce more chlorine. In this chapter the production of chlorine has been studied
with the aim of ensuring sufficient chlorine would be available to oxidise all the
Fe(II).
It is well known in the water treatment industry that titanium electrodes generate
much more chlorine than graphite electrodes particularly at low chloride levels.
However, during electrolysis titanium generates an oxide layer (titanium oxide
layer) and hence it cannot be directly used as an anodic material. Titanium when
coated with ruthenium oxide layer forms the dimensionally stabilized anodes
(DSAs) and they are widely used in water treatment industry as electro
chlorinators.

5.1 Laboratory preparation of Ruthenium stabilised DSAs
The dimensionally stabilised titanium anodes were prepared by first
electrodepositing of a ruthenium layer onto a sheet of commercial 99.2% titanium
(Grade 2) metal following the procedure of Zheng et al., 2008 using an acidic
solution of ruthenium chloride. Prior to electro-deposition, the titanium electrodes
were mechanically polished using silicon carbide grit 600 powder and diamond
compound paste. The electrodes were then placed in an acetone ultrasonic bath
(for 30 minutes) to remove any contaminants remaining followed by a degreasing
step (using soap and water). Oxide layers were removed by etching using oxalic
acid (HO2COO2H) at 90

for 1.5 hours. The electrodes were then cleaned (using

double distilled water) and placed in the plating solution. Electrodeposition was
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carried out at room temperature in a plating solution comprising of 5 mM
RuCl3.3H2O, 0.01 mol/L HCl, and 0.1 mol/L KCl at a constant pH value of 2.
RuO2 nH2O film was coated on the pre-treated titanium electrodes using a
cathodic deposition technique. Electro-deposition was carried out at 25 mA cm-2
(for 8 minutes) using pre-treated titanium electrode as the cathode and platinum
gauze as the anode. After deposition the ruthenium film was converted to the
oxide by heating to 150

for 2 hours (Zheng et al. 2008).

5.2 Electrochemical chlorine generation using laboratory
prepared DSAs
Data for electrochemical chlorine production from sodium chloride solutions
ranging from 10 to 50 mg/L chloride and currents ranging from 1 to 3 A are given
in Table 5.2.
Table 5.1 Chlorine generation by laboratory prepared DSAs at different chloride and current values
(Flow rate = 190 mL/min and pH = 5 at 20 )

[NaCl] = 10 mg/L and conductivity = 36µS/cm at 20
Current (A)

Voltage (V)

Cl₂ Production (mg/L)

1
7.20
1.5
2
13.60
4.2
3
21.15
7.2
[NaCl] = 20 mg/L and conductivity = 51µS/cm at 20
Cl₂ Production
Current (A)
Voltage (V)
(mg/L)
1
6.60
2.3
2
11.60
5.5
3
16.40
9.8
[NaCl] = 50 mg/L and conductivity = 118µS/cm at 20
Current (A)

Voltage (V)

Cl₂ Production (mg/L)

1
2
3

4.10
6.20
8.50

4.1
10.2
18.4

At an influent concentration of just 10 mg/L chloride (working at 3 A DC) the
free chlorine generated was 7.20 mg/L. This is a dramatic improvement in
chlorine production compared with the 0.66 mg/L produced using a graphite
60

anode at the same current but using the higher chloride concentration of 100
mg/L. Thus DSAs were used as the anodes in the remainder of this thesis.
A major issue encountered with laboratory prepared DSAs was the degradation of
ruthenium oxide layer after prolonged use. Loss of the ruthenium oxide layer
exposed the titanium metal which was rapidly oxidised to form an insulating
coating. The instability of the ruthenium coating was probably due to insufficient
annealing of the electrodes before use. Fortunately a source of commercial
titanium sheet coated with ruthenium oxide and iridium oxide was located and this
material was used for all subsequent studies. Iridium oxide protects the ruthenium
oxide layer from degrading during electrolysis and extends the service life for
several years (Duby 1993).

5.3 Electrochemical chlorine generation using commercial
DSAs
Data for chlorine generated using the commercial anode material at different
chloride dosages and current densities are depicted in Figure 5.1. From the figure
it can be observed that chlorine generation is twenty six times greater than what
was observed for graphite anodes (see Table 4.3) at the same flow rate (190
mL/min), influent NaCl concentration (100 mg/L, conductivity = 212 µS/cm at
24.6 ) and operating current (3 A).

Chlorine generation(mg/L)

25
20
15
10
1 cell
5

2 cells

0

Figure 5.1 Electro chlorination at varying chloride dosages and increasing current (flow rate = 190
mL/min, commercial DSA material)
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Furthermore there are much more pronounced effects of chloride concentration
and the increased number of electrode pairs from one to two.
It has been previously reasoned that in order to oxidise the ferrous ions
(concentrations ranging from 20 - 25 mg/L) present in bore water, 13-16 mg/L of
chlorine will be required unless there are other oxidising species formed.
However, with a ME-PEFT system, it might be possible to achieve complete
oxidation at lower chloride levels because the chloride oxidised to chlorine which
is then reduced back to chloride as it oxidises the iron in the first compartment,
can be re-oxidised to chlorine in the subsequent compartment(s).

5.4 Rapid oxidation of Fe(II) in bore water using DSAs
5.3.1 Single Cell Electrolysis
In order to determine how much Fe(II) could be oxidized in a single pass through
the cell, an experiment was performed in which bore water was passed through
the cell at a flow rate of 190 mL/min and treated with varying currents. The
natural groundwater had a conductivity of 266 µS/cm at 15.8

(containing 7

mg/L natural chloride – estimated by the procedure described in Section 2.5.3).
Data are presented in Table 5.2 and show that almost complete instantaneous
oxidation (99%) was achieved at 9 A and 16.09 V.
Table 5. 2 Electro-oxidation of iron in groundwater containing 7 mg/L natural chloride at flow rate of
190 ml/min (Conductivity = 266 µS/cm at 15.8 )

Electrode
Pair

1
1
1
1
1
1
1
1
1
1

Curren
t (A)

0
1
2
3
4
5
6
7
8
9

Current
Density
2
(mA/cm )

0
19.9
39.8
59.7
79.6
99.5
119.4
139.3
159.2
179.1

+2

Voltage
(V)

4.49
5.75
7.34
9.21
10.58
11.56
13.51
14.95
16.09

Fe Concentration
(mg/L)

Initial
21.52
21.52
21.52
21.52
21.52
21.52
21.52
21.52
21.52
21.52
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Final
21.52
11.67
7.98
4.57
3.21
3.07
2.5
1.39
0.85
0.28

% Fe
Oxidised

Power
Consumption
3
(kWh/m )

0
46
63
79
85
86
88
94
96
99

0
0.39
1.01
1.93
3.23
4.64
6.08
8.29
10.49
12.70

+2

From Table 5.2 it can be observed that with increasing current, an increase in the
oxidation efficiency was achieved without the addition of NaCl. At currents as
low as 2 A, the DSAs successfully oxidized 63% of Fe(II) from bore water
without the addition of salt whereas using graphite anode and with the addition of
250 mg/L NaCl, just 40% of the iron was oxidized (Figure 4.6). Assuming
stoichiometric oxidation of the Fe by the Cl2, oxididation of 100% of the 25 mg/L
Fe(II) in a single pass would require a minimum of 16 mg/L of Cl2. Even if all the
chloride was oxidized, a minimum chloride concentration of 20 mg/L would be
required. It is clear that oxidizing agents other than chlorine are contributing to the
oxidation. These could be the oxygen produced by the electrolysis of water or the
transient reactive oxygen species (ROSs) which may be formed during
electrolysis of water (Fiessinger et al. 1981; Kerwick et al. 2005) or, less likely, be
the result of direct oxidation of the metals at the electrode surface (Chiang et al.
1995).

5.3.2 Multiple Cell Electrolysis
In order to determine whether power consumption and thus costs could be reduced
by including more cells, an experiment was performed with a two electrode pair
ME-PEFT cell connected in such a way that water flow was in series but were
electrically connected in parallel.
Data are summarized in Table 5.3. Electro-oxidation of natural groundwater with
a conductivity of 266 µS/cm at 15.8

and containing 7 mg/L natural chloride

achieved 100% immediate iron oxidation at 5 A and 8.57 V using a two electrode
pair ME-PEFT cell.
Table 5.3 Electro-oxidation of iron in groundwater at flow rate of 190 mL/min

Current
Electrode Current Density Voltage
(mA/cm2)
pairs
(A)
(V)
2
2
2
2
2
2

0
1
2
3
4
5

0
39.8
79.6
119.4
159.2
199.0

0
4.19
5.55
6.53
7.28
8.57
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Fe+2
Concentration
(mg/L)
Initial
22.20
22.20
22.20
22.20
22.20
22.20

Final
22.20
12.07
5.91
2.50
0.99
0.14

% Fe+2
Oxidised

Power
Consumption
(kWh/m3)

0
46
73
89
96
99

0
0.37
0.97
1.72
2.55
3.76

It is clear that reduced voltage and less current and thus less power were required
when two cells electrically connected in parallel were used. The reduced
resistance of the parallel connection contributes to lowered voltage requirement
and increased current efficiency which is consistent with improved current
efficiency that can be obtained from reducing current density (from 99.6 mA/cm
to 49.8 mA/cm) (Nath 2011).
An indicative estimate of the effect of flow rate on current efficiency was
determined by doubling the flow rate while maintaining the current at 5 A. The %
oxidation decreased to 87%, similar to the value obtained for a flow rate of 190
mL/min for which a current of 3 amps was required. In other words a roughly
equivalent amount of oxidation at the lower flow rate was achieved by passing
0.94 coulombs per mL but 1.07 coulombs per mL were required at the higher flow
rate.

5.5 Metal ion removal
Samples of the electrolysed bore water (from Sections 5.3.1 and 5.3.2) were
filtered through 0.45 µm filter and analysed for Fe and Mn using ICP-MS. Data
for the metal ions remaining after filtration for a single and two electrode pair
ME-PEFT cell at different currents are shown in Figure 5.2.

Figure 5.2 Total iron and manganese concentrations in the electrochemically treated bore water
(measured directly after electrolysis and at t = 5 hours)

From the figure it can be seen that iron concentration was brought down to 0.198
mg/L by the two electrode pair ME-PEFT cell when operating at 5 A and 8.57 V
after 5 hours settling time. This value falls within the New Zealand drinking water
64

standards which require the iron concentration to be below 0.2 mg/L (Ministry of
Health 2005).
The ME-PEFT cell was found to be effective in achieving rapid oxidation and
removal of iron. However it was less effective in manganese removal. The
manganese concentrations remained almost the same and increasing current and
settling time had very little effect.

5.6 Summary
In this chapter it has been shown that DSAs perform much better in both chlorine
production and Fe(II) oxidation than graphite anodes. A single electrode pair
PEFT cell was able to achieve 99% oxidation at a power consumption of 12.70
kWh/m3 whereas 100% oxidation was achieved at nearly 1/4th of the power
consumption (3.76 kWh/m3) when two electrode pair PEFT cells were used. The
oxidized iron settled rapidly such that after five hours all the oxidized iron had
settled. The amount of Fe(II) oxidized was much greater than what could have
been achieved if all the chloride present had been oxidized to chlorine. It was thus
concluded that oxygen species produced during the electrolysis must also have
contributed to the oxidation.
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Chapter 6: Clarification of oxidised bore water
Trials using DSAs in the ME-PEFT cell have shown that complete oxidation of
the Fe(II) of bore water can be achieved with a two electrode pair ME-PEFT cell
at 5 A and 8.57 V (Flow rate = 190 mL/min, conductivity = 266 µS/cm at
15.8

and natural chloride = 7 mg/L )

The oxidised iron formed a reddish brown suspension that settled completely in 5
hours. This chapter reports on work towards the ultimate aim of treated the water
to achieve instantaneous iron removal.

6.1 Settling characteristics of oxidized bore water
Tests were conducted on the coagulation and settling of the treated bore water
samples in which the settling of the Fe was followed by measuring turbidity as a
function of time.
Bore water (≈ 20 mg/L Fe) was electrically oxidised following the procedure
described in Sections 5.3.1 and 5.3.2.

6.1.1 Oxidation of bore water with a single electrode pair PEFT cell
In an initial experiment, using a single electrode pair PEFT cell and varying
current densities, oxidised bore waters were produced in which 46 to 99 % of the
Fe(II) was oxidised (Figure 6.1). A sample of the water was transferred to a 1 L
measuring cylinder and turbidity measurements were taken at 30 minute and then
60 minute intervals for samples withdrawn from the top of the cylinder.
Data are presented in figure 6.1. It can be seen that the lowest value (2 NTU) at 9
A was achieved after 5 hours settling time. The final turbidity is consistent with
incomplete oxidation of Fe(II) to Fe(III) using a single electrode pair cell.
However the effectiveness of the electro-oxidation relative to air oxidation is clear
from the difference in the settling curves for air oxidation relative to those for
which varying current densities were used. The increasing turbidity of the air
oxidized Fe showing no tendency to settle, illustrates the nature of the problem
caused by the formation of stable colloidal suspensions in these systems.
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Figure 6.1 Gravity settling of oxidised bore water (Single cell at 190 mL/min, conductivity = 266 µS/cm
at 15.8 )

6.1.2 Oxidation with a two electrode pair PEFT cell
Because the electro-oxidized Fe took 5 hours to settle completely, the experiment
was repeated with a two electrode pair device. Data are given in Figure 6.2. Even
though complete oxidation of Fe(II) was achieved using two electrode pairs, full
clarification was slow with the lowest turbidity measurement of 1.5 NTU being
obtained after 5 hours. This is higher than the drinking water turbidity threshold
(<1 NTU) (Figure 6. 2) (DWSNZ 2008).

Figure 6.2 Gravity settling of oxidised bore water. (Double cell at 190 mL/min, conductivity = 266
µS/cm at 15.8 )
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6.1.3 The effect of chloride concentration on settling after oxidation of
bore with a two electrode pair PEFT cell
When using the two electrode pair ME-PEFT cell system, while the Fe(II) was
completely oxidised to Fe(III), settling was incomplete after 5 hours. It was
considered possible that the settling rate might be increased by increasing the
level of chlorine present to make the oxidation of the iron more rapid and also
oxidise organic species present in the water that could stabilise the iron colloids
formed. Sodium chloride was added to bore water to provide NaCl concentrations
ranging from 7 to 757 mg/L. the bore water was then electrolysed as described in
Section 6.1.1.
Data presented in Figure 6.3 show that the chloride ion concentration had little
effect on settling. Added to this, 28 – 60 mg/L residual chlorine was generated at
higher chloride concentrations. However, there did appear to be a continuing trend
toward lower turbidities after extended settling time for the higher chloride
concentrations resulting in turbidity below 0.5 NTU upon standing for 48 hours
for the highest chloride concentration.

Figure 6.3 Oxidation and settling of synthetic iron water at different chloride concentrations (Two
electrode pair ME-PEFT cell at 190 mL/min)
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6.1.4 Oxidation and settling of a synthetic iron water
In order to determine whether there are species present in bore water that inhibit
the rapid settling of the oxidised and precipitated Fe, an experiment was
performed using synthetic bore water prepared from a solution of iron sulphate
with and without the addition of sodium bicarbonate for pH control.
By treating a synthetic solution consisting 20 mg/L Fe(II) and 20 mg/L NaCl at 5
A (flow rate = 190 mL/min) it was found that the pH dropped from 5.5 to 3.0 after
electrolysis. This was expected as the hydrolysis of Fe(III) formed during
electrolysis can release up to 3 protons per Fe(III) into the solution causing the pH
to fall. Low pHs are known to stabilise iron oxide colloids through acquisition of
positive charge by the particles. Therefore, while complete oxidation was
achieved, settling was incomplete. In order to have instantaneous precipitation the
pH should be maintained between 6 and 8. This was achieved by adding sodium
bicarbonate. Groundwater is known to contain elevated levels of bicarbonates
which act to buffer the water against pH changes.
It was found that in the presence of sodium bicarbonate the synthetic iron solution
rapidly oxidised in air alone. Purging to strip out dissolved oxygen was necessary
to ensure that the oxidation was achieved electrochemically. Under these
conditions, the synthetic iron water, buffered with sodium bicarbonate and
containing only 0.92 mg/L of dissolved oxygen, both rapidly oxidised and
flocculated when treated electrochemically. However the flocs formed, while
appeariung more aggregated, did not settle any more rapidly than the oxidised and
precipitated Fe of bore water samples (see Table 6.1).
Table 6.1 Oxidation and settling of a synthetic iron water ( 20 mg/L Fe(II) and 20 mg/L NaCl. (At 5A,
5.84 V, Flow rate = 190 mL/min, pH = 7.30 at 20 , Conductivity = 463 µS/cm at 24 )

Electrode
Pairs

Time
(min)

2
2
2
2
2

0
30
60
90
120

Turbidity (NTU)
Without filtration With Filtration
12
1
11
0
8
0
7
0
6
0
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The low turbidity results summarised in Table 6.1 also show that 100% removal
of Fe is achieved when the oxidised solution was filtered through a 0.45 µm filter,
indicating that the particle size of the oxidised iron is greater than 0.45 µm. The
fact that the particles are relatively large but do not settle, points to the possibility
that they might be removed by flotation. The fact that fine bubbles of hydrogen
and oxygen resulting from electrolysis of water were invariably present in electrooxidation experiments, enhances the attractiveness of developing a dissolved air
flotation (DAF) type process to remove the oxidised iron.

6.2 Development of a DAF apparatus for oxidised bore
water clarification
During electrolysis it was observed that large gas bubbles were formed at high
currents. These bubbles disturbed the floc blanket at the top of the column of the
ME-PEFT cell and the three DAF clarifiers described in Section 3.2 making it
impossible to retrieve iron free treated water.

6.2.1 Preliminary design
In order to effectively remove iron precipitates with electro-flotation it is
important to prevent large gas bubbles from entering the electro-flotation column.
DAF design (c) was modified to allow venting of the large gas bubbles from the
oxidised solution as it exited the ME-PEFT cell (Figure 6.4).
While the system efficiently removed the large gas bubbles prior to the DAF riser
column, floc formation was not as expected. This was due to the fact that along
with the large gas bubbles most of the fine bubbles also escaped through the vent
leaving insufficient bubbles to adequately raise the floc. Turbidity measurements
taken from the bottom of the flotation column indicated that over a period of 10
minutes, the turbidity was reduced from 12 to between 6 and 8 NTU (20 mg/L
Fe(II) and 20 mg/L NaCl, electrolysed at 5A, 5.74 V, Flow rate = 190 mL/min,
pH = 7.22 at 20 , Conductivity = 470 µS/cm at 26 ).
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Figure 6.4 Preliminary DAF system

6.2.2 Pressurised DAF system
The results obtained from the system described above, while promising, were still
less than satisfactory because fine bubble concentration was too low and some
large bubbles escaped past the venting system. The system was redesigned to
allow pressurisation of the water/gas system within the PEFT cell in order to
supersaturate the water with the electrolytically produced gas. The system is
shown in Figure 6.5.
Pressurising the oxidised effluent to 100 kPa resulted in the elimination of the
large gas bubbles. The effluent entering the riser column was milky, indicative of
the presence of very fine gas bubbles. It was also observed that a layer of clear
and largely colourless solution was formed at the bottom of the riser column as
the bubbles rose.
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Figure 6.5 Pressurised DAF system

Unfortunately a region of turbulence formed at the top and bottom of the riser
column as the oxidised effluent reached the top of the column. This caused
mixing of the floc with the clarified solution. Thus while the turbidity reduction
was greater than for the preliminary design, 12 NTU reduced to 5 NTU, it was
still not able to achieve adequate floc removal.

6.2.3 Modified Pressurised DAF System
The initial observations of the pressurised DAF system indicated that oxidised
iron can be effectively removed with further modification to the electro-flotation
column. Turbulence can be minimised having the inner tube sealed at the bottom
and extending it closer to the floc outlet. This set-up would force the floc to rise
inside the riser column and, due to an increased width, the rising floc will not mix
with the solution as it exits the flotation stage. Efficient removal through the outlet
would be then possible (Figure 6.6). This system, although very promising, was
not tested because construction of the modified design had not been completed.
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Figure 6.6 Modified electro-flotation column

73

Chapter 7: Summary and Conclusion
7.1 The importance of rapid oxidation of iron and
manganese
Waikato groundwaters are known to contained elevated levels of iron and
manganese and are often accompanied by silica and organic matter.
Air oxidation and hydrolysis leads to the formation of hydrous oxide. Often the
hydrous oxide particles form stable colloidal suspensions in the presence of silica
and/or organic material. It is believed that the particles acquire a net negative
charge stabilizing them from further aggregation (see Figure 1.5). However, under
rapid oxidation the hydrous oxide particles instantaneously aggregate and flocs
form before particle surfaces become protected (presumably by negatively charge)
allowing the oxidised metal to settle over time.
The ME-PEFT cell was found to be effective in achieving rapid oxidation and
removal of iron but less effective in manganese oxidation and removal. The poor
manganese removal efficiency of the ME-PEFT cell is consistent with the greater
magnitude of the manganese reduction potential (E0(Fe3+/Fe2+) = + 0.77 V,
E0(MnO2/Mn2+) = +1.23 V) (Rosen 2001) (Figure 5.2). The oxidation of Fe(II)
could be expected to occur before the oxidation of Mn(II).

7.2 Importance of the electrode material
Low cost graphite anodes generated very low amounts of chlorine even at high
chloride dosages and current inputs. The maximum iron removal achieved from a
20 mg/L iron solution (containing 100 mg/L NaCl operating at 1 A and 190
mL/min) was 69%. This was achieved by a single electrode pair PEFT cell and
increasing the number of electrode pairs did not increase the amount of iron
removed. Identical observations were made for the % iron oxidised.
Replacing graphite with dimensionally stabilised titanium anodes improved the
current efficiency of the ME-PEFT cell several-fold. A single titanium electrode
pair cell generated more chlorine from the available chloride and chlorine
generation increased when the number of electrode pair connected electrically in
parallel was increased. Because the current density was less, the current efficiency
was increased. The current efficiency improved from 4% (for 99% iron oxidation
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with a single electrode pair PEFT cell at 12.70 kWh/m3) to 7.5% for 100% iron
oxidation with a dual electrode pair PEFT cell (at 3.76 kWh/m3).

7.3 Oxidised iron removal
It was shown that the completely oxidised bore water completely settled over a
period of 5 hours. Floc settled more rapidly at high chloride dosages (250 – 750
mg/L NaCl) however it resulted in the formation of residual chlorine ranging from
28 – 60 mg/L Cl2.
Preliminary tests using the flotation system gave promising results. It was
observed that gas bubbles attached to the precipitates form from completely
oxidised synthetic bore water causing them to float. They might thus be removed
via flotation. Preliminary work gave promising results but was hindered by
complications caused by the presence of large bubbles. An improved pressurised
DAF design was developed and will be tested once construction is complete.

7.4 Conclusions
From the results summarised in this thesis it can be concluded that;


Dimensionally stabilised titanium anodes (DSA) performed much better
than graphite anodes and performance improved with increasing number
of electrode pairs.



Graphite is a poor material for the anodes of cells designed for treatment
of low electrolyte aqueous system. Current efficiencies for chlorine
production are low and no improvement in chlorine generation or metal
oxidation is achieved when used in a ME-PEFT cell.



When DSAs are used, the ME-PEFT cell achieved markedly improved
chlorine generation and Fe(II) oxidation at lower power consumption.



A dual electrode pair ME-PEFT cell with DSAs achieved 100% iron
oxidation and removal to a level of less than 0.2 mg/L from bore water in a
single pass using naturally available chloride (7 mg/L). Power
consumption was 3.76 kWh/m3.



The ME-PEFT system combined with a DAF clarifier offers the possibility
of instantaneous online oxidation and removal of at least iron from
problem bore waters.
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7.5 Suggestions for future research


Since Mn(IV) has a higher reduction potential than Fe(III), Fe(II) will tend
to be oxidised before Mn(II). An extra cell installed inline after the
complete oxidation of Fe should allow the chlorine produced to be
available exclusively for Mn(II) oxidation.



In order to use ME-PEFT cell-pressurised DAF system to be used as an
online iron oxidation and removal technology, further work needs to be
done to further optimise the riser column. Trialling of the design
developed in Section 6.2.3 is envisaged.



The PEFT cell offers opportunities for further studies of water and
wastewater

treatment,

disinfection,

electric

electrochemistry of very dilute electrolyte solutions.
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Appendices
Appendix A: Calibration curves
A.1 Analysis of ferrous ion concentration in water using 1, 10 Phenanthrolein
spectrophotometric method

Fe+2 Oxidation (mg/L)
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Figure A.1 Calibration curve of ferrous ion concentration versus absorbance at 515 nm.

A.2 Analysis of chloride ions concentration in water using Mercury (II)
thiocyanate spectrophotometric method

Chloride Analysis (mg/L)
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Figure A.2 Calibration curve of chloride ion concentration versus absorbance at 460nm.
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Appendix B: Calculations
B.1 Chlorine Generation
Example: Find the concentration of chlorine generated by the PEFT cell from a
solution containing 250 mg L-1 NaCl operating at 190ml min-1. The end point of
the titration was reached when 4ml of 0.0125M sodium thiosulphate solution was
added to the effluent.

Solution
Sodium Thiosulphate = 0.0125mol L-1
Volume = 0.5ml
Therefore, n = 6.25 X 10-6mol

ClO- + 2I- + 2H+ ⇌ Cl- + I2 + H2O
I2 + 2S2032- ⇌ 2I- + S4O63ClO- : S2O321:2
ClO- =

= 3.125 x 10-6

n=cxv
c= =

= 3.125 x 10-5mol L-1

M.W. Cl2 = 35.4 x 2 = 70.8g mol-1
Cl2 generated = 70.8 x 3.125 x 10-5
= 2.31 x 10-3g L-1 = 2.31mg L-1
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B.2 Current Density
Example : Calculate the current density of the multiple PEFT system having 2
cells working at 5A DC.

Workable area

Solution
Area = r2
=

x 4 x4

= 50.265cm2
Current Density = I/A
= 5/50.265 = 0.0994A cm-2
= 99.47mA cm-2 /2 (two cells connected in parallel)
= 49.85mAcm-2
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B.3 Power Consumption
Example: Calculate the power consumption of a PEFT cell working at 1A and 5V,
and flow rate of 35L hr-1.

Solution
Power Consumption = V x I x t
= 5V x 1A x 1hr = 5Whr

Flow rate = 35L hr-1
i.e. 35L
1L

5Whr
5/35

1000L (1m3)

5/ 35 x 1000 = 0.143kWhr m-3
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B.4 Current efficiency
Example: Calculate the current efficiency of a PEFT cell which achieves75%
oxidation of Fe(II) to Fe(III) at 1A and 5V. Flow rate = 35L hr-1

Solution
1Fe+2

1Fe+3 + 1e-

20mg L-1 Fe(II)

15mg L-1 Fe(III)

M.W. Fe = 56mg L-1
56g

1mole

15mg L-1

X

N = 2067 x 10-4mol L-1
Q=n
= 1 (2.67 x 10mol L-1) (96500C)
= 25.85C L-1

Flow Rate = 35L hr-1
= 103sec
1L

25.85C

103sec
1sec

Current efficiency =

25.85C

25.85/103 = 0.25C sec-1 = 0.25A

X 100 = 2.5%
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Appendix C: Chlorine generation data (Section 5.3)
C.1 Chlorine generation using titanium ruthenium oxide and iridium oxide
anode
Single Cell:
Table C. 1 Chlorine generation by TiO2/RuO2/IrO2 at 190ml min-1 (pH ≈ 5 at 20 )

[NaCl] =20 ppm and Conductivity = 79.4 µS/cm @
19.6
Current (A)

Cl₂ Production
(ppm)

Voltage (V)

1
5.96
2
9.00
3
11.67
[NaCl] = 50ppm and Conductivity = 101.3 µS/cm @
19.6

5.9
6.6
7.6

Current (A)

Voltage (V)

Cl₂ Production
(ppm)

1
2
3

5.64
7.97
10.20

6.7
8.8
11.2

[NaCl] = 100 ppm and Conductivity = 172.7 µS/cm @
20.7
Current (A)

Voltage (V)

Cl₂ Production
(ppm)

1
2
3

4.80
6.29
7.26

11
13.6
17.2

Multiple Cells (2):
Table C. 2 Chlorine generation by TiO2/RuO2/IrO2 at 190ml min-1 (pH = 6.20 at 20 )

[NaCl] = 20 ppm and Conductivity = 49.4 µS/cm @ 23.6
Current (A)

Voltage (V)

Cl₂ Production (ppm)

1
2
3

5.75
9.52
13.85

6.2
10.4
11.6

[NaCl] = 50 ppm and Conductivity = 92.0 µS/cm @ 28.9
Current (A)
Voltage (V)
Cl₂ Production (ppm)
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1
2
3

4.66
6.36
7.99

8.8
12.4
16.0

[NaCl] = 100 ppm and Conductivity = 217 µS/cm @ 24.4
Current (A)

Voltage (V)

Cl₂ Production (ppm)

1
2
3

3.95
4.80
5.56

12.0
16.0
22.4
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