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ABSTRACT

Wastewater from industrial processes usually contain heavy metals such as copper (Cu®
ions) which are harmful to the environment and human health. Therefore, it is imperative that
these effluent streams are treated prior to being discharged. In recent past, ion exchange
fibres (IEFs) have been suggested for the treatment of such waste streams because they have
higher adsorption/desorption rate due to their larger surface areas and shorter diffusion paths
compared to granular ion exchangers. In this study, the development of an IEF contactor for
the removal of Cu?* ions from synthetic dilute solutions was carried out. The table pan filter
model was proposed for a contactor for continuous and simultaneous Cu?* ions loading,

elution and rinsing of Cu?* ions.

In order to generate the equilibrium and Kinetic data required for the design of a contactor,
IEFs were contacted with dilute synthetic solutions of Cu?* ions in batch systems. The
Temkin and pseudo-second order model were found to best describe the equilibrium and
kinetics of the system, respectively. The batch tests conducted for multi-component system

showed that the selected IEFs have a higher selectivity for Cu?* ions.

The effects of bed packing density and flow rate on loading and elution of Cu?* ions were
investigated using columns at lab scale. The results showed that effective loading of Cu?*
ions can be conducted at low IEFs bed packing density and low feed flow rate that allowed
sufficient residence time for the ion exchange to occur. The results also showed that the
elution rate of Cu?* ions can be increased by increasing acid flow rate provided the acid is
sufficiently concentrated for elution purposes. In this study, the Yoon-Nelson model was the
most suitable model for predicting how effluent concentration during loading varies with
time. Other models fitted were the bed depth service time (BDST) model and the Thomas
model. However, the Yoon-Nelson model had parameters which were comparable to those
obtained experimentally for all tests.

Following the column test results, a segment of a rotating contactor utilising IEFs was

proposed, designed and fabricated from clear polyvinyl chloride (PVC). The contactor was



then tested for loading and elution duties. The study showed that the contactor was able to
remove 45 mg of Cu?* ions /g of fibre from the feed solution as compared to 54 mg Cu?* ions
/g of fibre obtained in column tests. Loading of Cu®* ions onto the designed contactor pan
was found to be low due to the higher cross sectional area which consequently resulted in
uneven distribution of feed solution. The IEFs loaded with Cu?* ions were successfully
regenerated with 3 bed volumes of 2 M HCI which removed 99.84% of the loaded Cu?* ions
as compared to the 7 bed volumes which was required to elute the entire loaded Cu?* ions.
Although the loading of Cu?* ions was low, the designed contactor is promising as it was able
to remove Cu?* ions from feed solution and the IEFs could be completely eluted for reuse. In
contrast to column Cu?* ions breakthrough tests, the Yoon-Nelson model was unable to
predict the breakthrough of Cu?* ions in the designed IEF contactor pan. It is recommended
that mathematical and/or linear driving force models be fitted into the breakthrough profile of
the contactor for further development. This will allow simulations of breakthrough profile

and consequently optimization of the IEFs contactor.
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Chapter 1: Introduction

1.1 Introduction

An ion exchanger is an insoluble material which traps ions and simultaneously releases ions
of the same charge (Park, 2012). This process is known as ion exchange reactions. Thompson
and Way were the first to establish the mechanism of the ion exchange reaction in the 1900s
(Economy et al., 2002; Nasef and Ujang, 2012). Carbonaceous zeolites were the first organic
ion exchangers and were produced by treating soft coals with fuming sulphuric acid
(Economy et al, 2002). However, Economy et al. (2002) also states that the first completely
organic ion exchanger was prepared in 1935 by Adams and Holmes. It was synthesized
through a condensation polymerization reaction, producing a phenol-formaldehyde cation
exchange resin. Economy et al. (2002) further states that later, in 1944, D’Alelio patented the
now well-known and more stable styrene-based cation exchanger which can be used to

generate both cationic and anionic exchange resins.

Over the past 70 years, a number of important advances have been made in the area of ion-
exchange systems of various types, such as inorganic clays, zeolites, and specialized
polymeric systems designed for the selective removal of unwanted ions (Economy et al,
2002). Today, ion exchange has a wide variety of important applications in industries such as
pharmaceutical, food processing, chemical synthesis, biomedical, hydrometallurgy, water
treatment, synthetic fibre production, and chromatography (Economy et al, 2002; van
Deventer, 2011). In fact, ion exchange is one of the most effective and common method
employed in metal recovery systems. lon exchange is more economical when used to recover
valuable metals (Lopes et al., 2012). Furthermore, ion exchange methods have a real
potential to achieve complete recovery or removal of metals from solutions without posing
other environmental risks and resulting in unreasonable costs (Lopes et al., 2012; Lee et al.,
2007; Galan et al., 2005).

lon exchange materials exist mainly in granular and fibrous form commonly referred to as

ion exchange resins and ion exchange fibres (IEFs), respectively. IEFs are preferred due to



their higher reaction rates as well as high selectivity and loading capacities when compared
with conventional granular ion exchangers (Soldatov et al., 2004; Kosandrovich and
Soldatov, 2012). Furthermore, IEFs can be fabricated in different textures such as fibre,
thread, felts, nonwoven cloth, etc., and have higher adsorption/desorption rate due to their

larger surface areas and shorter diffusion paths (Huang et al., 2011; Zhang et al., 2008).

However, IEFs require specific technology for efficient application (Kosandrovich and
Soldatov, 2012). Since IEFs can exist in the form of felts or fabric, it is technically feasible to
design a horizontal moving belt (or drum) system in which ion exchange can occur. In fact as
early as 1955, it was demonstrated only on laboratory scale that ion-exchange fabric, in the
form of an endless belt could be used for adsorption and continuous concentration of copper
(Kotze, 1992). For more extensive and economical applications of IEFs, the development of
a continuous loading and elution system is necessary. Therefore, the main aim of this study
was to develop an IEFs contactor for continuous removal of Cu?* ions from dilute synthetic
solutions. This was done by investigating the feasibility of using an IEF contactor
characterized by continuous and simultaneous continuous loading and elution ion exchange

system.

1.2 Research problem

Industrial effluent streams contain heavy metals such as Cu?* ions which are harmful to the
environment and human health when above certain threshold levels (Ko et al., 2011; Huang
et al., 2012; Galan et al., 2005; Ji et al., 2011). It is, therefore, necessary to treat industrial
effluent streams prior to their release into the environment. However, techniques like
chemical precipitation, reverse osmosis, electrolysis and coagulation that are normally used
for heavy metal removal have been found to be inefficient as they result in incomplete metal
removal, high reagent and energy requirements, and generate toxic sludge (Alluri et al.,
2007; Rodelo et al, 2002). From the literature reviewed, it was found that IEFs are normally
used in batch processes and also in columns operated in counter current manner. However, in
conventional fixed bed, ion exchange process is not efficient when two or more components

are concentrated. Furthermore, fixed beds pressure drops can be significantly increased



thereby reducing ion exchange rate. Therefore, IEFs require specific technology for efficient
application (Kosandrovich and Soldatov, 2012). Nevertheless, as early as 1955, a laboratory
scale ion-exchange fabric, in the form of an endless belt or drum was used for adsorption and
continuous concentration of Cu?* ions. Therefore, this research aims to address the following

key questions:
Key Questions:-
« Can IEFs be fabricated in the form of a “horizontal moving belt” or drum for

continuous loading and elution of metals?

¢ Can IEFs be fabricated in the form of any other “contactor” for continuous loading

and elution of metals?

¢+ How much loading rates are achievable with IEFs?

>

«» How much elution rates are achievable with IEFs?

L)

¢+ Would the process technology be scaled-up from the laboratory to plant?

1.3 Objectives
The objectives of this research project were to develop a continuous ion exchange system
utilizing a contactor fabricated from ion exchange fibres that would continuously recover

metals in a metallurgical industry set-up.

The specific objectives of the study were:-

< Determine whether the selected IEFs have a higher selectivity for Cu* ions.

+» Establish equilibrium and kinetics of the selected IEFs.



++ Determine the required superficial velocity and contact time using columns for the

contactor design.

¢ Theoretically evaluate various designs of the horizontal ion exchange belts and

other compatible systems and select the most suitable one for this application.

% Investigate the Cu?* ions loading and elution capacity on IEFs packed in a
column.

X/

++ Design a segment of the IEFs contactor and test its sorption capacity.

1.4 Research methodology

The research methodology used for this study included the following activities: literature
review; batch tests; contactor selection, column tests, contactor design and fabrication and,

lastly testing of the fabricated contactor.

1.5 Report layout

This report consists of eight chapters. Chapter 1 entails some back ground information of ion
exchange processes, the research problem, as well as the objectives of the study and the
research methodology. Chapter 2 contains literature review regarding ion exchange materials
mainly fibrous ion exchangers and ion exchange beads. Chapter 3 consists of materials and
methods used for batch system studies. Chapter 4 is composed of the results obtained from
the batch experiments and discussions of the results. Chapter 5 consists of materials and
methods used for column tests as well as the column tests results. The methods used for
contactor design are outlined in Chapter 6. The results from testing the designed contactor
are contained in Chapter 7. Lastly, Chapter 8 consists of the conclusions and the suggested

recommendations.



1.6 Summary

A brief history of ion exchangers was stated as well as advantages of using ion exchange
processes over conventional methods of recovering metals from solutions. Furthermore, it
was stated that fibrous ion exchangers have several advantages over conventional ion
exchange granular beads due to their higher adsorption/desorption rate and ability to exist in
the form of felts, cloth and fabric. The problem statement and the objectives of the study and
the major tasks that were undertaken have also been outlined in this chapter. Lastly, the

report layout was described together with what the report chapters are about.



Chapter 2: Literature review

2.1 Introduction

Demand for copper (Cu) is increasing mainly due to industrialization in the developing
countries (RioTinto, 2011). The metal, Cu, is selected for use in a number of households,
industrial and technological applications because of its chemical, physical and aesthetic
properties. It is also used to produce coins and jewellery. On the other hand, Cu is classified
as one of the heavy metals. High consumption of Cu by humans through either contamination
or any form of intake may lead to severe mucosal irritation, widespread capillary damage,
hepatic and renal damage, central nervous problems followed by depression, gastrointestinal
irritation, and possible necrotic changes in the liver and kidney (Rengaraj et al., 2011). The
World Health Organization (WHO) has recommended a maximum acceptable concentration
of Cu?* ions in portable water of 1.5 mg/L (Rengaraj et al., 2007). Therefore, heavy metals in
waste effluent streams need to be reduced to minimal levels. Furthermore, because of its
industrial, household and technological importance, it is worthwhile to recover as much Cu?
ions as possible even that found in waste effluent streams so that it can sustain the lives of
peoples and ensure economic growth. However, to achieve these more cost effective methods

for copper recovery are required.

At present, concentrated solutions of Cu?* ions have been successfully recovered and
separated by effective techniques like solvent extraction and ion exchange with resins, but
the efficiency of some of these methods decrease when treating less concentrated solutions
(Parodi et al., 2008). Furthermore, most of these methods are costly, require extensive labour
and time (Rodelo et al., 2002; Alluri et al., 2007). Amongst emerging technologies for the
recovery of Cu?* ions, ion exchange fibres (IEF) have been the focus of considerable studies
(Ntimbani et al., 2015; Kosandrovich and Soldatov, 2012).



Compared with the conventional ion-exchange beads (IEB), IEFs have several advantages
which include the ability to exist in the form of a felt or fabric, leading to improved contact
efficiency with the media, thus enhancing both the rates of reaction and regeneration
(Dominguez et al., 2001). For example, the half life time of sorption on the chelate IEF is
usually less than 1 min compared with several hours for the conventional chelate ion
exchangers (Soldatov et al., 2011). From the study conducted by Soldatov et al. (2011), one
of the advantage of fibres compared to the microspheric resins is a low hydrodynamic
resistance which allows the usage of shallow filtering beds (2 — 5 cm) with a fast linear

eluent velocity (5-15 cm/min) and pressure drop less than 20 kPa.

The fast rate of ion exchange on IEF is due to the shorter diffusion path within IEF compared
with 1EB, which in turn result in an increased overall internal diffusion rate (Kosandrovich
and Soldatov, 2012). Furthermore, with respect to ion-exchange membranes (IEM), the IEF
have better mechanical properties and are also characterized by a high hydrophilicity
(Souilah et al., 2012).

2.2 lon exchange in general

The ion exchange principle is mainly used in hydrometallurgy for separating ions dissolved
in solutions. Depending on the application, the aims and objectives of ion exchange can be

categorized as follows (Zagarodni, 2007):

¢+ Purification of a solvent is conducted if the final main product is the solvent, and the

entire dissolved ions are seen as impurities.

«»+ Purification of solution is done when the desired product is a solution composed of
components suitable for downstream process. The same or similar solution is used as

the feed; however, it contains an unwanted solute.

¢ Extraction is conducted in the case whereby the dissolved ions have to be removed

from a solution and the barren solution is valueless.



2.2.1 lon exchange mechanism

The exchange of metallic ions onto ion exchangers is a heterogeneous complex reaction

characterized with the following phenomena:

X/

X diffusion of metal ions through the solution up to solid ion exchangers (liquid-film
diffusion) (Abdelwahab et al, 2013);

<> diffusion of metal ions through the conduits of ion exchange exchangers
(particle/intraparticle diffusion) (Abdelwahab et al, 2013);

X stoichiometric chemical exchange of ions on the ionized functional group in the ion
exchanger (reaction rate) (Abdelwahab et al, 2013);

<> diffusion of exchanged ions out of the exchanger and its diffusion through the bulk

away from the loaded counter ions (Abdelwahab et al, 2013);

From the above mentioned stages, the ion exchange process can be a result of mass transfer
or chemical process or a combination of the two distinct processes (Abdelwahab et al., 2013).
It must also be noted that ion exchange operations are accomplished in cyclic operations
divided into three stages namely loading, elution/stripping and regeneration. The ion
exchange materials are moved from one section to the other depending on their state (loaded,
eluted, and regenerated). Cyclic ion exchange processes are optimised by using ion exchange
materials having high selectivity towards the ions of interest (Zagorodni, 2007; Nasef and
Ujang, 2012).

2.2.2 Structure and properties of ion exchangers

Usually polymers are used to make ion exchange materials and various polymers are cross
linked to form a three-dimensional polymeric structure to prevent them from dissolving in
solution (Zagorodni, 2007). Zagorodni (2007) further states that the difficulty experienced by
ions and water molecules when penetrating inside the material can be reduced by making the
matrix more flexible by using longer flexible cross-linking bridges. However, longer bridges
increase the total weight of exchangers without increasing the ion exchange capacity since

the bridges themselves do not contain functional groups. The functional groups at the inter-



phase boundary are the only groups that participate in the ion exchange process, unlike in

solvent extraction where the groups are stationary within the phase (Zagorodni, 2007).

The degree of cross linking, which is the density of cross links between polymeric chains,
influences the matrix structure, i.e., elasticity, swelling ability and motion of counter ions
within the exchanger (Zagorodni, 2007). Highly cross-linked materials are harder and stable
in most cases. However, diffusion rate in highly cross-linked material is slow resulting in a
decrease of the overall ion exchange rate in such material. Low cross linked materials can
have low stability with jelly-like structures. Nevertheless, they have the advantage of
increased rate of ion exchange. A compromise between the desired stability and reactivity is
usually made when selecting the most suitable material for practical applications (Zagorodni,
2007).

2.2.3 Selectivity and ion exchange materials

Selectivity of the adsorbent is an important characteristic in evaluating the feasibility of ion
exchange processes (Ruthven and Ching, 1989). Selectivity may depend on differences in
metal loading equilibrium or on the difference in loading kinetics which is not common
(Ruthven and Ching, 1989).

Recovery of Cu?* ions, for example, from industrial effluents or from leaching streams is an
important application of ion exchange processes (Dabrowski et al., 2004). The streams have
low pH values whereby conventional chelating ion exchangers (iminodiacetate and
aminophosphonic groups) do not load Cu?* ions. However, chelating ion exchangers capable
of loading Cu?* ions at low pHs (>1.5) have been prepared from N-(hyroxyalkyl) picolamine
(Dabrowski et al., 2004). A type of ion exchange resin, Dowex XFS 4195, can adsorb Cu?*
ions from 1 M sulphuric acid, but a more concentrated acid is needed for stripping and
regeneration purposes (Dabrowski et al., 2004. Another chelating ion exchanger with ability
to adsorb Cu?' ions at low pHs is Dowex XFS 4196 and can be regenerated by a less
concentrated acid (Dabrowski et al., 2004). In addition, higher selectivity for Cu?* ions is
obtained using chelating phenol formaldehyde resin which consists of salicyldoxime and

salicylaldehyde as the two subunits (Dabrowski et al., 2004).



The following are other examples where ion exchange processes are applied. Cobalt (Co?*
ions) electrolyte is seldom pure cobalt thus it requires purification prior to electrowinning.
The following metals, Cu, nickel (Ni) and zinc (Zn) are the most common impurities
efficiently removed by ion exchange processes (van Deventer, 2011). The typical
concentration of Cu?* and Zn?* ions in Co?* ions electrolyte solution is in the range of 50-200
mg/L and it needs to be reduced to 2mg/L, preferably lower (van Deventer, 2011).
Aminomethylphosphonic acid resin is usually used for removing Zn* and Cu?* ions from
Co?* ions electrolyte because it is more selective towards Zn?* and Cu?* ions than Co?* ions
(van Deventer, 2011). Examples of commercially available ion exchangers used for Zn?* and
Cu?* ions removal include Amberlite IRA 747, Purolite S950, and Lewatit TP260 (van
Deventer, 2011). From the studies conducted at Mintek it was found that
aminomethylphosphonic acid resin was effective in removing Cu?* ions and Zn?* ions to

concentrations below 0.002¢g/L (van Deventer, 2011).

Currently, the separation of Ni (1) from Co (II) electrolyte is done using resins impregnated
with bis-picolylamine (van Deventer, 2011). An example of this type of resin is Dow M4195,
which is used at Chambishi Metals Plc in Zambia, as well as at Vale’s nickel refinery in Port
Colborne, Canada (van Deventer, 2011). van Deventer (2011) further states that the Noranda
Research Centre has found that Dow M 4195 kinetics of adsorption was slow, however, the

loading profiles were improved at flow rate of 1.2 bed volumes per hour.

2.2.4 Capacity of ion exchange materials

Ion exchangers can be thought of as a “reservoir” comprising exchangeable counter ions
which are essentially the amount of fixed charges that must be replaced by the counter ions
from the solution (Helfferich, 1995; Zagorodni, 2007). lon exchangers are, therefore,

quantitatively characterized using their capacity (Helfferich, 1995; Zagorodni, 2007).

There are two main definitions of capacity, scientific capacity and apparent capacity.

Scientific capacity is the number of functional groups per specified amount of material
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(Helfferich, 1995). Apparent capacity is defined as the number of counter ions that are
exchangeable per specified amount of material (Helfferich, 1995). The apparent capacity of
weak acidic/basic ion exchange functional group is affected by pH in the ion exchanger
which is greatly influenced by the pH of the solution (Helfferich, 1995). The degree of
ionization of weak acidic functional groups increases with an increase in pH, thereby

increasing the extent of ion exchange.

2.3  Fibrous ion exchangers

This study focuses on developing an IEF contactor, therefore, it is worthwhile to have a
separate section that discusses IEF. The idea of fabricating ion-exchange materials in the
form of fibres was first reported 30 years ago (Economy et al, 2002). IEF can exist in a
variety of textile forms such as threads, cloth, belts, paper, nonwoven fabric, sew-knit fabric,
etc. (Kosandrovich and Soldatov, 2012). However, the important forms used for industrial
applications are staple fibres, nonwoven canvases, and short-cut fibres (Kosandrovich and

Soldatov, 2012). Figure 2.1 shows staple and nonwoven IEFs.

The staple fibres are produced by cutting a bunch of parallel endless filaments into pieces
with a length of 40-70 mm (Figure 2.2 a) (Kosandrovich and Soldatov, 2012). Staple fibres
can be used in the ion exchange application or as raw materials for making nonwoven
canvases, threads, felts, etc. The nonwoven materials are canvases manufactured from the
staple fibres without application of spinning or weaving (Figure 2.2 b) (Kosandrovich and
Soldatov, 2012). Nonwoven fibres are characterized by the surface density, measured by the
mass per square metre and thickness (mm), and measured at standardized conditions
(Kosandrovich and Soldatov, 2012). The study of Kosandrovich and Soldatov (2012) reveals
that the short-cut fibres usually have a filament length of 0.25 — 1.5 mm.
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Figure 2. 1: Forms of IEF: (a) Staple fibre of anion exchanger FIBAN A-6. (b)
Nonwoven fabrics of different FIBAN materials (Kosandrovich and Soldatov, 2012).

The methods that can be used to prepare ion exchange fibres are listed in Section 2.3.1.

These methods entail the use of special polymers, composite fibres as well as grafting.

2.3.1 Fabrication of ion exchange fibres from special polymers

IEF can be made by combining special copolymers from monomers having groups that can
dissociate and those which do not dissociate, and spinning solutions or melts of such
copolymers with crosslinking agents (Kosandrovich and Soldatov, 2012). However, the
synthesis of IEF using special polymers is costly and has not found a large scale application.
IEFs with trade name Vion AN-1 are the only industrial fibre made from synthesis of special
polymers and it is obtained by spinning of copolymer of 5-vinyl-2-methylpyridine and cross-
linked with an epoxide oligomer (Kosandrovich and Soldatov, 2012).

2.3.2 Composite fibres

IEF can also be fabricated by mechanical mixing of inert fibre-forming polymer solutions or
melts with evenly distributed IEB (Kosandrovich and Soldatov, 2012). The technology of
spinning evenly distributed IEB of 3 — 5 mm size in the solution or melt of the fibre

producing polymer can be utilized to make IEF comprised of at most 35% of the ion
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exchange material (Kosandrovich and Soldatov, 2012). This technique is also applied by
simply mixing a fibre producing polymer with a polymer that is easily changed to an ion
exchanger after the fibre is made (Kosandrovich and Soldatov, 2012). Polymerization,
copolymerization, or polycondensation of monomeric carriers of functional groups inside or
on the surface of the parent fibre is used as well for preparing IEF (Kosandrovich and
Soldatov, 2012). However, according to Kosandrovich and Soldatov (2012), IEF prepared

this way do not possess good properties.

2.3.3 Grafting techniques for ion exchange fibre synthesis

Graft copolymerization is the most commonly used method for producing various types of
IEF whereby the side chains containing the functional groups are grafted onto the chain of
the main fibre-forming polymer (Kosandrovich and Soldatov, 2012). Grafting requires
generation of free radicals or ions on the main polymer chain and are created using heat,
ionizing radiation, or chemical reactions (Kosandrovich and Soldatov, 2012). Kosandrovich
and Soldatov (2012) states that chemically inert fibres are used as parent material for grafting
in order to withstand active chemicals used for functionalizing the material. Currently,
several synthetic fibres, such as polyester, polyacrylonitrile and polypropylene, have been
used as the parent fibres for the production of conventional IEF. However, amongst these
synthetic fibres, polypropylene is widely used because of its low density, low cost, easy
processing and ability to be modified to meet a variety of performance characteristics (Ji et
al., 2011). To ensure that the mechanical strength is sufficiently high, the polystyrene-based
ion exchange fibres are enhanced by the introduction of cross-linking group (Yoshioka and
Shimamura, 1983).

2.4 lon exchange operations

The common forms of ion exchange exchangers are granular beads, membranes, fibres, and
hydrogels (Nasef and Ujang, 2012). For these polymer forms to be applied, a suitable
engineering system with a set of operating parameters that can be manipulated to control
their performance is required (Nasef and Ujang, 2012). Accordingly, the ion exchange

systems take various configurations depending primarily on the physical form of ion
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exchange material. The volume of solution and concentration of ionic species to be treated

also play a role in the selection of system configuration (Nasef and Ujang, 2012).

There are three basic operating methods for ion exchangers consisting of batch, column and
moving bed configurations (DuHamel and Graczyk, 1997). Batch or column methods are
normally used for achieving separation when ion exchange material is in resin/bead form
whereas plate and frame modules/cells are favoured upon using membrane/sheet forms
(Nasef and Ujang, 2012).

2.4.1 Batch

In a batch method, the resin and solution are mixed in a batch tank, the exchange reaction is
allowed to come to equilibrium, and then the resin is separated from the solution (Hamdaoui,
2009; Nasef and Ujang, 2012). The degree to which the exchange takes place is limited by
the selectivity of the resin for the ions of interest in solution. As a result, the loading of ions
onto the exchanger is hindered unless the preference for the ions in solution is higher than for
the counter ions in the resin (Nasef and Ujang, 2012). Batch regeneration of the resin is
chemically inefficient; therefore, it is often used in laboratories for fundamental sorption
equilibrium and kinetic studies (Nasef and Ujang, 2012; Hamdaoui, 2009). For this reason

the batch method is seldom used for industrial applications.

2.4.2 Fixed packed bed column

lon exchange operations are usually carried out in fixed packed bed columns for industrial
applications. Fixed packed bed columns operations is comparable to a number of batch
reactors arranged in series (Nasef and Ujang, 2012). Column operations aim at utilizing the
ion exchange by taking advantage of the limitation of selectivity of the resin (Nasef and
Ujang, 2012). Single column operation necessitates storage reservoir unit to accumulate the
feed solution during elution, regeneration and rinsing (Zagorodni, 2007). Therefore, multiple
column systems are used to favour high selectivity. Columns are operated in either down
flow, up flow, or counter flow modes or combinations of the different modes (Nasef and
Ujang, 2012). Many fixed packed bed columns are operated in down flow mode whereby the

feed to be treated is passed down through the bed of ion exchangers. The down flow
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operation reduces the frequency at which the resins hit the interior walls of columns, thereby
minimizing mechanical deterioration of resins. Moreover down flow operations as opposed
to up flow does not alter the resin packing in a way that results in channelling of the feed
solution. Column counter flow is when loading and elution are carried in down flow and up

flow manner respectively or vice versa.

Fixed bed ion exchange (FBIX) is not suitable for separating concentrated components from
each other (Chinn et al., 1992). This is due to the fact that the resin bed in FBIX is in
equilibrium with the feed solution at the end of the loading step. As a result, achieving a
good separation depends on favourable equilibrium loading of one of the concentrated
components (Chinn et al., 1992). Even if equilibrium loading is favourable, the mixing of
entrained concentrated feed together with flush result in inefficiencies of the operation
(Chinn et al., 1992). In addition, fixed beds pressure drops can be significantly increased
thereby reducing ion exchange rate. Consequently, FBIX systems have been restricted to the

recovery of dilute components (Chinn et al., 1992).

2.4.3 Recoflo technology

Recoflo technology is an improvement to the fixed packed bed column, it uses fine mesh
resins beads, and the bed is fully packed and regeneration is carried out in a counter current
manner (Sheedy, 1998). Counter current in this case means that the regenerating solution is
passed through the bed in the direction opposite to that of the solution to be treated. The

recoflo technology is commercially applied in the following areas:

+¢+ separation of strong minerals from dissolved metal salts (Sheedy, 1998);

«» purification, removal and recycle of dissolved metals in the surface finishing industry
(Sheedy, 1998);

+¢ production of highly purified water (Sheedy, 1998).
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The use of fine mesh resins improves the exchange kinetics since the rate of exchange is
inversely proportional to square of the particle diameter. As opposed to the fixed bed packed
column, the bed depths are reduced and the remaining resin bed participates in the exchange.
The configuration of the bed does not allow backwash in the system, so when treating solid
containing material a proper filtration system must be installed. Moreover, fine mesh resins

are expensive and difficult to obtain (Sheedy, 1998).

2.4.4  Fluidised bed column

The fluidized bed column operation is used when the raw feed contains suspended solids
(Zagorodni, 2007; Nasef and Ujang, 2012). The presence of free-pass ways between beads
allows the solid suspended particles to be transferred through the column giving fluidized
bed column the advantage of processing solid-containing solution without any pre-treatment
(Zagorodni, 2007; Nasef and Ujang, 2012). The ability of fluidised bed columns to handle
solids makes them favourable for applications in biochemical filtration processes; such as
fermentation broth where treated solutions are highly contained with suspended solids (Nasef
and Ujang, 2012). The main disadvantage of fluidized bed is the inherent longitudinal mixing

of the treated solution and the suspended ion exchanger in the column (Zagorodni, 2007).

2.4.5 Moving beds

The moving beds are the most cost effective methods applied for ion exchange operations.
Moving beds operate by simply providing motion to ion exchangers and solution so that they
flow within the system (Nasef and Ujang, 2012). The ion exchangers are contacted counter
currently with the feed and eluent streams (Gold et al., 1975; Nasef and Ujang, 2012). At
large scale operations, the separation is conducted using loop reactors which combine all the
cyclic ion exchange process, incorporating elution and regeneration in a single unit
(Zagordni, 2007). The advantage of this operation is a product of uniform quality at less
space, capital, and labour (Gold et al., 1975; Nasef and Ujang, 2012). However, the necessity
to circulate the bed around the sections (adsorption, regeneration, etc.) poses a problem
during operation (Gold et al., 1975; Nasef and Ujang, 2012). An example of a contactor that
uses moving beds is the Higgins contactor and it is the most successful of the moving bed

reactors (Zagorodni, 2007). A diagram illustrating a Higgins contactor for water deionisation

16



is shown on Figure 2.2. The contactor has four parts namely the deionisation section,
regeneration section, propulsion section, and expansion section labeled 1, 2, 3 and 4 as

depicted on far right sketch on the figure (Zagorodni, 2007).

Regardless of being the most successfully simulated moving bed reactor, the Higgins
contactor has difficulties in providing circular motion of the exchanger and the process is
unstable (Zagorodni, 2007). Furthermore, there is a problem of longitudinal mixing at points
of circular transportation and there is also deterioration of ion exchange resins due to the

continuous exploitation (Zagorodni, 2007).

—
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Figure 2. 2: Higgins contactor in water deionization process (Zagorodni, 2007).

2.4.6 Cascade columns

Columns arranged in a cyclic manner in cascade operations are used as an improvement to
the moving bed technology (Zagorodni, 2007). The cascade technology operation is
characterised with higher stability, increased lifetime of exchangers and has no axial mixing
(Zagorodni, 2007). This technology allows the reduction of column sizes, but this in turn
requires a larger operating space, and many control points and number of units. The
arrangement and operation of the cyclic cascade technology is shown on Figure 2.3 below.
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Figure 2. 3: Cascade technology employing cyclic columns.

2.4.7 lon exchange membranes

Membranes are also used to carry out ion exchange processes. lon exchange membranes are
defined as thin sheets or films of ion exchange material that are used to separate ions by
allowing either cations or anions to pass through (Kariduraganavar et al., 2012). lon
exchange membrane requires the membrane to be housed in a vessel called module (Nasef
and Ujang, 2012). Support and protection from operating pressures, daily wear and tear
caused on the operating environment is provided by the module, and it allows the application

of control strategy over the system performance.

There are three things required to make ion exchange membranes, i.e., it must be a
membrane, and it must be insoluble in solvents and must contain fixed charges within the
membrane (Sata, 2004; Kariduraganavar et al, 2006). Membrane ion exchangers are
produced by introducing functional groups into a polymer; thereafter, the polymer is turned
into an insoluble membrane (Sata, 2004; Kariduraganavar et al, 2006). After turning the
polymers into an insoluble membrane, a polymeric membrane is produced in which ion
exchange groups (functional groups) are embedded; the polymers containing reactive groups
are reacted with diamines, for example, to introduce anion exchange groups and form cross

links in the process (Sata, 2004; Kariduraganavar et al, 2006).

Membrane modules are usually configured as plate-and-frame, spiral wound, tubular and
hollow fibre (Nasef and Ujang, 2012). The plate-and-frame modules are the most employed

membrane module for exchange operations (Nasef and Ujang, 2012). They have layers of
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membranes divided by folded structural sheets referred to as corrugations (Nasef and Ujang,
2012). These corrugations run at right angles in alternating layers with feed material flowing
in and retentate flowing out in one direction, while a carrier fluid flows in and permeate out
in the other direction (Nasef and Ujang, 2012). The advantages of this system include ability
to accommodate low levels of suspended solids and viscous fluids and the ability to replace
membrane if needed (Nasef and Ujang, 2012). Its disadvantages include relatively low

packing density, high initial cost, and difficulty of cleaning (Nasef and Ujang, 2012).

Common applications for plate-and-frame are in membranes used in electrodialysis and
electrochemical processes while membranes applied for other processes have different
configurations. Electrochemical membranes are applied for reduction of uranyl ions to
uranous ion on the cathode (Kariduraganavar et al., 2012).

lon exchange membranes have a higher mechanical strength when compared with IEF and
IEB. Cationic IEB tend to be brittle and the anionic IEB are softer (Kariduraganavar et al.,
2012). However, equipment required for membranes can be costly to construct and operate
at large scale (Nasef and Ujang, 2012). Due to the cost associated with equipment and
operation, the whole process may be uneconomical in the case where the desired product

exists in low concentrations.

Table 2.1 summarises the advantages and disadvantages of various system configurations

(batch, column, moving bed, membrane) for ion exchange.
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Table 2. 1: Comparison of various ion exchange systems (Nasef and Ujang, 2012)

System
configuration

Advantages

Disadvantages

Batch system

L)

X/
L X4

X/
L X4

X/
L X4

X/
L X4

7/
L X4

Easy to fabricate and operate
Suitable for small scale

Compatible  with ~ most  ion
exchangers X
Applicable for most Kkinds of
treatments <>

Can handle resins of any shape

Manual operation may be
cumbersome to operate with large
volumes of waste

The separation of liquid and ion
exchange media is required

Can only be operated at
atmospheric pressures and
ambient temperatures

Once through use only

Conventional ¢+ Good throughput % Large equipment can be
column %+ Simple to operate costly
system % A wide variety of media are <+ The regeneration of media
available may require extra equipment
¢+ Can be operated at elevated
temperatures and pressures %+ There are difficulties in
+«* High decontamination factors transporting inorganic ion
are possible exchangers through pipelines
¢ Requires prefiltration
¢+ Small bed portion participates
in the process at a time
Moving bed <« Continuous operation % Process is unstable
system % Achieves desired decontamination<+s Axial mixing problems
factors ¢ Difficulty in providing circular
“* Requires less space for operations motion
s Less equipment required to<* Physical damage to ion
supplement the operation exchangers
% Low pressure drop
¢ Requires no prefiltration
Membrane <+ Applicable to waste treatment or<s Equipment can be costly to
system concentration of metals construct and operate on a large

X/
o

X/
L X4

X3

S

Prefiltration is not necessary

Does not require IEB

Desired decontamination factors are
possible

scale

20



2.5  Other ion exchange compatible systems

2.5.1 Diatomaceous earth filter

Diatomaceous earth (DE) filtration is a process that makes use of skeletal remains of small
single celled organisms as filtration media (Bhardwaj and Mirliss, 2001). DE filtration
removes solids from water and eliminates the need to use coagulant materials (Bhardwaj and
Mirliss, 2001). The DE filter consists of a porous filter septum on which diatomaceous layer
forms (Bhardwaj and Mirliss, 2001).

The filter media used in the diatomaceous can be replaced by media that allows for ion
exchange process. An introduction of functional groups with higher affinity for the metal(s)
of interest can make the system suitable for metal removal or recovery from dilute streams.
Since the system does not require a separate prefiltration step, it can treat solid containing
streams. However, the system will only allow loading, elution or backwashing at a time.

There are two types of DE filters: pressure and vacuum filters. Pressure filters have a pump
on the influent stream and the filter media including the septum are enclosed within a vessel
(Bhardwaj and Mirliss, 2001). Vacuum filters are open to the atmosphere and have a pump
on effluent stream (Bhardwaj and Mirliss, 2001). Table 2.2 below outlines the characteristics

of pressure and vacuum fliters.

Table 2. 2: Characteristics of pressure and vacuum filters (Bhardwaj and Mirliss,
2001).

Pressure filters Vacuum filters

X/

% Can handle high flow rates, allowing <+ Low capital fabrication cost
utilization of smaller, more compact filter
units.
¢+ Longer operations, leading to less amount <+ Low maintenance costs
pre-coat material and backwash water
required due to less cycles for cleaning
+» Less likelihood for disruption of media <+ Open to the atmosphere, allowing easy
by gas bubbles access and observation
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2.5.2 Cartridge filters

Purolite (company with expertise in ion exchange resin technology) produces ion exchange
cartridges from virgin polypropylene and using the recent heat welding techniques (Purolite,
2012). lon exchange cartridge filters are composed of ion exchange material packed in a
cartridge. For water treatment purposes, the ion exchange material used is selected based on
the impurities that need to be removed. The operation of ion exchange cartridge filters is

analogous to that of fixed packed bed.

2.5.3 Filter presses and belt filters

Filter presses and belt presses are used for solid liquid separation. Press filters consist of
pressure plate and filter plates which are basically a cloth attached to plate frames (Sparks,
2012). The solid-liquid separation is conducted by introducing the slurry into the filter plates
and the pressure is applied on the filter plate by pressure plate (Sparks, 2012). Belt filters
utilise a cloth that moves continuously over at least two rollers and a vacuum under the cloth

Is created to ensure that filtration occurs (Sparks, 2012).

As early as 1955, it was suggested that ion exchange fibres fabricated into a belt moving on
rollers can be used for continuous metal recovery from solutions (Muendel and Selke, 1955;
Kotze, 1992). Actually, belt filters are more suitable for creating a continuous metal removal
system. As the belt rotates, loading, elution and rinsing will be taking place simultaneous on
the fibre belt.

2.6 Adsorption isotherms and kinetic models

2.6.1 Adsorption equilibrium isotherms

The Freundlich, Langmuir, Redlich and Peterson, Temkin, and the Dubinin—Redushkevich
isotherm models are normally used to describe experimental equilibrium isotherms (Rengaraj
et al., 2007; Gando-Ferreira et al., 2011; Hamdaoui, 2009; Ofomaja, 2010). The Freundlich
isotherm model represented in Equation 2.1 is used to explain the observed phenomena

during ion exchange process.
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loggg =logK g +1/nlogC,
1)

@.

Where: Ceis the equilibrium concentration (mg/L);
ge the amount of adsorbate per gram of the ion exchange resins;
Kk is the the Freundlich constant and

n is the Freundlich exponent

Ce, Qe, Kr and n are constants incorporating all factors affecting the adsorption process such
as adsorption capacity and intensity (Rengaraj et al., 2007). The values of Kr and n are
determined from the intercept and slope of the plot of logge and logCe, respectively. A strong
linear relationship between logge and logCe suggests that the adsorption follows Freundlich

isotherm model (Rengaraj et al., 2007).

The Langmuir isotherm can be also applied to adsorption equilibrium during ion exchange
with (Rengaraj et al., 2007). In particular, the Langmuir model (Equation 2.2) is applied to
homogeneous sorption where the sorptions of the sorbate molecules onto the surface have the
same sorption activation energy (Rengaraj et al., 2007). The Langmuir sorption isotherm is

normally used to illustrate sorption of a solute from a liquid solution as follows:-

1/q,=1/Qp+1/(bQCe) (2.2

Where Ce is the equilibrium concentration (mg/L);

ge the amount adsorbed at equilibrium (mg/g);
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Qo and b are Langmuir constants

Qo and b are related to adsorption capacity and energy of adsorption, respectively (Rengaraj
et al., 2007). The values of Qo and b can be calculated from the slopes and intercepts of the
Langmuir plots, respectively. The linear plots of 1/ge versus 1/C. with strong correlation

confirm that the adsorption obeys Langmuir isotherm model.

Redlich and Peterson integrated the features of the Langmuir and Freundlich isotherms into a

single equation and presented a general isotherm equation (Equation 2.3) provided below.

Cel/qe=1/(Kg) +ay I(Kg)Ch (2.3)
Where KR, ar and P are constants

The exponent, 3, lies between 0 (Henry’s law equation) and 1 (Langmuir form) (Rengaraj et
al., 2007). Plotting Ce/ge against against CP in Equation 5 to obtain the isotherm constants is
impossible due to the three unknowns, ar, Kr and . A minimization procedure is, therefore,
adopted to solve the above equation by maximizing the correlation coefficient between the
theoretical data for ge predicted from the above equation and the experimental data (Rengaraj

etal., 2007).

The Temkin isotherm has been applied in the following form provided below (Equation 2.4):

ge=RT/bIN A+RT/InCg .0

Where RT/b=B (2.5)
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The constants A and b are determined from linear plots of ge versus InCe.

Dubinin and Radushkevich proposed another popular equation for the analysis of isotherm of

a high degree of rectangularity (Equation 2.6 below) (Rengaraj et al., 2007).

— _B.2
Ingg=Ings—Beg (2. 6)

Where ¢ can be correlated as:

£=RTIn(1+1/Cg) 2.7)

Where R is the gas constant (8.314 J/mol K);
T is the absolute temperature;

gs is the Dubinin—Radushkevich isotherm constant related to adsorption capacity

(mg/g)

The constant B provides the mean free energy E of sorption per molecule of the sorbate when
it is transferred to the surface of the solid from infinity in the solution, and can be computed

using the relationship in Equation 2.8 (Rengaraj et al., 2007):

E=1/12B 2.8)

Linear plot of Inge versus €® enables one to determine the constants ge and E provided a

strong linear relationship exists (Rengaraj et al., 2007).
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2.6.2 Adsorption kinetic models

The kinetic parameters which are useful for the computation of adsorption rate, provides
essential information for designing and modelling processes (Rengaraj et al., 2007).
Therefore, it is important to analyse the effects of initial concentration, contact time, and
adsorbent dosage from the kinetic perspective (Rengaraj et al., 2007). The kinetics of the
adsorption data can be analyzed using various kinetic models such as pseudo-first-order and

pseudo-second-order models as well as the Elovich model.

Equation 2.9 provided below is used to determine the rate constant for pseudo-first-order

chemical sorption (Rengaraj et al, 2007; Bakiya lakshmi and Sudha, 2012).
log(qg —ay) = log(ge) —kqt/2.303 (2.9)

Where:-
q. - Amount of metal adsorbed at equilibrium

q: - Amount of metal adsorbed at time t
k, - First order adsorption rate constant

t -Time

The pseudo-second order reaction is greatly influenced by the amount of metal on the
adsorbent’s surface and the amount of metal adsorbed at equilibrium (Rengaraj et al, 2007).
The rate is directly proportional to the number of active surface sites (Rengaraj et al, 2007,
Bakiya lakshmi and Sudha, 2012). Equation 2.10 provided below is used to describe pseudo-
second order chemical sorption.

t/ gy =1/(k2q§)+t/qe (2. 10)

rate = kzqé (Initial sorption rate)

Plot of t/q: vs t are used to determine rate constant values (k) and amount of metal adsorbed

at equilibrium (q,.) from intercepts and slopes, respectively.
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The Elovich model is also used to describe the dynamic behaviour of ion exchange processes
and it is expressed in Equation 2.11 as follows (Abdelwahab et al., 2013; Ozacar and Sengil,
2005):

dg, / dt = e (2. 11)

To simplify the Elovich model, aff is assumed to be greater than 1 and the following
boundary conditions, gt =0 att = 0 and gt = qt at t = t are applied (Abwdelwahab et al.,
2013). Equation 2.11 then becomes:-

g, =1/ fIn(ap) +1/ fInt (2. 12)

where a is the initial sorption rate (mg/g min), and the parameter f is related to the extent of
surface coverage and activation energy for chemisorption (g/mg). A strong linear relationship
between gt and Int illustrates that the data follows the Elovich kinetic model.

27



Chapter 3: Materials and Methods

3.1 Introduction

This chapter describes the materials and the procedures followed during batch experimental
tests and sample analysis. The experimental tests were aimed at generating parameters
required for designing an ion exchange contactor. This chapter also includes sources of
materials used in the study. Details of the experimental data are provided in Table A.1 — A5
of Appendix A.

3.2  Material acquisition

lon exchange fibres (IEFs) referred to as Fiban X-1 were selected as the ion exchange
material for this study. Fiban X-1 consists of iminodiacetate and carboxylic acid group
attached to the polyacrylic matrix (Soldatov et al., 2011). The selected IEFs are generally
referred to as chelating ion exchangers (Yahorova et al., 2010; Soldatov et al., 2011). The

chemical representation of structure of Fiban X-1 is shown in Figure 3.1.

* *
0 CN
HN /— COOH
_\_ y

Figure 3. 1: Chemical structure of Fiban X-1 (Yahorova et al., 2013).

The ion exchange materials were purchased from the Institute of Physical Organic Chemistry
(IPOC, Minsk, Belarus). Metal sulphate salts of the following elements: copper (Cu?* ions),

cobalt (Co?" ions), nickel (Ni?* ions), zinc (Zn?" ions), manganese (Mn?* ions) and
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magnesium (Mg?* ions) were also used for the test work. These metal sulphate salts were

supplied by Merck, South Africa.

3.3  Fibre preparation

The IEFs were converted to H" form by washing with 2 M H2SOs4 for 2 hours at room
temperature. Acid of about 10 times the volume of IEFs was contacted with IEFs in a sealed
bottle and was mixed by rolling on rollers for 2 hours. After 2 hours of contact, IEFs were
separated from the acid by vacuum filtration. The IEFs were then washed with de-ionized
water to remove entrained acid. Thereafter, the IEFs were left to dry in air for 24 hours. The
characteristics of the fibres used in this study are listed in Table 3.1 below. The data in Table

3.1is as provided by studies conducted by Soldatov et al. (1999) and the supplier, IPOC.

Table 3. 1: Characteristics of Fiban X-1 cationic ion-exchange fibres (Soldatov et al.,
1999; Kosandrovich and Soldatov et al., 2012; Institute Of Physical Organic Chemistry
of NASB, 2009).

Characteristics Values/description
Physical form Staple form
Maximum compression 0.24 kg/dm?®
Volume density 0.07 — 0.10 kg/dm?®
Effective diameter 10-40 p

Colour yellow

Matrix Acrylic

Functional group Carboxylic group, Iminodiacetic group
lonic form as shipped H*

Total cationic capacity 3.74 meq/g
Moisture holding capacity 0.6 g H.0/g

pKa 9.3

Apk 1.0

Temperature range 0-80°C

34 Reagent and solution preparations

Caustic soda (NaOH) and sulphuric acid (H2SO4) solutions of 1 M and 2 M, respectively,
were prepared from NaOH pellets and H2SO4 solution both with an assay of 98%. NaOH is

commonly used for increasing pH of a solution in laboratory tests (Alyiz and Veli, 2009;
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Ofamaja, 2010; Yahorova et al., 2010). On the other hand, H2SO4 is commonly used to
decrease pH of solution in laboratory tests (Yahorova et al., 2010). About 2M HCI was
prepared using 30 % HCI solution. HCI is used for eluting loaded metals from ion exchangers
(Kose and Ozturk, 2008). An equimolar (2 mM) feed solution was prepared from metal
sulphates of Cu?* ions, Co?* ions, Ni?* ions, Zn®" ions, Mg?" ions and Mn?* ions. The

amounts of salts and solutions used to prepare the reagents are given in Table 3.2.

Table 3. 2: Mass of sulphate salts used to prepare the equimolar multicomponent
solution.

Mass of Mass of Actual salt
element  Mass % of salt mass Amount
required elementin  required  Assay of required of metal
Element (9) the salt (9) salt (g) (9) in ppm
Ni 0.235 0.223 1.051 0.990 1.062 117
Co 0.236 0.210 1.124 0.975 1.153 118
Zn 0.262 0.227 1.150 1.015 1.133 131
Mg 0.097 0.202 0.481 0.660 0.730 49
Mn 0.220 0.325 0.676 0.990 0.683 110
Cu 0.254 0.254 0.999 0.998 1.001 127

3.5  Effect of pH on extraction (s-curves)

Volumes of 100 mL of feed solution composed of Cu?*, Co?*, Ni?*, Zn?*, Mg?* and Mn?*ions
with each at a concentration 2mM were contacted with 2 g of fibre in the pH range of 1.5-5.0
to determine how selectivity varies with pH. NaOH or H2SO4 was used to control pH from
1.5 to 5.0 accordingly within 0.5 pH increment. The tests were run for 24 hours and the final
pH readings were noted. The IEFs were separated from the solution by vacuum filtration as
stated in Section 3.3. Thereafter, the IEFs were washed with 100 mL of deionised water so as
to remove entrained solution. The washed fibre sample was then stripped with 200 mL of 2
M HCI solution by agitation in a beaker for 4 hours. The eluted IEFs were separated from the
eluent by filtration and then washed with deionized water. The volumes of the eluent were
measured. Samples of effluent solutions, wash water used to wash the loaded IEFs, eluent

solution and wash water used to wash the eluted IEFs were collected and analysed for
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various metals. The washed IEFs were dried and stored for re-use. A schematic

representation of the experimental set up is shown in Figure 3.2.

Reaction
[ yassel

O/H/ 10 on]| {[wso

i
Magnetic \
stirrer Hot plate

Figure 3. 2: Schematic experimental set up for loading tests.

3.6  Maximum loading capacity of copper

The tests for maximum Cu?* ions loading were done to determine the amount of Cu?* ions
that could be loaded per g of IEFs at an optimum pH. A volume of 3.6 L containing 2mM
(127 mg/L) Cu?* ions was contacted with 0.5 g of fibre for 24 hours. The volume was
selected to ensure that there was excess amount of Cu?* ions ions in solution with respect to
the capacity of IEFs given by the supplier. The pH of solution was controlled at 3 (selected
optimum pH for Cu?* ions loading from s-curve test as stated in Chapter 4). After the contact
time the IEFs were separated from solution and washed. The washed IEFs were eluted with
100 mL of 2 M HCI solution for 4 hours as described above. Samples were collected and

analysed as stated in the previous section. The fibres were dried and stored for re-use.

3.7  Generation of equilibrium adsorption isotherms
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Adsorption equilibrium isotherms were generated for the loading of Cu?* ions onto the IEFs
by contacting fibre with synthetic Cu?* ions (127 mg/L) solution at various solutions to fibre

mass ratios as shown in Table 3.3.

Table 3. 3: Solution to fibre mass ratio for the equilibrium isotherm experiment and the
mass of copper in the solutions used.
Mass ratio of solution  mass of copper

to fibre (g/g) in solution (mg)
200 25
600 38
800 51
1200 76
2000 127
3600 220
4000 254

The solutions containing the fibres were mechanically agitated using a magnetic stirrer
(Heidolph 036110550 MR Hei-Tec Digital Hot Plate Stirrer) at 300 rpm. The pH values for
the individual experiments were controlled at the selected optimum pH of 3.0 obtained from
s-curve experiments (see Chapter 4). NaOH or H2SO4 were used accordingly to control the
pH at 3.0. The IEFs were separated from the solution by filtration and washed with de-
ionised water. The washed fibre samples were then stripped by contacting with 100 mL of 2
M HCI solution for 4 hours in a batch system. The eluted IEFs were washed and separated by
filtration. The fibres were dried and stored for re-use.

3.8 Elution test work

Prior to stripping, 1 gram of IEFs was loaded with copper by contacting the fibre with a 127
mg/L Cu?* ions solution for 24 hours. The loading was conducted at the optimal pH of 3.0
(see Chapter 4). This was repeated for 4 samples of IEFs. The samples were collected and
separation was done as described above in Section 3.5.

The loaded fibre samples were then used for eluent concentration evaluation test work.
Concentrations of 0.1 M, 0.5 M, 1 M, 1.5 M and 2 M of HCI was used to strip the metal ions
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from the fibre. The various concentrations of HCI were contacted with IEFs in a magnetically
stirred beaker for 4 hours in a batch system. Samples were collected and separation was done

as described in previous sections.

3.9 Kinetic tests

Kinetic tests were conducted at the optimum pH. About 2 g of IEFs was contacted with 0.8 L
of 127 mg/L Cu?" ions solution in a beaker where it was magnetically stirred. Samples of
5 mL from the solution were collected at the following time intervals: 5 min; 10 min; 15 min;
20 min; 30 min; 40 min; 50 min; 60 min; 2 hrs; 3 hrs; 4 hrs; 8 hrs; 10 hrs and the last sample
was collected after 24 hrs. The IEFs were separated and washed and then eluted with 200 mL
of 2M HCI as described previously (see Section 3.5). The larger volume of acid used was to
ensure complete elution of Cu?* ions from the IEFs. The IEFs were then separated, washed

and stored for re-use.

3.10 Sample analysis

Analysis of samples for Cu?* ions and other metal ions was done using AAS (Varian,
SpectrAA 220 Fast Sequential). A picture of the Varian, SpectrAA 220 Fast Sequential is
shown in Figure A.1 of Appendix A. The AAS measures the amount of light absorbed by the
atoms in the excited state and in this way the concentration of samples referred to as analyte
was determined. A certain amount of light absorbed by atoms corresponds to a specific
concentration of elements. The mass extracted based on adsorption was calculated using the

concentration of barren solutions and the wash water used to wash the loaded IEFs.

Standard solutions containing Zn?*, Cu?*, Co?*, Ni?*, Mg?* and Mn?* jons at 1.6, 8, 12, 12,
20 and 60 mg/L were used to calibrate the AAS. Samples collected from the experiments
were diluted 5, 10 and 20 times with 4% HNO3. The diluted samples were aspirated to the
atomizer using the embedded pump in the AAS machine. When the samples were atomized,
the lamps for Cu?*, Co?*, Ni?*, Zn?*, Mn?* and Mg?* passed light through the atomized

sample from which the concentration of each metal was determined depending on the amount
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of light absorbed. The volumes and concentrations of feed, barren solution and wash water
were substituted into Equation 3.1 to determine percentage loading or extraction based on

adsorption.

Mfeed—Mparren—Mwash
L X 100%

mass % extraction =
Mfeed

eredcfeed —VbarrenCbarren—VwashCwash % 1 00% (3 l)
ered Cfeed

Where Myeeq is the mass of Cu?* ions in feed solution; Mparen is the mass of Cu?* ions in
treated feed solution; mwash is the mass of Cu?* ions in wash water from washing the loaded
IEFs. Vreed and Creeq are the feed volume and feed concentration of ions; Viarren and Cparren are
the barren volume and barren concentration of ions; and Vwash and Cwash are the wash volume

and concentration of ions in the wash water.
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Chapter 4: Results and discussions

4.1 Introduction

Batch tests were conducted by contacting dilute Cu?* ions solution with IEFs. The tests of the
effects of pH on metal loading were conducted to determine the optimum operating pH and
selectivity of IEFs for a solution containing Cu?*, Co?*, Ni**, Zn?*, Mn** and Mg?".
Maximum loading tests were carried out to determine the amount of Cu?* ions that IEFs can
load at the optimum pH. Equilibrium tests were conducted to generate the equilibrium curve
that will be used in conjunction with the operating line to obtain the number of stages
required to achieve the desired Cu?* ions concentration in effluent solution. Lastly, the
Kinetics tests and elution tests were also conducted to determine the residence time and acid

concentration required for complete elution, respectively.

A description of the experimental set up and procedures followed to perform the experiments
are given in Chapter 3. The analytical technique used for determining the concentration of
the metals in the solution samples is also given in Chapter 3. The models used for analysing
the equilibrium and kinetics experimental data are outlined in Section 2.6 of the Literature

Review (Chapter 2).

Experimental data and calculations for the results discussed in this section are provided in
Appendix B. Raw and calculated data for the effects of pH on metal loading, maximum metal
loading, equilibrium isotherm, elution tests and kinetic tests are provided in Tables B.1 — B.5,
B.6 - B.7, B.8 — B11, B.12 — B.14 and B.15 — B.18, respectively.
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4.2  Effects of pH on metal loading

The effects of pH on metal extraction were investigated using an equimolar feed solution
containing Cu?*, Co?*, Ni?*, Zn?*, Mn?* and Mg?* each at 2mM. The pH was varied from
1.5-5.0 at increments of 0.5. The general reaction that occurred during the adsorption of each

metal is given as Reaction 4.1. The results showing how metal extraction varies with pH are
given in Figure 4.1.

R-CH2-N(CH2COOH); + M™ = R-CH2-N(CH2CO0):M + nH* (4.1)

Where M™ is the metal ion; R is the substrate; -CH2N(CH2COOH); is the functional group

(iminodiacetate); and R-CH2-N(CH2COOH): is the IEF.

100 - * V'S ® ¢
L ;15 ¢ Cu
4 X
80 ’ ’ [ ] B Co
—_ X .
S 60 - » X Ni
£ ] XZn
S 49 X X
o X X Mn
X X [ |
20 + _ - - Mg
o B X X -
1,5 2 2,5 3 3,5 4 4,5 5 5,5
pH

Figure 4. 1: Mass percentage of metal extracted (based on metal adsorbed) versus pH.

In general, the extraction of the metals in this study increases with an increase in pH as
shown in Figure 4.1. An increase in pH of solution results in an increase in the degree of
ionization of the weak acidic active groups as stated in literature (Helfferich, 1995). The

more ionized the active groups, the higher the extent of ion exchange.
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The results also indicate that the fibre has a higher selectivity for Cu?* ions as illustrated by
the higher extraction for copper metal at all the pH values studied. The higher selectivity
towards Cu?* ions could be attributed to stable complex formation between Cu?* ions and the
active groups on the IEFs. Cu?* ions have a larger ionic radius which makes these ions
hydrophobic, however, they have a smaller atomic radius compared to the other metals
studied (Dean, 1992). As a result of the smaller atomic radius, Cu?* ions diffused easily into

the IEFs for ion exchange to occur.

In this study, Cu?*, Mg?*, Mn?* and Ni?* ions existed as divalent ions as the pH was kept at or
below 5 (Takeno, 2005). On the other hand, Co?* ions sometimes bond with OH" ions to form
Co(OH)2(aq) in the pH range of 0 - 14 (Takeno, 2005). The Co?" ions that mainly existed as
Co(OH)2(aq) was one of the reasons why less amounts of Co?* ions were loaded onto the
IEFs less amounts of Co?* ions were loaded onto the IEFs (Takeno, 2005). Likewise, Zn?*
ions sometimes bond with OH" ions to form Zn(OH)2(aq) in solution in the pH range 0 - 14
(Takeno, 2005). However, the higher loading of Zn?* ions compared to Co?* ions shows that
the formation of Zn(OH)z(aq) was lower. Occasionally, at pHs above 4.0, Cu?" ions form
Cu(OH)* in solution (Ji et al., 2011) which can also lead to lower extraction of Cu?* ions as a

result of a bigger radius of Cu(OH)* as compared to Cu?* (Dean, 1992).

A pH of 3 was selected as the optimum pH. At this pH, more Cu?" ions were extracted
compared to the other metals thus illustrating selective recovery of copper at this pH. In other
words, the co-extraction of the other heavy metals was low at pH 3 as opposed to the co-
extraction at pHs of 3.5 — 5.1 (see Figure 4.1). The selectivity order of the IEFs at pH 3.0 was
as follows: - Cu?* > Zn?* > Co?* > Mn?* > Mg?* > Ni®" as indicated by % removal results for
pH 3.0 in Figure 4.1. Subsequent Cu?* ions adsorption tests were, therefore, conducted at pH
3 in order to prevent precipitation effects and minimize co-loading of the other metals.
However, the conducted subsequent tests were done using a synthetic solution containing

Cu?* ions only for the purpose of developing a metal recovery contactor.
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4.3  Maximum metal loading

Maximum loading capacity of Cu?* ions onto the fibre was determined at the optimum pH of
3.0. As stated by the supplier, the capacity of the IEFs in H" form is 3.74 mEq/g based on the
number of ionizable functional groups and this is equivalent to 119 mg of Cu?* ions per gram
of IEFs (Soldatov et al., 2011). The results showed that a maximum of 62 mg of Cu?* ions
was loaded onto 1 g of fibre at pH 3.0 (Figure 4.2) The results from experiments previously
conducted by Yahorova et al. (2010), showed that about 50 mg of Cu?* ions could be loaded
per gram of fibre. In other studies whereby chelating polymers, natural wool fibres and
magnetic chitosan-isatin Schiff's base resin were used, the loading of Cu?* ions was about
105 mg per gram of adsorbent used at pH of 5.0 (Jha et al., 2009; Ceglowski et al.,
2015;Monier et al., 2010). However, at similar pHs, Jha et al. (2009) achieved Cu?* ions
loading of about 30 mg/g with feed composed of Cu?* ions concentration at 300 mg/L. The
low loading in this study and that of Yahorova et al.(2010) is attributed to the pH of 3
whereby the IEFs did not ionise completely to allow maximum loading (Lito et al., 2012). In
addition, the functional groups in the IEFs in our study are weakly acidic which results in
partial ionization only at low pHs (Helfferich, 1995; Soldatov et al., 2011). As mentioned in
the previous section, the degree of ionization has an effect on the extent of ion exchange and
the apparent capacity of weak acid fibres depends on pH. As the active groups ionize the
apparent capacity of the fibre is increased. In general, the apparent loading capacity of weak

acid fibres is expected to increase with an increase in pH.

4.4  Equilibrium Isotherm

The experiments for equilibrium isotherms were conducted at different solution to fibre ratio;
the ratios were varied by changing the volume of the solution while keeping the mass of IEFs
constant at 0.5 g. The equilibrium experimental results are shown on Figure 4.2. The results
show that the equilibrium loadings increased with an increase in equilibrium concentration.
The equilibrium loadings and concentration increased with an increase in solution to fibre
ratio as a result of the equilibrium shift that ensured that the equilibrium constant does not

change at constant temperature (Brown et al., 2011).
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Figure 4. 2: Experimental equilibrium data points.

The linearised equilibrium models of the Langmuir, Redlich-Peterson, Dubinin and
Radushkevich, Freundlich and Temkin equilibrium models were also fitted into the
experimental data to determine the model that best describes the equilibrium sorption. Plots
of the linearized Freundlich, Langmuir, Temkin, Dubin and Radushkevich, and the Redlich-
Peterson equilibrium models fitted onto the experimental data are given in Figure 4.3 - 4.7,
respectively. Correlation coefficients (R?) for the correlated data corresponding to the

equilibrium models are also provided on the respective figures.
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Figure 4. 3: Linearized Freundlich isotherm model fit into experimental data.
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Figure 4. 4:Linearized Langmuir isotherm model fit into experimental data.
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Figure 4. 5: Linearized Temkin isotherm model fit into experimental data.
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Figure 4.6: Linearized Dubinin and Radushkevich isotherm model fit into experimental

data.
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The results show that the correlation coefficient between In(KrCe/ge-1) and InCe used for
fitting the Redlich-Peterson model was the closest to 1 when compared with the data used for
the other models considered. However, the equilibrium loading predicted by the Redlich-
Peterson model had the largest deviation from experimental equilibrium loadings when
compared to the predictions by the Langmuir model and the Temkin model as listed in Table
4.1. The model with the second highest correlation coefficient between the data used was the
Freundlich model. However, amongst the considered models, the metal equilibrium loading
predicted from the Freundlich model had the largest deviations from the experimental
equilibrium loading. The Temkin model was able to predict equilibrium loading with the
least deviations from the experimental equilibrium loadings when with the other models
considered. Therefore, the Temkin model was the most suitable model that could be used to
predict the equilibrium behaviour of the Cu solutions and IEFs system in the study. The
results in our equilibrium studies are in contrast with similar studies conducted using Fiban
X-1, whereby equilibrium behavior was well described using Langmuir isotherm model
(Soldatov et al., 2011). Other studies showed that the equilibrium behavior of Cu?* ions
removal using chelating polymers followed the Langmuir isotherm model (Monieret et al.,
2010). In essence, the assumption associated with the Langmuir isotherm model of
neglecting interaction between the loaded or adsorbed molecules (Cegtowski et al., 2015)

was not applicable in our study.

The Temkin model assumes that heat of adsorption of all Cu?* ions in the boundary layer
decrease linearly rather than logarithmic with an increase in surface area (Foo and Hameed,
2010; Dada et al., 2012). Therefore, when operating at lower temperatures a larger surface
area of IEFs will be required to improve metal loading (Helfferich, 1995) as it reduces the

heat of adsorption.
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Table 4. 1: Experimental equilibrium loading and the predicted loading using Redlich-

Peterson, Freundlich, Langmuir model, Dubinin & Radushkevich and Temkin model.

Experimental E:t(ilriggr-m Freundlich Langmuir RE dugalig\ﬁt:h Temkin
23.78 3.89 0.00 23.74 136.47 22.98
49.77 39.93 6.31 56.71 57.34 53.01
54.48 49.48 84.33 56.97 57.33 55.78
56.97 58.37 622.03 57.11 57.32 57.91
59.26 63.41 1693.84 57.17 57.32 58.98
62.10 68.39 4223.71 57.21 57.32 59.95
62.33 69.06 4754.72 57.21 57.32 60.08

4.5 Elution tests

Elution tests were conducted to evaluate the concentration of acid required to completely

elute Cu?* ions from 1EFs. The mass of IEFs and volume of solution used was kept constant

in all the individual experiments conducted. A volume of 200 mL Cu?* ions feed solution

was contacted with 1 g of IEFs to ensure equal amounts of Cu?* ions are loaded onto the

IEFs. Figure 4.8 illustrates how mass percentage of ions eluted varies with acid concentration

used for elution (Raw data is provided in Table B. of Appendix B).
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Figure 4. 8: Mass percentage eluted from IEFs versus hydrochloric acid concentration
in molar units.

Figure 4.8 shows that the mass percentage of Cu?* ions eluted increased proportionally with
an increase in acid concentration used. Thus, there is a linear relationship between the acid
concentration and mass percentage of Cu?" ions eluted as illustrated by a correlation
coefficient of 0.93. Acid concentration of 2M was able to elute 94% of mass of Cu?* ions
loaded onto the fibre and only 66% was eluted when 0.1M acid was used. Elution is an ion
exchange process and it is affected by diffusion which depends on the concentration gradient
of species involved (Helfferich, 1995). In this case, the extent of elution was lower at low
acid concentrations and higher at high acid concentrations due to low and high acid
concentration gradients, respectively. This can also be explained using Le Chartelier’s
principle. When less concentrated acid solutions are used for elution, a small amount of
hydrogen ions will displace the loaded metal to establish equilibrium between the IEFs and
solution with respect to pH (Helfferich, 1995). The percentage eluted when 1 M and 1.5 M
acid was used, differed by 0.1%. This can be explained by the observed tendency of fibre
strands to sometimes attach to each other instead of dispersing in solution thus preventing
maximum exposure in solution and limiting extent of ion exchange (Helfferich, 1995;

Inglezakis and Zorpas, 2012).
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4.6 Kinetics test

Kinetic tests were conducted to determine the kinetic behavior of the Cu?* ions removal by
IEFs. The mass loaded onto the fibre increased with time as shown in Figure 4.9. The
experimental results show that about 60% of metal in solution was loaded onto the IEFs
within 5 minutes of contact and 80% was loaded onto the IEFs within an hour. Initially,
loading rate was fast, but decreased with time due to lowered concentration gradient as the

ion exchange occurred.
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Figure 4. 9: Experimental loading of Cu?* on IEF as a function of time.

The pseudo-first-order, pseudo-second-order and the Elovich kinetics models were fitted into
the experimental data to check which model best describes kinetics of Cu?* ions loading onto
the fibre. Figure 4.10 shows the fit of pseudo-first-order kinetic model onto the experimental
data, and Figure 4.11 shows the fit of pseudo-second-order kinetic model and the Elovich

model fit is shown in Figure 4.12.
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Figure 4. 10: Pseudo-first-order model fit on the kinetics experimental results.
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Figure 4. 11: Pseudo-second-order model fit on the kinetics experimental results.
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Figure 4. 12: Elovich model fit on the kinetics experimental results.

The best fit can be determined by a strong linear relationship of the data and the correlation
coefficient is used to check the strength of the linear relationship. However, it is also
necessary to compare the predicted loadings from the models with those obtained

experimentally in order to validate the model.

The linear equations of the models were used to compute the parameters of the models and
subsequently the parameters were used to predict loading as a function of time. The mass
percentage of Cu?* ions from experimental data and that predicted by the pseudo-first-order,
pseudo-second-order and the Elovich models are listed in Table 4.2. Figures 4.10 - 4.12
shows that the pseudo-second-order had the largest correlation coefficients followed by the
linear Elovich model and lastly the pseudo-first-order. However, the percentage loadings
predicted by the pseudo-second order deviated more from the experimental loading as
compared to predictions by the Elovich model (see Table 4.2). Nevertheless, the Elovich
equation is commonly used for the chemisorptions kinetics between gases and solids
(Cheung et al., 2000). Therefore, the pseudo-second-order was selected as the most suitable
model that best describes the loading of copper onto IEFs used in this study. This is in
agreement with previous batch studies for Cu?* ions removal by chelating polymers, natural

wool fibres and ion exchange resins (Monier et al., 2010; Jha et al., 2009; Ceglowski et al.,
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2015; Monier et al., 2010). The reaction rate described with the pseudo-second order model
depends on the amount of metal exposed to IEFs and it is directly proportional to the number
of ionized functional groups (Rengaraj et al, 2007). In other words, according to the pseudo-
second-order model, the kinetics of Cu?* ions adsorption onto the IEFs was dependent on the
amount of ions on the surface of IEFs and the amount of ions loaded at equilibrium (Rengaraj
etal., 2007).

Table 4. 2: Mass percentage of Cu loaded from experimental data and that predicted
using the pseudo-first-order, pseudo-second-order and the Elovich model.

experimental pseudo-first-order pseudo-second-order Elovich
0 0 0 0
59 1 25 59
59 3 40 64
66 4 50 67
74 5 57 69
76 8 67 12
80 10 73 74
81 13 77 75
80 15 80 77
87 28 89 82
86 39 92 85
89 49 94 87
93 74 97 92
99 81 98 94
100 98 99 100

4.7 Summary

The optimum pH for selective removal of Cu?* ions from dilute synthetic solution was found
to be 3 and the selectivity order of the IEFs at pH 3.0 was as follows: - Cu?*> Zn?*> Co?* >
Mn?* > Mg?" > Ni?*. Equilibrium loading of Cu?" ions was 62 mg per gram of IEFs.
However, this was lower than the maximum theoretical value of 119 mg of Cu?" ions per
gram of IEFs because at a pH of 3.0 the IEFs in this study did not ionise completely to allow
maximum loading. The equilibrium sorption was found to exhibit the Temkin model

behaviour. Therefore, the IEFs used in this study can be effectively applied at ambient
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temperatures by increasing their surface area which lowers the heat of adsorption as
suggested by the Temkin model. The percentage of metal eluted from IEFs increased with an
increase in acid concentration. However, if large volumes of less concentrated acid solutions
are used, the same percentage of elution as the low volume of highly concentrated acid
solution can be achieved. Nevertheless, the use of less concentrated acid solutions at large
volumes results in dilute Cu?* ions solutions. Therefore, the use of highly concentrated acid
solution is recommended. The kinetic behaviour of the system was best described using the
pseudo-second-order model which means that the ion exchange rate in this study was directly

proportional to the number of ionizable functional groups.
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Chapter 5: Column tests

5.1 Introduction

Batch tests do not give data required to determine the superficial velocity (u) since batch
operation does not simulate continuous processes. However, breakthrough tests conducted in
columns allow computation of the U and contact time (CT) required for efficient continuous
metal removal (Inglezakis, 2010; Inglezakis and Poulopoulos, 2006). Subsequently, the u and
CT may be used for design purposes (Inglezakis, 2010; Inglezakis and Poulopoulos, 2006).
In particular, the U and CT are used to determine the dimensions which will permit

attainment of the same mass transfer rates in the desired contactor as in the column.

The controlling factors affecting the efficiency of ion exchange process in metal removal
from solution in fixed bed columns have been carefully investigated (Soldatov et al., 1999).
It was found that, metal loading efficiency onto IEFs depends on bed depth and flow rate
(Soldatov et al., 1999). Density of the packing (i.e., IEFs packing) is also a controlling factor
(Soldatov et al., 1999). However, variation in bed depth whilst keeping mass of the packing
constant causes a variation in the packing density.

In this study, experimental tests were carried out to investigate the following variables:

o effect of bed packing density on loading,
o effect of feed flow rate on loading,
o effect of bed packing density on regeneration,

o effect of eluent flow rate on regeneration.

Empirical models were also used to describe the effluent concentration-time profile. In fact,
the effluent concentration-time profile (breakthrough curve) is imperative for successful ion
exchange column design (Kavak and Oztiirk, 2004). The commonly used models for fixed
bed columns are the Adams-Bohart model, Thomas model and the Yoon-Nelson model
(Kavak and Oztiirk, 2004; Nwabanne et al., 2012; Kalavathy et al., 2010). The Adams-
Bohart model, Thomas model and the Yoon-Nelson model were fitted into the experimental
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data fitted so as to determine the dynamic behaviour of the effluent concentration from the

column.

5.2 Materials and Methods

5.2.1 Material acquisition, fibre and reagent preparation

The material acquisition was done as described in Section 3.2, Chapter 3. The IEFs were
prepared by contacting with acid as described in Section 3.3 and the feed solution composed
of 2mM Cu (127 mg/L Cu?*ions) was prepared from CuSOys as stated in Section 3.4 (Chapter
3).

5.2.2 Experimental set up

The 1.4 cm diameter and 20 cm height column used in this study was packed with IEFs
between two supporting layers of inert and porous cotton wool. At the bottom part of the
column, the cotton wool was supported by a 45 micron screen placed on a plastic threaded
cap. The column ends were closed with threaded caps connected to influent and effluent
tubings. The feed solution was pumped from the beaker into the column using a peristaltic
pump as shown in the paraphernalia in Figure 5.1. A magnetic stirrer was used to agitate the
feed solution so as to ensure a feed with constant uniform concentration. The effluent
solution from the column was collected in a graduated cylinder.

=

Fibre column

Tubing
Column\;/
effluent "
Magnetic
stirrer ¥
Eeed Graduated
\% solution cylinder
\ \ .
Pump —
Hot plate

Figure 5. 1: Experimental set up.
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5.2.3 Effect of bed packing density on Cu?* ions removal and elution

The effects of bed packing density were investigated by passing 2000 mL of feed solution
through a column packed with 2.56 g of IEFs at a constant flow rate of 8 mL/min. This was
the lowest flow rate that could be attained in this study due to equipment limitation. In
addition, lower flow rates favour metal loading and consequently column utilization
(Helfferich, 1995). The bed packing density was initially set at 0.16 g/cm? by compressing
IEFs with inert and porous cotton wool. Effluent samples of volume equivalent to 250 mL
were collected consecutively and the time taken for 250 mL of feed treated was recorded.
The samples were analysed for Cu?* ions using an atomic absorption spectrophotometer
(AAS). De-ionised water of volume equivalent to 120 mL was then passed through the bed of
IEFs at 8 mL/min to remove any entrained Cu?* ions solution. Previous tests conducted at
Mintek indicated that 4 bed volumes were sufficient for rinsing (Yahorova et al., 2010). In

this study, 4 bed volumes were equivalent to 120 mL of de-ionised water.

After washing the bed of IEFs with de-ionised water, 105 mL of 2M HCI was passed through
the column at 8 mL/min to elute the loaded Cu?* ions. Preliminary tests indicated that 105
mL of 2M HCI was required to completely elute the Cu?* ions. Therefore, samples of 15 mL
were collected consecutively and the time taken for 15 mL of acid to pass through the bed
was recorded. The samples were analysed for Cu?* ions using an AAS. The bed of IEFs was
washed again with 120 mL of de-ionised water at 8 mL/min to remove any entrained acid
from the bed.

The above described procedure was repeated for bed packing density of 0.20, 0.28 and 0.37

g/cm?® while maintaining the flow rate constant at 8 mL/min. Each test was replicated 3 times.

5.2.4 Effects of feed and eluent flow rate on Cu?* ions removal and elution

A feed solution of about 2000 mL containing 127 mg/L of Cu?* ions was passed through a
2.56 g of staple IEFs with bed packing density of 0.16 g/cm? at flow rate of 12 mL/min. The
packing density of 0.16 g/cm®was used because it gave a maximum Cu?* ions removal (see

Section 5.3.1 below). Effluent samples of volume equivalent to 250 mL were then collected
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consecutively and the time taken for 250 mL of the treated feed to accumulate was recorded.
The samples were analysed for Cu?* ions using AAS. De-ionised water of volume equivalent
to 120 mL was then passed through the bed of IEFs at 8mL/min to wash off any entrained

Cu?* ions solution.

After washing the bed of IEFs with water, 105 mL of 2M HCI was passed through the
column at 8 mL/min to elute the adsorbed Cu?* ions. Samples of 15 mL were collected
consecutively and the time taken for 15 mL of acid to pass through the bed was recorded.
The samples were analysed for Cu?* ions using an AAS. The bed of the IEFs was washed

again with de-ionised water to remove any entrained acid in the bed.

The above described procedure was repeated for flow rates of 17 and 28 mL/min while

maintaining the bed packing density constant at 0.16 g/cm?®. Each test was replicated 3 times.

5.3 Results and discussions

Bed volumes were used for comparing performance of IEFs with the same packing density
and volume was expressed in litres or millilitres for comparing beds with different packing
density as their bed volumes are not equal. For the results discussed in this section, reference
should be made to Appendix C. Raw data and calculated data for column tests are provided
in Table C1 — C65 and C66 — C70 in Appendix C, respectively.

5.3.1 Effect of packing density on Cu?* ions removal

In this study, various packing densities were investigated at constant Cu®* ions feed
concentration and flow rate of 127 mg/L and 8 mL/min, respectively. Figure 5.2 shows the
effects of packing density on Cu®* ions removal. Generally, the removal of Cu?* ions
decreased with an increase in feed volume passed through the bed of IEFs. This was due to
the reduction in the amount of freely available functional groups (in H* form) as the feed was
passed which led to the reduction of Cu?* ions removal (Helfferich, 1995). However, the
removal of Cu?* ions was the same after having passed 500 mL of feed in all the beds

investigated. It was after passing 750 mL of feed that a significant difference in the Cu?* ions
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removal was observed. In addition, the results show that Cu?* ions removal increased with a
decrease in packing density from 750 mL of feed and more as shown in Figure 5.2. The Cu?*
ions removal was higher at low bed packing density (higher bed height) due to the increased
residence time within the IEFs which led to an increased uptake of Cu?* ions from the feed
solution (Ahmad and Hameed, 2010; Kalavathy et al., 2010; Simate and Ndlovu, 2015). In
this study, the mass of IEFs was kept constant at all beds investigated providing equal
amount of active groups for all beds. Therefore, the increase in Cu®* ions removal was due to

the increase in bed surface area as the bed depth was increased to give a low packing density.

The breakthrough profile in Figure 5.2 also shows that only 75 % breakthrough of Cu?* ions
was reached in IEFs bed packing density of 0.16 g/cm? after treating about 2000 mL of feed
as compared to 76 %, 90 % and 96 % reached in the 0.20 g/cm?, 0.28 g/cm?® and 0.37 g/cm?,

respectively. A lower breakthrough (C/Cys) indicates higher metal removal.
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Figure 5. 2: Effluent concentration versus feed volume passed through various bed
packing densities (IEFs mass 2.56 g) at constant flow rate of 8 mL/min.
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5.3.2 Effect of feed flow rate on Cu?* ions removal

The effect of feed flow rate on Cu?* ions removal was investigated and the results are shown
in Figure 5.3. The studied feed flow rates are 8, 12, 17 and 28 mL/min. The mass of IEFs and
bed packing density were kept constant at 2.56 g and 0.16 g/cm?, respectively. The removal
of Cu?* ions was the same at volumes below 500 mL at all the flow rates studied. However,
above 500 mL, the removal of Cu?* ions decreased with an increased flow rate. The decrease
of Cu?* ions removal with increased flow rate is due to the reduced time for diffusion of Cu?*
ions between the feed and IEFs at high flow rates and vice versa (Ahmad and Hameed, 2010;
Kalavathy et al., 2010; Yahaya et al., 2011). In other words, reduced contact time resulted in
lower metal loading. As a consequence, the effluent concentration was higher at higher feed

flow rates.

The breakthrough profile in Figure 5.3 shows that only 75 % breakthrough of Cu?* ions was
reached in IEFs when flow rate was 8 mL after treating about 2000 mL of feed as compared
to 81 %, 83 % and 87 % reached in the 12, 17 and 28 mL/min, respectively. Once more,
lower breakthrough (C/Cs) indicates high metal removal.
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Figure 5. 3: Effluent concentration versus feed volume passed at various flow rates
through a bed of 2.56 g IEFs adjusted to packing density of 0.16 g/cma3.
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5.3.3 Effect of bed packing density on elution

The IEFs were eluted using 2 M HCI to investigate the effects of bed packing density on
elution. Concentration of Cu* ions in the eluent was plotted against the volume of eluent that
was passed through the loaded packed bed of IEFs. Initially, for all bed packing densities
investigated, as shown in Figure 5.4, concentration of Cu?* ions was minimal. Thereafter,
about 99% of the loaded Cu?* ions were eluted from the IEFs after passing 60 mL of acid.
The IEFs were washed with de-ionised water prior to elution, therefore, the effluent volume
of about 30 mL collected in the beginning during elution was the de-ionised water retained in
the IEFs. As a consequence of the delayed contact between the acid and IEFs, Cu?* ions
began to report in the effluent solution after more than 30 mL was passed through the column

of Cu?* ions loaded IEFs.

The results presented in Figure 5.4, indicate that the loaded Cu?* ions was completely eluted
in all the beds after passing 80 mL of eluent through the column of Cu?* ions loaded IEFs.
Generally, the mass percentage of Cu?* ions eluted increased with an increase in eluent
volume. A higher eluent volume provided more H* ions available for exchange thereby

increasing the extent of elution (Helfferich, 1995).
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Figure 5. 4: Effect of bed packing density on elution of IEFs at constant flow rate and
IEFs mass (8 mL/min and 2.56 g).

5.3.4 Effect of eluent flow rate on elution

Investigations on the effect of flow rate on elution were conducted at constant bed packing
density and IEFs mass of 0.16 g/cm® and 2.56 g, respectively and the results are shown in
Figure 5.5. Generally, the mass percentage of Cu?* ions eluted increased with eluent volume.
As can be seen from Figure 5.5, the mass percentage of Cu?* ions eluted per unit volume of
eluent passed through the column was the same in all flow rates except after passing 45 mL.

It is suspected that there may have been channelling in the beds before passing an eluent
volume of 45 mL.

The loaded Cu?* ions were eluted faster at higher eluent flow rate as compared to low flow
rate. Elution of loaded ions depends on the driving force, which is the concentration gradient
of ions between the IEFs and the eluent (Helfferich, 1995). In this study, higher eluent flow
rate created a sufficient driving force faster than lower eluent flow rate which consequently
led to faster elution of Cu?* ions. Therefore, in this study, the Cu?* ions were eluted faster

with high eluent flow rates. In other words, elution rate of Cu?* ions was proportional to the
eluent flow rate.
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Figure 5. 5: Effect of flow rate on elution of 1EFs at constant bed packing density and

IEFs mass (0.16 g/cm3 and 2.56 g).

5.3.5 Computation of uand t

The values of the superficial velocity (u) and the contact time (t) were determined at flow
rate and packing density of 8 mL/min and 0.16 g/cm® where the lowest breakthrough was the
lowest. Equation 5.1 and 5.2 were used to calculate u and t, respectively. The values of u and

T were found to be 5.20 cm/min and 2.02 min, respectively.
U=Q o | Ay = (8ML/ min) / (I1(L.4cm)? / 4) =5.20mL/ min.cm? (5.1)
7=V, | Qg = (TT(L.4cm)? / 4)x10.5¢cm) / (8mL / min) = 2.02min (5.2)

Where u is the superficial velocity; Qfeed is the volumetric flow rate of the feed; Acolumn is the

cross sectional area of the column; t is the contact time and the Vpeq is the volume of the IEF

bed.
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5.4 Model fitting

The effluent concentration-time profile (breakthrough curve) is imperative for successful ion
exchange column design (Kavak and Oztiirk, 2004) and empirical models are normally used
to describe the effluent concentration-time profile. The commonly used models for fixed bed
columns are the Adam-Bohart model, Thomas model and the Yoon-Nelson model (Kavak
and Oztiirk, 2004; Nwabanne et al., 2012; Kalavathy et al., 2010). The Adam-Bohart model,
Thomas model and the Yoon-Nelson model were fitted into the experimental data to

determine the dynamic behaviour of the effluent concentration from the column.

5.4.1 Thomas model

The Thomas model employs Langmuir isotherm for equilibrium and second order reversible
reaction kinetics as it assumes plug flow behaviour in the bed (Ahmad and Hameed, 2010;
Kalavathy et al., 2010). However, the Thomas model neglects the intraparticle diffusion as
well as the external resistance during the ion exchange process (Kalavathy et al., 2010). The

linearized Thomas model is expressed as follows:

C K. QW
In| = -1|=-T"__k Ct 5.3
[(Sma)- i, 5.9
Where: - kTh: Thomas rate constant (mL/min mg)

Jo: equilibrium Cu uptake (mg/g)

Co: feed concentration of Cu (mg/L)
Ct: effluent concentration of Cu (mg/L)
w: mass of IEFs ()

Q: flow rate (mL/min).
The values of kth and qo were determined from the slopes and intercepts of linear plots of

In(Co/Ct-1) versus t. Values of Co, Ct and t were measured experimentally. The least squares

fit method was used to determine the slope and intercepts of the best fit line. The effect of
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packing density and flow rate on the Thomas model parameters (kt+ and Qo) are listed in

Table 5.1 and 5.2, respectively.

The determined correlation coefficients (R?) ranged from 0.80-0.99 as it can be seen on Table
5.1 and 5.2. The R? value closer to 1 show that there is strong linear relationship between the
data plotted.

The Thomas rate constant decreased with an increase in bed packing density from 0.16 —
0.28 g/cm? as listed in Table 5.1 which is in agreement with similar studies conducted by
other researchers (Yahaya et al., 2011; Chowdhury et al., 2013; Malkovich and Nuhoglu,
2006; Simate and Ndlovu, 2015). The Thomas rate constant increased with a decrease in bed
packing density (increase in bed height) as a result of the increased residence time in lower
packing which increased Cu?* ions uptake from solution (Pengthamkeerati and Satapanajaru,
2013). Amongst the flow rates studied, the Thomas rate constant was higher at a flow rate of
8 mL/min. However, the Thomas rate constant increased with flow rates from 8 — 28 mL/min
as shown in Table 5.2. This is in agreement with the trend found in other studies (Aksu and
Gonen, 2004; Chowdhury et al., 2013; Malkovich and Nuhoglu, 2006). As flow rate
increased, more Cu?* ions reached the functional groups on IEFs faster and in turn increased
ion exchange rate (Pengthamkeerati and Satapanajaru, 2013). Conversely, the studies by
Yahaya et al., (2011) shows that the Thomas rate constant decreased with an increase in flow

rate.

The predicted maximum solid phase Cu?" ions concentrations (qo) were unrealistic as they
were more than 500 times than the theoretical capacity of the IEFs (see Table 5.1 and 5.2).
The Thomas model was inappropriate in this study because it does not incorporate external
and internal diffusion (Kalavathy et al., 2010). Therefore, the rate limiting step of adsorption

in this study may be either external and/or internal diffusion.
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Table 5. 1: Effect of bed packing density on Thomas model parameters.

Packing Flow rate ktn (ML/min
density (g/cm3) (mL/min) mg) go (Mg/g) R?
0.16 8 4.31E-04 8.43E+04 0.80
0.20 8 3.17E-04 8.16E+04 0.92
0.28 8 2.35E-04 6.96E+04 0.99
0.37 8 2.76E-04 6.52E+04 0.98

Table 5. 2: Effect of flow rate on Thomas model parameters.

Packing Flow rate kth (mL/min
density (g/cm?) (mL/min) mg) Jo (Mg/g) R?
0.16 8 4.31E-04 8.43E+04 0.80
0.16 12 2.61E-04 7.41E+04 0.98
0.16 17 3.17E-04 6.78E+04 0.98
0.16 28 4.86E-04 6.26E+04 0.98

5.4.2 The Yoon-Nelson model

According to the Yoon-Nelson model, the decrease in ion loading rate is proportional to the
probability of ion removal by IEFs (Aksu and Gonen, 2004). In other words, the Yoon-
Nelson model states that the loading rate decreases as metal ions are loaded onto the IEFs. In
the current study, this could probably be due to a decrease in the differences of Cu?* ions
concentrations in solid and liquid phase as loading occurs. The linearised form of the Yoon-
Nelson model is expressed in Equation (5.4) given below (Nwabanne and Igbokwe, 2012;
Kalavathy et al, 2010; Trgo et al., 2011; Aksu and Gonen, 2004).

(o} t

In{c CtC j: Koyt = 7k, (5. 4)

Where: - Ct: effluent concentration of Cu (mg/L)

Co: feed concentration of Cu (mg/L)
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kyn: Yoon-Nelson rate constant (1/min)
t: time (min)

T: time required for 50% adsorbate breakthrough (min).

The Yoon-Nelson constant (kyn) and the time required for 50% adsorbate breakthrough ()

were obtained from slope and y-intercept plots of In(Ci/(Co-Cy)) versus time.

Table 5.3 and 5.4 lists the Yoon-Nelson parameters at various bed depths and flow rates,
respectively. The correlation coefficients (R?) were at least 0.98 or more except for bed

density of 0.16 and 0.20 g/cm® cm which were 0.80 and 0.92, respectively.

The Yoon-Nelson rate constant generally increased with a decrease in bed packing density
(increase in bed height) as listed in Table 5.3. High bed packing density reduced residence
time which lowered Cu?* ions uptake from solution. However, Aksu and Gonen (2004) found
that the Yoon-Nelson rate constant decreased with an increase in bed height. Overall, the
Yoon-Nelson constant increased with an increase in flow rate (see Table 5.4) which is in
agreement with the results found by Aksu and Gonen (2004). Higher flow rates results in
Cu?* ions reaching the functional groups faster which may cause an increase in ion exchange
rate (Helfferich, 1995).

The 50% breakthrough time (t) decreased with an increase in bed packing density and flow
rate as listed in Table 5.3 and 5.4 which is consistent with studies by Aksu and Gonen
(2008). At low bed packing density, constant flow rate results in shorter feed retention times
due to the shorter bed depth (Saad et al., 2014; Auta and Hameed, 2014). Flow rate is directly
proportional to superficial velocity; therefore an increase in flow rate reduces feed retention
time within IEFs thereby resulting in a shorter breakthrough time (Saad et al., 2014; Auta and
Hameed, 2014). The 50% breakthrough times predicted by the Yoon-Nelson model were
within the range of the 50% breakthrough times obtained experimentally as listed in Table
5.3and 5.4.
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Table 5. 3: Effect of bed depth on parameters of the Yoon-Nelson model.

Packing density

Flow rate Yoon-Nelson experimental
(g/cm?) (mL/min)  kyn (/min) 7 (min) range of T (min) R?
0.16 8 5.47E-02 212 192-223 0.80
0.20 8 4.02E-02 207 190-221 0.92
0.28 8 2.98E-02 179 159-191 0.99
0.37 8 3.51E-02 171 158-191 0.98

Table 5. 4: Effect of flow rate on parameters of the Yoon-Nelson model

Packing density

Flow rate Yoon-Nelson experimental
(g/cm?) (mL/min)  kyn (1/min) T (min) range of T (min) R?
0.16 8 5.47E-02 212 192-223 0.80
0.16 12 3.31E-02 123 105-126 0.98
0.16 17 4.02E-02 80 72-87 0.98
0.16 28 6.17E-02 46 36-46 0.98

5.4.3 The Adam’s-Bohart model

The Adam-Bohart model describes the relationship between Ci/C, and t during continuous
operation (Kalavathy et al., 2010). The Adam-Bohart model is normally used to describe the
initial part of the breakthrough curve (Kalavathy et al., 2010).The simplified form of the
Adam-Bohart model used in this study is referred to as the bed depth service time (BDST)
(Goyal and Bhagat, 2010; Rajeshkannan et al., 2013). The BDST model equation is given
below (Equation (5.5)).

C z
In 2t =K Gt —kyN, = (5.5)

o

Where: -  Ct: effluent concentration of Cu (mg/L)

Co: feed concentration of Cu (mg/L)
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t: time (min)

kag: Adam-Bohart kinetic constant (L/mg min)
No: saturation concentration (mg/L)

Z: bed depth (cm)

F: linear velocity (cm/min)

The values of Kag and N, listed in Table 5.5 and 5.6 were determined from intercepts and
slopes of the plot of InC/C, against t. The correlation coefficients (R?) between the plots of
InC¢/C, against t ranged between 0.71 and 0.95 as listed in Table 5.5 and 5.6 below.

The kinetic constant (kas) generally increased with a decrease in bed packing density
(increase in bed height) as listed in Table 5.5. A decrease in packing density at constant flow
rate increases residence time which enhances Cu?* ions uptake from solution (Saad et al.,
2014; Auta and Hameed, 2014). However, in studies by Saadi et al. (2013) the kinetic
constant (kas) decreased with an increase in bed height. On the other hand, the Adam-Bohart
rate constant (kas) increased with flow rate in the range 8-28 mL/min (see Table 5.6) which
is congruent with studies by Zulfadhly et al. (2001) and Saadi et al. (2013). Once more,
higher flow rates resulted in Cu?* ions from solution reaching functional groups on IEFs
faster (Saad et al., 2014; Auta and Hameed, 2014). Ideally, ion exchange occurs as counter
ions in solution contact with ionized functional groups (Helfferich, 1995).

The predicted saturation concentration (No) increased with a decrease in bed packing density
as a consequence of higher Cu?* ions removal at higher bed packing density (see Table 5.5).
The saturation concentration also increased with an increase in flow rate as a result of
reduced contact time which negatively affected loading of Cu?* ions onto IEFs (see Table
5.6). The saturation concentration was expected to be equivalent to the feed concentration.
However, the saturation concentration predicted by the BDST model was more than 100
times that of the feed in all studied conditions because the BDST model neglects the effects
of intra-particle mass and external film mass transfer resistance (Rajeshkannan et al., 2013;
Goyal and Bhagat, 2010; Kalavathy et al., 2010).

64



Table 5. 5: Effect of bed depth on parameters of the BDST model.

Packing density

(g/cm?d) Flow rate (mL/min) kas No (mg/L) R?
0.16 8 3.61E-04 1.44E+04 0.71
0.20 8 2.43E-04 1.82E+04 0.82
0.28 8 1.28E-04 2.70E+04 0.87
0.37 8 1.33E-04 3.42E+04 0.83

Table 5. 6: Effect of bed depth on parameters of the BDST model.

Packing density

(g/cm?d) Flow rate (mL/min) kas No (mg/L) R?
0.16 8 3.61E-04 1.44E+04 0.71
0.16 12 1.49E-04 1.57E+04 0.89
0.16 17 1.59E-04 1.62E+04 0.90
0.16 28 2.07E-04 1.63E+04 0.95

5.4.4 Comparison of models

As indicated by the sum of absolute errors in Table 5.7 and 5.8, the effluent concentrations
predicted by the Yoon-Nelson and Thomas models were the same in all experiments except
for bed packing density and flow rate of 0.16 g/cm® and 8 mL/min, respectively. However,
the parameters of the Yoon-Nelson model were within the expected experimental range as
listed in Tables 5.1-5.6. The parameters of the Thomas models, particularly the equilibrium
uptake of IEFs were more than 500 times than the theoretical maximum uptake. The Thomas
models parameters were unreasonable due the assumption that intraparticle diffusion and
external resistance may be neglected. The effluent concentrations predicted by the BDST
model had larger deviations from experimental effluent concentrations as listed in Table 5.7
and 5.8. In addition, the parameters of the BDST model were unrealistic as the saturation
concentration (No) was more than 100 times that of feed (Table 5.1-5.6). As stated above, the

BDST model is unsuitable for predicting effluent concentration in this study due to its
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unaccountability of the effects of intra-particle mass and external film mass transfer

resistance.

The plots of effluent Cu concentrations predicted by the Thomas, Yoon-Nelson and BDST
models versus time are shown in Figure 5.7 — 5.13. The predicted Cu concentrations are
compared with the effluent Cu concentrations obtained experimentally. For values of
absolute deviations between experimental and predicted effluent Cu concentration (Thomas,
Yoon-Nelson and BDST models) refer to Tables C.81 - C.87 in Appendix C.

Table 5. 7: Sum of absolute errors between experimental concentrations at various
times and those predicted by the Thomas, Yoon-Nelson and Adam's Bohart model at
various bed packing densities.

packing density (g/cmd) Thomas Yoon-Nelson Adam-Bohart
0.16 67.58 69.43 355.34
0.20 45.83 45.83 164.85
0.28 26.25 26.25 110.88
0.37 32.34 32.34 132.11

Table 5. 8: Sum of absolute errors between experimental concentrations at various
times and those predicted by the Thomas, Yoon-Nelson and Adam's Bohart model at
various feed flow rates.

Flow rate (mL/min) Thomas Yoon-Nelson Adam-Bohart
8.00 67.58 69.43 355.34
12.00 34.65 34.65 90.87
17.00 41.03 41.03 79.70
28.00 39.84 39.84 69.67
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Figure 5. 6: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 10.5 cm and 8 mL/min.
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Figure 5. 7: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 8.5 cm and 8 mL/min.

67



120 - N
Ny 2

= 100 - 4
e A
£
c 80 - /o
.% ":.‘ Thomas
£ 60 - ,';' Yoon-Nelson
g Y.
c /. eesees Adam's Bohart
§ 40 - /- am's Bohar
3 ’.f" @ experimental

20 A S

..o’
.o"..."‘
O T T 1
0 100 200 300
time (min)

Figure 5. 8: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 6.0 cm and 8 mL/min.
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Figure 5. 9: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 4.5 cm and 8 mL/min.
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Figure 5. 10: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 10.5 cm and 12 mL/min.
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Figure 5. 11: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 10.5 cm and 17 mL/min.
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Figure 5. 12: Plot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed depth and flow
rate of 10.5 cm and 28 mL/min.

5.5 Summary

Breakthrough tests were conducted using plastic columns packed with IEFs at lab scale. The
tests were done to investigate effects of bed packing density and flow rate on Cu?* ions
removal and elution. The removal of Cu?* ions was found to increase with a decrease in both
bed packing density and feed flow rate due to the increased residence time within the IEFs.
The elution rate increased with an increase in the eluent flow rate. In other words, the loaded
ions were eluted at a rate proportional to the eluent flow rate. The required values of U and
CT for the contactor design were found to be 5.20 cm/min and 2.02 min, respectively.
Amongst the fitted empirical models, the Yoon-Nelson model was the most suitable model
for predicting how effluent concentration during Cu?* ions removal varies with time. This

means that the Cu?* ions removal decreased as more Cu?* ions were loaded onto the IEFs.
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Chapter 6: Fibre contactor design

6.1 Introduction

This Chapter discusses the selection and design of a continuous IEF contactor. The
equilibrium data obtained in batch tests were used to determine the required adsorption
stages of the contactor. The U and the CT obtained from column tests were used to size the
proposed lab scale sorption pan of the contactor.

6.2 Choice of contactor(s)

Amongst the reviewed contactors compatible with IEFs, the belt and the table pan filter
model were found to have the potential for continuous and practical removal of copper from
dilute solutions. These systems can be designed to have simultaneous loading, elution and

rinsing.

A semi-batch belt contactor shown in Figure 6.1 below was considered for continuous metal
removal. The semi-batch belt contactor consists of a belt made of fibres which moves
through baths of solutions where loading, elution and rinsing occurs (Karlson, 1975). As
shown in Figure 6.1, there is at least more than 50% of the fibre belt that will not participate
in the ion exchange process at a time due to the arrangement. In addition, the system does not
operate in a counter current manner. The semi-batch belt contactor is also not continuous due
to the necessity to halt operation during replacement of solutions in the baths. Furthermore, it
is believed that the arrangement does not favour high mass transfer rates. Due to these
reasons and many others, the semi-batch belt contactor was disregarded as it is inefficient

and impractical.
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Continuous ion
exchange fibre belt

Direction of belt movement

loading stripping rinsing

Figure 6. 1: Semi-batch belt contactor.

The horizontal moving belt contactor shown in Figure 6.2 below appears to have a realistic
potential to operate continuously with loading, elution and rinsing occurring simultaneously
(Muendel and Selke, 1955; Phelps and Ruthven, 2002; Brandani et al., 1999). The advantage
of this arrangement is the ability to operate in a counter-current manner which increases ion
exchange reaction rates. However, half of the belt will not be utilized for ion exchange
operation in the arrangement of the horizontal belt as shown in Figure 6.2. This may result in

increased cost associated with IEFs.

Continuous ion Feed solution
exchange fibre belt l l l Acid water

Conce#trated

Cu solution

Direction of belt movement

Figure 6. 2: Horizontal moving belt fibre contactor.

As an improvement to the above horizontal moving belt, it was proposed that elution and
rinsing be conducted at the bottom section of the belt to maximize usage of the belt. Figure
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6.3 below shows the improved horizontal belt contactor. As shown in Figure 6.3, the
configuration necessitates operation between top and bottom part of the belt. However,
processing on both sections (top and bottom) of the belt may result in a complex mechanical
and/or physical arrangement of the system. The complexity in the moving belt contactor is
due to the suctions required underneath the top and bottom sections as well as the

introduction of rinsing and stripping solutions between the sections.

Continuous ion Feed solution

exchange fibre belt

Barren solution Acid
1 water

-~ NN N ]
) — 1
Direction of belt movement Concentrated
Cu solution

Figure 6. 3: Improved horizontal moving belt fibre contactor.

A continuous table pan ‘filter' model normally used for solid-liquid separation in the
phosphonic industry may be used for ion exchange purposes. The table pan filter consist of
pans which are fitted with cloth through which solids are retained as liquid passes through
thereby achieving separation (Wakeman and Wei, 1995; Nair, 2006). The IEFs can be
embodied in the place of filter cloth through which feed can be passed for treatment
purposes. The configuration of the table pan fibre contactor is shown in Figure 6.4 below.
The contactor consists of sections containing IEFs with a vacuum created underneath to
ensure that the solution passes through the IEFs. An advantage of the table pan ‘filter’ model
is that the IEFs in various forms can be embodied into the sections. Thus, the table pan

“filter’ model was regarded as the favourable contactor for IEFs.
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Figure 6. 4: Table pan fibre contactor.

6.3 Adsorption stages

The theoretical number of stages required to reduce feed concentration to 1.5 mg/L were
determined using graphical techniques presented by Sherry (1993). As shown in Section 4.4,
the Temkin model was found to best describe the equilibrium relationship between Cu in
solid and liquid phase. Therefore, the Temkin isotherm model was used to plot the

equilibrium curve. Material balance of Cu was used to determine the operating line. The

Temkin isotherm and operating line equations are shown below as Equation 6.1 and 6.2,
respectively (see detailed derivations of the two equations in Appendix D). The slope of the
operating line is obtained as the ratio of the total cationic equivalence of the feed solution and
the total cationic capacity (119 mg/g) of the IEFs. The operating line passes through the feed

concentration and maximum loading obtained experimentally, respectively.

g, =0.486C, —1.740

g, = RT/bIn (AC,

6.1

(6.2)
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Where: R = 8.314 Pam® mol! K
T=298 K
b =384.11 Pam® mol* mg? g

A =97.864 L/mg

The theoretical number of stages required to produce a barren solution containing Cu?* ions
at a concentration of 1.5 mg/L is shown in Figure 6.5. The required stages were determined
by the number of right angled triangles formed between the operating line and equilibrium
curve as shown in Figure 6.5. As shown in Figure 6.5, 3 adsorption stages are needed to
reduce feed concentration to 1.5 mg/L at most. The technique that was used is analogous to
the McCabe-Thiele method that is commonly used in liquid- liquid extraction, distillation,

etc., problems.

— Operating line

e Equilibrium curve

O T T T T T T 1
0 20 40 60 80 100 120 140

C. (mg/L)

Figure 6. 5: Graphical representation of the number of theoretical adsorption stages
required to produce a barren solution.
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As stated above, a continuous ion exchange sorption comprises of loading, elution and
rinsing. Kinetic tests (Chapter 4) showed that 80% loading occurs within the first hour of
contact. Therefore, it was assumed that 80% equilibrium will be attained during continuous
operation; therefore 4 actual adsorption stages are required. Contrary to loading, elution of
the loaded Cu?* ions was faster as observed in elution studies (Chapter 4). In addition, the
loaded IEFs were completely eluted with about 5 bed volumes of 2 M HCI in a single stage.
Therefore, two elution stages will be required to ensure that all ions loaded onto the IEFs are
eluted. The IEFs will be rinsed before and after the two elution stages to remove entrained
feed solution and acid solution, respectively. As a result, the total number of sorption
sections required is 8. A schematic diagram showing the top view of the sections required for
sorption is shown in Figure 6.6 below.

The operation of the table pan IEF contactor is similar to the cascade columns usually
referred to as the carousel system. However, the proposed IEF contactor will allow easy
packing of IEFs and limit number of control points required in the system since less
adsorption sections are required.
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Figure 6. 6: Schematic top view diagram of the I1EF contactor sections.
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The batch tests conducted showed that the elution and rinsing stages were faster than the
adsorption stage. Consequently, the duration of each cycle will depend on the residence time

required to reach maximum metal loading.

6.4 Design of IEF sorption pan

The scale-up design approach was used to transfer the ion exchange technology from fixed
bed columns to the proposed table pan IEF contactor. The design method by Gaikwad et al.
(2010) was incorporated into the scale-up method to determine some of the parameters. The
scale-up design approach developed by Fornwalt and Hutchins (1966) uses the U and t
obtained from column tests to size the desired contactor (Inglezakis, 2010; Inglezakis and
Poulopoulos, 2006). In this study, the U was defined as the ratio of feed flow rate to cross
sectional area of the column used in laboratory tests (Inglezakis, 2010; Inglezakis and
Poulopoulos, 2006). The T was defined as the quotient of the IEF bed volume and the feed
flow rate (Inglezakis, 2010; Inglezakis and Poulopoulos, 2006). The mass transfer
characteristics obtained in column tests can be obtained in the table pan IEF contactor
provided that the U and t are kept constant (Inglezakis, 2010; Inglezakis and Poulopoulos,
2006). The parameters of the proposed sorption pan are listed in Table 6.1 below. Detailed

calculations for determining parameters of the sorption pan are provided in Appendix D.
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Table 6. 1: IEF contactor specifications*

Parameters

Pbpacking (9/cM?) 0.16
Acontactor (CM?) 18.86
0 45°
r (cm) 4
R (cm) 8.00
R-r (cm) 4.00
Vhed (cm?3) 198.00
hped (CM) 10.5
Hecontactor (CM) 12.5
V contactor (cm3) 235.72
MIEFs (g) 31.36
ge (mg Cu/g IEF) 74.51
threakthrough (MiN) 188
Vpreakthrough (ML) 18400
Veluent (ML) 1286
Vrinse water (ML) 1470

*Detailed calculations are provided in Appendix D.

6.5 Mechanical design of IEF pan

The pressure drop in packed IEFs must not be more than 20 kPa, therefore, the bed height

must not exceed 20 cm as recommended in practice (Kosandrovich and Soldatov, 2012).

Clear polyvinyl chloride (PVC) was selected as material for construction of the IEF pan.
Clear PVC is cost effective, corrosion resistant and can withstand temperatures of up to 60
°C. This material of construction will ensure that contactor is always operated within the
operating temperature range of the IEFs. The working temperature range for the selected
IEFs is 0 to 80°C.
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The IEFs packing on the contactor will be supported by a 45 micron screen so that they are
not washed out of the pan. The screen placed to prevent IEFs from being washed out will be
supported by the bottom closure of the pan discussed in the next paragraph. A 45 micron
screen will also be placed inside the top closure to prevent any particles from clogging the
IEF packing. A porous piston with screen size of 45 microns may be used to set the bed
height to various values when required (Soldatov et al., 1999) or alternatively an inert and

porous cotton wool.

The top part of the contactor was designed to have a flanged opening connected to a threaded
cap that allows connection with tubing. The flanged opening will also easy opening in case
the packed IEFs need to be replaced. The bottom part was designed to be conical to ensure
the treated solutions exit the contactor. Moreover, the bottom part was also designed to have
a valve for controlling liquid outflow and consequently the liquid level on top of the packed

IEFs. The mechanical diagram of the designed contactor segment is shown in Figure 6.7.

e

A\

> 12.5cm

Figure 6.7: Mechanical design diagram of the IEF sorption sector.
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6.6 Summary

A rotating contactor similar to the table pan ‘filter’ model was selected for continuous ion
exchange sorption characterized with simultaneous loading, rinsing and elution. The number
of equilibrium adsorption stages was determined. A lab scale sorption sector of the contactor
was sized and a mechanical diagram was provided. Although the IEF contactor will operate
continuously, it will rotate once per cycle which has a duration equivalent to the
breakthrough time. Each rotation cycle will shift the sorption sectors to the position of the

subsequent sorption sectors with respect to the selected direction of rotation.
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Chapter 7: Contactor testing

7.1 Introduction

The IEFs contactor pan designed in Chapter 6 was constructed and tested in this study.
Fabrication of the contactor was conducted at Mintek, (South Africa). The designed contactor
operates similarly to ion exchange columns. However, the designed contactor has a different
shape from columns which allows it to be compatible with continuous structure of table pan

“filter’ model as discussed in Chapter 6.

In this study, the contactor pan was tested by passing feed solution through the packed IEFs.
After loading of Cu?* ions, the IEFs were eluted using acid thereby generating the elution
profile of the contactor. The tests conducted included comparison of the effect of density in

the designed contactor.

The determination of the adsorption mechanisms is imperative. An understanding of the
adsorption mechanisms allows one to select the most suitable model for describing the
process. Therefore, the Thomas, Yoon-Nelson and Adam’s Bohart models were also fitted

onto the breakthrough profile of the contactor.

7.2 Materials and Methods

7.2.1 Material acquisition, fibre and reagent preparation
The material acquisition was done as described in Section 3.2, Chapter 3. The IEFs were
prepared by contacting with acid as described in Section 3.3 and the feed solution composed

of 2mM Cu?* ions was prepared from CuSOs as stated in Section 3.4 (Chapter 3).

7.2.2 Experimental set up

The manufactured IEF contactor was packed with 31.36 g of IEFs such that the packing
density was 0.16 g/cm®. Packing density of 0.16 g/cm?®corresponds to the packing density in
column tests with an optimum breakthrough time. The contactor was configured vertically by
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clamping it on a stand. The solution was pumped from the tank downwards into the contactor
using a peristaltic pump. As stated in Chapter 3, downward flow is often employed in ion
exchange columns for both loading and elution. The feed solution in the beaker was
continuously mixed using an electric stirrer connected to an impeller. The effluent solution
from the column was collected into a graduated cylinder. A schematic sketch of the
experimental set up is provided in Figure 7.1 below. The actual image of the contactor is

given in Figure E.1 found in Appendix E.

- Overhead
L IEFs Feed O [Sstirrer

| contactor pan solution C
[~ Bed of IEFs

|
< Impeller

| Volumetric
cylinder

y

Peristaltic
pump

>
\ /

Figure 7. 1: Schematic presentation of the experimental set up for contactor testing.

7.2.3 Experimental procedure

The breakthrough profile of Cu on the IEFs packed bed in the designed table pan contactor
was generated by passing feed solution containing 127 mg/L of Cu through the bed. Results
from column breakthrough tests (Chapter 5), indicated that u of 5.2 cm/min prolongs the
breakthrough time. Therefore, the feed solution was pumped at a flow rate of 98 mL/min so
that u of 5.2 cm/min could be attained within the contactor. Feed solution volume of 30 L

was passed through the contactor. Samples were collected consecutively after passing 2 L of
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feed solution through the IEFs and time taken to collect 2 L was measured and recorded. The

samples were then analysed for the concentration of Cu?* ions using an AAS.

Prior to regeneration of IEFs, 2 L of deionised water was passed through the contactor pan to

remove any entrained feed solution within the IEFs bed.

Similar to column tests, the washed IEFs bed was then regenerated by 2 M of HCI. The HCI
acid solution of volume of about 1280 mL was passed through the Cu loaded bed of IEFs at
98 mL/min in order to maintain the u of 5.2 cm/min. Samples were collected after contacting
the loaded bed with 160 mL of acid. The time taken to pass 160 mL of solution
(consecutively) was noted and samples were analysed for Cu?* ions.

Similar to column tests, the IEFs bed was then washed with 2L of deionised water so as to
remove any entrained acid. The deionised water was passed at a flow rate of 98 mL/min. The

experiment was replicated 3 times to check reproducibility of the results.

7.3 Results and discussions

For the results discussed in this section, reference should also be made to Appendix E. Please
note that in this study, a bed volume is equivalent to the quotient of the volume of solution
treated and volume of the packed bed of IEFs. Bed volumes were used for comparing
performance of IEFs with the same packing density and volume was expressed in litres or
millilitres for comparing beds with different packing density as their bed volumes were not
the same.

7.3.1 Breakthrough profile of the IEFs table pan contactor

The breakthrough profile of Cu?* ions through the designed IEF contactor pan was generated
by passing through 124 bed volumes of 127 mg/L of Cu?* ions solution. Generally, as shown
in Figure 7.2, the breakthrough of Cu?* ions in the contactor increased as feed was
continuously passed through the bed of IEFs. As more feed solution was passed through the

bed of IEFs, the amount of ionised functional groups in H* form decreased and resulted in
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less Cu?* ions uptake from the feed solution (Helfferich, 1995). The breakthrough profile in
Figure 7.2 shows that Cu?* ions concentration was noticeable in the contactor effluent after
treating more than 30 bed volumes as compared to 60 bed volumes in the column. The figure
also shows that in the contactor 50 % breakthrough was reached after treating 60 bed
volumes as compared to about 100 bed volumes in the column. This was due to unequal
distribution of the feed solution within the contactor and consequently Cu?* ions escaped
through to the effluent as they continued contacting with functional groups which had

already loaded Cu?* ions.

Overall, the loading of Cu?* ions in the designed contactor was 45 mg/g of fibre as compared
to the 54 mg/g of fibre obtained in column tests at packing density of 0.16 g/cm®. Once more,
this was due to unequal distribution of the feed solution within the contactor pan and
consequently Cu?* jons escaped through to the effluent as the feed solution continued

contacting with functional groups which had already loaded Cu?* ions.
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Figure 7. 2: Breakthrough profile of the IEFs contactor and column at 0.16g/cm?.

7.3.2 Comparison of contactor and column packing density profile
The packing densities of the 1EFs in the contactor were set to 0.16, 0.28 and 0.37 g/cm?® to
compare with column test results (Chapter 5). The results that show the comparison of the
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contactor and column at packing densities of 0.16, 0.28 and 0.37 g/cm? are given in Figure
7.2, 7.3 and 7.4, respectively. Figure 2 shows that the 50% breakthrough of Cu?* ions for the
contactor with packing density of 0.16 g/cm?® occurred after treating 67 bed volumes of feed
solution as compared to 100 bed volumes which was treated using column. For packing
density of 0.28 g/cm®, 50% breakthrough of Cu?" ions for the contactor occurred after
treating 107 bed volumes of feed solution as compared to 150 bed volumes which was
treated using column (Figure 7.3). In other words, IEFs packed in the contactor treated less
amount of feed when compared with IEFs at the same density in columns. Once more, this
was attributed to the uneven feed distribution. Similar results were found when IEFs with
packing density of 0.37 g/cm? in the contactor were compared with IEFs in the column with

the same packing density (Figure 7.4).
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Figure 7. 3: Breakthrough profiles of the contactor and the column at 0.28g/cm?3.
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Figure 7. 4: Breakthrough profile of the contactor and column at 0.37g/cm?3.

7.3.3 Elution profile of the contactor

The IEFs packed into the contactor pan were eluted using 2 M HCI solution. The elution
profile of the contactor is shown in Figure 7.5. The IEFs were washed with deionised water
prior to elution, therefore, the effluent bed volume of 0.8 collected from the contactor in the
beginning during elution was the de-ionised water retained within the IEFs, and hence the
Cu?" ions concentration was zero. Cu?* ions reported in the effluent stream after passing
about 1.6 bed volumes of eluent. Figure 7.5 also shows that the concentration of Cu?* ions
reached 7 100 mg/L after passing about 1.6 bed volumes of eluent through the contactor and,
thereafter, the concentration decreased until it reached zero showing that Cu®* ions were
being eluted from the IEFs. The results in Figure 7.5 also show that about 4.1 bed volumes of

eluent were required for complete elution.
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Figure 7. 5: Regeneration profile of the I1EFs contactor.

7.3.4 Model fitting into the IEFs contactor pan

The Thomas, Yoon-Nelson and the Adams-Bohart model were fitted into the breakthrough
profile of the contactor as previously done for column breakthrough profiles. The designed
contactor has a different shape from the column; however, it was necessary to check whether

any of the models would predict the dynamic behaviour of the Cu?* ions loading onto the
IEFs.

The effluent Cu?* ions concentrations predicted by the three models are shown in Figure 7.6.
Both the Yoon-Nelson and Thomas model poorly predicted the effluent concentration.
Moreover, the Thomas model parameter, o (maximum Cu loading), was about 100 times
more than the maximum attainable loading (see Table 7.1) obtained in column tests.
Similarly, the Yoon-Nelson parameter, T (time required for 50% adsorbate breakthrough)
,was outside the experimental range (see Table 7.2). The Adam-Bohart model also poorly
predicted the effluent concentration with correlation coefficient (R?) of 0.52 as compared to
0.71 obtained for both Yoon-Nelson and Thomas model. In addition, the saturation
concentration (No) predicted by the Adam-Bohart model was more than 100 times of the

highest reachable concentration in the effluent stream as shown in Table 7.3.
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The poor predictions by the fitted models could be attributed to the shape of the contactor
pan. The models were developed using columns which differs from the shape of the designed
contactor pan (Nwabanne and Igbokwe, 2012; Kalavathy et al., 2010; Aksu and Gonen,
2004; Srivastava et al., 2008).
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Figure 7. 6: Plot of experimental Cu concentration and that predicted by the Thomas,
Yoon-Nelson and Adam's Bohart model versus time for the IEFs contactor.

Table 7. 1: Thomas model parameters for the IEFs contactor pan.
experimental go
(mg/g)
0.000214 69 70451.54 0.71

kT (mL/min mg) predicted go (Mg/g) R?

Table 7. 2: Yoon-Nelson model parameters for the IEFs contactor pan.

experimental range

. . 2
kvyn (1/min) T (min) of T (min) R
0.0269 188.31 130-152 0.71
Table 7. 3: Adam's Bohart model parameters for the IEFs contactor pan.
. Experimental No 2
kas (L/mg min) (mg/L) No (mg/L) R
0.000148 127 14917.93 0.52
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7.4 Summary

The study showed that the contactor was able to remove 45 mg of Cu?* ions/g of fibre from
the feed solution as compared to 54 mg Cu®* ions/g of fibre obtained in column tests.
Loading of Cu?* ions onto the designed table pan contactor was found to be lower due to the
higher cross sectional area which consequently resulted in uneven distribution. Similar to
column tests, the effect of packing density was also investigated and it was found that Cu®*
ions removal was high at low packing density. In contrast to column Cu breakthrough, the
Yoon-Nelson model was unable to predict the breakthrough of Cu?*ions in the designed IEF

contactor pan.
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Chapter 8: Conclusions and recommendations

8.1 Conclusions

8.1.1. Introduction

A review of the literature in this study has shown that amongst the traditional wastewater
treatment methods, ion exchange methods have been found to be very effective in removing
impurities from solutions. Undoubtedly, granular ion exchange beads are the most common
and widely used in ion exchange processes. However, another form of ion exchange
materials called IEFs have been found to be more effective than granular ion exchange beads
because they possess larger surface areas and shorter diffusion paths which improve the rate
of ion exchange. The main aim of this study was to develop a continuous ion exchange
contactor for Cu?* ions removal from dilute solutions using IEFs. The WHO recommended a
maximum concentration of Cu?* ions in portable water of 1.5 mg/L. It is, therefore, of
significant importance that Cu®* ions in industrial waste effluent streams is reduced to
minimal amounts. It is also worthwhile to minimise Cu?* ions in waste streams because of its
industrial importance. As a result, a contactor based on the table pan ‘filter’ model was
selected for continuous ion exchange sorption and is characterized with simultaneous
loading, elution and regeneration.

To develop the continuous IEFs contactor characterised with continuous and simultaneous

loading, elution and rinsing of Cu?* ions, the objectives of the study were defined as follows:-

X/
o

Determine whether the selected IEFs have a higher selectivity for Cu* ions.

¢ Establish equilibrium and kinetics of the selected IEFs.

++ Determine the required superficial velocity and contact time using columns for the

contactor design.

¢ Theoretically evaluate various designs of the horizontal ion exchange belts and other
compatible systems and select the most suitable one for this application.
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% Investigate the Cu?* ions loading and elution duties on IEFs packed in a column.

+«+ Design and test the sorption section of the selected IEFs contactor.

8.1.2. Batch tests
The batch tests conducted allowed establishment of the equilibrium and kinetic data for Cu?*
ions loading onto IEFs referred to as Fiban X-1. The tests also revealed the selectivity of the

IEFs in dilute solutions amongst metal ions namely, Cu?*, Co?*, Ni?*, Zn?*, Mn?* and Mg?".

Generally, the loading of the tested metal ions onto the IEFs used increased with an increase
in pH. This trend was attributed to an increase in ionization of weak acid functional group on
the IEFs which in turn increased the apparent loading capacity. The IEFs used were found to
have a higher selectivity for Cu?* ions in dilute solutions containing Cu?*, Co?*, Ni?*, Zn?*,
Mn?*, and Mg?*. The optimum operating pH was 3.0. From the conducted tests at pH 3.0,
there was minimal co-loading of the other metals while the loading of Cu?* ions was higher.
Therefore, the batch tests illustrated that the IEFs can selectively load Cu?* ions at lab scale

from dilute solutions containing other metals such as Co?*, Ni?*, Zn?*, Mn?* and Mg?*.

Maximum loading of Cu?* ions onto IEFs was 62 mg per gram of IEFs and it was obtained at
the optimum operating pH of 3.0. Amongst the fitted equilibrium models (linearised
equilibrium models of the Langmuir, Redlich-Peterson, Dubinin and Radushkevich,
Freundlich and Temkin equilibrium models), the equilibrium sorption was found to exhibit
the Temkin model behaviour. The Temkin model assumes that the heat of adsorption of all
Cu?* ions in the boundary layer decreases linearly rather than logarithmic with an increase in
surface area. Therefore, the IEFs used in this study can be effectively applied at ambient

temperatures by increasing their surface area which lowers the heat of adsorption.

The study found that the percentage of metal eluted from IEFs increased with an increase in
acid concentration. However, if large volumes of less concentrated acid solutions are used,

the same percentage of elution as the low volume of highly concentrated acid solution can be

91



achieved. Nevertheless, the use of less concentrated acid solutions at large volumes results in
dilute Cu?* ions effluent solutions. Therefore, the use of highly concentrated acid solution is
recommended. The kinetic behaviour of the system was best described using the pseudo-
second-order model which means that the ion exchange rate in this study was directly

proportional to the number of ionizable functional groups.

8.1.3. Choice of contactor type and column tests

A contactor based on the table pan “filter’ model was selected for continuous loading and
elution of Cu?* ions. This type of contactor allows IEFs basically in any form to be embodied
into the sections. Using the McCabe-Thiele technique and assuming that 80% equilibrium
will be attained during continuous operation, it was found that 4 actual loading stages were
required to reduce Cu?* ions concentration to levels below 1.5 mg/L. For the purposes of this

study, only a lab scale sorption section of the contactor was designed.

Initially, plastic columns packed with IEFs were used to test the feasibility of the proposed
IEF contactor. The results showed that the effluent Cu?* ions concentration decreased with a
decrease in bed packing density for the same amount of feed volume passed at constant flow
rate. Effluent Cu?* ions concentration was also found to decrease with a decrease in feed flow
rate for the same amount of volume that was passed through the IEF column at constant
packing density. The amount of Cu?* ions loaded onto the IEFs was higher at lower packing
densities and flow rates due to the increased contact duration. Longer contact durations
favoured Cu?* ions loading as more Cu?* ions ions were allowed to diffuse into the IEFs. The
maximum Cu?* ions loading attained was obtained at a packing density and flow rate of 0.16
g/cm? and 8 mL/min, respectively.

In this study, the loaded Cu?* ions were eluted with 2 M HCI. There was no significant
difference in elution rates for IEFs packed at various packing densities eluted at constant acid
flow rate. On the other hand, the elution rate increased with an increase in acid flow rate. The
same amount of acid volume was required to completely elute the loaded Cu?* ions from the

IEFs irrespective of packing density and acid flow rate.
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The Yoon-Nelson model was found to be the most suitable for describing the loading of Cu?*
ions onto IEFs packed in the column under the conditions in this study. Other models
considered were the Thomas model and the Adam-Bohart model. As stated in literature, the
Yoon-Nelson model assumes that the rate of decrease in the probability of loading of each
ion is proportional to the probability of ion loading and the probability of ion breakthrough
on IEFs. This means that the Cu?* ions removal decreased as more Cu?" ions were loaded
onto the IEFs.

8.1.4 Design of the table pan contactor

Data collected from column test results (i.e., superficial velocity and contact time at the
optimum flow rate (8mL/min) and packing density (0.16 g/cm?), respectively) was used to
size the proposed contactor pan. The scale up approach technique was followed in

determining the dimensions of the contactor pan.

The dimensions of the contactor were as follows: the height of the contactor was 12.5 cm; the
height of the IEFs bed was 10.5 cm with packing density of 0.16 g/cm?; the inner and outer
radius were 4 and cm, respectively; the volume of the contactor and the IEFs bed were 235

and 198 cm?, respectively.

8.1.5 Contactor testing

The study showed that the contactor was able to remove 45 mg of Cu?* ions/g of fibre from
the feed solution as compared to 54 mg Cu?* ions/g of fibre obtained in column tests.
Loading of Cu?* ions onto the designed contactor pan was found to be low due to the higher
cross sectional area which consequently resulted in uneven distribution. The IEFs loaded
with Cu?* ions were successfully eluted with 4.1 bed volumes of 2 M HCI as compared to the
4.8 bed volumes which was required to completely elute the entire loaded Cu?* ions in the
column. While the loading of Cu?* ions was low, the designed contactor is promising as it
was able to remove Cu?* ions from the feed solution and the IEFs could be completely eluted
for reuse. In contrast to column Cu breakthrough results, the Yoon-Nelson model was unable

to predict the breakthrough of Cu?* ions in the designed IEF contactor pan.

93



8.2 Recommendations

From the findings in the study and for further development of the IEF contactor, the

following recommendations are proposed.

Batch tests

The batch tests conducted in this study only investigated the equilibrium and kinetic
behaviour for dilute solutions comprised of solely Cu?* ions. Further studies can be focused
on investigating the equilibrium and kinetic behaviour for multi-component dilute solutions.
The results from the multi-component studies can then be used to design IEFs contactors

which can effectively treat multi-component waste streams.

Contactor design and testing

The results obtained from testing the designed contactor showed that the IEFs arranged as in
the proposed contactor can be effectively used for Cu?* ions loading provided that the feed is
evenly distributed. However, loading of Cu?* ions using the proposed contactor as tested in
this study was demonstrated at lab scale. It is, therefore, suggested that scale-up studies be
conducted to investigate the effectiveness of the contactor at a larger scale. Once the scale-up
studies demonstrate that the IEF contactor is effective at large scale, mathematical and linear
driving force (LDF) models which will allow simulations to be carried out must be fitted into
the data. Moreover, mathematical and LDF models may be derived to account for the shape
of the designed contactor. The model that best describes the process at large scale can also be
used for process optimization and optimal large scale design. In addition, the most suitable
model will also be used for economic evaluation of the ion exchange sorption process at
large scale. This approach will minimise costs as the actual large scale contactor will be

manufactured once the design has been tested with experiments simulating its operation.

It is also suggested that the design of the contactor should include a feed distributor to

prevent uneven distribution of solution to be treated.
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Appendix A

Solution preparation

The synthetic solution containing equimolar ions of Cu, Co, Ni, Zn, Mn and Mg at 2mM was
prepared from sulphate salts of the metals stated above. Table A.1 below shows the mass of
each sulphate salt used to prepare 2 L of the multi-component solution.

Table A. 1: Mass of sulphate salts used to prepare the multicomponent solution.

Mass of Mass of Actual salt
element  Mass % of salt mass Amount
required elementin required Assay of required of metal
Element (9) the salt (9) salt (g) (9) in ppm
Ni 0.235 0.223 1.051 0.990 1.062 117
Co 0.236 0.210 1.124 0.975 1.153 118
Zn 0.262 0.227 1.150 1.015 1.133 131
Mg 0.097 0.202 0.481 0.660 0.730 49
Mn 0.220 0.325 0.676 0.990 0.683 110
Cu 0.254 0.254 0.999 0.998 1.001 127

Caustic soda (NaOH) was used as a pH adjusting agent and was added when the pH needed
to be increased. A solution of NaOH at 1 M was prepared from NaOH pellets of assay 98%.
Table A.2 shows the mass of pellets required to prepare 1 L of 1 M NaOH.

Table A. 2: Mass of NaOH pellets required to prepare 1L of 1 M NaOH.

Concentration desired mass Salt mass
desired (M) Volume (L) MW required (g) Assay required (Q)
NaOH 1.00 1.00 40.00 40.00 0.98 40.80
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Sulphuric acid (H2SO4) was also used as a pH adjusting agent. It was added when the pH
needed to be increased and it was prepared from the 98% H>SOs solution. Table A.3 contains

summary of calculations for preparing 1 L of 1 M H2SOs.

Table A. 3: Volume of 98% sulphuric acid required to prepare 2 M sulphuric acid.

amount volume % of volume  density of volume

desired desired  acid in of mixture  concentration required

(M) (L) solution  mixture (g/mL) of mix (M) (mL)
1.00 1.00 98.00 2.50 1.84 18.38 54.40

Hydrochloric acid (HCI) was prepared to be used for elution purposes. A solution of 2 M
HCI was prepared from 37% HCI solution. Table A.4 below summarises the calculations for

preparations and lists the volume require to prepare 2 L 2 M HCI.

Table A. 4: Volume of 37% HCI solution required to prepare 2 L of 2 M HCI.

% of density of volume
concentration acidin  volume of mixture Concentrationn  required
desired (M)  solution  mixture (g/mL) of mixture (M) (mL)

2.00 37.00 20.00 1.19 12.06 331.60

IEFs preparations

lon exchange fibres (IEFs) were converted to H* form by contacting with 1 M sulphuric acid.
Acid that was 10 times the volume of IEFs was contacted with IEFs in a sealed bottle and
was mixed by rolling on rollers for 2 hours. After 2 hours of contact, IEFs were separated
from acid by vacuum filtration. The IEFs were then washed with de-ionized water to remove
entrained acid. Thereafter, the IEFs were left to dry in air for 24 hours. Table A.5 below

shows the mass of IEFs and volume of acid contacted to convert the IEFs to H*.

Table A. 5: Mass of IEFs and acid volume contacted for conversion.

Mass of Volume of Volume of
IEFs (9) IEFs (L) acid (L)

17 0.2 2
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Analysis

Analysis of samples for Cu®* ions and other metal ions was done using AAS (Varian,
SpectrAA 220 Fast Sequential). The AAS measures the amount of light absorbed by the
atoms in the excited state and in this way the concentration of samples referred to as analyte
was determined. A certain amount of light absorbed by atoms corresponds to a specific
concentration of elements. The mass extracted based on adsorption was calculated using the
concentration of barren solutions and the wash water used to wash the loaded IEFs.

Standard solutions containing Zn?*, Cu?*, Co?*, Ni?*, Mg?* and Mn?* jons at 1.6, 8, 12, 12,
20 and 60 mg/L were used to calibrate the AAS. Samples collected from the experiments
were diluted 5, 10 and 20 times with 4% HNOz3. The diluted samples were aspirated to the
atomizer using the embedded pump in the AAS machine. When the samples were atomized,
the lamps for Cu?*, Co?*, Ni?*, Zn?*, Mn?" and Mg?* passed light through the atomized
sample from which the concentration of each metal was determined depending on the amount
of light absorbed. The volumes and concentrations of feed, barren solution and wash water
were substituted into Equation (A. 1) to determine percentage loading or extraction based on

adsorption.

Mfeed—Mparren—Mwash (100%)
Mreed

mass % extraction =

_ eredcfeed_Vbarrencbarren_Vwashcwash (100%) (A 2)
eredcfeed '

Where Myeq is the mass of Cu?* ions in feed solution; Muaren is the mass of Cu?* ions in
treated feed solution; mwash is the mass of Cu?* ions in wash water from washing the loaded
IEFs. Vteed and Creeq are the feed volume and feed concentration of ions; Viarren and Charren are
the barren volume and barren concentration of ions; and Vwash and Cwash are the wash volume

and concentration of ions in the wash water.
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The atomic absorption spectroscopy machine that was used for analysis is shown in Figure
Al

varian

Figure A. 1: Image of the atomic absorption spectroscopy used for sample analysis.
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Appendix B

Multicomponent batch tests

Table B. 1: Data for multicomponent batch test.

fibre filtrate NaOH  H»SOs; Desired
mass, Voume, Final Volume Volume acid Concentrated
pH (9) (mL) pH (mL) mL (mL)  Eluent (mL)
1.5 2 100 1.5 - 4.60 200 180
2.0 2 100 2.0 - 2.20 200 181
2.5 2 100 2.5 - 0.50 200 185
3.0 2 100 3.0 - - 200 183
3.5 2 100 3.5 2.10 - 200 192
4.0 2 100 4.1 6.70 - 200 194
4.5 2 100 45 8.00 - 200 192
5.0 2 100 5.1 8.30 - 200 188

Table B. 2: Concentration of metals in barren solutions (mg/L).

Final pH Cu Co Ni Zn Mn Mg
Feed 128.96 154.40 153.20 130.76 129.52 56.32
1.5 73.69 148.20 149.60 108.04 129.56 53.68
2.0 30.47 138.20 152.60 97.54 124.78 50.92
2.5 25.64 128.80 140.80 78.41 118.58 48.84
3.0 10.67 131.60 146.40 78.66 110.66 53.60
3.5 4.96 143.40 130.40 56.87 97.68 50.74
4.1 3.61 117.20 125.60 44,91 85.00 51.44
4.5 1.86 82.60 101.80 23.65 53.46 48.36
5.1 0.85 37.60 61.00 19.28 14.10 38.36
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Table B. 3: Metal concentrations in eluents corresponding to barrens at various pHs

(mg/L).
pH Cu Co Ni Zn Mn Mg
1.5 26.40 0.51 0.82 2.61 0.87 2.92
2.0 42.12 1.85 2.07 5.20 2.39 3.42
2.5 45.50 3.16 3.15 7.34 4.85 3.40
3.0 51.50 6.29 5.86 8.53 9.37 3.50
35 56.20 14.50 13.18 10.20 18.84 3.80
4.1 58.80 20.50 18.2 9.69 23.1 5.13
4.5 56.00 27.90 27.10 12.29 35.1 6.69
5.1 53.40 43.20 42.90 15.18 49.62 12.05
Table B. 4: Extraction % based on adsorption.
pH Cu Co Ni Zn Mn Mg
1.5 42.86 4.02 2.35 17.38 -0.03 4.69
2.0 76.37 10.49 0.39 25.41 3.66 9.59
2.5 80.12 16.58 8.09 40.04 8.45 13.28
3.0 91.72 14.77 4.44 39.84 14.56 4.83
3.5 96.15 7.12 14.88 56.51 24.58 9.91
4.1 97.20 24.09 18.02 65.65 34.37 8.66
4.5 98.56 46.50 33.55 81.91 58.72 14.13
5.11 99.34 75.65 60.18 85.26 89.11 31.89
Table B. 5: Mass accountability in mass %.
pH Cu Co Ni Zn Mn Mg
1.5 93.99 96.57 98.61 86.22 101.24 104.63
2.0 82.74 91.67 102.05 81.79 99.68 101.39
2.5 84.98 87.20 95.70 70.31 98.46 97.86
3.0 81.36 92.69 102.56 72.10 98.67 106.53
3.5 87.52 110.91 101.64 58.47 103.35 103.05
4.1 91.26 101.66 105.03 48.72 100.23 109.01
45 84.81 88.19 100.41 36.14 93.31 108.67
51 7851 76.95 92.46 36.57 82.91 108.33
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Maximum loading tests

Table B. 6: Solution volumes and Cu concentration for Maximum loading test.

Solution volume (mL)  Cu concentration (mg/L) mass (mg)
Feed 1800 122.1 219.78
Barren 1782 111.6 198.8712
Barren wash 222 9.72 2.15784
Eluent 95 308 29.26
Eluent wash 100 17.4 1.74
Table B. 7: Maximum loading test results.
Mass of IEFs used (g) 0.5
maximum loading mg/g elution based 62.0
max loading mg/g adsorption based 37.5
Averaged loading mg/g 49.8
Accountability % 105.6
soln vol/fibre (g/g) 3600
Equilibrium tests
Table B. 8: Data for equilibrium tests.
Cu mass
solution  feed  Cu mass of solution Filtrate Eluent
volume  conc insoln  fibre tofibre filtrate  wash Eluent wash
(mL) (mg/L) (mg) (9) ratio (mL) (mL) (mL) (mL)
200 127 25 1.0 200 168 107 97 102
300 127 38 0.5 600 240 110 94 100
400 127 51 0.5 800 335 100 94 104
600 127 76 0.5 1200 530 99 93 102
1000 127 127 0.5 2000 930 222 95 105
1800 127 220 0.5 3600 1782 99 95 103
2000 127 254 0.5 4000 1940 98 97 104
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Table B. 9: Concentration of Cu in solutions for equilibrium tests (mg/L)

ratio Barren Eluent
solution/fibre Barren wash Eluent wash
200 0.36 0.20 220.80 23.20
600 37.90 4,54 250.20 13.65
800 58.20 3.46 274.50 13.80
1200 81.00 5.43 289.50 15.30
2000 95.60 7.73 294.50 15.75
3600 111.20 9.72 308.00 17.40
4000 113.40 7.29 306.00 14.25

Table B. 10: Mass Cu in various solutions and accountability for batch tests (mg).

ratio Barren Eluent mg Cu/g Mass %
solution/fibre Barren wash Eluent wash IEF Accountability

200 0.060 0.021 21.42 2.37 23.8 97
600 9.096 0.499 23.52 1.37 49.8 90
800 19.497 0.346 25.80 1.44 54.5 93
1200 42.930 0.538 26.92 1.56 57.0 94
2000 88.908 1.716 27.98 1.65 59.3 95
3600 198.158 0.962 29.26 1.79 62.1 105
4000 219.996 0.714 29.68 1.48 62.3 99

Freundlich model fit

Equation B.1 below is the linearized Freundlich model.

logge=logK g +1/nlogC, B.

1

The values of Kr and n are determined from the intercept and slope of the plot logge and

logCe respectively. The plot logge and logCe is shown in Figure B.1 below.

K. =10%7° =1.81x107°

n=6.0448
R=8.314
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Figure B. 1: Linearized Freundlich isotherm model fit into experimental data.

Langmuir model

Equation B.2 below is the linearized Langmuir model.
1/qe:1/Q0+1/(bQOCe) B.2

The values of Qo and b can be calculated from the slopes and intercepts of the Langmuir
plots respectively. The linear plots of 1/ge versus 1/Ccis shown in Figure B.2.

Q, =1/0.174=57.47

b=1/(0.0089x57.47) =1.955
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Figure B. 2:Linearized Langmuir isotherm model fit into experimental data.

Temkin

Equation B.3 is the Temkin model.

g = RT/bn A+RT/bIn Ce B. 3

The constants A and b are determined from linear plots of ge versus log Ce shown in Figure
B.3 below.

T =298K
R=8.314
b=(8.314x298)/6.4502 =384.11

A= e(384.11><29.565)/(8.314><298) — 97 86
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Figure B. 3: Linearized Temkin isotherm model fit into experimental data.

Dubinin & Radushkevich

Dubinin & Radushkevich model is shown in linearized form as equation B.4.
Ingg=Ingg—Bs? B. 4

The constants B and gs were determined from the y-intercept and slope of the plot of Inge

versus &2 (Figure B.4).

B=-8x10°

g, =e**** =57.32
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Figure B. 4: Linearized Dubinin and Radushkevich isotherm model fit into
experimental data.

Redlich and Peterson

The Redlich-Peterson model is shown below as equation B.5.

Ce/qezll(KR)+aR/(KR)c§ B.5
p=05
Kg =3.54x10%

ay =5.46x10°

Plotting the Ce/qe of Equation 2-3 against CP; to obtain the isotherm constants is impossible
due to the three unknowns, aR, KR and 3. A minimization procedure is therefore adopted to
solve the above equation by maximizing the correlation coefficient between the theoretical
data for ge predicted from the above equation and the experimental data (Rengaraj et al.,
2007).

Equation B.6 below was used to determine the values for KR and aR by minimising the error

between the experimental equilibrium loading and that calculated using equation B.6.
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Figure B. 5: Linearised Redlich-Peterson isotherm fit into experimental data.

Table B. 11: Experimental and predicted equilibrium loading by equilibrium models.

Redlich- Dubinin &

Experimental ~ Peterson  Freundlich  Langmuir  Radushkevich Temkin
23.78 3.89 0.00 23.74 136.47 22.98
49.77 39.93 6.31 56.71 57.34 53.01
54.48 49.48 84.33 56.97 57.33 55.78
56.97 58.37 622.03 57.11 57.32 57.91
59.26 63.41 1693.84 57.17 57.32 58.98
62.10 68.39 4223.71 57.21 57.32 59.95
62.33 69.06 4754.72 57.21 57.32 60.08
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Elution tests

Table B. 12: Data for elution tests.

Barren Barren wash Eluent
volume volume volume Eluent Wash
feed (mL) (mL) (mL) (mL) volume (mL)
200 165 102 93 100
200 167 106 95 105
200 168 100 95 102
200 170 102 94 103
200 168 107 97 102

Table B. 13: Cu analysis concentration (mg/L) results for various solutions during strip
tests.

Eluent
Barren Barren wash Eluent wash
0.32 0 1458 32.8
0.29 0.04 151.6 27.7
0.2 0.04 193.8 23.4
0.11 0.03 192.3 26.8
0.36 0.2 220.8 23.2

Table B. 14: Elution % with different HCL concentration.

mass loaded mass eluted
HCI (M) (mg/g) (mg) % mass eluted
0.1 19.5 6.2 31.7
0.5 19.3 6.5 33.8
1.0 19.1 7.9 41.4
15 19.0 7.9 41.5
2.0 18.6 9.3 50.1

Kinetics tests

A mass of 2 g IEFs was used for kinetics tests. The IEFs were contacted with synthetic Cu
solution (800mL) at 127 mg/L in batch system. Samples were taken for Cu analysis at

various time intervals.
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Table B. 15: Data and Cu analysis for kinetics tests.

Cu conc
vol (mL) (mg/L) mass (mg)

0.08 5 52.2 0.26
0.17 5 51.8 0.26
0.25 5 43 0.22
0.33 5 334 0.17
0.50 5 31 0.16
0.67 5 25.5 0.13
0.83 5 24.4 0.12
1.00 5 25.2 0.13
2.00 5 17.1 0.09
3.00 5 18 0.09
4.00 5 14 0.07
8.00 5 12 0.06
10.00 5 1.09 0.01
24.00 700 0.35 0.25
Barren wash 315 0 0.00
Eluent 190 435 82.65
Eluent wash 95 9.81 0.93

Equation B.7 was used to calculate loading percentage. The results obtained are contained in
Table B.14.

C.q—C
loading% = —= ' x100 B.7

feed ~ “e
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Table B. 16: Loading percentage at various time intervals.

Time (hrs) Concentration (mg/L) loading %
0 127 0
0.08 52.2 59
0.17 51.8 59
0.25 43 66
0.33 334 74
0.50 31 76
0.67 255 80
0.83 24.4 81
1.00 25.2 80
2.00 17.1 87
3.00 18 86
4.00 14 89
8.00 9 93
10.00 1.09 99
24.00 0.19 100

Pseudo-first-order

The linearized pseudo-first-order model is shown as equation B.8.

log(dp—dt) =109(qe) —k1t/2.303

B.8

The values of k1 and ge were obtained from slope and y-intercept of the plot of loq(qge-r)

versus time shown in Figure B.6.

k, =2.303x0.0722=0.167

g, =10*% =896.40

122



y =-0,0722x + 2,9525
R%?=0,5729
* Pseudo-first-order

0 4 8 12 16 20 24
time (hrs)

Figure B. 6: Pseudo-first-order model fit on the Kinetics experimental results.

Pseudo-second-order

The linearized pseudo-second-order model is shown as equation B.9.
t/qtzll(k2q§)+t/qe B.9

The values of k2 and ge were obtained from slope and y-intercept of the plot of t/q: versus
time shown in Figure B.7.

q, =1/0.02=50.8

k, =1/(0.049%x50.8%) =0.0792

2
e B. 10

rate = 0.0792 x50.8% = 204

rate = k2

123



y =0,0197x + 0,0049
R?=0,9989

* Pseudo-second-order

t/q,

24

time (hrs)

Figure B. 7: Pseudo-second-order model fit on the kinetics experimental results.

Elovich model

Elovich model is represented as equation B.11 below.

o, =1/ fIn(ep) +1/ Blnt B. 11

The values of a and 8 were obtained from y-intercept and slope of the plot of g: versus Int
shown in Figure B.8.

L =1/3.807 =0.263

a =1/0.263e%234009 —1 43%x10°
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y = 3,8069x + 40,094
R*=0,9399

¢ Elovich equation

Figure B. 8: Elovich model fit on the kinetics experimental results.

The data that was used to plot the linearized pseudo-first-order, pseudo-second-order and the
Elovich models is provided in Table B.15.

Table B. 17: Calculated data used for plots.

t qt In(ge-qt)  t/qt Int t05
0.0 0 4.020 0.005 Ln(0) 0.00
0.1 29.92 3.249 0.003 -2.48491 0.29
0.2 30.08 3.243 0.006 -1.79176 0.41
0.3 33.6 3.095 0.007 -1.38629  0.50
0.3 37.44 2.904 0.009 -1.09861 0.58
0.5 38.4 2.850 0.013 -0.69315 0.71
0.7 40.6 2.714 0.016  -0.40547 0.82
0.8 41.04 2.684 0.020 -0.18232 0.91
1.0 40.72 2.706 0.025 0 1.00
2.0 43.96 2.462 0.045 0.693147 141
3.0 43.6 2.492 0.069 1.098612 1.73
4.0 45.2 2.350 0.088 1.386294  2.00
8.0 46 2.271 0.174 2.079442  2.83
10.0 50.364 1.673 0.199 2302585 3.16
24.0 50.66 1.615 0.474 3.178054  4.90
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The loading % predicted by the kinetic models namely the pseudo-first-order, pseudo-
second-order and the Elovich models are provided below in Table B.16 together with the

loading % obtained experimentally.

Table B. 18: Comparison of experimental loading % with the predicted loading % from
kinetic models.

experimental  Pseudo-first-order  Pseudo-second-order  Elovich

0 0 0 0
59 1 25 59
59 3 40 64
66 4 50 67
74 5 57 69
76 8 67 72
80 10 73 74
81 13 77 75
80 15 80 77
87 28 89 82
86 39 92 85
89 49 94 87
93 74 97 92
99 81 98 94

100 98 99 100
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Appendix C

a8 W | N3 Loaded
Feed Peristaltic |[g L ’ IEFs
solution pump L of 1Ly | : k
W% - | Measuring

= IEF column -~

Figure C. 2: Column with fibres loaded with Cu as indicated the blue colour.

127



Table C. 1: Loading Run 1 data for bed packing density and flow rate of 0.16 g/cm? and
8 mL/min.

Volume Cum Vol time (min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
252 252 31.00 31.00 0.00
250 502 32.33 63.33 0.00
250 752 31.87 95.20 0.00
250 1002 31.80 127.00 7.52
250 1252 32.68 159.68 24.9
250 1502 33.08 192.77 52.1
250 1752 30.22 222.98 77.6
250 2002 31.92 254.90 92.6

Table C. 2: Loading Run 2 data for bed packing density and flow rate of 0.16 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 31.67 31.67 0.00
250 500 31.90 63.57 0.00
250 750 32.57 96.13 0.00
250 1000 32.38 128.52 4.73
250 1250 33.03 161.55 22.60
250 1500 32.85 194.40 47.00
250 1750 32.00 226.40 73.80
250 2000 31.23 257.63 98.00

Table C. 3: Loading Run 3 data for bed packing density and flow rate of 0.16 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 30.58 30.58 0.00
250 500 31.63 62.22 0.00
250 750 31.47 93.68 0.05
250 1000 32.22 125.90 7.43
250 1250 31.38 157.28 24.40
250 1500 32.65 189.93 55.40
250 1750 31.65 221.58 76.40
250 2000 30.55 252.13 95.40
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Table C. 4: Averaged raw data for bed packing density and flow rate of 0.16 g/cm?® and
8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
250.67 31.08 0.00
500.67 63.04 0.00
750.67 95.01 0.02
1000.67 127.14 6.56
1250.67 159.51 23.97
1500.67 192.37 51.50
1750.67 223.66 75.93
2000.67 254.89 95.33

Table C. 5: Loading Run 1 data for bed packing density and flow rate of 0.20 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 29.25 29.25 0.00
250 500 31.78 61.03 0.00
250 750 31.32 92.35 0.05
250 1000 31.80 124.15 8.20
250 1250 31.32 155.47 27.90
250 1500 31.75 187.22 58.40
250 1750 30.92 218.13 80.20
250 2000 31.00 249.13 97.20

Table C. 6: Loading Run 2 data for bed packing density and flow rate of 0.20 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 32.02 32.02 0.00
250 500 31.67 63.68 0.00
250 750 32.13 95.82 0.90
250 1000 31.75 127.57 7.80
250 1250 32.23 159.80 25.60
250 1500 31.88 191.68 54.80
250 1750 31.67 223.35 77.40
250 2000 30.98 254.33 96.80
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Table C. 7: Loading Run 3 data for bed packing density and flow rate of 0.20 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 31.72 31.72 0.00
250 500 32.13 63.85 0.00
250 750 32.70 96.55 0.50
252 1002 31.90 128.45 9.10
250 1252 31.38 159.83 27.20
250 1502 31.60 191.43 57.00
250 1752 30.72 222.15 77.20
250 2002 32.08 254.23 95.80

Table C. 8: Averaged raw data for bed packing density and flow rate of 0.20 g/cm? and
8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
250.00 30.99 0.00
500.00 62.86 0.00
750.00 94.91 0.48
1000.67 126.72 8.37
1250.67 158.37 26.90
1500.67 190.11 56.73
1750.67 221.21 78.27

2000.67 252.57 96.60

Table C. 9: Loading Run 1 data for bed packing density and flow rate of 0.28 g/cm? and
8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 32.00 32.00 0.00
250 500 32.00 64.00 0.00
250 750 31.73 95.73 8.05
250 1000 31.15 126.88 25.00
250 1250 32.15 159.03 54.60
250 1500 31.10 190.13 79.20
250 1750 32.67 222.80 97.40
250 2000 30.72 253.52 113.40
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Table C. 10: Loading Run 2 data for bed packing density and flow rate of 0.28 g/cm?
and 8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 32.27 32.27 0.00
250 500 31.87 64.13 0.00
250 750 32.35 96.48 4.74
250 1000 32.13 128.62 23.90
250 1250 32.53 161.15 55.90
250 1500 32.00 193.15 79.70
250 1750 31.00 224.15 96.60
250 2000 31.33 255.48 114.80

Table C. 11: Loading Run 3 data for bed packing density and flow rate of 0.28 g/cm?
and 8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 31.77 31.77 0.00
250 500 31.67 63.43 0.00
250 750 32.10 95.53 9.58
250 1000 32.38 127.92 27.80
250 1250 31.50 159.42 47.90
250 1500 32.23 191.65 77.20
250 1750 31.90 223.55 95.40
250 2000 31.92 255.47 113.80

Table C. 12: Averaged raw data for bed packing density and flow rate of 0.28 g/cm? and
8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
250.00 32.01 0.00
500.00 63.86 0.00
750.00 95.92 7.46

1000.00 127.81 25.57
1250.00 159.87 52.80
1500.00 191.64 78.70
1750.00 223.50 96.47
2000.00 254.82 114.00
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Table C. 13: Loading Run 1 data for bed packing density and flow rate of 0.37 g/cm?
and 8 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 35.47 35.47 0.00
250 500 30.70 66.17 0.00
250 750 30.42 96.58 4,03
250 1000 27.27 123.85 29.20
250 1250 31.55 155.40 60.80
250 1500 33.65 189.05 80.40
250 1750 32.53 221.58 108.00
250 2000 31.40 252.98 122.00

Table C. 14: Loading Run 2 data for bed packing density and flow rate of 0.37 g/cm?3
and 8 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 32.78 32.78 0.00
250 500 32.03 64.82 0.00
250 750 31.32 96.13 6.46
250 1000 31.45 127.58 28.30
250 1250 32.02 159.60 62.40
250 1500 31.52 191.12 82.00
250 1750 30.93 222.05 105.80
250 2000 31.80 253.85 121.60

Table C. 15: Loading Run 3 data for bed packing density and flow rate of 0.37 g/cm?
and 8 mL/min.

Volume Cum Vol time(min) cum _time Cu conc (mg/L)
collected (mL) collected (mL) (min)
250 250 36.68 36.68 0.00
250 500 32.07 68.75 0.31
250 750 29.08 97.83 9.34
250 1000 30.95 128.78 26.20
250 1250 33.02 161.80 60.40
250 1500 33.23 195.03 79.60
250 1750 31.25 226.28 103.60
250 2000 31.70 257.98 120.40
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Table C. 16: Averaged raw data for bed packing density and flow rate of 0.37 g/cm?® and
8 mL/min.

Volume (mL)  time (min) Cu conc (mg/L)

250.00 34.98 0.00
500.00 66.58 0.10
750.00 96.85 6.61
1000.00 126.74 27.90
1250.00 158.93 61.20
1500.00 191.73 80.67
1750.00 223.31 105.80
2000.00 254.94 121.33

Table C. 17: Loading Run 1 data for bed packing density and flow rate of 0.16 g/cm?
and 12 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 22.37 22.37 0.00
250 500 22.47 44.83 0.03
250 750 21.98 66.82 3.71
250 1000 21.48 88.30 24.70
250 1250 21.70 110.00 49.20
250 1500 21.62 131.62 68.60
250 1750 20.50 152.12 81.60
250 2000 22.05 174.17 104.00

Table C. 18: Loading Run 2 data bed packing density and flow rate of 0.16 g/cm?® and
12 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 20.92 20.92 0.00
250 500 21.30 42.22 0.13
250 750 21.43 63.65 7.03
250 1000 21.23 84.88 34.60
250 1250 21.62 106.50 60.40
250 1500 21.48 127.98 67.00
250 1750 20.83 148.82 80.40
250 2000 21.53 170.35 102.00
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Table C. 19: Loading Run 3 data for bed packing density and flow rate of 0.16 g/cm?
and 12 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 21.45 21.45 0.03
250 500 20.67 42.12 0.04
250 750 20.07 62.18 26.70
250 1000 19.63 81.82 31.10
250 1250 19.62 101.43 55.40
250 1500 19.23 120.67 70.00
250 1750 20.33 141.00 85.00
250 2000 20.42 161.42 103.00

Table C. 20: Averaged raw data for bed packing density and flow rate of 0.16 g/cm?® and
12 mL/min.

Volume (mL) time (min)  Cu conc (mg/L)

250.00 21.58 0.01

500.00 43.06 0.07

750.00 64.22 12.48
1000.00 85.00 30.13
1250.00 105.98 55.00
1500.00 126.76 68.53
1750.00 147.31 82.33
2000.00 168.64 103.00

Table C. 21: Loading Run 1 data for bed packing density and flow rate of 0.16 g/cm?
and 17 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
252 252 14.65 14.65 0.00
250 502 14.45 29.10 3.53
250 752 14.52 43.62 23.50
250 1002 14.40 58.02 46.00
250 1252 15.03 73.05 58.00
250 1502 14.42 87.47 72.80
250 1752 15.00 102.47 86.00
250 2002 14.58 117.05 104.40
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Table C. 22: Loading Run 2 data for bed packing density and flow rate of 0.16 g/cm?
and 17 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 14.62 14.62 0.00
250 500 14.57 29.18 2.03
250 750 14.58 43.77 18.40
250 1000 14.52 58.28 40.40
250 1250 14.55 72.83 58.80
250 1500 14.62 87.45 72.80
250 1750 14.70 102.15 88.00
250 2000 14.42 116.57 106.40

Table C. 23: Loading Run 3 data for bed packing density and flow rate of 0.16 g/cm?
and 17 mL/min.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 14.42 14.42 0.00
250 500 14.60 29.02 2.57
250 750 15.07 44.08 20.60
250 1000 14.35 58.43 43.00
250 1250 14.40 72.83 62.00
250 1500 14.52 87.35 71.40
250 1750 14.75 102.10 84.00
250 2000 14.38 116.48 104.00

Table C. 24: Averaged raw data for bed packing density and flow rate of 0.16 g/cm? and
17 mL/min.

Volume (mL) time (min) Cu conc (mg/L)

250.67 14.56 0.00

500.67 29.10 2.71

750.67 43.82 20.83
1000.67 58.24 43.13
1250.67 72.91 59.60
1500.67 87.42 72.33
1750.67 102.24 86.00
2000.67 116.70 104.93
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Table C. 25: Loading Run 1 data for bed packing density and flow rate of 0.16 g/cm?
and 28 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
250 250 9.02 9.02 0.31
250 500 9.08 18.10 11.10
250 750 9.17 27.27 33.10
250 1000 9.08 36.35 53.40
250 1250 9.05 45.40 63.20
250 1500 9.12 54.52 78.20
250 1750 9.58 64.10 88.00
250 2000 9.10 73.20 110.00

Table C. 26: Table D. 26: Loading Run 2 data for bed packing density and flow rate of
0.16 g/cm® and 28 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
260 260 9.33 9.33 0.13
250 510 8.67 18.00 10.40
250 760 8.60 26.60 30.90
250 1010 9.03 35.63 47.40
254 1264 9.78 45.42 67.60
250 1514 9.50 54.92 78.00
250 1764 9.07 63.98 93.00
250 2014 9.75 73.73 112.00

Table C. 27: Loading Run 3 data for bed packing density and flow rate of 0.16 g/cm?
and 28 mL/min.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
250 250 9.83 9.83 0.08
260 510 9.97 19.80 6.43
250 760 9.38 29.18 26.60
250 1010 9.15 38.33 46.40
250 1260 9.17 47.50 59.40
250 1510 9.15 56.65 72.40
250 1760 9.20 65.85 90.00
250 2010 9.17 75.02 111.00
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Table C. 28: Averaged raw data for bed packing density and flow rate of 0.16 g/cm?® and
12 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
253.33 9.39 0.17
506.67 18.63 9.31
756.67 27.68 30.20
1006.67 36.77 49.07
1258.00 46.11 63.40
1508.00 55.36 76.20
1758.00 64.64 90.33

2008.00 73.98 111.00

Table C. 29: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.16 g/cm?® and 8 mL/min.

Volume (mL) Volume Accumulative  Accumulative
collected (mL) Qe (MQ) Qe, (MQ) ge (Mg/Q)
250.67 250.67 31.83 31.83 12.43
500.67 250.00 31.75 63.58 24.83
750.67 250.00 31.75 95.33 37.23
1000.67 250.00 30.11 125.44 49.00
1250.67 250.00 25.76 151.20 59.06
1500.67 250.00 18.88 170.07 66.43
1750.67 250.00 12.77 182.84 71.41
2000.67 250.00 7.92 190.76 74.51

Table C. 30: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.20 g/cm?® and 8 mL/min.

Volume Accumulative  Accumulative
Volume (L) collected (mL) e (MQ) (e, (MQ) ge (Mg/q)
250.00 250.00 31.75 31.75 12.40
500.00 250.00 31.75 63.5 24.80
750.00 250.00 31.62 95.12 37.15
1000.67 250.67 29.73 124.86 48.77
1250.67 250.00 25.03 149.89 58.55
1500.67 250.00 17.56 167.45 65.41
1750.67 250.00 12.18 179.64 70.16
2000.67 250.00 7.60 187.24 73.14
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Table C. 31: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.28 g/cm? and 8 mL/min.

Volume (mL) Volume Accumulative  Accumulative
collected (mL)  ge(mg) Qe, (MQ) ge (MQ/q)
250.00 250.00 31.75 31.75 12.40
500.00 250.00 31.75 63.5 24.80
750.00 250.00 29.88 93.38 36.47
1000.00 250.00 25.35 118.74 46.38
1250.00 250.00 18.55 137.29 53.63
1500.00 250.00 12.07 149.36 58.34
1750.00 250.00 7.63 157.00 61.32
2000.00 250.00 3.25 160.25 62.59

Table C. 32: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.37 g/cm?® and 8 mL/min.

Volume Accumulative  Accumulative
Volume (mL) collected (mL) Qe (MQ) Qe, (MQ) ge (Mg/Q)
250.00 250.00 31.75 31.75 12.40
500.00 250.00 31.72 63.47 24.79
750.00 250.00 30.09 93.57 36.55
1000.00 250.00 24.77 118.34 46.22
1250.00 250.00 16.45 134.79 52.65
1500.00 250.00 11.58 146.38 57.17
1750.00 250.00 5.30 151.68 59.25
2000.00 250.00 1.416 153.09 59.80

Table C. 33: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.16 g/cm?® and 12 mL/min.

Volume Accumulative  Accumulative
Volume (mL) collected (mL) Qe (MQ) Je, (MQ) ge (Mg/Q)
250.00 250.00 31.74 31.74 12.40
500.00 250.00 31.73 63.48 24.79
750.00 250.00 28.63 92.11 35.98
1000.00 250.00 24.21 116.32 45.44
1250.00 250.00 18.00 134.32 52.47
1500.00 250.00 14.61 148.94 58.18
1750.00 250.00 11.16 160.11 62.54
2000.00 250.00 6.00 166.11 64.88
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Table C. 34: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.16 g/cm? and 17 mL/min.

Volume Accumulative Accumulative
Volume (mL) collected (mL) e (MQ) e, (MQ) ge (MQ/Q)
250.67 250.67 31.83 31.83 12.43
500.67 250.00 31.07 62.90 24.57
750.67 250.00 26.54 89.44 34.94
1000.67 250.00 20.96 110.41 43.13
1250.67 250.00 16.85 127.26 49.71
1500.67 250.00 13.66 140.93 55.05
1750.67 250.00 10.25 151.18 59.05
2000.67 250.00 5.51 156.69 61.21

Table C. 35: Calculated data for equilibrium loading at bed packing density and flow
rate of 0.16 g/cm?® and 28 mL/min.

Volume (mL) Volume Accumulative  Accumulative
collected (ML) Qe (MQ) Qe, (MQ) Qe (Mg/g)
253.33 253.33 32.12 32.12 12.55
506.67 253.33 29.81 61.94 24.19
756.67 250.00 24.20 86.14 33.65
1006.67 250.00 19.48 105.62 41.26
1258.00 251.33 15.98 121.61 47.50
1508.00 250.00 12.70 134.31 52.46
1758.00 250.00 9.16 143.47 56.04
2008.00 250.00 4.00 147.47 57.60

Table C. 36: Elution Run 1 data for bed packing density and flow rate of 0.16 g/cm? and
8 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
14 14 1.83 1.83 5.88
16 30 2.05 3.88 3.93
16 46 2.02 5.90 8398
16 62 1.95 7.85 195
15 7 1.85 9.70 6.6
15 92 1.85 11.55 2.07
16 108 1.78 13.33 1.01
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Table C. 37: Elution Run 2 data for bed packing density and flow rate of 0.16 g/cm?® and
8 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
15 15 2.00 2.00 5.21
15.5 30.5 1.90 3.90 3.36
15 455 1.90 5.80 8738
15.5 61 1.93 7.73 572
15.5 76.5 1.95 9.68 4.40
16 92,5 1.95 11.63 1.71
15.5 108 2.00 13.63 0.81

Table C. 38: Elution Run 3 data for bed packing density and flow rate of 0.16 g/cm? and
8 ml/L.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 1.95 1.95 5.94

16 32 1.95 3.90 4.07

16 48 2.03 5.93 8449

15.5 63.5 1.95 7.88 168

16 79.5 2.02 9.90 4.03

15.5 95 1.95 11.85 1.26

15 110 1.92 13.77 0.75

Table C. 39: Averaged elution raw data for bed packing density and flow rate of 0.16
g/cm?® and 8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
15.00 1.93 5.68
30.83 3.89 3.79
46.50 5.88 8528.33
62.17 7.82 311.67
77.67 9.76 5.01
93.17 11.68 1.68

108.67 13.58 0.86

140



Table C. 40: Elution Run 1 data for bed packing density and flow rate of 0.20 g/cm? and
8 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)

16 16 2.03 2.03 6.42

16 32 1.98 4.02 4.45

16 48 2.07 6.08 8500

16 64 1.92 8.00 397

15 79 1.82 9.82 7.55

16 95 1.93 11.75 2.17

16 111 1.85 13.60 1.05

Table C. 41: Elution Run 2 data for bed packing density and flow rate of 0.20 g/cm? and
8 mil/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
16 16 1.88 1.88 5.53
15 31 1.82 3.70 3.74
16 47 1.73 5.43 13375
16 63 1.90 7.33 7616
16 79 1.95 9.28 16.08
16 95 1.93 11.22 3.83
16 111 1.93 13.15 1.55

Table C. 42: Elution Run 3 data for bed packing density and flow rate of 0.20 g/cm? and
8 mil/L.

Volume Cum Vol time(min) cum .time Cu conc (mg/L)
collected (mL) collected (mL) (min)

16 16 1.92 1.92 6.1

15.5 315 1.88 3.80 4.11
16 47.5 1.95 5.75 5457
16 63.5 1.93 7.68 4131
16 79.5 1.93 9.62 16

15.5 95 1.90 11.52 4.08
15 110 1.92 13.43 2
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Table C. 43: Averaged elution raw data for bed packing density and flow rate of 0.20
g/cm3 and 8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
16.00 1.94 6.02
31.50 3.84 4.10
47.50 5.76 5098.17
63.50 7.67 4048.00
79.17 9.57 13.21
95.00 11.49 3.36

110.67 13.39 1.563

Table C. 44: Elution Run 1 data for bed packing density and flow rate of 0.28 g/cm? and
8 ml/L.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL) collected (mL) (min) (mg/L)

16.5 16.5 1.98 1.98 6.3

16 325 1.88 3.87 4.36

16 48.5 1.90 5.77 7378

15 63.5 1.87 7.63 435

16 79.5 1.95 9.58 7.29

17 96.5 2.00 11.58 1.71

16 112.5 1.95 13.53 0.76

Table C. 45: Elution Run 2 data for bed packing density and flow rate of 0.28 g/cm? and
8 mil/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
16.5 16.5 2.00 2.00 5.4
155 32 2.00 4.00 3.54
155 47.5 1.83 5.83 7242
16 63.5 2.02 7.85 569
16 79.5 1.90 9.75 23.5
155 95 1.93 11.68 8.75
16 111 1.88 13.57 4,92

142



Table C. 46: Elution Run 3 data for bed packing density and flow rate of 0.28 g/cm? and

8 ml/L.

Volume Cum Vol time(min) cum .time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 1.88 1.88 5.96

16 32 2.02 3.90 3.75

16.5 48.5 2.03 5.93 6664

16 64.5 2.03 7.97 274

16.5 81 2.00 9.97 12.75

155 96.5 2.02 11.98 4,73

15.5 112 1.92 13.90 3.19

Table C. 47: Averaged elution raw data for bed packing density and flow rate of 0.28
g/cm?® and 8 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
16.33 1.96 5.89
32.17 3.92 3.88
48.17 5.84 7094.67
63.83 7.82 426.00
80.00 9.77 14.51
96.00 11.75 5.06

111.83 13.67 2.96

Table C. 48: Elution Run 1 data for bed packing density and flow rate of 0.37 g/cm?® and

8 ml/L.

Volume Cum Vol time(min) cum time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
15.5 15.5 2.03 2.03 6.66
17 325 2.33 4.37 4.3
16 48.5 2.00 6.37 8160
15.5 64 2.03 8.40 121.9
16 80 1.93 10.33 5.83
17 97 2.15 12.48 1.37
175 114.5 2.28 14.77 0.77
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Table C. 49: Elution Run 2 data for bed packing density and flow rate of 0.37 g/cm? and
8 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 2.02 2.02 9.85

17 33 2.25 4.27 7

16 49 1.88 6.15 8364

16 65 1.92 8.07 73.8

16.5 81.5 1.90 9.97 4,58

17 98.5 2.08 12.05 1.44

18.5 117 2.23 14.28 0.64

Table C. 50: Elution Run 3 data for bed packing density and flow rate of 0.37 g/cm?® and
8 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 1.98 1.98 8.82

17.5 335 2.22 4.20 19.3

16 49.5 2.02 6.22 7837

16 65.5 2.10 8.32 270

16 81.5 1.95 10.27 16.9

16.5 98 2.00 12.27 7.55

17 115 2.12 14.38 3.93

Table C. 51: Averaged elution raw data for bed packing density and flow rate of 0.37
g/cm?® and 8 mL/min.

Volume (mL) time (min)  Cu conc (mg/L)

15.83 2.01 8.44
33.00 4.28 10.20
49.00 6.24 8120.33
64.83 8.26 155.23
81.00 10.19 9.10
97.83 12.27 3.45
115.50 14.48 1.78
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Table C. 52: Elution Run 1 data for bed packing density and flow rate of 0.16 g/cm? and

12 ml/L.
Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
15 15 1.25 1.25 12.4
15.5 30.5 1.32 2.57 7.9
15 45.5 1.42 3.98 5185
15.5 61 1.35 5.33 2682
16.5 775 1.35 6.68 16.2
16 935 1.32 8.00 3.3
15.5 109 1.33 9.33 1.73

Table C. 53: Elution Run 2 data for bed packing density and flow rate of 0.16 g/cm?® and

12 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 1.38 1.38 10.2

16 32 1.38 2.77 8.4

16 48 1.33 4.10 7565

15.5 63.5 1.30 5.40 48.4

15.5 79 1.30 6.70 5.48

15.5 94.5 1.35 8.05 1.77

16 110.5 1.33 9.38 1.07

Table C. 54: Elution Run 3 data for bed packing density and flow rate of 0.16 g/cm? and

12 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

16 16 1.15 1.15 10.3

16 32 1.28 2.43 7.15

16 48 1.30 3.73 6868

15.5 63.5 1.20 4.93 899

155 79 1.23 6.17 11.2

16 95 1.22 7.38 2.94

16.5 111.5 1.27 8.65 1.14
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Table C. 55: Averaged elution raw data for bed packing density and flow rate of 0.16
g/cm3 and 12 mL/min,

Volume (mL) time (min)  Cu conc (mg/L)
15.67 1.26 10.97
31.50 2.59 7.82
47.17 3.94 6539.33
62.67 5.22 1209.80
78.50 6.52 10.96
94.33 7.81 2.67
110.33 9.12 1.31

Table C. 56: Elution Run 1 data for bed packing density and flow rate of 0.16 g/cm? and

17 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)

16 16 0.83 0.83 38.7

16 32 0.92 1.75 41.7

15.5 475 0.88 2.63 6307

16 63.5 0.83 3.47 767

23 86.5 1.05 4.52 8.39

16 102.5 0.90 5.42 2.22

16.5 119 0.90 6.32 1.15

Table C. 57: Elution Run 2 data for bed packing density and flow rate of 0.16 g/cm? and

17 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)

155 155 0.87 0.87 15.9

15.5 31 0.87 1.73 19.7

16 47 0.92 2.65 6018

15.5 62.5 0.83 3.48 1013

22 84.5 1.13 4.62 6.62

16 100.5 0.95 5.57 1.99

16.5 117 0.93 6.50 0.76
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Table C. 58: Elution Run 3 data for bed packing density and flow rate of 0.16 g/cm?® and

17 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL)  collected (mL) (min) (mg/L)

155 15.5 0.83 0.83 10.67

15 30.5 0.80 1.63 24.7

16 46.5 0.87 2.50 3859

16 62.5 0.87 3.37 4080

16 78.5 0.90 4.27 12.7

16 94.5 0.88 5.15 2.87

16 110.5 0.90 6.05 1.45

Table C. 59: Averaged elution raw data for bed packing density and flow rate of 0.16
g/cm?®and 17 mL/min.

Volume (mL) time (min) Cu conc (mg/L)
15.67 0.84 21.76
31.17 1.71 28.70
47.00 2.59 5394.67
62.83 3.44 1953.33
83.17 4.47 9.24
99.17 5.38 2.36

115.50 6.29 1.12

Table C. 60: Elution Run 1 data for bed packing density and flow rate of 0.16 g/cm?® and

28 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)

16.5 16.5 0.58 0.58 5.03

16 32.5 0.58 1.17 35.7

16 48.5 0.58 1.75 7140

17 65.5 0.60 2.35 15.7

16 81.5 0.57 2.92 7.43

17 98.5 0.62 3.53 6.01

16 114.5 0.58 4.12 3.58
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Table C. 61: Elution Run 2 data for bed packing density and flow rate of 0.16 g/cm?® and
28 ml/L.

Volume Cum Vol time(min) cum _time Cu conc
collected (mL) collected (mL) (min) (mg/L)
17 17 0.60 0.60 15.28
16 33 0.58 1.18 3.35
16 49 0.58 1.77 6800
16 65 0.58 2.35 156
16.5 81.5 0.60 2.95 7.77
18.5 100 0.65 3.60 3.86
16.5 116.5 0.63 4.23 2.95

Table C. 62: Elution Run 3 data for bed packing density and flow rate of 0.16 g/cm? and
28 ml/L.

Volume Cum Vol time(min) cum time Cu conc
collected (mL)  collected (mL) (min) (mg/L)
16 16 0.58 0.58 5.69
155 315 0.53 1.12 4
16.5 48 0.62 1.73 6035
16 64 0.58 2.32 106.8
17 81 0.62 2.93 6.09
16 97 0.58 3.52 3.26
16.5 113.5 0.58 4.10 1.12

Table C. 63: Averaged elution raw data for bed packing density and flow rate of 0.16
g/cm? and 28 mL/min.

Volume (mL)  time (min)  Cu conc (mg/L)

16.50 0.59 8.67
32.33 1.16 14.35
48.50 1.75 6658.33
64.83 2.34 92.83
81.33 2.93 7.10
98.50 3.55 4.38
114.83 4.15 2.55
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Table C. 64: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.16 g/cm® and 8 mL/min.

time (min) Ln(Co/C-1)  Ln(Ci/(Co-Cy)) Ln(Ci/Co)

31.08 - - -

63.04 - - -

95.01 8.94 -8.94 -8.94
127.14 291 -2.91 -2.96
159.51 1.46 -1.46 -1.67
192.37 0.38 -0.38 -0.90
223.66 -0.40 0.40 -0.51
254.89 -1.10 1.10 -0.29

Table C. 65: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.20 g/cm® cm and 8 mL/min.

time (min) Ln(Co/Cr-1)  Ln(C/(Co-C))  Ln(CiCo)

30.99 - - -

62.86 - - -

94.91 5.57 5.57 5,57
126.72 2.65 -2.65 2.72
158.37 1.31 -1.31 -1.55
190.11 0.21 -0.21 -0.81
221.21 -0.47 0.47 -0.48
252,57 -1.16 1.16 -0.27

Table C. 66: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.28 g/cm? and 8 mL/min.

time (min) Ln(Co/C-1)  Ln(C/(Co-Cy)) Ln(Ci/Co)

32.01 - - -

63.86 - - -

95.92 2.77 -2.77 -2.84
127.81 1.38 -1.38 -1.60
159.87 0.34 -0.34 -0.88
191.64 -0.49 0.49 -0.48
223.50 -1.15 1.15 -0.27
254.82 -2.17 2.17 -0.11
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Table C. 67: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.37 g/cm® cm and 8 mL/min.

time (min)  Ln(Co/Cr-l)  LN(C#(Co-C))  Ln(CiCo)

34.98 - - -

66.58 7.11 711 711
96.85 2.90 -2.90 -2.96
126.74 1.27 1.27 -1.52
158.93 0.07 -0.07 -0.73
191.73 -0.55 0.55 -0.45
223.31 -1.61 1.61 -0.18
254.94 -3.06 3.06 -0.05

Table C. 68: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.16 g/cm® and 12 mL/min.

time (min)  Ln(Co/Cr-l) Ln(C#(Co-Ci))  Ln(Ci/Co)
2158 9.45 -9.45 -9.45
43.06 7.55 -7.55 -7.55
64.22 2.22 2.22 2.32
85.00 1.17 117 -1.44
105.98 0.27 -0.27 -0.84
126.76 -0.16 0.16 -0.62
147.31 -0.61 0.61 -0.43
168.64 -1.46 1.46 -0.21

Table C. 69: Data for plotting linearised Thomas, Yoon-Nelson and Adam’s Bohart
model at bed packing density and flow rate of 0.16 g/cm?® and 17 mL/min.

time (min) Ln(Co/Ct-1)  Ln(C(Co-Ct))  Ln(Ci/Co)

14.56 - - -

29.10 3.83 -3.83 -3.85
43.82 1.63 -1.63 -1.81
58.24 0.66 -0.66 -1.08
72.91 0.12 -0.12 -0.76
87.42 -0.28 0.28 -0.56
102.24 -0.74 0.74 -0.39
116.70 -1.56 1.56 -0.19
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Table C. 70: Data for plotting linearised Thomas, Yoon-Nelson and Adam's Bohart
model at bed packing density and flow rate of 0.16 g/cm?® and 0.28 mL/min.

time (min) Ln(Co/C-1)  Ln(Ci/(Co-Cy)) Ln(Ci/Co)

9.39 6.60 -6.60 -6.60
18.63 2.54 -2.54 -2.61
27.68 1.16 -1.16 -1.44
36.77 0.46 -0.46 -0.95
46.11 0.00 0.00 -0.69
55.36 -0.41 0.41 -0.51
64.64 -0.90 0.90 -0.34
73.98 -1.94 1.94 -0.13
Thomas

The Thomas model employs Langmuir isotherm for equilibrium and second order reversible
reaction Kkinetics as it assumes plug flow behaviour in the bed (Ahmad and Hameed, 2010;
Kalavathy et al., 2010). The Thomas model neglects the intraparticle diffusion as well as the
external resistance during the ion exchange process (Kalavathy et al., 2010). The linearized

Thomas model is expressed as follows (Equation C.1):

In[&—ljzw—kmcot C.1
C Q
Where: - kTn : Thomas rate constant (mL/min mg)

Jo: equilibrium Cu uptake (mg/g)
Co: feed concentration of Cu (mg/L)
Ct: effluent Cu concentration (mg/L)
w: mass of IEFs ()

Q: flow rate (mL/min).

The values of kth and go were determined from the slope and intercepts of linear plots of
In(Co/Ct-1) versus t (Figure C.3-C9). The least squares fit method was used to determine the
slope and intercepts of the best fit line. The Thomas model parameters (ktn and qo) are listed
in Table C.71.
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Table C. 71: Thomas model parameters at various conditions using the least squares fit

method.
packing density
(g/cm?) Flow rate (mL/min)  ktn (mL/min mg)  go (Mg/q) R?
0.16 8 4.31E-04 8.43E+04 0.80
0.20 8 3.17E-04 8.16E+04 0.92
0.28 8 2.35E-04 6.96E+04 0.99
0.37 8 2.76E-04 6.52E+04 0.98
0.16 12 2.61E-04 7.41E+04 0.98
0.16 17 3.17E-04 6.78E+04 0.98
0.16 28 4.86E-04 6.26E+04 0.98
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Figure C. 3: Linearised Thomas plot at bed packing density and flow rate of 0.16 g/cm?

and 8 mL/min.
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Figure C. 4: Linearised Thomas plot at bed packing density and flow rate of 0.20 g/cm?

and 8 mL/min.
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Figure C. 5: Linearised Thomas plot at bed packing density and flow rate of 0.28 g/cm?

cm and 8 mL/min.
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Figure C. 6: Linearised Thomas plot at bed packing density and flow rate of 0.37 g/cm?
and 8 mL/min.
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Figure C. 7: Linearised Thomas plot at bed packing density and flow rate of 0.16 g/cm?
and 12 mL/min.
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Figure C. 8: Linearised Thomas plot at b bed packing density and flow rate of 0.16
g/cm3 and 17 mL/min,
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Figure C. 9: Linearised Thomas plot at bed packing density and flow rate of 0.16 g/cm?

and 28 mL/min.
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Yoon-Nelson model

The Yoon-Nelson model assumes that the rate of decrease in the probability of loading of
each ion is proportional to the probability of ion loading and the probability of ion
breakthrough on IEFs (Aksu and Gonen, 2004). The linearised form of the Yoon-Nelson
model is expressed as Equation C.2 provided below (Nwabanne and Igbokwe, 2012;
Kalavathy et al, 2010; Trgo et al., 2011; Aksu and Gonen, 2004).

In (cc——tctj kot -7k, C.2
Where: - Ct: effluent Cu concentration (mg/L)

Co: feed concentration of Cu (mg/L)

kyn: Yoon-Nelson rate constant (1/min)

t: time (min)

T: time required for 50% adsorbate breakthrough (min).
The Yoon-Nelson rate constant generally increases with bed height as listed in Table C.72

below. The values of kyn and T were obtained from slope and y-intercept of the plots in
Figure C.10-C.16.

Table C. 72: Yoon-Nelson model parameters at various conditions using the least
squares fit method.

Packing Flow rate Yoon-Nelson experimental
density (g/cm3) (mL/min)  kvyn (1/min) 7 (min) range of T (min) R?
0.16 8 5.47E-02 212 192-223 0.80
0.20 8 4.02E-02 207 190-221 0.92
0.28 8 2.98E-02 179 159-191 0.99
0.37 8 3.51E-02 171 158-191 0.98
0.16 12 3.31E-02 123 105-126 0.98
0.16 17 4.02E-02 80 72-87 0.98
0.16 28 6.17E-02 46 36-46 0.98

156



2 4
0 ! ! & Yoon-Nelson
= 0 50 300
o 5 —— Linear (Yoon-Nelson)
o
o
§ y =0,0547x - 11,621
S 4~ R2 = 0,799
£
_6 _
_8 _
2 2
-10 -

time (min)

Figure C. 10: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.16
g/cm® and 8 mL/min.
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Figure C. 11: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.20
g/cm?® and 8 mL/min.
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Figure C. 13: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.37

g/cm?® and

8 mL/min.
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Figure C. 14: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.16
g/cm? and 12 mL/min.
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Figure C. 15: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.16
g/cm® and 17 mL/min.
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Figure C. 16: Linearised Yoon-Nelson plot at bed packing density and flow rate 0.16
g/cm? and 28 mL/min,

Adam’s Bohart model

The Adam’s-Bohart model describes the relationship between Ci/C, and t during continuous
operation (Kalavathy et al., 2010). The Adam’s-Bohart model is normally used to describe
the initial part of the breakthrough curve (Kalavathy et al., 2010). The Adam’s-Bohart model

equation is provided below (Equation C.3).

C VA
InC—t:kABCOt—kABNOE C.3
Where : - Ct: effluent Cu concentration (mg/L)

Co: feed concentration of Cu (mg/L)

t: time (min)

kas: Adam’s-Bohart kinetic constant (L/mg min)
No: saturation concentration (mg/L)

Z: bed height (cm)

F: linear velocity (cm/min)

The values of Kag and No listed in Table C.73 were determined from intercepts and slopes of
the plot of InC/C, against t shown in Figure C.17-C.23. The correlation coefficients (R?)
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between the plots of InCi/C, against t ranged between 0.71 and 0.95 as listed in Table C.73

below.

Table C. 73: Adam's-Bohart model parameters at various conditions using the least

squares fit method.

packing density

(g/cmd) Flow rate (mL/min) Kas No (mg/L) R?
0.16 8 3.61E-04 1.44E+04 0.71
0.20 8 2.43E-04 1.82E+04 0.82
0.28 8 1.28E-04 2.70E+04 0.87
0.37 8 1.33E-04 3.42E+04 0.83
0.16 12 1.49E-04 1.57E+04 0.89
0.16 17 1.59E-04 1.62E+04 0.90
0.16 28 2.07E-04 1.63E+04 0.95
2 -
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Figure C. 17: Linearised Adams's Bohart plot at bed packing density and flow rate 0.16
g/cm®and 8 mL/min.
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Figure C. 18: Linearised Adams'’s Bohart plot at bed packing density and flow rate 0.20
g/cm3and 8 mL/min.
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Figure C. 19: Linearised Adams’s Bohart plot at bed packing density and flow rate 0.28
g/cm®and 8 mL/min.

162



1,0 ~
0,5 -

0,0

0,5 1 & Adam's Bohart

-1,0 4 —— Linear (Adam's Bohart)

InC,/C,

-1,5 - y =0,0169x - 3,9367

2:
20 - R*=0,8324

-2,5 A

3,0 - L 4

-3,5 -
time (min)

Figure C. 20: Linearised Adams'’s Bohart plot at bed packing density and flow rate 0.37
g/cm3and 8 mL/min.
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Figure C. 21: Linearised Adams’s Bohart plot at bed packing density and flow rate 0.16
g/cmiand 12 mL/min.
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Figure C. 22: Linearised Adams'’s Bohart plot at bed packing density and flow rate 0.16
g/lcmiand 17 mL/min.
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Figure C. 23: Linearised Adams's Bohart plot at bed packing density and flow rate 0.16
g/cm3and 28 mL/min.
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Table C. 74: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam's Bohart at various times at bed packing density and flow rate 0.16 g/cm®and 8
mL/min.

time (min)  Ct (experimental)  C¢(Thomas) C: (Yoon-Nelson) Ct (Adam'’s Bohart)

31.08 0.00 0.01 0.01 0.01
63.04 0.00 0.03 0.04 0.06
95.01 0.02 0.17 0.21 0.25
127.14 6.56 1.00 1.18 1.08
159.51 23.97 5.68 6.65 4.78
192.37 51.50 27.96 31.75 21.60
223.66 75.93 77.45 82.37 90.83
254.89 95.33 113.81 115.65 380.92

Table C. 75: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam's Bohart at various times at bed packing density and flow rate 0.20 g/cm®and 8
mL/min.

time (min)  Ct (experimental)  C;(Thomas)  C:(Yoon-Nelson) C:(Adam's Bohart)

30.99 0.00 0.11 0.11 0.23
62.86 0.00 0.38 0.38 0.61
94.91 0.48 1.37 1.37 1.65
126.72 8.37 4.78 4.78 4.40
158.37 26.90 15.55 15.55 11.65
190.11 56.73 42.34 42.34 30.97
221.21 78.27 80.75 80.75 80.71
252.57 96.60 109.26 109.26 212.01

Table C. 76: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam's Bohart at various times at bed packing density and flow rate 0.28 g/cm®and 8
mL/min.

time (min)  Ct (experimental) C;(Thomas) C:(Yoon-Nelson) C:(Adam's Bohart)

32.01 0.00 1.56 1.56 4.43

63.86 0.00 3.95 3.95 7.42

95.92 7.46 9.78 9.78 12.48
127.81 25.57 22.55 22.55 20.92
159.87 52.80 45.65 45.65 35.16
191.64 78.70 75.09 75.09 58.84
223.50 96.47 100.20 100.20 98.58
254.82 114.00 114.91 114.91 163.74
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Table C. 77: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam'’s Bohart at various times at bed packing density and flow rate 0.37 g/cm®and 8
mL/min.

time (min)  Ct (experimental)  C;(Thomas) C:(Yoon-Nelson)  C; (Adam's Bohart)

34.98 0.00 1.08 1.08 4.48

66.58 0.10 3.22 3.22 7.63

96.85 6.61 8.88 8.88 12.73
126.74 27.90 22.44 22.44 21.10
158.93 61.20 50.70 50.70 36.36
191.73 80.67 86.05 86.05 63.29
223.31 105.80 109.75 109.75 107.92
254.94 121.33 120.75 120.75 184.19

Table C. 78: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam'’s Bohart at various times at bed packing density and flow rate 0.16 g/cm? and 12
mL/min.

time (min)  Ct(experimental)  c,(Thomas) C:(Yoon-Nelson) C:(Adam's Bohart)

21.58 0.01 4.22 4.22 8.41

43.06 0.07 8.31 8.31 12.61
64.22 12.48 15.69 15.69 18.82
85.00 30.13 27.82 27.82 27.87
105.98 55.00 45.68 45.68 41.43
126.76 68.53 67.02 67.02 61.36
147.31 82.33 87.39 87.39 90.49
168.64 103.00 103.79 103.78 135.43

Table C. 79: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam's Bohart at various times at bed packing density and flow rate 0.16 g/cm?® and 17
mL/min.

time (min)  Ct (experimental)  C;(Thomas)  C:(Yoon-Nelson) C: (Adam's Bohart)

14.56 0.00 8.66 8.66 15.13
29.10 2.71 14.74 14.74 20.30
43.82 20.83 24.36 24.36 27.32
58.24 43.13 37.81 37.81 36.57
72.91 59.60 55.01 55.01 49.17
87.42 72.33 73.41 73.41 65.92
102.24 86.00 90.56 90.56 88.93
116.70 104.93 103.67 103.67 119.10
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Table C. 80: Concentrations (mg/L) of Cu predicted by the Thomas, Yoon-Nelson and
Adam's Bohart at various times at bed packing density and flow rate 0.16 g/cm? and
0.28 mL/min.

time (min)  Ct (experimental)  C;(Thomas)  C:(Yoon-Nelson)  C:; (Adam's Bohart)

9.39 0.17 11.75 11.75 21.77
18.63 9.31 19.40 19.40 27.76
27.68 30.20 30.44 30.44 35.21
36.77 49.07 45.18 45.18 44.72
46.11 63.40 62.93 62.93 57.17
55.36 76.20 80.63 80.63 72.92
64.64 90.33 95.90 95.90 93.09
73.98 111.00 107.42 107.42 119.00

The plots of barren concnetrations predicted by the Thomas, Yoon-Nelson and Adam’s
Bohart models versut time are shown in Figure D.22-D.28 together with the barren
concentrations obtained experimentally. The plots are for the various bed heights and flow

rates investigated in this study.
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Figure C. 24: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.16 g/cm®and 8 mL/min.
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Figure C. 25: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.20 g/cm3and 8 mL/min.
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Figure C. 26: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.28 g/cm®and 8 mL/min.
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Figure C. 27: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.37 g/cm3and 8 mL/min.
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Figure C. 28: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.16 g/cm®and 12 mL/min.
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Figure C. 29: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.16 g/cm3and 17 mL/min.
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Figure C. 30: PLot of Cu concentration from experiments and those predicted by the
Thomas, Yoon-Nelson and Adam's Bohart model versus time at bed packing density
and flow rate 0.16 g/cm®and 28 mL/min.
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Table C. 81: Absolute error between experimental concentrations and those predicted

by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and

flow rate 0.16 g/cm? and 8 mL/min.

Thomas Yoon-Nelson Adam's Bohart
0.01 0.01 0.01
0.03 0.04 0.06
0.16 0.19 0.23
5.56 5.38 5.48
18.29 17.32 19.19
23.54 19.75 29.90
1.52 6.44 14.90
18.48 20.32 285.59
>=67.58 >'=69.43 >'=355.34

Table C. 82: Absolute error between experimental concentrations and those predicted

by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and

flow rate 0.20 g/cm?® and 8 mL/min.

Thomas Yoon-Nelson Adam's Bohart
0.11 0.11 0.23
0.38 0.38 0.61
0.88 0.88 1.17
3.59 3.59 3.97
11.35 11.35 15.25
14.40 14.40 25.76
2.48 2.48 2.45
12.66 12.66 115.41
Y'=45.83 Y'=45.83 Y'=164.85
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Table C. 83: Absolute error between experimental concentrations and those predicted

by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and

flow rate 0.28 g/cm? and 8 mL/min.

Thomas Yoon-Nelson  Adam's Bohart
1.56 1.56 4.43
3.95 3.95 7.42
2.33 2.33 5.02
3.02 3.02 4.65
7.15 7.15 17.64
3.61 3.61 19.86
3.73 3.73 2.12
0.91 0.91 49.74
¥'=26.25 ¥'=26.25 ¥=110.88

Table C. 84: Absolute error between experimental concentrations and those predicted

by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and

flow rate 0.37 g/cm?® and 8 mL/min.

Thomas Yoon-Nelson  Adam's Bohart
1.08 1.08 4.48
3.11 3.11 7.53
2.27 2.27 6.12
5.46 5.46 6.80
10.50 10.50 24.84
5.38 5.38 17.37
3.95 3.95 2.12
0.58 0.58 62.85
Y=32.34 Y=32.34 y=132.11
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Table C. 85: Absolute error between experimental concentrations and those predicted
by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and
flow rate 0.16 g/cm?® and 12 mL/min.

Thomas Yoon-Nelson Adam's Bohart

4.21 4.21 8.40
8.24 8.24 12.55
3.21 3.21 6.34
2.31 2.31 2.26
9.32 9.32 13.57
1.51 1.52 7.17
5.06 5.06 8.16
0.79 0.78 32.43

Y=34.65 Y=34.65 ¥=90.87

Table C. 86: Absolute error between experimental concentrations and those predicted
by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and
flow rate 0.16 g/cm?® and 17 mL/min.

Thomas Yoon-Nelson Adam's Bohart
8.66 8.66 15.13
12.03 12.03 17.59
3.53 3.53 6.49
5.33 5.33 6.57
4.59 4.59 10.43
1.07 1.07 6.41
4.56 4.56 2.93
1.26 1.26 14.16
>=41.03 3=41.03 ¥=79.70
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Table C. 87: Absolute error between experimental concentrations and those predicted
by the Thomas, Yoon-Nelson and Adam’s Bohart model at bed packing density and
flow rate 0.16 g/cm?® and 28 mL/min.

Thomas Yoon-Nelson Adam's Bohart
11.58 11.58 21.60
10.09 10.09 18.45
0.24 0.24 5.01
3.88 3.88 4.34
0.47 0.47 6.23
4.43 4.43 3.28
5.56 5.56 2.75
3.58 3.58 8.00

>'=39.84 >'=39.84 >'=69.67
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Appendix D

Adsorption stages

Operating line
Maximum Cu loading = 62 mg/ g

[Cul g (Mmeq/L)=127/63.5x2=4meq/ L
Theoretical maximum Cu loading =3.74meq/ g
max imum permissible [Cu]=2mg/L

Ce., feed -C effluent  127-2
maximum Cu loading 62x0.28

M, required = 2.569

A mass safety factor of 28% for IEFs was allowed to ensure that Cu loading is always
maximised. The feed concentration was allowed to be 16% than the desired concentration for

design purposes. This will account for the variations in feed concentrations that may occur.

operating line slope = 4x1.16/(2.56x3.74)=0.486

The maximum Cu loading corresponding to 127 mg/L barren solution is 60 mg Cu/g IEFs
and it will be the point whereby the operating line passes through. Therefore, the y-intercept

of the operating is calculated as follows:-

y —intercept = 60— (0.486x127) =-1.740

Therefore, the operating line is presented below as equation D.1:-

g, =0.486C, —-1.740 D. 1

The equilibrium curve was defined by the Temkin model and it is presented as equation D.2:-

g, = RT/bIn (AC,) D 2
Where: R = 8.314 Pa m® mol™* K1
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T=298 K
b =384.11 Pam®molt mg?g
A =97.864 L/mg

The theoretical number of stages required to produce a barren solution is shown in Figure
D.1. The required stages were determined by the number of right angled triangles formed
between the operating line and equilibrium curve as shown in Figure D.1 below. As shown in
the figure below, 3 adsorption stages are needed to reduce feed concentration to below 1.5
mg/L.

60 -
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40 -

q. (mg/g)

—— Operating line

e Equilibrium curve
20 -

10 A

0 T T T T T T 1
0 20 40 60 80 100 120 140

C. (mg/L)

Figure D. 1: Number of theoretical adsorption stages required to produce a barren
solution
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Table D. 1: Data used to plot equilibrium curve and operating line.

Ce Je,equilibrium Ce,operating Ce Qe equilibrium Ce,operating Ce Qe,equilibrium Je,operating
0.02 4.33 -1.73 22 49.50 8.95 44 53.97 19.65
1 29.56 -1.25 23 49.79 9.44 45 54.12 20.14
2 34.04 -0.77 24 50.06 9.93 46 54.26 20.62
3 36.65 -0.28 25 50.33 10.41 a7 54.40 21.11
4 38.51 0.20 26 50.58 10.90 48 54.53 21.59
5 39.95 0.69 27 50.82 11.39 49 54.67 22.08
6 41.12 1.18 28 51.06 11.87 50 54.80 22.57
7 42.12 1.66 29 51.28 12.36 51 54.93 23.05
8 42.98 2.15 30 51.50 12.84 52 55.05 23.54
9 43.74 2.63 31 51.71 13.33 53 55.17 24.03
10 44 .42 3.12 32 51.92 13.82 54 55.29 24.51
11 45.03 3.61 33 52.12 14.30 55 55.41 25.00
12 45,59 4.09 34 52.31 14.79 56 55.53 25.48
13 46.11 4.58 35 52.50 15.27 57 55.64 25.97
14 46.59 5.07 36 52.68 15.76 58 55.76 26.46
15 47.03 5.55 37 52.86 16.25 59 55.87 26.94
16 47.45 6.04 38 53.03 16.73 60 55.97 27.43
17 47.84 6.52 39 53.20 17.22 61 56.08 27.91
18 48.21 7.01 40 53.36 17.71 62 56.19 28.40
19 48.56 7.50 41 53.52 18.19 63 56.29 28.89
20 48.89 7.98 42 53.67 18.68 64 56.39 29.37
21 49.20 8.47 43 53.83 19.16 65 56.49 29.86
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Table C.1 (cont.)

Ce Oe,equilibrium (e, operating Ce Qe equilibrium Je,operating Ce Qe,equilibrium Je,operating
66 56.59 30.35 88 58.44 41.04 108 59.77 50.76
67 56.69 30.83 89 58.52 41.53 109 59.82 51.25
68 56.78 31.32 90 58.59 42.01 110 59.88 51.74
69 56.88 31.80 91 58.66 42.50 111 59.94 52.22
70 56.97 32.29 92 58.73 42.98 112 60.00 52.71
71 57.06 32.78 93 58.80 43.47 113 60.06 53.19
72 57.15 33.26 94 58.87 43.96 114 60.11 53.68
73 57.24 33.75 95 58.94 44 .44 115 60.17 54.17
74 57.33 34.23 96 59.01 44.93 116 60.23 54.65
75 57.41 34.72 97 59.07 45.42 117 60.28 55.14
76 57.50 35.21 98 59.14 45.90 118 60.34 55.62
77 57.58 35.69 99 59.20 46.39 119 60.39 56.11
78 57.67 36.18 100 59.27 46.87 120 60.44 56.60
79 57.75 36.67 101 59.33 47.36 121 60.50 57.08
80 57.83 37.15 102 59.40 47.85 122 60.55 57.57
81 57.91 37.64 103 59.46 48.33 123 60.60 58.06
82 57.99 38.12 104 59.52 48.82 124 60.66 58.54
83 58.07 38.61 105 59.58 49.30 125 60.71 59.03
84 58.14 39.10 106 59.64 49.79 126 60.76 59.51
85 58.22 39.58 107 59.71 50.28 127 60.81 60.00
86 58.30 40.07
87 58.37 40.55
Design of IEF sorption pan
Table D. 2: Lab column data

Q (mL/min) 8

dpc (Cm) 1.4

hp (cm) 10.5

pb (g/cm?) 0.16

Vbreakthrough (ML) 1000

Qexperimental (MQ/Q) 74.5
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Optimal superficial velocity (u) of the packed column
U = Qfeea/ Acotumn = (8mL/min)/(n(1.4cm)?/4) = 5.20cm/min

The u computed above is used to design the sorption pan of the proposed contactor.

Cross sectional area of the sorption pan
Acotumn = Qfeea/u = (80mL/min)/(5.2cm/min) = 15.39¢cm?

The sorption pan was designed to operate at a feed flow rate of 80mL/min to get tangible
dimensions of the sorption pan so that it can be easily constructed. Bigger dimensions will
also allow easy packing of IEFs into the sorption pan. The cross sectional area of the sorption
pan is determined using the equation below. The cross section of the sorption pan is shown in

the Figure D.2 below.

Pan of IEFs

Figure D. 2: Schematic representation of the pan showing the angle between the outer
walls of the pan from the centre as well as the inner (r) and inner (R) radius.

A:ontactor =6/ 360”(R2 - r2)
The inner radius was selected to be 4 cm as a basis for determination of the outer radius. The

outer radius (R) was determined by rearranging the equation above and substitution the know

variables as show below.

R = /15.39% 360/ (457) + 42 =8.65¢cm
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Contact time of the IEF column
7=V, / Qg = ((TT(L.4cm)? / 4)x10.5cm) / (8mL / min) = 2.02min

To obtain similar mass transfer characteristics as stated above, the IEF sorption pan should

have the same empty bed contact time as the column.
Honactor = 7% Qreeg | Avgriacior = (2:02min) x (98 mL/ min) / (18.86cm?) =10.5¢m

The height of the sorption pan is the same as that of the column due its dependence on
filtration rate and empty bed contact time which should be the same for both the column and

sorption pan.

Mass of IEF required in the sorption pan

Ve = Aveq X Hypoy = (18.86cm?)(10.5¢cm) =198cm?®

V onactor = Prontactor =< Heontacor = (18.86cm?)(12.5cm) = 235.72cm?®
M =V, .4 X 0. =198cm*® =< 0.16g / cm® = 31.369g

The packing density of the IEFs was used for the calculations so that the same void of the

IEF packing that allows the same filtration as in the column is obtained.

Estimation of feed volume to be treated before breakthrough

Vireawamrougn = (Mier %)/ (Cy % Quuq) = (31.36g = 74.5mg / g) / (127mg / L) =18396.22mL

Estimation of cycle duration/breakthrough time of the sorption pan.

Corearthrougn = (Mige - d) / (C - Q) = (31.36g x74.5mg / g) / (127mg / L <98mL / min) =188 min

The breakthrough time of the sorption pan is estimated to be about 3 hours and 8 minutes.
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Determine eluent requirements

m /m =31.36g/2.56g =12.25

IEF ,contactor IEF,column

The volume of acid required to elute the fully loaded IEFs in the proposed sorption pan will
be 12.25 times that used in column tests as it is the ratio by which the mass of IEFs changed
by. The filtration rate and contact time should be kept constant during elution in the sorption

pan to achieve the same extent of elution. Therefore, the acid flow rate will be 98 mL/min.

Vasd require =12.25x105mL =1286.25mL

Qacid :Qfeed :98mL/min

Determine the volume of rinsing water required

V, e =12.25x120mL =1470mL

QWater = Qfeed =98mL / min

The volume of water required to rinse the eluted IEFs in the proposed sorption pan will be
15 times that used in column tests as it is the ratio by which the mass of IEFs changed by.
The filtration rate and contact time should be kept constant during rinsing in the sorption pan
to remove any entrained acid or feed in the IEFs. Therefore, the rinse water flow rate will be
98 mL/min.

The contactor design results are summarized in Table D.3 below.
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Table D. 3: IEF contactor specifications.

Parameters

Pb,packing (9/ cm’)
Acontactor (CM?)

0

r (cm)

R (cm)

R-r (cm)

Vbed (cm?)

hbed (CM)
Hecontactor (CM)
Vcontactor (CM®)
Migrs (9)

ge (mg Cu/g IEF)
threakthrough (MIN)
Vbreakthrough (ML)
Veluent (ML)
Vrinse water (ML)

0.16
18.86
45

8.00
4.00
198.00
10.5
12.5
235.72
31.36
7451
188
18400
1286
1470
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Appendix E

The image of the fabricated IEF contactor is provided in Figure E.1 below. The picture
labelled a) shows the designed pan with IEFs in H" form, b) show prototype of fibre pan after
loading of Cu?* ions which is indictaed by the blue colour. The top and bottom sections of
the fabricated pan are shown in c) and d).

7 p o 1

IEFs

"'J vIwr

Cu?* ions
Outlet loaded IEFs
valve _

= b

Feed
stream

Supporting [ S8
screen 3'(-“ ‘
’ A - L
Figure E. 1: Image of the lab scale constructed IEFs contactor pan: a) Contactor
packed with IEFs in H+ form; b) contactor after loading of Cu?* ions onto IEFs; c) Top

part of the contactor pan; d) bottom part of the contactor.
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Table E. 1: Loading Run 1 data for the IEFs contactor pan (packing density = 0.16 g/
cmd).

Volume Cumulative . : cumulative cu
collected (mL) Volume time (min) time (min) concentration

collected (mL) (mg/L)
2000 2000 21.70 21.70 0.00
2000 4000 21.67 43.37 0.26
2000 6000 21.67 65.03 0.41
2000 8000 21.55 86.58 16.70
2000 10000 21.58 108.17 30.20
2260 12260 24.13 132.30 45.40
2000 14260 21.53 153.83 55.00
2000 16260 21.52 175.35 69.20
2000 18260 21.50 196.85 73.80
2000 20260 21.60 218.45 84.20
2000 22260 21.55 240.00 86.80
2000 24260 21.50 261.50 87.00
2000 26260 21.63 283.13 91.20
2000 28260 21.55 304.68 94.40
2000 30260 21.57 326.25 101.20
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Table E. 2: Loading Run 2 data for the IEFs contactor pan (packing density = 0.16 g/
cmd).

Volume Cumulative : : cumulative cu
collected (mL) Volume time(min) time (min) concentration
collected (mL) (mg/L)
2000 2000 21.52 21.52 0.00
2000 4000 21.58 43.10 1.30
2000 6000 21.50 64.60 9.20
2200 8200 22.72 87.32 27.40
2000 10200 21.50 108.82 46.20
2200 12400 21.80 130.62 64.80
2000 14400 21.50 152.12 79.80
2000 16400 21.45 173.57 90.60
2000 18400 21.45 195.02 99.20
2000 20400 21.33 216.35 107.20
2000 22400 21.45 237.80 112.40
2000 24400 21.33 259.13 114.40
2000 26400 21.42 280.55 121.00
2000 28400 21.33 301.88 123.40
2000 30400 21.33 323.22 118.60
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Table E. 3: Loading Run 3 data for the IEFs contactor pan (packing density = 0.16 g/
cmd).

Cumulative

Volume . Cu
Volume . . cumulative .
collected I d time(min) . . concentration
(mL) collecte time (min) (mg/L)
(mL)
2000 2000 21.55 21.55 0.03
2000 4000 21.60 43.15 411
2000 6000 21.60 64.75 15.10
2000 8000 21.58 86.33 34.30
2000 10000 21.47 107.80 48.40
2000 12000 21.60 129.40 67.20
2000 14000 21.57 150.97 78.40
2000 16000 21.55 17252 86.20
2000 18000 21.53 194.05 92.20
2000 20000 21.60 215.65 101.00
2000 22000 21.57 237.22 109.80
2000 24000 21.60 258.82 115.40
2000 26000 21.60 280.42 114.80
2000 28000 21.62 302.03 116.40
2000 30000 21.52 323.55 116.20
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Table E. 4: Averaged loading data for the IEFs contactor pan (packing density = 0.16 g/
cmd).

Cumulative

Volume Volume . . cumulative cu .
CO(IrIﬁ;:_t)Ed collected time(min) time (min) con(cr?]rét/rl_a)tlon Cd/Cs
(mL)

2000.00 2.00 21.59 21.59 0.01 0.00
2000.00 4.00 21.62 43.21 1.89 0.02
2000.00 6.00 21.59 64.79 8.24 0.07
2066.67 8.07 21.95 86.74 26.13 0.21
2000.00 10.07 21.52 108.26 41.60 0.33
2153.33 12.22 22.51 130.77 59.13 0.47
2000.00 14.22 21.53 152.31 71.07 0.56
2000.00 16.22 21.51 173.81 82.00 0.65
2000.00 18.22 21.49 195.31 88.40 0.70
2000.00 20.22 21.51 216.82 97.47 0.77
2000.00 22.22 21.52 238.34 103.00 0.82
2000.00 24.22 21.48 259.82 105.60 0.84
2000.00 26.22 21.55 281.37 109.00 0.87
2000.00 28.22 21.50 302.87 111.40 0.88
2000.00 30.22 21.47 324.34 112.00 0.89
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Table E. 5: Loading Run 1 data for the IEFs contactor pan (packing density = 0.28 g/
cma3).

Volume Cumulative Cu
Volume . . cumulative .
collected collected time(min) time (min) concentration
(mL) mL) (mg/L)

2000 2000 21.70 21.70 2.02
2000 4000 21.67 43.37 3.76
2000 6000 21.67 65.03 9.90
2000 8000 21.55 86.58 25.80
2000 10000 21.58 108.17 47.00
2000 12000 24.13 132.30 67.40
2000 14000 21.53 153.83 87.00
2000 16000 21.52 175.35 95.20
2000 18000 21.50 196.85 100.00
2000 20000 21.60 218.45 106.20
2000 22000 21.55 240.00 111.00
2000 24000 21.50 261.50 115.20
2000 26000 21.63 283.13 118.40
2000 28000 21.55 304.68 120.80
2000 30000 21.57 326.25 122.40
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Table E. 6: Loading Run 2 data for the IEFs contactor pan (packing density = 0.28 g/
cma3).

Volume Cumulative . .
collected Volume time(min) ?nTeu(lfr;[ilx;a Cu co(rrlr?;e/nlf; ation
(mL) collected (mL)

2000 2000 21.70 21.70 1.89
2000 4000 21.67 43.37 4.60
2000 6000 21.67 65.03 9.00
2000 8000 21.55 86.58 25.80
2000 10000 21.58 108.17 46.20
2000 12000 24.13 132.30 61.00
2000 14000 21.53 153.83 82.60
2000 16000 21.52 175.35 95.20
2000 18000 21.50 196.85 101.60
2000 20000 21.60 218.45 108.00
2000 22000 21.55 240.00 111.40
2000 24000 21.50 261.50 115.20
2000 26000 21.63 283.13 115.80
2000 28000 21.55 304.68 120.20
2000 30000 21.57 326.25 122.20
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Table E. 7: Loading Run 3 data for the IEFs contactor pan (packing density = 0.28 g/
cma3).

Volume Cumulative . .
collected Volume time(min) ?nTeu(lfr;[ilx;a Cu co(rrlrfslnlfl)’atlon
(mL) collected (mL)

2000 2000 21.70 21.70 1.56
2000 4000 21.67 43.37 3.89
2000 6000 21.67 65.03 9.78
2000 8000 21.55 86.58 25.50
2000 10000 21.58 108.17 45.20
2000 12000 24.13 132.30 69.60
2000 14000 21.53 153.83 82.80
2000 16000 21.52 175.35 93.20
2000 18000 21.50 196.85 99.80
2000 20000 21.60 218.45 105.60
2000 22000 21.55 240.00 111.60
2000 24000 21.50 261.50 112.00
2000 26000 21.63 283.13 117.60
2000 28000 21.55 304.68 119.40
2000 30000 21.57 326.25 121.80
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Table E. 8: Averaged loading data for the IEFs contactor pan (packing density = 0.28
g/ cm3).

Volume  Cumulative _ _ cumulative Cu

collected Volume time(min) time (min) concentration  Ci/Cs
(mL) collected (L) (mg/L)
2000.00 2.00 21.70 21.70 182 0.01
2000.00 4.00 21.67 43.37 408 0.03
2000.00 6.00 21.67 65.03 956 0.08
2000.00 8.00 21.55 86.58 2570  0.20
2000.00 10.00 21.58 108.17 46.13  0.36
2000.00 12.00 24.13 132.30 66.00  0.52
2000.00 14.00 21.53 153.83 84.13 0.66
2000.00 16.00 21.52 175.35 9453 0.74
2000.00 18.00 21.50 196.85 100.47  0.79
2000.00 20.00 21.60 218.45 106.60 0.84
2000.00 22.00 21.55 240.00 111.33  0.88
2000.00 24.00 21.50 261.50 11413  0.90
2000.00 26.00 21.63 283.13 117.27  0.92
2000.00 28.00 21.55 304.68 120.13  0.95
2000.00 30.00 21.57 326.25 122.13  0.96
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Table E. 9: Loading Run 1 data for the IEFs contactor pan (packing density = 0.37 g/
cma3).

Volume Cum Vol . . cum time Cu conc
collected (mL) collected time(min) (min) (mg/L)
(mL)
2000 2000 21.52 21.52 1.91
2000 4000 21.58 43.10 3.50
2000 6000 21.50 64.60 13.00
2000 8000 22.72 87.32 28.95
2000 10000 21.50 108.82 52.90
2000 12000 21.80 130.62 76.00
2000 14000 21.50 152.12 96.80
2000 16000 21.45 173.57 106.20
2000 18000 21.45 195.02 110.00
2000 20000 21.33 216.35 119.60
2000 22000 21.45 237.80 121.00
2000 24000 21.33 259.13 126.20
2000 26000 21.42 280.55 126.80
2000 28000 21.33 301.88 127.60
2000 30000 21.33 323.22 127.00
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Table E. 10: Loading Run 2 data for the IEFs contactor pan (packing density = 0.37 g/
cma3).

c\(/)?llel::rtr;?j CL\J/TIUUI?;;VG time(min) cymulat_ive Cu concentration
(mL) collected (mL) time (min) (mg/L)
2000 2000 21.52 21.52 2.00
2000 4000 21.58 43.10 2.90
2000 6000 21.50 64.60 13.12
2000 8000 22.72 87.32 28.85
2000 10000 21.50 108.82 50.90
2000 12000 21.80 130.62 74.70
2000 14000 21.50 152.12 97.00
2000 16000 21.45 173.57 105.80
2000 18000 21.45 195.02 112.80
2000 20000 21.33 216.35 117.80
2000 22000 21.45 237.80 121.80
2000 24000 21.33 259.13 127.60
2000 26000 21.42 280.55 126.20
2000 28000 21.33 301.88 126.00
2000 30000 21.33 323.22 127.00
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Table E. 11: Loading Run 3 data for the IEFs contactor pan (packing density = 0.37 g/
cma3).

Volume Cumulative .
collected Volume time(min) (':[Ejrrr::eu(l?r;[il;}/; C(:;g/(f)c
(mL) collected (mL)

2000 2000 21.52 21.52 1.80
2000 4000 21.58 43.10 3.77
2000 6000 21.50 64.60 13.04
2000 8000 22.72 87.32 29.20
2000 10000 21.50 108.82 52.90
2000 12000 21.80 130.62 75.40
2000 14000 21.50 152.12 98.40
2000 16000 21.45 173.57 104.00
2000 18000 21.45 195.02 109.60
2000 20000 21.33 216.35 116.00
2000 22000 21.45 237.80 122.40
2000 24000 21.33 259.13 123.20
2000 26000 21.42 280.55 126.80
2000 28000 21.33 301.88 126.80
2000 30000 21.33 323.22 127.00
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Table E. 12: Averaged loading data for the IEFs contactor pan (packing density = 0.37
g/ cm3).

Volume  Cumulative _ _ cumulative Cu

collected Volume time(min) time (min) concentration  Ci/Cs
(mL) collected (L) (mg/L)
2000.00 2.00 21.52 21.52 1.90 0.01
2000.00 4.00 21.58 43.10 3.39 0.03
2000.00 6.00 21.50 64.60 13.05 0.10
2000.00 8.00 22.72 87.32 29.00 0.23
2000.00 10.00 21.50 108.82 5223 041
2000.00 12.00 21.80 130.62 75.37  0.59
2000.00 14.00 21.50 152.12 97.40  0.77
2000.00 16.00 21.45 173.57 105.33  0.83
2000.00 18.00 21.45 195.02 110.80  0.87
2000.00 20.00 21.33 216.35 117.80  0.93
2000.00 22.00 21.45 237.80 121.73  0.96
2000.00 24.00 21.33 259.13 125.67  0.99
2000.00 26.00 21.42 280.55 126.60  1.00
2000.00 28.00 21.33 301.88 126.80 1.00
2000.00 30.00 21.33 323.22 127.00 1.00

195



Table E. 13: Loading Run 1 data for the nonwoven IEFs contactor pan (packing density
=0.16 g/ cm3).

Volume Cumulative . .
collected Volume time(min) ?nTeu(lfr;[ilx;e Cu co(rrlrfslnlfl)’atlon
(mL) collected (mL)

700 700 7.03 7.03 0.68
700 1400 6.93 13.97 9.10
700 2100 6.80 20.77 21.30
700 2800 7.25 28.02 35.70
700 3500 7.13 35.15 51.10
700 4200 7.10 42.25 64.10
700 4900 7.10 49.35 79.10
700 5600 7.25 56.60 80.60
700 6300 7.63 64.23 87.80
700 7000 1.27 71.50 89.60
700 7700 7.13 78.63 92.00
700 8400 7.15 85.78 94.80
700 9100 8.15 93.93 100.40
700 9800 7.25 101.18 103.00
700 10500 7.15 108.33 107.20
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Table E. 14: Loading Run 2 data for the nonwoven IEFs contactor pan (packing density
=0.16 g/ cm3).

Volume Cumulative . .
collected Volume time(min) i?nrwneu(lrar:ilx; Cu co(rrlr(]:ge/nlf)ratlon
(mL) collected (mL)

700 700 7.03 7.03 0.76
700 1400 6.60 13.63 9.10
700 2100 6.72 20.35 21.30
700 2800 7.18 27.53 35.90
700 3500 7.30 34.83 51.40
700 4200 7.10 41.93 65.10
700 4900 7.43 49.37 79.60
700 5600 7.23 56.60 82.60
700 6300 7.80 64.40 87.20
700 7000 7.28 71.68 89.80
700 7700 7.30 78.98 92.80
700 8400 7.15 86.13 97.80
700 9100 7.15 93.28 102.40
700 9800 7.25 100.53 102.80
700 10500 7.32 107.85 105.40
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Table E. 15: Loading Run 3 data for the nonwoven IEFs contactor pan (packing density
=0.16 g/ cm3).

Volume Cumulative . .
collected Volume time(min) i?nrwneu(lrar:ilx; Cu co(rrlrt]:ge/nlf)ratlon
(mL) collected (mL)

700 700 7.37 7.37 0.70
700 1400 6.95 14.32 8.80
700 2100 6.47 20.78 21.00
700 2800 7.25 28.03 34.70
700 3500 7.13 35.17 50.10
700 4200 7.93 43.10 64.10
700 4900 7.10 50.20 78.90
700 5600 7.30 57.50 80.40
700 6300 7.63 65.13 87.60
700 7000 7.32 72.45 91.60
700 7700 7.47 79.92 92.80
700 8400 7.15 87.07 95.60
700 9100 7.32 94.38 100.60
700 9800 7.25 101.63 105.00
700 10500 7.65 109.28 106.00
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Table E. 16: Averaged loading data for the nonwoven IEFs contactor pan (packing
density = 0.16g/ cm3).

Cumulative
Volume . Cu
Volume . . cumulative . Bed
collected time(min) . . concentration C¢/Cs

collected time (min) volumes

(mL) (mg/L)
(L)

700.00 0.70 7.14 7.14 0.71 0.01 10
700.00 1.40 6.83 13.97 9.00 0.08 21
700.00 2.10 6.66 20.63 21.20 0.20 31
700.00 2.80 7.23 27.86 3543 0.33 42
700.00 3.50 7.19 35.05 50.87 0.47 52
700.00 4.20 7.38 42.43 64.43 0.60 63
700.00 4.90 7.21 49.64 79.20 0.73 73
700.00 5.60 7.26 56.90 81.20 0.75 84
700.00 6.30 7.69 64.59 8753 0.81 94
700.00 7.00 7.29 71.88 90.33 0.84 105
700.00 7.70 7.30 79.18 9253 0.86 115
700.00 8.40 7.15 86.33 96.07 0.89 126
700.00 9.10 7.54 03.87 101.13 0.94 136
700.00 9.80 7.25 101.12 103.60 0.96 147
700.00 10.50 7.37 108.49 106.20 0.99 157
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Table E. 17: Elution Run 1 data for the IEFs contactor pan (packing density = 0.16 g/

cmd).
Cumulative . Cu
Volume . . cumulative .
collected (mL) Volume time(min) time (min) concentration
collected (mL) (mg/L)

160 160 1.70 1.70 8.7
165 325 1.73 3.43 7088
160 485 1.70 5.13 628
162 647 1.72 6.85 12.6
160 807 1.72 8.57 3.92
160 967 1.72 10.28 1.42
160 1127 1.72 12.00 1.11
170 1297 1.83 13.83 0.76

Table E. 18: Elution Run 2 data for the IEFs contactor pan (packing density = 0.16 g/

cmd).

Cumulative . Cu

Volume I . . cumulative :
collected (mL) Volume time(min) time (min) concentration

collected (mL) (mg/L)

160 160 1.68 1.68 13.2

160 320 1.72 3.40 7780

160 480 1.72 5.12 1080

160 640 1.73 6.85 9

160 800 1.70 8.55 1.69

160 960 1.72 10.27 0.9

160 1120 1.73 12.00 0.52

166 1286 1.78 13.78 0.44
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Table E. 19: Elution Run 3 data for the IEFs contactor pan (packing density = 0.16 g/

cm?).

Cumulative : Cu

Volume . . cumulative :
collected (mL) Volume time(min) time (min) concentration

collected (mL) (mg/L)

163 163 1.73 1.73 14.9

160 323 1.72 3.45 6540

160 483 1.70 5.15 686

162 645 1.73 6.88 4.53

160 805 1.78 8.67 0.93

160 965 1.78 10.45 0.49

160 1125 1.80 12.25 0.49

162 1287 1.77 14.02 0.07

Table E. 20: Averaged elution data for the IEFs contactor pan (packing density = 0.16

g/ cm?®).
Cumulative
Volume . Cu mass
Volume . . cumulative . % mass
collected time(min) . ) concentration  eluted
collected time (min) eluted
(mL) ) (mg/L) (mg)
161.00 161.00 1.71 1.71 12.27 1.97 0.15
161.67 322.67 1.72 3.43 7136.00 1153.65 89.90
160.00 482.67 1.71 5.13 798.00 127.68 99.84
161.33 644.00 1.73 6.86 8.71 1.41 99.95
160.00 804.00 1.73 8.59 2.18 0.35 99.97
160.00 964.00 1.74 10.33 0.94 0.15 99.99
160.00 1124.00 1.75 12.08 0.71 0.11 99.99
166.00 1290.00 1.79 13.88 0.42 0.07 100.00
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Table E. 21: Elution Run 1 data for the IEFs contactor pan (packing density = 0.28 g/

cma3).
Volume Cumulative . .
: : cumulative Cu concentration
collected Volume time(min) time (min) (mg/L)
(mL) collected (mL) g
160 160 1.73 3.90 13.2
160 320 1.72 5.62 7060
160 480 1.70 7.32 1120
160 640 1.73 9.05 8.7
160 800 1.78 10.83 1.665
160 960 1.78 12.62 0.9
160 1120 1.80 14.42 0.52
160 1280 1.77 16.18 0.44
Table E. 22: Elution Run 2 data for the IEFs contactor pan (packing density = 0.28 g/
cm3).
Volume Cumulative : .
. . cumulative Cu concentration
collected Volume time(min) time (min) (mg/L)
(mL) collected (mL) g
160 160 1.73 3.90 13.2
160 320 1.72 5.62 6780
160 480 1.70 7.32 1080
160 640 1.73 9.05 6.9
160 800 1.78 10.83 1.69
160 960 1.78 12.62 0.9
160 1120 1.80 14.42 0.52
160 1280 1.77 16.18 0.44
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Table E. 23: Elution Run 3 data for the IEFs contactor pan (packing density = 0.28 g/

cma3).
Volume Cumulative . .
collected Volume time(min) %Jnrﬂeu(lﬁ;[i'x; Cu co(rrl];:ge/nlf)ratlon
(mL) collected (mL)

160 160 1.73 3.90 13.2
160 320 1.72 5.62 6840
160 480 1.70 7.32 1050
160 640 1.73 9.05 8.6
160 800 1.78 10.83 1.69
160 960 1.78 12.62 0.9
160 1120 1.80 14.42 0.52
160 1280 1.77 16.18 0.44

Table E. 24: Averaged elution data for the IEFs contactor pan (packing density = 0.28

g/ cm3).

Volume Cumulative Cu mass %

collected C\gﬂg{gg time(min) i?nr:eu(lg;[ilx;z concentration eluted mass
(mL) (mL) (mg/L) (mg) eluted
160.00 160.00 1.73 3.90 13.20 2.11 5.17
160.00 320.00 1.72 5.62 6893.33 1102.93 2701.69
160.00 480.00 1.70 7.32 1083.33  173.33 424,59
160.00 640.00 1.73 9.05 8.07 1.29 3.16
160.00 800.00 1.78 10.83 1.68 0.27 0.66
160.00 960.00 1.78 12.62 0.90 0.14 0.35
160.00 1120.00 1.80 14.42 0.52 0.08 0.20
160.00 1280.00 1.77 16.18 0.44 0.07 0.17
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Table E. 25: Elution Run 1 data for the IEFs contactor pan (packing density = 0.37 g/

cm3).
Volume Cumulative : .
collected Volume time(min) ?[;Jnrlu(l?r;[;xf Cu co(rrlrfglnlfl)fatlon
(mL) collected (mL)

160 160 1.73 3.90 12.4
160 320 1.72 5.62 6920
160 480 1.70 7.32 950
160 640 1.73 9.05 30
160 800 1.78 10.83 1.34
160 960 1.78 12.62 1.55
160 1120 1.80 14.42 0.52
160 1280 1.77 16.18 0.44

Table E. 26: Elution Run 2 data for the IEFs contactor pan (packing density = 0.37 g/

cma3).
Volume Cumulative : :
collected Volume time(min) %Jrrrlu(lr?;[ilx)e Cu Co(?sglnlf)r ation
(mL) collected (mL)

160 160 1.73 3.90 13.2
160 320 1.72 5.62 6660
160 480 1.70 7.32 1010
160 640 1.73 9.05 6.9
160 800 1.78 10.83 1.69
160 960 1.78 12.62 1.3
160 1120 1.80 14.42 0.52
160 1280 1.77 16.18 0.32
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Table E. 27: Elution Run 3 data for the IEFs contactor pan (packing density = 0.37 g/

cma3).
Volume Cumulative . .
collected Volume time(min) %Jnrﬂeu(lﬁ;[i'x; Cu co(rrl];:ge/nlf)ratlon
(mL) collected (mL)

160 160 1.73 3.90 12.2
160 320 1.72 5.62 6960
160 480 1.70 7.32 1080
160 640 1.73 9.05 8.6
160 800 1.78 10.83 1.69
160 960 1.78 12.62 1
160 1120 1.80 14.42 0.5
160 1280 1.77 16.18 0.43

Table E. 28: Averaged elution data for the IEFs contactor pan (packing density = 0.37

g/ cm3).
Cumulative o
Volume Volume . . cumulative Cu . mass /o
collected time(min) . . concentration eluted mass
collected time (min)
(mL) (mL) (mg/L) (mg) eluted
160.00 160.00 1.73 3.90 12.60 2.02 5.01
160.00 320.00 1.72 5.62 6846.67 1095.47 2720.78
160.00 480.00 1.70 7.32 1013.33 162.13  402.69
160.00 640.00 1.73 9.05 15.17 2.43 6.03
160.00 800.00 1.78 10.83 1.57 0.25 0.63
160.00 960.00 1.78 12.62 1.28 0.21 0.51
160.00 1120.00 1.80 14.42 0.51 0.08 0.20
160.00 1280.00 1.77 16.18 0.40 0.06 0.16
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Figures E.2 - E.4 are the linearised plots of the Thomas, Yoon-Nelson and Adam’s Bohart
models. Plots in the respective figures were used to obtain the parameters for the three above
stated models. The parameters of the models are listed in Tables E.9 - E.11 below. The
parameters were obtained using method described in Appendix C.
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Figure E. 2: Linearised Thomas plot for the IEFs contactor pan.
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Figure E. 3: Linearised Yoon-Nelson plot for the IEFs contactor pan.
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Figure E. 4: Linearised Adam's Bohart plot for the IEFs contactor pan.

Table E. 29: Thomas model parameters for the IEFs contactor pan.

experimental go
ktH (mL/min mg) (mg/g) predicted go (mg/g) R?

0.000214 69 70451.54 0.71

Table E. 30: Yoon-Nelson model parameters for the IEFs contactor pan.

experimental range
kyn (1/min) T (min) of T (min) R?

0.0269 188.31 130-152 0.71

Table E. 31: Adam's Bohart model parameters for the IEFs contactor pan.

Experimental No
kas (mg/L) No (mg/L) R?

0.000148 127 14917.93 0.52
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Table E. 32: Experimental and predicted Cu concentration by the Thomas, Yoon-
Nelson and Adam's Bohart at various times for the IEF contactor pan.

time (min) Ct Ct (Thomas Ct (Yoon- Ci(Adam's
(experimental) model) Nelson) Bohart)
21.55 0.01 1.40 1.40 1.74
43.15 1.89 2.49 2.49 2.60
64.75 8.24 4.38 4.38 3.89
86.33 26.13 7.62 7.62 5.81
107.80 41.60 12.96 12.96 8.65
129.40 59.13 21.43 21.43 12.93
150.97 71.07 33.76 33.76 19.32
172.52 82.00 49.79 49.79 28.84
194.05 88.40 67.82 67.82 43.05
215.65 97.47 85.13 85.13 64.34
237.22 103.00 99.29 99.29 96.09
258.82 105.60 109.50 109.50 143.60
280.42 109.00 116.18 116.18 21461
302.03 111.40 120.29 120.29 320.82
323.55 112.00 122.71 122.71 478.70
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Table E. 33: Absolute error between experimental concentrations and those predicted
by the Thomas, Yoon-Nelson and Adam’s Bohart model for the IEF contactor.

Thomas model Yoon-Nelson  Adam's Bohart

1.39 1.39 1.73
0.60 0.60 0.71
3.86 3.86 4.35
18.52 18.52 20.33
28.64 28.64 32.95
37.71 37.71 46.20
37.31 37.31 51.75
32.21 32.21 53.16
20.58 20.58 45.35
12.33 12.33 33.13
3.71 3.71 6.91
3.90 3.90 38.00
7.18 7.18 105.61
8.89 8.89 209.42
10.71 10.71 366.70
227.54 227.54 1016.29
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