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Phosphatic clays arise as a waste product of the Florida phosphate mining industry. The

clays exist initially as a 2-6 solids weight percent slurry which is pumped to large impoundment

areas for natural settling. The clay settling process takes as long as 25 years to reach a value of

40% solids. The clay settling areas currently cover an area of over 100 square miles in Central

Florida, representing 40 percent of the land that has been mined.

The Florida Institute of Phosphate Research (FIPR) has supported bench- and pilot-scale

studies to determine the technical and economic feasibility of a variety of processes to speed

the dewatering of clays associated with phosphate mining. The approaches considered included

using a freeze-thaw cycle to remove water, adding sand layers to enhance drainage, and adding

flocculants to enhance settling. While flocculants are used commercially, the other techniques

have not been permanently implemented on a large scale, and settling to an acceptable solids

content still requires as much as 25 years.

Application of an electric field provides an alternative approach for accelerating the removal

of water from clay. In this concept, direct electrical current is applied to induce movement of

either clay particles or water. In dilute suspensions, the electric field induces the movement

of clay particles suspended in water which is known as electrophoresis. Upon formation of a

solid matrix, the electric field further induces the movement of water in a process known as

electro-osmosis.

The objective of this work was to use small-scale electrokinetic experiments to develop

parameters that can be used for large-scale design. A bench-top Plexiglas cell was built to

perform the experiments. Clay slurry samples were obtained from a phosphate mine located

14



in Central Florida. A set of experimental results were used to calculate scaling parameters to

aid in predicting the solids content as a function of operating time and the electric field applied.

This was done by scaling the change in solids content by the applied electric field. A linear

relationship was found at short times while at longer times a maximum solids weight percent

was reached as a function of the electric field. A constitutive relationship was established which

relates the increase in solids content to time and the applied electric field.

A mathematical model previously developed at the University of Florida was used to model

and evaluate varying electrode configurations in a one-square-mile clay settling area. The

electrical current generated from the applied voltage was calculated to project electrical power

and energy requirements for such a process. For a given electrode configuration, the associated

electric field can also be calculated. The experimental work suggests a relationship between the

solids content of the clays with the electric field. The model results can then be used to identify

regions where the electric field is nonuniform, which indicates regions where the clays would

have a nonuniform solids weight percent. Therefore, the model allows selection of an optimal

electrode configuration based on electrical power requirements as well as the most uniform

drying of the clays.
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CHAPTER 1
INTRODUCTION

Electrokinetic dewatering takes place through interaction between fluid flow, electrical

current, and charge adsorbed on the clay particles.5 In order to apply an electric field there must

be at least two electrodes immersed into the clay slurry or electrolyte. One electrode functions

as the positively charged anode where oxidation reactions occur and the other functions as the

negatively charged cathode where cathodic (or reduction) reactions occur. At the anode, the

electrochemical reactions include oxygen evolution

2H2O→ O2 + 4H+ + 4e− (1–1)

which creates an acidic environment near the electrode. A second possible reaction involves

corrosion of the electrode

M→ Mn+ + ne− (1–2)

At the cathode,

H2O + e− → 1

2
H2 + OH− (1–3)

creating a local basic environment. The water is driven from the anode to the cathode, creating a

tendency to dry out the region close to the anode. Therefore, the water travels in the same direc-

tion as conventional current.6 The solution pH is expected to increase rapidly to approximately

11 or 12 at the cathode and hydrogen will be generated, as shown by reaction (1–3). Cations are

driven to the cathode by the electric potential gradient and can be reduced (the inverse of reac-

tion (1–1)). A pH gradient will be generated across the soil as an overall result of the electrode

reactions.

Electrophoresis and electro-osmosis methods of dewatering phosphate clays have been

explored since the 1940s.7–10 Although the basic technology was considered to have promise

it was not considered commercially feasible. Significant progress has since been made in our

understanding of the underlying electrokinetic and electro-osmotic processes and in the practical

implementation of these techniques. For example, recently, electrokinetic methods have been

demonstrated for dewatering of soil,11 mine tailings,4,12 sludge,13 and clay,14–16 including Florida

phosphate clay.17 The literature suggests electrokinetic methods can significantly decrease the
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time required to dewater clay. Therefore, further research in this area is warranted due to the

advances that have been made in the last two decades.

This work is presented in nine chapters. The background of the phosphate industry is

discussed in Chapter 2. The phosphate production requirements which drive the phosphate

industry are summarized. The locations of phosphate mines in the state of Florida are presented

and the mineralogy of the phosphate reserves are discussed. The mining process and produc-

tion of phosphate are described as well as the waste clay settling areas that exist as a result of

phosphate production.

This work is motivated due to settling and consolidation issues that arise from clay settling

areas; therefore, Chapter 3 provides detail on the characteristics of clays which includes their

molecular structures. These features are used to explain why clays have such poor settling

characteristics. However, discussion also involves how these features may aid settling or

consolidation in the presence of an electric field.

Electrochemical engineering and electrokinetic phenomena are introduced in Chapter 4.

The fundamentals of electrokinetic phenomena are introduced to provide a framework for how

separations of clay suspensions occur. Polarization curves and impedance spectroscopy are

introduced as techniques used to characterize electrochemical cells. Experimental results in the

literature are presented in Chapter 5. A qualitative assessment of the literature was performed

which discusses the feasibility of water removal from clays. Also discussed are items absent

within the literature that provide the basis for the contributions of this work.

The experimental approach to this work is described in Chapter 6. Ex-situ studies were

performed on the clay suspensions which were representative of samples used in bench-top

experiments presented within this work. Particle size studies were performed to characterize the

size distribution of the particles in suspension. X-Ray diffraction was performed to identify the

types of clays present in the clay suspensions. Such analysis was warranted as the response

to electrokinetics can vary due to the different surface properties of one clay mineral to another.

Zeta potential measurements were also performed to help quantify the amount of charge on

the clay particles in suspension. This chapter also introduces the bench-top apparatus (or

electrochemical cell) and the instrumentation used to control the apparatus.
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The bench-top experiments that were performed using an electric field to remove water

from clay slurries are introduced in Chapter 7. The experimental results are given and discussed

within this chapter. Constitutive relationships were developed, which relate the change in clay

solids weight percent as a function of both the operating time and the electric field. Electrochemi-

cal techniques such as impedance spectroscopy and polarization curves were also implemented

to characterize further the experimental work.

The simulation work performed to assess different electrode configurations in a simulated

one-square-mile clay settling area is presented in Chapter 8. Relationships found in the exper-

imental work were used to make assumptions regarding the development and results of the

simulations. These relationships and assumptions supported the projections made for electric

power requirements as well as the energy requirements of different electrode configurations. The

simulations were performed using CP3D, a mathematical model developed at the University of

Florida.

The conclusions made from the experimental and simulation work are reviewed in Chapter

9. This discussion is followed by proposed work for the next steps of this project. Possible

dewatering scale-up designs for future implementation are proposed and a new bench-top

experimental design is introduced.
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CHAPTER 2
THE PHOSPHATE INDUSTRY

The phosphate industry was started in the mid to late 19th century.18 The industry was

developed due to phosphate being invaluable as a key ingredient in fertilizers for food producing

crops. It also contributes to the production of other items such as soft drinks, light bulbs, vita-

mins, shaving cream, tooth paste, and it can be used as a feed additive for livestock. However,

in the state of Florida, about 90% of the phosphate mined is used as fertilizer for food producing

crops.

Phosphate ore deposits are found all over the world in countries such as the United States,

China, Morocco and Russia.19 Phosphate is also mined in Canada, Australia, and Jordan.

Overall, significant phosphate deposits exist on five continents and there are over 30 countries

that mine phosphate. However, about 70% of the world’s total production comes from the United

States, Morocco and Russia.20 In the state of Florida, the phosphate industry is the third largest

industry behind tourism and agriculture. In 1982, it was reported that the phosphate industry

injected 1.5 billion dollars into the Florida state economy annually.1 In Central Florida alone,

there are currently 4,000 employees working in the phosphate industry.

Phosphorus is considered as one of the three most essential plant nutrients.21 It is a

nutrient that is supplied through the soil along with nitrogen and potassium. Phosphate is the

main source of phosphorus for organic fertilizers and it is a non-renewable resource.1 It is

required for all living cells in plants and animals as it allows cells to store energy from sunlight

and food.19 Plant growth is enhanced by soils that have been treated with phosphate fertilizers.

Once the phosphate rock has been mined and extracted through beneficiation, it is ground

into a fine grain size and mixed with sulfuric acid. This process produces phosphoric acid and

calcium sulfate. The calcium sulfate, also known as gypsum, can be removed through filtration.

The resulting phosphoric acid is then reacted with ammonia to produce diammonium phosphate

and monoammonium phosphate. Triple superphosphate is also created by adding phosphoric

acid with the phosphate rock. These three products are combined together in most fertilizers

and they exist as water-soluble granules to allow for absorption by the soil and plants. The

conversion of insoluble phosphate rock to soluble phosphate fertilizer was first commercially
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achieved in England in 1842.22 In Germany, triple superphosphate was first commercially

produced in 1870; however, it did not become an important fertilizer ingredient until 1950.22

2.1 Phosphate Mineralogy

Worldwide it is estimated that there are between 15 and 70 billion metric tons of phosphate

reserves.20 In the southeastern United States, there are phosphate reserves that exist in North

Carolina, South Carolina, Georgia and as previously discussed, Florida. The deposits in Florida

have been the most productive as one billion tons of phosphate were produced in the state of

Florida from 1888 through 1990.2 In 1982 it was reported that reserves in the state of Florida

produced 80% of the phosphate used in the United States and 35 percent worldwide.1 Ten years

later, in 1992, another report credited the state of Florida with producing 85% of the phosphate

used in the United States and 33% worldwide.23 It appears that these percentages have been

maintained through present day. However, the research director of the Florida Institute of

Phosphate Research (FIPR) was quoted as predicting that the phosphate reserves will be

depleted in the state of Florida by the year 2040.19

The phosphate deposits in Florida are dominated by the minerals carbonate-fluorapatite

(also known as apatite or francolite), quartz, dolomite, and different clay minerals.2 According to

Bloomquist,1 one sample taken from a specific reserve in Florida also included minerals such as

wavelite, limonite and feldspar. Carbonate-fluorapatite is considered as the primary phosphate

bearing mineral. Dolomite is calcium magnesium carbonate or can be written as CaMg(CO3)2.

Quartz has the molecular formula SiO2 and it is the second most abundant mineral in the earth’s

crust. The most abundant mineral in the earth’s crust is feldspar, which is made up of a complex

group of silicates. The mineral wavelite includes the element Phosphorus, while the mineral

limonite does not.

The layout and locations of the Florida phosphate reserves are presented in Figures 2-1

and 2-2. Both figures illustrate the entire state of Florida, but each focuses on the region in

Central Florida which represents the location where most of the phosphate mining occurs.

A more specific depiction of phosphate reserves is presented in Figure 2-1 while additional

regional descriptions in the state of Florida are identified in Figure 2-2 as well as specific mining

locations.
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Figure 2-1. Regions (taken from Bloomquist1) of Florida phosphate deposits are identified. The
inset presents a general view of the makeup of the Central Florida deposits with
varying depth.
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Figure 2-2. Land structural regions (taken from Kauwenbergh et al.2 after USGS bulletin 1914) in
Florida are indicated. The inset presents the locations of several phosphate mines in
the Central Florida region. Each mine location is marked by the icon X̂.
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Phosphate in the southeastern United States originates from rocks that were formed during

the Miocene age.2 The Miocene age can be described as the time period between roughly 5

to 23 million years ago. Much of the phosphate deposits were formed in the coastal waters

surrounding Florida. The deposits have also been found to originate from the fossils of animal

remains. The first discovery of phosphate in Florida occurred in 1881 in the Peace River, which

is nearby the town of Fort Meade. The discovery was made by J. Francis LeBaron of the U.S.

Army Corps of Engineers.24

2.2 Phosphate Beneficiation

Phosphate exists in a matrix of sand, clay and phosphate that lies underneath the ground.

The matrix is made up of approximately one-third sand, one-third clay and one-third phos-

phate.23,24 Above the matrix exists an overburden which is made of primarily sand and clay.

The overburden lies from the surface of the ground to a depth of approximately 25 feet. Directly

beneath the overburden lies the phosphate matrix. The phosphate matrix usually extends from

a depth of 25 to 50 feet. An extremely large dragline excavation system is used to remove the

overburden that lies on top of the phosphate matrix. The use of draglines for phosphate exca-

vation began as early as the 1920s.25 The draglines today can reach sizes over 3,500 tons with

a reach larger than 300 feet. A photograph of a currently operated dragline mining phosphate

is presented in Figure 2-3. Today’s draglines, such as that pictured in Figure 2-3, can dig up to

15 acres a month.19 Such large amounts are able to be excavated due to the huge bucket that

extends from the dragline displacing large amounts of the matrix. A photograph of the bucket

extending from the dragline pictured in Figure 2-3 is presented in Figure 2-4. These buckets are

so large that at least 25 people could comfortably stand next to each other within the dimensions

of the bucket.

Upon completion of the removal of the overburden, the dragline continues to excavate the

phosphate matrix to an area that is more shallow. This shallower area, termed as a pit, is where

the matrix is contacted with high pressure water which dissolves the matrix into a slurry. It is

advantageous for the matrix to be in a slurry form such that it can be pumped through pipes

away from the mining area and towards the phosphate beneficiation plant. At the beneficiation

plant the phosphate, clay and sand are separated from each other. This is done through a series

of washers and cyclones. The washers take advantage of the pebble size of the phosphate to
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Figure 2-3. Photograph of electrically operated dragline shown mining the phosphate matrix
(photograph by Mark Orazem, used with permission).

Figure 2-4. Photograph of bucket attached to the dragline used to displace the phosphate matrix
(photograph by Mark Orazem, used with permission).
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aid in its separation. The residual water tied up with the phosphate pebbles is easily removed

through a series of dewatering tanks. The phosphate pebbles when dried are ready to be

manufactured into water-soluble fertilizer. The separated sand is returned to the mine area to

aid in refilling the original mine cut to expedite land reclamation.22,26 The left over clays from the

beneficiation process are then sent to large clay settling areas, also known as CSAs. The clays

exist as a 2-6 solids weight percent slurry when they arrive at the CSAs. Typically, the slurry

sent to the CSA contains particles finer than 150 microns in diameter.1,23–25,27,28 This slurry

includes 20 to 30% of the excavated phosphate not including the quartz and sand particles also

present in the slurry.23 It has not been determined whether improvements in the beneficiation

process could be made to avoid such losses of phosphate. One source stated that approximately

one third of the original P2O5 in the phosphate matrix is usually lost to the clay slurries,29 while

another stated that 12 to 15% of the available phosphate is lost to the waste slurry.30 The clay

settling areas and the primary issues regarding them are discussed in greater detail in Section

2.3.

2.3 Clay Settling Areas (CSAs)

Disposal of the phosphatic clays has been one of the phosphate industry’s most important

challenges for several decades causing issues with regard to water consumption, water pollution,

and land reclamation.18 Issues associated with phosphatic clay disposal have stimulated

research since the 1950s.26,31 The clays are stored in large above-ground man-made dikes

which typically reach 40 feet above ground level. These storage ponds are termed as clay

settling areas (CSAs). The depth from the surface of the clays to the bottom of a CSA is usually

between 30 to 40 feet. Clay settling areas occupy approximately 100 square miles of land in

Central Florida as a result of phosphate mining. Each individual CSA is typically designed

to have an area of one-square-mile. One report cited that Florida phosphate mines send

20,000 to 30,000 gallons per minute to clay settling areas;32 while other reports have listed that

100,000 tons per day are generated in Florida .28,33 Either way, it is clear that the volume of clay

suspensions generated far exceed the void space created by mining which leads to major land

storage issues.34 To compound this problem, the poor settling characteristics of the clays means

that it can take 10 years or longer to reach 25% solids by mass (or weight).30
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Figure 2-5. Illustration of clay settling area showing water migration towards one corner for
recycling to the beneficiation plant (image accessed from Mosaic website).

The CSAs are considered to be of major environmental concern to environmental groups

and nearby residents. From 1942 to 1971 there were twenty recorded dam failures that sent

clays spilling into nearby rivers and streams.18 This has led to the need to consolidate the clays

more quickly and avoid building more CSAs. However, the clay settling areas have been known

to serve three main functions. These include the recycling of water to the beneficiation plant,

use as a reservoir system to conserve groundwater, and ultimate consolidation of waste clays.24

Typically, the dilute clay slurry at 2 to 6% solids enters the clay settling area at one end of the

pond while clear water forms at the other end of the pond as illustrated in Figure 2-5. This is

further demonstrated in live photographs of clay settling areas in Central Florida presented in

Figures 2-6 and 2-7. The separation pictured aids in recycling water to the beneficiation plant.

In the early to mid 1970s, the state of Florida began enforcing regulations that mined lands

be reclaimed.18,22,24 Generally, mined lands can be reclaimed to form housing developments,

parks, orange groves, and golf courses. However, clay settling areas are not actually reclaimed.

The settling areas are usually leased for cattle grazing once they reach an acceptable solids

content (i.e., 40% solids). The above ground structures have poor aesthetic features according

to nearby residents. Therefore, the goal is to avoid building more clay settling areas in order to

allow more of the mined lands to be reclaimed.
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A

B

Figure 2-6. Photographs of clay settling areas looking down from raised embankment; A) one
end of the pond where clear water has surfaced to the top; and B) the other end of
the pond where clay has not settled as well (photographs by Mark Orazem, used with
permission).
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B

Figure 2-7. Photographs of clay settling areas showing the interior sloped embankment; A) one
corner of the pond where clear water has surfaced to the top; and B) another corner
of the pond where clay has not settled as well (photographs by Mark Orazem, used
with permission).
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CHAPTER 3
STUDY OF CLAYS

Phosphatic clays consist of approximately one-third phosphate, one-third sand, and one-

third clay. However, the clays fraction tends to dominate the overall dewatering behavior of the

slurry. This is due to the clays representing the fine particle fraction which cause poor settling

characteristics and when consolidated, have poor permeability properties. However, having a

finer particle size also allows for a potentially favorable response to the application of an electric

field.

The poor settling characteristics are partially due to some clay minerals being layered

which means their internal surface area is huge while also having a very small apparent density.

Metallurgist refer to phosphatic clays as slimes which are loosely defined as material that is

too fine to dewater by beneficiation methods.21 Typically, 98% of the particles contained in the

phosphatic clay suspensions are less than 100 microns in diameter. The average specific gravity

of the dry particles of the phosphatic clays is 2.7 with a range between 2.6 to 2.9. They consist

of clay minerals such as smectite (or montmorillonite), palygorskite and kaolinite as well as

non-clays such as carbonate-fluorapatite, quartz, wavelite and dolomite.

3.1 Clay Properties and Structures

Clay minerals are formed by chemical weathering of rocks into crystalline particles that

typically have a diameter of 2 microns or less.3 For example, kaolinite is formed from water and

carbon dioxide breaking down felspar.3 The general shape of most clay particles is a plate- or

flat-like shape leading to a large ratio of surface area to mass.3 This high specific surface area

leads to hindered settling of clays. However, it also causes the surface properties of the clays to

dominate which may be favorable for enhanced sedimentation due to an applied electric field.

Most clay minerals are made of a combination of silica and alumina sheets.3 The silica

sheet is made of silica tetrahedrons and the alumina sheet is made of alumina octahedrons

which are presented in Figure 3-1. Different combinations of the silica and alumina sheets form

different clay minerals. For example, kaolinite is made of a stack of sheets alternating between

silica and alumina. Smectite, or montmorillonite, is composed of an alumina sheet sandwiched

in between two silica sheets. The so called ’sandwiches’ then stack consecutively together but

with water molecules occupying the space between them. The amount of water adsorbed may
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Figure 3-1. Molecular representations (reproduced from Craig3) of the basic structures of clay
minerals. The molecular structures combine to form the depicted sheet structures.

increase causing the smectite particles to swell which increases their specific surface area and

further hinders settling.

3.2 Charge on Clays

Typically, clay particles immersed in water have a negative surface charge. The negative

surface charge can be due to several factors. One cause for this can be due to preferential

specific adsorption of anions at the surface of the clays instead of cations. Another cause is

due to isomorphic substitution, or lattice substitution,35 which occurs when a silica or aluminium

atom (shown in Figure 3-1) is replaced by an atom of lower valency. In other words, the positive

charge on the central atom in a tetrahedron, for example, is reduced leading to a residual

negative charge. Another cause of the negative charge is bond breaking at the surface of the

clay particles. For example, the octahedron contains hydroxyl groups which can dissociate

leaving negatively charged surface groups. The negative charge on the clays are naturally

balanced by positive charges or cations in the adjacent water such that the overall clay-water

interface is neutral. These cations predominate in a region approximately 1 to 10 nanometers

from the surface of the clay. This overall interface is termed as the double layer which represents

the clay-water (or solid-solution) interface with a net negative charge on the solid side and a net
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positive charge on the solution side. Beyond approximately 10 nanometers from the clay-water

interface the water becomes neutral as the concentration of cations decreases with increasing

distance from the interface. This interface can be most simply modelled as a capacitor.

The characteristics of the double layer determine whether a given particle will respond

favorably to an electric field. The magnitude of charge is usually expressed instead in terms of

the zeta potential. The charge q is directly proportional to the zeta potential ζ as

q = −εζ
λ

(3–1)

where ε is the permittivity and λ is the Debye length which represents the thickness of the diffuse

part of the double layer. The electrochemistry of this relationship will be discussed in more

detail in Section 4.3. While the charge on the clay particles aids sedimentation when an electric

field is applied, there is a counter force as the interaction of like charges between clay particles

enhances dispersion. Additionally, there are short-range attractions between particles due to

van der Waals forces which decrease with increasing distance between particles.3 However,

when no electric field is applied, the repulsion due to the like charges on the particles as well as

their large specific surface area dominate in keeping the clays suspended in water and hindering

settling.

3.3 Types of Clays

Three types of clays are known to occur within phosphatic clay suspensions. These are

known as smectite, kaolinite, and palygorskite. The following sections discuss each of these

clays in greater detail.

3.3.1 Smectite Clay

Smectite clay is often referred to as montmorillonite. It includes a combination of silica

tetrahedral (SiO4) sheets and alumina octahedral (Al(OH)6) sheets.3,36–38 Swelling of smectites

easily occurs as water is adsorbed between the stacked arrangements of silica and alumina

sheets. The bonding between the stacked sheets is weak leading to smaller particle sizes.3,39

Magnesium and iron are known to substitute for aluminium in the alumina octahedrons in a

process known as isomorphic substitution. Aluminium may also substitute for silica in the silica

tetrahedrons. Smectites have a very high degree of isomorphic substitution in comparison to

other clay minerals.40
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3.3.2 Kaolinite Clay

Kaolinite clay is made up of alternating consecutive sheets of alumina and silica. An

average kaolinite particle could consist of over one hundred stacks of combined alumina and

silica sheets leading to larger particle sizes than smectites.3 Kaolinite particles have a plate-

like shape with a negative surface charge on its faces and a positive surface charge on its

edges.41–43 Kaolinite does not adsorb water easily and its stability is due to hydrogen bonding

between silica and alumina sheets.37 This increased stability also limits isomorphic substitution

as it does not occur as readily in kaolinite.3

3.3.3 Palygorskite Clay

Palygorskite is a clay mineral whose make-up is more complex than smectites or kaolinites.

Palygorskite is not simply composed of stacks of different structural combinations of silica and

alumina sheets. Instead it is made of chain-length like structures leading to longer and thinner

particles. The palygorskite clay particles are described as rod-shaped particles composed of

length-wise fibers which vary from 0.01 to 5 microns in length.44 Grim has classified palygorskite

as a chain-structure type of clay mineral with “hornblende-like chains of silica tetrahedrons linked

together by octahedral groups of oxygens and hydroxyls containing aluminum and magnesium

atoms.”39 The charge on palygorskite is much smaller than other clays and it has a higher

surface area to mass ratio. Its minimal charge causes it to not respond favorably to an electric

field and its high surface area to mass ratio does not allow it to settle well naturally either.

Another commonly used name used for palygorskite is attapulgite.
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CHAPTER 4
ELECTROCHEMICAL ENGINEERING AND ELECTROKINETIC THEORY

Electrochemical engineering is introduced as a discipline needed to meet the growing en-

ergy demands of the world. This discussion includes the introduction of different electrochemical

techniques such as polarization curves and impedance spectroscopy. Electrokinetic theory is

introduced, which is a subset of electrochemical engineering. The fundamental properties that

drive electrokinetic phenomena are discussed in this chapter to provide a framework for how

separations of clay suspensions occur.

4.1 Electrochemical Engineering Techniques

Electrochemical Engineering is a discipline with great potential for demand due to the grow-

ing energy needs of the earth. Electrochemical systems can be organized into two categories.

The first is a system which uses spontaneous electrochemical reactions to produce electrical

energy. These are often referred to as galvanic cells. Examples of this are batteries and fuel

cells. The other category of electrochemical systems are those which need energy to drive elec-

trochemical reactions to produce a specific product. This work involves the use of an electrolytic

cell. Another application involving electrolytic cells is the chlor-alkili industry, which is introduced

by Prentice,45 yet described in much greater detail by Pletcher and Walsh.46 This process uses

electrical energy to drive several different electrochemical reactions to produce chlorine, hydro-

gen, and sodium hydroxide.46 The advantage of electrochemical engineering is that it can be

used to reduce the energy requirement needed to drive these reactions for a given amount of

product produced. Electrochemical Impedance Spectroscopy (EIS) is a powerful tool that can be

used to aid in the effort to reduce the energy requirement needed to drive these reactions. The

contributions of EIS are highlighted by its ability to determine different electrochemical kinetic

parameters.47 EIS and polarization curves typically can aid in the characterization of electro-

chemical experiments and may help to describe the reactions or reaction mechanisms occurring.

Detailed uses of EIS and its mathematical foundation are given by Orazem and Tribollet.48 Other

excellent sources on the concepts of electrochemistry are given by Bard and Faulkner,49 and

Bockris and Reddy.50,51 However, Newman gives the most extensive detail on the mathematics

of electrochemical engineering.52
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4.2 Methods to Optimize Electrochemical Cells

Polarization curves and electrochemical impedance spectroscopy (EIS) are two measure-

ment tools that can be used to obtain more information about a given electrochemical system.

Polarization curves can provide open-circuit potentials, which represent the potential where

there is no net current flow in the cell. Polarization curves can also be used to identify the mass-

transfer-limited current for a given system, which represents the maximum current obtainable

under a given set of operating conditions. EIS provides the magnitude of an electrochemical

cell’s resistance and allows identification of the dominating resistances in the cell. By taking

impedance data at different points along the polarization curve, the roles of different kinetic,

Ohmic, and mass-transfer phenomena can be distinguished.

The voltage losses for a given electrochemical cell can be investigated in order to create an

optimal cell design. These losses can be due to kinetic, Ohmic, and mass-transfer limitations

that are known to occur in electrochemical cells. They can be identified through use of EIS.

Once the limitations in an electrochemical cell are determined from impedance data, different

methods can be used to reduce the operating voltage of the cell. For example, the kinetic

limitations are associated with the rate of the reaction that occurs on an electrode’s surface.

This can be improved by methods adding improved catalysts, increasing electrode size, and

increasing operating temperatures. Ohmic limitations are based on the electrolyte’s resistance

to the flow of current through solution. An example of a method to decrease this resistance is to

increase the concentration of the supporting electrolyte. The supporting electrolyte is a dissolved

substance such as a salt that will reduce the resistance of the solution without participating in

electrochemical reactions as it remains inert. Mass-transfer limitations involve the difficulty in

delivering reactants to an electrode’s surface. For example, at the mass-transfer-limited current,

the concentration of the limiting reacting species at the electrode’s surface is equal to zero. Two

methods to improve this limitation are to stir the solution and to increase the concentration of the

reacting species in the solution.

The overall impedance for a given cell can be measured by using the anode as a pseudo-

reference electrode. In this case, no reference electrodes would be used for the impedance

measurement. However, use of reference electrodes are often advantageous, especially in mem-

brane cells. Additional EIS measurements involving reference electrodes can be performed to
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identify the the dominant resistances present in an electrochemical cell by isolating their contri-

butions. Such measurements provide the basis for identifying issues occurring in electrochemical

cells.

4.3 Principles of Electrokinetics

Electrokinetic phenomena arise from the relationship and interaction between the electric

field and the diffuse double layer at a solid-solution interface.53 The existence of the diffuse dou-

ble layer in the presence of an electric field leads to a hydrodynamic flow.5,54 This represents the

driving force for electrophoresis and electro-osmosis, which involve enhanced sedimentation and

consolidation, respectively. In order to discuss the key principles which describe electrokinetic

phenomena physically and mathematically, it is necessary to review first the concepts of the

electrical or diffuse double layer.

4.3.1 Electrical Double Layer

A double layer naturally occurs when a solution (or electrolyte) is in contact with a solid.

As ions are present in solution, some have a greater affinity for adsorption to the solid’s surface

than others. Generally, anions prefer to be closer to the solid surface than cations. Therefore,

a separation of charge arises as anions adsorb to the surface forming the compact part of the

double layer. The ions that are specifically adsorbed do not move freely because they are bound

to the surface. In order to balance the negative charge adsorbed to the surface, a diffuse region

of charge in the solution adjacent to the adsorbed ions forms, and this is termed the diffuse part

of the double layer or simply as the diffuse layer.55 The diffuse layer is not electrically neutral as,

in this case, it is has a higher concentration of cations than anions. The cations in the diffuse

layer are balanced between the electrostatic force pulling cations toward the oppositely charged

surface and their tendency to diffuse away from the surface due to the concentration gradient

from the diffuse layer into the bulk solution.56 In the diffuse layer the ions are able freely move

as they are not bound to the surface. The thickness of the diffuse layer is typically given as 1

to 10 nanometers;5 although another source has reported the thickness to be as large as 100

nanometers.57

The physical description of the electrical double layer as described in this section is illus-

trated in Figure 4-1. Beyond the diffuse double layer, the solution is electrically neutral. The
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length or thickness of the diffuse double layer is given by the Debye length,

λ =

√√√√√ εRT

F 2
n∑

i=1
z2i ci,∞

(4–1)

where R is the gas constant (8.314 J/molK), T is the temperature (in degrees Kelvin), zi is

the charge on ionic species i, F is Faraday’s constant (96,487 C/equiv) and ci,∞ is the bulk

concentration of ionic species i. The bulk concentration represents the concentration in solution

away from the interface where the solution is electrically neutral and no concentration gradients

are present. The inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP) are both

indicated in Figure 4-1. The IHP (also referred to as the Stern surface58) represents the plane

intersecting the centers of ions specifically adsorbed to the solid surface. The OHP represents

the plane of closest approach to the solid surface for centers of freely moving ions.

If the solid itself becomes charged, then a redistribution of charge can occur in the double

layer. The entire interface must be electrically neutral; therefore, the charge on the solid q1 and

the total charge of the all specifically adsorbed ions q2 must balance the charge in the diffuse

part of the double layer q3 as

q1 + q2 + q3 = 0 (4–2)

Another treatment of the terms can involve combining the charge on the solid q1 with the total

charge of the specifically adsorbed ions q2 as

q1 + q2 = q (4–3)

This is advantageous when considering particles in colloidal suspensions. As a particle moves,

it carries with it the charge of the specifically adsorbed ions which are bound to its surface.

Therefore, the charge can be combined as given by equation (4–3).

As the charge on the solid surface arises, a redistribution of charge in the diffuse double

layer will occur to balance the total charge of the interface given by

q + q3 = 0 (4–4)

Changes in the bulk concentration will also affect the distribution of charge within the diffuse

double layer. Equation (4-1) indicates that as the bulk concentration ci,∞ increases, the thickness
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Figure 4-1. Schematic of electrical double layer indicating the inner Helmholtz plane (IHP), the
outer Helmholtz plane (IHP), and the thickness of the diffuse part of the double layer
λ. The positive circles indicate cations and the negative circles indicate anions.
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Figure 4-2. Schematic illustrating the direction of the electric field, the diffuse double layer, and
the velocity profile that arises.

of double layer λ decreases. This affects the charge in the diffuse part of the double layer as

q3 = −εζ
λ

(4–5)

By changing the charge in the diffuse double layer, the charge on the solid q must also change

for equation (4–4) to hold.

4.3.2 Application of Electric Field

When an electric field is applied, a force acts on the freely moving ions in the diffuse part

of the double layer. Cations respond to move in the direction of the electric field while anions

move in the direction opposite of the electric field. If the diffuse layer is positively charged (i.e.,

contains more cations than anions), then the solution in the diffuse double layer will begin

moving in the direction of the electric field.59 If the solid is treated as a flat surface, then the

direction of the electric field can be described as tangent to the surface as presented in Figure

4-2. A partial differential equation is developed by coupling the Navier-Stokes equation with

Poisson’s equation which relates the velocity of the solution v with the potential in solution Φ and

the electric field Ex as

µ
∂v

∂y
= ε

∂Φ

∂y
Ex (4–6)

where µ represents the viscosity of the solution and y is the position into the solution which is

normal to the solid surface.5 The potential and velocity gradients are formed due to the presence
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of a boundary layer at the solid-solution interface. The boundary conditions at the IHP are

defined as v = 0 and Φ =Φ0. The boundary conditions outside the diffuse double layer and

towards the bulk solution are defined as v = vx and Φ = Φ∞. From integration and solving for the

constants using the boundary conditions, equation (4–6) is simplified to

µ(−vx) = ε(Φ0 − Φ∞)Ex (4–7)

The zeta potential ζ is defined as the potential drop through the diffuse part of the double layer

as

ζ = Φ0 − Φ∞ (4–8)

By substituting equation (4–8) into equation (4–7), the velocity of water vx just outside the diffuse

double layer can be obtained as

vx = −εζEx

µ
(4–9)

which yields an expression relating the velocity of the water as a function of the electric field. The

velocity vx can also be defined in terms of the charge in the diffuse layer q3 or the charge on the

particle q by substituting equation (4–5) into equation (4–9) to give

vx =
qλEx

µ
(4–10)

Note that vx represents the velocity of solution with respect to the particle or solid surface.

Further information on the principles of electrokinetics can be found in textbooks. Newman

and Thomas-Alyea5 give an extensive section on electrokinetic principles which includes

the mathematical derivation of key phenomena such as the relationship of the electric field

with the electric double layer. Hiemenz and Rajagopalan58 also include a detailed section on

electrokinetic phenomena and on the strong role of the double layer. Other related texts by Van

Olphen56 and Kruyt60 primarily focus on colloidal systems yet have key information pertaining to

double layer theory and its pertinence to electrokinetics.
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CHAPTER 5
LITERATURE REVIEW

A review of the literature is presented ranging from small-scale to large-scale applications of

electrokinetic dewatering. The applications presented are for removal of water from phosphatic

clays as well as other materials. Other methods for water removal are also presented. An overall

assessment of the accomplishments within the literature is discussed. This assessment also

introduces items that are absent in the literature which motivate the contributions for this work.

5.1 Electrokinetic Dewatering

Numerous dewatering designs are presented in the literature. The following sections include

descriptions of electrokinetic bench-top cells as well as large-scale applications. Although the

focus is on the dewatering of clays, much can be learned from the electrokinetic dewatering

of other materials. Some examples of electrokinetic dewatering applications other than clays

include water removal of oily sludges,13 harbor dredges,61 contaminated river sediment,62 waste

sludge,63 and activated sludge.64

5.1.1 Small-scale Bench-top Cells

Several bench-top cells are presented in the literature. A large portion of the bench-top cells

studied are cylindrical in shape, vertically oriented, and made of Plexiglas or acrylic. Buckland

et al.62 developed a Plexiglas cylindrical cell for application of an electric field to remove water

from contaminated river sediment. The cell had an inner diameter of 20 cm and a height of 100

cm. Electrodes were placed parallel to each other with the cathode at the top and the anode at

the bottom. The parallel arrangement of the electrodes was used to ensure a uniform electric

field along the length of the column. Reference electrode ports were installed along the length

of cell to measure the electric field. Sampling ports were also installed which tapped into the cell

such that the solids content could be determined at various locations while the experiment was

still operating. A similarly designed cell was presented by Shang and Lo,17 Lo,65 and Shang,.14

This bench-top cell had the same features as the cell reported by Buckland et al.62 except that

it was smaller, with a 9 cm diameter and a 20 cm height, it did not have sampling ports, and it

was designed specifically for water removal from phosphatic clay suspensions. Shang17 reported

an increase in solids weight percent (wt%) of phosphate clay from 12.7 to 29 wt% in just 30
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hours. Shang17 reported a dewatering energy requirement of 7.6 kW-h/per cubic meter of clay

suspension.

Ho and Chen66 also developed a vertically oriented cylindrical cell which was used for

removal of water from clay suspensions. This cell featured a rotational anode placed at the top

of the cell. By increasing the rotations per minute (RPMs) the rate of dewatering increased as

the higher number of rotations forced the caked clays to fall off of the anode. Disadvantages

of this design were that the electrode gap could not be adjusted and the rotating anode could

not operate properly if the solids weight percent became too large. Ho and Chen66 reported an

increase in solids content from 9.1 to 24.6 wt% in just 4 hours.

Reddy et al.61 also produced a vertically oriented acrylic cell. This cell included a weight on

the top electrode to maintain electrical contact with the sediment being dewatered. The use of

the weight was also designed to ensure uniform consolidation. Reddyet al.61 reported a range of

dewatering energy requirements between 280 to 1022 W-h/per cubic meter of sediment treated.

Jin et al.67 developed a cell horizontally oriented to remove water from a fermentation

broth. This cell was rectangular in shape. One advantage of this type of cell is that it allowed for

efficient venting of the gases generated at the electrodes. Other designs by Maini et al.68 and

Paczkowska15 also used horizontally oriented bench-top cells for electrokinetic removal of water.

5.1.2 Large-scale Field Applications

Several outdoor tests have been performed to remove water through application of an

electric field on waste clays or mine tailings. Some of these implementations involved building

above ground storage tanks to perform tests and others either built experimental clay ponds

or applied electrokinetic instrumentation to pre-existing clay ponds. Fourie et al.4,12 built and

operated an above ground tank to dewater mine tailings. The design involved vertically oriented

electrodes inserted into the tailings. Such an arrangement of electrodes is expected to be more

feasible because it may be difficult or impossible to insert horizontally oriented electrodes at

the bottom of an already existing clay settling area (CSA). Vertically oriented electrodes could

be much easier to install as they can be thrust (i.e., as a stake) downward and implanted into

such settling ponds. From the raw numbers reported by Fourie et al.,4 a dewatering energy

requirement of 1.25 W-h/kg of water removed was determined. This energy requirement was

based upon an increase in solids content from 39 to 57 wt%.
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McLean69 reported a large-scale clay dewatering experiment which was performed on

settling ponds specifically designed and built for such tests. This involved the use of draglines to

prepare trenches which were subsequently filled with dilute clay suspensions. Such experimental

preparation would be beneficial for installation of horizontally oriented electrodes at the bottom

of the pits before they are filled with suspensions (or slurries). Large-scale designs reported in

the literature may be beneficial when considering issues that may arise from any scale-up design

based on bench-top results.

5.2 Other Dewatering Methods

The Tennessee Valley Authority investigated numerous methods to enhance water removal

of slurries that feed or already exist in clay settling areas.21 Techniques that were listed include

flocculants, filtration, high temperature drying, electrophoresis, centrifugal applications, magneti-

cally induced current, controlled stirring and others. The Florida Institute of Phosphate Research

(FIPR) has published numerous dewatering methods that do not include electrokinetic field appli-

cations. Pittmann reported and summarized several methods such as a freeze-thaw technique,

use of movable screens, crust development, and a sand-clay sandwhich process.25

5.2.1 Flocculation

Flocculation can be defined in various ways as it involves several different types of mecha-

nisms. In the most general sense, flocculation is defined as the formation of flocs or flakes that

occur as colloidal particles come out of suspension. In phosphatic clay suspensions, flocculants

are used to increase the settling rate which aids the recycling of water back to the phosphate

beneficiation plant.70 The dilute suspension fed directly from the beneficiation plant is treated

with flocculant which increases the solids content from 2 to 10 weight percent within minutes,

possibly even seconds.

The flocculants are made of polymeric materials.71 The polymer used is charged and

termed as either anionic or cationic. Its associated charge attracts and attaches to suspended

clay particles forming condensed bundles of the particles. Some flocculants reported in the

literature include polyethylene oxide72 and polyacrylamide.1,70 Polyacrylamide has worked with

great success, but is not widely used due to its high expense. Although most flocculants (i.e.,

polyacrylamide) used are organic, inorganic flocculants also exist.1 Inorganic flocculants actually
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had a larger sales volume in the 1970s but were overtaken shortly after once synthetic organic

polymers arrived on the market.1

Rahman70 describes the flocculation mechanism in two stages with the first stage involving

the adsorption of the polymer reagent onto a single clay particle’s surface. The second stage in-

volves the aggregate flocs that are subsequently formed. The polymer molecules are described

as long string-like chains which absorb to several locations on an individual particle. Slack exists

in the string-like flocculant as it attaches from location to another on the particle’s surface. Loops

then form which extend outward from the surface. These loops collide and attach with other clay

particles forming a bridge from one particle to another.70 As the collisions continue to occur the

aggregate flocs form. As the aggregates form, the specific surface area of the clays decrease

and gravitational forces dominate over any repelling surface charges of the clays which promotes

the clays to commence settling.1

Another mechanism which can be termed as flocculation involves compressing the size

of the double-layer that exists at the clay-solution interface. The presence of the double-layer

on all clay particles leads to a repulsive force due to the like charges on the clay particles.

By increasing the concentration of ions in the electrolyte, the thickness of the double layer

decreases as described by equation (4–1). The compression of the double layer leads to

a reduction in the repulsive forces between particles.1 This allows the particles to begin to

aggregate. Other mechanisms also exist which involve different adsorption techniques specific to

certain types of flocculants (or polymers).

5.2.2 Large-scale Field Application

The Florida Institute of Phosphate Research (FIPR) has published a large number of reports

on the dewatering of clays that do not include the use of electrokinetics. Carrier73 reported a

field test including the use of a plastic, prefabricated geodrain system that was installed on a

pre-existing clay settling area to decrease the overall reclamation period by one or two years.

The geodrain cover was placed such that it laid on an embankment that sloped down into the

CSA. As the CSA was filled, the slurry would contact the geodrain cover, which adsorbed water

from the slurry decreasing the solids content of that entering the CSA. Small-scale tests had

previously been performed which indicated that the geodrain material would be effective on a

large-scale. The adsorbed water was released from the geodrain by a pipeline connected to the
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geodrain material. This test ultimately failed because the pipeline was not installed properly as

it was incapable of withstanding the changes in height level of the CSA over time. However, the

shear strength of the clays near the geodrain was 30% higher than at areas where the geodrain

was not used. Therefore, the recommendation of this project was to repeat the project with an

improved installation of the drainage pipes.

5.3 Additional Electrokinetic Application

Cellular particles have been previously treated with electrokinetic phenomena in order

to separate, manipulate, or analyze such particles.74 Typically, such cellular particles are one

micron in diameter or larger. However, Hughes74 has proposed applying AC electrokinetics to

particles on the nanometer-scale. This type of study involves dielectrophoresis, which is the

application of a nonuniform electric field which induces a dipole on particles that are subject to

the electric field.14,17,75,76 The nonuniform electric field coincides with an alternating current

(AC). It was initially believed that particles on the nano-meter scale would be controlled by Brow-

nian motion instead of the dielectrophoretic force.74 However, microfabricated electrodes were

used which provided control over such small particles.77 Advancement of such an application

could have large effects in expanding or developing nanotechnology in its attempts to become

mainstream.

5.4 Electrokinetic Parameters

Experimental issues reported within the literature which involve application of an electric

field to remove water from waste clay or other types of suspensions are discussed here.

The objectives of this work center on the application of an electric field to dewater clay

suspensions. However, application of an electric field to remove water from other materials

is also relevant in terms of studying electrokinetic phenomena. Several issues such as the

selection of electrodes, pH of suspension, zeta potential of particles, particle size, evolution

of gases, and current pausing can greatly effect the power requirement of an electrokinetic

dewatering process. The reported energy requirements in the literature range from 0.6 to 880

kW-hr/dry metric ton.4 Most early studies used voltage drops as large as 70 V. The associated

large currents result in drying of the soil around the anode, which causes large parasitic potential

drops. The large currents also create significant gradients in pH, which can change the clay

properties and can increase parasitic losses. Issues that arise due to changes in pH are
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discussed in more detail in Section 5.4.2. The effects of changes in pH and parasitic potential

drops can be mitigated by reversing polarity or by pausing the current to allow natural diffusion to

relax the concentration profiles. Using intermittent current or current pausing is discussed further

in Section 5.4.3. Operating at a smaller electric field can also reduce issues associated with

corrosion of electrodes and parasitic voltage drops. A smaller electric field should also reduce

the power required per unit of clay processed.

5.4.1 Selection and Design of Electrodes

The selection and design of electrodes is often dependent on the cell design or the ob-

jectives of the experiment. If it is desired to filter or remove water through the electrodes, then

mesh or porous electrodes should be beneficial. These electrodes would also be useful if there

is concern with ventilation of gases evolved due to electrochemical reactions occurring at the

electrode surfaces. Some electrodes can be machined in order ensure that the electrodes are

porous enough such that gases do not get trapped.62 If the electrodes are oriented vertically,

then gases evolved should not get trapped underneath the electrodes as they often may with

horizontally oriented electrodes. Therefore, vertically oriented electrodes may not need to be

porous for gas ventilation.

Corrosion is also a big issue in determining selection of electrodes. Due to the large volt-

ages applied in early electrokinetic studies, metal electrodes corroded and needed replacement

on a regular basis. Alternative electrodes such as the dimensionally stable anodes used for ca-

thodic protection may provide a cost-effective alternative.6 Fourie has reported excellent results

for dewatering of mine tailings by using electrokinetic geosynthetic electrodes, which comprise

a charged porous felt cloth wrapped around a carbon-doped plastic mesh.4,11,12 The electroki-

netic geosynthetic electrodes also appear to resolve the problems with electrode stability or

degradation. Graphite electrodes have also been used to mitigate issues involving corrosion.62

5.4.2 pH and Zeta Potential

Changes in pH will occur due to electrochemical reactions producing hydrogen ions at the

anode and hydroxide ions at the cathode which are generated from reactions (1–1) and (1–3).

Such changes in pH are significant due to its effect on the charge of clay particles. The level

of pH can also affect the stability of electrodes as corrosion or degradation of electrodes can

occur at low pH. Often in the literature, instead of quantifying the charge on clays in terms of
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Coulombs, the zeta potential is used to characterize clay particles which are usually on the order

of 10 to 50 milli-Volts (mV). Several studies in the literature measure the zeta potential as a

function of the pH. The zeta potential is critical to electrokinetic processes as given by equation

(4–9).

Several studies have involved pH and zeta potentials and how they affect various electroki-

netic processes. Bjelopavlic et al.78 reports that changes in pH can affect the surface charge

of clay particles due to the specific adsorption of ions onto particles. As the pH increases, the

hydroxyl groups added to the suspension are known to adsorb to the surface of the particles

changing their charge. The charge on the particle q is directly proportional to the zeta potential

as given by equation (4–5). Other effects of pH changes can involve further contamination of

clay suspensions. Cabrera-Guzman79 reports that at low pH values, hydrogen ions can promote

ion exchange effects which can release metal contaminants that were bonded to the clay par-

ticles. This could lead to further issues in terms of managing the hazards associated with land

storage of the clays.

Dixit et al.80 measured the mobility of clay particles as a function of pH. These results found

that as pH increased, the mobility increased. This was attributed primarily to dissociation of

hydroxyl groups at the edges of the clay particles which is known to occur at larger pH values.

The bond between the oxygen atom and the hydrogen atom breaks leaving a more negative

charge on the clay particle as the positively charged hydrogen ion diffuses away. As the charge

on the clay becomes more negative, the absolute value of the zeta potential increases leading

to improved mobility at larger pH values. Such a relationship was verified experimentally by

Gopalakrishnan et al.81 as the zeta potentials were measured as a function of pH for two types

of clay slurries. The absolute value of the zeta potential increased with increasing pH for both

clays.

5.4.3 Use of Intermittent Current

Intermittent current or voltage (or current) pausing is often employed in electrokinetic cells

to rehydrate dried areas which can reduce parasitic voltage drops and relax pH or concentration

gradients. Reducing areas where parasitic voltage drops occur can aid in reducing the resis-

tance to the flow of current through a given electrochemical cell. Shang and Lo17 implemented
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the use of an intermittent current interval to determine the most efficient on-off cycle for electroki-

netic water removal of clays. An on-off cycle of 15 minutes on and 5 minutes off was reported

as the most efficient for removal of water. Another study was performed by Gopalakrishnan et

al.81 to determine an optimal on-off time for current pausing. Their results indicated an optimal

on-off time of 30 seconds on and 0.1 seconds off. The discrepancy between the optimum ratios

of the two papers could be due to the difference in time scales used for each ratio. Another

discrepancy could be due to differences in the clays used from one study to the other.

5.4.4 Particle Size

Particle size has been reported to have an effect on the rate of sedimentation of clays which

is contact with an applied electric field. Shang’s14 experimental results compared two types of

clays against each other which had different particle size. One clay was termed as the brown

clay and the other was termed as a grey clay. The brown clay had a finer average particle size

and achieved better dewatering results from the application of the electric field. However, Shang

also performed control tests with gravity only, where the grey clay achieved better settling results.

Therefore, these results indicated that finer particle size adversely affects the sedimentation

behavior when no electric field is applied but enhances sedimentation when under the force of

an electric field. Reasons for this can be attributed to surface properties of the particles. For finer

size particles, the surface properties are expected to dominate which allow them to respond to

an electric field. However, when no electric field is applied, these surface properties may aid in

dispersing the particles due to like charges on the clay particles causing their repulsion of each

other.

5.5 Assessment of the Literature

The literature has presented many examples of electrokinetic dewatering of clays and other

materials. These include small- and large-scale studies which consistently demonstrate that the

application of an electric field can be used to remove a significant amount of water from clays

and\or other materials. However, the results of bench-top experiments presented in the literature

have not been used to develop parameters for large-scale design of a water removal system.

Constitutive relationships linking the electric field with operating time and the amount of water

removed have not yet been presented within the literature. Such relationships are needed in

combination with a mathematical model to project the energy requirements for a large-scale
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water removal system to assess its feasibility in terms of large-scale treatment of clay settling

areas.
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CHAPTER 6
EXPERIMENTAL APPROACH

Ex-situ characterization of clay samples as well as the bench-top experimental set-up are

presented in this chapter. The ex-situ studies included X-Ray diffraction, particle size distribution

measurements and zeta potential measurements. The ex-situ measurements were performed

to verify properties of the clay which could affect the results and reproducibility of the bench-top

experiments. The introduction of the bench-top experimental set-up includes the description of

the instrumentation used and the design of the bench-top cell.

6.1 Ex-situ Analysis of Clay Suspensions

Characterization of clay suspensions was desired to verify its physical properties which

may affect the ability of an electric field to remove water from the clays. This also allowed for

determination of whether variations existed between the various clay suspension samples

provided by Mosaic Fertilizer LLC.

6.1.1 X-Ray Diffraction

X-Ray Diffraction (XRD) patterns were generated at the Major Analytical Instrumentation

Center (MAIC) at the University of Florida using the XRD APD 3720 instrument. XRD was

performed on phosphatic clay samples in order to determine the identity of the clay minerals

contained within the slurries. It has been reported that mineralogical variations do exist through-

out clay settling areas.18 These mineralogical variations could cause significant changes in the

electrokinetic dewatering results on phosphatic clays. For example, a sample that has a high

content of palygorskite may not respond well to electrokinetic treatment due to palygorskite’s

small surface charge.7,61,66,82 Sedimentation of palygorskite is also difficult due to its low den-

sity and small particle size. Bromwell reported that as the concentration of palygorskite in clay

slurries increases, the rate of settling decreases.18 While it is likely that the clay samples from

Mosaic do not contain large amounts of palygorskite, the possibility of larger quantities presents

the need for a composition study such as XRD.

X-ray diffraction was performed on selected samples provided by Mosaic. Some samples

had been treated with Mosaic’s proprietary flocculant while other samples had not. One of the

most critical issues for generating a useful XRD diffraction pattern is to prepare the sample

for analysis properly. A properly dried form of the clays must be prepared. Using an oven to
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dry samples represents an improper drying technique. In oven or natural drying, as the water

evaporates, the surface tension of the water molecules pushes the clay particles together. This

leaves the clay samples in a cohesive phase that can not be examined properly by XRD. The

proper preparation method is called the Peel technique which involves the preparation of an

oriented aggregate mount of the clay onto a Millipore filter using a vacuum pump. This forces the

clay mineral particles to lie flat, which enhances the ability of the XRD beam to produce useful

results.

An X-ray diffraction pattern generated from a flocculated clay sample is presented in Figure

6-1 with the y-axis representing intensity counts in arbitrary units while the x-axis is the angle of

the X-ray diffraction beam in degrees. The peaks in Figure 6-1 were identified using published

diffraction pattern data representing the locations for each mineral type. The presence of

smectite, palygorskite, and quartz was identified. Palygorskite existed in trace amounts which is

favorable for electrokinetic experiments.

An X-ray diffraction pattern on a sample that was not treated with flocculant showed no

significant difference from Figure 6-1. In fact, several other samples (with or without flocculant)

yielded similar XRD results and it was concluded that each sample contained no significant

variation of clay minerals. Therefore, all samples provided by Mosaic are expected to behave

similarly in the presence of an electric field. This provided confidence in the reproducibility of

the electrokinetic experiments presented within this work. Methods to determine the identity of

phosphate bearing minerals were not performed as the XRD sample preparation excluded the

larger sized particles that typically contain phosphate bearing minerals. The larger particles

were excluded because they limit the ability to prepare a good mount and also clay minerals are

expected to provide the primary limitations to natural settling as well as to the effectiveness of

electrokinetic methods. For further information regarding the study of XRD and its use on clays,

Cullity83 provides in-depth description and analysis on XRD while Grim39 discusses how XRD

can be used to study and identify the mineralogy of clay samples.

6.1.2 Particle Size Distribution

The instrumentation used to determine particle size distribution was provided by the Depart-

ment of Geological Sciences at the University of Florida. Results indicated that approximately

90% of particles from the phosphatic clay suspensions were finer than 60 microns in diameter
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Figure 6-1. X-ray diffraction pattern generated from an oriented aggregate mount of a phosphatic
clay sample. Peaks are identified with their associated clay or sand mineral.

and approximately 65% were finer than 2 microns in diameter. These results were generated

using a sedigraph which measures settling velocities. Using Stoke’s Law, the settling velocities

were converted into characteristic diameters or sizes. These results were the same for both

flocculated and unflocculated clay samples.

Particle size distribution measurements and calculations were also performed using

optical methods in terms of the real and imaginary refractive indices of clay particles. The

distributions were determined in terms of number distribution and volume distribution. However,

this method is only accurate for homogenous suspensions, which does not include phosphatic

clays. Therefore, these results were not useful and are not presented in this work.

6.1.3 Zeta Potential Measurements

Instrumentation used to perform zeta potential measurements was provided by Particle

and Engineering Research Center at the University of Florida. The results were generated

by the PALS Zeta Potential Analyzer. The instrumentation experimentally determined the

average zeta potential of suspensions containing a flocculant and separately determined the

average zeta potential for suspensions not containing a flocculant. The difference between the

averaged zeta potential between flocculated and unflocculated samples was not significant. The
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flocculated clay suspension had an average zeta potential of -20.1 mV and the unflocculated

clay suspension had an average value of -19.9 mV. This result indicates that both types of clays

should respond equally to an equivalent electric field as the velocity of water is a function of the

zeta potential as given in equation (4–9).

6.2 Electrokinetic Studies

Bench-top experiments were performed to remove water from clay suspensions. The

instrumentation used to perform experiments and the experimental apparatus used are pre-

sented. Information regarding the clay samples used in experiments are described as well as the

methods used for performing experiments.

6.2.1 Experimental Instrumentation

The instrumentation used for potentiostatic or galvanostatic modulation involved the use of a

potentiostat (i.e., Solartron 1286 Electrochemical Interface or EG&G Princeton Applied Research

(PAR) Potentiostat/Galvanostat Model 273A). The potentiostat was used to apply a constant

potential or a constant current. The potentiostat also had the capability of generating polarization

curves. The potentiostat was operated through use of CorrWare software (Scribner Associates,

Inc.). In order to generate electrochemical impedance spectroscopy data, an impedance fre-

quency response analyzer (i.e., Solartron 1250 Frequency Response Analyzer or the Solartron

SI 1260 Impedance/Gain-Phase Analyzer) works in combination with a potentiostat. This type of

measurement involved the use of Z-Plot software (Scribner Associates, Inc.).

6.2.2 Bench-top Cell

A cylindrical Plexiglas cell was designed and constructed for bench-top experiments. The

advantage of using a cylindrical cell is that its geometry provides a uniform potential drop along

the length of the cylinder. The dimensions of the cell were 30 cm in length with an inner diameter

of 9 cm. The cell was modified to include Ag/AgCl reference electrodes such that the voltage

drop through the clay slurry could be measured. This allowed for determination of the electric

field force acting on the slurry as the reference electrodes measured only the Ohmic potential

drop. This was required because the potential difference between the cathode and anode

(i.e., cell potential) does not only include the contribution of the Ohmic potential drop, but also

includes the potential drop due to reaction kinetic limitations at the electrodes. A schematic

of the cell is presented in Figure 6-2. The design was adapted from the description of the
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experimental cell presented by Shang,14 Shang and Lo,17 and Lo.65 All experiments began with

the electrodes placed 19 cm or 20 cm apart. Initially, only two reference electrodes were installed

to measure the voltage gradient. They were fixed to be 10 cm apart. After an initial matrix of

experiments, the cell was further modified to include a total of four reference electrodes. This

allowed for additional measurements for situations where the electrode gap was reduced and the

original two reference electrodes did not both physically remain in contact with the consolidated

clay. Such a scenario would occur when decanting the supernatant water after the experiment

had operated for some length of time.

For all experiments, the cell was oriented vertically with the cathode placed at the top of the

cell and the anode placed at the bottom of the cell. The electrodes were configured in this way

such that the electric field would work with gravity and not against it. Under this configuration,

the electric field applied a downward force on the negatively charged clay particles towards the

positively charged anode while simultaneously attracting the water upwards to the cathode.

Although natural settling due to gravity is not expected to achieve beyond 15 weight percent

solids slurry over short and intermediate times, it was still desired to have an electric field that

operated consistently with gravity. Mesh electrodes were used for both the cathode and anode.

Both were dimensionally stable anodes made of titanium with a ruthenium oxide coating. They

were machined and fit to work with movable plungers within the cell such that the electrode gap

could be shortened or adjusted as supernatant water was removed.

All bench-top dewatering experiments included an on-off cycle of 30 minutes on and 2

minutes off. This cycle was included to allow concentration and hydraulic gradients to relax to

reduce the resistance to the flow of electric current through the cell. Experiments operated at

longer times were controlled to operate for 12 hours on and then 12 hours off each day. During

the 12 hours of on-time the experiment continued to maintain the on-off cycle of 30 minutes on

and 2 minutes off. Upon completion of each dewatering experiment, the contents within the cell

were removed and immediately weighed. The treated clay samples were then placed in an oven

to dry completely and were then re-weighed when dried to determine the solids weight percent

upon completion of each experiment.
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Figure 6-2. Schematic of bench-top cell with labeled locations of the electrodes and the
temperature and voltage measurements. Darker shaded area within the cell
represents where clay slurry is loaded for experiments.

6.2.3 Experimental Operation

One of the initial objectives of the bench-top experiments was to study the fundamental

properties of the clay and water and their associated response to an applied electric field. The

small-scale electrokinetic cell was not intended as a proto-type model for large-scale dewatering.

However, the experiments were expected to aid in determining the feasibility of a large scale

design for implementation in an already existing clay settling area (CSA). All experiments were

performed using the phosphatic clay suspension samples provided by the project sponsor,

Mosaic Fertilizer LLC. The samples provided varied from 2 to 12% solids by mass (or weight).

Samples that initially existed in the 2 to 4 weight percent solids range had not yet been treated

with a proprietary flocculant while other samples initially 8 to 12 weight percent solids had been

treated with the flocculant. Additional electrokinetic experiments performed without flocculant

showed that the use of a flocculant did not affect the electrokinetic results.

The solids content of the clay suspensions was determined by weighing the slurry sample

and then weighing it again after the sample was dried in an oven such that all moisture was

removed. 15 weight percent solids was the highest content achieved through natural settling in
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Figure 6-3. Schematic illustrating connections and use of resistors between potentiostat and
bench-top cell. Resistors are included to amplify the applied potential to the cell.

combination with pre-treatment of flocculant. From the current thickening operation at Mosaic,

the solids content quickly reaches 8 to 12 weight percent solids. Therefore, the experimental cell

was typically loaded with a solids slurry content within the 8 to 12 weight percent range.

Initially, all experiments were operated under potentiostatic modulation and the electric

current was measured as a response variable. However, issues developed when attempting to

operate at small cell potentials in the range of 1.5 to 2 Volts. Under such operating conditions

the electrodes did not remain polarized and the resulting electric field was effectively equal to

zero. Such behavior was likely due to kinetic limitations dominating the potential drop the cell

was attempting to apply. In order to remedy this issue, the potentiostat was switched to operate

under galvanostatic modulation. A constant electric current was applied with the cell potential

measured as a response variable. The applied current was operated as low as 2 to 4 milliamps

(mA). The matrix of experiments presented in this work was operated in either potentiostatic

or galvanostatic modulation. There was no evidence that the type of modulation affected the

dewatering results as long as it provided a stable electric field.

One variation between galvanostatic and potentiostatic modulation occurred when adjusting

the distance between the cathode and anode. If operating in potentiostatic mode, reducing the

electrode gap required the reduction of the cell potential in order to maintain the same electric

field. For galvanostatic mode, this distance had no effect on the electric field as long as the

conductivity of the suspension did not change. Another experimental variation for potentiostatic

modulation occurred when attempting to apply a cell potential beyond 10 V. The CorrWare
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software prohibits applied potentials beyond 10 V. However, the potentiostat operated included a

100 V power supply. A schematic of a potentiostat with working, reference and counter electrode

leads is presented in Figure 6-3. The working electrode was connected to the cathode and the

counter electrode was connected to anode. The reference electrode lead, for the purposes of

the bench-top experiments, was connected to the anode such that the anode acts as a pseudo-

reference electrode. However, if the counter and reference leads are not shorted together and

instead have a large resistor between them as well as a resistor between the working and

reference (as shown in Figure 6-3) then a cell potential beyond 10 V can be generated. The

potentiostat controls the potential between the working lead and the reference lead; however, the

working electrode draws electric current from the counter electrode. Larger resistors are used

to avoid a significant leakage current. The cell potential could be multiplied by a factor of 10 if

the resistance between the working and reference leads is 10% of the resistance between the

working and counter leads. Therefore, up to a 100 V cell potential can be reached by applying

just 10 V between the working and reference under such conditions presented in Figure 6-3. If

it is desired to double the cell potential then both resistors in Figure 6-3 would need to be equal.

For galvanostatic modulation, the absolute current applied is controlled between the cathode and

anode in such a way that there is no multiplier capability. However, this did not cause any issues

under galvanostatic mode because the bench-top experiment always operated well below the

software’s maximum set-point for electric current.

56



CHAPTER 7
EXPERIMENTAL RESULTS AND DISCUSSION

The development and results of the bench-top experiments are discussed in this chapter.

The bench-top experiments involve the application of an electric field to remove water from clay

suspensions. A matrix of experiments were performed varying operating time and the electric

field. Constitutive equations were developed and presented here, which give the change in solids

weight percent of the clay as a function of operating time and the electric field. Electrochemical

techniques such as impedance spectroscopy and polarization curves were used to characterize

aspects of the bench-top experiments.

7.1 Proof of Concept with Bench-top Cell

Experimental results demonstrating a proof of concept are presented in Figure 7-1 for an

experiment operated for 9 hours at a cell potential of 80 V. Figure 7-1A represents the Plexiglas

cell loaded with the clay suspension before the electric field is applied. The composition of the

clay suspension was initially 9 weight percent (wt%) solids. Upon completion of the experiment,

the existence of a thickened clay mass formed which is presented in Figure 7-1B. Supernatant

water that formed towards the top of the cell was removed before the photograph illustrated in

Figure 7-1B was taken. The remaining thickened clay in Figure 7-1B had a solids content of 33.5

wt%. In the absence of an electric field, it normally takes 25 years for the clay suspension to

reach a solids content of 40 wt%. From this experiment alone, the application of an electric field

yielded a solids content approaching 35 wt% after just 9 hours of cell operation. Therefore, the

application of an electric field is demonstrated as a method that can enhance removal of water

from clay and a proof of concept is established.84 Note that the solids content of the slurry in

units of wt% is defined within this work as

wc =
mc

mc +mw
100% (7–1)

with mc representing the mass of dry clay and mw representing the mass of water present.

7.2 Constitutive Relationship at Short Times

A matrix of bench-top experiments were performed varying operating time and the electric

field. A relationship was desired to predict the time required to remove water as a function of

the electric field. Upon completion of each experiment, the change in solids weight percent
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A B

Figure 7-1. Photographs of the bench-top Plexiglas shown: A) Before experiment was started
the cell was loaded initially with a 9 wt% solids suspension, and B) after the
experiment ended the cell was occupied by a thickened lump of clay consisting of
33.5 wt% solids.

was measured. The results of the entire matrix of experiments are presented in Figure 7-2.

No evident relationship was found relating the change in solids content with operating time

based upon the results presented in Figure 7-2. However, by scaling the change in solids weight

percent by the applied electric field (in V/cm), the data superimpose to form a linear relationship

as presented in Figure 7-3. A trend line was included to fit the data presented in Figure 7-3. The

equation of the line was used to suggest a relationship between the change in solids weight

percent ∆wc and the electric field E (in V/cm) as

∆wc

E
= 0.72t (7–2)

with t representing the operating time (in hours). Equation (7–2) suggests that a prediction can

be made for the time required to achieve a certain solids weight percent at a given electric field.

This indicates that the time required to achieve a desired separation is inversely related to the

electric field applied. Therefore, the size of the electric field corresponds to a specific solids

weight percent of the clay meaning that a nonuniform electric field should result in nonuniform

water removal. While the bench-top cell was designed for a uniform electric field, this result could

be relevant to a large-scale dewatering system where the electric field will likely be nonuniform

in some locations. The relationship given as equation (7–2) does not apply for operating times
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Figure 7-2. Results of bench-top dewatering experiments illustrating the change in solids weight
percent as a function of operating time with applied potential as a parameter. The
data marked 1.5 V were controlled galvanostatically to yield a constant electric field.

beyond the range of values presented in Figure 7-3 and is described as a valid relationship only

at short times.

7.3 Uniformity of Water Removal

The matrix of experiments presented in Section 7.2 were analyzed in greater detail to

examine the level of uniform dewatering within the cell. Sampling at various locations within

the cell was performed to determine the extent of dewatering by position. The results are

presented in Figures 7-4 - 7-8 which give the solids weight percent as a function of time. Each

plot represents a specific applied cell potential. The extent of dewatering was found to be

non-uniform for all results presented in Figures 7-4 - 7-8.

As shown in Figures 7-4 - 7-8, higher solids content was achieved by operating at larger

potentials and for longer times. For an applied cell potential of 10 V, the highest solids weight

percent was located near the anode and the next highest solids content was adjacent to the

clay-supernatant interface (zones C and D) as presented in Figure 7-4. The center of the clay

suspension in terms of height (zone B) was still the consistency of the original suspension at

short times. For larger potentials (i.e., see Figure 7-7)) the middle region behaved differently

59



0

10

20

30

40

50

0 10 20 30 40 50 60 70
Time / h

Δw
c 

E
-1

 / 
Δw

t%
 c

m
 V

-1

1.5 V
10 V
20 V
40 V
80 V
line fit

Figure 7-3. Solids weight percent results from Figure 7-2 are scaled by the applied electric field
E. A trend line fit to the data suggests a linear relationship which is given as
equation (7–2).

such that a solid core developed containing the highest solids weight percent. This behavior was

previously presented in Figure 7-1B. This experiment illustrated the effects of gas evolution at

the anode. The large rate of gas evolution forced the suspension to become dilute around the

perimeter of the thickened clay mass located in the center. Additional experiments identified

that lower current densities which decreased the rate of gas evolution helped alleviate such

nonuniform behavior.

A much longer experiment at 20 volts was operated to determine the degree of nonuniform

behavior of the clay over longer times. The results presented in Figure 7-8 indicate that at longer

times the clay dewatering becomes more uniform. Physical observations also found that the

transparency of the supernatant water was much improved which is attributed to allowing the

cell to sit overnight for 12 hours without any applied potential. This behavior is indicated in

Figure 7-9 (on left). In fact, the supernatant water from this experiment is much clearer when

compared to the supernatant water formed by only gravitational settling in a one liter cylinder

pictured in Figure 7-9 (on right). The experiment photographed in Figure 7-9 was also very
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Figure 7-4. Cell potential of 10 V was applied for the duration of the experiment. The inset
represents a schematic of the vertically oriented cell with zone D at the top of the cell
representing the location of the supernatant water separated from the bulk clay.

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6 7 8 9 10

Time / h

 w
c /

 w
t%

A

D

B

C

Figure 7-5. Cell potential of 20 V was applied for the duration of the experiment. The inset
represents a schematic of the vertically oriented cell with zone D at the top of the cell
representing the location of the supernatant water separated from the bulk clay.
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Figure 7-6. Cell potential of 40 V was applied for the duration of the experiment. The inset
represents a schematic of the vertically oriented cell with zone D at the top of the cell
representing the location of the supernatant water separated from the bulk clay.
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Figure 7-7. Cell potential of 80 V was applied for the duration of the experiment. The inset
represents a schematic of the vertically oriented cell with zone D at the top of the cell
representing the location of the supernatant water separated from the bulk clay.
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Figure 7-8. Cell potential of 20 V was applied for the duration of the experiment. The data in
Figure 7-5 are reproduced here in addition to an experiment operating for 48 hours.

promising in terms of the amount of water removed from the consolidated clays portion of the cell

as presented in Figure 7-8.

Other observations from the 20 V experiment at long times indicated electrokinetic treatment

actually re-suspends some clay particles due to gas evolution at the anode. This was indicated

by having clearer supernatant water after the experiment had been turned off overnight for 12

hours than after the experiment was operated during the day for 12 hours. This suggests that

possible future designs may need a better path way for gas bubbles to vent instead of upwards

through the cell column. This also suggests that the supernatant water should be removed after

some time to avoid re-suspending clay particles into the water. For the experiments presented

in this section, the gap between the electrodes was maintained at the same distance throughout

the entire experiments to avoid changing the potential gradient (in V/cm) in the cell. In order to

maintain these conditions the supernatant water was not removed allowing the electrodes to

remain in electrical contact with the clay slurry without adjustments.

The results of this section demonstrate trends which indicate that the solids weight percent

increased as the cell (or applied) potential increased. The results also indicated the solids

weight percent of the clays increased with increased operating time. However, the purpose

of presenting the results in terms of Figures 7-4 - 7-8 was to study the uniformity of the clay
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Figure 7.  A photograph of the cell after the completion of a 4 day, 20 V experiment and its 
comparison to the settling of a control (on right) sample where no electrokinetic treatment was 
used. The cell potential was only applied for 12 hours each day. The arrow indicates the distance 
between electrodes. A clear layer of water is present above the clay. 

Clear 
water 

Figure 7-9. Photograph of cell after the completion of a 4 day, 20 V experiment and its
comparison to the settling of a control (on right) sample in the absence of an electric
field. The cell potential was applied for 12 hours each day. The arrow indicates the
distance between electrodes. A clear layer of water is indicated above the clay.

suspensions. The experiments revealed that lower cell potentials or current densities could

improve the uniformity of clay dewatering by decreasing the rate of gas evolution. Longer

operating times were found to improve the uniformity of dewatering as illustrated by Figure

7-8. This may be meaningful for a large-scale water removal system that would be expected to

require many days of operation to treat an area as large as a one-square-mile clay settling area.

7.4 Constitutive Relationship at Long Times

Bench-top experiments were performed at longer operating times to determine the validity

of equation (7–2) beyond the range of parameters presented in Section 7.2. Upon completion

of a new set of experiments, the associated data points were added to the data in Figure 7-3

to give Figure 7-10. The experiments performed at longer operating times showed that, even

when supernatant water was periodically removed, a limiting value for solids weight percent was

reached. The value of the maximum solids content achievable was found to be a function of the

applied electric field as the solids maximum increased with increasing electric field strength. The
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Figure 7-10. Additional data at longer times and larger solids weight percent are included with
the data presented in Figure 7-3. The horizontal dashed lines represent the
suggested plateau reached at three different electric field sizes.

data points that converge towards the horizontally dashed lines in Figure 7-10 were concluded

to have reached their maximum solids weight percent. For such data, the maximum change in

solids weight percent was given as a function of the electric field in Figure 7-11. The equation

of the line was used to suggest a relationship between the maximum change in solids weight

percent and the electric field as

∆wc = 7.1Log10(E) + 16.5 (7–3)

An interpolation model equation was developed to incorporate the linear behavior at short times

(i.e., equation (7–2)) giving a constitutive relationship for short and long times as

∆wc = [(0.72tE)−n + (7.1Log10(E) + 16.5)−n]−1/n (7–4)

where n is a dimensionless parameter that controls the transition from short-time to long-time

behavior, E has units of V/cm and t has units of hours. The comparison of equation (7–4) for n =

5 to the experimental data for three different applied electric fields are presented in Figures 7-12

and 7-13B. The result is presented in the form of ∆wc/E in Figure 7-12 and as ∆wc in Figure
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Figure 7-11. Maximum change in solids content plotted as a function of the electric field. The
relationship developed from the linear trend line is given by equation (7–3).

7-13. The agreement with experimental data suggests that the change in solids weight percent

can be determined at a known electric field and for a large range of operating times.

The interpolation model results using equation (7–4) were plotted for a range of electric

fields as presented in Figures 7-14 and 7-15. The results indicate that at larger electric fields the

transition from the short-time behavior to long-time behavior occurred much earlier. At very small

electric fields, this transition appears to take much longer, and it is difficult to determine when the

transition occurs based upon the time scales presented in Figures 7-14 and 7-15.

The interpolation model given as equation (7–4) was selected after consideration of other

simpler models. The models considered were

∆wc =
wmaxt

k + t
(7–5)

and

∆wc = wmax(1− exp(−kt)) (7–6)

where wmax is given as

wmax = 7.1Log10(E) + 16.5 (7–7)
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Figure 7-12. Data from Figure 7-10 with the constitutive relationship for long-times (eq. (7–4)) fit
to the data for three different electric field sizes.
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Figure 7-13. Data included in both Figures 7-10 and 7-12 are presented without scaling by the
electric field. In B), the constitutive relationship for long times (eq. (7–4)) is fit to the
data at three electric field sizes.
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Equation (7–7) is the expression for the maximum solids content given in equation (7–4). The

parameter k is dimensionless and is adjusted separately to fit the data for both equations (7–

5) and (7–6), and t is operating time with units of hours. These models were fit to the data

presented in Figure 7-10. The fit provided by equations (7–5) and 7–6 were less satisfactory

than the fit provided by equation (7–4). The behavior of equations (7–5) and (7–6) were non-

linear at short times and failed to accurately transition from short-time to long-time behavior. As

equation (7–4) was found to provide the best fit to the data, it is introduced within this work as

the model that best characterizes the behavior of the bench-top clay dewatering cell.

7.5 Energy Usage Model

The energy requirement (in W-h/kg water removed) for water removal was determined for

the bench-top experiments presented in previous sections within this chapter. The values were

calculated by multiplying the cell potential Vcell by the product of the operating current I and

operating time t and then dividing by the mass of water removed during a given experiment.

Experimental requirements were determined from a group of bench-top experiments and are

presented in Figure 7-16. All values lie within the range of energy requirements reported in

the literature. From the raw numbers reported by Fourie et al.,4 an energy requirement of

1.25 W-h/kg of water removed was calculated, while Larue et al.16 reported 700 W-h/kg of

water removed. According to the experimental results presented in Figure 7-16, the energy

requirement increases with increasing electric field strength. This trend provides insight for the

management of operating costs for a large-scale water removal system as the experimental

results indicate that operating at smaller electric fields would yield smaller energy costs.

The experimental energy requirements presented in Figure 7-16 were modeled based upon

fundamental electrochemical engineering equations in combination with the constitutive rela-

tionship for long times (given as equation (7–4)). The results of the model are compared to the

experimental data in Figure 7-17. Favorable agreement is found, verifying the electrochemical

parameters used for the model and the use of equation (7–4).

The energy requirements of the experimental results from Figures 7-16 and 7-17 were

calculated by multiplying the cell potential Vcell by the product of the operating current I and

operating time t and then dividing by the mass of water removed during a given bench-top
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Figure 7-16. Energy required per mass of water removed is given as a function of the electric
field.

experiment. As indicated from Figures 7-16 and 7-17, the energy requirements were adversely

affected as the electric field increased.

The development of the model presented in Figure 7-17 included the calculation of the

cell potential Vcell as a function of operating current density i. The relationship between the cell

potential Vcell and the operating current density i is given as

Vcell = 1.23 + ηa − ηc − iRe (7–8)

where ηa represents the anodic overpotential, ηc represents the cathodic overpotential and

Re represents the Ohmic resistance of the clay suspension. The value of 1.23 (Volts) is the

minimum potential required to promote the hydrolysis of water. The operating current I, or

current density i, was controlled as an input with the cell potential Vcell calculated as a response

variable. The values of ηa, ηc, and Re were then calculated in order to determine Vcell at a given

operating current density i.
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Figure 7-17. Data presented in Figure 7-16 compared with a modeled energy requirement curve.
Energy required per mass of water removed is given as a function of the electric
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To calculate ηa, the Butler-Volmer equation

i = io(exp(ηabaa)− exp(−ηabac)) (7–9)

was used where

baa =
αF

RT
(7–10)

and

bac =
(1− α)F

RT
(7–11)

with α being the dimensionless symmetry factor. The Butler-Volmer equation (given by equation

(7–9)) is written for a reversible reaction with both an anodic and cathodic contribution. At large

and positive overpotentials, the anodic contribution dominates and the cathodic contribution can

be neglected simplifying equation (7–9) to

i = ioexp(ηabca) (7–12)

Conversely, when operating at large and negative overpotentials, the cathodic contribution

dominates and the anodic contribution can be neglected. This allows equation (7–9) to be

71



simplified to

i = −ioexp(−ηabcc) (7–13)

However, in order to solve for ηa, an iterative method was performed as the Butler-Volmer

equation (given by equation (7–9)) is rearranged to give

ηa,n+1 =
ln( i

io
+ exp(−ηa,nbac))

baa
(7–14)

where ηa,n represents the initial guess for the anodic overpotential. The initial guess was

approximated by the linear form of the Butler-Volmer equation

i = io(baa + bac)ηa (7–15)

which is rearranged to

ηa,n =
i

io(baa + bac)
(7–16)

The linear form of the Butler-Volmer equation is valid only at very small overpotentials where

neither anodic or cathodic contributions can be completely neglected. A spreadsheet program

was used to perform the iterations. Each calculation of ηa,n+1 was used as the subsequent input

value for ηa,n which was continuously plugged back into equation (7–14) until the resulting value

of ηa,n+1 no longer and the solution converged.

A similar iterative method was used to determine the cathodic overpotential ηc. The Butler-

Volmer equation

i = io(exp(ηcbca)− exp(−ηcbcc)) (7–17)

was again used where

bca =
αF

RT
(7–18)

and

bcc =
(1− α)F

RT
(7–19)

The Butler-Volmer equation is rearranged as

ηc,n+1 =
−ln(− i

io
+ exp(ηc,nbca))

bcc
(7–20)
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where ηc,n represents the initial guess used. The initial guess, was again approximated by the

linear form of the Butler-Volmer equation

i = io(baa + bac)ηc (7–21)

which is rearranged to

ηc,n =
i

io(baa + bac)
(7–22)

In order to calculate Vcell, the Ohmic resistance of the electrolyte Re must also be calculated.

The methods to calculate the Ohmic resistance Re experimentally are described in Section 7.6.

Upon determination of Vcell for a given set of operating conditions, the energy requirement

(in W-h/kg of water removed) was calculated as a function of operating time t for a range of

electric field values. The objective of this section was to model the experimental data presented

in Figure 7-16 based upon the use of fundamental electrochemical engineering relationships and

the constitutive relationship for long times (given as equation (7–4)). Therefore, the operating

current density i was controlled to yield the same range of electric field values for comparison

with the experimental results presented in Figure 7-16. In order to model the energy require-

ment, the amount of water removed was calculated as a function of time for a given electric field

using the constitutive relationship for long times (given as equation (7–4)). As equation (7–4)

incorporates the operating time, the energy requirement can be plotted as a function of operating

time at a specified electric field. This was performed separately at different electric field values to

develop the modeled energy requirement curve presented in Figure 7-17. The values calculated

to develop the energy requirement curve are presented in Table 7-1. The parameters used for

the Butler-Volmer equation and the expression for the cell potential Vcell are given in Table 7-2.

Note that the electrolyte resistance Re and the electrolyte resistivity ρe are related as

Re =
ρAc

d
(7–23)

where Ac represents the cross-sectional area of the cell, which corresponds to the nominal area

of both the anode and cathode, and d represents the distance between the electrodes.

An example of the energy requirement given as a function of operating time at a specified

electric field is presented in Figure 7-18. The model in Figure 7-17 was calculated for the same
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Table 7-1. Results of calculations used to model the energy requirements presented in Figure
7-17.

E / Vcm−1 Vcell × I / W water removed / kg t / h energy requirement / Whkg−1

0.08 0.01 0.34 60 1.7
0.52 0.24 0.34 9 6.4
1.05 0.95 0.54 9 15.7
2.54 5.34 0.79 9 60.6
4.54 16.90 0.87 9 174.8

Table 7-2. Values of parameters and variables used in energy usage model.
parameter numerical value
ρ / Ωcm 1500

baa,bac,bca,bcc / V−1 10
α 0.5

io / mAcm−2 1.0
Ac / cm2 63.6
d / cm 20

operating time as the experimental data. However, a terminal operating time was identified in

Figure 7-18 where the data transitions from nonlinear behavior to linear behavior. Once the

linear behavior dominates, the solids weight percent has reached its maximum based upon

the constitutive relationship for long times (given as equation (7–4)). Therefore, as indicated

in Figure 7-18B, the transition from nonlinear to linear behavior can be determined which is

defined as the terminal operating time to achieve maximum removal of water. This behavior

was observed at a range of electric field values, with each yielding a different terminal operating

time. At the terminal operating time, the corresponding energy requirement can be identified

from the data as presented in Figure 7-18. The model was calculated separately based upon the

terminal operating time identified at each electric field. This result is presented in Figure 7-19.

Both models are compared together with the experimental data as presented in Figure 7-20. The

discrepancies in the two models are concluded to be based upon the use of different operating

times as this was the only parameter changed. The difference in operating times are included in

Figure 7-21. The modeled energy requirements are found to vary as a function of operating time

as presented in Figure 7-20. For future energy usage models, it is suggested that the operating

time should be the same as that of experiments to obtain favorable agreement.

The agreement of the model with the experimental data suggests that the constitutive

relationships for long times (given as equation (7–4)) in combination with electrochemical
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A B

Figure 7-18. Energy requirement is given as a function of operating time. In B), the transition
from linear to nonlinear behavior is indicated.

relationships can be used to effectively project energy requirements. This further validates the

ability of the constitutive relationship (given as equation (7–4)) to characterize the water removal

from clay using the bench-top experiment.

7.6 Electrochemical Characterization

A manually generated polarization curve is presented in Figure 7-22. Each data point was

generated individually from separate experiments within the matrix discussed in Section 7.3.

After each potential was applied, the current was recorded after reaching steady state. In some

cases polarization curves can be used to identify electrochemical reactions or mechanisms

within the cell; however, for the work presented in this section the objective was to determine

whether the dominant resistance in the cell was controlled by kinetic, Ohmic, or mass transfer

limitations. The linear behavior presented in Figure 7-22 indicates that the dominant resistance

in the bench-top experimental cell was the Ohmic resistance. This suggests that for operating

conditions of the experimental data presented in Figure 7-22 that no adverse issues occurred

regarding the electrodes used for the experiments.

An electrochemical impedance spectroscopy (EIS) scan was also performed on the bench-

top experiment. The impedance scan is presented in Figure 7-23. The vertical dashed line

represents the high frequency asymptote. The high frequency asymptote gives the Ohmic

resistance which is 152.5 Ohms. A re-scaled view of Figure 7-23 is presented in Figure 7-24

which includes the frequency range used for the impedance scan. The impedance results also

suggest that the Ohmic resistance is the dominant resistance of the cell as the magnitude of the
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Figure 7-19. Energy requirement as a function of the electric field for the maximum separation
achievable at the applied electric field E. Values were determined using the
terminal operating time indicated by the method presented in Figure 7-18A.
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Figure 7-20. Data presented in Figure 7-17 are included for comparison to the model based
upon the terminal operating time.
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Figure 7-21. Two sets of operating times used for the model are given as a function of the
electric field.

impedance is very small compared to the absolute value of the Ohmic resistance. Therefore, the

qualitative observations from the impedance scan were consistent with that from the polarization

curve.

The Ohmic resistance of the cell is used to determine the conductivity of clay suspension.

The clay suspension was approximately 10% solids by mass (or weight) when both polarization

and impedance plots were generated. By including the calculated Ohmic resistance (Re) as well

as the bench-top cell dimensions, the conductivity (κ) can be calculated as

κ =
d

ReAc
(7–24)

where d is distance between electrodes (in cm) and Ac is the cross sectional area of the cell (in

cm2). From equation (7–24) the conductivity was calculated as 700 microSiemens per centimeter

(µS/cm). The conductivity was also calculated for the exact same clay sample using a DC

(direct current) measurement. The Ohmic resistance was calculated by taking the potential

drop measured between two Ag/AgCl reference electrodes within the cell and dividing it by the

current flowing through the cell. From this method, the conductivity was calculated as 682 µS/cm

using equation (7–24) with d representing the distance between the two reference electrodes.
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Figure 7-22. Polarization curve generated from bench-top cell loaded with clay suspension. Each
data point was individually measured from separate experiments for each applied
potential.

Figure 7-23. Impedance scan generated at open circuit potential on bench-top cell loaded with
clay suspension.

Therefore, no significant difference in the calculated conductivity was found, regardless of the

different techniques used. This further indicates that either method should be valid for calculating

conductivity. These values are compared to reported conductivities of different clay suspensions

from the literature as presented in Table 7-3.

The polarization curve and the impedance scan presented in this section were used to

characterize further the bench-top experiments presented in this chapter. Both methods were

used to determine the dominating resistance within the bench-top cell. Both methods indicated

that the Ohmic resistance was the dominating resistance of the cell. This meant that any kinetic

limitations due to electrochemical reactions occurring at the electrode surfaces was negligible
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Figure 7-24. Re-scaled perspective of impedance scan presented in Figure 7-23 with the axis for
the real impedance subtracted by the Ohmic resistance Re.

Table 7-3. Conductivities of clay suspensions from this work are compared with those reported in
the literature. EIS and DC were the methods used to experimentally determine the
conductivity of clay suspensions used within this work.

Source Clay type conductivity / µScm−1

EIS Mosaic phosphatic clay 701
DC Mosaic phosphatic clay 682

McLean69 Florida phosphatic clay 700
Shang14 Ontario, Canada natural soil clay 410

Shang et al.85 Ottawa, Canada natural soil clay 256-2520

in comparison to the Ohmic resistance of the cell. The conductivity of the clay suspension was

determined from potentiostatic experiments and compared to the conductivity found from the

impedance results. Very good agreement was found for the conductivities calculated from both

methods as presented and compared with other results in the literature in Table 7-3.
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CHAPTER 8
SIMULATIONS FOR LARGE-SCALE DEWATERING SYSTEMS

Simulations were performed to assess different electrode configurations in a simulated

one-square-mile clay settling area (CSA). CP3D, a mathematical model developed at the

University of Florida, was used to perform the simulations. The background for the mathematical

framework of the model is presented which is based upon its primary application involving

cathodic protection of buried pipelines. The application of the model can be easily fit to simulate

cathodes and anodes in a clay settling pond. The relationships discovered in the experimental

work from Chapter 7 were used to make assumptions regarding the development and results of

the simulations.

8.1 Introduction to CP3D and Application for Cathodic Protection

CP3D is a computer program developed by Professor Mark Orazem’s electrochemical

engineering research group to model cathodic protection of buried pipelines.86,87 It allows for

the creation of a visualized three-dimensional cathodic protection system of buried structures.

This program was developed as a tool to improve the ability to assess pipeline conditions.

There are several parameters that can be used and varied in the calculations performed by

the mathematical model. Some of these include coating flaw (or holiday) size, soil resistivity,

cathodic protection level, coating condition, depth of cover, and pipeline thickness. In order to

replicate above-ground survey techniques within CP3D, a soil surface is created and utilized

within the program. The soil surface is made up of nodes where on- and off-potentials are

calculated by the model at each node’s exact location. The on-potential represents the potential

measured or calculated when the cathodic protection (CP) current is turned on or energized.

The off-potential represents the potential when the CP current is off. In order to study the details

of interest, soil surfaces are typically placed above the anode and also above the coating flaw

located on the pipeline. The soil surfaces are located in proximity of the anode and coating flaw

because these locations represent areas where a useful distribution of on- and off-potentials

are found. Figure 8-1 is an image of the three dimensional environment of CP3D showing the

arrangement of the soil surface in respect to the pipeline and the coating flaw. The soil surface

must be limited in size to avoid putting a strain on the resources of the program. However, in

a real-life field survey, measurements may include the entire length of the pipeline in order
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Figure 8-1. CP3D image showing the physical orientation of the soil surface with respect to the
pipeline. The darker area on the pipeline represents the coating flaw or holiday.

to inspect its overall integrity. Since the area of interest (i.e., location of the coating flaw) is

specified within CP3D, a soil surface that covers the entire pipeline is not necessary. A matrix

of simulations were performed in another study using CP3D to develop design equations which

incorporate pipeline and soil parameters in the assessment of survey indications to predict

coating flaw size.88 This study has major implications on how pipeline survey data should be

interpreted to assess pipeline integrity.

8.1.1 Mathematical Development

The governing equations for the CP3D model work as a basis for all calculations made by

the program. For protection of underground pipelines, the model accounts for the current flow

through the soil, the pipeline (or cathode), and through the circuitry back to the anode. There

are two different domains which are governed separately in the model. One is the outer domain

which is represented by the soil. The other is the inner domain which represents the pipeline, the

anode, and the electrical wiring that connects them.

The first of the governing equations for the outer domain is the material balance of a solute

species
∂ci
∂t

= −(∇ ·Ni) +Ri (8–1)
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where ci is the concentration of a species i, Ni is the net flux vector for species i, and Ri

represents the rate of generation of species i due to homogeneous reactions. Homogeneous

reactions are defined as the reactions which occur in the electrolyte and not at the electrode

surfaces, which in this system are either the anode or the pipeline. Equation (8–1) must be

coupled with the equation of electroneutrality in order to account for the concentrations and

potentials that are present in the soil. The equation for electroneutrality is given as

∑
i

zici = 0 (8–2)

where zi represents the charge associated with species i. For a dilute electrolyte, the flux of a

given species can be given based on its contributions from convection, diffusion, and migration

as

Ni = vci −Di∇ci − ziuiFci∇Φ (8–3)

where v is the fluid velocity, Di is the diffusion coefficient for species i, ui is the mobility, F is

Faraday’s constant and Φ represents the distribution of potential in the domain. The diffusion

coefficient is related to the mobility by the Nernst-Einstein equation as

Di = RTui (8–4)

where R is the gas constant and T is the temperature. The equation for current density is based

on the contribution of the movement of each ionic species and is given as

i = F
∑
i

ziNi (8–5)

If the concentration of ions in the electrolyte are uniform and steady state is assumed the

equation for current density can be written as Ohm’s law. Therefore,

i = −κ∇Φ (8–6)

where κ represents the conductivity of the electrolyte. The conductivity is given by

κ = F 2
∑
i

z2i uici (8–7)
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and it is uniform because the concentration is uniform. Due to uniform concentration, the

potential is governed by Laplace’s equation which is given as

∇2Φ = 0 (8–8)

Laplace’s equation can be derived by first multiplying equation (8–1) by ziF and summing over

all ionic species which gives

∂

∂t
F
∑
i

zici = −∇ · F
∑
i

ziNi + F
∑
i

ziRi (8–9)

From electroneutrality and from the assumption that Ri is zero because it represents reactions in

the bulk, equation (8–9) reduces to

∇ · i = 0 (8–10)

By substituting Ohm’s law into equation (8–10) and by the assumption of constant conductivity,

Laplace’s equation is obtained as equation (8–8).

Since it is assumed that there are no concentration gradients in the soil or electrolyte, the

concentration gradients due to reactions at the surface of the anode and pipeline are treated so

that they lie in a thin layer adjacent to the electrode surfaces.86 The concentration gradients in

this thin layer are incorporated into the boundary condition which is based on electrochemical

reactions.

For the inner domain, there are also some assumptions that must be made. For example,

this model treats the potential through the pipeline as nonuniform. Previously, pipelines of

shorter lengths have neglected the potential drop along the pipeline steel.89 However, it has

been proven that for long pipelines this potential drop can not be neglected.90–92

Laplace’s equation also governs the flow of current through the pipe steel, anode, and the

connecting wires. It is given as

∇ · (κ∇V ) = 0 (8–11)

where κ is the conductivity of either the pipeline steel, the anode, or the electrical wires and V is

the drop in potential of the metal from a uniform value. The conductivity of the inner domain is

not constant because it is not the same for the anode, pipeline, or the copper connecting wires.

83



Laplace’s equation can be simplified as

∆V = IR = Iρ
L

A
(8–12)

which accounts for the potential drop along the copper connecting wires. For this equation, R

represents the resistance of the wire, ρ represents the electrical resistivity of the wire, L is the

length, and A is the cross-sectional area of the connecting wire.

The two domains are coupled through boundary conditions. The boundary conditions

develop a relationship between the local values of potential and the current density on the metal

surface.86 This relationship varies depending on whether the type of surface is the bare metal

pipeline, the coated pipeline, a sacrificial anode, or an impressed current anode.

8.1.2 Bare Steel

For a non-coated pipeline, bare steel is exposed to the soil. Bare steel can also be exposed

in places where a coated pipeline has scratches or flaws on it. There are three different electro-

chemical reactions that can take place at the surface of the bare steel. These reactions include

the oxidation of iron, reduction of oxygen, and hydrogen evolution. Hydrogen evolution can occur

if the metal is polarized to very negative potentials. The current contribution of each of these

reactions can be included in the relationship between local current density i, the potential of the

steel V , and the potential of the soil next to the steel Φ. The following equation93,94 represents

the boundary condition of the bare metal pipeline and the adjacent soil and is given as

i = 10
(V−Φ−EFe)

βFe − (
1

ilim,O2

+ 10

(V−Φ−EO2
)

βO2 )−1 − 10

−(V−Φ−EH2
)

βH2 (8–13)

The term EFe represents the equilibrium potential for the oxidation of iron and this term is written

similarly for the reactions of oxygen reduction and hydrogen evolution. The β term is given for

each reaction and it represents the tafel slope of the corresponding reaction. The ilim,O2 term

represents the mass transfer limiting current density of oxygen reduction at the metal surface.

Therefore, the current contribution of oxygen reduction can not be larger than the value of ilim,O2 .

8.1.3 Coated Steel

For coated pipelines, treatment of the reactions at the pipeline-soil interface must be

different than that of bare steel. The purpose of the coating is to provide resistance for the

transport of reducing species to the metal surface. It also reduces the amount of CP current that
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is needed to protect a given pipeline. There are two main types of coating behavior and these

are both modeled differently. One model of coating behavior is where the transport of species

is uniform through the coating. The electrochemical reactions take place once the transported

species reach the coating-metal interface. These reactions are driven by the difference in

potential V of the metal and the potential Φin just underneath the coating but still above the

metal or steel.

The other type of model involves the presence of pores which allow for the transport of

solute species to take place. It has been shown that the pore structure will expand after it has

been contacted with water and that the conductivity of the coating increases with time after its

exposure to water.95 The resistivity of the coating with pores is a function of the number of pores

per unit area. The electrochemical reactions also take place at the coating-metal interface for

this model and these reactions are also driven by the potential difference between V and Φin.

It has been shown that the non-porous coated steel forms a diffusion barrier when put in

aqueous environments. As the water is adsorbed by the coating, the steel can be polarized

slightly even if the coating is disbonded.96–99 Equation (8–13) can be modified based on either

model of transport through the coating.100,101 The current density can be written as a function of

the potential drop through the coating as

i =
Φ− Φin

ρδ
(8–14)

where Φ is the potential of the soil adjacent to the coating, ρ is the resistivity of the coating,

and δ is the thickness of the coating. By writing the current density in terms of electrochemical

reactions it is also given as

i =
Apore

A
[10

(V−Φin−EFe)

βFe − (
1

(1− αblk)ilim,O2

+ 10

(V−Φin−EO2
)

βO2 )−1 − 10
−

(V−Φin−EH2
)

βO2 ] (8–15)

where Apore
A is the effective surface area available for reactions to occur and αblock is the reduc-

tion of the transport of oxygen through the diffusion barrier. In order to determine the values for

the current density (i) and Φin, both equation (8–14) and equation (8–15) are solved simultane-

ously by the Newton-Ralphson method.
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8.1.4 Sacrificial and Impressed Current Anodes

The reactions at the surface of a sacrificial anode typically include oxygen reduction and the

corrosion of the anode. The current density expression is treated similarly as that of the bare

steel except that the hydrogen evolution reaction is neglected. The expression is given as

i = ilim,O2(10
V−Φ−Ecorr
βanode − 1) (8–16)

where Ecorr is the corrosion potential at the anode and βanode is the corresponding Tafel slope for

the anodic corrosion reaction.

The current density model equation for impressed current anodes is similar to that of the

galvanic or sacrificial anode. The only difference is the inclusion of the rectifier potential setting.

This equation is given as

i = ilim,O2(10
V−Φ−∆Vrect−Ecorr

βanode − 1) (8–17)

This equation must be modified if there are chloride ions present in the soil.

8.2 Application for Clay Dewatering

CP3D was used to develop different electrode configurations to simulate the design of a

large scale water removal system in a clay settling area. Simulations specified all electrodes

as constant potential surfaces. The pipelines within the software program are considered, and

more appropriately referred to, as cathodes in this section. The governing equation through the

electrolyte or clay slurry is Laplace’s equation given as equation (8–8). In solving for Laplace’s

equation, one of the key assumptions is that there are no concentration gradients. Therefore,

since the concentration is uniform, the conductivity must also be uniform.

8.2.1 Large-scale Simulations

Two different electrode configurations were explored. The first configuration included

cylindrical electrodes that were 6 inches in diameter and placed 3 feet apart. The electrodes

were horizontally oriented and one mile long to be consistent with a one-square-mile clay

settling area. They were equally spaced for the entire length of one mile. An illustration is

given in Figure 8-2 showing cylindrical cathodes placed near the surface of the simulated clay

settling area (CSA) and cylindrical anodes placed near the bottom. The depth of the CSA is

simulated as 40 feet. The electrode configuration yielded a uniform electric field as shown by the
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Horizontal ConfigurationHorizontal Configuration

Figure 8-2. Representation of a large clay settling area with one mile long cylindrical electrodes
spaced equally along top and bottom surfaces. The zoomed in portion represents a
cross-section of the cylindrical electrodes. Although only rows of three cylinders are
shown, the simulation was scaled for rows that extend to a distance of one mile.

cathodes

anodes

CSA surface

Bottom of CSA

• Horizontal electrodes
• 1 mile long, 3 ft 

spacing side by side, 
38 ft spacing top to 
bottom, 12 V applied

• Calculated potential 
distribution 

• Power calculations 
scaled to 1 sq. mile

water
moves
upward

Horizontal ConfigurationHorizontal Configuration

Figure 8-3. Illustration of horizontally oriented electrode configuration presented in Figure 8-2
with the calculated potential distribution from CP3D presented as a false-color image.
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Vertical ConfigurationVertical Configuration

• Vertically oriented 
electrodes

• 40 ft long, 10 ft spacing, 
7.7 V applied

• Potential distribution 
calculated

• Power calculations 
scaled to 1 sq. mile

Potential 
distribution

A B

Figure 8-4. Vertically oriented electrodes are presented: A) CP3D image of vertically oriented
electrode configuration; and B) photograph of a geosynthetic electrode covered with
a filter cloth required as a separator for removal of water using a vertically oriented
cathode (taken from Fourie et al.,4 Copyright c© 2008 NRC Canada or its licensors
and reproduced with permission).

potential distribution calculated by CP3D presented in Figure 8-3. The uniform change in color

with respect to the position between the top row of cathodes and the bottom row of anodes is

representative of a uniform potential distribution. This behavior was due to the close spacing of

the electrodes and by having only cathodes in the row near the surface and only anodes in the

row at the bottom.

The second configuration explored is represented in Figure 8-4A. For this simulation, the

electrodes were oriented vertically, with cathodes and anodes placed diagonally from one

another. The average electric field was calculated, and the applied potential was adjusted such

that the average electric field was the same for the two different configurations (i.e., horizontal

and vertical). The visualization in Figure 8-4A represents a unit cell that is scaled up by adding

additional electrodes to cover an entire square mile. A separator or filter cloth is required for

vertically oriented cathodes such that the clay is filtered from the water entering the inner

diameter of the cathode as pictured in Figure 8-4B. The electric field corresponding to the

potential distribution shown in Figure 8-4A is presented in Figure 8-5. The location near the

center where the electric field is flat represents a region where the electric field tends toward
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Figure 8-5. Illustration of the electric field calculated from the simulation presented in Figure
8-4A: A) three dimensional representation, and B) two dimensional representation.

zero. The peaks shown at the corners represent areas where the electric field is much stronger.

The experimental work demonstrated a relationship between the size of the electric field and the

solids content (or solids weight percent) for a given operating time. Therefore, the nonuniform

electric field would have nonuniform drying with locations located in proximity of the electrodes

(i.e., the four corners in Figure 8-4) having a strong change in solids content and the locations

away from the electrodes (i.e., at the center in Figure 8-4) maintaining the consistency of the

original content of the suspension.

Time and power requirements are presented in Tables 8-1 and 8-2 based on simulation

results for the two different electrode configurations. The simulation result for the vertical

configuration reported in Table 8-1 was represented in Figure 8-4. A comparison with a bench-

top experimental result is also included in each table. For the bench-top experimental results

presented in Tables 8-1 and 8-2, the electric field and energy requirement values were reported

directly from the experiment. The time required was determined using equation (7–4) presented

in Section 7.4. The power and energy calculations for these experimental results were based on

a hypothetical scale-up to a one-square-mile clay settling area. These values do not represent

the bench-top experimental cell’s actual operating power and energy requirements. The values

in Table 8-1 are based on a solids content increase from 10 to 25 wt% for a one-square-mile clay

settling area and Table 8-2 is based on an increase from 10 to 20 wt%. The energy requirement
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Table 8-1. Results of power and energy calculations for dewatering of simulated one-square-mile
clay settling area. Solids weight percent was increased from 10 to 25 wt%.

Configuration Horizontal Simulation Vertical Simulation Bench-top Experiment
Average Electric Field / Vcm−1 1.2 1.2 1.1

Time Required / days 0.8 1.3 1.0
Power Required / kW 4.4E+7 3.5E+7 1.2E+7

Energy / kWh 8.5E+8 1.1E+9 2.8E+8
Energy Requirement / Whkg−1 43.6 53.7 13.9

Table 8-2. Results of power and energy calculations for dewatering of simulated one-square-mile
clay settling area. Solids weight percent was increased from 10 to 20 wt%.

Configuration Horizontal Simulation Vertical Simulation Bench-top Experiment
Average Electric Field / Vcm−1 0.1 0.1 0.08

Time Required / days 8.8 12.9 9.6
Power Required / kW 3.5E+5 2.8E+5 1.0E+5

Energy / kWh 7.4E+7 8.8E+7 2.4E+5
Energy Requirement / Whkg−1 4.4 5.2 1.5

results (in W-h/kg water removed) presented in Tables 8-1 and 8-2 are included along with

additional bench-top experimental energy requirements in Figure 8-6. All data lie between the

two different energy requirements reported in the literature. From the raw data reported by

Fourie et al.,4 an energy requirement of 1.25 W-h/kg of water removed was calculated; whereas,

Larue et al.16 reported an energy requirement of 700 W-h/kg of water removed.

8.2.2 Economic Implications

Power and energy requirements were calculated for electrokinetic dewatering of a one-

square-mile clay settling area in Section 8.2.1. The values were achieved through use of the

mathematical model, CP3D, in combination with the constitutive relationships developed to

characterize the experimental work. The power and energy requirements for achieving a solids

content up to 25 wt% for a one-square-mile clay settling area were as large as 107 kW and 109

kW-h, respectively. Such large power and energy requirements suggest that the remediation

of an entire large-scale clay settling area may require a modified approach for implementation.

A power requirement of 107 kW would exceed the capabilities of most power plants, which

typically do not generate above 1,000 MW. In order to avoid such large power requirements,

the volume could be reduced by treating only a portion of a clay settling area for a given time.

Such a modification is presented in Figure 8-7. This modification would involve isolating a portion

of the CSA and pumping the slurry from other locations within the CSA into the isolated area
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Figure 8-6. Energy requirement for water removal is given as a function of the electric field.
Experimental data presented in Figure 7-16 are included with both simulation and
additional experimental data.

for electrokinetic treatment. This would allow the gap between electrodes to be smaller and

the electric field to be larger with reduced power requirements. Once the area has reached an

acceptable solids content, this treatment could be moved to another section of the CSA. The

penalty for such a modification would be that the time required to dewater the entire CSA would

be increased. However, such a modification would only be made if the benefits of decreased

power consumption outweighed costs associated with increased operating time.

Another alternative could be to modify an existing in-line process dewatering unit such as a

thickener presented in Figure 8-8. For this type of implementation, the bottom of the thickener

could serve as an anode and the rotating vane could serve as a cathode. The applied electric

field would enhance the separation of solids typically achieved through the thickener. This

type of implementation could be attractive because it would involve modifications to the newly

designed thickener operation on-site at Mosaic. The operation would be continuous, with a

solids-rich stream leaving from the bottom of the thickener and a decanted stream leaving from

the overflow. Other thickener schematics can be found in Geankopolis,102 McCabe et al.,103

Perry and Chilton,104 and Kos.105
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Figure 8-7. A top view of two different one-square-mile clay settling areas. The modified design
is pictured on the right demonstrating the treatment of an isolated section of the
CSA.
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Figure 8-8. Schematic representation of thickener adapted for electrokinetically enhanced
separation.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK

This importance of this work originates from the world’s growing demand for phosphate.

Phosphate is used primarily as fertilizer to enhance the yield from food crops. As a result of

phosphate mining, large amounts of dilute waste clays are formed which are stored in man-made

enclosed retention ponds known as clay settling areas (CSAs). Over 100 square miles of the

CSAs exist in Central Florida causing a major land storage issue. Due to the properties of the

clays, it can take as much as 25 years for the CSAs to settle and dry to appropriate levels. This

work involves application of an electric field to increase the rate of water removal to reduce the

time required to consolidate the occupied land area. This chapter reviews the conclusions made

from the bench-top experiments and simulations performed from this work. This discussion

leads to the proposed next steps of this project. A new bench-top cell is proposed for future

experiments and applications for scale-up demonstrations are discussed. While much work has

been previously reported in the literature on electrokinetic dewatering of clays and other methods

for water removal, the literature has not yet included development of parameters aimed towards

large-scale design. The objective of this work was to use small-scale electrokinetic experiments

to develop parameters that can be used for large-scale design. The development of simulations

has been included to aid in large-scale projections in terms of power and energy requirements.

This chapter proposes upcoming objectives for this project which build from the results and

findings presented in this work.

9.1 Conclusions

A bench-top Plexiglas cell was used for application of an electric field to dewater waste

clay slurries which arise due to phosphate mining in Central Florida. The waste clays are stored

in large settling ponds in Central Florida which cover 100 square miles of land. These settling

ponds, also known as clay settling areas (CSAs), take as much as 25 years to achieve an ac-

ceptable solids content of 40 wt%. A proof-of-concept bench-top experiment was performed at a

cell potential of 80 V. After just 9 hours, the solids content approached 35 wt%. Therefore, from

the bench-top cell, what typically takes 25 years through natural processes, was instead demon-

strated to take only 9 hours from application of an electric field. This experiment demonstrated
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conclusively that substantial water removal from phosphatic clays is achievable in the presence

of an electric field.

A matrix of experiments were performed for different operating times and electric fields.

Trends were demonstrated as the change in solids weight percent increased with increasing

cell potential and operation time. The experimental results were used to develop constitutive

relationships for both short and long operating times to predict the solids content of the clays for

a given operating time. A maximum solids content was reached at long operation times. This

maximum was a strong function of the electric field. For example, an electric field of 3 V/cm

would give a maximum solids content of 30 wt% while an electric field of 0.1 V/cm would allow

only 20 wt% to be reached. Therefore, a larger electric field is needed to reach an acceptable

solids content.

Simulations were performed to calculate power and energy requirements for water removal

of large-scale CSAs. The calculations included the use of the constitutive equations developed

from the experimental work. The power and energy requirements were found to be extremely

large. For example, to achieve a solids content of 25 wt% the power required was on the order

of 107 kW and the energy required was on the order of 109 kW-h. This result suggests that

alternative designs should be considered which scale down the amount of volume treated at a

given time. This would reduce the number of electrodes needed and the power required to drive

the separation of the water from the clays. The distance between electrodes would be smaller

allowing a larger electric field and corresponding larger maximum solids content to be achieved.

Energy requirements from the bench-top experiments were calculated in terms of kW-h

per kg of water removed. The results indicated that energy requirements were smallest at

smaller electric fields. Experimental energy requirements were modeled separately on the basis

of fundamental electrochemical relationships and equation (7–4). This comparison showed

favorable agreement and verified the use of the constitutive relationship for long times (given as

equation (7–4)) to characterize the experimental data.

9.2 Future Work

The results of the present work are used to propose additional steps for the continuation of

this project. Collaborations with engineers from the project sponsor, Mosaic Fertilizer LLC, are

proposed to involve discussions to develop designs for electrokinetic dewatering implementation.
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Figure 9-1. Schematic representation of bench-scale settling basin adapted for electrokinetically
enhanced separation.

Discussions are proposed to include assessment of whether dewatering should take place within

clay settling areas or as part of an in-line process dewatering unit.

Based upon the economic assessment presented in Section 8.2.2, further modeling and

experimental verification is proposed for modified dewatering designs for clay settling areas

as well as different in-line process dewatering units. The thickener, presented in Figure 8-8

would be best suited for model verification to explore its ability to for electrokinetically enhanced

dewatering in combination with its existing features. Experimental verification of such a design

would be proposed after the development of such a model.

Other work proposed involves a semi-batch operation as presented in Figure 9-1. This

design would involve a continuous inlet feed stream of a dilute suspension of phosphatic clays

with a continuous outlet stream of clear supernatant water. The inlet feed stream would originate

directly from the phosphate beneficiation plant while the continuous outlet stream of clear

supernatant water may be used for recycle back to the beneficiation plant. The solids removed

from the incoming suspension would be accumulated within the basin. This type of design could

be retrofitted to an existing clay settling area for remediation or it could be used as an in-line

process operation. It may also be effective for treatment of an isolated section of a CSA as

presented in Figure 8-7. Such a design could be studied through simulations, but would first

involve the operation of a bench-top experiment. The results of the bench-top experiments would

give insight to which type of implementation such a design would be best. The operation of the

bench-top cell is proposed to explore the relationships among residence time, applied electric
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field, and solids content of the effluent steam. Turbidity measurements will be implemented

to allow real-time monitoring of effluent solids content. Upon completion of the bench-top

experiments, it is proposed that a scale-up demonstration be built and operated on-site at

Mosaic which would test the scalability of the electrokinetic design relationships established from

this work.
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